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ABSTRACT 20 

Quantum transduction between microwave and optical photons holds a key role in quantum 21 

communications among remote qubits. Although the quantum transduction schemes generating 22 

communication photons have been successfully demonstrated by using optomechanical interfaces, the 23 

low conversion efficiency remains an obstacle to the implementation of a quantum network consisting 24 

of multiple qubits. Here, we present an efficient quantum transduction scheme using a one-25 

dimensional (1D) diamond optomechanical crystal cavity tuned at a color-center emission without the 26 

optomechanical coupling. The optomechanical crystal cavity incorporates a thin aluminum nitride 27 

(AlN) pad piezoelectric coupler near the concentrator cavity region, while keeping the ultrasmall 28 

mechanical and optical mode-volumes of ~1.5 × 10−4(Λ𝑝)
3

 and ~0.2 (
𝜆

𝑛
)

3
, respectively. The energy 29 

level of a coherent color center electron is manipulated with a strong mechanical mode-color center 30 

electron coupling rate up to 16.4 MHz. In our system, we theoretically predict that the population 31 

conversion efficiency from a single microwave photon into an optical photon can reach 15% combined 32 

with current technologies. The coherent conversion efficiency is over 10% with a reasonable pure 33 

decay time 𝑇2
∗ > 10 ns . Our results imply that an atomic color center strongly coupled to the 34 

optomechanical crystal cavity will offer a highly efficient quantum transduction platform. 35 
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I. Introduction 36 

Quantum transduction platforms for a single microwave-to-optical conversion are of paramount 37 

interest for quantum networks between microwave-controlled qubits. For this purpose, the use of the 38 

optomechanical interface [1–6] has emerged as an efficient way of conversion between microwave 39 

and optical photons. The scheme using the 1D optomechanical cavity typically integrates a 40 

piezoelectric coupler and phononic waveguide [1,2,7]. A microwave photon produces a phonon with 41 

the same frequency to couple with the optical photon in optomechanical interfaces via photoelastic 42 

and moving-boundary effects [8–10]. The cavity-enhanced interaction between photon and phonon 43 

exerts frequency modulation of an optical photon, thereby enabling quantum transduction.  44 

In the last decade, the quantum interface using a diamond color center has attracted 45 

enormous attention for the generation of remote entanglement between coherent spin qubits [11–14]. 46 

The photonic nanocavity with high cooperativity enables the control of spin and orbital states of the 47 

color center electron [15,16], leading to the large-scale integration of multinode quantum 48 

processors [17]. In addition, the spin memory-enhanced quantum interfaces have been implemented 49 

via the optomechanical system [18]. However, the low microwave-to-optical conversion efficiency 50 

remains as a challenge for the implementation of the multinode quantum network. The optomechanical 51 

interface requires a significant photonic cooperativity of the optomechanical cavity with a large 52 

number of pumping photons [19,20], which generates critical thermal noise in the sub-Kelvin 53 

temperatures. To suppress the thermal noise, we have proposed the quantum-interfaces using a 54 

diamond spin memory with the photonic cavity-enhanced emission [21]. Our theoretical predictions 55 

suggested that the optical pump power decreases by 2-3 orders of magnitude while maintaining the 56 

entanglement generation rate of several tens-of-kilohertz. 57 

In this study, we investigated the feasible design of a quantum transduction system enabling 58 

microwave-to-optical conversion via a strong mechanical mode-color center electron interaction 59 

inside the diamond optomechanical crystal cavity. Specifically, the piezoelectric aluminum nitride 60 

(AlN) thin-film pad on the 1D nanobeam optomechanical crystal is used to couple with microwave-61 

emitting qubits, while keeping the ultrasmall mode-volume of the mechanical and optical modes. The 62 

mechanical mode-color center interaction enables manipulation of the coherent electron energy level 63 

in a charged nitrogen vacancy center (NV-) in diamond, followed by emission of an optical photon 64 

without the optomechanical coupling. Further, we discuss the performances of the microwave-to-65 

optical conversion by providing the time evolution of the quantum population. The simulation results 66 

indicate that a color center electron emits a photon to the optical waveguide with a microwave-to-67 

optical conversion efficiency of 15%. Furthermore, we calculated the microwave-to-optical coherent 68 

conversion efficiency as high as 10 % with the pure dephasing time of the NV- 𝑇2
∗ = 10 ns. Hence, 69 

we expect that our scheme can be applied to efficient quantum networks with embedded coherent spin-70 

memories. 71 
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II. Results and Discussion 72 

1. Quantum interfaces between a superconducting qubit and an optical photon 73 

Figure 1a shows a schematic of the quantum transduction scheme between a superconducting qubit 74 

and a cavity photon. Our quantum interfaces include three cavities of microwave photon, phonon, and 75 

optical photon. The microwave resonator contains a piezoelectric transducer of a thin-film AlN pad to 76 

convert the microwave photon into a phonon, which is excited by the non-contact electrode pair. The 77 

generated cavity phonon tunes the energy level of the electron via the interaction between the 78 

mechanical mode and the color center electron. In this study, we consider the use of the NV-, of which 79 

zero-phonon line 𝜔𝑍𝑃𝐿 is resonant at 470 THz. Use of the NV- center benefits from facile manipulation 80 

of the energy level at the excited state [22]. As shown in Fig. 1b, the optical photon excites energy 81 

level of the electron at the photonic cavity, with the external optical driving frequency of 𝜔𝑑. The 82 

mechanical mode-color center interaction changes the energy level of the electron by ℏ𝜔𝑚, such that 83 

𝜔𝑍𝑃𝐿 = 𝜔𝑑 + 𝜔𝑚. Here, the frequency of the photonic cavity, 𝜔𝑜𝑝𝑡, includes both the optical driving, 84 

𝜔𝑑, and modulated frequencies, 𝜔𝑑 + 𝜔𝑚, to satisfy linewidth-limited modulation conditions: 85 

 86 

 𝜔𝑜𝑝𝑡 − 𝛾𝑜𝑝𝑡 2⁄ < 𝜔𝑑 < 𝜔𝑜𝑝𝑡 + 𝛾𝑜𝑝𝑡 2⁄                                     (1.1) 87 

𝜔𝑜𝑝𝑡 − 𝛾𝑜𝑝𝑡 2⁄ < 𝜔𝑑 + 𝜔𝑚 < 𝜔𝑜𝑝𝑡 + 𝛾𝑜𝑝𝑡 2⁄                                (1.2) 88 

 89 

where 𝛾𝑜𝑝𝑡 is the linewidth (decay rate) of the photonic cavity. Thus, the state of the superconducting 90 

qubit can be transferred to the cavity photon thorough the optical waveguide. 91 

 92 

 93 

Figure 1| Schematic illustration of the microwave-to-optical conversion scheme via a diamond color-center spin 94 

memory. a, Quantum interfaces to convert a microwave photon generated by a superconducting qubit to the photon 95 

tuned at the color-center emission. b, The energy level of the color center electron included in that of the photonic 96 

cavity. 97 

  98 
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2. Design of the optomechanical cavity 99 

Figure 2a shows the design of the 1D nanobeam system accommodating the microwave resonator and 100 

the optomechanical cavity. The optomechanical cavity consists of photonic and phononic mirror cells 101 

and 8 cavity cells. The AlN pad is placed on top of the mirror region to convert a microwave photon 102 

to a phonon via piezoelectric coupling. The mechanical mode-matching should be realized for efficient 103 

coupling between the microwave resonator and optomechanical cavity. In addition, mechanical 104 

waveguide loss can be reduced by optimizing the distance between a piezoelectric material and the 105 

cavity region of the optomechanical crystal. From these points of view, we considered the use of the 106 

small AlN pad near the cavity as a piezoelectric resonator. 107 

 108 

Figure 2| Design of the microwave-to-optical quantum transduction system using the 1D optomechanical cavity. a, 109 

Overview of the diamond optomechanical cavity with the piezoelectric resonator near the cavity. b, Dimension of unit 110 

cells of the 1D optomechanical cavity. c-f, Photonic and mechanical band structures of the mirror cells. In b, purple 111 

(red)-shaded area means phononic (photonic) quasi-waveguide cells, of which band gaps correspond to the same color 112 

in c-f. g, Displacement distribution of the mechanical resonant mode. h, Electric potential distribution under the 113 

mechanical resonance. i, Electric field distribution of the optical resonant mode. 114 
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Cavities with ultrasmall mode-volumes have been extensively investigated for rapid 115 

manipulation of electron orbits [23–27]. Specifically, the use of the concentrators at the cavity is  116 

simple and robust approach to achieve ultrasmall mode-volumes both for photonic [27–30] and 117 

phononic modes [23,26]. The inset of Fig. 2a describes the detailed design of the concentrators. In our 118 

cavity design, the radius of curvature at the concentrator tip was set at 30 nm considering a typical 119 

fabrication resolution by an electron beam lithography. Figure 2b shows the geometry of the unit cells 120 

of the optomechanical cavity. Geometries of the outer half-ellipse are indicated for the central cavity 121 

holes. We performed a finite-element method (FEM) simulation to design the optomechanical cavity. 122 

The cavity-resonant frequencies are 𝜔𝑜𝑝𝑡~470 THz   and 𝜔𝑚~12.5 GHz   for photon and phonon, 123 

respectively.  124 

The asymmetric design of the mirror allows phononic quasi-waveguiding from the left side, 125 

and photonic quasi-waveguiding from the right side, respectively. Figures 2c-f show the photonic and 126 

phononic band structures of the left and right sides of the beams. As shaded in Fig. 2b, the band gaps 127 

are filled by purple and red for the left and right sides, respectively. For the mechanical vibration, the 128 

band gaps of the breathing modes are indicated with the adjacent breathing modes as the black bold 129 

lines. The vibrational modes inside the breathing band gaps are orthogonal to the breathing mode due 130 

to the differences in symmetry so that no interference occurs. We optimized the unit cell geometries 131 

to implement partial mirrors by adjusting the position of the resonant frequencies within the bandgaps. 132 

For the left (right) side of the beam, the photonic (phononic) resonant frequency was set in the range 133 

of ±15 THz (±1.5 GHz) from the bandgap center to prevent energy leakage. On the other hand, the 134 

phononic (photonic) resonant frequency was 1.5 GHz (15 THz) shifted away from the band edge, 135 

enabling external input and output. Coupling to the external optical waveguide is realized by changing 136 

the number and period of photonic partial mirror cells while maintaining the mechanical quality factor. 137 

The cavity and the unit cell period with the AlN pad were optimized to maximize the optical quality 138 

factor using the Nelder-Mead method, which has been accepted as one of the efficient ways to design 139 

of the 1D optomechanical cavity with several geometrical parameters [31–33]. The period of the 140 

mirror cell with the AlN transducer was optimized to a-20.6 nm to maximize the optical quality factor. 141 

Figures 2g-i show the FEM simulation results of the mechanical resonant mode, the electric 142 

potential field profile under the mechanical resonance, and the optical resonant mode, respectively. 143 

The optical mode profile in Fig. 2i was calculated in the presence of the Al to take into account for 144 

scattering of the evanescent fields. To maximize the piezoelectric coupling, we considered the 145 

deposition of m-plane AlN on the diamond slab. Although the growth of the m-plane AlN thin film is 146 

technologically difficult, remarkable experimental works have been reported by using metalorganic 147 

chemical vapor deposition [34] and plasma-nitridation of the m-plane sapphire [35]. The mechanical 148 

breathing mode is mainly observed in the cavity region. Accordingly, the electric potential inside the 149 

AlN pad increases almost monotonically along the direction perpendicular to the 1D nanobeam. Thus, 150 
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the microwave excitation can be coupled with the mechanical breathing mode using the electrodes 151 

next to the 1D optomechanical crystal.  152 

The mechanical and optical mode-volumes, 𝑉𝑚𝑒𝑐ℎ [8,25] and 𝑉𝑜𝑝𝑡, are given by  153 

 154 

𝑉𝑚𝑒𝑐ℎ =
∫ ℎ(𝑟)d3𝑟𝑉

max(ℎ(𝒓))
                                                             (2) 155 

𝑉𝑜𝑝𝑡 =
∫ 𝜖(𝑟)|𝑒(𝑟)|2d3𝑟𝑉

𝜖(𝑟max)max(|𝑒(𝑟)|2)
                                                       (3) 156 

 157 

where 𝜖, 𝑒, 𝑛, 𝜆, and 𝑟 are permittivity, electric field, refractive index, optical wavelength, and spatial 158 

coordinates, respectively. The local energy density ℎ averaged over a period, 2𝜋 𝜔𝑚⁄ , is given as a 159 

sum of the stored strain and kinetic energy densities: 160 

 161 

ℎ =
1

4
[ℛℯ(𝜎: 𝑡̅) + 𝜌𝜔𝑚

2|𝐮|2]                                                   (4) 162 

                                              163 

where 𝜎, 𝑡, 𝜌, and 𝐮 are stress, strain, density, and mechanical displacement, respectively. The overbar 164 

indicates complex conjugate. 165 

Surprisingly, the rounded concentrators mediated ultrasmall mode-volumes of 𝑉𝑚𝑒𝑐ℎ =166 

1.5 × 10−4(Λ𝑝)
3

, 5.1 × 10−4(Λ𝑠)3,  and 𝑉𝑜𝑝𝑡 = 0.2(𝜆 𝑛⁄ )3 , where the longitudinal and shear 167 

wavelengths of the mechanical modes are given as Λ𝑝 = 2𝜋√𝐸(1 − 𝜈) [𝜌(1 + 𝜈)(1 − 2𝜈)]⁄ /𝜔𝑚 168 

and Λ𝑠 = 2𝜋√𝐸 [2𝜌(1 + 𝜈)]⁄ /𝜔𝑚 , respectively. Here, 𝐸  and 𝜈  denote Young’s modulus and 169 

Poisson’s ratio, respectively. Our results suggest that a slight asymmetry of the central cavity holes 170 

leads to a dramatic reduction of the mode-volume in optomechanical cavities. The mechanical quality 171 

factor given by the FEM simulation is in the order of 109, where the loss is solely given by the perfectly 172 

matched layers.  173 

Next, we investigated the effects of the positions of the electrodes and the AlN transducer 174 

and the distance between the concentrator tips (neck), since the optical mode is sensitive to the 175 

scattering losses. Figures 3a and 3b show the optical quality factor 𝑄𝑜𝑝𝑡 as a function of the geometries 176 

of a piezoelectric resonator. The optical quality factor of the optomechanical cavity is 34,000 without 177 

the AlN pad. As shown in Fig. 3a, when the AlN pad is positioned more than 9 holes away from the 178 

cavity center, the optical quality factor is not affected by the AlN pad. The FEM simulation errors 179 

caused the fluctuation of the optical quality factor 𝑄𝑜𝑝𝑡 around 34,000. Note that optical quality factor 180 

of the current diamond 1D diamond nanobeam crystal cavities experimentally reached 42,000 [36] 181 

and 1.76×105 [9], which is larger than our design optical quality factor ~12,000. Therefore, the 182 

deterioration of the optical quality factor would be insignificant considering use of the state-of-the-art 183 

fabrication technologies.  184 
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 185 

Figure 3| Optimization of the photonic cavity. a, Optical quality factor vs. position of the AlN pad. The green-shaded 186 

region is the optimized AlN pad position. Although the AlN pad should be positioned close to the cavity center for a 187 

strong piezoelectric coupling, we set the AlN pad position to keep the optical quality factor over 10,000. b, Optical 188 

quality factor vs. distance between the 1D optomechanical crystal beam and the electrode, dBeam-Al. c, Optical mode-189 

volume and quality factor vs. neck width of the concentrators. The insets show the schematic of each geometrical 190 

parameter. 191 

 192 

For a strong piezoelectric coupling, the AlN pad should be as close as possible to the 193 

mechanical cavity to have larger internal electric field. On the other hand, the AlN pad scatters the 194 
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optical electromagnetic field generated at the photonic cavity. Thus, the position of the AlN pad 195 

introduces a trade-off between the piezoelectric coupling and the optical quality factor. In this study, 196 

considering the photonic bandwidth to cover the mechanically modulated frequency, we placed the 197 

AlN pad between two holes with indices of -6, and -7. For 𝜔𝑜𝑝𝑡 ~470 THz, the optical quality factor 198 

𝑄𝑜𝑝𝑡  of 12,000 has the spectral bandwidth of 39 GHz, which sufficiently covers the microwave 199 

modulation of 12.5 GHz. Figure 3b shows that the degradation of the optical quality factor due to 200 

scattering of the evanescent field becomes negligible when the distance between the 1D-beam and the 201 

electrode, dBeam-Al, is larger than 200 nm. In our scheme, since the photonic resonance is at the visible 202 

or near-infrared wavelength rather than the communication band (1.5 μm), the width of the 1D 203 

nanobeam and dBeam-Al can be reduced to enhance the piezoelectric coupling. 204 

 In the concentrator design, most of the electromagnetic field energy is confined within the 205 

neck. Therefore, the neck width between the concentrators is an important design parameter for the 206 

photonic cavity. Figure 3c shows the optical mode-volume and quality factor as the neck width is 207 

varied. Changing the neck width by a few nanometers leads to a dramatic change in the optical quality 208 

factor. On the other hand, the optical mode-volume is maintained in the order of 0.2~0.3 (
𝜆

𝑛
)

3
. The 209 

ultrasmall mode-volume photonic cavity is able to incorporate an extraordinarily large cooperativity 210 

with a deep sub-wavelength structure inside the 1D nanobeam cavity [28–30]. In our design, the 211 

maximum Purcell factor was 4,066 at a neck width of 35 nm. In practice, the cooperativity of our 212 

system can reach up to 10 to 100, considering the degradation of 1~2 orders of magnitude affected by 213 

fabrication imperfection, atomic properties and orientation [15]. The optical resonant frequency is 214 

affected by the dimension of the defects, where the energy of the electromagnetic wave is confined. 215 

Thus, the neck width changes the optical resonant frequency. As the optical resonant frequency is set 216 

at the band edge (Fig. 1e) for implementation of the quasi-waveguide, the neck width has a nontrivial 217 

impact on the energy leakage to the photonic waveguide, leading to the variation of the mode-volume 218 

appearing at about 25 nm neck width. 219 

 220 

3. Performances of quantum interfaces 221 

In our previous study [21], we predicted that a significant optical photon generation rate could enable 222 

applications such as remote entanglement generation between superconducting qubits. In our scheme, 223 

the two quantum interfaces of the piezoelectric coupling and mechanical mode-color center interaction 224 

are important for the microwave-to-optical conversion efficiency. The piezoelectric coupling rate can 225 

be calculated by the overlap integral between an electric field and an electric displacement 226 

field  [24,37,38]: 227 

𝑔𝑀𝑊−𝑚 =
1

2ℏ
∫ (𝑡∗(𝑟) ∙ 𝑑T ∙ 𝑒(𝑟) + 𝑒∗(𝑟) ∙ 𝑑 ∙ 𝑡(𝑟))

𝑉
d3𝑟                       (5) 228 
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 229 

where 𝑡 and 𝑑 indicate the strain and piezoelectric coupling tensors, respectively. Figure 4 shows the 230 

microwave photon-phonon coupling in the cavity system. The electric field applied from the side of 231 

the 1-D beam (Fig. 4a) leads to the excitation of the mechanical breathing mode (Fig. 4b). Note that 232 

the microwave-excited vibrational mode is consistent with the mechanical resonant mode in Fig. 1g. 233 

Using Eq. (5), we calculated 𝑔𝑀𝑊−𝑚 (2𝜋)⁄ = 0.3 MHz, which is only an order of magnitude smaller 234 

than the case of direct electrical excitation near the mechanical cavity reported in [39].  235 

The NV- center has a large mechanical susceptibility 𝜒 ≈ −0.85 PHz/strain [40] to the 236 

strain tensor component of 𝑡𝑥𝑥(𝑟) − 𝑡𝑦𝑦(𝑟). The coupling rate between the mechanical mode and the 237 

color center electron is  then given by [23,25]  238 

 239 

𝑔𝑚−𝑒(r) = 𝜒
(𝑡𝑥𝑥(𝑟)−𝑡𝑦𝑦(𝑟))

max(|𝐮(𝑟)|)
𝑥𝑧𝑝𝑓.                                            (6) 240 

 241 

The cavity zero-point fluctuation 𝑥𝑧𝑝𝑓 is given by [23,41,42] 242 

 243 

𝑥𝑧𝑝𝑓 = √
ℏ

2𝑚𝑒𝑓𝑓𝜔𝑚
,                                                        (7) 244 

 245 

where the effective mass of the resonator is 246 

 247 

𝑚𝑒𝑓𝑓 =
∫ 𝐮∗(𝑟)𝜌(𝑟)𝐮(𝑟)d3𝑟𝑉

max(|𝐮(𝑟)|2)
                                                  (8) 248 

 249 

Considering use of a diamond (111) slab, we define the high-symmetry axis of the the NV- center (111) 250 

is along the z-axis of the diamond crystal. Accordingly, the x- and y-axes are along (1̅1̅2) and (1̅10) 251 

directions, respectively. 252 
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 253 

Figure 4| Microwave photon-to-phonon conversion via piezoelectric coupling. a, Electric potential profile around the 254 

1D optomechanical crystal under application of the microwave electric field. b, Resonant mechanical mode of the 1D 255 

optomechanical crystal under the microwave electrical field with 𝜔𝑀𝑊~12.5 GHz. 256 

 257 

 Figure 5 shows the FEM simulation results of the coupling rate between the mechanical 258 

mode and the color center 𝑔𝑚−𝑒 in the mechanical cavity. Raniwala et al. [23] showed that the Euler 259 

angle between the laboratory coordinate system (XYZ) and the crystal coordinate system (xyz) has a 260 

significant effect on 𝑔𝑚−𝑒 due to the anisotropy of the 1D-beam. Therefore, we also investigated the 261 

effect of the in-plane rotation of the (111) slab as a function of the Euler angle 𝜙 as shown in Fig. 5a. 262 

The rotation of the strain tensor is given by 263 

 264 

𝜀(𝑥, 𝑦, 𝑧) = 𝑅 ∙ 𝜀(𝑋, 𝑌, 𝑍) ∙ 𝑅−1,                                           (9) 265 

 266 

where the rotation matrix R is 267 

 268 

𝑅 = (
cos 𝜙 − sin 𝜙 0
sin 𝜙 cos 𝜙 0

0 0 1

) .                                             (10) 269 
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 270 

Figure 5| Coupling rate between the mechanical mode and the color center electron in the mechanical cavity. a, 271 

Rotation of the diamond crystal orientation with respect to the 1D optomechanical crystal. b, Spatial distribution of 272 

|𝑔𝑚−𝑒 (2𝜋)⁄ | for different Euler angles 𝜙 of 0, 90° (left) and 45, 135° (right). c, |𝑔𝑚−𝑒 (2𝜋)⁄ | at the concentrator tips 273 

for different Euler angles 𝜙 showing the fourfold symmetry. d, Spatial profile of |𝑔𝑚−𝑒 (2𝜋)⁄ | along the neck 274 

between the concentrator tips. 275 

 276 
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In Figs. 5b and 5c, the spatial distribution of 𝑔𝑚−𝑒 shows a fourfold symmetry, which is 277 

originated from the diamond cubic crystal. In particular, the strain tensor component 𝑡𝑥𝑥(𝑟) − 𝑡𝑦𝑦(𝑟) 278 

is maximized when 𝜙 = 0,90°  under the resonant mechanical vibration shown in Fig. 2g. We 279 

calculated the maximum 𝑔𝑚−𝑒 (2𝜋)⁄ = 16.4 MHz. Figure 5d shows that the minimum 𝑔𝑚−𝑒 along 280 

the concentrator tip-to-tip was 45 % of the maximum value. Therefore, a high mechanical mode-color 281 

center coupling rate  𝑔𝑚−𝑒 (2𝜋)⁄  on the order of 10 MHz can be obtained as long as the color center 282 

can be placed with the spatial accuracy of 20 nm. Note that the maximum optical mode intensity is 283 

homogeneous along the neck (Fig. 2i), thereby mediating the resonant emission of a photon along the 284 

neck regardless of the position of the color center. 285 

 286 

4. Microwave-to-optical conversion efficiency 287 

We estimated the microwave-to-optical conversion efficiency by solving the time evolution of the 288 

density matrix, 𝜌, of the quantum interfaces using a quantum toolbox in Python, QuTiP [43,44]. To 289 

investigate the coherent microwave-to-optical conversion efficiency, we set the initial state of the 290 

microwave as a weak coherent state, which is approximated as exp (−
|𝛼|2

2
) (|0⟩ + 𝛼|1⟩). The details 291 

of the analytical model are described in [21]. Here, we simply present the final forms of the equations. 292 

Assuming that the microwave and phonon frequencies are nearly equal to the optical detuning 293 

frequency, we can model the Hamiltonian of the quantum interfaces for microwave-to-optical 294 

conversion [21,45]: 295 

 296 

𝐻𝑄𝐼,𝑁𝑉− = ℏ𝜔𝑀𝑊𝑎𝑀𝑊
† 𝑎𝑀𝑊 + ℏ𝜔𝑚𝑏𝑚

† 𝑏𝑚 +  ℏΔ𝑒𝜎𝑒
+𝜎𝑒 +  ℏΔ𝑜𝑝𝑡𝑐𝑜𝑝𝑡

† 𝑐𝑜𝑝𝑡 297 

+ ℏ𝑔𝑀𝑊−𝑚(𝑎𝑀𝑊
† 𝑏𝑚 + 𝑎𝑀𝑊𝑏𝑚

† ) + ℏ
Ω𝑅𝑎𝑏𝑖𝑔𝑚−𝑒

2𝜔𝑚
[(𝑏𝑚

† − 𝑏𝑚)𝜎𝑒
+ + (𝑏𝑚 − 𝑏𝑚

† )𝜎𝑒]  298 

+ℏ𝑔𝑒−𝑜𝑝𝑡 {[1 +
𝑔𝑚−𝑒

𝜔𝑚
(𝑏𝑚

† − 𝑏𝑚)] 𝜎𝑒
+𝑐𝑜𝑝𝑡 + [1 +

𝑔𝑚−𝑒

𝜔𝑚
(𝑏𝑚 − 𝑏𝑚

† )] 𝜎𝑒𝑐𝑜𝑝𝑡
† },     (11) 299 

 300 

where 𝜔𝑀𝑊 , Δ𝑜𝑝𝑡 = 𝜔𝑜𝑝𝑡 − 𝜔𝑑  and Ω𝑅𝑎𝑏𝑖  are the frequency of the microwave photon, optical 301 

detuning frequency, and optical Rabi frequency, respectively. 𝑎𝑀𝑊
†

 (𝑎𝑀𝑊), 𝑏𝑚
†

 (𝑏𝑚), and 𝑐𝑜𝑝𝑡
†

 (𝑐𝑜𝑝𝑡) 302 

are the creation (annihilation) operators of the microwave photon in the piezoelectric resonator, 303 

phonon in the optomechanical cavity, and photon in the optomechanical cavity, respectively. 𝜎𝑒
+ (𝜎𝑒) 304 

is the electron raising (lowering) operator between the ground state and the optically excited state. The 305 

master equation in Lindblad form is given by 306 

 307 

d𝜌

d𝑡
=

1

𝑖ℏ
[𝐻𝑄𝐼,𝑁`𝑉− , 𝜌] + ∑ [

𝛾𝑗

2
(2𝑐𝑗𝜌𝑐𝑗

† − 𝑐𝑗
†𝑐𝑗𝜌 − 𝜌𝑐𝑗

†𝑐𝑗)]𝑗              (12) 308 
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 309 

with 𝑐𝑗 = 𝑎𝑀𝑊, 𝑏𝑚, 𝜎𝑒 , 𝑐𝑜𝑝𝑡  for the energetic decay of each excitation, and  𝑐𝑗 = 𝜎𝑒
†𝜎𝑒  for the 310 

dephasing of the electron, and 𝛾𝑗 = 𝛾𝑀𝑊, 𝛾𝑚, 𝛾𝑒 , 𝛾𝑡𝑜𝑡, 𝛾′𝑒 being corresponding relaxation rates. In Eq. 311 

(12), we have taken into account the coupling to the external photonic waveguide 𝛾𝑤𝑔 as 𝛾𝑡𝑜𝑡 = 𝛾𝑤𝑔 +312 

𝛾𝑜𝑝𝑡,  where 𝛾𝑜𝑝𝑡  is the internal loss rate considered as 𝜔𝑜𝑝𝑡 𝑄𝑜𝑝𝑡⁄  . Here, we set 𝛾𝑤𝑔 = 𝛾𝑜𝑝𝑡 , 313 

considering the critical coupling condition between the photonic cavity and the waveguide [46]. 314 

We determined the values of the parameters from the FEM simulation results shown in Figs. 315 

2-5 and the literatures: 𝜔𝑀𝑊 (2𝜋)⁄ = 𝜔𝑚 (2𝜋)⁄ =  Δ𝑜𝑝𝑡 (2𝜋)⁄ = 12.5 GHz ,  Ω𝑅𝑎𝑏𝑖 (2𝜋)⁄ =316 

5 GHz [21], 𝑔𝑀𝑊−𝑚 (2𝜋)⁄ = 0.3 MHz (FEM simulation), 𝑔𝑚−𝑒 (2𝜋)⁄ = 16.4 MHz , 𝑔𝑒−𝑜𝑝𝑡 (2𝜋)⁄ =317 

1 GHz [15], 𝛾𝑀𝑊 (2𝜋)⁄ = 125 kHz,  𝛾𝑚 (2𝜋)⁄ = 568 kHz (assuming the microwave photonic quality 318 

factor of 105  [47,48], and mechanical quality factor of 22,000 [49]), 𝛾𝑒 (2𝜋)⁄ = 10 MHz. While the 319 

FEM simulation gives a significantly large mechanical quality factor of 109, the mechanical quality 320 

factor in experiments is limited by internal losses such as phonon-phonon scattering and surface 321 

scattering induced by the fabrication imperfection. Recently, the experiment using a silicon nanocavity 322 

already achieved a quality factor of ~ 1010 in the millikelvin  [50]. In this study, we adopted the 323 

mechanical quality factor of 22,000, which refers to the experiment using a diamond nanocavity under 324 

4 K [49]. We take into account the pure dephasing of NV- as 𝛾′𝑒 = 1/𝑇2
∗ , where 𝑇2

∗  is the pure 325 

dephasing time. We vary 𝑇2
∗ in our simulation. 326 

Outputs from the photonic cavity to the waveguide are described by the input-output 327 

formalism [51–53] written as 328 

 329 

𝑑𝑜𝑢𝑡(𝑡) = 𝑑𝑖𝑛(𝑡) − 𝑖√𝛾𝑤𝑔𝑐𝑜𝑝𝑡(𝑡),                                             (13) 330 

 331 

where 𝑑𝑜𝑢𝑡(𝑡)  and 𝑑𝑖𝑛(𝑡)  are input and output operators of the waveguide, respectively. As our 332 

scheme can collect photons emitted from an electron of the NV-, with reflected pumping light 333 

discriminated, we can neglect the input operator and treat the output as 334 

 335 

𝑑𝑜𝑢𝑡(𝑡) = −𝑖√𝛾𝑤𝑔𝑐𝑜𝑝𝑡(𝑡).                                                  (14) 336 

 337 

The population of photons in the waveguide is given by the time integral of the expectation value of 338 

the number operator, 〈𝑑𝑜𝑢𝑡
† 𝑑𝑜𝑢𝑡〉. Hence, we define the microwave-to-optical population conversion 339 

efficiency 𝜂𝑝𝑜𝑝 as 340 

 341 

𝜂𝑝𝑜𝑝 =
∫ 〈𝑑𝑜𝑢𝑡

† 𝑑𝑜𝑢𝑡〉d𝑡
𝑡𝑓

0

〈𝑎𝑀𝑊
† 𝑎𝑀𝑊〉𝑡=0

=
𝛾𝑤𝑔 ∫ 〈𝑐𝑜𝑝𝑡

† 𝑐𝑜𝑝𝑡〉d𝑡
𝑡𝑓

0

〈𝑎𝑀𝑊
† 𝑎𝑀𝑊〉𝑡=0

, 342 

  (15) 343 
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where the measuring time 𝑡𝑓 is large enough. Similarly, by considering off-diagonal elements of the 344 

density matrix as the coherence of the system, the microwave-to-optical coherent conversion 345 

efficiency 𝜂𝑐𝑜ℎ is given by 346 

 347 

𝜂𝑐𝑜ℎ =
∫ |〈𝑑𝑜𝑢𝑡〉|2d𝑡

𝑡𝑓

0

|〈𝑎𝑀𝑊〉|2
𝑡=0

=
𝛾𝑤𝑔 ∫ |〈𝑐𝑜𝑝𝑡〉|

2
d𝑡

𝑡𝑓

0

|〈𝑎𝑀𝑊〉|2
𝑡=0

. 348 

(16) 349 

See Appendix for the details of their definitions.  350 

First, we simulate an ideal conversion process, i.e., we evaluate the population conversion 351 

efficiency with 𝑇2
∗ = ∞ . Figure 6 shows the populations of the quantum interfaces and 𝜂𝑝𝑜𝑝  as a 352 

function of quality parameters of quantum interfaces. In Fig.6a, the population of the optical 353 

waveguide photon corresponds to the microwave-to-optical conversion efficiency ~15%. A strong 354 

electro-optical coupling 𝑔𝑒−𝑜𝑝𝑡 2𝜋⁄   expedites generation of an optical photon, leading to a low 355 

population of the orbital excited state of the NV-. Furthermore, since the NV- has a large strain 356 

susceptibility, the population of the waveguide photon is significantly increased by a large mechanical 357 

mode-color center electron coupling rate 𝑔𝑚−𝑒 at the mechanical cavity with the ultrasmall mode-358 

volume. However, improving 𝑔𝑚−𝑒 is limited by the fabrication resolution and the trade-off between 359 

the piezoelectric coupling rate 𝑔𝑀𝑊−𝑚  and the optical quality factor 𝑄𝑜𝑝𝑡  as shown in Fig. 3. 360 

Accordingly, the enhancement of the microwave-to-optical conversion efficiency relies on the 361 

mechanical quality factor 𝑄𝑚 and the microwave quality factor 𝑄𝑀𝑊. Figure 6b shows the effect of 362 

the mechanical quality factor and the microwave quality factor on  𝜂𝑝𝑜𝑝. High conversion efficiency 363 

in the range of 15~35% can be obtained with a moderate improvement in the 𝑄𝑚 and 𝑄𝑀𝑊 from the 364 

condition used in Fig. 6a, which is indicated as a star.  365 
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 366 

Figure 6| Population of quanta. a, Time-evolution of the population inside the quantum interface considering 367 

parameters obtained from the FEM simulations and the state-of-the-art technologies. b, Population conversion 368 

efficiency 𝜂𝑝𝑜𝑝 as a function of the microwave cavity quality factor 𝑄𝑀𝑊 and mechanical cavity quality factor 𝑄𝑚. c, 369 

𝜂𝑝𝑜𝑝  as a function of the mechanical mode-color center electron coupling rate 𝑔𝑚−𝑒  and 𝑄𝑚 . A star denotes the 370 

condition used in a: (𝑄𝑀𝑊, 𝑔𝑚−𝑒 (2𝜋)⁄ , 𝑄𝑚 ) = (105, 16.4 MHz, 2.2 × 104). 371 
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Nanofabrication of diamond inevitably introduces spectral diffusion of color centers due to 372 

defect charges and static strains [54]. Meesala et al. [55] showed that the strain susceptibility of a 373 

silicon vacancy center decreases with the presence of the static strain, thereby decreasing 𝑔𝑚−𝑒 given 374 

by Eq. (6). Figure 6c indicates 𝜂𝑝𝑜𝑝 as a function of 𝑔𝑚−𝑒 and 𝑄𝑚 to investigate effect of rough side 375 

walls introduced by nanofabrication processes. As 𝑄𝑚 over 104 has already been demonstrated in the 376 

literature [49], achieving 𝑔𝑚−𝑒/(2𝜋)  larger than 10 MHz is an important challenge for the high 377 

population conversion efficiency 𝜂𝑝𝑜𝑝 > 10%. Meanwhile, a recent investigation [54] successfully 378 

reduced surface damage on diamond nanopillars, showing the long-term linewidth stability of the 379 

excited state of NV center as low as 150 MHz. Therefore, we expect that advances of fabrication 380 

technologies lead to the efficient realization of our scheme in the near future. 381 

Figure 7 shows 𝜂𝑝𝑜𝑝 and 𝜂𝑐𝑜ℎ as a function of 𝑇2
∗, with an amplitude of the weak coherent 382 

initial state 𝛼 = 0.1 . With increasing values of 𝑇2
∗ , 𝜂𝑐𝑜ℎ  asymptotically increased to 𝜂𝑝𝑜𝑝 , and 383 

exceeded 10% for 𝑇2
∗ larger than 10 ns. Experimentally reported values of 𝑇2

∗ for NV- is in the range 384 

of 10~80 ns [56]. Thus, the coupling between the NV- center and the photonic cavity 𝑔𝑒−𝑜𝑝𝑡 (2𝜋)⁄  is 385 

one-to-two orders of magnitude larger than the reported pure dephasing rate 𝛾′𝑒, implying that our 386 

scheme facilitates the coherent microwave-to-optical conversion. We have also checked that these 387 

results are independent of 𝛼 as long as |𝛼|2 ≪ 1, which is a natural consequence with respect to the 388 

linear response.  389 

 390 

 391 

Figure 7| Microwave-to-optical population and coherent conversion efficiencies as a function of pure dephasing time 392 

of NV-. The microwave initial state was set as |0⟩ + 𝛼|1⟩ with 𝛼 = 0.1. 393 

 394 

Table 1 summarizes current demonstrations of the microwave-to-optical transduction using 395 

a piezo-optomechanical transducer along with design values of this study. It is worth noting that direct 396 
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comparison is difficult as a low microwave-to-mechanical efficiency was limiting the total conversion 397 

efficiency for several literatures [2,6,57]. Overall performances of the microwave-to-optical quantum 398 

interfaces have advanced for various platforms incorporating strong microwave-to-mechanical and 399 

optomechanical couplings. Our study intimates that a diamond can be a good candidate platform with 400 

atomic defect strongly bridging mechanical and optical frequencies. In addition, since our spin 401 

memory-based scheme reduces the optical pump power [21], the mechanical quality factor may be 402 

further increased from the result shown in ref. [49], by decreasing localized phonon-phonon scattering 403 

events in nanostructures. Also, a microwave resonator with an internal impedance converter realized 404 

a high quality factor over 105, paving a way for future progress of fast and active control of 405 

superconducting qubits [47]. Therefore, implementation of our design will lead to realization of an 406 

unprecedentedly high microwave-to-optical quantum converter, combined with the state-of-the-art 407 

technologies of nanofabrication and microwave resonator design. 408 

 409 

Table 1| Comparison of piezo-optomechanical transducers for MW-to-optical conversion 410 

References Platform 
𝝎𝑴𝑾 (𝟐𝝅)⁄

 (GHz) 

𝝎𝒐𝒑𝒕 (𝟐𝝅)⁄

 (THz) 

𝒈𝒐𝒎 (𝟐𝝅)⁄  

(Hz)* 

𝒈𝒎−𝒆 (𝟐𝝅)⁄
 (Hz) 

𝜼𝒑𝒐𝒑 

 [58] AlN 3.8 197 1.1 × 105 - 9 × 10−8 

 [6] GaAs 2.7 194 1.3 × 106 - 
5.5
× 10−12 

 [59] LN* 1.85 195 8 × 104 - 1.1 × 10−5 

 [60] AlN 10 200 1.9 × 104 - 7.3 × 10−4 

 [1] AlN on Si 5.2 194 7 × 105 - 8.8 × 10−6 

 [2] GaP*** 3.2 193 2.9 × 105 - 
1.4
× 10−11 

 [57] GaP 2.8 193 7 × 105 - 6.8 × 10−8 

 [61] LN on Si 3.6 194 4.1 × 105 - 2.5 × 10−2 

This work Diamond 12.5 470 - 1.6 × 107 1.5 × 10−1 

*Optomechanical coupling rate 411 

**Lithium niobate 412 

***Gallium phosphide 413 

 414 

III. Conclusion 415 

We proposed the practical design of the quantum interfaces using the photonic cavity at the color 416 

center emission for the quantum transduction between microwave and optical photons via diamond 417 

spin-memories. The pair of non-contact electrodes with the 1D optomechanical crystal cavity could 418 

generate a phonon by the piezoelectric coupling in the AlN thin film pad to achieve a reasonable 419 

piezoelectric coupling rate of 0.3 MHz. By adopting the ultrasmall mode-volume cavity with the 420 

rounded concentrators, we calculated the coupling rate 𝑔𝑚−𝑒 (2𝜋)⁄ = 16.4 MHz which is one-to-two 421 

orders of magnitude larger than typical values, subsequently accelerating emission to the photonic 422 
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waveguide with the system population conversion efficiency ~15%. Our results imply that an atomic 423 

defect coupled to the photonic cavity serves as a coherent quantum transducer, which we predict a 424 

coherent conversion efficiency of over 10%. We can also consider an alternative color center with a 425 

large strain susceptivity, such as the ground state of SiV- [62,63]. While our scheme generates non-426 

communication band photons, the on-chip nonlinear photonic platform using silicon carbide [64,65] 427 

can be effectively used to convert optical frequencies to extend the distance range of the quantum 428 

network. Since our system can provide solutions to practical problems such as conversion efficiency 429 

and thermal noise suppression, we expect that the experimental demonstration will open a new 430 

pathway for the realization of the millions-node quantum repeaters. 431 

 432 
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 611 

Appendix: Definition of conversion efficiencies 612 

Here we address the definition of 𝜂𝑝𝑜𝑝 and  𝜂𝑐𝑜ℎ in detail. In a general system, we consider a process 613 

where an excitation of one degree of freedom (DoF), denoted by 𝐴, is transmitted to other DoFs, 𝐵𝑘 614 

in time 𝑡𝑓. Our aim is to obtain the time evolution of a single photon input |1⟩𝐴 |𝐸⟩, where |𝐸⟩ is the 615 

initial environment state. The process is represented as 616 

 617 

|1⟩𝐴|𝐸⟩ → ∑ 𝐶𝑘𝑘 (𝑡𝑓)|1⟩𝐵𝑘
 |𝐸⟩ 618 

+ ∑ 𝐷𝑘𝑘 (𝑡𝑓)|1⟩𝐵𝑘
 |𝐸′𝑘⟩ 619 

+ ∑ 𝐷′𝐹(𝑡𝑓)𝐹 |0⟩ |𝐹⟩,                                            (17) 620 

 621 

where  |𝐸′𝑘⟩ is another state which has the same energy as |𝐸⟩ has, and |𝐹⟩ is a state with a single 622 

excitation added. The second term in the RHS of Eq. (17) represents the coherent transmission of the 623 

excitation, while the third term expresses the incoherent transmission. The last term denotes losses of 624 

the excitation to the environment.  625 

                Assuming that we can detect all the excitations of 𝐵𝑘, we can define the efficiency of the 626 

total transmission of the population as  627 

 628 

                             𝜂𝑝𝑜𝑝 = ∑ |𝐶𝑘(𝑡𝑓)|
2

𝑘 + ∑ |𝐷𝑘(𝑡𝑓)|
2

𝑘 ,                                       (18) 629 

 630 

 and the efficiency of the coherent emission as 631 

 632 

𝜂𝑐𝑜ℎ = ∑ |𝐶𝑘(𝑡𝑓)|
2

𝑘 .                                                    (19) 633 

 634 

For numerically calculating the conversion efficiencies, we can set the initial state as 𝛼|0⟩ + 𝛽|1⟩𝐴 635 

with 𝛼2 + 𝛽2 = 1.  In terms of correlation functions, we can rewrite Eqs. (18) and (19) in the 636 

following form:  637 

 638 
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 𝜂𝑝𝑜𝑝 =
∑ 〈𝑏𝑘

†𝑏𝑘
 〉𝑡=𝑡𝑓.𝑘

〈𝑎 
†𝑎 

 〉𝑡=0
,      𝜂𝑐𝑜ℎ =

∑ |〈𝑏𝑘
 〉|

2

𝑡=𝑡𝑓.𝑘

|〈𝑎 〉|2
𝑡=0

,                                   (20) 639 

 640 

where 𝑎 and 𝑏𝑘
  is the annihilation operators for 𝐴 and 𝐵𝑘. 641 

                For the model we analyze in the present paper, the output DoFs correspond to the electric 642 

field excited on each spatial point of the waveguide. That is, 𝑏𝑘
 → 𝑑𝑟

  with 𝑟 denoting the position on 643 

the waveguide. Our device is connected to the waveguide at 𝑟 = 0. Experimentally, we can collect all 644 

the excitations since they propagate to the detector in order. Note that the coefficients 𝐶𝑟(𝑡𝑓)  and 645 

𝐷𝑟(𝑡𝑓) is nonzero only when 𝑟 < 𝑡𝑓 
 holds, with the phase velocity is normalized to unity. It is due to 646 

the linear propagation of the electric field  647 

 648 

𝑑𝑟
 (𝑡) = 𝑑𝑜𝑢𝑡(𝑡 − 𝑟)                                                 (21) 649 

 650 

and an assumption that the waveguide initial state is the ground state. By using the above replacements 651 

on Eq. (20), and noting that  ∑ …𝑘  corresponds to ∫ d𝑟
𝑡𝑓

0
…, which is equivalent to ∫ d𝑡

𝑡𝑓

0
… , we obtain 652 

the expression we present in Eqs. (15) and (16). 653 


