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In this study, an optical fiber-based magnetically-tuned graphene mechanical resonator (GMR) is demonstrated by inte-
grating superparamagnetic iron oxide nanoparticles on the graphene membrane. The resonance frequency shift is achieved
by tuning the tension of the graphene membrane with a magnetic field. A resonance frequency tunability of 23 kHz using a
100 mT magnetic field is achieved. The device provides a new way to tune a GMR with a non-contact force. It could also be
used for weak magnetic field detection in the future with further improvements in sensitivity.
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1. Introduction

Micro/nanomechanical resonators have attracted considerable
attention from scholars in the past decades. Their small size,
flexibility, compatibility, high sensitivity, and low power con-
sumption are useful in fundamental researches and applied
engineering. They have several applications in mass[1,2],
molecules[3], motion and stress[4] detection, metamaterials[5,6],
gyroscopes[7], imaging[8], modulators, and sensors[9–11].
Compared with their silicon and silicon-nitride counterparts[12],
micro/nanoelectromechanical system (MEMS/NEMS) devices
based on thin two-dimensional (2D) material membranes, such
as graphene[13–17], MoS2

[18,19], WSe2
[20], and MoTe2

[21], take
advantage of their thinner dimensions, which make them more
compactible. Resonance frequency is the most important factor
of mechanical resonators carrying essential information like
inner tension and geometric configuration. The graphene sheet-
based MEMS was first developed in 2007 by Scott et al.[13].
In the paper, the resonance frequencies with different thick-
nesses and lengths of graphene were studied using the electrical
actuation method. Later, abundant studies were conducted ben-
efiting from graphene’s easy fabrication (i.e., by chemical vapor
deposition, functional nanoparticle decorating), low cost, and
robust features. Among them, Chen et al. investigated the
mechanical performance of monolayer graphene nanomechan-
ical resonators using the electrical readout mechanism[22] in
2009. Barton et al. studied the photothermal self-oscillation
and laser cooling of a graphene optomechanical resonator in
2012[23]. These studies revealed the frequency shift of resonators

changes with several factors, e.g., geometry configuration and
inner tension.
The resonance frequency of a graphene mechanical resonator

(GMR) can be read out by electrical or optical methods[2,13,23].
In the optical actuation and readout method[23], a Fabry–Pérot
(F-P) resonator is formed by the suspended membrane and sub-
strate backplane. The intensity variations of the reflected detec-
tion laser reveal the membrane’s vibrations, whereby the
resonance frequency is analyzed. However, a GMR cannot be
actuated or tuned naturally by a magnetic field. The thought
of inducing the magnetic response of graphene membranes
by external elements works, but few studies have focused on
it. One way to achieve this goal is depositing an electrode on gra-
phene to induce a Lorentz force using the current[24]. Another
route is to deposit magnetic nanoparticles on graphene.
Superparamagnetic iron oxide nanoparticles (SPIONs) are syn-
thesized γ-Fe2O3 or Fe3O4 particles smaller than 20 nm with an
organic or inorganic coating, which own the superiority of no
hysteresis compared with traditional magnetic particles. The
SPIONs have efficient field strength response and are widely
used in biomedical applications such as magnetic resonance im-
aging[25], cell tracing[26], and drug delivery[27]. In this study, we
developed a novel method to tune the GMR resonance fre-
quency with a magmatic field by integrating SPIONs on a gra-
phene membrane with the help of an optical fiber F-P resonator
platform. The resonance frequency shift is achieved by tuning
the tension of the graphene membrane with a magnetic field.
A resonance frequency tunability of 23 kHz using a 100 mT
magnetic field is achieved. The device provides a new way to
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tune a GMR with a non-contact force. It could also be used for
weak magnetic field detection in the future with further
improvements in sensitivity.

2. Methods and Results

To fabricate a SPIONs-GMR-integrated resonator, a GMR using
a previously reported method[24] [Figs. 1(a) and 1(b)] is fabri-
cated firstly. After the cylindrical F-P resonator was fabricated,
a piece of rigid central-arched ultraviolet (UV) glue film (about
50 μm × 100 μm) was transferred on top of graphene as a mask
to cover the cylindrical air core [Fig. 1(c)]. The sample was then
coated with a∼100 nm-thick gold film via magnetron sputtering
to rivet the graphene firmly [Fig. 1(d)]. Subsequently, the UV
glue film was carefully removed to avoid breaking the graphene
membrane. The GMR sample was then immersed in and out of a
SPION (with size of ∼60 nm for SPION and with Fe3O4 particle
diameter of ∼20 nm) solution several times to attach SPIONs to
the graphene. Then, the device was dried in a drying chamber for
several hours so that the liquid molecules on the external gra-
phene surface evaporated thoroughly [Fig. 1(d)]. Later, the gra-
phene membrane was curved to a double-clamped rectangular
shape with a femtosecond laser [Fig. 1(f)]. Finally, the optical
fiber-based device was encapsulated in a glass tube under vac-
uum conditions of ∼10−3 Pa. Figure 1(g) shows the finally
encapsulated product of the SPIONs-integrated GMR under
optical microscopy.
The Raman spectrum of the graphene membrane was

recorded to estimate thickness before sputtering gold. As indi-
cated by the G and 2D peaks in Fig. 2(a), the graphene mem-
brane consists of multiple layers[28,29]. The appearance of the
D band indicates the structural disorder, the edge effects, or
the defects in graphene[30]. Thinner and defect-free graphene
may benefit device performance. Scanning electron microscopy

(SEM) images of SPIONs are shown in Figs. 2(b) and 2(c), indi-
cating that the SPIONs were distributed by a single layer, which
facilitated the base of the sensing application and ensured a uni-
form force.
As shown in Fig. 3, the reflected-interference spectrum of the

F-P resonator was measured using a broadband optical source
and an optical spectrum analyzer (Yokogawa 6370C) before
the test. A quadrature point is shown at the spectrum near
the wavelength of 1560 nm. The relationship between wave-
length shift and power intensity variation is almost linear in
the green part.
Figure 4 shows a schematic of the optical actuation and read-

out setups. Two continuous-wave (CW) lasers are used. One is
to actuate (the upper branch), and the other is to detect (the
lower branch). A vector network analyzer (VNA, Keysight-
N5072) modulates the actuation light (narrow-linewidth fiber
laser, SANTEC TSL-700) periodically with sweeping frequencies
via an intensity electro-optical modulator (Thorlabs-LN82S-FC)
to impose periodic thermoelastic excitation on the suspended
integrated graphene sheet. The integrated graphene sheet starts
to vibrate with periodic heat absorption (∼2.3% absorptivity
for graphene), and the motion amplitude reaches the maximum
when the modulation frequency matches the resonance
frequency.

Fig. 1. Process of device fabrication: (a) splicing the capillary glass tube (light
blue) with the single-mode optical fiber (gray) and cutting it to a predeter-
mined length (∼50 μm); (b) transferring the graphenemembrane; (c) covering
the air core of the capillary glass tube with UV glue film; (d) riveting the gra-
phene with a ∼100-nm-thick gold film coating via magnetron sputtering;
(e) removing the UV glue film and attaching the SPIONs onto the graphene;
(f) cutting the integrated SPIONs-graphene sheet in a rectangular shape via a
femtosecond laser; (g) optical microscopy image of the SPIONs-integrated
magnetic field fiber-tuned GMR encapsulated in a glass tube.

Fig. 2. Characterization of integrated sheet. (a) Raman spectrum of the gra-
phene membrane; (b) SEM image of the graphene membrane; (c) the mag-
nification of (b) to show nanoparticles.

Fig. 3. Optical reflected-interference spectrum of the F-P resonator.
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Another narrow-linewidth fiber tunable laser (Agilent-
81980A) at the quadrature point provides the detection light,
which characterizes themotion of the integrated sheet according
to the interference-spectrum shift of the F-P resonator. When
the integrated sheet motion occurs with sweeping actuation fre-
quency, the F-P resonator length changes periodically; thus, the
interference spectrum shifts (inset illustration in Fig. 3) synchro-
nously. When setting the detection-laser wavelength in the lin-
ear region of the F-P spectrum (always the quadrature point),
the resonator length change can be read out according to the
power intensity variations.
Two lights reach the fiber sample through a circulator after a

fiber coupler. The lights interfere when reflected from the
SPIONs-integrated graphene and fiber-air interface. A tunable
bandpass filter is used to eliminate the reflection of actuation
light. Then, the reflected detection light enters a photodetector
(PD) and is converted to an electrical signal. Finally, the jS21j
factor (jS21j = Pin

Pout
), i.e., the ratio of the PD signal amplitude

to the VNA output modulation power, is used to relatively deter-
mine the vibration amplitude. The vibration frequency spec-
trum is obtained, where maximum vibration amplitude
occurs when harmonic resonance happens. As shown in
Fig. 5(a), the resonance frequency spectrum is shown in a
Lorentzian line shape. The resonance frequency of the tested
sample in our experiment was 724.94 kHz. A Cartesian coordi-
nate system can be set with the z axis in the direction of the mag-
netic field and the x–y plane perpendicular to it. Place the sample
in the direction of the integrated sheet in the x–y plane so that
the magnetic field changes graphene tension by force applied to
SPIONs. Then, the resonance frequency changes with different
forces.
The resonance frequency of the graphene membrane is

expressed as[31]

f =
A
L

�������������������������
Et2

ρL2
� 0.57S

ρt

s
, �1�

where factor A equals 1.03 for a doubly clamped sheet, S repre-
sents the tension per width of the sheet, and L, t, ρ, E represent
the length, thickness, mass density, and Young’s modulus of the

membrane, respectively. For a pure graphene membrane with a
thickness of 1.07 nm (three layers) and A = 1.03, L = 20 μm,
E = 1 TPa, S = 0.015N=m, t = 1 nm, and ρ = 2200 kg=m3,
the frequency should be 3.10 MHz. Surely, the mechanical
parameters of the integrated sheet differed much from pure
graphene membrane. Imagine a hybrid sheet made up of nano-
particles and graphene, taking the mass density and Young’s
modulus of the SPIONs from Refs. [32,33] (E = 10GPa,
ρ = 1089 kg=m3), taking thickness as t = 60 nm from Fig. 2(c)
to estimate the hybrid sheet’s resonance frequency. If the tension
of the SPIONs-graphene integrated sheet is adjusted to 0.01318,
the frequency would be modified to 725 kHz and 0.01471 to
748.0 kHz of the maximum field. The attachment of SPIONs
to graphene changed the effective density, tension, and Young’s
modulus.
In the experiment, the integrated sheet surface was set

perpendicular to the magnetic field line so that the SPIONs
maintained balance owing to the force induced by the magnetic
field and the supporting force of graphene. Correspondingly, the
tension of the graphene changed owing to the counterforce,
which led to a variation in the resonance frequency.
As described in Section 2, the Cartesian coordinate system

was set with the z axis in the direction of the magnetic field
and the x–y plane perpendicular to the integrated sheet. The
sheet plane is placed at z = 0. The magnetic field generated by

Fig. 4. Schematic of the experimental setup. PC, polarization controller; EOM,
electro-optical modulator; EDFA, erbium-doped fiber amplifier; VNA, vector
network analyzer; PD, photodetector.

Fig. 5. (a) Resonance frequency spectrum of graphene mechanical resona-
tor; (b) magnetic-field response in the ascending and descending processes.
The inset in (b) shows the average value and error bar.
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concentric circular coils along the z axis exhibited a gradient
from B = 100mT at z = 0 at the center to B = 107mT at
z ≈ 25mm. However, the field strength was uniform in the
center area of the x–y plane in concentric circular coils. The
field strength was tuned from 0 to 100 mT and then returned
to zero by changing the current in the coil. The repeatability of
the ascending and descending processes is shown in Fig. 5(b).
When taking a control group with no SPION, the resonance
frequency gets no change because of there was no induced mag-
netic force. Resonance frequency could be tuned by approxi-
mately 23 kHz. The average value is shown in the inset
together with an error bar. The results indicate the reliability
and tunability of the SPIONs-integrated GMR.

3. Discussion

The magnetic-field-induced force of SPIONs is related to the
gradient of the field potential energy as follows: F =
−∇U = −∇�m · B�, where m and B represent the magnetic
moment and magnetic field strength, respectively.
The magnetic-field-induced force acting on the SPIONs can

be expressed as follows[32]:

F = ∇�mNP · B� = ρV�M0 · ∇�B� VχNP
μ0

�B · ∇�B, (2)

where ρ, V , μ0, χNP, M0 represent the density, volume, vacuum
permeability, magnetic susceptibility (dimensionless), and ini-
tial magnetization of the SPIONs, respectively. From Eq. (2),
since μ0, χNP, M0, V are all constant, the force applied to the
SPIONs is determined by the position-related function of the
magnetic field B.
The relationship between the frequency shift and field

strength exhibits a polynomial trend in Fig. 5(b). Because the
fiber facet (together with the sheet plane) was set in the x–y plane
at z = 0, the force on the SPIONs along the z axis is determined

by B�z� and ∂B�z�
∂z , which explains the polynomial relationships.

When subjected to the force by the magnetic field, the inte-
grated sheet gets a deformation, which affects the F-P resonator
length and induces tension in the sheet. The resonator-length-
change-induced wavelength shift or intensity change is relatively
tiny to be measured, which requires a high-resolution optical
spectrum analyzer. On the other hand, the resonance-
frequency-shift method shows the advantage of noticeable sen-
sitivity by tension variation. The resonance frequency-shift
method has an enormous potential for applications in microel-
ement measurements and precise analysis.
There are several outlooks. First, the device’s sensitivity could

be improved by the method of designing the sheet by its mor-
phology or thickness[34] to get a higher tension change by the
same field strength variation and lower kinetic energy dissipa-
tion. Secondly, the device could also be tuned or driven by an
AC magnetic field, which paves the way for magnetically-actu-
ated MEMS devices or sensing applications.

4. Conclusion

We present a new type of SPIONs-integrated GMR based on an
optical fiber system, which can be tuned by a magnetic field and
read out using an optical method. The integration of those two
nanomaterials makes the device combine the advantages of gra-
phene’s light weight and small size as a resonator with the
SPIONs’ hysteresis-free response of magnetic particles to mag-
netic fields. The proposed device provides a newmethod for tun-
ing and driving a mechanical resonator with a magnetic field.
The resonance frequency tunability of 23 kHz using a 100 mT
magnetic field is achieved. It exhibited stable performance as
well as good repeatability. This device can be used in complex
electrical-interference environments with small working spaces.
It is also suitable for situations where heat accumulation
(e.g., electrical joule heat) should be avoided. The tunability
of the time-varyingmagnetic field could be verified in the future.
With further improvements in the resonator vibration perfor-
mance, the device can achieve a sensitive response and be used
for future weak magnetic field detection or magnetic-field-
related applications.
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