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A centrosymmetric stress cannot induce a polar response in centric materials; 
piezoelectricity is, for example, possible only in non-centrosymmetric structures. 
An exception is meta-materials with shape asymmetry, which may be polarized 
by stress even when the material is centric. In this case the mechanism is 
flexoelectricity, which relates polarization to a strain gradient. The flexoelectric 
response scales inversely with size, thus a large effect is expected in nanoscale 
materials. Recent experiments in polycrystalline, centrosymmetric perovskites 
[e.g., (Ba,Sr)TiO3] have indicated values of flexoelectric coefficients that are 
orders of magnitude higher than theoretically predicted, promising practical 
applications based on bulk materials. We show that materials with unexpectedly 
large flexoelectric response exhibit breaking of the macroscopic centric 
symmetry through inhomogeneity induced by the high temperature processing. 
The emerging electro-mechanical coupling is significant and may help to resolve 
the controversy surrounding the large apparent flexoelectric coefficients in this 
class of materials.  

The local or global breaking of symmetry and emergence of “forbidden” 
properties have been observed in many nominally centrosymmetric materials;1-9 
however, the origins of the symmetry breaking are not well understood. In the 
paraelectric phase of ferroelectric perovskites, local breaking of centric symmetry has 
been associated with polar precursors.7,8,10-13 In some cases local polar nano-regions 
may align to give rise to the macroscopic polar symmetry. For instance, in amorphous 
films of SrTiO3, partial alignment of distorted TiO6 octahedra occurs under strain 
originating from the temperature gradient.1 The breaking of the macroscopic centric 
symmetry has been reported in paraelectric phase of BaTiO3 single crystals14 and is 
often encountered in thin films.15 The macroscopic symmetry breaking takes place in 
composite meta-materials with geometrically asymmetric structures.16 The application 
of centrosymmetric pressure on such meta-materials generates strain gradient ∂Sij/∂xk 
and electrical polarization Pl which are coupled through the flexoelectric effect by 
relationship Pl =µijkl(∂Sij/∂xk) where µijkl are components of the flexoelectric tensor and 
xk is direction of the strain gradient.16,17 Unlike piezoelectricity, flexoelectricity is not 
limited by crystal symmetry and can appear in all sufficiently insulating materials.16,18 
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Theoretical models show that the flexoelectric response scales inversely with size and 
in nano-scale structures can be engineered to be as large as the piezoelectric 
effect.19,20 Local strain gradients are common in complex materials and 
flexoelectricity was invoked to explain nano-scale inversion of polarization in BaTiO3 
films by pressure,21 polarization rotation in PbTiO3 films22 and large properties at the 
morphotropic phase boundary in ferroelectrics.23 Flexoelectricity was suggested as a 
mechanism for charge generation in biological systems.24 A large flexoelectric 
response that is of a practical interest has been reported in studies of bulk composites 
based on paraelectric phases of polycrystalline ferroelectrics.17,20,25,26 Ferroelectrics 
are of interest for flexoelectric devices because they exhibit large permittivity ε and 
µ∝ε18.  Surprisingly, the experimentally measured values of flexoelectric coefficients 
in ferroelectrics are up to two to four orders of magnitude larger17,20,25,26 than 
theoretically predicted.18,27,28 The origin of this large discrepancy is presently not 
understood.28,29 

We present evidence of the breaking of macroscopic centric symmetry in 
paraelectric (centrosymmetric) phases of polycrystalline and single–crystal samples of 
perovskite (Ba1-xSrx)TiO3 solid solution. The symmetry breaking is observed in 
samples that are centrosymmetric by shape and in absence of macroscopic strain 
gradients caused by external forces. The ensuing polar symmetry gives rise to the 
electro-mechanical coupling which is of the same order of magnitude as reported for 
the flexoelectric effect in those materials17 and may thus provide rationalization for 
the disparity between the experimental and theoretical values of flexoelectric 
coefficients.  

Experiments were performed on (Ba1-xSrx)TiO3 ceramics (x=0, 0.025, 0.33, 
0.40, 0.45, 0.50, 0.67, 0.90, 0.975, and 1) and crystals (x=0, 0.025, and 1). At ambient 
temperature (≈295 K) compositions with x<0.33 are ferroelectric, those with x≥0.33 
are paraelectric, for x≈0.9 the materials exhibit relaxor character,30 while SrTiO3 
(x=1) is an incipient ferroelectric.  This choice of compositions thus covers a wide 
range of behaviors that may be relevant for flexoelectricity. (Ba0.67Sr0.33)TiO3 
(BST67/33) with the Curie temperature TC≈293 K was previously reported to exhibit 
unexpectedly high flexoelectric coefficients in the paraelectric phase,17,31 while the 
experimental value for µ in SrTiO3 agrees well with the theoretical predictions.32 
Ceramics were prepared by the solid-state method, SrTiO3 crystals are standard 
substrates used for thin films deposition and BaTiO3 crystals were solution grown 
(see Methods and section S0 of Supplementary material (SI)33). The charge-force 
relationship, herein referred to as the piezoelectric effect, was measured with a 
dynamic press and pyroelectric current was measured using a dynamic heating 
method (section S1 of SI33). Thermally stimulated currents (TSC) were measured on 
unpoled samples at a constant heating rate without applying a bias voltage. Local 
structural inhomogeneity in the form of microstrain was confirmed using Williamson-
Hall analysis of X-ray diffraction (XRD) data from various sections of samples.34 All 
techniques are explained in detail in Methods or SI.33  
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  We start our study with a version of the classical flexoelectric experiment with 
truncated pyramid17,20 by taking trapezoidal prisms cut from BST67/33 ceramic disks, 
Fig. 1. Because of the sample’s shape asymmetry, a pressure applied along the 
symmetry axis (Fig. 1, a) generates strain gradient and charge via flexoelectric effect; 
the sign of the charge reverses when the prism is inverted by 180° (Fig. 1, panels b 
and c). Assuming that the charge is generated by the flexoelectric effect, we calculate 
µ to be ~10-4 C/m, that is, of the same order of magnitude as reported previously17,20 
and some four orders of magnitude higher than predicted theoretically (2-20 
nC/m).18,27,28 The much larger experimental charge suggests that either the theoretical 
approach does not capture important details of the flexoelectric response, or that 
another type of electro-mechanical coupling operates simultaneously in the material 
that adds to and possibly dominates over the flexoelectric charge. It has been 
suggested that an extrinsic contribution to the flexoelectric effect could involve 
response of ferroelastic polar nano–regions to a strain gradient.35 

 

 

Fig. 1. Flipped trapezoidal prism experiment. “Up” designates an orientation of the sample and 
“down” the state rotated by 180°. While a, b and c may be interpreted as flexoelectric effect, d, e 
and f cannot. The sample is BST67/33 (height 5.30 mm, bases 7.96 mm2 and 5.20 mm2, thickness 
between 1.92 and 2.09 mm. Accuracy of dimension measurements: 0.01 mm). Static force ≈130 N. 

 
To test whether the observed signal is indeed a result of the flexoelectric 

effect, we rotated the sample by 90° and applied pressure on the faces parallel to the 
symmetry axis (Fig. 1, c). Unexpectedly, the charge is again observed (Fig. 1, e) . 
Inversion of the rotated sample by 180° led to a signal of the opposite polarity (Fig. 1, 
f), indicating the absence of a center of symmetry along this direction. Because the 
application of a stress perpendicular to the symmetry axis should, ideally, not lead to 
a strain gradient and flexoelectric charge originating from the shape asymmetry, a 
question is posed on the origin of the charge in both directions.  

It is straightforward to show that the cause of the piezoelectric response in 
rotated sample is neither the flexoelectric effect originating in geometrical 
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imperfections nor a built-in strain gradient in our samples (see section S2 of SI33). To 
test whether the piezoelectric signal in Fig. 1 (d, e, f) is an artifact of the measuring 
method, which involves application of static and dynamic pressure (see Fig. S1.1 in 
SI33), we verified the absence of centric symmetry by inspecting whether the samples 
are pyroelectric. The temperature of samples was varied by approximately 1 K at a 
constant background temperature33 and current measured. In this dynamic 
measurement mode, a centrosymmetric sample should not show a pyroelectric 
current; in contrast, polar materials (a subset of noncentrosymmetric materials) may 
exhibit a pyroelectric current, which is proportional to the temperature rate.36 A clear 
pyroelectric current measured in a thin, disk-shaped sample of (Ba0.60Sr0.40)TiO3 
(BST60/40) is shown in Fig. 2. With the TC≈272 K, BST60/40 should not exhibit 
pyroelectric response at room temperature. Similar to the piezoelectric charge shown 
in Fig. 1, the pyroelectric current in BST60/40 reverses its direction with respect to 
the sense of temperature change when the sample is inverted by 180°, Fig. 2. These 
experiments demonstrate unequivocally that paraelectric BST60/40 samples are not 
only macroscopically noncentrosymmetric, but also polar. Moreover, the pyroelectric 
current in BST60/40 was measured up to 80 K above its Curie temperature (see 
section S3 of SI, Fig. S3.133).  

 

 

Fig. 2. Pyroelectric current in BST60/40 and SrTiO3. Measurements were made at room 
temperature, ≈294 K, on BST60/40 and SrTiO3 ceramics and on an SrTiO3 single crystal, all with 
gold electrodes. The current in BST60/40 reverses direction with respect to the temperature change 
when the sample is inverted (“down” versus “up”). The flat lines near zero indicate currents in SrTiO3 

001 oriented single crystal (left) and ceramic (right) measured under similar conditions as in 
BST60/40. 

 
Similar piezoelectric charge and pyroelectric current were observed at room 

temperature in all samples, regardless of whether they possess paraelectric, 
ferroelectric or relaxor character; the only exceptions are (Ba0.025Sr0.975)O3 ceramics 
and SrTiO3 ceramics and single crystals (see Fig. 2). The absence of signal in these 
samples could simply be related to the instruments’ resolution; as shown below the 
polar nature of these samples was indeed confirmed by the TSC. Observation of 
piezoelectric and pyroelectric charge above TC in single crystals of 
(Ba0.975Sr0.025)TiO3 and BaTiO3 shows that the symmetry breaking is not caused by 
the polycrystalline nature of ceramic samples (see Fig. S3.2 of SI33).  

In nontextured and unpoled polycrystalline ferroelectrics, one expects centric 
macroscopic symmetry and zero piezoelectric and pyroelectric response even below 
TC.37 Polarity may be induced by the application of electric field, through a process 
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called poling,38 or by an initial application of an alternating electric signal.39 
However, unless explicitly stated, samples investigated in this work have not been 
subjected to even the smallest electric field. It is thus interesting that in unpoled 
ferroelectric ceramics the piezoelectric and pyroelectric responses were of the same 
order of magnitude below and above TC (see Fig. S3.333).  

The first indication that the origin of symmetry breaking in these samples may 
be, at least partly, extrinsic in nature is seen in the frequency dispersion of the 
piezoelectric and dielectric properties, shown in Fig. 3 for BST60/40. Both the 
permittivity and apparent piezoelectric coefficient exhibit a twofold increase as the 
frequency decreases from 100 Hz to 10 mHz. The theoretical flexoelectric effect 
calculated for the ionic lattice and the related piezoelectric coefficient, which is 
proportional to µ and ε,17 should not be frequency dependent in this frequency range. 
Low-frequency dispersion of permittivity in perovskite materials is usually attributed 
to space charges. While surface space charges may lead to apparent symmetry 
breaking in the paraelectric phase of ferroelectrics,6 surface effects can be eliminated 
as a dominant reason for the symmetry breaking in materials examined in this study 
(see section S4 of SI33). We next give evidence of built-in polarization in the samples 
and its interaction with space charges.  

 

 

Fig. 3. The frequency dependence of properties. The apparent piezoelectric coefficient d is defined 
as Qmax/Fmax ratio, where Qmax is the charge amplitude and Fmax is the force amplitude. The relative 
permittivity ε was calculated from the capacitance determined as Qmax/Vmax ratio, where Qmax is the 
charge amplitude and Vmax is the voltage amplitude. Measurements were made at 294 K on a 
BST60/40 sample. 

 
All sintered ceramic samples exhibit polarization oriented in the same 

direction with respect to their position in the furnace (see section S5 of SI33). The 
polarization direction was determined from the phase of the piezoelectric and 
pyroelectric responses, and is also indicated by the sign of the TSC. The TSC were 
collected at zero electric field during heating (followed by cooling) of samples at a 
constant rate of 2.5 K/min from the room temperature to 820 K and back. Note that, 
as opposed to usual TSC experiments where samples are first subjected to an electric 
field to form an electret,40 here we measured unpoled samples. In general, the origins 
of TSC include the field-induced polarization in electrets, built–in or spontaneous 
polarization, small voltage bias on the picoammeter, and the thermoelectric effect.41 
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The two latter mechanisms are not sensitive to the orientation of the sample. Since the 
current in our paraelectric samples was sensitive to sample orientation (Fig. 4 a), and 
samples exhibited pyroelectric current upon cooling to room temperature, the samples 
must exhibit a stable built–in polarization. It is this built–in polarization that defines 
the direction of the current. In all examined ceramics the TSC spectra exhibited two 
peaks in the range ~470 K to 670 K. Both peaks were absent on cooling (see Fig. S6.1 
in SI33) showing that they are dominated by the release of trapped charges and not by 
the built–in polarization itself. The absence of peaks on cooling indicates that the 
peaks do not arise from phase transitions within polar nano–regions, as was proposed 
for relaxor ferroelectrics.42 Immediately upon cooling a sample, the pyroelectric 
current at ambient temperature exhibited strong drift and its amplitude varied with 
time; we interpret this as settling of space charges that were excited during the heat 
treatment. After settling, which may last a few hours or days, the response of the 
material was usually increased with respect to the response observed immediately 
upon cooling. The space charge polarization thus reinforces the built–in polarization.  

 

 
Fig. 4. Thermally stimulated and pyroelectric currents.  (a) An as-sintered, electroded BST60/40 
sample was cut into two halves and one half was turned by 180° with respect to the other. TSC was 
measured on each half during the heating (shown) and cooling (not shown here, see Fig. S6.1). The 
different signs of the TSC indicate built–in polarization in the samples. The two peaks between 470 K 
and 570 K indicate release of space charges. The peaks are absent on cooling. The large current 
increase above 670 K, which does not depend on sample orientation, could be due to thermo-electric 
currents or due to low resistance of the sample at high temperature and small bias voltage across the 
picoammeter. The large minima above 570 K are a typical result of competing currents of different 
signs (Ref. 40). (b) The amplitude of pyroelectric current of a BST60/40 sample measured at room 
temperature after annealing at different temperatures for 1 hour. The sample was heated and cooled 
under open circuit conditions, with or without top electrodes. 
 

 
Further evidence for the presence of a stable built–in polarization and volatile 

space charge contribution to the polarization of samples was obtained by annealing 
the samples at high temperatures (up to 1770 K), Fig. 4 b. Annealing above 770 K led 
to a large decrease in pyroelectric current at room temperature, which then remained 
stable even after annealing at 1770 K. The built–in polarization is robust and survives 
such extreme temperatures, while the component of the total polarization that is built 
of mobile space charges is lost during the high temperature annealing. In samples that 
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were poled to form an electret (see section S6 of SI33), the polar response was either 
increased multifold or reversed with respect to the built–in polarization, depending on 
the direction of the poling field.  However, the space charges that were rearranged by 
the poling field decayed within few days, restoring the polarization before poling 
(Fig. S6.2 in SI33).  

 

 

Fig. 5. The built-in polarization and its direction. The polarization develops while the sample 
densifies during sintering, adopting the preferred direction with respect to the samples’ orientation in 
the furnace (see section S5, SI33). If a sample is partially densified (density 80% of the theoretical) at 
1570 K, the polarization develops along a preferred direction (see the disc on the upper right corner 
marked with upward arrow).  If the sample is then cooled and reversed (the disc on the lower left part 
with downward arrow) and densification continued at 1720 K, the polarization develops again along 
the preferred direction (disc on the lower right part with upward arrow). This indicates significant 
redistribution of inhomogeneities linked to the densification process during the sintering. The 
densification effect on the sample size and color is clearly seen in the photographs of the samples 
sintered at 1570 K and at 1720 K, shown at the bottom of the figure. 

 
We next discuss possible origins of the built-in polarization and show that it is 

most likely formed during the densification step. We are guided by the consistent 
observation that the direction of built–in polarization is determined by the orientation 
of the sample in the furnace during sintering (see S5 in SI33). The sintering is the 
process during which grains of the pressed ceramic powder bond together and the 
sample densifies by diffusion. The transport of material and mobility of ions are 
maximal during sintering, as seen in the typical change of the sample’s dimensions by 
≈20%. We demonstrate with the experiment depicted in Fig. 5 that the polarization 
direction in the samples is set–in during densification. Firing of a sample at 1570 K 
leads to partial densification (density up to 80% of the theoretical value) accompanied 
by a built–in polarization with a direction that is set by the orientation of the sample 
in the furnace. If the sample is then flipped over and the firing continued at a higher 
temperature (1720 K) the sample reaches a density of ≈96% of the theoretical, and the 
polarization inverts to conform to the preferred direction. We infer from this result 
that during the densification from 80% to 96% of the theoretical density, additional 
mass transport takes place, which redistributes charged defects and reconstructs the 
preferred polarization direction. Importantly, once nearly full densification is reached, 
the polarization direction is stable and can no longer be changed even if the sample is 
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inverted and heated well above the sintering temperature. We propose that, in single 
crystals, the redistribution of charges and polarization imprint in the paraelectric 
phase may occur during the crystal growth.  

 

 

Fig. 6. XRD analysis of a sintered BST60/40 sample. (a) The XRD patterns of the 321 reflections 
from the top (side B) and bottom (side A) surfaces of a sample demonstrate a clear difference in peak 
profile. (b) Williamson-Hall analysis of XRD patterns measured after sequentially removing ~200 
µm determines the presence of a gradient in microstrain through the sample thickness. The vertical 
error bars represent 95% confidence interval, and horizontal indicate accuracy in determination of the 
thickness of removed layers. 

 
To inspect for the presence of inhomogeneities that must be associated with 

charge separation and ensuing built-in polarization, we analyzed samples chemically 
and structurally through the bulk of material. Energy dispersive X-ray spectroscopy 
(EDX) measurements, although suggesting a gradient of Ba/Sr ratio through the cross 
section of a BST60/40 sample, were inconclusive because of the poor resolution of 
this technique. X-ray diffraction (XRD) patterns were measured from both sides of 
several sintered samples, and then on planes at various distances between and parallel 
to the original surfaces. The XRD patterns at these internal positions were measured 
after sequentially removing ~200 µm of the material from both sides, Fig. 6. A clear 
difference in peak profile shapes (Fig 6 a) is observed on the two sintered surfaces 
and changes consistently through the thickness of the sample. A Williamson-Hall 
analysis of the integral breadths of the XRD patterns was used to characterize the 
crystallite size and microstrain (i.e., distribution of lattice constants) through the 
thickness of the samples (Fig 6 b). For the same composition, these measurements 
were consistent across samples of various shapes and sizes. Importantly, the 
microstrain was smaller in SrTiO3, whereas BaTiO3-rich compositions exhibited more 
microstrain overall (suggesting microscale inhomogeneity in BaTiO3-rich 
compositions) and a change in microstrain through the sample thickness (suggesting 
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mesoscale inhomogeneity through the sample). We thus show that the polarization 
imprint takes place during densification and is accompanied by the inhomogeneous 
lattice strain detected throughout the bulk of the samples. Similar strain build-up may 
happen during the growth of single crystals and thin films, although its origin may be 
different than in ceramics.  

There are several ways in which inhomogeneous strain may interact with 
charges and lead to macroscopic built-in polarization. Charged oxygen vacancies, 
VO

+2, are the most common ionic defect in perovskite materials, and are known to 
distribute inhomogeneously if a driving electrical field is provided.43,44 In the absence 
of electric field, the driving force for the inhomogeneous distribution could be strain. 
Ab-initio calculations have shown that the formation energy of oxygen vacancies in 
perovskites may be lower under tensile strain;45 alternatively, oxygen vacancies 
increase the volume of material (i.e., lead to strain), the concept known as chemical 
expansivity.46 In materials such as those investigated here where non-negligible 
gradient in microstrain is observed throughout the sample, one can therefore expect a 
gradient in concentration of oxygen vacancies. However, the intentional introduction 
of an oxygen vacancy gradient in SrTiO3 ceramics by annealing samples with one 
side in contact with a graphite block to promote reduction did not lead to a detectable 
pyroelectric response. 

Because the built-in polarization sets in at the high sintering temperature, the 
Schottky defects (cation-anion vacancy pairs) cannot be excluded a priori, even 
though their energy of formation is higher than that of anionic defects.47,48 An origin 
of the A-site vacancies could be precipitation of a Ba-rich phase. Indeed, we have 
detected small amounts of Ba2TiO4 phase in Ba-rich compositions by the EDX. This 
could explain why pyroelectric current is not observed in SrTiO3 or 
(Sr0.975Ba0.025)TiO3 at room temperature. However, since the sign of the TSC in 
SrTiO3 ceramics and single crystals is sensitive to the sample orientation (see Fig. 
S6.3 in SI33), the symmetry is obviously broken even in these samples, but the built-in 
polarization is either too small or too rigid to be changed by the weak temperature and 
pressure variation used for piezoelectric and pyroelectric measurements at ambient 
temperature.  

Another candidate for the origin of the built-in macroscopic polarization is the 
strain-driven alignment of the polar nano–entities that are formed on the lattice level 
in the paraelectric phase, such as polar clusters7,8 or polar nano-regions.1,10 If 
elastically active, these polar entities could freeze along a preferred orientation in 
presence of strain gradients that develop during the sintering process and crystal 
growth, or by epitaxial strains, as shown by first-principle calculations in Ba(Zr,Ti)O3 
thin films.13 Because of different sizes of Ba and Sr cations, the polar regions in Sr– 
and Ba–rich compositions are expected to be different; for example, Levin et al.49  
showed that off–centering of Ti cation in cubic (Ba,Sr)TiO3 decreases as Ba/Sr ratio 
decreases. However, unless exhibiting a low geometrical symmetry (e.g., symmetry of 
the cone instead of usually assumed ellipsoidal symmetry), the strain–oriented polar 
entities are not expected to adopt the same sense, a necessary condition for the 
observed breaking of the macroscopic symmetry.  
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The volatile component of the polarization and low frequency effects reported 
here are likely due to the electronic defects, or a fraction of ionic defects that is not 
permanently trapped by strain but, for example, at grain boundaries.44 

Finally, we address the origin of the asymmetry that leads to inhomogeneous 
strain. At the sintering and crystal–growth conditions where ion mobility is high, 
slight chemical and temperature gradients across the sample (see section S2 in SI33), 
or even gravity50 could contribute to the anisotropic macroscopic strain fields that 
drive inhomogeneous distribution of charges or polar entities. The exact mechanisms 
are not clear, but appear to be pervasive in processing of ceramics, crystals and thin 
films. We have observed the same effects described here in other materials and in 
(Ba,Sr)TiO3 samples prepared in other laboratories by different techniques. 

In conclusion, our work reveals macroscopic symmetry breaking in 
paraelectric phases of ferroelectirc perovskite materials that can account for the 
unexpectedly large values of the apparent flexoelectric coefficients. The strain-driven 
charge redistribution appears to be characteristic for commonly used high–
temperature processing methods which are accompanied with significant material 
transport. We show that the macroscopic breaking of centric symmetry in 
ferroelectrics is as common as the local symmetry breaking, but much less 
understood. The results further imply that the “self–polarization” reported in 
ferroelectric thin films may have similar strain–driven origin as described here, rather 
than being of purely electrical character as often assumed. The results should thus 
inspire theoretical and experimental work on the nature of interactions between strain 
and ionic defects and polar nano-regions in ferroelectrics and oxide materials. 

 

Methods: 
(Ba1-xSrx)TiO3 ceramics were prepared from BaTiO3 and SrTiO3 powders (see SI33). 
Powders were mixed 24 hours in isopropanol with ZrO2 balls. Stoichiometric 
mixtures were calcined from 2 to 5 hours at 1150 °C. Some powders were mixed 
again for 24 hours and the calcination was repeated. A binder (polyvinyl alcohol) was 
added to the calcined powders (0.5% by weight of powders). The mixture was 
homogenized by mixing for 8 h in isopropanol with ZrO2 balls or in a dry condition 
with a mortar and pestle. Powders were uniaxially pressed at 100 MPa to150 MPa in a 
cylindrical mold in shape of disks and sintered on different support materials, 
typically a Pt foil, at temperatures ranging from 1380 °C to 1450 °C for 1.5 to 4 
hours. SrTiO3 ceramics were prepared by adding polyvinyl alcohol as binder to 
SrTiO3 powder, and the two were mixed in a mortar with a pestle. The powder was 
pressed into ≈0.5 mm thick disks with diameter ≈5.50 mm at 100MPa and sintered at 
1500°C for 4 hours on a Pt foil. Single crystals of SrTiO3 are standard substrates for 
deposition of thin films with <001> direction perpendicular to the plane of the plate. 
Density of the ceramic samples was ≈95-96 % of the theoretical. The grain size was 
in the range 5-10 µm for x≥0.33 and was ~50 µm for x<0.33 and did not itself 
qualitatively affect the response of the samples. The structure and phase content were 
inspected with X-ray diffraction (Bruker D8 Discover) on the surface of sintered 
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pellets showing an expected perovskite phase without secondary phases (to the extent 
of XRD resolution). A PANalytical Empyrean was used for determination of 
microstrain. Stoichiometry was also verified by measuring the Curie temperature, as 
shown in Fig. S3.1 of SI. For pyroelectric and TSC measurements, Au electrodes 
were deposited by sputtering and currents measured on as-sintered or polished 
samples, with thickness of 0.3-0.5 mm. Samples for electro-mechanical measurements 
were used as–sintered or polished and without or with electrodes. A homemade 
dynamic press was used for charge-force measurements and its schematic is shown in 
Fig. S1 of SI.33 For piezoelectric measurements, the accuracy is about 0.1 pC/N with 
precision of 0.01 pC/N. Pyroelectric measurements were conducted with a homemade 
set-up. The temperature of the sample was varied with a Peltier element at frequency 
range between 5 mHz and 50 mHz, and pyroelectric current determined by measuring 
voltage through a resistor with sub pico-Amper resolution. See section S1 of SI33 for 
details. Dielectric dispersion measurements were made by applying 1 Vrms signal on 
an electroded sample. The generated charge was measured with a Kistler 5011 charge 
amplifier and SR830 DSP Lock-in amplifier. Capacitance could be determined with 
accuracy of 1-5 pF with resolution better than 1 pF. Thermally simulated currents 
were measured with a constant rate of 2.5 K/min, using Keithly 486 picoammeter. 
The input voltage burden of the instrument is 200 µV. 
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S0 details on ceramics preparation and single crystals. The following powders were used 
for preparation of samples: BaTiO3 from Inframat Advanced Materials (Purity 99.95 %; 
Impurities: Ca, Fe , K, Mg, Na less than 0.001% and Sr less than 0.015%); SrTiO3 from Alfa 
Aesar (Impurities: Silicon <165 ppm, Aluminium < 165 ppm, Barium < 0.8%, Carbon < 0.37 
%, Iron <165 ppm, Chlorides < 35 ppm, Lead < 165 ppm) and from Inframat Advanced 
Materials (Purity: 99.95%.  Impurities: Ca < 0.008 %, Fe < 0.006 %, K < 0.005 %, Mg 
<0.005 %, Na <0.006%).  
Single crystals: SrTiO3: <100> oriented; from MaTecK; Dimensions of the plate: 4.98x4.85 
mm2, thickness =0.51 mm.; BaTiO3:  <100> oriented; from GB Group, Crystals Land; 
Dimensions of the plate: 10x10 mm2, 0.5 mm thick; (Ba0.975Sr0.025)TiO3: [001] oriented; from 
FEE GmbH Germany; 2.5x3.5 mm2, t=0.49 mm. Profilometer was used to measure the 
curvature of the sintered ceramics disks. Only roughness of the surface could be detected.  
 
S1 Details on electro-mechanical and pyroelectric measurements. Schematic of the home-
made dynamic press used for the piezoelectric charge-force measurements is given in Fig. S1. 
Details are described in Ref. 1 of Supplementary Information (SI). The measurement 
accuracy is mostly affected by the position of the sample in the sample holder. The precision 
is affected by the electrical noise, ground loops, charge drift due to a finite insulation 
resistance, and temperature variations (see also Methods). A small piezoelectric-like signal, 
up to about two orders of magnitudes smaller than in (Ba0.60Sr0.40)TiO3 (BST60/40), was 
observed with direct electro-mechanical measurements in SrTiO3 crystal and ceramics. This 
signal is close to the noise level, and is similar to that captured when a piece of glass or 
sapphire single crystal were measured (see also Ref. 2 of SI, where a large signal was 
observed in BaTiO3 and a very small in mica). There are several possible sources of this 
weak signal, including the following: (i) it could be related to an electronic pick-up from the 
driving signal that could not be eliminated; (ii) one cannot entirely exclude other origins, 
proper to the material. Some authors have reported pressure induced potentials that are 
related to inhomogeneous deformation of crystal lattice on the surface, and pressure modified 
electro-chemical potentials or space charges at grain boundaries. See Refs. 2-5 of SI. Grain 
boundaries as the sole origin of this small signal can be excluded because we observe such 
signal in some single crystals and glasses. It is important to have in mind that in ferroelectric 
and paraelectric materials described here, where electro-mechanical coupling is strong and its 



 2 

phase depends on sample orientation, we also observe pyroelectric signal. In those 
compositions in which electro-mechanical signals is on the level of the noise, no pyroelectric 
coupling is seen. Absence of pyroelectric signal in those samples could, however, be a 
question of the resolution of our instruments.  

The dynamic pyroelectric measurements were made using the set-up described in Ref. 
6 of SI. 

 
Figure S1.1 The schematic of the dynamic press used for electro-mechanical 
measurements. See Ref. 1 of SI for details. 

 

S2 Geometrical impact and built-in strain. Let’s consider possible flexoelectric origins of 
the charge due to geometrical or internal strain gradient when the stress is applied 
perpendicular to the symmetry axis of the trapezoid. We first discuss the trivial case of 
geometrical imperfections of the sample. The thickness of the sample shown in Fig. 1 of the 
article is by 0.17±0.01 mm wider (less than 9%) near the smaller than near the larger base of 
the trapezoid. To compensate for such imperfections and improve homogeneity of the 
pressure we applied the force via a hemispherical steel piece placed on one side of the sample 
(see Fig. S1.1). The small difference in the area of the two large sides of the sample is many 
times smaller than the difference in the area of the two bases of the trapezoid so that the 
charge cannot be explained through the geometrically generated strain gradient. In addition, 
the experiment was repeated on other samples of (Ba,Sr)TiO3 solid solution with nominally 
parallel faces: disks, parallelepipeds – none of which should ideally exhibit significant strain 
gradient of geometrical origin – and all exhibited a comparable charge (within an order of 
magnitude).  Even if the geometrical strain gradient were responsible for the charge, the 
corresponding flexoelectric coefficient would have to be larger than the one observed when 
stress is applied along the symmetry axis where the strain gradient is the largest.   

Another possibility is that the sample exhibits internal strain gradient(s) originating 
from the preparation procedure or some nonobvious inhomogeneous stress distribution; the 
response could then be flexoelectric-like in nature. The magnitude of modulation of such 
hypothetical strain gradient by the external stress can be estimated. Assuming that the 
experimentally measured signal originates entirely from the intrinsic, lattice flexoelectric 
effect, taking the theoretical value of the µ coefficient (10 nC/m) and P≈2x10-6 C/m2 (see 
Fig. 1), the relationship P=µ∂S/∂x leads to a strain gradient on the order of 200 m-1 and 
equivalent stress gradient ≈30 TPa/m, obviously nonphysical values for a thick sample (see 
Ref. 2 of SI). Taking for this estimate the experimental value of µ would raise back the 

ZrO2-Y2O3

ZrO2-Y2O3

steel

steel

steel
sample
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question of its large value and origin of the built-in strain gradient that would have to be as 
large as the shape-induced strain gradient. 

 
S3 Pyroelectric and piezoelectric responses above TC in BST60/40 ceramics and BaTiO3 
single crystals. The Curie temperature TC (about 294 K during cooling and 307 K on 
heating) of BST67/33 lies close to the ambient temperature at which measurements were 
made.  It may be argued that so close to the structural instability a ferroelectric state can be 
induced by heating and cooling of the sample by handling it during the experiment or by the 
static pre-stress (see Ref. 7 of SI) leading to a small piezoelectric response of the sample. 
This possibility, however, can be discarded because we see similar behavior in BST 
compositions for which TC is well below the ambient temperature, samples which have never 
been cooled to their ferroelectric phase and in samples that are heated dozens of degrees 
above their TC. 
 Importantly, the pyroelectric and piezoelectric signals are seen in the samples that 
have never been in their ferroelectric phase (e.g., BST 60/40). This excludes a possibility that 
the pyroelectric and piezoelectric responses in the paraelectric phase are due to a "residual" 
ferroelectric phase or polarization trapped by defects (see Ref. 8 of SI). 

 
Figure S3.1. Properties of BST60/40 above TC. The dielectric permittivity as a function of 
temperature (a) and pyroelectric response of BST60/40 ceramics at 294 K (b) and 353 K (c). The 
Curie temperature of this material is ≈272 K. Inset shows the amplitude of the pyroelectric current at 
four temperatures above the TC.  
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Figure S3.2. The pyroelectric current in a BaTiO3 single crystal above TC. The Curie 
temperature of this sample is 408 K and the measurements were made at 418 K. The noise in the 
current arises from the interference of temperature fluctuations in the ambient temperature (418 K) 
with the temperature modulation (< 0.5 K) used for measurements. 

 

 
Figure S3.3. The piezoelectric-like response in unpoled BaTiO3 ceramic measured from 293 
K to 420 K. The Curie temperature of this sample is ≈398 K. Note that the magnitude of the 
response is similar above and below TC, suggesting that in unpoled ferroelectric ceramics the 
symmetry breaking is not dominated by the imperfect cancelation of response of individual 
domains. 

 

S4 Consideration of the surfaces as the origin of the symmetry breaking. Surface effects 
have been considered in the early literature on ferroelectrics as a possible origin of the polar 
character above TC.5 Here we give evidence that surface–related phenomena are not the 
dominant origin of the built-in polarization in samples investigated here. For pyroelectric 
measurements we compared electroded as-sintered samples and samples polished to different 
degrees of the surface roughness. For piezoelectric measurements we compared electroded 
and non-electroded samples, polished and as-sintered. The electrodes for most measurements 
were sputtered Au but we also tested samples sputtered with Au/Cr and Pt and samples 
painted with silver paste. Electro-mechanical and pyroelectric responses of the samples of a 
given compositions did not depend significantly on the electrode type. The size of the 
response varies in an irregular way with the state of the surface (polished or not) but the 
current direction is not dependent on it. A removal of about half of the thickness of an as-
sintered sample (approximately 200 µm on each side of the sample) does not affect 
magnitude of the response significantly nor its direction. We thus conclude that the surface of 
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a sample is not a dominant factor determining the direction or the magnitude of the built-in 
polarization. 
 
S5 Direction of the built-in polarization and position of the sample in the furnace. To 
test effects of the samples' surrounding during preparation on direction of the built-in 
polarization, we carried out different tests. Most of the sintering runs were made in a box 
furnace with heating elements on the sides of the furnace. An Al2O3-based plate was placed 
on the bottom of the furnace chamber and different supports were placed between the 
alumina plate and the samples, such as Pt foil and Pt wires (to minimize contact area between 
the sample and Pt).  Pt was needed to prevent reaction of the sample with the alumina plate. 
Most samples were exposed to air during the sintering. Some samples were placed in small 
alumina containers and completely buried in the powder of the same composition as the 
sample.  Other samples were enveloped completely in a Pt foil during the sintering. Some 
samples were suspended in air by Pt wires during sintering.  Some samples were sintered in a 
tube furnace, to verify effects of distribution of heating elements on the direction of 
polarization within samples. Some disk-shaped samples were placed vertically with respect to 
the bottom of the box furnace. In each case we observed built-in polarization with the definite 
direction with respect to the orientation of the sample in the furnace. The pyroelectric and 
piezoelectric responses of the samples produced by these different methods vary within an 
order of magnitude, providing that parameters such as sintering time and temperature were 
kept similar. Importantly, we observed symmetry breaking in BST60/40 samples sintered by 
spark plasma sintering and provided by Dr. P.-E. Janolin from Ecole Central Paris. In those 
samples the pyroelectric response is more than an order of magnitude smaller the in ours but 
those samples exhibited strongly suppressed dielectric anomaly, and were dark in color 
suggesting a large concentration of unidentified defects. 
 
S6 Space charges, electret behavior and thermally stimulated currents.  
The thermally stimulated currents (TSC) exhibit characteristic peaks only during the heating 
but not during the cooling of the samples, as shown in Fig. S6.1.  

 
Figure S6.1. The thermally stimulated currents measured during heating and cooling for the 
BST60/40 sample shown in Fig. 4a. The absence of TSC peaks during cooling is an indication 
that the peaks observed on heating are due to thermally stimulated charge de-trapping and not a 
phase transition, as described by Roth et al. for relaxor ferroelectrics (see Ref. 9 of SI). The latter is 
expected to give a signal through a sudden release of charges also on cooling.  

-0.003
-0.002
-0.001

0
0.001
0.002
0.003
0.004

300 400 500 600 700

Cu
rre

nt
 d

en
sit

y (
A/

m
2 )

Temperature (K)

heating

cooling



 6 

The presence of mobile space charges is demonstrated by poling (forming an electret) of 
SrTiO3 and (Ba0.6Sr0.4)TiO3 ceramics. The samples were poled at room temperature applying 
2500 V/cm for 10 minutes at 296 K. The SrTiO3 sample, which does not show any 
pyroelectric current when examined in as-sintered state, exhibited pyroelectric current after 
poling. The pyroelectric current amplitude decayed relatively quickly and within ≈70 hours 
no signal could be observed in SrTiO3. The signal also disappeared if the sample was heated 
to 323 K shortly after the poling. With respect to the as-sintered state, (Ba0.6Sr0.4)TiO3 sample 
exhibited enhanced signal when poled in the direction of the built-in polarization, while it 
showed reduced signal and of the opposite polarity when poled against the build-in 
polarization, Fig. S6.2. Within 2 days, however, the poling effect dissipated and the sample 
exhibited its usual built-in polarization attained after sintering.  
 

 
Figure S6.2 Formation of an electret in BST60/40. The pyroelectric response (solid line) and the 
driving temperature (dashed line) at ambient temperature. (a,b,c) show data for a sample poled in 
the direction of built-in polarization: (a) before the poling; (b) immediately after the poling; (c) two 
days after the poling, illustrating decay of the space charge. (d,e,f) show a sample poled opposite of 
the direction of the built-in polarization: (d) before the poling; (e) immediately after the poling; (f) two 
days after the poling, illustrating decay of the space charge. Note that the poling against the built-in 
polarization, shown in (e), changes the phase of the pyroelectric signal, indicating that in this case 
the field-induced and the built-in polarization have opposite directions and that the field-induced 
polarization dominates. However, after the decay of the space charge, the built-in polarization 
dominates and the polarization direction reverts to the original direction attained after the sintering. 

 

Even though no pyroelectric signal is observed in as-sintered SrTiO3 ceramic 
samples, the TSC currents were sensitive to the orientation of the samples, Fig. S6.3. This is 
consistent with the presence of a built-in polarization in ceramic SrTiO3, but whose variation 
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with temperature is probably too weak to be observed through measurements of pyroelectric 
currents at ambient temperature. 

 
Figure S6.3. The TSC in a SrTiO3 ceramic during a heating run. The sample was cut into two 
halves and TSC measured on both halves separately, one half being flipped over with respect to 
the other. The direction of the current depends on the orientation of the halves indicating sample’s 
polar character. 
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