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Symmetry imposed restrictions on the number of available pyroelectric and piezoelectric 

materials remain a major limitation as 22 out of 32 crystallographic material classes do not 

exhibit neither pyroelectricity nor piezoelectricity. Yet, by breaking the lattice symmetry it is 

possible to circumvent this limitation. Here, using a unique technique for measuring transient 

currents upon rapid heating, direct experimental evidence is provided that despite bulk SrTiO3 is 

not pyroelectric, the (100) surface of TiO2-terminated SrTiO3 is intrinsically pyroelectric at room 

temperature. The pyroelectric layer is found to be 1 nm thick and surprisingly its polarization is 

comparable with that of strongly polar materials such as BaTiO3. The pyroelectric effect can be 

tuned ON/OFF by the formation or removal of a nanometric SiO2 layer. Using density functional 

theory, the pyroelectricity is found to be a result of polar surface relaxation, which can be 

suppressed by varying the lattice symmetry breaking using a SiO2 capping layer. The 

observation of pyroelectricity emerging at the SrTiO3 surface also implies that it is intrinsically 

piezoelectric. These findings may pave the way for observing and tailoring piezo- and 

pyroelectricity in any material through appropriate breaking of symmetry at surfaces and 

artificial nanostructures such as heterointerfaces and superlattices.  
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SrTiO3 has been the object of immense attention for over half a century owing to its multifunctional 

nature and popularity as a template for epitaxial growth of artificial nanostructures such as 

heterostructures, superlattices and vertically aligned nanostructures. It is a classic example where a 

seemingly simple material gives rise to a range of interesting properties such as superconductivity,[1] 

high electron mobility,[2,3] ferromagnetism[4,5] and 2-dimensional electron gases.[6] In the multitude of 

the properties exhibited by SrTiO3, pyroelectricity, ferroelectricity and piezoelectricity are markedly 

absent as these properties are symmetry prohibited in centrosymmetric crystal lattices. The polar 

phase required for exhibiting these properties can, however, be induced artificially by modification 

of the lattice. Large biaxial strain,[7] light pulses[8,9] and elemental substitutions[10] can convert SrTiO3 

into a ferroelectric material, whereas strain gradients can induce a polarization via the flexoelectric 

effect[11,12] or oxygen vacancies migration.[13] Electron diffraction measurements furthermore show 

that the top TiO2 surface layer of SrTiO3 undergoes surface relaxation and oxygen ions move 

outward from the surface relative to the titanium ions, leading to a polarization of this layer.[14–16] 

This is supported by shell model and density functional theory calculations. However, the 

calculations also predict that the SrO layers underneath display a polarization opposite to that of the 

TiO2 surface layer,[17–19] leaving the question of the predicted net polarization and a possible 

pyroelectricity at the surface wide open. 

Although pyroelectricity in bulk SrTiO3 is symmetry prohibited, we here detect an intrinsic 

pyroelectric effect from a nanoscale region at the (100) surface of single-crystals of SrTiO3, using a 

periodic temperature change technique specifically modified for this purpose.[20] We deduce the 

total polarization of the surface and compare it to theoretical predictions. We were further able to 

turn the pyroelectric effect ON/OFF by introducing and removing a few monolayers of SiO2. Our 
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findings settle a long-standing question on whether pyroelectricity exists in SrTiO3 and establish that 

it is intrinsic to its surface. 

We measured the electrical current generated between top and bottom electrodes placed at a 11 

TiO2-terminated SrTiO3 single crystal as a result of periodic heating with an infrared laser, which 

induces small temperature variations (100 mK) at the surface (Figure 1a,b). The current is 

generated consistently over thousands of cycles without noticeable degradation. In each cycle, the 

current decays rapidly with time and reaches zero in less than one millisecond. Remarkably, the 

decay far from the peak current follows the    √ ⁄  dependence (Figure 1c), which is characteristic 

for a pyroelectric current originating from a thin polar layer near the surface of the crystal.[20–23] 

Other possible charging scenarios due to photoelectric effect, thermoelectric effects and the 

presence of trapped charges are found to be inconsistent with the formation of the observed 

current as described in the Supporting Information Section 1. The generated current is therefore a 

direct evidence of pyroelectricity in SrTiO3 resulting from a surface polar layer (insets in Figure 1b). 

The pyroelectric response to small temperature variations, induced with the modulated infrared 

laser, strongly depends on the overall temperature of the sample (Figure 1a). The magnitude of the 

peak current and the peak time,      , increase significantly when lowering the temperature (Figure 

2a,b). The current achieves a maximum at       as the heat diffuses from the polar surface region 

into the non-pyroelectric bulk of the SrTiO3 crystal, and the peak time therefore reflects the 

thickness ( ) of the polar layer.[20] Between 270 K and 380 K, the peak time and hence the polar layer 

thickness can therefore be considered constant, whereas at lower temperatures, the thickness 

increases (Figure 2b). 
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We define the sheet pyroelectric coefficient,   , described by the product between the pyroelectric 

coefficient,       ⁄  (where P is the polarization and T is the temperature) and the thickness of 

the distorted layer. The value of    serves as a measure of the surface pyroelectricity and can be 

extracted from the characteristic  √ ⁄   current decay of the pyroelectric current (see Supporting 

Information Section 2). At room temperature, the SrTiO3 surface exhibits a sheet pyroelectric 

coefficient of 30 ± 6 fC cm-1 K-1 (Figure 2c). According to Ref. [17] and the theoretical calculations 

presented later in this paper, the thickness of the polar layer can be estimated to be       nm (3 

unit cells), which gives a pyroelectric coefficient of 250 ± 50 nC cm-2 K-1 at room temperature for the 

present sample. The pyroelectric coefficient differs from sample to sample in the range between 60 

to 600 nC cm-2 K-1 (maximum and minimum values observed) since surface reconstruction is not a 

perfectly reproducible phenomenon and the quality of the crystals can be varied from substrate to 

substrate. However, the pyroelectric effect is observable in all the samples, demonstrating that the 

surface polarity is a robust property of SrTiO3 crystals from various vendors independent of whether 

they are chemically TiO2-terminated or annealed in oxygen (Supporting Information Section 4). 

The sheet pyroelectric coefficient remains constant between 193 K and 225 K (Figure 2c). Above 225 

K, it decreases sharply following the Boltzmann sigmoid dependence, reaching zero above 380 K. The 

temperature dependence is fully reversible. The abrupt change in the temperature dependence 

taking place at 225 K is suggestive for a second-order phase transition. A transition from a cubic to 

tetragonal non-polar phase near the surface of SrTiO3 crystals at 45 K above the bulk phase 

transition at 105 K was previously reported,[24] but a second-order phase transition in SrTiO3 has not 

been observed yet. The detailed nature of this phase transition, however, needs to be addressed in 

future studies in order to reveal its origin. 
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The polarization of the surface polar layer, P, can be obtained by integrating    within the 

temperature range, where the thickness of the polar layer is constant (Figure 2d). The integration 

constant is set to zero as we assume that     at 380 K (Figure 2c). This produces a net dipole 

moment per surface area of       pC m-1 at room temperature. Assuming a polar layer thickness 

of 1.2 nm, this translates to an average polarization of     µC cm-2. The polarization increases 

rapidly upon cooling and reaches approximately    µC cm-2 at 280 K, which is comparable to the 

value of the strongly polar material BaTiO3 (25 µC cm-2).[25] 

The surface pyroelectricity of SrTiO3 can be suppressed by introducing a few monolayers of SiO2 

(Figure 3b), which were characterized with X-ray photoelectron spectroscopy and atomic force 

microscopy (see Supporting Information Section 5). Subsequent removal of the SiO2-layer with a 2% 

HNO3 solution for 120 seconds restores the pristine SrTiO3 surface and the pyroelectricity. The 

reappearance of pyroelectricity at room temperature testifies that the polar surface relaxation is 

rapid and it is an inherent property of the SrTiO3 (100) surface. A polar layer buried underneath a 

thin layer of SiO2 would still produce a detectable pyroelectric signal. Therefore, the reversible 

tuning of the pyroelectricity using SiO2 capping implies that the SiO2 changes the relaxation and 

polarization of SrTiO3 surface. To understand the mechanism in detail, we have used density 

functional theory (DFT) to simulate from first principles the emergence and switching of polarization 

at TiO2-terminated SrTiO3 surfaces. In the bulk SrTiO3, the (100) atomic planes have zero net charge 

and no polar lattice distortions. When the TiO2-terminated SrTiO3 surface without a SiO2 capping 

layer is relaxed during the calculations, the three unit cells closest to the surface distort to minimize 

the surface energy. Consistent with previous studies,[17,19,26] we find that in each TiO2 layer, titanium 

ions move inwards relative to the oxygen ions, whereas in the SrO atomic layers, Sr ions move 
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outwards relative to oxygen ions (Figure 3a). This produces layers with opposite polarization and a 

net dipole moment pr. unit surface area of 45 pC m-1 pointing inwards. The value is comparable to 

the room temperature dipole moments extracted from the present pyroelectric measurements (60 

pC m-1) and from ionic displacements in the top TiO2 layer determined using RHEED (42 pC m-1) and 

LEED (34 pC m-1). 

When adding SiO2, the surface structure of SrTiO3 becomes significantly more distorted and the 

polarization of the TiO2 and SrO layers reverses sign relative to the uncapped SrTiO3 surface (Figure 

3b). However, the net polarization reduces significantly, consistent with the experimental absence of 

pyroelectricity. 

We report the observation of pyroelectricity which emerges at the surface even in materials such as 

SrTiO3, where bulk pyroelectricity is symmetry prohibited. Surface relaxation is a common 

phenomenon in a large variety of crystalline solids, suggesting that surface pyroelectricity may 

emerge in a wide range of other materials. All pyroelectric materials are also piezoelectric, and the 

surface of these materials, including SrTiO3, are therefore also expected to be piezoelectric. Since, 

SrTiO3 is one of the most widely used substrates for thin films and multilayers, the surface 

pyroelectricity and piezoelectricity has numerous practical implications. As each of the interfaces in 

multilayers may suppress or enhance polar relaxation, one can tailor the polarization, pyroelectricity 

and piezoelectricity by varying the component materials and structure of the multilayers. Promising 

artificial multilayers include metamaterials with high infrared light absorbance or multilayers where 

the broken symmetry is enhanced by layering materials with different crystal structures, such as γ-

Al2O3 (spinel) and SrTiO3 (perovskite). This may pave the way towards new applications in 

nanotechnology, electronics and energy harvesting. 
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Experimental Section 

Sample preparation:  

Single-side polished SrTiO3 (100) crystals with dimensions of 5x5x0.5 mm3 were purchased from 

Crystec. The crystals were sonicated for 5 min at room temperature in ethanol followed by acetone. 

The crystals were then sonicated in ultra-pure Millipore hot water (20 min at 343 K) followed by 

sonication in an acidic treatment of 3:1:16 HCl(37%):HNO3(66%):H2O for 20 min at 343 K. This 

chemical treatment preferentially etches away SrO on the surface while preventing fluorine 

contamination as observed with HF-treatment. The crystals where then annealed in an alumina tube 

furnace in pure oxygen at 1273 K for 1 hour. The resulting surface is TiO2-terminated with a terrace 

structure with 0.4 nm steps and a 1x1 reconstruction, as determined by atomic force microscopy 

(AFM), low energy electron diffraction (LEED) and reflective high energy electron diffraction (RHEED) 

(see Supporting Information Section 6). The SiO2 coating was induced by a thermal annealing 

technique as described in Supporting Information Section 5. 

 

Pyroelectric measurements:  

The pyroelectric current was measured by the modified periodic temperature change technique.[20] 

The crystal was heated by an infrared laser (3.5 W, λ =1.55 µm wavelength, rise time<7 µsec) with a 

2 W cm-2 heat flux, which is transistor–transistor logic (TTL)-modulated by a DG4062 RIGOL 

waveform generator. The laser beam was spread with a lens and the heat flux from the laser was 

measured with a power-meter with the accuracy better than 2%. The generated current was 

measured by a low impedance (<10 k at 109 V/A, 500  at 108 V/A) variable gain low noise current 
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amplifier, DLPCA-200, and recorded with a digital averaging scope. The measurements were 

performed inside a Faraday chamber having a slit for the laser beam and light absorbing inner 

coating. The top and the bottom contacts, covering the entire 5x5 mm2 top/bottom of the substrate, 

were prepared by carbon paint and silver paint (respectively). The contacts were applied using a thin 

brush providing a conducting layer with a thickness below 10 µm as measured with a micrometer. A 

black paper screen covering the edges of the surface (approximately 0.5 mm) was further used to 

ensure that the side faces of the crystal are not irradiated and the heat is absorbed only by the top 

surface. Interchanging the contact material between carbon, silver and nickel provided consistent 

results. However, without a carbon absorption layer on the silver or the nickel top contacts, the 

magnitude of the pyroelectric signal was reduced due to the heat reflectance while the shape of the 

signal remained invariant. The pyroelectric coefficient as a function of temperature was measured 

by bringing the sample holder to the required temperature using a temperature controllable stage 

with an accuracy of ±1 K before performing the pyroelectric measurement. In order to accurately 

calculate the sheet pyroelectric coefficient, the pyroelectric current was measured with a short 

heating pulse 0.12 ms and long cooling duration of 0.88 ms, allowing the sample to cool down to its 

initial temperature before the next heating pulse.  

 

X-ray photoelectron spectroscopy (XPS):  

XPS measurements were performed in a Kratos Axis Ultra-DLD spectrometer, using a 

monochromatic Al k source at a power of 15-75 W. Detection pass energies of 20 eV and 80 eV 

were used. Most spectra were recorded with the electron flood gun (eFG) operated at high flux, such 
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as to compensate effectively for the surface charging in these poorly conducting materials. However, 

as a reference, early recordings of spectra with no eFG were taken. The energy scale was eventually 

corrected with respect to the position of the Ti 2p3/2 line, chosen to be set to 457.9 eV.[27] This step is 

important, because the surface charging of samples with SiO2 coating was different and, in fact, 

showed clear differential charging, hence shifts of the C 1s line that were not compatible with those 

of the SrTiO3 elements. Beam induced chemical instabilities were looked for via repeated scans and 

were found to be negligible under the measuring parameters reported above.   

 

Atomic force microscopy (AFM) measurements:  

AFM imaging was carried out by using a MultiMode AFM with Nanoscope V electronics (Bruker AXS 

SAS, Santa Barbara, CA). Scans were made in PeakForce Tapping mode using a Pyrex-Nitride-Probe-

Silicon Nitride SPM-Sensor (PNP-TRS NanoWorld). 

 

Density functional theory (DFT) calculations:  

DFT simulations were performed based on PBE+U method using the VASP code.[28] U=5 eV was used 

for Ti d-orbitals. The plane-wave basis set cutoff was set to 500 eV, using 8×8×8 k-point mesh for 

bulk simulations and 8x8x1 for slab simulations. All atomic coordinates were relaxed until the forces 

on all atoms were less than 0.001 eV/Å. The optimized cell parameter for SrTiO3 is 3.994 Å with 

these simulation parameters for T = 0 K. For slab calculations, cell parameters were kept unchanged. 

The SrTiO3 surface was represented by a 5.5 unit cell thick slab with 15 Å vacuum. For the 
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SiO2/SrTiO3 system, no vacuum was used. The amorphous SiO2 configuration for this system was 

generated using a simulated annealing technique.[29] It consists of intermittent molecular dynamics 

run of free Si and O atoms on top of a fixed SrTiO3 slab at 4000 K followed by a rapid quenching to 

explore minima in the potential energy surface. The lowest energy structure obtained was relaxed 

along with the SrTiO3 slab to create the modelled SiO2/SrTiO3 structure. The total polarization 

density per unit area was calculated based on the depth profile of the valence electronic charge, 

    , obtained by averaging the charge density in the x/y planes. The core electrons and nucleus 

were treated as point charges located at the relaxed atomic positions. In order to compute the 

contribution to the total polarization from each individual layer the boundaries of the layers were 

set under the constraint of keeping every layer neutrally charged, starting the integration from the 

center of the vacuum region. Further computational results to verify the calculations presented here 

are provided in Supporting Information Section 7. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Pyroelectric measurements. a) Schematic illustration of the measurement 

setup where SrTiO3 is subjected to periodic heating pulses using an infrared laser while 

the current between a top and bottom electrode is measured. b) Pyroelectric current 

generated by the cycling temperature changes close to room temperature. The insets 

depict the change in the surface polarization and the current generated upon 

temperature change. c) A pyroelectric current induced by 0.12 ms laser pulse with 0.88 

ms cooling time for allowing the sample to return to its initial stage at the end of each 

heating and cooling cycle.    can be calculated from the fit to     √  (green) (see 

Supporting Information Section 2). 
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Figure 2. Temperature dependence of the pyroelectricity in SrTiO3. a) Temperature 

dependence of the pyroelectric current produced when applying small temperature 

variations with an infrared laser at various overall temperatures. The figure only shows 

the temperature region above 270 K for clarity, but the generated current at all 

measured temperatures can be found in Supporting Information Section 3. b) The 

temperature dependence of the time between the start of the laser heating to the peak of 

the pyroelectric current (τpeak). A constant τpeak entails a constant polar layer thickness 

( ). c) Temperature dependence of the sheet pyroelectric coefficient (  ) derived as 

discussed in Supporting Information Section 2. The error bars indicate the deviation of 

the mean    for subsequent heating and cooling of the same sample. A similar trend 
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was observed in five different samples. d) Temperature dependence of the polarization, 

obtained by integrating the sheet pyroelectric coefficient with respect to temperature 

and assuming a polar layer thickness of         .  

 

Figure 3. Turning surface pyroelectricity ON/OFF using SiO2. a) Measured pyroelectric 

current, DFT calculated layer-resolved dipole moment and the calculated ionic 

displacements of the relaxed TiO2-terminated (100) surface of SrTiO3. Ionic 

displacements are given in picometers relative to bulk SrTiO3. Dipole moments pointing 

up are represented by positive values. b) The same properties as presented in panel a, 

but for the case where SrTiO3 is capped with SiO2. 
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