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Abstract
We present a method by which the relatively weak electromagnetic force exerted on a surface can
be dramatically enhanced. By structuring a metal surface at the nanoscale, we show that the force
can be substantially increased over that on the planar metallic surface. The basis for this effect
is found to be cavity-enhanced fields and the excitation of surface waves, and results are related
to theory. In practice, this force enhancement could be expanded to other materials in various
frequency regimes. This larger sensitivity to electromagnetic force should facilitate an expansion

of applications related to optomechanics.

PACS numbers: 78.68.4+m; 78.67.-n; 78.20.-¢; 78.70.-g; 45.20.da



The radiation pressure on a mirror was measured more than one century ago', and
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subsequent experiments have yielded more information®. Other experiments have shown

traps that result from a spatially varying electromagnetic field that influence polarizable
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media®*, which is the basis of laser tweezers®. More generally, electromagnetic forces in

micro-scale systems have produced an array of possible applications®, and resulted in the

6.7 In pursuing applications related to the mechanical response of

field of optomechanics
structured material to incident electromagnetic radiation, the description of the force density
on that length scale is required (see, for example,®).

The fact that electromagnetic fields, created by charges, can instantiate a force on other
charged particles has been known since the time of Coulomb. Lorentz mathematically de-
scribed the force on an electron in vacuum as F = gE+qv x uoH, where E is the electric field,
H is the magnetic field, ¢ is the charge (on the electron), v is the instantaneous velocity,
and pi is the free space permeability (and SI units are implied)®.

The description of the electromagnetic force density has been presented by Einstein and
Laub'® and others!' !¢, This theory has two terms associated with the force that are con-

11 arises from the flow of

sistent with experiments. The radiation pressure on the medium
energy associated with the electromagnetic field’s Poynting vector?. The spatially varying
field produces a divergence term!! that results in a lensing effect when a laser illuminates
a liquid'”. While there has been some debate as to how to describe electromagnetic mo-
mentum in the context of the formation of a force expression, experiments have elucidated
pressure and spatial field variation components that are captured by Einstein and Laub!?!8
and are consistent with a coupled system picture'!.

Our analysis herein demonstrates that by structuring the surface of a metal, one can
achieve a larger, and in some cases considerably larger, electromagnetic force acting on the
metallic sample than is possible without the nanostructure. We consider cavities in a gold
(Au) surface, as in Fig. 1(a), and the sawtooth structure of Fig. 1(b). A planar metal film
illuminated by a normal plane wave experiences only a radiation pressure component of the
force. By structuring the surface of the metal, the spatial variation of the fields inside the
metal and near to the surface result in an additional and much larger force component in
the same direction as the radiation pressure. Consequently, it becomes possible to increase

the sensitivity of mechanical actuation using electromagnetic forces from, for example, a

laser. The enlarged force could intensify the cavity response of induced optomechanical



oscillators®, enhance optical cooling of micromechanical oscillators and micromirrors'®2°,

7,21,22

allow for greater control of photonic/optomechanical devices , and produce greater sen-

sitivity in sensors utilizing optomechanical oscillation??.
We utilize a force description that we have discussed in our previous work?* 27 that has
been developed by Penfield and Haus'! and is consistent with the Einstein and Laub form!°.

Using this description, the electromagnetic kinetic force density in material media becomes

f—axuoH— ot X€0E+pE
—uH x J + (P -V)E + po(M - V)H, (1)

with f having SI units of N /m3 and P the polarization, M the magnetization, J the free
electric current density, p the free electric charge density, and ¢, the permittivity of free
space. In our special case, the free current and free charge densities will both be zero, and
we also assume there is no magnetic material response, so the terms involving M in (1) are
zero. Consequently, one term in (1) describes the radiation pressure, 0P /0t x poH, and
one the gradient force, (P - V)E. Our interest here is the force that can be exerted on a
structured metal surface by laser light, and from (1), the force density within the metal
becomes

p
= = < wH + (P - V)E. 2)

We consider a time-harmonic, monochromatic field with frequency dependence exp(—iwt)

f

and an isotropic dielectric response, giving P(r,w) = ¢yxg(r,w)E(r,w), with xg the electric
susceptibility (and dielectric constant € = 1+ yg). With the frequency domain implied, the

polarization can then be written as

P(r,t) = ég[xE(r)E(r)e_M + c.c, (3)

where € is a unit vector, E is the phasor electric field, and c.c. represents the complex
conjugate of the first term inside the brackets. By defining E and H similarly, the time
average of the force density in (2) becomes

~

(f) = (@ x N5 S{xe L) H' ()

2

+ S R{(wEr) & V)(@E(x)), (4)

where {-} is the real part and {-} is the imaginary part. Following a numerical solution for

the fields, we use (4) to obtain the time-averaged force density, and then form the pressure
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by integrating the y—component of the force density over the depth of the structure as
(py) = P~ [{f,)dxdy, using the example of Fig. 1(a) where the period in the z-direction is
P, with units of N/m”.

Consider the two structured Au metal films in Fig. 1 with free space above and below.
A 2D numerical finite element method solution?® for the fields used periodic boundary con-
ditions on the left and right and assumed a plane wave normally incident from above with
E,, H, (note the coordinate system in the lower left of each figure). The top and bottom
surfaces of the simulation domain were implemented as port boundaries so that the scattered
waves are absorbed to simulate semi-infinite domains. A wavelength of 633 nm was used
and the complex dielectric constant for Au was taken from the literature®®. We studied the
arrangement of Fig. 1(a) with 30 nm and 60 nm wide slots of varying depths, as well as the
sawtooth geometry of Fig. 1(b). With the polarization considered, plasmonic cavity modes

t30. We analyzed a number of structures to evaluate the influence of a

can form in the slo
nanostructured surface on the optical force experienced by the sample. In order to consider
a situation representative of an experiment, the Poynting vector of the incident plane wave
was normalized for an illumination power density equivalent to 1 mW over a uniformly
illuminated circular spot size of diameter 1 pm.

For the slot geometry of Fig. 1(a), we solved for the fields for slot widths (W) of 30 nm
and 60 nm, and depths (D) ranging from 1 nm to 90 nm, in steps of 1 nm. Field plots
for three slot depths for the 60 nm wide slot are given in Fig. 2. Note that as the slot
depth is increased, the cavity passes through a resonance (as measured by the integral of
the magnitude of the field in the cavity), the case of Figs. 2(c) and (d). We calculated
the average force density from (4) using the numerical solutions for the fields, and upon
integration over the thickness of the film, found the pressure on the Au film, (p,). Plots
of the y—component of force density, (f,), are given in Fig. 3 for a 30 nm wide slot and
slot depths of 1, 51, and 81 nm. Notice that the force distribution varies considerably as a
function of slot depth.

The field solutions and y—component of force density for the sawtooth structure of
Fig. 1(b) are shown in Fig. 4. While the force density is large near the vertices in the
Au, the net force is not as large as can be achieved with the resonant slot structure, where
a resonance can be excited with the normally incident field. However, the pressure on the

sawtooth is still higher than results from a planar Au film. For comparison, Table I gives



macroscopic pressures for each nanostructured surface. While the sawtooth produced a
slightly higher pressure, the Au film with slots at resonance resulted in a dramatic increase
in the pressure. With the narrower slot a higher quality factor resonance results, and the
concomitant increase in the field strength in the cavity produces an increased pressure. Note
that the fields can have rapid spatial variations that impact both the magnitude and the
sign of the local force density, as illustrated in Fig. 3 and Fig. 4(c).

In order to develop a better picture of the relative force enhancement as a function of slot
geometry, Fig. 5 gives the pressure, (p,), for the 30 nm and 60 nm slot widths as a function
of slot depth with a (normalized) input power density of 1 W/m?. The maximum pressure
occurs at the resonant depth, and the peak pressure is higher for the 30 nm slot case.

Consider the simple approximation where the planar Au surface is treated as a perfect
electric conductor (PEC), which assumes that the imaginary part of the dielectric constant
approaches plus infinity or, equivalently, that the real part approaches minus infinity. Con-
sequently, the skin depth goes to zero and the total field in the incident half-space has zero
tangential electric field and a maximum in the magnetic field. The radiation pressure on

this surface becomes'®

(n,) = 45_,k _ 4S_y’ (5)

w C

where S_, is the incident power density (Poynting vector magnitude in the —y-direction), k is
the (free space, in this case) wave number, and ¢ is the speed of light in vacuum. Normalizing
to S_, = 1 W/m?, we find an analytical macroscopic pressure of 1.33 x 107® N/m? on the
PEC. The value we found through simulation for a planar Au (with e = —11.82 + 41.23)
surface was 1.29 x 107® N/m?, which is the zero slot depth result in Fig. 5.

To ascertain the primary mechanism by which this force enhancement occurs, consider
a decomposition of the pressure into two components, one corresponding to the radiation
pressure term, or cross term, in (2) and the other to the diverging electric field term, or
divergence term. Figure 6 shows the numerical results of this decomposition. Far from
resonance, the term associated with radiation pressure dominates (for cavity depths less
than about 35 nm and greater than 90 nm). This is because there is relatively little spatial
variation of the field. As can be seen in Fig. 3(a), where the surface is almost perfectly planar,
the force density is significant within about one skin depth of the surface. As resonance is
approached, the magnitude of the fields in the cavity increase, as does the spatial variation

of the field, leading to an increase in the divergence term, as in Fig. 3(b). At resonance,

bt



the divergence component dominates, and is thus primarily responsible for the significant
force enhancement. Further analysis of Fig. 3(b) shows an enhancement of the force density
near the top surface when the slot is resonant. We interpret this to be due to the more
efficient excitation of the surface wave on the top surface of the metal film when the cavity
is resonant, and that this surface wave contributes to the pressure on the film, thus yielding
an increase in the cross term as well. The periodic boundary condition on the left and
right of the computation domain results in a standing surface wave, and this is evident in
Fig. 2(f).

By conservation of momentum, the greatest momentum an electromagnetic wave could
impart is twice the incident momentum, which would happen in the case of total reflec-
tion. This momentum exchange has been measured to depend of the refractive index of the
background?!. The kinetic force density, as described by (1), depends on both the spatial
variation of the fields and the homogenized material parameters. As we have demonstrated,
it is possible to substantially enhance the total force through control of the nanostructure.
It should be noted that this does not inherently violate conservation of momentum, as mo-
mentum and force are interrelated, but distinct. It is presumably also possible to further
control the force through the material properties, the sign of the real part of the dielectric
constant (metal or dielectric), and the imaginary part (loss or gain®). Also, one could po-
tentially use magnetic materials to further enhance the force density, thereby including the
two magnetization terms in (1) that we disregarded.

The pressure on the walls of a cavity results from, and can be modified by, excitation of
the cavity mode, and the increase in force on one of two metal plates has been shown to
increase at the resonant wavelength2. In contrast, we have shown that the total pressure on
a contiguous metal film can be increased over the planar case, which is quite distinct. In the
cited work, the roughness is found to increase the magnitude of the pressure at resonance
and to make it more negative on the back mirror (with the positive direction being that
of the incident Poynting vector). In the situations we consider, the roughness increases
the pressure (makes it more positive) with respect to the flat film in all cases. We find
it interesting that in our work, nanostructuring resulted in an increase in pressure, while
earlier work related to the Casimir force found the structuring of a metallic surface reduced

that force33.

It is certainly possible to build such a nanostructured surface, as in Fig. 1, through meth-



134 or focused ion beam milling. This could allow

ods like resistless nanoimprint into meta
one to not only experimentally verify our results, but utilize them in significant applications
as well. One example would be for use in optomechanical wavelength routing. By placing
nanostructures on the surface of ring resonators®?, it should be possible to achieve a greater
force or a reduced switching time. Such a switching arrangement could lead to more en-
ergy efficient routing of optical signals. The nanostructured force enhancement technique
we present could also be used to enhance the optomechanical properties of a Fabry-Pérot
interferometer. Radiation pressure has been used to cool a cavity by counter-acting the
motion of one mirror?*35. These cavities are important in fundamental quantum mechanical
and gravitational wave experiments. If one were to modify the mirror in some meaning-
ful way to achieve greater sensitivity to the optical force, it should be possible to improve
the performance through a reduction in the optical control signal power or by reducing the
response time and hence achieving a lower cavity temperature.

In all cases studied, structuring the metallic surface provides at least some increase in the
force experienced by the metal surface. The case of the resonant 30 nm slot in Au at 633 nm
resulted in approximately a 23-fold enhancement. This leads to the position that metallic
surfaces with roughness can experience greater electromagnetic force than those without
surface roughness. Presumably, pressure could be increased by increasing the density of
the nanoslots in the metal film. We also anticipate that other structured materials, such
as dielectrics, will similarly increase the pressure. In the case of the Au film studied, the
resonant slot produces both a larger cavity field and an efficient means to excite the surface
plasmon, and both contribute to the pressure enhancement. Finally, our treatment was
based on (2). We expect that other relevant models will have a cross term (the standard
radiation pressure) and a divergence term (that is used in optical tweezers), and that similar
effects will result, but possibly with differing quantitative conclusions on the enhancement.
Experiments motivated by this work could have the goal of verifying the relevant modeling
issues.

This work was supported in part by the Army Research Office under Grant W911NF-14-
1-0606 and the National Science Foundation under Grants 0901383 and 1549541.
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FIG. 1: Simulated gold (Au) metal film structures in free space: (a) slot and (b) sawtooth. For
(a), D is varied between 1 nm and 90 nm, with W set to 30 nm and 60 nm. For (b), a is 56 nm.
In all cases, the Au sample is illuminated from the top by 633 nm light (E,, H,), P is 400 nm, H

is 200 nm. Periodic boundary conditions are enforced on the left and right, are port boundaries

are on the top and bottom.
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FIG. 2: E and H magnitudes for the 60 nm slot width for slots depths of: (a) and (b) 30 nm;

(c) and (d) 55 nm; and (e) and (f) 75 nm. The power density of the incident Poynting vector is
normalized to 1 mW with 633 nm laser illumination over a circular spot size of diameter 1 pm.

For reference, resonance is achieved at 55 nm.
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FIG. 3: The y—component of the force density for the 30 nm wide slot at various slot depths: (a)
1 nm; (b) 51 nm: (c) 81 nm. The simulation has an incident power density equivalent to 1 mW
of 633 nm laser illumination over a circular spot of diameter 1 pum. For reference, resonance is

achieved at about 46 nm for the 30 nm wide slot.
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FIG. 4: Sawtooth geometry results. (a), (b), and (c¢) represent the magnitude of E, magnitude of
H, and y—component of the force density for the sawtooth geometry, respectively. The simulation

has an incident power density equivalent to 1 mW of 633 nm laser illumination over a circular spot

of diameter 1 pm.
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FIG. 5: Numerical results for the pressure as a function of slot depth in a Au film for the two slot
widths, calculated for slot depths from 1 nm to 90 nm in 1 nm steps and (py), in N/ m?, determined
by integrating the y—component of force density over the depth of the Au nanostructure. These

values are normalized to a Poynting vector power density of 1 W/m? and the wavelength is 633 nm.
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FIG. 6: Magnitude of the two force terms with the force density calculated at slot depths from
1 nm to 90 nm in steps of 1 nm for the 30 nm and 60 nm wide slots. The force density is separated
into one component due to the (V- P)E term, which we call the divergence term, and another due
to the puoH x 0P /0t term, which we call the cross term. The y—component of the force density is
separately integrated over the depth of the Au nanostructure for each term, divergence and cross.
This yields a pressure in N/m?. These values are normalized to a Poynting vector power density

of 1 W/m? of 633 nm laser illumination.
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Various Nanostructured Gold Pressure Values
Nanostructure (py) in N/ m?
Planar surface —1.29 x 1078
56 nm square sawtooth —1.77 x 1078
Resonant 60 nm slot —2.36 x 1077
Resonant 30 nm slot —3.00 x 1077

TABLE I: Comparison of calculated pressures on a planar Au surface, the sawtooth structured
surface, and two difference examples of plasmonic cavities formed by slots in the Au surface.
These results are for an incident power density equivalent to 1 mW of 633 nm laser illumination

over a circular spot of diameter 1 pm.
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