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Abstract 

Light-induced non-thermal strain, known as the photostrictive effect, offers a potential way to 

excite mechanical strain and acoustic wave remotely. The anisotropic photostrictive effect 

induced by the combination of bulk photovoltaic effect (BPVE) and converse piezoelectric 

effect in ferroelectric materials is known as too small and slow for the applications requiring a 

high strain rate, such as ultrasound generation and high-speed signal transmission.  Here, we 

report a strategy to achieve high rate dynamic photostrictive strain by utilizing local fast 

responses under modulating continuous light excitation in resonance condition. A strain rate 

of 8.06 × 10-3 s-1 was demonstrated under continuous light excitation, which is at least one 

order magnitude higher than previous studies on bulk samples as known in the literature. The 

significant photostrictive response existed even in unpoled ferroelectric material without 

overall polarization. Our theoretical analyses showed that fast ferroelectric photostriction can 

be obtained through the combinational interaction mechanism of local BPVE and local 

converse piezoelectric effect existing only in microscopic scale, thus circumventing the slow 

and low efficient BPVE charging up process across the macroscopic electrical terminals. Our 

achieved fast photostriction results and the new understandings will open the new 

opportunities to realize future wireless signal transmission and light-acoustic devices. 
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Main 

Converting optical energy to mechanical energy has great potential for next-generation 

wireless actuation 1,2, imaging 3,4, sensing 5,6, and quantum information processing 7,8. Various 

light-to-mechanical energy transduction mechanisms have been studied, including photo-

induced thermoelastic expansion 9, transformation in molecular structure 10, and photostrictive 

effect 11,12,13. Among their applications, laser ultrasonic detection 14 and photoacoustic 

imaging 15 relying on photo-induced thermoelastic expansion to generate an acoustic wave are 

well established for industry non-destructive testing (NDT) and biomedical diagnostics. 

However, the resulting acoustic wave is limited to pulsed signal as the energy conversion 

efficiency of thermoelastic expansion induced acoustic wave decreases significantly to the 

range of 10-6 -10-8 in continuous modulated mode 16,17.  

 

Large light-induced strains ranging from ~5 % to ~ 20 % have been reported for chalcogenide 

glasses 18,19 and organic polymers 10,20 based on the transformation in molecular structures 

excited by light. However, the response times of such light-induced strains are usually in the 

range of seconds to minutes 19,20,21, resulting in a low strain rate impractical for acoustic 

applications. In addition, the strain induced by the transformation in certain molecular 

structures is not fully reversible 22,23. 

 

Photostrictive effect arising from the combination of bulk photovoltaic effect (BPVE) and 

converse piezoelectric effect in ferroelectric materials offers an alternative mechanism to 

generate mechanical strain by light. Most of the early exploration involving Pb(ZrxTi1-x)O3 

(PZT)-based light actuating investigation were performed by the group of Uchino 24,25. Recent 

research efforts have been devoted to BiFeO3 (BFO) 11-based ferroelectric compounds mainly 

driven by the lower band-gap and multiferroic property. However, since the ferroelectric 

photostrictive effect originates in principle from the combination of BPVE and converse 

piezoelectric effects, its response time is fundamentally limited to tenths of a second due to 

the well-known slow building up of the photovoltage across the material to generate the strain 

26,27. Such a slow response time results in an inadequate strain rate, which restricts 

ferroelectric photostrictive effect for ultrasonic wave and high frequency light acoustic signals 

transduction applications.  

 

Here we introduce a strategy to break the constraint of slow photovoltage output to realize 

high rate photostriction in a ferroelectric material by utilizing the faster microscale 
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photovoltaic response and construction of local photostrictive strain. The effectiveness of our 

strategy has been successfully demonstrated with a high rate photostrictive strain up to 8.06 × 

10-3 s-1 and light induced ultrasonic wave useful for structural health monitoring (SHM) 

achieved under continuous mode light excitation with ferroelectric Pb(Mg1/3Nb2/3)O3 ï 

PbTiO3 (PMN-PT) single crystal, by matching the mechanical resonance  with the modulation 

frequency of the excitation light . Our analyses on the local photovoltaic and photostrictive 

behaviours in poled and depoled ferroelectrics suggest the macroscopic photostrictive 

response could occur without the limitation of the slow macroscopic photovoltage building up 

cross the electrodes and even without need to polarize the ferroelectric material at all as 

commonly understood in the prevailing understanding. The present results are opening a new 

avenue for generating high-rate light acoustic coupling effect via ferroelectrics and realizing 

the corresponding novel light-acoustic devices. 

 

We access a high photostrictive strain rate by exciting the mechanical dynamic resonance of a 

single crystal PMN-PT cantilever (see Figure 1a and b and Methods). When the excitation 

light was shone on the PMN-PT, separation of photo-induced charges occurred due to the 

BPVE 28,29,30 and resulted in a photostrictive strain under converse piezoelectric effect as 

illustrated in Figure 1c. The experiment was designed to capture simultaneously the 

photostrictive displacement and the photovoltage output of the PMN-PT cantilever in order to 

analyse the correlation between the BPVE and photostrictive effect. 
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Figure 1. Concurrent photovoltage and photostricitve measurement of PMN-PT cantilever. a 

Photo and b schematic diagram of the experimental setup to measure the BPVE and 

photostriction concurrently when the PMN-PT cantilever is illuminated by an intensity 

modulated excitation light. c Schematic illustration of the BPVE and photostrictive response 

in the PMN-PT. d Time domain signal of the photovoltage and photostrictive displacement of 

the PMN-PT cantilever.  e Photostrictive displacement, ɚ, of the PMN-PT cantilever at 

different modulated frequencies, showing the significantly higher photostrictive displacement 

at the resonance frequency of the PMN-PT. f Comparison of strain rates in log scale for this 

work with previous studies 11,12,31,32. 
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The photostrictive displacement and photovoltage in response to the modulated excitation 

light are presented in Figure 1d. The photovoltage output showed an oscillating component 

corresponding to the modulated frequency of 7.7 kHz and a slower charging up to a maximum 

value of 3.5 mV, which is due to the non-zero average light intensity (Supplementary 

Information, Figure S2). A significantly enhanced photostrictive displacement of up to 2.8 

nm was observed when the PMN-PT was driven by the modulated excitation light at the 

mechanical resonance as shown in Figure 1e. The maximum dynamic strain and the strain rate 

of the PMN-PT cantilever were calculated (see Supplementary Note 1 for more details) and 

compared with existing photostrictive results reported in the literature as shown in Figure 1f 

(see Supplementary Information, Table S1 for more details). The ferroelectric PMN-PT 

cantilever showed a dynamic photostrictive strain rate of up to 8.06 × 10-3 s-1 under a 

modulated excitation light, which is more than one order of the magnitude higher than the 

previous studies on bulk samples using static excitation light. The significantly higher 

photostrictive strain rate implies that the photostrictive response of the PMN-PT cantilever 

driven by a modulated excitation light is much faster than the previous studies, more than 40 

times faster than the reported result on bulk single crystal driven by a static light.  

 

In principle, the photostrictive effect in the ferroelectric materials is known to be the 

combinational coupling of converse piezoelectric effect and BPVE 11. The resulting 

photostrictive displacement is modelled as the converse piezoelectric displacement induced 

by the photovoltage built up across the material generated by BPVE 27 (see Supplementary 

Note 2 for more details).  Hence, the response time of the photostrictive displacement is 

limited by the large electrical resistance and capacitance of the ferroelectric as a high dieletric 

medium as the photo-induced charges need to migrate across the photostrictive material to 

build up the photovoltage to induce the converse piezoelectric effect. The slow building up of 

the photovoltage due to the RC delay is known to result in the well known slow photostrictive 

response 11,27.  

 

As shown in Figure 2a, the photovoltage of the PMN-PT cantilever dropped significantly 

with increasing frequency, while showed moderately enhanced photovoltage at 7.7 kHz. In 

contrast, the photostrictive displacement did not drop with the frequency and exhibited a 

significant enhancement by at least one order of magnitude at 7.7 kHz. This phenomenon 

suggests that the building up of a larger photovoltage across the material between the two 



Pubslished: Weng Heng Liew, Yunjie Chen, Marin Alexe, Kui Yao, ñFast Photostriction in 

Ferroelectrics,ò Small, DOI: 10.1002/smll.202106275, 2106275 (1 of 6), Jan 2022.  

6 

 

electrodes is not a prerequisite condition to generate a larger photostrictive response. The 

electrical impedance spectrum analysis of the PMN-PT cantilever as shown in Figure 2b 

reveals the electromechanical resonance peak at 7.7 kHz. A large loss tangent was recorded at 

the corresponding resonance frequency indicates that the energy conversion efficiency from 

electrical to mechanical energies reached the maximum value. The larger photostrictive 

response of the PMN-PT cantilever can be attributed to the higher energy conversion 

efficiency at the resonance frequency. 

 

Figure 2. Photovoltage, photostrictive displacement and electrical impedance of the PMN-PT 

cantilever at different frequencies and polarization states. a Photovoltage and photostrictive 

displacement of the PMN-PT cantilever at different frequencies. b Electrical impedance and 

loss tangent of the PMN-PT cantilever vs frequency, showing the resonance at 7.7 kHz. c 

Displacement measured by the LSV at different positions along the poled and depoled PMN-

PT cantilevers when driven by a modulated excitation light at 7.7 kHz. d Photovoltage output 

from the poled and depoled PMN-PT cantilevers. 

 

To understand the underlying mechanism of the photostrictive effect, the effect of polarization 

state on the photostrictive response in the ferroelectric material was investigated. The PMN-

PT cantilever was depoled by heating the sample at 200 °C, well above the Curie temperature 
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of PMN-PT at 150 °C 33, for 1 hour. We observed that the depoled PMN-PT cantilever still 

exhibited a substantial photostrictive response, with the maximum displacement to be 31 ± 

5 % of the poled PMN-PT cantilever, as shown in Figure 2c. In contrast, the depoled PMN-PT 

exhibited a negligible photovoltage of only 7 % of the poled PMN-PT, as shown in Figure 2d. 

This observation supports our proposition that charging up of the BPVE voltage across the 

ferroelectric material is not required to produce the photostrictive response.  

 

It should be pointed out that the contribution of thermal expansion due to the excitation light 

heating effect can be eliminated due to the slow heating process (see Supplementary Note 3 

for more details). The PMN-PT cantilever showed an increase in temperature from 20 °C to 

44 °C upon the illumination of the excitation light as shown in Figure S4b (see Supplemental 

Information). Considering the maximum temperature of 44 °C is well below the Curie 

temperature of the PMN-PT (150 °C), the PMN-PT single crystal would not be depoled under 

the continuous illumination of the excitation light to generate a stable modulated deformation. 

 

It is well known that a depoled ferroelectric material with randomly aligned polarization does 

not has an effective piezoelectric effect. As illustrated in Figure 3a, the local strains in the 

opposite aligned domains cancel out, and thus the overall strain through converse 

piezoelectric effect in macroscopic scale under applied external voltage is zero. In addition, a 

completely depoled ferroelectric material does not have any BPVE response because the 

overall bulk structure is symmetry with the random polarization orientation. Interestingly 

here, as shown in Figure 2c, the photostrictive effect, which is well known as the combination 

of BPVE and converse piezoelectric effect, did exist in the depoled ferroelectric material.  

Our model in Figure 3b can well explain how the local photostrictive strains occurring in the 

microscopic scale can constructively sum up to form the non-zero overall photostrictive 

response in a depoled ferroelectric material. In all the domains, separation of photo-induced 

charges is driven by the structural asymmetry and depolarization field as the local BPVE 

within the individual domains, each with local asymmetry and polarization alignment, upon 

illumination of the excitation light. Due to the randomly aligned polarization, the local 

photovoltages in the individual domains cancel out and thus no substantial overall 

photovoltage build up in the macroscale, as shown in Figure 2d. However, the separation of 

photo-induced charges happening in each domain is still able to induce a localized BPVE 

potential to interact with the local converse piezoelectric effect within the domain to generate 

the local photostrictive strain at microscopic scale. As illustrated in Figure 3b, unlike the 
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photovoltage, the photostrictive strains in the individual domains with the random orientations 

will not cancel out and the summation of the local photostrictive strain can constructively 

generate the overall photostrictive response in the macroscopic scale.  

 

Previous investigations have clearly shown that the ferroelectric BPVE has a significantly 

improved efficiency and faster photovoltage response at smaller dimensions 34,35,36. The 

BPVE within the individual domains at microscopic scale should be a much faster and more 

efficient local response as the photo-induced charges are not required to migrate over a long 

distance across the ferroelectric material. That is why once an external condition is provided, 

such as at the electromechanical resonance frequency in this work, high photostrictive strain 

rate and improved photostrictive efficiency could be obtained. The presence, absence, and 

relationship of the local and overall BPVE, converse piezoelectric effect, and photostrictive 

effects in a depoled ferroelectric material are summarized in Figure 3c.   

 

 


