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ABSTRACT: Optomechanics is a promising field with important applications in
ultrasensitive sensing and quantum information processing. A variety of micro-
mechanical resonators are proposed and demonstrated for expanding the applications of
optomechanical technologies. In this paper, we report a novel microfiber mechanical
resonator. By designing abrupt junctions between the microfiber and single mode fibers
and imposing high axial stress in the resonator, the clamping loss is decreased effectively
and the resonator material’s intrinsic dissipation is also diluted. Ringdown measure-
ments at room temperature show that the quality factors Qm of the fundamental and higher-order mechanical modes of the
microfiber resonators exceed 105 to yield the highest mechanical f × Qm products (>1010 Hz) yet reported for fiber-optic mechanical
resonators. Moreover, employing the microfiber as a vibrating beam, the mass of the resonator is at least 1 order of magnitude less
than that of the reported fiber-optic resonators with a similar f × Qm product. The proposed mechanical resonator is a promising
candidate for optomechanics and provides an alternative mechanism for optical fiber sensing and communication systems.
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Optomechanical systems have emerged as powerful
platforms for various classical and quantum applications

and offer tremendous advantages for integrated quantum
systems.1,2 Some quantum phenomena in optomechanical
systems have been demonstrated, such as ground state cooling
of mechanical resonators,3−5 squeezing,6−13and entangle-
ment14−16 for light and mechanical resonators. The quantum
optomechanical systems operating at room temperature are
advantageous for practical applications. However, they require
the f × Qm product of the mechanical resonators larger than
the value of kBTroom/h,

17 where f is the resonant frequency, Qm

is the mechanical quality factor, Troom is the room temperature,
and h and kB are the Planck and the Boltzmann constants,
respectively. The mechanical resonators with high f × Qm

product become a major challenge for building realistic
quantum optomechanics systems at room temperature.18−24

To expand optomechanical technologies, a number of novel
optomechanical devices have been reported over the past few
years, such as bulk acoustic resonator,25 superfluid liquid
helium,26,27 droplet cavities,28 swept-frequency resonators,29

single-crystal diamond resonators,30,31 and fiber-optic reso-
nators.32−36 Fiber-optic optomechanical technologies present
alternative mechanisms for optical fiber sensing and
communication systems. Previous works on fiber-optic
mechanical resonators mainly focused on tapered optical
fibers.32−36 The exponential radius profile of the tapered
optical fibers confines the phonons to the nanofiber waist to
work as mechanical resonators. The f × Qm maxima of the
torsional32 and flexural34 modes of the reported taper-fiber
resonators are 109 and 108, respectively.

In this work, we present a microfiber mechanical resonator
for optomechanics. The proposed device is fabricated by
splicing a microfiber between two single mode fibers (SMFs).
Compared with the taper sections, the abrupt junctions
between the microfiber and SMFs could effectively suppress
clamping loss. The clamped−clamped fixation method not
only increases the resonant frequency but also provides an
approach to optimize further the characteristic parameters of
the resonators by applying an axial stress. The high stress from
an axial strain by a piezoelectric stack (PZT) strongly
decreases the bending and clamping losses by reducing the
vibration mode’s curvature, and it also increases the
mechanical resonant frequency. In our experiments, the f ×
Qm maxima of the fundamental and higher-order mechanical
modes of the microfiber resonators are both larger than 1010.
Moreover, the mass of the microfiber resonator is at least 1
order of magnitude less than that of the reported taper-fiber
resonator, which could be beneficial for improving the single-
photon coupling strength in optomechanical systems. These
advantages make the proposed microfiber resonator an
attractive mechanical resonator for optomechanical applica-
tions, and it presents an alternative mechanism for optical fiber
sensing and communication systems.
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■ FABRICATION
The fabrication process of the microfiber resonator is shown in Figure
1a. First, the microfiber with suitable diameters is produced by the

drawing of SMFs on a scanning oxyhydrogen flame, where the
parameters of the microfiber could be controlled flexibly by adjusting
the pulling speed and temperature of the oxyhydrogen flame. Second,
the microfiber is cleaved by a fiber-optic cleaver (S326, FITEL) at the
uniform waist and spliced to a SMF. A large offset has to be set in the
splicing process of the microfiber and SMF to avoid the deformation
of the microfiber, and this offset is 300 μm for the fusion splicer
machine (S183 ver. 2, FITEL) in our experiments. Then, the
microfiber is cleaved again with a designed length and spliced with
another SMF. It should be noted that the end faces of the microfiber
need to be flat and smooth, which determine the mechanical
performance of the splicing spots and the clamping loss of the
mechanical resonator. Figure 1b shows the image of a microfiber
mechanical resonator, where the length and diameter of the
microfiber are 950 and 13 μm, respectively. Here, the abrupt
junctions between the microfiber and SMFs are used to replace the
taper sections to reduce the clamping loss.

■ RESULTS AND DISCUSSION
Figure 2a shows a scheme of the experimental setup for
characterizing the microfiber resonator by performing a
heterodyne detection. Pump light (with a wavelength of
1550 nm) modulated by a Mach-Zehder intensity modulator
(with an extinction ratio of 26 dB) with a square-wave signal is
injected into the microfiber resonator to excite the harmonic
modes of the resonator,33 and it is then eliminated by the filter.
Probe light (with a wavelength of 1539.766 nm) from a
continuous-wave tunable laser is split into two beams using a
90/10 fiber coupler. One beam is sent to an acousto-optic
frequency shifter (80-MHz blueshift), fiber polarization
controller, and variable optical attenuator and used as an
optical local oscillator for heterodyne detection. The other
beam is coupled into the microfiber resonator under test. The
light through the microfiber resonator is then combined with
the optical local oscillator using a 50/50 optical coupler to
produce an optical beat note on a fast photodetector, and the
signals of interest are converted to radio frequency signals (80
MHz ± f n), which are recorded with an electrical spectrum
analyzer. The resonant frequency of the microfiber resonator
could be influenced by the gas pressure in the vacuum chamber
and the continuous-wave light power.34 In our experiments,

the gas pressure in the vacuum chamber is kept at 5 × 10−7

mbar, and the power of the probe light through the resonator
is kept low at 10 μW to remove their influence on the resonant
frequency.
Figure 2b,c plots the measured first mode and second mode

mechanical power spectra of the microfiber resonator with a
length of 950 μm and diameter of 13 μm in the relaxed state by
scanning the vibrational frequency. The black points represent
data measured in the experiments, and the red solid line is
fitted according to the response function of the mechanical
resonator. The resonant frequency f1 and line width Γ1 of the
first mode are 64.102 kHz and 12 Hz, and the corresponding
Q1 factor is f1/Γ1 = 5300. The second mode has a resonant
frequency f 2 = 206.997 kHz and line width Γ2 = 45 Hz, and the
corresponding Q2 factor is 4600. The insets in Figure 2 are the
mode shapes of the two resonant modes.
The f × Qm product is a significant parameter for the

mechanical resonator in optomechanical systems. Various
methods have been proposed to improve the effective resonant
frequencies and quality factors of mechanical resonators,37

such as feedback control, optical or mechanical pumping, axial
stress, and parametric pumping. Compared to cantilever
mechanical resonators, a clamped−clamped microfiber reso-
nator offers a convenient approach to impose axial tensile
strain on the resonator, which is an effective method to
enhance the resonant frequency and quality factor of the
resonator.38−40 As shown in Figure 3, the axial tensile strain is
applied directly to the resonator by a PZT. When the tensile

Figure 1. (a) Schematic of the fabrication process of the microfiber
resonator. (b) Optical micrograph of the microfiber resonator. The
white scale bar at the lower right corner is 50 μm.

Figure 2. (a) Schematic of the experimental setup, including an
electro-optic modulator (EOM), optical coupler (OC), vacuum
chamber (VC), acousto-optic modulator (AOM), fiber polarization
controller (FPC), variable optical attenuator (VOA), and electrical
spectrum analyzer (ESA). (b and c) Normalized mechanical power
spectra of the first and second modes for the microfiber mechanical
resonator. Inset: Mode shapes of the first and second modes.

Figure 3. Elastic strain model of the microfiber mechanical resonator
in the axial tensile state. The black arrow points to the direction of the
axial strain.
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strain ΔL is applied to the resonator, the length of the
microfiber becomes L = L0 + ΔL, and the diameter of the
microfiber becomes r = r0 (1 − γΔL/L0), where the γ is the
Poisson ratio, and L0 and r0 are the primary length and
diameter of the resonator, respectively. The changes of the
length and diameter have not been considered in the
traditional model under axial loads40 and need to be
considered for this resonator. According to Euler−Bernoulli
beam theory,41,42 the nth resonant frequency f n of the
microfiber resonator under tensile axial strain ΔL can be
expressed as
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where the E is the Young’s modulus of the microfiber and ρ is
the mass density of the microfiber.
In our experiments, the response of the microfiber resonator

is characterized as the axial tensile strain is tuned by using a
PZT, where the length response of the PZT as a function of
the applied voltage V is ΔL = 0.33 × 10−9 × V1.3. As shown in
Figure 4, the solid lines represent the measured normalized

resonant frequency shifts as the voltage applied to the PZT,
and the dashed lines represent the calculated normalized
resonant frequency shifts according to the eq 1, where the
Young’s modulus E is 73 GPa and the mass density ρ is 2320
kg/m3. The experimental results show that the resonant
frequency f1 and f 2 increase, and the increasing extent of the
first mode is larger than that of the second mode as the voltage
V on the PZT, which is in good agreement with the calculated
curves. In contrast to the length increase of the resonator that
results in the reduction of the resonant frequency, the axial
stress dominates the resonant frequency shifts under an axial
tensile stress for the proposed device. The difference between
the measured shifts and the calculated shifts probably arises
from small disagreements between the measured values and
real devices’ geometry and the material values, as well as the
noncircular microfiber cross section.
The quality factor of a mechanical resonator characterizes

the ratio of total stored energy in a resonator relative to the lost
energy during one vibrating cycle. For a micro-string
resonator,43 the quality factor of micro-strings is mainly
limited by bending losses in the relaxed state. The deflection of
the mechanical resonator with same kinetic energy in the

tensile state is less than that in the relaxed state. Thus, the
corresponding bending loss decreases and the quality factor is
enhanced by applying the axial tensile stress to the resonator.
One can express the quality factor Qstrain of the microfiber
resonator in tensile state as
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where Qbend is the quality factor due to the bending related
damping mechanisms in the relaxed state.
In our experiments, we also assess the change of the quality

factor of the microfiber mechanical resonator under the axial
tensile strain. Figure 5 shows the corresponding response of

the quality factor of the microfiber resonator as the voltage
increases on the PZT. The solid lines represent the measured
normalized quality factors, and the dashed lines represent the
calculated normalized quality factors according to eq 2. For a
micro-string resonator,43 the bending loss dominates the
mechanical dissipation in the beginning and decreases by
imposing an axial tensile strain because of the reduction of the
deflection. Therefore, the quality factors of the two resonant
modes are enhanced by the axial tensile strain as the voltage
increases as shown in Figure 5. The increasing extent of the
quality factor is in inverse proportion to the n2 according to eq
2, so the increasing extent of the first mode is larger than that
of the second mode similar to the resonant frequency response,
which is consistent with the measured experimental data.
When the axial tensile strain is big enough, the bending loss is
not the dominating mechanical dissipation, the influence of the
tensile strain decreases, and the quality factor of the resonator
becomes saturated.
To corroborate the mechanical properties of the proposed

clamped−clamped flexural microfiber mechanical resonators,
we have fabricated many of the proposed devices with varying
geometrical parameters and axial tensile stresses. Table 1
shows the first four order resonant frequencies and the quality
factors of six resonators having different geometrical
parameters and tensile strain. The experimental results show
that the f × Qm products of the fundamental modes for all of
the resonators are larger than 108, and the maximum of the f ×
Qm product for the fundamental mode is 1.45 × 1010 for the
resonator with a length of 5920 μm. For the higher-order
mechanical modes, the f × Qm maximum is 1.97 × 1010 for the
third mode of the resonator with a length of 5920 μm. The
corresponding ringdown measurements for the best observed

Figure 4. Measured and calculated normalized mechanical resonant
frequencies of the microfiber resonator as a function of voltage on the
PZT.

Figure 5. Measured and calculated normalized quality factors of the
microfiber resonator as a function of the voltage on the PZT.
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values for fundamental and higher-order modes are shown in
Figure 6.

It is meaningful to explore the theoretical limits of the f ×
Qm product for the proposed microfiber mechanical resonator
in ideal conditions. According to the optimizing mechanism of
the bending loss by applying an axial strain, the resonant
frequency f and the Qm factor will increase continuously as the
axial strain increases. In our experiment, the axial tensile strain
applied to the resonator is far less than the reported rupture
strain44 due to the limit of the PZT used. The theoretical
maximum values of the f and the Qm factor for the mechanical
resonator with a length of 5920 μm are 268.5 kHz and 2.7 ×
107, and the corresponding f × Qm is 7.25 × 1012. In the above
analysis, we have neglected clamping loss and thermoelastic
loss, since the theoretical models of the clamping45,46 and
thermoelastic47,48 losses predict that the limited Qm factors are
about 107 and 108 for the microfiber mechanical resonator with
a length of 5920 μm, respectively, and both of them could be
suppressed as the increase of the axial strain because of the
decrease of the vibration amplitude. In addition, the experi-
ment showed that the surface loss resulted from the surface
defects and absorbates is one of the dominating losses for
nanometer resonators rather than for micrometer resonators
and can be suppressed effectively by annealing treatment.49

The smooth surface of the microfiber by drawing of SMFs on
an oxyhydrogen flame is beneficial to reduce the surface loss.
Therefore, it is possible to use the microfiber mechanical
resonator as a room temperature optomechanical system.
Besides relying on increasing the axial strain, other methods for
further optimizing the proposed device will also be pursued in
our future work, such as increasing the difference of the
diameters between the SMFs and microfiber and fabricating
periodic microstructure on the microfiber like in ref 23.
We also investigate the response of the Qm factor to air

damping. As shown in Figure 7a, the Qm factors become
saturated when the gas pressure is less than 10−5 mbar. The air
damping dominates the Qm factors when the gas pressure is
higher than 10−5 mbar. Figure 7b plots the corresponding

ringdown measurement results of the fundamental modes with
different gas pressures from 10−6 mbar to 10−2 mbar.
In addition to the higher f × Qm product for the proposed

clamped−clamped microfiber mechanical resonator, another
advantage is the smaller mass, which is a crucial parameter for
mechanical resonators with respect to improving the single-
photon coupling strength in optomechanical experiments. In
our experiments, the mass of the microfiber resonator with a f
× Qm product similar to that of the taper-fiber resonator is at
least 1 order of magnitude smaller than that of the taper-fiber
resonator because the length and diameter of the microfiber
are much less than those of the taper fiber. Therefore, the
microfiber resonator is a promising candidate for fiber-optic
optomechanical systems.
For optomechanical systems, the optomechanical coupling

rate gom is one of the key parameters, which represents the
optical frequency shift per displacement. The microfiber
mechanical resonator could couple with a whispering-gallery
mode cavity. According to the dispersive optomechanical
coupling configuration and theory,50 the optomechanical
coupling rate gom for the resonator with a length of 950 μm
and diameter of 13 μm is about 4 MHz/nm. One of our future
works is to explore the interaction between the proposed
microfiber mechanical resonator and a whispering-gallery
mode cavity.
The high-Qm mechanical resonators could be used not only

in optomechanics but also in ultrasensitive detection by
monitoring the variations of the resonant peak, such as shifting,
splitting, and broadening. Various systems with exquisite
sensitivity have been proposed to measure displacement,51

temperature,52 single-spin,53 and single-protein mass spec-
trometry.54 Compared with other mechanical resonators, the
microfiber mechanical resonator does not need an additional
optical system to read out the mechanical motion of the
mechanical resonators, which is beneficial to simplify the
detection systems.

Table 1. Resonant Frequencies f n (kHz) and Quality Factors Qn of Microfiber Resonators with Different Geometrical
Parameters L0 (μm), r0 (μm), and Tensile Strains ΔL (nm)

L0 r0 ΔL f1 Q1 f 2 Q2 f 3 Q3 f4 Q4

844 10 554 202 2000 307 200 535 3200 771 4500
1156 9 427 103 2900 179 15200 252 16800 388 10200
1367 10 711 106 16300 171 17300 215 7100 335 1600
4012 10 2198 38 25600 45 7300 78 11000 91 4600
4810 9 2108 26.7 183600 38.5 127700 52.5 140100 64.2 89300
5920 10 1622 16.5 880500 25 487900 32.9 601600 41.2 256400

Figure 6. Ringdown measurements for the best observed values for
the fundamental (a) and higher-order (b) modes.

Figure 7. (a) Qm factors of the different mechanical modes as a
function of the gas pressure for the microfiber resonator with a length
of 4810 μm. (b) Corresponding ringdown results of the fundamental
modes.
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■ CONCLUSION
In summary, we have proposed and demonstrated a novel type
of fiber-optic mechanical resonator by splicing a microfiber
between two SMFs. By designing abrupt junctions between the
microfiber and the SMFs and imposing high axial stress in the
resonator, the clamping loss and material’s intrinsic dissipation
are both reduced effectively, and thus the f × Qm product is
improved. In addition, the mass of this device is far less than
that of the reported other fiber-optic resonators. The high f ×
Qm product and small mass make it a promising platform for
optomechanical systems. Furthermore, the proposed device
also offers a novel working mechanism for optical fiber
technologies and has the potential to expand the optical fiber
technologies in the area of ultrasensitive detection.
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