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Using Sol-Gel method lead titanate zirconate (PZT) nanoparticles with an average size
of 13.07 £ 2.8 nm, estimated from transmission electron microscopy (TEM) images,
were obtained. Their X-ray powder diffraction (XRD) pattern shows a single phase of
Pb(Zry5;Tip4s)03 nanocrystallites. Photoacoustic and dielectric experiments on these
PZT nanoparticles were performed in a wide temperature range; from room temperature
up to 660°C. Photoacoustic experiments performed in as synthesized powders reveal an
extraordinary dispersion in a large temperature interval, attributable to the size of the
PZT-nanoparticles. Combining photoacoustic and dielectric results, obtained from sin-
tered samples it was possible to establish the existence of a dispersive ferro-paraelectric
transition temperature at around 470°C. Impedance curves were used to extract both
frequency dependent (¢'(w)) and frequency independent (g') dielectric constant. The
temperature dependence of (¢'), behaves in a quite dispersive manner, although a peak
around 470°C is suggested. A much more elaborate situation is found when (&'(w)) is
plotted against temperature. At selected temperatures, frequency dependent curves of
&'(w) show that at low frequencies (<100 Hz) there is a strong dispersion, but as the
frequency increases €'(w) tends to be frequency independent. The magnitude of &'(w)
depends slightly on the temperature.
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1. Introduction

Recently, research interests have been focused on the preparation of nanocrystalline ma-
terials [1, 2] due to their unique chemical and physical properties. The effect of size on
the properties has attracted great attention; the nanostructured materials show promising
applications in designing novel nanoscale devices.

Lead zirconate titanate Pb(Zr,_ Ti,)Oj3 solid solutions (PZT) are ferroelectric ceramic
materials with perovskite structure which have important practical applications in piezo-
electric devices, ferroelectric memories, high-value capacitors and infrared pyroelectric
detectors [3-5].
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In this work Pb (Zry 5, Tig.43)O3 nanoparticles were obtained by sol-gel method starting
from titanium and zirconium alkoxides and lead acetate. The first sol-gel techniques for pro-
ducing PZT were reported in the mid 1980s [6, 7], although nanostructured PZT synthesized
by this method have been scarcely reported [8—10]. The grain size effects in ferroelectric
properties are well known to play an important role. It has been reported that PZT thin films
that consist of large grains has large dielectric permittivity and large remanent polarization
[11, 12]. Therefore, one of the interesting issues is to evaluate the ferroelectric properties
of the nanocrystalline PZT. Since microelectronic devices are continuously scaled down,
it is necessary to understand the role of nanoparticles to provide a tool to interpret ferro-
electric properties on a nanoscale. Nanometer sized PZT with notable increases in surface
area and greatly reduced size are expected to display better performance in these aspects of
applications.

The temperature of a ferro-paraelectric transition can be determined by different tech-
niques, such as the temperature dependence of compressibility, the permittivity behaviour,
or others. Recently we have combined temperature dependent photoacoustic and dielectric
experiments to investigate solid state properties that involve phase transitions and charge
carrier transport [13]. If we send a laser pulse on to a material, the laser energy will be
absorbed giving rise to a pressure wave which travels through this material. In a crystal, the
wave pressure activates stress and strain in the lattice of a magnitude large enough to affect
the compressibility of the material. This also determines the temporal profile of the coming
out acoustic pressure. Therefore, registration of sound generated by a material illuminated
by alaser pulse and immersed in a temperature field can reveal the characteristic temperature
of a ferro-paraelectric transition. To measure the dielectric characteristics, in a relatively
large temperature interval (up to 660°C), of the nanostructured synthesized materials we
have performed photoacoustic experiments, accompanied by ac measurements.

2. Experimental

2.1. Synthesis

Lead acetate trihydrate, Pb(CH3COO),-3H20 (99% Aldrich), titanium isopropoxide,
Ti(OCH(CH3)3)4 (99.8% Aldrich) and zirconium propoxide, Zr(OCH,CH,CHj3)4 (99.8%
Aldrich) were used to obtain Pb(Zr 5, Tig.43)O3 nanoparticles. 10 mL of 0.4 M solutions of
titanium isopropoxide Ti[(OCH (CH3);]4 and zirconium propoxide Zr(OCH,CH,CH3), in
2 metoxi ethanol, were prepared. The solutions were mixed and stirred for 30 min. On the
other hand, 5.23 g of lead acetate trihydrate Pb(CH3COO),-3H,0 was dissolved in 20 ml
of 2 metoxi ethanol, and added to previous solution, stirring for 30 min. After this time, the
pH value was adjusted to 6.5 & 0.5, by adding 1.2 ml of distilled water, obtaining a white
gel. The gel was dried at 60°C for 24 h, and then calcined at 650°C for 1 h. Finally, pale
yellow PZT powder was obtained.

2.2. Structural Characterization

X-ray diffraction pattern was measured in a DS000 Siemens equipment using Cu Ko radi-
ation (A = 1.5406A). High-resolution transmission electron microphotographs (HR-TEM)
were obtained in a JEOL FEG2010 FASTEM analytical microscope, operating at 200 kV,
by deposition of a drop of the powdered PZT methanol dispersion onto 200 mesh Cu grids
coated with a carbon/collodion layer. Transmission electron microphotographs (TEM) were
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obtained in a JEOL 1200EXII instrument, operating at 90 kV, by direct immersion of the
grid into PZT powder, without the use of any solvent. The particle size distribution was
determined from digitalized amplified micrographs by averaging the diameter measured in
each particle.

2.3. Photoacoustic Experiments

The photoacoustic experiments were performed in similar way as in previous investigations
[13-16]. The beam source was provided by a pulsed Nd:YAG laser (10 Hz, 5ns pulse
width). Other components of the total set up are: a beam splitter, a pyroelectric detector and
a piezoelectric ceramic. This last coupled to the sample through a quartz bar, as described
elsewhere [16]. The averaged generated signals (300 scans) were monitored with a digital
oscilloscope. Heating was realized in a well controlled electrical tubular furnace.

2.4. Dielectric Determinations

In order to carry out the dielectric property measurements a flat specimen was used, with
approximate dimensions 1.5 x 4.3 x 5 mm. The ceramic sample was sintered in an air
atmosphere applying 5 Ton/cm?, and then maintaining the sample at a constant temperature
(800°C) for 23 h. The relatively low sintering temperature used was to avoid grain growth
because of the thermal treatment. Air drying silver conductive paint (from STRUCTURE
PROBE, INC) was applied to the parallel faces to obtain a two-probe configuration, which
was placed inside a well controlled (+2°C) electrical furnace. Using a Hewlett Packard
4192A Impedance Analyzer, data was collected over the frequency range 5 Hz to 13 MHz,
under an applied voltage of 1 V. In order to allow thermal equilibrium, the sample was left
at the preset temperature for at least 60 min between measurements. The data set consists of
the real and imaginary parts of the impedance as frequency-dependent values. Experiments
were performed from room temperature up to 660°C.

3. Results and Discussion

3.1. Crystallographic Features

X-ray diffraction pattern is shown in the fig. 1. This pattern reveals the formation of a single
phase of a nanocrystalline product, which was identified as that of the perovskite structure of
Pb(Zr( 5, Tip.43)O3 . All diffraction peaks can be perfectly indexed to the tetragonal structure
(JCPDS card 33-0784), these results are consistent with those reported in the literature for
this composition. In order to determine the average crystallite size, a peak broadening
method was applied using the classical Scherrer-Warren equation over the [1 1 1] and [2 0
0] reflections, resulting in average size of 16.3 nm.

The morphology of PZT nanoparticles was observed by TEM and HR-TEM micro-
graphs, the particle size distribution was determined over 100 nanocrystals, being the av-
erage size 13.07 &+ 2.81 nm (Fig. 2) which is in agreement with the average paricle size
obtained from XRD pattern.

HR-TEM micrographs corroborate the formation of PZT nanoparticles, in Fig. 3, it can
be observed a representative nanocrystal with dimension of 11.5 nm x 8.27 nm, with its
electron diffraction pattern.
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Figure 1. XRD pattern of Pb (Zrj s, Tio 45)O3 nanoparticles.

3.2. Photoacoustic Experiments

In order to analyze the experimental photoacoustic response we constructed a correlation
function as has been used previously [13—16], which reveals any change in the physical
system under study. The correlation function is constructed considering the correlation
between successive functions [PA(t, T;)] and [PAC(t, T;+1)], where PA(t, T;) represents the
interaction between the laser beam and the lattice, T; describe different temperatures and the
t index characterizes the size of the temporal signal. Physical instabilities can be revealed by
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Figure 2. TEM micrograph and size distribution histogram of Pb(Zr s, Tig 43)O3 nanoparticles.
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Figure 3. HRTEM micrograph and electron diffraction pattern of Pb(Zr s, Tio 45)O3 nanoparticles.

this correlation function since it shows any change of the temporal profile of the out com-
ing acoustic pressure. Several photoacoustic experiments were carried out using different
specimens, all of them performed at a heating rate so slow as to consider them temperature
constant events. As a function of temperature, the curve in Fig. 4 stands for the out-going
acoustic signal of a fresh powder sample.
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Figure 4. Stability photoacustic of Pb(Zr s, Tig 43)O3 nanocrystalline.
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Usually, in a photoacoustic experiment performed with a bulk ceramic, the results ob-
tained are repeatable. For a well-behaved ferroelectric transition, as that in BaTiOs, the
photoacoustic response at the transition temperature is a sharp peak [13], and a broad
dispersive behavior is expected for a non classical ferroelectric transition [17]. This last
resembling dielectric feature of relaxor ferroelectrics, whose resultant permittivity vs. T
curve is a broad peak [18, 19]. In ferroelectric transition determination via photoacous-
tic experiments sintered samples are generally used. However, in an attempt to deter-
mine any characteristic temperature in as prepared nano-crystals, we have run a powdered
sample. This in fact is the main reason why we used photoacoustic experiments in this
research.

In the curve of Fig. 4 where are shown photoacoustic results for a powdered sample, a
well-formed peak can be observed in the vicinity of 500°C, but beyond this temperature a
very large dispersive behavior is also registered. Dispersion may be associated with relaxor
behavior, but there are too many peaks in the curve, so experimental photoacoustic informa-
tion seemed to be unintelligible in this case. Some arguments will be put forward in order
to attempt explain that results. Curve in Fig. 5 announces the presence of instabilities which
may be attributed to the size of the PZT-particles. As suggested in reference [20] physical
properties of fine ferroelectric particles are affected via a surface tensional stress over the
fine crystal surface due to the small radius of curvature. Under this point of view, crystal
imperfections on the surface or even a tendency to force it back into the high symmetry
phase can not be discarded. This physical situation could impede normal ferroelectric lat-
tice behaviour. Then, since material was run as synthesized, the large temperature interval
of instability (Fig. 5) may be attributed to a stage where regions at the grain boundaries
tend to gradually eliminate defects and micro strain. Material evolves toward a stabilized
system.
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Figure 5. Effect of sintering on the temperature dependence of stability of Pb (Zr 5, Ti.45)O3.
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Figure 6. SEM image of sintered Pb (Zry 5, Tig43)O3. nanocrystals are forming large cumulus.

Besides, photoacoustic experiments were carried out in different powdered samples and
the results always showed some differences. Nevertheless, in all experiments the presence
of a peak close to 500°C was persistent. Therefore, it appears at first sight that there are
difficulties drawing conclusions related to any characteristic temperature from this experi-
ment. This compels us to perform experiments using sintered specimens, even when grain
grow is unavoidable by the sintering process.

Figure 5 shows photoacoustic results of a sintered sample. Note the peak close to
500°C. There is also a small dispersion below 600°C, which is not comparable with that
above 500°C in the curve of Fig. 4, then; sintered sample exhibit much more stability as a
function of temperature. Successive experiments performed with the same sample, without
any change in the experimental set up, showed some not significant differences, but resultant
curves exhibited always the presence of the above mentioned broad peak close to 500°C.
At this time, photoacoustic runs corresponds much more to a normal stable system, which
exhibit a well located instability.

Regarding to the microstructure resulting from the sintering process, Fig. 6 shows a
SEM image of the sintered sample. Specimen was prepared simply by fracturing the sample
and a Cambridge-Leica Steroescan 440 scanning electron microscope was used to obtain
microphotographs. Apparent large grains are formed by accumulation of nanoparticles.
Since resolution at this level of image amplification is quite poor we only estimated that the
average grain size is below 50 nm.

Particles are still in the nano range size. Heat treatment resulted in an increase in grain
size, which is in average considerable larger than that for the starting nano powders. Changes
influenced photoacoustic results, but the nature of the instability remains unclear. In the aim
of clarifying the physical nature of the observed peak and using sintered samples we carried
out dielectric experiments.

3.3. Dielectric Determinations

Dielectric experiments were performed from room temperature up to 660°C, however ap-
propriate data to yield reliable information on dielectric features were obtained only above
300°C. Excitation with the ac field produces a semicircular response in the impedance plane,
Fig. 7.

As can be observed, the curves are depressed towards the horizontal axis, which implies
that a non Debye behaviour is present. There is no grain boundary effect on the electrical re-
sponse. Therefore, data on the curve necessarily must be associated with the lattice dielectric
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Figure 7. Typical impedance curves of sintered Pb (Zrg 5, Tig 45) Os.

behaviour. In principle, this offers the opportunity of obtaining lattice features directly by
analyzing parameters extracted from the impedance curves, as has been reported [21-23].
This is, of course, an important point. A single RC parallel mesh would be an appropriate
equivalent circuit. Under this model, at each temperature R values are diameters of semi-
circles. Also, at the top of each semicircle the relation wy,,xRC = 1 holds, where wyx
= 27 fmax, and fiax is the measuring frequency. Therefore, using C values the dielectric
constant, &', can be straightforwardly obtained, since ¢’ = gC/e,, where g is a geometrical
factor of the sample and ¢, = 8.854 x 10~ F/cm is the vacuum dielectric constant.
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Figure 8. Frequency independent permittivity as a function of temperature of nanostructured PZT

for sintered samples.
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Figure 8 shows the temperature dependence of &’. Results corresponds to three exper-
iments, two of them performed with the same sample, with no change in the experimental
set up, the other one performed with a different specimen.

Regarding the labeled “different sample” we point out that there is one experimental
difference with respect to the sample which was measured twice; in the former case the
sample was left for a longer time (more than a week) in the furnace when the dielectric data
was acquired.

The technique selected to study this nano-system has been advantageously used to
investigate bulky materials, however, as a function of temperature, the permittivity behav-
ior of the nanostructured PZT shows a much more complex behavior than the expected
one. A classical ferroelectric material produces a ¢’ against T curve which shows a sharp
peak at the transition temperature, T.. Furthermore, the shape of & vs. T curves, typi-
cal for a ferroelectric, usually are smooth, which is not the case for the studied materials
(see Fig. 8). Probably, the sintering process has not yet completely eliminated anomalies
at the grain surface. Further more, as suggested in reference [24], in nano compounds the
grain size distribution may be affected by the occurrence of different shapes or morpholo-
gies that could alter the surface chemistry, presumably due to the presence of a number
of defect sites per unit area, particularly related to the edge/corner relation. Then, we may
expect that at least partially the dielectric properties would be influenced by those of the
grain surface. Therefore, in principle the dielectric response of nanoparticles would dif-
fer from bulky behavior, mainly due to the different bonding geometry. At the end, the
very complex dynamic atomic activity at the grain surface would mask the polarization
activity of the ferroelectric state affecting the shape of the curve ¢’ vs. T, as happen in
Fig. 8.

For curves in Fig. 8, there are some things to point out here; the first one is that the
three curves show a discernible peak around 470°C. Besides, additional dispersion can
be observed at temperatures above 470°C. Second, the dielectric constant of the samples
is sensitive to the thermal treatment. Temperature dependence of &’ is very similar for
fresh samples, whereas for the sample runs twice the corresponding ¢’ against T behaviour
exhibit differences between different runs. These differences include those above 470°C,
where the dielectric constant values for the first run are comparable to those corresponding
to the second run. Furthermore, below the peak at 470°C, the curve for the different sample
exhibits strong dispersion; this can also be noticed in the case of the curve for the second
run. Incidentally, the largest calculated dielectric constant, observed in Fig. 8, lies below
800 in the three cases.

To have more elements to analyze, we worked out the temperature dependence of the
dynamic dielectric parameter &' (w). In Fig. 9, as a function of temperature, we show results
at 10 and 100 kHz of the first run from the sample which was run twice.

In this case the curves are quite smooth, but only an incipient hill is suggested at around
470°C. At lower frequencies and with the scale used in Figure 9 it will be very difficult to
appreciate the presence of peaks on the corresponding curves.

From the same sample, curves corresponding to the first and second run, plotted at
1 MHz, are shown in Figure 10, they both exhibit a broad peak.

In the same figure curves for the different sample are also shown. In this last case
the peak is shifted slightly toward low temperatures. Results related with the T, compare
properly with those found in reference [25] where curves for nanocomposites of PZT
ceramics shows a slope change at around 470°C, for the variation with temperature of
dissipation factor.
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Figure 9. Dynamic permittivity as a function of temperature of Pb (Zr( 5, Tig 45) O3

At temperatures around T, in Fig. 11, we show the frequency dependence of the dy-
namic parameter &’'(w). At low frequencies there is a strong dispersion, but as the frequency
increases &’(w) tends to be frequency independent. The magnitude of &'(w) depends slightly
on the temperature.
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Then, finally there is no doubt on the existence of a transition temperature, although it
seems to be dispersive in character. Regarding this last point, we believe that the material
behaves as if it were constituted by a set of nano-ferroelectric grains, where ferroelectric
domains would have a slightly different T.. However, it seems to be difficult to classify the
material behaviour as it were a relaxor, since there are difficulties to prove that Curie-Weis
law fails or the maximum on the &’(w) vs. T curves is frequency dependent.

4. Conclusions

Using Sol-Gel method Pb (Zr( 5, Tip43)O3 (PZT) nanostructured compounds have been
synthesized. Crystallographic features were obtained by X-ray and electron microscopy
techniques. The occurrence of a single phase was deduced from the X-ray diffraction data,
whose peaks fit perfectly with a tetragonal structure. A combination of photoacoustic and
dielectric techniques has proved to be appropriate to determine transition temperatures in
the studied nanostructured samples. In earlier photoacoustic runs, using as synthesized
fresh powders, large dispersion in a wide temperature interval was attributed to a no spe-
cific physical state, but anomalous, of the nano grain surface. Sintered material was then
used to perform subsequent experiments, in which case both techniques were used as they
normally are in dielectric bulky determinations. However unexpected results were still ob-
tained in this case due to the presence of an unusual dispersive behavior with frequency
and/or with temperature. Although the persistence of a peak below 500°C indicated that a
characteristic temperature was involved. Using the very dedicated dielectric experiments
reported here, it was finally stated that a transition occurs at around 470°C. The pres-
ence of excessive dispersion, in the curves of the frequency independent dielectric constant
against temperature, must be due to instabilities at the surface of the nanograins, which
masks the natural dipolar effect on the ferroelectric properties of the material. As a func-
tion of temperature, curves corresponding to the dynamic dielectric constant, &'(w), are
much smoother than the corresponding to &’. At low frequencies, plots of &'(w) against T
reveal the presence of small hills at the transition temperature, but at high frequencies well-
formed broad peaks are observed, especially at 1 MHz. Curves seem to be similar to those
associated with a dispersive ferro-paraelectric transition, the maximum of which occurs
close to 470°C.
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