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Quantum communication between remote superconducting systems is being studied intensively to
increase the number of integrated superconducting qubits and to realize a distributed quantum computer.
Since optical photons must be used for communication outside a dilution refrigerator, the direct conversion
of microwave photons to optical photons has been widely investigated. However, the direct conversion
approach suffers from added photon noise, heating due to a strong optical pump, and the requirement for
large cooperativity. Instead, for quantum communication between superconducting qubits, we propose an
entanglement distribution scheme using a solid-state spin quantum memory that works as an interface for
both microwave and optical photons. The quantum memory enables quantum communication without sig-
nificant heating inside the refrigerator, in contrast to schemes using high-power optical pumps. Moreover,
introducing the quantum memory naturally makes it possible to herald entanglement and parallelization
using multiple memories.
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I. INTRODUCTION

A superconducting qubit is one of the most promis-
ing building blocks for a quantum computer [1]. Recent
developments in superconducting qubits enabled the inte-
gration of several tens of qubits onto a single chip and
well-controlled quantum operation on them [2]. However,
for practical calculations, integration on the order of one
million qubits is estimated to be required [3], which is an
extremely challenging task considering the current tech-
nologies. Although quantum memories may alleviate this
requirement by several orders of magnitude [4], tens of
thousands of qubits are still needed. To mitigate the severe
demands concerning the integration of qubits, distributed
quantum computing is suggested as an alternative [5–7].
Similar to a distributed classical computer, a distributed
quantum computer is realized by linking small quantum
computers using classical and quantum communication
channels.

To realize quantum communication between supercon-
ducting qubits in remote dilution refrigerators, an opti-
cal photon must be used for communication outside
the dilution refrigerators. Thus, the direct conversion of
microwave photons to optical photons has been intensively
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investigated in the last decade [8,9]. However, in the direct
conversion scheme, high conversion efficiency is generally
not compatible with the low optical pump power neces-
sary to avoid heating up inside the refrigerator and to
avoid generating noise. Instead, schemes using entangled
photons to generate entanglements between superconduct-
ing qubits have recently gained attention [10–12]. These
schemes use entangled-photon pairs, which have already
been widely adapted for entanglement distribution at tele-
com wavelengths [13–15]. For quantum communication
with optical photons, the application of a quantum mem-
ory is another choice to distribute entanglement between
remote nodes [16–20]. Thus, using an analogy with com-
munication at telecom wavelengths, we propose a quantum
memory as an interface for microwave and optical photons,
which works as a quantum repeater to generate entangle-
ments between superconducting qubits in different dilution
refrigerators.

In this paper, we introduce a scheme to generate
entanglement between superconducting qubits in differ-
ent refrigerators via a quantum memory. To analyze the
scheme’s performance, we consider a specific situation:
generating entanglement between remote superconducting
qubits using a quantum interface [21] consisting of a color
center in a diamond, a microwave resonator, and a pho-
tonic and phononic crystal cavity. Assuming the current
state-of-the-art technologies, we estimate the entanglement
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generation rate of the memory-based scheme. Since it is
not trivial whether the memory-based scheme has any
advantages over other schemes, we compare its perfor-
mance with those of the direct conversion scheme and the
entangled-photon scheme. We confirm that as long as the
conversion efficiency of the direct conversion scheme does
not exceed a certain threshold, it is beneficial to introduce
the memory for the entanglement generation. Besides,
though the entanglement generation rates of the memory-
based and entangled-photon schemes are estimated to be
on the same order of magnitude, heat generation inside
the refrigerator could be reduced more in the memory-
based scheme than in the entangled-photon scheme. Since
decreasing heating in the refrigerator is crucial for scal-
ing quantum devices, using a memory could not only
deliver entanglement but also help the thermal design
inside a refrigerator, contributing to the establishment of
a distributed quantum computer.

II. ENTANGLEMENT GENERATION PROTOCOL
BETWEEN REMOTE SUPERCONDUCTING

QUBITS

This section overviews the entanglement generation
protocol between superconducting systems in remote
dilution refrigerators using a quantum interface based on
the solid-state spin quantum memory. Figure 1(a) shows
a schematic of a quantum interface, consisting of a color
center with nuclear spin memories in a diamond and
three resonators (microwave, mechanical, and optical), that
is connected to an optical fiber at the room-temperature
region and to a superconducting qubit via a waveguide.
The device works as an interface for both microwave
and optical photons. To obtain a single microwave (opti-
cal) photon coupling that is strong enough to transfer
the quantum state efficiently, a microwave resonator, a
phononic crystal cavity, and a photonic crystal cavity are
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FIG. 1. (a) Schematic of a quantum interface inside a dilution refrigerator. The interface consists of a color-center electron
spin, a nuclear spin, a microwave (MW) resonator, and a photonic and phononic crystal cavity. The microwave resonator is con-
nected to a superconducting (sc) qubit via a waveguide. The photonic crystal is linked to an optical fiber, and an optical photon
is transmitted to room-temperature region. (b) Schematic of the energy level of cascaded resonators (qubits) with the electrome-
chanical interaction, gMW-m, and the effective mechanical-spin coupling, geff

m-e. We use geff
m-e instead of the bare mechanical-spin

coupling, gm-e, since the effective coupling between the mechanical mode and the electron spin depends on the choice of a color
center and a detailed entanglement generation procedure. (c) Entanglement generation protocol between remote superconducting
qubits. (i) Entanglement is generated between remote electron spins. (ii) The entanglement is swapped to nearby nuclear spins.
(iii) Entanglement is generated between the electron spin and the superconducting qubit in each node. (iv) Bell-state measurement
(BSM) is performed between the electron and the nuclear spin. (v) Entanglement is generated between remote superconducting
qubits.
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integrated into the interface. Figure 1(b) shows a sim-
plified model of the coupled resonators and the electron
spin. Since a color center with the orbital degree of free-
dom strongly interacts with the strain (phonon) due to
the spin-orbit interaction [22,23], a microwave photon
is converted to a microwave phonon via the piezoelec-
tric effect. Then, the phonon confined inside the one-
dimensional phononic crystal cavity interacts with a color
center through the strain (mechanical)-electron spin cou-
pling. The small mode volume (< 0.1λ3) [24,25] of the
one-dimensional (1D) phononic crystal is essential to real-
ize sufficiently strong strain-spin coupling, where λ is the
wavelength of elastic wave [26]. Here, we consider N-V−,
N-V0, and Si-V− as candidates that have high strain sensi-
tivity in their ground or excited state. Similarly, coupling
between a color center and an optical photon is enhanced
by the confinement of the optical field inside the photonic
crystal cavity.

Figure 1(c) shows a protocol for the remote entangle-
ment generation between superconducting qubits using
the quantum interface. We consider nodes inside dilution
refrigerators separated by several meters. First, entangle-
ment between remote electron spins is generated using a
beam splitter that erases optical path information. Then,
the entanglement is swapped to nearby nuclear spin
memories. Next, entanglement between the superconduct-
ing qubit and the electron spin is generated in each
node. Finally, Bell-state measurement (BSM) is performed
between the electron and nuclear spins in each node,
generating entanglement between remote superconducting
qubits. In the following, we analyze and discuss each part
of the protocol in terms of the entanglement generation
rate.

III. REMOTE ENTANGLEMENT BETWEEN
SOLID-STATE SPINS

Entanglement generation between remote color cen-
ters in diamonds has already been demonstrated using
two-photon and single-photon protocols [19,27–29] (see
Appendix A for details on single- and two-photon pro-
tocols). The two-photon protocol projects electron spins
within different nodes (A and B) on one of the two Bell
states,

1√
2
(|0〉A

e |1〉B
e ± |1〉A

e |0〉B
e ), (1)

where the sign depends on whether the same detector (+)
or different detector (−) is clicked in the two-photon emis-
sion rounds [19]. |0〉 (|1〉) denotes the spin state in the
computational basis, the subscript e indicates the electron
spin, and the superscripts A and B correspond to the two
nodes. Since the two-photon protocol is tolerant to the error
caused by photon loss and does not require optical path

length stabilization, in the following we consider only the
two-photon protocol.

Then, we consider a practical limit of the entanglement
generation rate between color centers separated by several
meters. The entanglement generation rate between remote
color centers, Re-e, is expressed as

Re-e = 1
2

re-e(η
opt
e )2, (2)

where η
opt
e is the detection efficiency of the optical photon

emitted from a color center considering all losses during
the transmission and re-e is the entanglement generation
attempt rate of the electron spins. The factor 2 in the
denominator of Eq. (2) indicates that only two of the four
Bell states can be heralded using a beam splitter. Note
that η

opt
e ∼ 1 is already feasible considering the current

state-of-the-art technologies (see Appendix B).
For color centers separated by 10 m, the propagation

time of an optical photon in an optical fiber is 25 ns from
a color center to a photodetector placed at the midpoint
of the refrigerators (5 m). Then, the ideal entanglement
attempt rate will be 40 MHz. However, considering the
current technology, the actual entanglement attempt rate
is limited by the gate operation time for the emission of a
coherent photon. In a two-photon protocol that used the
N-V− center, the typical operation time to generate a
coherent photon is approximately 10 μs including the ini-
tialization time [19,27], corresponding to re-e = 100 kHz.
Thus, assuming η

opt
e = 0.9 − 1, Re-e would be 80–100 kHz.

IV. ENTANGLEMENT GENERATION BETWEEN
THE SUPERCONDUCTING QUBIT AND THE SPIN

In this section, we propose two protocols to generate
entanglement between the superconducting qubit and the
electron spin in a diamond. We then consider the entan-
glement generation rate based on these protocols. In the
following, we consider that |0〉e is the electron spin ground
state in the computational basis that is excited by the
microwave time-bin qubit.

Figure 2(a) shows the first protocol, which uses an opti-
cal photon to herald the successful entanglement. The
protocol can be applied to a color center that has high strain
susceptibility in its ground or excited state. In Appendix D,
we discuss the feasibility of the protocol considering N-V−
and N-V0 as an example.

First, the superconducting qubit, which is prepared in the
state, (1/

√
2)(|g〉sc + |e〉sc), emits a coherent microwave

time-bin qubit [30,31], resulting in the state,

1√
2
(|g〉sc |L〉MW + |e〉sc |E〉MW). (3)

Here, |g〉sc and |e〉sc denote the superconducting qubit
basis states, and |L〉MW ( |E〉MW) is the microwave late
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FIG. 2. Protocols to generate entanglement between a superconducting (sc) qubit and a color-center electron spin. (a) The supercon-
ducting qubit, which is in the superposition state, (1/

√
2)(|g〉sc + |e〉sc), generates a microwave time-bin qubit. Here, for simplicity,

the superconducting qubit is depicted as a two-level system, though another energy level and a coupled resonator are actually used to
generate the microwave time-bin qubit [30]. The electron spin is prepared in the state (1/

√
2)(|0〉e + |1〉e). The electron spin, which is

in |0〉e, receives the microwave early time bin with a simultaneous optical excitation. The successful excitation to the optically excited
state, |φ〉opt

e , results in the emission of an optical early time bin. The repetition of the procedure with bit flip between |0〉e and |1〉e
generates the optical time-bin qubit, which is measured using a delay line and a beam splitter. The detection of the optical photon
heralds the successful absorption of the microwave time-bin qubit. Applying a correction to the computational basis of the electron
spin depending on the measurement outcome teleports the state of the microwave time-bin qubit to the electron spin, generating entan-
glement between the superconducting qubit and the electron spin. (b) The electron spin is prepared in the state (1/

√
2)(|0〉e + |1〉e). A

microwave driving pulse is applied to excite |0〉e to |φ〉MW
e , which couples to a mechanical mode of the phononic crystal. |φ〉MW

e emits
the microwave early time bin via the phononic crystal and the microwave cavity. Repeating the emission with the bit flip between
|0〉e and |1〉e generates a microwave time-bin qubit. The superconducting qubit receives the microwave time-bin qubit, generating
entanglement between the electron spin and the superconducting qubit. The successful absorption of the microwave time-bin qubit can
be heralded by confirming the absence of population in the second excited state, |f 〉sc, of the superconducting qubit [30].

(early) time-bin qubit. The detail of the emission of a
time-bin qubit from a superconducting qubit is described
in Appendix C. The electron spin is prepared in the state
(1/

√
2)(|0〉e + |1〉e). Then, at the same time as the excita-

tion of |0〉e by |E〉MW, the electron spin is subjected to an
optical pump (see Appendix D for details). Here, the detun-
ing of the optical pump is equal to the frequency of |E〉MW.
As a result of the successful absorption of |E〉MW and the
optical photons, the electron spin is excited to an optically
excited state, |φ〉opt

e . Then, the electron spin emits a pho-
tonic early time bin, |E〉opt. After the absorption of |E〉MW,
|0〉e and |1〉e are flipped. The procedure of photon emission
is repeated for |L〉MW. The electron spin emits a photonic
late time bin, |L〉opt, conditioned on the successful absorp-
tion of |L〉MW. After that, |0〉e and |1〉e are flipped again.
Consequently, the electron spin entangles with |E〉opt and
|L〉opt as

1√
2
(|g〉sc |L〉opt |1〉e + |e〉sc |E〉opt |0〉e). (4)

Using a delay line and a beam splitter, photonic time-
bin qubits are measured on the basis (1/

√
2)(|0〉A

opt |1〉B
opt ±

|1〉A
opt |0〉B

opt). Detection of a single photon at the pho-
todetectors heralds the successful interaction between the
microwave time-bin qubit and the electron spin. The elec-
tron spin state is then corrected depending on the measure-
ment outcome. Consequently, the state of the microwave
time-bin qubit is teleported into the electron spin state with
the heralding of the optical photon as

1√
2
(|g〉sc |1〉e + |e〉sc |0〉e). (5)

It is noteworthy that different protocols have been sug-
gested to transfer the state of a superconducting qubit to
the electron spin (N-V−) in a diamond [32,33]. The scheme
proposed in Ref. [32] uses a superconducting flux qubit
coupled to a single N-V−. To maximize the interaction
between the superconducting qubit and N-V−, N-V− is
placed in close proximity to the flux qubit (approximately
15 nm). However, such a configuration may hinder integra-
tion of an optical cavity, since the electrode that is too close
to the N-V− center contributes to the loss of the optical
photon, degrading the quality factor of the optical cav-
ity. Thus, the protocol is not compatible with our scheme,
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which uses a photonic cavity to enhance spin-photon inter-
action. In another approach, a microwave photon emitted
from a superconducting qubit is converted to an opti-
cal photon using an electro-optic effect and driving laser
[33–37]. Using the converted optical photon and a driv-
ing laser, the ground state of N-V− is controlled through
the interaction between a �-type three-level system
(|ms = ±1〉 and |A2〉 of N-V−). Since their scheme already
integrates whispering-gallery-mode photonic cavity into
the device structure, it could be another choice to transfer
the state of a superconducting qubit to the electron spin.

Figure 2(b) shows the second protocol for the entangle-
ment generation, which uses a microwave time-bin qubit
emitted from the electron spin. In this scheme, a color
center having high strain susceptibility in the ground state
is required (e.g., N-V0 and Si-V−). In the Appendix D 2,
we consider the detail of the protocol, using N-V0 as an
example.

The initial state of the electron spin is prepared in
(1/

√
2)(|0〉e + |1〉e). Then, |0〉e is excited to |φ〉MW

e by a
microwave driving pulse supplied from an external sig-
nal generator. Based on the model shown in Fig. 1(b), the
excited electron spin emits a microwave phonon to the
phononic crystal cavity (see Appendix E for the detail).
Repeating the emission with bit flip between |0〉e and |1〉e
generates the state,

1√
2
(|L〉MW |1〉e + |E〉MW |0〉e). (6)

The microwave time-bin qubit is transferred to the
superconducting qubit via a waveguide coupled to the
microwave cavity. The superconducting qubit, which is
prepared in |g〉sc, absorbs the microwave time-bin qubit
(see Appendix C for details), resulting in the entangled
state,

1√
2
(|g〉sc |1〉e + |e〉sc |0〉e). (7)

By measuring the population in the second excited state,
|f 〉sc, of the superconducting qubit, we can confirm
whether the superconducting qubit successfully absorbs
the microwave time-bin qubit or not, heralding the gen-
eration of entanglement [30].

A difference between these two protocols is whether
the superconducting qubit or the electron spin is the emit-
ter (receiver) of the microwave time-bin qubit. Efficient
(> 90%) microwave time-bin qubit generation and absorp-
tion by the superconducting qubit have been demonstrated
[30,38], suggesting that the superconducting qubit can
be used in both ways with similar efficiency. Thus, the
efficiency of microwave emission or absorption by the
color-center spins determines which protocols to choose.
However, this efficiency depends on various parameters:

the choice of color center, coupling between the electron
spin and the phonon, coupling between the microwave
phonon and the microwave photon, and the quality factor
of the phononic crystal and the microwave resonator. Thus,
in the following, we treat the microwave photon generation
or absorption efficiency of the electron spin as a parameter.
Regarding the efficiency based on feasible device parame-
ters, we calculate and discuss it in Appendix D. We should
note that measurement of the electron spin on |+〉e =
(1/

√
2)(|0〉e + |1〉e) basis directly converts a microwave

time-bin qubit to an optical time-bin qubit in the first
protocol, enabling entanglement generation between the
superconducting qubits by the interference of optical pho-
tons. However, here, we focus only on the protocol using
the electron and nuclear spins as quantum memories.

On the basis of both schemes, we estimate an actual
entanglement generation rate between the superconduct-
ing qubit and the electron spin. For a superconducting
qubit coupled to a cavity, the generation or absorption
of a microwave time-bin qubit takes several hundreds of
nanoseconds to a few microseconds [30,38]. Here, we
assume that it takes 1 μs to generate or absorb a microwave
time-bin qubit for the superconducting qubit. Similarly,
for the electron spin, approximately 1 μs is thought to
be needed for the operation based on the simulation of
the master equation (see Appendix D). Then, ignoring the
propagation time in the waveguide between the super-
conducting qubit and the electron spin, it is possible to
attempt entanglement generation at a rate of rsc-e ∼ 500
kHz, where rsc-e is the entanglement trial rate. Consider-
ing the success probability of microwave photon emission
or absorption, the successful entanglement generation rate
between the superconducting qubit and the electron spin,
Rsc-e, can be expressed as

Rsc-e = rsc-eη
MW
sc ηMW

e , (8)

where ηMW
sc (ηMW

e ) is the probability of successful
microwave emission or absorption operation by the super-
conductor (spin). Here, we can confirm the generation
of entanglement with the heralding techniques mentioned
above. Figure 3 shows Rsc-e as a function of ηMW

e . Although
we calculate Rsc-e for ηMW

e = 0.9, 1.0, it does not seriously
affect Rsc-e. Assuming the entanglement generation rate
between remote color centers to be 100 kHz based on the
discussion in the previous section, Rsc-e ∼ 100 kHz do not
seriously degrade the whole entanglement generation rate
between the superconducting qubits. Thus, ηMW

e = 0.2,
corresponding to Rsc-e ∼ 100 kHz, could be sufficient to
generate entanglement between the superconducting qubit
and the electron spin. Even ηMW

e ∼ 0.02, corresponding
to Rsc-e ∼ 10 kHz, could work when the whole entangle-
ment generation rate is limited to a few tens of kilohertz
by the other operations (e.g., initialization of the nuclear
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FIG. 3. The entanglement generation rate between the super-
conducting qubit and electron spin as a function of the absorp-
tion (emission) efficiency of a microwave time-bin qubit by
the electron spin. The rate is calculated for different absorption
(emission) efficiencies of a microwave time-bin qubit by the
superconducting qubit, ηMW

sc = 0.9, 1.0. The red dashed lines in
the graph are shown to clarify the entanglement generation rates
of 10 kHz, and 50 kHz, which are considered necessary so as
not to seriously degrade the whole entanglement generation rate
between the superconducting qubits.

spin, BSM for the electron spin). Although the interac-
tion between a microwave photon and a single electron
spin still needs proof-of-concept experiments, our numer-
ical simulation indicates that ηMW

e > 0.1 is feasible with
1D phononic crystal with small mode volume (<0.1λ3)
and high strain sensitivity of a specific color center (see
Appendix D). Besides, it should be noted that the short life-
time of the excited state of N-V− and N-V0 do not affect
our protocol though it can degrade ηMW

e . Increasing gm-e
compensates for the decrease of ηMW

e (see Appendix D).

V. ENTANGLEMENT GENERATION BETWEEN
REMOTE SUPERCONDUCTING QUBITS

After the successful entanglement generation between
the superconducting qubit and the electron spin in nodes A
and B, BSM is performed between the electron and nuclear
spins in each node (Fig. 4). Depending on the BSM result,
the quantum state of the superconducting qubits in nodes
A and B is projected to the states, (1/

√
2)(|g〉A

sc |g〉B
sc ±

|e〉A
sc |e〉B

sc) or (1/
√

2)(|g〉A
sc |e〉B

sc ± |e〉A
sc |g〉B

sc). The overall
gate sequence of the entanglement generation is shown
in Fig. 4. Also, in Table I, we summarize the parameters
needed to control and read out the quantum states based on
the above discussions and references shown in the caption.
Here, we consider three situations: (a) moderate hyper-
fine coupling and weak microwave drive power, (b) strong
hyperfine coupling and moderate microwave drive power,
and (c) strong hyperfine coupling and strong microwave
drive power. As can be seen from Fig. 4 , the time for
BSM, τBSM, is τCnNOTe + τ

π/2
e + τCeNOTn + 2τ SS

e , where

τCnNOTe is the time to perform a CnNOTe gate on the elec-
tron spin, τ

π/2
e is the time to perform a π/2 gate on the

electron spin, τCeNOTn is the time to perform a CeNOTn gate
on the nuclear spin, τ SS

e is the time to perform a single-
shot readout of the electron spin. Based on parameters in
Table I, τBSM is 20–30 μs. To efficiently generate entangle-
ment, the time for the BSM must be shorter than the coher-
ence time of the superconducting qubits. State-of-the-art
superconducting qubits have sufficient performance, since
their coherence time reaches 100 μs [1] or even approxi-
mately 1 ms [39], which is longer than the BSM time. Of
note, a much quicker BSM is still required to generate the
entanglement with high fidelity.

Considering the success probability of entanglement
generation between the remote electron spins and that
between the superconducting qubit and the electron spin,
the average entanglement generation rate between the
superconducting qubits, Rmem

sc-sc, is

Rmem
sc-sc = 1

τ init + τ e-e + τSWAP
n + τ sc-e + τBSM

, (9)

where τ init = τ init
e + τ init

n is the time to initialize the elec-
tron (τ init

e ) and the nuclear spins (τ init
n ), τ e-e = 2τ ent

e /(η
opt
e )2

is the time to generate entanglement between remote elec-
tron spins without initialization, τ ent

e is the time to emit
an entangled photon from the electron spin, τSWAP

n is the
time to swap the state of the electron spin with that of
the nuclear spin, and τ sc-e is the average time to generate
entanglement between the electron spin and the super-
conducting qubit in both nodes. Considering the expected
number of entanglement generation attempts until success
in both nodes, τ sc-e can be calculated by

τ sc-e =
{

p2 +
∞∑

i=0

(i + 2)p2(1 − p)i+1 × [(1 − p)i+1

+ 2
i∑

j =0

(1 − p)j ]

⎫⎬
⎭ /rsc-e, (10)

where p = ηMW
sc ηMW

e is the success probability of the
entanglement generation attempts, rsc-e = 1/(τ emi

MW + τ abs
MW)

is the rate of the entanglement generation attempts, τ emi
MW

is time to emit a microwave time-bin qubit at the elec-
tron spin (superconducting qubit), and τ abs

MW is time to
absorb a microwave time-bin qubit at the superconduct-
ing qubit (electron spin). Here, the success probability of
the first trial is p2 and that of the nth (n > 1) trial is
p2(1 − p)n−1 × [(1 − p)n−1 + 2

∑n−2
j =0(1 − p)j ], which is

derived from a simple calculation. In Table I, assuming
the highest efficiency, η

opt
e = 1 and ηMW

sc = ηMW
e = 1, we

estimate Rmem
sc-sc to be 10–30 kHz at maximum.

If we can use multiple quantum spin memories [21] as
shown in Fig. 5, we can prepare the remote entanglement
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SWAP emi.

(abs.)
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(emi.)

BSM
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e

n

H

Disentangle Single-shot
measurement
(SS) of e-spin

SS of
N spin

CnNOTe

π/2 SS SS

A

B

Node

init.

init.
SWAP BSM

Entanglement 
genera�on
between the electron spins

Emission and absorp�on
of microwave �me-bin qubit 
at the electron spin and the sc qubit

abs.
(emi.)

emi.
(abs.)Node

CeNOTn

FIG. 4. A gate sequence for the entanglement generation between remote superconducting qubits. Initialization of the electron (e)
and nuclear (n) spins (init.) is followed by entanglement generation between the electron spins in the different nodes (e-e). Entangle-
ment between the electron spins is then swapped to the nuclear spins (SWAP). Entanglement between the superconducting (sc) qubit
and the electron spin is generated via the absorption (abs.) and emission (emi.) of the microwave time-bin qubit. Finally, BSM is
performed for the electron and the nuclear spins to generate entanglement between the superconducting qubits. A BSM sequence is
shown in the gray box below the whole gate sequence to estimate the BSM gate time. The state of the electron spin is measured by a
single-shot measurement (SS). The times for each operation are summarized in Table I.

between electron spins during the BSM of another spin
memory. Based on the assumption shown in Table I, a
system with an additional parallel memory is sufficient to
maintain the entanglement between the remote spins and
to supply it to the superconducting qubits. The overhead
time to generate electron spin-spin entanglement is again
eliminated, resulting in the entanglement attempt rate of
approximately 40 kHz at maximum, which is limited by
the speed of the BSM of the electron and nuclear spins.

VI. DISCUSSION

We estimate the entanglement generation rate between
remote superconducting qubits using the quantum spin
memory. Here, we compare the performance of the
memory-based scheme to those of other protocols without
memory.

A. Comparison to direct conversion scheme

Direct conversion of a microwave to an optical photon
is a straightforward approach transferring a quantum state
of a superconducting qubit or microwave photon itself
outside a dilution refrigerator. Direct conversion makes it
possible to implement an entanglement generation proto-
col between remote superconducting qubits using the two-
photon protocol. Here, though the single-photon protocol
can be used, we consider only the two-photon protocol,

in which stabilization of the optical path is not neces-
sary. Figure 6 shows a schematic of the protocol. First,
the superconducting qubits coupled to the cavity emit the
coherent time-bin qubit,

1√
2
(|g〉sc |L〉MW + |e〉sc |E〉MW). (11)

The microwave time-bin qubit is then converted to the pho-
tonic time-bin qubit at the transducer. The photonic time-
bin qubits from nodes A and B interfere at a beam splitter
and are measured by a photodetector. Consequently, the
superconducting qubits in different nodes are projected to
the entangled state as

1√
2
(|e〉A

sc |g〉B
sc ± |g〉A

sc |e〉B
sc), (12)

where the sign depends on which detector is clicked. The
same as in Eq. (2), the entanglement generation rate in this
direct conversion case, RDC

sc-sc, can be expressed as

RDC
sc-sc = 1

2
rsc-scη

2
DC(ηDC

loss)
2, (13)

where rsc-sc is the entanglement attempt rate correspond-
ing to the speed with which the microwave time-bin
qubit is generated at a superconducting qubit, ηDC is
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TABLE I. Parameters related to the entanglement generation
protocol in three different situations. (a) Moderate hyperfine cou-
pling to a nuclear spin and weak microwave driving power.
(b) Strong hyperfine coupling to a nuclear spin and moderate
microwave driving power. (c) Strong hyperfine coupling to a
nuclear spin and strong microwave driving power. The param-
eters are the hyperfine coupling between the electron spin and
the nuclear spin, A, the Rabi frequency of the electron spin,
�Rabi

e , the Rabi frequency of the nuclear spin, �Rabi
n , time to

initialize the electron spin, τ init
e , time to initialize the nuclear

spin, τ init
n , time to generate an entangled photon from the elec-

tron spin, τ ent
e , time to swap the electron spin state to that

of the nuclear spin, τSWAP
n , time to emit a microwave time-

bin qubit from the superconducting qubit (spin), τ emi
MW, time to

receive a microwave time-bin qubit at the spin (superconduct-
ing qubit), τ abs

MW, time to perform a Hadamard gate, τ
π/2
e , time

to perform a CeNOTn gate, τCeNOTn , time to perform a CnNOTe
gate, τCnNOTe , time to perform a single-shot measurement of
the electron spin, τ SS

e , and the maximum entanglement genera-
tion rate, Rmem

sc-sc, assuming η
opt
e = 1, ηMW

sc = ηMW
e = 1. The gate

times for the electron and nuclear spins (τπ/2
e , τCeNOTn , and

τCnNOTe ) are calculated based on �Rabi
e and �Rabi

n except in
the case of A ∼ 1 MHz. We consider to use a π pulse to per-
form CeNOTn and CnNOTe like Ref. [40]. When A ∼ 1 MHz,
τCeNOTn is determined according to Ref. [41] and τCnNOTe is cal-
culated from �Rabi

e assuming the use of a geometric gate (2π

pulse) [42,43]. τ init
e is determined by referring to experimen-

tally used values [19,27]. (For measurement-based initialization,
τ init

e = 10 − 30 μs [27,29,44].) τ init
n = τCeNOTn +τCnNOTe + τ init

e ,
τSWAP

n = τCeNOTn +τCnNOTe . We refer to Ref. [19,27] for τ ent
e

and to Ref. [27,29,45] for τ SS
e .

(a) (b) (c)

A
Approximately

1 MHz Approximately 100 MHz [40]
�Rabi

e 0.5 MHz 10 MHz 100 MHz
�Rabi

n 0.4 MHz 4 MHz

τ init
e [19,27] 5 μs 5 μs 5 μs

τ init
n 17 μs 6.3 μs 5.13 μs

τ ent
e [19,27] 2 μs 2 μs 2 μs

τSWAP
n 12 μs 1.3 μs 0.13 μs

τ emi
MW 1 μs 1 μs 1 μs

τ abs
MW 1 μs 1 μs 1 μs

τ
π/2
e 0.5 μs 0.025 μs 0.0025 μs

τCeNOTn 10 μs [41] 1.25 μs 0.125 μs
τCnNOTe 2 μs 0.05 μs 0.005 μs
τ SS

e [27,29,45] 10 μs 10 μs 10 μs
Rmem

sc-sc 14 kHz 25 kHz 27 kHz

the microwave-to-optical conversion efficiency, and ηDC
loss

includes all losses during the propagation of the photon.
For the calculation of RDC

sc-sc, we assume that the super-
conducting qubit coupled to the microwave cavity can
generate a microwave time-bin qubit at a rate of rsc-sc = 1
MHz [30,38]. Here, for simplicity, we do not consider the
detail of the transducer. Using Eq. (13) and ignoring any
transmission loss in the waveguide or fiber (ηDC

loss = 1), we

sc qubit

Quantum router
BSM

Preparation of
entanglement between
remote electron spins

FIG. 5. Schematic of the quantum interface with two parallel
memories. A quantum router [46] is used to route a microwave
photon to each interface.

calculate an upper limit of RDC
sc-sc. Figure 7 shows RDC

sc-sc as
a function of ηDC. To compare the protocol with memory,
Rmem

sc-sc is also shown in the same graph as a function of ηMW
e ,

since both ηDC and ηMW
e are considered to be major limit-

ing factors for Rmem
sc-sc. We calculate Rmem

sc-sc using Eq. (9) and
assuming η

opt
e = ηMW

sc = 0.9 or 1 for the three cases shown
in Table I. Since putting η

opt
e = ηMW

sc = 0.9 decreased Rmem
sc-sc

by less than 2 % when ηMW
e > 0.1, we show only the

result of η
opt
e = ηMW

sc = 1 in Fig. 7. Figure 7 shows that
when microwave-to-optical transduction efficiency (ηDC)
is below 0.1 and microwave-to-spin conversion efficiency
(ηMW

e ) is approximately 0.1, the memory-based scheme
exceeds the performance of the DC scheme. Besides, in
practice, it is generally difficult to reach the regime, ηDC >

0.1, while maintaining low optical pump power, low ther-
mal noise, and sufficient external microwave (optical) cou-
pling [10]. Although using a color center in a diamond as
a single-microwave phonon emitter (receiver) still needs
a proof-of-concept experiment, the numerical simulation
(see Appendix D) suggests that ηMW

e ∼ 0.1 can be real-
ized in the feasible design of the cavity and color center,
promising the usefulness of this memory-based protocol.

B. Comparison to the entangled-photon scheme
without memory

To avoid the difficulties involved in the realiza-
tion of a high-efficiency microwave-to-optical transducer,
entangled-photon schemes have recently attracted atten-
tion for their ability to generate entanglement between a
microwave photon inside a dilution refrigerator and an
optical photon outside of it [10–12]. In these schemes,
the parametric down-conversion of the blue-detuned
optical pump light generates entangled photons at the
microwave-optical transducers (e.g., electro-optic trans-
ducers, optomechanical transducers). Figure 8 shows a
schematic of the protocol. When the transducers at nodes
A and B are simultaneously subjected to the blue-detuned
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Red detuned
pump

FIG. 6. Schematic to generate entanglement between remote
superconducting qubits using a microwave-to-optical (MO)
transducer. The two-photon protocol with a red detuned pump
(the direct conversion scheme) is shown. The microwave time-
bin qubit from the superconducting qubits is converted to a
photonic time-bin qubit at the transducer. A beam splitter and
photodetectors are used to generate and herald the entanglement
between the superconducting qubits.

light, an entangled microwave-optical photon pair is gen-
erated in either node. The measurement of an optical
photon using a beam splitter and photodetectors heralds the
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0.001 0.01 0.1 1

1

10

100
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e
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R
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-s
c 

(k
H

z)

 (a)
 (b)
 (c)
 DC

Memory-
based

Direct
Conversion

FIG. 7. Entanglement generation rate between remote super-
conducting qubits with the direct conversion scheme (RDC

sc-sc)
and that of the memory-based scheme (Rmem

sc-sc) calculated using
Eqs. (9) and (13). The inset shows the same plot with a lin-
ear horizontal axis scale. The dashed line corresponds to the
direct conversion (DC) scheme. It is plotted as a function
of microwave-to-optical transduction efficiency, ηDC. The solid
lines are those of the memory-based scheme. They are each plot-
ted as a function of the absorption (emission) efficiency of the
microwave time-bin qubit by the electron spin, ηMW

e . (a), (b), and
(c) in the legend correspond to the three cases summarized in
Table I: (a) weak hyperfine coupling and weak microwave drive,
(b) strong hyperfine coupling and moderate microwave drive, (c)
strong hyperfine coupling and strong microwave drive.

M-O
Transducer

M-O
Transducer

Blue detuned
pump

Microwave
photon

Optical photon Beamsplittter

Photodetector

FIG. 8. Schematic of the generation of entanglement between
remote superconducting qubits using microwave-to-optical
(MO) transducers. The protocol with a blue detuned pump (the
entangled-photon scheme) [11] is shown. An entangled-photon
pair is generated at the transducer by the spontaneous parametric
down-conversion. As with Fig. 6, a beam splitter and photode-
tectors are used to generate and herald the entanglement between
the microwave photons.

generation of the entanglement between microwave pho-
tons in each node,

1√
2
(|0〉A

MW |1〉B
MW ± |1〉A

MW |0〉B
MW), (14)

where the sign depends on the side on which the detector
is clicked.

Since the number of microwave photons in each node
entangles, the absorption of a microwave photon at the
superconducting qubits, which are initially at |g〉sc, gen-
erates the entanglement as

1√
2
(|g〉A

sc |e〉B
sc ± |e〉A

sc |g〉B
sc). (15)

In Ref. [11], the entanglement generation rate is esti-
mated to be 1–10 kHz with in-refrigerator heating of
10 μW and 10–100 kHz with in-refrigerator heating of
100 μW based on state-of-the-art device parameters. This
heating comes from the strong optical pump generating
entangled photons at a high rate. Since heating on the order
of 10 μW cannot be negligible considering the cooling
power of the 10 mK region in a dilution refrigerator, the
operation of higher-temperature plates with greater cooling
power is proposed [10,11].

In the memory-based protocol, in-refrigerator heating
mainly comes from the dissipation of the microwave drive
pulse and laser light to control and read out the elec-
tron spin. To achieve an electron Rabi frequency of 10
MHz, a flux density of approximately 3 G is needed, con-
sidering the gyromagnetic ratio of the electron, γ /2π ∼
3 MHz/G. From Ampere’s law, approximately 1 mA
current is needed to induce the required magnetic field
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at a color center whose distance from the electrode is
approximately 1 μm. Then, the input power at the mixing
chamber plate should be 150 μW with 50 � termination
outside the dilution refrigerator. The attenuation of the
commercially available superconducting coaxial waveg-
uide is approximately 0.01 dB/m at a few GHz below 4 K
[47]. Thus, considering a superconducting waveguide with
1 m length below the mixing chamber (approximately 10
mK) and microwave pulses with a duty cycle of 0.1 [the
ratio of microwave (RF) gate time to the whole entangle-
ment generation sequence time], the dissipated power is
estimated to be 30 nW, which is more than 2 orders of
magnitude smaller than the typical cooling power at the
mixing chamber, approximately 10 μW (e.g., LD-series,
Bluefors). Even if we use 15-mW microwave pulses, a ten-
fold increase in the gate speed owing to the high power
decreases the duty cycle to 0.01, resulting in dissipation
of about 400 nW. Besides, the loss at the cable is sug-
gested to be lowered by 2 orders of magnitude using a
waveguide with a well-prepared surface [47], which may
further reduce the heat generation. We should note that,
we assume here that the contact resistance at each joint or
connector can be negligible. It should also be noted that,
for color centers whose ground state is the eigenstate of
both spin and orbit (e.g., N-V0, group-IV vacancy color
centers), much more microwave power is required than the
above estimation, since flipping both spin and orbital quan-
tum numbers using only a magnetic field is forbidden in the
first order [48].

The typical optical power needed to control and read out
a color center is below 100 nW. Moreover, a readout of the
electron spin state in a single-photon regime (0.001–0.1
average photon in a pulse) was demonstrated to be feasible
by using a photonic crystal structure [29,44,45]. Thus, the
optical input power could also be well below the typical
cooling power of the mixing chamber plate.

Although it is difficult to predict heat generation exactly
at low temperatures, based on the above rough estimation,
the total heat generation below the mixing chamber is 2
to 3 orders of magnitude smaller than that generated in the
entangled-photon scheme without memory. In addition, the
entanglement generation rate of the memory-based scheme
(several tens of kilohertz) is comparable to that of the
entangled-photon scheme without memory. Namely, intro-
ducing the quantum memory interfacing microwave and
optical photon can decrease heat generation, maintaining
an entanglement generation rate in the tens of kilohertz at
the cost of fabrication and control overhead.

C. Perspectives

Though the memory-based entanglement generation
scheme could be a promising option for operation in
the 10-mK region, there are still several challenges
to overcome. We must integrate all of the necessary

functions (e.g., gate speed, memory time, strain sensitiv-
ity), which were demonstrated individually or at different
color centers. Moreover, as mentioned above, the inter-
action between a single electron spin and a microwave
photon needs a proof-of-principle experiment.

In contrast to the application to long-distance commu-
nication, gate speed to control the electron spin limits
the whole entanglement generation rate. Thus, a quantum
memory enabling fast initialization, control, and readout
with a nuclear spin memory that has moderate mem-
ory time (approximately 10 ms) is desirable. It may
be necessary to explore a color center that has suit-
able characteristics. Besides, considering the operation
with a superconducting circuit, control of a color center
under a zero-magnetic field [43,49,50] should be con-
sidered even though some superconducting devices may
work in magnetic fields ranging from approximately mT
to approximately T [51,52]. Since the proposed scheme
can be applied to other quantum memories having both
microwave and optical access, such as trapped atoms,
ions, and quantum dots, these quantum memories might
be alternatives to color centers.

VII. CONCLUSION

We propose a protocol for entanglement generation
between remote superconducting qubits using solid-state
spin quantum memories, which can be used as interfaces
for both microwave and optical photons. Based on the
current state-of-the-art technologies, we estimate the max-
imum entanglement generation rate to be 10–40 kHz. The
proposed memory-based scheme’s entanglement genera-
tion rate can exceed that of the direct conversion scheme
as long as the microwave-to-optical conversion efficiency
of DC is below 0.1. Moreover, the memory-based scheme
can reduce the amount of heat generated below the mixing
chamber compared to that generated by the entangled-
photon scheme, which uses a strong optical pump to gen-
erate entangled-photon pairs. For quantum communication
between remote superconducting qubits, the reduction of
heat is a central issue considering that operation occurs
inside a dilution refrigerator. This suggests the usefulness
of introducing the quantum memory.
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APPENDIX A: ENTANGLEMENT GENERATION
BETWEEN A SPIN AND PHOTON

1. The single-photon protocol

Here we describe a protocol to generate entanglement
between remote spins using a single photon. First, the
color-center electron spin in each node is prepared in the
superposition state, (1/

√
2)(|0〉e + |1〉e). We assume a sit-

uation where |0〉e can be optically excited and emit an
optical photon while |1〉e cannot (for experiments about
the generation of a coherent photon using a color cen-
ter, see Refs. [19,27,45]). Then, just after the emission
of a coherent photon, the spin-photon entangled state is
(1/

√
2)(|0〉e |1〉opt + |1〉e |0〉opt). The state of the composite

system (nodes A and B) is

1
2

[
|0〉A

e |0〉B
e |1〉A

opt |1〉B
opt + |0〉A

e |1〉B
e |1〉A

opt |0〉B
opt

+ |1〉A
e |0〉B

e |0〉A
opt |1〉B

opt + |1〉A
e |1〉B

e |0〉A
opt |0〉B

opt

]
, (A1)

where |0〉opt (|1〉opt) denotes the absence (presence) of an
optical photon in the path from the spin to the detector.
Then, the path information of the optical photon is erased
using a beam splitter before the detection of the photon at
the photodetector. In a situation where only a single photon
is detected, the state after the beam splitter becomes

1
2

[
|0〉A

e |1〉B
e

1√
2
(|1〉A

opt |0〉B
opt + |0〉A

opt |1〉B
opt)

+ |1〉A
e |0〉B

e
1√
2
(|1〉A

opt |0〉B
opt − |0〉A

opt |1〉B
opt)

]
(A2)

without normalization. Here, the events detecting zero or
two photons are ignored since they do not contribute to
the entanglement generation, which is the reason for fac-
tor 1/2 in Eq. (2). Thus, detection of a single photon by
the detectors heralds the generation of the entangled state,
(1/

√
2)(|0〉A

e |1〉B
e ± |1〉A

e |0〉B
e ), depending on the side on

which the detectors is clicked. It is noteworthy that this
formula applies only to a situation in which the differ-
ence in the optical path length between each node and the
beam splitter is zero. Practically, we should consider an
additional phase depending on the difference in the optical
path length. Just before the incidence to the beam split-
ter, |0〉A

e |1〉B
e |1〉A

opt |0〉B
opt obtain a phase factor eiθA while

|1〉A
e |0〉B

e |0〉A
opt |1〉B

opt obtain eiθB during the propagation of
optical fiber. By factoring out eiθA , eiθ ≡ ei(θB−θA) remains
as a coefficient in the entangled states, (1/

√
2)(|0〉A

e |1〉B
e ±

eiθ |1〉A
e |0〉B

e ). To compensate this phase difference, the
optical path length must be stabilized. If it is not, the
phase of the resultant state becomes random, decreasing
the fidelity of the entangled state.

2. The two-photon protocol

First, the two-photon protocol uses the same proce-
dure as the single-photon protocol to generate the entan-
gled state, with an additional phase as (1/

√
2)(|0〉A

e |1〉B
e ±

eiθ |1〉A
e |0〉B

e ). Then, π pulse exchanging |0〉e and |1〉e is
applied to the electron spin in each node, resulting in a
state,

(1/
√

2)(|1〉A
e |0〉B

e ± eiθ |0〉A
e |1〉B

e ). (A3)

Then, the same gate operation is applied to emit a coherent
photon. Thus, the state before a beam splitter is

(1/
√

2)
(

eiθB |1〉A
e |0〉B

e |0〉A
opt |1〉B

opt

±eiθAeiθ |0〉A
e |1〉B

e |1〉A
opt |0〉B

opt

)
. (A4)

Since eiθAeiθ = eiθB , the additional phase in each term
becomes the same, eiθB . Thus, using the two-photon pro-
tocol, at the cost of the time it takes to interfere with the
optical photon twice, we can treat eiθ appearing in the
single-photon protocol as a global phase, which we can
ignore.

APPENDIX B: TRANSMISSION EFFICIENCY OF
OPTICAL PHOTON EMITTED FROM A COLOR

CENTER

The photon transmission efficiency from a color center
to a detector, η

opt
e , can be defined as

ηopt
e ≡ ηintηcouplingηlossηdet (B1)

where ηint = Ccoh
opt /(1 + Copt

coh), Ccoh
opt = 4g2

opt/[κ(γrad +
γnonrad + γdp)] is the optical coherent cooperativity [53]
that characterizes the coherent photon emission from an
electron spin, gopt is the coupling rate between the emitter
and the optical cavity, κ is the total decay rate of the cav-
ity field, γrad is the free-space radiative decay rate of the
emitter, γnonrad is the nonradiative decay rate of the emit-
ter, γdp is the pure dephasing rate of the emitter, ηcoupling
is the coupling efficiency to the fiber, ηloss is the trans-
mission loss in the fiber, and ηdet is the photon detection
efficiency at a detector. For the spin-cavity system with
Ccoh

opt � 1, the coherent photon is emitted almost deter-
ministically. Experimentally, Ccoh

opt > 100 has already been
demonstrated in a Si-V− center in a 1D photonic crys-
tal cavity, indicating the generation of a coherent photon
with a probability exceeding 100/(100 + 1) = 0.99 [44].
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Besides, ηcoupling ∼ 0.9 has been achieved using double-
and single-sided fiber tapers [48]. If we take the trans-
mission loss at the fiber to be 10 dB/km for the visible
light (600–800 nm light considering zero-phonon line of
various color centers) and the distance between dilution
refrigerators to be 5 m, ηloss ∼ 0.99, which is negligi-
ble. Through the use of a superconducting single-photon
detector, ηdet > 0.99 has been reported for a 737-nm pho-
ton [54]. Hence, considering the present state-of-the-art
technologies, η

opt
e ∼ 0.9 is already achievable.

APPENDIX C: EMISSION AND ABSORPTION OF
A MICROWAVE TIME-BIN QUBIT IN A

SUPERCONDUCTING QUBIT

In this section, we introduce a method to emit and absorb
a microwave time-bin qubit in a superconducting qubit
based on Ref. [30].

Figure 9 (a) shows a protocol to generate a microwave
time-bin qubit entangled with a superconducting qubit.
Here, the superconducting qubit is coupled to a microwave
resonator. First, the superconducting qubit is prepared to
be (1/

√
2)(|g〉sc + |e〉sc). Following an excitation of |e〉sc

to the second excited state of the superconducting qubit,
|f 〉sc, |g〉sc is excited to |e〉sc. According to Ref. [30,31],
an appropriate microwave drive pulse induces a transi-
tion between |f 〉sc and |g〉sc |1〉MW, where |n〉MW (n =
1, 2, 3 · · · ) denotes Fock state of the coupled resonator.
|g〉sc |1〉MW decay into |g〉sc emitting a microwave pho-
ton to a waveguide, which is coupled to the microwave
resonator [Fig. 9(a) (i)]. The emitted photon entangles

with the superconducting qubit as |e〉sc |E〉MW. The result-
ing state is shown in Fig. 9(a) (ii). Repeating this
procedure produces a microwave photon entangled with
|g〉sc as |g〉sc |L〉MW [Fig. 9(a) (iii)]. Consequently, a
microwave time-bin qubit entangled with the supercon-
ducting qubit, (1/

√
2)(|g〉sc |L〉MW + |e〉sc |E〉MW), is gen-

erated.
Absorption of a microwave time-bin qubit in a super-

conducting qubit is performed as shown in Fig. 9(b). Here,
we assume that an incident microwave time-bin qubit is
α |E〉MW + β |L〉MW. First, a superconducting qubit is pre-
pared to be |g〉sc. An absorption of |E〉MW excites |g〉sc
to |g〉sc |1〉MW. Following microwave drive pulses transfer
|g〉sc |1〉MW to |e〉sc via |f 〉sc [Fig. 9(b) (i)]. Similarly, the
state remained in |g〉sc is excited to |g〉sc |1〉MW by |L〉MW.
After that, |g〉sc |1〉MW is excited to |f 〉sc [Fig. 9(b) (ii)].
The resultant state is α |e〉sc + β |f 〉sc. Then, microwave
driving pulses are applied to transfer |e〉sc to |g〉sc and |f 〉sc
to |e〉sc [Fig. 9(b) (iii)]. Finally an application of the bit-
flip pulse result in the state, α |e〉sc + β |g〉sc [Fig. 9(b) (iii)
(iv)].

APPENDIX D: ABSORPTION OF A MICROWAVE
PHOTON BY A COLOR CENTER

In this section, we estimate the efficiency of microwave
photon absorption, ηMW

e , by a color center considering
the energy level of specific color centers, N-V− and N-
V0. In each subsection, we describe a protocol to absorb
a microwave photon by the color center and estimate the
efficiency of the protocol by a numerical simulation of the
master equation.

Generation of a microwave time-bin qubit

sc qubit MW resonator sc qubit MW resonator sc qubit MW resonator sc qubit MW resonator

sc qubit MW resonator sc qubit MW resonatorsc qubit MW resonator sc qubit MW resonator

(i) (ii) (iii) (iv)

(i) (ii) (iii) (iv)

(a)

(b) Absorption of a microwave time-bin qubit

MW

MW

MW

MW

MW

MW MW

MW

MW MW

MW

MW

MW

MW

MW

MW

MW

MW MW

MW

FIG. 9. Schematic of the (a) emission and (b) absorption of a microwave time-bin qubit in a superconducting qubit coupled to a
microwave resonator.
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1. A color center whose excited state has high strain
sensitivity

As mentioned in the main text, a superconducting
qubit coupled to a cavity can emit a coherent microwave
time-bin qubit,

1√
2
(|g〉sc |L〉MW + |e〉sc |E〉MW). (D1)

We consider a process whereby the electron spin in a dia-
mond absorbs this microwave time-bin qubit and generates
entanglement with the superconducting qubit.

For a case of a color center whose optically excited state
has high strain sensitivity (e.g., N-V−), the procedure is
shown in Fig. 10 taking N-V− as an example. First, the
electron spin is prepared in the state,

1√
2
(|0〉e + |1〉e), (D2)

where |0〉e ≡ |ms = 0〉 and |1〉e ≡ |ms = +1〉 for N-V−
and ms is the angular momentum of the spin. Then, |0〉e
is optically virtually excited to |φ〉opt

e with detuning equal
to the frequency of the microwave phonon, where |φ〉opt

e
is the optically excited state of |0〉e (e.g., |Ex〉 for N-V−).
This kind of excitation using a red sideband was previ-
ously demonstrated in N-V− using a classical strain field
[55]. The electron spin that was initially at |0〉e interacts
with |E〉MW in its virtually excited state and emits |E〉opt
via spontaneous emission if |E〉MW is absorbed. After the
application of the π pulse exchanging |0〉e and |1〉e, the
state at |0〉e is optically excited again and emits |L〉opt con-
ditioned on the successful absorption of |L〉MW. Then, after
the application of the second bit flip exchanging |0〉e and
|1〉e, |E〉opt and |L〉opt entangle with the electron spin as

1√
2
(|L〉opt |1〉e + |E〉opt |0〉e). (D3)

Following the measurement of the photonic time-bin qubit
in the basis, (1/

√
2)(|0〉A

opt |1〉B
opt ± |1〉A

opt |0〉B
opt), using a

delay line and a beam splitter, the application of the phase-
flip gate to the electron spin depending on the measurement
outcome teleports the quantum state of the phonon to
the electron spin. Consequently, entanglement between the
superconducting qubit and the microwave time-bin qubit is
transferred to the electron spin as

1√
2
(|g〉sc |1〉e + |e〉sc |0〉e). (D4)

Then, we estimate ηMW
e from the calculation of

microwave-to-optical conversion efficiency. Since the
detection of an optical photon heralds the entangle-
ment generation between the superconducting qubit and

the color center as shown in Fig. 10, we assume that
microwave-to-optical transduction efficiency is nearly
equal to ηMW

e .
The Hamiltonian of the quantum interface driven by the

optical field is modeled as

HQI,N-V− = H0 + Hint + Hdrive, (D5)

H0 = �ωMWa†
MWaMW + �ωmb†

mbm + �ωeσ
+
e σe

+ �ωoptc
†
optcopt, (D6)

Hint = �gMW-m(a†
MWbm + aMWb†

m)

+ �gm-e(b†
m+bm)σ+

e σe + ge-opt

× (σ+
e copt + σec†

opt) (D7)

Hdrive = �
�drive

2
(e−iωdtσ+

e +eiωdtσe), (D8)

where ωMW, ωm, ωe, and ωopt are the resonance frequency
of the microwave cavity, the resonance frequency of the
phononic crystal cavity, the energy gap between the ground
state and optical excited state of a color center, and the
resonance frequency of the optical cavity. aMW (a†

MW), bm

(b†
m), and copt (c†

opt) are the annihilation (creation) opera-
tor of the photon (phonon) in the microwave cavity, the
phononic crystal cavity, and the optical cavity, respec-
tively. σe (σ+

e ) is the electron lowering (raising) operator
between the ground state and the optically excited state.
gMW-m, gm-e, and ge-opt denote the coupling between a
microwave mode and a mechanical mode in each cavity,
the coupling between a mechanical mode (strain) and a
color center, the coupling between a color center and an
optical mode, respectively. �drive is the optical Rabi fre-
quency of the driving field, and ωd is the frequency of the
driving field.

Applying the unitary transformation, eUHe−U to the Eq.
(D5) with U = (g/ωm)(b†

m − bm)σ+
e σe [56] results in

H ′
0 = �ωMWa†

MWaMW + �ωm

×
[

b†
mbm − gm-e

ωm
(b†

m+bm)σ+
e σe +

(
gm-e

ωm

)2

σ+
e σe

]

+ �ωeσ
+
e σe + �ωoptc

†
optcopt, (D9)

H ′
int = �gMW-m

[
(a†

MWbm + aMWb†
m)

−gm-e

ωm
(a†

MW+aMW)σ+
e σe

]

+ �gm-e

[
(b†

m+bm)σ+
e σe − 2

gm-e

ωm
σ+

e σe

]

+ �ge-opt

[
e

gm-e
ωm (b†

m−bm)
σ+

e copt + e
gm-e
ωm (bm−b†

m)
σec†

opt

]
,

(D10)
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MW MW

FIG. 10. Schematic of the absorption of a microwave time-bin qubit by an electron spin whose optically excited state has high strain
sensitivity. The energy level of N-V− is considered as an example.

H ′
drive = �

�drive

2

[
e−iωdte

gm-e
ωm (b†

m−bm)
σ+

e

+eiωdte
gm-e
ωm (bm−b†

m)
σe

]
. (D11)

Then, expanding the exponential terms in gm-e/ωm
and assuming that ωMW/2π = ωm/2π = 5 GHz, ωe =
ωopt = 470 THz, gMW-m = 1 MHz, gm-e = 1 − 10 MHz,
ge-opt = 1 GHz, �drive = 5 GHz, we drop off terms with
gMW-mgm-e/ωm, g2

m-e/ωm, resulting in

H ′
0 + H ′

int = �ωMWa†
MWaMW + �ωmb†

mbm + �ωeσ
+
e σe

+ �ωoptc
†
optcopt + �gMW-m(a†

MWbm + aMWb†
m)

+ �ge-opt

{[
1 + gm-e

ωm
(b†

m−bm)

]
σ+

e copt

+
[

1 + gm-e

ωm
(bm − b†

m)

]
σec†

opt

}
(D12)

and

H ′
drive = �

�drive

2

{
e−iωdt

[
1 + gm-e

ωm
(b†

m−bm)σ+
e

]

+eiωdt
[

1 + gm-e

ωm
(bm − b†

m)

]
σe

}
. (D13)

Moving to a rotating frame of the driving optical field
with Hr = �ωdσ

+
e σe + �ωdc†

optcopt and dropping off the
time-dependent terms (rotating wave approximation) and
constants, the total Hamiltonian becomes

H ′
QI,N-V− = �ωMWa†

MWaMW + �ωmb†
mbm

+ ��eσ
+
e σe + ��optc

†
optcopt

+ �gMW-m(a†
MWbm + aMWb†

m)

+ �
�drivegm-e

2ωm

[
(b†

m−bm)σ+
e + (bm − b†

m)σe
]

+ �ge-opt

{[
1 + gm-e

ωm
(b†

m−bm)

]
σ+

e copt

+
[

1 + gm-e

ωm
(bm − b†

m)

]
σec†

opt

}
, (D14)

where �e = ωe − ωd and �opt = ωopt − ωd are the detun-
ing from the driving optical field.

We calculate the time evolution of the density matrix, ρ,
of this system based on the master equation,

dρ

dt
= 1

i�
[H ′

QI,N-V− , ρ] +
∑

i

[γci

2
(2ciρc†

i −{c†
i ci, ρ})

]
,

(D15)

where ci ∈
{

aMW, bm, σe, copt, coptd
†
wg

}
and γci ∈ {γMW, γm,

γe, γopt, γwg
}

corresponding to the decay (decoherence)
rates of the respective excited states. coptd

†
wg is introduced

phenomenologically to reproduce the coupling (decay) to
an optical waveguide, where d†

wg is the creation operator
of the coupled mode of the optical waveguide. γwg is the
decay rate to the optical waveguide from the optical cavity.

To estimate the absorption efficiency of a microwave
photon by the electron spin, we performed a calcula-
tion based on Eq. (D15) with an initial state in which a
microwave photon is in the microwave cavity. Here, we
calculate the population of the optical waveguide since
an optical photon is used to herald the entanglement gen-
eration (microwave photon absorption) at the electron
spin.

Actually, the microwave photon comes from a
waveguide coupled to the microwave cavity. However,
for simplicity, we assume that the coupling between
the microwave cavity and the waveguide can be
arbitrarily tuned. Once the microwave photon enters the
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FIG. 11. Schematic of energy diagram and interaction in the quantum interface.

microwave cavity, the coupling to the waveguide turns
off and the waveguide can be ignored. Thus, we focus
on a system consisting of four qubits and the optical
waveguide. We choose the following parameters for the
calculation: ωMW/2π = ωm/2π = �e/2π = �opt/2π =
5 GHz,

{
gMW-m/2π , gm-e/2π , ge-opt/2π , �drive/2π

} = {1
MHz [57,58], 0.1–10 MHz [21], 1 GHz [59], 5
GHz} {

γMW/2π , γm/2π , γe/2π , γopt/2π , γwg/2π
} = {500

kHz, 500 kHz, 1–100 MHz, 20 GHz [45], 20 GHz [45]}
corresponding to the quality factor of 1 × 104 in the
microwave cavity and the phononic crystal cavity. These
parameters are shown in Fig. 11. It should be noted that,
gm-e/2π ∼ 1 MHz is achievable only for color centers with
high strain sensitivity, such as the excited state of N-V−
and the ground and excited states of Si-V−. Besides, the
color center must be placed in a phononic crystal cavity
with small mode volume (< 0.1λ3).

Figure 12(a) shows the time evolution in the quan-
tum interface assuming that microwave resonator is in its
excited state (having one microwave photon) in the ini-
tial state (time = 0 ns). Considering that the population
in the optical waveguide (purple line) corresponds to the
transmission efficiency of a microwave photon, the
microwave-to-optical transmission efficiency is approxi-
mately 1% for gm-e/2π = 2 MHz and γe/2π = 10 MHz.
Although the efficiency around 1% is not high, the 1% effi-
ciency works if we can accept the entanglement generation
rate between a superconducting qubit and a color center
being 1–10 kHz (as mentioned in Sec. IV in the paper).
Figure 12(b) shows the maximum population in the optical
waveguide after the time evolution of 1000 ns as func-
tions of gm-e/2π and γe/2π . Assuming that gm-e/2π can
reach 1–10 MHz with a 1D phononic crystal and γe/2π is
10–20 MHz, N-V− is in a regime surrounded by a black
dashed line. If we can make a phononic crystal realiz-
ing gm-e/2π ∼ 10 MHz, the conversion efficiency (i.e.,
entanglement generation efficiency) becomes on the order
of 10%, which is sufficient for our protocol.

2. A color center whose ground state has high strain
sensitivity

For a color center whose ground state has high strain
sensitivity (e.g., N-V0, Si-V−), a procedure to absorb a
microwave time-bin qubit is shown in Fig. 13. Here, we
take N-V0 as an example since the ground-state splitting
due to the spin-orbit coupling is approximately 10 GHz,
which makes it easier to access the excited states than with
the group-IV color centers, whose ground-state splitting
range is from 50 to thousands of gigahertz [48]. Besides,
since its ground state has the orbital degree of freedom, it
is considered to be sensitive to the strain and electric field,
similar to the excited state of N-V−.

Before explaining the detail of Fig. 13, we first con-
sider the wave function of the ground state of N-V0 and
show that the energy level can be used for the protocol we
describe. The ground state of N-V0 is a spin doublet [60].
The model Hamiltonian of N-V0 [60,61] is

HN-V0 = gμBSzBz + lμBLzBz + 2λLzSz

+ ε⊥(L−+L+), (D16)

where g is the spin g factor, μB is the Bohr magneton,
l is the orbital g factor, λ is the spin-orbit interaction
parameter, and ε⊥ is the perpendicular strain parameter.
Lz = σz and Sz = (1/2)σz are the orbital (|+〉EO and |−〉EO
basis) and spin operators, while L± = |±〉EO 〈∓|EO with
|±〉EO = ∓(1/

√
2)(|X 〉EO ± i |Y〉EO) are the orbital opera-

tors, and |X 〉EO, |Y〉EO are the strain eigenstates. The z axis
is defined parallel to the N-V axis. Here, we use the sub-
scripts EO and ES to distinguish the electron orbital state
and the electron spin state.

The ground state with zero strain and zero electric
field can be described by the eigenstates, |+〉EO |↓〉ES,
|−〉EO |↑〉ES, |−〉EO |↓〉ES, |+〉EO |↑〉ES. Since the lower
energy states, (|+〉EO |↓〉ES, |−〉EO |↑〉ES), have different
spin and orbital characteristics, controlling these states
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FIG. 12. (a) Time evolution of the population in the quan-
tum interface for gm-e/2π=2 MHz and γe/2π = 10 MHz. In
the legend, MW, mechanical, and waveguide correspond to the
microwave resonator, the mechanical resonator (the phononic
crystal), and the optical waveguide, respectively. (b) Maximum
population in the optical waveguide after the time evolution as
functions of gm-e/2π and γe/2π .

using only a magnetic field or strain is inhibited in the
first order. On the other hand, in a high-strain regime,
the mixing of orbital states results in the eigenstates,
|X 〉EO |↓〉ES, |X 〉EO |↑〉ES, |Y〉EO |↓〉ES, |Y〉EO |↑〉ES. Thus,
flipping a spin using a magnetic field is possible in the
lower energy states, (|X 〉EO |↓〉ES, |X 〉EO |↑〉ES), since they
have the same orbital characteristics. Besides, |X 〉EO |↓〉ES

is excited to |Y〉EO |↓〉ES using only the strain. Then, we
express these states using the notation in the main text,
|X 〉EO |↓〉ES ≡ |0〉e, |X 〉EO |↑〉ES ≡ |1〉e, and |Y〉EO |↓〉ES ≡
|φ〉MW

e . We also apply a static magnetic field to split the
degenerate energy levels, |↓〉ES and |↑〉ES.

To generate entanglement between a superconducting
qubit and the electron spin, |E〉MW excites |0〉e to |φ〉MW

e
as shown in Fig. 13. Then, |φ〉MW

e is optically excited with
a laser pulse and emits |E〉opt. This procedure is repeated
for |L〉MW, generating the entanglement between the opti-
cal photon and the electron spin, (1/

√
2)(|E〉opt |0〉e +

|L〉opt |1〉e). The rest of the operation to generate entangle-
ment between the superconducting qubit and the electron
spin is the same as the protocol described in Appendix D 1.

For N-V0, we also perform the simulation of the
hybrid quantum system to estimate entanglement gen-
eration (microwave absorption) efficiency between the
microwave photon and the color center. Here, we assume
that the optical excitation shown in Fig. 13 is performed
within nanoseconds, which is much faster than the orbital
relaxation time of N-V0 (hundreds of nanoseconds). Thus,
in the following, we consider that microwave-to-electron
spin conversion efficiency is the same as the microwave-
to-optical conversion efficiency assuming that an optical
photon can be extracted nearly 100% efficiency using a
photonic crystal structure.

The Hamiltonian of the system is modeled as

HQI,N-V0 = �ωMWa†
MWaMW + �ωmb†

mbm + �ωN-V0

e σ+
e σe

+ �gMW-m(a†
MWbm + aMWb†

m)

+ �gm-e(b†
mσe + bbσ

+
e ), (D17)

where ωN-V0
e is the resonance frequency of the orbital

excited state of N-V0. Here, σe (σ+
e ) is the orbital low-

ering (raising) operator for N-V0. We calculate the time
evolution of the system using the master equation. The

MWMW

EO

EO

EO
EO

ES

ES

ES
ES

MWMW

FIG. 13. Schematic of the absorption of a microwave time-bin qubit by an electron spin whose ground state has high strain sensitiv-
ity. The energy level of N-V0 is considered as an example. The optically excited state of N-V0 is written as |0〉ES |↓〉ES following Ref.
[60].
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parameters are the same as those used in the simula-
tion of N-V− except ωN-V0

e = 5 GHz. In the calculation,
γe/2π is changed in the range of 0.01–10 MHz consider-
ing the orbital relaxation of N-V0 is Torb

1 ∼ 0.4 μs (4 K)
[60], corresponding γe/2π = 1/2πT1 ∼ 0.3 MHz. Further
reduction of Torb

1 is expected when we operate N-V0 in
the dilution refrigerator (10–100 mK). Besides, γe/2π is
changed in the range of 0.01–10 MHz.

Figure 14(a) shows the time evolution of the popula-
tion in the quantum interface. For gm-e/2π=1 MHz and
γe/2π=1 MHz, the population in the orbital excited state
reaches > 20%, which is sufficient for our entanglement
generation protocol. Besides, since the population changes
slower than the time needed for the optical excitation (<
nanoseconds), the orbital excited state of N-V0 can be
converted to an optical photon as depicted in Fig. 13.

Figure 14(b) shows the maximum population in the
orbital excited state of N-V0 after the time evolution as
functions of gm-e/2π and γe/2π . Considering that gm-e/2π

of the quantum interface is in the range of 0.5–10 MHz and
γe/2π is in the range of 0.01–2 MHz, the efficiency is from
1% to nearly 100%. It should be noted that in a high-strain

(b)

(a)

0 100 200 300
0.00

0.25

0.50

0.75

1.00

P
op

ul
at

io
n

Time (ns)

 MW
 Mechanical
 Color center

Optical
excitation (< ~ns)

N-V0

gm-e /2π (MHz)

γ e
/2
π 

(M
H

z)

FIG. 14. (a) Time evolution of the population in the quantum
interface for gm-e/2π = 1 MHz and γe/2π = 1 MHz. Optical
excitation is performed within nanoseconds at the peak of the
population. In the legend, MW and mechanical correspond to
the microwave resonator and the mechanical resonator, respec-
tively. (b) Maximum population in the orbital excited state of
N-V0 after the time evolution as functions of gm-e/2π and γe/2π .
An area surrounded by a black dashed line corresponds to typical
parameters of N-V0.

regime of Si-V−, the phonon absorption rate can decrease
to 0.1–0.5 of the rate with zero strain [23]. Thus, it may
be desirable to achieve high mechanical-spin coupling of
more than 10 MHz using an optimized phononic crystal
cavity for N-V0 in a high-strain regime.

APPENDIX E: EMISSION OF A MICROWAVE
PHOTON FROM A COLOR CENTER

Here, we describe a procedure to emit a microwave
time-bin qubit from a color center. We take N-V0 as an
example, as with the case shown in Appendix D 2. In the
following, we use the same symbols in Appendix D 2.

First, the electron spin is prepared in the state,

1√
2
(|0〉e + |1〉e). (E1)

A strain field generated by the piezoelectric effect using
a driving microwave pulse is then applied to the elec-
tron spin, exciting |0〉e to |φ〉MW

e . Since |φ〉MW
e couples

to the vibration mode (phonon) of the phononic crystal,
|φ〉MW

e emits the phonon to the phononic crystal, which
is the reverse of Fig. 14(a). The microwave phonon is
then converted to a microwave photon via the piezoelec-
tric effect. The microwave cavity coupled to the phononic
crystal receives the converted microwave photon and emits
it to a waveguide as |E〉MW. After the application of the π

pulse exchanging |0〉e and |1〉e, the state at |0〉e is excited to
|φ〉MW

e again, emitting |L〉MW to the phononic crystal. Thus,
after the bit flip of |0〉e and |1〉e, the resultant microwave
photon-spin entangled state is

1√
2
(|E〉MW |0〉e + |L〉MW |1〉e). (E2)

After a superconducting qubit, which is prepared in |g〉sc,
absorbs time-bin microwave qubit with appropriate gate
operations [30], the state becomes

1√
2
(|e〉sc |0〉e + |g〉sc |1〉e). (E3)
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