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We propose an optical weighing technique with a sensitivity down to a single atom through the coupling between
a surface plasmon and a suspended graphene nanoribbon resonator. The mass is determined via the vibrational
frequency shift on the probe absorption spectrum while the atom attaches to the nanoribbon surface. We provide
methods to separate out the signals of the ultralow frequency vibrational modes from the strong Rayleigh back-
ground, first based on the quantum coupling with a pump-probe scheme. Owing to the spectral enhancement in
the surface plasmon and the ultralight mass of the nanoribbon, this scheme results in a narrow linewidth (∼GHz)
and ultrahigh mass sensitivity (∼30 yg). Benefitting from the low noises, our optical mass sensor can be achieved
at room temperature and reach ultrahigh time resolution. © 2018 Chinese Laser Press
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1. INTRODUCTION

Since its development over 30 years ago, surface-enhanced
Raman scattering (SERS) has attracted much attention due to
its high sensitivity in detecting the structure of materials
[1–5]. Compared to normal Raman scattering, SERS can en-
hance normally weak Raman signals by several orders of magni-
tude and has evolved into a powerful and reliable analytical tool
for the ultrasensitive detection of analytes, even at the single-
molecule level [6–9]. Numerous experimental and theoretical
works have focused on the enhancement mechanism. Recently,
Roelli et al. introduced the cavity optomechanics model that ac-
counts for the dynamical nature of the plasmon-molecule inter-
action. This will lead to a nonlinear enhancement of Raman
emission that is not predicted by conventional theory [10]. It
allows the design of novel molecular quantum optomechanical
systems and unconventional optical nanodevices.

On the other hand, nanoelectromechanical systems have been
proposed for highly sensitive mass detection of neutral species.
Significant progress has been made in using nanofabricated res-
onators [11,12] and carbon nanotubes [13–15]. Graphene has
properties that are extremely sensitive to the environment. Thus,
it is natural to consider using graphene for sensor applications for
probing quantum limit motion [16], mass [13–15], and force
[17]. So far, the best mass resolution achieved experimentally

with microfabricated resonators has been 200 yg at room
temperature [14], whereas carbon nanotube resonators have
achieved mass resolution as low as 2 yg in base pressure of
3 × 10−11 mbar at a temperature of about 50 K [15].

Here we demonstrate an all-optical method to determine the
inertial mass of atomic species (∼30 yg) via a doubly clamped
armchair-edge suspended graphene nanoribbon resonator
(SGR) coupled to the plasmon. This device can be achieved
at room temperature, and the probe signal can be enhanced
remarkably via the plasmonic coupling. Theoretical analysis
predicts that a sensitivity comparable to the mass of one Ne
atom should be feasible, which would open up the possibility
of distinguishing between different chemical elements in future
inertial mass spectrometry.

In the previous mass sensing procedures using two-level sys-
tems, the exciton is considered as a two-level system in the car-
bon nanotube, and it couples to the phonons in the nanotube.
One can obtain the signal absorption peak of the exciton under
the pump field in the coupling system of the exciton and pho-
nons [18]. The enhancement is based on the optical dynamics
of excitons in a system of strongly coupled excitons and plas-
mons [19]. The mass detection using plasmonic cavity in this
paper is totally different. Here we map the SERS scenarios onto
the canonical model of cavity optomechanics, in which a
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dynamic interaction takes place between two parametrically
coupled and nonresonant harmonic oscillators, namely, the
molecular vibration and the localized plasmons. Thus, we con-
sider the plasmon mode as a cavity mode. The signal enhance-
ment is based on the strong coupling between the plasmon
cavity and the suspended graphene nanoribbon (i.e., artificial
molecular vibration). This system is simpler and more con-
venient than the previous work, since there is no need for
the exciton. Moreover, the coupling between the exciton
and nanoresonator is usually very weak (∼MHz) [18], while
one can obtain strong optomechanical coupling (∼102 GHz)
and thus strong enhancement with the plasmonic nanocavity.

Compared with traditional electrical mass detection [11–15],
there are many incomparable advantages for this optical mass sens-
ing. For example, the heat effect and energy loss caused by circuits
can be removed during the optical mass measurement, the spectral
width in optical sensing (∼0.5 GHz) is narrower than in electrical
technique, and the ultrashort measuring time (∼2 ns) allows
ultrahigh time resolution. Furthermore, other than the single op-
tical mass detection, the all-optical mass sensing is not restricted
by the vibrational frequency of nanomechanical resonator, which
will break many limitations of the electrical method and single
optical measurement. The all-optical mass sensing provides a
new platform in nanoscale measurement and promises to enhance
mass sensitivity and accuracy in the future.

2. THEORETICAL FRAMEWORK

Following the theoretical framework introduced in Ref. [10],
we consider the parametric coupling between the plasmon
and the vibration of the SGR in the molecular optomechanical
system with the simultaneous presence of a strong pump field
and a weak probe pulse; the typical physical situation is
shown in Fig. 1(a). The armchair graphene nanoribbon is
clamped on two edges. This SGR can vibrate in the gigahertz

band (about 0.03–100 cm−1), corresponding to the funda-
mental in-plane flexural resonance [20,21]. We define this ul-
tralow frequency (ULF) vibration mode in SGR as the flexural
mode (F-mode).

The lowest energy level of the F-mode of SGR can be well
described by a harmonic oscillator with fundamental frequency
ωm. The corresponding Hamiltonian isHm � ℏωma�a, where
a� and a are the bosonic creation and annihilation operators,
respectively. The Hamiltonian of the localized plasmon mode
with resonance frequency ωc can be expressed asHc � ℏωc c�c
with c� and c as bosonic creation and annihilation operators.
The coupling of the SGR and the plasmonic mode is paramet-
ric. The Hamiltonian of interaction term can be written as
H int � −ℏΨ · xZPFc�c�a� � a�, where Ψ is the optomechan-
ical coupling rate, and xZPF �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ∕2mωm

p
is the zero-point

motion. We assume that the SGR is located at the position
of maximum electric field, to leading order; Ψ is given by
Ψ � − ωc

ϵ0V c

∂α
∂x, where the polarizability α is a material property

that depends on the molecular structure and nature of the
bonds, and V c is the mode volume of the plasmon cavity. If
we use the mass-weighted Cartesian displacement coordinates
q � ffiffiffiffi

m
p

x, the coupling can be quantified by the optomechan-
ical vacuum coupling rate in SI units [10]

g � Ψ · xZPF �
∂α
∂q

ωc

ϵ0V c

ffiffiffiffiffiffiffiffiffi
ℏ

2ωm

s
: (1)

In order to compute g , we need to consider the Raman activity
R � �∂α∕∂q�2, which is a pure molecular property and indepen-
dent of the experimental setup. In simulations, using Gaussian
units, this quantity is expressed as Å4 · amu−1. The relation be-
tween the two is given by R�SI� � �4πε0�2�10−13∕1.66�R�g:u:�.

In a simple classical description, the magnitude of the
Raman response of a vibrational mode is proportional to the
rate of change of polarizability α in the normal coordinate
q, evaluated at the equilibrium position (q � 0) of the “mass
of center”, as shown in Fig. 1(a). In the following discussion, we
define q as the direction parallel to the gravity. During the
mechanical vibrational motions, the atomic positions in the
SGR are schematically changed. This results in a breathing-like
expansion and compression of the graphene sheet, as shown in
Fig. 1(b). For the F-mode, the SGR structure exhibits distinct
atomic configurations and hence, different polarizability at
q � x and q � −x; here, x �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT ∕�mω2

m�
p

is the root mean
square amplitude of the vibrational graphene sheet at thermal
equilibrium. It leads to a nonzero derivative of polarizability
and hence a finite Raman response. The symmetry of this
breathing-like mode is Ag [22].

The Hamiltonian of the plasmon coupled with two
optical fields can be given as H opt � −iℏΩp�c − c�� −
iℏΩs�ceiδt − c�e−iδt�, where Ωp and Ωs are coherent driving
parameters of the pump field and probe field, respectively,
which can be calculated by [23]

Ωj �
1

4π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ε0λ

3

2ℏ
ηκ

r
jEjj, j � p, s: (2)

Here, ε0 is the vacuum permittivity, η ≈ 0.01 is the
conservative quantum yield of a dipolar emitter placed in such

(a)

(b)

Fig. 1. (a) Schematic diagram of the suspended graphene nanorib-
bon placed in the surface plasmonic cavity with presence of a strong
pump beam and a weak probe beam; G points the direction of the
gravity. The Ne atoms are deposited onto the surface of the graphene
sheet in a special evaporator. (b) Displacement pattern of the atoms
in the graphene nanoribbon due to the fundamental in-plane flexural
resonance mode.
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cavity, κ is the damping rate of the plasmon cavity, and Ep �Es�
is the amplitude of the pump (probe) illumination. The probe
is much weaker than the pump in the experiments; thus, we
choose Es ∼ 10−2Ep.

Based on the analysis above, the Hamiltonian of the whole
system can be expressed as

H � Hc �Hm �H int �H opt: (3)

In a frame rotating at the pump field frequency ωc, the
Hamiltonian can be written as

H � ℏΔpc�c � ℏωma�a − ℏgc�c�a� � a�
− iℏΩp�c − c�� − iℏΩs�ceiδt − c�e−iδt�, (4)

where Δp � ωp − ωc is pump-cavity detuning and the detun-
ing of the probe and pump field can be defined as δ � ωs − ωp.
In what follows, we define the operator n � a� � a and deal
with the mean response of the system in the presence of the
coupling. Let hci, hc�i, and hni be the expectation values of
operators c, c�, and n, respectively. According to the
Heisenberg equation of motion and the communication rela-
tions �c, c�� � 1, �a, a�� � 1, the temporal evolutions of a and
n can be obtained by solving the quantum Langevin equations
with the damping terms

dc
dt

� −�iΔp � κ�c � ignc �Ωp � Ωse−iδt �
ffiffiffi
κ

p
âin, (5)

d2n
dt2

� γ
dn
dt

� ω2
mn � 2ωmgc�c � ξ̂�t�, (6)

where γ is the damping rate of the vibrational mode of the
SGR. In Eq. (5), ain is the δ-correlated Langevin noise operator
of the cavity-field quantum vacuum fluctuation, which has
zero mean

hâin�t�â�in�t 0�i � δ�t − t 0�, (7)

hâ�in�t�âin�t 0�i � 0: (8)

Themotion of SGR is affected by a thermal bath of Brownian and
non-Markovian stochastic processes. The quantum effects on the
resonator are only displayed in the limit of very high quality factor.
The resonator mode is affected by a Brownian stochastic force
with zero mean value, and ξ̂�t� has the correlation function [24]

hξ̂��t�ξ̂�t 0�i �
Z

κωdω

ωm2π
e−iω�t−t 0�

�
1� coth

�
ℏω
2kBT

��
: (9)

Here kB is Boltzmann’s constant, and T is the effective resonator
temperature. Following standard methods from quantum optics,
we derive the steady-state solutions to Eqs. (5) and (6) by setting
all the time derivatives to zero

c0 �
Ωp

�iΔp � κ� − ign , n0 �
2gjcj2
ωm

: (10)

We define the parameter ω0 � jc0j2; hence, we can obtain

Ω2
p � ω0

�
κ2 �

�
Δp −

g2ω0

ωm

�
2
�
: (11)

One can always rewrite each Heisenberg operator as the sum of its
steady-state mean value and a small fluctuation with zero mean
value as follows:

c � c0 � δc, n � n0 � δn: (12)

Inserting these equations into the Langevin equations, one can
safely neglect the nonlinear terms such as δcδn. Since the driving
fields are weak, we will identify all operators with their expectation
values and drop the quantum and thermal noise terms. Then the
linearized Langevin equations can be written as

hδ_ci � −κhδci � ig�n0hδci � c0hδni� � Ωp �Ωse−iδt , (13)

hδn̈i � γhδ_ni � ω2
mhδni � 2ωmgc20: (14)

To solve these equations, we make the ansatz as follows:

hδci � c�e−iδt � c−eiδt , (15)

hδni � n�e−iδt � n−eiδt : (16)

Upon substituting these equations into Eqs. (13) and (14), and
upon working to the lowest order inΩp but to all orders inΩs, we
can obtain in the steady state

c� � Ωs �B�O − L� � 2ig2ωmω0�
B�O2 − L2� � 4iLg2ωmω0

, (17)

with O � κ − iδ, L � iΔp − ign0, and B � −δ2 − iγδ� ω2
m.

To investigate the optical property of the system, we use the
input-output relation cout�t� � cin�t� �

ffiffiffiffiffi
2κ

p
c�t� [25] to cal-

culate the output field, where cout�t� and c in�t� are the output
and input operators, respectively. In accordance with the above
discussions, we also ignore the quantum properties of cout�t�
and c in�t�. Noticing that the mean value of cin�t� equals zero,
we can obtain

hcout�t�i � cout0 � cout�e−iδt � cout−eiδt

�
ffiffiffiffiffi
2κ

p
�c0 � c�e−iδt � c−eiδt�: (18)

From this equation, we see that cout� � ffiffiffiffiffi
2κ

p
c�. Here cout� is

a parameter in analogy with the linear optical susceptibility
[26]. The real part of cout� exhibits an absorptive behavior,
and its imaginary part shows a dispersive property for the reason
that the phase of light changes by π∕2 on the reflection.

3. ULF SPECTRUM

In past years, no experimental observations of the Raman active
F-mode were reported. Because the F-mode is very close to the
Rayleigh line (0 cm−1) and the Rayleigh scattering signal is up
to dozens of orders of magnitude higher than the Raman signal,
it is impossible to be distinguished from the Rayleigh back-
ground scattering in such a low-frequency band. In this section,
we provide the discussion of the optomechanical mechanism of
the SERS with the pump-probe technology. We demonstrate
the Raman signal can be detected at ULF band by using a bad
plasmon cavity in a remote Rayleigh line and a pump-probe
scheme to amplify the Stokes and anti-Stokes scattering. We
focus on the F-mode, though our methods and the results
can be generalized to any vibration mode with Raman activity
in two-dimensional layered materials and other molecular
structures. The enhancement can be realized at room temper-
ature and ultralow laser power, displaying a notable advantage
over traditional SERS measurements.

For illustration of the numerical results, we choose realistic
experimental parameters. The natural frequencies of the
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F-mode of the SGR depend on the length and also the boun-
dary conditions. According to Ref. [20], the resonance frequen-
cies of nanoscale SGR are of the order of gigahertz. Here we
choose a suspended nanoscale SGR of dimensions l � 6 nm,
w � 0.7 nm, composed of 162 carbon atoms with the total
mass, m � 3.2 × 10−24 kg. The fundamental frequency of a
doubly clamped monolayer graphene can be estimated by
ωm ≈ 3056∕l2, in which the length is in nanometers, and
the frequency is in gigahertz. Thus, we can obtain the fre-
quency ωm ≈ 100 GHz corresponding to 3 cm−1.

The previous work has calculated the absolute Raman re-
sponse of graphene and graphite via its explicitly frequency-
independent Raman matrix element using the method of sample
substitution [27]. For the Ag modes, the Raman activity of gra-
phene can reach R � 103 ∼ 104 �Å4 · amu−1�. In a realistic
plasmon-nanocavity system, the mode volume of the plasmon
cavity is estimated to be V c ≈ 1.5 × 10−6 μm3 [10]. Assuming
that the resonance frequency of the plasmon cavity ωc �
330 THz (λ � 900 nm), then considering ωm � 100 GHz,
we find that the coupling rate g � 200 − 600 GHz.

The lowest energy resonance corresponds to the fundamen-
tal F-mode, and the resonator is assumed to be characterized by
the mechanical quality factors QSG, which strongly depend
on the temperature. Until now, the highest quality factor ob-
served in monolayer graphene resonators at room temperature
was on the order of several hundreds [28–31]. Supposing
QSG ≈ 200, we get the mechanical damping rate of SGR as
γ � ωm∕QSG � 0.5 GHz and the lifetime of the F-mode pho-
non Δt � 1∕γ � 2 ns. The plasmonic systems experience
strong ohmic losses, namely, they are characterized by very
low quality factors, typically Qc ≈ 10, placing these systems
deep in the bad cavity regime (κ � ωc∕Qc � 33 THz).

The physical origin in such coupled systems can be ex-
plained as the four-wave mixing (FWM) process. The simulta-
neous presence of a pump field and a probe field generates a
radiation pressure force at the beat frequency, which drives the
motion of the SGR near its resonance frequency. During vibra-
tional motion, the change in polarizability of the SGR leads to a
shift of the plasmon resonance frequency at the origin of the
parametric optomechanical coupling. The process can be inter-
preted in a dressed-state picture as depicted in Fig. 2, where the
original two levels of cavity jci split into four dressed states
while coupling with the phonon modes (jMi denotes the num-
ber states of the SGR mechanical mode). Figure 2(a) represents
the phonon-induced three-photon resonance, where the plas-
mon cavity makes a transition from the lowest dressed level to

the highest dressed level by the simultaneous absorption of two
photons and the emission of a photon at ωp − ωm. This process
can amplify a wave at δ � −ωm, which is indicated by the
negative absorption of the Stokes peak. Figure 2(b) shows
the origin of phonon-induced stimulated Rayleigh resonance,
which corresponds to a transition from the lowest dressed level
jc − 1,M i to the dressed level jc,Mi. Thus, the gain feature
that occurs near δ � 0 can be considered to be a form of stimu-
lated Rayleigh scattering [26]. The rightmost Fig. 2(c) is related
to the phonon-induced absorption resonance as modified
by the anti-Stokes scattering, which corresponds to δ � ωm.

At first, we do not apply the pump field and investigate the
phonon-induced stimulated Rayleigh resonance. We depict the
absorption spectrum Re�cout�� of the probe field as a function
of the probe-cavity detuning δc � ωc − ωs for different
plasmonic quality factors Qc � 2, 5, 10, 20, with pump field
Ωp � 0 in Fig. 3. The unit of the scattering absorption inten-
sity is an arbitrary unit (a.u.), which is a relative unit of mea-
surement to show the ratio of amount intensity to a
predetermined reference measurement. Experimental studies
for Raman shift in the SERS usually express the wavenumber
of the vibrational mode in cm−1, being related to the angular
frequency via ωm∕2π �Hz� � 102Cδc �cm−1�; here C is the
speed of light. The results show that the plasmonQ factor mod-
ulates the shape of the Rayleigh peak. When the plasmonic
quality factor decreases, the linewidth increases, and the
strength reduces. In the traditional Raman measurements,
the incident light hits the sample, while the pump-probe beam
hits the plasmon in our scheme. Thus, the Rayleigh peak can be
suppressed remarkably due to the strong ohmic losses of plas-
mon. This indicates that one can remote the Rayleigh line on
the spectrum by using an extremely low Q cavity.

Then we study the ULF scattering spectrum with the pump-
cavity detuning Δp � 0. We set the optomechanical coupling
rate at g � 200 GHz, corresponding to the Raman activity
R � 103 Å4 · amu−1. Then we depict the absorption spectrum

(a) (b) (c)

Fig. 2. Energy level diagram of the SGR-plasmon optomechanical
system, where M and c denote the number states of mechanical
mode and plasmon cavity photon, respectively. The three pictures cor-
respond to the physical processes of (a) Stokes scattering, (b) Rayleigh
scattering, and (c) anti-Stokes scattering.

Fig. 3. Strength of Rayleigh scattering on the probing absorption
spectrum as a function of the probe-pump detuning δc for different
quality factors of the plasmon. We set Ep � 0; other parameter values
are Ωs � 0.1 THz, γ � 0.5 GHz.
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of the probe pulse as a function of the probe-pump detuning
δ for different input pump field intensities, which can be
obtained by [10]

I � 1

2
ε0C jEpj2: (19)

We select I � 1 kW∕cm2, 2 kW∕cm2, and 3 kW∕cm2, re-
spectively, in Fig. 4. If the frequency beat of laser δ is close
to the resonance frequency of the F-mode, it will start to
oscillate coherently and result in Stokes �ωc − ωm� and anti-
Stokes �ωc � ωm� scattering of light due to the optomechanical
coupling. From Fig. 4, we can clearly see that the scattering
spectrum can be modulated effectively by the pump laser.
The strength of the Stokes and anti-Stokes peaks increases re-
markably by increasing the pump intensity, whereas the shape
of the Rayleigh peak remains unchanged. Compared with the
previous schemes to detect graphene via SERS, the distinct dif-
ference in our scheme is the use of pump-probe technology in
the plasmon cavity. The geometries of the scattering peaks are
decided by the vibrational damp of the SGR γ and the opto-
mechanical coupling rate g . For the case of a weak pump, the
Rayleigh peak is very strong; hence the Stokes and anti-Stokes
signals may be submerged in the Rayleigh background.
However, as shown by the black curve in Fig. 4, the Raman
signal is enhanced remarkably when the pump power rises to
I � 3 kW∕cm2. In Fig. 4, the Rayleigh peak approaches a
horizontal line because its strength is much weaker than the
F-mode peak. Here the pump power is about 2–3 orders of
magnitude smaller in comparison with traditional SERS tech-
niques [10,23]. This nonlinear effect with weak light provides
new opportunities for the nondestructive testing of Raman
properties of the bioactive molecules and living organisms.

The pump intensity dependence of the ratio between
Raman absorption and Rayleigh strength is depicted in
Fig. 5. We obtain the linear relations. The ratio is up to 10
for I � 10 kW∕cm2, with the coupling rate g � 200 GHz.

Hence, we can abstract the Raman signals completely from
the Rayleigh background. To study the coupling between
the SGR and plasmon, we add the blue line and the black line
to show the enhancements for different coupling rates g in
Fig. 5. We can find that, in the case of the same pump strength,
the Stokes peak becomes stronger by increasing the optome-
chanical coupling rate. That is to say, we can separate out
the signals of the ULF mode from the Rayleigh background
more easily under stronger coupling rates g . The plasmon sys-
tem works in the unresolved -sideband regime (κ ≫ ωm). Since
the strong coupling mainly comes from the low mechanical fre-
quency ωm and small volume of the plasmon cavity mode V c
[see Eq. (1)], the enhancement in the unresolved sideband
regime can still be achieved by using the optical pump-probe
schemes in the surface plasmon cavity.

Basically, because the Stokes and the anti-Stokes Raman sig-
nals are much weaker than the Rayleigh peak, the ULF mode
detection cannot be achieved by the traditional SERS measure-
ment. However, with the FWM process in plasmon, the ULF
mode can be detected on the probing spectrum by combining
the two methods. (i) The Rayleigh peak can be suppressed
effectively in the low Q plasmon cavity (Qc � 10). (ii) The
amplitude of the Raman signal can be enhanced remarkably
by increasing the pump laser. One can find the strength of
the Raman signal is up to dozens of times higher than the
Rayleigh scattering signal.

4. SINGLE NEUTRAL ATOM MASS SENSOR

In this section, we provide the scheme in order to achieve the
ultrasensitive mass sensing based on plasmon-assisted pump-
probe spectroscopy. Atoms or molecules landing on the surface
of the graphene nanoribbon can significantly increase the total
mass of the resonator, which will simultaneously reduce the res-
onance frequency. Applying the concept of effective mass
ωm �

ffiffiffiffiffiffiffiffiffi
k∕m

p
, we can find that the relationship between the

frequency shift and the increased mass can be expressed as

Fig. 4. Plot of absorption spectrum as a function of probe-pump
detuning with R � 103 Å4 · amu−1, g � 200 GHz, Qc � 10, and
Δp � 0 for I � 1, 2, and 3 kW∕cm2, respectively. Other parameter
values are the same as in Fig. 3.

Fig. 5. Pump intensity dependence of the ratio between Raman and
Rayleigh scattering strength with different optomechanical coupling
rate g .
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Δm � 2m
ωm

Δω: (20)

Mass sensing is based on monitoring the frequency shift Δω of
ωm. According to Eqs. (11) and (17), we depict the probe spec-
trum of the SGR as a function of detuning δ for the pump
power I � 1 kW∕cm2 by the black curve in Fig. 6. We find
that a sharp peak at the position just corresponds to the fun-
damental frequency of the F-mode. This means that if we first
fix the pump field detuning Δp � 0 and scan the probe fre-
quency across the exciton frequency ωc in the spectrum, then
we can easily obtain the vibrational frequency of the nanome-
chanical resonator exactly.

Then we select an Ne atom to deposit onto the surface of
the SGR to increase the mass of the graphene nanoribbon. We
illustrate this mass sensor scenario in Fig. 1(a). The additional
mass modifies the resonance frequency of the system. For the
single atom, the resonance frequency shift Δω � 0.52 GHz
can be resolved in the spectrum displayed by the blue curve
in Fig. 6. We can obtain the total mass of the accreted Ne atom,
Δm ≈ �2m∕ωm�Δω � 3.32 × 10−26 kg. The linear relation-
ship between the resonance frequency shift and the numbers
of deposited Ne atoms is then given by Δω � 0.52n GHz
(n denotes the atom number). As we select more atoms to de-
posit onto the SGR sensor, the enhanced peak will exhibit a
larger frequency shift on the spectrum. We then plot the 10
atoms induced shift in Fig. 6 by the red curve. The resolution
can be obtained by Eq. (20). The minimum detectable fre-
quency shift depends on the full width at half-maximum
(FWHM) of the absorption peak, which is approximately
0.5 GHz in Fig. 6. Then considering ωn � 100 GHz, we
can obtain the minimum measurable mass Δmmin �
3 × 10−26 kg (30 yg). This sensitivity will provide the possibil-
ity of identifying the chemical nature of individual atoms and
molecules if single atoms and molecules can be trapped at a
specific site on the graphene nanoribbon (for example, using

electrochemistry to create trapping sites by locally modifying
the carbon lattice [32]).

5. SYSTEM NOISES

The main noises in this system include thermomechanical noise
and momentum exchange noise.

A. Thermomechanical Noise
In our scheme, the thermal noise of the mechanical motion
is the dominant noise source. We now turn to the evaluation
of the minimum measurable frequency shift, δω, limited by
thermomechanical fluctuations of the SGR. An estimate for
δω can be obtained by integrating the weighted effective spec-
tral density of the frequency fluctuations by the normalized
transfer function of the measurement loop. Performing this
integration for the case where Q ≫ 1, we obtain [33]

δω �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γkBTΔf

Ec

s
: (21)

Here, Ec � mω2
mhx2c i represents the maximum drive energy of

the SGR, xc is the maximum root mean square (rms) amplitude
producing a predominantly linear response, and Δf is the mea-
surement bandwidth. Experimentally, the measurement time τ
is defined by the detection bandwidth τ � 1∕Δf , which
should be selected to be smaller than the lifetime of the
SGR oscillator Δt. To obtain the minimum detectable mass,
we rewrite Eq. (21) using the expression for δm given in
Eq. (20) and supposing τ � Δt

δm ≅
2m
ωm

δω � 2mγ
ωm

�
kBT
Ec

�
1∕2

: (22)

In such a measurement, the resonator is driven at a constant
mean square amplitude, assuming xc � 5 Å. At room temper-
ature, T � 300 K, then considering γ ≈ 0.5 GHz, the con-
straint for the mass sensor can reach δm � 2.3 × 10−26 kg <
Δmmin. The result shows that the thermomechanical noise
can be controlled at a level comparable to the claimed sensitiv-
ity at room temperature.

On the other hand, the measuring time τ � 2 ns; the mass
changing can be detected in such a short time range. Thus, we
can use optical pulses to probe the mechanical frequency with
ultrahigh time resolution.

B. Momentum Exchange Noise
Indeed, the Q factor of the SGR oscillator is limited by colli-
sions with residual air molecules. We now turn to a discussion
of the consequences of momentum exchange in a gaseous envi-
ronment between the nanomechanical resonator and the gas
molecules that impinge upon it. According to kinetic theory,
the limit for the mechanical Q factor due to the momentum
exchange noise can be expressed as [33]

Qmax �
mωmv
PA

, (23)

where P is the air pressure and A is the surface area of the
SGR; v � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3kBT∕mgas

p
and mgas are the rms velocity and

mass of gas molecules, respectively. To minimize adsorption
of unwanted molecules, we prepare the measurement setup
at low pressure, supposing P � 1 Torr, then we obtain

Fig. 6. Absorption spectra of the probe pulse as a function of δ be-
fore (black line) and after the binding events of one Ne atom (blue
line) and 10 atoms (red line). The frequency shifts induced by addi-
tional masses can be well distinguished in the spectra. Here we choose
R � 103 Å4 · amu−1, I � 1 kW∕cm2. Other parameters used are the
same as in Fig. 4.
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Qmax � 1.4 × 105 ≫ QSG with T � 300 K. Thus, these all-
optical mass sensors have the potential to break through the limi-
tation of air pressure restriction and to enhance the sensitivity of
mass detection.

Since the thermal noise and the momentum exchange noise
can be suppressed effectively at room temperature, the sensitiv-
ity is only determined by the FWHM of the optical spectrum.
We list all the main plasmon optomechanical parameters in
Table 1, and we expect the atomic resolution mass sensor
can be achieved under these conditions.

6. CONCLUSION

In the paper, we provide what we believe is the first discussion
about the double fields-controlled plasmonic optomechanics
for the artificial molecule, namely, an SGR. We investigate
the coupling between plasmon and the SGR based on the in-
teraction between the electromagnetic field and the breathing-
like F-mode in nanoribbons with Raman activity. Due to the
very low Q value of the plasmon cavity, the Rayleigh scattering
can be effectively attenuated. Simultaneously, by increasing the
pump power, the probe signal can be amplified significantly.
Thus the ULF mode signals can be distinctly separated from
the Rayleigh background in the absorption spectrum. Based
on these results, we propose an experimentally feasible scheme
for the mass sensing of a single atom via the mass-induced-shift
on the spectrum. This scheme can be realized under ultrashort
measurement time and displays notable advantages in contrast
to the generic optomechanical systems [34] as follows. (a) The
sensitivity strongly depends on the mass of the mechanical res-
onator. Since the SERS scenarios can be mapped onto the
canonical model of cavity optomechanics, we can use the arti-
ficial molecular structure with smaller effective mass. Thus, the
mass sensitivity can be improved remarkably, from 0.16 fg to
30 yg (about 7 orders of magnitude), compared to the result in
Ref. [34]. (b) In the previous works, the high-quality factor is
necessary [18]; thus these schemes usually require cryogenic
temperatures. But our optical mass sensor can be achieved
at room temperature. (c) The plasmonic system works in
the bad cavity regime (ultrahigh damping). However, owing
to the plasmonic enhancement, there is no requirement for
the finesse of the cavity, in contrast to generic optomechanical
systems. Finally, we hope that our proposed device can be real-
ized by experiments in the near future.

Funding. National Natural Science Foundation of China
(NSFC) (11274230, 11574206); Basic Research Program of
the Committee of Science and Technology of Shanghai
(14JC1491700).

REFERENCES
1. M. Moskovits, “Surface-enhanced spectroscopy,”Rev. Mod. Phys. 57,

783–826 (1985).
2. A. Otto, I. Mrozek, H. Grabhorn, andW. Akemann, “Surface-enhanced

Raman scattering,” J. Phys. Condens. Matter 4, 1143–1212 (1992).
3. M. D. Sonntag, J. M. Klingsporn, L. K. Garibay, J. M. Roberts, J. A.

Dieringer, T. Seideman, K. A. Scheidt, L. Jensen, G. C. Schatz, and
R. P. Van Duyne, “Single-molecule tip-enhanced Raman spectros-
copy,” J. Phys. Chem. C 116, 478–483 (2012).

4. S. M. Nie and S. R. Emory, “Probing single molecules and single
nanoparticles by surface-enhanced Raman scattering,” Science
275, 1102–1106 (1997).

5. W. Zhu and K. B. Crozier, “Quantum mechanical limit to plasmonic
enhancement as observed by surface-enhanced Raman scattering,”
Nat. Commun. 5, 5228 (2014).

6. J. P. Camden, J. A. Dieringer, Y. Wang, D. J. Masiello, L. D. Marks,
G. C. Schatz, and R. P. Van Duyne, “Probing the structure of single-
molecule surface-enhanced Raman scattering hot spots,” J. Am.
Chem. Soc. 130, 12616–12617 (2008).

7. D. Wang, W. Zhu, M. D. Best, J. P. Camden, and K. B. Crozier,
“Directional Raman scattering from single molecules in the feed gaps
of optical antennas,” Nano Lett. 13, 2194–2198 (2013).

8. R. Zhang, Y. Zhang, Z. C. Dong, S. Jiang, C. Zhang, L. G. Chen, L.
Zhang, Y. Liao, J. Aizpurua, Y. Lou, J. L. Yang, and J. G. Hou,
“Chemical mapping of a single molecule by plasmon-enhanced
Raman scattering,” Nature 498, 82–86 (2013).

9. R. Chikkaraddy, B. Nijs, F. Benz, S. J. Barrow, O. A. Scherman, E.
Rosta, A. Demetriadou, P. Fox, O. Hess, and J. J. Baumberg,
“Single-molecule strong coupling at room temperature in plasmonic
nanocavities,” Nature 535, 127–130 (2016).

10. P. Roelli, C. Galland, N. Piro, and T. J. Kippenberg, “Molecular cavity
optomechanics as a theory of plasmon-enhanced Raman scattering,”
Nat. Nanotechnol. 11, 164–169 (2016).

11. A. K. Naik, M. S. Hanay, W. K. Hiebert, X. L. Feng, and M. L. Roukes,
“Towards single-molecule nanomechanical mass spectrometry,” Nat.
Nanotechnol. 4, 445–450 (2009).

12. E. Gil-Santos, D. Ramos, A. Jana, M. Calleja, A. Raman, and J.
Tamayo, “Mass sensing based on deterministic and stochastic re-
sponses of elastically coupled nanocantilevers,” Nano Lett. 9,
4122–4127 (2009).

13. H. Y. Chiu, P. Hung, H. W. C. Postma, and M. Bockrath, “Atomic-scale
mass sensing using carbon nanotube resonators,” Nano Lett. 8,
4342–4346 (2008).

14. K. Jensen, K. Kim, and A. Zettl, “An atomic-resolution nanomechan-
ical mass sensor,” Nat. Nanotechnol. 3, 533–537 (2008).

15. J. Chaste, A. Eichler, J. Moser, G. Ceballos, R. Rurali, and A.
Bachtold, “A nanomechanical mass sensor with yoctogram resolu-
tion,” Nat. Nanotechnol. 7, 301–304 (2012).

16. M. LaHaye, O. Buu, B. Camarota, and K. Schwab, “Approaching the
quantum limit of a nanomechanical resonator,” Science 304, 74–77
(2004).

17. S. Chun, Y. Kim, H. Jin, E. Choi, S. B. Lee, and W. Park, “A graphene
force sensor with pressure-amplifying structure,” Carbon 78, 601–608
(2014).

18. J. J. Li and K. D. Zhu, “All-optical mass sensing with coupled mechani-
cal resonator systems,” Phys. Rep. 525, 223–254 (2013).

19. J. J. Li and K. D. Zhu, “Weighing a single atom using a coupled
plasmon-carbon nanotube system,” Sci. Tech. Adv. Mater. 13,
025006 (2012).

20. A. Sakhaee-Pour, M. T. Ahmadian, and R. Naghdabadi, “Vibrational
analysis of single-layered graphene sheets,” Nanotechnology 19,
085702 (2008).

21. M. Sadeghi and R. Naghdabadi, “Nonlinear vibrational analysis of
single-layer graphene sheets,” Nanotechnology 21, 105705 (2010).

Table 1. Parameters of the Plasmon Optomechanical
System Used in the Mass Measurement

Parameter Units Value

Width of SGR, w nm 0.7
Length of the SGR, l nm 6
Fundamental frequency of SGR, ωm GHz 100
Frequency of the plasmon, ωc THz 330
Raman activity of F-mode, R Å4 · amu−1 103−104

Volume of plasmon cavity, V c μm3 1.5 × 10−6
Quality factor for SGR, QSG Null 200
Quality factor for plasmon, Qc Null 10
Conservative quantum yield, η Null 0.01
Pump-cavity detuning, Δp Hz 0
Air pressure, P Torr 1
Temperature, T K 300

Research Article Vol. 6, No. 9 / September 2018 / Photonics Research 873



22. R. Gillen, M. Mohr, and J. Maultzsch, “Symmetry properties of vibra-
tional modes in graphene nanoribbons,” Phys. Rev. B 81, 205426
(2010).

23. M. K. Schmidt, R. Esteban, A. Gonzalez-Tudela, G. Giedke, and J.
Aizpurua, “Quantummechanical description of Raman scattering from
molecules in plasmonic cavities,” ACS Nano 10, 6291–6298 (2016).

24. V. Giovannetti and D. Vitali, “Phase-noise measurement in a cavity
with a movable mirror undergoing quantum Brownian motion,”
Phys. Rev. A 63, 023812 (2001).

25. D. F. Walls and G. J. Milburn, Quantum Optics (Springer-Verlag,
1998), p. 124.

26. R. W. Boyd, Nonlinear Optics (Academic, 2008).
27. R. Narula, R. Panknin, and S. Reich, “Absolute Raman matrix ele-

ments of graphene and graphite,” Phys. Rev. B 82, 045418 (2010).
28. J. S. Bunch, A. M. van der Zande, S. S. Verbridge, I. W. Frank, D. M.

Tanenbaum, J. M. Parpia, H. G. Craighead, and P. L. McEuen,
“Electromechanical resonators from graphene sheets,” Science
315, 490–493 (2007).

29. C. Chen, S. Rosenblatt, K. I. Bolotin, W. Kalb, P. Kim, I. Kymissis, H. L.
Stormer, T. F. Heinz, and J. Hone, “Performance of monolayer

graphene nanomechanical resonators with electrical readout,” Nat.
Nanotechnol. 4, 861–867 (2009).

30. A. M. van der Zande, R. A. Barton, J. S. Alden, C. S. Ruiz-Vargas, W.
S. Whitney, P. H. Q. Pham, J. Park, J. M. Parpia, H. G. Craighead, and
P. L. McEuen, “Large-scale arrays of single-layer graphene resona-
tors,” Nano Lett. 10, 4869–4873 (2010).

31. V. Singh, S. Sengupta, H. S. Solanki, R. Dhall, A. Allain, S. Dhara, P.
Pant, and M. M. Deshmukh, “Probing thermal expansion of graphene
and modal dispersion at low-temperature using graphene nanoelec-
tromechanical systems resonators,” Nanotechnology 21, 165204
(2010).

32. B. R. Goldsmith, J. G. Coroneus, V. R. Khalap, A. A. Kane, G. A.
Weiss, and P. G. Collins, “Conductance-controlled point functionaliza-
tion of single-walled carbon nanotubes,” Science 315, 77–81 (2007).

33. K. L. Ekinci, Y. T. Yang, and M. L. Roukes, “Ultimate limits to inertial
mass sensing based upon nanoelectromechanical systems,” J. Appl.
Phys. 95, 2682–2689 (2004).

34. C. Jiang, B. Chen, J. J. Li, and K. D. Zhu, “Mass sensing based on a
circuit cavity electromechanical system,” J. Appl. Phys. 110, 083107
(2011).

874 Vol. 6, No. 9 / September 2018 / Photonics Research Research Article


	XML ID funding

