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Graphene, a two-dimensional (2D) crystalline material exhibits unique electronic, optical, and
mechanical properties which makes it a promising candidate for optomechanical and optoelec-
tronic devices. The giant plasmonic activity of graphene sheets enables low-dimensional
confinement of light and enhanced light-matter interaction leading to significant enhancement of
optical forces which may give rise to large mechanical deformations on account of ultralow mass
density and flexibility of graphene. The multilayer stack and heterostructures of 2D materials
provide access to a spectrum of guided modes which can be used to tailor the optical forces and
mechanical states of graphene sheets. Here, we study the optical forces arising from the coupling
of guided modes in layered structures of graphene sheets. We obtain the mechanical deformation
states corresponding to each guided mode and demonstrate that the optical forces can be adjusted
by changing the interlayer spacing as well as the chemical potential of graphene layers. Our
results can be used for various designs of graphene-based optomechanical devices.

. INTRODUCTION

Graphene has become a topic of intense research in
recent years due to the unique electronic, optical, and
mechanical properties it possesses. Although being
transparent in the visible region, the collective oscillation
of charge carriers of graphene in the terahertz regime
enables supporting surface plasmon polaritons (SPPs),
confining the light into subwavelength dimensions.' The
plasmonic efficiency of graphene is considerably higher
than that of noble metals in the visible light range
because of lower loss,> higher confinement factors,”
and minimal out-of-plane scattering of SPPs.* Moreover,
the plasmonic modes of graphene can be tuned by
adjusting its chemical potential through external stimuli
such as gate-biasing’ and intense magnetic fields.® On
account of these features, graphene provides a great
platform for optoelectronic applications as an alternative
to other plasmonic materials. It has been extensively
exploited for a variety of optical applications such as
cloaking,” solar cells,® imaging devices,”"' optical
antennas,'>'® and metasurfaces.'*!>

Meanwhile, graphene, being only one atom thick,
offers unique mechanical properties such as very
low mass density (1.5-2 g/cm®), high elastic strength
(~130 GPa),'® exceptionally stiff in-plane Young’s mod-
ulus (~1 TPa),17 strong adhesion, and ﬂe><ibility.18_20
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These properties can be harnessed in nanomechanical
devices such as for high-sensitivity force/mass detectors®'
and tunable mechanical oscillators.”**

Recently, motivated by its unique optical and mechanical
properties, graphene has been explored for optomechanical
applications through mechanical actuation of graphene
sheets using optical forces.>*>® Following the pioneer work
by Ashkin,” the use of optical forces has been investigated
for manipulating and trapping microscopic objects™ as well
as pressurizing and deforming thin-film structures.’! In this
context, the major challenge is the notoriously weak nature
of optical forces. As such, several research efforts have been
put into identifying the routes for enhancing the optical
forces by leveraging enhanced light-matter interactions
without the need to increase the optical power.*>*

Optical forces can be categorized into two different
types based on their origin, namely, radiation pressure
and gradient forces.*® Radiation pressure is a result of
exchange of linear momentum between a photon (mo-
mentum h®/c) and the object upon scattering or absorp-
tion of light. Thus, the transverse optical force exerted
on planar surface illuminated by an optical power P is
F = P/c in case of total absorption and F' = 2P/c in case
of total reflection.>® The gradient forces are due to the
evanescent bonding between light waves and can arise
from the in homogeneities in light intensity created by the
structured light illumination or evanescent interaction
between localized optical modes.>*

Generally, there exists two optical force enhancement
mechanisms. The first mechanism is exploiting Fabry—
Perot resonances excited in layered structures.
The Fabry—Perot will increase the reflectivity from the
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object which leads to enhancement of radiation pressure
for a given optical power. Such enhanced forces have
been observed in the Fabry—Perot cavities formed be-
tween a suspended graphene above a substrate with high
reflectivity which can lift the graphene away into a series
of equilibrium heights above the substrate.”* The second
mechanism relies on the excitation of guided modes in
a layered structure which enables resonant increase in the
field intensity gradient accompanied by a significant
enhancement of gradient optical forces. This effect has
been exploited in plasmonic waveguides formed by two
coupled parallel plasmonic slabs such as gold and silicon
carbide for inducing large optical forces.>>** In this case,
the sign of the interaction is controlled by the relative
phase of the guided modes in the waveguides and can
lead to repulsive or attractive forces corresponding to
symmetric and asymmetric modes. More recently, the
same phenomenon has been demonstrated between two
parallel graphene sheets or nanoribbons.?>® It has been
observed that the induced optical forces in graphene
waveguides are considerably larger (~3 orders of mag-
nitude) comparing to the plasmonic metal counterparts
which is attributed to the lower loss and higher SPP
confinement in graphene layers. Furthermore, moving
from a three-dimensional structure to a two-dimensional
(2D) sheet is expected to magnify the effect of the force
in terms of the resulting deformation and accelerations.?

The 2D layers of graphene can be integrated into
a multilayer stack (vertical 2D heterostructure).*'** The
resulting 2D structures provide access to a spectrum of
guided modes enriching the optomechanical phenomena
and offering a new route for tailoring optical forces and
mechanical states in the graphene systems. In this article,
we study the optomechanical interactions in layered
stacking of graphene sheets and resolve different mechan-
ical states of such systems. We demonstrate the depen-
dence of the induced optical forces to the interlayer
spacing and the chemical potential of the sheets. Our
results can be of great benefit in designing new optome-
chanical platforms using graphene layers for a variety of
applications such as all-optical tunable filters, switches,
modulators, and actuators. The rest of this article is
organized as follows. In Sec. II, we briefly discuss the
theoretical framework for calculation of guided modes in
layered graphene systems and the corresponding optical
forces, which is based on a combination of the scattering
matrix approach and Maxwell stress tensor method. In
Sec. III, the optomechanical modes in coupled multilayer

obtain the corresponding electromagnetic fields in a mul-
tilayer stack of 2D sheets. Following the calculation of
electromagnetic fields in each layer, we obtain the optical
pressure exerted on graphene sheets based on Maxwell
stress tensor formulation.**

A. Scattering matrix approach

Consider a vertical multilayer stack of graphene sheets
suspended in free-space with the /[-th layer having the
surface conductivity of o; and sitting at z = z; as shown
in Fig. 1(a). We assume that the structure is infinitely
extended in the x—y plane which is a fair assumption
when the dimensions of the sheets are large compared
with the wavelength. The electromagnetic fields in such
a layered structure can be expressed as a combination of
transverse electric (TE) and transverse magnetic (TM)
modes. Here, we only consider TM modes which enable
surface plasmon excitation in the near- and mid-infrared
regimes. In this case, the total electric and magnetic field
components associated with each layer, represented as E,
and H,, can be written as integrals of modal components
propagating in the forward (+z) and backward (—z)
directions™:

B — / - / ) [a<l>+g<l)+q,<z>+ +a<’)*1§(”’q><’)*}dkxdkv ’

(1)

i /oc /x [a(z>+[?1(’)+c1)<’>+—i—a(l)‘FI(l)_d)(l)‘}dkxdky

(2)

The modal spectrum in the layered structure is shown
schematically in Fig. 1(b). Each mode is characterized by
transverse wavevector components {k,, k,} that are con-
served in each layer. The quantities a®* are unknown
amplitudes corresponding to the modes propagating in the
I-th layer; EO* and HO* denote electric and magnetic
field modal profiles in the /-th layer, respectively; and
o= = exp (ikxx—f— ikyyiikgl)z) represent the phase fac-
tors of the modes in the /-th layer. In all the above
quantities, the (+) sign denotes the modes traveling in the
forward direction and the (—) sign represents the modes
traveling in the backward direction. The modal field
profiles in each layer can be expressed analytically as:

systems of graphene sheets are characterized, and the ST KDk, &k, kﬁ ok

results are discussed. The conclusion is drawn in Sec. IV. Ep =3\t &0) »+ &) ’% /ko P (3)

Il. METHODS H* = {ky, —k, 0} /ky (4)
In this work, we use an approach based on scattering

matrix technique®® to characterize the eignemodes and
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FIG. 1. (a) The schematic of a multilayer graphene stack suspended in free space. (b) The modal spectrum in the layered structure. (c) The
integration path chosen for evaluating the flux of Maxwell stress tensor to calculate the optical force on a graphene sheet.

where ko = lc, ky = \/k2+ k2, and
kz(l) = \/k(%g([) — (k]% + k)%)

For each mode, only two of the amplitudes a"”~ in the
layered structure are independent and the rest of
the amplitudes can be related to each other through the
scattering matrix equations enforcing the boundary con-
ditions. The scattering matrix equation associated with
the I-th interface can be expressed as:

R

where ®”* are calculated at 7 = z;, and the reflection/
transmission coefficients can be calculated as:

ke = K Ve + KK o gmy

O+ — 6
: 0 . ©
. b _ kz(l+1)8(l) k(l)S(H»l) + k;l)kz(l+1)6(l)n0 (7)

D )
!
O+ — 2k2( )S(H‘l) 7 (8)
D
2k 1)
(- — 2z 0] ’ (9)
D

where 1 is the wave impedance of free-space and

D =g + K Ve + KK ogmg . (10)

As such, the relation between the fields in any two
layers can be obtained through multiplication of consec-
utive scattering matrices which can yield the total
reflection and transmission of the layered system.

The singular solutions of the system (poles of the
reflection coefficient) correspond to the zero incident

(D=1 0+ 0 a+
- 0 @) ||gu-| (5)

fields (a{r =0, ay., =0) and non-zero scattered field
(ay #0, ay,., #0) which characterize the guided
modes of the multilayer stack.

The conductivity of graphene in the THz regime can be
expressed by a Drude model as®:

e T
(w) = — (11)

goenh 1/t — i

where vy is the Fermi velocity, 7 is the relaxation time, and
ng denotes the surface carrier concentration. The Fermi
velocity and relation time are chosen as vy = 10° m/s and
T = 500 fs, based on the experimentally obtained values.’
The surface carrier concentration can be tuned in the range
of 10°-10"® m 2 by using external stimuli.** In this work
ng = 637 x 10" m2 is chosen in accordance with
Woessner et al.,> unless specified otherwise.
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B. Maxwell stress tensor method

Once the electromagnetic fields in each layer are
calculated, the time-averaged optical force exerted on
each graphene sheet can be calculated by evaluating the
flux of Maxwell stress tensor as™*:

F = —%Re{fé dS[ﬂ.?(?)}} : (12)

!

where S; is the integration path enclosing the surface of
I-th graphene sheet. The complex Maxwell stress tensor
is expressed in terms of the electromagnetic fields as:

ﬂa:%@yﬁ+ﬁﬂﬁy_5ﬁ_§ﬁ C(13)
where I is the 3 x 3 identity matrix and asterisk (*)
denotes the complex conjugate. By choosing the in-
tegration path around the infinitesimal segments of the
graphene sheet as shown in Fig. 1(c), we are able to
calculate the force per unit area or pressure in terms of the
electromagnetic fields at the interface in the below and
above layers of the graphene sheet:

sheets. Such sources can be modeled by a dipole, exciting
all the evanescent modal spectrum. In the latter tech-
nique, a specific 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 eigenmodes of the
layered system and gives a better control over the
mechanical state of the graphene sheets.”> Here, we
focus on the guided mode excitation. The eigenmodes
of the layered system are obtained based on the scattering
matrix approach. To obtain the mode profile and the
exerted optical forces on the graphene sheets correspond-
ing to each mode, the guided mode is excited from the
side and propagated parallel to the graphene sheets
through a mode-matching technique.* Referring to the
coordinate system shown in Fig. 1(a), the TM-guided
modes are launched along the y-axis from the side which
can exert a transverse optical force F, to the sheets. Each
guided mode is characterized by the field components
{H,, E,, E;} and satisfies the dispersion relation
R=K— K.

As implied by Egs. (14) and (15), the optical pressure
is linearly proportional to the field intensity or input
optical power. The optical power flowing in the propa-

E = lRe{g . ?(Z =7 )—%- ?(Z = Zz+)} ,  (14)  gation direction of a guided mode in a layered system can
2 be obtained, per unit width of the sheets as>:

where:
N _ N _ _ _
2 Tz=z"")= [% EGcz=a" ) +|EBGz=2a") - |El=2" )|2)

i1y 2 Y )
— L (e = 2" ) + [y (e = 2 = Hoe = 270 s)
+x[—enE(z=2")E(z=2"") - Wy Ho(z =27 )Hy(z = 7))
+ 5)[_81-«—]71Ez(z = Zl+’7)E; (z=z"7) =y H(z = Zl+’7)H$ (z= Zl+’7)}
As such, the knowledge of the electromagnetic fields in P. 1 e
the layered system can give us the optical pressure P = WZ = ERG{ / ExH dz}
exerted on each graphene sheet. - (16)

lll. RESULTS

In this section, we characterize the eigenmodes of
layered graphene systems and demonstrate mechanical
states corresponding to each mode. There are two
schemes 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. In the
former case, near-field coupling is achieved by a sharp-
ened metallic tip or tapering metal aperture above the

—+o0
= Re{ kZ }/ |Hy}2dz
®ep J Jo )

In the following, all the results are presented assuming
the optical power flowing in the propagation direction per
unit width distributed along the layered system of
graphene sheets is 1 mW/pm.

To characterize the optomechanical modes of a layered
system according to the mode profile, we define the real
part of the TE field component E, as mode profile which
is continuous across the interfaces and matches the
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charge distribution across the sheets which determines
the repulsive/attractive nature of the optical force.*

A. Two-layer graphene systems

We start by the simplest structure consisted of two
parallel graphene sheets. Figure 2(a) shows the dispersion
curve of SPP modes of two coupled graphene sheets
separated by a distance of d = A100. The dispersion
curves are represented by plotting the intensity of re-
flection coefficient of the layered system in logarithmic
scale (log(|r|?) in (ko, k) space. Two coupled modes can
be identified for this system. For the large wavenumbers
(short wavelengths) the modes are degenerate. Increasing
the wavelength breaks the degeneracy of the SPP modes,
and the eigenvalues of the propagation constant of the
modes (kspp) become well separated. It should be noted
that kspp also depends on the separation distance of the

graphene sheets. When the separation between the layers
is not small enough compared with the wavelength, the
coupling between the sheets is negligible and the modes
become degenerate. Bringing the sheets closer, leads to
stronger coupling between the sheets and breaks de-
generacy of the modes.

Figures 2(b) and 2(c) show the mode profiles and
mechanical states corresponding to the guided modes as
well as the dependence of the induced optical pressure
magnitudes on the gap distance between the graphene
layers at the excitation wavelength of A = 10 um. The
corresponding wavenumber to this wavelength is denoted
by the dashed line in the dispersion diagram [Fig. 2(a)].
It should be noted that in the dispersion plots only the real
part of propagation constant k, is considered, while the
presented mode profiles and optical forces are calculated
using complex-valued wavevectors. The solid lines in the
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FIG. 2. (a) The dispersion curves of a two-layer graphene system with a separation distance of d = A/100. The dashed line corresponds to the excitation

wavelength of A =

10 pm. (b) and (c) The mechanical states, mode profiles, and dependence of induced pressure on the separation distance between the

sheets, corresponding to each guided mode. The solid lines in the nearfield plots denote the graphene sheets. The order of the modes is shown in circles.
The first mode is a symmetric mode denoted by “S” and the second mode is an asymmetric mode denoted by “A”.
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mode profile plots denote the location of the graphene
sheets.

As it can be seen, for the first mode E, has an even
parity, whereas in the second mode, it has an odd parity.
The modes with even and odd parities are referred to as
symmetric and asymmetric modes, respectively.25 These
modes are characterized with repulsive and attractive
forces between the sheets as shown by the mechanical
states in Fig. 2. The relative phase of the mode profiles
provides an intuition into the repulsive/attractive nature
of the induced optical forces as it follows the charge
distribution across the graphene sheets. In the symmetric
mode, E, is in-phase across the two sheets resulting into
a repulsive force, whereas in the asymmetric mode, E, is
out-of-phase across the sheets inducing an attractive force
between them.

The dependence of the attractive and repulsive pres-
sures on the separation distance between the sheets can
be studied in two coupling regimes. For the small
separation distances (strong coupling regime), the asym-
metric mode produces significantly larger pressures than
the symmetric counterpart. This can be justified by
observing that the asymmetric mode is settled further
from the light line (k,/ky = 1) in the dispersion diagram
implying a stronger localization of SPPs which leads to
a much larger field gradient and optical force as well. In
this regime, the attractive force shows an exponential
dependence to the separation distance, whereas the re-
pulsive force is weakly related to the gap distance. For
large separation distances (weak-coupling regime), the
pressures arising from the symmetric and asymmetric
modes have nearly equivalent magnitudes and both show
an exponential dependence on the separation distance.
Moreover, it can be noticed that the repulsive force
induced by the symmetric mode shows an increasing
trend in the strong coupling regime reaching a maximum
before going into the weak coupling regime (denoted by
the arrow), whereas the attractive force which resulted
from the asymmetric mode exhibits a monotonic
decreasing trend with increasing separation distance.

The induced optical forces can deform the graphene
sheets and give rise to concave or convex blisters with
a height of several nanometers.”>2®*® The height of the
blisters depends on the optical pressure magnitude as well
as dimensions of mechanically clamped graphene sheets;
with larger dimensions leading to larger deflections.*

B. Three-layer graphene systems

Next, we proceed into a three-layer system. To bring
out the essential physics, we consider the separation
distance between all layers is the same. Figure 3(a)
shows the dispersion curve of SPP modes corresponding
to the three-layer system for a gap distance of d = A/100.
One can clearly identify three guided modes from
the dispersion diagram which approach degeneracy

by increasing the wavenumber
wavelength).

Figures 3(b)-3(d) show the mode profiles and me-
chanical states corresponding to the guided modes as well
as the dependence of the induced optical pressure
magnitudes on the interlayer spacing at the excitation
wavelength of A = 10 um (denoted by the dashed line in
the dispersion diagram). Because of the symmetry of the
system with respect to excitation (injection of guided
mode from the side), the middle layer experiences no
optical pressure and remains flat. The profiles of the first
and second guided modes closely resemble those of the
symmetric and asymmetric modes in a two-layer system,
whereas the third guided mode can be viewed as
a combination of two asymmetric modes between the
consecutive pairs of graphene sheets. Denoting symmet-
ric mode by “S” and asymmetric mode by “A”, the
excited guided modes in the three-layer system can be
named according to the mode profile in order as: “S”,
“A”, and “AA”. The mechanical states of the A and AA
modes are the same, whereas the induced optical force by
the AA mode is slightly stronger due to the settlement of
the mode further away from the light line. Moreover, the
magnitudes of the repulsive and attractive forces arising
from the symmetric and asymmetric modes are consid-
erably weaker than those of a two-layer system due to the
placement of the modes closer to the light line and
weaker field gradient. The gap dependence of the re-
pulsive and attractive forces exhibits a similar behavior to
that in a two-layer system, with two weak and strong
coupling regimes being identified.

(shortening the

C. Four-layer graphene systems

Moving to a four-layer system increases the number
of guided modes to four providing access to new
mechanical states for the graphene sheets. The disper-
sion diagram of a four-layer system with equal spacing
of d = M100 is demonstrated in Fig. 4(a). Four guided
modes can be identified which approach degeneracy by
increasing the wavenumber. The dispersion diagram
also shows the closer settlement of the modes together
as the mode indices increase. The mode profiles of each
guided mode and the corresponding mechanical states
are shown in Figs. 4(b)—4(e) alongside the magnitude
of induced optical pressures on each sheet, at the
excitation wavelength of A = 10 um. In this system,
there are two different values for the acting pressure on
the graphene sheets which are shown by arrows of
different colors.

The lowest order mode has a symmetric profile similar
to the previous systems, whereas the rest of the modes
can be viewed as different combinations of symmetric
and asymmetric modes between consecutive pairs of
graphene sheets. The four guided modes in the layered
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FIG. 3. (a) The dispersion curve of a three-layer graphene system with an equal spacing of d = A/100. The dashed line corresponds to the
excitation wavelength of A = 10 um. (b)—(d) The mechanical states, mode profiles, and dependence of induced pressure on the separation distance
between the sheets, corresponding to each guided mode. The order of the modes is shown in circles.

system can be named according to their profile in order
as: “S”, “SAS”, “ASA”, and “AAA”. The mechanical
states corresponding to each mode can be intuitively
characterized by observing the relative phase gradient of
the field between consecutive pairs of graphene sheets.

The gap dependence of the repulsive force arising from
the symmetric mode is similar to that in two- and three-
layer systems while the force is considerably weaker
especially in the weak-coupling regime due to the closer
settlement of the mode with respect to the light line. The
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FIG. 4. (a) The dispersion curve of a four-layer graphene system with an equal spacing of d = A/100. The dashed line corresponds to the excitation

wavelength of A =

10 pm. (b)—(e) The mechanical states, mode profiles, and dependence of induced pressure on the separation distance between the

sheets, corresponding to each guided mode. The order of the modes is shown in circles.

behavior of attractive forces resulting from AAA and
ASA modes with respect to the interlayer spacing follows
the same behavior of the attractive force in a two-layer
system. The forces arising from the SAS mode show
a more complicated behavior with respect to the separa-
tion gap, whereas the acting force on the top and bottom
layers of the system is significantly diminished in the
weak coupling regime.

D. Five-layer graphene systems

Finally, we consider a five-layer system. The disper-
sion diagram of such system with equal spacing of d =
M100 is demonstrated in Fig. 5(a) exhibiting five guided
modes being degenerate for large wavenumbers. As the
number of modes increases, the separation between
modes decreases while the modes with higher indexes
approach degeneracy as they are settled close together.
The field profiles of each guided mode and the corre-
sponding mechanical states are shown in Figs. 5(b)-5(f)
alongside the magnitude of induced optical pressures on
each sheet at the excitation wavelength of A = 10 pm.
Similar to the three-layer system, due to the symmetry of
the system with respect to excitation and odd number of
layers, the middle layer experiences no optical pressure

4110

and remains flat. In consistency with the observations
made in previous layered systems, the lowest order mode
corresponds to a symmetric mode which results in
repulsion of all the sheets from the center. The five
guided modes in the layered system can be named
according to their profile in order as: “S”, “SAS”,
“AA”, “AAA”, and “AAAA”. The mechanical states of
the AA and AAA modes are the same with the AAA
mode inducing slightly larger optical forces due to further
distance from the light line and stronger field gradient.
The gap dependencies of the arising optical forces closely
follow the same behavior in a four-layered system.

E. Summary

To summarize our observations, the mechanical states
corresponding to the excited guided modes in the
multilayer stack of graphene sheets up to 6 layers are
demonstrated in Fig. 6. The lowest order mode (or
fundamental mode) in all layered systems corresponds
to a symmetric mode where all the sheets are repulsed
from the center. Moreover, the highest order mode in all
the systems corresponds to excitation of an asymmetric
mode between each consecutive pair of graphene sheets
wherein the mechanical state is attraction of all layers
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FIG. 5. (a) The dispersion curve of a five-layer graphene system with an equal spacing of d = A/100. The dashed line corresponds to the excitation
wavelength of A = 10 pm. (b)—(f) The mechanical states, mode profiles, and dependence of induced pressure on the separation distance between the
sheets, corresponding to each guided mode. The order of the modes is shown in circles.

toward the center. The mechanical states of layered
systems with odd number of layers 2k + 1 is shown to
be similar to the states in the system with 2k number of
layers, except that the middle layer remains flat and does
not experience any optical force due to symmetry with
respect to excitation. Moreover, the systems with odd
number of layers exhibit a repeated mechanical state in
two consecutive modes (shown by the red cells). It
should be noted that in the case of external excitation
using a dipole source, the middle sheet in the layered
system with odd number of layers can also experience an
optical force due to the discontinuity of energy across the
sheet. In this case, the repulsive/attractive nature of this
force depends on the wavelength of the excitation and the
cut-off wavevector for the excitation of evanescent
modes on the sheet.”> The advantage of multilayer

graphene stack can be clearly seen as it provides access
to additional guided modes and mechanical states which
has the potential for extending the graphene-related
optomechanical applications.

F. Active tuning

As mentioned in the beginning, the surface carrier
concentration of graphene sheets can be tuned in the
range of 10'°~10"® m~2 through gate-biasing which can
yield a variation of 1 order of magnitude in the
conductivity. This is a valuable asset offered by graphene
which makes it an ideal candidate for tunable optoelec-
tronic and optomechanical applications. For excitation of
guided mode in a layered system, a one-dimensional
diffraction grating may be used. In this case, the SPP
wavelength is determined by the periodicity of the grating
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FIG. 6. The mechanical states corresponding to the guided modes in layered graphene systems. The lowest order mode corresponds to the state
wherein all the sheets are repulsed from the center, whereas the highest order mode corresponds to the states in which all the sheets are attracted
toward the center.
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FIG. 7. Active tuning of the guided modes propagation wavelength in (a) two-, (b) three-, (c) four-, and (d) five-layer systems of graphene sheets
by changing the surface carrier concentration using gate-biasing. This offers a significant advantage for transition between different mechanical
states of the system in real-time.
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Aspp = P. As such, the mechanical state of the layered
system is tied to the excited optomechanical mode with
a constant SPP wavelength. In this regard, gate-tunability
of graphene can be used to adjust the excited optome-
chanical mode at a certain excitation wavelength which
enables the transition between different mechanical states
of the system in real-time.

To demonstrate this concept, the dependence of SPP
wavelength of optomechanical modes to the surface
carrier concentration is shown in Fig. 7 for stack of
graphene sheets with different numbers of layers sepa-
rated by a distance of d = 100 nm at the excitation
wavelength A = 10 pm. The results clearly show that by
changing the surface carrier concentration of graphene
sheets, it is possible to couple into different optomechan-
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