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We introduce a hybrid tripartite quantum system for strong coupling between a semiconductor
spin, a mechanical phonon, and a microwave excitation of a superconducting circuit. Consisting
of a piezoelectric resonator with an integrated diamond strain concentrator, this system achieves
microwave-acoustic and spin-acoustic coupling rates ∼MHz or greater, allowing for simultaneous
ultra-high cooperativities (∼ 103 and ∼ 102, respectively). From finite-element modeling and master
equation simulations, we estimate superconducting circuit-to-spin quantum state transfer fidelities
exceeding 0.95 based on separately demonstrated device parameters. We anticipate that this device
will enable hybrid quantum architectures that leverage the advantages of both superconducting
circuits and solid-state spins for information processing, memory, and networking.

I. INTRODUCTION

Solid-state quantum systems based on superconduc-
tors and spins are leading platforms that offer comple-
mentary advantages in quantum computing and network-
ing. Superconducting quantum processors enable fast
and high-fidelity entangling gates [1, 2], but challenges
remain in quantum memory time and long-distance net-
working. Conversely, atom-like emitters in solid-state
have demonstrated long spin coherence time, efficient
spin-photon interfaces for long-distance entanglement,
and high readout fidelity [3–8]. Coupling these modalities
is therefore an exciting direction in quantum information
science.

Previous studies using magnetic coupling between mi-
crowave (MW) photons and spins have been limited to
multi-spin ensemble interactions [9–15] due to low spin-
magnetic susceptibility and the low magnetic energy den-
sity of MW resonators [16–18]. Alternate experiments
and proposals rely on coupling via intermediate acoustic
modes [19–21], which have experimentally demonstrated
large coupling to superconducting circuits [22–28] and
are predicted to have large coupling to diamond quan-
tum emitters [29–35], or low-frequency mechanical driv-
ing of quantum emitters [36, 37]. However, designing
a device that strongly couples one phonon to both one
MW photon and to one spin – enabling an efficient MW
photon-to-spin interface – remains an outstanding chal-
lenge.

Here we address this problem through the co-design
of a scandium-doped aluminum nitride (ScAlN) Lamb
wave resonator with a heterogeneously-integrated dia-
mond thin film. This structure piezoelectrically couples
a MW photon and acoustic phonon while concentrat-
ing strain at the location of a diamond quantum emit-
ter. Through finite-element modeling, we predict photon-

phonon coupling ∼ 10 MHz concurrent with phonon-
spin coupling ∼ 3 MHz. These rates yield photon-
phonon and phonon-spin cooperativities of order 104 as-
suming demonstrated lifetimes of spins, mechanical res-
onators, and superconducting circuits [38, 39]. We ex-
plore state transfer protocols via quantum master equa-
tion (QME) simulations and show that this device can
achieve photon-to-spin transduction fidelity F > 0.97
with conservative hardware parameters. We find that
performance of these schemes is likely limited by two-
level system (TLS) loss in current piezoelectrics. An im-
provement in piezoelectric TLS loss rates to that of sili-
con will pave the way towards SC-spin state transduction
with F > 0.99.

II. THEORY OF MW PHOTON-PHONON AND
PHONON-SPIN COUPLING

We consider a coupled tripartite system consisting of
a superconducting circuit (SC), acoustic phonon, and
Group-IV electron spin (see Fig.1).

First, we must review the transmon architecture, which
consists of a SQUID loop with combined Josephson en-
ergy EJ and capacitance CJ in parallel with a shunt ca-
pacitor CS . For the sake of constructing only the cou-
pled system, we omit the transmon readout resonator,
which typically consists of a quarter wave resonator cou-
pled in parallel to the transmon. The transmon’s Joseph-
son and charging energies are EJ(φ) = ICΦ0

π cos(φext) =

EJ cos(φext) and EC = e2

2(CS+CJ ) (IC is the Josephson

junction critical current). Note here that the total charg-

ing energy for n̂ Cooper pairs will be 4EC n̂, where φ̂ is
the conjugate variable of n̂. Then the transmon Hamil-
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FIG. 1. Coupled SC-phonon-spin quantum system. (a-c) de-
pict the uncoupled modes of the (a) superconducting qubit
with Josephson capacitance CJ , shunt capacitance CS , and
external flux bias φext; (b) acoustic mode capacitively cou-
pled by CIDT ; and (c) diamond quantum emitter. (d) Piezo-
electric interaction, where the color indicates the electric field
profile under mechanical displacement. (e) Spin-strain cou-
pling resulting from modulating the inter-atomic distance of
the quantum emitter via mechanical strain under an external
B field B = Bxx̂ +Bz ẑ with spin-gyromagnetic ratio γ.

tonian is given by

Ĥtransmon = 4EC n̂+ EJ(φ̂) (1)

= 4EC n̂+ EJ

(
φ̂+

1

2
φ̂2 +

1

6
φ̂3 +

1

12
φ̂4 + ...

)
(2)

≈
(√

8EJEC − EC
)
â†â− EC(â†â†ââ). (3)

In the last step, we have rewritten in terms of the lad-
der operators. If we approximate the transmon as a two-
level system, then we can simply write Ĥtransmon as

Ĥtransmon/~ =
ωsc
2
σ̂zsc. (4)

Next, we make note of the Hamiltonian of the elec-
tromechanical resonator. Sans coupling, the resonator
modes can each be approximated as harmonic oscillators
with energy ~ωp,k, where ωp,k is the resonant frequency of
the kth resonator mode, plus some vacuum energy terms.
Ignoring these terms, the Hamiltonian Hres is

Ĥres/~ =
∑
k

ωp,kâ
†
p,kâp,k. (5)

Finally, we consider the Hamiltonian of the Group IV
electron spin. The full Hamiltonian of Group IV color
centers has been discussed at length in [40], but for the
purposes of this paper we consider the system under
an off-axis (transverse and longitudinal) magnetic field
(discussed in [20]). In these conditions, the Group IV
Hamiltonian can be written as a sum of the spin-orbit
Hamiltonian ĤSO and a Zeeman perturbation ĤZ (in
the {|ex ↑〉 , |ey ↑〉 , |ex ↓〉 , |ey ↓〉} basis),

Ĥspin = ĤSO + ĤZ (6)

=

 0 0 −iλg 0
0 0 0 iλg
iλg 0 0 0
0 −iλg 0 0

+

 γsBz γsBx iqγLBz 0
γsBx −γsBz 0 −iqγLBz
−iqγLBz 0 γsBz γsBx

0 iqγLBz γsBx γsBz


(7)

=

γsBz γsBx −iλ 0
γsBx −γsBz 0 iλ
iλ 0 γsBz γsBx
0 −iλ γsBx γsBz

 . (8)

(9)

Here, we use λ ≡ λg − qγLBz [40]. Solving the eigensys-
tem of this Hamiltonian gives us the eigenvalues

ν1 = −
√
γ2
sB

2
x + (λ−)2, (10)

ν2 =
√
γ2
sB

2
x + (λ−)2, (11)

ν3 = −
√
γ2
sB

2
x + (λ+)2, (12)

ν4 =
√
γ2
sB

2
x + (λ+)2. (13)

and the associated eigenvectors

|ψ1〉 =

(
1

2
√
γ2
sB

2
x − (λ−) (λ− + ν2)

)[
(−i (λ− + ν2)) |ex ↑〉 + i |ex ↓〉 − (λ− + ν2) |ey ↑〉 + |ey ↓〉

]
, (14)

|ψ2〉 =

(
1

2
√
γ2
sB

2
x + (λ−) (λ− + ν2)

)[
− i

(
λ− + ν1

λ− + ν2

)
|ex ↑〉 + i |ex ↓〉 −

(
λ− + ν1

λ− + ν2

)
|ey ↑〉 + |ey ↓〉

]
, (15)
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|ψ3〉 =

(
1

2
√
γ2
sB

2
x + (λ+) (λ+ + ν4)

)[
− i

(
λ+ + ν3

λ+ + ν4

)
|ex ↑〉 + i |ex ↓〉 −

(
λ+ + ν3

λ+ + ν4

)
|ey ↑〉 + |ey ↓〉

]
, (16)

|ψ4〉 =

(
1

2
√
γ2
sB

2
x + (λ+) (λ+ + ν4)

)[
(−i (λ+ + ν4)) |ex ↑〉 − i |ex ↓〉 + (λ+ + ν4) |ey ↑〉 + |ey ↓〉

]
. (17)

Here, we use λ− = λ − γsBz and λ+ = λ + γsBz.
(Note that, in the limit where Bx → 0, these eigenvectors
and eigenvalues simplify as {|ψ1〉 , |ψ2〉 , |ψ3〉 , |ψ4〉} →
{|e+ ↑〉 , |e+ ↓〉 , |e− ↓〉 , |e− ↑〉} from [40]).

Finally, the coupling rate gp,e between the lowest lying
states |ψ1〉 and |ψ3〉 can be calculated as

gp,e
2π

=
∣∣〈ψ3|M−1HstrainM |ψ1〉

∣∣, (18)

where

Hstrain =

α 0 β 0
0 α 0 β
β 0 −α 0
0 β 0 −α

 (19)

and M is the matrix that transforms the eigenvectors ψi
to the strain basis, such that

MĤspin = M

ν1 0 0 0
0 ν2 0 0
0 0 ν3 0
0 0 0 ν4

 . (20)

In SiV− centers in diamond, β is more than ten times
smaller than α [41], so we can simplify Hstrain to the
case where β → 0 and α → χeff (εxx − εyy) as discussed
in the main text (Equation (7)). Then for a known gorb
and a maximum magnetic field magnitude |B|, we can
plot out the required Bz and Bx alongside the projected
gp,e (Fig. 2). We are mostly interested in the regime
0 < |B| ≤ 0.18 T, as this regime lies below the Hc1 of
Nb. In the main text, we use the upper bound of 0.18 T
for simulations. Above this critical field, we would incur
additional losses in the coupled system due to the pres-
ence of normal currents in the superconducting circuit.
As higher Hc1 superconductors are explored as SC qubit
materials, higher |B| regimes will become accessible to
this scheme.

Now, we must consider the coupling between the su-
perconducting circuit and the electron spin to all acous-
tic modes supported by the piezoelectric resonator. The
Hamiltonian of describing this interaction can be written
as

FIG. 2. Effect of the maximum applicable magnetic field on
various parameters of the system. (a) Evolution of the Bx and
Bz required to maintain 4.31 GHz spin splitting as a function
of |B|. (b) Change in eigenfrequencies as a function of |B|,
where ν1 and ν3 are the eigenfrequencies of |ψ1〉 and |ψ3〉 are
the ground state qubit levels of interest. (c) Change in the
components CN of vectors |ψ1〉 and |ψ3〉 with |B|, indicating
greater spin-orbit mixing as the maximum applicable mag-
netic field increases. (d) projected gp,e vs |B| as determined
by Eq. (18).

Ĥ

~
=
ωsc
2
σ̂zsc +

∑
k

ωp,kâ
†
p,kâp,k +

ωe
2
σ̂ze

+
∑
k

gsc,p;k
(
σ̂+
sc + σ̂−sc

) (
âp,k + â†p,k

)
+
∑
k

gp,e;k
(
σ̂+
e + σ̂−e

) (
âp,k + â†p,k

)
.

(21)

where the index k labels each acoustic mode and
ωp,0 is the frequency of the resonator mode of inter-
est. We can shift into a interaction picture by apply-

ing the transformation Ĥ ′ = ÛĤÛ† + i
˙̂
UÛ†, where

Û = exp
[
i
(
ωsc

2 σ̂zsc +
∑
k ωp,kâ

†
p,kâp,k + ωe

2 σ̂
z
e

)
t
]
. This
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transformation gives

Ĥ ′

~
=∑
k

gsc,p;k

(
ei(ωsc−ωp,k)tσ̂+

scâp,k + e−i(ωsc−ωp,k)tσ̂−scâ
†
p,k

)
+
∑
k

gp,e;k

(
ei(ωe−ωp,k)tσ̂+

e âp,k + e−i(ωe−ωp,k)tσ̂−e â
†
p,k

)
.

(22)
We would like to determine the conditions in which

we can neglect all resonator modes except the mode of
interest, which we will call k0 with frequency ωp,k0 . Let
us first ignore the spin-phonon coupling and focus on
the superconducting circuit-phonon coupling. In the in-
teraction Hamiltonian in Eq. 22, we can see that when
ωsc = ωp,k0 (the frequency of the acoustic resonator mode
of interest), Rabi oscillations will be induced between
the two modes. We would also, however, like to con-
sider the oscillations induced between the superconduct-
ing circuit and the other resonator modes. Let us select

a different transformation Ĥ ′2 = Û2ĤÛ
†
2 + i

˙̂
U2Û

†
2 , where

Û2 = exp
[
i
(
ωsc

2 σ̂zsc +
∑
k (ωp,k + ∆p,k) â†p,kâp,k

)
t
]
,

where ∆p,k ≡ ωsc − ωp,k, and ignore the electron spin-
related terms. The resulting interaction Hamiltonian is

Ĥ ′2
~

= −
∑
k

∆p,kâ
†
p,kâp,k+

∑
k

gsc,p;k

(
σ̂+
scâp,k + σ̂−scâ

†
p,k

)
.

(23)
The Heisenberg equations of motion for σ̂sc and âp,k

are

˙̂σ−sc = − i
~

[
Ĥ ′2, σ̂

−
sc

]
(24)

= −κsc
2
σ̂−sc − igsc,p;k0 âp,k0 − i

∑
k 6=k0

gsc,p;kâp,k, (25)

˙̂ap,k = − i
~

[
Ĥ ′2, âp,k

]
(26)

=
(
−i∆p,k −

κp,k
2

)
âp,k + igsc,p;kσ̂

−
sc (27)

where gsc,p;k0 is the desired acoustic mode’s electrome-
chanical coupling. In matrix form, this becomes

˙
σ̂sc
ˆap,1
ˆap,2
...
ˆap,N

=



−κsc

2 −ig1 −ig2 . . . −igN
ig1 C1 0

. . . 0

ig2 0 C2
. . . 0

...
. . .

. . .
. . .

...
igN . . . . . . . . . CN




σ̂sc
ˆap,1
ˆap,2
...
ˆap,N

 . (28)

where gn = gsc,p;n and Cn = (−i∆p,n − κp,n

2 ). This is
equivalent to inducing Rabi oscillations of various fre-
quencies and suppressions between the SC qubit and
acoustic modes. The probability amplitude of popula-
tion transfer to each acoustic mode from an excited SC

state becomes

〈σsc,k〉 =
4(gsc,p;k)2

4(g2
sc,p;k) +

∣∣∣∆p,k + i
(
κsc+κp,k

2

)∣∣∣2

× sin2


√

4 (gsc,p;k)
2

+
∣∣∣∆p,k + i

(
κsc+κp,k

2

)∣∣∣2
2

t

 .

(29)

This gives us a SC qubit probability of being in the
excited state as a function of time is then

σ̂sc =
∑
k

〈σsc,k〉

=
∑
k

4(gsc,p;k)2

4 (gsc,p;k)
2

+
(

∆p,k + i
(
κsc+κp,k

2

))2

× sin2


√

4 (gsc,p;k)
2

+
∣∣∣∆p,k + i

(
κsc+κp,k

2

)∣∣∣2
2

t

 .

(30)

The sum over all 〈σsc,k〉 with k 6= k0 is a worst-case
bound on the probability amplitude that could escape the
computational basis into undesired acoustic modes, limit-
ing state fidelity. If the ratio of 〈σsc,k0〉/

∑
k 6=k0〈σsc,k〉 �

1, then we can effectively treat our system as having only
one acoustic mode coupled to a SC qubit. The same
physics governs the spin-phonon dynamics, replacing the
appropriate couplings in equation (29) and (30).

In the event that we can simplify the system dynamics
to a single mechanical mode coupling to the transmon
and the electron spin, the total system Hamiltonian be-
comes

Ĥ

~
=
ωsc
2
σ̂zsc + ωpâ

†
pâp +

ωe
2
σ̂ze

+ gsc,p
(
σ̂+
scâp + σ̂−scâ

†
p

)
+ gp,e

(
σ̂+
e âp + σ̂−e â

†
p

)
.

(31)

Here, the SC frequency ωsc is defined by the transmon
Josephson and shunt capacitances, the spin frequency
ωe is given by the Zeeman splitting of the electron spin
states, and the acoustic frequency ωp is defined by the
acoustic resonator geometry. The first three terms of this
equation describe the energies of the uncoupled modes of
the devices (Fig. 1(a-c)) while the fourth and fifth terms
describe the interaction dynamics. Generally, SCs fea-
ture ωsc ∼ 4 − 6 GHz [42]. Electron spin resonant fre-
quencies can be arbitrarily set by an external magnetic
field; to match this frequency range, fields ∼ 0.1 T are
required [40]. The coupling coefficient gsc,p is physically
governed by the piezoelectric effect, whereby a strain field
produces an electric response and vice versa (Fig. 1(d)).
This interaction is described by the strain-charge equa-
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tions

Sij = sijklTkl + dkijEk, (32)

Di = dijkTij + εikEk, (33)

where sijkl and dijk are the elastic and piezoelectric co-
efficient tensors of the resonator’s piezoelectric material,
Sij and Tij are the stress and strain fields, and Ei and Di

are the electric and displacement fields. Given a spatial
electric field profile EIDT (r) produced by some arbitrary
voltage Vapp across the IDT, the normalized single quan-
tum electric field is [43]

esc(r) =

√(
~ωsc

(CS + CJ + CIDT )V 2
app/2

)
EIDT (r)e−iωsct,

(34)
where the capacitances are indicated in Fig. 1. Since CS
is typically much larger than CIDT and CJ for transmon
qubits, the MW photon energy is largely contained in
CS . Similarly, for a strain profile Tp(r) produced by an
arbitrary mechanical displacement, the normalized single
phonon strain field is [43]

tp(r) =

√√√√( ~ωp∫
V
dV s(r)|Tp(r)|2/2

)
Tp(r)e−iωpt, (35)

where s(r) is the elastic tensor at position r. Follow-
ing (33), tp(r) will produce an electric displacement field
given by d · tp(r), where d is the piezoelectric coefficient
tensor. Then the coupling gsc,p will be determined by
the overlap integral between esc(r) and d · tp(r) [44],

gsc,p =
1

2~

∫
V

dV
(
t∗p(r) · dT · esc(r) + e∗sc(r) · d · tp(r)

)
.

(36)
The spin-phonon coupling gp,e results from the spin-

strain susceptibility χspin of quantum emitters in a strain
field [40, 41, 45]. For a single-phonon strain profile tp,
the resulting coupling is gspin(r) = χspin ·tp(r). In Group
IV emitters in diamond, χspin depends on the spin-orbit
mixing, which increases monotonically with an off-axis
magnetic field (see [46]) and primarily interacts with
transverse strain in the emitter frame [40]. Therefore,
for the rest of this analysis, we set this expression to be

gp,e(r) = χeff (t′xx(r)− t′yy(r)), (37)

where t′(r) is the single-phonon strain profile in the coor-
dinate system of the emitter and χeff ≈ 0.28 PHz/strain
[41].

III. TRANSDUCER DESIGN

To implement the device in Fig.1, we require a plat-
form with (i) superconductivity, (ii) piezoelectricity, (iii)
acoustic cavities, and (iv) strain transfer to diamond

emitters. To address (i-ii), we propose a silicon-on-
insulator (SOI) platform with a thin-film deposition of
scandium-doped aluminum nitride (ScAlN). This mate-
rial system allows for superconducting qubits and piezo-
electrics to co-inhabit one chip [47, 48]. To answer (iii-
iv), we co-design a Nb-on-Sc0.32Al0.68N-on-SOI piezo-
electric resonator with a heterogeneously integrated di-
amond thin membrane. We propose Niobium (Nb) as a
well-characterized superconductor with high Hc1 = 0.18
T and Hc2 = 2 T [49–51], as required for operation with
the spin. Since gp,e monotonically increases with mag-
netic field (see [46]), we will assume a static magnetic field
of 0.18 T for the rest of this article. SOI platforms have
previously been used for piezoelectric resonators [52, 53],
and diamond-AlN interfaces have been used to acousti-
cally drive emitters in diamond [54–56]. ScAlN further
boosts the piezoelectric coefficient of AlN, allowing us to
achieve a stronger interaction [57, 58].

We present the resonator design in Fig. 3. Our device
is based on Lamb wave resonators, which produce stand-
ing acoustic waves dependent on interdigital transducer
(IDT) electrode periodicity λ and material thickness [59–
61]. We localize the strain in the diamond thin film using
a fabrication-limited central taper (Fig. 3a inset) [62].
To maintain high quality factors, we tether the Lamb
wave resonator via phononic crystal tethers placed at dis-
placement nodes of the box. [43]. We further propose an
angled ScAlN sidewall in the transducer (15◦ from nor-
mal) that allows the electrodes to ”climb” on top of the
ScAlN film, rather than requiring a continuous piezoelec-
tric layer over the phononic tethers. The selected ScAlN
and phononic tether parameters outlined in Fig. 3, facil-
itate the design of wide-bandgap phononic tethers and
are compatible with current fabrication techniques and
tolerances [43, 63–66].

We simulate device performance using the finite el-
ement method (FEM) in COMSOL to produce the
phononic tether band structures and mode profiles (Fig.
3b-e). The tether band structure exhibits a 500 MHz
bandgap around the device’s ≈ 4.11 GHz resonant mode.
This frequency is desirable as it falls near the central op-
erating range of most superconducting qubits [42]. Ad-
ditionally, the 4.11 GHz resonant mode is itself isolated
from other acoustic modes of the system by ∼56 MHz,
which is enough to neglect parasitic couplings and treat
the transducer in the single-mode approximation (Fig.4).
Fig. 3(d-e) show the mechanical and electrical displace-
ment fields of this mode, from which we derive esc(r)
and tp(r), respectively. We calculate a gsc,p ≈ 7.0− 20.5
MHz (for a shunt capacitance of 65-190 fF, correspond-
ing to 100 MHz < EC/h < 300 MHz[42]) and a maxi-
mum gp,e ≈ 3.2 MHz according to Equations (36) and
(37). The strain maximum occurs at the edges of the
central diamond taper, which maximizes gp,e (Fig. 3f).
We simulated the expected mechanical quality factor of
the 4.11 GHz mode as a function of number of phononic
tether periods (Fig. 5) and found that, for around five
tether periods or more, the mechanical mode would have
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FIG. 3. Electromechanical transducer design. (a) Lamb wave resonator and relevant design parameters. In this Letter, the
resonator geometry is parametrized by (λ,w, td, tAl, tScAlN , tSi) = (1370, 465, 100, 100, 300, 250)[nm] (ti is the thickness of layer
i), with the diamond taper defined by (b, r, θ) = (40 nm, 25 nm, 50◦). The support tethers are defined by (Ws, Ls, ws, ls) =
(705, 565, 110, 150)[nm] and electrode tethers by (We, Le, we, le) = (685, 565, 110, 150)[nm]. (b,c) Phononic band structure of
the support (c: electrode) tethers, with a 500 MHz band gap indicated in grey shading and the resonant frequency indicated
by the red line. (d) Normalized mechanical displacement of the resonator. (e) Induced piezoelectric displacement field at the
central slice of the ScAlN layer. (f) Spatial profile of gp,e at the center slice of the diamond layer, assuming a magnetic field of
0.18 T.

a sufficient expected Q of 105 or higher.

IV. QUANTUM STATE TRANSFER

In Fig. 6, we explore different protocols for quan-
tum transduction from an initialized SC to a spin. The
time evolution of the system when initialized in the
ρ0 = |100〉 〈100| state (where the indices consecutively
refer to the state of the SC, the Fock state of the phonon,
and the z-projection of the spin) is calculated using the
Lindblad master equation,

d

dt
ρ = − i

~
[ρ, Ĥ(t)] +D[Θ(T )]ρ+D[Γ(T )]ρ, (38)

where the Hamiltonian in a frame rotating at rate ωp is

Ĥ(t)

~
=

∆sc(t)

2
σ̂zsc +

∆e(t)

2
σ̂ze

+ gsc,p
(
σ̂+
scâp + σ̂−scâ

†
p

)
+ gp,e

(
σ̂+
e âp + σ̂−e â

†
p

) (39)

The superoperator D is given by

D[c]ρ =
1

2

(
2cρc† − c†cρ− ρc†c

)
, (40)

and

Θ(T ) =
∑

σi∈{âp,σ̂−
sc,σ̂

−
e }

√
κi[nTi(ωi) + 1]σi, (41)

Γ(T ) =
∑

σi∈{âp,σ̂−
sc,σ̂

−
e }

√
κi[nTi(ωi)]σ

†
i . (42)

Here, ∆sc(t) ≡ ωsc(t) − ωp is the superconducting qubit
detuning, ∆e(t) ≡ ωe(t) − ωp is the spin detuning at
time t, and nTi

(ωi) is the thermal occupancy of the
ith mode (we assume T = 0.015 K in our simulations).
The use of time-varying detuning can be easily imple-
mented, e.g. via on-chip flux bias lines [67–69], unlike
time-varying coupling rates explored in previous works
[20]. We account for dephasing in each mode with con-
servative estimates on decoherence rates κsc

2π = 10 kHz,
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FIG. 4. Electromechanical and spin-mechanical couplings and population transfer to each acoustic mode. (a) demonstrates a
∼ 56 MHz frequency window (grey shaded region) in which our mode of interest (∼ 4.115 GHz) lies. The couplings gsc,pi and
gp,ei are plotted for each mode, assuming a shunt capacitance CS ∼ 130 fF and a magnetic field of 0.18 T. (b) displays the
Rabi population transfer probability from the superconducting circuit and electron spin to each acoustic mode (see Eq. (29)),
showing a combined mode suppression (diamond markers) of at least three orders of magnitude.

FIG. 5. FEM simulation of the piezoelectric transducer with phononic tethers and surrounding bulk treated as perfectly matched
layers (PML) to simulate clamping quality factor Qc. (a) Simulated mechanical mode profile with log (|Q|2/max(|Q|2)) plotted
to show energy concentration in the resonator, since energy goes with the square of mechanical displacement. In this simulation,
the free parameter Ntethers,y = Ntethers,x, where Ntethers,y and Ntethers,x indicate the number of phononic mode tether periods
normal and parallel to the resonator edge from the resonator to the bulk Si layer, respectively. (b) plot of Qc vs Ntethers,y for
the 4.11 GHz resonator mode of interest.

κp

2π =
ωp

2πQ ≈ 40 kHz, and κe

2π = 100 kHz [38, 39, 70–

72]. As cryogenic operation of ScAlN-on-SOI acoustic
resonators–as well as diamond hybrid intergration on said
devices–has not been previously explored, we further dis-
cuss prospects for Qmech below.

Fig. 6(b,e,h) plot the state transfer fidelity Fj ≡
〈ψj | ρ(t) |ψj〉 to the target state |ψj〉 = |1j〉 under dif-
ferent conditions. In Fig. 6a where the modes are all res-
onant (ωsc = ωp = ωe = 4.11 GHz), and gsc,p/2π = 10
MHz, Fe is poor due to the mismatch ∆g(gp,e) = gsc,p −
gp,e (Fig. 6c). Assuming one reduces gsc,p or gp,e, for

example by increase the qubit shunt capacitance CS or
reducing the transverse magnetic field, Fe may increase
at the cost of maximum coupling rates.

In Fig. 6b we detune the phonon mode by ∆p ≡
ωp − ωsc where ωsc = ωe and keep the coupling rates
matched at 3.0 MHz. In this case, Fe ∼ 0.95 via virtual
excitation of the phonon mode, if the phonon mode is
detuned by 30 MHz. This protocol generates very low
population in the phonon mode, primarily exchanging
states between the superconducting qubit and spin. If the
phonon mode is lossy, this transduction method is then
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FIG. 6. Analysis of the coupled SC-phonon-spin system under different protocols: (a-c) uncontrolled time evolution, when all
modes are on resonance and coupling rates are maximized; (d-f) time evolution detuned from the acoustic resonance, which
allows for state transfer through virtual phonon excitation; and (g-h) time evolution under detuning control, which allows for
controlled Rabi flops across the modes. Plots (b,e,h) depict the population dynamics of each mode for the above protocols.
Plots (c,f,i) show the spin population over time for the variable parameter of the procedure, with operational points for plots
(b,e,h) indicated with orange lines. (c) shows population for a given ∆g, (f) shows population for achievable phonon detuning
∆p, and (i) shows performance for unused mode detuning ∆i during each Rabi swap.

preferred. However, while this protocol features wider
efficiency peaks in time, which may require less stringent
pulse control (see Fig. 6e), it does not overcome the issue
of coupling imbalance and additionally suffers from de-
coherence of the superconducting qubit and spin modes
over a longer protocol time (Fig. 6f).

Fig. 6g shows the optimal solution, assuming control
over ∆sc(t) and ∆e(t), in a double Rabi-flop protocol.
During this protocol, it is assumed that gsc,p/2π = 10
MHz (which overcomes losses during the Rabi flop while
still allowing mode isolation during the next flop) and
gp,e/2π = 3.0 MHz. We also assume ∆sc(t) = 0 and
0 MHz ≤ ∆e(t) ≤ 1 GHz for t ∈ {0, π/(2gsc,p)}–the
duration of a Rabi flop between the SC and phonon.
Then, ∆sc(t) = ∆e(t = 0) MHz and ∆e(t) = 0 for
t ∈ {π/(2gsc,p), π/(2gsc,p) + π/(2gp,e)}–the duration of
a Rabi flop between the phonon and spin. This sequen-
tially transfers states between the modes (Fig. 6h), and
for ∆e(t = 0) > 500 MHz, can achieve Fe > 0.97 (Fig. 6i;
for ∆j = 1.0 GHz, Fe = 0.971). In this protocol, we have
neglected the losses that can occur when varying ∆sc and
∆e. In reality, one has to select a pair of ∆sc and ∆e that
do not fall on resonance with another acoustic mode of
the system to prevent Rabi oscillations between the SC

qubit or electron spin and an undesired acoustic mode
(see SI for more details).

Each of these scenarios achieves transduction to the
spin with high fidelity. The third scenario allows the
quantum state to persist in the spin without continued
interaction with the acoustic or SC modes. While in
this state, the electron spin can access other degrees of
freedom (e.g. 13C spins [73, 74]).

There are three sources of loss (described by quality
factors) that we may consider in our piezoelectric trans-
ducer. First, we consider the clamping quality factor
Qc, which we can engineer to be non-limiting as shown
in Fig. 5. Next, we note the Akhiezer loss-related QA
[75], which we expect to be 107 or higher at millikelvin
temperatures is negligible [76, 77]. Finally, QTLS,l–
the lth material’s two-level system (TLS)-related Q–is
harder to predict. These Qs depend on the number of
quasi-particles or TLSs trapped in each of the device’s
material interfaces [78] and are weighted by the electric
field participation pi in each interface, and in comparable
micro-/nanoscale systems, TLS loss has been limited to
∼ 104 − 105 [78, 79]. Considering these three sources of
loss, Qmech is the inverse sum of the three quality factor
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FIG. 7. Sweep of protocol performance as a function of the
total quality factor of the mechanical resonator. TLS-limited
Qs–which are inherent to the materials used in the pizeoelec-
tric nanocavity–for Si [80, 81], AlN [79], Nb [82], and alter-
natives in GaAs [82] and LN [78] are in cyan. The device’s
clamping-limited Qs as a function of tether number–which
determines the phononic mode isolation from the bulk chip–
are listed in blue. Akhiezer losses (grey) are non-dominant at
T = 0.015 K. Finally, our assumed Q ≈ 105 for simulations
in Fig. 3 is in red. The F > 0.995 regime (dark grey) requires
better SCs and spins to achieve.

sources,

Qmech =

(
Q−1
c +

∑
l

pi (QTLS,l)
−1

+Q−1
A

)−1

. (43)

We lay out the regimes of Qmech where each protocol
from Fig. 3 has highest Fe as follows:

• If Qmech . 2× 104, protocol 2 is superior.

• If 2×104 . Qmech . 4×105, protocol 1 is superior.

• If 4× 105 . Qmech, protocol 3 is superior.

We note that QTLS likely dominates Qmech more than
fabrication imperfections (which fall under Qc) or errors
due to heating at millikelvin temperatures. Given this
uncertainty in QTLS and therefore Qmech. Therefore,
the largest challenge to reach Fe & 0.99 is reducing TLS
loss in the piezoelectric layer, as indicated by published
intrinsic quality factors of, e.g., monolithic aluminum ni-
tride or lithium niobate resonators [78, 79]. So, while
current hardware may encourage us to utilize the virtual
coupling protocol for coupling through a lossy intermedi-
ary phononic mode, future iterations of this scheme with
improved materials and interfaces yielding Qmech & 106

FIG. 8. Scaling the schematic to a quantum memory register.
By implanting n emitters in each of m detuned mechanical
resonators in parallel with the superconducting qubit of inter-
est, one can create an efficient interface to an m×n optically
addressable ancilla register.

can expect to break the 0.99 transduction fidelity barrier
using a resonant protocol, which would surpass the 1%
thresholds of known quantum error correction codes and
thus be compatible with scalable quantum information
processing schemes [83–85].

V. ANALYSIS OF SPIN REGISTER SYSTEM

In Figure 8, we present a roadmap to scaling this ar-
chitecture to form a memory register for superconducting
circuits. Since the shunt capacitance far exceeds the ca-
pacitance of a single IDT, additional electromechanical
resonators in parallel to a single transmon qubit do not
significantly change the coupling rates to each resonator.
Individual control over each resonator can be obtained
with (i.e. cryo-MEMS) electrical switching of contacts
to each resonator [86]. If this is not possible, controls
can still be obtained in the frequency domain if each res-
onator frequency is sufficiently detuned from all others
and within the tunability range of the transmon. This
gives two constraints on the number of parallel resonators
we can add: the maximum number of resonators before
gsc,p for each resonator drops below a desired value, and
the maximum number of resonators before the frequency
spectrum becomes overcrowded.

From electrostatic simulations in COMSOL, CS ≈
70CIDT , allowing us to add around 10 resonators in par-
allel without decreasing the coupling to each resonator
by more than 15%. Additionally, each resonator can
house several quantum emitters, which themselves will
be operating at different frequencies ωe,ij due to differing
magnetic field and strain environments creating a unique
Zeeman effect for each color center. Assuming one im-
plants n emitters in each resonator, this creates an easily
accessible m×n register of ancillas for a single transmon.

We would like to evaluate overcrowding of the fre-
quency spectrum in this picture. In an ideal case, when
we tune the superconducting circuit on resonance with
a mechanical mode ωm, we would like the circuit to be
approximately coupled only to that acoustic mode. This
is the same condition as we presented in Section II to
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assume that we can simplify the dynamics of the SC-
phonon-spin system to that of coupling via a single acous-
tic mode. Similarly, we would like to determine the con-
dition where we can assume each piezoelectric resonator
can individually couple to a single spin. Assuming that
each of the m resonators has only a single mode coupled
to the SC qubit, the full Hamiltonian describing the m
resonator, m× n spin system is

H∑ =
ωsc
2
σ̂zsc +

m∑
i=1

n∑
j=1

[
ωp,iâ

†
p,iâp,i +

ωeij
2
σ̂zeij

+ gsc,pi

(
σ̂+
scâp,i + σ̂−scâ

†
p,i

)
+ gp,eij

(
σ̂+
eij âp,i + σ̂−eij â

†
p,i

)]
.

(44)

Following exactly from Eqs. 29 and 30, the required
condition for assuming electromechanical coupling to just
the i0th of m resonators is that

m∑
i6=i0

〈σsc,i〉

=

m∑
i 6=i0

4(gsc,p;i)
2

4(g2
sc,p;i) +

∣∣∣∆p,i + i
(
κsc+κp,i

2

)∣∣∣2

× sin2


√

4 (gsc,p;i)
2

+
∣∣∣∆p,i + i

(
κsc+κp,i

2

)∣∣∣2
2

t


� 〈σsc,i0〉.

(45)

Similarly, after swapping population into one of the
resonator modes, the condition for assuming spin-
mechanical coupling to just the j0th of n electron spins
is that

n∑
j 6=j0

〈σe,j〉

=

n∑
j 6=j0

4(gp,e;j)
2

4(g2
p,e;j) +

∣∣∣∆p,j + i
(
κe+κp,j

2

)∣∣∣2

× sin2


√

4 (gp,e;j)
2

+
∣∣∣∆p,j + i

(
κe+κp,j

2

)∣∣∣2
2

t


� 〈σe,j0〉.

(46)

We can see from the spin-phonon coupling points in
Fig. 4 that frequency crowding can begin to promote Rabi
oscillations with populations on the order of 10−3 of the
desired mode when within a 100 MHz frequency win-
dow. So parallelization of spins in one resonator would
require changing the local magnetic field for each res-
onator and intelligent spacing of the emitters to promote

a wide distribution of resonant frequencies, or sacrificing
state tansfer fidelity to a single spin by overcrowding the
simulated frequency window of operation. This is not as
much of a problem given the order-of-magnitude supe-
rior mode suppression on the electromechanical side of
the system. Thus, we can comfortably parallelize around
10 piezoelectric resonators to a single SC qubit and 1-3
emitters per resonator. When accounting for the sur-
rounding 13C nuclear spins, we envision that this scaling
method can provide a SC qubit with a 10+ nuclear spin
memory register.

VI. IMPLEMENTING QUANTUM PROTOCOLS
ON A TRIPARTITE SYSTEM

In Fig. 9, we describe the SWAP gate between a su-
perconducting transmon and SiV− electron spin imple-
mented by our transduction protocols (specifically Proto-
col 3 in the main text). This consists of two SWAP gates
between first the transmon and transducer’s phonon
mode and next between the phonon mode and electron
spin. We propose that the first SWAP is initiated by
tuning the flux bias of the transmon SQUID loop to tune
the transmon in and out of resonance with the phononic
mode (Eq. (1)) [42]. Similarly, an external magnetic
field can be varied to tune the electron spin transition
in and out of resonance with the phonon to initiate the
second SWAP gate ( Eq. (14)-(17)). Once an excitation
is transferred to the electron spin, then optical readout
can be carried out using a free space laser tuned to the
electron spin transition frequency. Note that the diffrac-
tion limited spot size of a λ = 620 nm laser entering
a high numerical aperture (NA) microscope–for exam-
ple, an NA of 0.9–is around d = λ

2NA = 344 nm, which
is smaller than the distance between two electrodes in
our device. Therefore, we expect that a free space laser
shouldn’t cause excessive scattering.

Fig. 10 shows how to use the transducer in a quan-
tum computation scheme that combines distilled entan-
glement with computation and memory storage. First,
one can initialize two systems in different dilution fridges
featuring our transducer to the ground state and carry
out a distilled entanglement scheme using the SiV− elec-
tron spins and coupled 13C nuclear spins in each trans-
ducer (Fig. 10a) [87]. Next, one can implement a SWAP
gate between the nuclear and electron spin qubits in each
fridge via laser addressing, followed by a SWAP to each
coupled transmon to transfer entanglement to the su-
perconducting circuit. Computation can be carried out
on an arbitrarily sized superconducting circuit to which
each transmon is coupled (Fig. 10b). Finally, a SWAP
gate can be implemented between the coupled transmons
and each nuclear spin to store the excited state in each
fridge (Fig. 10c). This proposal, when combined with a
spin register in the previous section, provides a network
interface and memory bank to superconducting quantum
circuits.
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FIG. 9. Transduction protocol for optical readout of the
coupled system. (a) Diagram of the active control elements
at each step, (b) energy level diagram charting the physical
movement of an excitation through the tripartite-coupled sys-
tem, and (c) equivalent quantum gates on the three qubits. (i)
indicates an initialized state with the superconducting qubit
in the excited state |1〉 and the phonon and electron spin ini-
tialized to the ground state |0〉. (ii) First SWAP operation
initiated by tuning the superconducting circuit flux to be on
resonance with the phonon mode for half a Rabi oscillation
cycle. (iii) Second SWAP operation initiated by tuning the
electron spin on resonance with the phonon mode via chang-
ing the external DC magnetic field. (iv) Laser addressing
of the electron spin, which can be accomplished using a free
space microscope or other means, allowing for optical readout
of the system [88].

FIG. 10. Implementing the transducer in a quantum entan-
glement and computation protocol. (a) Entanglement distil-
lation using a coupled 13C nuclear spin [87]. Here, ”BSM”
indicates a Bell-state measurement, the cross symbol rep-
resents a SWAP gate, the arrow represents a measurement
operation, and the white-and-black dot symbol represents a
CNOT operation. (b) Use of SWAP gates to conduct com-
putational operations using the superconducting qubit and
any other superconducting qubits interacting with the one in
the schematic (not shown). Here, our transducer would be
used to implement the otherwise missing SWAP gates, shown
in red. The U operation represents an arbitrary computa-
tion carried out with the superconducting qubit. (c) Infor-
mation storage in a coupled 13C coupled nuclear spin, where
our transducer would again be used to implement the other-
wise missing SWAP gates (shown in red).

VII. OUTLOOK

An open question remains in the bonding strength be-
tween the diamond thin film and underlying resonator,
which, if poor, can incur additional losses. However, for
single-phonon occupation, the Van der Waals static fric-
tional force exceeds the strain-generated force on the res-
onator.

Ultimately, we have proposed a resonator architecture
capable of simultaneously coupling a microwave photonic
mode from a superconducting circuit and an electronic
spin from a solid state color center to a single phonon.
For our calculated coupling parameters and conserva-
tively assumed Qs across the three modes, we expect

SC-phonon cooperativity Csc,p =
4g2sc,p
κscκp

∼ 4 × 103 and

similarly, spin-phonon cooperativity Cp,e =
4g2p,e
κpκe

∼ 102.

This doubly strongly-coupled architecture has a number
of uses. Firstly, it can provide superconducting circuit
qubits access to a long-lived quantum memory in the
form of a nuclear spin register surrounding the electron
spin. Secondly, this resonator can grant superconducting
circuit qubits a spin-photon interface for efficient cou-
pling to fiber optical quantum networks. Finally, by mul-
tiplexing each SC with several acoustic resonators and
each acoustic resonator with several spins, this architec-
ture can yield a memory bank of quantum memories for
computational superconducting circuits. We believe in-
troducing this quantum transducer into existing super-
conducting circuits is a large step towards developing a
specialized hybrid quantum computer with fast supercon-
ducting qubits for processing and slow, long-lived mem-
ory qubits in the solid state for storage and communica-
tion.
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Sohn, N. Sinclair, B. Pingault, M. Chalupnik, C. Chia,
L. Zheng, et al., Coherent acoustic control of a single sil-
icon vacancy spin in diamond, Nature communications
11, 1 (2020).

[22] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bial-
czak, M. Lenander, E. Lucero, M. Neeley, D. Sank,
H. Wang, M. Weides, et al., Quantum ground state and
single-phonon control of a mechanical resonator, Nature
464, 697 (2010).

[23] P. Arrangoiz-Arriola and A. H. Safavi-Naeini, Engineer-

https://doi.org/10.1103/PhysRevB.81.035205
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevB.87.144516
https://doi.org/10.1103/PhysRevB.92.161202
https://doi.org/10.1103/PhysRevB.92.161202
https://doi.org/10.1103/PhysRevX.5.031031


13

ing interactions between superconducting qubits and
phononic nanostructures, Physical Review A 94, 063864
(2016).

[24] P. Arrangoiz-Arriola, E. A. Wollack, M. Pechal, J. D.
Witmer, J. T. Hill, and A. H. Safavi-Naeini, Coupling a
superconducting quantum circuit to a phononic crystal
defect cavity, Physical Review X 8, 031007 (2018).

[25] K. J. Satzinger, Y. Zhong, H.-S. Chang, G. A. Peairs,
A. Bienfait, M.-H. Chou, A. Cleland, C. R. Conner,
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ent coupling of mechanics to a single nuclear spin, arXiv
preprint arXiv:2107.10961 (2021).

[75] A. Akhiezer, On the absorption of sound in solids (1939).
[76] K. Kunal and N. Aluru, Akhiezer damping in nanostruc-

tures, Physical Review B 84, 245450 (2011).
[77] J. Chan, Laser cooling of an optomechanical crystal res-

onator to its quantum ground state of motion (California
Institute of Technology, 2012).

[78] E. A. Wollack, A. Y. Cleland, P. Arrangoiz-Arriola, T. P.
McKenna, R. G. Gruenke, R. N. Patel, W. Jiang, C. J.
Sarabalis, and A. H. Safavi-Naeini, Loss channels affect-
ing lithium niobate phononic crystal resonators at cryo-
genic temperature, Applied Physics Letters 118, 123501
(2021).

[79] L. Fan, X. Sun, C. Xiong, C. Schuck, and H. X.
Tang, Aluminum nitride piezo-acousto-photonic crystal
nanocavity with high quality factors, Applied Physics
Letters 102, 153507 (2013).

[80] A. Melville, G. Calusine, W. Woods, K. Serniak,
E. Golden, B. M. Niedzielski, D. K. Kim, A. Sevi, J. L.
Yoder, E. A. Dauler, et al., Comparison of dielectric loss
in titanium nitride and aluminum superconducting res-
onators, Applied Physics Letters 117, 124004 (2020).

[81] W. Woods, G. Calusine, A. Melville, A. Sevi, E. Golden,
D. Kim, D. Rosenberg, J. Yoder, and W. Oliver, De-
termining interface dielectric losses in superconducting
coplanar-waveguide resonators, Phys. Rev. Applied 12,
014012 (2019).

[82] C. R. H. McRae, H. Wang, J. Gao, M. R. Vissers,
T. Brecht, A. Dunsworth, D. P. Pappas, and J. Mutus,
Materials loss measurements using superconducting mi-
crowave resonators, Review of Scientific Instruments 91,
091101 (2020).

[83] A. Kitaev, Fault-tolerant quantum computation by
anyons, Annals of Physics 303, 2 (2003).

[84] R. Raussendorf, J. Harrington, and K. Goyal, Topologi-
cal fault-tolerance in cluster state quantum computation,
New Journal of Physics 9, 199 (2007).

[85] D. S. Wang, A. G. Fowler, A. M. Stephens, and L. C. L.
Hollenberg, Threshold error rates for the toric and sur-
face codes (2009), arXiv:0905.0531 [quant-ph].

[86] C. Brown, A. S. Morris, A. I. Kingon, and J. Krim, Cryo-
genic performance of rf mems switch contacts, Journal of
Microelectromechanical Systems 17, 1460 (2008).

[87] N. Kalb, A. A. Reiserer, P. C. Humphreys, J. J. Baker-

https://doi.org/10.1103/physrevresearch.2.033153
https://doi.org/10.1103/physrevresearch.2.033153
https://doi.org/10.1103/PhysRevB.87.220505
https://doi.org/10.1103/PhysRevApplied.6.064007
https://doi.org/10.1103/PhysRevApplied.6.064007
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1103/PhysRevLett.122.190503
https://doi.org/10.1063/5.0034909
https://doi.org/10.1063/5.0034909
https://doi.org/10.1103/PhysRevApplied.12.014012
https://doi.org/10.1103/PhysRevApplied.12.014012
https://doi.org/https://doi.org/10.1016/S0003-4916(02)00018-0
https://arxiv.org/abs/0905.0531
https://doi.org/10.1109/JMEMS.2008.2005328
https://doi.org/10.1109/JMEMS.2008.2005328


15

mans, S. J. Kamerling, N. H. Nickerson, S. C. Benjamin,
D. J. Twitchen, M. Markham, and R. Hanson, Entangle-
ment distillation between solid-state quantum network
nodes, Science 356, 928 (2017).

[88] H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S. Blok,
L. Robledo, T. Taminiau, M. Markham, D. J. Twitchen,
L. Childress, et al., Heralded entanglement between solid-
state qubits separated by three metres, Nature 497, 86
(2013).


	A Piezoelectric Nanocavity Interface for Strong Coupling between a Superconducting Circuit, Phonon, and Spin
	Abstract
	Introduction
	Theory of MW Photon-Phonon and Phonon-Spin Coupling
	Transducer Design
	Quantum State Transfer
	Analysis of Spin Register System
	Implementing Quantum Protocols on a Tripartite System
	Outlook
	Acknowledgments
	References


