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Localized electronic and nuclear spin qubits in the solid state constitute a promising platform for
storage and manipulation of quantum information, even at room temperature. However, the devel-
opment of scalable systems requires the ability to entangle distant spins, which remains a challenge
today. We propose and analyze an efficient, heralded scheme that employs a parity measurement
in a decoherence free subspace to enable fast and robust entanglement generation between distant
spin qubits mediated by a hot mechanical oscillator. We find that high-fidelity entanglement at
cryogenic and even ambient temperatures is feasible with realistic parameters, and show that the
entangled pair can be subsequently leveraged for deterministic controlled-NOT operations between
nuclear spins. Our results open the door for novel quantum processing architectures for a wide
variety of solid-state spin qubits.

Introduction. Electronic and nuclear spin qubits in
the solid state are encouraging candidates for the real-
ization of quantum information systems. Over the past
decade, long-lived quantum memories and few-qubit reg-
isters have been demonstrated in several different plat-
forms, including under ambient conditions. The key, out-
standing challenge is engineering fast, programmable in-
teractions between spin qubits separated by micrometer-
scale distances. For example, color centers such as the
nitrogen vacancy (NV) center in diamond are promising
contenders as robust qubits, owing to their long coher-
ence times at room temperature [1], well-developed mi-
crowave control, and optical initialization and readout.
However, generating entanglement on-demand between
spins remains a challenge: the short-range dipole-dipole
interaction limits connectivity [2], while optical entan-
glement schemes are inefficient [3–5], require cryogenic
temperatures, and decohere nuclear memories [6, 7].

In a complementary approach, it was suggested [8] to
transduce interactions via magnetically functionalized os-
cillators, leveraging recent advances in the control of mi-
cromechanical resonators [9, 10], which enables quantum
control of solid-state electron spins [11–15]. Robustness
against thermal noise is desirable for such applications
at elevated temperatures, to avoid phonon-induced gate
errors [16]. Previous approaches for such ‘hot’ gates re-
quire large qubit-resonator cooperativities C � 1 for
low error rates [17], with error scaling as E ∝ 1/

√
C

(C ≡ λ2/Γκnth compares the coherent coupling rate λ
to the dissipation rates of the spin and resonator, Γ and
κnth, respectively). These regimes are experimentally
challenging to achieve, such that a demonstration of me-
chanically mediated entanglement remains elusive.

In this Letter, we propose and analyze a fast and robust

∗ Current address: IAV GmbH DigitalLab
† Previous address: Physics Department, Harvard University. This

work was done prior to joining AWS.
‡ erosenfeld@g.harvard.edu

��� ���������

�

�
�
�����
����
���

���

�� �
 	 
� 



���

�	��������

� �

������������
���������������M�

�



�



���

���

�����
������������

������

�������M
 M�

��������
�������

�

���

���

���

���  ����������

������

��


��
��

FIG. 1. Entanglement protocol. (a) Two qubits are coupled
with equal strength λ to a high Q resonator which is indepen-
dently measured and has thermal occupation nth � 1. (b)
Spin-dependent resonator potential. Spin states |01〉, |10〉 are
decoupled, whereas |00〉, |11〉 shift the potential, such that
toggling between them every half period drives the resonator.
(c) The spins are initialized in |++〉, and the resonator states
before (M1) and after (M2) applying the spin pulse sequence
(black) for duration tI are compared. Absence of displace-
ment indicates spins are in the entangled anti-parallel states.
(d) Proposed implementation. A diamond with NV centers is
placed near a microresonator (grey) functionalized with nano-
magnets (black), which is measured interferometrically. The
entangled NV spin state is used to teleport gates between
proximal 13C or 15N nuclear spins.

entanglement protocol for two spins (with eigenstates |0〉
and |1〉), linearly coupled to a common mode of a high-
temperature mechanical resonator (Fig 1(a)), via parity
measurements in a decoherence-free subspace (DFS) [18–
21]. The Bell states |Ψ±〉 ∝ |01〉±|10〉 decouple from the
resonator, forming a DFS insensitive to its thermal fluc-
tuations. In contrast, the aligned states |00〉 and |11〉
exert a force on the oscillator, resulting in a large, ob-
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servable displacement (Fig 1(b)). We can thus herald
the entangled |Ψ±〉 state by monitoring the absence of
an excess force on the mechanical oscillator, constitut-
ing a (half) parity measurement in a measurement-free
subspace [19, 20, 22] and in analogy to previous pro-
posals considering atoms in optical cavities [18]. By de-
sign, this protocol is robust to thermal noise, and neither
requires strong coupling, nor cooling to the mechanical
ground state. We show that entanglement can be gen-
erated at high success rates with relaxed cooperativity
requirements, C & 1, and with error scaling approach-
ing E ∝ ln(C)/C at large cooperativities. We specifically
analyze an experimental realization involving NV cen-
ters in diamond, coupled to magnetically functionalized
mechanical nano-beam resonators [12, 13, 15, 23], but
note that it can equally be applied to other qubit species
coupled to bosonic modes at high temperatures [24–34],
even when high-fidelity readout is not available by other
means [11, 35–37].

The entangled pair of electronic spins can be sub-
sequently leveraged to herald two-qubit gates between
nearby, coherently-coupled nuclear spin memories in the
solid state (Fig 1(d)). Assuming state-of-the-art quality
(Q) factors, spin-mechanics coupling strength, and spin
coherence times [9, 38–41], we expect that our entan-
gling gate can achieve error rates below 1% at cryogenic
temperatures. With modest improvements in the cou-
pling strength, similarly low error rates can be achieved
at room temperature.

Entanglement protocol. The key idea of our approach
can be understood by considering two spin qubits, char-
acterized by the Pauli operators σ(i)

x,y,z (i = 1, 2), that are
linearly coupled with equal strength λ to a micromechani-
cal oscillator (Fig 1(a), see [42], which contains refs. [43–
53], for inhomogenous λ). If the qubit frequencies ω(i)

s

(i = 1, 2) strongly exceed that of the resonator ωr � ω
(i)
s ,

the transverse coupling terms can be ignored, and the
system Hamiltonian is:

H/~ = ω
(1)
s

2 σ(1)
z + ω

(2)
s

2 σ(2)
z + ωra

†a+ λSz(a+ a†), (1)

where Sz = σ
(1)
z + σ

(2)
z and a (a†) are the bosonic anni-

hilation (creation) operators of the resonator mode. For
the two states |01〉 and |10〉, the qubits are decoupled
from the resonator: the Sz = 0 states comprise a DFS,
i.e. their phase is independent of the mechanical state.
The other two states exert a force ∼ ±2~λ/zp on the res-
onator, where zp is the mechanical zero point fluctuation.

In our entanglement protocol (Fig 1(c)), (i), the state
of the resonator is first measured, while the two spins are
initialized in the separable state |+〉 ⊗ |+〉 ∝

√
2 |Ψ+〉 +

|11〉 + |00〉, with |+〉 = (|1〉 + |0〉)/
√

2. Then, (ii) the
spins interact with the resonator for a time tI , while be-
ing subjected to a special resonant decoupling sequence,
such that the spin states |11〉 and |00〉 displace the res-
onator state. Finally (iii), the resonator displacement
is measured. If it is below a threshold, the spins are

projected into the Bell state |Ψ+〉, indicating successful
entanglement generation. The protocol can be made de-
terministic by repeating steps (i-iii) until success (∼2-3
repetitions in the regime of interest).
To estimate its practical performance, we assume the

mechanical system can be described by a master equa-
tion, is weakly coupled (Q� 1) to a hot thermal bath at
rate κ = ωr/Q and temperature T � ~ωr/kB , and each
qubit is dispersively coupled to an independent reservoir
with dephasing rate Γ. The Gaussian state of the oscil-
lator can be estimated interferometrically and indepen-
dently of the spins. In practice, the effects of the mea-
surement backaction and duration are negligible in near
term realizations (see SI). To simplify the derivation, in
the following we assume short backaction evading mea-
surements of the mechanical quadrature [54], neglecting
the measurement duration and avoiding a lower limit on
the measurement uncertainty.
Figure 2 illustrates the key ingredients of the scheme.

In step (i) we perform an initial linear measurement M1
on the momentum quadrature p ≡ i(a† − a)/

√
2, with

measurement uncertainty ∆m (Fig 2(a)). In step (ii),
the spins are resonantly coupled to the oscillator by a se-
ries of π pulses (here assumed to be ideal), with a pulse
separation 2τ = π/ωr. This simultaneously maximizes
the conditional mechanical displacement and the spin co-
herence by dynamically decoupling from their bath (Fig
1(b) and 1(c)). Throughout this pulse sequence, the force
acting on the resonator is a square wave with amplitude
∼ −~λSz/zp (Fig 1(c)) and frequency ωr. In the high
Q limit, higher harmonics of the force can be neglected,
resulting in the effective interaction Hamiltonian in the
rotating and toggling frame, under a rotating wave ap-
proximation [42]

Hint/~ = 2λ
π
Sz
(
a† + a

)
, (2)

leading to a momentum shift of the resonator µ(Sz, tI) =
−4
√

2λSz(1 − e−κtI/2)/πκ ≈ −2
√

2λSztI/π in natural
units, for κtI � 1. As the conditional equations of mo-
tion are linear, the motional states after step (ii) remain
Gaussian with an uncertainty ∆d(tI) ≈

√
κnthtI + ∆m2

(dashed circles in Fig. 2(b)) and a spin-dependent expec-
tation value of the momentum quadrature ofM1e

−κtI/2+
µ(Sz, tI). Then, (iii) a second measurement M2 localizes
the resonator with uncertainty ∆m, projecting the spin
population to 〈Sz〉 ∈ {0,+2,−2} if the distributions are
separable. If this is achieved within the coherence time
1/Γ of the spins, an 〈Sz〉 = 0 measurement projects the
two spins into the entangled state |Ψ+〉.
A simple estimate shows the minimum requirements

for this protocol. For negligible measurement uncertain-
ties ∆m2 � κnthtI , and an interaction time comparable
to the spin coherence time tI ∼ 1/Γ, yet shorter than the
mechanical lifetime, tI � 1/κ, the distributions become
separable if the displacement |µ(2, 1/Γ)|/2 exceeds the
uncertainty ∆d(1/Γ), i.e. λ2/Γκnth = C & 1.
To obtain an estimate of the fidelity, we compute the
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FIG. 2. Mechanical phase space picture. (a) The thermal
resonator (ρth) is localized by measurement M1 (uncertainty
∆m, purple) at time t = 0 [55–58]. (b) After interaction
time tI , the spin-conditional resonator states (dashed circles,
Sz = 2 pink, Sz = 0 blue, Sz = −2 green) separate, and the
resonator is measured again (M2, purple). (c) The condi-
tional distribution of measured displacement (dashed circles)
and (d) its projection onto the momentum basis used to de-
fine a threshold α|µ|/2 (black dashed line for α ≈ 0.6). If a
specific measurement (purple dot) lies within this threshold,
〈Sz〉 = 0 is assigned and entanglement is heralded.

(Gaussian) probability density function P〈Sz〉(∆M) of
the momentum difference ∆M ≡M2−e−κtI/2M1, condi-
tional on the spin state Sz, which has expectation value
µ(Sz, tI) and variance

σ(tI)2 = ∆m2(1 + e−κtI ) + nth(1− e−κtI ), (3)

corresponding to the contributions by the measurement
uncertainties and diffusion during the interaction. The
state is assumed to have Sz = 0 if

|∆M | < αµ(2, tI)/2, (4)

where the threshold α ∈ (0, 1] can be tuned to trade
between a high acceptance rate (α → 1) and low false
positive acceptance (α → 0). The probability of an
accepted event being a true positive is S(α, g(tI)) ≈
1/(1 + e−2g(tI)2)−O(α2), given by the integrals of P0,±1
within the thresholds, and weighted by the initial spin
populations [42], where we define the normalized dis-
placement g(tI) ≡ µ(2, tI)/2σ(tI). The error in entan-
glement fidelity F = 〈Ψ±| ρ |Ψ±〉 is the result of two in-
dependent error sources, namely spin dephasing and false
positive 〈Sz〉 = 0 assignments, yielding

F = 1 + e−2ΓtI

2 S(α, g(tI)) ≈
1
2

1 + e−2ΓtI

1 + e−2g(tI)2 −O(α2).
(5)

It follows directly that entanglement can be generated
(F > 1/2) for g(tI)2 > ΓtI . We note that this simple

FIG. 3. Performance. (a) Fidelity F as a function of ΓtI un-
der (6). Thresholds α are color-coded and cooperativities C
have the associated linestyles. Analytic form in eq. (5), corre-
sponding to α� 1, blue curves. (b) Optimal pulse sequence
duration (solid lines),and its analytic approximation eq. (7)
(dashed line). (c) Infidelity E of the Bell state preparation
(solid lines) and analytic approximation (5) for α� 1 (dashed
line). The black dotted line represents the optimal infidelity of
a deterministic hot gate [17], and the dashed-dotted black line
is the asymptotic π2lnC/16C scaling. (d) Normalized rate of
true positive entanglement heralding events rp/Γ. The fast
repetition rate allows multiple protocol attempts within the
spin coherence time for large C.

estimate for α → 0 is a good approximation for general
F [42].

Analysis of the Bell state preparation. In the fol-
lowing, we consider the experimentally relevant regime
∆m2 � κnthtI , i.e. the linearized diffusion term domi-
nates the variance of ∆M , and that κtI � 1. In these
limits

g(tI)2 ≈ (8/π2)CΓtI , (6)

such that F can be described only in terms of α, C and
ΓtI (Fig 3a). The fidelity exceeds 1/2 for C > π2/8 ∼
1.2, and exceeds 96% for C ∼ 100, demonstrating that
our protocol can be applied with relatively low C. The
optimal interaction time Γt∗ is determined numerically
for each C (Fig 3(b), dashed lines) and can be analyti-
cally approximated as

Γt∗ ≈ π2

16C ln(16C/π2 − 1) (7)

for C > π2/8 and ∆m, α → 0 [42], showing that the
entanglement protocol is fast compared to the spin co-
herence time. We note that in the regime of interest
(C & 8, tI � 1/Γ) decreasing the threshold α e.g.
from 1 to 0.5 reduces the optimal interaction time (Fig.
3(b)). At high C, this can compensate the reduced ac-
ceptance rate for small α and increase the absolute rate
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of true positive entanglement heralding events, given by
rp =

∫ +θ
−θ P0(p)dp/2t∗ for threshold θ = αµ(+2, t∗)/2

(Fig. 3d) [42]. Inserting equation (7) into (5), we find a
lower bound to the fidelity

F ≥ 1
2

1 + (16C/π2 − 1)− π
2

8C

1 + (16C/π2 − 1)−1 (8)

again for C > π2/8 and ∆m, α → 0. The error
E = 1 − F is shown in Fig 3(c). Remarkably, the co-
operativity required to achieve an error E < 10−3 is
more than two orders of magnitude lower than for pre-
vious mechanically mediated gates [8, 17]. For large C,
E ∼ (π2/16) ln(C)/C.

Potential applications. The entanglement protocol
presented here is inherently probabilistic, approaching a
heralding probability of 1/2 for α → 1. However, it can
be extended to yield deterministic controlled-NOT gates,
as required for quantum information processing, between
associated qubit registers by feedback, assuming a sim-
ple repeat-until-success scheme [4, 18]. In the following,
we consider two electronic spins, such as NV centers (us-
ing |ms〉 = |±1〉 as qubit states, for maximal displace-
ments), interacting with the mechanical resonator and
coupled to nearby 13C (or 15N) nuclear spins in the di-
amond host (Fig. 1d). The entangled NV spin state is
used to teleport a gate between the nuclear spins [59].
Contributions to the gate error ET include infidelities re-
lated to the ideal entanglement protocol E , control (EC),
initialization (Einit) and readout (ERO) of the NV spins,
and the electron-nuclear CNOT gate (ECNOT ). Nuclear
qubit errors arise from coupling to a bath (Enuc) at rate
ΓγN/γe, where γN (γe) is the nuclear (electron) gyromag-
netic ratio, as well as dephasing due to electron spin con-
trol errors in failed entanglement attempts. As the latter
depends on the heralding probability and the hyperfine
coupling, we attribute it to EC with a factor η, which is
below 1 in the regime of interest [42]. Combining state-
of-the-art spin control [60, 61] with robust decoupling
sequences [62], EC can be neglected, however, if left un-
addressed without optimal spin control, EC can limit the
fidelity [7]. As the repetition rate is high (Fig. 3(b, d)),
we further neglect the small probability of failure after a
large number of repetitions in a synchronous circuit [4].
In this case, the total error of the deterministic nuclear
gate is ET = E+2((1+η)EC+Einit+ERO+ECNOT+Enuc).

Experimental Implementation. In NV-based opera-
tions on nearby nuclear spins, optical excitation of the
NV induces decoherence on the nuclear spins through the
hyperfine coupling [6, 7, 65, 66], which can limit ET due
to repeated spin initialization and readout, unless com-
pensated by a DFS of nuclear spins [67]. In our system,
the mechanical oscillator can also be used for single-shot
readout and initialization [11], eliminating the need for
optical illumination of the color center [68].

While state-of-the-art continuous interferometric mea-
surement schemes are sufficient for initial experiments

FIG. 4. Error ET for teleported CNOT gate between two
13C (or 15N) nuclear spins, as a function of C, for thresholds
α and under (6). A mechanical NV spin readout using an
interaction time of 20t∗ is assumed. The CNOT gate error
between the NV and nuclear spin spin is set to 10−4 (dashed
grey line) [63, 64] and is also included in the representation
of state-of-the-art hot gates [17]. Gate errors are numerically
calculated (solid lines) and analytically approximated as E
(eq. (8)), neglecting nuclear spin decoherence, dashed line).
For details see text.

[38, 40], their performance could be optimized using a
Kalman filter (see e.g. Fig. 2) [55–58, 69], to account
for mechanical spectator modes and other technical noise
sources [42]. For further improvement, the estimation
of the spin-induced displacement can be achieved with
a multiple model adaptive estimation [70, 71], while per-
forming steps (ii) and (iii) simultaneously, as well as feed-
back on the spin state with additional global spin rota-
tions during the pulse sequence, further increasing the
entanglement fidelity and rate [21]. Finally, errors aris-
ing from small inhomogenieties in the coupling strength
can be suppressed with additional electron spin control
[42].
Fig. 4 shows the controlled-NOT gate error ET as

a function of C. For realistic parameters described in
[42], at very high C, the total error ET is limited by the
electron-nuclear two qubit gate fidelity, while at more
modest cooperativity, the error scales favorably com-
pared to the existing state-of-the-art [17]. Note that
an experimental demonstration of our protocol (with
ET ∼ 10−1) may be possible at room temperature and
C ∼ 8, corresponding to state-of-the-art spin-mechanical
systems (1/Γ ∼ 10ms [72]; Q ∼ 109 [9, 73]; λ/2π ∼
0.9 kHz [41]; ∆m2 ∼ 27 [40]). These parameters are
within reach for a soft-clamped, silicon nitride nano-
beam resonator, functionalized with a nano-magnet at
the antinode of motion, and placed adjacent to diamond
hosting NV centers (Fig. 1(d)) [72, 73]. A modest further
improvement in the spin-mechanical coupling strength
(λ ∼ 2 kHz) enables high fidelity gates (ET < 10−2).
Conversely, at cryogenic temperatures (T ∼ 4 K, co-
herence time 1/Γ ∼ 1 s [72, 74]) the same system can
achieve this fidelity already with λ/2π ∼100 Hz [42].
Such parameters yield high probability of success (ap-
proaching 50% per run) and average gate duration ap-
proaching 10ms, faster or comparable to deterministic
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protocols with the reported coupling strengths [17].

Conclusion. We proposed and analyzed a half-parity
measurement protocol in a decoherence free subspace for
entangling two qubits through a hot resonator, with er-
ror scaling that nears E ∝ ln(C)/C. Our protocol is
fast, robust to thermalization errors, and does not re-
quire ground state cooling. A teleported controlled-NOT
gate employing the generated Bell pair is feasible with
magnetically functionalized resonators and solid state
electronic spins featuring long coherence times [72, 73].
While we analyzed an implementation involving NV cen-
ters, as readout and initialization can be realized me-
chanically [11], the protocol can also be applied to other
promising paramagnetic defects, such as spins in silicon
[75]. Further directions for analysis include leveraging
continuous feedback to increase the entanglement rate
[21, 22, 76], and application of our protocol to gener-
ate multi-partite entangled states. Lastly, for further
improvements, nanobeam resonators can be electrostati-
cally coupled [8], using hybridized mechanical modes to
selectively couple spins adjacent to distinct resonators,
enabling multi-qubit connectivity far beyond reach of

the magnetic dipole-dipole interactions. While our work
leverages decades of development of micromechanical de-
vices and solid state qubits, it simultaneously eliminates
the need for high-fidelity single qubit optical or electronic
addressing. With substantial technical improvement be-
yond the current state-of-the-art, in the long term, this
approach could pave the way for realization of solid-state,
room-temperature quantum information systems.

Acknowledgements We would like to thank S. Hofer
for insightful discussions and Samantha Dakoulas for
assistance during this project. The authors thank C.
Maxwell for design assistance with Figs. 1 and 2. This
work was supported by NSF, CUA, ARO MURI and
V. Bush Faculty Fellowship. R.R. was supported by
the Alexander von Humboldt Foundation. This material
is based upon work supported by the National Science
Foundation Graduate Research Fellowship under Grants
No. DGE1144152 and No. DGE1745303. Any opinion,
findings, and conclusions or recommendations expressed
in this material are those of the authors(s) and do not
necessarily reflect the views of the National Science Foun-
dation.

[1] E. D. Herbschleb, H. Kato, Y. Maruyama, T. Danjo,
T. Makino, S. Yamasaki, I. Ohki, K. Hayashi, H. Mor-
ishita, M. Fujiwara, and N. Mizuochi. Ultra-long coher-
ence times amongst room-temperature solid-state spins.
Nature Communications, 10(1):1–6, August 2019.

[2] F. Dolde, I. Jakobi, B. Naydenov, N. Zhao, S. Pezzagna,
C. Trautmann, J. Meijer, P. Neumann, F. Jelezko, and
J. Wrachtrup. Room-temperature entanglement between
single defect spins in diamond. Nature Physics, 9(3):139–
143, March 2013.

[3] H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S.
Blok, L. Robledo, T. H. Taminiau, M. Markham, D. J.
Twitchen, L. Childress, and R. Hanson. Heralded en-
tanglement between solid-state qubits separated by three
metres. Nature, 497(7447):86–90, May 2013.

[4] Peter C. Humphreys, Norbert Kalb, Jaco P. J. Morits,
Raymond N. Schouten, Raymond F. L. Vermeulen,
Daniel J. Twitchen, Matthew Markham, and Ronald
Hanson. Deterministic delivery of remote entanglement
on a quantum network. Nature, 558(7709):268–273, June
2018.

[5] J. Borregaard, P. Kómár, E.M. Kessler, A. S. Sørensen,
and M.D. Lukin. Heralded Quantum Gates with Inte-
grated Error Detection in Optical Cavities. Physical Re-
view Letters, 114(11):110502, March 2015.

[6] L. Jiang, M. V. Gurudev Dutt, E. Togan, L. Childress,
P. Cappellaro, J. M. Taylor, and M. D. Lukin. Coherence
of an Optically Illuminated Single Nuclear Spin Qubit.
Physical Review Letters, 100(7):073001, February 2008.

[7] N. Kalb, P. C. Humphreys, J. J. Slim, and R. Han-
son. Dephasing mechanisms of diamond-based nuclear-
spin memories for quantum networks. Physical Review
A, 97(6):062330, June 2018.

[8] P. Rabl, S. J. Kolkowitz, F. H. L. Koppens, J. G. E. Har-
ris, P. Zoller, and M. D. Lukin. A quantum spin trans-
ducer based on nanoelectromechanical resonator arrays.
Nature Physics, 6(8):602–608, August 2010.

[9] Y. Tsaturyan, A. Barg, E. S. Polzik, and A. Schliesser.
Ultracoherent nanomechanical resonators via soft clamp-
ing and dissipation dilution. Nature Nanotechnology,
12(8):776–783, August 2017.

[10] Gregory S. MacCabe, Hengjiang Ren, Jie Luo, Justin D.
Cohen, Hengyun Zhou, Alp Sipahigil, Mohammad
Mirhosseini, and Oskar Painter. Nano-acoustic resonator
with ultralong phonon lifetime. Science, 370(6518):840–
843, 2020.

[11] D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui.
Single spin detection by magnetic resonance force mi-
croscopy. Nature, 430(6997):329–332, July 2004.

[12] Sungkun Hong, Michael S. Grinolds, Patrick Maletinsky,
Ronald L. Walsworth, Mikhail D. Lukin, and Amir Ya-
coby. Coherent, Mechanical Control of a Single Electronic
Spin. Nano Letters, 12(8):3920–3924, August 2012.

[13] T. Delord, P. Huillery, L. Nicolas, and G. Hétet. Spin-
cooling of the motion of a trapped diamond. Nature,
580(7801):56–59, April 2020.

[14] Donghun Lee, Kenneth W. Lee, Jeffrey V. Cady, Preeti
Ovartchaiyapong, and Ania C. Bleszynski Jayich. Topi-
cal review: spins and mechanics in diamond. Journal of
Optics, 19(3):033001, February 2017.

[15] D.D. Bhaktavatsala Rao, S. Ali Momenzadeh, and Jörg
Wrachtrup. Heralded Control of Mechanical Motion by
Single Spins. Physical Review Letters, 117(7):077203, Au-
gust 2016.

[16] Anders Sørensen and Klaus Mølmer. Quantum Compu-
tation with Ions in Thermal Motion. Physical Review
Letters, 82(9):1971–1974, March 1999.



6

[17] M. J. A. Schuetz, G. Giedke, L. M. K. Vandersypen,
and J. I. Cirac. High-fidelity hot gates for generic spin-
resonator systems. Physical Review A, 95(5):052335, May
2017.

[18] Anders S. Sørensen and Klaus Mølmer. Measurement
Induced Entanglement and Quantum Computation with
Atoms in Optical Cavities. Physical Review Letters,
91(9):097905, August 2003.

[19] Charles Hill and Jason Ralph. Weak measurement and
control of entanglement generation. Physical Review A,
77(1):014305, January 2008.

[20] N. Roch, M.E. Schwartz, F. Motzoi, C. Macklin,
R. Vijay, A.W. Eddins, A.N. Korotkov, K.B. Whaley,
M. Sarovar, and I. Siddiqi. Observation of Measurement-
Induced Entanglement and Quantum Trajectories of Re-
mote Superconducting Qubits. Physical Review Letters,
112(17):170501, April 2014.

[21] Leigh Martin, Felix Motzoi, Hanhan Li, Mohan Sarovar,
and Birgitta Whaley. Deterministic generation of remote
entanglement with active quantum feedback. Physical
Review A, 92(6):062321, December 2015.

[22] Leigh Martin, Mahrud Sayrafi, and K Birgitta Whaley.
What is the optimal way to prepare a Bell state using
measurement and feedback? Quantum Science and Tech-
nology, 2(4):044006, December 2017.

[23] S. Kolkowitz, A. C. Bleszynski Jayich, Q. P. Unterreith-
meier, S. D. Bennett, P. Rabl, J. G. E. Harris, and M. D.
Lukin. Coherent Sensing of a Mechanical Resonator
with a Single-Spin Qubit. Science, 335(6076):1603–1606,
March 2012.

[24] David J. Christle, Abram L. Falk, Paolo Andrich, Paul V.
Klimov, Jawad Ul Hassan, Nguyen T. Son, Erik Janzén,
Takeshi Ohshima, and David D. Awschalom. Isolated
electron spins in silicon carbide with millisecond coher-
ence times. Nature Materials, 14(2):160–163, February
2015.

[25] S. Ali Momenzadeh, Felipe Fávaro de Oliveira, Philipp
Neumann, D.D. Bhaktavatsala Rao, Andrej Denisenko,
Morteza Amjadi, Zhiqin Chu, Sen Yang, Neil B. Manson,
Marcus W. Doherty, and Jörg Wrachtrup. Thin Circular
Diamond Membrane with Embedded Nitrogen-Vacancy
Centers for Hybrid Spin-Mechanical Quantum Systems.
Physical Review Applied, 6(2):024026, August 2016.

[26] A. Barfuss, J. Teissier, E. Neu, A. Nunnenkamp, and
P. Maletinsky. Strong mechanical driving of a single elec-
tron spin. Nature Physics, 11(10):820–824, October 2015.

[27] Michael S. J. Barson, Phani Peddibhotla, Preeti
Ovartchaiyapong, Kumaravelu Ganesan, Richard L. Tay-
lor, Matthew Gebert, Zoe Mielens, Berndt Koslowski,
David A. Simpson, Liam P. McGuinness, Jeffrey McCal-
lum, Steven Prawer, Shinobu Onoda, Takeshi Ohshima,
Ania C. Bleszynski Jayich, Fedor Jelezko, Neil B. Man-
son, and Marcus W. Doherty. Nanomechanical Sensing
Using Spins in Diamond. Nano Letters, 17(3):1496–1503,
March 2017.

[28] D. Andrew Golter, Thein Oo, Mayra Amezcua, Kevin A.
Stewart, and Hailin Wang. Optomechanical Quantum
Control of a Nitrogen-Vacancy Center in Diamond. Phys-
ical Review Letters, 116(14):143602, April 2016.

[29] Behzad Khanaliloo, Harishankar Jayakumar, Aaron C.
Hryciw, David P. Lake, Hamidreza Kaviani, and Paul E.
Barclay. Single-Crystal Diamond Nanobeam Waveguide
Optomechanics. Physical Review X, 5(4):041051, Decem-
ber 2015.

[30] E. R. MacQuarrie, T. A. Gosavi, N. R. Jungwirth, S. A.
Bhave, and G. D. Fuchs. Mechanical Spin Control of
Nitrogen-Vacancy Centers in Diamond. Physical Review
Letters, 111(22):227602, November 2013.

[31] Srujan Meesala, Young-Ik Sohn, Haig A. Atikian, Samuel
Kim, Michael J. Burek, Jennifer T. Choy, and Marko
Lončar. Enhanced Strain Coupling of Nitrogen-Vacancy
Spins to Nanoscale Diamond Cantilevers. Physical Re-
view Applied, 5(3):034010, March 2016.

[32] Preeti Ovartchaiyapong, Kenneth W. Lee, Bryan A. My-
ers, and Ania C. Bleszynski Jayich. Dynamic strain-
mediated coupling of a single diamond spin to a mechan-
ical resonator. Nature Communications, 5(1):4429, July
2014.

[33] J. Teissier, A. Barfuss, P. Appel, E. Neu, and
P. Maletinsky. Strain Coupling of a Nitrogen-Vacancy
Center Spin to a Diamond Mechanical Oscillator. Phys-
ical Review Letters, 113(2):020503, July 2014.

[34] J. Gieseler, A. Kabcenell, E. Rosenfeld, J.D. Schaefer,
A. Safira, M. J.A. Schuetz, C. Gonzalez-Ballestero, C.C.
Rusconi, O. Romero-Isart, and M.D. Lukin. Single-Spin
Magnetomechanics with Levitated Micromagnets. Phys-
ical Review Letters, 124(16):163604, April 2020.

[35] Jonilyn G. Longenecker, H. J. Mamin, Alexander W.
Senko, Lei Chen, Charles T. Rettner, Daniel Rugar, and
John A. Marohn. High-Gradient Nanomagnets on Can-
tilevers for Sensitive Detection of Nuclear Magnetic Res-
onance. ACS nano, 6(11):9637–9645, November 2012.

[36] John M. Nichol, Eric R. Hemesath, Lincoln J. Lauhon,
and Raffi Budakian. Nanomechanical detection of nuclear
magnetic resonance using a silicon nanowire oscillator.
Physical Review B, 85(5):054414, February 2012.

[37] R Fischer, D P McNally, C Reetz, G G T Assumpcão,
T Knief, Y Lin, and C A Regal. Spin detection with
a micromechanical trampoline: towards magnetic reso-
nance microscopy harnessing cavity optomechanics. New
Journal of Physics, 21(4):043049, April 2019.

[38] Massimiliano Rossi, David Mason, Junxin Chen,
Yeghishe Tsaturyan, and Albert Schliesser.
Measurement-based quantum control of mechanical
motion. Nature, 563(7729):53–58, November 2018.

[39] M. H. Abobeih, J. Cramer, M. A. Bakker, N. Kalb,
M. Markham, D. J. Twitchen, and T. H. Taminiau. One-
second coherence for a single electron spin coupled to a
multi-qubit nuclear-spin environment. Nature Commu-
nications, 9(1):2552, December 2018.

[40] Jingkun Guo, Richard Norte, and Simon Gröblacher.
Feedback Cooling of a Room Temperature Mechanical
Oscillator close to its Motional Ground State. Physical
Review Letters, 123(22):223602, November 2019.

[41] O. Arcizet, V. Jacques, A. Siria, P. Poncharal, P. Vin-
cent, and S. Seidelin. A single nitrogen-vacancy defect
coupled to a nanomechanical oscillator. Nature Physics,
7(11):879–883, November 2011.

[42] Supplementary information.
[43] C. E. Bradley, J. Randall, M.H. Abobeih, R.C.

Berrevoets, M. J. Degen, M.A. Bakker, M. Markham,
D. J. Twitchen, and T.H. Taminiau. A Ten-Qubit Solid-
State Spin Register with Quantum Memory up to One
Minute. Physical Review X, 9(3):031045, September
2019.

[44] C. T. Nguyen, D. D. Sukachev, M. K. Bhaskar,
B. Machielse, D. S. Levonian, E. N. Knall, P. Stroganov,
C. Chia, M. J. Burek, R. Riedinger, H. Park, M. Lončar,



7

and M. D. Lukin. An integrated nanophotonic quantum
register based on silicon-vacancy spins in diamond. Phys-
ical Review B, 100(16):165428, October 2019.

[45] G. Waldherr, Y. Wang, S. Zaiser, M. Jamali, T. Schulte-
Herbrüggen, H. Abe, T. Ohshima, J. Isoya, J. F. Du,
P. Neumann, and J. Wrachtrup. Quantum error cor-
rection in a solid-state hybrid spin register. Nature,
506(7487):204–207, February 2014.

[46] T. van der Sar, Z. H. Wang, M. S. Blok, H. Bernien, T. H.
Taminiau, D. M. Toyli, D. A. Lidar, D. D. Awschalom,
R. Hanson, and V. V. Dobrovitski. Decoherence-
protected quantum gates for a hybrid solid-state spin
register. Nature, 484(7392):82–86, April 2012.

[47] L. Jiang, J. S. Hodges, J. R. Maze, P. Maurer, J. M.
Taylor, D. G. Cory, P. R. Hemmer, R. L. Walsworth,
A. Yacoby, A. S. Zibrov, and M. D. Lukin. Repetitive
Readout of a Single Electronic Spin via Quantum Logic
with Nuclear Spin Ancillae. Science, 326(5950):267–272,
October 2009.

[48] Genyue Liu, Mo Chen, Yi-Xiang Liu, David Layden, and
Paola Cappellaro. Repetitive readout enhanced by ma-
chine learning. Machine Learning: Science and Technol-
ogy, 1(1):015003, February 2020.

[49] Y. Doi, T. Makino, H. Kato, D. Takeuchi, M. Ogura,
H. Okushi, H. Morishita, T. Tashima, S. Miwa, S. Ya-
masaki, P. Neumann, J. Wrachtrup, Y. Suzuki, and
N. Mizuochi. Deterministic Electrical Charge-State Ini-
tialization of Single Nitrogen-Vacancy Center in Dia-
mond. Physical Review X, 4(1):011057, March 2014.

[50] Yuki Doi, Takahiro Fukui, Hiromitsu Kato, Toshiharu
Makino, Satoshi Yamasaki, Toshiyuki Tashima, Hi-
roki Morishita, Shinji Miwa, Fedor Jelezko, Yoshishige
Suzuki, and Norikazu Mizuochi. Pure negatively charged
state of the NV center in $n$-type diamond. Physical Re-
view B, 93(8):081203, February 2016.

[51] A. Dréau, P. Spinicelli, J. R. Maze, J.-F. Roch, and
V. Jacques. Single-Shot Readout of Multiple Nuclear
Spin Qubits in Diamond under Ambient Conditions.
Physical Review Letters, 110(6):060502, February 2013.

[52] M. Chiani, D. Dardari, and M.K. Simon. New exponen-
tial bounds and approximations for the computation of
error probability in fading channels. IEEE Transactions
on Wireless Communications, 2(4):840–845, July 2003.

[53] David A. Hopper, Joseph D. Lauigan, Tzu-Yung Huang,
and Lee C. Bassett. Real-Time Charge Initialization of
Diamond Nitrogen-Vacancy Centers for Enhanced Spin
Readout. Physical Review Applied, 13(2):024016, Febru-
ary 2020.

[54] M. R. Vanner, I. Pikovski, G. D. Cole, M. S. Kim,
C. Brukner, K. Hammerer, G. J. Milburn, and M. As-
pelmeyer. Pulsed quantum optomechanics. Proceed-
ings of the National Academy of Sciences, 108(39):16182–
16187, September 2011.

[55] Sebastian G. Hofer and Klemens Hammerer. Quan-
tum Control of Optomechanical Systems. In Advances
In Atomic, Molecular, and Optical Physics, volume 66,
pages 263–374. Elsevier, 2017.

[56] Vahid Hassani, A. Pedro Aguiar, António M. Pascoal,
and Michael Athans. Further results on plant param-
eter identification using continuous-time multiple-model
adaptive estimators. In Proceedings of the 48h IEEE Con-
ference on Decision and Control (CDC) held jointly with
2009 28th Chinese Control Conference, pages 7261–7266,
December 2009.

[57] Robert F. Stengel. Optimal Control and Estimation.
Dover Publications, New York, reissue edition edition,
September 1994.

[58] Jr Arthur E. Bryson and Yu-Chi Ho. Applied Optimal
Control: Optimization, Estimation and Control. CRC
Press, New York, 1 edition edition, January 1975.

[59] Kevin S. Chou, Jacob Z. Blumoff, Christopher S. Wang,
Philip C. Reinhold, Christopher J. Axline, Yvonne Y.
Gao, L. Frunzio, M. H. Devoret, Liang Jiang, and R. J.
Schoelkopf. Deterministic teleportation of a quantum
gate between two logical qubits. Nature, 561(7723):368–
373, September 2018.

[60] Xing Rong, Jianpei Geng, Fazhan Shi, Ying Liu, Ke-
biao Xu, Wenchao Ma, Fei Kong, Zhen Jiang, Yang Wu,
and Jiangfeng Du. Experimental fault-tolerant univer-
sal quantum gates with solid-state spins under ambient
conditions. Nature Communications, 6, November 2015.

[61] T. P. Harty, D.T.C. Allcock, C. J. Ballance, L. Guidoni,
H.A. Janacek, N.M. Linke, D.N. Stacey, and D.M. Lu-
cas. High-Fidelity Preparation, Gates, Memory, and
Readout of a Trapped-Ion Quantum Bit. Physical Re-
view Letters, 113(22):220501, November 2014.

[62] Genko T. Genov, Daniel Schraft, Nikolay V. Vitanov, and
Thomas Halfmann. Arbitrarily Accurate Pulse Sequences
for Robust Dynamical Decoupling. Physical Review Let-
ters, 118(13):133202, March 2017.

[63] Yi Chou, Shang-Yu Huang, and Hsi-Sheng Goan. Opti-
mal control of fast and high-fidelity quantum gates with
electron and nuclear spins of a nitrogen-vacancy center
in diamond. Physical Review A, 91(5):052315, May 2015.

[64] Wenzheng Dong, F A Calderon-Vargas, and Sophia E
Economou. Precise high-fidelity electron–nuclear spin en-
tangling gates in NV centers via hybrid dynamical decou-
pling sequences. New Journal of Physics, 22(7):073059,
jul 2020.

[65] Andreas Reiserer, Norbert Kalb, Machiel S. Blok,
Koen J.M. van Bemmelen, Tim H. Taminiau, Ronald
Hanson, Daniel J. Twitchen, and Matthew Markham.
Robust Quantum-Network Memory Using Decoherence-
Protected Subspaces of Nuclear Spins. Physical Review
X, 6(2):021040, June 2016.

[66] David A. Hopper, Henry J. Shulevitz, and Lee C. Bas-
sett. Spin Readout Techniques of the Nitrogen-Vacancy
Center in Diamond. Micromachines, 9(9), August 2018.

[67] Michael A. Perlin, Zhen-Yu Wang, Jorge Casanova, and
Martin B. Plenio. Noise-resilient architecture of a hybrid
electron-nuclear quantum register in diamond. Quantum
Sci. Technol., 4(1):015007, September 2018. Publisher:
IOP Publishing.

[68] G. P. Berman, D. I. Kamenev, and V. I. Tsifrinovich.
Stationary cantilever vibrations in oscillating-cantilever-
driven adiabatic reversals: Magnetic-resonance-force-
microscopy technique. Physical Review A, 66(2):023405,
August 2002.

[69] Witlef Wieczorek, Sebastian G. Hofer, Jason Hoelscher-
Obermaier, Ralf Riedinger, Klemens Hammerer, and
Markus Aspelmeyer. Optimal State Estimation for Cav-
ity Optomechanical Systems. Physical Review Letters,
114(22):223601, June 2015.

[70] A. Pedro Aguiar, Michael Athans, and António M. Pas-
coal. Convergence properties of a Continuous-Time
Multiple-Model Adaptive Estimator. In 2007 European
Control Conference (ECC), pages 1530–1536, July 2007.



8

[71] P.D. Hanlon and P.S. Maybeck. Multiple-model adap-
tive estimation using a residual correlation Kalman filter
bank. IEEE Transactions on Aerospace and Electronic
Systems, 36(2):393–406, April 2000.

[72] N. Bar-Gill, L.M. Pham, A. Jarmola, D. Budker, and
R.L. Walsworth. Solid-state electronic spin coherence
time approaching one second. Nature Communications,
4(1):1743, June 2013.

[73] A. H. Ghadimi, S. A. Fedorov, N. J. Engelsen, M. J.
Bereyhi, R. Schilling, D. J. Wilson, and T. J. Kippen-
berg. Elastic strain engineering for ultralow mechanical
dissipation. Science, 360(6390):764–768, May 2018.

[74] M. H. Abobeih, J. Randall, C. E. Bradley, H. P.
Bartling, M. A. Bakker, M. J. Degen, M. Markham, D. J.
Twitchen, and T. H. Taminiau. Atomic-scale imaging of
a 27-nuclear-spin cluster using a quantum sensor. Nature,
576(7787):411–415, December 2019.

[75] Jarryd J. Pla, Kuan Y. Tan, Juan P. Dehollain, Wee H.
Lim, John J. L. Morton, David N. Jamieson, Andrew S.
Dzurak, and Andrea Morello. A single-atom electron spin
qubit in silicon. Nature, 489(7417):541–545, September
2012.

[76] Leigh S. Martin and K. Birgitta Whaley. Single-shot
deterministic entanglement between non-interacting sys-
tems with linear optics. arXiv:1912.00067 [quant-ph],
November 2019.


	Efficient entanglement of spin qubits mediated by a hot mechanical oscillator
	Abstract
	References


