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Abstract: 

 Herein we examine the influence of controllable polarization reversal and built-in electric 

fields on pyroelectric and electrocaloric effects in a BaTiO3 thin film using a modified indirect 

method. We find that the magnitude of the sample’s change in polarization with temperature is 

sensitive to the degree of polarization reversal. The pyroelectric response is small at low fractions 

of switched polarization and grows larger by several factors as larger fractions of polarization are 

reversed. This polarization reversal-sensitive pyroelectric behavior is the result of an internal built-

in field, which has the effect of destabilizing low fractions of switched polarization and producing 

a diminished pyroelectric effect. Greater fractions of switched polarization are more stable against 

backswitching and permit a larger pyroelectric response. Our findings highlight a characterization 

method for polarization-dependent pyroelectric effects in ferroelectric thin films where built-in 

field effects are also present. 

 

 Pyroelectricity occurs in all ferroelectrics and manifests as a temperature-induced change 

in electric polarization1,2.  Pyroelectric phenomena, as well as closely related electrocaloric 

phenomena, are of notable technological relevance, as can be seen by persistent scientific interest 

in their biomedical3,4, sensor5–8, and energy harvesting/conversion9–12 applications. Pyroelectricity 

in ferroelectric materials possesses several contributions. The primary effect, which is tied to 

intrinsic changes in polarization with temperature and extrinsic changes in domain configuration 

with temperature, is described by Eq. 1.13: 

 
π = φC

d〈P〉

dT
+ 〈P〉

dφC

dT
 

 

(1) 

Primary effects dominate in bulk ferroelectrics. When examined as thin films fabricated on rigid 

substrates, ferroelectrics also exhibit secondary and tertiary contributions to pyroelectricity to due 

thermal mismatch-induced piezoelectric effects and electric field-driven phenomena, respectively. 



Numerous efforts to understand and control these contributions within the context of the 

operational temperature range and total magnitude of pyroelectric effects in ferroelectrics for wide-

scale applications are ongoing; composition-14,15,strain-16,17, and field-driven18–20 investigations 

are ubiquitous.  

Field-driven control of pyroelectricity in bulk8,21–23 and thin film24–26 ferroelectrics benefits 

from requiring ‘simply’ the examination of material response to highly programmable stimuli in 

the form of biasing, but includes further complications due to dielectric and leakage contributions. 

Nevertheless, investigations related to the influence of applied electric fields on pyroelectric 

effects have remained an active area of inquiry and have theoretically13,27 and experimentally28,29 

demonstrated an additional avenue of control in ferroelectric materials. Within the context of field-

dependent studies of ferroelectric thin films, the impact of built-in fields cannot be understated.  

Built-in fields generally manifest as a shift in polarization-electric field (P-E) hysteresis loops30. 

Several factors can induce such fields, such as compositional gradients31, substrate clamping32, 

and uneven distributions of defects30,33. Asymmetric electrodes may also generate built-in fields, 

through differences in work functions and interfacial conditions34. These fields can and will 

influence pyroelectric and electrocaloric effects35–37.  

When considering the various contributions to pyroelectric and electrocaloric effects, 

several methods offer varying degrees of effectiveness and accuracy. These methodologies are 

often grouped into two categories38: (i) direct methods, which directly measure pyrocurrents or 

temperature changes due to controlled temperature fluctuations or field pulses, respectively39–41, 

and (ii) indirect methods, which collect temperature-dependent hysteresis loops and use Maxwell 

relations assuming thermodynamic reversibility to approximate pyroelectric and electrocaloric 

effects42,43. Direct methods can be quite accurate with respect to primary effects due to the absence 

of biasing during measurements but require specific device configurations and specialized 

equipment that limit accessibility. Indirect methods sacrifice sensitivity to primary pyroelectric 

contributions for greater accessibility, rapid collection, and preliminary predictions for interesting 

electrocaloric phenomena19,44. Considering these facts, it is often of benefit to compromise by way 

of modified or pseudo-methods45. Modified indirect methods that utilize unipolar pulses, for 

example, can be used to emulate the reversible conditions required for accurate use of Maxwell 

relations46. To study pyroelectric and electrocaloric effects in a BaTiO3 thin film, we developed a 

modified pseudo-indirect method, which employs electric field pulse protocols to selectively 

reverse different extents of polarization. Using it, we investigated the influence of polarization 

reversal on the pyroelectric properties of an internally biased BaTiO3 thin film. 

100-nm thick ferroelectric BaTiO3 (BTO) and 25-nm thick La2/3Sr1/3MnO3 (LSMO) bottom 

electrodes films were grown on single crystal (001)-oriented SrTiO3 (STO) substrates via pulsed 

laser deposition (PLD) using a 248-nm KrF excimer laser. BTO was deposited at substrate 

temperature of 675 C and oxygen pressure of 0.02 mbar, optimal for epitaxial growth on LSMO 

electrodes. Laser frequency was 5 Hz and the growth rate 0.50 Å/pulse. Additional details can be 

found elsewhere47. 40 µm x 40 µm 100-nm thick platinum top electrodes were lithographically 

deposited onto photoresisted BTO films via electron beam evaporation. Ferroelectric 

measurements were conducted using a Radiant Technologies Precision Premier II ferroelectric 



tester and low-temperature high-vacuum conditions were achieved with the use of a Lakeshore 

Cryogenic Probe Station. Full hysteresis loops in the range of 100 K to 235 K were collected with 

a maximum applied bias of 25.5V (255 MVm-1) and 10 kHz frequency; P-E hysteresis loops 

between 40 K and 100 K were collected with a maximum applied bias of 40 V (400 MVm-1) and 

10 kHz frequency. To calibrate reversable polarization states in the BTO films at various 

temperatures and approximate the corresponding pyroelectric behavior due to polarization 

reversal, a three-step erase-write-read collection sequence of monopolar hysteresis loops was 

programmed (Supplementary Information Sec. S1). All monopolar pulses are delivered at a 20 

kHz frequency. The first monopolar pulse train (Fig. S1A) is used to pre-pole the ferroelectric with 

a large negative AC bias of 25.5V. The following positive monopolar pulse (Fig. S1B) varies in 

magnitude from 0V to 25.5V and partially switches BTO. The final monopolar pulse (Fig. S1C) 

reads the domain-configured film’s polarization with a fixed magnitude of 25.5V. This three-pulse 

sequence was applied between 100 K to 235 K, in 15 K increments. Minor loops illustrating 

various extents of written polarization reversal are included in Supplementary Information Sec. 

S2.To observe polarization-dependent pyroelectric effects more directly46, an additional four-step 

erase-write-read-read collection sequence of monopolar hysteresis loops was programmed 

(Supplementary Information Sec. S3). This pulse sequence is collected at 100 K and 40 K, with 

the difference in read polarization used to approximate pyroelectric effects. A time delay of about 

30 minutes is required to adjust the temperature of the sample from 100 K to 40 K. 

Electromechanical confirmation of ferroelectricity in the BTO thin films was acquired using a 

dual-AC resonance tracking switching spectroscopy (DART-SS) technique of piezoresponse force 

microscopy48, with an Asylum Research MPF-3D atomic force microscope. DART-SS 

measurements were conducted on top of the Pt electrodes with a 7.5 V DC max tip bias, 300 mV 

AC drive bias, 1 Hz pulse frequency, and 5 ms pulse period. To avoid contributions from purely 

electrostatic piezoresponse signals, the piezoresponse data reported here were only collected from 

the periods in between tip bias applications49. 

Figure 1 presents room-temperature structural, electrical, and electromechanical 

characterization of the BTO thin film. The -2 x-ray diffraction pattern in Fig. 1A shows intense 

peaks corresponding to STO (00l) substrate reflections. The corresponding LSMO (00l) and BTO 

(00l) reflections are at the right and the left of the substrate peaks, respectively. The BTO (002) 

reflection is a double peak. The low and high intensity BTO (002) peaks are at 2θ = 41.85⁰ (c = 

0.4317 nm) and 2θ = 43.61⁰ (c = 0.4152 nm). The out-of-plane lattice parameter corresponding to 

both peaks is larger than the c-parameter of bulk BTO (c=0.4038 nm), indicating that the BTO 

film is tetragonal, c-oriented and both highly and inhomogeneously strained. The lattice mismatch 

between BTO and STO is 2.2%, and the compressive epitaxial strain of thick BTO films relaxes 

above a deposition parameter-dependent critical thickness50. The large out-of-plane strain 

corresponding to the peaks, 2.8% and 6.9%, is due to elastic deformation and also to point defects 

usual in BTO films deposited by PLD47,51. In the presence of such a large tensile strain, the material 

under study is not expected to exhibit phase transformations capable of influencing pyroelectric 

phenomena across the temperature window examined52,53. Both P-E (Fig. 1B) and PFM (Fig. 1C) 

hysteresis confirm the presence of ferroelectricity in BTO, with the addition of a noticeable imprint 

effect manifesting as a shift in positive and negative coercive fields to more positive values by 



about 1.6 V (16 MVm-1). This suggests that the ferroelectric thin film has a preferential negative 

polarization potentially induced by asymmetry in the top (Pt) and bottom (LSMO) electrodes. Liu 

and coworkers reported a similar effect in Pt/BTO/LSMO MIM structures, defining the imprint 

field Eimp as (Ec++ Ec)/2. The value they report for the magnitude of Eimp is about 12 MVm-1 at a 

measurement frequency of 15 kHz, which is close to the value we report here54. 

Temperature-dependent monopolar P-E hysteresis data are provided in Figure 2. Fig. 2A 

illustrates the minor loops acquired from the 2nd write pulse of the three-pulse sequence. At the 

maximum applied field, the system’s switchable maximum and remanent polarization, as well as 

coercive field, decrease with temperature; at 100 K, the maximum and remanent polarization are 

26.5 µC/cm2 and 15.1 µC/cm2, respectively, and decrease to 22.7 µC/cm2 and 6.3 µC/cm2 at 235 

K. The large discrepancies between the maximum and remanent polarization are indicative of 

pronounced leakage and backswitching effects55, which are further exacerbated by the horizontal 

shift in monopolar hysteresis loop due to imprint.  To indirectly approximate the extent of 

polarization in the ferroelectric, the evolution of the double remanent polarization (2Pr,write  = 

P+
r,write – P-

r,write) collected with the three-pulse sequence’s variable-magnitude write pulse is 

plotted against the applied electric field (Fig. 2B) across the measurement temperature range. We 

consider the ferroelectric saturated when the double remanent polarization begins to increase 

linearly with increasing field, which indicates that no further ferroelectric switching is occurring. 

After the saturation field is identified for each temperature, we normalize the 2Pr,write values against 

the value of the polarization at Esat to present the fraction of switched polarization as the applied 

electric field increases, an example of which is provided in Fig. 2C for T = 160 K. Calibrated Esat 

and EC data for all other measurement temperatures are included in Fig. 2D. Predictably, we 

observe a linear increase in coercivity as temperature decreases56. Other fractions of switched 

polarization are controlled by considering the 2nd pulse magnitude and are included for all 

measurement temperatures in Supplementary Information Sec. S4. 

After calibrating switched polarization for BTO at a given 2nd pulse magnitude and 

temperature, we analyzed the influence of switched polarization on the pyroelectric behavior. Fig. 

3A presents the evolution of the 2Pr,write with temperature at different fractions of switched 

polarization. We find that at low fractions of switched polarization, the temperature dependence 

of polarization is quite weak – this is reflected in the miniscule value of the pyroelectric effect (-

137 µCm-2K-1) shown in Fig. 3B for a 10% switched polarization configuration. This pyroelectric 

effect p is approximated via Eq. 2: 

 
𝑝 =

∆2𝑃𝑟

∆𝑇
=

 2𝑃𝑟(𝑙𝑜) − 2𝑃𝑟(ℎ𝑖)

𝑇𝑙𝑜 − 𝑇ℎ𝑖
 

(2) 

 

where Thi = 235 K, Tlo = 100 K, 2Pr(hi) is the written double remanent polarization at 235 

K, and 2Pr (lo) is the written double remanent polarization at 100 K. Comparatively, switching 

greater fractions of polarization at each temperature induces a larger apparent pyroelectric effect, 

with a much larger effect (~ -1270 µCm-2K-1) for a 90% switched polarization configuration. 

Identical behavior is observed for the 2Pr,read values shown in Fig. 3C. Furthermore, no 

discontinuities in the polarization vs. temperature data are observed, which supports our 



preliminary predictions of phase stability. Though the relationship between switched polarization 

and the pyroelectric effect under study appears to superficially invert when considering the read 

polarization of the third pulse, the actual behavior shown in Fig. 3D is consistent when considering 

that both pulses can induce polarization switching. As such, the 2Pr,read values for the 10% switched 

polarization condition includes switching contributions from the rest of the unswitched 

polarization and should be compared to the equivalent 90% switched polarization condition for the 

2Pr,write of the write pulse.  Nevertheless, calculated pyroelectric effects from 2Pr,read values are, on 

average, about 25% higher than those determined from equivalent written 2Pr,write values. This is 

most evident when comparing the pyroelectric effect under 50% switched polarization conditions 

for the read and write pulses, which are approximately -890 µCm-2K-1 and -700 µCm-2K-1, 

respectively. Though we cannot currently identify the exact origin of this increase, we speculate 

that a combination of hysteretic leakage and dielectric effects may be the cause.  

To further examine the polarization- and built-in field-dependent pyroelectric behavior in 

the BTO thin film, we used an alternative four-pulse measurement protocol conducted between 

100 K and 40 K. Across this temperature regime, leakage effects are minimized and contributions 

to pyroelectric effects from phase transformations are avoided. A variable-temperature analysis of 

device imprint was also conducted at select temperatures between 100 K and 40 K to confirm that 

the magnitude of the built-in field did not change substantially with temperature (Supplementary 

Information Sec. S5). Pyroelectric effects are approximated via Eq. 3:  

 
𝑝 =

∆2𝑃𝑟

∆𝑇
=

 (2𝑃𝑟,2 − 2𝑃𝑟,1)𝑙𝑜 −  (2𝑃𝑟,2 − 2𝑃𝑟,1)ℎ𝑖

𝑇𝑙𝑜 − 𝑇ℎ𝑖
 

(3) 

 

Here, 2Pr,1 and 2Pr,2 are the double remanent polarization of first and second read pulses, 

across a temperature range ΔT = 60 K. Read pulses are applied both at 100 K (Fig. 4A) and 40 K 

(Fig. 4B) after polarization is written at 100 K, with the latter achieved by cooling the sample by 

60 K over 30 minutes before measurement. The pyroelectric effect (Fig. 4C) remains small at low 

fractions of switched polarization (~ -20 ± 80 µCm-2K-1) and grows by a factor of 15 to -270 ± 90 

µCm-2K-1 as the fraction of switched polarization approaches 100%. That this observation is 

consistent with the three-pulse protocol’s results lends support to the pyroelectric effect’s 

polarization dependence as occurring irrespective of phase transformations and leakage effects. 

The delay between writing variable fractions of polarization at 100 K and reading the polarization 

at 40 K may also contribute to the lower size of the pyroelectric effects reported here as compared 

to the three-pulse protocol, whose rapid measurement suppresses relaxation effects. Regardless, 

the maximum value of the pyroelectric effect reported here is in good agreement with values 

between -200 and -400 µCm-2K-1 reported elsewhere in the literature57–59. Both three-pulse and 

four-pulse protocols demonstrate that the degree of polarization reversal greatly affects the 

pyroelectric behavior of BTO. 

 Considering the miniscule size of the pyroelectric behavior under mostly-unswitched 

conditions, which run counter-intuitive to general trends in ferroelectric polarization with 

temperature, we argue that the sensitivity is the result of the sample’s built-in field. The 

destabilizing effects of a built-in field are well documented for perovskites60–62, and in the case of 



BaTiO3 thin films, these effects should be even more pronounced63. When further considering that 

the built-in field in this sample is quite large (~16 MVm-1), it becomes more apparent that the 

polarization-dependent pyroelectric effect calculated here are greatly influence by polarization 

destabilization. This is evidenced by the magnitude of two variables associated with our 

calculations: 2Pr,1 and 2Pr,2. The difference between 2Pr,1 values collected at 100 K and 40 K is 

dependent upon previously written polarization – greater than ~0.3 µCcm-2 before 50% 

polarization reversal and less than ~0.3 µCcm-2 beyond 50% polarization reversal. On the other 

hand, the values of 2Pr,2 consistently vary by about 2 µC cm-2 when measured at the same two 

temperatures. These observations are consistent with a built-in field that backswitches polarization 

after every read pulse. When the behaviors of these two values are considered within the context 

of Eq. 4, a generality appears: 

 
𝑝 =

∆2Pr

∆T
=

(2Pr,2(lo) − 2Pr,2(hi))

T𝑙𝑜 − Tℎ𝑖
+

(2Pr,1(hi) − 2Pr,1(lo))

T𝑙𝑜 − Tℎ𝑖
 

(4) 

 

Under conditions where the first term is relatively large and positive (i. e. when low fractions of 

polarization are reversed), the second term, which is always negative, results in a miniscule 

pyroelectric effect. However, when the first term is relatively small (when high fractions of 

polarization are reversed), a larger negative pyroelectric effect is observed. Briefly, we consider 

the implications of this observation for influencing electrocaloric temperature changes. The 

anticipated adiabatic temperature change induced by an applied field is given by38 

 
∆𝑇 = −

𝑇

𝜌𝐶
𝑝∆𝐸 

 

(5) 

where T is the temperature, p is the pyroelectric coefficient, ρ is the density (~6020 kgm-3 for 

BaTiO3), C the heat capacity (~ 680 Jkg-1K-1)64, and ΔE the difference between the minimum and 

maximum fields applied during electrocaloric cycling. If the initial domain configuration in the 

ferroelectric device under study is controlled prior to field cycling, such that the magnitude of p is 

controlled as we have demonstrated, it is possible to amplify resulting temperature change ΔT. We 

illustrate this amplification in Fig. 4D, where we have estimated the projected ΔT for the 

magnitude of the pyroelectric effect at the fractions of switched polarization examined, assuming 

T = 293 K and ΔE = 0.5 MVm-1. The magnitude of this effect – at most several millikelvin - is 

small compared to both cooling that directly utilizes order-disorder transitions in BaTiO3 
65, as 

well as our own indirect estimates of the electrocaloric effect in BaTiO3 using saturated minor 

loops (Supplementary Information Sec. S6). However, it nevertheless represents the influence of 

polarization instabilities due to a built-in field on pyroelectric and electrocaloric effects in 

ferroelectric thin films.  

In summary, we have demonstrated a modified indirect method to examine polarization-

dependent pyroelectric effects in a BaTiO3 thin film. The method involves controlling the degree 

of polarization reversal using a multi-pulse protocol to indirectly compute polarization-dependent 

pyroelectric phenomena at varying temperatures. We have observed polarization-din tandem with 

utilizing the destabilizing effects of a built-in electric field. This thermally stable built-in field, 



likely induced by asymmetry in the ferroelectric device’s electrode configuration, has the effect of 

minimizing pyroelectric effects in BTO when small fractions of switched polarization are used to 

evaluate pyroelectric phenomena and can be overcome by increasing the extent of polarization 

reversal. Our findings highlight a characterization method for polarization-dependent pyroelectric 

effects in ferroelectric thin films where built-in field effects are also present. 

Supplementary Material 

 See supplementary material for information regarding the multi-pulse measurement 

protocols, normalization of written polarization against the saturation polarization at all 

measurement temperatures, temperature-dependent imprint behavior, and additional electrocaloric 

temperature lift estimates. 
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FIG. 1. (a) X-ray diffraction -2 pattern of BTO/LSMO/STO(001). (b) P-E hysteresis loop, with 

~ 16 MVm-1 positive imprint effect manifesting as a shift in the hysteresis loop to the right. (c) 

PFM hysteresis loop, which also exhibits a ~1 V imprint effect. 

  



FIG. 2. (a) Second pulse (write) monopolar hysteresis loops collected from 100 K to 235 K, (b) 

evolution of the switchable polarization 2Pr,write with increasing second pulse field magnitude, (c) 

normalization of 2Pr,write, and (d) evolution of coercive field Ec and saturation field Esat with 

temperature. 

  



FIG. 3. Evolution of (a) 2Pr,write and (c) 2Pr,read from 100 K to 235 K at different polarization 

reversal extents. Evolution of pyroelectric effect calculated using (b) 2Pr,write and (d) 2Pr,read values 

at 100 K and 235 K versus polarization reversal.  



FIG. 4. Four-pulse protocol read loops collected at (a) 100 K and (b) 40 K for approximate 

polarization reversal extents. (c) Pyroelectric effect observed when taking difference in 2Pr,read for 

approximate polarization reversal extents. (d) Estimated temperature lift for approximate 

polarization reversal extents. 


