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Quantum transduction between microwave and optical photons plays a key role in quantum commu-
nication among remote qubits. Although the quantum transduction schemes generating communication
photons have been successfully demonstrated by using optomechanical interfaces, the low conversion
efficiency remains an obstacle to the implementation of a quantum network consisting of multiple qubits.
Here, we present an efficient quantum transduction scheme using a one-dimensional diamond optomechan-
ical crystal cavity tuned at a color-center emission without optomechanical coupling. The optomechanical
crystal cavity incorporates a thin aluminum nitride (AIN) pad piezoelectric coupler near the concentrator
cavity region, while retaining ultrasmall mechanical and optical mode volumes of about 1.5 x 1074(A )3
and 0.2(1/n)?, respectively. The energy level of a coherent color-center electron is manipulated by a strong
mechanical-mode—color-center electron-coupling rate up to 16.4 MHz. In our system, we theoretically pre-
dict that the population-conversion efficiency from a single microwave photon into an optical photon can
reach 15% combined with current technologies. The coherent conversion efficiency is over 10% with a
reasonably pure decay time of 75 > 10 ns. Our results imply that an atomic color center strongly coupled

to the optomechanical crystal cavity will offer a highly efficient quantum transduction platform.

DOI: 10.1103/PhysRevApplied.20.044037

I. INTRODUCTION

Quantum transduction platforms for a single
microwave-to-optical conversion are of paramount inter-
est for quantum networks between microwave-controlled
qubits. For this purpose, the use of the optomechani-
cal interface [1—6] has emerged as an efficient way to
convert between microwave and optical photons. The
scheme using a one-dimensional (1D) optomechanical
cavity typically integrates a piezoelectric coupler and
phononic waveguide [1,2,7]. A microwave photon pro-
duces a phonon with the same frequency as that required to
couple with an optical photon in optomechanical interfaces
via photoelastic and moving-boundary effects [8—10]. The
cavity-enhanced interaction between photon and phonon
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exerts frequency modulation of an optical photon, thereby
enabling quantum transduction.

In the last decade, a quantum interface using a dia-
mond color center has attracted enormous attention for
the generation of remote entanglement between coherent
spin qubits [11—14]. The photonic nanocavity with high
cooperativity enables control of the spin and orbital states
of the color-center electron [15,16], leading to the large-
scale integration of multinode quantum processors [17].
In addition, spin memory-enhanced quantum interfaces
have been implemented via the optomechanical system
[18]. However, the low microwave-to-optical conversion
efficiency remains a challenge for the implementation
of the multinode quantum network. The optomechanical
interface requires significant photonic cooperativity of the
optomechanical cavity with a large number of pumping
photons [19,20], which generates critical thermal noise in
the subkelvin temperatures. To suppress thermal noise, we
proposed quantum interfaces using diamond spin memory
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with photonic cavity-enhanced emission [21]. Our theo-
retical predictions suggested that the optical pump power
decreased by 2—3 orders of magnitude while maintain-
ing an entanglement-generation rate of several tens of
kilohertz.

Here, we investigated the feasible design of a quantum
transduction system enabling microwave-to-optical con-
version via a strong mechanical-mode—color-center elec-
tron interaction inside the diamond optomechanical crys-
tal cavity. Specifically, the piezoelectric aluminum nitride
(AIN) thin-film pad on the 1D nanobeam optomechanical
crystal is used to couple with microwave-emitting qubits,
while keeping the ultrasmall mode volume of the mechani-
cal and optical modes. The mechanical-mode—color-center
interaction enables manipulation of the coherent electron-
energy level in a charged nitrogen-vacancy center (N-V7)
in diamond, followed by emission of an optical photon
without optomechanical coupling. Furthermore, we dis-
cuss the performances of the microwave-to-optical conver-
sion by providing the time evolution of the quantum pop-
ulation. The simulation results indicate that a color-center
electron emits a photon to the optical waveguide with a
microwave-to-optical conversion efficiency of 15%. Fur-
thermore, we calculated the microwave-to-optical coherent
conversion efficiency to be as high as 10% with a pure
dephasing time of the N-V~ of I, = 10 ns. Hence, we
expect that our scheme can be applied to efficient quantum
networks with embedded coherent spin memories.

I1. RESULTS AND DISCUSSION

A. Quantum interface between a superconducting
qubit and an optical photon

Figure 1(a) shows a schematic of the quantum trans-
duction scheme between a superconducting qubit and a
cavity photon. Our quantum interfaces include three cavi-
ties of microwave photon, phonon, and optical photon. The
microwave resonator contains a piezoelectric transducer of
a thin-film AIN pad to convert the microwave photon into a
phonon, which is excited by the noncontact electrode pair.
The generated cavity phonon tunes the energy level of the
electron via the interaction between the mechanical mode
and the color-center electron. In this study, we consider the
use of the N-J~, of which the zero-phonon line, wzpr, is
resonant at 470 THz. Use of the N-V~ center benefits from
facile manipulation of the energy level at the excited state
[22]. As shown in Fig. 1(b), the optical photon excites the
energy level of the electron at the photonic cavity, with an
external optical driving frequency of w,. The mechanical-
mode—color-center interaction changes the energy level of
the electron by hw,,, such that wzpp, = wy + w,,. Here, the
frequency of the photonic cavity, @y, includes both opti-
cal driving, w,, and modulated frequencies, w; + w,,, to

satisfy linewidth-limited modulation conditions:

(1.1)
(1.2)

Wopt — Vopt/2 < wg < Wopt + Vopt/za

a)opt — ]/Opt/2 < Wyq + Wy < a)opt + }/Opt/z,

where Yo is the linewidth (decay rate) of the photonic
cavity. Thus, the state of the superconducting qubit can
be transferred to the cavity photon thorough the optical
waveguide.

B. Design of the optomechanical cavity

Figure 2(a) shows the design of the 1D nanobeam
system accommodating the microwave resonator and the
optomechanical cavity. The optomechanical cavity con-
sists of photonic and phononic mirror cells and eight cavity
cells. The AIN pad is placed on top of the mirror region
to convert a microwave photon into a phonon via piezo-
electric coupling. Mechanical mode matching should be
realized for efficient coupling between the microwave res-
onator and optomechanical cavity. In addition, mechanical
waveguide loss can be reduced by optimizing the distance
between a piezoelectric material and the cavity region of
the optomechanical crystal. From these points of view, we
considered the use of the small AIN pad near the cavity as
a piezoelectric resonator.

Cavities with ultrasmall mode volumes have been exten-
sively investigated for rapid manipulation of electron
orbits [23—27]. Specifically, the use of concentrators at
the cavity is a simple and robust approach to achieve
ultrasmall mode volumes for both photonic [27-30] and
phononic modes [23,26]. The inset of Fig. 2(a) describes
the detailed design of the concentrators. In our cavity
design, the radius of curvature at the concentrator tip was
set at 30 nm, considering a typical fabrication resolution by
electron beam lithography. Figure 2(b) shows the geometry
of the unit cells of the optomechanical cavity. Geome-
tries of the outer half-ellipse are indicated for the cen-
tral cavity holes. We performed a finite-element-method
(FEM) simulation to design the optomechanical cavity.
The cavity-resonant frequencies are wop ~ 470 THz and
wm ~ 12.5 GHz for the photon and phonon, respectively.

The asymmetric design of the mirror allows phononic
quasiwaveguiding from the left side and photonic quasi-
waveguiding from the right side. Figures 2(c)}-2(f) show
the photonic and phononic band structures of the left and
right sides of the beams. As shaded in Fig. 2(b), the band
gaps are filled by purple and red for the left and right
sides, respectively. For the mechanical vibration, the band
gaps of the breathing modes are indicated with the adja-
cent breathing modes as black bold lines. The vibrational
modes inside the breathing band gaps are orthogonal to
the breathing mode due to differences in symmetry so that
no interference occurs. We optimized the unit-cell geome-
tries to implement partial mirrors by adjusting the position

044037-2



DIAMOND OPTOMECHANICAL CAVITY WITH. .. PHYS. REV. APPLIED 20, 044037 (2023)

(a) Phonon, Optical photon, (b) ES =3 e,
w Wopt = Wy (+ W) hwp, '-
m opt d m _A_“
—1 M\ Hh
I_ - Y hwy hwgpt
\M’ © ?

L)
° 9 GS ——

Superconducting
qubit

Piezoelectric
coupling

FIG. 1.

Mechanical-mode-
color-center electron
coupling

Color center Photonic cavity

Schematic illustration of the microwave-to-optical conversion scheme via a diamond color-center spin memory. (a) Quantum

interfaces to convert a microwave photon generated by a superconducting qubit to the photon tuned at the color-center emission. (b)
Energy level of the color-center electron included in that of the photonic cavity.

of the resonant frequencies within the band gaps. For
the left (right) side of the beam, the photonic (phononic)
resonant frequency was set in the range of +15 THz
(£1.5 GHz) from the band-gap center to prevent energy
leakage. On the other hand, the phononic (photonic) reso-
nant frequency was shifted 1.5 GHz (15 THz) away from
the band edge, enabling external input and output. Cou-
pling to the external optical waveguide was realized by
changing the number and period of photonic partial mir-
ror cells while maintaining the mechanical quality factor.
The cavity and the unit-cell period with the AIN pad were
optimized to maximize the optical quality factor using the
Nelder-Mead method, which is accepted as one of the effi-
cient ways to design of a 1D optomechanical cavity with
several geometrical parameters [7,31,32]. The period of
the mirror cell with the AIN transducer was optimized
to a—20.6 nm to maximize the optical quality factor.

Figures 2(g)-2(i) show the FEM simulation results of
the mechanical resonant mode, the electric potential field
profile under the mechanical resonance, and the optical
resonant mode, respectively. The optical mode profile in
Fig. 2(1) was calculated in the presence of Al to take into
account scattering of the evanescent fields. To maximize
piezoelectric coupling, we considered the deposition of
m-plane AIN on the diamond slab. Although the growth
of the m-plane AIN thin film is technologically diffi-
cult, remarkable experimental works have been reported
by using metal-organic chemical vapor deposition [33]
and plasma nitridation of the m-plane sapphire [34]. The
mechanical breathing mode is mainly observed in the cav-
ity region. Accordingly, the electric potential inside the
AIN pad increases almost monotonically along the direc-
tion perpendicular to the 1D nanobeam. Thus, microwave
excitation can be coupled with the mechanical breathing
mode using the electrodes next to the 1D optomechanical
crystal.

The mechanical and optical mode volumes, Vipech [8,25]
and Vo, respectively, are given by

B [y h(®)d’r
mech — M7 (2)
Vo = [ye@lem)|’d*r ®

€ (Imay) max(le(r)[?)’

where €, e, and r are the permittivity, electric field, and
spatial coordinates, respectively. The local energy density,
h, averaged over a period, 27 /w,,, is given as the sum of
the stored strain and kinetic energy densities:

1 _
h=7[Re(@ : 1) + po’[ul’] 4)

where o, T, p, and u are stress, strain, density, and mechan-
ical displacement, respectively. The overbar indicates a
complex conjugate.

Surprisingly, the rounded concentrators mediated ultra-
small mode volumes of Viecn = 1.5 x 1074(A,)3,5.1 x
1074(Ay)?, and Vope = 0.2(1/n)*, where n and X are refrac-
tive index and the wavelength, respectively. The longitu-
dinal and shear wavelengths of the mechanical modes are
givenas A, = 2n/E(1 —v)/[p(1 +v)(1 —2v)]/w, and
Ay =2n/E/[2p(1 + v)]/w,, respectively. Here, E and
v denote the Young’s modulus and Poisson ratio, respec-
tively. Our results suggest that a slight asymmetry of the
central cavity holes leads to a dramatic reduction of the
mode volume in optomechanical cavities. The mechanical
quality factor given by the FEM simulation is in the order
of 10°, where loss is solely due to the perfectly matched
layers.

Next, we investigated the effects of the positions of
the electrodes and the AIN transducer and the distance
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Design of the microwave-to-optical quantum transduction system using the 1D optomechanical cavity. (a) Overview of the

diamond optomechanical cavity with the piezoelectric resonator near the cavity. (b) Dimension of unit cells of the 1D optomechanical

cavity. (c),(d) Photonic and phononic band structures of the phononic

quasiwaveguide, respectively. (e),(f) Photonic and phononic band

structures of the photonic quasiwaveguide, respectively. In (b), purple (red) shaded area means phononic (photonic) quasiwaveguide
cells, of which band gaps correspond to the same color in (c)—(f). (g) Displacement distribution of the mechanical resonant mode. (h)
Electric potential distribution under mechanical resonance. (i) Electric field distribution of the optical resonant mode.

between concentrator tips (neck), since the optical mode
was sensitive to scattering losses. Figures 3(a) and 3(b)
show the optical quality factor, Oy, as a function of the
geometries of a piezoelectric resonator. The optical quality
factor of the optomechanical cavity is 34 000 without the
AIN pad. As shown in Fig. 3(a), when the AIN pad is posi-
tioned more than nine holes away from the cavity center,
the optical quality factor is not affected by the AIN pad.
The FEM simulation errors caused the fluctuation of the
optical quality factor, Qgpi, around 34 000. Note that the
optical quality factor of the current 1D diamond nanobeam
crystal cavities experimentally reached 42000 [35] and
1.76 x 10° [9], which was larger than our designed optical

quality factor of about 12 000. Therefore, the deterioration
of the optical quality factor would be insignificant consid-
ering the use of state-of-the-art fabrication technologies.
For a strong piezoelectric coupling, the AIN pad should
be as close as possible to the mechanical cavity for a
larger internal electric field. On the other hand, the AIN
pad scatters the optical electromagnetic field generated at
the photonic cavity. Thus, the position of the AIN pad
introduces a trade-off between piezoelectric coupling and
the optical quality factor. In this study, considering the
photonic bandwidth to cover the mechanically modulated
frequency, we placed the AIN pad between two holes with
indices of —6 and —7. For wqp ~ 470 THz, the optical
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FIG. 3. Optimization of the photonic cavity. (a) Optical qual-

ity factor versus position of the AIN pad. Green shaded region
is the optimized AIN-pad position. Although the AIN pad should
be positioned close to the cavity center for strong piezoelectric
coupling, we set the AIN-pad position to keep the optical qual-
ity factor over 10 000. (b) Optical quality factor versus distance
between the 1D optomechanical crystal beam and the electrode,
dpeam—al1. (c) Optical mode volume and quality factor versus
neck width of the concentrators. Insets show schematics of each
geometrical parameter.

quality factor, Oy, of 12000 has a spectral bandwidth of
39 GHz, which sufficiently covers the microwave modula-
tion of 12.5 GHz. Figure 3(b) shows that the degradation of
the optical quality factor due to scattering of the evanescent
field becomes negligible when the distance between the 1D
beam and the electrode, dpeam—al, 1s larger than 200 nm. In
our scheme, since the photonic resonance is at the visible

or near-infrared wavelength rather than the communication
band (1.5 pm), the width of the 1D nanobeam and dyeam—ai
can be reduced to enhance piezoelectric coupling.

In the concentrator design, most of the electromagnetic
field energy is confined within the neck. Therefore, the
neck width between concentrators is an important design
parameter for the photonic cavity. Figure 3(c) shows the
optical mode volume and quality factor as the neck width
is varied. Changing the neck width by a few nanometers
leads to a dramatic change in the optical quality factor. On
the other hand, the optical mode volume is maintained in
the order of 0.2 — 0.3(A/n)>. The ultrasmall mode-volume
photonic cavity is able to incorporate an extraordinarily
large cooperativity with a deep subwavelength structure
inside the 1D nanobeam cavity [28—30]. In our design,
the maximum Purcell factor was 4066 at a neck width of
35 nm. In practice, the cooperativity of our system can
reach up to 10-100, considering the degradation of 1-2
orders of magnitude affected by fabrication imperfection,
atomic properties, and orientation [15]. The optical reso-
nant frequency is affected by the dimension of the defects,
where the energy of the electromagnetic wave is confined.
Thus, the neck width changes the optical resonant fre-
quency. As the optical resonant frequency is set at the band
edge [Fig. 1(e)] for implementation of the quasiwaveguide,
the neck width has a nontrivial impact on energy leakage to
the photonic waveguide, leading to variation of the mode
volume appearing at a neck width of about 25 nm.

C. Performances of quantum interfaces

In our previous study [21], we predicted that a signif-
icant optical photon-generation rate could enable appli-
cations such as remote entanglement generation between
superconducting qubits. In our scheme, the two quantum
interfaces of the piezoelectric coupling and mechanical-
mode—color-center interaction affect the microwave-to-
optical conversion efficiency. The piezoelectric coupling
rate can be calculated by the overlap integral between an
electric field and an electric displacement field [24,36,37]:

MW -m = %fV(T*(r)DTe(r)+e*(r)DT(r))d3r, )

where D indicates the piezoelectric coupling tensor. Figure
4 shows the microwave photon-phonon coupling in the
cavity system. The electric field applied from the side of
the 1D beam [Fig. 4(a)] leads to excitation of the mechan-
ical breathing mode [Fig. 4(b)]. Note that the microwave-
excited vibrational mode is consistent with the mechanical
resonant mode in Fig. 1(g). Using Eq. (5), we calcu-
lated gvw -/ (2) = 0.3 MHz, which was only an order
of magnitude smaller than the case of direct electrical
excitation near the mechanical cavity reported in Ref. [38].

The N-V~ center has a large mechanical susceptibility of
x ~ —0.85 PHz/strain [39] to the strain tensor component
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of #,(r) — t,,(r). The coupling rate between the mechan-
ical mode and the color-center electron is then given by
[23,25]

(txx (l‘) - tyy (I')) X

max(lu(n))) ©

8m-e (r)=x

The cavity zero-point fluctuation, xzpg, is given by [23,40,
41]

h
XZPF = 5 (7
2Megrwpy
where the effective mass of the resonator is
u*(r)p(r)u(r)d’r
Mefr = fV (8)

max(Ju(r)]?)

Considering the use of a diamond (111) slab, we define
the high-symmetry axis of the N-J~ center (111) as being
along the z axis of the diamond crystal. Accordingly,
the x and y axes are along (112) and (110) directions,
respectively.

Figure 5 shows the FEM simulation results of the cou-
pling rate between the mechanical mode and the color

center, g,,.., in the mechanical cavity. Raniwala ef al. [23]
showed that the Euler angle between the laboratory coor-
dinate system (X,Y,Z) and the crystal coordinate system
(x,y,2) had a significant effect on g,,.. due to the anisotropy
of the 1D beam. Therefore, we also investigated the effect
of the in-plane rotation of the (111) slab as a function of
the Euler angle, ¢, as shown in Fig. 5(a). The rotation of
the strain tensor is given by

T(x,y,z) = RT(X,Y,Z)R7!, 9)

where the rotation matrix, R, is

cos¢p —sing O
R=|sing cos¢p O0]. (10)
0 0 1

In Figs. 5(b) and 5(c), the spatial distribution of g,..
shows fourfold symmetry, which originates from the dia-
mond cubic crystal. In particular, the strain-tensor compo-
nent, ., (r) — £, (r), is maximized when ¢ = 0,90° under
the resonant mechanical vibration shown in Fig. 2(g). We
calculated the maximum to be g,../(27) = 16.4 MHz.
Figure 5(d) shows that the minimum g,,_. along the con-
centrator from tip to tip was 45% of the maximum value.
Therefore, a high mechanical-mode—color-center coupling
rate, g,/ (27), on the order of 10 MHz can be obtained
as long as the color center can be placed with a spa-
tial accuracy of 20 nm. Note that the maximum optical
mode intensity is homogeneous along the neck [Fig. 2(1)],
thereby mediating the resonant emission of a photon along
the neck, regardless of the position of the color center.

D. Microwave-to-optical conversion efficiency

We estimated the microwave-to-optical conversion effi-
ciency by solving the time evolution of the density matrix,
p, of the quantum interfaces using a quantum toolbox
in PYTHON, QuTiP [42,43]. To investigate the coherent
microwave-to-optical conversion efficiency, we set the ini-
tial state of the microwave as a weak coherent state, which
was approximated as exp(—(|e|*/2))(|0) + «|1)). Details
of the analytical model are described in Ref. [21]. Here,
we simply present the final forms of the equations. Assum-
ing that the microwave and phonon frequencies are nearly
equal to the optical detuning frequency, we can model
the Hamiltonian of quantum interfaces for microwave-to-
optical conversion [21,44]:

Hon.yp- = thwaLWaMW + hwyb! by + hA0 0,

+
+ hAoptCoptcopt + hgmw - m(alt/jwbm
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¥ [1 &, — b;)} oecipt} .
m

where wmw, Agpt = Wopt — W4, and Qrqp; are the frequency
of the microwave photon, optical detuning frequency, and
optical Rabi frequency, respectively. a;[/[w (amw), b,T,, (bw),
and czpt(copt) are the creation (annihilation) operators
of the microwave photon in the piezoelectric resonator,
phonon in the optomechanical cavity, and photon in the
optomechanical cavity, respectively. o' (o,) is the electron
raising (lowering) operator between the ground state and
the optically excited state. The master equation in Lindblad
form is given by

dp 1

o= %[HQLN-V—HO] + ;

Y " "
[?’(ZCJ-pC_} —clejp — pc Cj)] . (12

with ¢; = amw, by, Te, Copt for the energetic decay of each

excitation and ¢; = cr: o, for the dephasing of the electron;
Vi = VMW, Ym> Ves Viot» Vo are the corresponding relaxation
rates. In Eq. (12), we take coupling to the external pho-
tonic waveguide, ywg, into account, as Yiot = YWG + Vopt»
where yp is the internal loss rate, which is considered to
be wopt/ Oopt- Here, we set ywg = Yopt, considering the crit-
ical coupling condition between the photonic cavity and
the waveguide [45].

We determined the values of the parameters from
the FEM simulation results shown in Figs. 2—5 and
those reported in the literature: wyw/(27) = w,,/2n) =
Agpt/(2m) = 12.5GHz,  Qgayi/(2m) =5GHz  [21],
amw - m/(2m) = 0.3 MHz (FEM simulation), g,,../(27) =
16.4 MHz, geopt/(2m) =1 GHz [15], ymw/(@2r) =
125 kHz, y,,/(27) = 568 kHz (assuming a microwave
photonic quality factor of 103 [46,47] and mechanical qual-
ity factor of 22 000 [48]), and y,/(27) = 10 MHz. While
the FEM simulation gives a significantly large mechani-
cal quality factor of 10°, the mechanical quality factor in
experiments is limited by internal losses, such as phonon-
phonon scattering and surface scattering induced by fab-
rication imperfections. Recently, an experiment using a
silicon nanocavity achieved a quality factor of about 10!
in the millikelvin range [49]. In this study, we adopted
a mechanical quality factor of 22 000, which referred to
an experiment using a diamond nanocavity under 4 K
[48]. We take into account the pure dephasing of N-V~ as
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FIG. 5. Coupling rate between the mechanical mode and the

color-center electron in the mechanical cavity. (a) Rotation of
the diamond crystal orientation with respect to the 1D optome-
chanical crystal. (b) Spatial distribution of |gy.-./(27)| for dif-
ferent Euler angles ¢ of 0, 90° (left) and 45, 135° (right). (c)
|gm-e/(27)| at the concentrator tips for different Euler angles ¢
showing the fourfold symmetry. (d) Spatial profile of |g,../ (277)|
along the neck between the concentrator tips.

v, = 1/T5, where T5 is the pure dephasing time. We vary
T% in our simulation.

Outputs from the photonic cavity to the waveguide are
described by the input-output formalism [50—52] written

044037-7
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0
as (a) 10 N — MW photon
) SN — MW phonon
dout (1) = din () — 1/ VWGcopt(t), (13) \\ — N-V"spin
‘>(—-— WG optical photon
where doy(¢) and di,(¢) are input and output operators of 107" =T N
the waveguide, respectively. As our scheme can collect e e S
photons emitted from an electron of N-J—, with the dis- T / / \\\\
crimination of reflected pumping light, we can neglect the IS I / \\\
input operator and treat the output as g107 [/ NN\
Q I i N\
: & [ NN
dout () = —l4/ yWGcopt(t)- (14) Il \\\\
The population of photons in the waveguide is given by the 107 =/ S AR
time integral of the expectation value of the number oper- va N A
ator, <dzutd0m>. Hence, we define the microwave-to-optical [ N
. . . _4
population-conversion efficiency, 1pop, as 10 0 1000 2000 3000
Time (ns)

t t

(j; <dIutdOUt> dt YWG f({ <czptcopt> dt
Mlpop = 77 =

<aMWaMW>

. (15)

\ >
a amw
t=0 ( MW t=0

where the measuring time, #, is large enough. Similarly,
by considering off-diagonal elements of the density matrix
as the coherence of the system, the microwave-to-optical
coherent conversion efficiency, 7¢p, is given by

_ 4 Wou) Pt _ ywa S |{con)|
[{avw) o

(16)

coh P
[{amw) " =0

See the Appendix for the details of their definitions.

First, we simulate an ideal conversion process, i.c., we
evaluate the population-conversion efficiency with 75 =
oo. Figure 6 shows the populations of the quantum inter-
faces and 7,0, as a function of the quality parameters of
quantum interfaces. In Fig. 6(a), the population of the
optical waveguide photon corresponds to a microwave-
to-optical conversion efficiency of about 15%. A strong
electro-optical coupling, g..opi/(277), expedites the gen-
eration of an optical photon, leading to a low popula-
tion of the orbital excited state of N-V~. Furthermore,
since N-V~ has a large strain susceptibility, the popula-
tion of the waveguide photon is significantly increased by
a large mechanical-mode—color-center electron-coupling
rate, gy, at the mechanical cavity with an ultrasmall mode
volume. However, improving g,,.. is limited by the fabrica-
tion resolution and the trade-off between the piezoelectric
coupling rate, gvw-m, and the optical quality factor, Oy,
as shown in Fig. 3. Accordingly, the enhancement of the
microwave-to-optical conversion efficiency relies on the
mechanical quality factor, Q,,, and the microwave quality
factor, Opw. Figure 6(b) shows the effect of the mechani-
cal quality factor and the microwave quality factor on 17pqp.
High conversion efficiency, in the range of 15-35%, can
be obtained with a moderate improvement in Q,, and Ouw

102

(-) %4y “Kousiolye uoisieruos-uoeindod

103 104 105
Qm (_)

(c) 2x10’ 101 g
S
10" i
102 5

>

&

N S
T 103 5
2 @
n S

N

= 10 @
? 100 5
(o)) [0}
3

105 L

3

o
2x10-" 10T

103 104 108
Qm (-)

FIG. 6. Population of quanta. (a) Time evolution of the pop-
ulation inside the quantum interface, considering parameters
obtained from FEM simulations and state-of-the-art technolo-
gies. (b) Population-conversion efficiency, 7y, as a function
of the microwave cavity quality factor, Omw, and mechanical
cavity quality factor, O,,. () npop as a function of the mechanical-
mode—color-center electron-coupling rate, gy.., and Q,,. Star
denotes the conditions used in (a): (Omw,Qme/(CT),0n ) =
(10°,16.4 MHz,2.2 x 10%).
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from the condition used in Fig. 6(a), which is indicated by
a star.

Nanofabrication of diamond inevitably introduces spec-
tral diffusion of color centers due to defect charges and
static strain [53]. Meesala et al. [54] showed that the
strain susceptibility of a silicon-vacancy center decreased
with the presence of static strain, thereby decreasing g,,..
given by Eq. (6). Figure 6(c) indicates n,o, as a func-
tion of g,.. and O, to investigate the effect of rough
side walls introduced by nanofabrication processes. As O,
over 10* has already been demonstrated in the literature
[48], achieving g,,../(2m) larger than 10 MHz is an impor-
tant challenge for a high population-conversion efficiency,
Npop > 10%. Meanwhile, a recent investigation [53] suc-
cessfully reduced surface damage on diamond nanopillars,
showing the long-term linewidth stability of the excited
state of the N-V center to be as low as 150 MHz. There-
fore, we expect that advances in fabrication technologies
will lead to the efficient realization of our scheme in the
near future.

Figure 7 shows 1,0, and 7¢en as a function of T, with
an amplitude of the weak coherent initial state of @ = 0.1.
With increasing values of 73, 17con asymptotically increased
to 1pop, and exceeded 10% for T larger than 10 ns. Exper-
imentally reported values of 75 for N-F~ are in the range
of 1080 ns [55]. Thus, coupling between the N-V/~ cen-
ter and the photonic cavity, ge.opi/(27), is 1-2 orders
of magnitude larger than the reported pure dephasing
rate, y,, implying that our scheme facilitates the coherent
microwave-to-optical conversion. We have also checked
that these results are independent of « as long as |a|? < 1,
which is a natural consequence of the linear response.

Table [ summarizes current demonstrations of
microwave-to-optical transduction using a piezo-optome-
chanical transducer along with design values for this study.
It is worth noting that direct comparison is difficult because
a low microwave-to-mechanical efficiency limits the total
conversion efficiency for several reports in the literature

0.16
0
= 0.12
=
[&]
C
Q0
Qo
£ 0.08
C
ie]
4
[
g
s 0.04
(&]

0.00 ‘ :

1 10 100 1000
Pure dephasing time of N-V~, T, (ns)
FIG. 7. Microwave-to-optical population and coherent con-

version efficiencies as a function of pure dephasing time of N-/~.
Microwave initial state was set as |0) + «|1) with o = 0.1.

[2,6,59]. Overall, the performances of the microwave-
to-optical quantum interfaces have advanced for various
platforms incorporating strong microwave-to-mechanical
and optomechanical couplings. Our study intimates that
diamond can be a good candidate platform with atomic
defects strongly bridging mechanical and optical frequen-
cies. In addition, since our spin-memory-based scheme
reduces the optical pump power [21], the mechanical qual-
ity factor may be further increased from the result shown in
Ref. [48] by decreasing localized phonon-phonon scatter-
ing events in nanostructures. Also, a microwave resonator
with an internal impedance converter realized a high qual-
ity factor over 10°, paving the way for future progress
of fast and active control of superconducting qubits [46].
Therefore, the implementation of our design will lead to

TABLE I. Comparison of piezo-optomechanical transducers for MW-to-optical conversion.

Refs. Platform oww/Qr)(GHZ)  wop/Q)(THZ)  gom/Qm)HD'  gue/Q0)HZ) oy

[56] AIN 3.8 197 1.1 x 10° — 9 x 1078
[6] GaAs 2.7 194 1.3 x 10° — 5.5 x 10712
[57] LNP® 1.85 195 8 x 104 - 1.1 %1073
[58] AIN 10 200 1.9 x 10* — 7.3 x 107
[1] AIN on Si 5.2 194 7 x 10° — 8.8 x 107°
[2] GaP* 32 193 2.9 x 10° — 1.4 x 10~
[59] GaP 2.8 193 7 x 10° - 6.8 x 1078
[60] LN on Si 3.6 194 4.1 x 10° — 2.5 % 1072
This work Diamond 12.5 470 - 1.6 x 107 1.5x 107!

2Optomechanical coupling rate.
bLithium niobate.
¢Gallium phosphide.
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the realization of an unprecedentedly high microwave-to-
optical quantum converter, combined with state-of-the-art
technologies of nanofabrication and microwave-resonator
design.

ITII. CONCLUSION

We proposed the practical design of quantum inter-
faces using the photonic cavity at the color-center emission
for quantum transduction between microwave and optical
photons via diamond spin memories. The pair of noncon-
tact electrodes with the 1D optomechanical crystal cavity
could generate a phonon by piezoelectric coupling in the
AIN thin-film pad to achieve a reasonable piezoelectric
coupling rate of 0.3 MHz. By adopting an ultrasmall mode-
volume cavity with rounded concentrators, we calculated
the coupling rate, g,../(27) = 16.4 MHz, which was 12
orders of magnitude larger than typical values, subse-
quently accelerating emission to the photonic waveguide
with the system’s population-conversion efficiency being
about 15%. Our results imply that an atomic defect cou-
pled to the photonic cavity serves as a coherent quantum
transducer, which we predict to have a coherent conversion
efficiency of over 10%. We can also consider an alterna-
tive color center with a large strain susceptivity, such as the
ground state of Si-V~ [61,62]. While our scheme generates
noncommunication-band photons, the on-chip nonlinear
photonic platform using silicon carbide [63,64] can be
effectively used to convert optical frequencies to extend
the distance range of the quantum network. Since our
system can provide solutions to practical problems, such
as conversion efficiency and thermal noise suppression,
we expect that the experimental demonstration will open
an alternative pathway for the realization of million-node
quantum repeaters.

All data are available from the corresponding authors
upon reasonable request. The COMSOL simulation file
(Figs. 2—5) and Python script (Figs. 6 and 7) are available
from a public repository [65].

ACKNOWLEDGMENTS

The authors appreciate M. Yamamoto and Y. Sekiguchi
for insightful discussions. This work was supported by a
Moonshot R&D grant from the Japan Science and Tech-
nology Agency (Grant No. JPMJMS2062) and by a Japan
Society for the Promotion of Science Grant-in-Aid for
Scientific Research (Grant No. 21H04635).

APPENDIX: DEFINITIONS OF CONVERSION
EFFICIENCIES

Here, we address the definitions of 7y, and neon in
detail. In a general system, we consider a process where
an excitation of one degree of freedom (DOF), denoted by
A, is transmitted to other DOFs, By, in time tr. Our aim

is to obtain the time evolution of a single-photon input,
[1)4 |E), where |E) is the initial environment state. The
process is represented as

1DAIE) = > Culep)1D)g, E) + > Diltp) 1), [E'x)
k k

+ 3 D)0 1F), (AD)
r

where |E';) is another state that has the same energy as
|E), and |F') is a state with a single excitation added. The
second term on the right-hand side of Eq. (A1) represents
the coherent transmission of the excitation, while the third
term expresses the incoherent transmission. The last term
denotes losses of excitation to the environment.

Assuming that we can detect all the excitations of By,
we can define the efficiency of the total transmission of the
population as

Mpop = Y _ Gk + Y IDet)P, (A2)
k k

and the efficiency of the coherent emission as

Neoh = Z |Cr(t)]?. (A3)
%

For numerically calculating the conversion efficiencies, we
can set the initial state as «|0) + B|1), with o® + 2 = 1.
In terms of correlation functions, we can rewrite Eqs. (A2)
and (A3) in the following form:

¥

Zk <bkbk>t=tﬂ Zk |<bk) |2t=zfA

71 > MNeoh=—7 >
(ata)_, @) Pico

(A4

Npop =

where a and by are the annihilation operators for 4 and By,
respectively.

For the model we analyze here, the output DOFs cor-
respond to the electric field excited on each spatial point
of the waveguide. That is, by — d, with r denoting the
position on the waveguide. Our device is connected to
the waveguide at » = 0. Experimentally, we can collect
all the excitations since they propagate to the detector in
order. Note that the coefficients C,.(#;) and D,(¢;) are only
nonzero when r < # holds; the phase velocity is normal-
ized to unity. This is due to the linear propagation of the
electric field:

dp (1) = dow(t — 1), (AS)
and an assumption that the waveguide’s initial state is
the ground state. By using the above replacements in Eq.

(A4) and noting that > _ . . . corresponds to fotf dr...,which
k
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is equivalent to fgf dt..., we obtain the expression we
present in Egs. (15) and (16).
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