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Introduction

Piezo transducers based on piezoelectric materials are used to convert electrical energy into mechanical energy and vice-versa. They are widely used in communication, sensing, and energy harvesting applications. Piezoelectric materials are thus integrated into the various present and future commercial devices, including resonators, actuators, and sensors. Due to the need to minimize the size of consumer devices, thin-film structures are necessary for the integration into microelectronics [START_REF] Martin | Thin-film ferroelectric materials and their applications[END_REF]. It is well established that the piezoelectric coupling coefficients are very large in crystalline materials that are also ferroelectric, i.e. which exhibit a remnant electrical polarization, switchable by applying an external electric field. For commercial applications, especially in sensing and switching devices like piezo-actuators [START_REF] Damjanovic | Electrostrictive and Piezoelectric Materials for Actuator Applications[END_REF][START_REF] Damjanovic | Hysteresis in piezoelectric and ferroelectric materials[END_REF], the reliable and fast response to the external electrical field is important.

Lead-zirconate titanate (PZT) is probably one of the most studied ferroelectric materials, especially due to its excellent dielectric and piezoelectric properties. The interest in this system for compositions near the so-called morphotropic phase boundary (MPB) with the Zr/Ti compositional ratio around 52/48 is still large. Here, the presence of a monoclinic C m phase enhances the piezoelectric response of PZT [START_REF] Noheda | A monoclinic ferroelectric phase in the Pb(Zr 1-x Ti x )O 3 solid solution[END_REF][START_REF] Noheda | Tetragonal-tomonoclinic phase transition in a ferroelectric perovskite: The structure of PbZr 0.52 Ti 0.48 O 3[END_REF]. The ferroelectric properties of PZT can be improved by chemical substitution with different ions such as Na or Nd [START_REF] Sahoo | Effect of lanthanum, neodymium on piezoelectric, dielectric and ferroelectric properties of PZT[END_REF]. For instance, substituting Pb 3+ with La 3+ ions distorts the unit cell and decreases the oxygen vacancy concentration leading to a transition from a normal ferroelectric to a relaxor ferroelectric as the La content is increased [START_REF] Zou | Microstructural characterization of donor-doped lead zirconate titanate films prepared by sol-gel processing[END_REF]. Since its discovery in 1971, lanthanummodified PZT (PLZT) relaxor ferroelectric compositions have been studied in thin-film structures as promising candidates for various applications. Among them, their high relative permittivity, spontaneous polarization, and lower leakage currents justify their application in non-volatile memories [START_REF] Aggarwal | Point defect chemistry of metal oxide heterostructures[END_REF]. While the physical properties of ordinary ferroelectrics are well described by the Ginzburg-Landau-Devonshire theory [START_REF] Lines | Principles and Applications of Ferroelectrics and Related Materials[END_REF], relaxor ferroelectrics escape a simple physical description. The characteristic physical properties of relaxors such as large dielectric permittivity and domain switching are often associated with polar nanoregions so that a local polar order develops, but no long-range order is observed [START_REF] Burns | Crystalline ferroelectrics with glassy polarization behaviour[END_REF][START_REF] Cross | Relaxor ferroelectrics[END_REF][START_REF] Cohen | Relaxors go critical[END_REF][START_REF] Fu | Polarization rotation mechanism for ultrahigh electrochemical response in single-crystal piezoelectrics[END_REF][START_REF] Park | Ultrahigh strain and piezoelectric behavior in relaxor based ferroelectric single crystals[END_REF]. However, despite enormous experimental and theoretical efforts [START_REF] Kholkin | Surface domain structure and mesoscopic phase transition in relaxor ferroelectrics[END_REF], no This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.

PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785 theoretical model exists to describe the diffuse phase transition and the large temperature and frequency-dependent dielectric maximum. In addition to the classical relaxor composition (Pb 0.91 La 0.09 )(Zr 0.65 Ti 0.35 )O 3 (PLZT 9/65/35), explored in the last 50 years due to its potential in optoelectronics, microelectronics, and electromechanics [START_REF] Haertling | Ferroelectric Ceramics: History and Technology[END_REF], other compositions have also been studied. The (Pb 0.88 La 0.12 )(Zr 0.52 Ti 0.48 )O 3 (PLZT 12/52/48) composition studied in the present work also exhibits a relaxor behavior and has been explored due to its optoelectronic properties such as the photovoltaic effect [START_REF] Poosanaas | Photostrictive effect in lanthanum-modified lead zirconate titanate ceramics near the morphotropic phase boundary[END_REF].

The piezoelectric properties of ferroelectric thin films are studied by various methods, including piezoresponse force microscopy (PFM), interferometry [START_REF] Kholkin | Interferometric measurements of electric field-induced displacements in piezoelectric thin films[END_REF], and in situ and time-resolved X-ray diffraction (XRD) during the application of an electric field [START_REF] Young | Nanosecond dynamics of ferroelectric/dielectric superlattices[END_REF][START_REF] Gorfman | Simultaneous resonant x-ray diffraction measurement of polarization inversion and lattice strain in polycrystalline ferroelectrics[END_REF][START_REF] Pramanick | Origins of electro-mechanical coupling in polycrystalline ferroelectrics during subcoercive electrical loading[END_REF][START_REF] Gorfman | Crystallography under external electric field[END_REF][START_REF] Wooldridge | Simultaneous measurement of X-ray diffraction and ferroelectric polarization data as a function of applied electric field and frequency[END_REF][START_REF] Nguyen | Structural insights of electrical aging in PZT thin films as revealed by in situ biasing X-ray diffraction[END_REF][START_REF] Kwamen | Time-resolved X-ray diffraction study of the structural dynamics in an epitaxial ferroelectric thin Pb(Zr 0.2 Ti 0.8 )O 3 film induced by sub-coercive fields[END_REF][START_REF] Fancher | Effect of alloying BaTiO 3 with BiZn 1/2 Ti 1/2 O 3 on polarization reversal[END_REF][START_REF] Davydok | In situ X-ray diffraction studies on the piezoelectric response of PZT thin films[END_REF]. While PFM is a local probe and prone to surface artifacts, XRD provides access to the piezoelectrically-induced strain within the complete thickness of the thin film and on a large lateral scale with a strain resolution of 10 -

4

. In addition, X-ray diffraction allows for probing the piezoelectric anisotropy by measuring various Bragg reflections, thus exploring different lattice planes. In situ XRD has successfully been employed

to study domain switching [START_REF] Lee | In situ observation of ferroelectric 90°-domain switching in epitaxial Pb(Zr,Ti)O 3 thin films by synchrotron X-ray diffraction[END_REF], imprint effect [START_REF] Baturin | Influence of irradiation on the switching behavior in PZT thin films[END_REF] as well as the structural evolution during imprint [START_REF] Cao | In situ X-ray reflectivity study of imprint in ferroelectric thin films[END_REF]. Moreover, time-resolved X-ray diffraction provides access to the temporal response and relaxation of the piezoelectrically-induced strain during actuation [START_REF] Kwamen | Simultaneous dynamic characterization of charge and structural motion during ferroelectric switching[END_REF]. Most of the results on in situ and time-resolved X-ray diffraction reported in literature actually focus on epitaxial thin films and single crystals. However, very few studies using the aforementioned techniques concentrate on polycrystalline thin films.

In the present study, a polycrystalline relaxor ferroelectric PLZT 12/52/48 thin film was investigated by time-resolved synchrotron X-ray diffraction. These studies built on in situ X-ray diffraction during the application of DC and AC voltages revealing asymmetric butterfly loops of the piezoelectrically-induced strain as a function of the applied electric field, which evidence a built-in electric field in the thin film, which is oriented from the top electrode towards the bottom electrode [START_REF] Cornelius | Piezoelectric properties of Pb 1-x La x (Zr 0.52 Ti 0.48 )O 3 thin films studied by in situ X-ray diffraction[END_REF]. Applying PUND (Positive-Up Negative-Down) pulse sequences with frequencies ranging from 15 precursors. The titanium isopropoxide was added into a beaker containing zirconium butoxide at room temperature under stirring for 5 min. Then, 1 mL of glacial acetic acid was added at room temperature under stirring for another 5 min. Finally, lead acetate and lanthanum oxide were added to the solution while heating it to 80 °C on a hot plate. After completing the solubilization by adding 2 mL of acetic acid and 1 mL of distilled water (~20 min) the solution was cooled down to room temperature while stirring until a completely transparent and stable solution (0.4 M) was obtained.

PLZT12 thin films were deposited on Pt/TiO 2 /SiO 2 /Si(100) substrates by spin coating at 5000 rpm for 30 s using the precursor solution described above. It was then placed on a hot-plate at ~200 °C for 5 min to remove water and, in a final step, pyrolyzed in an electric furnace (Furnace EDG 1800, The Mellen Company Inc., Concord, NH, USA) at 300 °C for 10 min. The same procedure was repeated on the previously annealed film to increase the film thickness. Finally, the films were crystallized in an electric furnace in air at 700 °C for 30 min. The thickness of the final films was ~500 nm. Circular Au top electrodes of 500 µm in diameter were sputtered on the film surfaces using a shadow mask, thus forming capacitor structures with the Pt bottom electrode. Time-resolved X-ray diffraction of the piezoelectric strain response of the PLZT12 thin film was also performed at the XPP end station of the KMC-3 beamline [START_REF] Rössle | The timeresolved hard X-ray diffraction endstation KMC-3 XPP at BESSY II[END_REF] at the synchrotron BESSY II in Berlin (Germany). A single Au electrode was contacted electrically using a tungsten tip with a tip size < 5 µm.

PUND (Positive-Up Negative-Down) pulse sequences [START_REF] Setter | Ferroelectric thin films: Review of materials, properties, and applications[END_REF] were applied with frequencies ranging from 15 to 100 kHz and voltages of up to 23 V (corresponding to an electric field of E = 460 kV/cm) using a home-built voltage amplifier. The sample was glued using conductive silver paint to a metallic sample holder that was connected to the ground. To ensure that the footprint of the incident 9 keV X-ray beam illuminated the contacted electrode exclusively and thus probed only the volume that was actuated when applying an electric field, a horizontal slit with a vertical opening of 150 µm was installed 15 cm in front of the sample. The intensity of the diffracted X-rays was measured using a scintillator (Scionix) with a decay time of < 2 ns coupled to a photomultiplier (PicoQuant PMA) that was connected to a single photon counting module (PicoQuant PicoHarp300), which enables an optimum time-resolution of 4 ps. In order to increase the signal-to-noise ratio, several channels of the PicoHarp module were binned, thus reducing the effective temporal resolution to ~80 ns. The angle of incidence of the X-rays was set to 15° and the Bragg diffraction peak was measured by performing 2 scans of the detector angle. The diffraction yield of the 2 scans for each binned channel of the PicoHarp was fitted using a pseudo-Voigt function from which the 2 position of the Bragg reflection and the peak width were inferred.

For all X-ray diffraction measurements, the strain was determined from the displacement of the Bragg reflection in 2 as a function of the applied electric field. The fixed incident angles were chosen so that the probed lattice planes are parallel or slightly inclined by few degrees with respect to the thin film surface. Considering the full width at half maximum (FWHM) of the rocking curve and the displacement of the Bragg peak as a function of the applied electric field, which is much smaller than This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785

the FWHM, 2-scans are sufficient using a point detector or, in the case of a 2D detector, no movements are necessary to measure the displacement of the Bragg peak that provides direct access to the induced strain using Bragg's law: Using the lattice constant, a, the strain is defined as ε(E) = (a(E)

-a(E = 0)) / a(E = 0) and ε (E) = (a(t) -a(t = 0)) / a(t = 0) where E is the applied electric field and t is the time after the start of the PUND sequence, respectively. When taking into account an incidence angle of 10° and a 2 diffraction angle of 25° for the investigated diffraction peak the normal to the investigated planes lie at Ψ = 5° from the surface normal. Considering that strain varies as sin 2 Ψ the relative error on the strain with respect to an exactly Ψ = 0 measurement is of less than 1 %.

Results and discussion

The strain transient for a PLZT12 thin film measured by time-resolved X-ray diffraction at the PLZT 110 Bragg peak during the application of PUND pulse sequences with a frequency of 30 kHz and maximum voltages ranging from +/-15 to +/-23 V is presented in Fig. 1. We note that for all applied voltages, the induced strain is always larger for the negative pulses than for the positive pulses indicating a built-in electric field. These findings are in agreement with in situ X-ray diffraction on the same thin film during the application of DC and AC electric fields with frequencies of up to 62.5 Hz that are presented in Fig. S6 in the supplementary material and which are similar to the results reported in ref. [START_REF] Cornelius | Piezoelectric properties of Pb 1-x La x (Zr 0.52 Ti 0.48 )O 3 thin films studied by in situ X-ray diffraction[END_REF]. The strain increases, particularly for negative voltage pulses, with increasing applied voltage agreeing with the inverse piezoelectric effect:   = d33 E3. The piezoelectrically-induced strain for U = 15

V (electric field of E = 300 kV/cm) is similar to the strain obtained during AC measurements shown in for the polarization saturation is longer than the applied voltage pulse duration of ~1 μs. In addition, for the highest applied frequency (100 kHz), the strain value is larger for the non-switching pulses (i.e.

the second positive and second negative pulse), compared to the switching pulses (first positive and first negative pulse), which is not reflected in the peak width change. One might expect a reduced piezoelectric strain formation due to the high repetition rate of the experiment with short periods of the applied field.

In general, the Bragg peak width is always larger for the positive pulses while it decreases for the negative ones. Therefore, a larger q indicates a more significant disorder and, thus, many incompletely switched ferroelectric domains. At the same time, the decreasing peak width for negative pulses indicates switching of the domains even when the saturation polarization has not been achieved yet, as also inferred from the transient strain response. These findings are in good agreement with the presence of a built-in electric field in the thin film that reduces the effectively applied electric field for positive pulses and enhances the efficiency of the applied negative pulses. The lower effective field for positive pulses leads to an incomplete switching of the domains. It should be noted that the variation of the peak width is significantly smaller at 60 kHz and 100 kHz compared to lower frequencies.

The switching of ferroelectric domains affects the structure factor of the material, changing the diffracted intensity [START_REF] Gorfman | Crystallography under external electric field[END_REF]. For high frequencies (60 and 100 kHz), the Bragg peak intensity decreases by about 4% in case of electric field pulses with positive polarity while it remains unchanged for negative This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785 polarity. This decrease in the integrated diffraction intensity for positive polarity in case of high frequencies signifies a change in the structure factor which originates from a switching of the ferroelectric domains. A long-lasting intensity difference of ~1% is observed in between the switching and non-switching pulses indicating that only a negligible fraction of the sample reversed its polarity during the application of the pulses with positive polarity. The fact that the intensity returns to its initial value in between the electric field pulses further indicates that the remanent polarization is small compared to the polarization under electric field. That the integrated diffracted intensity does not vary for pulses with negative polarity is probably caused by a pre-poling of the sample during the alignment process where a DC potential was applied. These findings are in agreement with the previously discussed transient peak width changes and again emphasize that the built-in field heavily affects the switching dynamics of the film and only the positive PUND pulses lead to a change of the domain state.

For lower frequencies no variation of the integrated diffraction intensity is apparent which is probably due to the comparatively high noise of more than 5%. Considering a coercive field of about 10 V as demonstrated by Fig. S8 in the supplementary material compared to 23 V applied during the PUND pulse sequences, the switching behavior of the ferroelectric domains is, however, surprising and deserves more investigation in the future, in particular, for PUND electrical measurements.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. From the fitting of the increasing and decreasing flanks of the strain transient for each pulse with an exponential function (which is presented in Fig. S10 of the supplementary material), we determine the characteristic times for polarization and depolarization of the ferroelectric relaxor thin film. The inferred time constants are listed in Table 1 and presented in Fig. 3. The decay times (OFF) are, in general, significantly smaller than the rising times (ON). Moreover, the rising time of the switching pulses (first and third pulse) is always by a factor of about 1.5 longer than for the non-switching pulses (second and fourth pulse) and a factor of 2 to 3 longer than the decay times. The characteristic time and the uncertainties increase significantly for frequencies of 30 and 15 kHz. This originates from the fact that the complete pulse sequence is measured with the same number of channels at the higher frequencies (hence a shorter period). Thus, a smaller number of channels of the PicoHarp probes the increasing and decreasing flanks, hence significantly increasing the fitting uncertainty. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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Discussion

The shift of the maximum of the real part of the dielectric permittivity (ε') to higher temperatures with the increase of the frequency and the slim ferroelectric hysteresis loop (shown in Fig. S1 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785

Different effects are observed when applying an electric field pulse sequence such as the PUND sequence described above. Supposing that the electric field is larger than the coercive field, the first and third applied pulses induce both ferroelectric domains switching and charging of the capacitor formed by the top electrode/PLZT12/bottom electrode. The capacitor will only be charged during the second and fourth voltage pulses, but in principle, no domain switching should occur. However, the ferroelectric is partially repolarized since the polarization is reduced to the remanent value when no electric field is applied. Therefore, the switching pulses contain the temporal behavior of the switching process of the domains and the charging time of the capacitor, which are the quantities most relevant for commercial applications. The capacitor discharges when switching off the external electric field, and the polarization decreases to its remanent value. Hence, the characteristic time when turning off the electric field is the relaxation time 𝜏 = 𝑅 • 𝐶 of the RC circuit. Considering a thickness of 500 nm for the ferroelectric thin film, a diameter of 500 µm of the top Au electrodes, and dielectric permittivity of 240 (as measured on a PLZT12 thin film at 100 kHz at room temperature (Fig. S1(b)), the capacitance is of the order of 0.8 nF. A characteristic time of the order of 50 ns is expected for the RC circuit taking into account the electrical resistance of the connecting cables of a few Ohms as well as a 50

 termination resistor, which is close to the minimum switching time found in other works for samples with similar composition and smaller contact pads [START_REF] Song | Ferroelectric switching dynamics and pulseswitching polarization measurements[END_REF]. It is smaller than the measured characteristic time scales and thus does not limit the experiment even at high frequencies. The switching times found in our experiments on PLZT are comparable to results found in other experiments on PZT thin films of various compositions with switching times between 600 ps and 10 ms [START_REF] Scott | Switching kinetics of lead zirconate titanate submicron thin-film memories[END_REF][START_REF] Shur | Switching kinetics in epitaxial PZT thin films[END_REF][START_REF] So | Polarization switching kinetics of epitaxial Pb(Zr 0.4 Ti 0.6 )O 3 thin films[END_REF]. The fact that the characteristic time when applying an electric field  on is always significantly larger than  off when switching off the external electric field clearly reflects the temporal evolution of the polarization and the structural response of the relaxor thin film. The larger  on of the non-switching pulses compared to  off might originate from partial repolarization of the ferroelectric and a partial misorientation of the polarization. that we attribute to the presence of polar nanoregions in the context of the built-in electric field found in our sample and comparable sample heterostructures [START_REF] Baturin | Influence of irradiation on the switching behavior in PZT thin films[END_REF][START_REF] Cao | In situ X-ray reflectivity study of imprint in ferroelectric thin films[END_REF]. This is in This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785

agreement with the integrated diffraction intensity returning to its initial value in between the electric field pulses signifying a low remanent polarization as also demonstrated by the slim P-E curves, which are signs of a relaxor behavior.

The characteristic time for the switching of the ferroelectric domains  switch is determined from the switching pulses by subtracting the characteristic time when turning off the applied external field from the one when applying the electric field resulting in  switch of the order of 100 to 200 ns. This characteristic time is comparable to switching times derived from the measurement of the transient switching current in, e.g., reference [START_REF] Shur | Switching kinetics in epitaxial PZT thin films[END_REF] for epitaxial PZT thin film heterostructures. The imaginary part of the dielectric permittivity increases reaching the MHz range, which agrees with a time constant of a few hundred nanoseconds. However, the measurement range of the applied frequency is not sufficient to determine the peak of the dielectric permittivity expected for a relaxor ferroelectric.

The typical velocity of domain walls in ferroelectric thin films is of the order of 1 m/s [START_REF] Gruverman | Direct studies of domain switching dynamics in thin film ferroelectric capacitors[END_REF].

However, the time scales for polarization switching may span from hundreds of picoseconds to milliseconds [START_REF] Tagantsev | Non-Kolmogorov-Avrami switching kinetics in ferroelectric thin films[END_REF] depending on the physical size of ferroelectric capacitors, the microstructure of the ferroelectric, the temperature, and the magnitude of an applied electric field, amongst others. The time of polarization switching decreases exponentially with the increasing magnitude of an applied electric field [41]. We emphasize here that the present work is, to our knowledge, the first time that polycrystalline thin films were investigated using time-resolved X-ray diffraction. The difference in the dynamics comparing crystalline and polycrystalline samples with and without relaxor properties show that the timescale for the polarization reversal is comparable. However, the built-in electrical field significantly affects the timing for different polarities, proving that such materials are useful due to their piezoelectric properties. Future studies will focus on the influence of La concentration ranging from pure PZT up to the relaxor composition to study further the transition of the lanthanum modified PZT thin film from a ferroelectric to a relaxor ferroelectric material and further elucidate the effect of polar nanoregions in relaxors.
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Conclusion

In conclusion, time-resolved X-ray diffraction was performed on lanthanum-modified PZT relaxor thin films evidencing a built-in electric field that is oriented from the top to the bottom electrode. The application of PUND pulse sequences with frequencies of up to 100 kHz demonstrates a longer time response for the switching pulses than the non-switching pulses, related to the domain switching in the relaxor ferroelectric. In addition, the Bragg peak width was found to be larger for positive applied pulses than for negative ones, which is attributed to the incomplete switching of ferroelectric domains due to the built-in electric field. The transient of the integrated diffraction intensity confirms this incomplete switching and indicates a low remanent polarization in agreement with polarizationelectric field curves typical for relaxor ferroelectrics. Considering a coercive field of 10 V in comparison to 23 V that are applied during PUND pulse sequences, the switching behavior of the ferroelectric domains is surprising and deserves more investigations. From the time-resolved measurements, the characteristic time for switching the ferroelectric domains in the PLZT12 thin film was determined to be 100 to 200 ns. These characteristic times for a polycrystalline thin film are comparable to epitaxial PZT thin films of various compositions. However, the built-in electric field significantly affects the timing for different polarities, which proves that such materials are useful due to their piezoelectric properties.

Supplementary Material

The supplementary material contains measurements of the dielectric permittivity, conductivity 

  Fig. S1 in the supplementary material summarizes the dielectric, ferroelectric, and conductivity measurements for the studied (Pb 0.88 La 0.12 )(Zr 0.52 Ti 0.48 )O 3 thin film. Fig. S2 and S3 in the supplementary material presents a detailed analysis to clarify the relaxor ferroelectric nature of the studied PLZT12 film. In addition, information on the leakage current and conduction mechanisms are summarized in Fig. S4 (supplementary This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0077785 material). A transmission electron micrograph of the cross-section of a representative part of the thin film is presented in Fig. S5 of the supplementary material showing a columnar-like growth. The thin film is, however, only weakly textured with rocking curves of the order of tens of degrees.

Fig. S6

  Fig.S6and Fig.S7of the supplementary material despite the considerably higher frequency of 30 kHz

Fig. 2 :

 2 Fig. 2: Strain transient, transient of peak width, and transient of the integrated diffraction intensity

Fig. 3 :

 3 Fig. 3: Time constants for a) the increasing and b) the decreasing strain response of the PLZT12 thin

  Fig. S1(c) of the supplementary material, respectively), indicate characteristics of relaxor ferroelectrics

  and ferroelectric properties of the studied PLZT12 thin film. The relaxor characteristics of the studied PLZT thin film are characterized and an analysis on the leakage current density and the conductivity mechanisms are given. It further shows a transmission electron micrograph of the cross-section of the thin film revealing its columnar growth. In addition, in situ X-ray diffraction results obtained during the application of DC and AC electric fields are presented showing asymmetric butterfly loops. The maximum piezoelectrically-induced strain as well as the ratio of the strain for positive and negative This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.PLEASE CITE THIS ARTICLE ASDOI: 10.1063/5.0077785 polarity measured by in situ X-ray diffraction are presented as well as the variation of the integrated diffraction intensity and the full width at half maximum of the PLZT 110 Bragg reflection during the application of DC voltages. It further includes additional time-resolved X-ray diffraction data taken at different frequencies of PUND pulse sequences with different maximum voltages. The fitting of the rising and falling flanks of the strain transients by an exponential function is further illustrated showing the fitting quality.
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	to 100 kHz, the strain response was analyzed by time-resolved X-ray diffraction with a temporal
	resolution of about 100 ns.
	Experimental
	Lanthanum-modified lead zirconate titanate (Pb 0.88 La 0.12 )(Zr 0.52 Ti 0.48 )O 3 (denoted in the following
	as PLZT12) thin films were prepared by the acetate solution route [32]. The solution was prepared by
	sequentially adding stoichiometric zirconium butoxide Zr(OC 4 H 9 ) 4 (Aldrich 80%), titanium isopropoxide
	C 12 H 28 O 4 Ti (Fluka), lead acetate (CH 3 COO) 2 Pb.3H 2 O (Dinâmica), and lanthanum oxide La 2 O 3 (Aldrich)

Table 1 :

 1 Time constants in nanoseconds of the strain transient for the increasing (ON) and decreasing (OFF) flanks for the four different pulses of PUND pulse sequence with frequencies of15, 30, 60, and 

	100 kHz.				
			100 kHz	60 kHz	30 kHz	15 kHz
		1 st pulse	278 ± 69	318 ± 56	434 ± 161	720 ± 381
	ON	2 nd pulse 3 rd pulse	229 ± 38 450 ± 92	203 ± 22 293 ± 26	119 ± 63 268 ± 36	500 ± 222 577 ± 126
		4 th pulse	355 ± 63	219 ± 21	216 ± 40	465 ± 83
		1 st pulse	116 ± 8	106 ± 10	113 ± 61	381 ± 139
	OFF	2 nd pulse 3 rd pulse	113 ± 7 149 ± 4	99 ± 10 180 ± 11	283 ± 130 122 ± 36	304 ± 118 487 ± 116
		4 th pulse	138 ± 3	177 ± 10	107 ± 27	373 ± 57
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