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Abstract

Light-induced northermal strain, known as the photostrictive effect, offers a potential way to
excite mechanical strain and acoustic wave remotélg.anisotropic photostrictive effect
induced by theombination of bulk photovoltaic effect (BPVE) and converse piezoelectric
effect in ferroedctric materials is known @so smalland slow for the applications requiring a
high strain rate, such as ultrasound generation anddpigéd signal transmissiohlere, we
report a strategy to achieve high rate dynamic photostrictive strainlibingtlocal fast
responses undenodulating continuous light excitation in resonance condition. A strain rate
of 8.06x 103 s* was demonstrated under continuous ligitiitation, which is at least one

order magnitude higher thameviousstudieson bulk sampleas known in the literature. The
significant phobstrictive response existed even in unpd&doelectric material without

overall polarization. Our theoreticahayses 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 cthmsmvening the slow

and low efficient BNE 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 anddghistic devices.
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Converting optical energy to mechanical energy has great potential fegyerextation

wireless actuatiok? imaging®“, sensing*®, and quantum information processitfg Various
light-to-mechanical energy transduction mechanisms have been stadiedjrig phote

induced thermoelastic expansigrransformation in molecular structufe and photostrictive
effect'¥1213. Among their applications, laser ultrasonic detectfand photoacoustic
imaging®® relying on photeinduced thermoelastic expsion to generate an acoustic wave are
well established for industry naestructive testing (NDT) and biomedical diagnostics.
However, the resulting acoustic wave is limited to pulsed signal as the energy conversion
efficiency of thermoelastic expansiamuced acoustic wave decreases significantly to the

range of 16-108in continuous modulated modfe'’.

Large lightinduced strains ranging from ~5 % to ~ 20 % have been reported for chalcogenide
glasses®1® and organic polymer$?° based on th&ansformation in molecular structures

excited by light. However, the response times of such-lighiced strains are usually in the
range of seconds to minut€€®2, resulting in a low strain rate impractical for acoustic
applications. In additionhe strain induced by the transformation in certain molecular

structures is not fully reversibté?,

Photostrictive effect arising from the combination of bulk photovoltaic effect (BPVE) and
converse piezoelectric effect in ferroelectric mateéfisrs an alternative mechanism to
generate mechanical strain by light. Most of the early exploration involving HD()0s
(PZT)-based light actuating investigation were performed by the group of Utth&ecent
research efforts have been devaediFeQ (BFO) '-based ferroelectric compounds mainly
driven by the lower bandap and multiferroic property. However, since the ferroelectric
photostrictive effect originates in principle from the combination of BPVE and converse
piezoelectric effectsts response time is fundamentally limited to tenths of a second due to
the weltknown slow building up of the photovoltage across the material to generate the strain
2627 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 ferroetec 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 x
103 st and light induced ultrasonic wave useful for structural health monitoring (SHM)
achieved under continuous mode light excitation with ferroelectric Pl{Nig/3)Os '

PbTiGs (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 photovolidd@d 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 highte light acoustic coupling effecia ferroelectrics and realizing

the corresponding novel liglaicoustic devices.

We access a high photostrictive strain rate by exciting the mechanical dynamic resonance of a
single crystal PMNPT cantilever (seEBigure 1a and b and MethoddjVhen the egitation

light was shone on the PMRT, separation of photoaduced charges occurred due to the

BPVE 282930 and resulted in a photostrictive strain under converse piezoelectric effect as
illustrated inFigure 1c The experiment was designed to capture simultaneously the
photostrictive displacement and the photovoltage output d?thie-PT cantilevein order to

analyse the correlation between the BPVE and photostrictive effect.
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Figure 1. Concurrent photovoltagand photostricitve measurement of PIRN cantilevera
Photo and schematic diagram of the experimental setup to measure the BPVE and

photostriction concurrently when the PMA cantilever is illuminated by an intensity
modulated excitation light Schematic illustration of the BPVE and photostrictive response
in the PMNPT.d Time domain signal of the photovoltage and photostrictive displacement of

the PMNPT cantileverePh ot ostricti ve di sHVlcantdesemant , o,
different modulatedrequencies, showing the significantly higher photostrictive displacement
at the resonance frequency of the PIN.f Comparison of strain rates in log scale for this

work with previous studie¥-12:31:32
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The photostrictive displacement and photovoltage in response to the moeulzitation

light are presented iRigure 1d The photovoltage output showed an oscillating component
corresponding to the modulated frequency of 7.7 kHz and a slower chargim@ apaximum
value of 3.5 mV, which is due to the nmaro average light intensity (Supplementary
Information,Figure S2). A significantly enhanced photostrictive displacement of up to 2.8

nm was observed when the PMN was driven by the modulatedcitaton light at the
mechanical resonance as shown in Figure 1le. The maximum dynamic strain and the strain rate
of the PMNPT cantilever were calculated (see Supplementary Note 1 for more details) and
compared with existing photostrictive results reportethénliterature as shown in Figure 1f

(see Supplementary Informatiohable S1 for more details The ferroelectric PMNPT

cantilever showed a dynamic photostrictive strain rate of up to 8.08 s'1hder a

modulated excitation light, which is more than one order of the magnitude higher than the
previous studiesn bulk samplessing static excitation light. The significantly higher
photostrictive strain rate implies that the photostrictive respdntbe ®MNPT 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 therfeelectric materials is known to be the
combinational coupling of converse piezoelectric effect and BBVEhe resulting

photostrictive displacement is modelled as the converse piezoelectric displacement induced
by the photovoltage built up across thaterial generated by BPVE(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 th@ho-induced chargesseed 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 phtitastric

responsél?’,

As shown inFigure 2a, the photovoltage of the PMRIT cantilever dropped significantly

with increasing frequency, while showed moderately enhanced photovoltage at 717 kHz.
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 mateue¢b the two
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electrodes is not a prerequisite condition to generate a larger photostrictive response. The
electrical impedance spectrum analysis of the PRINcantilever as shown in Figure 2b

reveals the electromechanical resonance peak at 7.7 kHZQeAdas 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 PMIRT cantilever can be atbuted to the higher energy conversion

efficiency at the resonance frequency.
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Figure 2. Photovoltage, photostrictive displacement and electrical impedance of the®P#MN
cantilever at different frequencies and polarization statBsotovoltage anghotostrictive
displacement of the PMIRT cantilever at different frequencidésElectrical impedance and

loss tangent of the PMIRT cantilever vs frequency, showing the resonance at 7.7ckHz.

Displacement measured by the LSV at different positions dalmgoled and depoled PMN
PT cantilevers when driven by a modulated excitation light at 7.7 &Rhotovoltage output

from the poled and depoled PMRT cantilevers.

To understand the underlying mechanism of the photostrictive effect, the effect afgimari
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 °C3, for 1 hour. We observed that the depdddN-PT cantilever still
exhibited a substantial photostrictive response, with the maximum displacement to be 31 +
5 % of the poled PMNPT cantilever, as shown in Figure 2c. In contrast, the depoledPMN
exhibited a negligible photovoltage of only 7 %tloé poled PMNPT, 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 contribatof thermal expansion due to thecitationlight

heating effect can be eliminated due to the slow heating process (see Supplementary Note 3
for more details)The PMNPT cantilever shoedan increase in temperature from 20 °C to

44 °C upon the illumination of the excitation light as shown in Figure S4b (see Supplemental
Information).Consideringhe maximumtemperaturef 44 °C is vell below the Curie

temperature of the PMIRT (150 °Q, the PMN-PT single crystalvould notbedepoled under

the continuous illumination of the excitation light to generatablemodulated deformation.

It is well known that a depoled ferroelectric material with randomly aligned polarization does
not has an ééctive piezoelectric effect. As illustratedkigure 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.ibnaddit
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 welWkras the combination

of BPVE and converse piezoelectric effect, did exist in the depoled ferroelectric material.
Our model inFigure 3b canvell explain how the local photostrictive strains occurring in the
microscopic scale can constructively sum ufoton the norzero overall photostrictive

response in a depoled ferroelectric material. In all the domains, separation einghated
charges is driven by the structural asymmetry and depolarization field as the local BPVE
within the individual domainsach with local asymmetry and polarization alignment, upon
illumination of theexcitationlight. Due to the randomly aligned polarization, the local
photovoltages in the individual domains cancel out and thus no substantial overall
photovoltage build up ithe macroscale, as shown in Figure 2d. However, the separation of
photainduced 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

thelocal 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 photostrictivenstean 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 dams#$°>3¢, The

BPVE within the individual domains at microscopic scale should be a much faster and more
efficient local response as the phatduced charges are not required to migrate over a long
distance across the ferroelectric material. That i eite 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 amaverall BPVE, converse piezoelectric effect, and photostrictive

effects in a depoled ferroelectric material are summarizédyure 3c




