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Light-induced mechanical response of materials has been extensively investigated and
widely utilized to convert light energy into mechanical energy directly. The metallic
nanomaterials have excellent photothermal properties and show enormous potential
in micromechanical actuators, etc. However, the photo-thermo-mechanical proper-
ties of individual metallic nanostructures have yet to be well investigated. Here, we
experimentally demonstrate a way to realize light-induced reversible expansion of
individual gold nanoplates on optical microfibers. The light-induced thermal expan-
sion coefficient is obtained as 21.4 + 4.6 ~ 31.5 + 4.2 u-K'! when the light-induced
heating temperature of the gold nanoplates is 240 ~ 490 °C. The photo-thermo-
mechanical response time of the gold nanoplates is about 0.3 = 0.1 s. This insight
into the photo-thermo-mechanical properties of the gold nanoplates could deepen
the understanding of the light-induced reversible expansion behavior in nanoscale
and pave the way for applications based on this piezoelectric-like response, such as
light-driven metallic micromotors. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4998703

Light, as one kind of ideal clean energy, can be used for controlling objects remotely, instantly,
and precisely. Light-absorbing materials can change molecule structures or crystal lattices with light
excitation, resulting in changes in their shape or volume. Light can thus be used as a stimuli-driven tool
to control the shape or even the motion of objects, and further to convert the light energy into mechan-
ical energy directly.! Recently, light-induced mechanical response of various kinds of materials is of
significant interest since it provides a new and unexpected way to interact with their environment.’
Many works are devoted to polymer materials as they could provide large light-induced deforma-
tion.? With light illumination, the microscopic structural changes of polymer units can be magnified
into prominent macroscopic deformations of the whole matelrials,4 including expansion,5 contrac-
tion,®’ bending,® rotation,! climbing’ and swimming.? Based on those light-induced deformations,
light-driven oscillators,'%!! flytraps,'? springs,'® walking robots'#'® have been demonstrated. The
photo-mechanical properties of carbon nanotubes-based!”-'® and graphene-based!® materials have
also been studied and the mechanical response to light is mainly due to electrostatic deflections and
thermal effects.

On the other hand, metallic nanomaterials show strong absorption of light in visible and near-
infrared regions due to their localized surface plasmon resonances.’’ The absorbed light is then
converted into heat, leading to the increase of lattice size and expansion of the whole metallic struc-
tures. Most of works focus on the light-induced shape transformation of metallic nanostructures in
colloidal solutions or on a solid substrate under high laser power by measuring the absorption and scat-
tering spectrum or comparing the initial and final shape of the structure with electron microscope.?!=*
In these cases, the temperature of the nanostructures reaches the melting point of the respective mate-
rial and the shape transformation is irreversible. The lattice dynamics of metallic nanomaterials after
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excitation with low-powered femtosecond optical pulses (i.e. in a non-thermal-equilibrium state)
are also investigated with the help of X-rays or electron diffraction techniques.’>~**> However, the
photo-thermo-mechanical properties, e.g. the reversible photothermal expansion ability of individual
metallic nanostructures in a thermal-equilibrium state, have yet to be well investigated. The charac-
terization of the light-induced reversible expansion in individual nanostructures has been challenging
due to the difficulty in simultaneously achieving observation of the individual nanostructures in
nanometer resolution and controllable laser irradiation. Understanding the photo-thermo-mechanical
properties of individual metallic nanostructures becomes very important as these metallic nanostruc-
tures would be the fundamental blocks, e.g., in the construction of light-driven metallic micro/nano
actuators.*> The thermal expansion coefficient (TEC) of the individual nanoplates is also yet to be
well investigated. Most works dealing with TEC of metallic nanoplates have drawbacks due to their
indirect ways of measuring techniques.**> The nanoplates are on substrate and the TEC measured
is that of the nanoplate-substrate combined system. Although some works have taken the TEC of the
substrate into consideration,* the values of TEC still differ from each other.**** Using the microfiber
to hold the nanoplate is a better way to eliminate the influence of the substrates and also the nanoplates
can expand freely.

Here we experimentally demonstrate a way to realize light-induced reversible expansion of
individual gold nanoplates on optical microfibers. The gold nanoplates can expand freely on the
microfiber. Relative area expansion of the gold nanoplates under different laser power is measured
directly with the help of electron microscope. The photo-thermo-mechanical properties including
light-induced thermal expansion coefficient and photo-thermo-mechanical response time of the gold
nanoplates are obtained.

The schematic (SEM image) of the photo-thermo-mechanical system in Fig. 1 (Fig. 2 (b))
describes a hexagon gold nanoplates (long side length, 12 um; short side length, 8 um; thick-
ness, 30 nm) placed and stuck on an optical microfiber (diameter, 2.4 um) due to strong adhesion
arising from the surface related forces (e.g. van der Waals and capillary force).*® The photo-thermo-
mechanical system is then put into an SEM chamber. A continuous wave laser of wavelength
980 nm is located outside the SEM chamber and connected with the photo-thermo-mechanical
system by an optical-through-vacuum connector (see detailed experimental procedures Sec. I and
Sec. I in the supplementary material). In such a way we can achieve observing the gold nanoplates in
nanometer resolution and sending laser beam into the SEM chamber simultaneously. After the laser
is switched on, the evanescent wave outside the microfiber is absorbed by the gold nanoplate, which,
in return, heats the gold nanoplate. The gold nanoplate expands due to the temperature increase.
It restores back (i.e. “contract”) to its initial size as the gold nanoplate cools down when the laser
is switched off. The gold nanoplate experiences reversible expansion when it is subjected to laser
excitation (see supplementary material video for the process of reversible expansion).

The relative area expansion of the gold nanoplates with respect to the input laser power have been
investigated firstly as shown in Fig. 2 (a). For convenience, we choose a red dashed triangle defined by
three well-selected points on the gold nanoplates as shown in Fig. 2 (b) to measure the area before (A)
and after (A”) expansion. The relative area expansion is then calculated as (A" — A)/A. The relative
area expansion increases with increasing input laser power. As Fig. 2 (c) shows, it takes 0.3 s for the
gold nanoplates to expand completely after the CW laser switched on and 0.5 s for the gold nanoplates

Gold plate

Incident laser Optical microfiber

Inside SEM chamber

FIG. 1. Schematic of the light-induced reversible thermal expansion of the gold nanoplates. The micron-size gold nanoplate
is placed and stuck on the optical microfiber which is inside the scanning electron microscope (SEM) chamber. The gold
nanoplate expands reversibly it is excited by a laser (continuous wave laser of wavelength 980 nm).
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FIG. 2. Experimental results of the light-induced reversible thermal expansion of the gold nanoplates. A hexagonal gold
nanoplate (long side length, 12 um; short side length, 8 pwm; thickness, 30 nm) is placed on an optical microfiber (diameter,
2.4 um) guided with continuous wave (wavelength, 980 nm). (a) Relative area expansion of the gold nanoplate with respect
to the laser power (for error bar, please see error analysis Sec. IV in the supplementary material). (b) SEM images of the gold
nanoplate on the microfiber and (c) the area reversible expansion of the gold nanoplate when the laser power is 45 mW (see
supplementary material video for the process of reversible expansion). The red dashed triangle defined by three well-selected
points on the gold plate in (b) is used to measure the area before and after expansion (see details of area calculation Sec. IT 2
in the supplementary material). The red arrow in (b) indicates the direction of light propagation.

to restore back after the CW laser switched off. Thus the overall response time f,,., (consisting of
the laser switching time #;4.,, photo-thermo-mechanical response time of gold nanoplates 744, and
the detector exposure time ?ges0ci0 Which is determined by the temporal resolution of the electron
microscope) can be estimated as 0.4 s (= (0.3 + 0.5)/2). The time for laser power to increase from
zero to the setting value (to decrease from the setting value to zero) when the laser is switched
on (off) is 0.17 s (0.35 s) (see Figure S3 in the supplementary material for laser switching time).
Laser switching time ?;,5,, is estimated as 0.26 s (= (0.17 + 0.35)/2). The temporal resolution of the

the

. . . . . _ 2 2 2
electron microscope ?gerecror 1S 0.1 s. According to the equation: #,ye, = oser T tgol i F Ciorector®

photo-thermo-mechanical response time of the gold nanoplates is determined as 0.3 + 0.1 s.

To obtain the temperature of the gold nanoplates, three-dimensional (3D) finite-difference
time-domain (FDTD) method and COMSOL Multiphysics are combined (see detailed temperature
simulations Sec. III in the supplementary material). The heat source density O, induced by light
absorption is related to the electric field E by Ref. 47, O, = %eowlm (&,)|E|* where &g and &, are
vacuum permittivity and relative permittivity of gold; w is the angular frequency of the light (cor-
responding to the wavelength of 980 nm). The electric field is obtained by FDTD simulations and
the temperature distributions is obtained by COMSOL simulations using calculated O, as input. It
should be noted that the laser power in the microfiber where gold plate is placed is not the same
as the input laser power since light attenuates on the way to the gold plate. We use a special way
to determine the attenuation. Firstly, we perform an additional experiment to determine the melting
point of the gold nanoplates (as shown in Fig. 3 (d)). The gold nanoplate on the silicon substrate
heated by the hot stage starts center-melting when the temperature is near 550 °C (see Figure S5
in the supplementary material for the morphology evolution of the gold nanoplate heated by hot
stage). When the temperature is increased to 600 °C, most part of the gold nanoplate is melted, which
indicates that the melting point of the gold nanoplates can be considered as 600 + 50 °C. Secondly,
we increase the input laser power until the gold nanoplates melt noticeably (as shown in Fig. 3 (c)).
This happens when the input laser power is 57 mW. In simulations, the laser power in the microfiber
where the gold nanoplate is placed should be 8.6 mW when the calculated temperature of the gold
nanoplate is 600 °C. Thus the attenuation from the input port to the gold plate is estimated as 85%
(=1-8.6/57). The temperature of the gold nanoplates under other laser powers then can be calculated
as shown in Fig. 3 (a).

According to the formula used for the calculation of the thermal expansion coefficient (TEC) a
of a thin film:*8

AA/A
o=,
2-AT
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FIG. 3. Simulated temperature of the gold nanoplates. (a) The maximum temperature of the gold nanoplate under different
input laser power (for error bar, please see error analysis Sec. IV in the supplementary material). (b) Temperature distribution
of the gold nanoplate-microfiber system and (c) SEM image of the gold nanoplate on the microfiber when the laser power is
57 mW. The gold plate starts to melt heavily when the laser power is gradually increased to 57 mW in (c). The calculated
maximum temperature of the gold nanoplate under this laser power is 600 °C. The temperature within the gold nanoplate is
almost uniform in (b) (only a difference of a dozen degrees). (d) SEM image of another gold nanoplate placed on the silicon
substrate heated by the hot stage when the temperature is increased to 600 °C. Inset scale bars are 2 um.

where AA/A is the relative area expansion; AT is the temperature change of the gold nanoplates, the
light-induced thermal expansion coefficient (TEC) is then obtained as 21.4 + 4.6 ~ 31.5 + 4.2 u-K'!
when the light-induced heating temperature of the gold nanoplates is 240 ~ 490 °C as shown in
Fig. 4. TEC of the gold nanoplates increases with temperature, which is similar to the temperature-
TEC relationship of copper.*® Note that the thermal expansion coefficient is 14.2 u-K™! for bulk gold.*
Our results show that thermal expansion coefficient is much larger for gold nanoplates as compared
with that of bulk gold, which is consistent with linear TEC calculated by other methods.***> This can
be explained by the larger surface-to-volume ratio of gold nanoplates. The gold atoms near the surface
are exposed to less binding force than those in the volume, and therefore the part near the surface
expands more compared to that of volume. Although the specific values of TEC of gold nanoplates
measured in an equilibrium state by different groups are different, they are always larger than that of
the bulk gold. It is noteworthy to mention that the TEC of ultra-thin (2 ~ 3 nm) gold obtained in a
non-equilibrium state under femtosecond laser excitations*! is 7.6 u-K'! which is smaller than that
of bulk gold. It can be speculated that this anomalous behavior is due to the incomplete expansion
(acoustic wave formed) in a non-equilibrium state, whereas we measured it for complete expansion
in an equilibrium state.

In conclusion, we have experimentally shown that individual gold nanoplates can expand
reversibly on an optical microfiber when the laser is switched on and off. The measured light-induced
thermal expansion coefficient is 21.4 + 4.6 ~ 31.5 + 4.2 u-K™! when the light-induced heating temper-
ature of the gold nanoplates is 240 ~ 490 °C. The photo-thermo-mechanical response (i.e. reversible
expansion) time of the gold nanoplates is about 0.3 + 0.1 s. This insight into the photo-thermo-
mechanical properties of metallic nanostructures would deepen the understanding of the reversible
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FIG. 4. Light-induced thermal expansion coefficient of the gold nanoplates with increasing temperature. Error bar: the errors
resulting from the resolution limitation of the electron microscope (causing error in the expansion area calculations) and the
melting range of the gold nanoplates (causing error in the temperature calculations) are taken into account (see error analysis
Sec. IV in the supplementary material).
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photo-thermo-mechanical behavior of the metallic structures in nanoscale which is different from that
in macroscale. It provides a better method to obtain the thermal expansion coefficient of nanofilms
for different materials without adverse effect of substrate. It might pave the way for some interest-
ing applications including light-driven metallic micromechanical actuators, reconfigurable optical
components and so on. Typical example includes nanomechanical encoding or switching through
reversible thermal expansion.>

SUPPLEMENTARY MATERIAL

See supplementary material for the (I) Microfiber fabrication and micrometer-sized gold plate
synthesis, (II) Experimental procedures and expansion measurements, (III) Electromagnetic field
simulations and temperature simulations, (IV) Error analysis. (V) Difference between this work and
our previous PRL work. See supplementary material video for the process of light-induced reversible
expansion of the gold nanoplates when the input laser power is 45 mW.
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