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Abstract

This project involved the investigation of the relationship between nanostructured material
and the force due to incident light and resulted in new fundamental physical understanding,
facilitating a variety of application frontiers. Our report contains an introduction to the project
in Sections 1 and 2, background on the optical force density in material, leading to pressure, in
Section 3, and summaries of research results along the following lines.

• The relationship between the Einstein-Laub electromagnetic force and the Lorentz force
on free charge has been established — Section 4.

• The pressure on asymmetric 1D cavities is presented as a means to understand the basis
of the pressure on structured surfaces — Section 5.

• The optical force on aperiodic nano-structured material relates enhanced pushing and
pulling to resonant field character — Section 6.

• An experimental demonstration shows that the force on nanostructured material can ex-
ceed that on a perfect mirror — Section 7.

• The regulation of top and bottom plasmon surface wave resonances is shown to produce
pushing and pulling, respectively — Section 8.

• An experiment to measure membrane deflection due to a force from a laser beam has been
built — Section 9.

• Designs for nanostructured membranes that could allow demonstration of pulling of a
structure using a simple laser beam for the first time have been completed and fabrication
completed — Section 10.

• Initial results for all-dielectric structures that permit a pulling force are presented — Sec-
tion 11.

• The Einstein and Laub expression for electromagnetic force density is shown to be in
agreement with the traditionally accepted Maxwell expression in the case of a plane wave
normally incident on a semi-infinite planar mirror — Section 12.

• The broader impacts of the work on science and education are summarized — Section 13.

• The publications resulting from this research are listed — Section 14.
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1 Motivation
Light from the sun supports life on earth, light is used in most communication systems, and light is
used with increasing frequency in health care. In all of these domains, it is the energy aspect of light
that is employed. Associated with the classical field energy is a photon momentum. More than one
century ago the mechanical nature of light was measured, and subsequent work showed that light has
angular momentum and can impart torque. However, relatively little use has been made of optical
forces in applications, the recent commercialization of high-power laser tweezer concepts being a
notable exception. Nanophotonic principles have led to devices that offer large fields, such as in the
presence of metals, sparking our interest in optical forces over these length scales. In particular,
resonances in various forms have played a role in achieving field enhancement that becomes useful
in source and detector device functions, and provides an increased Raman or fluorescence dipole
moment that promotes sensitive detection of trapped molecules. This background, some of which
relate to our contributions, sets the stage for our project.

Our background theoretical work suggests that the Einstein-Laub force density expression can
explain all current optical force experiment results when describing total force or pressure. Two
important experiments in this regard were the 1978 Jones and Leslie mirror experiment and the
1973 Ashkin and Dziedzic water experiment. Lacking is specific force density data that can be
used to establish a predictive theory for design. This can be interpreted as a need for a combined
nanometer-scale force experiment and model development or confirmation effort. A lack of such
a rigorous combined theoretical and experimental effort to address the physics of optomechanics
has hampered optomechanics and the exploitation of the mechanical aspects of light and, more
generally, electromagnetics. The goal of this project is to fill this fundamental need in physics, and
to draw upon our understanding developed over recent years to present applications that make use
of metamaterials and nano-structured materials. Specifically, this project is addressing force theory
and modeling and encompasses experimental studies.

2 Introduction
Tweezers: Since the invention of optical tweezers in the 1980s [1], optical manipulation has be-
come important in biology, physical chemistry, and soft condensed matter physics [2]. Forces
exerted by a strongly focused beam of light trap small objects. The range of forces realizable [2–8]
are ideal for biological and macromolecular systems research [9–11]. In addition, the ability to
transport and modify biological entities precisely [12] has led to clinical applications in in vitro

fertilization [13]. In the physical sciences, it has led to surprising findings in classical statistical
mechanics [14], including anomalous attraction [15], oscillatory colloidal interactions [16–19], and
hydrodynamic fluctuations [20]. Extending optical trapping down to the nanometer scale would
open unprecedented opportunities, allowing accurate positioning of single nano-objects. Recent
realizations made use of highly concentrated surface plasmon resonances, concentrating light well
beyond the diffraction limit [21], creating a complex near-field landscape and a large number of
traps [22]. Plasmonic nanotweezers may play a key role in future integrated analytical platforms,
i.e., “lab-on-a-chip.” They could complement current microfluidics technology, trapping a single cell
for inspection, and could benefit quantum optics research with accurate positioning of cold atoms.
These and other important potential applications of nano-optical tweezers have been discussed [21].
Our project involves study of the nanometer-scale optical force, useful in tweezing applications in-
cluding those depicted in Fig. 1. The work with optical forces may also prove useful in the study of
mechanotransduction, or the processes by which cells convert mechanical stimuli into chemical or
electrical signals. Perturbations to these signals may disrupt tensional homeostatis, and can lead
to diseases such as cardiovascular disease or cancer [23]. To study these forces, very precise control
of the applied force is required [24], which is possible using optical forces.

The desire for higher resolution and greater optical force has led to the design of smaller optical
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traps. Intrinsically, it is interesting to manipulate/observe nanoparticles, so work was initiated at
smaller length scales [25]. However, a Gaussian-focused laser beam can only be focused to a certain
extent. Unsurprisingly, alternatives have been sought for increasing the field intensity on much
smaller length scales. This has led to the use of nanostructures and plasmonics to apply optical
forces and, in some instances, to the creation of nano-optical tweezers [21]. There have also been
investigations for forces in waveguides [26] and coupled structures [27, 28]. Gold nanostructures
have been formed for the purpose of trapping particles ranging from tens of nanometers to a
few microns in radius. Such arrays can be comprised of coupled pairs of nanodots [29], radially
large, but very thin microdisks [30], bowtie nanoantennas [31, 32], or dipole nanoantennas [33].
One group fabricated Au nanopillars and tweezed particles around its periphery, rotating the said
particles by rotating the polarization of the incident illumination [34]. Despite this progress, a more
intimate understanding of the details associated with the optical forces generated by nanostructures
is essential for the development/design of new structures for the application of this incredible
technology in the future. This goal was pursued during the project.
Radiation Pressure: Radiation pressure is related to a change in momentum (between incident
and emitted photons), and it was first measured for a silver mirror more than one century ago
[35]. There has been substantial attention given to models (see, for example, [36–41]), but some
important issues remain. A key dilemma has been the determination of a satisfactory model, or
perhaps more explicitly, the correct interpretation of an existing model, to explain the measured
dependence of the force on the background refractive index in experiments by Jones and Leslie [42],
which follow earlier work by Jones and Richards [43]. Explaining the Jones and Leslie experiments
[42] has become tantamount to resolving whether to use the Abraham [44, 45] or Minkowski [46,
47] momentum forms. Jones [48] presents a nice historical summary of various contributions,
making the point that prediction of force experiments is the requirement of any theory. Thus
far, there has not been an adequate explanation for the Jones and Leslie experiments, beyond the
apparent consistency with the canonical momentum [49]. Associating the Abraham form of the
electromagnetic momentum (E×H/c2, with c the speed of light in vacuum) with the electromagnetic
energy in nondispersive media yields the single photon momentum magnitude of ~k0/n, where n is
refractive index, ~ = h/2π, with h being Planck’s constant, and k0 is the free space wave number.
Doing likewise with the Minkowski momentum (D × B) gives a momentum of n~k0. Atoms have
been measured to have a recoil momentum of n~k0 [50], important in atom interferometry with
optical gratings and consistent with the de Broglie momentum.

We explained the 1978 experiments by Jones and Leslie, showing that the radiation pressure
on a mirror depends on the background medium refractive index, using a force model [51]. Those
experimental results were predicted for the first time using a force representation that incorporates
the Abraham momentum by utilizing the power calibration method employed in the Jones and

(a) (b) (c)

Figure 1. Illustration of the optical nanotweezer function in three situations: (a) atomic force microscope (AFM)
characterization experiments; (b) trapping of nanoparticles; and (c) trapping and controlling biological molecules -
DNA, molecular motors, or as would apply in mechanotransduction studies of cells. The yellow region is metal (Au),
and the 2D and 3D cavities of various shapes can extend through the metal film on a quartz substrate.
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Figure 2. Example application space for a nanostructured surface. The central figure presents the pushing and pulling
concept from a incident plane wave (red arrows) in the way of direction control (black arrows). The satellite figures
shows the potential applications of optical communication, silicon photonics, and propulsion.

Leslie experiments. Extending the same procedure, the polarization and angle independence of
the experimental data was also explained by this model. We also proposed that the pressure on a
surface could be increased beyond that on a perfect mirror through control of the nanostructure
[52]. The concept and a suite of applications is illustrated in Fig. 2. The center figure shows
nanostructured material with a force imparted by plane wave incident from single direction can
experience a pushing force (in the direction of incident light) or a pulling force (in the opposite
direction), depending on the variables. The satellite images portray a variety of applications. This
project involves the physics of optical pressure control with nanostructured material, with impact
in applications such as those depicted in Fig. 2.

3 Optical Pressure Theory

3.1 Summary

We present background information on optical pressure obtained as an integral of force density
throughout material.

3.2 Kinetic Optical Force Density Leading to Pressure

We utilized the Einstein and Laub force density in material [53], as we have in our previous work
[54–57], and as used by others [36, 58]. Using this description, the electromagnetic kinetic force
density in material media becomes

f =
∂P

∂t
× µ0H− ∂µ0M

∂t
× ǫ0E+ ρE− µ0H× J+ (P · ∇)E+ µ0(M · ∇)H, (1)

with f having SI units of N/m3 and P the polarization, M the magnetization, J the free electric
current density, ρ the free electric charge density, ǫ0 the permittivity of free space, and µ0 the
permeability 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, ∂P/∂t × µ0H, and
one the gradient force, (P · ∇)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 non-magnetic metal becomes

f =
∂P

∂t
× µ0H+ (P · ∇)E. (2)

3



We consider a time-harmonic, monochromatic field with frequency dependence exp(−iωt) and
an isotropic dielectric response, giving P(r, ω) = ǫ0χE(r, ω)E(r, ω), with χE the complex electric
susceptibility (and dielectric constant ǫ = 1 + χE). With the frequency domain implied, the
polarization can then be written as

P(r, t) = ê
ǫ0
2
[χE(r)E(r)e−iωt + c.c.], (3)

where ê 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〉 = (ê× ĥ)
µ0ǫ0ω

2
ℑ{χEE(r)H∗(r)} + ǫ0

2
ℜ{(χEE(r)ê · ∇)(êE∗(r))}, (4)

where ℜ{·} is the real part and ℑ{·} 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 by
integrating the force density over the appropriate physical dimensions and then dividing by the
relevant area.

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
minus infinity or, equivalently, that the real part approaches plus infinity. Consequently, 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

〈py〉 =
2S−yk

ω
=

2S−y

c
, (5)

where S−y is the incident power density (Poynting vector magnitude in the −ŷ-direction), k is the
(free space, in this case) wave number, and c is the speed of light in vacuum. Equation (5) serves
as a reference. This is entirely consistent in the appropriate limit with the classical picture from
Maxwell [59], where with a free space background the pressure is

P =
S(1 + |Γ|2)

c
, (6)

where Γ is the field reflection coefficient at the mirror, S is the time-averaged Poynting vector
magnitude (the incident time-average power density), and c is the speed of light.

We summarize the original idea for enhanced pressure devices, where the force density inside
the material is integrated [52]. Consider the structured Au metal films in Fig. 3 with free space
above and below. A 2D numerical finite element method (FEM) solution [60] for the fields used
periodic boundary conditions on the left and right and assumed a plane wave normally incident
from above with Ex,Hz (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 632.8 nm was used
and the complex dielectric constant for Au was taken from the literature [61]. With the polarization
considered, plasmonic cavity modes can form in the slot [62]. We analyzed a number of structures
to evaluate the influence of a 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 µm. We calculated the average force density from (4)
using the numerical solutions for the fields for slot widths (W ) of 30 nm and 60 nm, and a sequence
of depths (D), and upon integration over the thickness of the film, found the pressure on the Au
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H

P
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Figure 3. Simulated gold (Au) metal
film structures in free space: D is varied
between 1 nm and 90 nm, with W set to
30 nm and 60 nm. In all cases, the Au
sample is illuminated from the top by
632.8 nm light (Ex,Hz), P is 400 nm,
H is 200 nm. Periodic boundary condi-
tions are enforced on the left and right,
are port boundaries are on the top and
bottom.
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Figure 4. 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 632.8 nm laser
illumination over a circular spot of diameter 1 µm. For reference, reso-
nance is achieved at about 46 nm for the 30 nm wide slot. (d) 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/m2 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/m2 and the
wavelength is 632.8 nm.

film, 〈py〉. Plots of the y−component of force density, 〈fy〉, are given in Fig. 4 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. In order to develop a better picture of the relative force enhancement as
a function of slot geometry, Fig. 4(d) gives the pressure, 〈py〉, for the 30 nm and 60 nm slot widths
as a function of slot depth with a (normalized) input power density of 1 W/m2. The maximum
pressure occurs at the resonant depth, and the peak pressure is higher for the 30 nm slot case. The
resonant 30 nm slot in Au at 632.8 nm results in approximately an order of magnitude enhancement
in pressure.

As a reference, we simulated the same plane wave incident on the planar Au surface, as shown
in Fig. 5(a). The corresponding electric field solution and y-directed force density are plotted in
Figs. 5(b) and (c), respectively. Gold can be treated as a very good reflective mirror because of its
large reflectivity for 1070 nm light. Consequently, we expect a numerical pressure value very close
to the one from (5). From Fig. 5(b), we can identify the skin effect. Using the force density result
shown in Fig. 5(c), we calculate a pressure of 2.11 N/m2, very close to the theoretical value on a
PEC mirror, 2.12 N/m2.

4 Relationship Between the Einstein-Laub Electromagnetic Force

and the Lorentz Force on Free Charge
4.1 Summary

An electromagnetic force density expression that is consistent with a development attributed to
Einstein and Laub appears to be able to describe optical force experiments done to date with ho-
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Figure 5. Simulated field and force density results are shown for a 1070 nm incident plane wave with power density
corresponding to a 1 µm radius beam and a power of 1 mW, for a planar Au surface. (a) The geometry for a plane
wave illuminating a semi-infinite Au region. (b) Electric field solution for the semi-infinite Au case. (c) y-directed
time-averaged force density for the semi-infinite Au case. The point of the simulation is to verify the force model of
(4) by agreement with the theoretical value from (5).

mogenized media. However, a major question that has persisted for about one century relates to
the apparent discrepancy with the usual interpretation of the force description due to Lorentz in
magnetized media. Specifically, it had appeared that the Einstein and Laub force density incorpo-
rated only the free space permeability in relation to the force on the electric current density. It is
shown here for what appears to be the first time that the Einstein and Laub force density is con-
sistent with the Lorentz picture in the static limit. This resolves a key impediment in establishing
a unified force density description for electromagnetic waves interacting with matter. This work
has been published in Physical Review B [63].

4.2 Obtaining the Lorentz Force from the Einstein-Laub Force

Understanding the force due to electromagnetic fields is fundamental and of importance in appli-
cations like optical tweezers [2, 64] and the study of optical traps [50]. Consequently, the perti-
nent theory has received substantial attention during the past century (see, for example, [36, 38–
41, 53, 53, 55, 65–76]). However, a key and apparently open question has been the description of
the electromagnetic force density in magnetic media [36]. In particular, the theory attributed to
Einstein and Laub [53], used to explain important experiments [51, 58], has appeared inconsistent
with the description due to Lorentz [65] in magnetized media, which is supported by experiments
done by Hall [77] and work on electron beams in magnetized media [78, 79]. It is shown here,
evidently for the first time, that the Einstein and Laub theory is consistent with that of Lorentz in
magnetized media in the static limit, thereby providing a unified description of the force density in
homogenized media.

The Lorentz force density (N/m3) is commonly written as

fL = ρE+ J×B, (7)

where ρ (C/m3) is the free electric charge density, E (V/m) is the electric field intensity, J (A/m2)
is the electric current density, and B (T=Wb/m2) is the magnetic flux density. Equation (7) stems
from a static picture of stationary charges and steady state currents. It has no information related
to photon momentum or the wave character of light, although of course an electromagnetic wave
can establish a charge density and a current density in a material.

A focus of Lorentz was on charges moving in vacuum [65], where in (7)

B = µ0H, (8)

with µ0 (H/m) the free space permeability and H (A/m) the magnetic field intensity. However, in
homogenized magnetic media having magnetization M (A/m), one has [80]

B = µ0(H+M). (9)
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Early evidence for the use of (9) in (7) came from the resistivity experiments of Hall in ferromagnetic
media, and he provided an explanation in terms of magnetization [77]. This has been understood
as a spin-orbit effect and described with H and M contributions [81]. The related anomalous Hall
effect is the subject of substantial recent interest [82]. While some experiments gave conflicting
pictures [83] (see the introduction), a result showing the deflection of mesons by magnetized iron
also suggested that use of (9) in (7) is correct [83]. Electron microscopy has been used to deter-
mine the distribution of magnetism [84], and those experiments also support use of magnetization
(M) in evaluating the force on a beam and indicate that in the situations considered the applied
field (H) was unimportant. Subsequent work indicated sensitivity to magnetized material states
[78, 79], and the characterization method became known as Lorentz microscopy. Therefore, as is
broadly understood, experimental evidence overwhelmingly supports use of (9) in (7). This es-
tablished background is projected against an apparent discrepancy with a rigorous theory for the
electromagnetic force density that presumably should approach (7) in the static limit.

The particular challenge of relevance here has been that J×µ0H appears in the electromagnetic
force density attributed to Einstein and Laub [53], and the explanation has presented an open issue
for a very long time (see, for example, [36, 85]). It is shown here that in fact the Einstein and Laub
force density expression is in agreement with Lorentz and (7) together with (9) in the static limit.

The force density attributed to Einstein and Laub [53] (fEL N/m3) and used by many [36, 54,
55, 68, 71–73, 76] is

fEL =
∂P

∂t
× µ0H− ∂µ0M

∂t
× ǫ0E

+ ρE+ J× µ0H+ (P · ∇)E+ µ0 (M · ∇)H, (10)

where P (C/m2) is the polarization and ǫ0 (F/m) is the free space permittivity. The corresponding
stress tensor is [51]

TEL =
1

2

(

ǫ0E
2 + µ0H

2
)

I−DE−BH, (11)

where I is the identity matrix, D (C/m2) is the electric flux density, and, for example, DE is
a dyadic product of two vectors with elements (ab)ij = aibj [36]. This stress tensor is arrived
at through incorporation of coupled electromagnetic, polarization, and magnetization systems [51].
For general material arrangements, (P·∇)E and (M·∇)H in (10) can be nonzero, and the identities

− (∇ ·P)E = −∇ · (PE) + (P · ∇)E (12)

− (∇ ·M)H = −∇ · (MH) + (M · ∇)H (13)

indicate that PE and MH provide a contribution in (11).
In vacuum and for the static limit, (10) produces ρE + J × µ0H, the Lorentz result in (7),

providing confidence. The relevant point related to the credibility of (10) addressed here is the
static limit in magnetic materials, and consistency with the work of Lorentz (7). Equation (10) has
J× µ0H, while static experiments suggest that it should be J×B. Introducing an electron beam
into a sample, where we make the assumption of uniform velocity, would appear to be captured in J.
Therefore, at least superficially, there appears to be an issue with consistency between (10) and (7).
It has earlier been proposed that the root of the issue is that (10) applies to local, homogenized
media, and the situation of charges passing through material is more complicated and may not
conform [36]. However, J can be viewed as an impressed current (a mathematical source) that can
encompass Ohm’s law and the steady current when ∂P/∂t → 0, or is an equivalent current (in
the Huygen’s sense). A legitimate electromagnetic force theory should capture this as the circular
temporal frequency (ω) approaches zero, i.e., in the static limit. Therefore, consider more carefully
the static limit for (10), where terms involving a time derivative are removed.
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Use of the identity (∇b) · a = (a · ∇)b+ a× (∇× b) with tensor operation (∇b)ij = ∂bj/∂xi,
gives

(∇H) ·M = (M · ∇)H+M× (∇×H). (14)

Using (14), and with reference to (10),

µ0(M · ∇)H = µ0(∇H) ·M− µ0M× (∇×H)

= µ0(∇H) ·M+ J× µ0M, (15)

with application of Ampere’s law for magnetostatics, neglecting displacement current (to investigate
the relationship between (10) for the static case and the Lorentz result). With (15), and considering
the two relevant terms in (10),

J× µ0H+ µ0(M · ∇)H = J× µ0H+ µ0(∇H) ·M+ J× µ0M

= J×B+ µ0(∇H) ·M
= J×B, (16)

where the approximation assumes that the local, mean field is constant over the length scale of in-
terest (∇H = 0), appropriate because this is a force density. The force density here is a macroscopic
quantity and is applicable with spatial averages (mean field) over a length scale appreciable relative
to inter-atomic distances [86, 87]. The assumption of a constant local field is also compatible with
the local homogenization of materials [87] (and a more recent example from metamaterials [88]).
Equation (16) indicates that (10) is consistent with the result from Lorentz for the static force on
a free current density J, expressed in (7). This key point does not seem to have been recognized
previously.

Consider now the electrostatic situation. Using the same vector identity that led to (14),

(∇E) ·P = (P · ∇)E+P× (∇×E)

= (P · ∇)E

= 0, (17)

because the electrostatic field is conservative and hence has zero curl, and with the assumption of
a locally constant field, ∇E = 0, so from (17), (P · ∇)E = 0.

With use of (16) and (17) in (10), and in the static limit,

lim
ω→0

fEL = ρE+ J×B = fL, (18)

in agreement with (7). Equation (18), showing the force density on a free charge distribution, is
the central result. Using ∇H = 0 and ∇E = 0, introduced here for the first time, (18) can be
obtained from a previous development based on (10) [85].

In part, the point of this Letter is to draw attention to the meaning of the terms in (10) in
relation to the material properties and the force description in (7) due to Lorentz. This has been
considered a major problem, i.e., that there is not an adequate picture linking the two forms [36, 85].
An electric current source or an equivalent boundary representation is captured by J in (10). Free
and bound charge motion are rigorously incorporated in a temporal Fourier representation of P(t)
andM(t) in (10), so in a simple isotropic situation the complex susceptibilities provide the complete
material description: P(ω) = ǫ0(χ

′

E+iχ′′

E)E(ω) and M(ω) = (χ′

H+iχ′′

H)H(ω). Taking (10) into the
frequency domain, we can legitimately represent the complex electric susceptibility as a complex
conductivity (σ = σ′ + iσ′′), thereby forming the equivalence between ∂P/∂t× µ0H and J× µ0H.
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For a locally homogeneous medium, the fields are divergenceless (so for the isotropic material case,
∇ · E = 0 and ∇ ·H = 0) and a plane wave superposition can be used. In this situation, the “free
charge” density within the material is ∇ · D = ρ = 0. Current density and charge density are of
course linked through the conservation of charge requirement in the continuity condition. In the
static case, J describes the conduction current density (free charge) and P the bound charge, and
the two terms can be separated exactly. In the context of homogeneous media, J and ρ in (10)
describe the free or introduced charged particles, the e-beam for instance. This is precisely the
framework to understand how (10) maps to (7).

Let us review what ∇H = 0 and ∇E = 0 in (16) and (17) means in the broader physical
context in arriving at (18). First, the obvious statement that ∇H and ∇E do not appear in
(7), either because only the local field is relevant (and not its spatial variation at each point in
space) or something has been ignored, perhaps electrostriction and magnetostriction, in applying
(7) in materials. The fact that an enormous body of experimental work in dielectric and magnetic
materials with static fields supports (7) suggests that it captures the relevant physics thus far. The
issue then becomes the basis of any approximation. The case was made that the mean, local field
that is built into Maxwell’s equations implies that only the field amplitude, and not the spatial
variation, should be used in the force density impacting free charge motion in a material. For
a linear time-invariant problem, superposition can be applied. Each elemental component of the
beam has weights J(r′) and ρ(r′) at some point r = r′ in space. Thus, an element of the current

density is J = ĵJ(r′)δ(r − r′), where ĵ is a unit vector and δ(·) is the Dirac delta function. In this
mathematical Dirac limit and a point-wise spatial representation, clearly ∇H = 0 and ∇E = 0 at
each point where the force (density) on the charged particle beam is determined, considering the
differential limit for a continuous field. Integration over a differential volume gives the local force
on the current and charge.

Consider again the physical picture behind (18). The description is of the force on free charge
(the e-beam for instance) in a material. It is not the force deforming the material. In this sense,
electrostriction and magnetostriction are irrelevant. Earlier work considering the relationship be-
tween the Lorentz and Einstein-Laub forces (see [58, 85], for example), considered the force on the
material rather than directly considering the force on the free charge density. Hall measurements
monitor current and hence conform to this picture. Although straight forward, this point is im-
portant because it allows the decomposition of the Einstein-Laub force into a form that is exactly
equivalent to the Lorentz picture, as widely used and as it must.

4.3 Conclusion

Equation (18) indicates that the Einstein-Laub formulation for force density is consistent with the
accepted static form of the Lorentz force on free charges in static fields. This means that the
material magnetization will influence the local force density in (10), just as in the expression from
Lorentz that has been supported by experiments. Equation (10) has been used to explain key
optical force experiments, including those due to Jones and Leslie [42] (see [51]), as well as Ashkin
and Dziedzic [89] (see [58]). It might optimistically be concluded that legitimate interpretations
of (10) may be able to explain all macroscopic experiments. Whether other theories hold, at
least approximately, in certain situations represents another set of questions. Finally, lacking in
force experiments has been verification of the influence of the dispersive material response that is
incorporated into (10) through ∂P/∂t and ∂µ0M/∂t.

5 Enhanced Optical Pressure with Asymmetric Cavities
5.1 Summary

Asymmetry in an optical cavity is investigated as a basis for enhanced pressure [90] to develop un-
derstanding of experimental results with nanostructured membranes where surface plasmon modes
exits [91].
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5.2 Background

Cavity dynamics concepts are based on the mirror radiation pressure being P = 2~kI, with each
photon carrying a momentum ~k and I being the optical intensity measured in photons/(m2s),
given P in N/m2, and the factor of two is from the assumption of perfect reflection [92]. This is
entirely consistent in the appropriate limit with the classical picture from Maxwell [59], given in
(6). Clearly, increasing I or the Poynting vector within the cavity by increasing the cavity quality
factor (Q) will increase the pressure on each mirror. However, |Γ| = 1 leads to a maximum value
of P = 2S/c in this widely-held picture.

The force density in homogenized media can be obtained from the field solution, and this leads
to a means to calculate the force on a medium [58, 93], the pressure on a slab [57, 94], and with
photonic crystal mirrors [95]. With such an approach involving a numerical solution for the fields
in the material, leading to the force density and hence pressure, the possibility of increasing the
pressure by more than an order of magnitude over 2S/c with a nanostructured Au surface has
been presented [52]. This result could be profoundly important in applications, but the physical
basis of the effect has remained unclear. Here, we present an understanding based on results for
an asymmetric cavity. This metal-insulator-metal (MIM) cavity mode basis leads to a means to
achieve pressure enhancement with a variety of dielectric and metallic materials for remote control,
propulsion, and cavity optomechanics applications. The resulting change in the mathematical
picture of pressure [59] should therefore provide a basis for new directions in optomechanics for the
physical sciences.

We consider optical pressure enhancement on a surface as a cavity effect by considering symme-
try (Figs. 6(a)) and asymmetry (Fig. 6(b)), along with the asymmetric MIM cavities in Figs. 6(c)
and (d), all in a free space background. Figure 6(a) shows a symmetric cavity containing two
identical slab mirrors (M1 and M2) with thickness t, and a cavity length d, defined as the mirror
separation. Figure 6(b) shows an asymmetric cavity with M1 having thickness t and the semi-
infinite M2 placed a distance d away from M1. Figure 6(c) shows a nanostructured slot cavity
array in metal and the profile of each slot is shown in Fig. 6(d). With an incident field having
Hz, the lowest order MIM waveguide mode (Ex, Ey,Hz) can be excited, by virtue of the metal
dielectric constant (ǫ = ǫ′ + iǫ′′ with ǫ′ < −1, assuming a free space background) [96]. The coupled
surface plasmon waveguide mode has a wavelength that reduces with decreasing slot width (Σ),
allowing for resonant cavities in gold (Au) where the slot depth (D) and Σ are just a few tens of
nanometers. The cavity in Fig. 6(d) has differing reflection coefficients at the top and bottom of
the slot, resulting in asymmetry.

5.3 Asymmetric Cavity Pressure

The force density expression we utilize here, originally from Einstein and Laub [53], has been
derived and used by others [36, 57, 58, 93], and was also used to present the idea of enhanced
pressure in structured material [52]. We assume that no magnetic material response exists in the
source-free case. Consequently, the time-averaged force density within the material media assuming
exp (−iωt) is

〈f〉 = (ê× ĥ)
µ0ǫ0ω

2
ℑ{χEE(r)H∗(r)}+ ǫ0

2
ℜ{(χEE(r)ê · ∇)(êE∗(r))}

= 〈fR〉+ 〈fG〉, (19)

where ê and ĥ are unit vectors indicating the direction of the electric and magnetic field phasors, E
and H, at position r, respectively, χE is the electric susceptibility, ℜ{·} is the real part and ℑ{·} the
imaginary part, µ0 is the free space permeability, and ǫ0 is the free space permittivity. We define the
time-averaged force density due to the first term in (19) as 〈fR〉, where the nomenclature implies
that this is the radiation pressure for a planar surface with normal incidence, the usual mirror
picture, and the other term due to the gradient of the field as 〈fG〉. We note that application
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Figure 6. Optical cavities that enhance the radiation pressure. (a) A symmetric Fabry-Perot cavity. The mirrors M1

and M2 are two identical slabs with thickness t separated by d. (b) An asymmetric Fabry-Perot cavity. M1 is a slab
with thickness t and M2 is a semi-infinite mirror placed d away from M1. (c) A nanostructured slot cavity array in a
metal. (d) Profile of the nanostructured slot cavity in (c).

of (19) for normally incident light on a planar Au mirror and integration over depth produces a
pressure for visible wavelengths that is very close to 2S/c. Conservation of momentum is inherent
in use of (19) because this kinetic force density is formed with use of the classical field momentum
[51, 53, 93].

We relate the radiation pressure to the cavity Q for the MIM cavity in Fig. 6(d). With the
linear and isotropic relationships D = ǫ0ǫE and B = µ0H, in frequency domain and where D is
the electric flux density and B the magnetic flux density, it is possible to separate electromagnetic
field energy into stored and lost components [97]. Under the assumption that dispersion can be
neglected, so ∂ǫ/∂ω = 0, the time-averaged stored energy surface density (J/m2) is

W =
1

4

∫

l

[

ǫ′ǫ0|E(r)|2 + µ0|H(r)|2
]

dl, (20)

where l is the spatial variable perpendicular to the mirrors. Likewise, the time-averaged power
dissipation surface density (W/m2) is

Pd =
ω

2

∫

l

ǫ0ǫ
′′|E(r)|2dl. (21)

The integrations in (20) and (21) are over the mirrors and the intervening space (free space in the
situations of Figs. 6(a) and (b)), and for M2 in the asymmetric cavity case, the integral in that
mirror is over 20δ, with δ the skin depth (e−1 of the field at the surface).

The Q can be decomposed into unloaded (accounting for loss within the cavity, QU) and loaded
(describing the radiative loss contribution, QL) as

1

Q
=

1

QU
+

1

QL
, (22)
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where

QU = ω0
W0

Pd
and QL = ω0

W0

Sr + St
, (23)

with ω0 the resonant circular frequency, W0 the total (electric plus magnetic) energy in the cavity
at resonance from (20), Pd the power dissipated within the cavity at resonance from (21), and Sr

and St the reflected and transmitted Poynting vector magnitudes, respectively, at resonance. With
high cavity finesse and use of a Lorentzian line model [98, 99],

1− |S11(ω)|2 =
1− |S11(ω0)|2

1 + 4 (ω0−ω)2

∆ω2

, (24)

and an estimate of Q is

Qω =
ω0

∆ω
, (25)

where ∆ω is the half-power bandwidth and the subscript ω indicates this frequency response mea-
sure (with a high Q approximation). Measuring S11 and use of (25) to determine Q circumvents
the need to artificially define cavity boundaries.

5.4 Pressure with a Slot Array in a Metal Film

To obtain the fields and the corresponding radiation pressure in the nanostructured slot cavity in a
metal film, shown in Fig. 6(c), we use a frequency domain finite element method (FEM) to obtain
the numerical field solutions [60]. Port boundaries are used in this 2-D model to extract S11 and
placed 5λ0 above and below the structure in Fig. 6(d). To avoid singularities in the numerical
simulations, the corners of each slot are rounded with radius of 1 nm. The maximum mesh element
size in the scattering material is λ0/200, sufficient to ensure the accuracy of the force density
solutions. The slot depth, D, and width, Σ, are variables and the period is set to Λ = 400 nm and
thickness to T = 200 nm. With a period of Λ = 400 nm, only the zeroth-order (normal) scattered
plane wave propagates. We fix Σ and vary D to determine the resonant depth from the minimum
of |S11|.

The results for the slot resonant D as a function of Σ, labeled by the (red) diamonds, are shown
on the right axes in Figs. 7(a) and (b). A reducing slot width results in a decreasing slot depth
for the first resonance. We apply (25) to estimate Qω for the slot cavity, and the results are shown
in Fig. 7(a) by the (black) triangles in conjunction with the left axis. Note that Qω increases
with decreasing Σ, which can be understood by the cavity reflection coefficient at the top of the
slot increasing as Σ is reduced, thereby increasing the lifetime of the guided-wave resonance in the
slot and hence QL. The numerical field solutions are used in (19) to find the force density, and
this is integrated over the support of the material within the unit cell and divided by Λ to form
the pressure, with the results given by the (black) asterisks for each value of Σ in Fig. 7(b), as
indicated on the left axis. The general trends in Figs. 7(a) and (b) are that both Qω and pressure
decrease with increasing slot width (at resonance). Figure 7(c) shows the pressure as a function
of Qω for the slot structures. Unlike the 1D Fabry-Perot cavities, the gradient force term, 〈fG〉,
contributes. We separate the contribution of 〈fG〉 from the total pressure (black asterisks), and
the results are plotted as the red circles in Fig. 7(c). In general, the pressure is proportional to
Qω and the relationship is linear for lower Qω. Higher Qω supports a higher pressure contribution
from 〈fG〉, associated with the reducing slot width, although the total pressure reduces slightly at
the highest Qω. The dashed line is again the maximum pressure on a perfect mirror. The gradient
of the total pressure in Fig. 7(c), dP/dQω , describes the efficacy of the cavity in enhancing the
pressure (per unit Q or stored energy). In Fig. 7(d), we plot the linear fits passing through the
origin for the total pressure and the pressure contributed by 〈fG〉 as black and red dashed lines,
respectively, using the first 8 points (linear region) in Fig. 7(c).
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(a) (b)

(c) (d)

Figure 7. Simulation results for the nanostructured slot cavity array in Au, and with reference to Fig. 6(d): Λ =
400 nm, T = 200 nm, Σ is fixed, and D is varied to determine the resonant depth D from the minimum of |S11|.
(a) Qω (triangles) and resonant slot depth, D (diamonds), as a function of slot width, Σ. (b) Radiation pressure
(asterisks) along with the resonant D (diamonds) as a function of Σ. In general, smaller Σ results in higher Qω and
larger pressure. (c) Radiation pressure as a function of Qω, decomposed into total and gradient (〈fG〉) contributions.
The dashed line shows the maximum pressure on a perfect mirror. The nanostructured slot cavity supports a pressure
enhancement more than an order of magnitude higher than a perfect mirror. (d) Radiation pressure as a function of
Qω for lower Q cavities, in comparison with the slot pressures from (c). The black line and red dashed line are the
linear fits to the total pressure and 〈fG〉, respectively from the first 8 points in (c). For details, see Ref. [90].

5.5 Conclusion

We have shown that an asymmetric MIM optical cavity can lead to a total pressure as the sum
of that on each mirror that exceeds the pressure on a perfect mirror, when considering the force
density within the material. This net pressure is substantial by virtue of the asymmetry and can
be controlled by cavity Q. The enhanced pressure for the nanostructured metal film results from
both terms in (19), where the cavity mode resonance influences the fields in the metal and hence
the force density and pressure. Generally, increasing the cavity Q can produce higher pressure in
the metal film slot resonators. The kinetic force density in (19) is derived using conservation of
momentum (see [93], for example). Consequently, there is a rigorous basis for the pressure results
shown. A surface plasmon is excited in the slot cavity, associated with the lowest-order MIM mode
that propagates for arbitrarily small slot width, allowing for very small cavities. However, other
cavity modes using other materials, including dielectrics, are expected to also provide pressure
enhancement. There are convenient fabrication methods to form nanocavity arrays in metal, for
example, direct nanoimprinting [100]. With use of optimized, aperiodic structures, more control and
higher pressure should be possible [101], and regulation of the pressure as a function of wavelength
should be possible. The explanation for enhancement we have provided allows design guidelines for
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applications that will benefit from enhanced and controllable optical forces with structured material.
For example, beads that are used in optical tweezers could be structured [102]. Also, the efficacy
of vehicle propulsion using structured materials should improve. More generally, we suggest that
there are new opportunities related to the interaction of waves with structured, resonant materials
and the generation of a mechanical response.

6 Optical Forces in Aperiodic Materials
6.1 Summary

The electromagnetic force on matter depends on both the geometry and material properties, and
for a contiguous material, the pressure is a useful metric. We present a statistical method with
example results that allows the evaluation of pressure in relation to a nanostructured material
arrangement. We show that it is possible to obtain a pressure substantially greater than that on a
perfect, planar mirror, and relate this to resonant field features. With some material arrangements,
the pressure can be negative, and this can again be related to resonances. Negative pressure can
be understood as being due to the total field, a superposition of the incident and scattered fields,
where the structure regulates the local scattered field and hence the pressure through an integral
of the resulting force density. The statistical analysis provides physical insight into how to regulate
both the pressure magnitude and direction and hence provides a framework for applications. The
fields impacted include biophysics, where information is obtained about biomolecules from force
and torque measurements, cavity optomechanics related to basic science and sensing, and optical
remote control and actuation, where regulation of the magnitude and direction, and the possibility
of materials with multiple functionalities, provides new opportunities. This work has been published
in the Journal of the Optical Society of America B [103].

6.2 Background

Aperiodic, irregular structures can provide a large number of degrees of freedom relative to periodic
systems and hence the possible more control over electromagnetic fields. Our previous results
show that some unintuitive realizations for waveguide [104–109] and diffractive [110] elements can
be achieved from aperiodic-structured material to present functions that are not possible with
conventional concepts, such as those involved periodic structures. However, few guidelines exist for
the design of aperiodic materials. The exploration of the aperiodic material design area can only rely
on optimization-based solutions. We recently provided a multivariate statistical analysis of binary
aperiodic structures that gives physical understanding of the relationship between structure and
electromagnetic field control [101]. The eigen-decomposition of the field covariance matrix provides
a measurable number to compare the field variances (σ2

C) on the detector plane to evaluate the
possible degrees of freedom from the aperiodic structured materials in different cases.

Our results have shown that some physical resonances occur when a certain material property
or discretization is chosen and this feature has a significant impact on the transmitted energy and
the field variance (σ2

C) [101]. Our previous work [52] and our ongoing research have shown that
structured materials can provide a large enhancement of the optical force, relative to that on planar
metallic surfaces, due to cavity-enhanced fields and the excitation of surface waves. Based on our
experience and understanding related to aperiodic nanostructured materials, we are particularly
interested in how the large number of degrees of freedom supported by aperiodic materials may
contribute on the control of the optical force.

6.3 Aperiodic Nanostructured Material

Figure 8 shows the 2D geometry of the binary aperiodic nanostructured material we consider. A
λ0 = 633 nm plane wave is normally incident from the left in free space with H in the ẑ direction.
This incident field is the lowest-order TMx mode in the parallel plate geometry (the TEM mode).
The material structure is defined within a wavelength-sized region (633 nm on a side). This domain
is divided into P ×P pixels. Each pixel can be either the scatterer or the background (free space).
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Figure 8. Binary aperiodic nanostructured material simulation geometry: PML, perfectly matched layer; PEC,
perfect electric conductor. The width and length of the discretized region is 633 nm. A λ0 = 633 nm plane wave with
H in the ẑ direction is normally incident from the left. The binary nanostructured material is divided into P × P
elements and each element is either the scatterer or the background (free space in our case). To avoid singularities
in the numerical simulations, the side length of each scatterer is reduced by 1 nm, and the corners are rounded with
a radius of 1 nm.

The size and arrangement of the pixels having scattering material has a dramatic impact on optical
pressure, as we describe. Fixing the fill factor, f , specifies the number of scatterers. We do this by
truncating the number formed from fP 2 to an integer value. To avoid singularities in the numerical
simulations, the side of each scatterer is reduced by 1 nm and the corners are rounded with a radius
of 1 nm. The maximum mesh element size in the scattering material is λ0/200, adequate to support
the accuracy of the force density solutions. The top and bottom of the computational domain are
bounded by perfect electric conductor (PEC) surfaces to form a waveguide. We apply perfectly
matched layers (PMLs) on both the left and right boundaries to simulate unbounded space for the
scattered fields. All simulations assume an incident power density of 1 W/m2.

The pressure is calculated from the integral of 〈fx〉 = 〈f · x̂〉, where 〈f〉 is from (4) and the
direction of x̂ is shown in Fig. 8, over all scatterers in the aperiodic nanostructure and then divided
by the exposed surface (633 nm in our 2D simulations). While the segments of the aperiodic
structure are not contiguous, we assume that another material can provide the structure, making
the use of pressure meaningful.

6.4 Statistical Field and Pressure Analysis of Aperiodic Structures

We utilize a multivariate statistical method to relate field control (regulation of the scattered field,
as a function of position here) and pressure control (the average force magnitude and direction) to
the attributes of the binary nanostructures. Consider the transmission matrix, T, defined as

T =
[

Hu

Hiυ

]

, υ ∈ [1, ...,Υ] u ∈ [1, ..., U ], (26)

where Hiυ is the incident (plane wave) magnetic field along points on the constant-x input line
(with an absolute position that is unimportant) and Hu is the total field along the output line (and
we choose a constant-x line that is λ0/8 behind and to the right of the structure). The Hu samples
are therefore in the near-field and influenced by both propagating and evanescent fields. In the
simulations, we choose Υ = U = 101 and divide the input and the output lines (the 633 nm long
input and output lines between the two PEC surfaces in Fig. 8) into uniformly spaced points. The
(U × U) field covariance matrix, C, can be calculated as [111]

C = 〈THT〉 − 〈TH〉〈T〉, (27)

whereH is Hermitian transpose and 〈·〉 is the average over all samples. A sample means a particular
nanostructured scattering material arrangement, resulting in a specific T.
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The variance of C is defined as [111]

σ2
C =

U
∑

u=1

σ2
u =

U
∑

u=1

Cuu = Tr{C}, (28)

where the Cuu are the diagonal elements of C and Tr{·} is the trace. It can be shown (see, for
example, [112] page 264) that

Tr{C} =
U
∑

u=1

λu, (29)

where the λu are the eigenvalues of C. Therefore, from (28) and (29),

σ2
C =

U
∑

u=1

λu, (30)

which we term the variance of C and use to appraise field control on the transmission side.
The reflection matrix is defined by R = [Hr/Hiυ], where Hr is the reflected field on the input

side at λ0/8 from the nanostructure, and the corresponding σ2
C can be likewise obtained. A large

variance indicates that the binary arrangement has a large impact on the scattered field, thus
suggesting more control efficacy or increased degrees of freedom for field control.

The force expression we utilize here, originally from Einstein and Laub [53], has been investi-
gated by others [36, 51, 52, 57, 58, 63, 93, 113], and is given by (4) with time convention exp(−iωt)
within an isotropic material. We apply a frequency domain finite element method (FEM) to obtain
the numerical field solutions [60]. The numerical field solution provides the scattered field, and the
total field is obtained by adding the known incident field. The force densities are found using (4),
and the pressure obtained from the normalized integral of the force density.

6.5 Pressure in Relation to Field Covariance with Aperiodic Structures

We first investigate the relationship between the nanostructure and both the field and force control
with an example metallic material. Gold (Au) with a dielectric constant of ǫ = −11.75 + i1.26
at 633 nm [61] in a free space background is assumed. Figure 9(a) shows results for f = 0.2 and
Fig. 9(b) for f = 0.5. We use (30) to obtain σ2

C by randomly selecting 300 arrangements and then a
resampling method [101] to obtain the mean 〈σ2

C〉 and deviation of σ2
C . Figure 9 shows the statistical

results for T (blue dashed-dotted line) and R (blue dotted line), along with the deviations, as a
function of P . The strong scatter associated with Au scatterers provides relatively larger reflection
than transmission, and thus more control on the incident side, exhibited in the larger σ2

C associated
with reflection. Increasing f increases σ2

C under reflection and reduces the control for transmission.
With finer discretization through an increase in P , the field control becomes weaker, indicated by
a decreasing σ2

C in Figs. 9(a) and (b) for both reflection and transmission. We interpret this as
being due to the onset of homogenization.

The corresponding statistical data for total pressure with nanostructured Au is shown in Fig. 9
as the orange solid line, along with the deviations for each P . The triangles indicate the maximum
total pressure found through this procedure in the positive x̂ direction, resulting in a pushing force.
We should note that these results are not the maximum possible pressures. The asterisks show the
minimum (with respect to the x̂ direction) pressures found in each case, and some arrangements
result in a negative pressure and hence a pulling force on the nanostructure (that can be quite
large).

The maximum radiation pressure on a perfect mirror is given by 2S/c, where S is the magnitude
of the incident Poynting vector and c is the free space velocity, with the implication that this is
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the background medium. This result was presented by Maxwell and is widely used [59]. With the
assumed S = 1 W/m2, the pressure on a perfect mirror is approximately 6.67 × 10−9 N/m2 with
normal incidence. As a reference, this perfect mirror result is plotted as the orange dashed line in
Figs. 9(a) and (b), with the understanding that there is no relationship to P . From Fig. 9(a) and
for f = 0.2, our simulations yielded a maximum positive pressure that is around 5 times larger
than that on a perfect mirror. With f = 0.5 and from Fig. 9(b), the pressure enhancement can be
even larger and reaches around an order of magnitude higher than that on a perfect mirror. Note
also that the mean pressure for f = 0.5 is higher than the result for the perfect mirror. Worthy of
additional comment is the unexpected result that the range of the variances of the total pressure
(deviation bars for the orange lines) and the minimum pressure (asterisks) in Figs. 9(a) and (b)
indicate that some material arrangements support the total pressures in the negative x̂ direction,
namely, pulling against the direction of the incident wave. Gain [93, 114] and control over a particle
with a special beam profile [115–117] have been found to produce negative forces, but our results
indicate that a structured material with a single incident plane wave can have a net negative force.
This pulling force should be important in applications such as optical switching.

We observe from Fig. 9 that a large 〈σ2
C〉 for R, the blue dotted line, promotes control of the

pushing force, namely the deviation of the positive pressure, and that large 〈σ2
C〉 for T, the blue

dashed-dotted line, suggests control of the pulling force. As 〈σ2
C〉 reduces with increasing P in

Fig. 9(a), the deviation and the maximum and minimum pressure also tends to reduce. This is the
case for both pushing and pulling, and the relatively high σ2

C for T in this case is indicative of a
capacity to enable pulling. The oscillations in the maximum and minimum pressures in Fig. 9(a)
relate to resonances, and we will revisit this issue. While the smallest discretization level appears as
an anomaly to this trend, we attribute this to insufficient statistics for that case. The relationship
between σ2

C and pressure is further reinforced in Fig. 9(b), for f = 0.5. This large fill case results
in small transmission and little field control on that side. The minimum pressures in this case
are around zero, showing little control to produce a pulling force. However, σ2

C for R is high in
Fig. 9(b), and the pressure deviations and maxima are large. As with f = 0.2, a decreasing 〈σ2

C〉
corresponds to a reduction in the pressure deviation and the maxima. We conclude that the ability
to control fields on the transmission side promotes a pulling force. With an incident Hz, plasmon
surface waves are excited. Exciting such surface waves on the back of the aperiodic structure, on
the transmission side, can lead to a pulling force. While σ2

C measures field control and pressure has
the influence of the material properties, with a fixed fill, field control implies force control.

Now we consider aperiodic nanostructured dielectric materials. We choose silicon (Si) as the
scattering material because it is important for integrated photonics and has been widely used
in nano-scale fabrication. The dielectric constant assumed for Si at a wavelength of 633 nm is
15.07 + i0.15 [118]. Figure 10(a) shows the near-field field variance (σ2

C) and pressure data as a
function of P , with f = 0.2, obtained on a line λ0/8 in front of and behind the region discretized,
and Fig. 10(b) presents our results for f = 0.5. The deviations of the total optical pressure show
that the enhancement is overall larger with f = 0.5 than that with f = 0.2, because the binary
nanostructure occupies a larger scattering volume. Similar to the cases for Au scatterers, both σ2

C

and pressure deviation decrease with increasing P due to homogenization for f = 0.2 in Fig. 10(a).
We do not observe this trend for f = 0.5 in Fig. 10(b), possibly because the large fill fraction has
a more stringent (larger) volume requirement to reach homogenization, and the fact that Si offers
prospects for high transmission and reflection at high fill. For the Si case, the deviation of the
pressures is smaller than those found for Au because of the weaker scatter. However, the maximum
radiation pressure can still reach around 3 times larger than that on a perfect mirror, shown again
as the orange dashed lines in Fig. 10. Figures 10(a) and (b) show that Si aperiodic structures
can also provide a pulling force. Both fills offer substantial negative pressures, as indicated by the
asterisks. We understand this by the relatively high transmission compared to the equivalent cases
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for Au. The deviation and the maximum values of the pressure are larger for the higher fill case.
Our results show that dielectric materials are also good candidates for optical pressure enhancement
and optomechanical applications. Both pushing and pulling pressures can be substantial greater
than that on a perfect mirror.

The σ2
C data in Fig. 10 for Si again provides insight into the pressure. When f = 1, σ2

C = 0,
so the increasing fill will eventually result in loss of field control and hence, presumably, reduced
pressure enhancement. Resonant features can be observed in the results for 〈σ2

C〉 as a function
of P , as found in earlier work [101]. The cases in Fig. 10(a) where the local maximum 〈σ2

C〉
from the transmission matrix T (for example, the blue dashed-dotted line for P = 7) and the
local maximum 〈σ2

C〉 from the reflection matrix R (for example, the blue dotted line with P =
5) are suggestive of series-resonance (high transmission) and parallel-resonance (high reflection),
respectively. Corresponding to these observations for 〈σ2

C〉, the mean pressure for P = 5 is larger
than for P = 7. Consequently, given the pressure deviations for these two levels of discretization,
the parallel resonance (P = 5) is likely to result in pushing, but the statistical data for pulling with
series resonance (P = 7) is inconclusive for this fill. The case for P = 5 in Fig. 10(b) has large 〈σ2

C〉
for R and a correspondingly large mean pressure, whereas for P = 7, where 〈σ2

C〉 dips, there is a
small mean pressure. This again suggests control of the reflected fields promotes pushing. Consider
now P = 11, which has the largest 〈σ2

C〉 for T and also large 〈σ2
C〉 for R, possibly supporting

both series and parallel resonances and providing the largest pressure deviation and promoting
substantial pulling. Our conclusion is that for both dielectric and metallic scatterers, σ2

C is a useful
metric to investigate pressure.

6.6 The Influence of Field Resonances on Pushing and Pulling

The statistical results from Figs. 9 and 10 show oscillatory features as P is varied. These variations
are prominent in the 〈σ2

C〉 data in Fig. 10, but also clearly evident in the maxima and minima of
the pressures for both the Au and Si structures. This data suggests field resonances within the
structures and, importantly, that these may play a role in achieving large positive or negative pres-
sure. Here, we investigate the physical resonance effects within the binary materials by observing
the field and corresponding optical force density distribution for specific material instances with
maximum pushing/pulling optical force.

Consider the case for Au in Fig. 9(a) for f = 0.2 with the maximum pushing force, which occurs
when P = 6 ({P,P} = {6, 6}, where the triangle indicates a pressure of about 3 × 10−8 N/m2).
Figure 11(a) shows the binary nanostructure arrangement for this case. The magnitude of the
electric and magnetic field distributions with normal incidence is given in Figs. 11(b) and (c),
respectively. Figure 11(d) shows the time-averaged optical force density, 〈fx〉 = 〈f · x̂〉, from (4).
The magnitude of the electric field and the force density distributions are normalized to 1 V/m and
1 N/m3, respectively, and presented on a log scale (dB) in order to distinguish the large contrast
in the local values. The relatively large reflected fields can be observed in both Figs. 11(b) and (c),
and there is evidence of plasmon surface waves that have a substantial influence on the force density
in Fig. 11(d). Notice that significant reflection and control over the reflected fields, as measured by
σ2
C in Fig. 9(a), promotes a large pushing force. In an equivalent circuit sense, this corresponds to

a parallel resonance, thereby inducing a large reflection.
Next, we consider the case of Au with the same resolution, P = 6, but supporting the maximum

pulling force (the asterisk in Fig. 9(a)). The arrangement of Au scatterers for this example is shown
in Fig. 12(a). We plot the magnitude of the electric and magnetic field distributions in Figs. 12(b)
and (c), respectively. Figure 12(d) shows the force density 〈fx〉. A larger proportion of negative (in
the −x̂ direction, namely, pulling) force density can be found within each scattering element, and
this results in the cumulative negative pressure. Different from the field distributions in Fig. 11
for the pushing case, the larger fields on the transmission side can be observed in Figs. 12(b) and
(c), consistent with a series resonance. Note the surface wave excited on the right-hand side of the
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(a)

(b)

Figure 9. The variance for aperiodic nanostructured Au, σ2

C , measured λ0/8 from the discretized domain, and the
optical pressure as a function of discretization, P , with fill fraction: (a) f = 0.2 and (b) f = 0.5. Referring to Fig. 8,
the magnitude of the normally incident power density is 1 W/m2. The blue dotted line and blue dashed-dotted
line, relate to the left axis and describe σ2

C from the reflection and transmission matrices, R and T, respectively.
The standard deviation bars were calculated from a resampling method. The orange solid line refers to the right
axis and describes the corresponding radiation pressure on the binary material and the deviations from the analysis.
The orange dashed line indicates the maximum pressure on a perfect mirror. The triangles and asterisks show the
maximum and minimum radiation pressure, respectively, in the direction of the incident wave (x̂ direction). The
pushing and pulling forces correlate with σ2

C from the reflection and transmission matrices R and T, respectively.

structure that is very evident in the magnetic field plot of Fig. 12(c). Excitation of a surface wave
on the back can lead to a pulling force.

The fields in Fig. 11 for a pushing case and Fig. 12 for a pulling situation are consistent with
the statistical results we found for σ2

C in Fig 9(a). A large σ2
C for reflection, as for f = 0.2 in

Fig. 9(a), implies a larger maximum pushing force. Conversely, the large σ2
C for transmission for

f = 0.2 in Fig. 9(a) results in a larger pulling force. This reveals that the fields excited by the
arrangement in front of or behind the binary nanostructure relates to whether the whole geometry
is pushed or pulled and to the pressure enhancement.

We observe that the arrangement of binary elements within the nanostructure plays an impor-
tant role on determining the direction and enhancement of the optical force. In Fig. 11, when the
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(a)

(b)

Figure 10. The variance for aperiodic nanostructured Si, σ2

C , measured λ0/8 from the discretized domain, and the
optical pressure as a function of discretization, P , with fill fraction: (a) f = 0.2 and (b) f = 0.5. The magnitude
of the normally incident power density is 1 W/m2. The blue dotted line and blue dashed-dotted line, refer to the
left axis, describe σ2

C from R and T, respectively. The standard deviation bars were calculated from the statistical
analysis. The orange solid line refers to the right axis and describes the corresponding radiation pressure on the
binary material, and the bars show the standard deviations in the samples. The orange dashed line indicates the
maximum pressure on a perfect mirror. The triangles and asterisks show the maximum and minimum radiation
pressure, respectively, in the x̂ direction. Aperiodic dielectric structures can also support both enhancement and the
control of the direction of the optical force.

scattering elements pack together to form a strip, the arrangement is effectively a slab of a particular
length. The resulting surfaces can produce plasmon mode resonances. Those transverse resonances
are most pronounced in Fig. 11(c), adjacent to the PEC walls at the top and bottom, and the
surface wavelength in relation to the element size can be understood with use of symmetry from
the boundary (the PEC is an even boundary for Hz). In the metallic case, certain arrangements
can lead to very large surface fields, and hence to substantial enhancement in the pressure.

Figures 13 and 14 show the fields and force densities for maximum pushing and pulling situations
with Si scatterers. Figure 13 is for f = 0.5 and P = 5 and the largest pushing force, where there is
a σ2

C peak for reflection in Fig. 10(b). Note again the substantial amplitude of the reflected fields.
However, while the metal cases supported surface waves, here the fields are confined within the
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(a) (b)

(c) (d)

Figure 11. The fields and force density for the arrangement in Fig. 9(a) for Au with the largest pushing force:
{P, P} = {6, 6} and f = 0.2. (a) The purple squares indicate the positions of the scatterers. (b) The electric field
magnitude, normalized to 1 V/m on a log scale (dB). (c) The magnetic field distribution. (d) The time-averaged
optical force density, 〈fx〉 = 〈f · x̂〉, normalized to 1 N/m3 on a log scale (dB). The parallel-resonant condition in this
example supports the enhanced pushing pressure.

dielectric. The element size in Fig. 13(a) is more than λ0/(2
√
ǫ) and hence can support a resonant

mode. Local resonances are evident in the magnetic field magnitude in Fig. 13(c). Figure 14 is for
f = 0.5 and P = 11, the largest pulling force case in Fig. 10(b). Note the large field resonances that
span two or more adjacent scatterers, and the large transmitted field. As with the Au scatterer
case, there is a consistent picture of large σ2

C for the reflected field implying a large pushing force
and large σ2

C for transmission indicating opportunities for pulling.
Conservation of energy requires that the power flow on the transmission side should be less

than that on the incident side. We calculated the power densities for reflected and transmitted
fields in the x̂ direction (see Fig. 8) on the incident and transmission sides, respectively, λ/2 away
from the aperiodic structure, and then integrated along the ŷ direction and divided by the length
(633 nm) to obtain the averaged reflected (Sr) and transmitted (St) power densities. Those results,
as reflected and transmitted power flow (W/m2) with incident Si = 1 W/m2, are: 0.228, 0.187
(Fig. 11); 0.469, 0.167 (Fig. 12), 0.274, 0.325 (Fig. 13), and 0.212, 0.102 (Fig. 14). It is clear that
St is less than Si−Sr in all cases, and that the energy is conserved in the simulations we considered.

6.7 Discussion and Applications

Our approach of investigating the statistical fields and pressures in binary aperiodic metal and
dielectric structures sought to uncover the relationship between structure and force for basic un-
derstanding and to guide a design process in applications. We used σ2

C to measure field control and
related this to pressure control. Because of the 2D analysis, it was clear that magnetic field should
be used in this statistical field analysis. However, we should note that the electric field information
that is relevant in the force density of (4) is then indirectly measured.

The statistical pressure study we presented provides a way to explore the parameter space for a
binary structure class with a large number of variables. Consequently, one can determine possible
pressure enhancement opportunities and also obtain a guide for the design process with constraints.
For example, we have learned that with a given fill fraction, Au provides a larger pushing force
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(a) (b)

(c) (d)

Figure 12. The fields and force density for the arrangement in Fig. 9(a) for Au with the largest pulling force:
{P, P} = {6, 6} and f = 0.2. (a) The purple squares indicate the positions of the scatterers. (b) The electric field
magnitude, normalized to 1 V/m on a log scale (dB). (c) The magnetic field distribution. (d) The time-averaged
optical force density, 〈fx〉, normalized to 1 N/m3 on a log scale (dB). A pulling force on the scattering material is
induced when the series-resonant condition occurs.

(a) (b)

(c) (d)

Figure 13. (a) Referring to Fig. 10(b) for Si, the aperiodic binary nanostructure with {P, P} = {5, 5}, f = 0.5
that produced the maximum pushing force from the samples studied. The purple squares indicate the positions of
the scatterers. (b) The electric field distribution, normalized to 1 V/m on a log scale (dB). (c) The magnetic field
distribution. (d) The time-averaged optical force density 〈fx〉, normalized to 1 N/m3 on a log scale (dB). The Si
pillars that form cavities in this example support the pushing pressure enhancement.
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(a) (b)

(c) (d)

Figure 14. (a) Referring to Fig. 10(b) for Si, the aperiodic binary nanostructure with {P, P} = {11, 11}, f = 0.5
giving the maximum pulling force in the samples over the scatterers. The purple squares indicate the positions of
the scatterers; (b) The electric field distribution, normalized to 1 V/m on a log scale (dB). (c) The magnetic field
distribution. (d) The time-averaged optical force density 〈fx〉, normalized to 1 N/m3 on a log scale (dB). The pulling
force on the scattering materials is induced when the fields percolate through the Si scatterers and allow excitation
on the back.

enhancement than Si. Also, a lower fill fraction promotes pulling for Au, but for Si, the high fill
facilitated pulling.

The use of σ2
C for the reflected or transmitted fields provides a relevant measure. However,

this may not be available in a design situation. Our formation of a link between fields and field
correlations and the force density and pressure is intended to provide fundamental insight. This
could be used in a discrete optimization design approach [110] to reduce the computational burden.
For instance, this might guide the material choice, discretization level, and spatial support. Beyond
binary materials, mixture theory provides a way to tune the dielectric constants, and the boundaries
could be adjusted, both as part of a continuous optimization process [106, 108]. The binary picture
is then a coarse discretization in both space and material.

The fact that an incident plane wave can produce a pulling force may be unexpected, given
earlier work where a pulling force on a bead was achieved with structure in the incident field [115,
116]. As we have explained in relation to Figs. 12 and 14, pulling occurred with large transmission
through the structure. This was facilitated by Au with small fill or use of Si. Establishing fields on
the back of the structure appears to facilitate pulling. We suggested this was established along the
lines of a series resonance, in the equivalent circuit sense. However, more generally, we understand
this effect as one of modifying the scattered field in a way that when superimposed with the incident
field, the total field produces a force density such that pulling occurs. We should also note that this
pulling force can be substantially larger than 2S/c, based on the results we presented. A negative
pressure should be important in remote control applications because a surface could be both pushed
and pulled. While we have not established that this is possible in a given material, we anticipate
that this could be achieved by using two different wavelengths for the incident light and designing
the structure accordingly to support spectrally controlled motion.

The high transmission when there are effectively cascaded elements, as in Fig. 12 for Au, implies
that optical percolation has occurred. A large total field therefore accumulates on the right side of
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the binary material system, potentially resulting in a pulling optical force (opposite to the direction
of the incident light). There is therefore in principle a link between pressure and percolation theory
[119, 120].

Various applications may benefit from the study we have presented. Biomolecules have been
attached to beads to impart a force using optical tweezers, and this provides useful biophysical
information [102]. By structuring the bead, a larger force could be imparted, and this would mean
a reduction in the required laser power. It may also be useful to have a large, structured material
that provides a pushing or a pulling force in such experiments. Light sails have been used with
solar propulsion. However, with structured material, a laser of the appropriate wavelength could be
used. It may also be useful to use incoherent solar radiation for propulsion with aperiodic structured
material, but the tradeoff between wavelength diversity and the exploitation of resonance effects
to enhance the force needs to be investigated. The propulsion force (magnitude and direction)
could in principle be regulated, allowing control over the trajectory of the vehicle. The deflection
of an optical beam is important in displays and communication. With both pushing and pulling,
a more versatile control element would be possible. It should also be expected that the principle
of structured material for the control of optical forces will translate to integrated photonics. All-
optical communication, rather than electronic control of photonic networks, has the promise of
a substantial reduction in energy consumption [121, 122]. The use of dielectric nanostructured
materials should benefit optical communication in Si-based technology. In this approach, the force
imparted due to light would lead to switching, and pushing/pulling manipulation could be utilized.
Our results motivate the further development of fabrication technology for aperiodic structures in
optomechanical applications. Earlier work has presented ways to fabricate aperiodic waveguides
[108], and an on-chip platform for controlling light-matter interactions in turbid media [123]. For
example, direct nanoimprinting into metal can be used to realize nanophotonic elements [100], and
that method could be used to fabricate surface-based aperiodic elements, possibly in a planarized
layered arrangement.

7 Demonstration of Enhanced Optical Pressure on a Structured

Surface
7.1 Summary

The interaction of electromagnetic waves with condensed matter and the resultant force is funda-
mental in the physical sciences. The maximum pressure on a planar surface is understood to be
twice the incident wave power density normalized by the background velocity. We demonstrate for
the first time that this pressure can be exceeded by a substantial factor by structuring a surface.
Experimental results for direct optomechanical deflection of a nanostructured gold film on a silicon
nitride membrane illuminated by a laser beam are shown to significantly exceed those for the planar
surface. This enhanced pressure can be understood as being associated with an asymmetric optical
cavity array realized in the membrane film. The possible enhancement depends on the material
properties and the geometrical parameters of the structured material. Such control and increase
of optical pressure with nanostructured material should impact applications across the physical
sciences. This work has been published in Physical Review Letters [91].

7.2 Design

The pressure on a mirror can be understood at the atomic level, where there is a momentum
exchange between the photon and the atom that can be influenced by the environment [50]. At the
macroscopic material level, the optical force on a surface has been described by a pressure given by
(6) [59]. Consequently, the maximum pressure from (6) is P = 2S/c N/m2. However, (6) precludes
information on how the field interacts with the material. A fundamental approach is to describe
the optical force density in the material in terms of fields using (4). The more general form of (4)
has been used to describe key experiments [51, 58], is consistent with a development from Einstein
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and Laub [53], and results in the theory of Lorentz in the static limit [63]. Solving for the fields in
a planar gold (Au) mirror with plane wave illumination using (4), where the second term is zero
with normal illumination, leads to the force density and hence a pressure that is very close to that
from (6) with |Γ| = 1. This pressure on a planar surface thus provides a good reference for the
results we present. While (6) provides a reasonable description for the force on a planar surface
with no transmission, (4) allows the 3D structured material situation to be treated, where both the
cross and gradient terms contribute to the pressure with a structured material.
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Figure 15. Simulated fields and force densities for the periodic slot structure of Fig. 1(b): (b)-(d) Strong Push,
Λ = 966.4 nm, W = 250 nm, P = 25.7 N/m2; (e)-(g) Strong Pull, Λ = 692.2 nm, W = 200.4 nm, P = −20.2 N/m2;
(h)-(j) Weak Push, Λ = 886 nm, W = 124 nm, P = 3.26 N/m2. The slot taper was determined according to SEM
data from fabricated samples. The power density for the 1070 nm plane wave is 318 MW/m2, corresponding to 1 mW
over a 1 µm radius circle.
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Figure 15(a) shows the simulation geometry of the partial-depth taper slots, where the thickness
of Au and SiN are both 50 nm, and W and Λ are the slot width and the periodicity, respectively.
The simulated field and optical force densities for three geometries that were fabricated are shown in
Fig. 15, and W and Λ, and the calculated pressure, P , for each are given in the caption. The plane
wave (Ex,Hz) normally incident from the top has a power density of 318 MW/m2, roughly 1 mW
over a 1 µm radius circle. Figures 15(b)-(d) show a strong pushing force (Strong Push) situation
(25.7 N/m2) in the direction of the incident Poynting vector, Figs. 15(e)-(g) a strong pulling force
(Strong Pull, -20.2 N/m2), and Figs. 15(h)-(j) a weak pushing (Weak Push) force (3.26 N/m2).
The corresponding calculated pressure on the planar Au-SiN-Au film is 2.11 N/m2 and on a perfect
mirror is 2.12 N/m2. The dissipated power density from optical absorption calculated in each case
is: 227.9 MW/m2 (Strong Push), 141.8 MW/m2 (Strong Pull), and 143.9 MW/m2 (Weak Push).
The planar surface power dissipation is 22.6 MW/m2. The intent was that the weaker pushing
force case to be similar in magnitude to the planar case, and to be substantially smaller than those
for the strong pushing and pulling structures. Numerical convergence studies based on element size
refinement and slight rounding of the corners ensured the accuracy of the solutions for both the
fields and the force densities. There is a metal-insulator-metal (MIM) waveguide mode established
involving the Au and SiN interfaces that produces rather symmetric and competing force densities.
A resonant surface wave at the Au-SiN interface at the bottom of the slot, clear in Fig. 15(c),
provides the major pushing force, as is evident in Fig. 15(d). This phenomenon, with the relatively
wide slot width, differs from the vertical MIM cavity array that produces an enhanced pressure
[52]. The primary contribution to the pulling force is in the neighborhood of the Au slot, near the
SiN surface, as Figs. 15(e) and (g) show for the field and force density, respectively. In this case, the
scattered fields have been adjusted (by varying W and Λ) to produce a total field that imparts a
net negative force. On the contrary, tractor beams pulling beads operate by control of the incident
beam [115], although of course it is the total field also that imparts the force. The weak pushing
force described in Fig. 15(j) results from competition between pushing and pulling forces.

We understand enhanced optical pressure, identified as a magnitude greater than 2S/c, where S
is the incident Poynting vector magnitude and c is the speed of light in vacuum, as being based on
the excitation of resonances in the material. In the situations treated, the surface plasmon waves
resonate. By controlling the geometry variables, the character of the fields and their resonances
regulate the force density hence the pressure.

7.3 Fabrication

We fabricated partial-depth slots using the designs of Fig. 15. While structures like Fig. 3 could
be fabricated using a nanoimprint method we have presented [124], it is easy to build slots with
FIB milling. Because of our interest in characterizing a variety of structures, we decided to initially
focus on this fabrication method, and to incorporate milling tapers into the designs.

We developed FIB milling during our earlier work [125–129]. The resolution depends on the
ion current used (smallest current available), the ion stability, and the metal material on which the
patterns are to be written. Another factor affecting the resolution is the thickness of the metal
film. Due to the tapered profile of the focused ion beam, one will obtain a wider opening on one
side of the surface and a sharp opening on the other side, while milling a structure such as a slot.
The partially cut-through slots can be achieved by controlling the current and milling time.

We started with commercially available SiN membranes having a thickness of 50 nm (Norcada,
Inc.). These membranes had dimensions of 500µm × 500µm and were supported on a frame
made of silicon. Gold was deposited on both sides of the membrane using an e-beam evaporator
(CHA), following deposition of a 5 nm layer of titanium for adhesion. Thus, essentially a three-
layered symmetric structure made of Au-SiN-Au was formed bounded on all sides by the Si support
structure, as shown in Fig. 16(a). This sample was used to study the deflection response of a planar
surface under the influence of an incident pressure laser.
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Figure 16. (a) Schematic of the top view of the three layered Au-SiN-Au membrane, and SEM images of: (b) The
three slot arrays with an enhanced pushing force (Strong Push, top left), an enhanced pulling force (Strong Pull, top
right), and a weak pushing force (Weak Push, bottom right). SEM image data indicates: all slots have a length of
11.5µm; for the Strong Push structure, 9 slots with W = 250 ± 2.2 nm, Λ = 966.4 ± 7.7 nm; for the Strong Pull
structure, 11 slots with W = 200.4 ± 3.4 nm, Λ = 692.2 ± 7.3 nm; and for the Weak Push structure, 11 slots with
W = 124± 3.3 nm, Λ = 886± 9.8 nm. (c) A higher magnification SEM of the Strong Push slot array.

Next, three periodic slot array structures were milled near the center of the membrane with
nominal dimensions corresponding to those used in the simulations in Fig. 15 and measured dimen-
sions indicated in the caption of Fig. 16. The SEM (Hitachi S-4800) image for these slot arrays
is shown in Fig. 16(b). A fourth symmetric location was used for the planar deflection data. A
magnified image of the large pushing force structure (top left of Fig. 16(b)) is shown in Fig. 16(c).
Images from an SEM with an edge detection method that defines the edges from the local maxi-
mum gradient of the image intensity [130] provided precise geometry information for the fabricated
structures for analysis and extraction purposes.

7.4 Experimental Results

We measured the membrane deflection under the influence of the force from an illuminating laser
beam. Figure 17(a) shows how a quadrant (quad) photodetector with a low-power, 640 nm sensing
laser was utilized for measuring the deflection of the membrane. The membrane was mounted
on a holder whose position could be controlled with a motorized stage. The detection laser was
incident on the position exactly opposite the pressure laser and on the top, planar side of the Au-
coated membrane. The schematic for the experiment is shown in Fig. 17(b). The 1070 nm pressure
laser deflects the membrane, thus changing the position of the sensing laser on the four quadrant
photodiode. The photodiode provides a voltage reading which is then converted into the actual
deflection by calibrating the change in voltage with a known change in displacement.

Referring to Fig. 17(b), the 1070 nm CW fiber laser (S1) passes through a chopper and illumi-
nates the membrane. A neutral density filter (ND) and a polarizer (P) control the incident power
on the sample and polarization. TM (magnetic field out of the page in Fig. 17(a)) polarization is
used in the experiments which gives an enhanced optical force with the slots. An objective lens
(O) is placed near the sample to focus the force laser beam on the desired position of the sample.
The input laser beam is intensity modulated at a particular frequency with the help of a chopper
(C) that is synchronized with a lock-in amplifier (LA) to reduce the measurement noise. We used
CCD camera to observe the reflection image of the sample with illumination of white light (WL)
to determine the position of the focused spot from the force laser. The deflection of the sample
is measured on the other side of the sample with the help of a detection laser, a 640 nm CW
laser (S2). The detection laser monitors the deflection of the membrane through the quadrant
photodiode (Quad) and can be recorded on the oscilloscope (OC) and the lock-in amplifier (LA).

We illuminated the membrane with the pressure laser and scanned the membrane to obtain de-
flection as a function of incident laser position on the membrane. This allowed location of the center
of the slot arrays from the locations for local maximum deflection. Figure 18 shows the scanning
results of the membrane region including the three slots and the corresponding symmetric planar
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Figure 17. (a) The quadrant detection system for monitoring deflection that uses a 640 nm diode laser. (b) The
deflection experiment. S1: Force laser (operates at 1070 nm); S2: Detection laser (640 nm); Quad: Quadrant
photodiode; OC: Oscilloscope; LA: Lock-in amplifier; ND: Neutral density filter; WL: White light source; P: Polarizer;
C: Chopper; O: Objective lens; M: Silver mirror; B: Beam splitter; L: Lens.
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Figure 18. Scanned membrane deflection magnitude measured using a lock-in amplifier as a function of position in
the region containing the three slot arrays, with 1 mW incident power at 1070 nm.

surface location with 1 mW incident power. The deflection signal is from the lock-in amplifier, and
the magnitude in Fig. 18 indicates displacement. The phase information can be used to determined
the direction of total deflection, and this was verified by oscilloscope data. The direction of the
total deflection of the three slotted areas and the planar surface area are all towards the sensing
laser side.

The measured (total) deflection is shown in Fig. 19(a) by the solid circle points and the dotted
lines are a least mean square error fit for optical powers less than 1 mW, selected so that all of the
data is in the small signal, linear regime (with respect to force laser power). The dotted lines are
treated as the measured data for the three slot arrays and the planar surface. All four measurement
locations on the membrane have the same deflection direction, towards the sensing laser side (and in
the direction of the incident force laser). The total deflection in Fig. 19(a) for the Strong Push case
is largest, followed by the Weak Push, Strong Pull, and, far smaller, the Planar case. The Strong
Pull total deflection is less than the Weak Push because the optical force is in the opposite direction
to the thermally-driven deflection. The measurement error bars (that are more pronounced in the
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expanded view) were determined based on 100 measurements with the lock-in amplifier (10 ms
integration time for each datum and a total duration of 1 s), and are found to be negligible for our
purposes.

The total deflection has contributions from both the direct optical force and heating. When
the 1070 nm laser illuminates the Au-coated membrane, heat will be generated that will result
in thermal-based deflection. We have devised a mean to separate the direct optical deflection
from the thermal deflection. For a given membrane, the mechanical properties should be fixed,
and we assume that they are independent of position over the measurement domain. Also, in the
small deflection regime, there is a linear relationship between optical power and deflection, and
between displacement and force (given by the spring constant) and heating. Consequently, the
superposition of the direct optical deflection and the thermally-driven membrane deflection holds.
From simulations, we generate the optical force from (2) and the dissipated power (due to the
imaginary parts of the material parameters) for each structure and the planar membrane. These
will of course vary with the geometry (for example, for different slot structures). However, assuming
the model is correct, it is possible to use a fitting parameters that relate the calculated optical force
to deflection (α m/N) and the thermal dissipation to deflection (β m/W). These parameters can
be obtained using adequate experimental data. The validity of this approach is then measured by
the ability to predict independent measurements, or equivalently, the quality of the fit between the
predicted and measured deflection results. In this manner, the legitimacy of the force model can
also be appraised. The deflection for each measurement (either position of the optical beam on the
membrane or the power level at a fixed position) can be written as

αF1 + βT1 = Dt1

αF2 + βT2 = Dt2

... ,

αFK + βTK = DtK (31)

where Fk, k = 1, 2, ...,K is the calculated optical pressure from the simulation, Tk is the calculated
power dissipation from the simulation, and Dtk is the measured total deflection. The first term
on the left hand side represents the optical deflection while the second term describes the thermal
deflection. We determine α and β using least squares fitting. Four sets of Fk and Tk, the enhanced
pushing force, the enhanced pulling force, the weak pushing force, and the planar surface, were
used in the fitting process (so K = 4). As a result, the optical deflection can be extracted from the
total deflection.

We use the dotted line fits in Fig. 19(a) to form dDtk/dPo, with Po the variable force laser power,
and then a least squares fit to estimate a single α and β for dFk/dPo and dTk/dPo, respectively,
that hold for all structures. The accuracy of this procedure is clear in predicting all experimental
data, as shown in the deflection results of Fig. 19(a).

Figure 19(a) shows the results with two modeling approaches: a simple 2D periodic structure
assumed for each slot array with plane wave illumination (solid), and a more accurate 3D Gaussian
beam illumination of each slot array with a sequence of 2D slice solutions accounting for the beam
profile along the length of the slots (dashed). The fields and force densities for each finite-width
structure with a Gaussian incident field (1/e field at a half-width of 7µm) was found to have similar
key features to the 2D periodic case with plane wave illumination. The 2D slice approximation
of the 3D solution was investigated by calculating the 3D force and dissipation on a planar (Au-
SiN-Au) surface by comparing with results from a superposition of 2D slices, and found to be
satisfactory. The simulated results use the experimentally-derived α and β to relate calculated
force and dissipation, respectively, to displacement. The simulated total deflection results using
the periodic assumption (with the mean width and period of each array) compare favorably with
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(a)
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Figure 19. (a) Measured (solid circles) and fitted and predicted (lines) total deflection as a function of incident
laser power: enhanced pushing force (blue), enhanced pulling force (red), weak pushing force (green), and planar
surface (yellow). Inset: enlargement of the dashed square region showing measurement error bars. Dotted: fits to
the measured data; dashed: fits from a simulation with a Gaussian beam incident on each slot array; and solid: fits
from a simulation with plane wave illumination of the corresponding periodic structures using the measured mean
slot width and period. (b) Extracted optical deflection: dashed lines are from the exact slot array structures; solid
lines are from the periodic structure simulations. The error bars describe sensitivity to structure using the means
and standard deviations of the slot arrays from the SEM images (and are not the extraction errors). The inset shows
an expanded scale data. The blue curves for a large pushing force show about an order or magnitude increase in
pressure relative to the planar surface (yellow).

those for each slot arrays with Gaussian beam illumination. All simulated results in Fig. 19(a)
are sufficiently close to the measured data to make conclusions regarding extracted optical force
deflection and related enhancement of the pressure.

The extracted optical deflection results as a function of incident optical power are shown in
Fig. 19(b). The dashed lines are the results using the more accurate slice model with the measured
Gaussian beam profile. The mean values of each slot width and separation for each array were
obtained from the SEM images and used to obtain the simulated results (with the extracted α and
β). The substantial differences between the large pushing force and pulling force deflections and the
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planar results represent the force enhancement. In order to appraise sensitivity of the extraction to
geometry variations, we pursued a statistical study, and those results are shown by the solid lines
in Fig. 19(b) that have associated error bars. It should be emphasized that the resulting error bars
are not the errors in determining the slot array parameters, but are in indication of sensitivity of
the method for determining optical force deflection to gross variations in the geometry, should there
have been factors of which we were unaware. From the SEM images, we obtained a mean and a
standard deviation for each array slot width and period (see the caption of Fig. 16). Based on the
geometry means and the means plus and minus the standard deviations, we calculated the optical
force and power dissipation and repeated the least square fitting process with all the combinations
of slot widths and separations for the different sets of slots, using the simple plane wave model. We
determined the standard deviations of the fitted optical deflections and plot these as the error bars
in Fig. 19(b). The error bars are asymmetric because the points and lines were determined using
the geometry means, and the means from the statistical treatment are not identical. Note that
even with this rather artificial and extreme set of variations in the extracted optical deflection, all
results in Fig. 19(b) are distinct and clearly demonstrate an increase in deflection based upon slot
structure, relative to the planar case. Importantly, Fig. 19(b) shows a force on the structured Au
film, in the case of the large push force (blue), that is approximately an order of magnitude higher
than that on the planar Au surface (yellow).

7.5 Conclusion

We have demonstrated an enhanced optical force on a metallic surface that depends on the nanos-
tructured features. The increase in optical pressure therefore results from optical field interaction
with the material in the third dimension. The general principle is that an asymmetric cavity-
enhanced field increase, associated with a resonance, leads to an increase in the force density
within the material and hence to a substantial increase in the total force, relative to the planar
case. A negative pressure results from control of the scattered field in the structured material.

The interplay between material, structure at the nanometer-scale, and optical force will have
substantial consequences in applications that include all-optical communication, remote actuation,
propulsion, and biophysics. For example, in all-optical communication, optical signals could be used
to move a structure that would then select a different optical (network) path [121, 122]. Remote
actuation would be enhanced by greater sensitivity and control of the force direction, both of which
might benefit cavity cooling [131, 132]. Regulation and enhancement of the optical force should
prove interesting in the field of cavity optomechanics [133, 134]. Also, by structuring beads used in
optical tweezer experiments related to biomolecules, more control during experiments to evaluate
the influence of force and torque may be possible with patterned beads [102]. Finally, there has
also been interest in thermomechanical structures, where light is used to heat and deform metal
films [135].

8 Pushing and Pulling Optical Pressure Control with Plasmonic

Surface Waves

8.1 Summary

We present an approach for pulling a passive nanostructured surface with light by establishing a
transverse surface wave resonance, and the results are supported with numerical simulations of fields
and force density in the material [136]. By applying a force density formulation from Einstein and
Laub, pulling is achieved with a simple periodic array of slots in a gold film supporting a plasmon
mode with single-plane-wave illumination. This can be understood as being due to excitation of a
resonant field on the back that provides a dominant force density on the back of the gold film and
hence pulling. In addition, an example metal-dielectric structure is presented that allows pushing or
pulling, depending on wavelength and whether the surface wave on the front or the back dominates,
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respectively. Similar to recent experimental results that showed a pressure greater than that on a
perfect mirror is possible, both positive and negative pressures can exceed that on a planar mirror.
This enhancement is due to a cavity resonance, in this case due to a transverse surface plasmon
mode. This work motivates an experimental effort to demonstrate pulling with nanostructured
media and offers a new paradigm in optomechanics.

8.2 Introduction

The interaction between light and materials has been widely studied. From Maxwell’s picture, the
maximum time-averaged radiation pressure is twice the incident time-averaged power density over
the background light speed, which occurs on perfect mirror with a planar surface. We have demon-
strated both experimentally [91] and interpreted this phenomenon by introducing an asymmetric
cavity picture with an appropriate quality factor [90]. Recently, a statistical simulation study of
aperiodic dielectric and metal elements provided example structures that could be pulled as well as
pushed, with evidence of a relationship to the character of the resonances [103]. Lacking has been
a simple explanation for pulling in relation to the geometry of the scattering structure. Evanescent
fields from surface waves can provide resonant fields that can be controlled in interesting ways. We
investigate this aspect by looking into plasmonic surface waves on a nanoslotted Au membrane.
With the understanding of the relation between enhanced pressure and surface waves, one can then
design structured metallic and dielectric materials where an increase in pressure over that on a
perfect mirror is possible. One application domain is propulsion [137] (see Fig. 2).

To describe the optical force density inside the material due to the electromagnetic field, we
utilize a formulation from Einstein and Laub [53]. The field solution is calculated by a finite
element analysis, and then the force density and the corresponding collective normal pressure is
obtained. The basic concept is that the incident light is coupled into a waveguide structure and the
excited waveguide mode(s) facilitate control of the net force. Using relatively simple pictures, such
as surface wave and MIM mode excitation [138–141], we can establish the underlying principles.
Referring to (4), cavity resonances can result in an increase of both terms, but depending on the
geometry, one may dominate. In the case of plasmon surface waves, it is the metal-insulator and
metal-insulator-metal (MIM, slot) modes that are of interest.

8.3 Slots in a Gold Film

We investigate opportunities for both pushing and pulling of a An membrane having a periodic
array of slots. Figure 20(a) shows the simulation arrangement for a periodic structure composed of
a gold (Au) film with a single slot in each period, Λ, where W is the slot width and T is the gold
thickness. A plane wave is incident from the top with H polarized out of the page, a wavelength
of 633 nm, and an intensity equivalent to 1 mW over 1µm circular radius circle. The corners of
the geometry are rounded with a 2 nm quarter circle to avoid issues with singular fields. With the
incident field having H = ẑH, surface plasmon modes are excited at the metal-vacuum interfaces,
and in the slot, a metal-insulator-metal (MIM) mode exists [140]. Fixing W at 60 nm, Λ was varied
to find the transverse resonance condition for the front and back plasmon modes (at the Au-vacuum
interfaces). The resonant condition was found to be Λ = 620 nm, which is close to the plasmon
surface wave wavelength [142]. Fixing both W (60 nm) and Λ (620 nm) and varying T , we find
the pressure varies as in Fig 20(b). The dashed black line is zero pressure and positive pressures
indicate pulling because the the plane wave is incident from the top in the −y-direction. The
dashed red line indicates the pressure on the perfect mirror with the same incident field intensity.
Figure 20(c) plots the calculated power density on the back side of the Au membrane with respect
to T , showing resonant coupling through the slot MIM mode. Comparing Figs. 20(b) and (c),
we see that a pulling pressure is promoted when the power density on the back side of the Au
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Figure 20. (a) Simulation setup of a cut-through slotted Au membrane, where Λ is the period, W is the slot width,
and T is the gold thickness. The plane wave incident from the top is polarized with H out of the page, the wavelength
is 633 nm, and the intensity is equivalent to 1 mW over a 1µm circular radius spot. (b) The calculated pressure
when Λ=620 nm and W=60 nm, with the Au film thickness (T ) varied from 100 nm to 500 nm. The red dashed
line indicates the pressure on a perfect mirror with the same incident field intensity. The region above the black
dashed line is the pulling pressure regime and below this line the pushing pressure region, because the plane wave is
incident from the top and in the −y-direction. (c) The calculated power density on the bottom side of the Au film,
with respect to the Au thickness. The peaks correspond to situations where the metal-insulator-metal (MIM) mode
in the slot provides resonant transfer through the film. Comparing (b) and (c), we can see that a pulling pressure
peak coincides with significant coupling to the back of the film and hence resonant coupling through the slot.

membrane has its largest magnitude, indicating coupling of the incident field through to the back.
The resonant features in Figs. 20(b) and (c) are separated by half a wavelength for the lowest order
MIM mode. The effective excitation of the back surface wave is associated with coupling light
through the structure that results in a recoil force in the direction opposite to that of the incident
light.

Now consider the field and force density solutions shown in Fig. 21 in the neighborhood of
T = 200 nm in Fig. 20(b), where the largest pushing and pulling pressures occur. The largest
pushing pressure (left column of Fig. 21) of -5.77 N/m2 occurs at T = 203 nm and is about 3 times
greater than that on a perfect mirror. Increasing T to 232 nm results in a change to a pulling
pressure (right column of Fig. 21) of 0.77 N/m2. Figures 21(a) and (b) show the x-directed electric
field magnitude and that an MIM resonant mode is developed in the slot cavity. This resonant MIM
mode excites the surface wave on the front and back of the Au, as shown in Figs. 21(c) and (d),
indicated here by the dominant y-component of the electric field. The calculated time-averaged
y-directed force density (N/m3) is shown in Figs. 21(e) and (f), where blue is a pushing force
density and red is a pulling force density. In Fig. 21(c) and (e), a larger surface wave is developed
on the front of the Au, resulting in larger pushing force density and an enhanced pushing pressure.
However, in Figs. 21(d) and (f), a larger surface wave amplitude, and as a result a larger pulling
force density, is developed on the back of the Au film, resulting in a pulling pressure. From the
two cases, the surface waves on the top and the bottom of the Au film compete with each other
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and therefore decrease the net magnitude of the collective pressure. We conclude that the pressure
could be enhanced if the surface wave at the top (for pulling) or the bottom (for pushing) can be
suppressed.
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Figure 21. Simulation results for the largest pushing pressure ((a), (c), and (e)) with T = 203 nm and the adjacent
pulling pressure situation ((b), (d), and (f)) with T = 232 nm, referring to Fig. 20(b). (a) and (b): |Ex|, clearly
showing the slot MIM mode resonance. (c) and (d): |Ey|, showing the front and back surface waves. (e) and (f):
Time-averaged y-directed force density (N/m3). The MIM mode in (a) and (b) promotes the top (incident field side)
and bottom resonant surface waves seen in (c) and (d). In (e), the pushing force density on the top Au surface
dominates, resulting in enhanced pushing pressure of -5.77 N/m2, while in (f) the more substantial pulling force
density associated with the surface wave on the bottom of the Au film results in the small pulling of 0.77 N/m2.

8.4 Pushing and Pulling with a Gold-Dielectric Film Structure

One approach to regulate the surface wave is to modify the resonance condition by control of the
mode phase constant through a dielectric film. We consider a Au film with a periodic array of slots
and a dielectric film on the top and/or the bottom, as in Figs. 22 and 23. Such an arrangement
could be fabricated on an SiN membrane, as we did previously [91]. In each case, a plane wave
is incident from the top with magnetic field out of the page. By regulating the parameters, we
show that a dominant surface wave on the top (front) results in a pushing force, and when a strong
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surface wave is on the bottom (back) of the structure, a pulling force. A strong front or back
surface wave occurs with transverse resonance, and coupling through to the back with resonance
of the metal-insulator-metal slot mode.
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Figure 22. Simulation of a periodic nanostructured Au membrane with a SiN layer (n = 2 at 633 nm) added to
the top ((a)-(c)) or bottom ((d)-(f)) of a Au film. A 633 nm plane wave is normally incident from the top with
magnetic field out of page, and the power density is equivalent to 1 mW over 1 µm radius circle. Parameters: period
Λ, slot width W , and Au thickness T , Au dielectric constant ǫAu = −11.8 + i1.23 (633 nm). (a) and (d) simulated
structures with a SiN film on the top and bottom, respectively, with (a) period Λ=418 nm, slot width W=60 nm, Au
thickness T=304 nm, and SiN thickness 50 nm; and (d) Λ=420 nm, W=60 nm, T=320 nm, and SiN thickness 50 nm.
The corresponding y-directed electric field magnitudes are shown in (b) and (e). The y-directed time-averaged force
densities are shown in (c) and (f). The top row shows the case of an enhanced pushing pressure of 20.3 N/m2 and the
bottom row a pulling pressure of 10.12 N/m2. The pushing pressure magnitude on a perfect mirror with the same
intensity is 2.12 N/m2.

Figures 22(a) and (d) show the simulation setup with a 50 nm SiN layer added to the front or
back of a Au membrane, respectively. A 633 nm plane wave is normally incident from the top and
the intensity is equivalent to 1 mW over a 1 µm radius circle. The corresponding pushing pressure
on the perfect mirror is 2.12 N/m2. The top row of Fig. 22 presents the case of an enhanced
pushing pressure and the bottom row shows the situation with an enhanced pulling pressure.
Figures 22(b) and (e) show the magnitudes of the corresponding y-directed electric fields, dominant
in the transverse surface (plasmon) wave. Figures 22(c) and (f) show the calculated time-averaged
y-directed (normal component) force density. With the SiN layer on the top (Figs. 22(a)-(c)), we
find a pushing pressure of 20.3 N/m2 (period of Λ=418 nm, Au thickness of T=304 nm, and slot
width of W=60 nm). From Fig. 22(b), the resonant mode is promoted on the top surface and
the interaction of the field with the Au and the SiN film produces the enhanced pushing force
density on the top (front) in Fig. 22(c). For the case with the SiN layer on the bottom (back,
Figs. 22(d)-(f)), we find an enhanced pulling pressure of 10.12 N/m2 (Λ=460 nm, W=60 nm, and
T=320 nm). From Fig. 22(e), we see that the top surface wave is diminished due to the change of
the transverse resonance condition (Λ) and Fig. 22(f) shows that the pulling force density on the
back of the membrane dominates.

We show that it is possible to achieve either a pushing or a pulling pressure with the same
structure by tuning the incident field wavelength. Figure 23(a) describes the simulated structure,
where Λ=460 nm, W=60 nm, and T=306 nm. A 10 nm-thick dielectric layer is added to the top
with a refractive index of 1.5, 2, and 2.5, and the back SiN thickness is 40 nm. The refractive
index of both dielectric films is assumed independent of wavelength in this example (and a value
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Figure 23. Simulation of wavelength-controlled pushing/pulling pressure on a periodic nanostructured SiN-Au-SiN
membrane. The illuminating wave condition is the same as in Fig. 22. (a) Simulation setup with parameters: period
Λ=460 nm, slot width W=60 nm, Au thickness T=306 nm, top dielectric thickness 10 nm, with refractive indices
n = 1.5, 2, 2.5, and bottom SiN thickness 40 nm. (b) Calculated time-averaged y-directed pressure with the incident
wavelength varied from 400 nm to 800 nm: blue, n = 1.5; green, n = 2; red, n = 2.5. A positive value indicates
a pulling pressure and a negative value a pushing pressure (light is incident from the top in the −y-direction). An
enhanced pushing pressure is developed around 570 nm and the enhanced pulling pressure in the neighborhood of
630 nm.

of 2 was used for SiN). The wavelength-dependent dielectric constant of Au is used [61]. The
illuminating wave condition is the same as in Fig. 22. Figure 23(b) shows the calculated time-
averaged normal pressure with an incident wavelength varying from 400 nm to 800 nm, for the
three different refractive indices of the top dielectric layer. A positive value indicates a pulling
pressure while a negative value indicates a pushing pressure (the light is incident from the top and
in the −y-direction). Note that a pushing pressure occurs with an incident field wavelength around
570 nm and a pulling pressure when the wavelength is in the neighborhood of 630 nm, and for the
n = 2.5 case (red curve), the pushing and pulling pressure magnitudes are approximately equal at
these two wavelengths.

Our results show that simple structures can be designed to be pushed and pulled by light. This
phenomenon occurs due to the excitation of field resonances and these can be regulated by design.
It thus appears possible to regulate both the magnitude and direction of the net optical pressure
on a nanostructured material.

9 Experiment for Measuring Deflection of a Membrane

We built a new and sensitive experiment to accurately measure the deflection of a membrane and
hence determine whether it is possible to pull a structure with a simple laser beam. This experiment,
presented schematically in Fig. 24, involves laser-driven deflection of a SiN membrane with a patch
of Au deposited on top and slot arrays etched through both the Au and SiN. When illuminated
by a force laser, the optical force will deflect the membrane. This deflection will be measured by a
quadrant detection system.

Due to the differing thermal properties of Au and SiN, the Au patch could expand at a different
rate than the bulk membrane. This expansion would introduce a strain that tends to pull the
Au away from the SiN, leading to buckling of the membrane. To demonstrate true pulling and
eliminate thermal buckling as the cause of deflection, the experiment will be repeated with the
membrane illuminated on both the Au and SiN sides. Based on simulation results the former will
result in a larger and hence easier to measure deflection. The latter will orient the pulling force
such that it acts in opposition to the buckling, leaving the optical force as the only cause of the
pulling.
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Figure 24. Schematic for the experiment: force laser (S1), sensing laser (S2), quadrant photodiode with bandpass
filter (Quad), oscilloscope (OC), lock-in amplifier (LA), neutral density filter (ND), white light source (WL), polarizer
(P), chopper (C), objective lens (O), silver mirror (M), beam splitter (B), lens (L), charge coupled device (CCD)
camera. The membrane structure location will be adjusted using a computer-controlled system of motorized stages.

10 Design and Fabrication Nanostructured Membranes

Our intent is to fabricate nanostructures on SiN membranes with Au patches using focused ion
beam (FIB) milling in Purdue’s Birck Nanotechnology Center (BNC). The SiN membranes we
have used in our experimental work came from Norcada, a MEMS technology company based in
Edmonton, Alberta, Canada. We learned that Norcada has the capacity to fabricate slot arrays in
SiN membranes with Au patches having modest slot widths (100 nm), and for a reasonable cost.
We worked with Norcada to define a fabrication effort and iterated on structure design features
that incorporated specific geometries related to the process they can employ, and those structured
membranes have been received and will be used in experimental studies related to motion control
with optical force.

11 Pulling Pressure with All-Dielectric Materials

11.1 Summary

We consider simple all-dielectric arrangements that provide a pulling pressure and hence a net
negative force results. The simulations described should lead to an interesting set of experiments,
and relate to various applications.

11.2 Introduction

We have presented various metal and metal-dielectric structures that offer pushing and pulling
pressures through regulation of resonant modes. This allows control of the direction by varying the
parameters associated with the incident field. Metals offer strong scatter and provide for surface
waves and very small optical cavities, and were used to show enhanced pressure effects. Resonant-
based dielectric structures can behave similarly, and results from an aperiodic binary material
system support this [103]. However, the use of metals will also have accompanying heating [91], so
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that the optomechanics cannot simply be regulated by the optical force. While this thermomechan-
ical deflection may be useful in some situations, in some applications all-dielectric structures may
be preferable. One example would be Si photonics, where waveguides are formed in Si. We have
learned that regulation of the resonances in structured dielectrics can provide for pushing or pulling
[103]. However, simple dielectric arrangements, such as films, would be useful in applications. This
leads us to consider pulling forces with dielectric films.

We discovered from our earlier work [54] that a thin, low dielectric constant film in a higher
dielectric constant background experiences a negative force from the analytic solution for the fields
and force density. This makes the three-layer dielectric system with a low dielectric constant film
sandwiched in higher dielectric constant layers interesting to study. On the other hand, the second
term in (4) reveals that with a positive dielectric constant, a pulling force can be established with
an evanescent field. That is, the gradient force can provide the condition needed for pulling. One
simple way to establish an evanescent field is from internal total reflection, when light incident
from a high dielectric constant region onto a low dielectric constant region above the critical angle.
These two strategies are straightforward and easy to fabricate. We consider Si and SiN in our
simulations because they are widely employed.

11.3 Pulling Force with Low-Dielectric Constant Film in a Higher Dielectric
Constant Background

We might consider that a low dielectric constant film sandwiched between semi-infinite high di-
electric constant regions (the three-region problem [54]) has a practical incarnation as three slabs,
where the thicknesses of the outer two are adjusted so as to have no net force in those regions.
However, this implies adequate degrees of freedom for this operating condition. By way of illustra-
tion, a single film with negligible dissipation has no net force when it is an integer multiple of half
a wavelength thick [54]. Therefore, by tuning the parameters of the high dielectric constant slabs,
and assuming a fixed laser wavelength, we anticipate realizing a pulling force on the composite.
Thus, by changing the angle of incidence or the wavelength, pushing would result. This structure
could be easily fabricated on a SiN membrane by coating both sides with Si. Figure 25 shows
the simulation results. A plane wave with magnetic field out of page is normally-incident from a
semi-infinite high refractive index (the top, n = 4) material to a low refractive index (n = 2) film
with a free space wavelength of 633 nm and an intensity corresponding to 1 mW over 1 µm radius
circle. The simulation setup is shown in Fig. 25(a), where T is the thickness of the n = 2 layer.
We calculate the pressure on n = 2 layer by varying T . Figures 25(b) and (c) show the electric
field standing wave in the film for thicknesses of quarter and half a wavelength, respectively, the
cases for maximum and minimum (zero) force on the slab. In Fig. 25(d), the pressure on the film
is plotted as a function of the thickness of the low dielectric constant slab. Figure 25(e) gives the
time-averaged y (normal) component of the force density as a function of distance in the slab for a
thickness corresponding to a quarter of a wavelength, and Fig. 25(f) shows the force density when
the thickness is half a wavelength. The largest pulling pressure occurs when T = (2m+ 1)λn=2/4
and zero pressure occurs when T = (2m+1)λn=2/2, wherem = 0, 1, 2, .... Here, the pulling pressure
is positive because the wave is incident from the top and in the −y direction. The challenge is to
find a situation where the total pressure on a structure with finite dielectric thicknesses provides
pulling. This result also has fundamental implications in relation to the interaction of photons
in material and the underlying theory. This work is being expanded and will be submitted for
publication.

38



T = λn=2

4 T = λn=2

2

T0
100
200

-100
-200

y 
(n

m
)

0-300 300
x (nm)

n=2

n=4 (semi-in!nite)

n=4 (semi-in!nite)
200

|E
| (

kV
/m

 )

20
y (nm)

300

400

40 -20 -400
260

|E
| (

kV
/m

)

40
y (nm)

320

380

80 -40 -800

440

500

(a) (b) (c)

0

0.2

0.4

0.6

P
re

ss
u

re
 (N

/m
 )2

60 120 180 240 300
T (nm)

0
<

f 
>

 (M
N

/m
 )

20
y (nm)

5

10

40 -20 -400

15

y
3

0

<
f 
>

 (M
N

/m
 )

40
y (nm)

10

80 -40 -800

20

y
3

-20

-10

(d) (e) (f)

Figure 25. Simulation of a normally-incident plane wave (magnetic field out of the page) from a semi-infinite high
refractive index (n = 4) material to low refractive index (n = 2) film with a free space wavelength of 633 nm.
The intensity corresponds to 1 mW over 1 µm radius circle. (a) Simulation setup, where T is the thickness of the
n = 2 layer. (d) Calculated pressure in the n = 2 region with varying T . A pulling pressure is positive because the
wave is incident from the top. (b) and (e): Calculated electric field magnitude and time-averaged y-directed force
density, respectively, in the n = 2 region when T = λn=2/4. (c) and (f): Calculated electric field magnitude and
time-averaged y-directed force density, respectively, in the n = 2 region when T = λn=2/2. When the electric field
solution is asymmetric we have non-compensated pulling force density.

11.4 Pulling Force with Internal Total Reflection

With light incident from a high dielectric constant region onto a low dielectric constant region
above the critical angle, an evanescent (decaying) field results in the low dielectric constant region.
This can be achieved in a waveguide geometry and by coupling light with a few grating periods
formed in the dielectric. Figure 26(a) shows the electric field magnitude (with magnetic field out of
the page) with oblique incidence from a region with refractive index (n) 4 to a film with refractive
index 2, showing the evanescent field in this region. The resulting pressure determined from (4) for
the n = 2 region is shown in Fig. 26(b), with the separation of the terms: cross is the first term in
(4) and gradient is the second. Notice from Fig. 26(b) that there is a range of incident angles (in the
neighborhood of and beyond the critical angle) where the pressure is positive, indicating pulling,
and a region where there is a pushing force. This arrangement is promising for implementation on
a SiN membrane.

12 Force on a Planar Mirror

Realizing optomechanical devices from nanostructured media requires a spatially-dependent force
density model in the material. The general Einstein-Laub force density has been shown to be
consistent with a boundary description, thereby completing a needed analytic description. This
work has been submitted as a conference paper (2022 Optica/APS/IEEE CLEO).

We have theoretical work that compares the common Maxwell picture of pressure on a mirror
[35, 59] to the result with application of the Einstein and Laub force formulation [51, 53, 55]. This
is done by applying the two different force formulations to the same theoretical situation of a plane
wave normally incident on a planar mirror with varying material parameters. In the case of a simple
semi-infinite planar mirror, we have derived an analytical expression for the time-average pressure
on the mirror with monochromatic light, starting from the force density in (10), in the case of a
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Figure 26. Simulation of an obliquely-incident plane wave (magnetic field out of the page) from a high refractive
index (n = 4) material to low refractive index (n = 2) film (−200 ≤ y ≤ 200 nm) with a free space wavelength
of 633 nm and an intensity corresponding to 1 mW over 1 µm radius circle. (a) Electric field magnitude, showing
the evanescent field in the n = 2 film. (b) Calculated gradient pressure from the second term in (4) (blue curve),
Poynting-like pressure from the first, cross term of (4) (green curve), and the total pressure (red curve) on the low
refractive index material. The black dashed line is corresponding pushing pressure magnitude on a perfect mirror.
Note that there is a pulling force for smaller angles (beyond the critical angle) and a pushing force for large angles,
allowing the direction of the force to be adjusted with angle.

normally incident plane wave. We also showed that the same expression results from application
of (6). The result holds for all semi-infinite medium parameters and in the case of a normally
incident plane wave. Because of the varying origins and derivations of the two expressions, we
sought to compare their results in a simple situation with important physical meaning. The case
of a plane wave on a semi-infinite planar mirror has many implications as an approximation over a
small region of material.

13 Broader Impacts

13.1 Science

Our research has fundamental implications related to optical forces in materials and how to consider
the mechanical aspects of photons. This is of broad consequence in science and engineering, and
our work involves key steps to clarify the mechanical attributes of electromagnetic waves and fields
in materials, which has remained rather mysterious despite advancements in other related fields
during the past century. The uses of nanostructured materials in new technology is illustrated
through several examples in Fig. 2. Our work to pull a structure with a simple laser beam and to
push with large force using asymmetric cavity enhancement are enabling optomechanical system
concepts.

13.2 Graduate Students and Education

Graduate students Adam Behnke and Tom Pollei worked on this project most recently, and this
research will constitute their Ph.D. theses. Dr. Li-Fan Yang completed his Ph.D. in 2020 and
his thesis was focused on experimental and simulation-based aspects of optomechanics in nanos-
tructured media (Optical Force Regulation with Nanostructured Materials). Dr. Yu-Chun Hsueh
completed his Ph.D. in 2018 (Field Control and Optical Force Enhancement in Aperiodic Nanos-
tructures).

Two undergraduate students were involved in this research. Jackson Gihl, a Purdue under-
graduate student in the School of Electrical and Computer Engineering (ECE), worked with the
Webb group under an National Science Foundation REU award. In addition, Scott Kenning, a
Purdue ECE undergraduate student, has been working on modeling of membrane mechanics with
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laser illumination. This is relevant to understanding membrane motion in experiments and the
extraction of optical force information.

14 Publications

The following papers associated with this award have been published, recently presented, and
submitted, or are in preparation.

1. A. H. Velzen and K. J. Webb, “Electromagnetic force on structured metallic surfaces,” Phys.
Rev. B 92, 115416 (2015).

2. K. J. Webb, “Relationship between the Einstein-Laub electromagnetic force and the Lorentz
force on free charge,” Phys. Rev. B 94, 064203 (2016).

3. Y.-C. Hsueh, L.-F. Yang, and K. J. Webb, “Enhanced optical pressure with asymmetric
cavities,” Phys. Rev. B 99, 045437 (2019).

4. Y.-C. Hsueh, L.-F. Yang, and K. J. Webb, “Optical pressure control with aperiodic nanos-
tructured material,” J. Opt. Soc. Am. B 36, 1408-1419 (2019).

5. L.-F. Yang, A. Datta, Y.-C. Hsueh, X. Xu, and K. J. Webb, “Demonstration of enhanced
optical pressure on a structured surface,’ ’Phys. Rev. Lett. 122, 083901 (2019).

6. K. J. Webb (Invited), L.-F. Yang, A. Datta, Y.-C. Hsueh, and X. Xu, “Enhanced optical force
with nanostructured material,” The 50th Winter Colloquium on the Physics of Quantum
Electronics, Snowbird, UT, Jan. 5-10, 2020.

7. L.-F. Yang and K. J. Webb, “Pushing and pulling optomechanics with plasmonic surface
waves,” OSA/IEEE/APS CLEO (Conference on Lasers and Electrooptics) Meeting, San Jose,
CA, May 11-15, 2020 (moved to a virtual on-line meeting): Digest paper for Presentation
FM4Q.3.

8. L.-F. Yang and K. J. Webb, “Pushing and pulling optical pressure control with plasmonic
surface waves,” Phys. Rev. B 103, 245124 (2021).

9. T. J. Pollei, A. W. Behnke, and K. J. Webb, “Einstein-Laub force on a mirror,” In preparation
and 2022 Optica/APS/IEEE CLEO conference submission.
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