
 

 

 

Graphene-tuned threshold gain to achieve optical pulling force on microparticle 

Hong-Li Chen(陈鸿莉), and Yang Huang(黄杨) 

Citation:Chin. Phys. B, 2021, 30 (6): 064205.   DOI: 10.1088/1674-1056/abd9b4 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Dynamic modulation in graphene-integrated silicon photonic crystal nanocavity 

Long-Pan Wang(汪陇盼), Cheng Ren(任承), De-Zhong Cao(曹德忠), Rui-Jun Lan(兰瑞君), and Feng Kang(康凤) 

Chin. Phys. B, 2021, 30 (6): 064209.   DOI: 10.1088/1674-1056/abda2b 

Quantum plasmon enhanced nonlinear wave mixing in graphene nanoflakes 

Hanying Deng(邓寒英), Changming Huang(黄长明), Yingji He(何影记), and Fangwei Ye(叶芳伟) 

Chin. Phys. B, 2021, 30 (4): 044213.   DOI: 10.1088/1674-1056/abea8d 

Modulation and enhancement of photonic spin Hall effect with graphene in broadband 

regions 

Peng Dong(董鹏), Gaojun Wang(王高俊), and Jie Cheng(程杰) 

Chin. Phys. B, 2021, 30 (3): 034202.   DOI: 10.1088/1674-1056/abccb2 

Plasmonic characteristics of suspended graphene-coated wedge porous silicon 

nanowires with Ag partition 

Xu Wang(王旭), Jue Wang(王珏), Tao Ma(马涛), Heng Liu(刘恒), and Fang Wang(王芳) 

Chin. Phys. B, 2021, 30 (1): 014207.   DOI: 10.1088/1674-1056/abb65c 

Dielectric or plasmonic Mie object at air-liquid interface: The transferred and the 

traveling momenta of photon 

M R C Mahdy, Hamim Mahmud Rivy, Ziaur Rahman Jony, Nabila Binte Alam, Nabila Masud, Golam Dastegir Al 

Quaderi, Ibraheem Muhammad Moosa, Chowdhury Mofizur Rahman, M Sohel Rahman 

Chin. Phys. B, 2020, 29 (1): 014211.   DOI: 10.1088/1674-1056/ab5efa 

 

-------------------------------------------------------------------------------------------------------------------- 

 

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd9b4
https://doi.org/10.1088/1674-1056/abd9b4
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abda2b
https://doi.org/10.1088/1674-1056/abda2b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abea8d
https://doi.org/10.1088/1674-1056/abea8d
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abccb2
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abccb2
https://doi.org/10.1088/1674-1056/abccb2
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb65c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb65c
https://doi.org/10.1088/1674-1056/abb65c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5efa
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5efa
https://doi.org/10.1088/1674-1056/ab5efa


Chin. Phys. B Vol. 30, No. 6 (2021) 064205

Graphene-tuned threshold gain to achieve optical pulling
force on microparticle∗

Hong-Li Chen(陈鸿莉)1,† and Yang Huang(黄杨)2

1School of Science, Nantong University, Nantong 226019, China
2School of Science, Jiangsu Provincial Research Center of Light Industrial Optoelectronic Engineering and Technology,

Jiangnan University, Wuxi 214122, China

(Received 11 November 2020; revised manuscript received 6 January 2021; accepted manuscript online 8 January 2021)

We investigate optical force on a graphene-coated gain microparticle by adopting the Maxwell’s stress tensor method.
It is found that there exists a threshold gain in obtaining the Fano-profile optical force which indicates the reversal of
optical pushing and pulling force. And giant pushing/pulling force can be achieved if the gain value of the material is in the
proximity of the threshold gain. Our results show that the threshold gain is more sensitive to the relaxation time than to the
Fermi energy of the graphene. We further study the optical force on larger microparticle to demonstrate the pulling force
occurring at octupole resonance with small gain value and then it will appear at quadrupole resonance by increasing gain
value. Our work provides an in-depth insight into the interaction between light and gain material and gives the additional
degree of freedom to optical manipulation of microparticle.
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1. Introduction
The light–matter interaction gives rise to the momentum

transfer between light and objects and thus the light usually
pushes the object forward. However, one may increase the
forward scattering to obtain optical pulling force to pull the
object towards the light source.[1–6] The optical pulling force
could be achieved via Gaussian beam,[7,8] Bessel beam,[9] and
other tractor beams. Moreover, optical pulling forces acting
on chiral,[10–12] hyperbolic[13] or gain[14–16] materials have
been investigated. The pulling force would be achieved only
when the appropriate gain is introduced in the structure.[15]

The threshold gain for pulling force was obtained analytically
for Rayleigh spheres, thin cylinders, and thin slabs.[16] In ad-
dition, the continuous modulation from pushing to pulling
force was exhibited by controlling the incident angle of the
interfering plane waves near Fano resonance of the plas-
monic nanoparticle.[17] The optical force could be enhanced
at the plasmonic resonance and these results have been ap-
plied to quantum measurement, signal detection, and other
fields.[18–22] Furthermore, the tunable optical pulling forces on
plasmonic nanostructures have been demonstrated at plasmon
singularity and Fano resonance, and the giant pulling force
was achieved due to the reversal of the electric field.[23,24]

Fano resonance originating from the interference of simultane-
ously excited multipoles could also produce the pulling force
on plasmonic nanoparticles.[25] Therefore, the optical pulling
force could be achieved due to the resonance of the plasmonic

structure.
Graphene, as a new kind of plasmonic material, has

unique optical and electronic properties such as excellent
electro-optic tunability,[26,27] optical nonlinearity,[28,29] plas-
monic dissipation,[30] and extremely high electromagnetic
field concentration.[31] As a consequence, it has potential
applications in modulators,[32,33] optical sensing, polarizers,
mid-infrared photodetectors, and many others.[34,35] The plas-
monic property of the graphene layer is comparable to that of
thin metal sheets with a thickness of tens of nanometers.[36] In
comparison with surface plasmon on a metal–dielectric inter-
face, the graphene plasmon is superior due to the strong con-
finement of electromagnetic energy.[37] The high-sensitivity
tunable plasmonic biosensor had been demonstrated and the
spatial light confinement in graphene was two orders of mag-
nitude higher than that in metal.[38] The multi-band per-
fect plasmonic absorptions have been achieved in single-
layer graphene-based rectangular gratings via the excitation of
standing-wave graphene surface plasmon polaritons.[39]

In our previous study, we have investigated the bista-
bility of the optical force on nonlinear graphene-wrapped
nanoparticles.[40] Here, we aim to explore the graphene-tuned
threshold gain to obtain optical pulling force on the gain mi-
croparticle. We demonstrate that the coupling of the dipole
mode with quadrupole mode produces a Fano-profile optical
force at resonance wavelength when the imaginary part of the
permittivity for the gain value reaches a threshold gain. At
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the same time, the reversal of the pulling force and the push-
ing force appear. In addition, the pulling force or the pushing
force can be enhanced if the gain value is close to the thresh-
old gain at plasmonic resonance. The graphene-tuned optical
force is also analyzed by adjusting the Fermi energy and re-
laxation time of the graphene. The threshold gain is strongly
dependent on the relaxation time, but independent of Fermi
energy value. Moreover, the pulling force on large micropar-
ticle is easy to obtain near octupole resonance with small gain
value. And to achieve the pulling force near quadrupole res-
onance, the threshold gain should be further increased. Our
results take advantage of the technology of graphene plasmon
and provide an alternative way to manipulate gain particles.

2. Model and theories
We consider the graphene-coated gain microparticle with

radius a, surrounded by the homogenous medium under the il-
lumination of the uniform plane wave 𝐸in = E0 e ikmz e−iωt êx

with the wave vector km =
√

εmω/c (εm is the relative per-
mittivity of the surrounding medium) [see Fig. 1]. The rel-
ative permittivity of gain material is described as εc = εcr−
iεci

[14,16] and εci > 0 corresponds to the gain material on the
assumption that it is time-dependent, specifically in the form
of e−iωt . The gain effect is realized by encapsulating fluores-
cent dye molecules into the dielectric material with external
pumping.[41–44] The pump beams are from two opposite direc-
tions, so that the lateral forces on the particle can be cancelled
out by each other. And the surface conductivity of graphene
shell can be written as[45,46]

σg =
ie2EF

π h̄2 (ω + i/τ)
, (1)

where e, EF, h̄, τ are electron charge, Fermi energy, reduced
Planck constant, and electron–photon relaxation time, respec-

tively. Note that equation (1) is valid when the interband tran-
sition is negligible compared with intraband one under the
condition of EF > h̄ω at room temperature.

x↪E

z↪k

H

Fig. 1. Schematic diagram of graphene-coated gain microparticle illumi-
nated by plane wave propagating along z axis.

The time-averaged optical force 〈𝐹 〉 on the graphene-
coated gain microparticle is expressed as an integration of
Maxwell’s stress tensor T̂ over surface S surrounding the
microparticle[23,25]

〈𝐹 〉=
∮

S

〈
T̂ ·𝑛

〉
dS, (2)

where 𝑛 is the unit normal vector pointing outwards to the sur-
face S, and T̂ relates to the electromagnetic fields which can
be obtained by Mie theory.[47] And the scattering efficiency
for the graphene-coated gain microparticle is defined as

Qsca =
2

(kma)2

∞

∑
n=1

(
|an|2 + |bn|2

)
. (3)

Here, an and bn are Mie coefficients associated with the elec-
tric and magnetic multipolar modes, respectively, and ex-
pressed as[48]

an =
ψn(kma)ψ ′n(kca)−mψ ′n(kma)ψn(kca)− iσgαψ ′n(kma)ψ ′n(kca)
ξn(kma)ψ ′n(kca)−mξ ′n(kma)ψn(kca)− iσgαξ ′n(kma)ψ ′n(kca)

,

bn =
ψ ′n(kma)ψn(kca)−mψn(kma)ψ ′n(kca)+ iσgαψn(kma)ψn(kca)
ξ ′n(kma)ψn(kca)−mξn(kma)ψ ′n(kca)+ iσgαξn(kma)ψn(kca)

, (4)

with the parameters m =
√

εc/
√

εm, kc =
√

εcω/c, and α =√
µ0/ε0εm (ε0 and µ0 are the permittivity and permeability of

vacuum, respectively). In addition, ψn (x) =
√

πx/2Jn+1/2 (x)
and ξn (x) =

√
πx/2Hn+1/2 (x) are Ricatti–Bessel functions

with Jn+1/2 (x) and Hn+1/2 (x) denoting the cylindrical Bessel
and Hankel functions of order (n+1/2), respectively. And the
scattering intensity S (θ) is described by the scattered electric
field 𝐸s,[47]

S (θ) = lim
kmr→∞

(kmr)2 |𝐸s|2 . (5)

3. Numerical results and discussion

Now we come to calculate the optical force on the
graphene-coated gain microparticle with a = 5 µm and εcr =

1.5 (the glass composite with some air holes). For simplicity,
the background medium is assumed to be vacuum with εm = 1.

As shown in Fig. 2(a), two resonant peaks of pushing
force are found to be at λ = 45.1 µm and λ = 62.4 µm for
εci = 0.040. Interestingly, the Fano-profile optical force ac-
companied by pulling force arises with the gain value increas-
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ing upon εci = 0.085 at λ = 45.1 µm. Further increasing the
gain to εci = 0.120, the Fano-profile force switches to the
pulling force peak. To investigate the resonant peaks of optical
force, the scattering efficiency of the microparticle is studied
in Fig. 2(b). It is shown that the total scattering efficiency
is contributed mainly from the dipole mode (n = 1) with the
incident wavelength ranging from 50 µm to 80 µm. The nar-
row quadrupole mode (n = 2) appears as the wavelength de-
creases, and we can predict that the Fano-profile optical force
results from the coupling of broad dipolar mode with narrow
quadrupole mode. For the further study of these resonances,
we plot the electric fields in Fig. 3, demonstrating that the res-
onance is induced by the plasmonic resonance of the graphene
shell due to the metallicity of graphene. The dipole resonance
is presented at λ = 62.4 µm and quadrupole resonance occurs
at λ = 45.1 µm.
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Fig. 2. (a) Optical force F on graphene-coated gain microparticle and (b)
scattering efficiency Qsca versus incident wavelength λ for εci = 0.085. With
other parameters being a = 5 µm, εcr = 1.5, EF = 0.7 eV, τ = 1 ps, and
εm = 1.
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Fig. 3. Electric fields for graphene-coated gain microparticle at wavelength
λ = 62.4 µm (a) and 45.1 µm (b).

For the in-depth discussion of optical force near quadru-
ple resonance, figure 4(a) shows the optical force F at λ =

45.1 µm with respect to the gain value εci. It indicates that the
optical pushing force appears for small gain values, and be-
comes pulling force when the gain value arrives at εci = 0.085,
which is called threshold gain. Figure 4(a) clearly shows that
the reversal of optical pushing and pulling force, and also re-
veals the pushing or pulling force dramatically decreases if
the gain value is far from the threshold gain. Therefore, the

threshold gain is important not only for obtaining the optical
pulling force but also for enhancing the optical force. More-
over, the scattering intensity S (θ) for the microparticle with
threshold gain εci = 0.085 is discussed as shown in Fig. 4(b).
The forward scattering is much stronger than the backward one
at λ = 45.1 µm, therefore the optical pulling force arises due
to the conversation of momentum.
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Fig. 4. (a) Optical force F versus gain value εci, and (b) scattering inten-
sity S (θ) for the graphene-coated gain microparticle, with other parameters
being λ= 45.1 µm, a = 5 µm, εcr = 1.5, EF = 0.7 eV, τ = 1 ps, and εm = 1.
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Fig. 5. Optical force F versus incident wavelength λ for (a) different values
of EF with τ = 1 ps and (b) different values of τ with EF = 0.7 eV, with insert
showing the threshold gain and other parameters being a = 5 µm, εcr = 1.5,
εci = 0.085, and εm = 1.

Now, we study the influence of Fermi energy EF and re-
laxation time τ on the optical force F . Figure 5(a) shows that
the peak of optical force is blue-shifted and the pulling force
near quadrupole resonance slightly increases with Fermi en-
ergy EF increasing. In addition, the Fano-profile is still well
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maintained for different values of Fermi energy, which indi-
cates that the threshold gain is almost unchanged for pulling
force with different values of Fermi energy. And the threshold
gain versus Fermi energy is plotted in the inset of Fig. 5(a).
On the contrary, in Fig. 5(b), when increasing the relaxation
time τ , the optical force peak does not shift, but the pushing
force at dipole resonance is strongly enhanced on the account
of lower energy dissipation with larger relaxation time.[46]

Meanwhile, the optical force can reverse from pulling/pushing
to pushing/pulling force with the tunable relaxation time at
quadrupole resonance, which is different from the scenario in
Fig. 5(a). For further study, the threshold gain versus the re-
laxation time is plotted in the inset of Fig. 5(b). It shows that
the threshold gain decreases with relaxation time increasing,
which explain the transformation in the direction of optical
force at quadrupole resonance by tuning the relaxation time
τ . In other words, the threshold gain εci = 0.085 for τ = 1 ps
is not sufficient to trap the graphene-coated gain microparticle
for τ = 0.5 ps, but it will be enough to generate large pulling
force for τ = 1.5 ps, which is shown in Fig. 5(b).

In the end, we consider the optical force F on the larger

graphene-coated gain microparticle with a = 10 µm together
with the scattering efficiency Qsca and scattering intensity
S (θ) in Fig. 6. It is worth mentioning that the octupole mode
plays a role in the total force for larger microparticle. Fig-
ure 6(a) shows that there is Fano-profile optical force at the
octupole resonance when the imaginary part of the permittiv-
ity arrives at gain value εci = 0.083. Figure 6(b) reveals that
the Fano resonance arises from the coupling of quadrupole
mode (n = 2) with octupole one (n = 3). If the gain value in-
creases to εci = 0.163, the Fano-profile pulling force appears
at quadrupole resonance. It is shown that the threshold gain
for optical pulling force induced by the interference of dipole
mode with quadrupole mode will increase for larger graphene-
coated gain microparticle. Meanwhile, it is easy to achieve the
pulling force at octupole resonance with small gain in the large
particle case. Figure 6(c) presents the scattering intensity S (θ)
for the large microparticle with εci = 0.083. As expected, the
forward scattering is much larger than the backward one at oc-
tupole resonance λ= 54.2 µm, which gives rise to the optical
pulling force.
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Fig. 6. (a) Optical force F on larger graphene-coated gain microparticle and (b) scattering efficiency Qsca versus incident wavelength λ , and (c) scattering
intensity S (θ) for the coated microparticle with εci = 0.083, with other parameters being a = 10 µm, εcr = 1.5, EF = 0.7 eV, τ = 1 ps, and εm = 1.

4. Conclusions

In this work, we studied the optical force on the graphene-
coated gain microparticle by the Maxwell’s stress tensor
method and Mie theory. The coupling of dipole mode with
quadrupole mode produces a Fano-profile optical force along
with pulling force if the gain value arrives at a threshold gain.
And the optical force will be dramatically enhanced near the
threshold gain. The threshold gain is sensitive to the relax-
ation time, irrespective of Fermi energy value. As to the case
of larger particles, the optical pulling force appears at octupole
resonance with small gain and the threshold gain increases to
get an optical pulling force at quadrupole resonance. These
results provide an in-depth insight into the mechanism of the
optical pulling force on gain particles, as well as offer potential

applications in optical manipulating microparticles.
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