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We measure the force exerted by microwave radiation on a centimeter-sized parallel-plate metallic

resonant unit. By varying the ambient environment, we distinguish carefully between the direct radiation

force and the indirect photothermal component. At the microwave resonance, the former is measured

quantitatively to be 100 times larger than the conventional radiation force. Furthermore, the enhanced
radiation force tends to increase the separation of the plates. Both the direction and the magnitude of the
measured force agree well with numerical calculations.
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Artificially structured materials such as metamaterials
have demonstrated a remarkable ability to manipulate
electromagnetic (EM) radiation in manners not possible
with conventional media. Due to the resonant coupling of
the resonating building blocks of these materials with EM
fields, novel effects such as negative refraction [1,2], super-
imaging [3-5], and cloaking [2,6] have been achieved from
the optical to microwave parts of the spectrum. One prom-
ising area of progress involves modifying the properties of
the resonating units using EM radiation to construct
tunable or reconfigurable systems. By incorporating
elastically deformable elements [7], it is possible to design
resonators whose structure can be controlled by the mechani-
cal impact or the heating effects of the incident EM radiation.
The tunable changes in the resonant wavelength can be
exploited in a wide range of applications, such as reconfig-
urable [8—11] and nonlinear [12,13] metamaterials.

At resonance, the EM fields in metamaterials and plas-
monic structres are strongly concentrated at specific loca-
tions. As a result, the electromagnetically induced forces on
the resonating units can be orders of magnitude larger than
the conventional photon force on an ordinary reflecting
surface [14-21]. Measurement or exploitation of the
enhanced electromagnetic forces in metamaterials, however,
is nontrivial because the strong currents induced in the
metallic resonating elements also lead to heating. The
mechanical deformations arising from such thermal effects
are commonly associated with photothermal forces. In
conventional materials, separating the effects of the EM
force and the photothermal force often relies on the different
time response of the mechanical structures [22]. Unlike the
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EM force that is exerted almost immediately on the structure
as the radiation is turned on, there exists a time delay for the
photothermal force. When the intensity of the incident EM
radiation is time modulated at a frequency that is much higher
than the rate of thermal relaxation, the periodic mechanical
response to the photothermal force becomes negligible
compared to the EM force, allowing these two effects to
be separated from each other. For metamaterials, measure-
ment of the enhanced EM force exerted on the resonating
units, to our knowledge, has not yet been reported.

In this Letter, we measure the force exerted by micro-
wave radiation on an EM resonating system consisting of
centimeter-sized metallic parallel plates, in which the top
plate is suspended by springs. The mechanical oscillations
of the movable plate in response to the amplitude-
modulated microwave radiation are detected capacitively.
We carefully distinguish the direct EM force from the
photothermal force. At the microwave resonance of
~14.5 GHz, the EM force induced on the top plate is
observed to be directed away from the metalized substrate.
At an incident microwave power of 200 mW, the magnitude
of the force is measured to be 60 nN, ~100 times larger
than the conventional radiation force. Both the direction
and the magnitude of the measured force agree well with
numerical calculations.

Figure 1(a) shows the parallel-plate resonant unit used in
experimental measurements. It consists of a gold-coated
nickelplate (1 cmby 1 cminareaand25 pmthick)suspended
above a gold-coated silicon substrate by two springs (5 mm
by 1 mm by 25 pum) centered on opposite sides of the plate.
The upper metal plate and the metal-coated substrate forms a
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FIG. 1 (color online). (a) Top view optical image of the parallel-
plate resonant cavity. The square top plate in the middle is
suspended by two springs. (b) Schematic cross section of the
structure showing the charge accumulation and antiparallel
induced current at microwave resonance. The magnetic (c) and
electric (d) field distributions in the gap at microwave resonance
are shown with the magnitude represented by the color scales.
The magnetic field points along y in (c) and the electric field
points along z in (d). The microwave beam is incident along -z
with unit amplitude, with electric field along x.

cavity to confine the EM wave. The initial gap between the
movable plate and the substrate is 110 ym, set by an SU8
layer that is lithographically patterned to form spacers at the
periphery of Fig. 1(a) on which the frame of the suspended
plate is placed. As shown in Fig. 1(b), a microwave horn is
positioned on top of the resonant cavity. It emits microwave
with the electric field, magnetic field, and the wave vector
pointing along the x, y and z directions, respectively. In this
configuration, a radiation pressure is exerted in the direction
normal to the movable plate. The resonant cavity and
microwave horn are both placed inside a bell jar that is
evacuated to pressures lower than 9 x 1073 torr.

The EM energy stored between the metal plates attains a
maximum at microwave resonance. In the cross sectional
schematic shown in Fig. 1(b), we consider the antisym-
metric mode in which the time-varying magnetic flux
(normal to the page) leads to a periodic oscillation of
current that flows along opposite directions in the top and
bottom plates. The current oscillations are accompanied by
the periodic buildup of positive and negative charges at the
left and right ends of the plates [Fig. 1(b)]. As a result, both
magnetic and electric forces are generated on the plates.
The antiparallel induced currents lead to a repulsive
magnetic force between the plates. Due to the current
flow, opposite charges accumulate periodically at the ends
of the two plates, resulting in an electric Coulomb
attraction. The net time-averaged total force is the sum
of the repulsive magnetic and attractive electric forces. For
a parallel plate system, it can be proven that repulsive
magnetic and attractive electric forces tend to cancel each

other as the size of the plate increases to infinity [17].
However, for a finite-sized parallel-plate structure, the
electric field leaks out at the edges of the cavity, reducing
the magnitude of the electrostatic attraction. In contrast, the
magnetic field is concentrated at the center of the cavity and
the magnetic repulsion is therefore much less susceptible to
edge effects. As a result, the incident microwave generates
a net repulsive force between the movable plate and the
substrate. Figures 1(c) and 1(d) show, respectively, the
calculated induced magnetic and electric field distribution
at microwave resonance. The field amplitude in the cavity
is enhanced by up to 80 times relative to the incident
microwave. At resonance, the magnitude of the induced
EM pressure on the top gold plate exceeds the conventional
radiation pressure by a factor of ~100. Similar enhance-
ment of radiation pressure has been theoretically predicted
for a simpler two-dimensional case [17].

It is instructive to distinguish the aforementioned mecha-
nism for microwave radiation pressure enhancement to that
in Fabry-Perot cavities in optomechanics. In the latter, the
radiation pressure on the mirrors is enhanced as the photon
bounces back and forth many times between the mirrors.
Typically, the separation between the mirrors is much larger
than the wavelength of light. The condition for resonance
is satisfied when the separation is an integer multiple of
half wavelengths. In our system, the underlying mechanism
is fundamentally different as the effect arises due to the
excitation of coupled resonances [16—18] on the parallel-
plate system. The gap between the two plates is about a
factor of 200 smaller than the resonant wavelength, and the
dominant factor in determining the resonant wavelength is
the size of the plate rather than the gap between the plates.

Motion of the top plate can be described by the equation

Pyt wdz = F/m. (1)

where z is the displacement out of the substrate, m is
the mass, y is the damping constant, @y = \/k/m
(1445 rads7!) is the natural frequency for the mechanical
oscillations, and k is the spring constant. For the different
gas pressures used, the quality factor of the mechanical
vibrations ranges from 29 to 115. The external applied
force F consists of three components,

F=F pwave +F thermal +F electrostatic » (2)

Fwave 18 the electromagnetic force associated with the
current and charge buildup induced by the microwave as
described earlier, time-averaged over a microwave period.
F thermar 18 the photothermal force, which originates from the
Ohmic heating due to current induced by the microwave,
as we will discuss in detail later. Both F, .y and Fermal
are proportional to the microwave intensity. The last term,
F gecrostatic» Tepresents the electrostatic force that is used
for calibration. When a potential difference V is applied
between the top plate and the substrate via the conductive

045504-2



PRL 112, 045504 (2014)

PHYSICAL REVIEW LETTERS

week ending
31 JANUARY 2014

springs, an attractive force with known magnitude is
generated. In Eq. (2), each term contains a dc component
and a periodic modulation with frequency ranging from
~0.1 wy to ~100 wy. For a chosen microwave frequency,
the dc components of all the forces are kept constant. In the
following analysis, we focus on the periodic components.

Vibrations of the top plate are detected capacitively
through induced modulations on a carrier voltage signal.
When the top plate is displaced in response to external
forces, the capacitance C, between the top plate and the
substrate changes. As shown in Fig. 2, two ac voltages, V
and V,, of the same frequency (f, = 100 kHz > w,/2x)
and amplitude (100 mV) but opposite phase are applied to
the bottom plate and one plate of a fixed capacitor C, that is
chosen to be close to C,. The top plate and the other plate of
C, are connected. As the top plate vibrates, the initial gap d
is increased by an amount z, leading to changes in C,. As a
result, the amplitude of the carrier signal on the top plate
is modulated by the plate motion. The voltage on the top
plate is measured with a lock-in amplifier referenced to f ..,
yielding an output Vg, that is proportional to the
displacement z, with a proportionality constant a. We
define z to be positive when the top plate moves away
from the substrate.

To find the proportionality constant « that relates voltage
to displacement, we add a voltage V. + V,.cos(wt)
between the two plates, where V. (0.6 V) is much larger
than V,. (0.1 V) and @ ~ @w,. The periodic electrostatic
force generated is given by Fojecostaic = Fe COS(@t), where
F, = —€V 4.V, A/d* with the negative sign indicating
that the force is directed towards the substrate. The
displacement of the top plate in response to a periodic
force with time dependence of cos(w?) can be written as

7 = Pcos(wt) — Q sin(wt). (3)

If the external force F only has the Fgjecirostaic COMponent,
Eq. (1) yields

Vac
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FIG. 2 (color online). Motion of the top plate is detected
capacitively. Changes in C, are measured by a capacitance bridge
with carrier ac voltages V. and V. at 100 kHz. During
electrostatic calibration, an ac voltage V. cos(wt) is added to
the bottom plate and the microwave modulation frequency is
increased to ~100 @y, so that mechanical vibrations are solely
excited by the electrostatic force. In the detection of the EM force
due to the microwave, the electrostatic force is turned off and the
microwave modulation frequency is chosen to be ~w, to excite
the mechanical resonance.

P+iQ =F,/m/(0} — &* + iyw), “)

which shows that measuring P(®) and Q(w) can determine
mechanical properties of the oscillator system as charac-
terized by @, and y. Figure 3(a) plots P and Q as a function
of w, yielding fitted values of w, and y of 1440 rads~! and
85.1 rads™!, respectively. a is then determined by the ratio
of the amplitude of the oscillations in Vg, to the vibration
amplitude R = /(P? + Q) as calculated with Eq. (4). In
the P — Q phase space shown in Fig. 3(b), the red arrow
represents the mechanical resonance, where the oscillation
amplitude attains maximum and the phase lags behind the
periodic electrostatic excitation by z/2. As we will describe
later, the microwave radiation remains on during this
calibration procedure, with a modulation frequency much
higher than . Due to the narrow linewidth for mechanical
resonance, vibrations induced by the microwave at @, are
negligible during calibration.

Next, we turn off the periodic electrostatic force by
setting V. to zero and study the forces generated by the
microwave radiation. We choose the microwave frequency
to be 14.35 GHz and the frequency for amplitude modu-
lation to be close to w,. The intensity of the microwave
is given by I, + Iycos(wt), where I; and I, are time
independent. In Fig. 3(b), the blue triangles represent the
vibration quadratures P and Q obtained from capacitive
detection. Specifically, Vg, measured by the lock-in
amplifiers are scaled by the proportionality constant a to
yield the plate displacement. The most prominent feature
is that the vibrations are out of phase compared to those
generated by the electrostatic force. In other words, the
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FIG. 3 (color online). (a) The mechanical oscillation quad-
ratures P and Q that are in phase and out of phase with the
periodic electrostatic drive (diamonds) and modulated microwave
intensity (triangles), respectively, as a function of w. The lines are
fits using Eq. (4). (b) The phase space of P and Q. The red
diamonds represent mechanical vibrations in response to the
periodic electrostatic force [same data as plotted in (a)]. The
blue triangles, purple circles, and green squares represent
responses to the modulated microwave at microwave resonance,
at pressure of 8.6 x 1073, 2.5x 107, and 2.8 x 107 torr,
respectively. The incident microwave power is 200 mW. The
arrows indicate the mechanical resonance where the vibration
amplitude attains maximum. Inset: R, yave @nd Rypermar depict the
vibrational response t0 F, e and Fyema, respectively, at
2.5 x 107 torr. R,y is the overall response.
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EM force generated by the microwave is opposite to the
electrostatic force, which means that the EM force tends to
increase the separation of the plates. Here, the bell jar is
kept at 8.6 x 1072 torr. As we will demonstrate below, at
this pressure the periodic component of Fyerma 1S negli-
gible compared to that of F, yye.

Fhermal 18 associated with the Ohmic heating of the
current induced by the microwave. The incident microwave
leads to a rise of the temperature of the entire parallel plate
structure. Due to the difference in thermal expansion of the
metal, the SUS8 spacer, and the silicon substrate, the springs
are deformed. By using a capacitance bridge to measure the
capacitance between the top plate and bottom electrode, we
take into account the change in the gap d when the device is
under microwave illumination. As we mentioned before,
we keep the value of 1, and 7, constant for the measurement
of Fleecrrostaic and  Fywave- Furthermore, whenever the
microwave frequency is changed, we wait for the temper-
ature to stabilize before performing any force measurement.
Such a procedure ensures that the proper value of d is used
in the calibration of a, so that the heating effects are
properly accounted for. In Fig. 4, the solid blue squares plot
the measured value of F), . as the microwave frequency
is varied from 13.5 to 15 GHz. F, . attains a maximum
of ~60 nN at ~14.5 GHz, where the induced currents and
charges are the strongest due to microwave resonance. The
positive values represent the fact that the direction of the
forces is out of the substrate. Numerical simulation results
of F, wave are shown as the red line, where the changes in d
due to the thermal effect at different microwave frequencies
are measured and taken into account. The numerical
evaluation of F . involves two steps. First, the total
EM fields are calculated using numerical field solvers
[17,23-25] based on the exact geometry of the sample. We
then calculate the time-averaged force using the Maxwell
stress tensor method [26] as (F) = ¢, (T) - AdA, where
T_ij = €OEiEj +HOH,H/ — (1/2)(€0E -E +,MOH . H)éll are
the stress tensor elements and (---) stands for time
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FIG. 4 (color online).  F), yaye is measured for two values of bell
jar pressure at the incident microwave power of 200 mW. The blue
squares are measured at 8.6 x 1073 torr where the thermal dis-
sipation is sufficiently high so that F',;m, 1S negligible. The purple
circles are taken at 2.5 x 10~ torr where F ywave aNd Fipermg are
comparable, so that it is necessary to extract F, . by fitting to
Eq. (6). Numerically calculated values are shown by the solid line.

averaging. The Maxwell tensor gives the time-averaged
total force (F) after integrating over a virtual box enclosing
the top plate, where the box surface and the unit normal
vector are denoted by 9Q and 7, respectively. We note that
the Maxwell tensor approach gives the direct radiation
force due to the EM fields. The indirect effect due to
heating is not included. Measurements agree well with the
numerical simulations, accurately matching the position,
magnitude, and shape of the microwave resonance.
Comparing our measured EM force due to the resonance
to the regular radiation force on a perfectly flat conducting
surface, we find that the former exceeds the latter by a
factor of 100 and the directions are opposite to each other.

In addition to F, 4y, the amplitude modulation of the
microwave I cos(w?) produces time-periodic Ohmic heat-
ing effects that are localized at specific locations of the top
plate as determined by the spatial distribution of the
induced current. The periodic stress associated with ther-
mal expansion generates the ac component of Fiyermar- Its
sign and magnitude strongly depend on the composition
and geometry of the sample. For the blue data points in
Fig. 4, the bell jar pressure is maintained at 8.6 x 1072 torr.
The thermal conductivity of the gas is sufficiently high so
that the contribution of Fema 1S negligible compared to
F wave- If the gas pressure is reduced, F'yerma increases due
to the decrease in local thermal conductivity. Even though
both Fierma and F,y,. have ac components that are
proportional to I, their effects on the top plate can be
distinguished from each other from the phase delay of the
induced mechanical vibrations. The direct EM force F, yqve
is generated by the current and charges induced by the
microwave. Its dependence on the amplitude modulated
microwave is almost instantaneous. In contrast, Fermal
arises due to Ohmic heating that is associated with electron-
phonon coupling and heat transport. Due to the finite
thermal response time of the structure, there exists a time
delay between Fpema and the microwave intensity mod-
ulations. The effects of the periodic components of Fi,ermal
on the mechanical vibrations become observable when we
lower the gas pressure to reduce the local thermal dis-
sipation. In Fig. 3(b), the purple circles and green squares
represent the measured quadratures of oscillations P and Q
for bell jar pressures of 2.5 x 107* and 2.8 x 10~ torr,
respectively. As the pressure decreases, the mechanical
resonances indicated by the arrows rotate counterclockwise
in the two-dimensional phase space. Since F, 4y 18 inde-
pendent of gas pressure, the phase delays shown in Fig. 3(b)
are associated with the effects of Fcma On the mechanical
vibrations that increase with decreasing pressure.

Itis possible to distinguish between F, v and Fipermy if
we assume an exponentially delayed impulse response
function for the latter, h(7) = 1 — exp(—t/t). The forces
induced by the microwave radiation can be written as [22]
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Fﬂwave(t) = cll(t)’

Faema(f) = / T e, )

dr
where () is the intensity of the microwave. ¢, and ¢, are
proportionality constants that depend on the microwave
frequency, attaining maxima at the microwave resonance.
For fixed gas pressure, f, remains constant as the micro-
wave frequency is varied. By substituting Eq. (5) into
Eq. (1), the amplitudes of the two quadratures of mechani-
cal vibrations in response to I(7) = I cos(wt) are given by

c1 + ¢/ (1 + iwty)

2

P+iQ =1 .
Q=1 m(w} — w* + iyw)

(6)

At high modulation frequency, wt, — oo, the effect of
F hermar 18 negligible. For instance, this condition is satisfied
during electrostatic calibration where the microwave
modulation frequency is set to 20 kHz. When wt is small,
1/(1 + iwty) ~ e~ representing a relative phase lag
between the mechanical response t0 Fyave and Fipemar-
The solid purple line in Fig. 3 represents a fit to P and
Q at 25x10"*torr, yielding fitted values of
—40.2 nmrad®’s2W-!g!, —46.1 nmrad’s 2> W~ g1,
and 0.62 ms for ¢, ¢,, and 1, respectively. By repeating
this fitting procedure for different microwave frequencies
f, we verify that ¢y, remains largely unchanged while ¢, and
c, attain peaks at the microwave resonance, provided
that the gas pressure is kept constant. In Fig. 4, we plot
the dependence of F, e = ¢1/y on microwave frequency
ranging from 13.8 to 14.8 GHz at 2.5 x 10~ torr as purple
circles. For measurements beyond this range of microwave
frequency, the fitting did not return consistent results because
of low signal levels. At this gas pressure, Fipema and F yave
are comparable in magnitude, with Fyerma ~ 1.1 F)yaves
throughout the range of microwave frequencies. The good
agreement with the numerical calculations and with the
measurements at 8.6 x 1073 torr (where thermal effects are
negligible) supports the validity of the model.

In summary, we have experimentally demonstrated that a
strong repulsive radiation force between the two plates can
be induced by the incident microwave radiation. By care-
fully distinguishing the direct EM induced force and the
indirect photothermal force, the EM force is found to be
two orders of magnitude larger than the ordinary radiation
force. Our work opens the possibility for exploiting EM
induced forces in micromechanics, such as the construction
of tunable and nonlinear metamaterials, in the microwave
regime. With qualitatively similar enhancement of the
photon pressure already predicted theoretically for plas-
monic cavities at optical frequencies [18], it is promising
that further progress can be made in different frequency
regimes by exploiting resonance-enhanced EM forces in
metamaterials made up of an array of resonating units.
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