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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 photoinduced 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 –
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, λ, 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
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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 PMNPT 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 PMNPT 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.
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Figure 3. Schematic illustrations for local and overall BPVE, converse piezoelectric effect
and photostrictive effect for depoled ferroelectric material. The local and overall response of a
converse piezoelectric effect driven by an applied electric field and b photostrictive effect
driven by excitation light for depoled ferroelectric material. c The relationship of the local and
overall BPVE, converse piezoelectric effect and photostrictive effect for the depoled
ferroelectric material.
The model above on ferroelectric local photostrictive response is well supported by our
quantitative calculation of the strain magnitude in the depoled PMN-PT with randomly
oriented polarization in contrast to the poled sample. The theoretical calculation is conducted
based on the tensor analysis with the physical parameters taking into account of the
crystallographic symmetry (see Supplementary Note 4 for more details). The theoretical
calculation result shows that the depoled PMN-PT exhibits 23.5 % of the photostrictive strain
as compared to the poled counterpart. This result well agrees with the observed photostrictive
strains in the poled and depoled PMN-PT in our experiment, considering that the PMN-PT
was not completely depoled. (7 % of photovoltage remaining for depoled PMN-PT as shown
in Figure 2d) The energy conversion analysis shows the energy conversion efficiencies of
BPVE, ηBPVE, and photostrictive effect, ηPhotostrictive, are 2.24 ×10-12 and 1.49  10-7,
respectively (see Supplementary Note 5 for more details).

It is worth noting that the power conversion efficiency of photostrictive effect is several order
of magnitude higher than the conversion efficiency of BPVE. The efficiency of photostrictive
effect, ηPhotostrictive, arising from the coupling of BPVE and converse piezoelectric can usually
be expressed as ηPhotostrictive = ηBPVE  ηpiezo. Hence, the ηPhotostrictive is supposed to be lower than
the ηBPVE since the power conversion efficiency of piezoelectric effect, ηpiezo, cannot be higher
than 100%. The significantly higher ηPhotostrictive as compared to ηBPVE indicates that the
electrical energy generated by BPVE within individual domains in the microscopic scale is
converted to mechanical energy locally at a much higher efficiency. This result validates the
idea that the slow and low efficient build-up of the BPVE photovoltage across the bulk
ferroelectric material between the electrodes are not a prerequisite condition for producing the
effective photostrictive response. Instead, significantly more efficient and faster photostriction
can be realized through the combinational interactions of local BPVE and converse
piezoelectric effect. That is the fundamental reason for the experimental observation of the
negligible overall BPVE electrical output across the material between the electrode terminals
but in the meantime the significant photostrictive response, as shown in Figure 2c and 2d.
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Hence, the coupling of local BPVE and local converse piezoelectric effect in the microscopic
scale is manifested as the underlying mechanism for the high photostrictive strain rate
obtained in the macroscopic scale.

The high photostrictive strain rate as first obtained in this work is able to generate an
ultrasonic wave useful for various applications. As an example, we successfully demonstrated
an application of the PMN-PT photostrictive cantilever as a noncontact light acoustic
transmitter to excite ultrasonic wave and detect defects on a structure (see Supplementary
Note 6 for more details). The applications with low power continuous light can only be made
realistic with the high photostrictive strain rate in ferroelectrics achieved by the new strategy
as proposed in this work.

Conclusion
We have obtained significantly improved photostrictive strain rate of up to 8.06 × 10-3 s-1 in
ferroelectrics excited by continuous mode light by at least one order magnitude higher than
any photostrictive effects as reported on bulk samples in the literature. It is discovered that the
photostrictive strain, which is the combination of BPVE and converse piezoelectric effect,
exists in a ferroelectric material without any apparent BPVE between the electrode terminals.
Our experimental results and theoretical analyses clearly show that the fast and efficient
photostriction is realized through the combinational interactions of local BPVE and local
converse piezoelectric effect in microscopic scale, without the limit of the slow and low
efficient BPVE charging up across the material in macroscopic scale. Our new understanding
and demonstrated strategy are opening an avenue for realizing high rate light acoustic
coupling via ferroelectrics and creating novel light-acoustic devices.

Methods
0.7 Pb(Mg1/3Nb2/3)O3 – 0.3 PbTiO3 (PMN-PT) single crystal (Innovia Materials Co., Ltd,
China) was selected as the ferroelectric material for this study. Au electrodes were deposited
on both the top and bottom surfaces of the PMN-PT. One end of the crystal was mechanically
clamped to form a cantilever of dimensions 0.25 × 0.50 × 3.00 mm (width × height × length).
The PMN-PT cantilever is poled along the [001] direction, which is aligned along height
direction of the cantilever. The photostrictive response of the PMN-PT was measured by a
laser scanning vibrometer (PSV 400, Polytec GmbH., Germany) upon illumination by an
intensity modulated excitation light (LTC56A laser diode kit with LP405-MF300 laser diode,
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Thorlabs Inc., United State) at wavelength of 405 nm, as shown in Figure 1a. The open circuit
BPVE photovoltage was measured by an oscilloscope (TBS 1072B, Tektronic Inc., United
State) connected to the top and bottom electrodes on the PMN-PT cantilever. The BPVE and
the photostrictive response of the PMN-PT cantilever were measured concurrently as
illustrated in Figure 1b. The intensity modulated excitation light was focused to form a line
projection onto the lower half of the PMN-PT with a power density of 65 W cm-2 to drive the
movement of the cantilever. The mechanical resonance frequency of the PMN-PT cantilever
was determined by sweeping electrical voltage and measuring the frequency dependant
displacement response, with results as shown in Figure S1 (Supplementary Information). The
photovoltage induced by BPVE and the photostrictive displacement were measured over a
frequency range of 4-11 kHz by illuminating the PMN-PT cantilever with the intensity
modulated excitation light.
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condition. The fast photostrictive effect offers a non-thermal approach to excite mechanical
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Fast Photostriction in Ferroelectrics
Weng Heng Liew, Yunjie Chen, Marin Alexe, Kui Yao*

Figure S1. Frequency-dependent displacement of the PMN-PT cantilever excited by a
sweeping electric voltage with amplitude of 1 V, showing the resonance frequency at 7.7 kHz.

Figure S2. Photovoltage output and the modulated excitation light intensity in the time
domain. The photovoltage output shows an oscillating component matching the modulated
frequency of the excitation light. However, the non-zero average excitation light intensity
causes the photovoltage to slowly charge up across the PMN-PT cantilever.
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Supplementary Note 1: Derivation of maximum strain and strain rate in PMN-PT
The photostrictive strain of the PMN-PT upon illumination of the modulated excitation light
can be calculated based on the model as described in Figure S3. The bending of the cantilever
is caused by the in-plane contraction of the lower portion of the cantilever separated from the
opposite upper portion by a neutral line. The maximum strain magnitude will occur at the top
and bottom surfaces of the cantilever. Hence, the maximum strain can be derived as ΔL/L,
where ΔL is the change in length at the bottom surface and L is the original length.

Figure S3. Schematic illustration of the model to derive the maximum strain in the cantilever.
a Dimensions of the PMN-PT cantilever, and b bending of the cantilever upon illumination of
excitation light on lower half of the cantilever. c Geometrical analysis of the cantilever’s
bending to calculate the strain.
ΔL/L can be calculated by the following relationship 1,
ΔL ℎ/2
=
L
𝑅

(1)

where h is the height of the cantilever and R is the radius of curvature of the bending. R is
calculated by the following equation,
𝑅=

𝐿2 + 𝜆2
2𝜆

(2)

where λ is the maximum deflection of the cantilever, which is 2.8 nm. Hence, the maximum
strain 0 of the PMN-PT cantilever is calculated to be 1.7 × 10-7.
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The maximum strain rate 𝑑ε⁄𝑑𝑡𝑚𝑎𝑥 is calculated to be ~ 8.06 × 10-3 s-1 based on the
following equation,
|

𝑑𝜀
| = 2𝜋𝑓𝜀0
𝑑𝑡

(3)

The strain rates for the samples reported in the literatures are listed in Table S1. The periods
are defined as the time taken from the rest state to the maximum photostriction strain based on
the reported time domain data in the literature. Then the strain rate is calculated by dividing
the maximum photostrictive strain with the period.
Table S1. Comparison of the maximum strains and strain rates of photostrictive effects in
different samples reported in the literature.
Experimental setup

Materials

Period (s)

Max
strain

Strain rate/
s-1

Ref

Bulk material
expansion, static light

BFO single
crystal

0.05

10−5

2 × 10−4

2

Bulk material
expansion, static light

PLZT bulk
ceramic

8

9 × 10-4

1.1 × 10-4

3

Localized expansion
(measured by AFM),
static light

MAPbI3 bulk
single crystal

5

5 × 10−5

1 × 10−5

4

Thick film expansion,
static light

Chalcogenide
glass, As2Se3
thick film
PMN-PT
bulk single
crystal

1,000

5 ×10−2

5 × 10-5

5

1.3 × 10-4

1.7 × 10-7

8.06 × 10-3

This
work

Cantilever bending,
modulated light

Supplementary Note 2: Photostrictive strain induced by photovoltage built up across the
ferroelectric material.
The time-dependent strain ε can be modelled by the following equation 6,
ε(𝑡) = 𝑑𝐸(1 − 𝑒 −𝑡⁄𝑅𝐶 )

(4)

where 𝑑 is the piezoelectric coefficient, E is the BPVE induced electric field, R and C are the
resistance and capacitance of the structure, respectively. The maximum photostrictive strain
rate based on this model, 𝑑ε⁄𝑑𝑡𝑚𝑎𝑥 , can be derived through the following equation,
𝑑ε
𝑑𝐸
=
𝑑𝑡 𝑚𝑎𝑥 𝑅𝐶
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Hence, the photostrictive strain rate is limited by the capacitance and resistance of the
photostrictive structure.

Supplementary Note 3: Effect of photothermal expansion induced strain.
The magnitude of the photothermal expansion induced strain due to the heating by the
excitation light can be analysed based on the temperature changing rate and the thermal
expansion parameter of the PMN-PT. A thermocouple is attached to the PMN-PT cantilever
as shown in Figure S4a to measure the change in temperature upon excitation light
illumination.

Figure S4. a Schematic illustration of the experimental setup to measure the temperature of
the PMN-PT cantilever upon illumination of excitation light. b The change of temperature
with time when the excitation light turns on and off.

The maximum rate of change of the temperature of PMN-PT upon illumination of the
modulated excitation light can be deduced based on the gradient of the curves obtained in
Figure S4b. The maximum rate of change of temperature is derived to be 5.5 ˚C s-1. Since the
period of the modulated excitation light is 0.00013 s, the maximum change in temperature is 7
× 10-4 ˚C. Given that the thermal expansion coefficient of PMN-PT is 2.4 × 10-6 ˚C-1 7, the
maximum photothermal expansion induced strain due to the heating by the excitation light is
calculated to be 1.7 × 10-9, which is negligible as compared to the observed photostrictive
strain of 1.7 × 10-7.

A single crystal silicon cantilever was used as an example to demonstrate the photothermal
expansion induced strain. Since silicon is not a ferroelectric material, it does not exhibit a
non-thermal photostrictive effect. The observed light-induced displacement was thus mainly
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attributed to the photothermal expansion effect. The thermal expansion of silicon single
crystal is 2.57 × 10-6 ˚C-1 8, which is similar to the PMN-PT. Figure S5 shows that the
maximum light-induced displacement in the silicon cantilever was negligible, with the
maximum value of only 0.1 % of the PMN-PT cantilever, which agrees with our calculation
above.

Figure S5. Displacement measured by the LSV at different positions along the PMN-PT and
silicon cantilevers.

Supplementary Note 4: Quantitative comparison for photostrictive responses of poled
and depoled PMN-PT
The photostrictive effect of a ferroelectric material, such as PMN-PT is analysed based on the
coupling of BPVE and converse piezoelectric effect. The 0.7 Pb(Mg1/3Nb2/3)O3 – 0.3 PbTiO3
is in the morphotropic phase boundary (MPB) region 9. The crystal symmetry of tetragonal
phase, 4mm, is used to analyse the BPVE, converse piezoelectric effect and photostrictive
effect. Assuming uniform optical absorption, the resultant photocurrent density, J, with the
incident excitation light that propagates along the x-axis of the poled PMN-PT can be
calculated as,
0
𝐽=𝐼 [ 0
𝛽31

0
0
𝛽31

0
0
𝛽33
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𝛽15
0
0

0
0 1
1
0]
1
0 0
[0]
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where I is the excitation light intensity, and 𝛽𝑖𝑗 is the tensor of the BPVE coefficient. Thus,
the photocurrent density, J, can be further simplified as,
0
𝐽 = 𝐼 [ 𝛽15 ]
𝛽31 + 𝛽33

(7)

Since the photostrictive effect is the coupling of the converse piezoelectric effect with BPVE,
the photostrictive displacement, ΔL, can be calculated with the following equation,
0
0
𝛥𝐿 = 𝑍 ∗ 𝐼 0
0
𝑑15
[ 0

0
0
0
𝑑15
0
0

𝑑31
𝑑31
0
𝑑33 [ 𝛽
]
15
0 𝛽 +𝛽
31
33
0
0 ]

(8)

where 𝑑𝑖𝑗 is the converse piezoelectric tensor and Z is the electrical impedance of the
material. The photostrictive strain of a poled PMN-PT with incident excitation light that
propagates along the x-axis can be simplified as,
𝑑31 (𝛽31 + 𝛽33 )
𝑑31 (𝛽31 + 𝛽33 )
𝛥𝐿 = 𝑍 ∗ 𝐼 𝑑33 (𝛽31 + 𝛽33 )
𝑑15 𝛽15
0
[
]
0

(9)

We can simplify the calculation by analysing the equivalent components along the three
normal directions, x, y, and z. For the depoled PMN-PT single crystal, piezoelectric force
microscopy (PFM) was performed with Dimension Icon SPM system (Bruker, United States)
to examine the loss of the polarization orientations. The phase images for out-of-plane and inplane signals were acquired, as presented in Figure S6a and S6b, respectively. The phase
images show that domains with opposite polarizations exist in both the out-of-plane (Figure
S6a) and in-plane (Figure S6b) directions for the depoled PMN-PT.
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Figure S6. PFM phase imaging of the depoled PMN-PT single crystal, a out-of-plane and b
in-plane. The existences of domains with approximately 180 ° difference in phase in both outof-plane and in-plane phase signals indicate the loss of polarization alignment. (AC excitation
voltage of 10 V, at 15 kHz).
Hence, the effective photostrictive response along any of the three directions of a depoled
PMN-PT can be calculated with the following equation by summation of photostrictive
displacement in all the three normal directions,
∆𝐿𝑑𝑒𝑝𝑜𝑙𝑒𝑑 =

1
(2𝑑31 + 𝑑33 )(𝛽31 + 𝛽33 )
3

(10)

The values of d31 and d33 are given as -850 pm/V and 1100 pm/V respectively (Innovia
Materials Co., Ltd, China). Hence the ratio of the photostrictive displacement generated by
the depoled to the poled PMN-PT along the length direction of the cantilever (the PMN-PT
cantilever is [001]-poled along the height direction) can be estimated to be 23.5 %, using
following equation.
∆𝐿𝑑𝑒𝑝𝑜𝑙𝑒𝑑
1 (2𝑑31 + 𝑑33 )
=
∆𝐿𝑝𝑜𝑙𝑒𝑑
3
𝑑31

(11)

Supplementary Note 5: Calculation of power conversion efficiencies of BPVE and
photostrictive effects
In order to calculate the power conversion efficiency of BPVE, the photovoltage output of the
PMN-PT upon illumination of an intensity modulated excitation light with a modulation
frequency of 7,700 Hz (corresponding to the resonance frequency of the PMN cantilever) was
measured, as shown in Figure S7. The measurement was conducted using an oscilloscope
with an input impedance, Z, of 1 MΩ. The BPVE power output, PBPVE, of the PMN-PT can be
calculated by PBPVE = Vrms2 / Z, where Vrms is the root-mean-square value of the BPVE voltage
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output. Vrms is calculated to be 0.28 mV and the resulting PBPVE is 7.84 × 10-14 W. The average
power of the incident excitation light is 20 × 10-3 W. Hence, the calculated power conversion
efficiency of the BPVE is 2.24 × 10-12.

Figure S7. Photovoltage output upon illumination of an intensity modulated excitation light
with a modulation frequency of 7.7 kHz.
The power conversion efficiency of the oscillating photostrictive effect is calculated based on
the strain energy in the PMN-PT cantilever. The strain energy, U, in a deflected cantilever
with uniform load can be estimated based on the following equation 1,
𝐿

8𝐸𝐼𝛿 2 𝑥 4
𝑈= ∫
𝑑𝑥
𝐿8
0

(12)

where I is the moment of inertia, E is the modulus of elastic, 𝛿 is the maximum deflection of
the cantilever, L is the length of the cantilever, and x is the position along the cantilever. The
power output, Pphotostrictive can be estimated by the rate of change of the energy, ΔU/Δt, where
Δt is the period of the oscillation. The calculated mechanical power outputs with different
optical power input is shown in Figure S8.
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Figure S8. a The light-induced maximum strain in the PMN-PT cantilever increases with the
increasing optical power input. b The mechanical power output of the PMN-PT cantilever is
proportional to the optical power input. The photostrictive power conversion efficiency is
represented by the slope of the linear fit, which is 1.49 × 10-7.
Since the mechanical power output of the PMN-PT cantilever is proportional to the optical
power input, the power conversion efficiency of the photostrictive effect can be estimated by
the rate of change of mechanical power output vs optical power input. Hence, the power
conversion efficiency of the photostrictive effect is derived to be 1.49 × 10-7 for the PMN-PT
cantilever.

Supplementary Note 6: Application of photostrictive PMN-PT cantilever for ultrasonic
structural defect detection
The photostrictive PMN-PT cantilever was used to generate an ultrasonic wave on a structure
for demonstration of structural defect detection. In the demonstration, the PMN-PT cantilever
was attached to one an alumina plate using epoxy, as shown in Figure S9.

Figure S9. a Photograph of PMN-PT cantilever attached on an alumina plate. b Schematic
illustration of the configuration to couple the ultrasonic wave generated from PMN-PT
cantilever into the alumina plate.

23

Pubslished: Weng Heng Liew, Yunjie Chen, Marin Alexe, Kui Yao, “Fast Photostriction in
Ferroelectrics,” Small, DOI: 10.1002/smll.202106275, 2106275 (1 of 6), Jan 2022.
The PMN-PT cantilever was illuminated by an excitation light modulated at the resonance
frequency of the PMN-PT cantilever to generate an oscillating strain. The ultrasonic wave
excited by the oscillating strain of the PMN-PT cantilever and coupled into the alumina plate
was detected with the LSV probing laser. The area scanned by the LSV showed that the
ultrasonic wave was coupled into the alumina plate, with a defined periodicity as shown in
Figure S10a. The LSV data were fitted with a damped sine wave function, as presented in
Figure S10b, which simulated the decaying ultrasonic wave propagating in the alumina plate.
The frequency of the ultrasonic wave detected on the alumina plates matched the modulation
frequency of the incident light at 36 kHz.

Figure S10. a LSV area scan of the alumina plate showing the propagation of ultrasonic wave
in the alumina plate excited by the photostriction of PMN-PT cantilever. b The profile
analysis of the ultrasonic wave fitting with the damped sine wave function.

Structural defect detection utilizing the ultrasonic wave generated by the PMN-PT cantilever
in the mechanically coupled structure was demonstrated by introducing a crack on the
alumina plate in this example. Figure S11a presents the photograph of the alumina plate with
a crack introduced by exerting a mechanical impulse. The bottom surface of the alumina plate
was taped with a polyimide adhesive film to ensure that the alumina plate remained
apparently intact with the cracks. The ultrasonic wave coupled into the alumina plate with
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cracks by the photostrictive PMN-PT is shown in Figure S11b. The profile analysis of the
ultrasonic wave as shown in Figure A11c indicated that the intensity of the ultrasonic wave
dropped significantly when propagating through the cracks. In contrast to the alumina plate
without any crack, the ultrasonic wave detected in the alumina with the crack differed
obviously from the simulated waveform due to the blocking and reflection of the ultrasonic
wave at the cracks. Hence, the crack on alumina plate could be detected by detecting the
ultrasonic wave in the alumina plate generated by the photostriction in the PMN-PT
cantilever.

Figure S11. a Photo of PMN-PT cantilever attached on an alumina plate with cracks. b LSV
area scan of the alumina plate with cracks showing the propagation of ultrasonic wave
blocked by the cracks. c The profile analysis of the ultrasonic wave guided with the damped
sine wave function.
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