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Abstract

Microwave photons are dominating local information processing, while optical photons are es-

sential for long-distance communications. Micro/nano-devices hybridizing microwave and optical

signals can thus provide unique opportunities for classical and quantum computing, realization

of chip scale and distributed networks, and so on. The interaction between microwave and opti-

cal signals relies on nonlinear processes, which occur in nonlinear crystals, atoms, and solid-state

emitters. In this dissertation, I present hybrid platforms for microwave electronics, microwave

acoustics, and integrated optics using a nonlinear crystal, lithium niobate, and a solid-state quan-

tum emitter, nitrogen-vacancy centers in diamond. I investigate the developed platforms from

theoretical considerations and system dynamics to numerical simulations and experimental real-

izations. First, I developed a design methodology for high-performance surface acoustic wave res-

onators using phononic band structure engineering. The experimentally-demonstrated frequency-

quality-factor product, an important figure of merit for acoustic resonators, of 1013 compares

favorably to state of the art (at room temperature). Next, non-Hermitian acoustic systems are

experimentally demonstrated by engineering the material response to acoustic waves using ex-

ternal electronic circuits. The piezoelectricity of lithium niobate is leveraged to bridge the acous-

tic and electrical systems via interdigital transducers, which are interlocking metallic electrodes

placed on piezoelectric materials. The electrical system can provide desired gain, loss, and nonlin-

earity for the acoustic system. We demonstrate nonreciprocal isolation of 10 dB for microwave
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phonons in the parity-time-symmetric nonlinear acoustic resonators. I, further, demonstrate

acoustically-mediated microwave-to-optical conversion in thin-film lithium niobate. Enhanced by

the interdigital-transducer-coupled acoustic resonators, optical Mach-Zehnder interferometers and

racetrack cavities exhibit improved optical modulations by the input microwaves. A microwave

optical link with unitary link gain is also experimentally achieved. Finally, I explore a wide-filed

microwave imaging technique using the unique spin-dependent fluorescence of nitrogen-vacancy

color centers in diamond. These luminescent defects in diamond map the near-field magnetic

fields at microwave frequency to fluorescence intensities. Using this technique, I demonstrate a

potential application in a noninvasive monitoring of the activity of integrated circuits.

iv



Contents

 Introduction 

 High-Q Gigahertz Surface Acoustic Resonators on Lithium Niobate 
. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Device principle and fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 
. Phononic band structure engineering . . . . . . . . . . . . . . . . . . . . . . . 
. Experimental measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Scaling SAW resonator design . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 Nonreciprocal Phonon Transmission in PT -symmetric SAW Resonators 
. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. PT symmetry, nonlinearity, and nonreciprocity . . . . . . . . . . . . . . . . . 
. Dynamics of PT -symmetric acoustic resonators . . . . . . . . . . . . . . . . . 
. Numerical simulation of PT -symmetric SAW resonators . . . . . . . . . . . . . 
. Experimental realization of nonreciprocal SAW transmission . . . . . . . . . . . 
. Phonon circulator by cascaded nonreciprocal SAW devices . . . . . . . . . . . . 
. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 Microwave-to-optical Conversion using Thin-film Acoustic Resonators 
. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Device design and fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Description of acoustically-mediated microwave-to-optical conversion . . . . . . 
. Numerical simulation of acousto-optic interactions . . . . . . . . . . . . . . . . 
. Microwave microscopy of acoustic modes . . . . . . . . . . . . . . . . . . . . . 
. Acousto-optic Mach-Zehnder interferometer . . . . . . . . . . . . . . . . . . . 
. Dynamics of cavity acousto-optics . . . . . . . . . . . . . . . . . . . . . . . . 
. Acousto-optic racetrack cavity . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Demonstration of a microwave-photonic link . . . . . . . . . . . . . . . . . . . 
. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

v



 Microwave Detection using High Density Ensembles of NV Centers in Di-
amond 
. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Principle for microwave detection . . . . . . . . . . . . . . . . . . . . . . . . . 
. Wide-field Microwave Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 
. IC Activity Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Microwave Frequency Demodulation . . . . . . . . . . . . . . . . . . . . . . . 

References 

vi



Author list

The content in Chapter  is partially included in following publication

• L. Shao, S. Maity, L. Zheng, L. Wu, A. Shams-Ansari, Y.-I. Sohn, E. Puma, M. N. Gadalla,
M. Zhang, C. Wang, E. Hu, K. Lai, and M. Lončar, “Phononic Band Structure Engineering
for High-Q Gigahertz Surface Acoustic Wave Resonators on Lithium Niobate,” Physical Re-
view Applied ,  ().

The content in Chapter  will be partially included in the following manuscript in preparation.

• L. Shao, W. Mao, S. Maity, N. Sinclair, Y. Hu, L. Yang, and M. Lončar, “Nonrecipro-
cal Transmission of Microwave Acoustic Waves using Nonlinear Parity-Time-Symmetric Res-
onators”

The content in Chapter  is partially included in following preprint

• L. Shao, M. Yu, S. Maity, N. Sinclair, L. Zheng, C. Chia, A. Shams-Ansari, C. Wang, M.
Zhang, K. Lai, and M. Lončar, “Microwave-to-optical conversion using lithium niobate thin-
film acoustic resonators” arXiv:. ().

The content in Chapter  is partially included in following publications

• L. Shao, R. Liu, M. Zhang, A. V. Shneidman, X. Audier, M. Markham, H. Dhillon, D. J.
Twitchen, Y.-F. Xiao, and M. Lončar, “Wide-Field Optical Microscopy of Microwave Fields
Using Nitrogen-Vacancy Centers in Diamonds,” Advanced Optical Materials ,  ().

• L. Shao, M. Zhang, M. Markham, A. M. Edmonds, and M. Lončar, “Diamond Radio Re-
ceiver: Nitrogen-Vacancy Centers as Fluorescent Transducers of Microwave Signals,” Physical
Review Applied ,  ().

vii



Listing of figures

. Surface acoustic wave resonator on lithium niobate a, Illustration of band struc-
ture engineered surface acoustic resonator on lithium niobate. Inset: optical micro-
scope image of a fabricated device. The dark region at the center is the etched grooves,
and the bright regions on the sides are metal IDTs. b, Scanning electron microscope
image of the cavity part on lithium niobate. c, Cross-section showing the etched grooves
at the cavity part. A platinum layer is deposited to protect the surface of lithium nio-
bate (LN) from damage during focused ion beam milling. d, Surface profile of the
SAW resonator scanned by atomic force microscopy. . . . . . . . . . . . . . . . 

. Phononic band structure engineering of surface acoustic wave (SAW) on lithium
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. Measurements of high-Q SAW resonator on lithium niobate. a, Transmission mea-
surements of a SAW resonator and an unperturbed free surface using a pair of IDT.
Two high-Q modes, labeled  and , are observed in the bandgap of the PnC. b, Fine
scans of transmission measurements for the Mode  in atmosphere and vacuum. The
measured data (dots) are fitted to Lorentzian peaks (lines). c, Resonator ring down
measurement of Mode  showing a lifetime of . µs. Inset: the voltage oscillation
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. SAW circulator by cascaded nonreciprocal devices. (a) Electronic diagram of a cir-
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. Integrated acousto-optic devices on suspended thin-film LN. (a) Microscope image
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. Numerical simulation of the acoustically-mediated microwave-to-optical conversion.
(a) Couplings between the microwave, acoustic, and optical fields that facilitate microwave-
to-optical conversion. (b) Device schematic used for the D numerical simulation.
The crystal orientation and coordinate system are shown. The top width of the op-
tical waveguide is . µm (c) Electric field Ex of the fundamental TE optical mode.
(d) syy component of the acoustic strain field for the . GHz acoustic mode, and
resulting (e) electric fields Ex induced by piezoelectric effect. We note that syy has
the largest contribution to the photoelastic interaction shown in (f ). (g) Electro-optic
interactions between the optical TE mode and acoustic fields, mediated by piezo-
electric effect. In (f ) and (g) the interaction is described by an induced optical refrac-
tive index change, calculated by multiplying the optical electric field, the acoustic
field, and the interaction matrices. Color scale bars in (d) and (e) are normalized in-
dividually, while those in (f ) and (g) are the same. . . . . . . . . . . . . . . . . 

. (a) Device structure for D numerical simulation. (b)(c) Optical electric field of the
fundamental TE and TM modes. . . . . . . . . . . . . . . . . . . . . . . . . . 

. Strain and electric field of three simulated acoustic modes with resonant frequency
at ., ., and . GHz. The color map is normalized individually. . . . . . 

. Electric and topographic profiles of an acoustic mode. The electric amplitude is de-
tected by a scanning probe in the transmission-mode microwave impedance microscopy,
with a driving signal at  GHz on the acoustic resonance. Inset: simulated electric
amplitude profile of the acoustic mode. . . . . . . . . . . . . . . . . . . . . . . 

. Characterization of the acousto-optic MZI. (a) Simplified experimental schematic
for acousto-optic device characterization. (b) Optical transmission of the acousto-
optic MZI. (c) S11 reflection spectrum of the acoustic resonator. (d) S21 spectrum
showing an enhanced microwave-to-optical conversion at the resonances indicated
by the S11 spectrum. The optical power detected by the photoreceiver is . mW. 

. Numerically calculated optical transmission spectra of acousto-optic cavity with mi-
crowave input powers from  to  mW. . . . . . . . . . . . . . . . . . . . . . . 

. Characterization of the acousto-optic racetrack cavity. (a) Illustration of single-sideband
microwave-to-optical conversion using an acousto-optic cavity. (b) Transmission spec-
trum of an high-Q optical resonance. (c) Acoustic S11 and opto-acoustic S21 spec-
tra. A high resolution measurement around  GHz is shown in dark blue. The op-
tical pump wavelength is set to maximize the power received at the photoreceiver.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. Demonstration of a microwave-photonic link. (a) Experimental schematic. EDFA:

Erbium-doped fiber amplifier. (b) Optical transmission of the racetrack cavity for
different microwave powers. (c) S21 spectrum features a peak microwave power trans-
mission of ∼ dB. The optical power received at the photodiode Irec is  mW. (d)
Microwave spectrum of the photodiode output signal with a microwave power of
 mW applied to the IDT of the thin-film acoustic resonator. The laser is blue-detuned
from the optical mode by the acoustic resonant frequency Ωm . . . . . . . . . . 
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. Simplified electronic energy levels of negatively-charged nitrogen-vacancy (NV) cen-
ter. The ground and excited states are spin triplets. Zero-field splitting between ms =
0 and ms = ±1 sublevels in ground state is about . GHz. In the presence of
a DC magnetic field, ms = ±1 sublevels are split by the Zeeman effect. ms =
±1 sublevels in the excited state decay faster nonradiatively through the metastable
state, and thus give less intensity in fluorescence. The highlighted states |1⟩ − |5⟩
are of interest in this work. The detecting microwave field drives the transient be-
tween the |1⟩ and |2⟩ states. Inset: Atomic structure of NV center in diamond. The
spheres represent carbon (C) atoms, a nitrogen (N) atom, and a vacancy (V) spot.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. (a) The principle of NV FM microwave demodulation. The black trace shows ex-

perimentally measured optically detected magnetic resonance (ODMR) near .
GHz of NV centers. The fluorescence intensity depends on the detuning of the in-
put microwave frequency from the ODMR resonance. The carrier frequency (fc)
is positioned on the slope, and changes in microwave frequency are mapped onto
the changes in fluorescence intensity. (b) Illustration of the input FM microwave sig-
nal to be demodulated (blue) and resulting output amplitude-modulated fluorescence
signal (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Steady state NV fluorescence and state populations of NV center in response to a fre-
quency modulated microwave field. . . . . . . . . . . . . . . . . . . . . . . . 

. The simulated  dB bandwidth of the NV radio receiver on pumping laser power.
The laser power is described by the pumping rate (R) of NV centers from ground
state to excited state. The microwave detuning is . MHz and the input microwave
induced Rabi frequency is . MHz. . . . . . . . . . . . . . . . . . . . . . . . 

. (a) The simulated optical response of the receiver to different detunings of the car-
rier microwave signal. The detuning of microwave is changed from . MHz to .
MHz, as labelled in legend. The peaks correspond to situations when the modulat-
ing frequencies coincides with the detuning. (b) The  dB (Blue line) and  dB (Red
line) bandwidth of the NV center on the detuning. (c) Amplitude of demodulated
optical intensity signal as a function of microwave detuning. The sign indicates the
phase relationship between the received and modulating signal. The input microwave
induced Rabi frequency is . MHz, and the optical pumping rate is  MHz. . . 

. Experimental setup schematic for wide field microwave microscopy. . . . . . . . 
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. Microwave spectroscopy using NV centers. (a) Fluorescence contrast of NV centers
as a function of voltages driving the electromagnet, in the presence of microwave sig-
nals having frequencies from . GHz to . GHz. This data set is used to cal-
ibrate the apparatus and (b) to establish the relationship between the applied volt-
age and NV resonant frequencies. Each point in (b) is extracted by fitting measure-
ments in (a) to three Lorentzians. The magnitudes of fitting error is less than . mV.
(c) Microwave spectra acquired using NV centers (blue lines) and a real-time spec-
trum analyzer (RSA, red lines). In the upper panel, a simple harmonic microwave
signal with frequency of . GHz was used, while in the lower one signal centered
at . GHz with side bands separated by  MHz was used. The single-pass scan-
ning data obtained by taking one EM-CCD frame at each frequency are shown in
light blue, while three frames shift-averaged data are shown in dark blue. The res-
olution bandwidth of the RSA is  kHz. (d) The fluorescence contrast of NV cen-
ters exposed to microwave powers from - to - dBm and probe laser powers of
. µW (blue lines), . mW (black lines), and . mW (red lines). The thin
lines in light colors are the measurement data, while the thick lines are the fitted curves.
The microwave frequency is fixed at . GHz. Inset: same data with x-axis pro-
portional to the amplitude of magnetic field component of the microwave signal. The
fluorescence data in this figure is averaged over a × µm2 region near the central
field of view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Schematic of the experimental setup. The monolithic microwave integrated circuit
(MMIC) die is electronically connected to a testing board. A diamond slice contain-
ing a -µm-thickness layer of dense NV centers is placed on top of the MMIC die.
Under an optical excitation from a green light-emitting diode (LED), the emitted
fluorescence is captured by an EMCCD camera. The CCD image is further analyzed
and gives the intensity of microwave magnetic field at the certain frequency defined
by the external magnetic field B0. . . . . . . . . . . . . . . . . . . . . . . . . 

. Monolithic microwave integrated circuit (MMIC) die being near-field imaged by
nitrogen-vacancy (NV) centers in diamond. (a) Circuit diagrams of the MMIC dou-
ble balanced mixer die. RF, LO, and IF represent radio frequency, local oscillator,
and intermediate frequency. (b) Stitched optical microscopic image of the MMIC
mixer die. (c)(d) The fluorescent image of the thin layer NV centers pumped by a
green LED. The bright band is the boundary of the diamond sample, and the right-
bottom corner in dark is not covered by the diamond sample. (e)-(h) Imaged mi-
crowave magnetic fields by NV centers. The resonant frequencies of NV centers are
at the RF frequency (e)(g) and LO frequency (f )(h). The magnification of objectives
are X (c)(e)(f ) and X (d)(g)(h). Same fields of view are shown in (c)(e)(f ) and
(d)(g)(h), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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. The demodulated fluorescence intensities (shown in blue) compared to the original
modulating signal (black). The curves are offset for clarity. In the case of (a)  kHz
sine wave, (b)  kHz square wave, and (c) an audio signal. The carrier microwave is
at . GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. (a) Optical response of an NV radio receiver on the frequency of modulating signals.
The solid line is measured by the lock-in amplifier, and the dashed line is measured
by the network analyzer. Lines of different color correspond to different carrier mi-
crowave powers indicated in the inset. Inset: dependency of - dB optical bandwidth
on the powers of input microwave signals. (b) The harmonic distortion of the out-
put fluorescence intensity in the case of a  kHz sine wave as a modulating signal with
a maximum frequency deviation of ∆=. MHz. The power of microwave signal
is - dBm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. (a) Optical response on the DC magnetic field B0 under different environmental
temperatures. The magnetic field B0 is controlled by the voltage applied on the elec-
tromagnet. The sign of the optical response indicates the polarity between the NV
fluorescence signal and the modulating signal. (b) The maximum responses on the
environmental temperature, the response amplitudes of optimum negative/positive
detuning (Opt. Neg./Pos. Detuning) are corresponding to the minimum/maximum
points in (a). (c) The optimum electromagnetic voltages required to compensate the
temperature shifts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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1
Introduction

Local information processors, including central processing unit (CPU) in classical comput-

ers and superconducting qubits for quantum computing [, ] are operating at gigahertz

microwave frequencies due to ability to realize very good switches and control devices, and low

propagation losses of microwave signals. However, they are limited by the energy efficiency, band-





width, and quantum fidelity when it comes to long-distance communications. On the other

hand, optical photons, having hundreds of terahertz (∼ 1014 Hz) frequency and micrometer

wavelength, are free from thermal noise and thus have dominated intercontinental telecommuni-

cations and developments of quantum communications for the larger bandwidth and lower prop-

agation loss compared to their microwave counterparts. The invention of low-loss optical fibers

is a milestone in the development of optical techniques, and the optical fibers became a crucial

component in the infrastructure of modern networks []. For free-space communications, the col-

limated light emission from a laser has enabled demonstrations of quantum state transfer between

ground and satellite [], which would be extremely challenging using electromagnetic waves at

gigahertz microwave frequencies. However, the interactions between optical photons are relatively

weak compared to the microwave electrons in semiconductors. For this reason, the development

of all-optical (classical and quantum) processors is still in their early stages, and is faced with many

challenges. These are being addressed by leading researchers using emerging materials, advanced

device design, and novel fabrication techniques [, ].

Combining the advantages of microwave and optical techniques is important. Indeed, convert-

ers, between microwave and optical domain, such as electro-optic modulators and photodiodes,

have been extensively developed. There are a few pathways to achieve interactions between mi-

crowave and optical photons. One is to employ nonlinear properties of materials []; for example,

the electro-optic effect says that the optical refractive index changes due to applied electric field.

In this direction, progress is made by enhancing the nonlinearity, for example, developing mate-

rials with strong nonlinear coefficients and low loss, while also pushing the damage threshold to

enable operation at high laser powers, and by improving the mode matching between microwave

and optical fields using miniaturized devices. Both microwave and optical photons are electromag-

netic waves, but they have orders-of-magnitude different frequency and wavelength. This is one of

the main challenges when it comes to providing strong interactions between them. Mechanical or





acoustic waves in solids, featuring microwave frequencies but optical wavelengths, could serve as a

versatile interface between microwaves and optical signals, using optomechanical systems. Recent

experimental progress exhibits promising results for mechanically-mediated microwave-to-optical

conversions.

Another approach for linking microwave and optical domains is to use atoms or atomic-like

systems in solids. These systems can have transitions both at microwave and optical frequencies,

and thus can facilitate bidirectional quantum state transfers and provide storage of quantum in-

formation. Although atomic systems, in general, are highly nonlinear, their sub-nanometer sizes

limit the interaction cross-sections with optical signals and microwave electromagnetic waves.

Nanoscale optical cavities have been used to enhance the interactions between light and solid-

state atomic systems []. Recently, microwave acoustic waves, with about five order-of-magnitude

smaller wavelengths than the electromagnetic waves at the same frequency, have been utilized to

control the atomic-systems in solids.

In this dissertation, I demonstrate integrated (on-chip) devices that bridge microwave and op-

tical domains using nonlinear materials and solid-state quantum emitters. Acoustic waves and

resonators are employed in my devices for microwave phonon controls and for mediating the in-

teractions between microwave and optical photons. These devices utilize the emerging nonlinear

material for integrated devices, lithium niobate, which provides intriguing nonlinear properties of

piezoelectric, photoelastic, and electro-optic effects. Such nonlinear effects enable conversion and

control between electrical signals (microwave photons), acoustic waves (microwave phonons), and

light (optical photons). Specifically, interdigital transducers (IDTs) that consist of interlocking

arrays of metallic electrodes on piezoelectric materials are used to bi-directionally convert electri-

cal signals to acoustic waves as well as to provide gain and loss for acoustic waves. Further, I used

IDT-coupled thin-film acoustic resonators with embedded optical waveguides to enable efficient

acoustically-mediated microwave-to-optical conversion. On one side, the input microwave elec-





trical signals are efficiently converted to the acoustic waves by the IDT. On the other side, the

high-Q acoustic resonant modes, featuring comparable mode sizes with guided optical modes,

efficiently interact with the optical light via photoelastic and electro-optic effects.

In Chapter , using phononic band structure engineering, I develop high-Q surface acoustic

wave resonators which feature higher Q factors and smaller footprints than their electromagnetic

counterparts (at room temperature). IDTs enable signal processing using such acoustic devices

and, the signal processing can enjoy the outstanding performance of acoustic devices.

In Chapter , I demonstrate nonreciprocal microwave acoustic transmissions by the IDT-

induced gain and loss in a parity-time-symmetric acoustic system. While the gigahertz acoustic

or mechanical nanoscale systems are considered highly linear, using IDTs, the phononic nonrecip-

rocal devices benefit from the strong nonlinearity of the electronic system, which allowed me to

break the law of reciprocity.

In Chapter , benefiting from the strong confinement of acoustic waves to few micrometers,

I demonstrated an acoustically-mediated microwave-to-optical converter with an improved effi-

ciency than the electro-optic modulators.

Nitrogen-vacancy (NV) color center in diamond, an atom-like system in a solid-state, is an-

other platform investigated in this dissertation. NV center is a point defect in the diamond lattice

with a nitrogen atom replacing one atom and an adjacent carbon atom missing (i.e. vacancy). NV

center possesses orbital transitions in the visible optical domain, and transitions between electron

spin states in the gigahertz microwave domain. The highlighted spin-dependent fluorescence of

NV centers at room temperature enables a unique method to map microwave signals to the inten-

sity of optical fluorescence.

In Chapter , I develop a microwave detection and imaging platform using NV centers in

diamond. Wide-field microwave mapping of the real-time activity of monolithic microwave in-

tegrated circuits is demonstrated using a thin layer of dense NV centers. A microwave radio re-





ceiver, featuring operating temperature up to 350◦C, is also demonstrated using NV centers to

demodulate frequency modulated radio signals.

For the methodology of research conducted in this dissertation, in each chapter, I will present

the following contents for the topic of the chapter: () a brief background and introduction; ()

an intuitive picture of the system; () dynamics of the system by equations of motion; () finite

element method simulation of the core components of devices; and () experimental realization

and data analysis.





2
High-Q Gigahertz Surface Acoustic

Resonators on Lithium Niobate

. Introduction

Microwave phonons have attracted interest in quantum technologies as an efficient and versa-

tile means of coupling superconducting qubits [–], solid-state quantum defects [–], mi-





crowave fields [–], and optical photons [–], and thus have emerged as a promising plat-

form for the realization of quantum networks. Surface acoustic waves (SAW) are acoustic waves

propagating on the surface of an elastic solid with amplitude decaying into the solid []. In the

view of a phononic band structure, SAW are phonon modes confined to solid surfaces due to the

phase mismatch with bulk modes. SAW can couple efficiently to electromagnetic fields via the

piezoelectric effect, and has been used to filter signals for G communications[], modulate light

via the acousto-optic effect [–], and drive solid-state electronic spins through spin-orbit cou-

pling [, ]. As an alternative to other micromechanical resonators, including suspended op-

tomechanical nanobeam cavities [, –], bulk acoustic wave cavities [–], and D material

micromechanical cavities [–], SAW resonators could find applications with their advantages

of planar fabrication, strong electrical coupling efficiency, high confinement, and gigahertz res-

onant frequency. Gigahertz Fabry-Perot (FP) acoustic resonators have been demonstrated using

phononic crystals [–] or distributed Bragg reflectors [–], but they are not optimized for

emerging quantum applications, where higher Q factors and smaller mode sizes are desired to

sufficiently enhance the interactions.

Electrically-coupled integrated acoustic devices make use of piezoelectric materials such as

quartz, zinc oxide, gallium arsenide, gallium nitride, aluminum nitride, and lithium niobate.

Among these materials, lithium niobate possesses an electromechanical coupling coefficient that

is much greater than that of the other materials. At room temperature, the acoustic propagation

loss due to electrical conductivity is significantly lower for lithium niobate than for semiconduc-

tor materials. Lithium niobate SAW devices [, ] are used in electrical signal processing (e.g.

filters), acousto-optics, and sensing, due to their smaller footprint, better performance, and easier

fabrication compared to that of their electronic counterparts. In addition, the nonlinear effects

of lithium niobate enable the realization of state-of-the-art optomechanical devices and efficient

electro-optic devices, demonstrating its unique potential for integrated hybrid systems.





In this chapter, we experimentally demonstrate high-Q and small mode size SAW resonators at

gigahertz frequencies on lithium niobate by engineering phononic band structures using adiabatically-

tapered structures. Inspired by the approaches used to design D photonic crystal cavities [], we

realize SAW resonators by chirping the period of a quasi-D phononic crystal (PnC), resulting

in Q factors of 16, 700 in atmospheric conditions and 61, 100 at 4 K. Our resonators also have

a small mode area Aeff = 1.87λ2, where λ is the wavelength of the SAW on a free surface of

lithium niobate. These large Q factors and small mode areas enhance acoustic fields by over three

orders of magnitude. The frequency-quality factor products (fQ), which indicate the isolation

from thermal phonons, reach 2 × 1013 in atmosphere with resonant frequencies ranging from

0.5 to 5 GHz, which is higher than the fQ of the recently reported suspended lithium niobate

mechanical resonators [, ]. The achieved fQ product can allow room-temperature quantum

phononics [], where the minimum required fQ is 6 × 1012 in order to maintain coherence

from thermal phonon bath over one mechanical period [].

. Device principle and fabrication

We fabricate surface phononic crystal resonators along the X crystal direction on 128◦-rotated-

Y-cut lithium niobate wafers (Precision Micro-Optics Inc.). The SAW cavities are patterned by

e-beam lithography and etched by reactive ion etching. The metal IDTs are defined by e-beam

lithography and thermal evaporation of metal followed by lift-off. Gold is used for low-frequency

devices for better conductivity, while aluminum is used for high-frequency devices to reduce mass

loading for SAW.

The SAW propagating in X direction experiences low diffraction and efficient coupling to elec-

tric fields through piezoelectric effects. Both congruent and black lithium niobate wafers are ex-

perimentally tested in this work, and we find no observable difference in acoustic Q factors be-
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Figure 2.1: Surface acoustic wave resonator on lithium niobate a, Illustration of band structure engineered surface acoustic

resonator on lithium niobate. Inset: optical microscope image of a fabricated device. The dark region at the center is the

etched grooves, and the bright regions on the sides aremetal IDTs. b, Scanning electronmicroscope image of the cavity part

on lithium niobate. c, Cross-section showing the etched grooves at the cavity part. A platinum layer is deposited to protect

the surface of lithium niobate (LN) from damage during focused ion beammilling. d, Surface profile of the SAW resonator

scanned by atomic forcemicroscopy.

tween them. We choose to use black lithium niobate for its reduced charging effect during elec-

tron beam lithography. We engineer the phononic band structures and create high-Q resonators

with small mode areas by etching grooves into the lithium niobate surface (Fig. .a). These

grooves give rise to a band gap in the phononic band structure that can confine the phononic

modes. We taper the period of the grooves towards the center to create a SAW resonator. Com-





pared to conventional FP resonators that employ unperturbed free surfaces at the center and Bragg

mirrors on the sides, the tapered grooves adiabatically change the reflectivity, resulting in a signifi-

cantly reduced scattering loss of acoustic waves into the bulk and better confinement of phonons.

We also taper the widths of grooves towards the two interdigital transducers (IDT) used to ex-

cite the resonator to improve the resonator coupling. An optical microscope image of a fabricated

device is shown in Fig. .a Inset. Scanning electron microscopy (Fig. .b) confirms that the di-

mensions of the etched structures agree with design. In the cross sections obtained by focused ion

beam milling (Fig. .c), clean and smooth etched surfaces are observed. The surface profiles of

the etched structures are measured by atomic force microscopy (Fig. .d).

. Phononic band structure engineering

We engineer the band structure of SAW by controlling the period, width, and depth of the grooves

(Fig. .a). The target frequency for our baseline SAW resonator design is 1 GHz, which corre-

sponds to a SAW wavelength � of 3.9 µm on a free surface. A period of 1.92 µm, an etch width

of 0.65 µm, and an etch depth of 115 nm have been chosen to form a bandgap of ∼ 50 MHz at

above 1 GHz in the phononic band structure; the central cavity part has a greater period of 1.98

µm to support the resonant modes (Figs. .b and .d). Generally, a greater etch depth leads to

larger bandgap and provides better confinement (Fig. .), but it also increases the scattering loss

into the bulk. For many applications[, , ], the quality factor divided by mode area Q/Aeff

is an important figure of merit; it characterizes the buildup factor of the acoustic field in the cav-

ity. The chosen etch depth of 115 nm (2.8% λ) is a good trade-off between a small mode area

and a high Q factor [].

The band structure of the SAW is relatively insensitive to the etch width (Fig. .), and it is

thus challenging to center the resonant mode in the middle of the bandgap by varying the etch
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width. Therefore, to create the SAW resonator, we vary the period of the grooves but keep the

etch width constant. At the center of our resonator, the period of the grooves is increased to align

the upper band edge mode to the center of the PnC bandgap (Fig. .d), providing optimum

confinement of the resonant mode. We preferably use the upper band edge mode for robustness

in fabrication, as it is less sensitive than the lower band edge mode (Fig. .). Further, to achieve

a high-Q SAW resonator, we adiabatically taper the period of the grooves quadratically over 30

periods from the center, reducing the scattering loss by the PnC structures. In contrast, a free

surface as the central cavity part, as in conventional FP-like SAW resonators, would not be ideal





for a small mode area, since SAWs on an unperturbed free surface are too close to the upper band

edge of the PnC at the X-point, kx = 1 (Fig. .c). This is understood by comparing the mode

on the free surface to the modes on the band edge of the surface PnC (Fig. .e); the free surface

mode and the upper band edge mode of the PnC have primarily up-and-down motion, while the

lower band edge mode has a left-and-right motion.
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The simulation shows two high-Q SAW modes: a fundamental mode at 1.032 GHz and a

second-order mode at 1.045 GHz (Fig. .f ). The period of the central cavity part is fine-tuned to

align the resonant frequency of the fundamental mode to the center of PnC bandgap. The mode

area for the fundamental mode is 28.2 µm2, equal to 1.87 λ2; the mode area for the second-order

mode is 34.1 µm2, equal to 2.31 λ2, where λ = 3.9 µm is the SAW wavelength on a free lithium

niobate surface. These mode areas are significantly smaller than those of conventional FP-like

SAW resonators, which are usually at least one order of magnitude greater. The mode area is de-

fined by the surface integral of normalized total energy densities, i.e. Aeff =
∫
(Eem+Ek+Eels) dr

max (Eem+Ek+Eels)
,

where Eem (Ek, Eels) is the electromagnetic (kinetic, elastic) energy density. This definition is

consistent with the convention for optical nanocavities. A large spectral distance of 13 MHz be-

tween the fundamental and secondary modes is consistent with the small mode area. Simulated

Q factors of over 107 of both fundamental and second-order SAW modes are obtained by eigen-

mode solutions, where only the acoustic loss to the bulk is included by adding perfectly matched

layers at the boundaries in simulation. The high Q factors indicate that the PnC provides good

confinement of SAW and minimizes the leakage into bulk waves. It is important to note that this

simulation overestimates the Q since it does not take into account fabrication imperfections, crys-

tal defects, scattering from thermal phonons, and finite electrical conductivities [].

. Experimental measurements

We experimentally characterize the fabricated SAW devices on lithium niobate by measuring the

electrical transmission using a vector network analyzer. For measurements in atmospheric con-

ditions, electrical probes (dc to 40 GHz, GGB Industries) are used to connect the SAW devices

with the vector network analyzer (Agilent Technologies EB, 10 MHz - 50 GHz) via 50 Ohm

cables, where transmission losses due to connecting cables are calibrated out. The power of the





VNA is set to −10 dBm, and the signal bandwidth is set to 100 Hz, which is far narrower than

the measured linewidths of the SAW cavities. For cavity ring down measurements, the SAW cavity

is excited by a short pulse at the resonant frequency provided by an arbitrary waveform genera-

tor (Tektronix AWGA), and the received signal is amplified (+54 dB, 0.3 MHz - 3 GHz,

NARDA-MITEQ AM--) then recorded by an oscilloscope (16 GHz analog bandwidth,

50 GS/s, Tektronix MSOC). For vacuum and low temperature measurements, the SAW de-

vices are mounted on the cold finger of a continuous-flow liquid helium cryostat (Janis ST-),

and the devices are connected with the external ports by wire-bonding to an adapter printed cir-

cuit board. The temperature of the cryostat is detected by a thermocouple and monitored by a

cryogenic temperature controller (LakeShore  Temperature Controller).

With periods and metal thicknesses optimized to cover a spectral range of 0.5 to 5 GHz, IDTs

are used to excite SAWs and detect their transmission spectra. The IDT bandwidth spans more

than 10% of the operating frequency, which allows broadband characterization of the devices.

A typical IDT transmission with a bandwidth of 130 MHz is observed for SAW propagating

on a free surface (yellow curve in Fig. .a). The small oscillations shown in the transmission

are due to the weak resonances induced by the reflections of the metal IDT fingers. For a de-

vice with a SAW resonator, the bandgap of the PnC is observed from 1.004 to 1.046 GHz with

40 dB suppression (Blue curve in Fig. .a). The observed bandgap of 41 MHz agrees with the

simulation. We speculate that the remaining transmission below −50 dB is due to direct electri-

cal crosstalk between the metal patterns and the probes as well as acoustic leakage though bulk

waves. Two high-Q modes are observed in the bandgap labeled mode  and  in Fig. .a. Mode

 shows a Q factor of 16, 700 at 1.02258 GHz in atmosphere and a Q factor of 21, 200 in vac-

uum (Fig. .b). A ring down measurement in atmosphere gives a lifetime of τ = 2.69 µs for

Mode , defined as the time taken for the energy to decay to 1/e (Fig. .c). The corresponding

Q factor as Q = ω0τ = 17, 300 is in good agreement with the spectral measurements.
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Figure 2.5: Measurements of high-Q SAW resonator on lithium niobate. a, Transmissionmeasurements of a SAW res-

onator and an unperturbed free surface using a pair of IDT. Two high-Qmodes, labeled 1 and 2, are observed in the

bandgap of the PnC. b, Fine scans of transmissionmeasurements for theMode 1 in atmosphere and vacuum. Themea-

sured data (dots) are fitted to Lorentzian peaks (lines). c, Resonator ring downmeasurement ofMode 1 showing a lifetime

of 2.69µs. Inset: the voltage oscillation around 5µs. d, Measurements ofQ factors and coupling intensities ofMode 1 of

resonators with different numbers of PnC periods. Coupling intensity is measured as the peak height in transmission. e,

Measurements of SAWmode profiles using transmission-modemicrowave impedancemicroscopy, showingmode profiles

as a fundamental mode forMode 1, and a second-order mode forMode 2. This is the top view of the device.

We experimentally map the SAW mode profiles of devices with the same design using transmission-

mode microwave impedance microscopy [, ] (Fig. .e). The resonant frequency and the

measured mode profile of Mode  agree with the fundamental mode shown in Fig. .f. Mode
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 shows a close Q factor of 16, 660 at 1.03605 GHz in atmosphere and a Q factor of 20, 600 in

vacuum (Supplementary Figs. .a and .c). The resonant frequency and the measured mode

profile of Mode  corresponds to the second-order mode shown in Fig. .f. The observed spec-

tral gap of 13.5 MHz between the fundamental and second-order modes agrees with the numer-

ical simulation. The second-order mode possesses a lower Q factor than the fundamental mode

due to less confinement, though it has a higher coupling efficiency. The comparison between Q





factors in atmosphere and vacuum indicates air damping to be a significant source of loss.

The number of PnC periods surrounding the cavity part determines the loaded Q factors and

the coupling strength. Generally, more PnC periods generate better confinement of SAW, lead-

ing to higher Q factors, but also reduce the coupling. We fabricate multiple devices with various

numbers of PnC periods on a single chip to characterize the relation between Q factors and cou-

pling intensities. For the fundamental mode (Mode ), the Q factors increase significantly with

increasing number of PnC periods, saturating at around 15, 000 when more than 45 periods are

used (Fig. .d). This saturation indicates that the leakage of the SAW through the PnC is no

longer the limit of the Q factors. For the second-order mode (Mode ), the Q factors improve lin-

early with increasing number of PnC periods (Fig. .b). The coupling intensity reduces exponen-

tially with increasing number of PnC periods, as the mechanical vibration decays exponentially

while propagating in the PnC structures.
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One key application of our SAW devices is in preparing, controlling, and reading out qubits

such as quantum dots, superconducting qubits, and spins. For these applications, functionality

at cryogenic temperatures is essential. For this reason, we characterize the low-temperature per-

formance of our SAW resonators using a continuous-flow liquid helium cryostat. The Q factor of

the fundamental mode improves from 21, 200 at room temperature (Fig. .b) to 61, 100 at 4 K

(Fig. . Inset). Meanwhile, the Q factor for the second-order mode is 42, 700 at 4 K, lower than

the fundamental mode due to weaker confinement. Since the resonant frequency of 1 GHz cor-

responds to a temperature of about 50 mK, our devices are in the high temperature (ℏω ≪ kBT

) regime, where the scattering of acoustic phonons from thermal phonons limits the Q factor

[, ], and thus could show even higher Q factors at millikelvin temperatures.

The frequency and linewidth of the SAW resonator are monitored continuously during the

cooling from room temperature to liquid helium temperature (Fig. .). The resonant frequency

is 1.02350 GHz at room temperature (296 K). It shifts towards higher frequencies by 14 MHz to

1.03743 GHz at 60 K and further by 0.1 MHz to 1.03755 GHz at 4 K. On one hand, the ther-

mal expansion coefficient for lithium niobate is temperature dependent [], and has the value of

14.8 × 10−6/K at 300 K and 1.2 × 10−6/K at 60 K. As the temperature goes down from 300

K to 60 K, the device shrinks about 0.19% geometrically. This shrinkage accounts for a resonant

frequency shift of about 2 MHz. On the other hand, the normalized temperature coefficient of

the elastic modulus is about −1.5 × 10−4/K at 298 K (Ref. []). Assuming the temperature

coefficient decays linearly, the elastic modulus increases by about 1.8% from 300 K to 60 K and

could contribute to the 18 MHz shift in the resonant frequency. Thus, the shift towards higher

frequencies during the cooling process is primarily caused by the temperature dependence of the

elastic modulus.





. Scaling SAW resonator design

Our design for SAW resonators can be easily extended to different frequencies by uniform scaling.

When all geometric parameters are scaled up by a certain factor, the resonant frequency of the

SAW resonator reduces by the same factor. By scaling our 1 GHz design, we demonstrate SAW

resonators with resonant frequencies varying over one order of magnitude from 0.5 to 5 GHz

(Fig. .). While the Q factors are higher for lower frequency devices, the fQ products are simi-

lar across the entire range of frequencies. In atmosphere, we observe Q factors of 18100, 16700,

6240, and 2480 at fundamental mode frequencies of 0.512, 1.02, 3.07 and 5.11 GHz for scaled

SAW devices; and the highest fQ product of 2 × 1013 is observed for the device with the me-

dian frequency of 3.07 GHz. Due to weaker confinement, the fQ products for the second-order

modes are lower than the fundamental modes with the same number of PnC periods. For high-

frequency devices, though we can scale the geometric design easily, the roughness due to nanofab-

rication does not scale, and thus roughness induced scattering loss is more significant for higher

frequency SAW resonators. In atmosphere, the air damping clamps the Q factors at tens of thou-

sands and reduces the fQ product for lower frequency devices, e.g., below 0.5 GHz (Ref. []).

. Summary and outlook

We demonstrate a systematic method for the design and fabrication of high-Q SAW resonators

with small mode areas on lithium niobate. Our phononic band structure engineering optimizes

the Q/Aeff of SAW resonators by maximizing the confinement of SAW while minimizing the

scattering loss into the bulk. These high Q/Aeff SAW resonators enhance the strong interaction

between phonons and other fields. The demonstrated resonators with fQ products over 1013

at resonant frequencies ranging from 0.5 to 5 GHz allow potential room-temperature quantum

phononics on the surface of lithium niobate. Furthermore, our SAW resonators have mode areas
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down to 1.87 λ2, which is an order of magnitude smaller than those of conventional FP SAW

resonators with Bragg mirrors. While air damping and thermoelastic damping are the primary

limits of the Q factors under atmosphere and at room temperature, other sources of loss could

also limit the Q factors of our SAW resonators. The radiation of alternating electromagnetic fields

associated with the mechanical strains in strong piezoelectric materials such as lithium niobate

could contribute to the total loss. Beyond SAW resonators on bulk lithium niobate, our design

can be extended to thin films of lithium niobate on silica substrates and integrated with optical

waveguides. SAW resonators provide an alternative way to manipulate rare earth ions in lithium

niobate for quantum information []. The high-Q SAW resonators pave the way towards hybrid

quantum systems, where phonons could play a crucial role in coupling superconducting qubits,

controlling solid-state electronic spins, and performing microwave-to-optical conversion.





3
Nonreciprocal Phonon Transmission in

PT -symmetric SAW Resonators

. Introduction

Surface acoustic waves (SAW) at microwave frequencies have been considered as a universal in-

terconnect on solid state platforms [, , ]. Nonreciprocal microwave acoustic propagation





represents a fundamental need for phononic signal processing and networking. The asymmetric

acoustic transmission has been observed in bulk acoustic or mechanical devices [–]. How-

ever, the uses of discrete bulk nonlinear components or fluids limit the operating frequency to

only a few megahertz. Ferromagnetic materials are often used to break time-reversal symmetry,

but only weak nonreciprocity for acoustic waves was experimentally observed [, ]. Conse-

quently, they cannot address the emerging demands in acoustics, in which the combination of

strong nonreciprocity, microwave operating frequencies, and integrated solid-state platforms are

desired. Optomechanical systems have recently been proposed for nonreciprocal transfer between

mechanical modes with different frequencies []; however, their high nonreciprocity relies on

large optomechanical cooperativities which are experimentally challenging for integrated plat-

forms. In this chapter, we experimentally realize nonreciprocal acoustic transmission using sur-

face acoustic wave (SAW) resonators at 200 MHz frequencies. The nonreciprocity is achieved

by strong nonlinear metasurfaces in parity-time(PT )-symmetric systems. We observe preferably

linear SAW transmission in one direction, while SAWs are nonlinearly suppressed in the reverse

direction. The operating frequency of our nonreciprocal SAW devices is not fundamentally lim-

ited. Moreover, our solid-state approach can be readily integrated with other on-chip platforms

and is cryogenically-compatible, which is crucial for emerging phononic applications.

. PT symmetry, nonlinearity, and nonreciprocity

PT -symmetric systems [–] have been highlighted by their profound physics and uses in

practical applications. For example, they have enabled nonreciprocal propagation in integrated

photonic platforms [–]. Acoustic PT -symmetric systems [, , –] have been theoret-

ically and experimentally explored. While PT -symmetric systems in the broken-PT -symmetric

regime provide a unique opportunity to convert nonlinearities into desired nonreciprocity, most





acoustic systems are considered highly linear, and nonreciprocal transmissions are thus ruled out

by the Lorentz reciprocity theorem []. It is challenging to achieve strong nonlinearity for elastic

waves at microwave frequencies with small displacements of sub-nanometer. SAWs propagating

on piezoelectric materials are not pure elastic waves but are coupled to electric fields. Thus, active

electronics can easily induce nonlinearities, such as saturation and distortion. Clearly, engineering

electric fields on piezoelectric materials is an attractive way to enable nonlinear SAW propagation.

Our nonreciprocal SAW devices employ coupled resonators defined by SAW Bragg mirrors and

metasurfaces that are distributed electrodes with a pitch equal to the SAW wavelengths, which

provide nonlinear gain and loss for SAWs (Fig. .(a)). They are connected to external electronic

circuits to allow tailoring of the electrical fields of SAWs. Such coupled SAW resonators with gain

in one resonator and loss in the other form a nonlinear PT -symmetric system, in which highly

nonreciprocal transmission is exhibited. This occurs when the sum of gain and loss exceeds twice

the coupling strength between two resonators, i.e., g + |γ| > 2µ, where g is the gain of the

active resonator, γ is the loss of the passive resonator, and µ is the coupling strength between the

two resonators. We consider the forward direction to be in the direction of propagation from the

passive resonator to the active resonator.

Theoretical analysis (Sec. .) and numerical simulations (Sec. .) reveal the process of nonre-

ciprocal SAW transmission in our active passive coupled resonator system (Fig. .). Here, we first

show an intuitive picture of the nonreciprocity. Without loss of generality, we consider a SAW

metasurface with a nonlinear saturable gain in the active resonator; gain will be reduced for a large

SAW amplitude. The nonlinear gain is implemented by a negative resistance electronic circuit. A

lossy SAW metasurface is implemented by connecting an electronic resistor to the electrodes in the

passive resonator. In the broken PT -symmetric regime, the energy flow timescale between two

resonators is slow compared to the time to equilibrium. For the forward propagating wave, the

wave depletes in the passive resonator first and enters the active resonator with a lower intensity.
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Figure 3.1: Schematic of nonreciprocal SAW transmission in coupled resonators. (a) Schematic of coupled SAW resonators

for nonreciprocal transmission. Metasurface with loss and gain are introduced in the passive and active resonators, re-

spectively. IDTs are used to generate and receive SAW. A higher transmission is expected in the forward direction than the

backward direction. (b)Microscopic images of the fabricated device. The dark areas are etched grooves, and the bright pat-

terns are aluminum electrodes. The large square aluminum pads are used to connect to external circuits by wire bonding.

The zoomed region is marked by the dashed box in the above overview image. (c) Measured transmission spectra of coupled

SAW resonators in unbroken and brokenPT -symmetric regimes. Resonant peaks are observed in the bandgap of SAW

Braggmirror (highlight in grey). A transmission of reference IDTs is also plotted.





This lower intensity will experience a higher gain in the nonlinear active resonator and exhibit a

higher transmission. For the backward propagating wave, it localizes in the active resonator with

higher amplitude and suffers a lower gain due to the nonlinearity. Thus, after it is depleted in the

passive resonator, the backward wave exhibits a lower transmission. Clearly, the PT symmetry

breaking induces nonreciprocal gains between the forward and backward propagating waves.

In the next sections, we investigate this PT -symmetric acoustic resonators by solving the equa-

tions of motion and performing finite element method simulations.

. Dynamics of PT -symmetric acoustic resonators

.. Eigenmodes of PT -symmetric resonators

In quantum mechanics, the Hermitian operators for physical observables (e.g. Hamiltonian)

mathematically guarantee real eigenvalues with time-invariance eigenmodes in a Hilbert space.

However, a Hermitian Hamiltonian is not the necessary condition for real eigenvalues. Specifi-

cally, non-Hermitian Hamiltonians with PT -symmetry
[
Ĥ, P̂ T̂

]
= 0 can process an entirely

real spectrum, where P and T are parity operator and time reversal operator, respectively. Gen-

erally, PT symmetry can be constructed by introducing gain and loss into a spatially symmetric

system. We construct the PT -symmetric surface acoustic wave (SAW) system by two resonators

with external loss and gain, respectively, as shown in Fig. .(a).

The Hamiltonian describing our system is given by

H = (ω1 + iγ) a†1a1 + (ω2 + ig) a†2a2 + µ
(
a†1a2 + a1a

†
2

)
, (.)

where a1,2 are Bosonic operators for the resonator 1 and 2, respectively, ω1,2 are the resonant

frequencies of two resonators, and µ is the coupling strength between two resonators. γ < 0





represents the loss of the first (passive) resonator, and g > 0 represent the net gain of the second

(active) resonator. For two SAW resonators with idential resonant frequency ω0 = ω1 = ω2, the

eigenvalues of two supermodes in the coupled system are given by

ω± = ω0 + i(
γ + g

2
)±

√
µ2 − µPT

2, (.)

where µPT = (γ − g)/2 is the critical coupling strength (as known as exceptional point) for a

PT system. When the coupling strength µ is greater than the µPT , the system is in the unbroken

PT -symmetry regime, and a mode splitting [Re(ω+−ω−) > 0] is expected. When the coupling

strength µ is smaller than the µPT , the system is in the broken PT -symmetry regime, and the

real parts of the eigenvalues of the two supermodes are the same [Re(ω+ − ω−) = 0]. The two

supermodes in the base of individual resonant modes (a1 and a2) are given by

c+

c−

 =
1√
2

 1 iµ̃−1 +
√
1− µ̃−2

iµ̃−1 +
√

1− µ̃−2 −1


a1

a2

 , (.)

where µ̃ = µ/µPT is the normalized coupling strength.

Figure . shows the PT phase diagram of our coupled SAW resonators. In experiments, we

first investigate the coupling strength between two passive resonators. The coupling strength is

determined by the number of phononic crystals between two SAW resonators. In this case, for

two resonators with the same loss (γ = g < 0), the system is always in the unbroken PT -

symmetry regime, and mode splitting is observed. Then we introduce additional gain and loss

for the SAW resonators by the intracavity IDTs connected to external electronic circuits. In this

case, when the coupling strength is smaller than the critical coupling strength µPT , the system

is in the broken PT -symmetry regime, and only a single resonant peak is observed in the trans-

mission (Fig. .(c)). For devices with increasing coupling strength, our system transits into the





unbroken PT -symmetry regime, and mode splitting is observed (Fig. .(c)). In experiments,

to avoid self-oscillation of the electronic circuits, the loss of the SAW resonator is not completely

compensated by the introduced gain. Our system is, however, equivalent to a time translation

of a PT -symmetric system with balanced gain and loss, and it processes similar features of the

balanced PT system.

0 1 2 3 4 5 6

-300

-200

-100

0

100

200

300

Coupling strength μ/μPT

R
e
(ω

-ω
) 

(k
H

z)
0

Passive resonators

Active/passive resonators
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.. Phonon transmissions

As discussed earlier, the nonreciprocity of our PT -symmetric acoustic resonators relies on the

nonlinearity of the system. We integrate the nonlinearity into the gain g of the resonator. The

total gain (loss) of the acoustic resonator is decomposed by g = gt
2 − γ0

2 − κ0
2 ), where γ0 and κ0





are the intrinsic loss and the external coupling rate. The saturable nonlinear gain gt is given by

gt =
gt0

1 + |a/a0|β
, (.)

where gt0 is the gain in the weak intensity limit, a is the Bosonic operator of the resonator, a0 and

β is the saturation amplitude and index describing the saturation behavior.

To calculate transmission spectra, we add input terms to the Hamiltonian (Eq. .). The Hamil-

tonian with forward (labelled in a) and backward (b) inputs is given by

Ha = (ω1 + iγ) a†1a1 + (ω2 + iga) a
†
2a2 + µ

(
a†1a2 + a1a

†
2

)
+ ϵin

(
a1e

iωt + a†1e
−iωt

)
(.)

Hb = (ω1 + iγ) b†1b1 + (ω2 + igb) b
†
2b2 + µ

(
b†1b2 + b1b

†
2

)
+ ϵin

(
b2e

iωt + b†2e
−iωt

)
,

(.)

where ϵin =
√

κ0Pin/ℏω is the input strength into the resonator with SAW power Pin at fre-

quency ω.

According to Heisenberg equation, the equations of motion for the system for forward and

backward SAW transmissions are given by

i
d

dt

a1

a2

 =

ω1 − ω + iγ µ

µ ω2 − ω + iga


a1

a2

+

ϵin

0

 (.)

i
d

dt

b1

b2

 =

ω1 − ω + iγ µ

µ ω2 − ω + igb


b1

b2

+

 0

ϵin

 . (.)

These equations of motion are solved numerically to investigate the phonon transmission. The





forward and backward transmissions are given by

SFwd = κ0 |a2|2 ℏω/Pin (.)

SBwd = κ0 |b1|2 ℏω/Pin (.)

Further, the nonreciprocal ratio η is defined as

η =
SFwd (f0)

SBwd (f0)
, (.)

where f0 is the frequency at the maximum forward transmission.

.. Strong coupling and reciprocal transmission

Here, we consider the system with strong coupling between two resonators, in the unbroken-PT -

symmetry regime, i.e. µ̃ > 1. In this case, the real parts of eigenvalues ω± bifurcate, as known as

mode splitting. Especially, in the strong coupling limit µ̃ → ∞, the supermodes can be expressed

as

c± =
(a1 ± a2)√

2
, (.)

which corresponds to the entire coalescence of two original modes. In this unbroken-PT -symmetry

regime, the energy in the active resonator can flow fast enough into the passive one to compensate

for the loss, and thus the system is in equilibrium. Therefore, the system with two strong-coupled

resonators has reciprocal transmissions. To valid this statement, we calculate the transmission

in both directions, and the theoretically-observed reciprocal transmission spectra are shown in

Fig. .(a)-(b). Even if the input power is changed, the system keeps its reciprocity, rather than

the power-related behavior of weakly coupled resonators (discussed in the next subsection).

We further compare the mode amplitude in the active resonator between the forward and back-





ward inputs (i.e. a2 and b2). As shown in Fig. .(c), the strong coupling (µ̃ ≫ 1) results in

|a2| / |b2| tends to one, which indicates the system is of a similar state under forward and back-

ward inputs. Reciprocity is thus expected for the strongly-coupled SAW resonators.

Figure 3.3: Calculated transmissions in the strong coupling region. (a) Forward and (b) backward transmission in the strong

coupling region µ̃ = 10with different input power (1µW, 100µWand 1W), respectively. The SAW systemwith strong

coupled resonators has reciprocal transmission. (c) The ratio of fields in the active resonator |a2| / |b2| (red) and the
nonreciprocal ratio (green) for different coupling strength. The ratio of fields tends to onewhile the nonreciprocal ratio

tends to zero. The input power is 100µW, and the highlight area represents the weak coupling region.

Interestingly, we notice that the normalized transmission intensities for certain input powers

(e.g. 1 µW and 100 µW in Fig. .(a)-(b)) greater than one. In fact, linear PT -symmetric sys-

tems, of which the gain is constant and not related to the intensity in resonators, can demonstrate

spectrum singularities, where the transmission becomes infinitely large. Although the nonlinearity

of our gain-loaded SAW system pulls the infinite transmission down to a finite value, the gain un-

der weak input power can induce the transmission over one. When the system is under a stronger

input (e.g. 1 W in Fig. .(a)-(b)), the saturated gain reduces the transmission intensity to less

than one, as the gain is significantly reduced by the saturation and the system is of an overall net

loss.

.. Weak coupling and nonreciprocal transmission

The system enters the broken-PT -symmetry regime when the coupling strength reduces to less

than the PT -symmetry transition point or the exceptional point, µ̃ < 1. We note the differ-





ence from the artificially broken symmetry, the broken-PT -symmetry phase here is caused by

the weaker coupling strength between the two resonators. Weakly-coupled resonators nearly be-

have as their own quantum states – the supermodes c+ and c− share the same real eigenvalues but

the opposite imaginary parts. In this case, the energy flow between the two resonators is not fast

enough, and the system is not in equilibrium. Nonreciprocal transmission spectra are theoretically

observed under a  µW input (Fig. .(b)). We note the cause of the nonreciprocal transmis-

sion spectra is not the broken-PT symmetry but the unequal nonlinear gains ga ̸= gb for the

forward and backward inputs due to a PT-symmetric structure.

The nonreciprocal ratio is related to the input power, shown in Fig. .(d). For weak SAW

input powers, the gain is under the saturation threshold and almost linear (Fig. .(c)), and the

transmission spectra are almost reciprocal shown in Fig. .(a). For stronger input powers, due

to the saturation, the gain of the active resonator is significantly lower for the backward input

than the forward input (Fig. .(c)). In this case, strongly nonreciprocal transmission spectra are

theoretically observed, as shown in Fig. .(b).

We investigate the nonreciprocal ratios under various input powers and gains. The nonrecip-

rocal ratios peak at moderate inputs Fig. .(d), where the saturable gains also exhibit the largest

difference between different inputs (Fig. .(c)). At the weak input limit, the amplitudes in the

resonators are far below the saturation threshold, and this linear system does not break the law of

reciprocity. At the strong input limit, the amplitudes in the resonators are far above the satura-

tion, and the gain is negligible compared to the input powers. Thus, the system falls back into the

reciprocal condition. On the other side, greater the nonreciprocal ratios are observed at weaker

coupling strengths and larger external gains gt0.





Figure 3.4: Calculated transmissions, the saturable gain, and the nonreciprocal ratio in theweak coupling regime. (a)-(b)

Normalized transmissions under input power 0.1µWand 100µW, respectively. (c) External gain as inputted forward and

backward, which is normalized to the value with the small signal gain gt0 . In (a)-(c),µ̃ = 0.05 and gt0 = 3.6γ0 , where
γ0 is the intrinsic loss of single passive resonator. (d) Nonreciprocal ratios under different relative coupling strengths µ̃ and

different small signal external gain gt0 .

. Numerical simulation of PT -symmetric SAW resonators

The model of our finite element simulation is based on the D cross-section of device (Fig. .(b))

(x-axis is parallel to the direction of propagation while y-axis is perpendicular to the device sur-

face). By solid mechanics and electrostatics modules in COMSOL Multiphysics, we simulated

the propagation and resonance of surface acoustic wave on 128◦YX-cut lithium-niobate, and by





circuit module, the electric signal inputs and outputs the system, the loss and nonlinear gain are

loaded into two resonators, respectively. The bottom boundary of lithium-niobate is of a perfect

matching layer with the fixed condition at the end, while the top surface is free. Two ends in ±x

directions of our system are also set as a perfect matching layer to absorb out-propagating waves to

avoid artificial reflections of acoustic waves. We build the negative resistor by a voltage-controlled

current source in a COMSOL circuit module, providing an equivalent nonlinear gain, expressed

as R0

(
1 + |u/u0|β

)
. Here, R0 < 0 and β is the index of saturation rate as the previous dis-

cussed, u is the voltage over the negative resistor and u0 is the threshold of saturation. The nega-

tive resistor is connected to the electrodes of the IDTs to provide external gain. A regular resistor

is connected to the IDTs in the passive resonator.
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Figure 3.5: Numerical simulation ofPT -symmetric SAW resonators in theweak coupling regime. (a) Simulated nonrecip-

rocal transmission of the weakly coupledPT -symmetric SAW resonators. (b) Simulated SAWprofiles for the forward and

backward inputs.

For the weak coupling (i.e. broken-PT -symmetric) regime, the numbers of external mirrors

and coupling mirrors are 20 and 60 respectively. This results in the weak coupling condition be-

tween the two resonators. The simulated nonreciprocal SAW transmission is shown in Fig. .(a).





For the forward SAW input, the phonons distribute over both SAW resonators, and allows a

higher transmission; for the backward SAW input, the phonons are localized in the active res-

onator and result in a lower transmission (Fig. .(b)).

Figure 3.6: Numerical simulation ofPT -symmetric SAW resonators in the strong coupling regime. (a) Simulated recipro-

cal transmission of the strongly coupledPT -symmetric SAW resonators. (b) Simulated SAWprofiles for the forward and

backward inputs.

To enter the strong coupling (i.e. unbroken-PT -symmetric) regime, the number of coupling

mirrors is reduced to 20. Mode splitting and reciprocal transmissions are observed from the nu-

merical simulations (Fig. .(a)). Similar amplitudes in the active and passive SAW resonators

are observed for both forward and backward SAW inputs, and this results in a reciprocal phonon

transmission (Fig. .(b)).





. Experimental realization of nonreciprocal SAW transmission

Our coupled SAW resonators are fabricated on a bulk lithium niobate substrate: the SAW Bragg

mirrors are created by etched grooves, and the aluminum electrodes are used to electrically gen-

erate, collect, and create metasurfaces for SAW (Fig. .(b)). The SAWs, which feature a speed of

3, 980 m/s, propagate on a low loss 128◦Y-cut lithium niobate substrate in the X crystalline di-

rection. The pitch (width, depth) of the grooves is 10 µm (5 µm, 0.5 µm), giving Bragg mirror

reflectivity over a bandwidth of 8 MHz with a 200 MHz central frequency. This central frequency

of the Bragg mirror can be tuned from a hundred megahertz to a few gigahertz by geometrically

scaling the design []. The number of grooves determines any external coupling as well as the

coupling between two resonators, while the groove widths are tapered towards the unmodified

surface to reduce scattering loss.
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Figure 3.7: Measuredmode splitting of two coupled SAW resonators on the number of mirror periods. Inset: a measured

transmission spectrum of strongly-coupled SAW resonators.

The measured transmission spectra of our coupled SAW resonators show resonant peaks within

the bandgap of Bragg mirrors (Fig. .(c)). When two passive SAW resonators are strongly cou-





pled, that is, in the unbroken PT -symmetric regime, doublet resonances are observed in the

transmission spectrum. In the absence of any SAW metasurface in the SAW resonator, the loaded

quality factor is 104. The dependence of the coupling strength between the two resonators on

the number of mirror grooves is experimentally investigated; coupled resonators with the number

of mirrors from 20 to 90 result in coupling strengths µ from 295 to 8 kHz (Fig. .). An 80-

groove mirror gives a coupling strength µ of 27 kHz and allows the gain and loss provided by the

metasurface tune the resonators into the broken PT -symmetric regime. When active and passive

resonators are weakly coupled, only a single resonant peak is observed.

The nonlinear saturable gain is investigated in a single SAW resonator (Fig. .(a)), in which

the electrodes are connected to a negative resistance circuit. The negative resistance is imple-

mented by an operational amplifier with feedback resistors (Fig. .(b)). The implantation of

the electronic circuits is achieved on a printed circuit board (PCB) (Fig. .). The lithium niobate

SAW chip with coupled resonators is placed at the center of the PCB. The on-chip electrodes are

wire bonded to the contact pads on the PCB allowing transmission measurements and tailoring
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Figure 3.8: Realization of nonlinear active SAW resonators. (a) Microscopic image of a nonlinear active resonator. The

gain for SAW is provided by the interdigital electrodes connected to an electronic circuit by wire bonding. (b) Electronic

diagrams of the negative resistor providing electrical gain. The negative resistance is implemented by an operational am-

plifier with resistance feedback. The equivalent negative resistance is tuned an adjustable resistor. (c) Themeasurements

of the power reflection from the negative resistance circuit. Higher input powers saturate the operational amplifier, in-

troduce nonlinearity, and cause the gain reduction. (d) Transmissionmeasurements of the nonlinear active resonator. The

transmission peaks broaden and reduce for greater input powers on the IDT.
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Figure 3.9: Photography of the PCB for nonreciprocal SAWdevicemeasurements. This PCB supports simultaneousmea-
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Figure 3.10: Electronic schematic for circuits providing gain and loss of active and passive SAW resonators on piezoelectric

materials.

electrical fields of SAW. The electronic schematic for the negative resistance and resistance circuits

are shown in Fig. .. The resistance circuit, connecting to the passive SAW resonator, consists

of a trimmer resistor. The equivalent negative resistance circuit, connecting to the active SAW

resonators, consists of an operational amplifier (TI LMH), resistors, and capacitors. The cir-





cuit is designed to isolate DC and AC signals by AC coupling capacitors Cf and C1. For DC bias,

the resistors R3 and R4 provide the input bias of VCC/2 at the positive input of the amplifier;

and the close-loop amplification is unity gain. For AC signals, the effective negative resistance at

the connector is Rneg = RfR2/R1. Trimmer resistor Rf is tunable from 0 to 5 kΩ. The values

of components are Cf = 500 pF, C1 = 10 nF, R1 = 100Ω , R2 = 1.5 kΩ, R3 = R4 = 20 kΩ. The

power supply VCC is 2.7 V.

196.0 196.5 197.0 197.5
-120

-100

-80

-60

S
A

W
  
p
o
w

e
r 

sp
e
ct

ra
l 
d
e
n
s
ity

 (
d
B

m
) 

Frequency (MHz)

 
SAW lasing

 

Under lasing 
threshold

196.0 196.5 197.0 197.5

0.00

0.01

0.02

0.03

In
cr

ea
si

ng
 g

ai
n

S
A

W
 t
ra

n
s
m

is
si

o
n

Frequency (MHz)

a b

Figure 3.11: Measurements of single active SAW resonators with various gain. (a) Measured transmission of a single active

SAW resonator depicited in Fig. 3.8(a) with various gain. (b)Measured power spectral density of the output SAWof the

active resonator with gain exceeding and under SAW lasing condition.

We investigate the active SAW resonator with various gains. Increasing in gain results in SAW

self-oscillation (lasing) state, and very narrow bandwidth of SAW at the resonant frequency is

detected outside the resonator in the absence of any coherent input signals (Fig. .). We ensure

the gain is below the threshold of self-oscillation to investigate nonreciprocal transmissions. With

the increasing power of input signals, the output of the operational amplifier will saturate and be

clamped at the power supply voltages, and the measured reflective gain of the negative resistance

will reduce (Fig. .(c)). Nonlinear saturable SAW transmissions are observed in the resonator; the

saturation broadens and reduces transmission peaks at higher input power (Fig. .(d)). On the

other hand, a lossy SAW metasurface is implemented by distributed electrodes connected to an





electronic resistor, and it behaves linearly within our range of input power (Figs. . and .).
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Figure 3.12: Measured power reflection from the resistance circuit linked to the passive SAW resonator. In contract to the

active negative resistance circuit in Fig. 3.8(c), the passive resistor is linear over the range of input power.
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Figure 3.13: Nonreciprocal SAW transmission of weekly-coupled resonators. (a) Forward and (b) backward transmission

measurements of coupled SAW resonator in the brokenPT -symmetric regime. Themicrowave power applied on the IDT

is -25 dBm (3µW). Inset: transmissions in logarithmic scale.

Nonreciprocal transmissions are observed in coupled passive and nonlinear active SAW res-

onators in the broken PT -symmetric regime (Fig. .). The loss and gain in the resonators

are tuned to maximize the nonreciprocal isolation. At the optimum input power of about 3

µW (−25 dBm), a Lorentzian resonant peak is observed in the forward transmission spectrum

(Fig. .(a)), while a reduced transmission near the SAW resonant frequency is observed in the





backward transmission spectrum (Fig. .(b)). A 10.9 dB nonreciprocal isolation is calculated

by the maximum transmission in the forward direction over the transmission in the backward di-

rection, that is η = SFwd(f0)
SBwd(f0)

∣∣∣
SFwd(f0)=Max(SFwd)

,where SFwd (f) and SBwd (f) represent the

transmission in forward and backward direction, respectively; frequency f0 corresponds to the

maximum transmission in forward transmission. The nonreciprocal isolation exhibits a power de-

pendency (Fig. .) for the saturation nonlinearity we employed. At low input powers, such as

at 250 nW, SAWs propagating in both directions see a linear gain, and thus no significant nonre-

ciprocity is expected or observed. At high input powers, SAWs in both directions suffer a strong

nonlinearity, and the nonreciprocity is reduced.
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Figure 3.14:Measured nonreciprocal isolations of broken-PT -symmetric SAW resonators

Although the nonreciprocal SAW transmission of PT -symmetric resonators relies on the non-

linearity, we remark here that the desired SAW transmitting in the forward direction does not

necessarily suffer from a nonlinear distortion. Under the optimum operating conditions of our

nonlinear PT -symmetric system, the system stays in the linear regime for the forward input sig-

nals. However, for the undesired backward transmitting signals, the localization in the nonlinear

active resonator triggers the strong nonlinear saturation and suppresses the transmission. We use
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Figure 3.15:Measured power at higher harmonic frequencies for (a) forward and (b) backward transmitted SAWof the

nonreciprocal device. The powers are referenced to power at the fundamental frequencies.

the relative power at higher harmonic frequencies to characterize the nonlinearity of the transmit-

ted signals (Fig. .). For our nonreciprocal SAW device, we observed second harmonic power

as low as 0.08% (−31 dBc) of the fundamental frequency in the forward transmission at the op-

timum input power of 3 µW. For the backward transmission at the same input power, the second

harmonic power is measured as high as 5% of (−13 dBc) the fundamental frequency.
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Figure 3.16: Reciprocal SAW transmission of strongly-coupled resonators. (a) Forward and (b) backward transmission

measurements of strongly-coupled SAW resonator in the unbrokenPT -symmetric regime. Themicrowave power applied

to the IDT is -25 dBm (3µW). Inset: transmissions in logarithmic scale.

In contrast, no significant nonreciprocal transmission is observed in strongly-coupled SAW res-





onators, which is in the unbroken-PT -symmetric regime (Fig. .). We use the same nonlinear

gain and loss as previous measurements but switched to the strongly-coupled resonators. At the

same input power of 3 µW, similar transmission spectra with split peaks are observed for both

forward and backward SAW inputs. Saturation nonlinearities are observed in both transmitting

directions with increasing input powers. In this unbroken-PT -symmetric regime, energy flows

are fast enough to reach an equilibrium between two resonators, and the mode profiles are simi-

lar for both SAW input directions (Fig. .(b)). This is a contrast to the broken-PT -symmetric

regime (Fig. .(b)). This concludes that the PT symmetry breaking plays an important role for

nonreciprocal transmissions.
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. Phonon circulator by cascaded nonreciprocal SAW devices

Our nonreciprocal SAW devices can be extended and interconnected to form a phononic net-

work. Circulators are widely used in duplex communications, in which sending and receiving oc-

cur in parallel and with the same components. We experimentally demonstrate a SAW circulator

by cascading two nonreciprocal devices (Figs. .(a) and .(b)). IDTs are used at each device

port to generate and receive SAW. Expected circulating behaviors are observed at the resonant

frequencies; SAWs are transmitted in the clockwise direction from port  to port . When SAW

inputs on Port , it is preferably transmitted to Port  (S21) than the reverse direction to Port 

(S31). At the peak transmission of S21, a 20 dB higher transmission is observed in the clockwise

direction S21 than the counterclockwise direction S (Fig. .(c)). Similarly, when SAW in-

puts to Port , a 10 dB higher transmission to Port  is observed than that to Port  (Fig. .(d)).

The discrepancy between different input ports could be caused by the small variation in resonant

frequencies and Q factors of acoustic resonators.

. Summary and outlook

In this chapter, we demonstrated a nonreciprocal acoustic transmission on lithium niobate SAW

platform. In the future, microwave SAW phonons can be feasibly routed, manipulated, and cou-

pled to solid-state microwave circuits and emitters. We envision a more profound non-Hermitian

phononics by hybridizing SAW with powerful superconducting circuits and solid-state defects,

such as diamond color centers. Further, our active SAW circuits could be implemented in a wide

range of frequencies and enrich signal processing functionalities for next-generation wireless com-

munication. 





4
Microwave-to-optical Conversion using

Thin-film Acoustic Resonators

. Introduction

Conversion of information between the microwave and optical domains is a key ingredient for

classical and quantum networks and distributed systems [, –]. Among the many approaches





to achieve coherent quantum transduction, electrically-coupled optomechanical systems have

emerged as a promising candidate []. Experimental progress includes suspended structures such

as optical waveguides in microwave cavities [], membranes in free-space Fabry-Pérot cavities

[–], and nanoscale piezoelectric optomechanical crystals (OMCs) [, –]. While the

first approach benefits from a high quality factor (Q) microwave resonance of a bulk microwave

cavity, the second approach achieves a high photon number conversion efficiency leveraging a

triple resonance of microwave, mechanical, and optical fields. Large-scale integration of these de-

vices is, however, challenging and has not been demonstrated yet. On the other hand, OMCs

[, , –] provide a fully-integrated platform featuring gigahertz mechanical frequencies,

and megahertz optomechanical coupling strengths, while limitations due to surface effects are be-

coming more well-understood []. Microwave-to-mechanical (i.e. electromechanical) coupling

to OMCs has been achieved using piezoelectric materials, such as aluminum nitride [–],

gallium arsenide [, ], and lithium niobate (LN) []. However, the demonstrated electrome-

chanical couplings are inefficient due to the mismatch between the mechanical resonant modes to

microwaves [, , ] or travelling mechanical waves [–].

To address the weak microwave-to-mechanical conversion of current integrated devices, we use

free-standing LN thin-film acoustic (i.e. mechanical) resonators with low-loss optical resonators.

Our approach derives benefit from the strong piezeoelectricity and electro-optic effects of LN

[–] in conjunction with the photoelastic effect to achieve microwave-to-optical conversion.

Using an IDT, we demonstrate up to 50% coupling efficiency from microwave inputs to acoustic

resonator modes, thereby enabling efficient optical modulation using Mach-Zehnder interferome-

ters (MZI) and racetrack cavities. Specifically, using a 100 µm long optical waveguide embedded

within a 3.33 GHz acoustic resonance with a Q factor of 3, 600, our MZI exhibits a low half-

wave voltage Vπ of 4.6 V. Moreover, the half-wave-voltage-length product VπL, the figure of

merit for optical modulators, is as low as 0.046 V·cm, which is a 50-fold reduction over the start-





of-the-art electro-optic modulators []. This comes at expense of reduced microwave-to-optical

conversion bandwidth of around  MHz, which is significantly smaller than that of electro-optic

MZI approaches [], nonetheless it is much greater than what has previously been demon-

strated using using a microwave, mechanical, and optical triple resonance []. Our racetrack

cavity features an optical Q factor of over 2 × 106, thereby enabling single optical sideband con-

version with an effective Vπ of 0.77 V, a photon number conversion efficiency of 0.0017% for an

optical power of 1 mW, and an acousto-optic (i.e optomechanical) coupling strength of 1.1 kHz.

Though this acousto-optic coupling strength is lower than that of state-of-the-art OMCs, the

overall microwave-to-optical conversion efficiency is improved due to the enhanced microwave-

to-mechanical coupling. Finally, to illustrate its efficient microwave-to-optical conversion, we

demonstrate a loss-less microwave-photonic link with a ∼ 50 mW optical power routing on chip.

. Device design and fabrication

We utilize interdigital transducers (IDTs) to drive our acoustic resonators due to their efficient

electromechanical coupling and ease of fabrication. Notably, IDTs are widely used in electro-

acoustic signal processing at up to hypersonic (greater than 1 GHz) frequencies []. Further-

more, they have been used in optical applications to diffract guided beams [], modulate cavi-

ties [], drive photonic molecules [], and even break time-reversal symmetry []. Therefore,

integration of IDT-coupled acoustic resonators [, ] with high performance optical devices

fabricated in LN [, ] offers the possibility for efficient acoustically-medicated microwave-

to-optical conversion.

Figures .(a) and .(b) show our acousto-optic devices in the MZI and the racetrack cavity

configurations, respectively. IDT-coupled acoustic resonators host optical waveguides and mod-

ulate the phase acquired by the optical signal propagating in one arm of the MZI, which results





in intensity modulation of transmitted optical signal (Fig. .(a)). Similar effect is responsible

for modulating the optical resonance of the racetrack cavity (Fig. .(b)). For our optical com-

ponents, we employ rib waveguides which are defined by etching a .-µm-thick X-cut LN thin

film to a depth of . µm. The width of the optical waveguide is . µm and . µm in the case

of MZI and the racetrack cavity, respectively. In the case of latter, the larger waveguide cross-

section is used to reduce the propagating loss due to sidewall roughness. To reduce bending loss

and to minimize mode conversion between transverse electric (TE) and transverse magnetic (TM)

modes, we employ quadratic Bézier curves for our optical waveguides, which is a generalized form

of more conventional Euler curves []. To confine the acoustic waves, the LN waveguide is re-

leased by removing a sacrificial silicon dioxide layer ( Fig. .(c)). The suspended thin film acous-

tic resonator is formed by the long slots on both sides of a LN waveguide section. The length of

each acoustic resonator is 10 µm, and the width is 100 µm. The electrode width of 90 µm is used

to match the impedance of IDT with the 50 Ω impedance of the driving electronics. Electrode

pitch and width of IDTs are controlled to allow excitation of acoustic modes at different frequen-

cies. Specifically, an IDT with four electrodes featuring electrode, pitch of 0.6 µm, and width

of 0.3 µm is used for the acoustic resonator in the MZI configuration. This allows coupling to

acoustic modes in the range of 1 to 4.5 GHz with peak coupling efficiency occurs around 3 GHz.

In the racetrack cavity configuration, we use an IDT featuring pitch of 0.86 µm, width of 0.43

µm, and same number of electrodes (four). This allows the highest coupling efficiency to acoustic

modes around 2 GHz.

To fabricate each device, three layers of electron beam lithography are used to define the LN

optical waveguides, the opening slots for the acoustic resonator and the release of the LN layer,

and the metal electrodes needed for IDT. The LN is etched using reactive ion etching, and the

fabricated devices feature a sidewall angle of 70◦. The metal electrodes are defined using a lift-

off process: PMMA resist is patterned as a sacrificial layer, then a 75-nm-thick gold layer with





a 8-nm-thick chromium adhesion layer is deposited using electron-beam evaporation, and the

device is immersed in a solvent to lift-off the resist. Finally, the release of the LN device from the

substrate is achieved using buffered oxide etchant, which removes the underneath sacrificial oxide

layer through the completely etched slots of the LN layer.
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Mach–Zehnder interferometer
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Suspended optical 
racetrack cavity

Contact pads 
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Thin-film acoustic resonator

(b)

IDT

Thin-film acoustic resonator
Optical waveguide

(c)
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Opening slots

Figure 4.1: Integrated acousto-optic devices on suspended thin-film LN. (a)Microscope image of a suspended acousto-optic

MZI. The interferometer is unbalanced to allow phase control by laser detuning. (b)Microscope image of a suspended

optical racetrack cavity with a thin-film acoustic resonator. The suspended regions adjacent to the optical waveguide

are identified by a different color, which is darker than the plain substrate in (a) and lighter in (b). (c) False color scanning

electronmicroscope image of the acoustic resonator with an IDT and an optical waveguide.

. Description of acoustically-mediated microwave-to-optical conversion

Our acoustic resonator mediates the microwave-to-optical conversion by coupling to the mi-

crowave input via the IDT and modulating light due to acoustic modes (Fig. .(a)). The optical

modulation is enabled by a generalized acousto-optic interaction that comprises conventional op-

tomechanical couplings of a photoelastic and weak moving boundary effect, as well as cascaded

piezoelectric and electro-optic effects, which feature a coupling strength comparable to photoelas-





tic alone. We perform simulations to understand and engineer the interplay between these three

effects in order to maximize the overall acousto-optic interaction.
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Figure 4.2: Numerical simulation of the acoustically-mediatedmicrowave-to-optical conversion. (a) Couplings between the

microwave, acoustic, and optical fields that facilitate microwave-to-optical conversion. (b) Device schematic used for the

2D numerical simulation. The crystal orientation and coordinate system are shown. The topwidth of the optical waveguide

is 0.95µm (c) Electric fieldEx of the fundamental TE optical mode. (d) syy component of the acoustic strain field for
the 3.24 GHz acoustic mode, and resulting (e) electric fieldsEx induced by piezoelectric effect. We note that syy has
the largest contribution to the photoelastic interaction shown in (f). (g) Electro-optic interactions between the optical TE

mode and acoustic fields, mediated by piezo-electric effect. In (f) and (g) the interaction is described by an induced optical

refractive index change, calculated bymultiplying the optical electric field, the acoustic field, and the interactionmatrices.

Color scale bars in (d) and (e) are normalized individually, while those in (f) and (g) are the same.

The coupling strength of each interaction is evaluated using a D numerical model based on

the device cross section and crystal orientation shown in Fig. .(b). To avoid double-counting

the coupling strength, we use photoelastic (electro-optic) coefficients under a constant electric

field (strain, i.e. clamped) condition following that presented in Ref. [, ]. Owing to the

LN crystal orientation chosen for our device, the generalized acousto-optic interaction is much

stronger for the guided transverse electric (TE) mode (Fig. .(b)) than for the transverse mag-

netic (TM) mode at 1550 nm, due to the strong electro-optic and photoelastic coefficients, r33 =

30.9 pm/V and p31 = 0.179, respectively, for TE polarization. The elecro-optic coefficients form





a third-order tensor, and r33 relates nZZ , the optical index change of the crystal ZZ component

(indicated by the first  in the subscript), to EZ , the electrical field in Z direction (indicated by

the first 3 in the subscript). The photoelastic coefficients form a forth-order tensor, and p31 relates

nZZ to sXX , the strain of crystal XX component (indicated by the 1 in the subscript). Details

of calculations of acousto-optic interactions are given in the next section. Thus the strain sXX (or

syy in simulation coordinate) contributes most to the photoelastic interaction. Figure. .(d) and

.(e) plot the simulated acoustic strain syy and electric field Ex of a . GHz mode, both of

which have the same sign across the optical waveguide region, thus contributing constructively to

the overall modulation to the optical refractive index.

The contributions of moving boundary, electro-optic and photoelastic effects are calculated

by integrating the products of the acoustic and optical field components with the corresponding

coupling matrices. Acousto-optic interaction strengths between various acoustic modes and op-

tical TE or TM mode are summarized in Table .. For the 3.24 GHz acoustic mode, Fig. .(f )

and .(g) show the induced refractive index changes of the TE mode by the photoelastic and

electro-optic effects. Based on this result, we extract an acousto-optic single-photon coupling

strength g0 = 1.6 kHz for the racetrack cavity geometry. For the acousto-optic MZI, the half-

wave-voltage-length product VπL depends on the acoustic Q factor and microwave-to-acoustic

coupling efficiency, where we use experimental values to avoid over-estimation by the D simula-

tion. A half-wave-voltage-length product VπL = 0.045 V·cm for the acousto-optic MZI is extract

based on the simulated interaction strength, as well as the acoustic Q of 2, 000 and electrical-

to-acoustic coupling efficiency of 0.5 (corresponding to a −3 dB dip in the S11 spectrum) from

typical experimental measurements.





. Numerical simulation of acousto-optic interactions

We perform a D numerical simulation of our device cross-section (Fig. .(a)) using COMSOL

Multiphysics. Optical and acoustic modes are simulated independently and the acousto-optic

interactions are then calculated by the integral of acoustic and optical fields using corresponding

nonlinear coefficients matrices.

.. Simulation of optical and acoustic modes

The single-mode optical waveguide of our device supports fundamental TE and TM modes

(Fig. .). The electric field profiles of the optical modes are used in the calculation of acousto-

optic interaction.

Lithium niobate thin film

Metal electrodes

Optical
waveguide

(a)

(b)

(c)

TE mode

TM mode

Figure 4.3: (a) Device structure for 2D numerical simulation. (b)(c) Optical electric field of the fundamental TE and TM

modes.

The simulation of the acoustic mode includes strain, electrical field, and the piezoelectric effect.

Multiple acoustic modes with gigahertz resonant frequencies are found in the eigenmode simu-

lation. Here we plot a few acoustic modes in Fig. .. The electrical excitation of these acoustic

modes are enabled by the interdigital transducers (IDTs).
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Figure 4.4: Strain and electric field of three simulated acoustic modes with resonant frequency at 1.55, 2.40, and 3.24 GHz.

The color map is normalized individually.

.. Calculation of acousto-optic interactions

The acousto-optic interactions are then calculated by integrating the optical and acoustic modes

with certain matrices describing moving boundary, photoelastic and electro-optic effects. Calcula-

tions discussed here refer to the previous works [, –].

In our work, the acousto-optic interactions are described by the change of optical mode in-

dex due to the acoustic mode. The acoustic mode amplitude α, defined by the maximum dis-

placement, is normalized to a single phonon occupation of the acoustic resonator using ℏΩ =

1
2meffΩ

2α2, where Ω is the acoustic frequency. The effective mass meff of the acoustic mode is

given by,

meff = La

∫
D
ρQ(r)2dr

/
max
D

(
Q(r)2

)
(.)

where D defines the D simulation domain and the coordinate variable r ∈ D. La is the length

(perpendicular to the simulation cross-section) of the acoustic resonator, ρ is material mass den-

sity, and Q is the displacement field.

We denote the electric field E of the optical mode, strain s and electric field E of the acoustic





mode. The mode index modulated by the moving boundary effect is given by,

∆n0,MB = −n

2

∮
(Q · n̂)

(
E∗

∥∆ϵE∥ −D∗
⊥∆ϵ−1D⊥

)
dS∫

E∗ϵEdr
(.)

where n is the optical mode index, n̂ is the normal vector of the boundary facing outward, and D

is the electric displacement field of the optical mode. The subscripts ∥ and ⊥ indicate the parallel

and perpendicular components to the boundary. ϵ is the permittivity for the optical electric field,

∆ϵ = ϵLN − ϵair, and ∆ϵ−1 = ϵ−1
LN − ϵ−1

air .

The mode index modulated by the photoelastic effect is given by,

∆n0,PE =
ϵ0n

5

2

∫
dr

(
E∗

x E∗
y E∗

z

)
dB1 dB6 dB5

dB6 dB2 dB4

dB5 dB4 dB3



Ex

Ey

Ez


∫
E∗ϵEdr

(.)

where ϵ0 is the vacuum permittivity, and Bk (k = 1..6) is the optical indicatrix, that is a geo-

metric figure shows the index of refraction and vibration direction for light passing in any direc-

tion through a material. The changes of indicatrix coefficient dBk (k = 1..6) due to the strain

sk (k = 1..6) are given by,



dB1

dB2

dB3

dB4

dB5

dB6


=



p33 p31 p31 0 0 0

p13 p11 p12 0 p14 0

p13 p12 p11 0 −p14 0

0 0 0 p66 0 p14

0 p41 −p41 0 p44 0

0 0 0 p41 0 p44





s1

s2

s3

s4

s5

s6


. (.)





where pjk are the primary elasto-optic coefficients in the condition of a constant electric field

for lithium niobate, where the secondary effect via piezoelectricity and electro-optics is excluded

[, ]. The photoelastic matrix is rotated according to the crystal orientation in our device

– the X-cut thin-film lithium niobate (LN) with acoustic wave propagating in the Z direction of

crystal. The coordinate representations for the simulation and crystal are shown in Fig. .(a).

The mode index modulated by the electro-optic effect ∆n0,EO is of the same form of Eq. .,

with the changes of indicatrix coefficients given by



dB1

dB2

dB3

dB4

dB5

dB6


=



r33 0 0

r13 0 −r22

r13 0 r22

0 −r22 0

0 0 r51

0 −r51 0




Ex

Ey

Ez

 . (.)

where rjk is the primary electro-optic coefficients in the condition of constant strain, where sec-

ondary effect via piezoelectricity and photoelasticity is excluded. The above matrix is rotated ac-

cording to the crystal orientation in our device.

The overall relative refractive index change due to a single phonon is given by,

∆n0,tot = ∆n0,MB +∆n0,PE +∆n0,EO. (.)

.. Calculation of VπL

The half-wave-voltage-length product VπL, characterizing the modulation efficiency, says how

much voltage is required to achieved a π phase shift for a certain modulation length L. Here, we





Table 4.1: Numerical simulation results of acousto-optic interactions

Optical
mode

Acoustic
mode
freq.

∆n0,MB ∆n0,PE ∆n0,EO ∆n0,tot MZI AO cavity

VπL Vπ g0
GHz ×10−12 ×10−12 ×10−12 ×10−12 V·cm V kHz

TE . . . . . . . .
TE . -. . . . . . .
TE . -. -. . . . . .
TE . -. . . . . . .
TE . -. . . . . . .
TM . . . -. . . . .
TM . . . -. . . . .
TM . . . -. . . . .
TM . . . -. . . . .
TM . . . -. . . . .

derive the VπL from the simulated refractive index changes with additional information on Q fac-

tors and coupling of the acoustic resonator. While the overall refractive index change in Eq. .

gives how much optical phase shifts (or index change) due to a single phonon in the acoustic res-

onator, next step is to relate the in-cavity phonon number to the applied microwave power. The

in-cavity phonon number is given by,

Npn =
4γe
γ2

Nin =
4γe
γ2

Pin

ℏΩm
(.)

where Nin = Pin

/
ℏΩm is the phonon input rate with the resonant frequency Ωm of the acoustic

mode and input power Pin. γ and γe are the decay rate and external coupling rate of the acoustic

mode. Given the input impedance Rin = 50Ω, the relation between input power and peak

voltage Vp is given by,

Pin =
1

2

V 2
p

Rin
. (.)





By definition of the π phase shift, the number of in-cavity phonon Npn required is given by,

2π

λ
∆n0,tot

√
NpnL = π (.)

where λ is the optical wavelength. Taking Eqs. . and . in to Eq. ., we derive the VπL of

device by,

VπL =
λ

2∆n0,tot

√
γ2ℏΩmRin

2γe
(.)

.. Calculation of acousto-optic single-photon coupling strength g0

For our thin-film acoustic resonator coupling to an optical racetrack cavity, the acousto-optic

single-photon coupling strength g0 can be derived using the D simulation results by,

g0 = ω0ηcav
∆n0,tot

n
(.)

where ω0 is the optical resonant frequency. ηcav is the relative length of the optical waveguide in

the acoustic resonator.

.. Estimate VπL and g0 using the numerical simulation results

We estimate the VπL for the Mach–Zehnder interferometer (MZI) and g0 for the acousto-optic

cavity from simulation. To be consistent with the experiments, the typical measured acoustic Q

factors Qm = 2, 000 (γ = Ωm/Qm) and γe/γ = 0.15 (corresponding to a  dB dip in S11

measurements) are employed in the following calculation. The length of the acoustic resonator (in

direction perpendicular to the simulation cross-section) La = 100 µm. The output impedance

of the microwave source Rin = 50 Ω. For the acoustic-optic cavity shown in Fig. , the relative

length of the optical waveguide in the acoustic resonator ηcav = 0.15. Table . summarizes the





interactions between optical modes and acoustic modes.

. Microwave microscopy of acoustic modes

To correlate measured acoustic modes with that of our simulations, the acoustic electric field pro-

files are experimentally-measured using transmission-mode microwave impedance microscopy

[, ]. The working principle is following – while the acoustic resonator is driven by a mi-

crowave input on the IDT, a probe for atomic force microscopy is scanning over the acoustic

resonator and picking up the microwave electric signals. The detected signal is mixed with the

driving signal to extract the relative amplitude and phase of the acoustic electric field. The electric

amplitude profile of an acoustic mode is obtained on the top surface and in agreement with the

numerical simulation (Fig. .).
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Figure 4.5: Electric and topographic profiles of an acoustic mode. The electric amplitude is detected by a scanning probe in

the transmission-modemicrowave impedancemicroscopy, with a driving signal at 2 GHz on the acoustic resonance. Inset:

simulated electric amplitude profile of the acoustic mode.





. Acousto-optic Mach-Zehnder interferometer

We experimentally characterize our acousto-optic MZI using a tunable C-band laser, a vector net-

work analyzer (VNA), and a photoreceiver that features a sensitivity of ∼ 800 V/W (Fig. .(a)).

We use lensed fiber to couple light into and out of our structures with a fiber-to-fiber insertion

loss of 10 dB ( < 5 dB/facet) for our suspended LN chip. The periodic (every 10 nm) variation

of optical transmission with wavelength is consistent with the optical path difference in the MZI

(Fig. .(b)). To optimize the microwave-to-optical conversion efficiency, the laser wavelength is

chosen to be  nm, corresponding to 50% transmission and indicating a π/2 phase difference

between two optical paths.

We evaluate the acoustic resonances and the microwave-to-acoustic coupling of our devices by

measuring the microwave reflection (S11) of the IDT. Our acoustic resonator exhibits multiple

resonances in the range between 1.0 and 4.5 GHz (Fig. .(d)). We measure acoustic Q factors

of up to 3, 600 (Fig. .(c)), similar to the LN OMC devices [, ], and our resonance at the

microwave frequency of 3.273 GHz yields a state-of-the-art frequency-quality-factor product of

fQ > 1013 at room temperature [].

We characterize the optical modulation induced by the acoustic resonance by the opto-acoustic

S21 spectrum, where the driving port  of the VNA is connected to the IDT of the acoustic res-

onator and the detecting port  is connected to the photoreceiver (Fig. .(a)). The S21 spectrum

shown in Fig. .(d) features several peaks indicating enhanced microwave-to-optical conversion

at acoustic resonances, with the strongest responses measured at the 2.24 and 3.33 GHz acoustic

modes, in agreement with our simulations (Table .). Next, we derive the relation between the

half-wave voltage Vπ and the measured opto-acoustic S21 for the acousto-optic MZI. The phase
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Figure 4.6: Characterization of the acousto-opticMZI. (a) Simplified experimental schematic for acousto-optic device

characterization. (b) Optical transmission of the acousto-opticMZI. (c)S11 reflection spectrum of the acoustic resonator.

(d)S21 spectrum showing an enhancedmicrowave-to-optical conversion at the resonances indicated by theS11 spectrum.

The optical power detected by the photoreceiver is 0.25mW.

modulation of one optical path is given by,

Ep1(V ) =
E0√
2
exp (iπV/Vπ + iϕb) , (.)

where E0 is the input optical field of the MZI, ϕb is the bias phase between two optical paths, and

V is the applied voltage. The other optical path of MZI is not modulated, and the optical field is

given by Ep2(V ) = E0/
√
2. The optical field at the output of the MZI is given by,

Eout(V ) =
Ep1(V ) + Ep2(V )√

2

=
E0

2
(1 + exp (iπV/Vπ + iϕb)) .

(.)





The output optical power is thus given by,

Iout(V ) ∝ E∗
outEout

=
|E0|2

2
(1 + cos (πV/Vπ + ϕb)) .

(.)

The optimum microwave-to-optical conversion occurs at the bias phase ϕb = π/2, which cor-

responds to the output intensity at half maximum. Detected by a photodetector, and the opto-

acoustic S21 for small input signal is given by,

S21 =

(
πRPD Irec

Vπ

)2

(.)

where Irec is the DC optical power received at the photodetector, RPD is sensitivity of the pho-

todetector.

Using Eq. ., we find Vπ = 4.6 V (5.8 V) using S21 = −17.4 dB (−19.3 dB) at the

resonance frequency of 3.33 GHz (2.24 GHz), and due to the  µm length of our acoustic

resonator, we obtain VπL = 0.046 V·cm (0.058 V·cm), agreeing with that predicted by our

simulation.

. Dynamics of cavity acousto-optics

.. Equations of motion

Here, we consider an acousto-optic system with an acoustic resonator driven by a microwave sig-

nal through the piezoelectric effect. The Heisenberg-Langevin equations of motion for an optical





cavity a coupled to an acoustic resonator b are given by,

ȧ = −
(
i∆+

κ

2

)
a− ig0a

(
b+ b†

)
+
√
κeain (.)

ḃ = −
(
iΩm +

γ

2

)
b− ig0a

†a+
√
γebin, (.)

where a and b are the annihilation operators of optical and acoustic modes, respectively. g0 is the

single-photon coupling strength between the optical and acoustic resonators. ∆ = ω0 − ωp is

the optical detuning with the pump laser frequency ωp and optical resonant frequency ω0. κ =

κi + κe is the loss of optical mode with intrinsic loss κi and external coupling rate κe. Ωm is the

acoustic resonant frequency. γ = γi + γe is the loss of acoustic mode with intrinsic loss γi and

external coupling rate γe. ain and bin are the optical and microwave input field, respectively.

To solve the equations of motion, we consider a single frequency microwave driving bin of the

acoustic resonator given by,

bin = Bine
−iΩdt, (.)

where Ωd is the driving frequency, Bin is the amplitude of the input field, and the input mi-

crowave power Pin = ℏΩm |Bin|2. In the weak optical mode limit, i.e. g0a†a ≪ Ωm, the optical

back action term (ig0a†a in Eq. .) on the acoustic resonator is neglected. Taking Eq. . into

Eq. ., the acoustic amplitude b is solved by,

b = Be−iΩdt

B =

√
γe

i (Ωm − Ωd) +
γ
2

Bin.
(.)

For a resonant microwave drive (Ωm = Ωd), the in-resonator phonon number Npn is related to





the input microwave power by,

Npn = B2

=
4γe
γ2

B2
in

=
4γe
γ2

Nin

=
4γe
γ2

Pin

ℏΩm
.

(.)

Taking Eq. . into Eq. ., the equation of motion for the optical mode is re-written as,

ȧ = −
(
i∆+

κ

2

)
a− iG 2 cos (Ωdt) a+

√
κeain, (.)

where G = g0B is the frequency shift of optical mode due to the present acoustic field.

.. Optical transmission with active acoustic driving

We numerically solve the Eq. . to investigate the optical transmission spectra with various

microwave input powers. We note that the Eq. . assumes a weak optical input and a linear

acoustic resonator. The normalized optical transmission T under a continuous optical pump ain

is given by,

T = |ain −
√
κea|2

/
|ain|2 . (.)

As the optical mode is being modulated by an acoustic mode at microwave frequency Ωd, the

optical transmission T is expected to associate an oscillation at same and higher order frequencies

(due to nonlinearity). However, in experiment, the optical transmission spectra are captured by a

low frequency ( MHz) data acquisition card, which does not respond to the gigahertz frequen-

cies. Numerically, we use an average to calculate the quasi-DC part of the optical transmission by,





TDC =
1

∆t

∫ t1+∆t

t1

dτT (τ), (.)

where time t1 is set to be greater than the initial stabilization time in numerical calculation of a,

and the average time window ∆t is chosen to be the integer periods of driving signal, i.e. N/Ω.

The numerically-calculated optical transmission spectra (Fig. .) exhibit sideband dips in

agreement with the experimental measurements in Fig.  in the main text.
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Figure 4.7: Numerically calculated optical transmission spectra of acousto-optic cavity withmicrowave input powers from

0 to 5mW.

.. S parameter of acousto-optic cavity

The parameter S21 is defined as the normalized microwave power generated by the receiving pho-

todetector, which is generated by beating the pump laser and the optical sideband at the photode-





tector. To derive the power in the optical sideband, we decompose the optical amplitude a into a

series of sidebands,

a =
∑
q

Aqe
−iqΩdt (.)

Aq is the amplitude of optical sideband order q. At the weak microwave input power (i.e. G ≪ κ)

limit and in the sideband resolved regime (i.e. Ωm ≫ κ), we only consider the first order of

optical sidebands, i.e. q = 0,±1, and for simplicity we write the amplitude as, A0, A+, A−. The

Eq. . is thus decomposed into sidebands,

0 = −
(
i∆+

κ

2

)
A0 − iG (A+ +A−) +

√
κeAin

−iΩmA+ = −
(
i∆+

κ

2

)
A+ − iGA0

iΩmA− = −
(
i∆+

κ

2

)
A− − iGA0,

(.)

where Ain is the input optical amplitude. The solution of Eq. . is given by

A0 =

√
κeAin(

i∆+ κ/2 +G2
(

1
i(∆−Ωd)+κ/2 + 1

i(∆+Ωd)+κ/2

))
≃

√
κeAin

(i∆+ κ/2)
(.)

A+ =
−iGA0

i (∆− Ωd) + κ/2
(.)

A− =
−iGA0

i (∆ + Ωd) + κ/2
(.)

For the scenario the pumping laser is blue detuned from the optical resonance by the acoustic

resonant frequency (∆ = −Ωm), and the microwave input is on resonant with the acoustic mode

(Ωd = Ωm), the in-cavity optical amplitude for the enhanced sideband A− is given by,

A− =
−iG

√
κeAin

(−iΩm + κ/2)κ/2
, (.)





where acousto-optic coupling strength G = g0B = 2g0Bin
√
γe/γ.

Since the pump laser is detuned from the resonant, the transmitted amplitude of the pump

laser is close to the input Ain. The output microwave voltage U from the photodetector caused by

the beating between the transmitted pump laser and the generated optical sideband given by,

U = RPD ℏω |
√
κeA−Ain|

= RPD
GκeIopt

κ
√
Ω2
m + κ2/4/2

≃ RPD
GκeIopt
Ωmκ/2

,

(.)

where optical power Iopt = ℏω0A
2
in, ω0 is the optical frequency, and RPD is the response of the

photodetector in the unit of V/W. The output microwave power is then given by,

Pout =
U2

2Rload

=
2G2κ2eR

2
PDI

2
opt

Ω2
mκ2Rload

,

(.)

where Rload = 50 Ω is the impedance of the network analyzer. The opto-acoustic transmission

S21 is given by,

S21 = Pout/Pin

=
8g20γeκ

2
eR

2
PDI

2
opt

ℏγ2Ω3
mκ2Rload

(.)

.. Photon number conversion efficiency

The photon number conversion efficiency η relates the number of generated optical sideband

photon coupled out of the cavity
√
κeA− to the input microwave photon. For weak microwave





input signals, the conversion efficiency η is given by

η =

∣∣∣∣√κeA−
Bin

∣∣∣∣2
=

16g20γeκ
2
eIopt

ℏω0Ω2
mγ2κ2

=
4g20
γ κ

· κeIopt
Ω2
mℏω0

· 2γe
γ

· 2κe
κ

= C0 · ncav ·
2γe
γ

· 2κe
κ

.

(.)

where C0 = 4g20/(γκ) is the single-photon cooperativity, ncav = κeIopt/(Ω
2
mℏω0) is the intra-

cavity photon number of the blue-detuned pump light, 2κe/κ is the external coupling efficiency

of optical mode, and 2γe/γ is the external coupling efficiency of acoustic mode by the IDT.

. Acousto-optic racetrack cavity

Compared to the MZI, our racetrack cavity features loaded optical Q factor of 2.2 × 106 for TE-

polarized light of wavelength 1574.9 nm, corresponding to a linewidth of 95 MHz (Fig. .(b)),

allowing us to operate in the microwave sideband-resolved regime. With the laser blue-detuned

by the acoustic resonant frequency from the optical resonance, we generate an optical sideband

by the acoustic resonant mode and enhance it using the racetrack resonator (Fig. .(a)). Conse-

quently, we observe a high S21 = −7.5 dB at the acoustic resonant frequency of 2 GHz with a

total optical power of Irec = 0.13 mW measured at the photoreceiver (Fig. .(c)). We note that

the S21 quadratically depends on the optical power, and we should consider S21 at the same op-

tical power level to compare the conversion efficiency. The S21 of the racetrack cavity thus results

in a much lower effective Vπ of 0.77 V than the MZI, as determined by the small signal response

of an intensity modulator.

Next, we determine the overall acousto-optic single-photon coupling strength g0. Using Eq. .,
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wavelength is set tomaximize the power received at the photoreceiver.

we estimate the acousto-optic single-photon coupling strength to be g0 ∼ 1.1 kHz between the

2.17 GHz acoustic mode and the fundamental TE optical mode (Table .). This result is in good

agreement with our theoretical predictions (see Table .).

Table 4.2: Estimation of acousto-optic single-photon coupling strength g0 using experimental results

Parameter Value
Optical mode TE

ω0/ 2π  THz
κ/ 2π  MHz
2κe/κ .
γ/ 2π . MHz
2γe/γ .
Ωm/ 2π . GHz
RPD  V/W
Irec . mW
Rload  Ω

S21 -. dB
g0/ 2π . kHz

Another important figure of merit is the photon number conversion efficiency η from the mi-

crowave frequency to the optical sideband frequency, and it describes the device performance at





the single photon level. Based on the experimentally extracted rates (Table .), our acousto-optic

cavity features a single-photon cooperativity C0 = 4 × 10−8, and an photon number conversion

efficiency η = 0.0017% for an optical power of Iopt = 1 mW. This efficiency could be further

improved by acoustic and photonic engineering as discussed later in Sec. ..

As shown in Eq. ., the photon number conversion efficiency depends on both optomechan-

ical cooperativity (C0) and the microwave-to-mechanical coupling strength (described by 2γe/γ).

Recent progress of LN OMCs [] has demonstrated unitary optomechanical cooperativity, but

their microwave-to-mechanical coupling strength is as low as 10−8, which would limit the over-

all photon number conversion efficiency. Benefiting from our up to 50% microwave-to-acoustic

coupling to the thin-film acousto-optic resonator, this photon number conversion efficiency could

be greater than the OMCs, even though the acousto-optic coupling strength is weaker than that

of the OMCs.

. Demonstration of a microwave-photonic link

A microwave photonic link enables low-loss long haul transport and flexible manipulation of

microwave signals using optical devices by up-converting microwave frequencies to optical fre-

quencies. To benchmark our acousto-optic racetrack device, we demonstrate a narrow-band

microwave-photonic link using our acousto-optic racetrack cavity. To increase the gain of the

link, the optical pump light is amplified to ∼ 500 mW by an erbium-doped fiber amplifier and is

blue-detuned by the acoustic resonant frequency Ωm from the optical resonance. A high power

photodiode, with responsively RPD of 0.55 A/W (corresponding to a quantum efficiency of

40%), is used to detect and down-convert the optical signal that we generate from our racetrack

acousto-optic transducer back to the microwave domain (Fig. .(a)). We estimate that ∼ 150

mW of optical power is coupled into the suspended LN waveguide, resulting in ∼ 50 mW reach-
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Figure 4.9: Demonstration of amicrowave-photonic link. (a) Experimental schematic. EDFA: Erbium-doped fiber ampli-

fier. (b) Optical transmission of the racetrack cavity for different microwave powers. (c)S21 spectrum features a peak

microwave power transmission of∼0 dB. The optical power received at the photodiode Irec is 50mW. (d)Microwave

spectrum of the photodiode output signal with amicrowave power of 5mWapplied to the IDT of the thin-film acoustic

resonator. The laser is blue-detuned from the optical mode by the acoustic resonant frequencyΩm

ing the photodiode. Importantly, no damage to the waveguide is observed, indicating the ability

of our suspended thin-film LN devices to handle large optical powers. With these parameters, we

measure an overall microwave link loss of 0 dB (Fig. .(c)) for a small microwave input signal at

−20 dBm. By reducing the fiber-to-chip coupling loss to the previously-demonstrated value of

1.7 dB/facet [], a microwave link with gain of 6.6 dB may be achieved in principle, with the

possibility of a gain of at least 9 dB if tapered fibers are employed [, ].

Next, we characterize the response at higher powers of microwave input. With increasing mi-

crowave powers at the acoustic resonant frequency Ωm ∼ GHz, optical sideband dips are ob-





served in the transmission spectra (Fig. .(b)), which agree with theoretical predictions (Fig. .).

The red-shift of the optical resonance with increasing input microwave powers results from the

heating of the acoustic resonator. As a result of efficient microwave-to-optical conversion, a pair of

second order sideband dips can be observed in the optical transmission spectrum with only 5 mW

of microwave input power.

Parking the laser at Ωm detuning from the optical mode, up to rd order harmonic signals

are observed at the photodiode output with a microwave power of 5 mW (Fig. .(d)). The ad-

ditional broad peak observed at 3.85 GHz is a result of the suspended optical racetrack cavity

since it is only observed when the pump laser is close to the optical resonance. We speculate that

the acoustic mode along the suspended optical waveguide causes this additional peak by sponta-

neous Brillouin scattering, as our suspended racetrack cavity has the similar geometry with that in

Ref. [].

. Summary and outlook

We demonstrate an integrated acousto-optic platform on thin film LN, which converts acoustic

waves in microwave domain to optical light by a generalized acousto-optic interaction. Efficient

microwave-to-acoustic coupling has been achieved using our IDT-coupled LN thin-film acoustic

resonator. This addresses the coupling issue of current OMC-based platforms for mechanically-

mediated microwave-to-optical converters. To further improve the photon number conversion

efficiency, a variety of efforts in acoustic and photonic engineering could be made. For exam-

ple, the acoustic resonator can be operated under vacuum and cryogenic environments to achieve

higher Q factors, and the clamping loss of the suspended structures can be further reduced using

phononic crystals []. Optical cavities defined by photonic crystal mirrors could improve the

acousto-optic coupling strength g0 with larger overlap with the acoustic resonator, while the pre-





sented racetrack cavity only partially sits in the acoustic resonator, Another order-of-magnitude

improvement could be achieved by bringing both the pump light and generated optical sideband

into resonance []. With a double optical resonance, which can be found in coupled cavities or

due to scattering in a single ring cavity, the term Ω2 (∼ GHz) in the denominator of intracavity

optical photon number ncav (Eq. .) is replaced by the optical cavity loss κ2 (∼ s of MHz)

and could result in an improvement of  orders of magnitude.

Beyond microwave-to-optical conversion, our acousto-optic platform could also find applica-

tions in gigahertz frequency optical comb generation, on-chip optical routing and optical mode

conversion. In these applications, the acoustic resonator could strongly enhance the signal in

microwave domain and allow low microwave power operations. Compared to microwave elec-

tromagnetic resonators, the acoustic resonator could provide a much smaller mode volume by its

micrometer acoustic wavelength and also a high Q factor, especially at room temperature, where

superconductors are not yet available.





5
Microwave Detection using High Density

Ensembles of NV Centers in Diamond

. Introduction

In this chapter, we develop a technique to image the microwave field using nitrogen-vacancy (NV)

centers in diamond. NV centers in diamond are point defects in the diamond lattice. Compared





to other color centers in diamond with substituting atoms of group IV elements, including sili-

con, germanium, tin, and lead, the atomic structure of NV center is not of inversion symmetry,

and thus NV center is more vulnerable to electric field fluctuations from the mesoscopic environ-

ment. The low quantum efficiency of the NV center is visioned by its broad and strong phonon

side band emission, and the poor spectral diffusion in nanoscale optical cavities makes it challeng-

ing for demonstrating efficient quantum communication and computing. NV centers, however,

have their unique spin dependent fluorescence at room temperature. Electron spin at NV cen-

ters are sensitive to external magnetic fields, and it can be easily manipulated by a pumping green

laser or magnetic fields. These properties elevate NV center to a promising quantum sensor. NV-

based state-of-art sensors [] have been demonstrated for magnetic fields [], electrical fields,

strains [], and temperatures []. Equipment for DC magnetic field mapping is almost com-

mercial at present, and finds customers in wide applications from biomedical researchers to paleo-

magnetism analysis: Monitoring the local temperature in a live cell [] by NV centers in nano

diamonds opens a new way to monitor cell activities. High resolution DC magnetic field mapping

of rock samples as paleomagnetism analysis [] provides spatially distinguishable information

between different ferromagnetic minerals. Astrophysicists propose using NV centers as strain sen-

sors to detect weakly interacting massive particles (WIMP), which are considered to constitute

dark matter.

Recently, NV centers show their high potentials in detecting microwave fields [–] with

intriguing spatial and spectral resolutions, sensitivities, transient response and dynamic ranges.

There are two methods to detect the microwave fields by NV centers: one is to measure the Rabi

frequency of NV centers caused by the microwave fields [, , ], the other is to contin-

uously measurement the variance in fluorescence intensity [, –]. While the Rabi fre-

quency method can measure absolute intensity of a steady microwave field, it takes long measure-

ment sequences and is challenging to measure weak microwave fields. This method would thus





be useful to character microwave devices with controlled inputs such as microwave resonators,

filters, and ion traps. However, it is unsuitable to measure microwave fields with amplitude and

frequency variants such as the electromagnetic fields emitted from integrated circuits. On the

other hand, although continuously-measured fluorescence intensity requires calibration to obtain

absolute microwave field, it can easily monitor the dynamics of the microwave fields. This method

would provide a practical platform for microwave circuits testing, as it does not require a steady

microwave field to perform the detection.

In this chapter, we theoretically and experimentally explore this continuously-measured flu-

orescence method, and analyze the sensitivity, spatial resolution, and frequency response of NV

centers for microwave detection. The remaining structure of this chapter is following: In Sec. .,

we theoretically analyze dynamics of NV center for microwave detection. In Sec. ., we experi-

mentally demonstrate wide-field intensity mapping of microwave fields, In Sec. ., NV center is

used to detect the activity of integrated circuits (IC) by their electromagnetic emissions. Finally in

Sec. ., NV centers are used to detect frequency-modulated microwave signals and convert them

to amplitude varying fluorescence.

. Principle for microwave detection

The NV center is a crystallographic defect in the diamond lattice with one nitrogen atom replac-

ing a carbon atom and one adjacent atom missing (Fig. . Inset). Six electrons form the elec-

tronic structure (Fig. .) of the negatively-charged NV center []. The NV centers are in direc-

tion of < 111 > of the diamond crystal. The electronic levels [] are sitting inside the bandgap

of the diamond lattice and making NV center behave like trapped atoms in solids. The ground

and excited states are spin triplet states of symmetry 3A2 and 3E, respectively. At room tempera-

ture, there is a zero-field splitting of D0 = 2.87 GHz between the ms = 0 and ms = ±1 sub-





levels in the ground state. The ms = ±1 sublevels are further separated by the Zeeman splitting

under the presence of an external magnetic field. The optical detection of spin states is enabled by

the presence of a metastable singlet state, which provides a faster nonradiative decay pathway for

the ms = ±1 sublevels than the ms = 0 sublevel. As a result, the fluorescence of the ms = 0

state is less in intensity than the ms = ±1 states, and the NV center is optically polarized to

ms = 0.
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Figure 5.1: Simplified electronic energy levels of negatively-charged nitrogen-vacancy (NV) center. The ground and excited

states are spin triplets. Zero-field splitting betweenms = 0 andms = ±1 sublevels in ground state is about 2.87 GHz.
In the presence of a DCmagnetic field,ms = ±1 sublevels are split by the Zeeman effect.ms = ±1 sublevels in the
excited state decay faster nonradiatively through themetastable state, and thus give less intensity in fluorescence. The

highlighted states |1⟩ − |5⟩ are of interest in this work. The detectingmicrowave field drives the transient between the
|1⟩ and |2⟩ states. Inset: Atomic structure of NV center in diamond. The spheres represent carbon (C) atoms, a nitrogen

(N) atom, and a vacancy (V) spot.

With NV centers, microwave magnetic near fields can be mapped to the electronic spin states,

then read out through the spin-dependent fluorescence. In our experimental demonstration, the





splitting between ms = 0 and ms = −1 ground states are tuned to the frequency of interest by

an external magnetic field. A microwave field at the resonant frequency will drive the transition

between ms = 0 and ms = −1 states, thus reduce the fluorescence intensity of the NV centers.

By imaging the NV fluorescence, we can map the magnetic near fields at the resonant frequency

of NV centers.

To further investigate this sensing mechanism, we study the dynamics of NV centers under a

resonant microwave field and optical excitation. We simplified the electronic structure by only

considering the five states involved in the microwave detection, which are labeled from |1⟩ to |5⟩

(Fig. .). The splitting between the detecting states |1⟩ and |2⟩ is determined by the aforemen-

tioned zero-field splitting of 2.87 GHz minus a shifting due to the Zeeman effect of γB0, where

γ/2π = 28 GHzT−1 is the gyromagnetic ratio of the electron spin, and B0 is the external DC

magnetic field. Under continues off-resonant optical excitation, equations of motion for the den-

sity matrix elements are given by

ρ̇11 = iΩ ρ12 − iΩ∗ ρ21 −Rρ11 + Γ51 ρ11 + Γrad ρ33

ρ̇12 = −iδ ρ12 − iΩ∗ (ρ22 − ρ11)− γ2 ρ12

ρ̇22 = −iΩ ρ12 + iΩ∗ ρ21

ρ̇33 = Rρ11 − (Γ35 + Γrad) ρ33

ρ̇44 = Rρ22 − (Γ45 + Γrad) ρ44

ρ̇55 = Γ ρ44 + Γ35 ρ33 − (Γ51 + Γ52) ρ55,

(.)

where ρij is the density matrix element for state i and j. Ω = γBmw is the Rabi frequency in-

duced by the microwave magnetic field, and Bmw is the amplitude of the microwave magnetic

field. δ is the detuning of the microwave field from the ground state resonance between states

|1⟩ and |2⟩, γ2/2π = 1.0 MHz is the decoherent rate of the ground state, R is the pumping





rate from the ground state to the excited state by the optical excitation; since it is a phonon-

assisted process, the pumping rate directly connects the population of two states. Under this

continuously optical excitation, the thermal relaxation is neglected here. Γ51/2π = 1.0 MHz,

Γ52/2π = 0.7 MHz, Γ35/2π = 7.9 MHz, and Γ45/2π = 53 MHz are decay rates from and to

the metastable state |5⟩ correspondingly. Γrad/2π = 76 MHz is the radiation rate of the excited

states for both |3⟩ and |4⟩. The above numerical values are discussed in Refs. [–].

.. Response to Amplitude Modulated Microwave Signals

For an ensemble of NV centers, the output fluorescence intensity is proportional to the popula-

tion in the excited states |3⟩ and |4⟩ and given by Iout(Ω) = Γrad (ρ33 + ρ44). Under a steady

microwave field and a continuous optical excitation, the signal is defined as the contrast of fluores-

cence due to the presence of the microwave field, and is given by

η(Ω) =
Iout(0)− Iout(Ω)

Iout(0)

≈ 2Γrad (R+ Γ51 + Γ52)

Rγ2 Γ51
Ω2.

(.)

The approximation validates for weak microwave fields that

Ω2 ≪ Rγ2 Γ51 Γ45

RΓ45 Γrad + 2 (Γ51 + Γ52) Γ2
rad

. (.)

The fluorescence contrast η(Ω) is proportional to the intensity of the microwave magnetic field in

the weak field limit. For strong microwave fields, the fluorescence contrast will saturate, because

the microwave magnetic field mixes the |1⟩ and |2⟩ states and competes with the optical excitation

R polarizing the NV centers to the |1⟩ state. In microwave field detection, the sensitivity and

dynamic range of the NV centers are tuned by the optical excitation rate R (Eqs. . and .).





This tunability enables NV centers to detect microwave fields from advanced low power digital

ICs to high power electronics.

.. Response to Frequency Modulated Microwave Signals

The microwave driving of the electronic spin of NV center is a resonant process. In the other

word, the spin-dependent fluorescence of NV center is sensitive to the frequency of the driving

microwave signal. The frequency modulation (FM) of the microwave signal can be transduced,

or demodulated, to the amplitude modulation of the output fluorescence intensity. Figure .(a)

shows a typical optically detected magnetic resonance (ODMR) measurement of NV centers.

The fluorescence intensity depends on the detuning between the driving microwave frequency

and the electronic spin resonance. when the carrier frequency is positioned on the slope of the

dip, the frequency of the microwave signal is mapped onto the intensity modulation of the NV

fluorescence (Fig. .(b)).

We further investigate the response of NV center to FM microwave signals by solving the equa-

tion of motion (Equ. .). When the frequency of the carrier microwave signal is modulated by

a 1 kHz sine wave, δ(t), and the carrier microwave signal is negatively detuned, the transit be-

haviour of the output fluorescence and the populations of each states are numerically calculated in

Fig. .. The populations of each states vary with the detuning of the input microwave signal and

cause the variation of the fluorescence intensity. While the 1 kHz modulation frequency is rela-

tively slow comparing to the NV center, which is characterized by the decay rates of each states.

The bandwidth of the NV center is about few megahertz for frequency demodulation, which is

limited by the slowest decay path from the metastable state |5⟩ to the ground states |1⟩ and |2⟩.

The bandwidth also depends on other factors including the detuning of the carrier microwave

frequency and the laser pumping rate.

Figure . show the bandwidth of the NV center depends on the pumping laser power. This is
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Figure 5.2: (a) The principle of NV FMmicrowave demodulation. The black trace shows experimentally measured optically

detectedmagnetic resonance (ODMR) near 2.87 GHz of NV centers. The fluorescence intensity depends on the detuning

of the input microwave frequency from theODMR resonance. The carrier frequency (fc) is positioned on the slope, and
changes in microwave frequency aremapped onto the changes in fluorescence intensity. (b) Illustration of the input FM

microwave signal to be demodulated (blue) and resulting output amplitude-modulated fluorescence signal (red).

a limitation on the output side: when the photon emission rate of the NV center is less than the

modulation frequency of the input microwave signal under the weak laser pumping, the spin state

of the NV center could not be effectively readout by the fluorescence. Thus we see a almost linear

dependency on laser pumping rate in this weak limit.

The pumping laser power is not the only factor determining the bandwidth of NV center. Fig-

ure . investigate the frequency response and bandwidth of NV center with various detuning of

the carrier microwave frequency. Simply, the bandwidth is extended by a greater dutuning of the

carrier microwave frequency from the resonant frequency of the NV centers (Fig. .(b)). How-

ever, the amplitude of the fluorescence signal suffers when the microwave frequency is detuned

beyond one linewidth of the NV ground state sublevels (Fig. .(c)).

The performance of NV centers could be further improved by engineering the properties of

the NV centers. For example, the electronic spin coherence time of NV center is greatly improved
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in an isotropic purified diamond. Also the life times of individual states could be affected by the

strain. In practice, the high density of NV centers usually lead to a lower coherence time of the

electronic spin, though high density is generally desired in sensing application, especially for wide

field detection.





Figure 5.5: (a) The simulated optical response of the receiver to different detunings of the carrier microwave signal. The

detuning of microwave is changed from 0.6MHz to 4.0MHz, as labelled in legend. The peaks correspond to situations when

themodulating frequencies coincides with the detuning. (b) The 3 dB (Blue line) and 10 dB (Red line) bandwidth of the NV

center on the detuning. (c) Amplitude of demodulated optical intensity signal as a function of microwave detuning. The sign

indicates the phase relationship between the received andmodulating signal. The input microwave induced Rabi frequency

is 0.5MHz, and the optical pumping rate is 1MHz.

. Wide-field Microwave Imaging

Spatial and spectral analysis of electromagnetic fields [] at microwave frequencies is crucial

for many applications, spanning a wide range of disciplines. Examples include the study of quan-





tum electromagnetic metamaterials [, ], nanomaterials [], magnonics [–], in-

tegrated circuit analysis [], and biological sensing []. In the past decades, scanning probe

microscopy [–], superconducting quantum interference devices [, ] and atomic

vapor cells [, ] have been used to improve the sensitivity and frequency resolution of mi-

crowave microscopy. However, the requirements of a scanning mechanism, cryogenic cooling,

and/or a relatively large sensor size limit their relevance for practical applications.

Here we demonstrate wide-field optical microscopy of microwave fields using ensembles of

NV color centers in diamond. For many practical applications, however, wide field imaging and

a simple experimental procedure are beneficial. To accomplish this, we opt for continuous wave

laser excitation [, ] to measure the spin populations of NVs in the presence of microwave

fields using a conventional inverted microscope. In this way, we demonstrate wide-field imaging

of microwave fields over a 200 × 200 µm2 area with sub-micrometer spatial resolution, and spec-

tral analysis of the microwave field with a resolution bandwidth of 460 kHz (i.e. the linewidth of

NV). Minimum detectable microwave power of tens of nanowatts and a large dynamic range of

over  dB in microwave power is obtained. Importantly, by using a bias magnetic field we could

control the microwave frequency that NV centers are sensitive to - via Zeeman effect - over a fre-

quency range of 170 MHz (potentially up to 100 GHz. (Ref. [])). In addition, we demon-

strate a high frequency sensitivity of 2.5 kHz/
√
Hz for a single frequency-modulated wide-field

microwave signal detection.

.. Diamond Sample

Here, we first discuss an ideal diamond sample for the microwave detection. For the best sensi-

tivity and signal-to-noise ratio, we would like to have a high density of NV centers. Samples with

density of a few ppm of negatively-charged NV centers are used in our experiments. For even

higher diamond samples, whose color is dark pink to black under normal room luminescence,





a very large inhomogeneous broadening in electronic spin resonance are usually observed. This

might be caused by the high density of the nitrogen dopant in the diamond sample, given the

conversion ratio from a nitrogen dopant to a negative charged NV centers ranges in few presents.

Second, we prefer a thin layer of NV centers instead of a sample with uniformly distributed NV

centers in a thick diamond sample. The latter one will blur out the useful spatial information of

the microwave field. Given that our imaging system, typically an optical microscope, is close to

optical diffraction limited, a thickness of less than 1 µm is preferred. Third, a low strain sample is

important for wide field imaging. A non-zero strain profile induced during the diamond growth

or fabrication would cause failure in a wide field imaging by drifting the splitting between the

spin-0 and spin-1 states. Forth, preferably orientated NV centers would improve the signal by a

factor of four. There are four possible crystalline orientations of NV center in a single crystal di-

amond, and we usually use one of the four classes by aligning the external DC magnetic field to

it, and the other three classes of NV centers are counted as background fluorescence. One may ar-

gue we can apply the bias magnetic field align [100], thus all four classes of NV feel same amount

of magnetic field. However, this only works for low bias field, as a large perpendicular compo-

nent of magnetic field to the NV centers will mix its states and degrade the fluorescent contract.

Preparing such preferably orientated NV centers are possible with efficiency of more than 99%

(Ref. []).

For the diamond samples available to us, we used the following one in our microwave imaging

experiments. The single crystal chemical vapor deposition (CVD) grown diamond chip (Element

Six) consists of high purity diamond substrate (< 1 ppb Ns) on which an additional thin layer di-

amond is grown that is doped with N (natural abundance 99.6% 14N) during the CVD synthesis

process. The thickness of the layer is 0.9 µm with a concentration of 10.5 ppm as determined by

secondary ion mass spectroscopy. Post synthesis the sample was irradiated with 4.5 MeV electrons

at a flux ∼ 2.5 × 1014 cm−2/s for 10 hours and then annealed at 800 ◦C for 8 hours and 1200





◦C for an hour. The density of NV− is estimated as 3-4 ppm by measuring the optical absorption

at liquid nitrogen temperatures. The measured optical absorption is converted into a NV concen-

tration by integrating the absorption coefficient across the defect’s zero-phonon-line []. The

CVD diamond chip is grown in the crystal direction of < 100 >, and the side surface of the

diamond is < 110 >.

.. Principle and Experimental Setup

This diamond chip is closely placed on top of a microwave circuit under investigation, allowing

near field imaging of microwave fields. An inverted optical microscope is used to deliver green

(532 nm) laser probe light and NV fluorescence (600 - 750 nm) is collected through the same

objective. The collected light is filtered and focused onto an electron-multiplying charge coupled

device (EM-CCD) for imaging. An electromagnet is used to provide a bias DC magnetic field B0

that controls the frequency splitting ν0 between the NV’s spin 0 ground state |0⟩g and the spin

−1 ground state |−1⟩g, according to ν0 = D0 − γB0. Here, D0 = 2.87 GHz is the crystal field

splitting and γ/2π = 28 MHz/mT is the gyromagnetic ratio. For simplicity, we align B0 with

one of possible NV orientations and focus on states |−1⟩g and |0⟩g, only. The spectral analysis

of an unknown microwave field is accomplished by scanning ν0 over a wide frequency range, by

sweeping a voltage applied to the electromagnet, while monitoring the NV fluorescence intensity.

When the microwave frequency fRF is resonant with ν0, the NV is driven from |0⟩g to |−1⟩g

(corresponding to states |1⟩ and |2⟩ in Fig. .) by the microwave magnetic field with polarization

perpendicular to the NV axis. This results in a reduction in the fluorescence intensity, since |−1⟩e

(lebelled |4⟩ in Fig. .) has a higher non-radiative decay rate than |0⟩e (labelled |3⟩ in Fig. .).

Therefore, the amplitude of microwave magnetic fields can be determined by measuring the flu-

orescence contrast with and without microwave signals. Each frequency in the microwave signal

results in three dips in NV fluorescence intensity as a result of hyperfine interactions with the nu-





clear spin of the 14N in the NV center [] (Fig. .(c)).
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Figure 5.6: Experimental setup schematic for wide fieldmicrowavemicroscopy.

Experimental setup for fluorescence imaging of NV centers is shown in Fig. .. The following

provides details in setup configuration. A 532 nm probe laser (Coherent Compass M-)

is attenuated by neutral density filters (Thorlabs, FWAND) to adjust the power as needed, fol-

lowed by a beam expander, a convex lens, and an objective (Olympus SLMPlan X / .NA

or X / .NA as needed) providing wide field illumination. The laser power is measured by

a power meter (Newport -C). The fluorescence of NV centers is collected by the same ob-

jective, and filtered (-nm Semrock StopLine notch filter, E-grade, and 632.8-nm Semrock

EdgeBasic long-wavelength-pass filter) before it is sent to an EM-CCD (Hamamatsu C-).

The optical path for fluorescence is secured inside an inverted microscope (Olympus IX) to re-

duce the noise from the environment. The diamond sample with NV centers is placed on the mi-

crowave structure fabricated on a cover glass on the microscope stage. The fabrication of the mi-





crowave structure is defined by photolithography, then electron beam evaporation titanium/gold

layer, and lift-off. The bias magnetic field B0 is provided by an electromagnet (APW Co. EM-

-), whose applied voltage is generated by a data acquisition device (NI DAQ USB-)

with a home-made power amplification circuit (using TI LM Op Amp). This setup enables us

to sweep the voltage applied on the electromagnet with resolution of 1 mV, resulting in the ability

to tune the resonant frequency from 2.68 GHz to 2.87 GHz. The microwave signals are generated

by two function generators (HP ESG-A, and Rohde&Schwarz SMCA), with a waveform

generator (Agilent A) for frequency modulation. The microwave spectra measured with NV

centers are compared with a radio frequency real-time spectrum analyzer (RSA, Tektronix, RSA

B).

.. NV Centers as Tunable Microwave Detector

To characterize the efficacy of NV centers as microwave spectrum analyzers, the fluorescence is

measured (averaging over a 5×5 µm2 region at the central field of view) in the presence of known

microwave signals with various frequencies and intensities. First, the apparatus is calibrated by

detecting harmonic microwave signals of known frequency (in the range of 2.72 to 2.84 GHz)

(Fig. .(a)). The calibration curve, shown in Fig. .(b), features the linear dependence of ν0 on

the voltage supplied to the electromagnet, with the slope S = −18.12(6) MHz/V. From the fit,

we also obtain the zero field splitting value D0 = 2.866 36(3) GHz, which is in perfect agreement

with the literature value reported at room temperature []. With this calibration, we obtain the

spectra (blue lines in Fig. .(c)) of more complex microwave signals, and compared the results

with the spectra (red lines) obtained using a real-time spectrum analyzer (RSA). Good agreement

between two sets of data is observed. The small discrepancy in the absolute spectral line position

can be attributed to mechanical instability of the setup and hysteresis of the electromagnet.

Next, we demonstrate that NV centers can be used as a tunable microwave spectrum analyzer,
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Figure 5.7:Microwave spectroscopy using NV centers. (a) Fluorescence contrast of NV centers as a function of voltages

driving the electromagnet, in the presence of microwave signals having frequencies from 2.72 GHz to 2.84 GHz. This data

set is used to calibrate the apparatus and (b) to establish the relationship between the applied voltage andNV resonant fre-

quencies. Each point in (b) is extracted by fittingmeasurements in (a) to three Lorentzians. Themagnitudes of fitting error is

less than 0.7mV. (c) Microwave spectra acquired using NV centers (blue lines) and a real-time spectrum analyzer (RSA, red

lines). In the upper panel, a simple harmonic microwave signal with frequency of 2.74 GHzwas used, while in the lower one

signal centered at 2.74 GHzwith side bands separated by 10MHzwas used. The single-pass scanning data obtained by tak-

ing one EM-CCD frame at each frequency are shown in light blue, while three frames shift-averaged data are shown in dark

blue. The resolution bandwidth of the RSA is 20 kHz. (d) The fluorescence contrast of NV centers exposed tomicrowave

powers from -50 to -10 dBm and probe laser powers of 137.2µW(blue lines), 1.49mW (black lines), and 33.86mW (red

lines). The thin lines in light colors are themeasurement data, while the thick lines are the fitted curves. Themicrowave

frequency is fixed at 2.834GHz. Inset: same data with x-axis proportional to the amplitude of magnetic field component of

themicrowave signal. The fluorescence data in this figure is averaged over a 5×5µm2 region near the central field of view.

whose sensitivity level and dynamic range can be adjusted by the probe laser power. As shown

in Fig. .(d), adjusting the laser power from 28 µW to 33 mW allows detection of microwave

signals with powers (as output of the function generator) in the range of −50 dBm to −10 dBm.

A logarithmic dependence of fluorescence contrast on the microwave power and a dynamic range





of 33 dB of microwave power (from −45 dBm to −12 dBm) are achieved by an intermediate

probe laser power of 1.49 mW (black line in Fig. .(d)) as feeding the port of microscope. We

thus estimate the amplitude sensitivity of our apparatus to be approximately 45 nT/
√
Hz for the

5 × 5 µm2 region. At a higher laser power of 33.86 mW (red line), the fluorescence contrast

linearly depends on the microwave magnetic field amplitude as shown in Fig. .(d) inset.

. IC Activity Imaging

For the application of the techniques, we present a high-resolution electromagnetic near field

mapping of a monolithic microwave integrated circuit (MMIC) using NV centers in diamond.

This would provide a practical platform for chip design, test, investigation, and authentication

[].

Since the invention of microwave wafer probes in s [], radio frequency probing be-

coma a standard detection method for high-speed microwave circuits design, production, and

testing. Probing is, however, limited to circuit ports and test nodes, while extra electrical loads

induced by the probes may incapacitate or reduce the performance of the ICs. Noninvasive map-

ping of electromagnetic fields of ICs provides a valuable information for design and testing. Sev-

eral approaches have been demonstrated to date, including electrooptics [–], optical charge

detection [], photon emission [], magnetic probe scanning [–], Brillouin scatter-

ing [], and modulated scattering []. Advances in microelectronic fabrication require fast IC

testing tools with high spatial resolution. Among current technologies, our approach on mapping

of microwave electromagnetic near fields is attractive since it is based on a standard fluorescence

microscopy with a green light-emitting diode (LED), provides instant wide field mapping with-

out spatial scanning, and is frequency agile: the target frequency of microwave electromagnetic

fields can be changed simply by tuning the levels of NV center using a DC magnetic field. The





frequency resolution is limited by the linewidth of NV centers, and is better than a megahertz in

the case of the diamond sample used in this work. The spatial resolution on the other hand can

be as good as a diffraction limit for the wide field fluorescence microscope used. Finally, since an

individual NV center is a point defect in diamond a sub-nanometer sensing capability is possible.

.. Experimental setup

Figure . illustrates the experimental setup for mapping microwave near fields of a MMIC die.

The MMIC die under test is mounted on and wire-bonded to a testing printed circuit board for

electrical connections. The diamond with NV centers is placed on top of it, with the thin layer of

NV centers close to the MMIC die. This diamond sample used in the MMIC imaging is the same

one as discussed in Sec. .. The NV centers are under wide-field continuous optical excitation

provided by a green LED. The optical spectrum of this 350 mW green LED is peaked at 521 nm

with a bandwidth of about 50 nm. The conventional use of a coherent laser light source is not

necessary for mapping wide-field microwave fields using NV centers. The emitted red fluorescence

from NV centers is collected by an objective, optically filtered, and imaged using an electron mul-

tiplying charge coupled device (EMCCD) camera. A dichroic beamsplitter with transitions at 555

nm between high reflection and transmission is employed to separate fluorescence from excitation

lights. A 546 nm shorter wavelength pass filter is applied to the excitation path to clean the spec-

tral tail of the LED, and a 568 nm longer wavelength pass filter is applied to the collection path

to block the excitation light. The images are further analyzed to obtain the near-field mapping of

the MMIC die, and dynamics of the chip activities. A magnet is applied to tune the resonant fre-

quency of NV centers. Our home-built electromagnet system achieves a tuning range of 1 GHz

centered at 2.8 GHz. More than 10 GHz tunability could be further implemented by a vector

magnetic field control system of 0.5 T, which is commercially available.
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Figure 5.8: Schematic of the experimental setup. Themonolithic microwave integrated circuit (MMIC) die is electronically

connected to a testing board. A diamond slice containing a 1-µm-thickness layer of dense NV centers is placed on top of

theMMIC die. Under an optical excitation from a green light-emitting diode (LED), the emitted fluorescence is captured by

an EMCCD camera. The CCD image is further analyzed and gives the intensity of microwavemagnetic field at the certain

frequency defined by the external magnetic fieldB0 .

.. Experimental results

In experimental demonstration, we map the near field of a MMIC wideband frequency mixer

(Mini-Circuits, MDB-H-DG+), which employs the InGaP heterojunction-bipolar-transistor

technology providing 2.2 to 7 GHz bandwidth. The frequency mixer consists of a local oscillator

(LO) input, a radio frequency (RF) input, and an intermediate frequency (IF) output (Fig. .(a)).

The circuit generates a mixed frequency fIF = |fRF − fLO| at the IF output. The frequency mix-

ing is achieved by a double balanced mixer (Fig. .(a)), where a diode ring provides the nonlin-

earity, and two transformers provide coupling and isolation. The optical microscopic image shows

the layout of the mixer die under test (Fig. .(b)); spiral structures are transformers, four-diodes

ring locates at the centers, and contact pads sit near the boundaries.

Under the optical excitation by the green LED, the NV fluorescence is imaged by the EMCCD
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Figure 5.9:Monolithic microwave integrated circuit (MMIC) die being near-field imaged by nitrogen-vacancy (NV) centers

in diamond. (a) Circuit diagrams of theMMIC double balancedmixer die. RF, LO, and IF represent radio frequency, local

oscillator, and intermediate frequency. (b) Stitched optical microscopic image of theMMICmixer die. (c)(d) The fluorescent

image of the thin layer NV centers pumped by a green LED. The bright band is the boundary of the diamond sample, and

the right-bottom corner in dark is not covered by the diamond sample. (e)-(h) Imagedmicrowavemagnetic fields by NV

centers. The resonant frequencies of NV centers are at the RF frequency (e)(g) and LO frequency (f)(h). Themagnification of

objectives are 10X (c)(e)(f) and 50X (d)(g)(h). Same fields of view are shown in (c)(e)(f) and (d)(g)(h), respectively.

(Figs. .(c) and (d)). Objectives with various magnifications are used in an overview (X) and

detailed (X) investigations. Due to the difference in reflection between wires and substrate,





we clearly see the circuit structure under NV fluorescence. In contrast, the right bottom area

in Fig. .(c) is not covered by the diamond sample, and no observable light emission from the

MMIC die is detected. A reference fluorescence image is captured without active electrical signals,

and the relative change of fluorescence intensity due to microwave fields is then defined as the sig-

nal. The detected microwave magnetic field mappings are shown in Figs. .(e)-(h), where (e)(f )

are corresponding to the field of view in (c), and (g)(h) to (d).

We input RF and LO signals at two different but adjacent frequencies to demonstrate the spec-

tral resolution in our proposed method. The RF input is fed by a 2.850 GHz signal, and LO in-

put 2.869 GHz, simultaneously. The 19 MHz IF output signals stay constant among different

configurations: ) the MMIC die only, ) with the diamond sample, ) with both the diamond

sample and optical excitation. This indicates that the functionality of the MMIC die is not af-

fected by this mapping method. We first magnetically tune the resonant frequency of NV centers

to the RF input frequency. As expected, the image of fluorescence change indicates a strong mi-

crowave magnetic field at the transformers and path to the diode ring (Fig. .(e)). Using a higher

magnification objective (X), we observe details of the microwave field at the RF input frequency

near the diode ring (Fig. .(g)). Secondly, we tune the resonant frequency of NV centers to the

LO input frequency. The microwave magnetic mappings at the LO frequency are thus obtained

(Figs. .(f ) and (h)). Since the off-resonant RF signal no longer drives the NV centers, the left

area of the MMIC die does not light up, as expected. The right spiral structures show strong mi-

crowave fields as the transformer for the LO signal. Notably, both paths to the diode ring from

LO transformers on the right show strong microwave fields (Figs. .(f ) and (h)), while only the

upper path to the diode ring from RF transformers shows a strong microwave field (Figs. .(e)

and (g)).





.. Summary

We demonstrated the near-field mapping of a MMIC die using a thin layer of dense NV centers

in diamonds. This mapping method does not affect the functionality of the MMIC die under test.

We show that a green LED can replace conventionally-used 532 nm lasers to optically excite NV

centers for better wide-field illumination. Our proposed mapping of microwave near fields opens

a way to efficiently investigate the ICs in real-time with desired spatial and spectral resolutions.

Beyond MMICs, this NV centers microwave mapping could be potentially used in many applica-

tions. One example is the test and authentication of computer hardware components. Hardware

security has been a concern due to the globalization of semiconductor fabrication foundries [].

Physical unique features using optical scattering [], charge decay [, ], and electro-

magnetic leakage [] have been investigated; our electromagnetic mapping could provide an

additional powerful tool. Another example is the investigations of microwave superconducting

quantum circuits []. NV center detects microwave magnetic fields from cryogenic temperature

to more than  ◦C (Ref. []). Further, as diamond is a bio-compatible material, NV cen-

ters could be a desired detector for biological and medical imaging using microwave technolo-

gies [], as well as design and test of implanted medical devices [, ].

. Microwave Frequency Demodulation

We experimental demonstrate a robust FM radio receiver based on response of the NV center

fluorescence to FM microwave signals. The carrier frequency of the FM signal is in the 2.8 GHz

range, close to the zero-field splitting in the NV electronic ground state. The radio can be tuned

over 300 MHz by applying an external DC magnetic field. We show the transmission of high-

fidelity audio signals over a bandwidth of 91 kHz using the diamond radio. We demonstrate op-

erating temperature of the radio as high as 350 Celsius degrees, which much higher than that of a





traditional IC-based radio receiver (typical 85 ◦C for commercial products).

.. Diamond Sample and Experimental Setup

The NV radio receiver is based on a bulk diamond sample (Element Six, HPTP diamond plate,

with  faces) with a high density of NV centers ( . ppm with nitrogen concentration about

- ppm, determined by absorption techniques in ref. []). Compared to the diamond

sample used in Secs. . and ., NV centers in the diamond sample used in the section is dis-

tributed over the bulk sample, and result in a dark red color of the sample. The high NV density

gives a greater signal intensity and thus a better signal-to-noise ratio, even though the coherent

time of dense NVs could be shorter than the scattered NVs in bulk diamond. The diamond sam-

ple is then irradiated with 4.5 MeV electrons for 2 hours, annealed at 800 ◦C for 16 hours and

then at 1200 ◦C for 2 hours. The diamond chip is continuously excited by a green (532 nm) laser;

the excitation light spot is about 20 mW illuminating a 200 µm in diameter region at the surface

of the diamond sample. An electromagnet is used to provide a DC magnetic field along axes of

one NV class that defines the carrier frequency that the diamond receiver responses to. The mi-

crowave signal is delivered to the diamond chip by a microstrip waveguide contacting the surface

of the diamond. The microstrip is microfabricated on a cover glass with 20 µm in width. The NV

fluorescence, the output of the radio receiver, is collected by an objective (Olympus SLMPlan X

/ NA .) and detected by a photodetector (New Focus -FS) with filters (Semrock StopLine

notch filter 532-nm, E-grade, and Semrock EdgeBasic long-wavelength-pass filter, 632.8-nm).

.. Experimental results

We demonstrate receiving FM radio signals carried by a 2.85 GHz carrier using the diamond

NV centers. A known modulating signal (provided by a waveform generator, Agilent A)





representing the information is sent to a microwave function generator (HP ESG-A) to gen-

erate an FM microwave signal at the carrier frequency of 2.85 GHz with −3 dBm power. The

microwave signal is then sent to the NV centers via a microstrip. The red fluorescence of NV cen-

ters is filtered, detected, and monitored by an oscilloscope with the modulating signal, as shown

in Fig. .. A DC magnetic field is applied by the electromagnet to shift the optically detected

magnetic resonance (ODMR) dip to the position so that the carrier frequency is blue detuned

from the NV microwave resonance. In this way, the received signal is in phase with the original

modulating signal. From Figs. .(a) and (b), we can conclude that the received signals are in

good agreement with the modulating signals. As shown in Fig. .(c), the received audio wave-

form is in good agreement with the original audio waveform.
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Figure 5.11: (a) Optical response of an NV radio receiver on the frequency of modulating signals. The solid line is measured

by the lock-in amplifier, and the dashed line is measured by the network analyzer. Lines of different color correspond to

different carrier microwave powers indicated in the inset. Inset: dependency of -3 dB optical bandwidth on the powers of

input microwave signals. (b) The harmonic distortion of the output fluorescence intensity in the case of a 1 kHz sine wave as

amodulating signal with amaximum frequency deviation of∆=2.42MHz. The power of microwave signal is -5 dBm.

We characterize the frequency responses of the NV radio for various microwave signal pow-

ers (Fig. .(a)). The modulating frequency of the carrier microwave signal is swept from 10 Hz

to 3 MHz. Due to the limitation of detecting frequencies of the equipment, the 10 Hz to 100

kHz response are measured by a lock-in amplifier (Stanford SR), and are represented by solid

lines in Fig. .(a); while the 30 kHz to 30 MHz frequencies are measured by a network an-

alyzer (HP E), and are represented by dashed lines in Fig. .(a). The modulating signal

is a sine wave with peak-to-peak amplitude Vpp = 1 V, and leads to the maximum deviation of

1 MHz from the frequency of the carrier microwave. As shown in Fig. .(a), the 3 dB band-





width of optical response is measured as 91.8 kHz with microwave signal of 0 dBm (i.e., 1 mW),

which is the maximum power that our microstrip can carry before being damaged. The carrier

microwave frequency sits at the maximum slope of resonance dip, ensuring optimum amplitude

of demodulated signal, as shown in Fig. .(b). This bandwidth is adequate for high-fidelity au-

dio transmission (Fig. .(c)). The bandwidth of the NV radio receiver is sensitive to the power

of input microwave signal. As plotted in Fig. .(a) Inset, the bandwidth is lowered from 91.8

kHz to 22.5 kHz, when microwave signal power is attenuated from 0 to −10 dBm. The band-

width also depends on other parameters including the pumping (green) laser power and detuning

of microwave carrier.

We show the total harmonic distortion (THD) is 2.67% of the total signal at the microwave

power of −5 dBm and frequency deviation of 2.42 MHz, which is the half of the linewidth (as

FWHM) of the NV microwave resonance in the ground state. In the case, the modulating sig-

nal is a 1 kHz sine wave, and the optical intensity (as the output of the photodetector) of higher

order harmonic frequencies are measured by the lock-in amplifier, as shown in Fig. .(b). The

optical intensity of each generated harmonics is less than 1% of the fundamental signal, and the

total harmonic distortion THDF (defined by root squared sum of all harmonic distortion ampli-

tude divided by the amplitude of fundamental signal, i.e., THDF =
√
Σk≥2Vk/V1, where Vk

is the amplitude at kth harmonic frequency) is measured to be 2.67%. The distortion originates

from the nonlinear dependence of microwave frequency and the fluorescence intensity, which

is a Lorentzian dip, and thus the distortion depends on the amplitude of the input signal. Im-

portantly, this THDF level is acceptable for the transmission of audio signals as it can hardly be

detected by a human ear [].

We experimentally investigate our NV radio receiver operating in environmental tempera-

ture from 25 ◦C (i.e., 298K) to 400 ◦C (673 K), where the diamond sample and the microwave

microstrip are under controlled temperatures. It has been reported previously that the NV cen-
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Figure 5.12: (a) Optical response on the DCmagnetic fieldB0 under different environmental temperatures. Themagnetic

fieldB0 is controlled by the voltage applied on the electromagnet. The sign of the optical response indicates the polarity

between the NV fluorescence signal and themodulating signal. (b) Themaximum responses on the environmental temper-

ature, the response amplitudes of optimum negative/positive detuning (Opt. Neg./Pos. Detuning) are corresponding to the

minimum/maximum points in (a). (c) The optimum electromagnetic voltages required to compensate the temperature shifts.

ters can operate in a wide temperature range from the 6 K (ref. []) to 600 K (ref. []). The

temperature affects the zero field crystal field splitting of the NV centers, and the temperature

dependent splitting between the ground state sublevels |0⟩g and |−1⟩g is given by,

f0 = D(T )− γB0. (.)

To demodulate a radio receiver with stable resonant microwave frequency under different temper-

atures, the magnetic field B0 is used to adjust to compensate the temperature effects in a feedback

loop. The NV crystal field splitting depends on the temperature T as dD(T )/dT = −74 kHz/K,

though the exact value of the constant slightly varies between different samples with different NV





densities []. In our case, the DC magnetic field needs to be lowered to cancel out the shift

caused by higher temperature (in the case of using ground state sublevel). In the experiment, tun-

ing of the DC magnetic field B0 is achieved by changing the voltage applied to the electromagnet.

In this experiment, the carrier frequency of microwave signal is fixed at 2.80 GHz, the modulat-

ing signal is a 1 kHz sine wave, and the maximum frequency deviation is set to 2 MHz. As shown

in Fig. .(a), we measure the output signal under different applied electromagnet voltages and

temperatures. The sign of the output signal indicates the phase relative to the modulating sig-

nal. As expected, the optimum external magnetic field B changes as the temperature changes,

as shown in Fig. .(c). In addition, the signal maximum reduces as the temperature increases,

as shown in Fig. .(b). We conclude that the NV radio receiver operates up to at least  ◦C

(628 K), though the amplitude of received signal suffers at high temperatures: at 350 ◦C the am-

plitude of the signal is only one tenth of that at room temperature. This can be explained by the

dynamics of NV centers: at high temperatures, the thermally activated non-radiative processes di-

minish the spin selectivity of the excited state intersystem crossing (ISC) and the spin-dependent

fluorescence vanishes out [].

.. Summary

We demonstrate an FM radio receiver based on NV centers in diamonds capable of demodulat-

ing FM microwave signal and mapping it onto the amplitude-modulated fluorescent signal. The

radio is tuned via a DC magnetic field, provided by an electromagnet, which selects the carrier

frequency. Enjoying the robustness of diamond NV centers, we demonstrated the operation at

temperatures as high as  ◦C. The required microwave power and the bandwidth of the NV

centers as a transducer could be improved by designing resonant microwave circuits for specific

applications or frequencies, and the excitation and collection of NV fluorescence could be en-

hanced by photonic structures as well. Looking ahead, we note that other atomic defects in solids





can be used to realize radio receivers (or wavelength converters) in the frequency bands of interest

to modern communications and quantum information processing. For example, silicon-vacancy

centers in diamond have potential for microwave-to-optical converters in terahertz band [],

and the resonant microwave frequency can be tuned by strain.
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