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Abstract 

We study the phase transition behavior of the ferroelectric BaTi0.8Zr0.2O3 in the 

paraelectric region. The temperature dependencies of thermal, polar, elastic and dielectric 

properties indicate the presence of local structures above the paraelectric-ferroelectric transition 

temperature Tc = 292 K. The non-zero remnant polarization is measured up to a characteristic 

temperature T* ~350 K, which coincides with the temperature where the dielectric constant 

deviates from Curie-Weiss law. Resonant Piezoelectric Spectroscopy shows that DC field-cooling 

above Tc using fields smaller than the coercive field leads to an elastic response and remnant 

piezoelectricity below T*, which likely corresponds to the coherence temperature associated with 

polar nanostructures in ferroelectrics. The observed remnant effect is attributed to the re-

orientation of polar nanostructures above Tc. 
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Paraelectric phases have long been considered to have nanoscale structures that are polar 

and dynamic,.1,2 However, recent  transmission electron microscopy and Raman scattering 

experiments3  on BaTiO3 have shown that such structures with size 4 nm-6 nm can be static at least 

over a large temperature range (~100°C) and over time scales of hundreds of seconds.3  In relaxor 

ferroelectric lead magnesium niobate (PbMg1/3Nb2/3O3, PMN), domain structures were previously 

visualized at room temperature,4 which is well above the freezing temperature (Tf ~220 K). This 

is consistent with the results of simulations on relaxor ferroelectrics that indicate that the 

paraelectric phase consists of many such interacting polar nanoclusters without the  parent phase.5 

These simulations indicate co-existence of static and dynamic clusters below the coherence 

temperature. Calculations on BaTiO3 have suggested that the paraelectric phase contains regions 

with Ti-off centering that lead to a global polarization, that was absent in cubic BaZrO3.6,7 

Moreover, pyroelectric measurements on PMN have suggested that such structures can be 

reoriented by the application of an electric field.8 The existence of local polar nanostructures is 

important not only for understanding relaxors and ferroelectrics but also their applications in 

nanotechnology.9-14 

Although relaxor PMN shows evidence of poling of the microstructure,8 such 

investigations on ferroelectrics are rare, despite the observation of static-like clusters.3 In this 

Letter, we study the phase transition behavior of ferroelectric BaTi0.8Zr0.2O3 to suggest the 

reorientation of polar nanostructures under applied fields. We show that remnant piezoelectricity

exists in the paraelectric phase and does not dissipate for many days. 

BaTi1-xZrxO3 (BZT) solid solutions undergo a ferroelectric transition for x<0.25 but lead 

to relaxor behavior for higher concentrations x.15-18 Analogous to BaTiO3, BZT solid solutions 

with x<0.15 undergo a paraelectric-ferroelectric-ferroelectric-ferroelectric phase transition 
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sequence corresponding to cubic-tetragonal-orthorhombic-rhombohedral structural changes. The 

paraelectric-ferroelectric transition in the range 0.15<x<0.25 leads to a single ferroelectric 

transition (likely rhombohedral R3m structure). Compositions x>0.25 show relaxor behavior. BZT 

solid solutions and their derivatives are technologically important for various applications.10, 18-21  

Ceramic disks, hereafter the samples, with a diameter of 1.2 cm and thickness of ~10 mm and 

composition 0.80 (BaTiO3)-0.20 (BaZrO3) were fabricated by conventional solid-state reaction 

method with starting chemicals BaTiO3 (99.9%) and BaZrO3 (99%). The calcination was 

performed at 1350°C and sintering was done at 1450°C in air. The sample was preliminarily 

characterized by x-ray diffraction and no secondary phases were detected (Fig. S1). Hysteresis 

loops of polarization versus electric field [P(E)] were measured by a  driving electric field of 20 

kV/cm at 5 Hz during cooling with a Radiant Precision Premier II tester (P-HVi4K), Radiant 

Precision 4KV HVI(P-PM2) and High voltage amplifier (Trek 609E-6). Dielectric constant of the 

sample was measured as a function of temperature by using a LCR meter in a nitrogen-gas-cooled 

furnace on cooling at a rate of 2 K/min. 

One disk was cut into a parallelepiped with dimensions ~7.2 mm × ~8 mm × 1 mm. Resonant 

Ultrasound Spectroscopy (RUS)22-24 measurements were then conducted using lead zirconate 

titanate transducers with a ten-minute settling time by using a nitrogen-gas-cooled Furnace (Suns 

Electronic Systems, model EC1X). A function generator/lock-in amplifier unit (Zurich 

Instruments, model HF2LI) was used for the generation and detection of mechanical resonances

in RUS measurements.  

Another disk was used to measure the pyroelectric current at zero electric field, after poling 

it with E = 3.1 kV/cm at 243 K. The polarization was determined by integrating the pyroelectric 

current. To correlate the polarization with the excess entropy, specific heat measurements were 
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conducted using the thermal relaxation method at a Physical Properties Measurement System 

(PPMS, Quantum Design at CITIUS, University of Seville / Spain). From the disk, a parallelepiped 

measuring 3.0 mm × 3.0 mm × 0.9 mm and 31.0 mg in mass was cut. The accuracy and precision 

of this technique have been reported previously.25

We used resonant piezoelectric spectroscopy (RPS)24,26,27 to investigate the electrical 

switching behavior before, under and after DC fields in the paraelectric phase of BZT20. RPS is 

the electrical analogue of RUS. It was previously used to probe miniscule, symmetry-disallowed 

piezoelectricity in nominally centrosymmetric materials26 and to quantitatively measure the 

temperature evolution of the piezoelectric coefficient d33 upon in-situ electrical poling of 

ferroelectrics.27 For RPS measurements under DC bias, the alternating voltage from the function 

generator was fed into a KROHN-HITE wideband amplifier (model 7602M). 

The phase transition behavior of BZT20, investigated by specific heat, RUS, and dielectric 

constant measurements, is presented in Fig. 1. The temperature dependence of the specific heat 

collected on heating and cooling shows a maximum at Tc = 292 K. Any thermal hysteresis that 

may exist is not well-resolved, indicating nearly continuous behavior of the phase transition from

the paraelectric phase with Pm-3m symmetry to the ferroelectric phase with rhombohedral R3m 

symmetry. In Fig. 1(b), the squared frequencies of two mechanical resonances collected by RUS 

are plotted against temperature (see Fig. S2 for RUS spectra collected as a function of 

temperature). The temperature of the sharp minimum in the squared frequencies coincides with Tc 

determined from the specific heat (within 1 K) and corresponds to the transition temperature, as

shown in other ferroelectric perovskites.23,24 Also, RUS heating and cooling data show little 

thermal hysteresis (see inset of Fig 1(b)) in agreement with the specific heat measurements. 

Therefore, the first order nature of the transition is very weak, if it exists. Moreover, despite a 
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factor of ~5 in their resonance frequencies, both mechanical resonances have the same minimum 

and show no frequency dispersion. Similarly, the dielectric constant peak is at the same 

temperature (295 K) for frequencies between 100 Hz and 1 MHz. This temperature is slightly 

higher than Tc measured by the elastic modulus and the specific heat. This difference cannot be 

accounted for by potential errors in temperature calibration. Therefore, BZT20 shows a weakly 

diffuse transition that is sometimes considered to be an intermediary between a relaxor and a 

ferroelectric transition. In agreement with this, the fit of the dielectric constant by the modified 

Curie-Weiss law leads to an exponent of 1.7, which would be 1 for classical ferroelectrics and 2 

for relaxors (Fig. S3). Similar intermediate states were previously found in lead-based materials.29 

The squared frequency of a mechanical resonance measured by RUS is proportional to an 

effective elastic modulus dominated by shearing. Thus, in Fig. 1(b), the reduction of the squared 

frequencies at Tc with respect to the highest measuring temperature corresponds to a softening of 

31% in the elastic modulus. According to Landau theory, the cubic-rhombohedral structural 

transition (Pm-3m to R3m) occurring at Tc is improper ferroelastic, which would normally lead to 

a step-change in the elastic modulus at Tc.23 The observed nonlinear elastic softening in the 

paraelectric phase is instead explained by the nanostructure and its change with 

temperature.23,24,28,30 In Fig. 1(d), we explore the scaling relationship between the excess entropy 

ΔS and the squared polarization P2. The excess entropy was derived by integration of Δc/T, where Δc 

represents the excess specific heat relative to the baseline shown in Fig. 1(a) (see also Fig. S4). 

The squared polarization was calculated by integration of the pyroelectric current measured as a

function of temperature (Fig. S5).  ΔS and P2 linearly scale for temperatures below 299 K, in line 

with a single order parameter with a dominating temperature dependent linear term in Landau 

theory.31 However, above Tc over a temperature range of 50 K, differences in the non-linear region 
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above Tc are easily observed, which means lack of coupling between the two magnitudes. Indeed, 

the transition to the ferroelectric phase contains ferroelectric displacements and their coupling with 

strain23 and possibly gradient coupling terms.32,33,34 Such coupling can contribute towards the 

presence of local polar structures in the paraelectric phase. Thus, in addition to the elastic modulus, 

the non-linear scaling of ΔS and P2 is also indicative of local polar structures in the paraelectric 

phase.   

  
Fig. 1 Phase transition behavior and scaling of the excess entropy and the squared polarization (a) 
Temperature dependence of the specific heat. The inset shows the anomaly in a narrower temperature range. 
(b) Temperature dependence of the squared mechanical resonance frequencies, proportional to an effective 
elastic modulus. The inset shows the variation of the resonance frequency obtained on cooling and heating. 
(c) Temperature dependence of the dielectric constant. (d) The temperature evolution of the excess entropy 
and the polarization squared, which shows departure from linear scaling in the paraelectric phase. 

We next examine the ferroelectric switching behaviour through hysteresis measurements 

of polarization vs. electric field collected on cooling (Fig. 2(a)). Hysteresis loops typical of a 

ferroelectric phase are observed below Tc (solid lines). Loops reminiscent of ferroelectric 
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switching are observed even above Tc (dashed lines), although they are relatively slim and 

gradually narrow down with increasing temperature. Above T* = 350 K-360 K, the loops are 

primarily determined by leakage currents (yellow dotted lines, 378 K). The overall temperature 

dependence of Pr (Fig. 2(b)) is rather continuous, with non-zero remnant polarization detected up 

to T* ~ 350K-360 K. The temperature T* roughly coincides with the temperature where deviation 

from Curie-Weiss law is observed via the inverse dielectric constant 1/Ԑr (right axis). In reference 

to extensive studies on 0.70 (PbMg1/3Nb2/3)-0.30 (PbTiO3),35, 36 T* can be conjectured to be the 

coherence temperature. It is characterized by the development of static polar nanostructures,5, 35,36, 

37 which can contribute to the persistence of remnant polarization between Tc and T*. 

 
Fig. 2. Remnant Polarization as a function of temperature. (a) Hysteresis curves of polarization vs. electric 
field (b) Temperature dependence of remnant polarization Pr and 1/ԑr. 
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We further explore the electrical switching behavior in the paraelectric phase by RPS 

measurements conducted under DC field-cooling on samples annealed at various temperatures. 

Like RUS, the square of the mechanical resonance frequencies measured by RPS is proportional 

to the elastic modulus. Additionally, the area under the RPS spectrum provides a quantitative 

measure of the piezoelectric coefficient, d33,27 as a function of temperature and allows in-situ 

monitoring under applied electric fields.26 This has previously been used to measure symmetry-

disallowed, miniscule piezoelectricity in paraelectric phases of ferroelectrics, relaxor 

ferroelectrics, ferroelastics, and compounds containing defects.27 Here, RPS is used to compare 

the effects of DC field-cooling on the symmetry-disallowed piezoelectricity in the paraelectric 

phase. The annealing temperatures were selected to be 323 K, 343 K, 380 K, and 460 K. These 

temperatures correspond to temperature ranges below T* ~350-360 K, between T* and the 

projected Burns temperature TB ~450 K,16,17 and above TB. The applied field was E = 0.65 kV/cm, 

which is a fourth of Ec at  228 K. Segments of RPS spectra obtained at 323 K are shown in Fig. 3. 

They were collected under the following conditions: 1) The sample was annealed at 460 K for two

days and then zero-field cooled to 323 K; 2) The sample was annealed at 460 K for two days and 

the spectrum was collected at 323 K 66 hours after it was field-cooled to 323 K; 3) The sample 

was annealed at 343 K (below T*~350-360 K) for two days and the spectrum was collected 44 

hours after the sample was  cooled to 323 K; 4) The sample was annealed at 380 K for one day 

and the spectrum was collected 10 minutes after the sample was cooled to 323 K.

To obtain a measure of the magnitude of the piezoelectric effect, we calculated RPS 

spectrum areas by integration as plotted in Fig. 3(b). The piezoelectric effect shows a 3-fold 

increase upon field cooling compared to before field cooling. Changes in mechanical resonance 

frequencies and linewidths of peaks correspond to elastic hardening and increased acoustic 
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attenuation. Even after annealing ~2 days at 343 K (below T* determined by deviation from the 

Curie-Weiss law in Fig. 2(b)), the piezoelectric coefficient of the sample is slightly larger than that 

before poling. However, annealing above T* (at 380 K) for 10 minutes leads to a similar 

piezoelectric coefficient as before field-cooling, indicating a rapid depolarization process. Thus, 

T* is identified as the temperature below which remnant piezoelectricity persists.  

 
Fig. 3. Electrical switching behavior with E = 0.65 kV/cm <1/3 Ec (260 K) due to field cooling to 323 K 
and under different annealing. (a) Segments of RPS spectra collected after different annealing and field-
cooling procedures (also see text) (b) RPS spectrum areas for comparing effects of high temperature 
annealing and field-cooling. 

A field induced transition for the remnant piezoelectricity is unlikely for several reasons. 

The applied field was much lower than Ec, whereas field-induced transitions in the paraelectric 
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phase would typically require a field higher than Ec. Moreover, field-induced transitions are 

reversible except in several compounds in which a relaxor ferroelectric-ferroelectric transition 

(RFE-FE) occurs around a temperature where the dielectric constant shows a hump.38 The 

maximum of the dielectric constant is at a much higher temperature. In contrast, the remnant 

piezoelectricity in BZT20 is observed ~30 K above the temperature of the dielectric maximum, 

which is close to Tc (Fig. 1).  

We attribute the remnant piezoelectricity below T* to the reorientation of the polar 

nanostructures. First of all, the observed elastic variations in Fig. 1 and Fig. 3(b) show aspects of 

glass-like behavior proposed in parent phases of ferroelectrics and in ferroelastic materials.39-41 

The time dependence of the remnant piezoelectricity measured as a function of time after field-

cooling can be fitted to a stretched exponential, typical of glassy systems (Fig. S6).39,42,443 

Moreover, the piezoelectric coefficient of the paraelectric phase is three orders of magnitude larger 

than the values observed in compounds for which no evidence of polar nanostructures is reported 

and which are instead known to contain defects.27 In addition, the observed piezoelectricity is

enhanced as the temperature approaches Tc. The magnitude of the piezoelectric effect is ~20 times 

larger at 323 K than at 391 K (Fig. S7(a)). The pronounced difference in magnitudes reflects 

increased coherence of polar nanostructures on cooling. Complementary measurements of RPS 

under a DC bias conducted below and above T* are shown in Fig. 4 (and Fig. S7). Under a DC 

bias, the observed piezoelectric effect is much larger below T* than above T*. Also, the time 

dependence of the piezoelectric effect below and above T* suggests slower dynamics below T*. 

At 118°C the piezoelectric effect is nearly stable after 80 minutes, whereas much longer times are 

needed for 50°C. All these observations, along with the observation of remnant piezoelectricity at 
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least up to T*, point towards a dominant role of static-like polar nanostructures in the remnant 

piezoelectric effect.    

 

Fig. 4. Time dependence of the magnitude of the piezoelectric effect under DC bias with E = 650 
V/cm (in the form of RPS spectrum area). The blue pentagon and green triangle correspond to the spectrum 
areas before applying the bias. 

 
While pyroelectric measurements44 show evidence of switchable polar nanostructures in 

relaxor ferroelectric PMN,8 the results presented here suggest that even in the case of a weakly 

diffused ferroelectric transition, such polar structures may remain electrically switched for days 

above Tc. For further clarification of the evolution of polar nanostructures in ferroelectrics and 

relaxors, it is crucial to test whether remnant piezoelectricity is permanent. The response of polar 

nanostructures to electric fields suggested here in BZT20 may be relevant for the potential design 

of materials for various applications, such as tunable capacitance and the electrocaloric effect. 

SUPPLEMENTARY MATERIAL 
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See supplementary material for the X-ray diffraction pattern of BZT20, RUS spectra 

collected as a function of temperature, the fit of the dielectric constant data by the modified Curie-

Weiss law, description of relaxational calorimetry, the temperature dependences of the excess 

specific heat and pyroelectric current, and time dependent RPS measurements. 
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Supplementary Material 

Phase transition behavior in BaTi0.8Zr0.2O3 and evidence of polar cluster reorientation above Curie 
temperature 

Oktay Aktas, Francisco Javier Romero Landa, Zhengwang He, Gan Linyu, Xiangdong Ding, José-María 
Martín-Olalla, María-Carmen Gallardo, and Turab Lookman 

A1. X-ray diffraction pattern of BaTi0.8Zr0.2O3 (BZT20) 

 

Fig. S1. X-ray diffraction pattern of BZT20.  

A2. RUS spectra  

RUS spectra of BZT20 collected on heating are presented in Fig. S2. 

 

Fig. S2. RUS spectra of BZT20 collected on heating. 
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A3. The modified Curie-Weiss law 

The modified Curie-Weiss law is given by 1/Ԑr -1/ Ԑrmax = 1/C * (T-Tmax)γ. The fit using this 
equation leads to an exponent of 1.7, which is between the exponents expected for classical 
ferroelectrics and relaxors. 

 

 

Fig. S3. The fit of the dielectric constant by the modified Curie-Weiss law. It leads to an exponent of 1.7. 

 

A3. Relaxational Calorimetry 

The sample platform of the assembly consists of a sapphire plate. At the back, a thin film 

heater and a thermometer are attached. Apiezon H grease serves as the thermal link between the 

sample and the platform. The temperature-dependent heat capacity of the addenda was determined 

prior to loading the sample onto the platform. Once the sample was placed, the overall heat 

capacity was measured, and the heat capacity of the addenda was subtracted to derive the specific 

heat of the sample.  The sample was initially heated and stabilized at 390 K. A constant power was 

applied until the temperature of the sample increased by 2 K and then the power was set at zero. 

An algorithm provides the specific heat of the sample by fitting the transient evolution of the 

temperature. The temperature was decreased by 2.5 K and the aforementioned process was iterated 
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until the temperature reached 200 K. The specific heat was measured twice at each temperature. 

Upon completion of the cooling measurement, the specific heat was measured on heating the 

sample along the same temperature interval.   

The specific heat excess was calculated by subtracting the computed baseline (Fig. S4). 

 

Fig. S4. Excess specific heat Δcp versus temperature.  

A4. Pyroelectric current as a function of temperature 

The pyroelectric coefficient was measured using the continuous temperature ramp technique. 

Continuous heating or cooling induces a current flowing between two contacts on the pyroelectric 

sample. Platinum electrodes were sputtered onto the flat surfaces of the ceramic disk. The sample 

was placed in a cell where the temperature can be modified at rates of several Kelvin per minute. 

The current was measured using an electrometer (Keithley, model 617). Before the measurement, 

the sample was heated to T = 340 K. Then, a DC electric field of 3000 V/cm (Delta Electronika 
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ES300-045 power supply) was applied and the sample was cooled to 240 K. Following the removal 

of the electric field, the temperature of the sample was changed at a rate of 2 K/min.  

The pyroelectric coefficient π (Fig. S5) is calculated as π (T) = ip (T)/(r A), where ip is the 

pyroelectric current, r is the temperature variation rate and A is the area of the flat surface of the 

sample.  

 

Fig. S5. The pyroelectric coefficient determined from the pyroelectric current. 

A5. Time dependence of RPS spectrum area before, under, and after DC bias fields 

After the RPS measurements upon field cooling were carried out, the sample was re-heated 

to 460 K and then field-cooled to 323 K for time dependent measurements. The spectrum area and 

its fit with a stretched exponential with and without an offset are presented in Fig. S6.  
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Fig. S6. Time dependence of RPS spectrum area (giving a measure of the magnitude of the 

piezoelectric effect) at 323 K and its fit with stretched exponentials. The point at 0 corresponds to the peak 

area at the same temperature before field –cooling. 

Fig. S7 compares the RPS spectra of BZT20 collected before and after bias. In panel(a), the 

spectra collected before bias (E = 650 V/cm) are compared for temperatures 50°C and 118°C. The 

peak amplitudes are negligible in the spectrum collected at 118°C in comparison to those at 50°C. 

In panels (b) and (c), examples of RPS spectra collected under DC bias are provided. Times given 

in minutes correspond to the time that elapsed after the DC bias was turned on. 
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Fig. S7. RPS spectra of BZT20 collected at 323 K and 391 k with and without bias. (a) no 

bias (b) RPS spectra under E = 650 V/cm at 391 K (c) RPS spectra under E = 650 V/cm at 50 K. 

 

 


