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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 piezoelec-
tric resonator with an integrated diamond strain concentrator, this system achieves microwave-acoustic and
spin-acoustic coupling rates of approximately megahertz or greater, allowing simultaneous ultrahigh coop-
erativities (approximately 103 and approximately 102, respectively). From finite-element modeling and
master-equation simulations, we estimate superconducting-circuit-to-spin quantum state transfer fidelities
exceeding 0.95 on the basis of 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.
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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 network-
ing. Conversely, atomlike emitters in the solid state have
demonstrated long spin coherence times, efficient spin-
photon interfaces for long-distance entanglement, and high
readout fidelity [3—8]. Coupling these modalities is there-
fore an exciting direction in quantum information science.

Studies using magnetic coupling between microwave
(MW) photons and spins have been limited to multispin
ensemble interactions [9—15] due to low spin magnetic sus-
ceptibility and the low magnetic energy density of MW
resonators [16—18]. Alternative experiments and proposals
rely on coupling via intermediate acoustic modes [19-21],
which have experimentally demonstrated large coupling
to superconducting circuits (SCs) [22-28] and are pre-
dicted to have large coupling to diamond quantum emitters
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[29-35], or low-frequency mechanical driving of quan-
tum emitters [36,37]. However, designing a device that
strongly couples one phonon to both one MW photon
and one spin—enabling an efficient MW-photon-to-spin
interface—remains an outstanding challenge.

Here we address this prolem through the codesign of a
scandium-doped aluminum nitride (Scg3;AlgegN) Lamb-
wave resonator with a heterogeneously integrated diamond
thin film. This structure piezoelectrically couples a MW
photon and an acoustic phonon, while concentrating strain
at the location of a diamond quantum emitter. Through
finite-element modeling, we predict photon-phonon cou-
pling of approximately 10 MHz concurrent with phonon-
spin coupling of approximately 3 MHz. These rates
yield photon-phonon and phonon-spin cooperativities on
the order of 10* assuming demonstrated lifetimes of
spins, mechanical resonators, and superconducting circuits
[38,39]. We explore state-transfer protocols via quantum
master equation simulations, and show that this device
can achieve photon-to-spin transduction fidelity 7' > 0.97
with conservative hardware parameters. We find that the
performance of these schemes is likely limited by two-
level-system (TLS) loss in current piezoelectrics. A reduc-
tion in piezoelectric TLS loss rates to that of silicon will
pave the way toward SC-state—spin-state transduction with
F > 0.99.
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II. THEORY OF MW-PHOTON-PHONON AND
PHONON-SPIN COUPLING

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

First, we review the transmon architecture, which con-
sists of a superconducting quantum interference device
loop with combined Josephson energy E; and capaci-
tance C; in parallel with a shunt capacitor Cs. For the
sake of constructing only the coupled system, we omit the
transmon readout resonator, which typically consists of a
quarter-wave resonator coupled in parallel to the trans-
mon. The transmon’s Josephson and charging energies are
given by E;(¢) = (Ic®o/7) c0s(¢ext) = E; cOS(¢pex) and
Ec = €*/2(Cs + Cy) (I¢ is the Josephson-junction criti-
cal current). Note here that the total charging energy for
i Cooper pairs is 4Ech, where ¢ is the conjugate variable
of 71. Then the transmon Hamiltonian is given by

I:Itransmon = 4EC;I + EJ (¢3) (1)
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FIG. 1. Coupled SC-phonon-spin quantum system. (a)~c)
The uncoupled modes of the (a) superconducting qubit with
Josephson capacitance C;, shunt capacitance Cg, and exter-
nal flux bias ¢ex; (b) acoustic mode capacitively coupled by
Cipr; and (c) diamond quantum emitter. (d) Piezoelectric inter-
action, where the color indicates the electric field profile under
mechanical displacement. (e) Spin-strain coupling resulting from
modulation of the interatomic distance of the quantum emit-
ter via mechanical strain under an external magnetic field B =
B,X + B.z with spin gyromagnetic ratio y.
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In the last step, we have rewritten the expression in terms
of the ladder operators. If we approximate the transmon as
a two-level system, then we can simply write Hyansmon a5
ﬁtransmon/h = %6—5(; (4)
Next, we give the Hamiltonian of the electromechani-
cal resonator. Without coupling, the resonator modes can
each be approximated as harmonic oscillators with energy
haw, k, where w), x is the resonant frequency of the kth res-
onator mode, plus some vacuum-energy terms. Ignoring
these terms, we find the Hamiltonian H, is given by

Bre/h =" wp 4] 4ty (%)
k

Finally, we consider the Hamiltonian of the group-IV
electron spin. The full Hamiltonian of group-IV color
centers is discussed at length in Ref. [40], but for the
purposes of this paper, we consider the system under an
off-axis (transverse and longitudinal) magnetic field (dis-
cussed in Ref. [20]). In these conditions, the group-IV
Hamiltonian can be written as the sum of the spin-orbit
Hamiltonian A5° and a Zeeman perturbation 47 (in the

{lex 1),1ey 1), lex 1), ley 1)} basis),

I:[spin = ﬁ[SO +I:]Z (6)
0 0 —irg O
o 0 0 i
“ling, 00 0
0 —irg 0 0
ysBz ysBx iquBz 0
s‘B‘c - s‘Bz 0 —i Bz
4| v % iqviB: | 5,
_lquBZ 0 ySBz VsBx
0 iqyLB:  vsBx  —VsB:
ysB,  viBy  —i) 0
VSBx _ysBz 0 iA (8)
- iA 0 VsBz VsBx ’

0 —iA ysBy —VsB:

where we use A = A, — qy;B- [40]. Solving the eigensys-
tem of this Hamiltonian gives us the eigenvalues

v =—\/y2B2+ G.), ©)
v = \V2B 4+ ()2, (10)
vy = —\ V2B + Gy, (11)
vy = \/V2B2 + ()2 (12)
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and the associated eigenvectors

) = (2 T (i_) — u2>) [(=i G+ ) lex 1) +ilec 1) — G+ ) ley D +ley W], (13)
) = (Nny% - (Al_) — W)) [—i(i_ i ‘;;) lex 1) + ilex 1) — (i_—i';) ey 1)+ ley ¢>], (14)
) = <2¢ny§ + (L) — w)) [—(%) 1) +iles 4 = (752 ) les 1+ e ¢>], (s)

[9) = ( W (L) — v4)) [(=i Gy + ) lex 1) —dlex 1)+ s + v ley D) +ley ], (16)

where we use A_ = X — y,B, and A, = A + y,B,. (Note
that in the limit where B, — 0, these eigenvectors
and eigenvalues simplify as {|y1), [¥2), [3), [4)} —

{lex 1), les 1), le— 1), le— 1)} from Ref. [40].)
Finally, the rate of coupling g, . between the lowest-

lying states ) and |y3) can be calculated as

2 — | (M HanM 1) (17)
where
@« 0 B 0
Han=|5 0 oy (18)
08 0 -«

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

vi 0 0 O

P _ 0 1%) 0 0
MHg =M 0 0 1 0 (19)

0 0 0

In silicon-vacancy (Si-V) centers in diamond, § is more
than 10 times smaller than o [41], so we can simplify
Hgirain to the case where B — 0 and o — Xefr(€xx — €yy)
[Eq. (6)]. Then for a known g, and a maximum magnetic
field magnitude |B|, we can plot the required B, and B, ver-
sus the projected g, . (Fig. 2). We are mostly interested in
the regime 0 < |B| < 0.18 T, as this regime lies below /.
of Nb. In Sec. III, we use the upper bound of 0.18 T for
simulations. Above this critical field, we would incur addi-
tional losses in the coupled system due to the presence of

(

normal currents in the superconducting circuit. As higher-
H., superconductors are explored as SC qubit materials,
higher-|B| regimes will become accessible to this scheme.
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FIG. 2. Effect of the maximum applicable magnetic field on
various parameters of the system. (a) Evolution of B, and B,
required to maintain 4.31-GHz spin splitting as a function of |B|.
(b) Change in eigenfrequencies as a function of |B|, where v,
and v; are the eigenfrequencies of |v;) and |v3), the ground-
state qubit levels of interest. (c) Change in the components CN
of vectors [v1) and |y3) with |B|, indicating greater spin-orbit
mixing as the maximum applicable magnetic field increases. (d)
Projected g, . versus |B| as determined by Eq. (17).
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We must consider the coupling between the supercon-
ducting circuit and the electron spin to all acoustic modes
supported by the piezoelectric resonator. The Hamiltonian
describing this interaction can be written as

I:I wsC w,

_ Az AT A e Az
= = Ogc + § :wp,kap,kap,k + 50,
h 2 - 2

+ ZgSC,p;k (Gsc +6sc) (‘A’p,k + a;,k)
k

+ 3 ek (0 +50) (@utaly), @)
k

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

ing the transformation A’ = UH Ut + iUU*, where U =

exp [i ((wsc/2)8§C + > wp’k&;’k&p,k + (a)e/2)5ez) t].
This transformation gives

ﬁ/
_ i(wsc—wp s+ 4
ﬁ—Egm%@ P 0sclp k
k

—i(wsc—wp )t A — ~F
+ e 4 Oscdy i
i(We—wpy EA+A
+) e (e( Ry
k

e al ). @1

We would like to determine the conditions in which
we can ignore all resonator modes except the mode
of interest, which we call “ky” with frequency w) 4.
Let us first ignore the spin-phonon coupling and focus
on the SC-phonon coupling. In the interaction Hamil-
tonian in Eq. (21), we can see that when wsc = w4,
(the frequency of the acoustic resonator mode of inter-
est), Rabi oscillations will be induced between the two
modes. We would also, however, like to consider the
oscillations induced between the superconducting circuit
and the other resonator modes. Let us select a differ-
ent transformation ﬁlz’ = UQI:I U; + if]z (AJ;, where f/z =

exp |:l ((wsc/2)6§c +> (a)p,k + Ap,k) &;,kap,k) t], where
A,k = wsc — wp i, and ignore the electron-spin-related
terms. The resulting interaction Hamiltonian is

7/

L S audl i+ Y gscon (Behlps+65cd

T p.kdp p k 8Cp:k \Osclp.k T 0scly i) -
k k

(22)

The Heisenberg equations of motion for ¢ and a,, 4 are

L [
Osc = 7 [HZszc] (23)
KSC ~ _ . ~ . P
= 775 sc T i8SChikopdo T Z gscpkdphs (24)
kstko
. i o s
lpi =7 [ 3.y (25)
. Kp,k ~ / 5
- (ﬂAP:k B T) p ko F 18SCp:kOscs (26)

where gsc ik, 18 the desired acoustic mode’s electrome-
chanical coupling. In matrix form, this becomes

— KSC

A -5 —igi —ig —IgNT] A
2

gsc gsc

Zzpjl ig1 C1 0 . 0 ap.1

a N . ay s

Pl=dig 0 G 0 P2

a . , ay N

p.N | igy CN | P>
(27

where g, = gscpn and C, = (—=iA,, — kp»/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 population
transfer to each acoustic mode from an excited SC state
becomes

4(gscpr)’
2
4(g§C,p;k) + )Ap,k +i (W#)‘
2
2 )
\/4 (gSC,p;k) + )Ap,ﬁ" (%)‘

x sin® t]
2

(osck) =

(28)

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

Osc = Z(Usc,k)

;
4(gscp)*

2
k4@mmy+(@w+i6£¥ﬁ»

2
2 .
\/4 (gsc’p;k) + ‘Ap’k + j (KSC;’Q’,k)’
x sin’ 7 t

(29)
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The sum over all (osc ) with k # k& is a worst-case bound
on the probability amplitude that could escape the compu-
tational basis into undesired acoustic modes, limiting state
fidelity. If (oscky)/ 2k, (Osck) 3> 1, then we can effec-
tively 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
Egs. (28) and (29).

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 becomes

A

H wsc )
Az AT A (N
— = —0q~t+wya'a, + —o
h 2 SC Pp™p 2 e
A4 A A_A-f- A4 A A_A-i-
+ 8scyp (Uscap + Uscap) + 8pe (Oe ap +o, ap) .

(30)

Here, the SC frequency wsc is defined by the transmon
Josephson and shunt capacitances, the spin frequency w,
is given by the Zeeman splitting of the electron spin
states, and the acoustic frequency w), is defined by the
acoustic resonator geometry. The first three terms of this
equation describe the energies of the uncoupled modes of
the devices [Figs. 1(a)-1(c)], while the fourth and fifth
terms describe the interaction dynamics. Generally, SCs
feature wsc ~ 4—6 GHz [42]. Electron spin resonant fre-
quencies can be arbitrarily set by an external magnetic
field; to match this frequency range, fields of approxi-
mately 0.1 T are required [40]. The coupling coefficient
gsc,p 1s 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 equations

1)
(32)

Sy = simTr + diij Ex,
D; = dy Ty + €k,

where s and djj; are the elastic and piezoelectric coef-
ficient tensors of the resonator’s piezoelectric material,
S;; and Tj; are the stress and strain fields, and E; and D;
are the electric and displacement fields. Given a spatial
electric field profile Eipr(r) produced by some arbitrary
voltage V,,, across the interdigital transducer (IDT), the
normalized single quantum electric field is given by [43]

esc(r) = hwsc
T\ Gs+ G+ aon 2,2

)EIDT(r)e_inCr,
(33)
where the capacitances are indicated in Fig. 1. Since Cyg

is typically much larger than Cipr and C; for transmon
qubits, the MW-photon energy is largely contained in

Cs. Similarly, for a strain profile T, (r) produced by an
arbitrary mechanical displacement, the normalized single-
phonon strain field is given by [43]

(1) = ( he, )Tp e, (34)
[, VST, 0F/2

where s(r) is the elastic tensor at position r. Following
Eq. (32), t, (r) will produce an electric displacement field
given by d - t, (r), where d is the piezoelectric coefficient
tensor. Then the coupling gsc, will be determined by the
overlap integral between esc(r) and d - t, (r) [44],

1
gsco = 57 fV dV(t;(r) 7 - ese(r) + ek(r) - d- t,,(r)).
(35)

The spin-phonon coupling g, . results from the spin-strain
susceptibility xpin Of quantum emitters in a strain field
[40,41,45]. For a single-phonon strain profile t,, the result-
ing coupling ggpin(r) = Xspin - £, (r). In group-IV emitters
in diamond, xspin depends on the spin-orbit mixing, which
increases monotonically with an off-axis magnetic field,
and primarily interacts with transverse strain in the emit-
ter frame [40]. Therefore, for the rest of this analysis, we
set this expression to be

gp,e(r) = Xeﬁ(t;x(r) - t;y (), (36)
where t'(r) is the single-phonon strain profile in the coor-
dinate system of the emitter and y.x &~ 0.28 PHz/e, where
€ is 1 unit strain [41].

III. TRANSDUCER DESIGN

To implement the device in Fig. 1, we require a platform
with (i) superconductivity, (ii) piezoelectricity, (iii) acous-
tic cavities, and (iv) strain transfer to diamond emitters. To
address the first-two requirements, we propose a silicon-
on-insulator (SOI) platform with a thin-film deposition of
Sco32Alp6sN. This material system allows superconduct-
ing qubits and piezoelectric materials to coinhabit one
chip [46,47]. To address the last-two requirements, we
codesign a Nb-on-Sc 3 Aly ¢gN-on-SOI piezoelectric res-
onator with a heterogeneously integrated diamond thin
membrane. We propose niobium as a well-characterized
superconductor with high H.,; =0.18 T and H, =2 T
[48-50], as required for operation with the spin. Since
gp.. monotonically increases with the magnetic field, we
assume a static magnetic field of 0.18 T for the rest of
this article. SOI platforms have been used for piezoelectric
resonators [51,52], and diamond-AIN interfaces have been
used to acoustically drive emitters in diamond [53-55].
Sco32Alp 68N further boosts the piezoelectric coefficient of
AIN, allowing us to achieve a stronger interaction [56,57].
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FIG. 3.

Electromechanical transducer design. (a) Lamb-wave resonator and relevant design parameters. The resonator geometry is

parameterized by A = 1370 nm, w = 465 nm, #; = 100 nm, #5; = 100 nm, #5¢, ;,a1, xN = 300 nm, and f5; = 250 nm (¢ is the thickness
of layer 7), with the diamond taper defined by » = 40 nm, » = 25 nm, and 8 = 50°. The support tethers are defined by #; = 705 nm,
Ly = 565 nm, wy, = 110 nm, and /; = 150 nm and the electrode tethers are defined by W, = 685 nm, L, = 565 nm, w, = 110 nm, and
I, = 150 nm. (b),(c) Phononic band structure of the (b) support and (c) electrode tethers, with a 500-MHz band gap indicated in gray
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 Scq 32Alg 6gN layer. (f) Spatial profile of g, . at the center slice of the diamond

layer, assuming a magnetic field of 0.18 T.

We present the resonator design in Fig. 3. Our device
is based on Lamb-wave resonators, which produce stand-
ing acoustic waves dependent on IDT electrode periodicity
A and material thickness [58—60]. We localize the strain
in the diamond thin film using a fabrication-limited cen-
tral taper [Fig. 3(a), inset] [61]. To maintain high quality
factors, we tether the Lamb-wave resonator via phononic
crystal tethers placed at displacement nodes of the box
[43]. We further propose an angled Scg3;AlgesN side-
wall in the transducer (15° from the normal) that allows
the electrodes to “climb” on top of the Scg3yAlgesN
film, rather than requiring a continuous piezoelectric layer
over the phononic tethers. The selected Scy3,AlgesN and
phononic tether parameters outlined in Fig. 3 facilitate the
design of wide-band-gap phononic tethers and are com-
patible with current fabrication techniques and tolerances
[43,62-65].

We simulate device performance using the finite-element
method (FEM) in COMSOL MULTIPHYSICS to produce

the phononic tether band structures and mode profiles
[Figs. 3(b)-3(e)]. The tether band structure exhibits a 500-
MHz band gap around the device’s approximately-4.11-
GHz resonant mode. This frequency is desirable as it falls
near the central operating range of most superconducting
qubits [42]. Additionally, the 4.11-GHz resonant mode is
itself isolated from other acoustic modes of the system by
approximately 56 MHz, which is enough for us to ignore
parasitic couplings and treat the transducer in the single-
mode approximation (Fig. 4). Figures 3(d) and 3(e) show
the mechanical and electrical displacement fields of this
mode, from which we derive esc(r) and t, (r), respectively.
We calculate gsc, ~ 7.0-20.5 MHz (for a shunt capaci-
tance of 65—190 fF, corresponding to 100 MHz < E¢/h <
300 MHz [42]) and a maximum g, . ~ 3.2 MHz according
to Egs. (35) and (36). The strain maximum occurs at the
edges of the central diamond taper, which maximizes g, .
[Fig. 3(f)]. We simulate the expected mechanical quality
factor of the 4.11-GHz mode as a function of the number
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FIG. 4. Electromechanical and spin-mechanical couplings and population transfer to each acoustic mode. (a) An approximately-56-
MHz frequency window (gray shaded region) in which our mode of interest (approximately 4.115 GHz) lies. The couplings gsc,, and
gp.¢; are plotted for each mode, assuming a shunt capacitance Cs ~ 130 fF and a magnetic field of 0.18 T. (b) The Rabi-population-
transfer probability from the superconducting circuit and electron spin to each acoustic mode [see Eq. (28)], showing a combined mode
suppression (diamond markers) of at least 3 orders of magnitude.

of phononic tether periods (Fig. 5) and find that, for around  Lindblad master equation,
five tether periods or more, the mechanical mode will have

: 5 : d i N
a sufficient expected Q of 10° or hlgher. d_tp — _ﬁ[p,H(t)] + D[@(T)]ﬂ + D[F(T)],O, (37)
TV. QUANTUM STATE TRANSFER where the Hamiltonian in a frame rotating at rate w, is

In Fig. 6, we explore different protocols for quan- A

tum transduction from an initialized SC to a spin. The H() Agc(?) 524 A(f) 5
7 T T 5 9sc

time evolution of the system when initialized in the py = A 2 7 e
[100)(100| state (where the indices consecutively refer to o A . o
+ 6aa, + 6540 ) + 6ta, +6,a
the state of the SC, the Fock state of the phonon, and &scp \ Iscp sc4p 8p.e\% 4 e %)
the z projection of the spin) is calculated with use of the (38)
(a) Ntethers,y Ntethers,x (b) 10®
106 L
ob
104 L
10° 4 6 8
log(|Qf/max(|Q[’)) ] A
-35 =30 =25 =20 -15 -10 -5 0 tethers, y

FIG. 5. FEM simulation of the piezoelectric transducer with phononic tethers and surrounding bulk treated as perfectly matched
layers to simulate clamping quality factor Q.. (a) Simulated mechanical-mode profile with log (/Q|?/ max(|Q|?)) plotted to show
energy concentration in the resonator, since energy scales with the square of mechanical displacement. In this simulation, the free
parameter Nicthersy = Nicthers,c» Where Niethers,y and Nieghers,» 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) O, versus Nihers,, for the 4.11-GHz resonator mode of

interest.
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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
state transfer through virtual phonon excitation; and (g)—(h) time evolution under detuning control, which allows controlled Rabi flops
across the modes. (b),(e),(h) The population dynamics of each mode for the aforementioned protocols. (c),(f),(i) The spin population
over time for the variable parameter of the procedure, with operational points for (b),(e),(h) indicated with orange lines: (c) the
population for a given Ag; (f) the population for achievable phonon detuning A,; (i) performance for unused mode detuning A;

during each Rabi swap.

The superoperator D is given by

Diclp = % (2cch —cfep — ,ocTc) , (39)
and
o) = Z kilnz, (@) + 1]o;, (40)
oielip G5e6e )
rn= Y Vo (41

U[G{&p ’&S_C’&e_}

Here, Asc(f) = wsc(f) — w, is the superconducting-qubit
detuning, A.(f) = w.(f) — w, is the spin detuning at time
t, and nr,(w;) is the thermal occupancy of the ith mode
(we assume 7= 0.015 K in our simulations). The use
of time-varying detuning can be easily implemented, for
example, via on-chip flux bias lines [66—68], unlike time-
varying coupling rates explored in previous work [20]. We
account for dephasing in each mode with conservative esti-
mates of decoherence rates xsc/2m = 10 kHz, «,/2m =
wy /21 Q ~ 40 kHz, and k. /2w = 100 kHz [38,39,69-71].

As cryogenic operation of Scg32Alg¢sN-on-SOI acoustic
resonators—as well as diamond hybrid intergration on said
devices—has not been previously explored, we further
discuss prospects for Opmecy below.

Figures 6(b), 6(e), and 6(h) show the state transfer
fidelity F; = (Y;|p(0)|;) plotted versus the target state
[¥;) = |1;) under different conditions. In Fig. 6(a), where
the modes are all resonant (wsc = w, = w, = 4.11 GHz)
and gsc,/2m = 10 MHz, F, is low due to the mismatch
Ag(gpe) = gscp — &p.e [Fig. 6(c)]. Assuming one reduces
gscp Or gy, for example, by increasing the qubit shunt
capacitance Cs or reducing the transverse magnetic field,
F, may increase at the cost of maximum coupling rates.

For Fig. 6(b), we detune the phonon mode by A, =
wp — wsc, Where wsc = w,, and keep the coupling rates
matched at 3.0 MHz. In this case, F, ~ 0.95 via vir-
tual excitation of the phonon mode, if the phonon mode
is detuned by 30 MHz. This protocol generates a very
low population in the phonon mode, primarily exchang-
ing states between the superconducting qubit and the spin.
If the phonon mode is lossy, this transduction method is
preferred. However, while this protocol features wider effi-
ciency peaks in time, which may require less-stringent
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pulse control [see Fig. 6(e)], it does not overcome the issue
of coupling imbalance, and additionally suffers from deco-
herence of the superconducting-qubit and spin modes over
a longer protocol time [Fig. 6(f)].

Figure 6(g) shows the optimal solution, assuming con-
trol over Agc(f) and A.(?), in a double-Rabi-flop proto-
col. During this protocol, it is assumed that gsc, /2w =
10 MHz (which overcomes losses during the Rabi flop,
while still allowing mode isolation during the next flop)
and g,./2m =3.0 MHz. We also assume Agc(f) =0
and 0 MHz < A.(f) <1 GHz for t € {0, 7/(2gscp)}—the
duration of a Rabi flop between the SC and the phonon.
Then, Agc(f) = A.(t=0) MHz and A.(¥) =0 for t e
{m/(2gscp), m/(28scp) + 7/(2gp ) }—the duration of a
Rabi flop between the phonon and the spin. This sequen-
tially transfers states between the modes [Fig. 6(h)],
and for A.(t=0) > 500 MHz can achieve F, > 0.97
[Fig. 6(i); for A; = 1.0 GHz, F, = 0.971]. In this protocol,
we ignore the losses that can occur when one varying Agc
and A.. In reality, one has to select a pair of Agc and A,
that do not fall on resonance with another acoustic mode
of the system to prevent Rabi oscillations between the SC
qubit or the electron spin and an undesired acoustic mode.

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 elec-
tron spin can access other degrees of freedom (e.g., °C
spins [72,73]).

There are three sources of loss (described by quality fac-
tors) that we may consider in our piezoelectric transducer.
First, we consider the clamping quality factor Q., which
we can engineer to be nonlimiting as shown in Fig. 5.
Next, we note the Akhiezer-loss-related Q4 [74], which we
expect to be 107 or higher at millikelvin temperatures, is
negligible [75,76]. Finally, Orrs —the /th material’s TLS-
related O—is harder to predict. These Q values depend on
the number of quasiparticles or TLSs trapped in each of
the device’s material interfaces [77] and are weighted by
the electric field participation p; in each interface, and in
comparable microscale or nanoscale systems, TLS loss has
been limited to approximately 10*~10° [77,78]. Consider-
ing these three sources of 10ss, Onecn 1S the inverse sum of
the three quality-factor sources,

1
Omech = (QZ s ZP:’ (QTLS,/)_l + QA1> . (42)
/

We define the regimes of Qe Where each protocol from
Fig. 7 has the highest F, as follows:

(i) If Omeeh < 2 x 10* protocol 2 is superior.
(i) If 2 x 10* < Omeen S 4 x 10°, protocol 1 is
superior.

(- assumed Q C
(21 [SI\ C)I[ S, GaAs (‘:)H S, Nb
()I[S_ AIN Qc.n 6 ()'IV‘I\S\ Oc:xnﬁ‘{
——— protocol 1
protocol 2
—— protocol 3
10 5 \
3 \\
I
\\
\
10 3 it
] .‘\
"4 5 6 "7 8
10 10 10 10 10
Omech
FIG. 7. Sweep of protocol performance as a function of the

total quality factor of the mechanical resonator. TLS-limited Q
values—which are inherent to the materials used in the pizeo-
electric nanocavity—for Si [79,80], AIN [78], Nb [81], and
alternatives in GaAs [81] and lithium niobate (LN) [77] are in
cyan. The device’s clamping-limited Q values as a function of
tether number—which determines the phononic mode isolation
from the bulk chip—are given in blue. Akhiezer losses (gray) are
nondominant at 7 = 0.015 K. Finally, our assumed Q ~ 10° for
the simulations in Fig. 3 is in red. The F' > 0.995 regime (dark
gray) requires better SCs and spins for it to be achieved.

(iii) If4 x 10° < Qmech, protocol 3 is superior.

We note that Oprs likely dominates Opecn, more than fab-
rication imperfections (which fall under Q,.) or errors due
to heating at millikelvin temperatures. Given this uncer-
tainty in Qrrs and therefore Qnecn, the greatest challenge
in reaching F, 2 0.99 is reducing TLS loss in the piezo-
electric layer, as indicated by published intrinsic quality
factors of, for example, monolithic aluminum nitride or
lithium niobate resonators [77,78]. So, while current hard-
ware may encourage us to use the virtual coupling protocol
for coupling through a lossy intermediary phononic mode,
future iterations of this scheme with improved materials
and interfaces yielding Opecn = 10° can expect to break
the 0.99 transduction fidelity barrier with use of 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
[82—-84].

V. ANALYSIS OF SPIN-REGISTER SYSTEM

In Fig. 8, we present a road map to scaling this archi-
tecture to form a memory register for superconducting
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FIG. 8. Scaling the schematic to a quantum memory regis-
ter. By implanting » emitters in each of m detuned mechanical
resonators in parallel with the superconducting qubit of inter-
est, one can create an efficient interface with an m x n optically
addressable ancilla register.

circuits. Since the shunt capacitance far exceeds the capac-
itance of a single IDT, additional electromechanical res-
onators in parallel to a single transmon qubit do not sig-
nificantly change the rates of coupling to each resonator.
Individual control over each resonator can be obtained with
electrical switching of contacts to each resonator (e.g., by
cryo-MEMS) [85,86]. If this is not possible, controls can
still be obtained in the frequency domain if each resonator
frequency is sufficiently detuned from all others and is
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,, for
each resonator drops below a desired value, and the maxi-
mum number of resonators before the frequency spectrum
becomes overcrowded.

From electrostatic simulations in COMSOL MULTI-
PHYSICS, Cs ~ 70Cipt, allowing us to add around ten res-
onators in parallel 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 w,; due to dif-
fering magnetic field and strain environments creating a
unique Zeeman effect for each color center. Assuming one
implants 7 emitters in each resonator, this creates an easily
accessible m x 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 w,,, we would like the circuit to be
approximately coupled to only that acoustic mode. This
is the same condition as we present in Sec. Il to assume
that we can simplify the dynamics of the SC-phonon-spin
system to that of coupling via a single acoustic mode. Sim-
ilarly, we would like to determine the condition where we
can assume each piezoelectric resonator can individually
couple to a single spin. Assuming that each of the m res-
onators has only a single mode coupled to the SC qubit,
the full Hamiltonian describing the m resonator, m X n spin

system is

WSC 4, a)ei/'\z
Hy = S5+ 300 [oni s+ 514

i=1 j=1

+ 8scp; (5s+cflp,i + 8§Ca;,i>
+ 8oy (a api+ 0, A; l)] . (43)

Following exactly from Egs. (28) and (29), the required
condition for assuming electromechanical coupling to just
the igth of m resonators is that

m

> {osca)

iig
. “ 4(gSC,p;i)2
= NP
70 Ay + A+ 1 (5572
4 2 A . [ kSCtKp,i 2
= (gSC,p;i) + D, +1 —a
X s 5 t
KL {0sCiy)- (44)

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

. - 4(gp e:j )2
Z<G€J> Ke+K, 2
J#i0 /¢Jo4(gpeJ)+‘ApJ+z(e ””)’
2 . [ KetKp 2
4 (gp,e;i) + ‘Ap,/' +1 <T>’
X sin’ 7 t
L {0ejy)- (45)

We can see from the spin-phonon coupling points in Fig. 4
that frequency crowding can begin to promote Rabi oscil-
lations with populations on the order of 1073 of the desired
mode when within a 100-MHz frequency window. So
parallelization of spins in one resonator would require
changing the local magnetic field for each resonator and
intelligent spacing of the emitters to promote a wide distri-
bution of resonant frequencies, or sacrificing state-transfer
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 superior mode
suppression on the electromechanical side of the system.

064051-10



PIEZOELECTRIC NANOCAVITY INTERFACE...

PHYS. REV. APPLIED 19, 064051 (2023)

Thus, we can comfortably parallelize around ten piezo-
electric resonators to a single SC qubit and one to three
emitters per resonator. When accounting for the surround-
ing 1*C nuclear spins, we envision that this scaling method
can provide a SC qubit with a ten-or-greater-nuclear-spin
memory register.

VI. IMPLEMENTING QUANTUM PROTOCOLS
ON A TRIPARTITE SYSTEM

In Fig. 9, we describe the SWAP gate between a supercon-
ducting transmon and Si-V electron spin implemented by
our transduction protocols (specifically protocol 3). This
consists of two SWAP gates first between the transmon
and the transducer’s phonon mode and next between the
phonon mode and the electron spin. We propose that the
first SWAP operation is initiated by the tuning of the flux
bias of the transmon superconducting quantum interfer-
ence device loop to tune the transmon in and out of reso-
nance 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 [Eqgs. (13)~(16)]. Once an
excitation is transferred to the electron spin, then optical
readout can be performed with a free-space laser tuned

@0, @6, @), @)

T e T

©0) — G G G
2 i

- = = =

@O @6 @) (@)

@l I
210y

’|0> I

A—

FIG. 9. Transduction protocol for optical readout of the cou-
pled system. (a) The active control elements at each step, (b)
energy-level diagram charting the physical movement of an exci-
tation through the tripartite-coupled system, and (c) equivalent
quantum gates on the three qubits. (i) An initialized state with the
superconducting qubit in the excited state |1) and the phonon and
the electron spin initialized to the ground state |0). (ii) The 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) The second SWAP operation, initiated by
tuning the electron spin on resonance with the phonon mode via
changing the external dc magnetic field. (iv) Laser addressing of
the electron spin, which can be accomplished with a free-space
microscope or by other means, allowing optical readout of the
system [88].

to the electron-spin transition frequency. Note that the
diffraction-limited spot size d of a . = 620 nm laser enter-
ing a high-numerical-aperture microscope—for example,
a numerical aperture of 0.9—is around A /2NA = 344 nm,
which is smaller than the distance between two electrodes
in our device. Therefore, we expect that a free-space laser
should not cause excessive scattering.

Figure 10 shows how to use the transducer in a quan-
tum computation scheme that combines distilled entangle-
ment with computation and memory storage. First, one
can initialize two systems in different dilution fridges fea-
turing our transducer to the ground state and carry out
a distilled-entanglement scheme using the SiV™ electron
spins and coupled '*C nuclear spins in each transducer
[Fig. 10(a)] [87]. Next, one can implement a SWAP gate
between the nuclear-spin and electron-spin qubits in each
fridge via laser addressing, followed by a SWAP opera-
tion to each coupled transmon to transfer entanglement
to the superconducting circuit. Computation can be done
on an arbitrarily sized superconducting circuit to which
each transmon is coupled [Fig. 10(b)]. Finally, a SWAP
gate can be implemented between the coupled transmons
and each nuclear spin to store the excited state in each
fridge [Fig. 10(c)]. This proposal, when combined with the
spin register in the previous section, provides a network
interface and memory bank to superconducting quantum
circuits.

(a) (b) )
@10 ‘[ E ]:
®lo) :[ I
10y a 0y _, o
@l I I
BSM Evziv:ﬁ:z:?s:l BSM Computation Storage
©lo) l E 1
@10 I I
©lo —c 10} —< 10y I I

@10y

FIG. 10. Implementation of the transducer in a quantum entan-
glement and computation protocol. (a) Entanglement distillation
using a coupled '3C nuclear spin [87]. Here, “BSM” indicates a
Bell-state measurement, the cross symbol represents a SWAP gate,
the arrow represents a measurement operation, and the white
circle with a cross represents a controlled NOT operation. (b)
Use of SWAP gates to conduct computational 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
computation done with the superconducting qubit. (c) Informa-
tion storage in a coupled '3C nuclear spin, where our transducer
would again be used to implement the otherwise-missing SWAP
gates (shown in red).
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VII. OUTLOOK

An open question remains regarding the bonding
strength between the diamond thin film and the underly-
ing resonator, which, if low, can incur additional losses.
However, for single-phonon occupation, the van der Waals
static frictional force exceeds the strain-generated force on
the resonator.

Ultimately, we propose 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 cal-
culated coupling parameters and conservatively assumed
0 values across the three modes, we expect SC-phonon
cooperativity Csc, = 4g%: p/Ksckp ~ 4 x 10° and, simi-
larly, spin-phonon cooperativity C, . = 4g> ,/k,k. ~ 10°.
This doubly-strongly-coupled architecture has a number
of uses. Firstly, it can provide superconducting-circuit
qubits with 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 coupling
to fiber optical quantum networks. Finally, by multiplex-
ing each SC with several acoustic resonators and each
acoustic resonator with several spins, this architecture can
yield a memory bank of quantum memories for compu-
tational superconducting circuits. We believe introducing
this quantum transducer into existing superconducting cir-
cuits is a large step toward developing a specialized hybrid
quantum computer with fast superconducting qubits for
processing and slow, long-lived memory qubits in the solid
state for storage and communication.
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