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ABSTRACT

A harmonic oscillator is a ubiquitous tool in various disciplines of engineering and physics

for sensing and energy transduction. The degrees of freedom, low noise oscillation, and

efficient input-output coupling are important metrics when designing sensors and transducers

using such oscillators. The ultimate examples of such oscillators are quantum mechanical

oscillators coherently transducing information or energy. Atoms are oscillators whose degrees

of freedom can be controlled and probed coherently by means of light. Elegant techniques

developed during the last few decades have enabled us to use atoms, for example, to build

exquisite quantum sensors such as clocks with the precision of <1 second error over the

lifetime of the universe, to store and transduce information of various forms and also to

develop quantum processors. Similar to atoms, mechanical oscillators can also be controlled

ultimately to their single vibrational quanta and be used for similar sensing and transduction

applications.

In this thesis, we explore both atomic and mechanical systems and develop a toolbox to

build an effective atom-light interface and light-oscillator interface for controlling such atomic

and mechanical oscillators and use them in sensing and storage applications. Primarily, we

study two disparate platforms: 1) rare-earth ions in solids integrated into photonic chips

as a compact and heterogeneous platform and 2) nanoscopic and macroscopic oscillators

interfaced with light and magnetic field to isolate them from environmental noise.

Rare earth (RE) ions in crystals have been identified as robust optical centers and promis-

ing candidates for quantum communication and transduction applications. Lithium niobate

(LN), a novel crystalline host of RE ions, is considered as a viable material for photonic

system integration because of its electro-optic and integration capability. This thesis first

experimentally reports the activation and characterization of LN crystals implanted with

Yb and Er ions and describes their scalable integration with a silicon photonic chip with

waveguide and resonator structures. The evanescent coupling of light emitted from Er ions

with optical modes of waveguide and microcavity and modified photoluminescence (PL) of

Er ions from the integrated on-chip Er:LN-Si-SiN photonic device with quality factor of 104

have been observed at room temperature. This integrated platform can ultimately enable

14



developing quantum memory and provide a path to integrate more photonic components on

a single chip for applications in quantum communication and transduction.

Optomechanical systems are also considered as candidates for light storage and sens-

ing. In this thesis, we also present results of the theoretical study of coherent light storage

in an array of nanomechanical resonators. The majority of the thesis is focusing on an

optomechanical sensing experiment based on levitation. An oscillator well isolated from en-

vironmental noise can be used to sense force, inertia, torque, and magnetic field with high

sensitivity as the interaction with these quantities can change the amplitude or frequency of

the oscillator’s vibration, which can be accurately measured by light. It has been proposed

that such levitated macroscopic objects could be used as quantum sensors and transducers

at their quantum ground states. They are also proposed as a platform to test fundamental

physics such as detecting gravitational waves, observing macroscopic quantum entanglement,

verifying the spontaneous collapse models, and searching for dark matter.

In particular, we consider superconducting levitation of macroscopic objects in vacuum

whose positions are measured by light. We build an optomechanical platform based on a

levitated small high reflective (HR)-coated mirror above a superconductor disk. We use this

levitated mirror at ambient conditions to detect the magnetic field with a sensitivity on the

order of pT/
√
Hz. Moreover, the levitated mirror is used as the end mirror of a Fabry–Pérot

cavity to create an optical resonance that could be used to study coherent radiation pressure

forces. The platform provides a sensitive tool to measure the various forces exerted on the

mirror and it offers the possibility of the coherent optical trapping of macroscopic objects and

precision gravity sensing. Moreover, we study the nonlinear dissipation and mode coupling of

a levitated HR-coated magnetic mirror above a superconducting disk in vacuum conditions.

We observe that by exciting one vibrational mode of the mirror, the vibrational noise of

another mode can be significantly suppressed by a factor of 60. We attribute this unique

noise suppression mechanism to the mode coupling and nonlinear dissipation caused by the

driven magnetic inhomogeneity of the levitated object. Such a suppression mechanism can

enable cooling certain modes independent of their detection and position in the spectrum,

which may be promising for precision sensing applications.
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1. INTRODUCTION AND MOTIVATION

The interaction between light and matter is of fundamental importance for various appli-

cations. Both classical and quantum mechanical pictures of light or photons as the carrier of

information and their interaction with the environment need to be well understood. Light is

being currently considered as a perfect information carrier due to its high speed, less interac-

tion with the environment, and large information capacity. Atoms and mechanical oscillators

can interact with light to control and process optical information. They can provide an effi-

cient interface for light to develop optical memories or sensors. For example, state-of-the-art

engineering of classical and quantum optical systems and mechanical oscillators have re-

sulted in the groundbreaking discovery of gravitational waves by the Laser Interferometer

Gravitational-Wave Observatory (LIGO). Most recent results from LIGO suggest a displace-

ment noise level better than 10−17m/
√
Hz [ 1 ]. On the other hand, that atoms strongly

interact with photons has been reported to enhance the quantum communication rate [ 2 ].

More broadly, scalable light-matter interaction in solids has becoming increasingly critical

since it allows to develop solid-state photonic devices for applications in optical communi-

cation and signal processing [  3 ], [  4 ], nonlinear-frequency conversion [  5 ]–[ 7 ], on-chip lasers

and optical sensors [  8 ], [  9 ], and nano/micro-photonic circuits [  10 ]–[ 12 ]. Scalable interaction

helps to increase the light-matter interaction rate and efficiency, which could enable the

large-scale photonic signal processing on chips. At the macroscopic scale, the light-matter

interaction through the trapped matters isolated from the environment has also attracted

significant attention for application in sensing of fundamental physics quantities such as

force, acceleration, and inertia [ 13 ], [ 14 ]. The levitated macroscopic platforms, in particular,

show great potential in sensing gravitational waves and observing the macroscopic quantum

entanglement [ 15 ].

In this thesis, both atomic and mechanical systems have been explored and a toolbox

has been developed to build effective atom-light and light-oscillator interfaces that may be

used for the applications such as coherent light storage and sensing of fundamental physics.

The structure of this thesis is organized as follows:
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In chapter 2, an integrated silicon photonic device with erbium-ions-implanted lithium

niobate crystal has been demonstrated and the optical properties of rare-earth ions (Y b3+

and Er3+) implanted into lithium niobate (LN) crystals have been characterized.

In chapter 3, by controlling the collective dynamics in an optomechanical array, an op-

tomechanical system for the broadband and scalable coherent light storage has been studied,

theoretically.

In chapter 4, an optomechanical platform based on a levitated mirror above a supercon-

ductor disk has been studied. A Fabry-Pérot cavity that uses the levitated mirror as its

cavity end mirror was built and characterized. In addition, the levitated mirror is used as

an AC magnetic field sensor and the sensitivity reaches the pico tesla (pT) scale.

In chapter 5, we study the nonlinear interactions between vibrational modes of a levitated

magnetic mirror above a superconducting disk in vacuum conditions. We observe that by

exciting one vibrational mode of the mirror, the vibrational oscillations of another mode

can be significantly suppressed. This suppression mechanism is associated with the mode

coupling and nonlinear dissipation of the levitated mirror in the presence of an external

drive.

In chapter 6, we summarize the results discussed in this thesis, and propose the future

work plans to improve and enhance the sensitivity of the superconducting levitated magnetic

mirror in sensing. They mainly include such as reducing the seismic noise, applying active

feed back cooling, and building a stable optical cavity based on the levitated mirror. We also

propose that the potential application toward precision sensing gravity with the levitated

magnetic mirror.

1.1 Light-matter Interaction for Coherent Light Storage

1.1.1 Coherent Light Storage in Atoms

Quantum repeaters are proposed as a way to increase quantum communication distance

and enhance the distribution of entanglement [  16 ], [  17 ]. One of the building blocks of quan-

tum repeaters is quantum memory that is used to store light and synchronize the entangled

photons arriving at different nodes [  18 ]. Quantum memories can be realized by controlling
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the coherent light storage at the single-photon level. Atoms can be used to build quan-

tum memories where by mapping optical information to atomic excitations, light can be

practically stopped. There are different approaches towards coherent light storage in atoms

including electromagnetically induced transparency (EIT) and photon echoes [ 19 ], [ 20 ]. This

mapping of information from the light field to atomic excitations is referred to as the storage

process, which is usually accompanied by a subsequent retrieval of the stored information.

There is a set of important parameters generally being used to evaluate the quality of

quantum memory including fidelity, storage efficiency, storage time, bandwidth, and multi-

mode capacity. Fidelity defines how close the retrieved light optical quantum state |Φout> is

to the input optical quantum state |Φin>. Storage efficiency is the ratio of retrieved optical

power to input optical power. Storage time is determined by atoms’ coherence time and

quantifies how long a memory can store quantum information. For quantum applications, a

minimum storage time of ms to 1s for quantum repeaters is required for quantum repeaters

and several GHz of bandwidths is also desirable. Multimode capacity indicates how many

qubits can be stored in parallel in a memory. Materials with large inhomogeneous broaden-

ing for light storage attract much attention as they can store multiple optical modes. The

multimode capacity can be quantified by the product of storage time to bandwidth for a

coherent atomic memory.

Both single atoms and an ensemble of atoms can be used to store light in a quantum

memory. Single atoms optically trapped in cavities [ 21 ], [  22 ], single electrically trapped ions

in vacuum chambers [ 23 ], single nitrogen-vacancy (NV) center in diamond [  24 ] and quantum

dots [ 25 ] are examples of single-atom memories.

Atomic ensemble-based coherent light memories are also promising because they can

store multiple modes which enables storage of different types of quantum states such as

squeezed light states. They include cold or ultra-cold atomic gases [  26 ]–[ 28 ], warm atomic

vapors [  29 ], rare-earth-doped crystals [ 30 ], [  31 ] and microcavity-coupled NV center ensemble

[ 32 ]. To control the mapping in and out of the atomic states, different protocols have

been proposed and tested. One typical protocol used in solid-state atomic memories is

called atomic frequency comb (AFC) that is proposed in 2009 by Afzelius, et [ 33 ]. It is

an efficient multimode storage protocol based on the spectral shaping of inhomogeneously
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Figure 1.1. AFC quantum memory principles. Shaped inhomogeneous
broadening by selectively pumping the atoms from ground state |g> to the
metastable state |aux>. The linewidth of each frequency peak in AFC is γ
and the neighboring peaks are spaced by ∆. The input mode is fully absorbed
and excites the AFC modes coherently. One control field is used to transfer
the stored coherent information to the spin state |s> and the other is applied
to convert the spin state information back into optical coherence.

broadened atomic transitions. The inhomogeneously broadened absorption spectra in the

atomic ensemble between the ground state |g> and excited state |e> is spectrally shaped so

that the atomic density function includes a series of narrow absorption peaks equally spaced

in frequency. The shaped absorption frequency profile, formed by selectively pumping the

atoms from the ground state |g> to a metastable state |aux>, is called atomic frequency

comb, as shown in Fig.  1.1 .

When the input pulse (probe) is initially absorbed by AFC modes coherently, atoms of

different frequencies are excited all in-phase. But the relative phase quickly changes due to

atoms’ frequency difference. Atomic excitations will be in-phase again after a time of 2π/∆

because of the periodic comb structure of AFC. The rephasing process causes the absorbed

input mode to re-emit, which forms the echo that includes the stored information of input

light. This is called the retrieval process. Since the spin states of atoms have relatively
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large coherence times, the stored information on excited states |e> is usually transferred to

the spin state |s> by applying a classical control field. A subsequent control field is used

to convert the information from |s> back to |e> for the on-demand information retrieval.

Using the AFC protocol, high-fidelity storage of 97% of quantum optical states has been

achieved [ 34 ].

1.1.2 Coherent Light Storage with Optomechanics

The field of optomechanics is about the interaction between light and mechanical oscilla-

tors. Studying optomechanics enables us to use light to manipulate and measure the states

of mechanical oscillators. In recent years, optomechanical systems have been demonstrated

to be promising platforms for sensing, quantum information processing, and storage [ 35 ]–

[ 37 ]. The mechanical resonator itself can be used to store coherent optical information as

long-lifetime mechanical excitations [  38 ]–[ 41 ]. The length and mass of the optomechanical

system can vary from a few kilometers and tens of kilograms to nanometer and 1021 gram.

For example, the suspended mirror in LIGO optomechanical system weighs 40kg and its

optical cavity length is around 4km [ 42 ].

Radiation pressure, as the core concept of optomechanics, is defined as the force per

unit area from light, which carries momentum and transfers its momentum to the objects

during its absorption or reflection. This concept was first proposed in the 17th century to

explain the phenomenon that the tail of the comet is pointing away from the sun [ 43 ]. The

momentum, p, that a single photon carries is given by

p = ~ω/c (1.1)

where ~ is the reduced Plank constant, c is the light speed in vacuum and ω is the angular

frequency of light. One of the interesting applications of radiation pressure is ”optical tweez-

ers” which was demonstrated to trap dielectric particles using the focused laser light in 1970

by Arthur Ashkin [ 44 ]. In addition, radiation pressure can also be used for trapping atoms.

When light is reflected by a perfect reflector, twice of the light momentum (p = 2~ω/c) is
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transferred to the reflector. For a perfect absorber, the momentum transferred by light is

equal to its original momentum (p = ~ω/c).

Assuming an incident laser beam with a power of P is impinging normal to a surface with

absorptivity of A and reflectivity of R and N photons are hitting on the surface during a

time of t, then the number of photons per unit time hitting on the surface can be calculated

as:

dN

dt
= P

~ω
(1.2)

Therefore, the radiation pressure force exerted by the laser beam on the surface, F , is

described as:

F = dN

dt
p(2R + A) = P (2R + A)

c
(1.3)

This equation shows that the fluctuations from an electromagnetic field can be transferred

to the oscillator and vice versa. Such an interface can be used to coherently map field

excitations to/from mechanical vibrations. It has been reported that a silica microsphere

with a diameter of 30um can be used as a single-mode coherent optomechanical memory

to store the optical information with a storage efficiency of around 9% and storage time of

3.5µs [  38 ]. A chip-integrated coherent photonic-phononic memory based on the interaction

between photons and phonons from an acoustic hypersound wave has been demonstrated to

operate at a few different wavelengths with negligible cross-talk [ 45 ]. Thermal noise will wash

out quantum coherence mapped onto the mechanical oscillator. So for quantum operations,

the oscillator needs to be kept as its quantum ground state. Classical storage of bright

coherent light does not require ground-state cooling. Another factor limiting the storage

time for optomechanical memories is the intrinsic dissipation from the mechanical resonator

itself. It has been shown that by applying an additional optical field, one can modify the

dynamics of optomechanical interactions using parametric feedback increasing lifetime by an

order of magnitude [ 36 ].
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1.1.3 Integrated Solid-state Photonics

One widely investigated material for the integrated solid-state photonic systems is fused

silica due to its remarkable advantages such as low propagation loss in the tele-communication

band, easy coupling with single-mode optical fibers, low-temperature dependence, and low

briefringence.

Moreover, silicon-based integrated photonic systems have also been largely reported such

as silicon-on-insulator [ 46 ], [  47 ], silicon nitride (Si3N4) [  48 ], [  49 ] and silicon carbide (SiC)

integrated optical devices [  50 ]. Silicon-based integrated platforms are promising mainly

because their development could benefit from the current mature fabrication technologies.

Using silicon nitride resonators with a quality factor larger than 105, a photon pair generation

rate with more than 15000 per second has been demonstrated [  48 ]. But there are also some

limitations about silicon-based integrated photonic solid-state platforms such as relatively

low mode-matching with optical fibers and high propagation losses because silicon has a

relatively large absorption coefficient from the visible to infrared wavelengths.

There are other photonic integrated systems which are built on lithium niobate (LN)

[ 51 ]–[ 54 ], silicon carbide [ 7 ], gallium arsenide [ 55 ], indium phosphide [ 56 ] and silicon oxyni-

tride [  57 ]–[ 59 ] for quantum applications. LN crystal, the so-called “silicon of photonics”,

has been considered as an interesting material for the development of integrated on-chip

quantum optical devices due to its strong nonlinearity, large electro-optic coefficient, large

piezoelectric effect, and well-established fabrication technique for optical waveguides. LN-

based reconfigurable waveguide quantum circuits have been reported for the generation and

manipulation of entanglement of photons [ 51 ]. Also, a broadband (∼5GHz) waveguide co-

herent light memory based on thulium-doped lithium niobate has been developed at low

temperature [  52 ]. Very recently, centimeter-long thin-film lithium niobate-on-insulator in-

tegrated photonic waveguides and micro-ring resonators implanted with rare-earth Yb ions

have also been demonstrated [ 53 ]. Integration of active optical centers such as rare-earth ions

with solid-state photonics opens doors to new functionalities and applications. LN material

as a crystalline host for rare-earth ions offers additional advantages in terms of the optical

and coherent properties of ions.
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1.2 Light-matter Interaction for Sensing

Light-matter interaction has been widely applied for sensing various physical quantities

ranging from magnetic and electrical fields to time, frequency, and temperature [  60 ]. For

example, NVs in a diamond as solid-state sensors have been shown a sensitivity of pT/
√
Hz

in sensing magnetic field [ 61 ]. Optomechanical systems using the interaction between light

and mechanical oscillators have also been investigated for sensing of displacement, force,

and mass [  62 ]. An integrated optomechanical displacement sensor has been recently shown

a sensitivity of 45fm/
√
Hz [ 63 ]. A SiN trampoline resonator based on optomechanical

interaction has been demonstrated as a force sensor with a sensitivity of 20aN/
√
Hz [ 64 ].

To reach the low-noise vibration regime with optomechanical systems, it is important to

minimize the thermalization and decoherence processes by reducing the coupling between

these systems and the thermal reservoir. Till now, this has required the use of cryogenic

operations [ 65 ] or a complicated process of fabricating nanostructures exhibiting phononic

bandgap characteristics [  66 ]. Since Ashkin discovered that using one focused laser beam

can stably trap the dielectric particles in trapping potentials due to the gradient force [ 44 ],

levitated optomechanics has gained remarkable attention. As a result, new optomechani-

cal platforms have been built to study quantum mechanics at the macroscopic scale. The

main advantage of levitated optomechanical systems over conventional clamped ones is their

potentially excellent isolation from the environment. The mechanical oscillations of the sys-

tems can be largely decoupled from the surroundings to achieve ultra-high mechanical quality

factors. For example, a levitated silica nanoparticle with a radius of 50nm in an optical

cavity using optical tweezers has been reported to have a quality factor as large as 1012

under vacuum conditions (10−10 Torr) [ 67 ]. It also has been demonstrated that laser-cooling

an optically trapped nanoparticle in the cavity into its quantum ground state of motion at

room temperature is possible [  68 ]. It has been shown that in this system the phonon occu-

pation number could be as low as n=0.43 that is corresponding to a temperature of 12.2µK

and ground-state probability of 0.7. It has been theoretically suggested that the optically

trapped dielectric microspheres or microdisks could be used to detect the gravitational wave

at a frequency above 100kHz [ 69 ]. So optical trapping of nanoparticles and even macroscopic
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objects is being considered to remove the dissipation from clamping losses while the trapped

particles or objects act as mechanical oscillators. However, this conventional optical trap-

ping technique suffers from the scattering-induced heating on the trapped nano-/micro-scale

objects.

Other than the levitated resonators using optical trapping, there are other levitated sys-

tems such as magnetic traps [  70 ], [ 71 ] and Paul traps [  72 ] that do not rely on the focused

laser beam to get the objects trapped and therefore could reach the lowest noise level limit.

One example of magnetic traps is superconductor levitation. When a material transforms its

normal state to its superconducting state which is usually achieved at low temperatures, the

material will actively exclude the magnetic fields from its interior, which is called the Meiss-

ner effect. Superconducting levitation using magnetic force enables trapping larger objects

and macroscopic particles with resonant frequencies of less than 1kHz. Superconducting lev-

itation can also be used to achieve complete passive trapping, which can in principle reduce

the unwanted noise introduced by the trapping itself.

1.2.1 Superconducting Levitation

A superconductor is a material that conducts electricity with zero electrical resistance

and prevents the external magnetic field from penetrating. There are two different types of

superconductors, one is type-I and the other is type-II. The Type-I superconductors com-

pletely obey the Messiner effect while type-II superconductors could allow the penetration

of the external magnetic flux if the external magnetic field is larger than their critical fields.

This is called an intermediate/mixed state or vortex state. The Type-I superconductors are

in general metal and metalloids, which have relatively low critical temperatures (<10K) and

critical magnetic fields (<1T). Type-II superconductors are typically metal alloys, which

exhibit much higher critical temperature (>90K) and critical magnetic fields (>10T).

It is known that levitating a magnet over a superconductor is possible due to the ex-

pulsion of the magnetic fields from the inside of the superconductor below its critical tem-

perature. This is so-called ”superconducting levitation”. When a magnet is placed near a

superconductor that is in its superconducting state, the supercurrents will be induced on the

24



superconductor surface and this can be modeled by considering the images of each magnetic

pole of the magnet inside the superconductor. Thus, the magnet can be levitated over the

superconductor because of the repulsive force between the magnet and its image inside the

superconductor. In principle, both levitating a magnet over a superconductor and levitating

a superconductor in a given magnetic field can be realized. A magnetically trapped resonator

has been reported as a well environmentally-isolated system [  14 ] due to its passive trapping

mechanism whereas other trapping systems need active fields for stabilization [ 70 ]. Because

of this, superconducting levitation has been applied to observe macroscopic quantum super-

position states [  73 ], [  74 ], fundamental physics parameter sensing such as force and inertia

and acceleration [  13 ], [ 14 ], and even gravimetry [  15 ]. As reported in [  75 ], a mechanical

quality factor of more than 107 and a mechanical damping time of 104s are achievable for

the magnetically levitated neodymium-based microparticle with the radius of 27µm under

vacuum pressure of 10−5mbar at temperatures around 4K using type-I superconductor. The

direct coupling between the magnetically-trapped single micro-magnet and a single NV cen-

ter in diamond has also been recently investigated [  76 ]. It provides a new platform towards

coupling the individual spin qubits with the mechanical motion of macroscopic objects for

testing of mesoscopic quantum behaviors. The magnetically-levitated oscillator has also been

suggested as a super-sensitive sensor for magnetic field sensing. A levitated ferromagnetic

needle has been theoretically considered as a perfect magnetometer [  77 ]. It was predicted

that the needle can even have a few orders of magnitude higher sensitivity than atomic mag-

netometers and in principle surpass the standard quantum limit (SQL). Motivated by this,

an analysis of a single magnetic needle has been performed in the presence of an external

magnetic field [  78 ] for achieving ultra-sensitive magnetometry with high precision. In this

thesis, we mainly focus on the study of levitated optomechanical systems at the macroscopic

scale. We study the trapping and dissipation mechanisms for a levitated mirror whose motion

can be precisely measured with an optical field.
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1.2.2 Trapping and Noise in Superconducting Levitation

In superconducting levitation, the noise and dissipation are mainly due to the thermal

noise, the noise caused by the gas collisions, vibrational noise such as seismic noise, and

other noise associated with the environmental magnetic noise including eddy currents and

magnetic hysteretic noise.

Thermal Noise

The superconducting levitated magnet can be considered as a nonlinear Duffing oscillator.

Then the restoring force (F ) is the repulsive force between the levitated magnet and its image

inside the superconductor, which is nonlinear and directly acting on the magnet. To use the

levitated magnet as a mechanical oscillator for sensing applications such as a force sensor,

magnetic field sensor or torque sensor, the sensitivity is the most important quantity that

needs to be considered. For a levitated oscillator, the sensitivity is generally limited by the

noise that drives this oscillator. For example, if one resonator is in its thermal equilibrium

state with the thermal bath, then the thermal force (Fth = 4kBTm
ω0
Q

, where kB is the

Boltzmann constant, m is the resonator’s mass, T is the temperature of the thermal batt,

ω0 is the resonant frequency, and Q is the quality factor of the resonator) is the force noise

that limits the sensitivity of the resonator for sensing.

Gas Collisions

In general, the damping rate due to the collisions of gas can be described by

τg ≈ CPR2

mgvg

(1.4)

where C is a constant, C ≈16, P is the gas pressure (vacuum chamber pressure), r is the

radius of the superconducting levitated magnet, mg and vg =
√

3kBT/mg are the mass and

the thermal velocity of the gas molecules, respectively [  79 ]. The damping caused by the gas

collisions can be neglected under certain vacuum conditions.
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Seismic Noise

The superconducting levitated objects have relatively lower resonant frequencies (<1kHz),

which makes them susceptible to the seismic noise that can be significantly larger than the

thermal noise. Typically, the seismic noise in a lab setting above 1Hz can be described as

follows [ 80 ],

S
1/2
sei ∼ [ 10−9

(f/Hz)2 ]m/
√
Hz (1.5)

It means for the resonance frequencies ranging from 0 to 100Hz, the seismic noise would be in

the range between ∼ 10−9m/
√
Hz and ∼ 10−13m/

√
Hz. The lower the resonant frequency

of the levitated magnet is, the higher the seismic noise would be. The seismic noise could

be very different for different locations where the labs are built.

Other than the seismic noise and thermal noise caused by gas collisions, the magnetic

noise including the unavoidable magnetic hysteretic noise and eddy current dissipation is

another noise source for the superconducting levitated objects.

Noise from Eddy Currents

Assuming the levitated object is a permanent spherical magnet that is fully magnetically

saturated and has a finite electrical conductivity σ, the dissipated energy due to the effect

of the eddy currents can be calculated as [ 75 ]:

Wedge = µ0

4π
ωα′′B2V (1.6)

where α′′ = 1/5(R/δ)2 is the imaginary part of the eddy current polarizability, B is the

averaged effective magnetic field from the surroundings of the superconducting trap, and V

is the volume of the levitated magnetic object with the resonant frequency of ω.
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Noise from Magnetic Hysteretic Losses

For the magnetic hysteresis losses, the eddy current polarizability α can be replaced by

the imaginary part of the magnetic susceptibility χ′′. Using a similar method as for the

calculation of dissipated energy due to eddy currents, the total dissipated power due to

magnetic hysteretic losses is given as follows [ 75 ]

Whys = ω

2µ0
ωχ′′B2V (1.7)

Similar formulas to calculate the dissipated energy caused by eddy currents and magnetic

hysteretic losses can be derived by directly integrating the power dissipation if the levitated

object is not spherical and has other geometric shapes.

Mode Coupling

The dynamics of one superconducting levitation system can be well described using

the advanced mirror image method or the frozen image method [  81 ], [  82 ]. Based on this

method, there are two images of the levitated magnet generated inside of superconductor,

one is called frozen image generated before levitation and another is called diamagnetic

image generated after levitation. Then the superconducting trapping potential energy and

the equations of motion could be derived by calculating the interaction energy between the

levitated magnet and its two images. For one superconducting levitated magnet, if it moves

in one direction, the positions of its two images also change, which causes the change of

trapping potential energy and therefore affects the motions along other directions. In other

words, the displacement of the levitated magnet gives rise to the variation of supercurrents

within London penetration depth on the superconductor surface, which in part changes the

trapping potential energy. As a consequence, the coupling among different modes could

occur through the superconductor. It has been reported that one translational mode µ and

one rotational mode v are linearly coupled for one freely-levitated permanent magnet above

a high-temperature superconductor (HTS) [  83 ]. The mode coupling also exists between

the translational modes. For example, the vertical oscillation mode has been found to be
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coupled with the horizontal vibrational mode for a HTS magnetic levitation system [ 84 ].

In principle, depending on the superconducting levitation experimental configuration, the

magnetic field inhomogeneity, the magnetization axis, and geometry of the levitated magnet,

any two modes of the magnet could couple to each other. It is possible to make use of this

type of coupling to reduce the vibrational noise of certain modes.

Nonlinear Dissipation

If the levitated magnet over the superconductor is magnetized uniformly and homo-

geneously along its magnetic axis, the stray magnetic field of the magnet would remain

unchanged if the magnet is rotating along its magnetization axis. Then no magnetic damp-

ing should be expected in this case. However, in reality, the magnetic field distribution of

the levitated magnets is usually more or less inhomogeneously distributed, which is the main

reason for the damping caused by the magnetic hysteresis losses. When an external magnetic

field is applied to type-II superconductors, the magnetic field vortices are formed inside of

the superconductor. In the following, we refer to “type-II superconductor” as “superconduc-

tor”. The higher strength of the external magnetic field, the more the vortex density. Once

a magnet is levitated above the superconductor, the larger the magnetic field sensed by the

superconductor, the larger the trapped magnetic fields inside of SC and therefore the larger

amount of magnetic vortices. It is observed that the lossy magnetic hysteretic effect is caused

by the moving vortices inside of superconductor for superconducting levitated magnets [ 85 ],

[ 86 ]. The levitated magnet is actually modulating the stray magnetic field sensed by the su-

perconductor with the magnetic variation/fluctuation amplitude of δB because of the field

inhomogeneity of the magnet. As a result, the density of pinned/trapped magnetic vortices

changes with δB, which is the origin of the magnetic hysteretic dissipation. If δB is smaller,

then the density of trapped magnetic vortices on the superconductor surface changes less,

which results in less dissipation. This means the dampimg depends on the amplitudes of

the oscillation, which is a signature of the nonlinear damping mechanism. The Bean critical

state model [ 87 ] was developed to study the hysteretic losses when the superconductor is

immersed in an AC magnetic field with the field strength of δB. Since the levitated magnet
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above the superconductor acts like an AC magnetic field, Bean’s model is widely used to

quantitatively calculate the dissipated energy from the superconducting levitated magnet.

Based on Bean’s model, the dissipated energy per cycle for the spherical levitated magnet is

given by

Wdis = 2
3jcµ2

0
πr2δB3 (1.8)

where r is the radius of the levitated sphere magnet, jc is the critical current and δB is the

magnetic fluctuation amplitude caused by the levitated magnet.

Since Bean’s model underestimates the dissipated energy by several orders of magnitude

as reported in [  88 ], the modified critical state model was proposed later in Refs. [  89 ], [  90 ]

to more precisely calculate the dissipated energy during a hysteretic cycle, the formula is

shown as follows:

Wdis = 4 − 2η
3(jct)2−η

µη−3
0 (δB)4−η (1.9)

where t is the thickness of the superconductor and η is a free parameter that varies from 0

to 1.4 and depends on the magnetic flux pin-distribution and coherence length. It is seen

that the energy dissipated during a hysteretic cycle is nonlinearly dependent on the magnetic

fluctuation amplitude δB sensed by the superconductor.

30



2. RARE-EARTH IONS SCALABLE INTEGRATION WITH

SILICON PHOTONICS USING LITHIUM NIOBATE HOST

In order to explore the integration of lithium niobate bulk crystal implanted with rare-earth

ions (Y b3+ and Er3+) with silicon photonics for the applications of solid-state quantum

memory, characterizing the optical properties of Yb and Er ions implanted in lithium niobate

(LN) crystals and then developing a bonding method between rare-earth-ions implanted LN

crystals and silicon photonic chips are highly demanded. A large portion of this chapter is

reproduced from the previously published work [ 91 ], with the permission of AIP Publishing.

2.1 Introduction

Implementation of as-of-yet unrealized scalable quantum photonic networks requires the

integration of compatible photon sources and quantum memories. On-chip silicon photonic

elements operating at the telecommunication wavelengths are attractive for implementation

of single-photon sources [ 92 ]. Moreover, rare earth (RE) crystals have been used to imple-

ment solid-state quantum memories at these wavelengths [ 93 ], [ 94 ]. Integration of sources

and memories on a single platform capable of carrying multiplexing tasks is a grand chal-

lenge for future quantum optical communication [  95 ]. Rare earth (RE) ions in crystals have

been the attractive optical centers for applications in quantum information processing and

communication [  96 ]–[ 98 ] due to their relatively low sensitivity to the crystalline hosts. Using

RE crystals, record-high coherence time [  99 ], quantum storage efficiency in solids [ 100 ], and

quantum storage bandwidth [  101 ] have already been demonstrated. Integration of RE crys-

tals with silicon photonics is an important step toward the realization of multiplexed quantum

photonic networks [  102 ], [ 103 ]. Integration of silicon photonic structures with RE doped yt-

trium orthosilicate crystals and miniaturization of RE-based devices are being explored for

single-photon generation [ 104 ] and quantum light storage [  30 ]. As one of the RE crystalline

hosts, lithium niobate (LN), LiNbO3, is very attractive and has recently emerged as a viable

material for heterogeneous photonic system integration due to its electro-optic, nonlinear,

and acousto-optic properties as well as its integration capability. LN-based microphotonic
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fabrication was used to demonstrate the functional photonic devices with high-speed optical

modulation [ 105 ]–[ 107 ]. Furthermore, RE doped bulk LN crystals have been used for imple-

mentation of quantum memories [ 52 ]. To achieve light confinement in RE-doped LN crystals

and enhance light-matter interactions for quantum applications, Tm-doped LN waveguides

have been fabricated in the bulk LN crystals in which broadband quantum storage [ 52 ],

relatively long coherence time [  108 ], and non-destructive detection of photonic qubits [  109 ]

have been achieved. However, doping RE ions into crystals cannot achieve the nanoscopic

engineering of RE ions which is required in building scalable and integrated quantum net-

works. The ion implantation technique is considered as a versatile way to enable doping RE

ions into the desired locations in the host crystals such as LN [ 110 ], which is important to

develop novel integrated photonic chips for quantum applications. Further development of

solid-state quantum photonic devices operating near the telecommunication bands and the

ability to integrate such devices with silicon photonic systems may address the outstanding

challenges of future quantum photonic networks. Therefore, RE-implanted LN crystal in-

tegration with silicon photonics has great potential to bring multiple functionalities to the

future photonic networks, and it is specifically important for the development of integrated

quantum memories.

In this chapter, we investigate the activation and characterization of LN crystals im-

planted with Yb or Er ions and discuss their scalable integration with silicon photonics.

Using a direct bonding technique, we integrate the Er-implanted LN crystals with Si-SiN

waveguides and microresonators and study the evanescent coupling of light emitted from Er

ions in LN crystals to the underlying Si-SiN structure. We observe the superluminescent light

emission from Yb ions in the bulk Yb-implanted LN crystal and modified photoluminescence

(PL) of Er ions in the presence of Si-SiN microresonator integrated with the Er-implanted

LN crystal.

2.2 Implantation of Er and Yb Ions into Lithium Niobate Crystals

We implant Yb ions into the LN crystal (z-cut and stoichiometric from CRYSTAL GmbH)

using the energy and fluence of 70 keV and 1014 ions/cm2, respectively. In the case of the
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Figure 2.1. (a) Er ions’ distribution in Er-implanted LN crystals based on
the SRIM calculation. (b) Er ions’ distribution in Er-implanted LN crystals
based on the SRIM calculation. The two insets show the schematic energy
level diagrams of Yb and Er ions in LN crystals, respectively.

Yb implanted LN (Yb:LN) crystal, subsequent annealing is performed after implantation at

a temperature of 700◦C for 24h under a nitrogen atmosphere. The stopping and range of

ions in matter (SRIM) calculation show that Yb ions are located about 25 nm below the

top surface of the Yb:LN crystal with a Gaussian distribution of the width 15 nm as seen

in Fig.  2.1 . To achieve a uniform Er ions’ concentration near the LN crystal surface and

avoid dipolar interactions among Er ions as well as to maximize the PL signal, we carry out

implantation with varying energies from 40 keV to 360 keV and ion fluences from 5.3×1012

to 2.4×1013 atoms/cm2, respectively. The implantation depth of Er ions in the LN crystal

varies from 20 nm to 100 nm because of the different implantation energies based on the

SRIM simulation. After implantation, three-step annealing (400◦C for 8 h, 800◦C for 8 h„

and 1100◦C for 3 h) is performed for Er:LN crystals under a nitrogen atmosphere to repair

the lattice damage induced by the implantation. As reported in Refs. [  111 ], [  112 ], the

undoped LN crystals were observed to turn black when annealed above around 600◦C. But

we have not observed any visible change in the transparency of Yb/Er-implanted LN crystals

after annealing.
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Figure 2.2. (a) Experimental setup of detecting PL emission from an ensem-
ble of Yb and Er ions implanted in LN crystals. (b) Excitation and collection
through a lensed fiber and the angle of the fiber is altered while photolumi-
nescence decay is recorded

2.3 Optical Characterization of Yb-implanted Bulk LN Crystals

To characterize the optical properties of the Yb:LN crystal, we first measure the photo-

luminescence (PL) decay of Yb ions from the optical transitions between 2F5/2 and 2F7/2,

which is excited with 918 nm pump light using the setup shown in Fig.  2.2 (a) We use one

lensed fiber with the spot size of 2µm×2µm for both excitation and PL collection while

varying the excitation/collection angle (θ) as described in Fig.  2.2 (b).

Fig.  2.3 (a) shows the PL lifetime of Yb ions in the Yb:LN crystal and their total PL

counts as a function of θ. The lifetime increases as the fiber approaches the horizontal

direction (θ= 90◦) from the normal direction (θ= 0◦), an effect attributed to the reabsorption

of PL light (radiation trapping). This is because along the horizontal direction, the optical

density (OD) of ions is the largest, resulting in Yb ions’ reabsorption at around 1µm. We

noticed that at low pump powers, the excited state lifetime (τ) at θ= 90◦ is almost twice

longer than θ= 0◦ whether at 4 K or room temperature. For Yb ions’ decay measurement

34



900 1000 1100 1200 1300 1400
Wavelength (nm)

0.5

0.6

0.7

0.8

0.9

1
(b)

�lter band superluminescence

20mW
40mW
60mW
80mW

100mW
120mW
140mW

(a)

Degree from normal axis (Θ)
90

0.4

0.6

0.8

1

1.2
 D

ec
ay

 ti
m

e 
(m

s)

0

0.04

0.08

0.12

0.16

0.2

M
ax

 c
ou

nt
 (p

er
 1

00
 n

s)

80706050403020100 900 1000 1100 1200 1300 1400
Wavelength (nm)

0.5

0.6

0.7

0.8

0.9

1

PL
 In

te
ns

ity
 (a

.u
)

(b)

�lter band superluminescence

20mW
40mW
60mW
80mW

100mW
120mW
140mW

(a)

Degree from normal axis (Θ)
90

0.4

0.6

0.8

1

1.2
 D

ec
ay

 ti
m

e 
(m

s)

0

0.04

0.08

0.12

0.16

0.2

M
ax

 c
ou

nt
 (p

er
 1

00
 n

s)

80706050403020100

Figure 2.3. (a) The photoluminescence lifetime (red circle) and peak inten-
sity (dark-purple rectangle) as a function of the collection angle of the lensed
fiber from the axis normal to the sheet of implanted Yb ions in the LN crystal
at room temperature (300 K). The blue data points show the decay time mea-
surement at 4 K. (b) The photoluminescence spectrum of Yb ions implanted in
the LN crystal plotted with the increasing pump powers from 20 mW (bottom
blue line) to 140 mW (top red line) where a different intensity offset is used
for each pump power.

taken at 90 degrees (light beam is almost parallel to the Yb atomic plane), the lensed fiber

is positioned parallel to the crystal surface and its center is aligned to the implanted Yb

atomic plane on the side of the Yb-implanted LN crystal. It can be seen that the PL lifetime

of Yb ions does not noticeably change at a low temperature of 4K compared to the room

temperature lifetime measured at the same detection angle (θ= 90◦ or 0◦ ), indicating the

negligible nonradiative decay. The spontaneous emission from Yb ions can be optically

amplified (superluminescence) at high pump powers. That is why we begin to observe the

gain and significant shortening of the lifetime as the pump power increases beyond around

120 mW. The PL spectrum of bulk Yb:LN is plotted in Fig.  2.3 (b) for different pump powers.

The change revealed in this spectrum with increasing pump power is another signature of

superluminescence. Additionally, we also looked for the superluminescence from the Er-

implanted LN crystal; however, it was not observed due to the limited pump power we have

near 1.5µm. Based on our experimental results, the threshold of observing superluminescence

for Yb ions implanted in LN crystal is about 30 mW.
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In terms of Er/Yb ions’ inhomogeneity caused by the implantation, it can be almost

solved by careful post-annealing after implantation. Also, the current goal of this work is

to build a solid-state quantum memory based on the integrated Er:LN-Si-SiN or Er:LN-Si

device. Like many atomic memories including atomic frequency comb [  33 ], they all rely on

the inhomogeneous broadening for the light storage and the large bandwidth storage is only

possible when taking advantage of the large inhomogenous broadening in the rare-earth-

doped crystals. Thus, having relatively large inhomogeneous broadening is helpful to build

the quantum memory based on Er/Yb-implated LN crystal.

2.4 Fabrication of Si and SiN Finger-type Microresonators

We fabricate finger-type microresonators using Si and SiN materials. The fabrication

process of such structures starts with a (100) silicon wafer with a 3µm thick thermally

grown silicon oxide layer. First, a stoichiometric SiN layer of 480 nm is deposited in the

horizontal tube furnace of a low-pressure chemical vapor deposition (LPCVD) tool with a

gas mixture of dichlorosilane and ammonia at a temperature of 800◦C. Next, an electron-

beam resist of hydrogen silsesquioxane (HSQ) is spun over the sample and device patterns.

180
µm

Figure 2.4. The scanning electron microscopy (SEM) image of the U-groove
and the top-view optical microscopy image of Si-SiN waveguides and finger-
type resonators.
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The device patterns (waveguide and microresonator structures) are written by a 100 kV

ultrahigh-resolution, wide-field electron beam lithography (EBL) tool. Reactive-ion etching

(RIE) is then performed to etch the SiN using HSQ as an etch mask by an inductively coupled

plasma RIE machine. We use CHF3/O2 chemistry to etch the SiN to create an almost vertical

etching profile. The finger-type shape of the resonator is chosen to achieve a long optical

path while having a relatively small footprint. By using this kind of resonator, we can

prevent nonlinear interactions while having large light-atom coupling and a large effective

atom number. It has been shown at Purdue, that such finger-type shape of resonators

will not suffer from bending loss and can provide record-high optical quality factor [ 113 ].

Moreover, the small free-spectral range achieved in this case relaxes the requirement for

frequency tuning of the resonator to match the atomic resonance. In order to efficiently

couple light to the waveguide, we use a tapered waveguide and then couple the light directly

from the fiber to the optical resonators through the waveguide. To have a stable and low-

loss fiber-to-waveguide coupling for optical measurements, we use patterned substrates with

U-grooves that allow the semi-self-alignment of the optical fibers. The scanning electron

microscopy (SEM) image of the U-groove and the top-view optical microscopy image of Si-

SiN waveguides and finger-type resonators are shown in Fig.  2.4 . The grooves can be placed

in any orientation of the wafer using RIE dry etching with tolerance to the misalignment

based on double-tip inverse taper design [ 114 ]. This method avoids the limitation of wet

etching that requires devices to be precisely aligned to the crystal lattice of the wafer. The

height of the U-groove is about 70 µm from the bottom to the nitride layer. It is about half

of the diameter of an optical fiber with cladding. Hence, by simply placing the fiber down

into the groove, it allows the fiber core to be aligned with the waveguide in close proximity.

Then, the fine tuning of the fiber position can be achieved by slight adjustment of the fiber

position using the three-dimensional positioning stages.

2.5 Inregration of Er-implanted LN Crystal with Si-SiN Microresonators

Since silicon has serious absorption in the spectral range of Yb ions’ emission (around

1 um), there would be much light loss if one integrates silicon photonic structures with a
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Figure 2.5. (a) The cross-sectional view of the Er:LN crystal integrated with
Si-SiN waveguides and resonators. (b) Comsol simulation of the optical mode
in the cross section of the structure showing enhanced mode confinement at
1.5um in the 50 nm thick Si layer near the crystal.

Yb:LN crystal directly. Therefore, we use the Er-implanted LN (Er:LN) crystal, instead, for

the integration with silicon photonic structures.

Before directly integrating the Er:LN crystal with a SiN resonator, we deposit a 50

nm layer of Si on top of the SiN structure using LPCVD, simply named Si-SiN. The 50

nm-thick Si layer is used to ensure sufficient refractive index contrast required to have the

enhanced mode confinement near Er ions’ positions in the Er:LN crystal while introducing

less two-photon absorption loss in the SiN optical path, the cross section of this integrated

Er:LN-Si-SiN device is shown in Fig.  2.5 (a), and Fig.  2.5 (b) shows the mode confinement

at 1.5µm in the thin silicon layer, which is simulated by Comsol.

To integrate the Er:LN crystal with the Si-SiN photonic chip, we directly bond these

two without any adhesives using a direct bonding technique [  115 ], [  116 ], the detailed inte-

gration process is described in the following. The Si-SiN chip with resonator and waveguide

structures and Er:LN crystal are first cleaned using the standard solvent cleaning method

to remove the dust particles and contaminants. To be specific, we first put the Si-SiN chip

and Er:LN crystal (5 mm×2 mm×0.2 mm) in acetone for 10 min and then in isopropanol

for another 10 min. After that, we rinse them with deionized (DI) water for 15 min. The

ultrasonic cleaning is required for the LN:Er crystal cleaning in each step above. Then, the

piranha cleaning is applied to both the Si-SiN chip and the Er:LN crystal, meaning they
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are placed in the mixture of hydrogen peroxide (H2O2) and sulfuric acid (H2SO4) with their

volume ratio of 1:2 for around 15 min. We then use DI water to rinse them for 10 min before

using a nitrogen gun to dry them. Once the Si-SiN chip and Er:LN crystal are dry and clean

enough, we carefully place the Er:LN crystal on top of the Si-SiN chip manually. Since the

piranha cleaning hydroxylates the surfaces and makes them hydrophilic, the crystal will be

lightly bonded with the Si-SiN chip at the beginning. Finally, this bonded Er:LN-Si-SiN

device is placed on a hotplate for heat treatment at around 150◦C for around 30–40 min

to enhance the bonding between the Er:LN crystal and the Si-SiN chip. The integrated

Er:LN-Si-SiN photonic device using the direct bonding technique is schematically shown in

Fig.  2.6 (a).

2.6 Optical Characterization of Integrated Er:LN-Si-SiN Photonic Device

Fig.  2.6 (b) shows top-view optical microscopy image of Si-SiN finger-shape resonators

directly bonded to the Er:LN crystal (left). The width and thickness of the fabricated

SiN finger-shape ring resonator are 1.0µm and 480 nm, respectively. The width of the

SiN waveguide and the gap between the waveguide and resonator are 1 µm and 200 nm,

respectively. The U-groove structure seen on the right is used to couple light to the Si-SiN

waveguide using a lensed fiber. Similar lensed-fiber coupling is used on the other side of the

chip (not shown) to monitor the transmission. The transmission of 1550 nm (dark-red curve)

and 980 nm (blue curve) light coupled into the middle resonator of the integrated Er:LN-Si-

SiN device is indicated in Fig.  2.6 (c). The transmission data are collected from the other

side of the integrated Er:LN-Si-SiN device. The light-blue curve shows the transmission of

the middle resonator at 1536 nm before integration. All curves are fitted with Lorentzian

functions. It is seen that the fitted cavity linewidth of the middle finger-type Si-SiN resonator

completely covered by the Er:LN crystal is 10.4 GHz near 1.5µm and 16 GHz near 980 nm.

The asymmetry seen from the transmission line shapes in Fig.  2.6 (c) could be caused by

the polarization shift during the averaged measurement. The coupling efficiency from the

lensed fiber to Si-SiN waveguide is about 10%. After power calibration, we estimate an

in-waveguide pump power of around 7.6 mW. We use a 1000 nm dichroic mirror to filter the

39



D.M.

3

2

1

lensed Fiber

tapered 

Si:SiN waveguide

Er3+ implanted LiNbO3 crystal

Si:SiN resonator

SiO2
 substrate

PL

�lter

SPD

pump

U-groove

Er:LN crystal

waveguide

Si-SiN
resonator

SiO2

-30 -20 -10
0

0.1

0.2Tr
an

sm
is

si
on

 
Pump Fequency (GHz)

1550
=10.4 0.6 GHz

980
=16

1 GHz

0 10 20 30

1536
=7.3

0.2 GHz

0.3

0.4

0.5

(c)

(a)

(b)

100µm

Figure 2.6. (a) A schematic of the device showing the Er:LN crystal directly
integrated with Si-SiN waveguides and resonators. A simplified layout of the
experimental setup is also shown on the left used to detect the emission photons
from Er ions in the LN crystal through the Si-SiN waveguide. SPD: single
photon detector; D.M.: dichroic mirror (b) Top-view optical microscopy image
of Si-SiN finger-shape resonators directly bonded to the Er:LN crystal (c)
The transmission of 1550 nm (dark-red curve) and 980 nm (blue curve) light
coupled into the middle resonator of the integrated Er:LN-Si-SiN device. The
light-blue curve shows the transmission of the middle resonator at 1536 nm
before integrating Er:LN crystal with this resonator.

pump signal from the emitted signal and a single photon detector to detect the PL decay of

coupled emission of Er ions to the Si-SiN waveguide and resonator.

We found the fitted decay time (τW G = 0.9 ms) of the integrated Er:LN-Si-SiN device is

always smaller than the PL lifetime in the bulk Er:LN crystal (τW G = 1.97 ms) measured

from the direction normal to the implanted Er ions’ plane as suggested in Fig.  2.7 (a). It

has been reported that the strain in erbium-doped fibers can cause the lifetime of Er ions to

change by about 10% [ 117 ], [  118 ]. However, the strain in our case is expected to be much
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Figure 2.7. (a) PL decays of Er ions from the integrated Er:LN-Si-SiN device
compared to the Er:LN bulk crystal through evanescent coupling. (b) Cavity
transmission signal for two different free spectral ranges (FSRs) of the cavity
at 1520 nm and 1540 nm. (c) The total PL counts after the pump is switched
off and PL lifetime as a function of frequency detuning of the pump from an
optical cavity resonance near 980 nm. The solid line is Lorentzian functions
with the linewidth of 17 GHz. (d) The linewidth of the cavity at different
FSRs near 1.5µm for the hybrid finger-type resonator of integrated Er:LN-Si-
SiN device.

less than what is observed in the erbium-doped fibers, which does not explain a factor of 2

change of the implanted Er ions’ lifetime in the integrated Er:LN-Si-SiN device. The bonding

strength using direct bonding method between silicon and lithium niobate wafer is around

37MPa [ 119 ], so the calculated strain in lithium niobate wafer is around 220µε based on the

strain calculation ε = P/Y , where P is the bonding stress per unit square meter, Y is Young’s

modulus of lithium niobate wafer (about 170GPa). Since we are also using the direct bonding

method to integrate Er:LN crystal and Si-SiN resonator, so the strain induced in the Er:LN
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crystal should be on the order of 220µε. With such small strain, the Er ions’ lifetime in

the integrated Er:LN-Si-SiN device can hardly change according to the references mentioned

above. Therefore, we attribute the lifetime change of Er ions in the integrated Er:LN-Si-SiN

device to the small free-spectral range (50 GHz) and large cavity linewidth (20 GHz) at

980 nm, which means the pump light excites the Er atoms almost continuously around the

cavity resonance. As the maximum absorption of Er doped LN crystals is expected to be

around 1540 nm [  120 ]. The linewidth of the cavity at this wavelength should be broader

than other off-resonant wavelengths because of the induced loss by the atomic resonance

near 1540 nm, which is shown in Fig.  2.7 (b). As the maximum absorption of Er ions in

LN crystals is around 1540 nm [  120 ], the cavity linewidth is expected to be broader at this

wavelength than other off-resonant wavelengths such as 1520nm due to the induced loss by

Er atomic resonance close to 1540nm, as shown in Fig.  2.7 (d). It reveals that the linewidth

increases almost twice at 1540 nm compared to other off-resonant wavelengths such as 1520

nm. As seen in Fig.  2.7 (c), when the pump is close to the 980 nm cavity resonance, the PL

count increases due to the slight increase in the intracavity pump power on resonance. We

do not observe a significant change in PL lifetime vs pump frequency near cavity resonance.

We note that the optical Q factor of the Si-SiN resonator after integration with Er:LN is

measured to be 9600 at 1.5 um. The low Q factor, in this case, is mainly limited by the Si

layer surface quality deposited by LPCVD (due to its availability). The Q factor is expected

to significantly increase when the Si layer is deposited using PECVD system enabling us to

achieve better surface roughness. The quality factor of the hybrid integrated Er:LN-Si-SiN

resonator is reduced after integration by a factor of approximately 1.5.

One important potential application of this integrated platform developed here is in

the realization of integrated quantum memories with silicon photonics. As LN has the

electro-optical effect and Er ions have permanent dipoles, applying a local electric field can

introduce the Stark shift to the ions using on-chip electrodes [  107 ] and also the frequency

shift to the resonators for the control of light-atom coupling and on-demand storage at the

telecom wavelength [  93 ]. Other protocols for optical light storage in RE crystals have been

proposed which can be implemented in the studied platform [  121 ]. Importantly, arbitrary

ion positioning in the crystal lattice via ion implantation creates an additional control knob
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to engineer the quantum photonic devices based on rare earth crystals with nanometer ion

positioning capabilities [ 110 ], [ 122 ]. We note that neither high co-operativity nor single

ion precision implantation is required for the realization of quantum memories. The small

single-ion co-operativity is offset by the number of ions in the crystal collectively interacting

with the incident photons. For this reason, the long cavity used in this work and the

integrated platform introduced can be used to create strong linear interactions for the on-

chip light storage capable of being integrated into a silicon chip. Moreover, the integration

method described here can be extended to other RE crystals such as LiYF4 crystals exhibiting

ultranarrow inhomogeneous broadenings [  123 ] or Y2SiO5 crystals with ultralong coherence

time [ 94 ].

2.7 Summary

To conclude, we carry out implantation of RE ions (Y b3+ and Er3+) in LN crystals and

characterize the emission properties of these ions while carefully controlling the implantation

and annealing processes. We observe the superluminescence from the Yb-implanted LN

crystal by investigating the PL lifetime from different angles with respect to the plane where

Yb ions are implanted and different pump powers as well. Moreover, we integrate the Er-

implanted LN crystal with the Si-SiN photonic chip with waveguide and resonator structures

using the direct bonding technique and observe the evanescent mode coupling between the

emission mode of Er atoms in the LN crystal and Si-SiN waveguide and cavity modes. The

integrated heterogeneous platform based on rare-earth ions in the electro-optical crystal and

silicon photonic chip enables the development of advanced and multifunctional photonic

devices [  107 ] and also provides a way to integrate more photonic components on one chip

for applications in quantum communication.
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3. OPTOMECHANICAL FREQUENCY COMB FOR LIGHT

STORAGE

To solve the problem of the inhomogeneously broadening of an nanomechancial oscillator

array caused by imprecision in the nanofabrication process, a optomechanical memory pro-

posal has been theoretically studied for the applications of quantum memory. A large part

of this chapter is the reproduction of the previously published work [  41 ], with the permission

from Optica Publishing Group.

3.1 Introduction

The optomechanical systems have been considered as hybrid platforms for the investiga-

tion of novel physical phenomena at the intersection of quantum photonics, atomic physics,

and nanotechnology that can also reveal quantum signatures [ 124 ]–[ 126 ]. The optomechani-

cal interactions have been used for cooling nanomechanical oscillators to its quantum ground

state (QGS) of motion [  124 ], achieving the optomechanical squeezing [ 125 ], and creating

photon-phonon and phonon-phonon entanglement [ 126 ], [  127 ], all signatures of the quantum

mechanical regime. Integrated optomechanical circuits are being investigated as scalable

platforms for quantum optical information processing [ 128 ]–[ 130 ], precision mass and force

sensing [ 131 ]–[ 133 ] and study of many-body dynamics [  134 ]–[ 136 ]. Recent realization of

atom-like phenomena such as cavity sideband cooling [  137 ], optomechanical induced trans-

parency (OMIT) [ 138 ]–[ 140 ], and optomechanical squeezing [  125 ], [  141 ]–[ 143 ] has revealed

potential applications of optomechanical systems as engineered and versatile structures for

quantum information processing. To date, coherent light storage using a single micromechan-

ical oscillator has been experimentally demonstrated for a classical light pulse [  38 ], [  39 ]. The

key to many quantum information proposals based on integrated optomechanical systems is

the cooperative behavior in nano-oscillator ensembles. For instance, a coherent light storage

protocol was proposed that relies on the collective interaction of light with an optomechanical

array [  129 ]. In most cases, the nanomechanical oscillator arrays in an optomechanical system

exhibit a large inhomogeneous broadening in the resonance frequency due to the imprecision
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in the nanofabrication processes. Therefore, actively tuning the mechanical frequency [ 144 ]–

[ 146 ] of the individual oscillators or strong phononic coupling [ 130 ], [  147 ] between neighbor-

ing oscillators is proposed to observe the synchronization and cooperative optomechanical

effects. The cooperative effects in optomechanical systems have been observed by coupling

multiple oscillators and tuning their mechanical frequencies [  145 ], [  146 ]. Also, incorporating

mechanical oscillators into a phononic crystal is being investigated as a mean to reduce the

mechanical dissipation while increasing coupling to the neighboring oscillators [  147 ]. The

collective excitation of this kind generally follows Kuramoto’s model of synchronization [ 148 ]

where the coupling between oscillators needs to exceed a threshold in order to observe the col-

lective phase dynamics. However, reaching such a crucial coupling regime is experimentally

challenging. Recently, it was suggested that an array of weakly-interacting optomechanical

oscillators can be coupled and synchronized via a laser drive [ 149 ], [ 150 ].

In this chapter, we use an optomechanical platform based on a weakly interacting op-

tomechanical array collectively coupled to an external laser drive to study the cooperative

optomechanical effect and use it to demonstrate a coherent optical storage technique. In

this regime, strong interactions between individual oscillators are not required and linear

optomechanical interaction alone is sufficient to observe instantaneous synchronization. We

consider an array of high-quality mechanical oscillators interacting with a common optical

bus in a waveguide or optical resonator and seek strong collective interaction of light with

the ensemble optomechanics. By tuning and reversing the interactions between photons and

optomechanical resonators, we investigate the cooperative effects such as the photon-phonon

echo enhancing the strength of the light-matter interactions.

3.2 Optomechanical Interaction in a Cavity

Considering successfully developed techniques in atomic and optical physics such as

atomic frequency comb [  33 ], optical frequency comb [ 151 ] and gradient echo [ 152 ] tech-

niques, we implement phenomena similar in nature by using mechanical oscillators that

behave somewhat similar to atoms. In the originally proposed atomic frequency comb tech-

nique for light storage [ 33 ], a broad inhomogeneous broadening in the atomic transition that
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is present in solid-state systems was used to generate photon echoes recovering the stored

optical coherence. In the simplest form, a pump laser is used to “burn” narrow absorption

lines in the broad inhomogeneous absorption spectrum (the spectral hole burning technique)

[ 153 ]. Multiple absorption lines (holes) generated with a fixed frequency spacing (∆) create

an atomic frequency comb fully absorbing a broadband input pulse. As the relative phase

between the absorbing atoms matches at every 2π/∆, a coherent photon echo is emitted to

regenerate the input light. This method has been used for quantum storage of optical infor-

mation [ 52 ], [  154 ], [  155 ] with record-high bandwidth crucial for multiplexing resources for a

scalable quantum network [  156 ]. We use the analogy between the atomic and optomechani-

cal systems to implement an optomechanical frequency comb memory. The optomechanical

echo scheme under consideration is shown in Fig.  3.1 (a) – (c). As Fig.  3.1 (b) indicates,

the probe photon corresponds to the transition |np > to |np + 1 >, in which there is no

mechanical transition (phonon number |nm > remains the same). The red-detuned control

light (read/write) interfering with the probe photon leads to one photon being annihilated

(a)

ωm

ωp

δp

ωm

read light probe light

write light
∆

mechanical
 spectrum

tailored OM spectrum

broadband
optical data

input echo output

read lightwrite light

t=0 t=2π/∆

t=0 t=2π/∆

(c)

pro
be write

read

(b)

∆ωm

∆

Figure 3.1. Broadband data pulse (probe) and “read” and “write” control
pulses with multiple frequency comb lines, as depicted in (a), create a control-
lable optomechanical frequency comb. The interaction scheme and equivalent
energy level structure are depicted in (b) for the optomechanical system.(c)
Optomechanical interaction between a broadband input pulse and the mechan-
ical oscillators in an array is tailored by the control pulses.
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(writing)/created (reading), while one phonon is created (writing)/annihilated (reading) in

the cavity, where the energy difference between the two fields takes the form of a phononic

excitation. This is how the transition |np+1, nm> ↔ |np, nm+1> occurs. The full realization

of the optomechanical echo is described schematically in Fig.  3.1 (c). Only the oscillation

frequencies equal to the frequency difference between the probe and “write” pulse spectral

components are excited, mapping the input light into a collective phononic excitation. The

resulting collective excitation dephases/rephases at a rate given by the frequency detuning

∆. The excitation is subsequently retrieved by the “read” light after a controllable time

2π/∆, when the phase-matching condition is satisfied.

We use the inhomogeneous frequency broadening present in an ensemble optomechanical

array to our advantage to implement reversible and controllable optomechanical transduc-

tion. We use a control laser shaped into a frequency comb that is off-resonance from the

cavity to engineer the interaction between the probe light, which is resonant with the cavity,

and a subset of the oscillators in the array. As the optomechanical interaction mainly occurs

when the probe-control frequency difference is equal to the mechanical frequency, multiple

comb lines of the control light coherently interfere with the probe spectrum. The coherent

interference between multiple frequency components creates an optomechanical frequency

comb similar to the multi-frequency interference in the atomic systems [ 157 ]. In this way, a

broadband probe pulse is fully mapped and stored as mechanical excitations onto a subset

of oscillators with equally-spaced frequencies (with frequency spacing 2π/∆) in the ensem-

ble optomechanical array. A subsequent “read” frequency comb light retrieves the stored

excitations from the ensemble after a time equal to multiples of 2π/∆. Below we first use

approximations to find a simplified analytical description of the storage process and then

carry out numerical simulations to quantify the process more accurately.

The total Hamiltonian (Ĥ) of a general optomechanical system basically consists of opti-

cal Ĥopt, mechanical Ĥmech, optomechanical interactioin Ĥint, and drive Ĥdrive. To write the

equations of motion, we consider an optomechanical cavity driven with an electric field, Ein(t)

= Ec(t) + δEp(t), where Ec(t) and δEp(t) represent the frequency comb control (read/write)
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and a weak probe field, respectively. The Hamiltonian (Ĥ) of the considered optomechanical

system is given by:

Ĥ = Ĥopt + Ĥint + Ĥmech + Ĥdrive

= ~ω(ẑ) â†â+
M∑
j
~ωj b̂j

†
b̂j + i~

√
κ[Ein(t)â† + Ein(t)â], (3.1)

where ω(ẑ) is the resonance frequency of the optical cavity that varies with the mechanical

oscillator position ẑ, ωj is the mechanical frequency of the jth oscillator inside the optical

cavity, κ is the decay rate of the impedance matched optical cavity, ~ is the reduced Planck

constant, â and â† represent the annihilation and creation operators of the optical cavity

mode, b̂j and b̂j
†

are the annihilation and creation operators of the jth mechanical mode, Ein(t)

is the drive field of the optomechanical system, and M is the total number of mechanical

oscillators considered in the cavity. The first term in Eq.  3.1 represents both Ĥopt and

Ĥint. To obtain the optomechanical interaction Hamiltonian (Ĥint), we expand the optical

resonance frequency (ω(ẑ)) of the cavity in the displacement around ẑ = 0 to the first order

we have:

ω(ẑ) = ω0

(
1 − ẑ

Lc

)
, (3.2)

where ω0 is the resonance frequency of the cavity at equilibrium condition and Lc is the effec-

tive length of the optical cavity. The displacement of the intra-cavity mechanical oscillators

introduces an effective change in the cavity length and is given by ẑ = ∑M
j zZP F (b̂j + b̂j

†)

where zZP F =
√
~/2mωj is the zero-point fluctuation amplitude (m is the effective mass of

the jth mechanical oscillator). Therefore, to the first order, the standard optomechanical

Hamiltonian of the system reads:

Ĥ = ~ω0 â
†â+

M∑
j
~ωj b̂j

†
b̂j −

M∑
j
~g0 â

†â (b̂j + b̂j
†)

+i~
√
κ[Ein(t)â† + Ein(t)â], (3.3)
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where the optomechanical coupling rate g0 = ω0ζ(ζ = zZP F/Lc) quantifies the strength of

interactions between the optical and the mechanical modes. It is assumed to be the same for

all the mechanical oscillators. The radiation pressure force applied to an oscillator is defined

as F̂rp = (~ω0/L0)â†â that causes the oscillator displacement and changes the effective cavity

length. With the Hamiltonian Ĥ, we can write the equations of motion in a frame rotating

at the center frequency of the control field as:

˙̂a = −(iδ + κ/2)â+
M∑
j=1

ig0â(b̂†
j + b̂j) +

√
κEin(t), (3.4)

˙̂
bj = −(iωj + γm/2)b̂j + ig0â

†â+ √
γmβ̂in, (3.5)

where δ is the frequency detuning of light from the cavity, βin is the noise introduced

by the thermal bath satisfying 〈β̂in(t)〉 = 0 and 〈β̂in(t)β̂in(t′)〉 = kBTδ(t− t′), and γm is the

thermalization rate of the jth mechanical oscillator. We assume the mechanical/phonon loss

rate γm is the same for all mechanical oscillators in the optical cavity. For a single mechanical

oscillator with a single-frequency control field, the steady-state solution for the expectation

values, 〈â〉 = α and 〈b̂〉 = β, can be obtained:

α =
√
κEin

κ
2 + i(δ − g0β) , (3.6)

β = ~ζ
α2

mω2
m

, (3.7)

In terms of the coupling between the mechanical oscillators in the optical cavity, we are

not ignoring it because the coupling Hamiltonian term between mechanical oscillators is

already included in Eq.  3.1 . As we have described, to linearize the equations of motion (Eq.

 3.4 and Eq.  3.5 ), We assume the operators, â and b̂, consist of time-independent (coherent

amplitude) terms, α and β, plus fluctuating terms, δâ and δb̂, where α � 〈δa〉 and β � 〈δb〉,

namely â = α+δâ and b̂ = β+δb̂. Then the corresponding linearized Hamiltonian first-order

term, ĤOM , for the optomechanical coupling can be described as

ĤOM = −
M∑
j
~g0 (δâ† + δâ) (b̂j + b̂j

†), (3.8)
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Using the second-order pertubation theory [  158 ], when δ (the frequency detuning of light

from the cavity) is much larger than the mean mechanical frequency of oscillators, ωm, the

direct coupling between mechanical oscillators in the cavity can be simplified expressed as

Ĥ ′
OM = −~

M∑
j

g0
2

δ
(b̂j + b̂j

†)2, (3.9)

where we assume the optomechanical coupling rate, g0, is the same for all the mechanical

oscillators. Therefore, we only need to assume that the direct coupling rate (g02

δ
) between

oscillators is smaller than the global loss rate of mechanical oscillators, γm, namely g02

δ
� γm.

The reason is to make sure the optomechanical interaction can occur to store probe light

information before mechanical oscillators lose the information of light. We also assume that

the initial phonon occupation number is much less than one (βin � 1 ) that can be achieved

by passive cooling to initially prepare the system.

Using the steady-state solutions, we can now linearize the equations of motion by only

keeping the first-order terms in the fluctuations. The input drive field can be described as

Ein(t) = Ēin + δEin with Ēin = Ec and δEin = δEpeiωmt + ∑ms/2
m=−ms/2 Ece−im∆t, where Ec is the

frequency comb control (read/write) filed, δEp is a weak probe field, ms is a non-zero integer

representing the number of control field frequency lines spaced by ∆, and ωm is the center

mechanical frequency of the frequency comb created by control laser. Using the steady-state

solutions for α and β we arrive at the linearized equations of motion for δâ and δb̂:

δ̇â = −(iδ + κ/2)δâ+ ig0α
∫

[δb̂ω(t) + δb̂†
ω(t)]n(ω)dω

+
√
κδEin, (3.10)

δ̇b̂j = −(iωj + γm/2)δb̂j + ig0α(δâ† + δâ), (3.11)

where n(ω) represents the frequency distribution of mechanical oscillators inside the cavity

and δ(ω−ωm−m∆) accounts for the ms control (read/write) field frequency comb lines sepa-

rated by ∆. The interaction of the control frequency comb with the ensemble optomechanics

tailors the optomechanical frequency distribution, n(ω), and addresses ms mechanical modes
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as a subset of the entire mechanical ensemble. Using the solution to the mechanical fluc-

tuations, δb̂ω(t) = δb̂j(t) =
∫ t

−∞ ig0α(δa†(t′) + δa(t′))e−(iω+γm/2)t′
dt′, we rewrite the above

equation for the mean value of the cavity field operator, E = 〈δa〉 = 〈δa〉†, as [ 159 ]

Ė(t) = −(iδ + κ/2)E(t) −G
∫ t

−∞
E(t′)e− γm

2 t′
n(t− t′)dt′

+
√
κδEin(t), (3.12)

where the coefficient G = 4g0
2α2 and n(t) is the Fourier transform of n(ω). If the total

width of the inhomogeneous frequency distribution, ∆ω, is much larger than the mechanical

dissipation rate, γm, then the exponential e− γm
2 t can be ignored over the timescales of the

absorption. We can approximately write n(t − t′) ≈ M
∆ω
δ(t − t′) when ∆ω is much larger

than the probe bandwidth (for times around t = 0, when the absorption occurs). Therefore,

Ė(t) = −(iδ + κ/2)E(t) −G′E(t) +
√
κδEin(t), (3.13)

The solution to the optical field is then E(t) =
∫ t

−∞
√
κδEin(t)e−(iδ+κ/2+G′)tdt. Here we defined

G′ = M
∆ω
G. We can further simplify the above equation to find an analytical solution of the

electric field assuming the probe pulse bandwidth is much smaller than the cavity bandwidth

κ. In that case, we can adiabatically eliminate the cavity mode and use the cavity input-

output relation Eout(t) = −δEin(t) +
√
κE(t) to find an approximate solution for the out-

coupled cavity light. We use the transformation E(t) → E(t)e−iωmt and the rotating wave

approximation to get

Eout(t) ≈ κ/2 −G′

κ/2 +G′ δEp(t). (3.14)

The coefficient G mentioned above is considered as the effective optomechanical coupling

rate in our system. We note that G is proportional to (g0α)2 where α can be understood as

the coherent amplitude resulted from the interference between the broadband weak probe

field, δEp(t), and the control (write/read) field, Ec(t), with multiple frequency comb lines, as

indicated in Eq.  3.6 . In this regime, one can see that Eout = 0 when κ/2 = M
∆ω
G the input
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light is fully absorbed by the mechanical oscillators inside the optical cavity. The above

equation approximately describes the “write” process for our optomechanical frequency comb

system. Since Eq.  3.13 is identical to the equation of motion for the atomic frequency comb

in a cavity, the reading process can also be analytically described similar to the case of

the atomic frequency comb storage [  160 ]. The analytical solution is only an approximate

description of the system dynamics. We now carry out numerical simulations of Eqs.  3.4 and

 3.5 without further approximations, using multi-dimensional differential equation simulator

(XMDS) [ 161 ]. We consider an optical pulse matched to the cavity spectrum interacts

with an ensemble of M = 100 oscillators with the frequency spectrum of width on the

order of ∆ωm = 0.01ωm that is tailored using a control laser with ms frequency lines. We

use a control (read/write) laser shaped into a frequency comb that is off-resonance and

red-detuned from the cavity to engineer the interaction between the probe light, which is

resonant with the cavity, and a subset of ms oscillators with the frequency space of ∆

in the mechanical oscillator array with total M mechanical oscillators (ms ≤ M). The

optomechanical interaction, in this case, mainly occurs when the probe-control frequency

difference is equal to the mechanical frequencies of one or more oscillators (making up the

subset with ms oscillators mentioned above), thus multiple comb lines of the control light

create an optomechanical frequency comb. With the interference of the probe and writing

pulses, the probe pulse is fully mapped and its information is stored as the mechanical

excitations onto this subset of ms mechanical oscillators with an equally spaced frequency of

∆. Because the relative phase between the neighboring excited mechanical oscillators in this

subset matches at time intervals of 2π/∆, the read laser is sent into the optical cavity after

a time 2π/∆ to retrieve the stored information (mechanical excitations) from the subset of

oscillators.

3.3 Optomechancial Freuqnecy Comb for Storing Light Information

The mechanical modes are in fact distributed randomly. We consider many mechani-

cal modes (oscillators) in the optomechanical system forming a wide mechanical frequency

distribution with a width of ∆ωm ≈ 1%ωm, where ωm is the center mechanical frequency.
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The frequency spacing ∆ is the spacing between the subset of the oscillators selectively ad-

dressed by the control laser (read/write) from the entire ensemble of the oscillators. We

also consider an optomechanical array consisting of M = 100 mechanical modes (oscillators)

with random frequencies around ωm, a frequency distribution width around 1%ωm, and a

subset of ms = 3 − 21 oscillators to perform storage. In Fig.  3.2 , we plot the optical and

mechanical excitations as a function of time, demonstrating the coherent transduction of an

optical pulse to phonons that echo at precise time intervals. For a probe pulse and ms =5,

7, 11 control comb lines, a subset (5, 7, 11) of mechanical modes within the spectrum are
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Figure 3.2. Amplitude of the optical (Aopt) and mechanical (Amech) excita-
tions are plotted as a function of the normalized time. A probe pulse (black
curve) impinging on the cavity together with a write laser create mechanical
excitations that echo after a time of 2π/∆. The photon-phonon echo intensi-
ties from the subset of ensemble with mechanical oscillators as low as eleven
(solid purple), seven (solid green) and five (solid red) are shown (left axis).
The corresponding collective mechanical excitations are indicated with dashed
lines (right axis). A normalized optomechanical coupling rate of g0

2/κγm =
10−3, thermalization rate γm/κ = 0.001, mechanical dephasing/rephasing rate
∆/κ = 0.05, center mechanical resonant frequency ωm/κ = 10, and the total
number of mechanical oscillators M = 100 are used in this simulation.
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collectively excited, storing the probe information. If a control laser is present when the

phase-matching condition is satisfied, a photon echo is generated from the phonon echo. If,

however, no control laser is applied, the mechanical excitations keep dephasing and rephas-

ing at a rate of ∆ until the control light is applied or they are lost through coupling to the

thermal bath. The storage efficiency here is the ratio of echo intensity after a time of 2π/∆

to the input (probe) light intensity. As the storage and retrieval efficiencies are symmetric,

at finite storage efficiencies the left-over mechanical excitations after the first echo give rise

to the multiple photon echoes at 2π/∆ time intervals. Below, we investigate the role of

various parameters in the memory performance using the numerical simulation.

Fig.  3.3 (a) shows that the storage efficiency drops as the center frequency (ωm) of the

mechanical excitations increases. This is because the optomechanical coupling rate (g0)

drops with the square root of the mechanical frequency. Apart from the storage efficiency,

we calculate the signal-to-noise ratio (SNR) of the output echo. SNR is defined as the ratio

of output echo intensity to the mean intensity of output fluctuations which are mainly at-

tributed to the control laser introducing mechanical heating that appears as modulation of

the echo signal at frequency ωm. These fast fluctuations at the mechanical frequency that is

greater than the bandwidth of the probe pulse can be filtered by reducing the measurement

bandwidth. The SNR enhances with the increase of ωm as we approach the resolved side-

band regime and there is less residual heating. Fig.  3.3 (b) shows the effect of control field

intensity on the storage efficiency and SNR. Here we plot the efficiency and SNR vs. the

control field cooperativity defined as Cc = 4g2
0nc/κγm, where nc is the mean photon number

of the control light. The enhancement in the storage efficiency at low control field power

(Cc < 1) is explained by the fact that the effective optomechanical coupling strength is pro-

portional to the control field amplitude. As the control cooperatively approaches one, the

system enters the parametric amplification regime [  140 ]. Moreover, one observes higher stor-

age efficiency for narrower inhomogeneous broadenings while the SNR remains unchanged.

The proposed storage protocol relies on the interaction of light with multiple mechanical

modes by selectively addressing a subset of mechanical modes out of the entire ensemble of

oscillators. A single mechanical oscillator can not be used to store light in this manner, how-

ever, using other protocols like single electromagnetically induced transparency (EIT), light
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storage can be achieved in a single mechanical oscillator [  39 ]. Fig.  3.3 (c) demonstrates the

ensemble effect on the storage efficiency and SNR. The subset of ms oscillators, addressed

by the frequency-comb control laser out of M = 100 total oscillators, collectively store light.

The enhancement in the storage efficiency at high ms numbers is limited by the optical cav-

ity bandwidth. When the memory bandwidth, ms∆, approaches the cavity linewidth, the

efficiency enhancement reaches a plateau. At large ms numbers, the memory performance
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Figure 3.3. The storage efficiency (open circle) and the signal-to-noise ratio
(filled circle) of the optomechanical array memory as a function of (a) the nor-
malized center frequency (ωm) of the mechanical excitations as ms = 11, (b)
the control cooperativity, Cc = 4g2

0nc/κγm, where nc is varied, for inhomoge-
nous broadening ∆ω=1%ωm (open circle) and ∆ω= 0.5%ωm (open square) as
ms = 11, (c) the number of mechanical oscillators (ms), which are addressed by
the control field out of M = 100 total oscillators, and have frequency spacing
of ∆ = 0.05κ, and (d) the storage efficiency as a function of the normalized
optomechanical spectral width ∆ωm/ωm and frequency spacing ∆/κ of the
tailored optomechanical spectrum, where ms = 11 and Cc = 0.4 are used for
the simulation while the other parameters are the same as the ones used in
Fig.  3.2 

55



can be further improved by varying the comb spacing, ∆. Similar to the atomic frequency

comb, the unity storage efficiency is feasible in the current approach. Fig.  3.3 (d) describes

the storage efficiency as a function of the normalized optomechanical spectral width ∆ωm

and frequency spacing of the tailored optomechanical spectrum. It can be seen that with

total inhomogeneous broadening below 1% of ωm the storage efficiency close to unity can

be achieved. In this case, the SNR of about 15 was achieved using realistic numbers. We

note that what we refer to as noise in the retrieval signal is in fact fast oscillations (at well-

known frequencies about ωm) on top of a slowly varying probe signal that can be filtered

by reducing the measurement bandwidth provided. Due to the large mechanical frequency

of the oscillators, a measurement bandwidth on the order of the cavity linewidth ensures

a low contribution of noise while maintaining reasonable detection bandwidth on the or-

der of the probe bandwidth. We note that the simulation parameters used to plot Fig.  3.3 

(d), namely the coupling strength g0
2/κγm = 10−3 and the mechanical quality factor of

Qm = 104, are achievable in the state-of-the-art optomechanical systems [ 140 ]. The most

important aspect of the multimode memory considered here is its ability to store light with

large delay-bandwidth products. Although a single double-beam oscillator integrated into a

photonic resonator can exhibit higher optomechanical coupling [ 162 ], ω0/Lc >100 GHz/nm,

compared with an oscillator array integrated into a resonator, the delay-bandwidth product

of storage achieved with a single oscillator is at most one. Compared with a single oscilla-

tor used for light storage, the proposed memory protocol here offers much larger values of

delay-bandwidth products as is the case in the atomic frequency comb memories. As we see

from Fig.  3.3 , the memory performance depends on both the number of oscillators, M , and

the spectral density. Since here we assume the thermalization rate γm is the same for all the

M mechanical oscillators considered in the optical cavity, as long as M × γm � ∆ωm, up to

∆ωm/∆ mechanical modes can be selected out of the total M modes as the subset of oscil-

lators using the control (write/read) laser. This provides a storage bandwidth of ∆ωm. The

enhancement of the memory storage efficiency is limited by the optical cavity bandwidth at

higher ms numbers. At the large ms numbers, the memory performance can be improved by

varying the frequency spacing (∆). This is the remarkable advantage of the frequency comb

storage technique allowing to use the inhomogeneous broadening in the system to perform
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the on-demand storage. The proposed optomechanical system still works if the light state

is the superposition of A|0 > and B|1 >, here |0 > and |1 > are Fock states of the light.

Our optomechanical memory requires cooling the mechanical oscillators near their quantum

ground states. At very low temperatures like 50mK, the mean phonon number of the system

would be less than 1, so the considered optomechanical frequency comb memory still can

store photon information onto the mechanical oscillators with less noise.

In the proposed scheme, the thermal excitations, which are detrimental to the quantum

light storage and ignored in the current study, can degrade the memory performance by in-

troducing both phase and amplitude noise to the output echo. Although the coherent storage

of a classical signal using room-temperature optomechanical systems can be obtained [ 39 ],

the storage in quantum regime requires cooling the mechanical oscillators near their quan-

tum ground states (QGS). The current system relies on the ensemble of oscillators with

large mechanical frequencies for light storage. In the limit of ωm >> κ, the control laser

(read/write beam) acts as the cooling beam actively reducing the thermal phonons before

the storage process. Thus, an extra cooling laser in our proposal is not required. More-

over, low phonon numbers can be achieved by passive cooling of the optomechanical chip

thanks to the low phonon occupation number at the large mechanical frequencies. For ex-

ample, the mean phonon number (Np = kBT/~ωm) of the optomechanical system is around

5 at 4K and 1 at 50mK, respectively, if ωm = 1GHz. Therefore, a combination of passive

and active cooling may enable broadband quantum light storage on a chip with large delay

bandwidth products. Also, it has been demonstrated that, even near the room tempera-

ture, the mechanical excitations created by a weak optical signal can be extracted from the

optomechanical system using the interferometric measurements canceling the background

signal from the thermal noise [ 163 ]. In the case of the collective optomechanical interactions

considered here, although the thermal excitations directly excite the mechanical modes to

the upper excited energy state of the system and therefore introduce phase and amplitude

noise to the retrieved photon-phonon echo mode, they are not phase-matched to the photon-

phonon echo. Using interferometric detection, the thermal noise can be subtracted with

higher efficiency in the case of collective coupling compared to the single oscillator case. In

this way, one can perform a type of lock-in detection, where the quantum correlation inverts
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whereas thermal correlations remain unchanged. Using this detection method, it might be

possible to reduce the effect of the thermal noise on the stored quantum optical signal even

near room temperature. The lock-in-type detection of this kind enables, in principle, the

study of quantum optomechanical interactions outside the QGS.

3.4 Merit of Proposed Optomechanical Memory System

The light storage protocol in atoms relies on mapping optical coherence into atomic spin

coherence that can be fairly decoupled from the thermal noise. The thermal noise in this

context will appear as collisional decoherence and direct excitation of atoms between the hy-

perfine states. In the optomechanical memories, however, the effect of thermal noise is more

direct as it increases the thermal phonons. The main merit of the proposed scheme compared

with the atomic systems is not to achieve a room-temperature optomechanical memory but

to realize the collective optomechanical interaction over a wide wavelength range (100s of

nms) that can be used for broadband light storage. Another advantage is that the proposed

system is not bound to a particular atomic transition. The solid-state atomic memories are

generally required to operate at cryogenic temperatures to realize the long-lived quantum

storage. For example, to achieve light storage for a few microseconds in rare-earth-doped

crystals, the operating temperature needs to be below 4 K. Although the optomechanical

systems also require cryogenic cooling, their room-temperature operation can be envisioned

for some applications. It has been demonstrated that a weak optomechanical signal can

be extracted from a room-temperature oscillator using interferometric detection canceling

the effect of the thermal noise [  163 ]. In the current optomechanical system, the random

phase of the thermal excitations suggests that they are not phase-matched to the photon-

phonon echo. This means that using the interferometric method, a weak optical signal buried

under thermal noise can be extracted with a high signal-to-noise ratio from the current op-

tomechanical memory. In this way, one can perform a type of lock-in detection, where the

quantum correlation inverts whereas thermal correlations remain unchanged, reducing the

contribution of the thermal noise.
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3.5 Potential Realization of Proposed Optomechanical Comb Memory

We envision the implementation of the proposed optomechanical system in a single

photonic resonator on a chip. Relying on the optical gradient forces [  162 ], multiple slot-

waveguide optomechanical resonators can be fabricated in a silicon photonic race-track

resonator with high mechanical frequencies and reasonably high optomechanical coupling

strengths [  164 ]. Such gradient force with effective cavity length, Lc, exponentially dropping

with the gap size, is the key to achieving ultra-high optomechanical coupling strengths [ 137 ].

Although a single double-beam oscillator integrated into a photonic resonator can exhibit

higher optomechanical coupling [ 162 ] , ω0/Lc >100 GHz/nm, compared with an oscillator

array integrated into a resonator, the delay-bandwidth product of storage achieved with a

single oscillator is at most one. The collective optomechanical interactions considered in this

work enable storage with large delay-bandwidth products while the large oscillator number

can compensate for the relatively low optomechanical coupling.

Moreover, the scaling, in this case, is similar to the atomic systems. Although a single

atom trapped in a high-Q cavity with a small mode volume enables strong light-atom in-

teractions much higher than those for an ensemble of atoms in a lower Q cavity, in practice

it is easier to work with the ensemble of atoms. In particular, as we are interested in light

storage which is a linear process, we do not require nonlinear interaction strength provided

by the large single-particle cooperativity in high Q cavities. The strong interaction of light

with a single particle creates a large nonlinearity that is useful for quantum applications

such as logic operations, however, it is not needed for the storage process proposed here and

in fact it is the regime that should be avoided for pure light storage. More importantly, the

multimode properties offered by the ensemble proposed in this work enable multimode and

large delay-bandwidth storage as discussed earlier.

3.6 Summary

In conclusion, we study controllable dynamics of optomechanical interactions in an array

that can efficiently store light over a wide wavelength range. Using a write laser tailoring the

inhomogeneously-broadened spectrum of a mechanical resonator ensemble inside an optical
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cavity, the information of the probe light can be stored as mechanical excitations with the

help of the interference between the write laser and the probe pulse. The stored information

is retrieved with high efficiency by the read laser after a multiple of time 2π/∆, when all

mechanical oscillators are phase-matched. The interaction scheme overcomes the current

limitation in preparing identical optomechanical arrays enabling observation of large-scale

cooperative optomechanical effects. The results of this study may initiate more investigations

of the cooperative optomechanical coupling, many-body dynamics, and long-range optome-

chanical interactions. The proposed method will provide a new way to enhance and externally

control the optomechanical interactions for coherent light storage, multimode sensing, and

optomechanical transduction applications as well as to study the many-body dynamics in

optomechanical systems such as long-range phonon dynamics in the optomechanical array.
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4. SUPERCONDUCTING LEVITATION OF A MG-SCALE

CAVITY MIRROR

Motivated by the idea of building an optical cavity using the milligram scale mirror levitated

by superconductor at low temperatures, we characterized the mechanical properties of the

superconducting levitated mirror and applied it for magnetic field sensing applications. A

large portion of the work described in this chapter is the reproduction of the previously

published work [ 165 ], with the permission of AIP Publishing.

4.1 Introduction

Reducing the mechanical clamping loss is a great challenge in optomechanical systems

[ 166 ]. Clamping loss can be removed through levitation via optical tweezer traps [ 167 ]–[ 169 ],

radio frequency (RF) traps [ 170 ], [  171 ] and magnetic traps [ 14 ], [  75 ], [  76 ], [  172 ]. However,

the lack of coherent control in these traps of macroscopic objects limits the mechanical

properties and thus results in loss of information through, for example, scattering loss (in

the case of optical tweezers) or induced noise from the trapping electrodes or magnets (in the

case of RF or magnetic traps) [  70 ]. It was proposed that scattering loss can be eliminated

using coherent optical trapping of a cavity mirror [ 173 ]. Towards this goal, an optically

levitated nanosphere has been shown to be cooled to its quantum ground state by coherent

scattering [ 68 ]. The magnetic traps, on the other hand, offer a flexible tool to trap objects

while inducing relatively small mechanical noise [ 14 ]. Observation of quantum mechanical

effects have also been predicted in these systems [  74 ], [  76 ], [  174 ]. Moreover, levitated micro-

size magnetic particles using Messiner effect have also been experimentally used for the

ultrasensitive acceleration [ 14 ], force [ 175 ] and gravimetry [ 15 ] sensing.

In this chapter, we propose and experimentally study a hybrid levitation platform based

on superconducting levitation of a cavity mirror. We characterize the mechanical properties

and magnetic sensing sensitivity of the levitated mirror. We observe a magnetic (B) field

sensitivity of 370 pT/
√

Hz by measuring the magnetic torque applied to the mirror. We also

build a Fabry-Pérot resonator with the levitated mirror as the end mirror of the cavity. The
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optical spring effect of the intra-cavity field can, in principle, provide a 1D coherent optical

trap of the mirror, self-locked along the cavity axis while the trapping in the other directions

is provided by the magnetic trap.

4.2 Hybrid Superconductor Levitation Platform

The experimental setup scheme is shown in Fig.  4.1 . The high-reflectivity (R> 99.8%)

coated dielectric small mirror with a diameter of d = 2mm, a mass of mr = 6mg, and thickness

of t = 1mm is attached to one small neodymium(Nd)-based magnetic disk which has the

same dimensions as the mirror and a mass of mn = 24 mg. The YBaCuO superconductor

(SC) disk with a diameter of 2.5 cm and critical temperature of ∼ 93K is placed inside a

cryogenic system (ST-500 from Janis) and cooled down to 77K using cyclic liquid nitrogen.

The mirror attached to the small magnetic disk is levitated 3.2 mm above the SC disk outside

the cryostat, as shown in Fig.  4.1 . The 850nm light of a Ti-sapphire laser is used to sense

the mirror’s position via a quadrant detector and also study the optical resonance of the

levitated cavity-end mirror. To calibrate the magnetic field sensing, we place a 15-turn coil

with a diameter of 3 cm above the levitated mirror and modulate its current at different

frequencies and amplitudes. The main B-field of the coil near the mirror is along the vertical

direction introducing a torque on the mirror. We use a quadrant detector to detect the

reflected light from the levitated mirror and measure the mirror’s vibrational noise in two

directions.

4.3 Theoretical Calculation of Superconductor Levitation based on Frozen-
image Model

To theoretically calculate the resonant frequencies of the levitated small mirror, we use

the frozen-image model [  82 ], [  176 ] depicted in Fig.  4.2 . We approximate the magnetic disk

with the attached mirror as a magnetic dipole (d). In this case, the magnetic flux pinning

effect is expected to occur giving rise to the levitation of the magnet. The interaction between

d and its frozen and diamagnetic images d′ and d′′ (see Fig.  4.2 ), respectively, is sufficient

to approximately describe the dynamics [ 82 ], [ 176 ]. The effective magnetic moment (mlev)
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of the levitated disk makes an angle θ′ with the vertical direction, z axis in Fig.  4.2 , which

can be different from the angle of the frozen dipole θ = θ′ − δθ, where the deflection angle

δθ is caused by the inhomogeneity of the superconductor disk’s field, external magnetic field

and gravitational torque applied by the mirror.

Taking the center of mass (CM) of the levitated magnet as the origin of the coordinate

system, the magnetic field (Blev) that the dipole d imposes to d′ can be calculated as:

Blev = µ0

4π
[3(mlev · r)r

r5 − mlev

r3 ] (4.1)
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Figure 4.1. Experimental setup for a cavity mirror magnetically levitated
and optically probed. The vibration of a magnetic mirror levitated above a
superconductor (SC) disk is monitored using a quadrant detector (quad. det.).
Also, the levitated mirror together with the fixed HR mirror (reflectivity of
∼ 98% and radius of 25cm) form an optical cavity. The current controller
controls AC and DC current in the coil down to a few hundreds of nA in order
to calibrate the response of the mirror to the external magnetic field.
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where µ0 is the vacuum permeability. The corresponding potential energy due to the inter-

action between d and d′′ can be written as

Udia = µ0mlevmdia
4π

[1+cos2(θ)
8z3 ]. (4.2)

Similarly, the potential energy due to the interaction between d and the frozen image d′,

Ufrz, can be written as

Ufrz = µ0mlevmfrz

4π
{ P (x,y,z,θ′,α)

[x2+y2+(z+h)2]5/2 }, (4.3)
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Figure 4.2. The model describes the frozen and diamagnetic images based on
the interaction between the levitated magnetic mirror and the SC disk, which
is used to calculate the mechanical modes.
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where h is the trapping height, mdia and mfrz are the effective magnetic dipole moments of

the diamagnetic and frozen images, respectively.

P (x, y, z, θ′, α) = (z + h)2(1 − 3 cos2(θ′)) + y2(1 − 3 sin2 θ′ sin2 α) + x2(1 − 3 sin2 θ′ cos2 α)

−6xy sin2 θ′ cosα sinα− 6x(z + h) sin θ′ cos θ′ cosα

−6y(z + h) sin θ′ cos θ′ sinα, (4.4)

Using the total potential energy, Ut = Ufrz +Udia, the stiffness matrix elements can then

be derived using K = ∇2Ut as

kx ' µ0m
2
lev

4π
[3 − 21 cos (2δθ)

64h5 ], (4.5)

ky ' µ0m
2
lev

4π
[−3 + 15 sin2 (δθ)

32h5 ], (4.6)

kz ' µ0m
2
lev

4π
[15 − 9 sin2 (δθ)

8h5 ], (4.7)

kθ ' µ0m
2
lev

4π
[1 − 3 cos (2δθ)

4h3 ], (4.8)

where we consider mlev = mdia = mfrz, and assume x = y ' 0, z ' h due to the

fact that the release point and trapping point of the levitated magnet are close based on the

experimental observations. We also set θ = 90◦, α = 0◦ for the mirror using a nanopositioner

carrying a permanent magnet. We note that there is a range of δθ within which the restoring

force along x, y, z, θ can be achieved. The resonant oscillation frequencies of the levitated

mirror can vary depending on the exact condition under which the mirror is released, before

being trapped above the superconductor. To experimentally verify δθ, we observe the stable

trapping angle of the magnet without the mirror attached and external magnetic field, which

shows a minimum δθ ∼ π/4.

The magnetic moment of the levitated magnetic disk, mmag ' 0.003 A m2, is calculated

based on the measured field on its surface. The magnitude of mlev is not necessarily the same

as mmag because the magnetic flux pinning effect occurs in a limited-size superconductor. We

estimate that there is about 87% of the magnetic field from the levitated Nd-based magnetic

disk trapped in the SC disk, i.e. mlev = 0.87mmag. The calculated oscillation frequencies of
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the trapped mirror for h = 3.2 mm are plotted in Fig.  4.3 . Assuming a deflection angle of

about π/4, then the oscillation frequencies along x, y, z, and θ are approximately 9, 15, 45Hz

and 83Hz, respectively. This prediction qualitatively agrees with the measurement done by

the quadrant detector, which will be described in detail in Section 4.4.

4.4 Experimental Characterization of Superconductor-levitated Mirror

The experimental oscillation spectra of the levitated mg-scale mirror measured by quad-

rant detector by subtracting the left-right (horizontal) or top-bottom (vertical) pixels are

shown in Fig.  4.4 . The top-bottom mode achieved by subtracting the quadrant detector’s

vertical pixels should have the highest sensitivity to fθ. At a deflection angle of about 45◦

the calculated values of frequencies approximately match the measured values indicated by

the shaded regions on the spectrum of Fig.  4.4 . The small discrepancy between the theo-

retically calculated and experimental oscillation frequencies about the x, y, z, axes, and θ

direction could be because we assume the magnet to be a point-like dipole which given its size
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Figure 4.3. The calculated values of resonant frequencies of the levitated mirror
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relative to the levitation height is not quite accurate. Moreover, the inaccurate estimation

of initial and final levitation locations and angles of the levitated magnet, the background

magnetic field, and the hysteresis effect [ 176 ] in the SC disk make it difficult to accurately

quantify the trapping frequencies of the levitated cavity mirror. The oscillation frequencies

of the levitated magnetic mirror are very sensitive to its initial angle (θ, defined between the

magnetic moment of levitated magnetic disk and z axis) and orientation. Different angles

and orientations will slightly change the oscillation frequencies once the magnetic mirror is

levitated, as the theoretical results show in the inset of Fig.  4.3 . Also, the frequencies of

the oscillation are very sensitive to the location and height of the levitation. Moreover, the

commonly used theoretical frozen-image model we used in predicting the resonant frequen-

cies of the levitated mirror does not consider the hysteresis in the superconductor disk. This

could be another reason why we don’t expect this model to quantitatively predict the oscil-

lation frequencies in our dynamic measurement where the hysteresis could be more effective.

The magnetic trap is shallow and such a shallow trap is susceptible to the low-frequency

noise from the environment. The strong 60Hz noise from the vacuum pump dominating the

spectra is close to the expected fz frequency. We have tried to take data with the pump

off, but unfortunately, in that situation, the levitated magnetic cavity mirror would become

less stable due to the small fluctuations of temperature induced by the small leakage from

the vacuum chamber where the superconductor (SC) is cooled, which is technically limited

by our cryogenic system. And because of this leakage, the temperature of SC will rapidly

increase, which makes the trapping of the levitated magnetic cavity mirror unstable. The

low-frequency noise of the environment including the 60Hz noise from the vacuum pump

can be significantly reduced by switching the pump off when a closed-cycle cryostat is used.

We have recently acquired an ultra-low vibrational closed-cycle cryogenic system which is

more stable than the current one with the vibrational noise on the order of a few nanometers

while the vibration from the vacuum pump is completely eliminated. Also by placing both

cavity mirrors in vertical configuration inside the vacuum chamber of the cryostat, where

the vibrational noise will be common-mode between both mirrors, the relative fluctuations

in cavity length can be reduced. Such modification can greatly improve our ability to ob-
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Figure 4.4. The vibration spectra of the levitated mirror captured by the
quadrant detector by subtracting the left-right (horizontal) or top-bottom (ver-
tical) pixels. At a deflection angle of about 45◦ the calculated values of fre-
quencies approximately match the measured values indicated by the shaded
regions on the spectrum plot.

serve various trapping frequencies and sensing signals. The other vibrational frequencies are

indirectly measured by the quadrant detector.

4.5 AC Magnetic Field Sensing Using Levitation Mirror

To confirm the sensitivity measurement to fθ, we also measure the peak vibration inten-

sity as we modulate the magnetic field (B field) at different frequencies using a nearby coil.

The coil is positioned right above the levitated mirror separated by distance c from the coil,

and the B field of the coil is along the z axis. The modulating magnetic torque applied to the

levitated mirror causes the oscillations of θ, which is measured using the top-bottom mode

of the quadrant detector placed at the same height as the mirror. Fig.  4.5 shows the signal
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to noise ratio (SNR) of the vibrational intensity as a function of the modulation frequency.

According to Fig.  4.5 , the SNR peaks at around 90Hz, in agreement with the theoretically

predicted fθ.

The high sensitivity of the levitated mirror and detection scheme to the vertical B field

along z axis can be used to estimate the magnetic field sensitivity of the mirror. This is

achieved by varying the magnitude of the magnetic field at 90Hz to calibrate the SNR.

When the coil is close to the levitated magnetic disk (c = 3mm), the linear dependency of

the vibration amplitude to the applied B field (inset of Fig.  4.5 ) could be observed, enabling

deduction of the minimum detectable field. To calibrate the B-field sensing, we measure the

quadrant detector signal at different coil currents, calculate the applied AC magnetic field

from the coil and find the minimum magnetic field corresponding to the amplitude SNR=1.
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Figure 4.5. The peak vibrational intensity (normalized to the background
noise) or signal to noise ration (SNR) is plotted at different applied modulation
frequencies. Inset shows the measured peak vibrational intensity normalized
to the electronic noise (i.e., SNR) as a function of the applied magnetic field
for the modulation frequency of f ' 90Hz.
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The maximum sensitivity of the levitated mirror in measuring the magnetic field is then

found to be 370 pT/
√

Hz.

We also compare our magnetic field sensor (the superconducting levitated mirror) with

other widely used magnetometers as shown in Table  4.1 . It turns out that the field sensitivity

that we have achieved is comparable to the one of NV center and MEMS. In our case,

the sensitivity of the levitated mirror for sensing AC magnetic field decreases with higher

bandwidth. The mirror’s sensitivity will be improved to ∼ fT/
√
Hz by building a cavity

based this levitated mirror, which is described in details in Chapter 6.

Table 4.1. Comparison of different magnetometers. SQUID: supercon-
ducting quantum interference device; SERF: spin-exchange relaxation-free
atomic magnetometers; NV Center: nitrogen-vacancy center; MEMS: micro-
electromechanical systems.

Magnetometers
Types

Field Sensitivity Vector Sensor
(Yes/No)

SQUID ∼aT/
√
Hz[ 177 ] No

SERF ∼fT/
√

(Hz)[ 178 ] Yes [ 179 ]
MEMS ∼pT/

√
(Hz)[ 180 ] No

NV Center ∼pT/
√

(Hz)[ 181 ] Yes [ 182 ]
Our Work 370pT/

√
Hz Yes

It should be noted that what we measure is the motions of the levitated mirror due to the

effective force from the external coil above the mirror. Even though the oscillating external

field from the coil can in principle induce an oscillating supercurrent with time response

given by the geometry of experimental setup and superconductor material properties, we

only measure the mirror’s motion in response (direct or indirect) to a known current in the

coil and we do not make any assumption about the effect of external magnetic field on the

mirror. Also, we can accurately estimate the field applied by the coil to calibrate the force

sensing. In addition, the magnetic field applied from the coil on the mirror is on the order of

nT whose magnitude is even less at the location of the superconductor. This is far smaller

than the field of the levitated magnet near the superconductor. Therefore, we believe the
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interaction between the coil current and the superconductor disk is negligible, and it will

basically not affect our sensitivity estimation of sensing the magnetic field.

4.6 Fabry-Pérot Cavity Built Based on Superconducting Levitated Mirror

We further use the levitated mirror as the end mirror of a cavity to demonstrate the

optical resonance and characterize the properties of the cavity. The demonstration of optical

resonance of the suspended cavity mirror is significant for various reasons: 1) a stable cavity

resonance, once achieved, can enhance the measurement sensitivity of the mirror’s position

in both DC and AC regimes, 2) the optical spring can be more than an order of magnitude

stiffer than the superconducting trap, enabling the study of optomechanical effects, 3) the

intra-cavity optical field can potentially trap the mirror along the direction of the cavity axis

through AC radiation pressure force or the optical spring effect [  183 ], [  184 ]. In the current

experiment, we build an optical resonator using the levitated mirror as the end mirror of

a Fabry-Pérot cavity. The calculated optical trapping potential is plotted in Fig.  4.6 as a

function of the mirror’s position from the resonant condition, considering the experimental

parameters. Fig.  4.6 (inset) also shows the theoretical curves for the optical stiffness and

trapping frequency as a function of light frequency relative to the cavity resonance (cavity-

light detuning). The maximum trapping frequency expected is around 300 Hz which is

achieved if the mirror position is self-locked to the laser frequency.

To build a cavity, we use a fixed mirror placed about 9 cm away from the levitated mirror.

The initial angle (θ) of the magnetic moment of the levitated mirror with respect to the z axis

can be controlled using a magnet on a nano-positioner stage. The cavity spectrum measured

from the reflection of the fixed cavity mirror using a quarter waveplate and a polarizing

beam splitter (PBS) along the cavity axis is plotted in Fig.  4.7 as a function of time and

displacement of the levitated cavity mirror along the cavity axis (y axis), primarily showing

three optical resonant modes within one free-spectral range (FSR). By observing the cavity

lines over many FSRs, we found the oscillation frequency of the mirror along the cavity

axis to be around 12.5Hz which agrees well with the theoretically calculated frequency of

15Hz. Using this experimentally observed oscillation frequency, we estimate the vibrational
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Figure 4.6. Theoretical calculation of trapping frequency (fy = ftrap), optical
stiffness and trapping potential (Utrap in the inset) for a mirror of mass 30mg
and cavity of finesse (input power) of 400 (0.25W).

amplitude of the levitated cavity mirror along the cavity axis to be around 5µm, which is

in agreement with the measured value shown in Fig.  4.5 (a) for fy frequency. Without any

feedback to stabilize the cavity, a transient optical resonance could be observed with a full

linewidth of about 25µs corresponding to the cavity linewidth of about 10nm, and a cavity

finesse of 400.

Since the optical cavity length is not stable in our experiment where the damping and

restoring forces compete in the system (oscillation between blue- and red-detuned cavity),

the overall effect of the transient AC radiation pressure force is not clearly observed. As the

cavity length changes in time scale faster than the trapping time scale, the optical effect,

manifested as a cavity self-locking effect or shift in the mirror’s mechanical frequency, is

not observable. This problem will be solved by our new ultra-low vibrational close-cycle
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cryogenic system with the noise level on the order of a few nanometers and even less using

a vertical-cavity geometry to obtain the common-mode vibrations.

A clear trapping frequency due to the optical spring effect [  185 ] can be observed, in

principle, by suppressing the mechanical noise on the mirror which leads to the stable cavity

resonances and thus coherent trapping of the mirror. The stability of the mirror and the

cavity resonance can be enhanced using different approaches namely: passive control of the

environment around the mirror via the mechanical and magnetic shielding, active feedback

to the cavity length via external electromagnetic field control [ 186 ], and also all-optical self

locking [ 173 ], [ 187 ] relying on AC radiation pressure force.

Once low-frequency mechanical noise can be controlled, the optical radiation pressure

force of the cavity may enable, in principle, coherent optical trapping of the mirror in the

direction of the cavity axis. Assuming the vibration amplitude of the mirror can be controlled

to less than 10 nm at 15Hz, which can be achieved by state-of-the-art ultra-low vibration

cryostats, the optical trapping potential of the cavity field of finesse 400 can exceed the
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kinetic energy of the mirror with a mass of 10mg. The mirror can be optically trapped in

one direction while trapping in other directions is achieved by the superconducting trap. The

optical spring effect of the cavity field can increase the mirror frequency along the cavity

axis from fy =15Hz to fy >300Hz where other mechanical noise is absent enabling study

of optomechanical interactions and sensing using macroscopic objects [ 188 ]. Apart from

optomechanical magnetometry [ 172 ], [  189 ], [  190 ], gravity sensing [  191 ], [  192 ] and the study of

quantum mechanical motion of macroscopic objects [ 193 ], [ 194 ] are other applications of the

levitated cavity mirror. In the vertical cavity geometry, for example, the coherent trapping

of the mirror using the intra-cavity field enables sensing the change in the gravitational

acceleration, g, by shot-noise limited measurement of the intensity of the out-coupled cavity

light. When the density modulation of interacting objects occurs at a rate close to the

optical trapping frequency, its effect can be predominantly measured by a change in the

cavity power (Pc), i.e. dg/g = dPc/Pc, that is limited by the shot noise. Moreover, in the

vertical geometry, the common-mode vertical vibration of the cavity mirrors can dramatically

enhance the mechanical stability of the cavity. The macroscopic optomechanical approach

may then potentially contribute to the understanding of screened interactions [  195 ], [  196 ] by,

for example, studying the forces between an ensemble of ultra-cold atoms and the levitated

cavity mirror.

4.7 Summary

In conclusion, we have demonstrated the levitation of a mg-scale mirror at ambient

conditions above a superconductor. The levitated mirror serves as the end mirror of a Fabry-

Pérot cavity and we have used it to test its sensitivity to the externally applied magnetic

fields and observed the peak sensitivity of 370 pT/
√

Hz. By stabilizing a cavity of finesse

400, the magnetic field sensitivity on the order of fT/
√

Hz or better is within reach. The

transfer of the magnetic trap to the restoring optical force of the intra-cavity field can enable

the first coherent trapping in one dimension with broad applications in sensing. The tunable

vibrational frequency of the mirror along the cavity axis enables the broadband sensing of
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the mirror’s position, and the mirror’s macroscopic surface makes the directional sensing of

the external forces possible.
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5. DRIVEN NONLINEAR DAMPING AND MODE COUPLING

IN A SUPERCONDUCTING LEVITATED MAGNET

To study the vibrational noise of the superconducting levitated magnet, the nonlinear damp-

ing mechanism and the mode coupling are explored in this chapter, which is reproduced from

our previously published work [ 197 ], with the permission of APS Publishing.

5.1 Introduction

Levitated mechanical oscillators with exceptionally low mechanical dissipation rates are

being investigated for applications in precision sensing and even observation of quantum phe-

nomena at the mesoscopic scale [  198 ]. Observation of quantum effects in acoustic vibrations

of nanostructures [  137 ], [  199 ] and macroscopic volumes of superfluid liquid [ 200 ] are exam-

ples where boundaries of quantum and classical mechanics can be studied. Compared with

acoustic waves, the center-of-mass (CM) motion of micro and macro-scale objects provides a

different toolbox to harness the mode coupling and dissipation. Optical tweezers have been

proven useful in studying the CM motion of objects ranging from a single trapped neutral

atom [  201 ] to 103-atom Bose-Einstein Condensates [ 202 ] and 108-atom solid nanospheres [ 68 ].

Other kinds of levitation techniques, such as superconducting levitation, have been proposed

for coupling mechanical vibrations to other forms of coherent oscillatory modes [ 73 ], [ 74 ],

[ 76 ]. Superconducting levitation systems are also being investigated for magnetometry and

accelerometry [  14 ], [  76 ], [  165 ] and very recently a method for ground-state cooling in these

systems was proposed [  203 ]. Although the phenomenon of superconducting levitation in

the steady state is well known, the dynamic nature of superconducting trapping and its

dissipation mechanisms [ 88 ], [ 204 ] is not well understood.

In this chapter, we consider a levitated magnetic mirror above a superconductor and

study the mode coupling and nonlinear dissipation. We have found that nonlinear coupling

between different oscillation modes of the mirror can be harnessed to control the damping

of certain vibrational modes via an off-resonance drive. For example, by exciting the ver-

tical oscillation mode (along z) of the magnetic mirror, the magnetic inhomogeneity in the
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orthogonal directions can be introduced via mode coupling. The orthogonal field fluctua-

tions on the superconducting disk (SD) then lead to enhanced hysteresis losses, damping

oscillation energy in modes other than z. In this regime, suppressing of vibrational noise of

modes orthogonal to z is possible if the excitation frequency is far from the parametric heat-

ing regime of the damped modes. The geometry and detection method used in the current

levitation experiment enable us to realize such a controlled driven dissipation or “cooling

by heating” phenomenon. Here the induced dissipation is the result of mode coupling and

nonlinear damping inherent in superconductors.

5.2 Theoretical Calculation of Vibrational Modes of Levitated Magnetic Mirror

We use the frozen-image model [  82 ], [ 83 ] to theoretically calculate the vibrational modes

of the levitated magnetic mirror. In this model, we approximate the levitated magnetic

mirror with a magnetic dipole (d). This dipole generates one frozen image (d′) before field

cooling, and then another diamagnetic image (d′′) after field cooling inside of the SD during

the levitation process, as shown in Fig.  5.1 . The magnetic moment (mlev) of the magnetic

mirror after levitation makes an angle of θ with the vertical axis (z), while the initial angle

between the magnetic moment (mfro) of frozen image and z axis is θ′ = 90◦ before levitation.

This is because the magnetization axis of the levitated magnetic mirror is along y axis in

our experiment. h is the levitation height of the magnetically levitated mirror here.

Levitated 
Magnet Mirror 

mlev 

SC

h

d

d’’

θ'

mdia

mfrz

θ'

y

z

θ

x

α

M d’

d’ Frozen image d’’ Diamagnetic image h Levitation height

θ

Figure 5.1. Frozen image model diagram.
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Taking the center of mass of the levitated magnetic mirror as the origin of the coordinate

system, the magnetic field that the frozen and diamagnetic images d′ and d′′ imposes to the

magnetic dipole (d) is denoted by B in the following equation:

B = µ0

4π

{
[3(mfro · r′)r′

r′5 − mfro

r′3 ] − [3(mdia · r′′)r′′

r′′5 − mdia

r′′3 ]
}

(5.1)

where r′ = −(xx̂+yŷ+zẑ), r′′ = −2hẑ, µ0 is the vacuum permeability. Then by calculating

the trapping potential energy between the magnetic dipole(d) and these two images(d′ and

d′′), the magnetic force (F) and torque(T) exerted on the magnetic mirror can be describe

as:

F = ∇(m · B) = µ0m
4π

∇
{

[3(mfro · r′)r′

r′5 − mfro

r′3 ] − [3(mdia · r′′)r′′

r′′5 − mdia

r′′3 ]
}

(5.2)

T = m × B = µ0m
4π

×
{

[3(mfro · r′)r′

r′5 − mfro

r′3 ] − [3(mdia · r′′)r′′

r′′5 − mdia

r′′3 ]
}

(5.3)

We approximate the magnitude of magnetic moment of the magnetic mirror |m| =

|mfro| = |mdia| = M , the azimuthal angle in the spherical coordinate system ϕ ' 0◦ and the

polar angle θ ' 90◦ based on our experimental conditions, and then derive the equations of

motion of the magnetic mirror as:

mẍ+ cxxẋ+ cxθθ̇ − 3µ0M
2

4π
((z + 2h) + x(π/2 − θ)

[x+ (z + 2h)2]5/2 − (5.4)

5x(z + 2z0)[x+ (z + 2h)(π/2 − θ)]
[x+ (z + 2h)2]7/2 ) = 0
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mz̈ + czz ż − 3µ0M
2

4π
(3(z + 2h)(π/2 − θ) + x

[x+ (z + 2h)2]5/2 − (5.5)

5(z + 2h)2[x+ (z + 2h)(π/2 − θ)]
[x+ (z + 2h)2]7/2 − 1

16(z + h)4 ) = mg

Imθ̈ + cθθθ̇ + cθxẋ− 3µ0M
2

4π
( (π/2 − θ)
8(z + 2h)3 + 1

[x+ (z + 2h)2]3/2 + (5.6)

3(z + 2h)[x(π/2 − θ) − (z + 2h)]
[x+ (z + 2h)2]5/2 ) = 0

mÿ + cyyẋ+ cyαα̇− 3µ0M
2

4π
( y(π/2 − θ)
[x+ (z + 2h)2]5/2 − (5.7)

5y(z + 2h)[x+ (z + 2h)(π/2 − θ)]
[x+ (z + 2h)2]7/2 ) = 0

Imα̈ + cααα̇ + cαyẏ − 3µ0M
2

4π
(−3y(z + 2h)(π/2 − θ)

[x+ (z + 2h)2]5/2 ) = 0 (5.8)

Where M is calculated to be M ' 8.4 × 10−4Am2, Im ' m
12 [3r2

m + t2m] is the moment of

inertia of the levitated magnetic mirror around x or y axis, m = 5.3 × 10−6kg is the mass of

magnetic mirror, rm = 10−3m is the radius of magnetic mirror, and tm = 0.15×10−3m is the

thickness of the magnetic mirror, h = 1.5×10−3m is the levitation height, g = 9.8m/s2 is the

acceleration of gravity, sin(θ) ' 1, cos(θ) ' π/2−θ, cos2(θ) ' 0. By numerically solving the

derived equations of motions above, we calculate the resonant frequencies of different modes

of the magnetic mirror. The loss parameters in SI units used in this calculation are given as

follows: cθθ = cαα = 10−13Nms, cθx = 0.5 × 10−12Ns, cαy = 10−12Ns, cxθ = 0.1 × 10−9Ns,

cyα = 0.05 × 10−9Ns, cxx = 10−8Ns/m, cyy = 5 × 10−10Ns/m, czz = 10−10Ns/m.
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Figure 5.2. Experimental setup for a magnetic mirror (a magnetic ring at-
tached to a dielectric mirror) levitated above a superconductor disk and opti-
cally probed in vacuum conditions (10−8 Torr). A coil with excitation current,
Iexc, can excite and drive the levitated magnet.

5.3 Experimental Setup and Measurement

The experimental setup is shown in Fig.  5.2 (a). We first purchased the smallest off-

the-shelf high-reflective (HR) mirror (R> 99.8%) with both thickness and radius of 1mm

and then lapped the mirror down to around 0.1mm thick without damaging its coating

surface. And we attached this small HR dielectric mirror with the mass of mr = 3mg to a

thin neodymium (Nd) magnetic ring with a thickness of 0.05mm and mass of mn = 2.3mg,

which has the same radius as the mirror. We refer to this combination as the “magnetic

mirror”, which has a final thickness of 0.15mm and a diameter of 2mm. Although using

a smaller/thinner magnetic mirror will have higher oscillation frequencies and Q factors,

our mirror is already only 100µm thick and it is difficult to make it smaller since making

the thickness of the mirror less than 100 µm would damage the coating surface. The disk-

shaped levitated magnetic mirror would allow us to determine the orientation of the magnetic

moment and study its effect on the dissipation mechanism. Also, the diameter of the mirror

is chosen to be 1mm which is much larger than the beam size. By doing so, it can help

us avoid the scattering and also determine its orientation and distinguish different modes

from each other. Another reason we used the HR mirror instead of simply measuring the
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scattering from a levitated magnetic particle was to use the mirror as an end mirror of a

cavity. In addition, the use of a high-reflective mirror enables precise optical measurement

of position and oscillations of the levitated object in different directions.

A YBaCuO SD with a diameter of 2.5cm and thickness of t=2.5mm and critical temper-

ature of ∼ 93K is placed inside a closed-cycle and ultra-low-vibration cryostat (DMX-20-OM

from Advanced Research Systems) and then cooled down to around 10K using cyclic com-

pressed liquid helium. The background gas pressure around the SD and the magnetic mirror

was reduced to about 10−7 Torr. The magnetic mirror is levitated about h=1.5mm above the

SD inside the cryostat as shown in Fig.  5.2 . To sense the mirror’s vibrations, a Ti-sapphire

laser light is used and reflected off the magnetic mirror surface and detected by a quadrant

detector. There are three reasons why we used the Ti-sapphire laser for our experiment. One

is that the Ti-sapphire laser has a low-noise spectrum at low frequencies (<200Hz) where

our measurements are performed. The other reason is the stability of the Ti-sapphire laser.

For measuring the quality factor of the mechanical modes with frequencies of 100Hz, we

need the integration time to be at least a few minutes, which means the laser needs to be

stable within this time scale. The Ti-sapphire laser can satisfy this requirement. The third

reason is the high power of the Ti-sapphire laser. Because we were originally interested in

sensing the radiation pressure force applied to the levitated magnetic mirror and the high

power (>1W) of the Ti-sapphire laser is necessary for such study. Fig.  5.3 shows the optical

and electronic noise data in our experiments. We do not observe pointing noise or amplitude

noise up to 200Hz frequencies.

To excite the specific mechanical modes of the levitated mirror, we place a 15-turn coil

with a diameter of 3cm above the mirror and modulate the current in the coil at different

frequencies and amplitudes. During measurements, the vacuum pump and compressor were

temporarily turned off to further reduce the associated mechanical noise.

5.4 Displacement Noise Calibration of Levitated Magnetic Mirror

In order to calibrate the amplitudes of vibration for the levitated magnetic mirror, we

mount one dielectric mirror on a piezo-electric transducer (Thorlabs) fixed near the position
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Figure 5.3. The optical noise and electronic noise power in the frequency
range from 0 to 200Hz

of the levitated magnetic mirror, as shown in Fig.  5.4 . By keeping the position and detection

angle of the quadrant detector the same as in the levitation experiment, we can calibrate

the intensity fluctuations of the magnetic mirror. By scanning the driving voltage of the

piezo-electric transducer while using the driving frequency of 90Hz (resonant frequency of

magnetic mirror along z axis, ωz), we obtain the vibrational energy of the dielectric mirror

as the function of its displacement, as shown in Fig.  5.5 . In this way, we find the relationship

between the quadrant detector intensity fluctuation and the dielectric mirror’s displacement

(A). The linear fit in Fig.  5.5 is E = 8.1 × 10−9A2 + 3.9 × 10−11. Using this relationship,

we calibrate the oscillation amplitude of the levitated magnetic mirror. After calibration,

the mirror’s oscillation amplitude is calculated to be around 10 µm at ωz = 90Hz. The

minimum detectable displacement in our experiment was observed to be 6 × 10−8m/
√
Hz

limited by the quadrant detector sensitivity. We also calculate the rotation sensitivity to be

5 × 10−5rad/
√
Hz.

The sensitivity of the quadrant detector also depends on the light spot size on the detec-

tor. The relationship between the laser beam radius (w) and the quadrant detector sensitivity

can be described as follows [ 205 ]:

Sx = 2R
w

√
π

erf(R
w

)exp[(R/w)2] − 2R
w

√
π

exp[(R/w)2] − 1 (5.9)
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Figure 5.4. The setup for calibrating the displacement of the levitated mag-
netic mirror using the piezoelectric transducer. V+ − V− is the driving voltage
applied to the transducer.
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Figure 5.5. Calibration of displacement of the levitated magnetic mirror
using the piezoelectric transducer

where R is the radius of the circular sensing area of quadrant detector. Fig.  5.6 (a) from

reference above shows how the quadrant detector sensitivity changes with the ratio of w/R.

By reducing the beam size on the detector we were able to increase the sensitivity by an order

of magnitude. Fig.  5.7 of the main text and Fig.  5.6 show the results of the displacement

noise for two different w, (about 3mm and 1mm), respectively. The sensitivity can also
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Figure 5.6. (a) The quadrant photondetector sensitivity Sx and Sy as a
function of the radio of light spot radius (w) and quadrant detector radius
(R) [  205 ]. (b) The displacement noise spectrum measured for the magnetic
levitated mirror

be significantly improved when heterodyne or homodyne measurement is performed using

a single-pixel detector [  206 ]. In our experiment, because the magnetic mirror’s vibration

amplitude is high, we don’t require higher sensitivity to sense the mirror’s resonant modes.

5.5 Vibrational Spectra Comparison between Experimental and Theoretical
Calculation

The relatively large displacement of the levitated magnetic mirror gives rise to the vari-

ation of surface current (or diamagnetic image) in the SD that in part changes the trapping

potential. As the result, coupling between the translational and rotational modes of the

mirror can occur through the SD. We numerically solve the coupled equations of motion

and obtain a theoretical vibrational spectrum for the magnetic mirror, as seen in Fig.  5.7 

(b). The theoretical spectrum qualitatively agrees with the experimental data shown in

Fig.  5.7 (b). The dominant vibrational mode around 85Hz is identified as the oscillation

along the vertical direction (ωz) with the angular frequency of ωz. The coupling between the

translational mode x (or y) and angular mode θ (or α) gives rise to the emergence of two

coupled modes theoretically found to be ωv(x,θ) ' 20Hz (or ωp(y,α) ' 48 Hz) and ωu(x,θ) ' 152
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Figure 5.7. The theoretical (blue) and experimental (red) vibrational noise
spectra of the levitated magnetic mirror. The modes whose resonances could
be observed (shaded green areas) match theoretical predictions within 10%.
The theoretical spectrum is plotted with an arbitrary offset and excitation.

Hz (ωq(y,α) ' 135 Hz). Not all of the modes could be experimentally observed due to the

different excitation and detection sensitivity levels of different modes. The slight discrep-

ancy in predicting the frequencies arises from the lack of precise knowledge of the magnet’s

orientation and its levitation height upon thermal cycling. Since the levitated magnetic

mirror’s orientation and position will change the superconducting trapping potential energy

which determines the mirror’s resonant frequencies. In our theoretical model, we assume the

mirror is parallel with the SD (θ = π/2). We observe that resonant frequencies of modes

can vary slightly every time the SD is re-cooled. This is because of the change in the stable

orientation and position of the magnetic mirror upon thermal cycling. As we observed in our

experiments, the resonant frequencies of the levitated magnetic mirror highly depend on the
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initial orientation/angle of the mirror right after levitation and the levitation height. This

effect has also been observed in Ref. [ 75 ] where some resonant frequencies were observed to

change by as much as 50% when the experimental setup is tilted by only a few degrees for

superconducting levitated micromagnets. Having the freedom to vary the theoretical model

parameters (height and angle) we can find very good agreement between the simulated and

measured resonant frequencies of the levitated magnetic mirror. By tuning the theoretical

parameters near their steady-state values (measured in a typical run) we can tune the fre-

quencies in the model to match that of the experiment. That is why we can claim that the

experimental results qualitatively agree with the theoretically simulated results. We also

observe that resonant frequencies can be different in different experimental runs by about

10%.

The peak heights experimentally measured can be different from the model as our detector

sensitivity is not the same for different modes. Another reason is that the degree of coupling

between modes is not known and cannot be easily calculated. In the model, we assume the

same level of excitation for all modes.

5.6 Superconducting Levitated Magnetic Mirror as a Duffing Resonator

By continuously scanning the modulation frequency around ωz in one direction, we ob-

serve an asymmetric resonance that is bent towards lower frequencies (see Fig.  5.8 (a)). This

is a typical signature of nonlinear oscillation by a soft spring [  204 ]. Fig.  5.8 (b) indicates

the time evolution of the amplitude of the levitated mirror under pulsed excitation at the

frequency of ωz. The decaying oscillation amplitude, after excitation is switched off, shows

the nonlinear oscillations observed as an asymmetric envelope of oscillation amplitudes with

respect to the zero axis. This is an indication of anharmonicity in the trapping potential

energy [ 88 ].

5.7 Magnetic Inhomogeneity of Levitated Magnetic Mirror

At low background gas pressures and under vacuum conditions, the primary source of

mechanical damping of the oscillating magnetic mirror is the inhomogeneity of the mir-
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Figure 5.8. (a) Nonlinear frequency response of oscillation along z axis at
different modulation frequencies near ωz. The black curve shows the fitting
result using Duffing equation. (b) Ring down measurement of pulsed-resonant
excitation at ωz shows an asymmetric oscillation with respect to the zero axis,
which is caused by the related asymmetric trapping potential

ror’s magnetic field distribution giving rise to the hysteretic losses. The field inhomogeneity

causes redistribution or density fluctuation of trapped magnetic vortices on the supercon-

ductor surface. As the result, energy is dissipated to pay for the altered surface states. The

dissipated energy can be quantified by calculating the magnetic field fluctuation (δB) on the

superconductor surface caused by the oscillations of the levitated magnetic mirror. Similar

oscillation-induced dissipation was reported [  88 ] when a macroscopic spherical magnet was

levitated above a superconductor under ambient conditions. The dissipation for different

vibrational modes of the levitated magnet strongly depends on the angle between the mag-

net’s magnetization axis (M) and the superconductor surface [  88 ]. A very low dissipation

coefficient is expected if the motion of the levitated object is along M , when M is parallel

to the superconductor surface.

In order to know the magnetic field fluctuation (δB) of the magnetic mirror on the SC

surface, the magnetic field distribution of the neodymium (Nd) magnetic ring along z axis

needs to be calculated. The magnetic mirror in our case is made of one thin diametrically
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magnetized neodymium ring and one dielectric mirror. The diameter of both the neodymium

ring and the dielectric mirror is the same and equal to 2 × 10−3m. Therefore, what we need

to calculate is the magnetic field distribution along z axis for the magnetic ring, which can

be approximately described as follows [ 207 ]:
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Figure 5.9. Calibration of magnetic fluctuation along z axis, δB

Hz = JRsin(ψ)
πµ0

{[aoK[po] + (co − ao)E[po]
ao

√
ao − co

− boK[µo] + (co − bo)E[µo]
c
√
bo − co

]
−

[aiK[pi] + (ci − ai)E[pi]
ai

√
ai − ci

− biK[µi] + (ci − bi)E[µi]
ci

√
bi − ci

]}
(5.10)

where J = (1 + 1/χv)µ0M ' µ0M because 1/χv ' 0 for neodymium, ro = 10−3m

and ri = 0.5 × 10−3m are the outer and inter diameters of the magnetic neodymium ring,

respectively, ao = (h− t/2)2 + r2
o + r2, bo = (h+ t/2)2 + r2

o + r2, co = 2ror, po = 2co/(co −ao),

µo = 2co/(co−bo), ai = (h−t/2)2+r2
i +r2, bi = (h+t/2)2+r2

i +r2, ci = 2rir, pi = 2ci/(ci−ai),

µi = 2ci/(ci − bi). Here t = 0.05 × 10−3m is the thickness of the neodymium ring. K[µo]

and K[µi] are the complete elliptic integral of the first kind, E[po] and E[pi] are the complete

elliptic integral of the second kind. Because µo, po, µi, and pi in our case are very close to

zero and the complete elliptic integrals are dimensionless, it is reasonable to assume K[µo]

=E[po] = K[µi] = E[pi] ' 1.6. We consider the angular and radial coordinates ψ = π/2 and

r ' 0 and then calculate the magnetic fluctuation (δB ' 434µT ) sensed by SC when the
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magnetic mirror is oscillating +/ − 10µm around the levitation height h = 1.5mm along z

axis after levitation, as shown in Fig.  5.9 .

5.8 Effect of Magnetic Mirror’s Orientation

The resonant frequencies of the magnetic mirror along different axes are determined by

the superconducting trapping potential, which is defined by the position and orientation of

the levitated magnetic mirror. Since the magnetic mirror is levitated from the initial rest

position of the SC disk, its orientation and position are not always the same every time

SC is cooled down. As a result, the trapping potential is slightly different after a thermal

cycle. As reported in Ref. [  14 ], a shifting of resonant frequencies of more than 50% has

been reported for the superconducting levitated neodymium magnet sphere. We have also

experimentally observed the resonant-frequency change of more than 10% from different

experimental runs. It should be noted that the levitated magnetic mirror’s orientation and

position can be controlled via an external magnetic field as we have demonstrated in our

previous paper [ 165 ].

In different experimental runs, we have observed that the frequency of the vibrational

mode (ωz) along z axis can vary from 84Hz to around 90Hz, and the coupled modes, ωu(x,θ),

can vary from 158Hz to 164Hz, ωq(y,α) can vary from 138Hz to 148Hz.

Other than the shifting of the resonant frequencies, the mechanical Q factor of modes

varies in different experimental runs depending on external excitation and background noise

level. This is because the magnetic fluctuation (δB) caused by the inhomogeneity of the

levitated magnetic mirror on the superconductor surface can be different changing the dis-

sipation.

As shown in Fig.  5.10 , the coupled modes (ωq(y,α) = 148Hz and ωu(x,θ) = 164Hz) could

be simultaneously cooled down by different amounts when we drive the levitated magnetic

mirror at ωz = 90Hz (z mode). By varying the modulation voltages (proportional to ∆B)

from 0 to about 5V, the vibrational noise of ωq(y,α) and ωu(x,θ) decease by more than 20dB and

10dB, respectively. The relationship between the modulation voltage and the modulation

magnetic amplitude is 14µT/V based on our calibration.
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Figure 5.10. Observation of multi-mode cooling at different magnetic mod-
ulation voltages (proportional to ∆B) introduced by the driving coil at ωz =
90Hz. The vibrational spectra are vertically shifted for different modulation
amplitudes for clarity. Simultaneous cooling of modes at 148Hz and 164Hz
can be seen.

5.9 Quality Factor (Q) Measurement

When the dissipation due to background gas and external magnetic field fluctuations is

negligible, the quality factors of different vibrational modes are determined by the geomet-

rical factors such as the magnetic inhomogeneity of the levitated object, its magnetic axis,

external excitation, and the superconductor configuration. Therefore, we expect different

vibrational modes to have different linewidths, which is in agreement with our experimental

observations as shown in Fig.  5.7 (b).

We have measured the Q factors for different mechanical modes, the value varies from

a few hundred to more than 3000 for different modes. For the resonant frequency of the z

mode with a frequency of ωz, the Q value is 483, which is the lowest among all the mechanical

modes. The reason for this is its motion induces the largest magnetic field inhomogeneity on

the superconductor surface. For the coupled mode, ωq(y,α) = 138.5Hz, the measured Q was

about 3000, with a mechanical linewidth of 0.05Hz obtained using a resolution bandwidth

(RB) of 0.05Hz. This measurement is clearly limited by the resolution bandwidth of our

detection. For these measurements, we turned off the vacuum pump and the compressor

to reduce the mechanical noise. The maximum time we could turn off the pump and the
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compressor is about 15 minutes before the superconductor temperature changes, which shifts

the resonant frequencies. We realize that the lower-frequency modes, which could not be

observed initially using RB = 0.05Hz, are high-Q modes and become visible when a longer

integration time (higher resolution bandwidth) is used. By recording the detector signal in

the temporal domain for about 1000s (RB = 0.001Hz) which is the maximum time we could

integrate for the signal and then doing the Fourier Transform, we could observe Q=3600

for ωv(x,θ) mode, which is no longer limited by our measurement (see Fig.  5.12 (a)). Fig.

 5.11 shows the spectrum obtained for higher resolution bandwidth (0.001Hz) where external

excitation was applied at ωq(x, θ) to further excite mode ωv(x, θ). A 28.8Hz mode is visible

that corresponds to ωv(x, θ). An additional mode detected around 55Hz could be ωp(y, α).

It is found that the non-observable modes (ωy and ωα) are orthogonal to the modes related

to the oscillations along x and θ directions. Because the magnetization axis (M) of the

levitated magnet in our experiments is in the horizontal plane(x-y plane), which breaks the

symmetry causing different excitations or dissipation rates for the modes along x and θ as

well as the modes along y and α directions.
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Figure 5.11. Noise power spectrum measured with resolution bandwidth of 0.001 Hz.

We note that Q factors as high as 107 can be reached for smaller magnetic levitated

particles [  75 ]. The Q factors of vibrational modes of SC levitated magnets depend on the

size of the magnet and its levitation height above the superconductor [ 208 ]. In the case

of a superconducting levitated magnetic sphere with the radius of r and levitation height

91



of h, the Q factor of mechanical modes is shown to be proportional to (h/r)3. For one

micromagnet with r= 30µm levitated h = 300µm above the superconductor, a Q of 107

has been measured [  75 ]. Since the radius of the magnetic mirror and its levitation height

in our experiments are 1mm and 1.5mm, respectively, thus the relatively large size limits

our Q factors. Also, by choosing different geometry of the levitated magnet, one can reach

higher Qs. The background gas pressure and external field fluctuations are other factors

determining the Qs [ 75 ].

By exciting certain mechanical modes of the levitated magnetic mirror, we examine

how the dissipation rates of the resonant modes change. The excitation is achieved by

modulating the current inside the driving coil above the levitated magnetic mirror. Fig.

 5.12 (b) indicates that the linewidths of the resonant modes dramatically increase as the

modulation frequency approaches the resonant frequencies of the levitated magnetic mirror.

This also suggests that the ring-down measurement is not a reliable way to measure Q as

the excitation itself increases the damping and thus lowers the Q.
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Figure 5.12. (a) Spectrum of the high-Q coupled mode ωv(x,θ) measured with
a resolution bandwidth of 0.001Hz. (b) The fitted linewidth as a function
of the external modulation frequency with a constant modulation amplitude
∆B = 28µT shows the effect of external excitation on mechanical Q. The
dotted line here is a guide to the eye.
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5.10 Nonlinear Energy Dissipation

The origin of this excitation-induced dissipation is nonlinear damping that can be used to

reduce the vibrational noise of certain modes. When the levitated magnetic mirror oscillates

above the SD, its motion modulates the stray magnetic field on the surface of the SD. This

is the result of the inhomogeneous magnetic field sensed on the SD surface when the mirror

moves. This forces the superconducting trapped magnetic vortices to undergo a dynamical

variation of configuration or density. The dissipation arising from this transformation is

nonlinear. The dynamic dissipation energy during a hysteretic cycle per unit volume, δE,

can be described using a modified Bean’s critical state model or Irie-Yamafuji model [ 87 ],

[ 89 ], [ 90 ] that follows the following relationship:

δE − δE0

δE0
' 1

2ωτ0 (5.11)

where δE0 is the static energy loss per cycle per unit volume, and τ0 is the time scale of

the oscillation. In the regime where ωτ0 > 1, the dynamic dissipation can exceed the static

one. Similar results are expected using the collective weak-pinning theory [  209 ] where the

cross-over between the hysteretic and viscous damping regimes can be calculated.
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Figure 5.13. The calculated static dissipated energy per unit volume (δE0)
as a function of magnetic field fluctuation (δB) induced by the magnetic mirror
oscillating along the z axis. Inset shows the calculated mechanical linewidth
at ωz for different values of η.
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By calibrating the oscillation amplitude along z axis, we can estimate the magnetic field

inhomogeneity induced by the vertical vibrations of the magnetic mirror. We find that at

ωz ' 85 Hz the maximum vibration-induced magnetic field inhomogeneity along z axis is

δB =400µT on the surface of the superconductor. The static dissipated energy per cycle

per unit volume, δE0, and the linewidth of certain mechanical modes can then be calculated

using Eq. (  5.12 ) [ 88 ].

δE0 = 4 − 2η
3(jct)2−η

µη−3
0 (δB)4−η. (5.12)

where jc is the critical current which is generally in the range of 20-40kA/cm2, η is a density

parameter varies from 0 to 1.4 depending on flux pin-distribution and coherence length, t

is the thickness of the superconductor. Fig.  5.13 (a) shows the calculated energy statically

dissipated per unit volume (δE0) as a function of the magnetic field fluctuation (δB) induced

by the levitated magnetic mirror. The inset of Fig.  5.13 shows how the theoretical linewidth

of z mode varies with the parameter η. In our experiment, the linewidth of z mode is around

0.2 Hz which corresponds to η=0.6, as marked with the black dot.

5.11 Cooling Theory

The approach to cooling a vibrational mode described in this paper is conceptually similar

to feedback cooling as in both cases an external excitation of a mode is used to cool the

thermal fluctuations. To obtain a theoretical description of cooling in our case we expand

on the theory of feedback cooling [ 210 ]–[ 212 ], and use an appropriate description of forces

and external excitations to derive the limits of cooling.

The displacement spectrum of the magnetic mirror can be written as

u(ω) = χ(ω)(Fth(ω) + Fv(ω)) (5.13)
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where Fth,and Fv are the thermal and viscous forces, respectively, and the mechanical sus-

ceptibility is defined as

χ(ω) = 1
m(ω2

m − ω2 + iγmω) (5.14)

where m, ωm, and γm are mass, resonant frequency and bare mechanical damping rate of the

levitated magnetic mirror, respectively, for the mode being cooled (e.g. u). In the thermal

noise limit, the fluctuation of the magnet is driven by the Brownian force described by Fth

with spectral density

S
(th)
F (ω) = 〈|Fth(ω)|2〉 = mγm~ω coth ~ω

2kBT
, (5.15)

which, in the limit of high temperatures, becomes S(th)
F (ω) ' 2mγmkBT . The viscous force

can be approximately derived using the energy loss per unit volume V (within which dissipa-

tion occurs), δE0 = 4−2η
3(jct)2−ηµ

η−3
0 (δB)4−η, where jc is the critical current which is in the range

of 20-40kA/cm2 [ 88 ], t is the thickness of the SC disk, η is a density parameter varies from 0

to 1.4 depending on flux pin-distribution and coherence length. Magnetic field fluctuation,

δB, along certain directions gives rise to viscous damping along these directions. Oscillation

of a magnet along z, for example, creates field fluctuations along z and also orthogonal direc-

tions due to modes couplings in the system. Therefore, excitation of the vertical mode gives

rise to magnetic field fluctuation in different directions. Field fluctuation can give rise to a

viscus force (through nonlinear damping ) or residual mode excitation (through off-resonant

driving). The former can cool the mode and the latter can heat it.

The viscous force for an oscillating magnet of frequency ωm, and amplitude A, can be

written as

Fv(t) = −2δE0V

A2ωm

u̇(t). (5.16)

and its spectrum then becomes

Fv(ω) = K(ω)u(ω), (5.17)
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where K(ω) = −i2δE0V ω/(A2ωm). When residual excitation is not negligible, we can replace

u with u+ δu, where δu is amplitude fluctuation caused by the off-resonant derive.

By re-arranging u(ω) in Eq.  5.13 and neglecting off-resonance excitations, we can rewrite

the equation for the displacement spectrum as :

u(ω) = χeff (ω)Fth(ω). (5.18)

The effective susceptibility is defined as:

χeff (ω) = χ(ω)
1 − χ(ω)K(ω) =

{
m[ω2

m − ω2 + i(1 + β)γmω]
}−1

. (5.19)

where β = 2δE0V/(mA2ωmγm). The spectrum of the oscillations obtained from Eq.  5.18 is

then

Su(ω) = |χeff (ω)|2S(th)
F (ω). (5.20)

Using the equipartition theorem:

1
2mω

2
mσ

2
u = 1

2kBTeff (5.21)

we can derive the effective mode temperature, Teff in relation to the variance of displace-

ment as

Teff = mω2
m

kB

∫ +∞

−∞

Su(ω)
2π

dω. (5.22)

Assuming the heating mode (where external modulation force is parked) is far detuned

from the cooling mode (δu � 1), we can have
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Teff ' T

1 + β
. (5.23)

In this case, the effective dissipation rate of the mode can also be written as γeff = (1+β)γ.

To estimate β, we can calculate magnetic field fluctuation δB along z direction using Eq.  5.10 .

A fraction of this fluctuation will be coupled to the u mode (i.e. δBz = ζδBu) that defines

δE0 in the β coefficient. Comparing experimental value of β ' 10 we find this fraction to be

ζ ' 0.1.

In practice, the residual excitation of the cooling mode bounds the lowest mode tem-

perature that can be achieved using the nonlinear damping mechanism. When δu is not

negligible, the effective mode temperature then becomes

Teff = T

1 + β
+ T0 (5.24)

where

T0 ' β2

1 + β
ηexT (5.25)

and the residual excitation energy relative to the thermal excitation is defined as

ηex = mω2
mγmSδu

2kBT
. (5.26)

Here Sδu = 〈|δu|2〉 is the time average of fluctuations in the cooling mode, δu, caused by the

off-resonant excitation.
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Figure 5.14. (a) and (b) Cooling of mechanical vibrations at ωq(y,α) ' 138Hz,
via resonant excitation of ωz and ωu(x,θ) modes, respectively. Inset shows
the cooled modes when different magnetic excitation amplitudes (∆B) are
applied. (c) The normalized vibrational intensity noise of ωq(y,α) as a function
of modulation frequency for the fixed ∆B= 56µT applied to the driving coil.
The dotted line is a guide to the eye.

5.12 Vibrational Noise Reduction Caused by Nonlinear Damping and mode
Coupling

In our experiments, when the vertical mode (z) is excited, δB along the orthogonal

directions (e.g. ωu(x,θ)) also changes, which introduces vortex-vortex interaction leading to

non-trivial dissipation of the flux motion [  213 ]. This effect can then increase the damping

of the orthogonal mode without increasing its vibrational amplitude. In the thermal noise

limit, the mode temperature can be calculated using the cold damping theory [  214 ]. The

effective mode temperature is then given by Teff ' T
1+β

, where β ∝ δE0
ωmγm

, and ωm and γm

are center frequency and linewidth of the damped mode. This result is obtained in the limit

that the excited mode (i.e. the frequency at which the external modulation force is applied)

is far detuned from the cooled mode. In this case, the effective linewidth of the cooled mode

can be written as γeff = (1 + β)γm. In practice, the residual excitation of the damped

mode limits the lowest mode temperature that can be achieved using the nonlinear damping

mechanism. The modified effective mode temperature then becomes Teff = T
1+β

+ T0, where

T0 ' β2

1+β
ηexT and ηex is the ratio of the residual excitation energy to the thermal energy.

Fig.  5.14 shows the result of cooling a mechanical mode of the mirror by heating or

exciting another resonant mode. To the best of our knowledge, this is the first time such

a cooling phenomenon has been reported. We have observed that the oscillation amplitude
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of the mode at ωq(y,α)= 138Hz is suppressed when the external magnetic field excitation is

resonant with either the vertical oscillation mode of the mirror (ωz =85Hz) or the coupled

mode ωu(x,θ) = 158Hz (see Fig.  5.14 (a) and (b)). As the magnetic modulation (∆B)

amplitude of the external excitation increases, the mechanical vibrational intensity of the

coupled mode ωq(y,α) is suppressed by >17dB. Fig.  5.14 (c) shows the normalized intensity of

the coupled mode ωq(y,α) as a function of modulation frequency. We have observed no clear

cooling effect when the modulation frequency is more than a few Hz away from the resonance

frequency. Moreover, we have also observed that multiple modes (ωq(y,α) and ωu(x,θ)) can be

simultaneously cooled, although with different efficiencies, by exciting the vertical mode.
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Figure 5.15. Observation of multi-mode cooling at different magnetic mod-
ulation voltages (proportional to ∆B) introduced by the driving coil at ωz =
90Hz. The vibrational spectra are vertically shifted for different modulation
amplitudes for clarity. Simultaneous cooling of modes at 148Hz and 164Hz
can be seen.

Fig.  5.15 shows data for a different experimental run where Qs are lower and we see

a similar cooling effect as the one presented in the main text. The cooling of ωq(y,α) mode

is seen when the external magnetic excitation is applied at either ωz or ωu(x,θ) frequencies.

Here the noise power of the coupled mode(ωq(y,α)) has been reduced by about two orders of

magnitudes when we externally drive the magnetic mirror at the frequency of 85Hz (z mode)

or 164Hz (ωu(x,θ) mode) at different magnetic modulation amplitudes, ∆B. However, since

there is a possibility that the vibrational noise reduction of one mode could be the result of

a reduced detection efficiency when strongly exciting the other mode, we carefully confirmed

this damping/cooling phenomenon we observed and eventually, we ruled the possibility out

for the following reasons, 1) in the case of excitation-induced loss of sensitivity, we expect
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the amplitude of oscillation to decrease but the linewidth should not change. The fact

that we have increased damping, as also supported by the damping theory mentioned above,

suggests that the damping of the mode occurs; 2) the external sinusoidal excitation is unlikely

to change the equilibrium position of the levitated object. This is verified using the DC

signal from the quadrant detector. The quadrant detector has three outputs, one for the

intensity sum of pixels, one for the intensity difference of the horizontal pixels, and one the

for intensity difference of the vertical pixels. We would expect that change in sensitivity to

be accompanied by either change in the intensity sum signal, or the change in the width of

the beam at the detector location. The sensitivity of the quadrant detector itself depends on

the light spot size on the detector, as shown in Eq.  5.9 . But the truth is we do not observe

the change in the intensity sum signal from the quadrant detector and we remain the beam

size the same during the experiment. Also, we find that the light spot size is unlikely to be

changed at the detector location by exciting one mechanical mode of the levitated mirror;

3) the reduced detection efficiency in one mode by exciting another mode could be possible

if the objects being measured produce scattered light whose detected intensity could change

nonlinearly with orientation and position. Using a flat and high reflective mirror ensures

that small mirror oscillation or displacement does not result in scattering (e.g. from the

edges), which could be the case when particles smaller than the beam size are used; 4)

In our experiment, the linewidths and center frequencies of the damped modes both can

be clearly determined as shown in Fig.  5.14 and  5.15 . For the mechanical modes of the

levitated mirror, we observed not only their vibrational intensities reduce and linewidths

increase but also their frequency shift during the damping process. This is one typical

signature of cold damping as reported in Refs. [ 215 ], [  216 ]. Therefore, the driven controlled

dissipation phenomenon we observed on this superconducting levitated magnetic mirror is

not caused by the reduced detection efficiency but the magnetic inhomogeneity of the mirror

which causes the magnetic vortex-vortex interaction between the driven and damped modes.

At elevated background excitations (e.g. seismic noise), the increased damping reduces

the mechanical Q factors (See Fig.  5.13 (b)). This effect has also been observed with super-

conducting levitated magnetic particles [  75 ]. Results of Fig.  5.16 (a) and (b) were obtained

in an experimental run where mechanical modes show higher dissipation rates (lower Qs).
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Figure 5.16. (a) The vibrational spectrum with heating and cooling modes
indicated at ωz and ωq(y,α), respectively. Inset shows the cooling mode (ωq(y,α))
for different external magnetic modulation amplitudes (∆B) induced by the
current modulation in the coil. (b) The measured linewidth of ωq(y,α) mode as
a function of ∆B. The inset shows the normalized noise power of ωq(y,α) mode
as a function of ∆B. The line in the inset is a guide to the eye.

Here we also observe a similar cooling phenomenon as in Fig.  5.14 . The low-Q vibrational

spectrum in Fig.  5.16 (a) enables us to accurately determine the linewidth and mode temper-

ature of ωq(y,α), which is no longer limited by the resolution bandwidth of our measurement.

Fig.  5.16 (b) shows that the fitted experimental linewidth of ωq(y,α) linearly increases with

the magnetic field modulation amplitude (∆B). The linear change was also predicted by

the collective weak-pinning theory [  209 ]. As ∆B increases from 0 to 70µT , the vibrational

noise power of the coupled mode (ωq(y,α)) reduces by about two orders of magnitude while its

linewidth increases by an order of magnitude. From Fig.  5.16 (b), we estimate β = 10 ± 2.

Also, using the equipartition theorem we can calculate an effective noise reduction factor of

10, in agreement with β ' 10 obtained from the low-Q mechanical modes (Fig.  5.16 (a)).

In experimental runs where ωq(y,α) mode shows higher Q (> 4 times higher), the effective
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temperature reduction factor obtained is about 60 (Fig.  5.14 (a)). This again agrees with

the theory described above, suggesting that β is inversely proportional to γm. In our ex-

periment, we note that the mechanical vibrations of the superconducting levitated magnetic

mirror are not thermal-noise limited since the seismic noise is >4 orders of magnitude higher

than the thermal noise in the frequency range of interest. Because of the broadband nature

of the seismic noise over the frequency range of interest, the cold damping theory can still

be used to model the cooling process by assuming an effective mode temperature (Teff ).

The cooling is limited by off-resonant excitations and residual heating due to mode cou-

pling to externally-excited modes. The geometry of the levitated magnetic mirror defines the

strength of the inhomogeneity and mode coupling in the system, thus playing an important

role in the cooling process. The magnetic mirror with diametrical magnetization used in

our experiment provides the asymmetry needed to have distinct mechanical modes. This is

accompanied by an inhomogeneous field arising from the oscillating magnetic mirror. While

large inhomogeneity enhances the cooling process for certain modes, the low inhomogeneity

of certain oscillations gives rise to ultra-high-Q resonances in the system [  75 ]. Our experi-

ment helps to better understand the nature of mode coupling and nonlinear dissipation and

suggests a way to use such mechanisms to cool the vibrational noise at certain modes by

heating or exciting other modes. Precision magnetic sensing [  165 ], [  217 ], coherent magnetic-

optical trapping [  173 ], [  218 ], [  219 ], and ground-state cooling of micro-scale magnets [ 203 ] are

among the applications of superconducting levitation studied here. An in-depth theoretical

understanding of off-resonance dissipation in multi-mode systems is needed to guide future

experiments designed for ultra-high Q and/or low noise superconducting levitation.

5.13 Potential Application for Superconducting levitated HR mirror

Apart from the fundamentally interesting and new approach to reduce the vibrational

noise of the superconducting levitated objects, the enhanced gravity and magnetic sensing

are among the applications of utilizing the superconducting levitated HR mirror.

Previously, it has been proposed that scattering-free levitation can be achieved using

intra-cavity optical forces [ 173 ]. The authors have studied such trapping mechanisms ex-
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perimentally and realized that 3D trapping in this way is challenging. The addition of a

superconducting trap can help stabilize the mirror in all directions while in the cavity direc-

tion the optical radiation pressure force can dominate the oscillation dynamics. The trapping

in the horizontal plane can be achieved by the superconducting trap and the controlled driven

dissipation or “cooling by heating” phenomenon found in this chapter enables us to reduce

the vibrational noise. The optical spring effect can provide the restoring force for the os-

cillation, and the position of the mirror would be self-locked to the laser frequency. The

inherently active locking of the cavity length arises from the self adjustment of cavity power

when light is red-detuned to push/pull the mirror to the equilibrium point. Remarkably, no

light is scattered in this case and the fundamental limit on ω × Q can be extended by >4

orders of magnitude compared to the currently existing approaches. At 10−6 mbar pressures,

background-gas dissipation rate is <10 mHz. A laser with fractional intensity noise < 10−5

provides 10s of seconds of trapping time for a mirror with ωm=500 kHz. This high frequency

can be achieved by the optical spring effect of a cavity with the finesse of 1000 and is no

longer determined by the magnetic trap. Moreover, the anti-damping due to the blackbody

radiation is <mHz. This can enable implementation of: 1) the first coherent levitation, 2)

optical spring as the sole oscillator clamp, 3) broadband room-temperature phonon trap-

ping and 4) large-surface optomechanics for enhanced multimode/broadband sensing. The

platform studied here offers a variety of measurements with exquisite sensitivity. Below we

provide more details about how such an experiment can be designed.

Fig.  5.17 shows the proposed experimental setup. Based on this experimental plan,

we have built such a cavity using a fixed mirror and the levitated mirror. The cavity

spectrum is shown in Fig.  5.18 . Such a platform enables us to study optical spring effect,

scattering-free optical levitation [  173 ], and in principle, it can enhance the sensitivity of

our measurements such as the magnetic sensing [  165 ]. The high mechanical noise of the

levitated mirror, however, makes it difficult to create a stable cavity. The driven controlled

dissipation results or “cooling by heating” phenomenon would pave the way for damping

the mechanical noise and stabilizing the cavity. Our calculation also shows that at low

mechanical noise, the optical spring effect of intra-cavity light takes over and it can create

a 1D trap for the mirror ( self-stabilized and scattering-free levitation). Once the low-
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Figure 5.17. Schematics of coherent levitation of a mirror on an optical
spring self- locked to the laser frequency. A combination of magneto-optical
levitation, laser cooling and cavity restoring force creates a scattering-free
tweezer for the mirror. A micro- disk mirror with magnetic coating is trapped
in x-y directions using a superconducting disk while optical force of an intra-
cavity field coherently traps the mirror in the z direction.
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Figure 5.18. Cavity transmission data obtained from a levitated cavity mirror
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frequency (less than 200Hz in our case) mechanical noise can be damped using the driven

controlled dissipation approach discussed above, the optical radiation pressure force of the

cavity may enable, in principle, coherent optical trapping of the mirror in the direction of

the cavity axis. Assuming the vibration amplitude of the levitated magnetic mirror can be

damped to less than 10 nm at 20Hz, the optical trapping potential of the cavity field with

the finesse of 400 can exceed the kinetic energy of the mirror with a mass of 10mg. Then the

levitated magnetic mirror can be optically trapped in one direction while trapping in other

directions is achieved by the superconducting trap. Assuming one mechanical mode of the

levitated mirror along the cavity axis has the resonant frequency of f =15Hz, then the optical

spring effect of the cavity field can increase the mirror frequency along the cavity axis from

f =15Hz to f >300Hz where the other mechanical noise associated with the environment

and the levitated mirror are absent, which enables the study of optomechanical interactions

and sensing using macroscopic objects.

Other than optomechanical magnetometry and gravity sensing, the study of quantum

mechanical motion of macroscopic objects is another application of the superconducting

levitated cavity mirror. For example, in the vertical-cavity geometry, the coherent trapping

of the mirror using the intra-cavity field enables sensing the change in the gravitational

acceleration, g, by shot-noise limited measurement of the intensity of the out-coupled cavity

light. Because the external forces can change the equilibrium position of the mirror and

their effects can be predominantly measured by a change in the cavity power (Pc), i.e.

dg/g = dPc/Pc, that is limited by the shot noise. Moreover, in the vertical geometry to

build the cavity using the levitated mirror, the common-mode vertical vibrations of the both

cavity mirrors can dramatically enhance the mechanical stability of the cavity.

5.14 Summary

In conclusion, we study mode coupling and dissipation mechanisms in a levitated mag-

netic mirror above a superconductor. We model vibrational modes of the mirror and test

mode coupling between different degrees of freedom of the levitated object. We observe that

the nonlinear dissipation in superconducting levitation systems could be harnessed to control
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and cool certain mechanical modes. We show that via the excitation of certain modes, the

nonlinear damping can suppress the thermal/mechanical vibrational noise in the orthogonal

modes. In this way, a maximum cooling factor of about 60 was achieved. To the best of

our knowledge, this is the first time such a cooling mechanism is reported. As such cooling

does not rely on the signal-to-noise ratio of detection (as is the case for feedback cooling),

the method can enable cooling certain modes independent of their detection and position in

the spectrum.
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6. SUMMARY AND FUTURE WORK

6.1 Current Work Summary

In the present thesis, we have systematically investigated light-matter interactions exper-

imentally and theoretically based on the atomic and mechanical systems. We mainly focus

on studying the optomechanical hybrid platform which is made of one superconducting lev-

itated magnetic mirror. The effective light-atom and light-oscillator interfaces have been

built for controlling the atomic and mechanical oscillators using light for optical memory

and sensing applications.

6.1.1 On-chip Integration of Er-implanted Lithium Niobate Crystal with Silicon
Photonics

Implementation of scalable quantum photonic networks requires the integration of com-

patible photon sources and quantum memories. On-chip silicon photonic elements operating

at the telecommunication wavelengths are attractive for the implementation of single-photon

sources. Moreover, rare earth (RE) crystals have been used to implement solid-state quan-

tum memories at these wavelengths. As one of the RE crystalline hosts, lithium niobate

(LN), LiNbO3, is very attractive and has recently emerged as a viable material for hetero-

geneous photonic system integration due to its electro-optic, nonlinear, and acousto-optic

properties as well as its integration capability. Integration of sources and memories on a sin-

gle platform capable of carrying multiplexing tasks is a grand challenge for future quantum

communication. We take steps towards the realization of such a quantum photonic platform

by directly integrating rare earth implanted lithium niobate crystals with silicon photonics

and study light-atom interactions on this platform. To be more specific, we deterministically

activate LN crystals by ion implantation and precise control of annealing and implantation

parameters to achieve homogeneous light-atom coupling. Using a direct bonding technique,

we integrate Er-implanted LN crystal with Si-SiN waveguide and micro-resonator, and study

evanescent mode coupling between the emission mode of Er atoms in LN crystal and Si-SiN

waveguide and cavity modes. The integration approach is scalable and enables low-cost fab-
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rication and chip-to-chip integration. The platform enables scalable, telecomm compatible,

versatile, and multifunctional design of future quantum photonic networks [ 91 ].

6.1.2 Optomechanical Frequency Comb Memory

The hybrid optomechanical systems have been considered as an advanced platform for

quantum information storage and processing. In these systems, the cooperative behavior

and phase-synchronization in an ensemble of mechanical oscillators enable enhanced and

broadband optomechanical interactions. Typically, large inhomogeneous broadening in the

mechanical frequency of mechanical oscillator ensemble limits the observation of cooperative

coupling between them due to the imprecision in nanofabrication techniques. We use an

optomechanical platform based on weakly coupled optomechanical arrays collectively cou-

pled to an external laser drive to implement the coherent optical storage. By tailoring

the optomechanical interactions, we show that instantaneous phase matching in a form of

photon-phonon echo can result in cooperative optomechanical coupling. A novel method is

proposed by using the inhomogeneous broadening to our advantage based on the concepts

and techniques developed in atomic physics. The proposed method does not require precise

mechanical frequency tuning, overcoming the current limitation in the nanofabrication of

identical optomechanical arrays. Using numerical simulation, we demonstrate the broad-

band coherent optical light storage based on the collective photon-phonon dynamics. An

optomechanical memory of this kind enables information storage over a wide band of wave-

lengths, including the telecommunications band, and importantly, can be integrated into the

silicon photonic networks [ 41 ].

6.1.3 Superconducting Levitation of a mg-Scale Cavity Mirror

Towards understanding the boundaries of quantum theory as an outstanding question in

modern physics, we work towards the implementation of “hybrid coherent” levitation on an

optical spring. For the first time, we demonstrate the superconducting levitation of a cavity

mirror and observe magnetic and optical forces. We achieve a magnetic field sensitivity of

370 pT/
√
Hz and observe the signatures of the coherent optical trapping via the intra-cavity
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field. The work is an important experimental step in achieving the coherent optical trap-

ping previously proposed [PRL 111, 183001 (2013)]. Compared to the recent experimental

demonstration of cooling a nanosphere via coherent scattering [PRL 122, 123602 (2019)], the

present work considers objects of about 10 orders of magnitude larger. The demonstration

of optical resonance of the suspended cavity mirror is significant for the various reasons: 1)

a stable cavity resonance can enhance the measurement sensitivity of the mirror’s position

in both DC and AC regimes, 2) the optical spring can be more than one order of magnitude

stiffer than the superconducting trap, enabling the study of optomechanical effects, and 3)

the intra-cavity optical field can potentially trap the mirror along the direction of the cav-

ity axis through AC radiation pressure force or the optical spring effect. Three spectacular

applications of the built platform include: 1) precise gravitational force sensing, 2) the first

realization of micro-macro entanglement, and 3) the first test of the semi-classical theory of

gravity [ 165 ].

6.1.4 Driven Nonlinear Damping and Mode Coupling in a Superconducting
Levitated Magnetic Mirror

Macroscopic mechanical oscillators are attracting attention for precision sensing (e.g.

LIGO) and observing quantum phenomena (e.g. ground state cooling). Observation of

quantum effects in acoustic vibrations of nanostructures, and macroscopic volumes of su-

perfluid liquid are examples where boundaries of quantum and classical mechanics can be

studied. Compared with acoustic waves, the center-of-mass motion of micro and macro-scale

objects provides a different toolbox for applications such as gravity sensing. Optical tweez-

ers have been proven useful in studying the CM motion of objects ranging from a single

trapped neutral atom to nanospheres. Similarly, other kinds of levitation techniques, such

as superconducting levitation, enable us to isolate vibrations of levitated particles or ob-

jects and reduce clamping loss to achieve ultra-high Q mechanical oscillations. Although the

phenomenon of superconducting levitation in the steady state is well known, the dynamic

nature of superconducting trapping and its dissipation mechanisms are not well understood

.
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We levitate a millimeter-sized magnetic mirror and study the mode coupling and nonlin-

ear dissipation mechanism of such an oscillating rigid body in vacuum conditions. For the

first time, we show that the vibrational noise of the mirror can be suppressed by a factor of

more than 60 via an off-resonance drive. We refer to this as the controlled driven dissipation

or a “cooling-by-heating’’ phenomenon, which relies on the nonlinear damping inherent in

the superconductor to reduce the vibrational noise of the levitated magnet. This unique

controlled damping technique offers a new perspective to further study the suppression of

thermal vibrational noise of levitated oscillators. Our experimental results could be viewed

as an important step towards such unconventional vibrational noise suppression, and it can

in principle be applied to micro-scale to macro-scale objects [ 197 ].

6.2 Future Work Plan

Since we are now focusing on studying the optomechanical platform based on the super-

conducting levitated millimeter-scale magnetic mirror in vacuum for ultrasensitive sensing

applications, our future work mainly includes how to improve and enhance the sensitivity

of the levitated mirror in sensing such as force, torque, inertia, and electrical field. We

will take the following approaches to reduce the vibrational noise of the superconducting

levitated mirror and therefore improve its sensitivities.

6.2.1 Reducing Vibrational Noise of Superconducting Levitated Magnetic Mir-
ror

As we mentioned earlier, the vibrational noise of the superconducting levitated magnetic

mirror in our case is limited by the seismic noise, which is 4 orders of magnitude larger than

the thermal noise in the frequency range of interest (0 - 200Hz). The magnitude of seismic

noise depends on the lab location and nearby noise sources around the experimental setup.

In order to reduce the seismic noise, since we have already suspended the optical table,

one natural way is to decouple the superconducting levitation experimental setup from the

seismic vibrations by suspending the whole experimental setup including the entire vacuum

chamber on a soft spring system. The noise caused by the gas collisions can be ignored in our
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experiment because the magnet is levitated under high vacuum conditions (∼ 10−8 Torr).

Other types of noise caused by eddy currents and the magnetic hysteretic should also be

considered to be reduced as much as possible. Since the magnet itself and its coatings are

metallic, the eddy current dissipation can not be easily ignored, but it can be significantly

reduced by using uncoated magnets. The magnetic noise associated with the environment

such as the magnetic field from the earth could be mitigated by using a magnetic shield

around the superconducting levitation experimental setup. To reduce the hysteresis noise

from the magnet, it is better to levitate the magnet which has less magnetic inhomogeneity.

6.2.2 Applying Passive and Active Cooling Methods to Improve Sensitivity

As a powerful tool to reduce the amplitude and the effective temperature of the me-

chanical oscillator, active feedback cooling takes the motion information of the mechanical

oscillator to apply an external force that damps the motion of the oscillator. The quadrant

detector could be used to measure and record the motions of the superconducting levitated

magnetic mirror in our experiment. And then after applying a π/2 phase shift to the recorded

signal, we can feedback the signal to the current controller. A current coil can be placed

nearby the levitated mirror to implement the magnetic feedback force to the mirror. By

modulating the current in the current controller using the signal of the levitated mirror’s

motion with a π/2 phase shift, it would create a force that opposes the motion of the levi-

tated mirror. Therefore, the mirror’s vibrational noise would be reduced, which is helpful to

improve the sensitivity of the mirror for sensing applications. The active feedback cooling

method has also been widely used for cooling the optically levitated nanoparticles to closely

reach their quantum ground state [ 68 ], [ 220 ] and the nanowires to enhance the sensitivity

for sensing applications [ 221 ].

6.2.3 Building a Cavity Based on Superconducting Levitated Mirror to Improve
Sensitivity

It is possible that the vibration noise of the superconducting levitated mirror can be

reduced to less than 10 nm at the resonant frequency of below 100Hz via suspending the whole
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experimental setup, the active feedback/passive cooling as well as the controlled driving

cooling method we discussed in the present thesis. For the built Fabry-Pérot cavity with

the levitated mirror as the end mirror of the cavity, the optical trapping potential of the

cavity field of finesse 400 can exceed the kinetic energy of the mirror with a mass of 10mg.

The mirror can be optically trapped in one direction while trapping in other directions is

achieved by the superconducting trap. The optical spring effect of the cavity field, can

increase the mirror frequency along the cavity axis from fy =15Hz to fy >300Hz where

other mechanical noise is absent enabling study of optomechanical interactions and sensing

using macroscopic objects. This will make the magnetic sensitivity increase from a few

hundred pT/
√
Hz without the cavity built to ∼ fT/

√
Hz where the cavity is built based

on the levitated mirror. Apart from optomechanical magnetometry, gravity sensing and the

study of quantum mechanical motion of macroscopic objects are other applications of the

levitated cavity mirror. In the vertical cavity geometry, for example, the coherent trapping

of the mirror using the intra-cavity field enables sensing the change in the gravitational

acceleration, g, by shot-noise limited measurement of the intensity of the out-coupled cavity

light. External forces can change the equilibrium position of the mirror and their effects

can be predominantly measured by a change in the cavity power (Pc), i.e. dg/g = dPc/Pc,

that is limited by the shot noise. Moreover, in the vertical geometry, the common-mode

vertical vibration of the cavity mirrors can dramatically enhance the mechanical stability of

the cavity.

6.2.4 Toward Precision Sensing Gravity with Levitated Mirror

LIGO as the interferometric gravitational wave detector has been reported to observe

a transient gravitational-wave signal in 2016 with kilogram-scale cavity mirrors [ 222 ]. An

optically trapped dielectric nanoparticle with a mass of ∼ 10−15g has been reported to be

cooled down to its quantum ground state using laser cooling technique [  68 ] for potential

applications in sensing gravitational source masses in the future. Even though quantum

experiments have been realized for small and low-mass oscillators, gravity has only been

observed in relatively large-mass (∼ kg) objects [  223 ], [ 224 ] since the gravitational force
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is minuscule. It is generally difficult to observe gravitational effects generated by small

objects. Due to the development of micro-mechanical devices with unprecedented sensitivity

in the recent decades [  225 ], [ 226 ], sensing gravity between mm-size objects with mg-scale is

possible in principle. The intermediate system with a mass of ∼ mg for the applications of

high-energy physics such as searching for dark matter and detecting gravitational waves has

rarely been reported [ 173 ], [  227 ], [  228 ]. A small mirror with a mass of less than 1mg optically

levitated by a tripod was proposed for precision gravitational field sensing [  173 ]. Recently, an

optically trapped 7mg pendulum with a displacement noise of better than ∼ 10−16m/
√
Hz

has been shown to be able to measure the gravitational coupling between milligram-scale

objects [ 228 ].

With further reducing the seismic noise and then the thermal noise, our superconducting

levitated mg-scale mirror could be a novel potential platform for precision gravity sensing.

The macroscopic mirror as a sensing object can provide a large interaction cross section

and its low-noise trapping even close to DC could enhance the sensitivity of low-frequency

measurements. The interaction and SNR of sensing can significantly be increased when two

mirrors (one levitated and the other one fixed) form a cavity [ 173 ].
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