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Efficiently exciting and controlling phonons in diamond nanoresonators represents a fundamental chal-
lenge for quantum applications. Here, we theoretically demonstrate the possibility of exciting mechanical
modes within a double hybrid cavity (DHC), formed by adjoining to a diamond cavity a second cavity
made of aluminum nitride. The latter is piezoelectric and serves as a microwave-to-phonon transducer,
activating mechanical modes in the entire DHC. We show the process of matching the cavities’ phononic
properties, making them work coordinately in the DHC and obtaining a well-confined mode. In the dia-
mond part of the cavity, this mode replicates the fundamental mode of the individual diamond cavity,
showing that the piezoelectric transducer does not alter the diamond individual fundamental mode. In the
piezoelectric part, the strong confinement of stress and electric field results in a high piezoelectric coupling
rate, demonstrating the effectiveness of a phononic cavity as a transducer. The study is contextualized in
the framework of a quantum networking application, where the DHC serves as a spin qubit, exploiting the
spin-mechanical coupling within diamond color centers.
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I. INTRODUCTION

Diamond structures embedding color centers [1–4] are
at the forefront of quantum remote communication [5–8].
In particular, diamond mechanical nanoresonators incor-
porating negatively charged nitrogen-vacancy (N-V) color
centers [9–11] are emerging as potential candidates for
quantum networking [12]. Indeed, two-level spin transi-
tions can be controlled in diamond N-V centers by exploit-
ing their sensitivity to mechanical stress [13–18], making
them ideal qubits. Diamond qubits can therefore serve as
nodes in a quantum network, where the information on the
spin state of each qubit can be read out optically [19–21]
and transmitted over long distances to other nodes, thereby
interconnecting the network. More specifically, each node
should incorporate a phonon source at the transition fre-
quency of N-V centers and a photonic waveguide for
readout, connected to a telecommunication optical fiber.

One of the main challenges is then how to efficiently
excite and control the mechanical modes in diamond struc-
tures. Recent advances in hybrid devices, integrating dia-
mond and piezoelectric structures, offer an efficient solu-
tion to embed N-V centers and directly excite mechanical
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modes through the inverse piezoelectric effect [22]. Rani-
wala et al. proposed an electromechanical device where a
diamond resonator is excited by a piezoelectric transducer
[23]. Ding et al. demonstrated the possibility of exciting
mechanical modes in a diamond waveguide by surface
acoustic waves [24]. Another strategy is offered by our
recent work [25], where a piezoelectric pad is attached on
top of a diamond optomechanical cavity, and works as a
microwave transducer to excite phonons.

In structures of this type, the aim is to excite the dia-
mond resonator without compromising its fundamental
resonant mode. Generally, indeed, the closer and larger the
piezoelectric transducer to the resonant mode localized in
diamond, the stronger the excitation. However, the mass of
the transducer alters the resonant mode’s shape, frequency,
and coupling with color centers. This tradeoff limits the
piezoelectric coupling rate, which quantifies the effective-
ness of piezoelectric excitation and thus the performance
of the network node. In current devices, this coupling rate
falls within the megahertz range [25,26]. Ideally, a perfect
transducer would achieve a high piezoelectric coupling
rate without affecting the diamond resonant mode features.

Here, we theoretically introduce a structure approach-
ing the ideal case, with an efficient piezoelectric trans-
ducer attached to the localized region of the diamond
mode, but without altering its shape or the coupling
with the N-V centers. Such a configuration achieves a
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piezoelectric coupling rate four orders of magnitude higher
than for the cavity with the piezoelectric pad [25], when the
two structures have similar sizes. The design is realized by
adjoining two quasi-one-dimensional patterned phononic
cavities, respectively made of diamond and aluminium
nitride (AlN), thus forming a double hybrid cavity (DHC).

The challenge lies in the nontrivial integration of two
cavities made of different materials to form a coherent
DHC. Phononic cavities, indeed, rely on two key charac-
teristics: first, a periodic unit cell that leads to destructive
interference of acoustic waves [27,28], resulting in the for-
mation of band gaps in the phonon dispersion [29,30]; and
second, geometrical defects that locally modify the phonon
dispersion and cause the localization of mechanical modes
at frequencies within the unperturbed band gap [31]. In this
work, we show the process of achieving both of these key
elements for a DHC. Then we quantitatively discuss the
advantages provided by the DHC.

We start with the customization of the phonon disper-
sions of the individual diamond and piezoelectric unit
cells, aiming to open a band gap in the hybrid diamond-
piezoelectric double unit cell phonon dispersion. Then
we utilize a homemade genetic algorithm to optimize
the DHC defects, effectively confining its fundamental
resonant mode within the newly formed band gap.

The optimized resonant mode replicates, in the dia-
mond part, the fundamental mode of the individual dia-
mond cavity (DC), thus ensuring similar performance in
terms of spin-mechanical coupling with the color cen-
ters. This demonstrates that the piezoelectric cavity (PC)
can be used as a transducer without altering the diamond
resonant mode. Within the PC, the overlap between the
confined stress and electric fields leads to the high piezo-
electric coupling rate, demonstrating its effectiveness as a
transducer.

II. RESULTS AND DISCUSSION

A. Tuning the phonon dispersion

To design the DHC with a well-confined resonant mode,
we first need to open a band gap in the phonon dispersion
associated to the double hybrid diamond-piezoelectric unit
cell. Here, we show the strategy to obtain this.

We start by taking a quasi-one-dimensional diamond
nanocrystal with geometrical axes orientated along the dia-
mond lattice principal axes. The nanocrystal is formed
by the repetition along the x coordinate of the unit cell
sketched in Fig. 1(a) (top left, in light blue), with peri-
odicity ap and thickness t = 0.37ap . The unit cell has a
rectangular cross section of width w = 1.43ap , with a pat-
terned elliptical hole at the center, whose axes are hx =
0.37ap and hy = 0.78ap (more details about all the struc-
tures can be found in Appendix A). In the same panel,
we show with light blue circles the z-symmetric phonon

dispersion associated to such a diamond unit cell, plot-
ting the reduced frequency � = ωap/(2πvt) as a function
of the wave vector K (ω is the angular frequency and
vt = 12 800 m/s the sound transverse velocity in diamond).
The α-symmetry is intended to be with respect to the plane
cutting the cell in half and perpendicular to the α axis
(α = x, y, z). All the phonon dispersion curves in Fig. 1
are z-symmetric. Diamond unit cell branches are further
differentiated into y-symmetric and y-antisymmetric. A
y-symmetric band gap is present between approximately
0.25 and 0.38.

In the same plot, purple circles indicate the phonon dis-
persion of an AlN unit cell, whose geometry is identical
to the diamond one and is displayed at the top of the panel
(in light purple). The crystal orientation is assumed to have
the out-of-plane lattice axis along the z coordinate and in-
plane equivalent principal lattice axes along, respectively,
x and y coordinates. This cell exhibits three y-symmetrical
band gaps between approximately 0.14 and 0.23, 0.27 and
0.3, and finally 0.31 and 0.4. Therefore, the main intersec-
tion between y-symmetrical band gaps of the diamond and
AlN cells with identical shape lies between approximately
0.31 and 0.38. This zone is highlighted in gray for easier
visualization.

We now laterally adjoin the diamond cell to the identical
AlN cell, assuming the continuity of the displacement at
the interface between the two materials. The resulting cell
is then a double hybrid cell, whose geometry is shown in
Fig. 1(b) (top). Since the side of the double cell is still ap ,
its periodic repetition generates a hybrid nanocrystal, pos-
sessing a well-defined phonon dispersion, shown as well
in Fig. 1(b). The presence of different materials breaks the
symmetry along the y axis, therefore y-symmetrical and
y-antisymmetrical modes can no longer be distinguished.
Nevertheless, a classification of the modes can be per-
formed by examining their origins. In many cases, modes
from the individual unit cells can be identified within those
of the combined unit cell. These are modes that are only
minorly perturbed by the lateral contact with the other
material in the combined cell. As a result, their energy is
predominantly localized in either the diamond or the AlN
part of the cell. Branches formed by these modes are a
product of hybridization between branches of individual
unit cells. To visualize this effect, each mode in Fig. 1(b) is
color-weighted with γ = (U(d)

mec − U(p)
mec)/(U(d)

mec + U(p)
mec),

where U(d)
mec is the mechanical mode energy contained in

diamond, while U(p)
mec is that contained in AlN. For each

m-eigenmode with reduced frequency �(m) (and angular
frequency ω(m) = 2πvt�

(m)/ap ), U(β)
mec (β = d, p) is given

by the temporal average of the mechanical energy over a
complete cycle with period τ (m) = 2π/ω(m):

U(β)
mec = 1

τ (m)

∫ τ (m)

0
dt

∫
β

drUmec(r, t). (1)
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(a) (b) (c) (d)

FIG. 1. Different diamond, AlN, and hybrid unit cells and relative z-symmetric phonon dispersions. (a) Diamond unit cell (light blue)
with thickness t, periodicity ap , width w, and patterned elliptical hole of axis hx and hy . Identical AlN cell (light purple) having the
same parameters as the diamond cell. Phonon dispersion of the diamond unit cell (light blue circles) and identical AlN unit cell (purple
circles). Full and empty circles represent, respectively, y-symmetric and y-antisymmetric modes. The intersection of diamond/AlN
symmetric band gaps is highlighted in gray. (b) Identical (unmatched) double hybrid diamond/AlN unit cell and relative phonon
dispersion. Each point is color-weighted according to γ = (U(d)

mec − U(p)
mec)/(U(d)

mec + U(p)
mec). The phonon dispersion does not present

any band gap. (c) Unmodified diamond unit cell (light blue) and optimized AlN unit cell (light purple) with width w′ and patterned
elliptical hole with axis h′

x and h′
y . Phonon dispersion of the diamond unit cell (light blue circles) and optimized AlN unit cell (purple

circles). The color/symbol code is the same as in (a). (d) Optimized (matched) double hybrid diamond/AlN unit cell and relative
phonon dispersion. The color code is the same as in (b). In this case, the phonon dispersion presents a band gap.

Umec is the mechanical energy density, which can be
calculated from the kinetic and potential contributions:

Umec = 1
2
ρv2 + 1

2
T : ε, (2)

where ρ, v and T : ε are, respectively, the density, the
velocity, and the tensor product between the stress and the
strain fields in the m-eigenmode. The spatial integral spans
over the diamond (β = d) or the AlN (β = p) part of the
unit cell. Thus, γ → 1 indicates modes that predominantly
derive from the diamond cell modes, and γ → −1 from
the AlN cell.

The hybridized origin of many of the branches implies
that, as a rule of thumb, the combined cell is more likely to
exhibit a band gap in frequency ranges where both individ-
ual cells have a low density of modes, as within band gaps.
Enlarging the band-gap intersection between the individ-
ual cells, then, increases the chances of finding a band
gap in the combined cell. In the case of the dispersion
curve in Fig. 1(b), no band gap is present for the double

hybrid cell, indicating that the symmetric band-gap inter-
section of the individual cells is not sufficient to ensure
good phonon matching. For this reason, we refer to the
hybrid unit cell formed by identical diamond and AlN cells
as the unmatched unit cell. This implies that, as we will see
in detail in what follows, it is not possible to localize effi-
ciently mechanical modes in an unmatched DHC created
from such a unit cell.

We now tailor the AlN unit cell, aiming to open a
band gap in the double hybrid cell phonon dispersion.
This is done by tuning its individual phonon dispersion
to enlarge the intersection between its band gap and that
of the diamond cell. Figure 1(c) shows the optimized AlN
cell rendering (top right, in light purple) and its phonon
dispersion. The new geometrical parameters of the cell
are w′ = 0.9ap , h′

x = 0.22ap , and h′
y = 0.65ap . The associ-

ated phonon dispersion presents a large y-symmetric band
gap between approximately 0.17 and 0.38. Figure 1(c) also
shows again the unmodified diamond cell sketch (top left,
in light blue) and its phonon dispersion (light blue circles),
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allowing a direct comparison with the optimized AlN one.
The intersection between their y-symmetric band gaps,
highlighted in gray, extends between approximately 0.25
and 0.38, almost twice as large as that for identical cells in
Fig. 1(a).

The impact of such a large band-gap intersection is
reflected in the phonon dispersion of the double hybrid cell
formed by the adjunction of the diamond unit cell and the
optimized AlN unit cell. This is shown in Fig. 1(d), dis-
playing the rendering (top) and the dispersion curve of the
such unit cell. At variance from the unmatched unit cell
[Fig. 1(b)], here a band gap is present between approxi-
mately 0.29 and 0.32 (highlighted in gray). For this reason,
we refer to this unit cell as the matched unit cell. Thanks
to the opening of the band gap, the matched hybrid cell
is suited to form a matched DHC capable of confining
mechanical modes.

B. Tuning the fundamental resonant mode

To excite the N-V centers efficiently, we need to design
the DHC exhibiting a resonant mode. In particular, the goal
is to obtain a mode in the DHC that replicates the mode in
an individual DC, thus ensuring that the PC does not exces-
sively alter the mode coupling with the N-V centers. Here,
we achieve this by optimizing the design of the defects
within both the PC and the DC.

First, we describe the individual DC that will form the
DHC diamond part. Figure 2(a) shows the DC geometry,
at the center of which the unit cell periodicity is broken
by the insertion of eight defects with gradually deformed
holes, characterized by increasing hx and decreasing hy
while moving towards the center (more details about the
geometry can be found in Appendix A). The shape and
the position of the two most central holes are additionally
deformed into triangular concentrators [25,30,32], with the
scope of increasing the strain and stress of confined res-
onant modes in the center of the cavity, where the N-V
centers are embedded [30,33]. The displacement profile of
the fundamental DC resonant mode at a reduced frequency
�dc ≈ 0.32 is characterized by a low-displacement/high-
strain between the concentrators, similarly to other cavi-
ties with comparable structures [25,30]. This is shown in
the inset, reporting the difference between the xx and yy
strain tensor components, |εxx(r) − εyy(r)|. This term con-
tributes to the spin-mechanical coupling rate g(n)

sm between
the mechanical n-eigenmode and the N-V centers [30,32]:

g(n)
sm (r) = χ

εxx(r) − εyy(r)
max(|u(r)|) xzpf, (3)

where χ = −0.85 PHz/strain is the strain susceptibility
constant for N-V centers [34], u is the displacement pro-
file of the n-eigenmode and xzpf its cavity zero point

0 +1
displacement (arb. units)

displacement (arb. units)

displacement (arb. units)

  Matched DHC ( 0.31) Ωmdhc ≈

  Unmatched DHC ( 0.31) Ωudhc ≈

  Individual DC ( 0.32) Ωdc ≈ x
y

0 +1

0 +1

 (arb. units)|ϵxx − ϵyy|
0 +1

ap/2

ap
(a)

(b)

(c)

FIG. 2. Geometry and normalized displacement profile of the
fundamental eigenmode of different cavities. (a) Individual DC,
with eigenmode at the reduced frequency �dc ≈ 0.32. Inset:
|εxx(r) − εyy(r)| profile near the concentrators. (b) Unmatched
DHC, with unconfined eigenmode at �udhc ≈ 0.31. (c) Matched
DHC, with confined eigenmode at �mdhc ≈ 0.31. The mode
replicates, in the diamond part, the individual DC mode shown
in (a).

fluctuation. The latter can be calculated as [29,30]

xzpf =
√

�

2meffω(n)
, (4)

where ω(n) = 2πvt�
(m)/ap is the angular frequency of the

n-eigenmode, � the reduced Planck constant, and meff is the
cavity effective mass for that mode, given by

meff =
∫

dr
u*(r)ρ(r)u(r)
max(|u(r)|)2 , (5)

ρ(r) being the mass density profile.
To calculate the coupling rate gdc

sm for the eigenmode in
Fig. 2(a), we need to fix the DC size. For a direct compari-
son with the cavity with the piezoelectric pad [25], we set a
similar periodicity ap = 270 nm. With this choice, the two
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cavities present similar values for both the fundamental
eigenfrequency (about 15 GHz for the DC) and the spin-
mechanical coupling rate (|gdc

sm|/2π ≈ 20 MHz). Although
the N-V center transition frequency can be tuned by the
application of a magnetic field [12,35], lower frequencies
(around 3–5 GHz) are more common to trigger these tran-
sitions [36]. To obtain lower frequencies in the DC, we can
scale its size by a factor ξ (ap → ξap ⇒ ωdc → ωdc/ξ ).
Accordingly, the spin-mechanical coupling rate scales in
proportion to 1/ξ 2. This means that, when setting a fre-
quency 5 GHz, as a result we get |gdc

sm|/2π ≈ 2 MHz. For
3 GHz, |gdc

sm|/2π ≈ 1 MHz. Thus, in a real experiment,
there will be a tradeoff between a high spin-mechanical
coupling rate, which requires small ap and high frequen-
cies, and the achievable frequency N-V resonant frequency,
which depends on the applied magnetic field.

To form the DHC, we now add the PC, assuming the
continuity of the displacement between the two adjoined
cavities. Figure 2(b) shows the unmatched DHC made
by identical diamond/AlN unit cells. Also the defects
are identical, with the sole exception of the concentrator
holes, which are not included in the PC. The unmatched
DHC presents a series of unconfined mechanical eigen-
modes, among which Fig. 2(b) shows the one most closely
resembling the fundamental individual DC eigenmode
[Fig. 2(a)]. This clearly shows how, in general, the piezo-
electric transducer can induce an alteration of the diamond
mode and a deterioration of its features. The mode has
a reduced frequency �udhc ≈ 0.31 GHz and a normalized
mode volume of about 0.7. The latter is calculated as the
temporal average of 1

a3
p

∫
drUmec/ max(Umec), that is, the

integrated mechanical energy density [Eq. (2)] divided by
its maximal value and normalized by a3

p . Interestingly, sep-

arating the integral in the PC and DC contributions, we
notice that the PC contributes most of the volume (about
75%), indicating that the nonconfinement is mostly due
to the PC. This is evident looking at the eigenmode in
Fig. 2(b), where phonon leakage primarily occurs in the
PC, thereby hindering efficient excitation of the DC. We
highlight that this is not due to the particular choice of
the PC defects geometry, but it is the direct consequence
of the absence of band gaps associated to the unmatched
combined unit cell, as discussed above with reference to
Fig. 1(b).

Conversely, when using the matched double unit cell to
form a DHC, a resonant mode within the band gap can be
obtained. Figure 2(c) shows the matched DHC cavity and
its well-confined fundamental eigenmode at �mdhc ≈ 0.31.
The good confinement is reflected also in the normalized
mode volume, being about 0.09, almost one order of mag-
nitude smaller than the one of the unmatched DHC. The
mode was obtained by optimizing the design of the defects
position and size in both the DC and the PC. Such a struc-
tural optimization was performed by a homemade genetic

algorithm, whose details can be found in Appendix C.
Regarding the robustness of the mode, in Appendix D
we show that it can tolerate modifications of approxi-
mately ±10% to the PC and DC defects sizes, without
significantly changing its spin-mechanical coupling and
mode volume. This result gives the cavity a good toler-
ance to possible defects introduced during an experimental
fabrication process.

Most importantly, the displacement field inside the DC
part reproduces almost perfectly the fundamental eigen-
mode of the individual DC in Fig. 2(a). This demonstrates
that through the precise matching of the phononic prop-
erties of the cavities forming the DHC, we were able to
design a piezoelectric transducer that preserves the dis-
placement field shape of the individual DC. Having similar
displacement, we expect also the coupling with the N-V
centers, gsm, to be similar for the two cavities, although in
the DHC the additional PC part increases meff. To calculate
gsm in the DHC case, we need to generalize the expres-
sion in Eq. (3): max(|u(r)|) and xzpf are calculated over
the entire DHC, while χ is set to zero in the PC. In this
way, we are able to calculate the spin-mechanical coupling
rate |gmdhc

sm | for the matched DHC eigenmode in Fig. 2(c).
The ratio between its maximal value and the previously
calculated one in the individual DC is |gmdhc

sm |/|gdc
sm| ≈ 0.8.

As expected, the ratio is close to 1, demonstrating that the
presence of the optimized PC has only a moderate effect on
the spin-mechanical coupling in the DHC.

C. Excitation by noncontact electrodes

The main advantage of diamond-piezoelectric hybrid
devices is the possibility of exciting N-V centers embed-
ded in diamond via the inverse piezoelectric effect. Here,
to activate the DHC mechanical modes, we employ
microwave noncontact electrodes positioned, respectively,
below and above the DHC, following the approach pro-
posed by Hönl et al. [22].

The electrodes generate an electric field, triggering the
PC piezoelectric response. The mechanical energy pro-
duced in the PC activates acoustical modes in the entire
DHC, including the DC. The PC, therefore, acts as a
photon-to-phonon transducer. The voltage between the
electrodes is sinusoidally modulated at reduced frequency
�e. Figure 3(a) shows the electric potential around the
matched DHC in the y-z plane, generated by the elec-
trodes at �e = �mdhc − δ�, close to the matched DHC
resonance mode (δ� ≈ 2 × 10−4). The arrows indicate
the in-plane electric field direction, originating from the
bottom electrode (signal) and directed toward the top elec-
trode (ground). By tuning �e, we can observe the DHC
acoustical response at various frequencies, allowing us to
derive its spectrum.

Figure 3(b) shows the spectrum of the mechanical
energy stored in the central part of the DC for the
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 Electric potential at  Ωe = Ωmdhc − δΩ

 Electric potential in DHC at  Ωe = Ωmdhc PC piezoelectric energy spectrum

DHCDHC
PC

Al (signal)

DC

Al (ground)

y
z

Al (signal)

Al (ground) DHC

DC

PC

+10

DC mechanical energy spectrum

0 +1
displacement (arb. units)

ap

y z x

+10

(a) (b)

(c) (d)

FIG. 3. Noncontact microwave photon-to-phonon excitation
via piezoelectric effect in the DHC. (a) Electric potential pro-
file in the y-z plane at �e = �mdhc − δ�, with δ� ≈ 2 × 10−4.
(b) Mechanical energy in the central part of the DC as a func-
tion of 
� = �e − �mdhc for the unmatched DHC (green curve)
and matched DHC (orange curve). Inset: displacement profile
for the excited resonant mode at 
�e = 0 in the matched DHC.
(c) Electric potential profile inside the matched DHC at 
� = 0.
(d) Piezoelectric energy Upe in the PC as a function of 
� for
the unmatched DHC (purple curve) and matched DHC (yellow
curve).

unmatched DHC (green curve) and the matched DHC
(orange curve) as a function of 
� = �e − �mdhc. The
energy is calculated using Eq. (1), but this time the spa-
tial integral is performed over the central part of the DC
(x ≤ |0.9ap |), since we are only interested in confined
modes. The spectrum spans a frequency range correspond-
ing to the band gap of the matched DHC, as confined
modes are only possible within this range. The matched
DHC exhibits a prominent peak at the frequency of its
resonant mode (
� = 0, �e = �mdhc), which is several
orders of magnitude higher than any peak observed in the
unmatched DHC. In the inset, we present the displacement
profile of the matched DHC mode excited by the elec-
trodes, which precisely matches the eigenmode [Fig. 2(c)].
Consequently, employing noncontact electrodes proves to
be a suitable strategy to excite the fundamental mode of the
matched DHC, and thus trigger the embedded N-V centers.

The efficiency of the excitation is determined by the
microwave-to-acoustic conversion via the piezoelectric
transducer. Therefore, we need to demonstrate that the
choice of the PC as a transducer not only does not affect the
feature of the fundamental diamond mode, but also is capa-
ble of providing an efficient excitation. A high conversion
rate within the PC, indeed, implies a more efficient control
of the mechanical excitation in the DHC and thus of the
spin transitions at a given voltage between the electrodes.
This conversion rate can be quantitatively evaluated by the
piezoelectric coupling [37]. To calculate it for the DHC,
we start by taking the total piezoelectric energy in the PC,
given by the integral of the stress field T and the electric
field E:

Upe = 1
2

∫
PC

dr(T · dT · E + E · d · T), (6)

where d is the piezoelectric tensor in the PC. High values
of Upe are then expected for configurations presenting a
significant overlap between T and E. Figure 3(c) shows the
electric potential within the matched DHC at �e = �mdhc

(
� = 0), revealing a well-confined peak at the center of
the PC. Consequently, the optimized patterning in the PC
leads to a tight confinement of both the stress and the elec-
tric field in the central part of the matched DHC. Figure
3(d) shows the spectrum of Upe for the unmatched DHC
(purple curve) and the matched DHC (yellow curve). As
expected, we observe a high peak for the matched DHC
at 
� = 0 (�e = �mdhc), where T and E are strongly
confined and overlap significantly. This peak is orders of
magnitude higher than any other peak for the unmatched
DHC, whose photons and phonons are poorly confined.

However, it is important to note that Upe depends on the
voltage magnitude between the electrodes, so its absolute
value alone does not provide explicit information about the
piezoelectric conversion efficiency. To assess the latter, it
is necessary to normalize both T and E. To this end, T and
E can be decomposed as a sum of the normalized eigen-
modes T(n) and E(m). Then the piezoelectric coupling gn-m

pe
between a mechanical n-mode and an electrical m-mode is
[38]:

gn-m
pe = 1

2�

∫
PC

dr
(
T(n) · dT · E(m) + E(m) · d · T(n)

)
, (7)

whose value solely depends on the profile of the involved
fields. In the case of the DHC and electrodes system, the
electric field E is generated by two sources, namely the
electrodes and the PC, with the second one due to
the piezoelectric effect. T is instead determined only by
the stress within the PC part of DHC modes. When
�e coincides with the DHC reduced resonant frequency
�(ñ) of the ñ-eigenmode (with angular frequency ω(ñ) =
2πvt�

(ñ)/ap ), both T and E oscillate at �e = �(ñ). In other
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words, the decomposition of each field occurs only on
the ñ-eigenmode: T ∝ T(ñ) and E ∝ E(ñ). For the propor-
tionality factor, we opt for the square root of the ratio
between the energy carried by the quantum of the field
(phonon or photon) and the total field energy, ensuring the
normalization of eigenmodes:

T(ñ) =
√

�ω(ñ)

Umec
T,

E(ñ) =
√

�ω(ñ)

Uem
E.

(8)

The total mechanical energy of the system, Umec, is calcu-
lated as in Eq. (1), with the integral spanning along the
entire DHC. The total energy generated by the electric
field, Uem, is given by

Uem = 1
2τ (ñ)

∫ τ (ñ)

0
dt

∫
drε|E|2, (9)

where τ (ñ) = 2π/ω(ñ)and the spatial integral extends over
the PC, the DC, and the surrounding vacuum, and the
permittivity ε changes accordingly.

As for the spin-mechanical coupling rate, the piezoelec-
tric coupling also depends on the dimension of the cavity.
Therefore, we set again ap = 270 nm for a direct com-
parison with the cavity where the microwave-to-phonon
conversion is provided by the piezoelectric pad [25]. With
this choice, we obtain a value of the piezoelectric coupling
rate of |gmdhc

pe |/2π ≈ 2 GHz, four orders of magnitude
higher than in the cavity with the pad [25]. When tuning
the DHC resonant mode at lower N-V color center fre-
quencies (around 3–5 GHz [36]), we still obtain the high
value of |gmdhc

pe |/2π ≈ 0.4–0.7 GHz. This result shows the
effectiveness of using a PC as the transducer. Such high
values, indeed, can be rationalized by considering the high
confinement of the mechanical stress and electric field pro-
vided by the nanocavity. The small mode volume of the
PC resonant mode leads to a significant overlap between
the two fields, thus causing a large enhancement in the
piezoelectric coupling rate.

III. CONCLUSION

In this work, we theoretically introduced the design of
a quasi-one-dimensional phononic DHC formed by two
adjoined cavities of diamond and AlN. Within the DHC,
the DC has the potential to incorporate N-V color centers,
while the PC ensures an efficient control over mechani-
cal excitation of the entire structure. We demonstrated that
the choice of a PC as a piezoelectric transducer presents
two ideal characteristics. First, the PC can be designed
so that the diamond fundamental mode remains almost

unaltered, ensuring a high coupling with the N-V centers.
Second, the PC presents a high piezoelectric coupling rate,
demonstrating its effectiveness as a transducer.

To obtain the design of the DHC, we first tuned the
phonon dispersion of the individual diamond/AlN unit
cells to obtain a band gap in the phonon dispersion of the
combined hybrid double cell. This, in turn, allowed us to
design a matched DHC, presenting a well-confined mode
with frequency falling within the band gap. We tailored
this mode using a genetic algorithm optimization on the
DHC defects, obtaining as a result a fundamental mode
that closely replicates the profile of the fundamental mode
in the individual DC. The similarity of the modes leads
to a spin-mechanical coupling rate ratio between the two
cavities of about 0.8. This shows that the presence of the
PC has only a moderate effect on the spin-mechanical cou-
pling rate in diamond. In discussing such a coupling, we
also pointed out that, in a real experiment, a tradeoff must
be found between a high spin-mechanical coupling rate,
which can be enhanced by shirking the cavity size and
thus increasing its resonant frequency, and the obtainable
N-V resonant frequency, which can be tuned by an external
magnetic field.

In the AlN part of the cavity, we predicted a piezoelec-
tric coupling rate four orders of magnitude higher than for
the cavity excited by a piezoelectric pad [25], when the two
cavities have similar size. We attributed such a high value
to the strong overlap between the confined stress and elec-
tric fields ensured by the use of a phononic cavity as the
piezoelectric transducer.

The resonant mode has also proven to be resistant to
possible variations in the size of cavity defects, which can
be introduced during the fabrication process. The mode
maintains good performance in terms of spin-mechanical
coupling and mode volume within a range of approxi-
mately ±10% on defect size in PC and DC. Still regarding
the fabrication process, we can comment on the assump-
tion of perfect mechanical contact between diamond and
AlN. In this respect, the deposition of AlN on the diamond
[39,40] and other materials [41,42] is performed by sput-
tering and subsequent annealing at high temperatures. This
technique ensures an optimal adhesion between the two
materials, justifying our assumption.

Finally, we presented a scheme in which noncon-
tact electrodes, positioned respectively above and below
the cavity, successfully excite the resonant mode of the
entire DHC, thus triggering the color center transitions in
diamond.

The color center states can thus be detected by optical
techniques [15,43,44]. In this process, the presence of the
PC adjoined to the DC is expected to have a small impact,
since photons emitted by N-V centers will stay confined
in the DC [25], the diamond refractive index being higher
than that of AlN. Nevertheless, a natural evolution of our
system would be a diamond-piezoelectric double hybrid
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optomechanical cavity that exploits the advantages demon-
strated here by using the two cavities. The confinement
of photons due to the optomechanical cavity, indeed, will
enhance the readout of the diamond spin qubit state.
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APPENDIX A: GEOMETRY AND MATERIAL
PROPERTIES

The principal crystallographic axes of all the unit cells
of this work are assumed to be along the Cartesian coor-
dinates. This means that, for diamond, the three equiva-
lent crystallographic directions [100], [010], and [001] are
along the x, y and z coordinates, respectively. For AlN,
the out-of-plane lattice axis is taken along the z coordinate
and the in-plane equivalent lattice axes along the x and y
coordinates, respectively. In this way, diamond/AlN elas-
tic constants and AlN piezoelectric coupling constants take
the values reported in Table I, written in Voigt notation.

From a geometrical point of view, all unit cells present
a length ap along the x axis and a thickness t = 0.37ap .
The diamond unit cell and the identical (unmatched) AlN
unit cell present a rectangular cross section with width
w = 1.43ap and a patterned elliptical hole at its center,
with axis hx = 0.37ap and hy = 0.78ap [see Fig. 1(a)]. The
optimized (matched) AlN unit cell is obtained by altering
the previous parameters to w′ = 0.9ap , h′

x = 0.22ap and
h′

y = 0.65ap [see Fig. 1(c)]. The unmatched and matched

TABLE I. Material properties.

Parameter Diamond AlN

ε/ε0 5.9 9
ρ (kg/m3) 3515 3300
C11 (GPa) 1076 410
C12 (GPa) 125 149
C13 (GPa) 125 99
C22 (GPa) 1076 410
C23 (GPa) 125 99
C33 (GPa) 1076 389
C44 (GPa) 578 125
C55 (GPa) 578 125
C66 (GPa) 578 130.5
d15 (C/m2) – −0.48
d24 (C/m2) – −0.48
d31 (C/m2) – −0.58
d32 (C/m2) – −0.58
d33 (C/m2) – 1.55

Unmatched DHC x
y

hx
hy ap

Hole position (n)

Si
ze

/a
p
(a

rb
. u

ni
ts

)

DC + identical (unmatched) PC parameters

Hole position (n)
1 2 3 4 5 6 7–1–2–3–4–5–6–7

(a)

(b)

FIG. 4. (a) Central part of the unmatched DHC. (b) Behavior
of the different parameters of the DC and identical (unmatched)
PC as a function of the hole position.

unit cells are used to form the unmatched and matched
DHCs, respectively. Both cavities are made with 46 holes,
of which 38 are given by the repetition of the correspond-
ing unit cells described above and the eight central ones
are deformations (defects) of the cells. The deformation is
given by a modification of the periodicity and of the axes
of the elliptical holes. Figure 4(a) shows the central part
of the unmatched DHC. The holes are numbered with the

h′x h′y

Matched DHC
ap

Hole position (n)

Optimized (matched) PC parameters

x
y

Hole position (n)

(a)

(b)

1 2 3 4 5 6 7–1–2–3–4–5–6–7

Si
ze

/a
p

(a
rb

. u
ni

ts
)

FIG. 5. (a) Central part of the matched DHC. (b) Behavior
of the different parameters of the optimized (matched) PC as a
function of the hole position.
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index n (−7 ≤ n ≤ 7), thus allowing their parameters to be
described as a function of their position. Figure 4(b) shows
the behavior of ap , hx and hy within the DC and the iden-
tical PC forming the unmatched DHC. In addition to the
elliptical holes, the DC also presents two triangular holes
that superimpose those at n = ±1. The tip of each triangu-
lar hole points to the center of the cavity and is rounded to
make it suitable for fabrication. The distance between the
two triangles is about 0.16ap .

Figures 5(a) and 5(b) display respectively the central
part of the matched DHC and the behavior of ap , h′

x, and
h′

y for the PC as a function of n. Also in this case, holes
with |n| ≤ 4 present a deformation from the original unit
cell. The optimization of these parameters was performed
via a genetic algorithm in combination with finite-element
methods (see Appendix C).

APPENDIX B: FINITE-ELEMENT SIMULATIONS

1. Phonon dispersion relations

Finite-element simulations on single and double unit
cells were performed to obtain their phonon disper-
sion curves. Free boundary conditions were used at the
cell/vacuum boundaries, while Floquet periodic bound-
ary conditions were imposed at the cells’ external faces
perpendicular to the x axis. To obtain the phonon disper-
sion, we calculated the cells’ mechanical eigenmodes as
a function of the wave vector K . Due to the periodicity
of the system and the folding of the branches, K only
spans the one-dimensional Brillouin zone between −π/ap
and +π/ap . Since we are interested only in z-symmetric
modes, we simulated only half of the cell, accounting only
for half of its thickness t. A symmetric boundary condi-
tion was applied on the resulting exposed surface. All the
phonon dispersion curves in the main text are z-symmetric.
Furthermore, single cells are also divided in half in the
y-direction. In this way, we can apply to the resulting
exposed surface y-symmetric and y-antisymmetric bound-
ary conditions and obtain the corresponding symmetric and
antisymmetric modes. In the double cells, on the other
hand, due to the presence of different materials, the peri-
odicity in the y-direction is broken, so no y-symmetric or
y-antisymmetric condition can be applied.

2. Phononic cavities

Finite-element simulations on the individual DC, the
unmatched DHC, and the matched DHC were performed
to obtain their mechanical resonant modes via eigenmode
study. Then we retrieved the profiles of the displacement,
strain, stress, mode volume, and spin-mechanical coupling
associated to these modes. For the two DHCs, simula-
tions in the frequency domain were also performed to
calculate the acoustic/piezoelectric response of the cavi-
ties under excitation by an electric field generated from the

two top/bottom electrodes. The simulations are inherently
multiphysics, taking into account the reciprocal feedback
of the mechanical and piezoelectric responses of the sys-
tem in the frequency domain. In particular, we calculated
the energy in the central part of the DC and the piezoelec-
tric energy in the PC, as well as the piezoelectric coupling
constant. The electric field frequency was swept to derive
the spectral response of the cavities. Spectra in Fig. 3
of the main text are calculated with a �-step of about
2 × 10−5, but around the peaks the step was decreased to
about 2.5 × 10−6 for a finer analysis.

For the mechanical part of the study, a free bound-
ary condition was applied to all cavity-air interfaces. At
the end of the cavity, a perfectly matched layer boundary
condition was applied to avoid artificial internal reflec-
tions of the excited mechanical modes. Electrodes were
not included in the mechanical study, since they are not
in mechanical contact with the cavity.

For the piezoelectric study, the two electrodes respec-
tively take the role of the terminal and the ground, between
which a voltage difference is fixed. Moreover, we used an
air domain surrounding the cavity, in order to take into
account the electric field generated by the electrodes. A
zero charge condition is applied at the external boundaries
of the air domain.

For the eigenmode simulations, we simulated both the
entire cavities and their halves, applying a symmetric con-
dition at the y-z plane cutting the cavities in half. For the
frequency domain simulations, due to the higher compu-
tational cost, we accounted only for half of the cavity and
applied a symmetric boundary condition.

APPENDIX C: GENETIC ALGORITHM
OPTIMIZATION

The optimization of the matched DHC defect parame-
ters was obtained via a homemade genetic algorithm. The
algorithm varies the defects parameters ap , hx (h′

x), hy
(h′

y) and automatically incorporates them into the finite-
element simulation. The results of each simulation are
then fed back into the genetic algorithm that determines
the evolution of the parameters. The genetic algorithm
code was implemented on a binary gene encoding scheme,
incorporating a dynamic penalty function to handle con-
straints on the parameters. The constraints were imposed to
keep the holes of the cavity within the typical dimensions
achievable in a clean room fabrication process. Addition-
ally, we introduced a sharing function to ensure extensive
exploration of the search parameters space.

Two figures of merit were optimized to select the
final parameters of the matched DHC, namely the spin-
mechanical coupling rate gsm and the quality factor Q
of the fundamental mechanical mode. We observed that
gsm is largely influenced by the most central defects (n =
±1), while Q is more sensible to the other three defects
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(n = ±2, ±3, ±4). To take into account both these two
figures of merit, we opted for an iterative optimization
process. Initially, we concentrated on enhancing gsm by
adjusting the most central defects (n = ±1) of both the PC
and the DC. The algorithm settings for this first step were
a “Boltzmann” selection method, a population of 20 indi-
viduals and 20 generations. Then we carried out a second
optimization step focusing only on the three other defects
to improve Q, again both for the DC and the PC. In this
optimization step, we kept the same selection method as
before, but executed two different runs, the first with a pop-
ulation of 30 individuals and 20 generations, the second
with a population of 25 individuals and 20 generations.
Finally, we conducted a third run to maximize gsm, once
again focusing on the central defects. This third and final
optimization step used an “harmonic” selection method,
with a population of 30 individuals and 50 generations.

For all the optimization processes the evolution param-
eters were fixed as follows: crossover probability = 80%,
elitism probability = 10%, mutation probability = 8%.

The final quality factor obtained via genetic algorithm
for the fundamental mode in the matched DHC is about
5 × 107. Nevertheless, this was obtained with perfectly
matched layer conditions at the edges of the cavity, and
does not take into account thermal noise phenomena that
can severely affect its value. Therefore, although it is use-
ful to maximize Q so as to have the best possible structure
parameters, its value is not reported in the main text.

APPENDIX D: EFFECT OF IMPERFECTIONS ON
THE MATCHED DHC RESONANT MODE

To test the tolerance of the matched DHC to imper-
fections that can occur during a fabrication process, we
calculated the resonant mode at different defect sizes in
the DC and the PC. Figure 6 reports the spin-mechanical
coupling rate gsm/2π and the normalized mode volume
of the matched DHC resonant mode as a function of the
defect size. The sizes are normalized with those of a cav-
ity having ap = 270 nm, as in the main text. The resonant
mode is very robust, tolerating defects changes of about
±10%, while keeping reasonable values of the two figures
of merit.

When the period is set to approximately 800 nm, corre-
sponding to the excitation frequency of N-V centers, the
defects in the DHC are hundreds of nanometers in size,
thus a 10% tolerance means a required fabrication preci-
sion of tens of nanometers, which is feasible with today
fabrication techniques.

Notice that the best performances for both the spin-
mechanical coupling rate and the mode volume are for
large values of the DC defects. Nevertheless, DC defects of
that size can create fragile thin edges in the cavity, which
would probably break during the fabrication process. For
this reason, we decided to keep the DHC in the main text at

(a)

(b)

FIG. 6. Spin-mechanical coupling rate (a) and the mode vol-
ume (b) of the matched DHC resonant mode as a function of the
size of the defects in the DC and the PC.

the center of the tolerance range, ensuring a more reliable
cavity that can tolerate larger defects.
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