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1 Introduction

Extremely strong bipolar optical interactions in paired
graphene nanoribbons’

Wanli Lu,** Huajin Chen,”¢ Shiyang Liu,*>¢ Jian Zi,> and Zhifang Lin*?<<

Graphene is an excellent multi-functional platform for electrons, photons, and phonons due to
the exceptional electronic, photonic, and thermal properties. When combined its extraordinary
mechanical characteristics with optical properties, the graphene-based nanostructures can serve
as an appealing platform for optomechanical applications at nanoscale. Here, we demonstrate,
using full-wave simulations, that there emerge extremely strong bipolar optical forces, or, optical
binding and anti-binding, between a pair of coupled graphene nanoribbons, due to the remarkable
confinement and enhancement of optical fields arising from the large effective mode indices. In
particular, the binding and anti-binding forces, which are about two orders of magnitude stronger
than that in metamaterials and high-Q resonators, can be tailored by selective excitation of ei-
ther the even or the odd optical modes, achievable by tuning the relative phase of the lightwaves
propagating along the two ribbons. Based on the coupled mode theory, we derive the analytical
formulae for the bipolar optical forces, which agree well with the numerical results. The attrac-
tive optical binding force Fy” and the repulsive anti-binding force Fy' exhibit remarkable different
dependence on the gap distance g between the nanoribbons and the Fermi energy EF, in the
forms of F? o< 1/+/g*Er and F¢ o 1/E%. With Ep dynamically tunable by bias voltage, the bipolar
forces may provide a flexible handle for active control of the nanoscale optomechanical effects,
and, also, might be significant for optoelectronic and optothermal applications as well.

have been discovered in the graphene-based systems, making the

Graphene, a single layer of carbon atoms arranged in two di-
mensional (2D) honeycomb lattice 12, has invoked comprehen-
sive attention in recent decades due to its unique electronic,
photonic, mechanical, and thermal properties. A great diver-
sity of intriguing phenomena such as spin Hall effect for both
electron® and photon*, anti-Klein tunneling®, giant Faraday ro-
tation®, anomalous thermoelectric transport’, electrically tun-
able nonlinear effect®, and other exotic physical consequences
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graphene a promising material for various unprecedented appli-
cations in physics 1!
cludes, among others, surface enhanced Raman spectroscopy us-
ing graphene as a substrate >-14, graphene based polymer com-

posites, supercapacitors, fuel cells, sensors, and so on1°.

and, also, in chemistry 1215, The latter in-

Among all these remarkable properties, the strong and tun-
able light-matter interaction mediated by graphene plasmonics
exhibits increasingly magnificent prospect. Different from the sur-
face plasmon polariton (SPP) in noble metals, the SPP in highly
doped graphene arises from the collective excitation of 2D mass-
less electron gas, showing distinctive features like relatively low
loss, high confinement of optical fields, and, in particular, tunabil-
ity by electric and magnetic field %1617, As a consequence, highly
doped graphene is capable of serving as a superior plasmonic ma-
terial in which the tunable SPP has been observed by use of low-
energy electron 1819 or near field optical microscopy2%-21. Direct
coupling of incident optical field with micro/nano graphene struc-
tures such as graphene disks?%23, graphene rings22, graphene
holes24, and graphene ribbons 20:21:25.26 can be achieved as well,
facilitating the design of new functionalities. In addition, the
atomically thin nature and the excellent electrical feature, to-
gether with its compatibility with micro/nanofabrication, mak-
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ing graphene a good candidate for metamaterials2>27-2  meta-

surfaces3%-31, and even for future optoelectronic devices com-
patible with the electronic integrated circuit. By far, a variety
of basic optical components have been designed for plasmon-
ics waveguide 3235 light absorber23:29:36-40 Jight polarizer 4142,
light modulator#3-4> graphene photodetector4®, and light emit-
ting device4”, among others.

Besides, graphene also exhibits excellent mechanical fea-
tures*8-30 including low mass density, great bending flexibil-
ity>1>2 and strong adhesion >34, which make it burgeon for the
promising applications in the optomechanics®>~>8, when fused
with the exceptional plasmonic behaviour. A direct optical actua-
tion for optomechanical effect yields a faster response and higher
spatial resolution than the photothermal and electrostatic trans-
ductions, due to its all-optical configurations. The approach, how-
ever, requires a large optical force attainable from harvesting the
linear or angular momentum carried by the photons>%-6! prefer-
ably in simple morphology. In this work, we demonstrate, by
using full-wave simulations, that extremely strong bipolar opti-
cal forces can be generated between two graphene nanoribbons
in the paired graphene nanoribbons (PGNRs), which is a simple
and typical graphene nanostructure potentially for photonic ap-
plications32. Both the attractive binding and the repulsive anti-
binding forces (corresponding to the even mode and the odd
mode, respectively) can be observed, with fully tunable bipo-
lar nature highly desirable for optomechanics®>>8. The bind-
ing force Fyb and anti-binding force Fy' exhibit distinct features.
The former is highly dependent on the separation g between two
graphene nanoribbons, while the latter behaves quite insuscepti-
bly to the change of g but strongly dependent on the Fermi energy
Er. Based on the coupling mode theory (CMT) we work out ex-
plicit analytical formulae, which agree well with the numerical
results and show that F}?’ is proportional to 1/1/g3Ef, whereas
Fy proportional to 1/EZ. The dependence on Ef implies a dy-
namical tunability of the optical forces by the electron (or hole)
doping with gate voltage, facilitating the optical manipulation of
the coupled graphene ribbons and thus suggesting the possibili-
ties of all-optical and actively tunable nanoscale optomechanical
devices, and, even for optoelectronic and optothermal applica-
tions as well. Meanwhile, due to the remarkable enhancement of
the electromagnetic field, strong optical gradient forces may find
many applications in chemistry, such as trapping microparticles
like polymers, aminoacid clusters, J-aggregates etc. %2, controlling
chemical reactions within a small space by confining photopoly-
merization and solidication ®3, and assembling polymers 646,

2 Results and discussion

An individual graphene nanoribbon could be treated as a plas-
monic waveguide3%33,  Compared with the traditional sili-
con optical waveguides or metallic plasmonic waveguides, the
graphene-based plasmonic waveguides possess very large mode
index, giving rise to even stronger confinement and enhance-
ment of the optical field near the graphene sheet16:33:66  For
a pair of graphene nanoribbons placed closely, the coupling of
the plasmonic waveguide modes will induce the mode split-
ting, resulting in the even and odd modes32%7. The strong
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bipolar optical interactions, namely, the binding and anti-
binding forces between the nanoribbons, corresponding to the
even and odd modes, are demonstrated by simulations us-
ing finite-element-method (FEM) package COMSOL Multiphysics
(http://www.comsol.com/). Then, the PGNRs system is solved,
based on the CMT, to give the simple analytical expressions for
the effective mode indices and optical forces, which agree well
with the full-wave numerical results and reveal the explicit de-
pendence of the bipolar forces on the gap distance g between
ribbons and the Fermi level Ef.

2.1 Full-wave simulations based on FEM

In the theoretical framework of linear response regime, the
graphene sheet is modeled as a very thin plasmonic layer with
the anisotropic permittivity &, 16:27:32

& 0 0
E=| 0 g, 0 |, €3]
0 0 g

with &, = £, =2.5+i0/gwA and g,, = 2.5, where A is thickness
of the graphene monolayer, set to be A =0.3 nm and compared
with A = 0.5 nm to examine the numerical convergence of the
simulations, o is the angular frequency of the optical excitations,
and 6 = Ojpra + Oinger 1S the conductivity of the graphene layer.

Based on the random-phase approximation at zero tempera-
ture, the conductivity contributed from intraband process Gj,ira,
with the form of Drude model, reads34:66:68.69

2 .
e“Er i

Ointra = nh2 o+ P 2)

and that for interband process ojner can be written as,
2 .
e i hw —2Ep
Cinter = —= | 0(ho —2E, —log| ————— 3
inter an ( F)+TE og ho + 2EF :|7 (3)

where 6(x) is the Heaviside step function, the Fermi energy is set
as Er = 0.5 eV for doped graphene, the phenomenological elec-
tron relaxation time is 7 = 0.5 ps, the wavelength of optical field
is set as A =8 um in the vacuum, corresponding to the photon
energy /i = 0.15 eV with 7 the reduced Planck’s constant, and —e
is the charge of an electron. At room temperature (7 = 300 K),
the optical conductivity is still well approximated by eqns (2) and
(3) for highly doped graphene (Er > kgT). In order to achieve
graphene plasmonics with the low loss, highly doped graphene
should be considered 2Ef > hwoph) with hwopp = 0.2 eV the crit-
ical optical phonon energy. For optical excitations with frequency
o satisfying the conditions @ < @gpp, and iw/Er < 0.5, the con-
tribution of the interband electron transition to the optical con-
ductivity ¢ can be neglected®® and the phonon decay channel is
closed as well.®® With the aforementioned parameters, the real
part of interl?and optical conductivity R[Ojner] = 0 and the imag-
Oj

inary part % ~ —0.01. As a result, the optical conductivity

of the highly doped graphene is solely dependent on intraband

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 (a) Schematic of the PGNRs with the width L, and separated by
the gap distance g. The effective mode indices % and n%;
corresponding to the even and odd modes (b), together with the optical
binding force Fy” and anti-binding force £’ (c) are plotted as the
functions of the gap distance g.

process and approximated by

Ep i
ah? o+it !

O ~ Ointra = 4

It should be noted that the Fermi energy Er is given by Er =
hvpy/om|V +Vyl|, where V is the gate voltage, Vj is the offset volt-
age determined by natural doping, « is a constant and vg is the
Fermi velocity#3. Then the dynamical tunability of Fermi energy
can be achieved by altering the gate voltage V, while the opti-
cal conductivity is independent of whether it is electron or hole
dopping. Besides, the width of graphene nanoribbon is set to be
L, = 25 nm and, unlike those with the width below ~ 20 nm7%71,
the nonlocal and quantum effects could be ignored 7. Therefore,
the graphene nanoribbons considered here can be modeled as a
plasmonic material with a local conductivity in classical electro-
dynamics. The edge termination, either armchair or zigzag edges,
does not affect the results3372,

The PGNRs considered is schematically depicted in Fig. 1a, the
bipolar optical interactions, namely, the transverse optical bind-

This journal is © The Royal Society of Chemistry [year]
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ing force Fyb and anti-binding force F between two graphene
nanoribbons in the PGNRs in y direction, as see in Fig. 1a, is eval-
uated according to the dispersion relations of the effective mode
indices, for the corresponding even and odd modes. At a fixed
frequency o, it can be written as’3~7>

_ 1 9R[nef]
c dg '

(0]

Fy (5)
where c is the light speed in the vacuum and R[neg] denotes the
real part of the effective mode index ng. In eqn (5), F gives ac-
tually the optical force per unit length in z direction normalized
with respect to the total power P, propagating along z. By using
the mode analysis solver of COMSOL Multiphysics, the propaga-
tion constants 3 of the waveguide mode at a given frequency can
be calculated, which yields the effective mode index in eqn (5)
through neg = B/kg, with kg the wave number in vacuum.

For a single graphene nanoribbon, the effective mode index is
evaluated as nqg = 45+ 0.25i, suggesting a strong field confine-
ment near the surface3233. While for the PGNRs, the propagat-
ing eigenmodes split into symmetric and antisymmetric ones with
respect to y = 0 plane, corresponding to the even and odd modes.
The effective mode indices are shown in Fig. 1b. For the even
mode, the mode index nsz dramatically increases as the gap dis-
tance g decreases, as displayed by the red solid line. It reaches
n’éff = 174 + 0.82i when ribbons come close to g = 1 nm, imply-
ing an even higher confinement of the optical field. As a result,
an extremely strong attractive binding force Fyb between the rib-
bons occurs, as indicated in Fig. 1c. The optical binding force Fyb
goes up to about 260 nNum~'mW~!for g = 1 nm. Differently, the
effective mode index nf for the odd mode exhibits very weak de-
pendence on the gap distance g, as illustrated by the blue dashed
line in Fig. 1b. In addition, nd is much smaller than nsz, indicat-
ing to a relatively weak confinement of the optical field. There-
fore, the repulsive optical anti-binding force F associated with
the odd mode turns out to be much weaker with the magnitude
around 1 nNum~'mW~!and remains nearly unchanged with g.

Similar optical binding and anti-binding effects have also been
reported in other systems such as the high-Q resonators, ”®> meta-
materials,”>7® and hybrid plasmonic waveguides’’, while the
optical interactions between two graphene nanoribbons in the
PGNRs is about two orders of magnitude stronger. This extremely
strong optical interaction originates from the ultrahigh effective
mode index, opening up possibilities for graphene-based nanos-
tructures to serve as a superior platform for optomechanical ef-
fects, in comparison with the conventional configurations.>>~>8
Also, the strong optical interaction is related to the abrupt change
of the magnetic field between the upper and lower sides of the
graphene nanoribbon, as corroborated by eqn (25) and further
illustrated in Fig. S4 in the Supporting Information.

The normalized transverse optical forces can also be calculated
by the integral of the Maxwell’s stress tensor from the first princi-
ples in classical electrodynamics’8, which means

= M 6)
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where § is a surface of unit width along z enclosing either of
the ribbons, and (T) is the time-averaged Maxwell’s stress ten-
sor given by 78

(T) :%Re &€eEE" + uyuHH" —%(sosE-E*+u0uH~H*)f ,
(7

with I the unit tensor. The optical fields are calculated again using
the FEM-based package COMSOL Multiphysics. The results for
binding force Fy” and anti-binding force Fy' are demonstrated in
Fig. 1c, which are in perfect agreement with those obtained by
eqn (5), corroborating the great magnitude of the bipolar optical
interactions.

2.2 Analytical formulae based on CMT

Now we proceed to work out the approximate analytical formu-
lae to depict the explicit dependence of the bipolar optical forces,
F){’ and Fy, on the gap distance g as well as the Fermi energy Er.
The side view of the PGNRs is shown in Fig. 2a, which defines the
coordinate system. The eigenfield profiles for the x component H,
of the magnetic field, obtained by the full-wave simulations, are
illustrated in Fig. 2b and c for the even and odd modes, respec-
tively. The near independence of Hy on the coordinate x suggests
that it can be approximated by

Hyexp [ou (y+5)] exp(iB2), -y >g/2,
Hy =< (Hycoshogy+Hysinhagy)exp(ifz), |y|<g/2, (8)
Hyexp [—ay (y—5)] exp(iBz), y >g/2,

where f is the z component of wavevector, ky = @/c is the wave
number in the vacuum, and ¢; and g, are, respectively, the rela-
tive permittivities of the background medium and the medium
between two graphene nanoribbons. The transverse compo-
nents of the wave vectors are determined by a? = 2 — €43 and
o = B2 — gk}, The time dependence exp(—ior) is assumed and
suppressed. By matching the boundary conditions, the dispersion
relation of the system can be obtained 67

tanh (%) = —%, even mode, ©
tanh (%g) =-I', odd mode,
with
r— %& <1+i oo ) (10)
o) & EE1O

The propagation constants f3 associated with both the even and
odd modes are governed by eqn (9). For the air background, & =
g =1 and o = 0, it can be simplified to retrieve the effective
mode indices for both the even and odd modes in terms of neg =
B/ko. With the approximations R[o;]g/2 < 1 and w7 > 1, the
real parts of the effective mode indices corresponding to the even
and odd modes turn out to be

R [nby| ~/C}/g+CE+Co, even mode,
a
€

~ 20 odd mode,

an
R [ngg] ~ T—Cokog’
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Fig. 2 (a) The side view of the PGNRs system. The eigenfield profiles
of the x component of the magnetic field corresponding to the even
mode H? (b) and the odd mode H¢ (c) for the case with the gap distance
g=3nm.

where Cy = \/2%/uoh/ey/Er and Cy = Crko/4 = nh’w/2Zpe*Er
with Zy = /iy /€ being wave impedance in the vacuum. More
details on derivation is elucidated in Supporting Information.
Plugging in the practical parameters for the doped graphene
nanoribbons, the dimensionless parameter Cj is evaluated as
Cp = 5.3 at the working wavelength 8 um and the frequency in-
dependent parameter C? = 2.7 x 107> m. With C?/C3g ~ 10> > 1
and Cpkog < 1, we arrive at an even more simple dependence on
the gap distance g for the effective mode indices

(12)

R [nby] ~C1//8+Co, even mode,
R [ngge] =~ 2Co, odd mode.

The results for the real part of effective mode indices based
on different degrees of approximation, eqns (9) and (11), are
plotted versus the gap distance g in Fig. S2 of the Supporting
Information, showing a perfect agreement and justifying the ap-
proximations made in deriving eqn (11) from eqn (9). In Fig. 3a,
we present the real part of effective mode indices in terms of the
analytical expressions given by eqn (11) and those obtained us-
ing the full-wave FEM simulations. For the even mode (binding
state), the CMT-based analytical results are in good agreement
with those from the simulations, except at larger gap distance
g, where the discrepancy is due to the violation of the condition
L, > g under which our approximation works well. For the odd
mode (anti-binding state), the agreement seems less satisfactory,
because the eigenfield changes somewhat along x, in particular,
near the edges, which causes the edge effect and thus decreases
the accuracy of the approximation. The approximate analytical
results, however, still agree qualitatively with the FEM simula-
tions and reflect the main characteristics of R [n‘éff] for the odd
mode.

With eqn (5), the analytical formulae for the bipolar optical

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

interactions follow the effective mode index neg retrieved from
the dispersion relation. They are

Fbm — G o< — ! , even mode,
y 2Cg3/2 g3/2 /Er
2Cky 1 (13
'~ 070 odd mode,

—,
c E¢

where use has been made of C?/C2g ~ 10? > 1 and Cpkog < 1.
The bipolar optical interactions manifest themselves as attrac-
tive binding and repulsive anti-binding forces, associated with the
even and odd modes, respectively. Their explicit dependence on
the gap distance g and the Fermi energy Ef is illustrated. Sub-
stituting eqn (12) into eqn (13) yields the relations between the
optical forces and the effective mode indices

Fb _ Rngg] (1 _ Go >
’ 2cg R[] —Co

R b
~ —M., even mode, (14
2cg

ko 2
K~ 2% (R [ndg])",

odd mode,

where use has been made of R [né’ff} > ( for the strongly coupled
even mode.

The optical interaction between two graphene nanoribbons in
the PGNRs can also be calculated by employing the integral of
the Maxwell’s stress tensor. Based on eqn (6) and with the fields
obtained by the CMT, the optical binding and anti-binding forces
for the air background medium can be worked out to be

o (BP-i)R

[0q]3 [ty ] cos ([ g) eXluls
T @R[B] (3o e®8] + [0y |e>Rluls)

Fa— _ (IB1> — k%) Rlou]S[ai] cos (3[a]g) eJlonlg
’ wg{[ﬁ] (S [ai‘ealg] —S[al]ez‘ﬁ[m]g)

)

(15)

)

where 3[z] denotes the imaginary part of z, o is the conjugation
of oy, more details on the derivation are given in Supporting In-
formation. Considering the facts that 3[a]g < 1, k3 < |B|?, and
3[B] <« R[B], we have cos(3[B]g) ~ | and sin(3[ey]g) ~ S[a1]g so
that the optical binding and anti-binding forces can be reduced to

B (7] Rlou]

Y ¢ Rlalg+ (eNmle 1)’ 16)
R ) Rlou]

y ¢ gt[al]g_(e%[al]g_._l)'

Taking into account R[ey|g ~ 0, we have exp(R[a;]g) ~ 1+ R[ay]g
and two even simpler expressions can be reached

Fb o — R [rgg]

k 2
¥ 20g B~ol (Rlngg])”, a7

d
, an VR,

which reproduce eqn (14).

For the explicit dependence of the bipolar optical forces (see
eqn (13)), its validity can be further confirmed by comparing with
full-wave simulations based on the FEM. The results are shown in
Fig. 3b for the optical binding force associated with the even

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) The effective mode indices corresponding to the even and
odd modes are plotted as the functions of the gap distance g based on
the full-wave FEM simulation and the analytical eqn (11). The optical
binding force F? (b) and anti-binding force F¢ (c) are plotted as the
functions of the gap distance g based on the full-wave FEM simulation
and the analytical formulae in egns (13) and (17).

mode. An excellent agreement between the FEM simulations and
our analytical expressions corroborates the explicit dependence of
the attractive binding force on the gap distance g and the Fermi
energy Er. While for the optical anti-binding associated with the
odd mode, a discrepancy occurs between the analytical results
and the FEM simulation, as illustrated in Fig. 3c. Because the
corresponding eigenfield changes somewhat with x position, es-
pecially near the edges, which results in a nonnegligible edge ef-
fect, as displayed in Fig. 2c. The neglect of the edge effect leads
to an apparent underestimation of repulsive force, since the fields
on the upper and lower ribbons are out of phase in the proxim-
ity of edges and thus adds significantly to the magnitude of the
repulsive anti-binding force. Nonetheless, the analytical formula
does reveal the weak dependence of the repulsive optical anti-
binding on the gap distance g, which substantially differs from
the attractive binding force.

The strong bipolar optical interactions can be observed over
a relatively wide range of frequency within THz or infrared
regimes. Meanwhile, the conditions @w/Er < 0.5 and @ < @gph
are satisfied, implying that the loss due to the interband transition
can be circumvented and the phonon decay channel is closed.
Fig. 4 shows the effective mode indices and the optical forces
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Fig. 4 The effective mode indices for the even (a) and odd (c) modes, together with the corresponding optical binding (b) and anti-binding (d) forces
are plotted as the functions of the operating wavelength. Results are obtained by both numerical simulation based on the FEM and analytical
expressions based on the CMT. The gap distance between two graphene nanoribbons in the PGNRs is set to be g =3 nm.

as the functions of the operating wavelength A over the range 6
um< A <20 pum. For the even mode, both the effective mode
index n%; and the optical binding force F? exhibit only minor
change with respect to the working wavelength, as illustrated in
Fig. 4a and c, where the results obtained by numerical simula-
tions and analytical expressions are displayed with good agree-
ment. The insusceptibility of nléff and Fyb to the working wave-
length straightforwardly follows from eqns (12) and (13), since
Cy is independent of the wavelength while C3g/C? ~ 102 within
6 um< A <20 pm. The scenario is quite similar to the case for
a single layer of graphene sheet suspended on a substrate in the
long wavelength range.®! For the odd mode, on the other hand,
ngg and Fy' show non-negligible dependence on the wavelength,
as indicated in Fig. 4b and d. The scaling behaviors nl; ~ 1/
and F' ~ 1/ A3 are identified by the approximate analytical re-
sults, eqns (12) and 13, which roughly depict their variation with
the wavelength, as compared with the full-wave simulation re-
sults, also shown in Fig. 4b and d.

As evidenced in our analytical theory, the bipolar optical inter-
actions between two graphene nanoribbons in the PGNRs are cru-
cially dependent on the gap distance g and the Fermi energy Er,
with the latter flexibly controllable by the gate voltage. To present
an even clear picture, we present the phase diagrams with respect
to g and Ep for the binding and anti-binding forces in Fig. 5.
The optical binding force associated with the even mode is rem-
iniscent of a “short range” interaction occurring only within very
small gap distance g and sharply diminished with increasing the
gap distance g. Differently, the optical anti-binding force associ-
ated with the odd mode behaves more like a “long range” interac-
tion, showing small variation with the increase of the gap distance
g. There is a slight deviation from the analytical theory that gives
a g independent anti-binding force. The marginal dependence on

6| Journal Name, [year], [vol.],1—9
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Fig. 5 Phase diagrams with respect to the Fermi energy Er and the gap
distance g for the optical binding force Fy” (a) and the optical anti-binding
force Fy' (b) between two graphene nanoribbons in the PGNRs. The
results are obtained based on the full-wave numerical simulation for
ribbons with the width L, =25 nm.
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g originates from the fact that the odd mode is weakly confined
and thus characterized by a smaller effective mode index, as ob-
served by comparing the field patterns shown in Fig. 2b and c. As
a consequence, the odd mode exhibits nonnegligible edge effect
that has not been taken into account in our analytical model, re-
sulting in a significant underestimate of the optical force and the
disagreement with the full-wave numerical simulation. Finally,
although the optical binding and anti-binding force are both de-
pendent on the Fermi energy Er, they exhibit quite different be-
haviors. The optical binding force is slowly tuned, but the optical
anti-binding force is sensitively tunable, thus offering more free-
dom in actively manipulating the graphene-based nanostructures,
favorable for the implementation of tunable integrated optics, as
well as nanoscale optomechanical devices.

3 Conclusions

In summary, we demonstrate in PGNRs system the emergence
of extremely strong bipolar optical interactions, namely, the at-
tractive optical binding and repulsive anti-binding forces, asso-
ciated with the even and odd modes of the graphene plasmon,
respectively. The bipolar optical forces possesses several distinc-
tive features that may enable the flexible micro/nano manipu-
lation of graphene-based systems. Firstly, the direction of the
force can be reversed by excitation of either the even or the odd
mode through tailoring the relative phase of the lightwaves trav-
elling along two graphene ribbons, showing the bipolar nature
just as the conventional silicon optical waveguides’®. Secondly,
the optical forces reach an unprecedented value about two or-
ders of magnitude stronger than that in metamaterials, high-Q
resonators, not to mention the conventional silicon waveguides,
which originates from the abrupt change of optical field within an
extremely small range due to the atomic thick nature of graphene
ribbon. Thirdly, the attractive and repulsive forces show distinct
dependence on the operating wavelength A, gap distance g, and
the Fermi level Ef. The dynamical controllability of the Fermi
level thus enables a novel handle for tuning the optical forces on
the graphene-base systems, adding considerably to the flexibil-
ity in the applications of optical manipulation, compared to the
conventional optical system. These unique features, when incor-
porated with the exceptional mechanical properties of graphene,
are expected to trigger more novel applications of graphene in-
volved optomechanical, optoelectronic, optothermal effects, and,
promisingly, for the tunable integrated optics.
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