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The effect of hydrostatic pressure on the dielectric response of Pb(Sc;,,Ta;/»)O3
single crystal with the degree of order S=0.16 has been studied. At elevated
pressures the dielectric anomaly characteristic of ferroelectric relaxors is shifted
to lower temperatures, its amplitude decreases and the relaxor peak becomes
more diffused. In the pressure range studied up to 0.75GPa, the temperature
dependencies of the characteristic relaxation time obey the Vogel-Fulcher law. It
has been found that the Vogel-Fulcher temperature decreases with increasing
pressure while the activation energy of the dipolar entities increases. This increase
can be ascribed to the pressure-induced changes in the atom—atom and dipolar
interactions, resulting in the increased energy barriers for dipolar fluctuations.
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1. Introduction

Complex perovskites A(B)_,.B;)O3 with B’ and B” of different ionic radii and valencies
exhibit relaxor properties mirrored in a broad and frequency-dependent dielectric anomaly
and a local polarisation that persists a few hundred Kelvins above the temperature of the
permittivity maximum 7Tymax [1-3]. The origin of these properties is complex and related to
the presence of both random fields and polar nanoregions (PNRs). In the A(B|_,B;)O3
type relaxors the random fields originate from the lattice defects as well as from the local
elastic and electric fields, created as a result of the difference in the ionic radii and electric
charges between the B’ and B” ions [4,5]. The B-type ion substitution in Pb(B?;LzBf;’z)O3
perovskites modifies the lattice energy, which can lead to a local ordering in the form of
chemical domains, where the B>" and B>" ions are located on the alternating lattice planes.
In Pb(Sc;,Ta;,)O5 and Pb(Sc; ,Nb, ,)Os, (abbreviated as PST and PSN, respectively) the
Sc** ions and Ta>" or Nb>* jons can be either randomly distributed at the B-sites of the
perovskite lattice or segregated in the {111} planes [6-8]. The average structure of PST,
with Sc** and Ta* ions randomly disordered, is cubic with Pm3m space group, whereas
the ordering of the Sc®* ions and Ta’" ions in the alternating {111} planes results in
a doubling of the basic perovskite unit cell and Fm3m space group [9-11]. The chemical
order of Sc** and Ta®" is reflected in the X-ray diffraction pattern by the occurrence of
the superstructure reflections of the {h+1/2, k+1/2, [4+1/2} type. The absence of the
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superstructure reflections points to a random distribution of the ions [9,12]. It has been
shown that at room temperature PST can exist in different states of order, associated
with different properties. As the degree of order can be controlled by thermal treatment
[9,12-14], the properties of this compound can be easily tuned. The PST single crystals,
in which the volume of the chemical order amounted to 35% and 29%, have been found
to exhibit classical relaxor properties [13,15,16], while at higher order of 80%
a spontaneous relaxor-to-ferroelectric phase transition has been observed [13,15].
Although the average symmetry of the relaxor state is cubic, the local symmetry is
broken due to the formation of polar nano-regions, which persist up to the Burns
temperature Tg=600K [1-3,15]. It should be stressed that the behaviour of PST
ceramics is different than that of the single crystals [4,12-14,17]. In contrast to the
disordered PST crystals, the ceramic samples were reported to show relaxor properties at
room temperature and a spontaneous first-order relaxor-to-ferroelectric phase transition
at ~270 K. Moreover, it was observed that lead vacancies inhibited the transition [17].
On the other hand, the ceramics ordered at 90% underwent a paraelectric-to-ferroelectric
phase transition at ~298 K [17,5]. As both the valencies and the ionic radii of Ta’" and
Nb>" ions are practically the same [18], one can expect a similar stability of the ordered
and disordered states of PST and PSN compounds [14,17,5,19]. It appears that both
PST and PSN are close to the stability limit between the randomly distributed Sc** and
Ta’"/Nb>* ions, and the ordered state. Thus, in these materials the equilibrium between
the long- and the short-range interactions can be easily varied by changing the degree of
order. The interactions can also be modified by external thermodynamic factors like
electric field or pressure. Samara has shown that application of pressure is especially
useful for studying the nature and dynamics of PNRs, as it does not disturb the chemical
composition of the substance and the distribution of the lattice defects [2,20,21].

The studies of dielectric response of PST under high pressure have been rather
fragmentary. The measurements were performed only at 1 and 100kHz for the single-
crystal and ceramic samples, respectively [22]. The authors reported a downward shift of
the dielectric anomaly with AT/Ap=—36K GPa~' for disordered crystal (S=0.35) and
AT/Ap=—38K GPa~' for disordered ceramics (S =0.40). The ordered samples exhibited
slightly smaller pressure effect characterized by the coefficients AT/Ap=—20K GPa™' for
the crystal (S=0.80) and AT/Ap=—31K GPa 'for the ceramics (S =0.85). The lack of
detailed high-pressure investigation of the dielectric response of PST has motivated us to
undertake this study.

2. Experimental
2.1. Sample preparation and characterisation

A sample oriented perpendicularly to the crystallographic [111] direction was cut from
the as-grown PST single crystal with cubic morphology. The sample (0.65 mm thick and
1.5mm? in area) was polished with diamond pastes, and its large surfaces were covered
with gold sputtered electrodes.

The degree of order of the PST crystal was determined by X-ray diffraction method [9]
using the following formulae:

2 _ [11/21/21/2/1100]exp
! [121/21/2/To0]

4 s [£3/21/212/ 1111 ]
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where 1121212 and I3p1012 denote the integrated intensities of the (1/21/21/2) and
(3/21/21/2) superstructure reflections, ;9o and 7;;; are the integrated intensities of the
fundamental (]00) and (] 1 1) reﬂections, and [1]/21/21/2/1_100]521 =1.33 and [13/21/21/2/
Ii11]s=1 =0.59 are the intensity ratios calculated for the Fm3m fully-ordered structure.

The reflections were collected at room temperature using a KUMA CCD four-circle
X-ray diffractometer operating with graphite-monochromated Mo-Ko radiation. The
integrated intensities /151,212, £3/21/21/2, 1100 and I}, were determined as the average values
of 10 superstructure reflections of the (1/21/21/2) type, 52 superstructure reflections of
the (3/2 1/2 1/2) type, 8 fundamental reflections of the (100) type and 17 fundamental
reflections of the (111) type, respectively. Using Equation (1), S; =0.168 and S,=0.143
have been determined. The average value of S| and S, was assumed as the degree of order
of the sample S=0.16.

2.2. Measurements

Dielectric response of the PST crystal was measured in the temperature range 80-350 K,
on heating and cooling. The measurements were performed at ambient pressure and under
hydrostatic pressures up to 0.75GPa, in the frequency range 1kHz—1MHz, with
a computer controlled HP 4192A Impedance Analyzer. The measuring electric field
strength was of 7.5Vem™'. After the pressure was applied at room temperature, the
sample was heated at a rate of 1 Kmin~' to 350 K. Thereafter the dielectric measurements
were performed on cooling to 150 K and then on heating to 350K at the rate 1 K min~".
For pressure measurements the sample was placed in a beryllium—copper pressure cell, the
temperature of which was controlled. The pressure was generated by a GCA-10 gas
compressor (Unipress, Poland) and helium was used as the pressure transmitting medium.
The pressure was measured by means of a calibrated manganin gauge with an accuracy of
40.01 GPa and the temperature of the sample was measured with an accuracy of £0.05K
using a copper-constantan thermocouple placed in a close vicinity of the sample.

3. Results and discussion
3.1. Dielectric response of the PST crystal at ambient pressure

The temperature dependencies of the real and imaginary parts of the complex
electric permittivity of PST measured at ambient pressure are shown in Figure 1.
These measurements were performed on cooling. At atmospheric pressure the maxima
occur at: Temax(1kHz) = 261.3K, Tomax(1IMHz) = 274.8 K, T max(1kHz) = 238.3K and
T max(IMHz) = 255.2 K. The dielectric response of the crystal shows a single frequency-
dependent anomaly both in &(f,T) and &"(f, T), without any sign of a spontancous
transformation to the ferroelectric phase. Below this anomaly, in the low-temperature
range, a continuous decrease in the permittivity and a dielectric dispersion are apparent
(Figure 2).

Figure 3 illustrates the temperature hysteresis between the cooling and the subsequent
heating runs. The difference in the permittivity values occurs in the vicinity of Tmax
and persists at low temperatures. The effect is especially distinct for lower frequencies.
A similar but smaller thermal hysteresis was observed earlier at 1 kHz for the PST crystal
with §=0.29 [16]. The effect can originate from some kind of long-range ordering at low
temperatures and spontaneous aging of the sample. The aging processes play an important
role in ferroelectric relaxors and usually are mirrored in the low-frequency dielectric
response [23,24].
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3.2. Dielectric response of the PST crystal under hydrostatic pressure

The aging process in ferroelectric relaxors is strongly dependent on the thermal history
of the sample [23,24]. The application of hydrostatic pressure increases the internal
energy of the system and therefore one can also expect an aging effect after releasing
the pressure. Figure 4 shows the temperature dependencies of the permittivity measured
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Figure 1. Dielectric response of the PST single crystal measured at different frequencies along
the [111] direction on cooling the sample.
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Figure 2. The low-temperature frequency dispersion of the real part of electric permittivity in the

PST crystal.
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at 1kHz and 1 MHz for ‘virgin’ sample and for sample subjected to the pressure of
0.75 GPa. Then the pressure was released and a series of measurements was performed
with different time interval separating the subsequent runs. The most pronounced
decrease in the permittivity value is seen in the vicinity of Tema. The inset in Figure 4
shows that the aging rate is higher for the low-frequency response. The aging
effect related to the application of hydrostatic pressure is more profound than that
observed after thermal annealing of the sample. At the frequency of 1kHz the change
in the maximum permittivity after 264h of the pressure releasing amounted to 12%,
whereas after the same period of time the permittivity of thermally annealed sample
decreased by 4%.

In order to minimize the contribution of spontaneous aging of the sample to the
pressure effect, further in this article we compare and present only the results of
measurements obtained on cooling from 350 to 150 K. The effect of hydrostatic pressure
on the dielectric response of disordered PST single crystal is shown in Figure 5.

£  |Atmospheric pressure Cooling
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Figure 3. Temperature hysteresis between the cooling and the heating runs of ¢'(T') for various
frequencies.
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Figure 4. Time-dependent changes in the dielectric response of PST after releasing the pressure.
The inset shows the maximum value of the permittivity measured at 1 kHz and 1 MHz as a function
of time.
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Figure 5. The real and imaginary parts of the complex electric permittivity of PST measured as
a function of temperature and frequency at different pressures.
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The dielectric anomaly shifts to lower temperatures with increasing pressure, similar to
those reported earlier for other perovskite ferroelectric relaxors [2,20-22,25-32]. The
temperatures of the permittivity maxima, plotted in Figure 6, decrease linearly and can be
described by the following relations:

dTomax(1 kHz)/dp = (—43.0 £ 0.7)K GPa™! .
dTemax(IMHz)/dp = (=37.9 +£ 0.7)K GPa™!.

Hydrostatic pressure affects not only the temperature of the dielectric anomaly, but
also its magnitude and shape. In Figure 7 we plotted the normalised values of permittivity
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Figure 6. The influence of pressure on Tymax and Tyg.
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€' /€.« as a function of T — Tymax. The curves obtained for different pressures do not form
a single master curve, as observed earlier for Pb(Mg;3Nb,/3)07Tip 305 [33]. As seen in
Figure 7, the pressure mainly influences the dielectric permittivity above Temax. To
characterize the pressure-induced changes in this high-temperature side we used a Lorenz-

type equation [34]:

ﬂ:1+w

& 284 ©

where Ty < Temax, €4 > €, and 84 are the parameters fitted to experimental data. The
parameter § 4 can be used as a measure of the anomaly diffuseness. Examples of the fittings
for the data measured at various pressures are shown in Figure 8. The diffuseness
parameter §, derived from the fits is plotted as a function of pressure in Figure 9. The
linear increase of 84 with increasing pressure [d8 ,/dp = (14.7+£0.4)K GPa~'] indicates that,
in the studied pressure range, the hydrostatic pressure grounds the relaxor state.

To obtain more information on the dynamics of the PNRs at elevated pressures, we
determined the characteristic relaxation times (r = 1/2xf, where f is the frequency of the
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Figure 8. The 1 MHz temperature dependencies of the electric permittivity at different pressures
(solid lines) and the fits (dotted lines) to Equation (3).
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Figure 9. Pressure dependence of the diffuseness parameter §,4 calculated from Equation (3).
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electric measuring field) in relation to the corresponding 7ymax. The temperature
dependencies of the relaxation times (Figure 10a) were described using the Vogel-
Fulcher equation [2,3]:

'L’(T) = TVF exp( (4)

T—T VF)’
where typ is the inverse attempt frequency, Ty the temperature at which the relaxation
time diverges and B the activation energy. The frequency range of the experimental data
available was limited to 3 decades, and therefore the parameters obtained from the fits
may be weighed with large uncertainties. Nevertheless, both Tyg and B show systematic
changes with increasing pressure. At elevated pressures the temperature 7Ty shifts linearly
towards lower temperatures (Figure 6), while the activation energy B increases
continuously from ~500 K at atmospheric pressure to ~1100 K at 0.75 GPa, as illustrated
in Figure 10(b).

The pressure effect is also responsible for a considerable decrease in the permittivity
values. Figure 11 shows the pressure dependence of the electric permittivity measured at
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Figure 10. Temperature dependencies of the relaxation time at various pressures (a), the solid lines
represents the best fits to the Vogel-Fulcher law, Equation (4), and pressure dependence of the
activation energy (b).
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Figure 11. Pressure dependence of the maximum permittivity values at 1, 10, 100 kHz and 1 MHz.

Temax for various frequencies on cooling. Although the pressure coefficients of these
dependencies are slightly different for particular frequencies, the pressure-induced relative
changes are very similar. For example, for 1kHz and 1MHz they amount to
(—42.640.8)% GPa~' and (—44.240.8)% GPa~', respectively.

4. Conclusions

The results of this study indicate that hydrostatic pressure considerably affects the
dielectric response of the PST single crystal with the degree of order S=0.16. In general,
this influence is very similar to that reported earlier for other mixed perovskites. The
dielectric anomaly is shifted to lower temperatures and its magnitude decreases with
increasing pressure. The diffuseness parameter §,, derived from the fitting of the
experimental data to the Lorenz-type equation, exhibits a much stronger pressure
dependence than that observed for PMN — 0.30PT single crystal [33] or PSN ceramics [32].
Moreover, at elevated pressures the Vogel-Fulcher temperature 7yg decreases more
quickly than Tymax. Thus, under pressure the non-ergodic relaxor state is grounded and
enhanced in 7-range. It is worth noting that the activation energy B, calculated from the
fittings of the Vogel-Fulcher equation to the experimental data, increases with increasing
pressure. A similar behaviour of the activation energy was observed in our previous high-
pressure study of PSN ceramics [32]. On the other hand, Samara et al. have suggested
a reverse pressure dependence of this parameter for PSN single crystal [26], for
La-substituted lead zirconate/titanate [27] and for Ba- and Bi-substituted lead zirconate/
titanate [35]. The authors argued that the decrease in the activation energy occurs as
a result of a reduced size of the PNRs. However, it should be stressed that pressure
modifies not only the size of the dipolar entities but also dipolar and interatomic
interactions. The latter effect can cause an increase in the energy barriers hindering the
dipolar motions. To support this idea further high-pressure studies including a wider
frequency range are desired.
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