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We study the opto-mechanical properties of coupled chiral meta-atoms based on a pair of twisted
split-ring resonators. By using a simple analytical model in conjunction with the Maxwell stress
tensor, we capture insight into the mechanism and find that this structure can be used as a general
prototype of subwavelength light-driven actuators over a wide range of frequencies. This coupled
structure can provide a strong and tunable torque, and can support different opto-mechanical
modes, including uniform rotation, periodically variable rotation and damped oscillations. Our
results suggest that chiral meta-atoms are good candidates for creating sub-wavelength motors or
wrenches controlled by light. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4737441]

Using light to manipulate objects or even to drive a
machine is fascinating. It is well known that the interaction
between light and matter is usually accompanied by the
transfer of momentum or angular momentum. Many tools
and devices based on this principle have been developed,
such as optical tweezers,'> optical wrenches,”* and optical
motors.”® These light-driven tools were shown to make spe-
cial contributions in the fields like micro-fluidics’ and bio-
physics.® Basically, there are two ways to generate an optical
torque, one is to introduce the angular momentum directly
from the illuminating wave by manipulating its polarization
state or phase frontl’g’w; another is to use chiral structures,
which scatter light into different angular momentum modes
with unequal intensity.'""'* However, due to the small dielec-
tric constant (which also means a weak light-matter interac-
tion) in most dielectric materials, early studies of optical
torque often required birefringent or chiral structures that are
of the order of (or even orders of magnitude larger than) the
working wavelength to generate a sufficiently large torque.'?
Recently, it was demonstrated that by taking advantage of
the plasmonic resonance in a metallic chiral structure, a
strong radiation torque can be generated with a nanoscale
plasmonic motor."*

It would be inspiring progress to generate strong torque
with a sub-wavelength actuator, since this is the key step
towards highly integrated light-driven systems. The advent
of metamaterials and plasmonic structures paves the way
to achieve strong light-matter interaction within a sub-
wavelength scale, and the coupled structures further offer us
the chance to tune their performance through near-field inter-
action.'>'® Twisted dimers, such as twisted split-ring resona-
tors'”'® and cut-wire pairs,'” are a particularly interesting
class of coupled chiral meta-atoms. These chiral structures
exhibit strong linear or even nonlinear optical activity near
the resonances.”® Although much work has been done on
their electromagnetic properties, their opto-mechanical prop-
erties are still largely unexplored.
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In this letter, we provide an approach to achieve a strong
and tunable torque with a subwavelength chiral meta-atom.
We study the radiation torque generated by a twisted split-
ring resonator pair (TSRRP) when illuminated by linearly
polarized electromagnetic waves. With a simple analytical
model based on near-field interaction, we study the mecha-
nism and show that such structures can offer two rotational
frequency bands (RFBs), in which the direction of the torque
does not change as the structure rotates. The prediction from
this simple model shows good overall agreement with
full-wave calculations based on the Maxwell stress tensor.
Moreover, we study the dynamics of this structure under the
influence of friction and show that such a simple coupled
structure can offer rich opto-mechanical modes, which ena-
bles the TSRRP to function as an optical motor or an optical
wrench at different frequencies. Unlike the chiral structure
shown in Ref. 14, the TSRRP does not rely on plasmonic res-
onance, and it can generate strong torques with opposite
directions within a much narrower bandwidth, which further
facilitate its implementation and application from microwave
to optical frequency regimes.

The TSRRP studied here is illustrated in Fig. 1. The two
identical SRRs (denoted as “1” and “2”) are offset by a dis-
tance s in the z direction, and the twist angle between them
is fixed at 0. The incident plane wave propagates along the z
axis, with a linear polarization in the x direction. Since the
structure is chiral, the TSRRP may experience a radiation
torque even under the illumination of linearly polarized
waves, and the rotation angle is denoted as ®. To understand
the opto-mechanical properties of the structure, we first need
to find its electromagnetic response, then we use its
frequency-dependent charge and current distributions to cal-
culate the radiation torque under different rotation angles,
and finally we can solve the dynamic equations of the sys-
tem. As our previous papers showed,'®'? under the single
mode approximation, we can separate the current and charge
of a single SRR into a frequency-dependent mode amplitude
Om(®) (m = 1,2) and spatial distributions j(r) and ¢(r). To
describe the coupling of the system, the following coupled
equations are employed,

© 2012 American Institute of Physics
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FIG. 1. Schematic layout of the TSRRP. The centre-centre distance between
the two coaxial SRRs is s. The resonators are fixed with respect to each
other, and the twist angle is 0. A linearly polarized plane wave propagates
along the z direction. The TSRRP rotates about the z axis, with the rotation
angle denoted as ®@. The red curve denotes the line-current model of a SRR,
where o is the azimuthal angle and o, is the angle of the gap width.

0:1(1/C11 — @*L11) + 02(1/C1 — w*Lyp) = —E - Losr
01(1/Ca1 — w*Loy) + 02(1/Cap — L) = —E Ly - €7,
M
where E is the incident electric field, L = |f,, g(r)rd’r| is

the effective dipole length and ¢ = kos is the retardation
along the propagation direction. C,,, and L, (m,n € [1,2])
are related to the effective capacitance and inductance, and
can be defined by the near-field interaction terms.'® Note
that for two identical SRRs, Ci; = Cy, Ci2 = Cy;, and
Ly = Ly, L = Ly;. The mode amplitudes can then be writ-
ten in a compact form,

Q1 = (VaFy = Vi) /(F} — F,) @)
Q2 = (ViFy = VaFy) [(F{ = F},). (3)
Vi ((I)) =E- leff = |E|leff sin®, Vz( ) E- leff e = |E|leﬁ

sin(®+ 0) - ¢? correspond to the effective voltage applied
to the SRRs by the incident field, and Fy = 1/Cy; — »’Lyy,
Fu=1/Cp— ®?Ly, are the self/mutual interaction terms.
To start with, we treat each SRR as an infinitely thin current
line, with a sinusoidal current distribution,

=9 (o0 —op/2)m w oo @
€ o sin | = | 2 ¢ |~55)

o is the azimuthal angle and o is the angle of the gap, as
shown in Fig. 1; the charge spatial distribution can be
obtained from

10

q(e) = =V j(a) = T o (o)

with r, being the radius of the SRR. The effective capaci-
tance and inductance, as well as the mode amplitudes can
be worked out following the above procedure. Once we get
the frequency-dependent current and charge distributions
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J(r,0) = —joQ(@)j(r) and p(r,0) = Q()q(r), we can
calculate the torque experienced by each of the SRRs, and
their sum is the net external torque. The torque induced by
the external field is

Mm:jrxm®E+uﬂxm&n )
\%4

We assume that the structure is only allowed to rotate
about the z axis. Due to the structural symmetry, the mag-
netic part does not contribute to the torque about the z axis.
The time averaged torque exerted on SRR 1 and 2 can then
be written in a very concise form,

1 . .
M) = — iRe[Q’[ (@, D))l |E| sin® - z (6)
1 . ] A
Maz = — 5 Rel3(0, @)l Elsin@ +0) 7. ()

By substituting Egs. (2) and (3) into Egs. (6) and (7), we
finally arrive at the total external torque

Mext = Mext,l + Mext,Z = Mo + Mm (8)
where
M, = eff' | Re(A* cos 0 — B* cos @) sin2® + 0) -z (9)
E
;= eﬂ‘z j Im(B*)sin0sin ¢ - Z (10)

with A = F/(F? — F2) and B = F,,/(F? — F2). Note that A
and B are independent of the rotation angle ®. Thus, the
above two equations clearly demonstrate that the total torque
is actually composed of two parts. One is a rotation angle-
dependent torque M, (®), whose sign is periodically chang-
ing as the structure rotates, and thus it leads to the oscillatory
dynamics. The component M, does not depend on ® and it
contributes to a continuous rotation. We further note that M,
vanishes when any of the following three go to zero: the mu-
tual interaction F,,, the retardation ¢ or the twist angle 0,
which verifies its relation with the structural chirality. It can
be expected that there will be a RFB when My = |[M,|
—max(|M,|) > 0, in which the TSRRP will be driven to
rotate continuously in one direction.

To verify our prediction, we compare the results from
full wave simulation (CST Microwave Studio). In the analyt-
ical model, we choose r,=1.16 mm and o;g = 11°. In the full
wave simulation, we calculate the structures that work in
microwave and optical frequencies, respectively. For the
microwave sample, the metal is chosen as copper (¢ = 5.8
%107 S/m) and the background is vacuum; while for the op-
tical sample, the metal is gold described by the Drude model
(€ =1, @, =137 x 10"°rad/s, I =1.2 x 10'*Hz) and
the background is set as SiO,(e, = 2.13). The external torque
is calculated via the Maxwell stress tensor.”' Since any
linear-polarization can be decomposed into two orthogonal
components, we calculate the torque under ® = 0° and 90°,
to confirm the position of the RFBs.
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Remarkably, for the microwave sample, both the trends
of the normalized mode amplitudes and the torques show
good overall agreement with our simple model, as shown in
Figs. 2(a)-2(d). The differences might arise from the actual
geometries of the structures and some perturbation of the
charge and current distributions due to strong near-field
interaction. For the optical sample [Figs. 2(e) and 2(f)], the
simple model (not shown) gives only qualitative agreement,
due to the neglect of the metal dispersion. However, the nu-
merical results confirm that the physics is the same for the
microwave and optical regimes.

The values in Figs. 2(b) and 2(d) are normalized to an
input power density of 1 mW /mm?; in Fig. 2(f), the values
are normalized to a power density of 1 mW/um?. The two
resonances around 19.6 GHz (205 THz) and 20.8 GHz (250
THz) correspond to the symmetric mode and antisymmetric
mode, respectively. We note from Figs. 2(b), 2(d), and 2(f)
that there are two RFBs around the resonances, which are
denoted by the blue and red shadings: in the blue area (the
lower frequency bands), M,,, is always negative; while in
the red area (the higher frequency bands), M,,, is always
positive. Such agreement demonstrates that the simple ana-
lytical model of the TSRRP can be used for calculating and
designing subwavelength light-driven actuators over a wide
range of frequencies. Moreover, it is quite inspiring that the
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FIG. 2. Normalized mode amplitudes Q;, O, and the radiation torque M,
of the TSRRP with 6 = 90°, where (a) and (b) are calculated from the ana-
lytical model, (c) and (d) are the full wave calculations of the microwave
sample, and (e) and (f) are the full wave calculations of the optical sample.
For the analytical model, r,=1.16 mm, o = 11°; for the microwave sam-
ple, ra=1.2mm, metal thickness t=0.03mm, w=0.24mm, g=0.2mm,
and s=2mm; for the optical sample, ra=80nm, =30nm, w=30nm,
¢=30nm, and s =80 nm. The blue and red shadings in the torque diagrams
denote the RFBs.
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torque calculated from the unoptimized subwavelength

zi3/500) optical sample is of the order of 2 x 107°N - m,
which is comparable to that shown in previous works which
use much larger dielectric chiral structures (> 25,3 ) and
higher power trapping beams."?

In contrast to the optical motor based on a single resona-
tor, the TSRRP enables us to tune its resonant properties and
opto-mechanical behaviour, by changing the geometry of the
resonators. To capture insight into the evolution of the RFBs
as the twist angle 0 and the separation s change, we plot
M_irr > 0 as a function of frequency and 6 in Figs. 3(a) and
3(b) by fixing s = 1 mm and s =2 mm; in Figs. 3(c) and 3(d),
s varies from 0.5 mm to 3.5 mm, while 0 is fixed at 45° and
90°, respectively. The regimes with My > 0 correspond to
the RFBs. Through the tuning, we can change the band-
widths, spectral distance and the strength of the two bands.

When carefully examining the evolution of the RFBs,
one feature attracts our attention: although the RFBs centre
around the two branches of resonances, the variation of their
bandwidths and the rotating power does not coincide with
the change of the resonances. For the TSRRP we study, the
bandwidth of the symmetric mode exhibits a monotonic
decrease as the twist angle or separation increases, while a
reversed trend can be observed for the antisymmetric
mode.'® However, the bandwidths of RFBs show a more
complicated non-monotonic behaviour since it is affected by
several factors. For a given twist angle or separation, there is
an optimum configuration in which we can get the strongest
rotational power, as shown by the white arrows in Fig. 3.
Qualitatively, we can understand this behaviour from Eq.
(10): the strength of M, is simultaneously affected by the
mutual interaction F,, the retardation ¢ and the twist angle
0. To take the antisymmetric mode as an example, decreas-
ing the separation or twist angle usually gives a stronger
resonance, however, this comes at the expense of smaller

19 20 21 22
f (GHz)

19 20 21 22
f (GHz)
FIG. 3. The frequency bands of continuous rotation as a function of 6 and s,

determined from the condition My > 0. (a) s=1mm, (b) s=2mm,
(c) 0 = 45°, and (d) 0 = 90°. The white arrows indicate the optimum points.
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FIG. 4. Dynamics of the TSRRP with air friction, under an illumination
power density of 10 mW/mm>. (a) M, and max(|M,|), (b) rotation angle @,
and (c) angular speed Q as a function of pump frequency and time.

values of sin0 and sin ®, thus the optimum configuration
should be a balance of the resonance strength, the degree of
asymmetry and the retardation.

Using the analytical expression for the torque, we study
the dynamics of the structure also taking into account friction
in the system, which can be caused by the medium in which
the meta-atom is placed. Here, we suppose the TSRRP is
fixed in a solid disk with radius R =2 mm, and the whole
structure is suspended in air. The angular speed Q = (b(t) of
the TSRRP can be found from the dynamic equation using,
e.g., numerical Runge-Kutta method

1D + 9D = M, (D), (11)

where I is the moment of inertia of the structure, y = 7Ry
(4R/3 + 2s) is the damping coefficient, which for the case of
air viscosity 7 =17.8 yPa-s. The introduction of additional
friction may change the rotational velocity, but will not
change the overall dynamic characteristics. Fig. 4 depicts the
torque components M, and max(|M,|) as well as the rotation
dynamics of the TSRRP with parameters corresponding to
Figs. 2(a) and 2(b), and the incident power flow is 10 mW/
mm?. As expected, two RFBs with opposite rotation direc-
tions appear near the symmetric and antisymmetric resonan-
ces, with their regimes determined by |M,|>max(|M,|), as
predicted in Fig. 2(b).

The TSRRP will experience a continuous rotation when
driven by a frequency within the RFBs, and thus it can act as
a subwavelength motor; while outside the RFBs, the rotation
angle becomes stable after a relaxation process, and the
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structure behaves as an anisotropic scatter and can function
as an optical wrench. The scattered wave amplitude also
changes periodically as the structure rotates, and thus it pro-
vides the possibility to detect its motion and the torque. In
contrast to chiral structures with high degree of rotational
symmetry or simple anisotropic structures, the TSRRP can
offer a variety of opto-mechanical modes: (1) rotation with
constant speed, which can be obtained around the point
max(|M,|) — 0; (2) rotation with time-varying speed (which
means one can accelerate and decelerate the structure repeat-
edly), with its variation periods determined by the frequencys;
(3) damped oscillations, in which one can control the equi-
librium position by changing the input polarization angle or
the frequency. Such amultifunctional subwavelength light-
driven actuator can potentially find a variety of applications
in nano-fluidics and nano-robotics.

To conclude, we propose to use a pair of twisted SRRs
as an efficient subwavelength optical actuator. By using a
simple analytical model and full wave numerical simula-
tions, we studied its mechanism and showed that this struc-
ture can be used as a general design prototype in a wide
frequency range from microwaves to optics. Such a coupled
structure provides strong rotational power and multiple
opto-mechanical modes, which can be more easily tuned by
incident frequency than other structures like metallic gam-
madions, and thus benefiting its application in a variety of
fields.

The authors thank Miss Y. Sun for the fruitful discussion
on the Maxwell stress tensor. This work is supported by the
Australian Research Council.
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