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Diamond has numerous outstanding properties in mechanics, physics,chemistry, electronics, thermodynamics, and spintronics for16
either classic micro/nano electromechanical systems (MEMS/NEMS) devices or hybrid quantum MEMS/NEMS systems. The ex-17
tremely high mechanical strength and the ultra-wide bandgap energy enable the development of mechanically and thermally robust18
MEMS/NEMS sensors and switches, while the long coherence time of spin defects center enables the reading out through optical19
methods, precise quantum sensing, and quantum information processing. In this paper, the development of diamond-based MEM-20
S/NEMS from the viewpoints of classic devices to quantum systems are reviewed. We firstly describe the fabrication process and the21
classic applications of diamond MEMS/NEMS devices, including those from micro-crystalline, nano-crystalline/ultranano-crystalline,22
and single-crystalline diamonds. Then, we introduce the physical properties of nitrogen-vacancy defect center, as well as the appli-23
cation referred to the hybrid system composed of MEMS structures and nitrogen-vacancy centers embedded, strain-spin interaction,24
and diamond-based optomechanics. Finally, a conclusion and outlook are presented. It is expected that diamond MEMS/NEMS is25
not only an ideal platform for high-performance and high-reliability advanced classic MEMS devices but also for quantum sensing,26
information, and exploring the fundamentals of quantum mechanics.27

1 Introduction28

Microelectromechanical/nanoelectromechanical systems (MEMS/NEMS) display important application29

prospects in various fields, including sensing, actuation, biomedicine, communication, and quantum tech-30

nology, due to their advantages of small size, high sensitivity, lower power consumption, and integra-31

bility with modern electronics. As the key component of MEMS/NEMS, the realization of micro-nano32

mechanical resonator is aided by the development of modern complementary metal-oxide-semiconductor33

technology. When the frequency of an external stimulus matches the resonant frequency of a micro-nano34

mechanical resonator, the vibration of the mechanical structure reaches the maximum amplitude, known35

as the resonance state. Through electrical and/or optical measurement methods, such as capacitive cou-36

pling and optical interference, the change in resonant state of the MEMS/NEMS resonator due to ex-37

ternal small stimulus can be measured, thereby realizing the measurement of extremely weak variables,38

such as the detection of gravitational waves [1], atomic mass [2], and single spin [3]. By using electrical39

signal input as a control method, the micro-nano mechanical resonator can be used as an actuator, such40

as a micro-motor, micro-valve, and micro-relay, etc. The micrometer size and high sensitivity of MEM-41

S devices allow accurate medication delivery to desired locations in vivo or detection of diseased cell-42

s [4, 5]. High-frequency and high-quality (Q) factor MEMS resonators have significant potential in the43

development of high-sensitivity and high-resolution sensing devices and in the preparation of macroscop-44

ic quantum states [6, 7, 8, 9]. With advances in micro-nano fabrication processing technology, the decay45

time and resonant frequency of micro-nano mechanical oscillators have been significantly improved, pro-46

viding important application prospects for higher-precision measurement as well as quantum informa-47

tion.48
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Diamond has drawn extensive attention as a material for micro-nano mechanical resonators due to its49

excellent mechanics, chemical inertness, biocompatibility, the highest thermal conductivity, high thermal50

stability, and low intrinsic dissipation [10, 11, 12]. Diamond-based MEMS can achieve the classic func-51

tions that Si MEMS have, but with superior reliability, longevity, and improved performance. Diamond52

MEMS has found various applications such as high temperature magnetic sensor [13], radio-frequency53

switch [14, 15], actuator [16], and high-frequency filters [17, 18]. Additionally, point defects such as nitrogen-54

vacancy center (NV center) in diamond is an ideal quantum object with long coherent time and can be55

easily initialized and readout optically [19]. Quantum devices based on NV center have a broad of ap-56

plications, such as long-term data storage [20, 21], magnetic sensing [22, 23, 24], nanoscale thermome-57

try [25], and quantum simulation [26, 27]. By combining the distinctive field sensitivity of NV centers58

and the nanometric spatial resolution intrinsic to atomic force microscope (AFM) cantilevers, this sys-59

tem could potentially facilitate quantum sensing of magnetic phenomena at ambient conditions. Further-60

more, the strain coupling to NV centers generated by a MEMS resonator provides an additional degree61

of freedom to manipulate the spin states and a novel hybrid quantum system to engineering the strain-62

spin interaction [28, 29]. Due to the excellent mechanical properties and the low intrinsic dissipation63

of diamond MEMS, the preparation of macroscope quantum state has promising applications in quan-64

tum information processes as well as the fundamental exploration in quantum mechanics through the65

opto-phonon-spin system. The outstanding mechanical and spin properties of diamond bestow it a u-66

nique material for either classic or quantum applications based on diamond MEMS/NEMS resonators,67

as shown in Figure 1.68

In this review, we predominantly focus on the potential applications of diamond-based MEMS resonators69

within both classical and quantum domains, with a specific emphasis on the mechanical motion of the70

resonator. This review is organized as follows. In Section 2, we give an overview of the development of71

diamond MEMS/NEMS resonators, covering the fabrication processes of resonator structure based on72

the micro-crystalline, nano-/ultranano-crystalline, and single-crystalline diamonds. Section 3 is dedicated73

to discussing the dissipative mechanism that impacts the quality factor of a resonator. In the Section 4,74

we present the applications of diamond MEMS devices with the three types of crystals mentioned above.75

The quantum applications related to the mechanical motion here are concentrated on the modulation of76

NV centers as well as the macroscopic quantum state of diamond MEMS resonator. In Section 5, we in-77

troduce the physical properties of NV centers and the corresponding Hamiltonian when interacting with78

other systems. The system architectures and their applications in the quantum domain with centering79

on diamond MEMS resonators are delineated below. Section 6 presents the hybrid system of NV centers80

embedded on the tip of an atom force microscopy cantilever; Section 7 explores the strain modulation of81

NV centers based on diamond beams; and Section 8 discusses the macroscopic quantum state based on82

the cavity optomechanics. Finally, we give a conclusion and a perspective in Section 9.83

2 Microfabrication of diamond MEMS84

During the past thirty years, the growth of diamond has gained a steady development due to the great85

advances in the chemical vapor deposition (CVD) methodology and the expanding application require-86

ments in electronics [30], photonics [31], communications [32], sensors [33], and thermal managements [34].87

In viewing of the progress of diamond growth and micromachining technologies, different diamond form-88

s such as microcrystalline diamond (MCD), nanocrystalline diamond (NCD), and ultranano-crystalline89

diamond (UNCD), and single-crystalline diamond (SCD) were developed to fabricate diamond MEMS90

devices [14, 35, 36, 37, 38, 39, 40, 41, 42].91

2.1 Micro-crystalline diamond MEMS92

In the early 1990s, diamond-on-Si technology was proposed to achieve MCD-based MEMS resonators93

via the standard photolithography, thermal oxidation of silicon, and release of the diamond resonators94

by either anisotropic etching of silicon or SiO2 [35]. In this process, the MCD film was grown on a Si95
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2.2 Nano-/ultranano-crystalline diamond MEMS

substrate by a microwave plasma-assisted CVD system. The resonator patterns were determined by the96

photolithography technique. The backside etching of the Si was utilized to release the resonator struc-97

ture. Based on this method, various microstructures of membranes/windows, bridges, and cantilever beam-98

s of MCD were fabricated. In addition, the diamond-on-Si technology was further developed in fabricat-99

ing MCD diamond-based MEMS resonators with high Q factors. Sepúlveda et al. reported the MCD-100

based resonators with a Q factor as high as 116 000 [43]. Figure 2 shows the fabrication process flow and101

the scanning electron microscopy (SEM) image of the MCD based cantilevers. In this method, the for-102

mation of a 2-µm thick SiO2 layer on an n-type (100) Si wafer was the first step. The SiO2 layer was103

used to act as the sacrificial layer to form the gap between the MCD and the Si substrate. Before the104

CVD diamond growth, the SiO2/Si substrate was coated with a seeding layer of diamond powders to im-105

prove the nucleation density. The MCD was grown through the MPCVD method. Then, an aluminum106

(Al) layer was deposited on the MCD film to act as an etch mask assisted by photolithography pattern-107

ing. The radio-frequency (RF) reactive ion etching (RIE) system with the oxygen-based plasma was u-108

tilized to etch the patterned MCD film. After dry etching, the Al etch mask layer was removed and the109

cantilevers were released by the wet etching in the HF acid. This microfabrication technology is a con-110

tinuation and development of MCD MEMS technologies of previously reported [44, 45, 46].111

2.2 Nano-/ultranano-crystalline diamond MEMS112

The advantages of MCD/NCD/UNCD for MEMS are the large-wafer size, low cost, and compatible with113

Si technology. Conventional CVD film deposition techniques result in MCD films with large grains, high114

internal stress, poor intergranular adhesion, and rough surfaces, which limited MEMS applications [47].115

The as-deposited NCD/UNCD films have small grain sizes in nanoscales (2-100 nm), smooth surface, a116

low coefficient of friction (COF) (0.02-0.05), a high hardness (98 GPa), and Young’s modulus (980-1120117

GPa) similar to those for SCD [37, 38, 47, 48, 49, 50]. A low COF is crucial in MEMS technology since118

the lubrication is one of the main constraints for MEMS devices. The conventional techniques for pro-119

viding lubricant to the interface between contacting parts are highly challenging to accomplish. Due to120

the unique morphological, mechanical, and tribological properties, NCD/UNCD films are promising ma-121

terials for the development of high-reliability and long-term MEMS devices. A mass of efforts have been122

made in the microfabrication processes for producing NCD/UNCD-based MEMS devices [37, 49, 51, 52].123

The mainstream route of the fabrication flow can be summarized as a serial of steps, which involves:124

(1) surface oxidation of a Si substrate to form a sacrificial oxide layer, (2) surface seeding with diamond125

powders and subsequent CVD growth of NCD/UNCD films on the SiO2/Si substrate, (3) deposition of a126

metal layer on the as-grown NCD/UNCD films as the etching mask and lithography patterning, (4) RIE127

dry etching of the NCD/UNCD films through the mask, and (5) wet etching (acid etching) to remove128

the sacrificial SiO2 and the metal mask to release the MEMS device structure. The main microfabrica-129

tion methods of the NCD/UNCD-based MEMS devices are similar to those of the MCD-based MEMS130

devices.131

2.3 Single-crystalline diamond MEMS132

Compared to SCD, polycrystalline diamonds (PCDs) including MCD and NCD/UNCD suffered from133

the disadvantages of many grains and grain boundaries, impurities, and limited control over their prop-134

erties, which leads to high internal loss, inferior electronics properties, and the degradation in reliabili-135

ty [53, 54]. SCD can make full use of the ultimate properties of diamond in every aspect for MEMS ap-136

plication with high performance and high reliability. In addition, SCD offers a platform for defect spin137

centers such as NV centers to achieve long quantum coherence times [55], which makes it promising for138

quantum applications involving a MEMS resonator coupled with a spin center [56, 57]. Therefore, SCD139

is an ideal material for either classic MEMS sensors or quantum devices. With the great progress of the140

growth techniques and micromachining techniques for SCD, a serials of microfabrication methods for141

SCD-based MEMS have been developed. The main approaches for SCD-based MEMS resonators can142

be described as three categories: (1) smart-cut method through ion-implantation assisted lift-off (IAL)143
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technology [39, 58, 59], (2) bonding a SCD plate on an insulator substrate to form diamond-on-insulator144

(DOI) structure and reducing the SCD plate to the desired thickness [60, 61], and (3) diamond thinning145

through anisotropic plasma etching (APE) [62, 63]. These above methods were discussed in details in re-146

lated works [64, 54]. The smart-cut technique was initially proposed by Parikh et al. for freestanding di-147

amond plate preparation [65]. The smart-cut process involved directly manufacturing devices on a thick148

SCD substrate. The ion implantation was the unique step to produce an ion-damaged graphite-like layer149

buried in the diamond substrate, which acted as the sacrificial layer in the later release step. The sacrifi-150

cial layer was then selectively removed to release the desired device structure. By inspiring idea from the151

microfabrication of freestanding diamond plate, the smart-cut technique was greatly developed for fab-152

ricating various SCD MEMS structures [14, 39, 58, 54, 53]. The smart-cut method is in favor of achiev-153

ing SCD MEMS devices with the SCD-on-SCD structure, controlled dimensions from nanoscale to mi-154

croscale, high reproducibility, and high reliability.155

In the APE technology, designed patterns were firstly obtained based on the standard photolithogra-156

phy, then, SCD was etched by RIE through the protection mask. Finally, an anisotropic plasma etch-157

ing was performed at an oblique angle to the substrate surface. The angled-etching produced freestand-158

ing nanobeams with triangular cross-sections directly from SCD substrates [62]. The APE process con-159

tributes to integrating photonic and MEMS structures in SCDs. The DOI technique involved bonding160

diamond onto a foreign substrate and thinning the SCD to a desired thickness by the mechanical pol-161

ishing treatment and the RIE etching. The desired device structure was then released by removing the162

oxide [60, 61, 66]. The DOI method facilely realized the high Q factors diamond MEMS resonators.163

3 Energy dissipation mechanisms of diamond MEMS164

For a MEMS resonator, resonance frequency and Q factor are the most important parameters to charac-165

terize the fundamental performance. The resonant frequency is primarily determined by the geometrical166

dimensions, structural material properties, stress, and surface topography [67]. The resonant frequen-167

cy is not only critical to characterize the resonance vibration performance of MEMS devices, but also168

have an important impact on the functional performances [68]. For the diamond MEMS devices with169

the transverse dimensions (i.e. thickness and width) much smaller than the longitudinal dimension (i.e.170

length), the vibrational motion is governed by the flexural motion. The resonance frequency of the dia-171

mond MEMS can be described and analyzed by the Euler-Bernoulli theory [67, 68, 69],172

fr = k
t

L2

√
E

ρ
(1)

where t, L, E and ρ are the thickness, the length, the Young’s modulus, and the mass density of the173

diamond resonator, respectively. k is a parameter depending on the vibration mode and the resonator174

structure. For the resonator beam with the clamp-free structure, k are equal to 0.162, 1.014, 2.840, · · ·,175

respectively (corresponding to the first mode, the second mode, the third mode, respectively). For the176

resonator beam with the clamp-clamp structure, k are equal to 1.028, 2.289, 5.564, · · ·, respectively (cor-177

responding to the first mode, the second mode, the third mode, · · ·, respectively).178

3.1 Energy dissipation mechanism for diamond resonators179

The Q factor, the inverse of the dissipation, is a key figure of merit for a MEMS resonator. It is defined180

as a measure of the energy lost (∆W ) in one radian of the cycle of oscillation as a fraction of the total181

mechanical energy (W0) of the resonator. A higher Q factor means a lower rate of damping or energy182

losses. The Q factor can be expressed as [70],183

Q−1 =
∆W

2πW0

≈ ∆fr
fr

(2)
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where fr is the resonance frequency. ∆fr is the full width at half maximum (FWHM) of the resonance184

vibration spectrum through the Lorentzian curve fitting. The first term in the expression is the standard185

definition of dissipation. The latter expression is obtained by solving the standard damped resonator e-186

quation. It is dislocated that a high Q factor enhances the vibrational amplitude at resonance frequency187

and reduces the resonance peak width. In viewing of various energy dissipation mechanisms, the overall188

Q factor of a resonator is expressed as [64, 70, 71],189

Q−1 = Q−1clamp +Q−1surface +Q−1TED +Q−1air +Q−1bulk + · · · (3)

where Q−1clamp, Q−1surface, Q
−1
TED, Q−1air , and Q−1bulk represent the energy dissipation from clamping loss, surface190

loss, thermoelastic damping (TED), air damping, and bulk defects, respectively. For diamond MEM-191

S resonators made through various microfabrication methods, the Q factors were primarily determined192

by the comprehensive energy dissipations. For example, the bulk defects and surface effect dissipation193

have a vital impact on the Q factors of the diamond MEMS resonators fabricated by the smart-cut tech-194

nique [59, 72]. A high Q factor is desirable for diamond MEMS resonators for sensing application with195

high sensitivity and low noise. To have a high-speed operation, a high resonance frequency is also pur-196

sued. Therefore, a trade-off between the resonance frequency and the Q factor need to be considered.197

4 Diamond MEMS devices198

4.1 Micro-crystalline diamond-based MEMS devices199

Due to the exceptional properties of diamond, such as its high mechanical strength, chemical inertness,200

excellent thermal conductivity, and wide bandgap, MCD material offers unique advantages in MEM-201

S applications compared to that of Si material [41]. With ongoing research and advancements in MCD202

deposition techniques and microfabrication methods, the utilization of MCD in MEMS applications are203

greatly broadened and developed. The applications of MCD MEMS devices are across a wide range of204

applications, mainly including sensing [73, 74, 75], RF MEMS [76], microfluidics [77, 78, 79], and optic-205

s [80, 81]. MCD MEMS was developed for sensors and actuators, such as pressure sensing, gas sensing,206

and gyroscopes [82]. The high thermal conductivity of MCD enables efficient heat dissipation in RF de-207

vices for high-power handling. Additionally, the low dielectric constant and loss tangent of diamond con-208

tribute to low signal loss and high Q-factor in resonant structures. MCD based microfluidics can with-209

stand harsh chemical environments and provide excellent resistance to befouling. In addition, the MCD210

microfluidic channel offered an useful component to extract thermal energy from microelectronics circuit-211

s [79]. However, among diamond materials, the grain size of MCD in several micrometers could lead to212

the increase in the important propagation losses, which limited MCD MEMS in the applications of a-213

coustic propagation [41]. The MCD exhibits a certain level of surface roughness, which affects the per-214

formance of MEMS devices, particularly in applications where smooth and uniform surfaces are required.215

Additional processing steps or surface treatments are necessary to achieve the desired surface quality.216

It is worth noting that the MCD MEMS devices are still evolving, and further research is being conduct-217

ed to explore new application fields,devices design,and performance improvement. The above-mentioned218

issues can be circumvented through the NCD/UNCD and SCD, which promote the further development219

of diamond MEMS devices with high performance and high reliability.220

4.2 Nano-/ultranano-crystalline diamond-based MEMS devices221

Over the last three decades, NCD and UNCD films have been used as structural materials in many MEM-222

S applications [48, 51, 83, 84, 85, 86, 87, 40, 88, 89]. The MEMS devices made from NCD and UNCD223

films mainly include the UNCD- and NCD-based resonators [48, 51, 87, 40], the UNCD-based scanning224

probe microscopy (SPM) and atom force microscopy (AFM) tips [85, 88, 89], and the UNCD-based R-225

F MEMS-switches [86, 90, 91]. The NCD-based micromechanical disk resonator was demonstrated, ex-226

hibiting a record frequency of 1.51 GHz with a high Q factor of 11 555, 7 orders of magnitude higher227
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4.3 Single-crystalline diamond-based MEMS devices

than the previously demonstrated 1.14-GHz polysilicon disk resonator [92]. The optical resonators based228

on the NCD were developed to offer a platform for micro/nanophotonic devices with embedded diamond229

color centers [87]. Figure 3(a-c) show the NCD based microcavity resonator and the stimulation of Q230

factors influenced by the distance between the disk and substrate. The three-dimensional finite-difference231

time-domain (FDTD) was utilized to figure out the expected mode profiles and the high Q factors. In232

the microdisk, the Q factor was limited by the absorption and scattering in the NCD material. RF-MEMS233

is one of the important components in Radar and mobile communication electronics. An RF mechanical234

resonators array based on the NCD material was fabricated (Figure 3(d)) [51]. The modes of the NCD235

resonator array unit cell were analyzed, showing the larger splitting of the array modes, the stronger the236

coupling of the array (Figure 3(e-f)). The high Q factors of the NCD resonators create opportunities for237

implementing various devices for RF communication such as broad band filters, delay lines, and frequen-238

cy analyzers.239

Due to that the charging and discharging time constants are 5-6 orders of magnitude faster than those240

of conventional insulating dielectric films using dielectric layers such as SiO2 and Si3N4, UNCD shows a241

great potential in the capacitive RF MEMS switch as the dielectric without the adverse effect on switch242

reliability [93]. For the first time, the integration UNCD RF-MEMS switch with SOS (silicon-on-sapphire)-243

CMOS device was fabricated through the microfabrication steps, including patterning, photolithogra-244

phy, deposition, reactive-ion etching (RIE), and chemical etching [93]. The RF-MEMS capacitive switch245

involves a flexible metal membrane dangling over a lower metal electrode coated with a UNCD dielec-246

tric layer, as shown in Figure 4(a). Figure 4(b) and (c) exhibit the cross-section view of the RF-MEMS247

switch with the UNCD as the dielectric layer and the optical image of the RF-UNCD/MEMS switch in248

integrated with the CMOS device, respectively. As applying an electric field between the metal mem-249

brane and the lower electrode, the motion of the membrane could lead to the change of membrane/electrode250

capacitance, generating the RF signal [93]. When the electric field was turned off, the membrane discon-251

nected with the UNCD/electrode, breaking off the RF signal. The RF performance of the RF-UNCD/MEMS252

switches was investigated by the electrical measurements. The enhanced reliability of the RF-UNCD/MEMS253

switch was achieved due to the hydrophobic nature of the UNCD film surface. The work suggests a new254

paradigm of operation of UNCD MEMS that potentially mitigates the dielectric charging hazard and s-255

tiction issues. It is noted that the high film stress and the structure delamination issues should be solved256

out before the commercial application of the RF-UNCD/MEMS switches.257

4.3 Single-crystalline diamond-based MEMS devices258

Recently, there had been a remarkable progress in the utilization of SCD as a material in various field-259

s such as, micromechanics, nanophotonics, quantum information, and sensors since SCD material hosts260

the exceptional mechanical properties, extensive optical transparency, and biocompatibility [94]. The ad-261

vancement in high-crystal-quality SCD growth methods and nanofabrication technologies contribute to262

the development of SCD MEMS.263

SCD resonators allow to achieve high performance in force sensing [95, 96, 97], mass sensing [66, 98], gas264

sensing [99, 100], pressure sensing [53], smart electrical switch [14], and optomechanical systems coupling265

the optical mode with mechanical modes [101, 102]. The NEMS switch has emerged as a prospective al-266

ternative to the complementary metal oxide semiconductor (CMOS) technology. However, the existing267

MEMS switches utilizing silicon technologies encounter challenges such as stiction, abrasion, weak me-268

chanical and tribological characteristics, which adversely affect the reliability of the electrical contact-269

s [103, 104]. SCD is a promising choice to fabricate NEMS switches with excellent contact reliability.270

In 2010, the first SCD NEMS switch was fabricated, as shown in Figure 5 [14]. Figure 5(a-c) show the271

structure of the switch with the off-state. The control mechanism of the switch was that when applying272

voltages on the source and the gate, the SCD cantilever deflected due to electrostatic attraction, creat-273

ing an electrical contact at the drain, thus achieving the conducting state (on-state). As the voltages274

were turn off, the SCD cantilever was disconnected from the drain, thereby achieving the off-state. It275

is disclosed that the pull-in voltage exhibits the weak dependence on the gate voltage, which confirm-276
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4.3 Single-crystalline diamond-based MEMS devices

s the mechanical switch behavior for the SCD NEMS switch (Figure 5(d-e)). Figure 5(f) exhibits the277

good transient switching performance of the switch. The SCD MEMS switch had extremely low leak-278

age current (< 0.1 pA) and high on/off ratio of more than 6 orders of magnitude. In addition, the power279

consumption of the switch in the off-state was calculated as less than 1 pW. The developed SCD NEM-280

S switches has the potential to serve as microwave switches in next-generation wireless communications281

and logic circuits, even in harsh environments. The NEMS switch was the firstly movable SCD MEM-282

S/NEMS devices, which has established the infrastructure for a variety of SCD MEMS/NEMS for the283

development of diverse chemical, physical, and mechanical sensors. The smart cut method involves an284

ion implantation process that creates damage in the SCD substrate (the bottom of the SCD MEMS res-285

onator). The Q factors were thus at the level of several thousands. By growing thick SCD homoepitax-286

ial layer or removing the bottom damage diamond layer, the Q factors were increased by over 10 or 100287

times [59, 105]. The Q factor as high as 1 million was obtained by the smart-cut method, the same as288

those of fabricated by DOI method started from a SCD plate [66].289

Due to high thermal stability and mechanical robustness, SCD MEMS was applied for high temperature290

sensors. One example is pico-thermo gravimetric analysis of material properties using diamond cantilever291

beam. The thermal decomposition of calcium carbonate (CaCO3) was investigated from room tempera-292

ture to 600 ◦C [106]. By analysing the temperature dependent resonant frequency behavior, the thermal293

conversion from CaCO3 to CaO starts around 500 ◦C was identified. The SCD cantilevers offer a nov-294

el thermogravimetic technique for accurate information about the analyzed material at picogram range295

during the thermal process. Another example of SCD MEMS is the high-temperature magnetic sensor.296

By depositing a magnetrostrictive FeGa thin film on the SCD cantilever, the external magnetic field-297

s can be detected based on the resonance frequency shift [107]. Since both FeGa and SCD MEMS have298

high thermal stability, high-temperature SCD MEMS magnetic sensor were developed operable up to299

500 ◦C [108]. The SCD MEMS magnetic sensor showed a noise level of 10 nT/
√

Hz.300

For a SPM, non-contact friction exists between the probe tip and the measured sample surface [97],301

which arises from the dissipative forces between the moving tip and the surface. This non-contact fric-302

tion degrades the force sensitivity. These factors include dielectric fluctuations, radiative heat transfer,303

and the existence of static or fluctuating surface charge [109, 110]. SCD processes a remarkably low di-304

electric constant and minimal loss tangent, thereby making it an excellent choice for a low-friction tip305

material. Additionally, the exceptional mechanical durability and high wear resistance of diamond make306

it a highly desirable option for force microscopy, addressing crucial practical concerns. The ultrasensi-307

tive force microscopies, consisting of SCD nanowires integrated on the ends of silicon cantilevers were308

fabricated [97]. Figure 6(a) shows a SCD nanowire tips attached on a cantilever. The noncontact fric-309

tion of SCD nanowire tip is measured through using a pendulum configuration, as illustrated in Fig-310

ure 6(b). The SCD nanowire tip was controllably approached to a gold surface via a piezo-driving po-311

sition stage. The ring-down method was utilized to measure the Q factor of the integrated cantilever. It312

is disclosed that the little changes in Q factors occurred until the tip-surface distance decreased to below313

10 nm (Figure 6(c)). In addition, even when approaching the surface (z ≈ 1 nm), the Q factor remains314

consistently as high as 40 000. It was found that the SCD nanowire tip had extremely low values of non-315

contact friction, about 3 × 10−15 kg/s at z = 10 nm and 9 × 10−15 kg/s at z = 5 nm (Figure 6(d)),316

much lower than that of Si tip. The result indicated the SCD nanowire tips were feasible without no de-317

terioration in force sensitivity as z lower than 10 nm. The minimum detectable force, S
1/2
F of the SCD318

nanowire-tipped cantilever reached a very low value of 2.4 aN/Hz1/2 at z = 10 nm for T = 4 K (Fig-319

ure 6(d)). Furthermore, the minimum detectable force was improved to be S
1/2
F ≈ 0.65 aN/Hz1/2 as the320

measured temperature T = 300 mK. Due to the high force sensitivities, the SCD nanowire-tipped can-321

tilevers present a useful platform for measuring friction of single nano-objects, like large biomolecules or322

quantum dots.323
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5 Nitrogen-vacancy defect center324

Before introducing the hybrid MEMS quantum system, the nitrogen-vacancy (NV) center is briefly de-325

scribed. The NV center is a type of defect in diamond that occurs when a nitrogen atom replaces a car-326

bon atom and an adjacent vacancy is created in the diamond lattice. It was discovered by du Preez in327

1965 [111] and has now gained considerable attention for quantum science and technology. The NV cen-328

ter exhibits exceptional optical and spin properties, making it ideal for a variety of applications, such as329

quantum sensing, quantum simulation, magnetometery, and biology imaging. Additionally, an NV hy-330

brid system has emerged as a promising tool for fundamental physical studies such as quantum coher-331

ence and entanglement.332

The typical charge state of NV center are the negative charged state of NV− and neutral charge state333

NV0. The former is composed of six electrons, with five provided by the dangling bonds of the nearest334

carbons and nitrogen atom and the sixth captured from the nearby substitutional nitrogen. The latter335

is constructed by the mentioned five electrons, thereby maintaining electrical neutrality [112]. Although336

both NV0 and NV− have been the subject of extensive study, greater attention has been devoted to the337

negatively charged NV center due to its unique capability of optical initialization and readout of spin s-338

tate [113, 114, 115, 116]. In this review, we focus on the negatively charged NV center and refer to as339

NV center unless specified otherwise.340

The atom structure of NV center has the trigonal symmetry of point group C3v, in which its principle341

axis is aligned with the crystallographic 〈111〉 direction. Figure 7(a) illustrates the atomic structure of342

the NV center[117]. The elements of C3v group are defined with respect to the trigonal symmetry ax-343

is and can be categorized as one of the three classes: the identity element (e), the C3 rotations about344

the symmetry axis, and the vertical reflections (σv) through the planes that includes the symmetry ax-345

is. The C3v group, with three classes, can be described by three irreducible representations: A1, A2 and346

E, which are of dimensions one, one, and two, respectively [118].347

The electronic structure of NV center is confirmed to be localized around the vacancy site by electron348

paramagnetic resonance measurement [119, 120]. As such, the wavefunction of the NV center can be de-349

scribed by a molecular orbital model, which is a linear combination of atomic orbitals. The atomic or-350

bitals, being of the tetrahedrally coordinated sp3 orbitals, constitute the basis function of molecular or-351

bital model. Ab initio calculation have determined the molecular orbitals of the ground state and the352

first excited state, revealing that three orbitals are located in the band gap (a1, ax, ay), while one is in353

the valence band (a′1) [121, 122]. The spatial distribution of molecular orbitals and the electronic occu-354

pancy of ground and excited states are shown in Figure 7(b).355

5.1 Energy levels and polarization properties of NV center356

The NV center has a spin-triplet state with electronic configuration 3A2(a
2
1e

2) for the ground state and357
3E(a1e

3) for the first excited state. There are two intermediated singlet states between the ground s-358

tate and first excited state [123]. The electronic structure of the NV− at room temperature is shown359

in Figure 7(c). The ground state and excited state are spin triplet (S=1) and are split into three spin360

sublevels (ms = 0,ms = ±1) due to the spin-spin interaction between the unpaired electron and ni-361

trogen nuclei in the diamond lattice. The property of the NV center can be characterized by the ener-362

gy difference between the spin sublevels of the spin triplet state, corresponding to Dgs = 2.87 GHz for363

the ground state and Des = 1.42 GHz for the excited state, where D is the so-called zero-field splitting364

(ZFS) [124]. The strength of the ZFS is dependent on the orientation of the NV center with respect to365

the crystal axes of the diamond, resulting in an anisotropic splitting [125, 126]. The transition rates be-366

tween the ms = 0 and ms = ±1 sublevels are used to determine the spin-lattice relaxation time T1,367

which is typical a few milliseconds at room temperature [127]. The degeneracy of the triplet states can368

be lifted by the magnetic field via Zeeman effect, which causes the levels of the ms = ±1 to shift in369

opposite directions (Figure 7(c), inset). The dependence of the energy shift on the magnetic field is the370
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5.2 Fabrication of NV centers

foundation of the NV center-based magnetic field sensors. The spin polarization and transitions between371

ground state and the excited state are typically achieved by the non-resonance laser excitation at 532372

nm, with the corresponding spontaneous emission at 637 nm and 1042 nm being also the identified fea-373

tures of NV− [128, 129].374

One of the advantage of NV center is the efficient initialization and readout of NV spin states via the375

optical method. The energy levels and the decay pathways are displayed in Figure 7(c). Under the non-376

resonant optical excitation, the NV center experiences a transition from the ground state 3A2 to the ex-377

cited state 3E, followed by transitions to either the ground state directly or via the intermediate singlet378

states 1A1 and 1E. Except for the infrared ZPL at 1042 nm, the transition processes that occur also by379

virtue of the intermediate singlet states are non-radiative. The non-radiative decay rates depend on the380

spin sublevel, with the decay rate for ms = ±1 being faster than that of ms = 0 during the transition381

from excited state 3E to intermediate state 1A1, and the decay rate about the non-radiative transition382

from the dark state 1E to the 3A2 is similar for both sublevels [130, 131, 27, 132]. After multiple cycles,383

the state of the NV center will end up in the ms = 0 ground state, regardless of whether it started in384

ms = 0 or ms = ±1. Additionally, the fluorescence intensity could be used to determine the spin state385

since the alternate decay path does not emit a photon in the fluorescence band. It was reported that the386

fidelity of ms = 0 was up to 96% under the non-resonant excitation [133]. If resonant excitation is imple-387

mented, the expected spin state can be prepared, and the fidelity can be enhanced. It was demonstrated388

that the fidelity were up to 99.7% and 99.2% for spin ms = 0 and ms = ±1, respectively [134]. These389

processes enable the initialization of the quantum state of a qubit for quantum information processing or390

quantum detection.391

5.2 Fabrication of NV centers392

High-quality NV centers are essential for the development of powerful and efficient NV-center based quan-393

tum devices, such as sensors and qubits for quantum computing. Methods for generating diamond typi-394

cally involve CVD and detonation synthesis [135]. The creation of NV centers in the diamond involves t-395

wo processes: the introduction of a substituted nitrogen atom and the adjacent vacancy. Nitrogen atoms396

can be implanted into the pure diamond substrate using the high energy nitrogen ions or introduced by397

adding nitrogen gas during the CVD growth of diamond. The approaches for introducing vacancies gen-398

erally include the irradiation (e.g. electron, proton, neutron, and femtosecond laser [136, 137, 138, 139,399

140]), or the impanation of additional ion species (e.g. He, Ni, C, Ga [141, 142, 143, 144]). During this400

process, the high energy particle beam interacts with the crystal lattice and has a certain probability401

of replacing the carbon atoms in the crystal lattice, hence the vacancies would be created in the lattice.402

The depth and the density of generated defects depend on the energy and the concentration of implant-403

ed ions. However, the efficiency of N-to-NV conversion is very low if only the nitrogen and the vacancies404

are introduced into the diamond. Therefore, an annealing treatment is often employed as a fallow-up405

process to facilitate the diffusion of nitrogen atoms and the migration of vacancies. This promotes the406

formation of the nitrogen-vacancy complexes and enhances the conversion efficiency of the complexes in-407

to NV centers by triggering a rearrangement of the atomic structure [145]. Annealing conditions, such408

as temperature, pressure, and time, strongly affect the physical properties of the resulting NV center-409

s [141, 146, 147, 148].410

NV centers in diamond are being developed with a focus on controlling their properties, enhancing s-411

calability, and integrating them with other materials or system to expand their potential applications.412

The sensitivity and spatial resolution of NV center-based devices are intimately linked to their coher-413

ent time. In generally, the longer relaxation time, the greater the detection sensitivity and resolution.414

However, the length of the relaxation time is influenced by the surrounding environment. Optimizing415

the preparation conditions allows to extend the relaxation time, control the embedded depth, and ma-416

nipulate the NV sites at the individual or population level. The scalability and the integrability of the417

NV centers enable the practical development of quantum technologies with applications in fields such418

as sensing, computing, communication, medicine, and energy. By using isotopically enriched methane419
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5.3 Optical detection of magnetic resonance

during CVD growth and extremely low concentration of nitrogen impurity (< 5.2 × 10−2 ppb), the de-420

phasing time of single electron spins is over 1 millisecond at room temperature [149]. By using natural-421

ly isotopic abundance nanodiamonds produced by Si3N4 ball milling of CVD grown bulk diamond with422

an average single substitutional nitrogen concentration of 121 ppb, the electron spin coherence times of423

NV− centers exceeding 400 µs at room temperature was achieved [150]. By combining ion implantation424

or CVD with photolithography technology, it is possible to fabricate large-scale NV centers and single425

NV centers or NV ensembles in desired patterns with MEMS/NEMS structures such as micro-cavities,426

nano-photonics and micro-circuits on a chip [151]. Hybrid systems utilizing NV centers can leverage the427

unique strengths of each subsystem to achieve optimal performance.428

5.3 Optical detection of magnetic resonance429

The investigation of electron configurations and magnetic characteristics of NV centers in diamond can430

be conducted by monitoring variations in spectroscopy in response to alterations in external magnetic431

and microwave fields. The two most common detection methods are electron paramagnetic resonance432

(EPR) and optical detection magnetic resonance (ODMR). The principle behind both techniques is based433

on the Zeeman effect in which the energy level of the NV centers will split due to the presence of a mag-434

netic field, and the experimental setups for both techniques have many similarities. In EPR, the dia-435

mond sample with NV centers embedded is first placed in a strong static magnetic field, followed by the436

application of a microwave field that causes the electron transition between the ground state and ex-437

cite state. The resulting change in electron spin state leads to the absorption of the energy at a specif-438

ic resonance frequency, providing the information about the NV center’s electron structure and mag-439

netic properties. ODMR is the more commonly used technique, which involves shining the laser light440

on the NV centers and detecting changes in their fluorescence intensities as an external magnetic field441

is applied. A schematic of the ODMR experimental setup is given in Figure 8(a) [152].For optical exci-442

tation of NV centers, a single-mode, fiber-coupled collimated laser beam with a wavelength of 532 nm443

is employed. This laser beam is defocused via an achromatic lens to adjust the illuminating area to the444

focal plane. The photoluminescence (PL) signal from the NV centers is collected by an objective lens,445

transmitted through a dichroic mirror, filtered through a long-pass filter, and directed into the detec-446

tion optics. A flip mirror within the detection optics presents two pathways: an imaging path to a C-447

MOS sensor and a photon-counting path through intermediate optics to a single-mode fiber. A comple-448

mentary electronic interface has been devised to regulate the excitation and subsequent readout of NV449

quantum centers. An field-programmable gate array (FPGA) device performs real-time analysis and the450

experimental parameters control with the implementations of a digital filter. The FPGA device converts451

transistor-transistor logic (TTL) pulses captured by a single-photon avalanche diode into the spin state-452

dependent PL signal, generates TTL pulse trains to synchronize excitation and detection units, and pro-453

cesses the acquired data of ODMR spectrum. Electron spin resonance is driven by frequency-modulated454

microwaves generated with a dual-channel radio-frequency (RF) signal source. The output is amplitude455

modulated by an RF switch and amplified before being sent through an RF waveguide and microwave456

antenna, accompanied by a circulator to prevent back reflections [152].457

The use of ODMR to probe the NV centers has several advantages, including non-destructive to the spin458

states being measured [153] and highly sensitive detection, high spatial resolution capabilities, ease of459

implementation, and the ability to make measurements of the electronic spin state. Figure 8(b) shows a460

fluorescence scan of a single NV center, which exhibits a distribution of fluorescence intensity that fits461

well with the expected profile, indicating that there is no damage or alteration near the NV defect center462

area [154, 155]. The negative charge of NV− is identified by the sharp zero phonon line at a wavelength463

of 637 nm [156], as depicted in Figure 8(c). To determine the number of NV centers at a particular loca-464

tion on a diamond sample, it is necessary to evaluate the photon statistics emitted at that location. This465

is achieved by measuring the normalized second-order autocorrelation function:466

g(2)(τ) =
〈I(t) · I(t+ τ)〉
〈I(t)2〉

(4)
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5.4 Hamiltonian

The quantity g(2)(τ) measures the conditional probability of find a second photon at time τ , given the467

first photon was emitted at time zero. In a single quantum system, it is expected that g(2)(τ) will drop468

to zero for very small values of τ . This phenomenon is commonly known as antibunching and essentially469

describes the fact that a single quantum system can only emit one photon at a time. In generally, if N470

defect centers are optically excited, the autocorrelation function could be provide by the formula [157],471

g(2)(τ) = 1 +
1

N
(C1 · e−|τ/τ1| + C2 · e−|τ/τ2|) (5)

here the parameters C1, τ1, and τ2 are determined by the properties of the defect centers and the nature472

of excitation,such as the internal relaxation rates and excitation intensity. Specially, C2 = −1 − C1. Fig-473

ure 8(d) provides examples of the autocorrelation function obtained for different numbers of NV center-474

s [158]. The ODMR spectrum of a single NV− at different magnetic field are shown in Figure 8(e) [159].475

It depicts the splitting of the spectral lines is proportional to magnetic field strength, and the the drop476

of PL reveals the transitions from the ms = 0 to ms = ±1 states. As a result, the NV center has been477

studied as solid sources of single photons.478

While both EPR and ODMR are effective in detecting NV centers, they have different strengthes and479

limitations, and their selection depends on the purpose of the study and the experimental conditions.480

EPR provides precise information on the spin state and electronic structure of NV centers and is suit-481

able for studying the ensembles and the fast dynamics of NV centers. On the other hand, ODMR is high-482

ly sensitive and efficient for studying single NV center and extracting information about the magnetic483

properties of NV centers, such as spin number, spin decoherence, and relaxation times. Its limitations484

include low signal-to-noise ratio and the spatial resolution, which are limited by the optical diffraction485

limit. Nevertheless, ODMR remains an ideal technique for investigating individual NV center [160, 161,486

162].487

5.4 Hamiltonian488

The development of NV center-based applications stems from their sensitive responses to the external489

circumstance. The Hamiltonian including the NV center and host nuclear spin can be expressed as:490

Ĥ = ĤS + ĤI + ĤSI + ĤB + ĤE (6)

Where HS describes the contribution from electron spin of S = 1, and HI is related to the nitrogen spin491

of 14N or 15N with I = 1 or I = 1/2, respectively. The HSI is the interaction between the electron spin492

and nuclear spin. HB represents the interactions with the magnetic field, and HE is the interactions with493

the electric field and strain. Each terms in Equation (6) can be described by (setting h = 1):494

ĤS = D[Ŝ2
z − S(S + 1)/3] (7)

ĤI = P [Î2z − I(I + 1)/3] (8)

ĤSI = A‖Ŝz Îz + A⊥(ŜxÎx + ŜyIy) (9)

The Hamiltonian for both the ground state and the excited state share the same form but with different495

parameters. The D parameter in HS originats from the axial zero-field splitting with Dgs = 2.87 GHz for496

ground state and Des = 1.42 GHz for excited state [124, 163]. The P parameter in the host 14N nuclear497

spin Hamiltonian depends on the quadrupole splitting parameter, with Pgs = −4.945 MHz and an unde-498

termined value for the excited state [164]. The P parameter for 15N is zero because it is a system of spin499

1/2. The axial and transverse components of the hyperfine constant are A‖gs = 3.03 MHz and A⊥gs = 3.65500

MHz for ground state and A‖es = 40 MHz and A⊥ds = 40 MHz for excited state [165, 164].501

The influence of magnetic field ~B, static electric field ~E and the strain field ~δ on the NV center can be502

described using the following Hamiltonians [166, 167]:503

ĤB = g‖sµBŜzBz + g⊥s µB(ŜxBx + ŜyBy) + gNµN Î ·B (10)
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ĤE,gs = d‖gs(Ez + δz)
[
Ŝ2
z − S(S + 1)/3

]
+ d⊥gs(Ex + δx)[Ŝ2

y − Ŝ2
x] + d⊥gs(Ey + δy)[ŜxŜy − ŜyŜx] (11)

ĤE,es = d‖es(Ez + δz) + gesŜ ·B + ξ[Ŝ2
y − Ŝ2

x] (12)

Here, µB = 9.27 × 10−24 J/T is Bohr magneton and µN = 5.05 × 10−27 J/T is the nuclear magneton.504

g‖s and g⊥s are the longitudinal and transverse ground state electronic g-factor, and are both close to the505

electron Landé factor with gs = 2.003 [112, 164]. The isotropic nuclear g-factor is denoted by gN , where506

gN = 0.4038 for 14N and gN = −0.5664 for 15N. ĤE,gs and ĤE,es are the Hamiltonian of ground state507

and excited state, respectively. The longitudinal and transverse components of the ground state electric508

dipole moment are d‖gs ≈ 0.35 Hz cm/V and d⊥gs ≈ 17 Hz cm/V [168]. d‖es is the components of electronic509

electric dipole moment of 3E state, and g-factor of 3E is 2.01 at room temperature. ξ is related to strain510

and it represents the splitting caused by strain [169, 170]. It has been measured to be 70 ± 30 MHz in511

bulk diamond [163] with 5 MHz ground state strain splitting. The strain would cause the energy level512

splitting like the effect of electric field, which is induced due to the lattice displacement or deformation.513

Therefore, the strain could be a controllable degree of freedom to mediate the spin ensemble in the NV514

embedded micromechanical resonators. The Hamiltonian serves as the theoretical basis for constructing515

various sensors and quantum information devices.516

6 Hybrid system of NV centers and MEMS517

NV centers in bulk diamond has been thoroughly investigated for their applicability in the quantum sens-518

ing, quantum computing, biomedical imaging, and optoelectronics. In the next three sections, we will519

concentrate primarily on the potential applications of diamond-based MEMS resonators in the field of520

quantum region. More specifically, we will pay close attention to the applications of systems that con-521

sisting of AFM cantilever beams and NV centers, diamond MEMS resonators with embedded NV center-522

s, and cavity optomechanics systems composed of diamond MEMS resonators and optical cavities.523

By integrating NV centers with a cantilever in an AFM to form the hybrid system, one can extend the524

color centers in diamond for a variety of scanning probe applications [171]. The typical illustration of525

this hybrid system is shown as the centered in Figure 9 [172]. The NV centers are housed at the apex of526

the scanned cantilever tip. Optical excitation of the NV center is achieved by using a laser, while a mi-527

crowave radiation is used to induce EPR transitions of the center. The frequency of the microwave radi-528

ation is swept, and the changes in the spin state of the center due to the interaction with external stim-529

uli is detected by the optical technique. The operation of the hybrid system involves scanning a sample530

surface with the cantilever that houses the NV centers, enabling the measurement of multiple physical531

quantities, such as mechanical forces, magnetic, electronic, and thermal fields. This system finds applica-532

tions in biological and chemical sensing, quantum sensing, and nanomechanics.533

The characterization of various physical quantities based on the NV-cantilever beam is demonstrated in534

Figure 9. The sensitivity and spatial resolution of this system are dominated by the distance between535

the NV centers and the sample of interest, which usually is 50-100 nm. Figure 9(a), (b), and (c) show536

an illustration of magnetic measurement in the form of static, microwave and vortex fields, respective-537

ly. The characterization of the static magnetic field distribution of a commercial magnetic hard disk is538

achieved by measuring the difference of PL for two fixed MW frequencies, which are applied consecu-539

tively at each scan point. This method enhances the contrast of the dual iso-magnetic field image by540

suppressing background luminescence from the sample. The area with magnetic materials located or541

not are distinctly shown in Figure 9(a). When the scanning probe containing the NV centers is scanned542

at a height over the current stripline, the magnetic field generated by the current passing through the543

stripline could be detected by the NV magnetometer [173]. In Figure 9(b), isofield imaging of a MW544

magnetic field generated by high frequency (GHz) MW current is demonstrated. The method enables545

nanoscale resolution and three-dimensional reconstructing for imaging of MW magnetic field, thereby de-546

termining the local MW current density. As for the magnetic vortex generated by the small size (≈ 10547

nm) of the vortex core, the scanning nitrogen-vacancy magnetometer also possesses the ability to image548
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it [172]. Figure 9(c) depicts an AFM image of a square of Fe20Ni80 with a thickness of 50 nm and a 5 µm549

side length, which reveals the distribution and the direction of the magnetic vortex. It is expected the550

scanning NV magnetometry may detect exotic magnetic structures such as skyrmion lattices.551

The Zeeman splitting of the spin level of the NV center will occur when a magnetic field is applied. This552

distinguished splitting provides the ultra-high magnetic field resolution, which can be used to determine553

the magnetic gradient and therefore to measure displacement. An example of displacement measuremen-554

t is shown in Figure 9(d), which demonstrates the Zeeman splitting frequency of the ESR fluorescence555

signal is linearly with the displacement [174]. By monitoring the quantum decoherence of an NV probe556

in proximity to the ion channel, lipid bilayer, or surrounding aqueous environment, the cell membrane557

ion-channel operation can be real-time detected at millisecond resolution. Figure 9(e) shows the ion-558

channel operation changes over time. The NV-based scanning method has the potential to revolutionize559

the characterization of the action of ion channels and other membrane proteins, with significant implica-560

tions for molecular biology and drug discovery. Due to the asymmetry of the molecular orbits, as shown561

in Figure 7(b), the electric dipole moment will be generated and then the electron level of the NV cen-562

ter will shifted via the Stark effect when an electric field is applied. By monitoring the changes in NV563

fluorescence spectroscopy spectra when the scanning NV electrometry is swept along the surface, the al-564

ternating (AC) and direct (DC) electric fields of the sample can be imaged. Figure 9(f) provides a 2D565

map of the AC electric field in a U-shaped Au structure, indicating that the scanning NV electrometry566

achieves AC E-field sensitivity of 26 mV µm−1 Hz−1/2 and DC E-field gradient sensitivity of 2 V µm−1567

Hz−1/2 [175]. The NV center in diamond offers numerous advantages, such as photostability, nonblink-568

ing behavior, and stable florescence, making it a stable emitter for the near field microscopy application-569

s. By mounting the nanodiamonds with single NV centers on the tip of an AFM, the short-range fluo-570

rescence resonance energy transfer (FRET) between a donor and an acceptor will be detected optically.571

A three-dimensional image can be reconstructed by correlating the emission time of the recorded fluo-572

rescence photons with the phase of the oscillating cantilever [176]. Figure 9(g) illustrates the near-field573

images of graphene mono- and multiple layers obtained throught this technique. This approach is ex-574

pected to further facilitate the development of multifunctional scanning microscopes that incorporate575

NV centers with cantilevers. The utilization of this technique will likely lead to promising applications576

in numerous fields such as the excitation-photonic nanostructures or single-fluorescence molecular imag-577

ing. Additionally, this method enables imaging of energy transfer into arbitrary nanostructures, mapping578

changes in material properties, and injecting single plasmons in various materials instead of excitons.579

The scanning FRET technique could also be an advantageous addition to other FRET-based techniques,580

especially for imaging larger protein structures of cellular surfaces. The combination of these method-581

s with the magnetic field sensing capabilities of the NV center could potentially result in a truly multi-582

functional and highly versatile local probe.583

7 Spin-strain coupling in diamond MEMS device584

The mechanical strain provides another degree of freedom to modulate the spin state of the NV cen-585

ter. By embedding NV centers in diamond nanomechanical resonator, the energy structure of the NV586

centers could be mediated by strain modulation with the different mechanical amplitudes and resonant587

modes. The spin-strain interaction in the NV center arise from the coupling between the center’s elec-588

tronic spin and the local strain field that is caused by the deflection in the diamond lattice. This interac-589

tion bears similar to the spin-electric coupling, as both are caused by the variation of electric field. Com-590

pared to photons, phonons have more slower velocities, which results in looser timing requirements for591

chips. Moreover, phonons are unable to propagate in vacuum, enabling the creation of low-loss system-592

s with mechanical oscillations that are highly isolated as opposed to optical systems. This feature offers593

the potential for long-range coherent interactions between qubits mediated by phonon modes instead of594

optical or microwave modes. It displays potential applications in the field of quantum metrology, quan-595

tum computing, quantum identifying, and mechanical quantum state [177].596
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If the NV center in diamond experiences magnetic or strain fields, the degeneracy of | ± 1〉 will be lifted597

and the spin Hamiltonian takes the form (h = 1) [178, 179]:598

H = D0S
2
z + γNV

~S · ~B + d‖εzS
2
z − d⊥/2[ε+S

2
+ − ε−S2

z ] (13)

Here γNV = 2.799 MHz/G, ~B, and ~S are the NV gyromagnetic ratio, the external magnetic field, and the599

NV spin operator with S± = Sx ± Sy, respectively. d‖ and d⊥ are the strain susceptibility parameters600

parallel and perpendicular to the NV symmetry axis.601

The characterization of the coupling between a mechanical resonator and an embedded single spin through602

lattice strain is crucial for the development of applications involving these system. In a study by Maletinsky603

et al., single-crystal diamond cantilevers with embedded NV center spins were used for the first time to604

determine the spin-strain coupling constants and demonstrate that this system resides well within the605

resolved sideband regime [180]. The fundamental flexural mode of one diamond cantilever had the res-606

onance frequency as ωmech = 2π × 6.695 MHz with a linewidth of ∆ωmech = 2π × 28.7 kHz, and the607

Q factor was estimated to be Q = ωmech/∆ωmech = 232. The confocal image of some cantilever devices608

with embedded NV center is shown in Figure 10(a), which shows individual, implanted NV centers scat-609

tered across the sample surface. The strain coupling constants corresponding to strain longitudinal d‖610

and transverse d⊥ to the NV axis are determined via the optically detected electron spin resonance (ES-611

R) of an NV center in the cantilever, in which the variable degree of strain experienced by the NV center612

near the clamping point of the cantilevers are achieved by the controlled cantilever bending. The strain613

coupling constants were determined by fitting the experimental ESR line, giving d‖ = 5.46 ± 0.31 GHz614

per strain and d⊥ = 19.63 ± 0.40 GHz per strain. The strain splitting of NV ESR lines as a function of615

static cantilever displacement is shown in the bottom panel of Figure 10(a).616

The spin-strain coupling between the mechanical motion and the spin of embedded NV center could al-617

so be characterized by detecting the spin-dependent fluorescence through coherent quantum control of618

the spin [181]. As for the structure of the NV centers embedded in a diamond cantilever, the strain sus-619

ceptibility parameters in parallel and perpendicular to the NV symmetry axis are determined as d‖ =620

13.3 ± 1.1 GHz per strain and d⊥ = 21.5 ± 1.2 GHz per strain via this method [28]. The discrepancy621

between these two works is attributed to the difference in the detection technique and the mechanical622

resonant modes that were involved. Figure 10(b) shows the distribution of the NV centres in the dia-623

mond cantilever and the dependence of axial strain coupling strength on the distance from the clamp-624

ing base. It is revealed that the coupling strength between the mechanical strain and the NV ground s-625

tate decreases with increasing distance of the NV centers from the base, suggesting that the strains near626

the base are larger than those at other positions. In another study, shifts of the NV ground-state crys-627

tal field splitting were measured under hydrostatic pressure, and a strain coupling constant of d‖ = 17.5628

GHz per strain was obtained [182].629

By utilizing the coupling between strain in nanodiamonds and the spin degrees of freedom of the NV630

centers, it is possible to encode large variances of axial and transverse strains in nanodiamond cluster-631

s into a single radio frequency signature. Figure 10(c) demonstrates a diamond lattice and the direction632

of the strain field along (axial) the NV axis and perpendicular (transverse) to it (top). The bottom dis-633

plays the transverse strain map of a collection of nanodiamonds dispersed on a glass substrate and the634

machine-readable QR code that includes the strain distribution of each NV centers, respectively [183].635

This approach has the potential to make nanodiamond clusters highly useful for applications in anti-636

counterfeiting and biological tracking.637

The modulation of the strain in diamond nanobeam can be used to generate effective spin-spin interac-638

tion between NV centers. By utilizing the spin echo techniques and mechanical driving, spin dephas-639

ing and mechanical dissipation could be suppressed while preserving the coherent spin-spin interaction-640

s, offering the possibility to generate squeezed states of a spin ensemble. Figure 10(d) displays a doubly641

clamped mechanical resonator with an ensemble of embedded NV centers (top) and the corresponding642

squeezing of the spin uncertainty distribution. This opens the possibility for long range coherent interac-643
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tions between qubits which are mediated by phonon modes instead of optical or MW ones [184].644

In addition to the strain from the flexural modes, that from the bulk acoustic mode or surface acous-645

tic mode can also couple the NV center spins and facilitate specialized control and manipulation. Bulk646

acoustic mode (BAM) is the collective motion of atoms in a material, which can be excited by an ex-647

ternal mechanical perturbation. A bulk acoustic resonator can be fabricated by depositing a thin film648

of piezoelectric material, such as ZnO and AlN, on a substrate and then sandwiching the material with649

metal electrodes. When a voltage is applied to the metal electrodes, an electric field is induced in the650

piezoelectric film, causing it to vibrate at a resonant frequency. The coupling between the NV center-651

s and the strain generated from the bulk acoustic mode has been reported [185, 186, 187, 188]. The a-652

coustic modes allow mechanical manipulation of deeply embedded NV centers with long spin and or-653

bital coherence times. Based on the fact that the NV center density is not expected to affect the excit-654

ed state coherence time, Fuchs et al. demonstrated that a mechanical resonator could be cooled from655

room temperature to a fraction of its thermal phonon occupancy via the spin-strain coupling between656

the mechanical strain and excited state [185]. Figure 10(e) displays the schematic of the device (top)657

and the relationship between the NV density and final phonon numbers (bottom). Moreover, the inter-658

action between the NV spin and mechanical strain has been successfully demonstrated in the surface a-659

coustic mode [189, 190, 191]. Wang et al. reported that the coupling between the excited state and the660

strain through a Λ-type three-level system, in which two ground spin states couple to a common excit-661

ed state through a phonon-assisted and the direct dipole optical transition [192]. Coherent manipulation662

between the phonon and spin in diamond provides an experimental platform for spin-based quantum a-663

coustics, bridging the gap between spintronics and quantum acoustics.664

The interaction of solid-state electronic spins with the deformations of their host crystal is an important665

ingredient in many experiments aimed at realizing quantum information processing schemes. The impor-666

tance of this interaction is evidenced by the ability to be actuated mechanically or electrically to achieve667

spin transition that are controlled by magnetic field in current experiments, as well as the spin transition668

that cannot be achieved experimentally with magnetic field. By replacing magnetic field drive with AC669

strain or AC electric field, this method offers considerable benefits for device miniaturization, reduced670

power requirements, and local addressability of electronic spin qubits [29]. By enhancing the coupling671

between the mechanical strain and spin of the NV center in diamond [193], a number of applications672

such as stress characterazation[194], creation of squeeze mechanical states [195], cooling of a mechanical673

resonator to its ground state [177, 185, 196, 197] and spin-phonon entanglement [198] can be achieved.674

8 Cavity optomechanics based on diamond mechanical resonators675

The cavity optomechanics study the interaction between the cavity photons and the moving mechani-676

cal oscillation. The origin of the research field cavity optomechanics is closely related to the developmen-677

t of gravitational wave detection using laser interferometer, e.g., LIGO. The concept of optomechanical678

interaction is built up to answer the question of how the mirror zero-point fluctuation and cavity field679

shot-noise block the detection of gravitation wave. Meanwhile, Thorne et al. conceived the idea of quan-680

tum backaction evasion measurement [199]. Benefitted from the modern advanced micro/nano fabrica-681

tion technology, versatile cavity optomechanical devices are mushrooming and booming up [200]. In-682

triguing phenomena including optomechanical induced, e.g., transparency [201], absorption [202, 203],683

chaos [204], synchronization [205], and phonon lasing [206] were demonstrated based on the radiation684

pressure interaction. In addition to exploring the above classical phenomena, the studies of cavity op-685

tomechanics have entered into the quantum regime. On one hand, the cavity optomechanical system686

itself is a precise measurement setup. Mason et al realized continuous force and displacement measure-687

ments below the standard quantum limit [207]. Prudy et al. observed the radiation pressure shot noise688

on a macroscopic object [208]. On the other hand, cavity optomechanical systems are becoming powerful689

platform to study the fundamental debate about quantum mechanics, such as the classical gravity effect-690

s on the quantum state decoherence [209]. In any case, the prerequisite for conducting research at the691
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quantum level is to reduce the thermal noise of the mechanical oscillator, that is, to realize the ground692

state cooling of the macroscopic mechanical oscillator.693

The ability to cool the mechanical resonators to the ground-state through the interaction with photons694

has sparked an explosion of interest in the study of fundamental physics and also paves the way to the695

building up of a veritable quantum toolbox [210, 211, 212]. The motional quadrature fluctuation could696

be squeezed below the zero-point level with combined blue- and red-detuned driving tones [213, 214,697

215]. Inseparable from parametric squeezing, nonclassical correlations between the mechanical motion698

and the cavity field [216, 217, 218], entanglement generation of microwave radiation [219], and non-classical699

state shared between two mechanical oscillators [220, 221] have been realized in experiments. Correla-700

tion function [222], optomechanical Bell inequality [223] and backaction-evasion [224, 225] measurements701

demonstrated a significant improvement in the ability to directly readout and manipulate the quantum702

states of mechanical oscillators, which could be viewed as the start point of exploring long-sought-after703

theory, e.g., collapse models [226] and gravitational dechoerence [227, 228, 209, 229].704

Along with the great achievements made in fundamental exploration, optomechanical systems present705

unique advantages and show fascinating applications in emerging quantum technologies [230]. The capa-706

bility of wavelength conversion plays a special role in quantum networks. The mechanical resonators can707

couple with any of the optical resonances and then convert the quantum information from a given wave-708

length to the other which can couple to another quantum system. Moreover, the mechanical resonator709

whose functionality is flexibly designed can be directly coupled to various natural or artificial quantum710

systems, thus, constituting ideal tools for quantum transducers and interfaces. In particular, using op-711

tomechanical transducer, electrical quantum processors can be connected to optical photons that is suit-712

able for long distance telecommunication [231].713

Gigahertz mechanical resonators can be passively cooled into their ground-state in a dilution refrigera-714

tor, and they can be used to couple directly to microwave qubits through the piezoelectric effect [211,715

210]. The bidirectional electro-optical conversion through piezoelectric resonators had been successfully716

demonstrated [232, 233, 234]. Meanwhile, kilohertz or megahertz mechanical resonators parametrically717

coupled to optical or microwave cavities, has the advantage of, e.g., not requiring frequency matching,718

achieving near-unit efficiency, and low-noise operation of a superconducting qubit. A major impediment719

is the added noise raised by thermal occupation of mechanical modes. High Q factors have made these720

low-frequency mechanical resonators more accessible to reach their quantum ground-state with sideband721

cooling techniques [200]. Usually the electro-optical conversion is a continuous process. For example, mi-722

crowave photons are coherently down-converted to mechanical oscillators, simultaneously, they are para-723

metrically up-converted to photons with an additional laser pumping. It is notable that the transduction724

process is reciprocal and the long-lived phonons play a key intermediary role. The microwave or optical725

quantum state could be coherently transferred inside the mechanical resonators, demonstrating another726

intriguing capability to use long-lived phononic modes for quantum memories and repeaters.727

Cavity optomechanical systems usually involve the interaction between the cavity field and mechanical728

resonators through two mechanisms: moving mechanical boundaries and photoelasticity. The mechani-729

cal displacement of the movable cavity walls is a boundary effect, while the photoelastic scattering is a730

bulk response, manifested as a modulation of the refractive index of the cavity material by strain. The731

single-photon optomechanical coupling strength parameter g0 is used to quantify the light-matter in-732

teraction. Here, g0 is calculated as the product of the optical frequency shift per unit displacement and733

the amplitude of the zero-point fluctuations of the corresponding mechanical oscillator modes. In the de-734

signed stage, the parameter of optical-mechanical coupling strength can be simulated and optimized by735

using perturbation theory and finite element numerical simulation. Experimentally, this parameter can736

be obtained by fitting the optical spring effect and optomechanical damping. In order to realize the ap-737

plication in the quantum field, the optomechanical cooperative coupling parameter Com must be strong738

enough: Com = 4ncg
2
0/κγm > 1. Here, κ and γm correspond to the energy decay rates of the cavity field739

and mechanical modes, respectively, and nc is the average number of photons in the cavity. The Com > 1740
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condition has been achieved in various cavity optomechanical systems, including those made of diamond.741

The Hamiltonian describing the optomechanical system is given as follows:742

HCM = h̄ωaa
†a+ h̄ωmm

†m+ h̄g(a† + a)(m+m†), (14)

Where, a† (a) and m† (m) are the creation (annihilation) operators for the cavity field and mechanical743

mode, respectively. ωa and ωm are the resonance frequency of optical cavity and mechanical resonator,744

respectively. The expansion of the final term in Equation (14) yields the Jaynes-Cummings-like interac-745

tion terms h̄g(a†m + am†) and the term of h̄g(a†m† + am), which arises from the inherent nonlinearity746

of optomechanical interaction and is the resource of the squeezing and entanglement. It is notable that747

the optomechanical coupling has been linearized and the Hamiltonian in Equation (14) is in an rotating748

coordinate frame with driving frequency ωd. Generating quantum state transfer between photons and749

phonons requires the condition Com > nth + 1, where nth is the average number of thermal phonons gen-750

erated by coupling to its thermal bath. To lower nth, either cooling the resonator to cryogenic tempera-751

tures, or using a high frequency resonator, sometimes a combination of both are employed. Another key752

parameter is the sideband resolution region, that is, the mechanical mode frequency of the resonator ex-753

ceeds κ, it can be used for quantum limited amplification of optical field with blue-detuned driving or to754

realize the mechanical sideband cooling with red-sideband driving. In the above discussion, we only con-755

sidered the real part of the optomechanical interaction g0. If the mechanical displacement causes a sig-756

nificant change in the optical loss of the cavity, g0 will be complex. In this case, the system holds both757

the dispersion and dissipative coupling terms.758

Cavity optomechanical systems based on single-crystal diamond materials are expected to benefit from759

their extraordinary material properties, including the highest Young’s modulus, low mechanical dissipa-760

tion and wide optically transparent windows. Here, we introduce the recent development of cavity op-761

tomechanical devices based on the diamond mechanical resonators for tuning and controlling the color762

centers and their potential applications as quantum memory and quantum interface. Khanaliloo et al.763

creatively cut a cantilever beam, as shown in Figure 11(a), from a bulk SCD substrate, and then dissi-764

patively coupled and readout the mechanical oscillator through an optical fiber [235]. The nanomechani-765

cal oscillator was evanescently coupled to the fiber tapered waveguide and excited to self-excited oscilla-766

tion by the optical field through the optomechanical coupling. The mechanical oscillator amplitude was767

larger than 200 nm when the incident power was 100 nW, implying an internal stress of 70 MPa in the768

diamond cantilever. The dissipative optical mechanical coupling strength was up to 45 GHz/nm (0.48769

MHz per photon), and the displacement sensitivity was 9.5 fm/
√

Hz. The resonance frequency of the770

typical nanobeam waveguide was around 1.58 MHz, and the Q factor of the mechanical mode reached771

(Qm > 7.2 × 105). Later, Harishankar, et al., demonstrated tunable amplification and damping of the772

mechanical oscillation of a diamond nanomechanical resonator using a confocal microscope [236]. The773

mechanical mode was cooled from room temperature to 80 K via waveguide optomechanical interaction.774

Matthew and coauthors demonstrated a SCD microdisk cavity optomechanical device that could real-775

ize photon-phonon coupling [237]. The device parameters were characterized by monitoring the opti-776

cal field transmission characteristics within the fiber cone coupled with the microdisk. Experimentally,777

the input laser detection length comes from a tunable diode laser at 1530 or 637 nm. Under room tem-778

perature ambient conditions, the mechanical vibration frequency was up to 2 GHz, the quality factor779

reached Qm > 9 000, and Qm × fm = 1.9 × 1013. These parameters indicate that the device is ca-780

pable of single-phonon coherent manipulation at room temperature. Its mechanical self-oscillation with781

an amplitude of 31 pm is expected to provide a coupling rate of 0.6 MHz for the ground-state transition782

(6 Hz/phonon) of the diamond NV center. This experiment demonstrates the potential of photodynam-783

ic radiation pressure to coherently control diamond electron spins. Multiple optical modes exist in such784

diamond microdisk cavity, as shown in Figure 11(b). Radiation pressure was exerted by optical whisper-785

ing gallery modes on the microdisk produces optomechanical coupling. When the two optical modes of786

the microdisk are coupled to the common mechanical mode at the same time, the energy transfer be-787

tween different optical modes can be realized by controlling the optical mechanical coupling parameter-788

s, that is, wavelength conversion. When the pump laser frequency is below (above) a mechanical res-789
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onance frequency of the optical resonance mode, we call it red (blue) sideband driving. Optomechani-790

cal coupling driven by red sidebands is a beam splitter-type interaction that coherently exchanges ener-791

gy between the optical cavity field and the mechanical domain. Mitchell et al. demonstrated mechanic-792

induced wavelength conversion on a microdisk [238] made of single-crystal diamond with an internal ef-793

ficiency of about 45%, and this work simultaneously demonstrated optomechanical frequency conversion794

with amplification in the optical range.795

The construction of quantum Internet often requires the efficient switching and routing of photons of d-796

ifferent wavelengths. Multimode optomechanical systems are one of the hot candidates to address this797

technical challenge. To this end, Lake, et al., demonstrated two photomechanically induced transparen-798

cy processes on diamond microdisks and systematically studied their mutual competition and interfer-799

ence [239]. The simultaneous action of different cavity fields on the same mechanical mode will induce800

the optomechanical dark mode. Such dark modes do not transfer energy to dissipative mechanical os-801

cillators, and thus can be used to realize quantum information transmission applications that are insen-802

sitive to mechanical decoherence. Experimentally, by adjusting the phase difference between the detec-803

tion fields of different wavelengths incident into the cavity, the controllable excitation of the mechanical804

bright mode or the mechanical dark mode can be realized. This work further demonstrates the control-805

lable coupling between the two modes. Subsequently, Lake et al. demonstrated real-time controlled opti-806

cal information storage in a diamond microdisk cavity optomechanical system. Further driving through807

the blue sideband breaks through storage lifetime limited by the inherent damping of the mechanical808

mode [240].809

Burek et al. fabricated optomechanical crystals (OMCs) on bulk diamond material by angle etching [241].810

The final fabricated device is illustrated in Figure 11(c). The authors employed anisotropic oxygen-based811

plasma etching at an oblique angle to the substrate surface, resulting in suspended structures with a tri-812

angular cross-section as disclosed by the SEM image. The diamond nano-optomechanical device is quasi-813

periodic, providing an optical resonance mode around 200 THz and mechanical vibration modes at fre-814

quencies of 5.5 and 9.5 GHz. The local phonons changed the effective refractive index and other param-815

eters of the material photoelasticity, causing the dispersion shift of the frequency of the photonic crys-816

tal resonator and leading to dispersion-optomechanical coupling in the form of optomechanical radiation817

pressure. The vacuum optomechanical coupling rates were given as ga/2π ∼ 120, and gb/2π ∼ 220 kHz,818

respectively. The diamond OMC device was measured with an optical linewidth of κ/2π ∼ 1.1 GHz,819

operating in the so-called sideband-resolved regime (ωm/κ > 1), which is important for realizing the side-820

band cooling of the mechanical oscillator based on the dynamic backaction of the cavity field under the821

radiation pressure. Compared to other materials, the photonic crystal microcavity made of diamond ac-822

commodates more than 105 photons without obvious nonlinearity. Based on a sufficient number of pho-823

tons in the cavity, the diamond OMC has a sufficiently high optomechanical coupling strength at room824

temperature, and the optomechanical cooperativity reaches Com ∼ 20, allowing further observation-825

s of optomechanically induced transparency and the realization of large-amplitude optomechanical self-826

excited oscillations.827

Strain in the lattice of diamond single crystal materials can induce the coherent coupling of NV electron828

spins with quantized mechanical vibrations (phonons). The prediction and observation of spin-phonon829

coupling have promoted the application and development of diamond nanomechanical devices in the di-830

rection of hybrid quantum systems. When the cavity-field radiation pressure interaction is introduced,831

the coherent phonons of the diamond mechanical oscillator provide a quantum coherent interface for832

solid-state spin storage of optical information. Prasoon et al. demonstrated a new method to control the833

electron spin of NV center based on cavity optomechanical interaction [242]. The experiment employed834

5.3 µm diameter microdisks, produced mainly by isotropic plasma etching, on a diamond substrate (Ele-835

ment Six, optical grade) and intended to minimize the mechanical mode volume while possessing low op-836

tical microcavity dissipation. An optical cavity field mode with a wavelength λc = 1564 nm has a quality837

factor of Qc = 1.1 × 105. This optical mode was used to measure and drive the microdisk mechanical ra-838

dial breathing mode. The displacement and stress distributions for this mode are shown in Figure 11(d).839
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The eigen frequency and quality factor of the mechanical radial breathing mode were ωm/2π = 2.09 GHz840

and Qm = 4 300, respectively. The optomechanical coupling strength was gom/2π ≈ 25 kHz. A single841

phonon is expected to generate a stress of P0 ≈ 1 kPa, with stress concentrated in the microdisk’s cen-842

ter. Although this value is close to the state-of-the-art, it is still too weak for single-phonon manipula-843

tion of NV ground-state spin qubits. In this work, the authors used a phonon laser methold to generate844

large mechanically coherent phonon states to enhance the coupling between phonons to NV center spin-845

s. The spin-optomechanical interface offers protection from spectral diffusion and allows for operation at846

telecommunication wavelengths with qubits lacking optical transitions. It is an important step toward-847

s universal coupling of telecom photons to hybrid quantum nodes built on spins and superconducting848

qubits.849

Replacing the microdisk with an optomechanical crystal will further increase spin-mechanical coupling850

strength by three orders of magnitude and the use of phononic shield can improve both optomechanical851

coupling and spin-mechanical coupling strength. Toward reaching the quantum regime with spin qubit-852

mechanic hybrid devices, Jeffrey et al. demonstrated the fabrication of diamond optomechanical crystals853

(OMCs) with embedded NV centers, which host optical modes with quality factors of 42,000 and an a-854

coustic breathing mode frequency near 6 GHz with a quality factors of 100 in ambient conditions [243].855

The fabrication process preserves the long spin coherence time of T2 = 72 µs. In order to further reduce856

the phonon thermal noise of photoacoustic crystals, which will be applied to coherent interfaces in future857

quantum networks, the characterization of the excited states of NV center at low temperature is needed.858

This is a crucial step towards reaching the quantum regime with spin-mechanic hybrid devices.859

9 Conclusions and perspective860

Diamond is emerging as an ideal and unique material for MEMS/NEMS either from the viewpoint of861

classic applications as those of Si MEMS or quantum science and technology. The outstanding mechan-862

ical strength, ultra-wide bandgap energy, and the highest thermal conductivity enable the construction863

of low-energy loss or high-quality-factor MEMS/NEMS resonators. PCD/NCD/UNCD has the advan-864

tages of large wafer size, low cost, and ability to grown on Si substrates, on which the Si micromachining865

process can be adopted. The fabrication of SCD MEMS, especially the smart-cut method, has been well866

established. MEMS devices made from diamond can endure harsh environments such as high tempera-867

ture and strong radiation. High-temperature diamond MEMS sensors were demonstrated to be operable868

up to 500 ◦C. The applications of diamond MEMS has been steadily explored ranging from pressure sen-869

sors, mass sensors, RF switch, and magnetic fields.870

The NV center in diamond is unique with a long coherence time and the ability to be optically initial-871

ized and read out. By integrating the nanodiamond with embedded NV centers onto an AFM cantilever872

resonator, the created hybrid system is compatible with scanning spatial resolution of the AFM probe873

and the sensitivities of NV centers. This system shows potential for application in characterizing the874

materials in the surface or the interior, enabling an ultra-sensitive detection of magnetic fields, electric875

fields, temperature, displacements, and biotracking. This coupling of strain by diamond MEMS with and876

quantum centers enables a host of applications in various fields, such as the strain detection of materials,877

quantum metrology, quantum computing, and cooling the diamond micro/nano mechanical resonator.878

An optomechanical system comprising a cavity and diamond MEMS resonator can enhance and confine879

the magnetic and electric fields. This system provides a method of backaction cooling for the mechan-880

ical resonator to its quantum ground state, where the long lifetime phonon can be harnessed to store881

and process quantum information. Moreover, integrating NV centers with diamond optomechanical res-882

onator would expand the functionality and leverage the individual advantages of each system. The op-883

tomechanical system has the potential to enable high-precision sensing and measurement of mechanical884

vibrations and optical transitions. It can also be used for quantum information processing applications,885

such as quantum sensing, quantum computing, and quantum communication.886

19



REFERENCES

Based on MEMS resonators, it is possible to completely replace the ac magnetic field with ac mechani-887

cal driving for spin control in NV quantum states. Various physical systems can naturally couple to the888

phonon system, such as solid state defect in a crystal, superconducting qubits, and atoms. Phonons are889

becoming a promising and flexible platform for coherently interfacing systems of disparate energy or d-890

ifferent physical control mechanisms and can serve as a bus for the coherent information propagation of891

individual quantum nodes of module quantum computers.892

In the future, efforts will be focused on improving the crystal quality of diamonds and the electrical-893

ly integrated fabrication technologies of diamond MEMS resonators. These involve reducing the densi-894

ty of dislocation defects, developing new etch methods of diamond, and on-chip integration of diamond895

MEMS for either classic sensing or quantum technology. To obtain high quality-factor diamond MEM-896

S resonators in for mass applications, the growth of large-size SCD wafer with high-crystal quality and897

reduction of energy dissipation from the surface and internals will be explored. Moreover, by introduc-898

ing dissipation dilution through stress engineering on the structure design of MEMS resonators, the Q899

factors of diamond MEMS resonators can be further enhanced, thus, enabling SCD MEMS resonators900

for high-performance classic sensors and mechanical quantum state preparation. An advanced approach901

to improve the Q factor of MEMS/NEMS resonators is to introduce the well-known dissipation dilution902

mechanism. The core idea of dissipation dilution is to mitigate the energy dissipation originating from903

the clamped positions, which is always the predominant dissipative source of mechanical energy. This is904

generally accomplished by the sophisticated geometric design of the resonator, such as the phononic and905

fractal shape [244, 245, 246], in which the concerned mechanical resonant modes will be located within906

the band gap of generated from the period structure of the phononic crystal. The underlying causes of907

dissipation dilution can be attributed to the presence of tension and the geometrical nonlinearity arising908

from dynamic strain. This nonlinearity emerges as a result of the nonlinear stress-strain relationship and909

cannot be negligible even in the case of infinitesimal vibrations [247]. By introducing the phononic shield910

effect, Wang et al. successfully fabricated nanometer-scale diamond mechanical resonators, employing911

the cuboid cell architecture, with a quality factor exceeding 106 and f × Q > 1014 [248]. The phononic912

shields enable the development of high sensitivity and low noise classic and quantum devices.913
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[179] F. Dolde, H. Fedder, M. W. Doherty, T. Nöbauer, F. Rempp, G. Balasubramanian, T. Wolf,1229

F. Reinhard, L. C. L. Hollenberg, F. Jelezko, J. Wrachtrup, Nature Physics 2011, 7, 6 459.1230

[180] J. Teissier, A. Barfuss, P. Appel, E. Neu, P. Maletinsky, Phys. Rev. Lett. 2014, 113 020503.1231
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[252] L. T. Hall, C. D. Hill, J. H. Cole, B. Städler, F. Caruso, P. Mulvaney, J. Wrachtrup, L. C. L. Hol-1347

lenberg, Proceedings of the National Academy of Sciences 2010, 107, 44 18777.1348
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Diamond MEMS/NEMS

Figure 1: An overview of diamond MEMS/NEMS devices for applications in the classical and quantum domains.

(a)

(d)

(c)

(b)

(e)

Figure 2: Fabrication process flow of MCD-based MEMS resonators. a) SiO2/Si substrate. b) SiO2 patterning and MCD
deposition. c) MCD patterning. d) Cantilever structure release. d) SEM images of MCD-based cantilevers. Reproduced
with permission.[43] Copyright 2008, IEEE.
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(a)

(e) (f)(d)

(c)(b)

Figure 3: a) SEM image of a NCD microdisk with 10 µm in diameter. b) Side view of a NCD microdisk structure used for
simulation. D is the distance between the disk and substrate. c) Q vs D obtained by three-dimensional finite-difference
time-domain (FDTD) simulation. Reproduced with permission.[87] Copyright 2007, American Institute of Physics. d) SEM
image of NCD resonators array. The width and thickness of a ring resonator are 1.5 µm and 100 nm, respectively. Inset:
Band formation resulting from the coupling of individual resonators in 2D array. e) SEM image of one unit cell for NCD
resonator array with the 48◦ inclination. The resonance frequency of the ring resonator is 40.18 MHz and the Q factor is
5 000. f) Modal analysis of the NCD resonator array unit cell. Reproduced with permission.[52] Copyright 2006, Elsevier.
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Figure 4: a) Cross-section structure of RF-MEMS capacitive switch with UNCD dielectric layer on metal (W) electrode
and metal membrane. b) Optical image of an RF-MEMS switch with the metallic membrane and the UNCD dielectric lay-
er. c) Optical image of a single integrated RF-UNCD/MEMS switch/SOS-CMOS device. Reproduced with permission.[93]

Copyright 2010, SPIE.
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(a)

(c)

(f)(e)

(b)

(d)

Figure 5: a) Optical image of the SCD NEMS switch. b) Schematic image of the SCD NEMS switch. c) SEM image of the
switch viewed at a titled angle of 20◦. d) Repeated and hysteresis switching behavior of the device controlled by the gate
voltage. e) Gate voltage-drain current dependence of a similar switch. f) Transient switching behavior of the switch at a
gate voltage of 75 V and a drain voltage of 5 V. Reproduced with permission.[14] Copyright 2010, Wiley.

(a) (b)

(c) (d)

Figure 6: a) SEM image of integration of a SCD nanowire tips on a silicon cantilever. b) Schematic illustration of the
experimental configuration of the SCD-tipped silicon cantilever oscillates along x over a gold surface in a pendulum ge-
ometry. c) Dependence of Q factor on the distance, z from the SCD nanowire tip to the Au surface. d) Mechanical dis-
sipation and thermal force noise spectral density as a function of z. The dashed line indicates the intrinsic dissipation of
Γ0 = 24× 10−15 kg/s. Reproduced with the permission.[97] Copyright 2015 American Chemical Society.
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(a) (b)
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D ≈ 2.87 GHz

0

= +1

= 0

= −1
D ≈ 1.42 GHz

(c)

NV || [111]

Figure 7: a) Atomic structures of NV center consisted of a substitutive nitrogen atom and adjacent vacancy. Carbon atoms
are depicted in black, nitrogen atom in blue, and vacancy in grey. Reproduced with permission.[117] Copyright 2012, AP-
S. b) The molecular orbits (top) and the electrons occupation of defects level of ground state 3A2 and excited state 3E
(bottom). Reproduced with permission.[249, 123] Copyright 1996, APS. c) Schematic of the electronic structure of NV−,
including Zeeman shifts of the electron spin states ms related to magnetic field. The non-resonant excitation of laser at
532 nm is shown as green arrows, and the spontaneous emission at 637 and 1042 nm is depicted as red arrows. The inter-
mediate singlet states, represented by 1A1 and 1E, are shown, with non-radiative transitions indicated by dashed lines and
dotted lines, respectively. The intensity of decay rate showed by the dashed lines are faster than that of dotted lines. The
zero-field splitting and the effect of magnetic field are shown in zoom figures. Reproduced with permission.[250] Copyright
2013, Elsevier.

are labelled with the quantum numberms. Due to a spin–spin interaction between the
two electrons in the ground state the|ms = ±1�states are split from the
zero-�eld splittingD ≈2.88GHz (see Figure 3a). These states are purely magnetic states,
implying a very long longitudinal decay timeT1, on the order of milliseconds in typical
diamond samples [66]. Note that in strained diamond, or in the presence of local electric
�elds [67], the states|ms = ±1�can also be split, by a parameter often denoted
splitting is typically a few MHz in nanodiamonds. In practice, a magnetic�eld bias larger
than E is employed in order to reach large spin–mechanical couplings, so we neglect this
zero-�eld splitting in the following.
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Figure 8: a) Schematic of the experimental setup used for the ODMR measurements with NV centers. Reproduced with
permission.[152] Copyright 2021, United States National Academy of Sciences. b) Single NV center fluorescence scanning
image. Reproduced with permission.[154] Copyright 2022, Optica Publishing Group. c) Fluorescence spectrum of a single
NV center. The zero phonon line (ZPL) is illustrated at 637 nm of wavelength. Reproduced with permission.[156] Copy-
right 1997, AAAS. d) Normalized fluorescence intensity autocorrelation function of different NV spots. The curves have
been corrected for background contributions. Reproduced with permission.[158] Copyright 2005, American Institute of
Physics. e) Example of optically detected magnetic resonance on a single NV center in a bulk diamond, where the magnet-
ic field is applied with an angle θ = 74◦ with respect to the NV axis. Reproduced with permission.[159] Copyright 2012,
IOP Publishing Ltd.
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) between two adjacent pix-
T/m. We

emphasize the fact that no other instrument is able to quanti-
tatively map magnetic �eld distributions with such a

Yet, many material science studies are interested in the
. In this

context, the spatial resolution is limited not only by the probe
volume but also by its distance to the sample. Here, for
instance, simulations indicate that the magnetic bits could be
resolved by using a probe-to-sample distance smaller than

However, the magnetic �eld amplitude
then reaches several tens of mT, including a componentB?

In such a situation, the
quantization axis becomes determined by the local magnetic
�eld rather than the NV defect axis. The eigenstates of the
spin Hamiltonian are, therefore, given by superpositions of

1 spin sublevels, both in the ground

and excited states.22As a result, optically induced spin polar-
ization and spin-dependent PL of the NV defect become
inef�cient, and the contrast of optically detected ESR van-
ishes. Magnetic �eld sensing using the previous techniques
is thus not accessible in this high off-axis magnetic �eld re-
gime (> 10 mT). However, it was also shown that the NV
defect PL drops by roughly 30% when the magnitude ofB?
increases from 0 to approximately 30mT.22,23 This property
can be exploited to perform a direct, microwave-free, mag-
netic�eld imaging using the single NV defect sensor.
Figure3(b) shows a PL image recorded while scanning

the magnetic sample without applying any microwave �eld.
In this experiment, an AFM feedback loop is applied to main-
tain the mean probe-to-sample distance to a constant value.
Comparison with simulations (Fig.3(a)) suggests that this dis-
tance is around 30nm, limited by the diamond size and its
position on the tip as well as by the tip oscillation. The PL
image exhibits dark areas with a contrast greater than 20%,
which reveal the tracks and the bits of the magnetic hard disk.
We note that the contrast depends on the�eld strength, which

FIG. 2. Measurements of the magnetic�eld distribution created by a commercial magnetic hard disk for a probe-to-sample distanced�250nm. All images
138 pixels, with a 13-nm pixel size. (a) Geometry of the magnetic bits. (b) Single iso-magnetic �eld image. Dark areas correspond to a

component, and the red arrow indicates the NV defect axis, along which the magnetic�eld projection is measured. (c) Dual iso-magnetic�eld image
recorded by measuring the PL difference for two�xed MW frequencies applied consecutively. Dark (respectively, bright) areas correspond tojBzj�0 (respec-

5 mT). (d) Complete magnetic�eld distribution of the same area recorded by using the lock-in method. The panel on the right shows a line-cut
taken along the white dashed line. For images (b)–(d), the acquisition time per pixel is 5ms, 60ms, and 110ms, respectively.
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on a Fe Ni square dot. As shown in Fig. 4a, highly non trivial

noitalumiS

+1

–1

0 mT

±0.8 mT

0

Si
gn
al
 (a
.u
.)

Bext

+1

–1

0

Si
gn
al
 (a
. u
.)

0 mT

Si
gn
al
 (a
.u
.)

Vortex Antivortex

±0.8 mT

0 40 80

Height (nm)

+1

–1

0

Figure 4 | Higher-order magnetization distribution.(a) Magnetic �eld
distribution recorded above a square of Fe20Ni80 for a probe-to-sample
distanced�300nm. The NV defect orientation is given by
j �30 . (b) AFM image of the square of Fe20Ni80. The white arrows depict
the higher-energy magnetization structure, with four magnetic vortices
(red dots) distributed around one anti-vortex at the centre (blue dot).
(c) Simulated image considering a magnetization following the structure
shown inb. Scale bar, 1mm.
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This paper is organized as follows. We begin by describing the
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Fig. 1. Quantum decoherence imaging of ion-channel operation (simula-
tions). (A) A single NV defect in a diamond nanocrystal is placed on an atomic
force microscope tip. The unique properties of the NV atomic level scheme
allows for optically induced readout and microwave control of magnetic
(spin) sublevels. (B) The nearby cell membrane is host to channels permitting
the flow of ions across the surface. The ion motion results in an effective
fluctuating magnetic field at the NV position which decoheres the quantum
state of the NV system. (C) This decoherence results in a decrease in fluores-
cence, which is most pronounced in regions close to the ion-channel opening.
(D) Changes in fluorescence also permit the temporal tracking of ion-channel
dynamics.
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byelectronbeam lithography andevaporation of 60 nmofPd. AMWsource(Rhode&Schwarz
is used todrive aMWcurrentIMW with a frequency in theGHz range through the stripline. The

right-angled striplineweemploy therebygenerates ahighly inhomogeneousMWmagnetic�eldwith a
elddistributionwhich is largely linearly polarized4. This arrangement is therefore ideal to

demonstrate spatial resolution andMWmagnetic�eld sensitivity of our imager.
In the following,wedemonstrate imagingof thes--component of theMWmagnetic�eld

generatedby the stripline. To that end,we tune the sensing frequency
Bzof the0 1∣ ∣ñ ® - ñ transition via a staticmagnetic�eldBzto the frequency

eld(see�gure1(a)). In analogy, thes+-component of theMWmagnetic�eld can in
principle beadressedby changing theexternalmagnetic�eldBz such that the0 1∣ ∣ñ ® + ñ transitionof theNV
center is resonantwith the frequencyof theMW�eld tobe imaged.However,wedidnotperform suchan
experiment, as for thedeviceunder test theMWmagnetic�eld contains equal contributions of circular
polarizations andwould thereforenotprovide anypolarization contrast in imaging(see footnote 4).

eld imagingmode
rst imagingmode,weperform imagingof equi-magnetic�eld lines of constant amplitudeB .,MW¢- For a

Three-dimensional iso�eld imagingof aMWmagnetic�eld in 3D: normalizeddifferential�uorescence FD (see text)was
in the xyplane, at adistancedabove the sample and the stripline and(b) in thezy-planewhich is indicatedby theblue line

. Themeasurementswereperformedat a frequency2 2.825 GHzMWw p = withan inputpower at the striplineof 7.5 dBmand
12.5 dBm, respectively. Thewhitedashed linesoutline the stripline,whereas thedashedyellow, orangeand red lines highlight

360, 600,MW¢ =- and840 Tm , respectively. The scanningprobe is outlined in lightblue(with the
projectionof theNVorientation into the respectiveplanedepictedby theblack arrow) and theMWcurrent direction is labeledby a

(b)  MW magnetic field
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(g) Graphene imaging

resolution and sensitivity

spin-polarized scanning tunnelling microscopy2

in transmission X-ray microscopy3

outside the sample, even if this method cannot uniquely
determine the actual sample magnetization4. Furthermore, the
spatial resolution is then limited both by the probe size and its
distance to the sample. Among many stray-�eld microscopy

, magnetic force microscopy has become ubiquitous,
as it provides a spatial resolutiono 50nm and operates under
ambient conditions without any speci�c sample preparation6. It
was for instance the �rst method that allowed the observation of
the core of a magnetic vortex in a thin ferromagnetic disk7.
However, because of the intrinsic magnetic nature of the probe,
magnetic force microscopy is known to be perturbative and not

, therefore limiting its �eld of applications.
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Figure 1 | Principle of the experiment.(a) The apex of an AFM tip is
functionalized with a 20-nm diamond nanocrystal hosting a single NV
defect. A microscope objective placed on top of the AFM tip is used both
for exciting and collecting the NV defect spin-dependent PL. A MW�eld is
generated by an antenna approached in the vicinity of the NV defect. The
NV defect quantization axisuNV, which gives the measured magnetic �eld
component, is described by the anglesy and j in a spherical coordinate
system. (b) ESR spectrum of the magnetic probe recorded by monitoring
the NV defect PL intensity while sweeping the frequency of the MW �eld.
The ESR splitting is proportional to the projection of the magnetic �eld
along the NV axis, hereBNV�0.9mT. (c) Typical AFM image of a thin
square of Fe Ni . The white arrows indicate the curling magnetization of
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图5(b)为在测试磁场线性区内、位移间隔

0.5 mm采集的ESR 荧光光谱, 图中横坐标为微波

的扫频范围. 根据 (5)式可知, 不同位置 z所对应的

磁场强度, 图5(b)中的插图为对应位置的磁场强

度与ESR 塞曼分裂关系图. 谱线由位置a到位置e

随着磁感应强度逐渐减小, 引起ESR 的塞曼分裂

频率减小, 通过直线拟合得到的塞曼分裂频率与磁

场强度之间关系d(�ω)/ dH = 2.79 MHz/Gauss.
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图 5 (a) z轴上塞曼分裂频率随位置的变化; (b) 不同磁

Figure 9: Centered: Schematic of NV center-based scanning spin microscope. The single NV defect in the cantilever serves
as an ultrasensitive magnetometer with a spatial resolution at the nanometer scale. Changes in the EPR frequency of the
NV center can be detected optically due to the interaction between the NV center and the device under test (DUT). Re-
produced with permission.[172] Copyright 2013, Nature Publishing Group. a) A dual iso-magnetic field image of a commer-
cial hard disk was obtained by measuring the PL difference for two consecutively fixed MW frequencies. Dark and bright
areas depict the magnetic field with |Bz = 0| and |Bz = 0.5| mT, respectively. Reproduced with permission.[251] Copyright
2012, American Institute of Physics. b) The isofield imaging of an MW magnetic field. Reproduced with permission.[173]

Copyright 2015, IOP Publishing Ltd. (c) AFM image of the square of Fe20Ni80 with a thickness of 50 nm and a 5 µm
side length. The white arrows depict the higher-energy magnetization structure, with four magnetic vortices (red dots)
distributed around one anti-vortex at the centre (blue dot). Reproduced with permission.[172] Copyright 2013, Nature
Publishing Group. d) Zeeman splitting at different positions along the z axis. Reproduced with permission.[174] Copy-
right 2018, Chinese Physical Society. e) Fluorescence changes as ions flow across the cell membrane surface, which permits
the temporal tracking of ion-channel dynamics. Reproduced with permission.[252] Copyright 2010, National Academy of
Sciences. f) A two-dimensional map of the AC electric field distribution in the U-shaped Au structure. Reproduced with
permission.[175] Copyright 2022, Nature Partner Journals. g) Three dimensional near-field image of fluorescence resonance
energy transfer (FRET) in multilayer graphene. Reproduced with permission.[253] Copyright 2013, American Chemical
Society.
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(a) (b) (c)

(d) (e)

Figure 10: Demonstrations of spin-strain coupling of NV centers in diamond. a) Top: Confocal image of the cantilever
with individual, implanted NV centers scattered across the sample surface. Bottom: Strain splitting of NV ESR lines
as a function of static cantilever displacement. Positive and negative values of δ correspond to two different data sets
(separated by the dashed line) and represent tensile and compressive strain at the NV location, respectively (see inset-
s). Reproduced with permission.[180] Copyright 2014, American Physical Society; b) Top: Confocal image of a cantilever
showing the presence of single embedded NV centres. Bottom: Measured strain coupling as a function of the NV’s distance
from the cantilever base for a fixed oscillation amplitude, the grey shaded area shows the region of expected strain cou-
plings from theory. Reproduced with permission.[28] Copyright 2014, Nature Publishing Group; c) Top: A sketch of the
diamond lattice with an NV center, defining the direction of the strain field along the NV axis and perpendicular to it.
The strain parameters distribution of a collection of nanodiamonds dispersed on a glass substrate (left bottom), along with
the a machine-readable qrcode that includes the strain distribution of each NV centers (right bottom). Reproduced with
permission.[183] Copyright 2023, American Institute of Physics; d) Top: All-diamond doubly clamped mechanical resonator
with an ensemble of embedded NV centers. Bottom: Squeezing of the spin uncertainty distribution of an NV ensemble.
Reproduced with permission.[184] Copyright 2013, American Physical Society. e) Top: The spin-strain coupling through the
bulk acoustic wave, in which the piezoelectric materials ZnO is used to generate the mechanical vibration. Bottom: Final
phonon number achieved by the cooling protocol as a function of the density of properly aligned NV centers. Reproduced
with permission.[185] Copyright 2014, Nature Publishing Group.
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(a) (b)

(c)

(d)

Figure 11: The cavity optomechanical device with diamond mechanical resonators. a) SEM image of the nanobeam
waveguide-optomechanical system made of single crystal diamond material. Reproduced with permission.[235] Copyright
2015, APS. b) SEM image of diamond microdisk with a 5 µm diameter. The minimum pedestal width of this device is
of 100 nm. Reproduced with permission.[237] Copyright 2016, Optica Publishing Group. c) The diamond optomechanical
crystal and its fabrication recipe which is consist of (i) defining an etch mask on a substrate via EBL, (ii) transferring etch
mask pattern onto the substrate by plasma etching, (iii) employing angled etching to realize suspended nanobeam struc-
tures, and (iv) removing residual etch mask. Reproduced with permission.[241] Copyright 2016, Optica Publishing Group.
d) Spin quantum memory for photons at communication wavelengths. Transport of quantum states using microdisk cavity
optomechanical quantum coherent interfaces. The inset shows a scheme for state transfer (right) and a conceptual diagram
of a future large-scale quantum network (left). The quantum state mainly converts the transmitted communication band
photons into mechanical vibrations of the diamond microdisk through the microdisk interface, and then converts the coher-
ent mechanical vibrations (phonons) to spins through stress and strain and stores quantum information. Reproduced with
permission.[242] Copyright 2021, Nature Publishing Group.
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Diamond MEMS/NEMS

An overview of diamond MEMS/NEMS and the applications in classical and quantum domains. Classical applications
encompass a wide range of practical applications such as sensors, actuators, and RF devices. The potential applications in
quantum realm involve the hybrid system of AFM cantilevers embedded with NV centers, the strain-NV modulation, and
the quantum network based phonon-photon-spin interactions.
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