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In this paper, we theoretically demonstrate the strong mechanical response of graphene sheets actuated
by near-field optical forces. We study single layer graphene and a two-layer graphene stack with large
separation and show that tunable attractive and repulsive forces can be generated. A large nonlinear
mechanical response can be obtained by driving the sheets through external radiation and guided modes.
We report formation of graphene bubbles of several nanometers in height. Our study points towards new
routes for mechanical actuation of graphene providing new platforms for straintronics and flexible

optoelectronics.

I. INTRODUCTION

Graphene sheets offer a unique platform for mechanics
due to their very low mass density (1.5 — 2 g/cm?), high
elastic strength (~130 GPa) [1], exceptionally stiff in-plane
Young’s modulus (~1 TPa) [2], strong adhesion, and
flexibility [3-5]. These properties have motivated the
adoption of graphene in the next generation of nano-
mechanical devices. Mechanical actuation of graphene has
been demonstrated by applying pressure using gas cavities
[6, 7], electric potential [8, 9], thermal expansion [10, 11],
acoustic waves [12], electrostatic interactions [13], and
electron pumping [14, 15]. Considerable progress has been
made to exploit the mechanical properties of graphene for
high-sensitivity force/mass detectors [16] and tunable
mechanical oscillators [17, 18]. In addition, several
interesting physical phenomena induced by strain have
been demonstrated [19-23]. It has been shown that the
electronic properties of graphene can be engineered by
inducing mechanical deformations, which has led to the
advent of the field of “straintronics” [24-26].

Recently, optical forces have gained in popularity due
to their noncontact nature and ability to manipulate and trap
microscopic objects [27-29]. Using optical forces to
mechanically actuate graphene holds promise for novel
applications in optomechanics [30], such as all-optically
tunable filters, switches, and modulators. However, optical
forces are notoriously weak, and hence it is necessary to
explore possible routes for enhancing these forces for
practical applications.

Although a graphene sheet is optically quasi-transparent
over the infrared and visible ranges, it interacts strongly with
transverse magnetic (TM) light at THz and mid-IR
frequencies [31]. This interaction is dominated by interband
and intraband transitions of the free carriers in graphene and
is highly dispersive [32, 33]. The collective oscillations of
the free carriers can produce surface plasmon polaritons
(SPPs), enabling significant confinement of light to
dimensions much smaller than the free space wavelength.

This offers a route for generating strong optical forces on
graphene sheets.

The use of SPP-enhanced optical forces in graphene
systems can lead to a better performance in terms of
attraction and repulsion compared to conventional metal
and dielectric systems [34-39] due to higher confinement of
SPPs to the surface and lower loss [33]. Further, moving
from a three-dimensional structure to a two-dimensional
sheet is expected to magnify the effect of the force in terms
of the resulting deformation and accelerations. These
differences and the unique feature of graphene in terms of
electrochemical tunability makes it a promising candidate
for optomechanical applications. In this paper, we provide a
detailed analysis of the forces generated by SPPs in a
single-layer and a two-layer stack of graphene sheets. The
calculation of the optical fields is carried out by a general
analytic formalism based on the scattering matrix approach
for stacked layers of graphene [40]. Once the fields are
obtained, we calculate the time-averaged optical force per
unit area of the sheets by evaluating the flux of the
Maxwell stress tensor (MST) [41]. We show that tunable
attraction and repulsion can be achieved for graphene
sheets. The nonlinear mechanical signatures are obtained by
driving the sheets through external radiation and guided
modes. The deformation of the sheets was studied using a
nonlinear von Karman plate theory using both an
axisymmetric solution [42] and a subdivision finite element
method within a quasicontinuum framework [43, 44]. The
paper is organized as follows. In Sec. II, we establish the
formulation and introduce the methods used in this work.
We investigate the optically induced forces and the
mechanical response of a free standing graphene sheet
through external excitation in section III. Section IV,
illustrates the optically induced forces between two layers
of graphene sheets excited by external radiation as well as
injection pf guided modes. Finally, the conclusion is drawn
in section V.



II. METHODS
A. Scattering Matrix Approach
Consider stacked layers of graphene sheets with the
surface conductivity of o, separated by dielectric layers

with the relative permittivities of &, illuminated by

transverse magnetic TM plane waves as shown in Fig. 1(a).
The total electric and magnetic field components associated

with each layer, represented as E:z and ﬁz, can be
formulated as integrals of plane wave modal components
propagating in the forward (+z) and backward (-z) direction
[40]:
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FIG. 1. (a) Schematic representation of stacked layers of graphene sheets
separated by dielectric layers. (b) The integration path chosen to calculate
force per unit area on a graphene sheet using Maxwell stress tensor
method.

Each plane wave component is characterized by transverse
wave vector components {kx,ky} that are conserved in

each layer. The quantities «”* are the unknowns to

calculate, representing amplitudes of the plane waves
—(* —()*
propagating in I-th layer; & and I represent
electric and magnetic field modal profiles, respectively, of
each plane wave in the I-th layer; and

d* =exp (ikxx +ik,y+ ikz(”z) represent the phase factors

of plane waves in the I-th layer. In all the above quantities,
(+) sign represents the waves travelling in the forward
direction and (—) sign represents the waves travelling in the
backward direction. The modal field profiles of each layer
can be expressed analytically as:
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where ky=wlc, k,=\k!+k and

kD = \Jkie,, -kl +k) .

Applying the boundary conditions, the scattering matrix
equation of the I-th interface can be written as:

a(l)* (1)(1)+ 0 r(l)+ t(l)*
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where ®* are calculated at z =z, and each term in the

&)

matrix can be calculated as:
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where 77, is the wave impedance of free-space and
— 70 t+D (0 7.U+D)
D= kz g(l+l) +kz g(l) +kz kz 0-(1)770 (10)

The eigen modes (or guided modes) of the system of
layers, characterized by the tangential wavevector

component k , for each polarization, can be identified as

the poles of the total reflection coefficient matrix. For a
simple system, with a 2D sheet separating two semi-infinite
uniaxial media, the poles can be directly identified as the
zeros of the denominator D given in (10). In case of a 3-
layer system with two 2D sheets separated by a finite layer,
according to the recursive reflection formulae, the condition
for guiding a wave is [40]:

l_(I)(l)—r(l—l)—q)(l)—(I)(I)+r(1)+q)(1)+ =0 (1 1)

B. Maxwell Stress Tensor Method

Once the fields are obtained, the time-averaged optical force
at each interface is calculated by evaluating the flux of the
Maxwell stress tensor (MST) as [41]:

F —%Re{[gdS[ﬁ;(;)}} (12)

where S, is the integration path enclosing the surface of 1-th

graphene sheet. The complex Maxwell stress tensor is
defined in terms of electromagnetic fields as:
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where 1 is the 3x3 identity matrix and an asterisk (*)
denotes the complex conjugate. By choosing the integration
path around the infinitesimal segments of the graphene sheet
as shown in Fig. 1(b), we are able to calculate the force per
unit area in terms of the fields above and below the sheet as:

Fi= %Re{é.T(z =2 )-2T(z= z;)} (14)

where:
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Evidently, the transverse components of the optical force on
the infinitesimal segment of the sheet is zero. With

knowledge of the fields above and below the sheet we arrive
at the closed-form force per unit area on the sheet.

C. Nonlinear von Karman plate theory

In the continuum mechanics framework, the mechanical
behavior of a graphene sheet can be described by mapping
a two-dimensional plane to three-dimensional space. In this
case, in-plane stretch is quantified by 2D Green-Lagrange
Strain Tensor and bending is described by a curvature
tensor, both defined with respect to the ground state of a
flat graphene sheet. Under the assumption of relatively
small deformation but with moderately large deflection, a
set of nonlinear equations can be used to describe the
mechanical behavior of graphene sheet which closely
resemble the von Karman equations for an isotropic elastic
thin plate [42].

In the case of a circular graphene sheet subjected to
axisymmetric loading ¢(7), the in-plane displacements and

the lateral deflection expressed in polar coordinates are
u, =u(), u,=0, and w=w(r), respectively where
r=4/x*+y’. The equilibrium equations in terms of
displacements can be written as [42]
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where E,,, v, and D are the 2D Young’s Modulus,

Poisson’s ration, and bending moduli, respectively. A finite
difference approach is used to solve equations (17) and (18)
subject to axisymmetric pressure distribution obtained from
the electromagnetic solution with zero displacements
imposed at the sheet edge at r =a .

As a more general solution methodology, we have also a
nonlinear subdivision finite element method implemented
within a quasicontinuum framework [43, 44]. In this
approach. the internal energy is calculated using a
hyperelastic potential that depends on the in-plane right
Cauchy-Green deformation tensor C, and the curvature
tensor K. For these calculations we adopt a linearized
model about the planar ground state of graphene. The
problem is solved quasistatically using subdivision finite
elements [44], which provide a smooth parametrization
with square integrable curvature. At each strain increment,
we obtain stable equilibrium configurations by numerical
minimization using a conjugate gradient method.

An approximate solution for graphene bubbles can also
be obtained to estimate the center deflection [45]. Due to
the nonuniform distribution of the pressure arising from
external excitations, the deflection profile is relatively
localized towards the center. We assume a deflection
profile in form of:

2 2
w=h£1—%j2q£1—%j .

The in-plane strain energy and the bending energy are
modeled using a von Karman plate theory [44]. A
variational approach is adopted whereby the approximate
equilibrium solution is obtained by minimizing the total
energy with respect to the unknown coefficients in (19).

In all the models, the graphene sheet is taken to be
transversely isotropic with linear elastic properties E,p, =
336 N/m, v=0.165, and D = 0.238 nN - nm consistent
with experimental and ab initio calculations [42].

It should be remarked that for the investigation of the
optomechanical response of a graphene sheets coupled
analysis of the fields and deformation kinematics should be
carried out since the optical forces change as the graphene
sheet bends. The study requires a multi-scale approach as
the locally induced strains can change the electronic
structure of graphene and affect the conductivity. However,
for small deformations the change in the conductivity is

(19)



negligible. Moreover, the coupling between electromagnetic
and mechanical equations is weak and they can be
decoupled to give an approximate solution. Throughout this
work, we restrict ourselves to this weak-coupling regime to
show the proof of concept. The implications of this
approximation are studied and provided in the supplemental
material.
1I1. OPTICAL FORCES ON A FREE-
STANDING GRAPHENE SHEET

We start by considering a free-standing graphene layer.
To highlight the similarities and differences between
graphene and metallic films, a free-standing gold thin film
with a thickness of 10nm is considered for comparison. The
near-field excitation accesses surface plasmons, which leads
to ultrahigh optical forces. The key feature in this process is
the strong enhancement of evanescent waves. To
demonstrate this effect, a graphene sheet and a gold thin
film are excited by a TM polarized light from above with a
wavelength A as depicted in the insets of Fig. 2. Referring to
the coordinate system of Fig. 2, we express the electric field
as E = Eqexp (ik;. 7 — iwt)k,, where k, = k,p + k,2 is the
wavevector, and k7 +kZ =k§ with k,=2m/1 and
k, = \/k,%ka, In the following, the gold thin film is
studied in the visible spectrum with experimentally
determined values for permittivity [46], and the graphene is
considered in the THz and mid-IR frequencies with
experimentally determined conductivity fitted to a Drude
model [47] for a surface carrier density of ng; = 7.37 X
10'®m~2 and scattering time of T = 500fs.

Figures 2a and 2b represent the wavevector resolved
reflection coefficients of a graphene sheet and thin metal
layer, respectively, demonstrating SPP resonance (at the
poles as R — ). In case of a free standing graphene sheet
the wavevector corresponding to SPP resonance can be
analytically derived as [32]:

kp't = koy (1 — 4€/a?n3), (20)

where € is the relative permittivity of the medium and o is
the surface conductivity of the sheet. The metal layer due to
its finite thickness normally supports two SPP modes with
symmetric and anti-symmetric field profiles. However, due
to the extremely small thickness considered in this example,
the resonance condition for the asymmetric mode
approaches infinity and is no longer accessible [48].

The compressive optical force per unit area (pressure) is
linearly proportional to the incident optical power density
P = |Ey|?/n, where 7 is the free space impedance and E, is
the amplitude of the incident field. Figures 2c and 2d show
the optical pressure on the graphene sheet and gold thin
film, respectively, for an optical power density of 1kW/
cm?. As can be observed, the pressure is dominated by two
opposite peaks close to the SPP resonance. The switching of
the force from positive to negative is a result of the rapid
variation of the scattering phase shift across the resonance.

Crossing the resonance, the reflection and transmission pick
up a phase shift equal to 7.

Our results show that the SPP-induced force on a free
standing graphene sheet is significantly larger than on a gold
thin film (by 3 orders of magnitude). We attribute this to the
higher confinement of SPPs to the surface [33]. Moreover,
the lower loss of graphene compared to gold provides
propagation over a larger distance which translate into larger
deflections for similarly sized structures. It is also
noteworthy to mention that in practice creating a very thin
homogeneous metal layer faces fabrication difficulties while
free-standing graphene monolayers can be prepared by
mechanical exfoliation of graphite.
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FIG. 2. (a) and (b) show the reflection of graphene and gold as a function of
the transverse component of wavevector k,. The insets show sketches of a

graphene sheet and gold thin film excited by a TM evanescent light. (c) and

(d) show the optical pressure on the graphene sheet and the gold thin film
versus k, at different wavelengths.

In order to demonstrate the mechanical interaction of the
graphene sheet with light, we use an external point source to
excite SPPs on the graphene surface. This can be done in
practice by nearfield coupling with a sharpened metallic tip
or tapering metal aperture above the sheet, which can be
modeled as a dipole source with moment p = p,X + p, ¥ +
p,Z. Here, we consider a vertically-oriented dipole with
dipole moment g = p,Z placed 50nm above the graphene
surface for excitation of surface plasmons. The field profile
of the dipole can be expressed as a spectrum of TM plane
waves with the amplitudes at the graphene surface given by
a = (pzk,/k,)exp (ik,h), where h is the height of dipole
above the sheet [40, 49].

The part of the spectrum with k, > k is associated with
the dipole’s evanescent field. Evidently, the smaller k,, the
more field survives across the distance 4 to significantly
couple to the graphene sheet. As k, increases, the field
reaching the surface no longer couples to the sheet above a
critical cut-off wavevector [50]. The excitation of
evanescent fields by the dipole source at the graphene
surface and the subsequent stimulation of wavevector
resolved forces results in a non-zero net pressure on the



sheet. Moreover, as implied by the results in Fig. 2 and
shown further below, the wavelength of the optical
excitation can be controlled to yield tunable optomechanical
effects, even switching the sign of the force from attractive
to repulsive by shifting the SPP resonance with respect to
the cut-off wavevector.

As an explicit example, we study a circular graphene
sheet with the radius of R = 1pum. The optical pressure is
obtained by using the MST method and is linearly
proportional to the optical power of the source, P,y =
(cokd/12mey)|pl?, with ¢, being the speed of light in a
vacuum. Here, the results are calculated for a source with a
radiated power of 1.5mW. Figure 3a shows the distributed
transverse optical pressure across the sheet for 4 = 8um
corresponding to the SPP wavelength of Agpp = 238.2nm.
The pressure is dominated by a negative peak, which
translates to attraction towards the dipole source. The
resulting deformation profile across the graphene sheet is
calculated using a nonlinear plate theory and is shown in
Fig. 3b. As can be seen, a blister with radius of 1um and
height of 2nm is formed. The magnitude of the deflection
depends on the pressure and blister radius. One can expect
larger deflections for higher input power and larger radius of
the sheet. According to Fig. 3¢, as the wavelength decreases,
the SPP resonance shifts to larger k,, shifting the attractive
forces above the cut-off in the dipole excitation spectrum
leading to the domination of repulsive forces. To
demonstrate this effect, the results for the pressure
distribution and the induced deformation at A = 5um are
presented in Figs. 3c and 2d, respectively. The
corresponding SPP wavelength in this case is Agpp =
93.1nm. The pressure dip in the center is a result of
attraction toward the source, while the overall interaction is
dominated by repulsive forces forming a graphene bubble
with a height of about 1nm. Figure 3e compares the results
of the axisymmetric, quasicontinuum and the approximate
solutions, which are found to be in good agreement. (The
main differences between the methods are the mesh
resolution and imposed boundary conditions.) Such
nanoscale mechanical responses can be captured in practice
through direct imaging of the spatial shape using scanning
force microscopy (SFM) [51], transmission electron
microscopy (TEM) [52], or Raman spectroscopy with
optical probes [53].

As implied by the results, if the SPP resonance is moved
beyond the cut-off wavevector and becomes inaccessible by
the dipole excitation spectrum, we will observe repulsion
phenomenon. However, it should be remarked that
suppressing the plasmon resonance will drastically diminish
the optically induced forces and leads to no appreciable
deformation. This can be clearly seen from the smaller
forces and deformations at A = 5pm comparing to those at
A = 8um.
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FIG. 3. (a) and (b) show the pressure distribution and deflection of a
graphene sheet resulting from excitation by a vertically oriented dipole
source of A = 8um with a radiated power of 1.5mW placed 50nm above
the sheet. The SPP wavelength is Agpp = 238.2nm. The inset shows a
schematic of a circular graphene sheet with a radius of 1um excited by
scattering from an AFM tip modeled with a vertical dipole depicted as the
red arrow. (c) and (d) show the results at lower wavelength of 4 = Sum
which leads to repulsion phenomenon. The SPP wavelength is Agpp =
93.1nm. (e) compares the deflection predicted by the axisymmetric,
quasicontinuum and approximate solutions for the nonlinear von Karman
plate theory.

Iv. OPTICALLY INDUCED FORCES
BETWEEN TWO LAYERS OF
GRAPHENE SHEETS

Next we consider a stack of two graphene layers
separated by a distance d. (Note that d is much larger than
the equilibrium separation distance between graphene
layers, so this is not a graphene bilayer.) In this case, the
mutual interaction of degenerate resonances or guided
modes induces a splitting into symmetric and asymmetric
modes. This is analogous to the well-known states formed in
Insulator-Metal-Insulator (IMI) or Metal-Insulator-Metal
(MIM) structures [36, 37]. Using the convention used in the
metallic systems, symmetric modes refer to modes of even
vector parity (Ey is even, E, and H,, are odd functions of z)
and the asymmetric modes refer to mode of odd vector
parity (E, is odd, E, and H,, are even functions of z). In this
coupled system, we demonstrate that these modes are
characterized by attractive and repulsive optical force
between the sheets.

There are two ways to excite coupled resonances on the
graphene sheets depending on whether the incident power
comes in the form of external radiation or a guided mode.
First, we consider the case of external radiation. For a single



source of radiation above the two layers, the force on the
sheets will not be equal. In order to characterize the guided
modes of the system, we plot the wavevector-resolved
reflection of TM excitation in Fig. 4a for a two-layer
graphene stack with a separation distance of d = 100nm at
A = 10pum. Two resonances are observed, corresponding to
the symmetric and asymmetric modes, with the field profiles
of transverse electric field E, shown in the inset of the
figure. The optical pressure on the top sheet as a function of
k, obtained for a normalized power density of 1kW/cm? is
plotted in Fig. 4b. The pressure is dominated by two large
peaks of opposite sign at the two resonances. Referring to
the coordinates in the inset of Fig. 4b, a positive pressure for
the asymmetric mode indicates an attractive force between
the sheets and a negative pressure for the symmetric mode
corresponds to a repulsive force between the sheets. The
pressure on the bottom sheet has the opposite sign and is not
plotted.

In order to show the dependence of the optical pressure
on the distance between the layers, in Fig. 4c we plot the
pressure as a function of k, and separation distance d at
A = 10um. As the distance between the sheets increases, the
pressure decreases exponentially and the two guided modes
approach degeneracy. In this limit, the modes are decoupled
and merge so that the pressure behavior is similar to that of
a single graphene layer with the force flipping from negative
to positive across resonance. The effect of the incident
wavelength in the wavevector spectra of pressure is also
presented in Fig. 4d for a separation distance of d = A/100
between the sheets. As can be seen, both the repulsive and
attractive pressures decrease in magnitude as the wavelength
increases.

Next, we consider a vertical dipole source with a
radiated power of 1.5mW placed 50nm above the top sheet.
At small separations, the sheets are well-coupled and the
attractive force between the sheets is the dominant force as it
occurs further form the cut-off wavevector compared to the
repulsive force and is more strongly excited by the dipole
source. The results for the pressure distribution across both
sheets and their deformation profiles are shown in Figs. 4e
and 3f, respectively, for A = 5pum and d = 10nm. At large
separations, the sheets get decoupled and will have
degenerate resonances. As a result, both sheets will be
attracted (or repulsed) by the source similar to a single
graphene layer. To demonstrate this effect, the pressure
distributions and deflections for A = 5um and d = 40nm
are shown in Figs. 4g and 4h, respectively.
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FIG. 4 (a) The reflection versus k, from a two-layer graphene stack with a
separation distance d = 100nm for A = 10um. The field profiles of
transverse electric field are plotted in the inset. (b) The optical pressure on
the top graphene sheet. (c) The pressure versus k, and normalized
separation distance for A = 10pm. (d) The pressure versus k, and incident
wavelength ford = 1/100. (e) and (f) show the pressure distribution and
the deformation of the graphene sheets for d = 10nm excited by a vertical
dipole source with radiate power of 1.5mW at 1 = 5pm. (g) and (h): same
as above for a separation distance of d = 40nm.

The second technique for excitation is to inject light
from the side, activating guided modes that propagate along
the sheets and interact evanescently. In this case, the force
on both sheets will be equal and as the separation between
the layers increases the force tends to zero. The evanescent
mode can be excited by diffraction from a grating, coupling
to a prism, or another waveguide. This excitation scheme
offers the opportunity to selectively couple to one of the
asymmetric or symmetric modes to obtain a repulsive or
attractive force making it possible to tune the deflection
from positive to negative. This property is of interest in
particular for realizing optically-controlled nanoactuators.
In order to excite the guided modes in the coupled system of
two graphene layers we have used mode-matching
technique in combination with the scattering matrix
approach [54, 55]. These fields have a TM profile. Referring



to the coordinate system in Fig. 5, one can express the fields
as E = E.Xx+E,Z and H= H,j3. The optical pressure is
linearly proportional to the power flowing along the
propagation direction, which can be obtained per unit width
of the sheets as:

Sy [y | dz.

21)

The optical power per unit width distributed along the
sheets is assumed to be ImW/um. The dependence of the
attractive and repulsive pressure on the excitation
wavelength and the distance between the sheets is shown in
Figs. 5a and 5b, respectively. Two coupling regimes are
observed in Figs. 5a and 5b. For large separation distances,
the optical pressures in the antisymmetric and symmetric
modes have nearly equivalent magnitudes; at small
separations, the asymmetric mode produces a significantly
enhanced pressure compared to the symmetric counterpart.
In the latter regime, the magnitude of the attractive pressure
for the asymmetric mode shows an exponential dependence
on separation distance, whereas the repulsive pressure for
the symmetric mode is only weakly related to separation.
The physical explanation for this difference can be obtained
by observing that the asymmetric mode is strongly confined
between the two sheets. A similar behavior is reported [36]
for the attractive and repulsive optical pressures between
two metallic films. However, the magnitude of optical
pressures in the coupled graphene system is more than two
orders of magnitude larger than for the metallic structures.

Figures 5c and 5d show the deformation resulting from
symmetric and asymmetric modes for two graphene sheets
of length 2pm and an infinitely long width with open ends
for A =10pum and d = 200nm. The asymmetry in the
shape profile of deformation is a result of loss on SPP
propagation.

=—=—R{f E x H*dz} = R{
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FIG. 5. (a) and (b) show the dependence of the magnitude of the attractive
and repulsive pressures between the sheets on the separation distance and
incident wavelength, respectively. (¢) and (d) show the deformation of the
sheets for the attractive and repulsive modes for a separation distance of
100nm for A = 10um. The deflection profiles across the top sheets are
shown in the inset to clarify the asymmetry. The inset in (c) depicts a
schematic of two graphene sheets excited by a guided mode injected from
the side.

V. CONCLUSION

In conclusion, we have shown that near-field optical
excitations can generate large forces on graphene sheets.
The use of evanescently coupled guided resonances strongly
enhances the optical forces, which lead to the formation of
localized blisters in the graphene sheets. Guided modes in
graphene structures enable a rich set of phenomena and can
add new dimensions to straintronics and flexible
optoelectronics. There are many degrees of freedom and
possibilities to explore due to the presence of both attractive
and repulsive resonances. The ability to tailor guided
resonances offers exciting opportunities for tailoring
complex force patterns that could be used for applications
such as compensation for Casimir forces to avoid stiction in
nanoelectromechanical devices, flattening wrinkles in the
deposition process of graphene, and the generation of
engineered deformation patterns in graphene. Guided
resonances can also be exploited to design integrated, all-
optical, tunable optomechanical devices.
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