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Solid-state spin defects are promising quantum sensors for a large variety of sensing targets. Some of
these defects couple appreciably to strain in the host material. We propose to use this strain coupling for
mechanically mediated dispersive single-shot spin readout by an optomechanically induced transparency
measurement. Surprisingly, the estimated measurement times for negatively charged silicon-vacancy
defects in diamond are an order of magnitude shorter than those for single-shot optical fluorescence
readout. Our scheme can also be used for general parameter-estimation metrology and offers a higher

sensitivity than conventional schemes using continuous position detection.
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Introduction.—Solid-state defect spins are promising
candidates to build powerful quantum sensors [1-4] as
well as memories and repeaters for quantum communica-
tion [5]. They have a small footprint [6,7], straightforward
operation, and are susceptible to a large variety of sensing
targets, such as magnetic [8,9] and electric fields [10] as
well as temperature [11]. Quantum applications (e.g.,
entanglement-assisted metrology [12-14]) require high-
fidelity single-shot spin readout. Optical spin readout is
desirable but, unfortunately, not provided by all types of
spin defects. Moreover, even many optically addressable
spin defects fail to reach robust high-fidelity single-shot
readout [5,15], e.g., because of low photon collection
efficiencies, inconvenient optical frequencies, or limited
readout times due to non-spin-conserving transitions
between orbital ground and excited states.

These issues motivate asking whether other interactions
could be harnessed for readout. Recently, it has been shown
that some spin defects have an appreciable coupling to
strain arising from mechanical vibrations in their host
material [16—18]. It has been suggested to use this strain
coupling for mechanical cooling [19], mechanical control
of the spin defect [16,20-24], and reservoir engineering
[25,26]. The mechanical mode can also be strongly coupled
to electromagnetic modes, e.g., by shaping the host
material into an optomechanical crystal (OMC) [27], which
enables optical control and fiber-coupled telecom-
wavelength optical access, instead of more challenging
free-space optical access that is often in the visible
range. Diamond OMCs with large optomechanical
coupling and integrated nitrogen-vacancy (NV) de-
fects have already been demonstrated experimentally
[24,28,29].
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In this Letter, we show that strain coupling can be
used for another crucial functionality: it can enable rapid
all-optical dispersive readout of a single solid-state spin,
without any orbital excitation. Dispersive readout enables
fast, high-fidelity, and quantum-nondemolition (QND)
detection in a variety of platforms, including superconduct-
ing qubits [30], where the state of the qubit shifts the
resonance frequency of a driven microwave cavity and is
encoded in the phase of the microwave output field. Using
strain coupling, one could try to replicate this by replacing
the microwave cavity with a driven, dispersively coupled
mechanical mode. Qubit readout would then require an
effective homodyne detection of emitted phonons, which
could be done optically using mechanics-to-optics trans-
duction. The scheme we introduce mimics this kind of
measurement in a simple and resource-efficient fashion by
exploiting one of the most ubiquitous effects in optome-
chanics: optomechanically induced transparency (OMIT)
[31-34], where a mechanical mode alters the density of
states of an optical cavity. While OMIT has been used
extensively for device calibration, we show here that,
surprisingly, it also paves a powerful route to all-optical
single-shot solid-state spin readout (no explicit mechanical
driving or readout is needed). Note that our OMIT-based
scheme is distinct from the recently demonstrated optical
readout of a superconducting qubit using optomechanical
microwave-to-optical transduction [35,36].

As a promising experimental example, we analyze
readout of a silicon-vacancy (SiV) defect coupled to a
diamond OMC. Surprisingly, the estimated spin readout
times for realistic experimental parameters [28,29,37,60]
are more than a factor of 4 shorter than the ones for optical
cavity-based SiV readout [61], and an order of magnitude

© 2023 American Physical Society
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FIG. 1. Dispersive spinreadout using optomechanically induced
transparency (OMIT). (a) Sketch of the considered hybrid opto-
mechanical system. A mechanical mode (green circle, center)
interacts both with a single spin (blue arrow, left) via a strain-
coupling-mediated dispersive interaction, and with an optical
mode (orange circle, right) via optomechanical interaction. The
optical mode is driven by a pump and a probe laser implementing
an OMIT scheme. The o, projection of the spin state is encoded in
the phase ¢ (o) of the reflected probe light. All other parameters
are defined in the main text. (b) Sketch of a possible experimental
implementation using a diamond optomechanical crystal (OMC)
with an embedded spin defect (blue) strain-coupled to a mechani-
cal breathing mode (green straight arrows). The optical mode
(orange) of the OMC is evanescently coupled to a tapered fiber for
optical driving and homodyne detection. (c) Frequencies of the
pump and probe lasers. The solid orange curve is the Lorentzian
cavity response with width x < w,,,.

shorter than the best optical fluorescence readout times for
SiV centers [62] (which are limited by the repolarization
timescale of the spin defect into its ground state and require
precise alignment of the magnetic field along the SiV axis).
In contrast, our dispersive readout is in principle a QND
measurement. We stress that our protocol can be applied to
other spin defects (beyond SiV centers) with sufficiently
large strain coupling but potentially no optical address-
ability, since we only assume coupling of an effective two-
level system to a mechanical mode.

We also demonstrate that our OMIT-based sensing
protocol has applications beyond qubit readout: it can be
used for parameter sensing in any optomechanical sys-
tem where the mechanical frequency depends on an un-
known parameter. It exceeds fundamental sensitivity limits
that constrain standard schemes employing continuous
mechanical position detection [e.g., as used in atomic-
force microscopy (AFM) [63,64] and mass sensing [65] ].

The system.—We consider a standard optomechani-
cal (OM) system, sketched in Figs. 1(a) and 1(b),
with Hamiltonian A, =w,a'a+w,b'b—gya*a(b+b").
Here, a (b) is the annihilation operator of the optical
(mechanical) mode with frequency o, (®,,), gy is the bare
OM coupling strength, and # = 1. Both modes interact
with dissipative Markovian environments that lead to a
decay of optical (mechanical) excitations at a rate ¥ (I'ecn)s
with k > ', For simplicity, we envisage a several-GHz
mechanical mode in a dilution refrigerator such that
thermal occupation is negligible [66].

The mechanical mode is dispersively coupled to a spin,

A

Hg, = w,6./2 — y6,b'b, where 6, is the Pauli z matrix
(and commutes with the spin-only Hamiltonian), o, is the
splitting between the two energy levels, and y is the
dispersive coupling strength. Depending on the o, projec-
tion of the spin state, the mechanical frequency is shifted by
& = —o_y. In principle, the mechanical frequency shift ¢
can be measured by driving the mechanical mode with a
linear drive and by measuring the phase of the phonons
emitted from the mechanical mode into the substrate; this
would be a mechanical analog of a standard cavity QED
dispersive readout [30]. Of course, directly measuring these
emitted phonons is infeasible in most setups.

To overcome this issue, we propose an OMIT mea-
surement [31-34] with two laser drives, as shown in
Fig. 1(c). The strong red-detuned pump laser, @y, =
w, — w,,, causes additional mechanical damping and con-
verts part of the dissipated phonons into an optical output
field, thus rendering them accessible to conventional
optical homodyne detection. Via the OM interaction, it
also converts the weak optical probe laser into a linear
mechanical drive. Together, these enable all-optical readout
of &, as we now show.

Consider first the situation with only the strong pump
laser. It allows us to separate the cavity field into a
semiclassical amplitude a > 1 and quantum fluctuations
d around it, & = e~ Ppm! (q + 21). Similarly, we decompose
the mechanical mode b = b + ¢ and linearize the OM
interaction [67]. We further assume the good cavity limit
®,, > K, allowing us to make a rotating wave approxima-
tion on the OM interaction. In a frame rotating at the
approximate linearized Hamiltonian is

pump>

Hrw,d'd+ (o, +¢€)é'e —G@td+d'e), (1)

where G = gya is the optically enhanced coupling strength.
At time t = 0 the weak probe laser at frequency w,, is
switched on. We account for this through the cavity input
field, di,(t>0) = apne™" + &,(t), where &,(1) is
input vacuum noise and |a,, ;,|* is the photon flux of the

probe laser. Note that Ziin describes a probe laser that is
resonant with the optical cavity in the lab frame; cf.
Fig. 1(c). We also considered a detuned probe laser but
found the resonant case to be optimal for qubit readout [37].

Signal-to-noise  ratio  (SNR).—For ay;, >0 and
Kk > I'ccn, the mechanical frequency shift € is encoded
in the ¢ = /2 quadrature of the optical output field
dow (1) = \/kd(t) + diy (1) and can be measured by optical
homodyne detection. Using the measurement operator
describing the integrated homodyne current from ¢ =0
tor=r,

1(z) = \/E/OT difee~n'd’ (1) + H.c], (2)
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the SNR at time 7 of our qubit 6, measurement is defined
as [68]

/Iﬁf(f)u - (f(l)hxlz
([6Z(2)]*)-, + (BZ(2)1),

SNR?(7) = NG

where 67 (t) = Z(r) = (Z(x)), and (-), denotes an expect-
ation value with the mechanical resonance frequency
shifted by e. We focus on the usual limit G <« k where
there is no many-photon OM strong coupling, and where
¥ < k. Note that the effects of y can still be nonperturbative
if y 2 T'een- Using the Heisenberg-Langevin equations for
our system [37], we find

C
SNR?(7) = 8|ap, in|? o
() =Sl (1o

2

) sie(ea)el1-FP. @)
where F(z7)=(1/y7)[sin(2&) —sin(2&+y7) e meen(1+Com)7/2]
The OM cooperativity Coy = 4G? /K pecn can be tuned by
varying the pump laser amplitude. As in standard dispersive
readout, depending on the frequency shift & = %y, dyy (1)
evolves into one of two different coherent states sepa-
rated by an angle 2&=2arctan[2y/T necn(1 4+ Com)l-
Equation (4) maps to a standard cQED dispersive readout
where the cavity damping rate has been replaced by an
optically tunable mechanical damping rate T (1 + Com)s
and where only a fraction C,y,/(1+ C,y,) of the total
output flux is detected. As we show, this additional
tunability leads to important differences in readout opti-
mization and dynamics.

Measurement time.—The measurement time is implicitly
defined by SNR?(7,,,s) = 1, and our goal is to optimize
C,om such that 7., is minimal. As shown in Fig. 2, there are
three scalings of 7,,.,, With y: (i) For a weak strain coupling
¥ <K Tpechs K, the intrinsic mechanical ringup time 1/T peen
is much shorter than z,,.,,. The measurement is fastest if the
impedance-matching condition C,,, = 1 holds, in which
case

Iﬂr2nech
Fmeas 8‘apr,in‘2)(2 ' <5)
In this regime, the probe laser leads to a steady-state
mechanical phonon number ., = lim,_ Apen(7) =
|apr,in|2/l“mech on a timescale shorter than .. (i) As
we show below, spin defects can reach appreciable strain
coupling y > Ieqn such that SNR?(z) =1 is achieved
before the mechanical steady state is reached. In this
regime, it is advantageous to increase C,, beyond 1 to
speed up the mechanical ringup, so that this occurs on the
same timescale as the measurement (i.e., Cg, <
1/T pechTmeas)- For an optimal Cy,, we find in this regime
Timeas & (¥|aprin|)™/3. (iii) Finally, for y 3> Tpech, the large
detuning £y between the mechanical mode and the probe
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FIG. 2. Minimum measurement time 7., required to reach a
signal-to-noise ratio (SNR) of unity as a function of the spin-
mechanical dispersive coupling strength y. The optomechanical
cooperativity C,,, has been optimized for each data point. The
dotted black line indicates the asymptotic form of the mea-
surement time for y /I .., < 1 [Eq. (5)]. It is off by almost
2 orders of magnitude for the expected parameters for SiV de-
fects in a diamond OMC (gray vertical line). Inset: Phonon
number Ay (Tmeas)s Photon number 71,y (Tess), and critical
phonon number ¢ for Aprin/ VImeen = 20.0, gy varied,

mech

Agn/Tinees = 750, and k/Teen = 10000.

laser becomes the limiting factor of the measurement. The
optimal cooperativity Cg, = 2y /T imecn Strongly broadens
the mechanical linewidth such that transient dynamics
becomes irrelevant again and the measurement time con-
verges to a constant value that depends only on the rate at
which probe photons are sent into the system,

1
meas ol 12" 6
i o 8|apr,in|2 ( )

Note that OMIT allows one to optimize the effective
damping rate for different values of the dispersive coupling
such that one can take advantage of large couplings
x> l—‘mech'

Critical phonon number.—Figure 2 reveals several
interesting features. First, 7, can be smaller than
1/Tech, Which reflects the fact that we can broaden the
mechanical linewidth optically, I'yecn(1 + Com) > Uinech-
Second, 7., 1S short because we are using many probe
phonons. As shown in the inset of Fig. 2, this does not
come at the cost of a high photon number (which could
cause unwanted heating) since n).../n%y = InechKCom/
(T2 + 4€%) < k/Teen > 1. Further, with increasing
/T mech» the optimized C,,, grows and n5. ., decreases
(as the total mechanical damping is & C,,,). Corrections to
the dispersive spin-mechanical interaction define a critical
phonon number n, (see Ref. [37]), which limits the
maximum probe power, determines the plateau value of
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Tmeas 10T ¥ >> ' .o, and prevents infinitely fast measure-
ments [69].

Feasibility criteria.—For QND readout, one needs
Tmeas <€ MIN(T'y, Tpyeen), Where T = 27/y, is the sin-
gle-spin relaxation time and p,.. the Purcell decay time.
As we show below, this is well within reach for a single SiV
defect coupled to a diamond OMC. For other defects with
smaller strain coupling, this condition can still be achieved
in an ensemble of N spins. In the regime y < ' ccp, ONE
then obtains the conditions Agy, /T ech => +/N/8 (to sup-
press collective Purcell decay) and 4Ng2,/TmechYrel =
1/2 [37].

Application to SiV systems.—As a concrete example, we
show that readout of a single SiV defect embedded in a
state-of-the-art diamond OMC is experimentally feasible.
Diamond OMCs with k/2z ~ 2 GHz have recently been
demonstrated by Burek ez al. [28] and Cady et al. [29]. The
mechanical modes had w,, /27 ~ 6 GHz and quality factors
up to 4100 at room temperature with higher values expected
at cryogenic temperatures [28]. A mechanical damping rate
[een/27 = 200 kHz seems thus feasible. The measured
optomechanical couplings are ¢,/27z ~ 200 kHz [28,29].
Spin-mechanical single-phonon coupling rates for SiV
defects in an OMC have been estimated to be g, /27 ~
2 MHz [60]. Surprisingly, the strain coupling can be tuned
up to ¢gyn/27~ 8 MHz by applying a suitable off-axis
magnetic field without changing the SiV level splitting, as
we show in a detailed microscopic analysis in the
Supplemental Material [37]. Using g,,/27 =2 MHz as
a conservative estimate and assuming a detuning
A = o, — o, =2z x 150 MHz, a dispersive coupling
X = Gom/ A = 27 x 27 kHz appears to be realistic. The
corresponding ratio y /I'".cn = 0.13 is indicated by the gray
vertical line in Fig. 2.

With these numbers, and using low probe-laser power
[such that 7 (Tmeas) 18 more than an order of magnitude
below nit : see inset of Fig. 2], we find an estimated
measurement time of 7,;,., = 3.31 ps. This could be further
decreased by using a stronger probe laser. Our 7, 1S thus
competitive with optical readout times of 13 ps for highly
strained SiV centers in a diamond nanocavity [61] and
30 ps for optical fluorescence readout of SiV centers with
an external magnetic field precisely aligned along the SiV
axis. In the latter case, the measurement times were limited
by the repolarization of the SiV into its ground state on a
timescale ~30 ms. For OMIT readout, the estimated
measurement times are an order of magnitude shorter,
and they will be limited by a Purcell decay time of zp .. &
28 ms [37]. We thus find 7pyeeni/ Tmeas & 8500 >> 1, which
could be further increased by increasing Ay, [70].

Application for quantum sensing.—Our OMIT measure-
ment scheme can also be used for more general parameter
estimation where the goal is to detect an unknown signal
that causes a small mechanical frequency shift ¢ < w,,.
This basic sensing scheme is widely used, e.g., in AFM

[63,64] and mass sensing [65], and it has also been
suggested for new OM sensing protocols using limit cycles
[71]. Here, with quantum sensing in mind, we are interested
in the fundamental limits on the estimation error of such
schemes. OMIT allows one to improve the estimation
error beyond that of standard schemes using conti-
nuous mechanical position detection. Such schemes are
fundamentally limited by the standard quantum limit of
position detection (SQL-PD) [72,73]. The estimation
error for infinitesimal frequency changes is (Ae)?(7) =
lim, _o([6Z (7)]?),/10.(Z(z)),|?. which is optimized for a
resonant probe laser and C,,, = 1 [37],

(Ae)(2) = 100 (1 2y 4 20g). (7)

ss
4nmech

Here, ngy, denotes the thermal phonon number due to
interaction of the mechanical mode with a finite-
temperature environment, and n,y represents potential
imprecision noise due to the readout of the mechanics,
expressed in terms of an equivalent amount of thermal
phonons. Note that AFM and limit-cycle sensing protocols
yield the same estimation error, Eq. (7), but are limited by
thermal noise, ng, > 1, and thus typically not sensitive to
fundamental imprecision noise [64,71]. Also note that our
goal is not to change the fundamental scaling with n}°_ ;.
but to make 7,49 as small as possible.

In the ideal case analyzed so far, we have n,qq = 0 for
OMIT readout even when all quantum effects are included.
To highlight the significance of this result, it is instructive to
compare Eq. (7) with other measurement schemes to
determine a small frequency shift e. Perhaps the most
obvious approach is to drive the mechanical resonator
linearly at w,, and continuously measure its position
X= xzpf(l; + b"), where X,pt denotes the zero-point fluc-
tuations. This signal can then be used to determine the
phase lag between (%(¢)) and the drive (and hence ¢). Since
this measurement collects information on both quadratures
of (¢), its estimation error can at best reach the SQL-PD
with n,qg = 1/2 [72,73].

The SQL-PD can be surpassed by performing a back-
action-evading (BAE) measurement [74,75], which is tuned
to measure only the phase quadrature of %(¢) containing
information on e. In the limit of a large cooperativity
Com — 0, one finds n,qq4 — 0 and thus achieves the same
estimation error as our OMIT scheme. While BAE
measurements (which necessarily require large C,,,) have
been demonstrated [76-80], they are experimentally far
more challenging than a simple OMIT measurement with
Com = 1 (something that is routinely done for characteri-
zation purposes).

Note that both direct position detection and BAE
measurements require careful phase tuning between the
mechanical drive and the local oscillator of the homodyne
detection. In contrast, our OMIT scheme is an all-optical
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FIG. 3. Comparison of the excess imprecision noise 7,4q

[expressed in terms of an equivalent amount of thermal phonons;
see Eq. (7)] for sensing a small mechanical frequency shift ¢ <
w,, with different measurement schemes. The thick blue line
indicates an OMIT measurement with imperfect homodyne
detection (efficiency 0 <# < 1). The thin horizontal lines in-
dicate the smallest excess imprecision noise achievable with other
schemes in the limit of perfect homodyne detection, n = 1.

measurement where the optical probe (driving the mechan-
ics) and the local oscillator can be derived from the same
laser, eliminating the need for a separate mechanical drive
and its phase control.

The absence of added noise in the OMIT scheme is due
to the fact that OMIT (unlike position detection and BAE
measurements) transduces both mechanical quadratures
into quadratures of the optical output field without any
gain [37]. By adjusting the local-oscillator phase, one can
then choose to measure the optical quadrature  e.
Amplification of mechanical quadratures is not required
since once can increase the signal by driving the mechanics
more strongly, which gives rise to the 1/n, . scaling in
Eq. (7). In Fig. 3, we also analyze the case of imperfect
homodyne detection (efficiency 0 <7 < 1). In this case,
there will be added noise n,4q = (1 —17)/2n, but state-of-
the-art OMIT detection will surpass the SQL-PD for
experimentally feasible efficiencies 1 2 70% [81].

Conclusion.—Our Letter presents a potentially powerful
alternative readout scheme for solid-state spin defects with
large strain coupling. This coupling allows one to perform
dispersive spin readout using a mechanical mode, which is
optically driven and read out using an OMIT scheme [82].
For SiV defects in a diamond OMC:s, the estimated readout
times are an order of magnitude shorter than the best
measurement times for single-shot optical fluorescence
readout. Besides spin readout, our scheme is also useful
for quantum sensing, when a small signal modifies the
resonance frequency of a mechanical oscillator, e.g., strain-
mediated readout of the collective state of a large ensemble
of NV centers. It would be interesting to check if OMIT
readout can also be applied to other types of solid-state spin
defects with strain coupling.

Our protocol could be combined with existing ideas to
generate remote entanglement between two distant

superconducting qubits using dispersive measurements
[85,86], requiring only small modifications of recent
experiments coupling superconducting qubits to mechani-
cal modes [87-90].
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