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Calorimetric, elastic, and polar properties of ferrolectric lead scandium tantalate PbSc0.5Ta0.5O3 (PST) with 65% cation

order have been investigated in the vicinity of the paraelectric-ferroelectric transition at Ttrans = 295 K. Comparison of

temperature dependencies of the excess specific heat and elastic properties indicate that both anomalies stem from ther-

mal fluctuations of order parameters in three dimensions. These fluctuations are consistent with tweed microstructure.

This transition is driven by several coupled thermodynamic order parameters, as evidenced by a strongly non-linear

scaling of the excess entropy with the squared ferroelectric polarization.

Most ferroelectric materials undergo weakly first order

transitions between a paraelectric and a ferroelectric phase.

These phase transitions are often influenced by the mi-

crostructure of the material,1 which may change depending on

the thermal history of the sample and defect concentration.2–4

Therefore, reliable comparisons between thermal, electric,

and elastic data require measurements using the same sam-

ples. As an example, the step in the thermodynamic enthalpy,

as measured by calorimetry, is typically not reported together

with equivalent steps in the ferroelectric polarization and a

direct comparison of such two data sets is often not possi-

ble. Similarly, the scaling between the entropy of the tran-

sition and the structural order parameter5 is the key element

for the investigation of ‘hidden’ order parameters that modify

the transition behaviour. This scaling has been investigated

thoroughly in ferroelastic materials6,7 but much less in fer-

roelectrics. In this paper we report coupling phenomena in

PbSc0.5Ta0.5O3 (PST), a ferroelectric material where the tran-

sition is driven by several order parameters.

PST crystallizes in a perovskite structure and is ferroelec-

tric when the degree of cation order Qod is Qod > 0.55.8–11 A

weakly first order ferroelectric transition occurs at 295-300 K

corresponding to a symmetry change from Pm3m/Fm3m to

R3.8–10,12,13 Elastic properties of PST with a relatively high

degree of B-site order, Qod = 0. 65, were reported over a large

temperature interval.14 These results, along with polar, piezo-

electric, dielectric, and structural properties, were interpreted

by Landau theory. The proposed Landau model consisted sev-

eral order parameters, namely, cation order Qod, polarization

P, and octahedral tilting Q, which belong to irreducible repre-

sentations R+
4 , R+

1 , and Γ
−
4 , respectively, of the parent space

group, Pm3m. Here, the instability in the paraelectric phase

due to polarization (P) fluctuations in the Γ point of the Bril-

louin zone leads to R3m symmetry. The symmetry break-

ing solely due to P is approximately tricritical as observed

a)email:fjromero@us.es

at low temperatures by neutron diffraction13 and in line with

the Curie-Weiss type dielectric anomaly with the critical re-

laxation occurring in the GHz range at high temperatures.15

Other authors indicated a prevailing order-disorder nature of

the transition with no experimental evidence of a soft phonon

mode.16 These, however, do not explain the observation of

R3 symmetry, suggesting a more complex transition mecha-

nism in PST. The reduction of symmetry to R3 requires octa-

hedral tilting described by order parameter Q. Thus, the pro-

posed Landau model14 required all the aforementioned order

parameters (Qod , Q, and P) to explain the cumulative pro-

cess leading to the ferroelectric transition in PST. It was then

argued that PST nanostructures contained tweed and, possi-

bly, incommensurations, due to biquadratic coupling between

Q and P (Q2P2), where spontaneous strain e acted as inter-

mediary via the coupling terms eQ2 and eP2. For details of

the model, the reader is referred to Ref.14, whereas the forma-

tion of tweed based on biquadratic coupling of order param-

eters can be found in Refs.17–19 In the present work, we fur-

ther investigate the coupling behavior in PST with Qod = 0.65

by complementary measurements of calorimetry, pyroelectric

current, hysteresis curves of polarization vs electric field, and

Resonant Ultrasound Spectroscopy (RUS).

For a quantitative comparison of calorimetric, polar, and

elastic properties, we characterize two samples from the

same batch of PST ceramics that were used for the previ-

ous investigation14 as well as others.20,21 These ceramics,

provided by R. Whatmore, Imperial College London, were

synthesized using the mixed-oxide method followed by hot

pressing, as described by Osbond and Whatmore22 and also

in Ref.14. The degree of cation order Qod was calculated14

as 0.65 based on x-ray diffraction intensities as outlined

before.9,14 Finally, the chemical composition tested by micro-

probe analysis indicated good uniformity of the Sc and Ta con-

centration and small (2%) variations for Pb.14 The latter is due

to the loss of PbO which inevitably occurs during sintering

in PST8,10,23 and other lead-containing oxides.24 One of the

samples (sample A) used for this investigation was a disc with
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FIG. 1. Calorimetric and elastic properties of PST as a function of temperature around Ttrans. (a) Temperature evolution of the specific heat

c0 obtained by relaxation calorimetry and conduction calorimetry. The baseline shown in green was calculated by fitting a second order

polynomial fit well above and below Ttrans. (b) Squared resonance frequency (f2) obtained on heating (red circles) and cooling (blue circles).

(c) Comparison between the excess specific heat ∆c0 and f2 obtained on cooling. The excess specific heat was obtained by subtracting the

baseline in panel (a) from the specific heat (measured by relaxational calorimetry, blue circles in panel (a)). Blue and black circles correspond

to the values of (f2 extracted in this work and Ref.14, respectively. Data from Ref.14 was scaled to match the frequency of the resonance

detected in this work, which can easily be justified by the fact that in ceramics, resonances are dominated by shearing (see Fig. S6).

parallel faces, 10.00 mm in diameter, 0.825 mm thick with a

mass of 0.5665 g. The other sample was a parallelepiped with

dimensions 3.00× 3.00× 0.825 mm3 and a mass of 0.0648

g (sample B). The density of the samples was 8.72 g/cm3,

corresponding to 96.2% of the theoretical density. Scanning

electron microscopy images (Fig. S1) of sample A showed a

grain size of 1-3 µm, in line with earlier observations.20

The specific heat measurements were conducted using

two different calorimetric techniques: conduction calorime-

try and commercial thermal relaxation calorimetry. Relax-

ation calorimetry was conducted on sample B using a Phys-

ical Properties Measurement System by Quantum Design at

CITIUS, University of Seville/Spain.25 For comparison of the

properties of the two samples, heat flux and specific heat of

sample A were also measured by a high resolution conduction

calorimeter.26). Details of the specific heat measurements are

given in the Supplementary Material (also see Refs.27 and28).

To correlate the entropy with polarization and elastic mod-

ulus, the rest of the characterization was conducted on sample

A. Prior to the pyroelectric current measurements, a DC field

of E =1430 V/cm was applied across the sample at 255 K.

The pyroelectric current obtained as a function of tempera-

ture was integrated to calculate P2 and its temperature depen-

dence. Then, the sample (, i.e. sample A) was cut into a par-

allelepiped with dimensions of 6.56×6.61×0.69 mm3. Hys-

teresis loops of polarization versus electric field were mea-

sured between 278 K and 350 K at 10 Hz at a maximum

driving electric field of 30kV/cm by using a Radiant Precision

Premier II tester (P-HVi4K), Radiant Precision 4KV HVI(P-

PM2) and high voltage amplifier (Trek 609E-6). Finally, RUS

measurements were performed upon heating between 100 and

1200 kHz using lead zirconate titanate transducers in direct

contact configuration.29, with a ten minute settle time by us-

ing a SIGMA M10J furnace.

The temperature dependencies of specific heat measured on

two samples are shown in Fig. 1a and are in excellent agree-

ment. Moreover, results obtained by relaxational calorime-

try show that PST has indeed a weakly first order transition

at Ttrans = 295 K with a thermal hysteresis of 0.8 K (see in-

set). Thermal analysis reveals a latent heat of 335 J/mol in

the absence of an applied electric field and 248 J/mol under

an electric field of 400 V/cm (Figs. S2-S3) with a coexis-

tence interval extending from 280.5 K to 301 K. The anomaly

in the specific heat coincides with the elastic softening (f2)
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of the sample, which shows a thermal hysteresis of ≈1 K

(Fig. 1b; see Figs. S5 and S6 for RUS spectra and evolu-

tion of other resonances). The observed softening is mainly

related to the shear modulus.14,30 The symmetry change from

Pm3m/Fm3 to R3 at Ttrans implies an improper ferroelastic

anomaly, which corresponds to a step change in the elastic

constants through linear-quadratic coupling (eP2 and eQ2).6,14

Instead, a continuous softening is observed which reflects the

change of the microstructure with temperature. We plot f2

on an inverted scale in Fig. 1(c) (with blue and black circles

corresponding to the data obtained in this work and previous

work,14 respectively) together with the excess specific heat

(∆c0) during the transition and present nearly the same tem-

perature dependence. Differences in dependencies at higher

temperatures may be related to the choice of baseline for the

calorimetric measurements. The similarity between the elastic

softening and the excess specific heat is expected because the

fluctuation correction to the specific heat, as already discussed

by Levanyuk and Sobyanin,31 contains the same susceptibil-

ity term as in the elastic anomaly in the Slonczewski-Thomas

approximation.32 These similarities were discussed in detail
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FIG. 2. Temperature evolution of the squared resonance frequency

(circles) and its fit (red line) with a power law (see text) ∆ f−2 =
A(T − Tc)

κ − B, where Tc = 289 K, κ = 0.52 ± 0.02, and A =
2.0691×10−6, and B= 1.1213×10−7. The parameter B was used to

compensate for the error due to thermal expansion. The same value

of κ was obtained previously14 for a smaller data set.

by Salje7 and applied previously for the analysis of specific

heat anomalies in Pb3(PO4)2 in Ref.33. The elastic response

is hence dominated by the change of the nano-structure and

its fluctuations and not by a uniform deformation of the sam-

ple. These microstructural changes involve ferroelectric and

ferroelastic domain patterns on a very fine scale, such as de-

scribed by tweed microstructures.14,17,18

Tweed fluctuations occur in at least two dimensions.17,18

In Fig. 2, we replot the data shown in Fig. 1(c) in a larger

temperature range and estimate the dimensionality of the fluc-

tuations related to a soft mode, described by a power law

∆C−1 ∼ ∆ f−2 ∼ (T −Tc)
κ , where ∆C−1 (∆ f−2) is the inverse

elastic modulus (inverse squared resonance frequency) rela-

tive to its lowest value at high temperatures, Tc is the extrapo-

lated temperature below Ttrans, and κ takes values of 0.5, 1, or

1.5, representing three, two, and one dimensional fluctuations,

respectively.6 The fit leads to κ = 0.52±0.02, indicating three

dimensional fluctuations, consistent with tweed.

Martín-Olalla et al.5 have shown that in phase transitions

described by one order parameter, scaling in mean field the-

ory indicates that the excess entropy is proportional to the

squared order parameter: ∆S ∝ P2. We next assess such scal-

ing in PST upon presenting the temperature dependence of

P2. In Fig. 3(a), the hysteresis loop of P vs E collected

at 279 K shows a remnant polarization of P ∼ 24 µC/cm2.

This value is perfectly in line with that obtained on a sample

from the same batch of PST ceramics,14 It is also in close

agreement with values obtained on ceramics with different

degrees of cation order,8 and ordered and disordered single

crystals.10 Small differences of several µC/cm2 between our

samples and those from the literature are mainly due to differ-

ent degrees of cation order, although one may need to take

into account possible differences of PbO deficiency in the

samples.8,10 Double loops observed in the coexistence regime

are attributed to a field induced transition,14,34 with the po-

larization rapidly decreasing to nearly zero in this range as

the temperature increases. This drop is more clearly shown in

Fig. 3(b), where P2 obtained from hysteresis loops (green cir-

cles) and that from pyroelectric current measurements (black

line) are plotted against temperature. Here, P2 calculated from

the pyroelectric current is multiplied by 275 for comparison

with the hysteresis measurements. An order of magnitude

smaller value of P obtained with the former is due to the low

DC field (E = 1430 V/cm) applied across the sample prior to

the measurements. However, some poling has clearly been

achieved and a fraction of the polarization captured by the py-

roelectric measurements strictly follows the same trend with

temperature as the results of the hysteresis measurements and

other reports for samples with partial and high cation order

(Qod > 0.55).8,10,35

To explore the scaling behavior, we plot the temperature

evolution of the excess entropy ∆S in Fig 3(b) and the depen-

dencies ∆S vs P2 and P2/∆S vs temperature in Figs. 3(c) and

3(d). In Fig. 3(b), unlike P2, the excess entropy shows a tail

above Ttrans. Below ∼280 K, the scaling in mean field theory

is followed, as shown in Fig. 3(c), where ∆S vs P2 extrap-

olates to zero, and in Fig. 3(d), where P2/∆S has a constant

value. At higher temperatures, there are two distinct tempera-

ture regimes. The first is the temperature range between ∼280

K and 295 K, which is in the coexistence interval. However,

above 301 K, the upper temperature limit of the coexistence

interval, the evolution of P2 and ∆S yields a nonlinear temper-

ature dependence of P2/∆S. This result confirms the coupling

of order parameters in PST with Qod = 0.65. The scaling be-

havior might be effected by grain size and grain size boundary

effects, which may smear the transition.36,37 However, phys-

ical properties of our sample show a sharp anomaly at Ttrans

(Figs. 1, 3), suggesting that these effects are small and similar

scaling behavior can be expected in single crystals.

The present results deserve a discussion on how cation or-

der affects the observed scaling behavior. Our results relate

to those observed for PST with Qod > 0.55, where a ferro-

electric transition occurs with no relaxor behavior at 295-300

K.10,11,14 One of these is the observation of a modulated fea-
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FIG. 3. Squared polarization and excess entropy of un-poled PST ceramic. (a) Hysteresis loops of polarization (P) vs electric field (E) at

selected temperatures. (b) Temperature evolution of P2 and excess entropy ∆S (red line). Green circles and black line correspond to P2

determined by hysteresis and pyroelectric current measurements, respectively. Values of P2 below 255 K were obtained by extrapolation. The

range between green arrows indicates the coexistence regime. (c) ∆S vs P2 (d) P2/|∆S|.

ture with polar and anti-polar components below 323 K in PST

with Qod = 0.85.12 Baba-Kishi and M. Pasciak described in-

commensurate satellite reflections in electron diffraction pat-

terns of single crystals.38 The same authors undertook Monte

Carlo simulations, where domain patterns and their associ-

ated satellites of differing dispositions or modulation vectors

were found. Interestingly, these simulations do not show long

wavelength incommensurations but patchy domains which

could equally be well described as tweed patterns, which is

a typical feature in adaptive structures.39 The difference be-

tween the incommensuration pattern and the tweed pattern

is subtle: incommensurations require long range correlations

and only one modulation vector while tweed is patchy with

short correlations.7,17,18 Furthermore, tweed would include

two or three modulation vectors (as supported by the value

of κ extracted in Fig. 2) and is hence akin to Moire patterns

already mentioned by Baba-Kishi and Pasciak.38 Tweed for-

mation was also discussed by Peters et al.40 who employed

electron microscopy to identify two types of antiferroelectric

displacements in PST with Qod = 0.76. They discussed the

additional phase transition observed at 210 K on cooling in

terms of the freezing of dynamic polar nanodomains where a

high density of domain walls creates a metastable state and

attributed this phenomenon to the freezing of polar tweed.

Within their work, probably for the first time, a well-defined

transition temperature is given. This temperature is very close

to the lower bound temperature of the incommensurate struc-

ture determined by Baba-Kishi and M. Pasciak38 (223 K) and

also the freezing temperature (220 K) determined by the anal-

ysis of the elastic properties for samples with Qod = 0.65.14

For PST with Qod < 0.55, which shows relaxor behavior,10

the present study can only be heuristic in terms of the scaling

of entropy and polarization. Dynamics in the precursor regime

for Qod < 0.55 is different from that with Qod > 0.55. For ex-

ample, the elastic constants of the former41 show a broad and

shallow minimum at the transition temperature whereas the

softening in the latter is steep with a sharp minimum (this

work and Refs.11,14). Moreover, samples with Qod = 0.08

have two breaks from linear thermal expansion in the lat-

tice constant, one at Td and the other at T ∗ = 500 K, which

are associated with the development and coherence of polar

nano regions in relaxors.42,43 However, even with low degrees

of cation order, a ferroelectric transition to a rhombohedral

structure occurs.10,43 Therefore, a detailed study of the role of

cation order on the scaling behavior is necessary.

In summary, the present results confirm the coupling of

multiple order parameters in PST. The weakly first order

nature of the transition allows tricitical behavior at low

temperatures,13 but shows much richer phenomena near the

transition, strongly suggesting the formation of a tweed mi-

crostructure, in agreement with other indirect findings sup-

porting tweed.14,40 A large number of perovskites, such as

BaTiO3 and BiFeO3, undergo (weakly) first order ferroelec-

tric transitions, which are simultaneously improper ferroelas-

tic. In these materials, bi-quadratic coupling between P and Q

is allowed and tweed microstructure might occur.1,44 In addi-
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tion to PST, formation of tweed has been already observed or

implied in some ferroelectrics, including BaTiO3
2,3,45,46 and

its solutions.47

SUPPLEMENTARY MATERIAL

Refer to the Supplementary Material for details of specific

heat measurements and related graphs, RUS spectra collected

between 275 K and 330 K and temperature evolution of reso-

nances in a broad frequency range.
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