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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, (®,,), go 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'ccn)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 &, is the Pauli z matrix
(and commutes with the spin-only Hamiltonian), w; 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
e = —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>

A A

Hx~w,dd+ (w,+e)ete—G@etd+de), (1)

where G = gya is the optically enhanced coupling strength.
At time ¢ = 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(7) and can be measured by optical
homodyne detection. Using the measurement operator
describing the integrated homodyne current from t =0
tor=r,

1(z) = \/I?/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 - @(AT»” ’
([6Z(@)]*)-, + (BZ(2)1),

SNR?(7) = . 0)

where 67 (t) = Z(1) = (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 o2

2

) sie(e2)el1 - P, @)
where F(z)=(1/y7)[sin(2&) —sin(2&+y7) e meen(1+Com)7/2]
The OM cooperativity Coy = 4G? /K pech 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 ecn(1 + 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),
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 pecn
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 nl. ., = lim,_ Ayen(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> Tjpech, the large
detuning £y between the mechanical mode and the probe
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FIG. 2. Minimum measurement time 7,,.,s 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 Apen (Trmeas)s Photon number 71,y (Tess), and critical
phonon number ¢ for Aprin/ VTmeen = 20.0, gy varied,

mech

Agn/Tinees = 750, and x/Tyeen = 10000.

laser becomes the limiting factor of the measurement. The
optimal cooperativity Co, = 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 2" 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 = I'nechKCom/
(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 < I'eqn, ONE
then obtains the conditions Ay, /T iech => +/N/8 (to sup-
press collective Purcell decay) and 4Ng2,/TimechVrel =
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 e 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
[Meen/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 ggn/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
¥ = Gom/ Ay = 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,cp (Tmeas) 18 more than an order of magnitude
below nit : see inset of Fig. 2], we find an estimated
measurement time of ;. = 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 3> 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()),|?. which is optimized for a
resonant probe laser and C,,, = 1 [37],

(Ae)(2) = 100 (1 {2y 4 200). (7)

ss
4nmech

Here, ng, 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,qq = 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,5q4 — 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,qq

[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 —1#)/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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I. DISPERSIVE SPIN READOUT USING OMIT
A. Optical and mechanical output fields

We consider an optomechanical system with an optical mode a (at frequency w,) and a mechanical mode b (at
frequency wyy, ), which are coupled with a bare optomechanical coupling strength go,

Hom = wot'a + winb'h — goata (Zﬁ + 13) . (S1)

Here and in the following, we set A = 1. The optical mode is driven by a strong pump laser at frequency wpump =
Wo — W,

Hpump = \/E [aPUmp,iﬂ(t)a’T + a;ump,in(t>d] ? (82)

where apump,in(t) = dpummne*wp“mpt is the semiclassical part of the input field due to the pump laser and « is the

decay rate of the optical mode due to coupling to the input/output channel. The photon flux of the pump laser is



2

given by |@pump,in\2~ The mechanical mode is coupled to a single spin-1/2 system (with level-splitting energy ws) by
a Jaynes-Cummings interaction with spin-mechanical coupling strength ggpn,,

A w, “ N A N ~
Hjc = ?Saz + Gsm <a+b + O'_bT) . (S3)
Here, 6, .. are the Pauli matrices, and 6+ = (6, £ i6,)/2 are the spin raising and lowering operators, respectively.
Both the optical and the mechanical mode are coupled to a dissipative environment modeled by a Lindblad quantum
master equation,

d e - - . 1 n A I
ap = 1 |:Hom + HJC + Hpumpa pi| + KD[G]P + 1_‘mech(nth + 1>D[b]P + 1—‘mechTLthl)[bT]p ; (84)

where I'yeen is the bare mechanical decay rate, ngy, is the thermal phonon number, and the Lindblad dissipators are
defined as D[0]p = 0pOT — {00, p} /2.

To simplify the optomechanical Hamiltonian, we switch to a rotating frame at the pump laser frequency wpump for
the optical mode, decompose the optical (mechanical) field into a large semiclassical amplitude a (b) and quantum
fluctuations d (&) around it,

Q>

_ eemmnt (a4 (55)
b+¢é, (S6)

b

and linearize the optomechanical Hamiltonian [1]. The semiclassical amplitudes a and b are the self-consistent solutions
of

2
9o la|
wm _ Z'szech ’

\/Eapump,in

a= , b=
Aopt + go(b+b*) +i5

(S7)

where we introduced the detuning Aqpy = Wpump — Wo. Assuming a to be real without loss of generality and assuming
the pump laser to be red-detuned with respect to the cavity resonance frequency, Apt ~ —wm, We obtain the linearized
equation of motion

d . T oa S R P 1 A At A

S5p = =i [ By + Hic, p| + KDId)5 + Tmeen (net + 1YD[E5 + Tmeernen DI (S8)
Hlpy = —Bopdld + wnile — G (die+ eld) (S9)
Hj = 226. + gom [(b+ )i + (0" + o] (810)

where we introduced the renormalized detuning Aope = Agpt + go(b-+b*) and the optically-enhanced coupling strength
G = goa. Note that the renormalization of the optical frequency by the mechanical steady-state amplitude, Aqpe —
Aopt = Agpt + go(b+ %), is very small in the case considered here: For the experimental parameters and values of
Com considered in the main text, we find |go(b + b*)| / |Aopt| & 1076Com < 1.

We assume that the spins are strongly detuned from the mechanical mode, |Agn| = |wm — ws| > gsm, such that the

spin-mechanical interaction can be diagonalized up to second order in ggm,/Agm by a Schrieffer-Wolff' transformation

H = eSHe S with
& Gsm R Agm N o Agm %\ A
S = A {(cT T b) 6_ — <c— o b ) oql . (S11)

To leading order in gy, /A, ignoring constant terms, and using a rotating wave approximation, we find

d . T A . AL o n JETN
—p = =i | By + Hlpy, )| + <DId]p + Tieen (nen + 1YD[e]p + Tmecrnn DIefp
Fmec A~ ~ Fmec A ~
+ e X+ 1)DE)p+ X D6y s (S12)
Asm Asm

a - A m ~ A oata
H = (WS2X + XTS |b|2> 6. —xo.éte (S13)

sm
S



where we defined the dispersive coupling strength x = g2 /Agn. For typical experimental parameters, the conditions
X < ws and xAgm |b| Jw? < 1 hold and we can neglect the correction terms to the spin-transition frequency,
H - Hsm = ws6,/2 — XO'ZCTC (which is the form of the spin-mechanical Hamiltonian given in the main text).

Note that, apart from the Purcell decay terms in Eq. (S12), 6, is a constant of motion. The Purcell decay time
TPurcell X Asm /Tmechx can be made arbitrarily large by increasing the spin-mechanical detuning Agy,, such that we
implement a quantum-nondemolition (QND) measurement. We can therefore ignore the spin dynamics and only

include the constant spin-state-dependent mechanical frequency shift e = —x(5,) in the optomechanical Hamiltonian,
H, — —Aopd'd + (wim +2)éTe — G (cﬁé + éhi) (S14)
The linearized optomechanical Hamiltonian given in Eq. (1) of the main text is Eq. (S14) for Agpy = —wn.

From Eqgs. (S12) and (S14), we obtain the following Heisenberg-Langevin equations of motion for the mechanical
fluctuations é and the optical fluctuations d.

d - ko P 5

ad =— {5 — onpt} d+1iGé — Vkdiy , (S15)
d Fmec

&é = — {2 by i(wm + € ] ¢+iGd — V mechCin (S16)

where ch and l;in are the optical and mechanical input fields, respectively.
The optical input field on the right-hand-side of Eq. (S15) contains the semiclassical field of the weak probe laser
(which is switched on instantaneously at ¢t = 0) as well as zero-temperature Gaussian white noise &,

din(t) = aprine P O(t) + En(t) , (S17)
(GaEL()) = ot - 1) , (S18)

where ©(t) denotes the Heaviside step function and |apr,in|2 is the photon flux due to the probe laser. Note that d and

ch are defined in a frame rotating at wpump, i.e., the probe frequency in the lab frame is given by wpr = wWpump +@pr =
Wo — Wm + Wpr and the probe laser is on resonance with the optical cavity if @, = wy. The mechanical input field in
Eq. (S16) is given by finite-temperature Gaussian white noise,

(L)) = (nan + 16— 1) (519)
<a§n(t)em(t')> = ned(t —t') . (S20)
The Heisenberg-Langevin equations (S15) and (S16) can be solved exactly and, for Agp, = —wp, their solution is

(dc((i))> B _/_Z dt’ Gt~ ) - (\{f ?nec ) (iigt?) : (S21)

where G(7) denotes the Green’s function of the Heisenberg-Langevin equations,

Gg(r)= @(T)e*ir(wm+a/2) (Tmech+r)/4 <gijg ; gﬁg) 7

. iech — %e —
Gaa(T) = cosh {T\ﬁ] + h — K+ 2i€ sinh {T\/f} |

4 o 0
Geo(T) = cosh {Tr] _ I'mech — K + 2ie sinh |:T\/7:|

4 o 0

267/ Com I mec . (VA
Gac(T) = Geg(1) = ! b% sinh { 1 ] . (S22)
Here, we introduced the optomechanical cooperativity Com = 4G? /kl'meen and the abbreviation /-

\/ 2 4 — (26 +ir)? — 2D ech [—2i€ + K(1 + 2Com,)]. From this result, we can calculate the optical and mechanical
output ﬁelds using standard input-output theory

dout (t) = \/Ecz(t) + dAin(t) 5 (823)
Cout (f) = 4/ Fmeché(t) + éin(t) . (824)



B. Signal-to-noise ratio

The information on the spin’s o, projection is encoded in the phase shift of the optical output field at the frequency
of the probe laser. It can be read out by homodyne detection of a suitable quadrature of the optical output field, and
integrating the output signal for a time 7. Such a measurement is described by the observable

I(7) = V& / dt [eee™ @rtdl (6) + e et ()] (S25)
0

where the angle ¢ determines the measured quadrature and will be specified later. For the two eigenstates &, |o,) =
0,|o.) with o, € {+1,—1}, the optical output field will evolve into two different coherent states. They give rise to
different integrated homodyne currents (Z(7))., where (-). denotes an expectation value with the mechanical resonance
frequency being shifted by ¢ = —xo,. Since the instantaneous horr/lgdyne current ﬁlﬁtuates about its expectation
value, this signal will be accompanied by state-dependent noise ([6Z(7)]?)e, where 6Z(7) = Z() — (Z(7))e. The
signal-to-noise ratio (SNR) of the spin readout process is then given by

2

_ Sz(T) _ <ZA.(7—)>7X - <:Z(T)>+X
N2(7)  ([BZ(7))) -y + (OZ(T)]2)y

SNR?(7) (S26)

which can be evaluated using Eqs. (S24) and (S25). The exact expressions for the signal-to-noise ratio are quite
lengthy but they can be simplified by the following observation. After switching on the weak probe laser (S17), the
field in the optical cavity will build up on a timescale 1/k < 1/T'peeh- During this time, the mechanical mode is still
at rest and the optical output signal carries no information on the mechanical frequency shift . Information on ¢
will only start to be present in the optical output signal when the mechanical motion rings up. We can get rid of the
short-time dynamics of the cavity field by taking the usual limit k > G, x, ['nech While keeping the optomechanical
cooperativity Cop, fixed. This simplifies the expressions significantly and we find

<I(T)>—x _ <j(7)>+x 2 _ 8\/E|apr,in| I'mech Com

22— () — 2ixraz} + ()T = e G2

2 2
2| |24
X Cos [C(T) - + aJrg(apr,in)] ) (827)
*\2 _9,—2xT/2 _ 2 2_267.2}7'/2_2*7_
F 4Fmechcomnth (Z:F) (2 2e77F Z:FT) + Z:F ( +
(OZ(T)*)ax =& |7~ . (S28)
1+ Com |Z¢‘4
HFmec Cvom Apr,in * . * % —z T L
((r) = g | Vgt Com onil (22 ()2 - mivrs 2 4 (P - 2 |
(S29)

where we used the abbreviation z4 = I'pecn (1 + Com) + 2i(x £ 0) and defined the detuning § = wp, — w, between the
probe laser and the optical cavity resonance frequency. Note that the remaining prefactors v/k and k are due to the
prefactor in Eq. (S25) and will cancel in the signal-to-noise ratio. The SNR is thus independent of the optical decay
rate k, as expected.

The SNR is maximized if one measures the homodyne quadrature ¢(7) = {(7) — arg(apy,in) and if the weak probe
laser is resonant with the optical cavity, § = 0. In this case, signal and noise take the following simple expressions.

Com .
S(7) = 4VE |apr,in| H—TT sin(28) [1 — F(7)] , (S30)
F(r) = % {sin(%) — sin(2€ + yr)e Mmeen (1 Com)7/ 2} : (S31)

N(7r) = /2671 — G(7)], (S32)

Com  2008(28) — 2x7 cos(€)/sin(€) — 2 cos(2€ + x7)e ™ meen(1+Com)7/2

G(7) = 8ntnmec , S33

() = Snen T e (533)
_ 2x

§—ton o] o

Note that Egs. (S30) and (S31) are very similar to the corresponding results for dispersive qubit readout in cavity
QED [see, e.g., [2] for a detailed discussion but note that Eq. (S15) in the supplemental material of [2] contains a



typo and the correct prefactor of the square brackets should be 1/x7]. The main difference between our results and
the ones in circuit QED are:

e The signal (S30) has an additional prefactor Com/(1 + Com), which captures the fact that we can tune how
much information on the mechanical mode is contained in the optical output field by changing the amplitude
of the pump laser.

e The fixed decay rate of the microwave cavity has been replaced by the optically tuneable total mechanical
damping rate I'pech (1 4+ Com).

e The mechanical response filters the white mechanical input noise given by Eqs. (S19) and (S20), such that the
noise in the optical output field is no longer white if ny, # 0, see Eq. (S33).

To find the shortest measurement rate, we need to maximize the SNR with respect to the optomechanical cooperativity
Com (i-e., the pump laser amplitude). There will be a nontrivial optimum since the optical output field does not contain
any information on € both for very small and for very large cooperativities: For Cy;, — 0 mechanical and optical
mode are decoupled whereas, for Cy,, — 00, the mechanical mode is strongly damped and does not oscillate.

Note that, at short times and for ng, = 0, the SNR scales o 7°/2 because the mechanics needs to ring up before its
state-dependent rotation can discriminate between the two spin states. The square brackets in Eq. (S25) thus grow
o 72. This result is integrated once with respect to time and divided by the noise, which is purely diffusive at zero
temperature, i.e., o< 1/T.

C. Critical phonon number

We now analyze the validity of the approximations made in the derivation of the SNR, given by Egs. (S30) to (S34).
From Eq. (S21), we obtain the mechanical phonon number nyecn and the intracavity photon number ne,y, due to the
optical probe laser, which are given by the following expressions for § = 0 and & > G, x, ['nech:

~ 2 4Fme hcom |(1 r,in|2 _ _
Panen(6) = [(E():” = h({ e )I; e (1 + e Tmeen(L4Com)t _ 9 cos(ct)e rmech<1+com)t/2) 7 ($35)
mec om
Neay (t) = ‘(ci(t)) 2 4 |aPr’i“|2 [F nCome Tmeen(IHCom)t/2 (O] o cos(et) — 4esin(et))  (S36)
cav € K [sznech(l + Com)2 + 462] mec om mec.

+ T2 o +4e® + T2

mech meChC2m€_FmeCh(1+Com)t:| :

Note that their ratio is nmech (t)/Mcav (t) X £/Tmech > 1, i.e., even a small intracavity photon number leads to a very
large mechanical phonon number. Various assumptions of our derivation in Sec. I A may break down if the mechanical
phonon number becomes too large:

First, nonlinearities of the mechanical mode may become relevant if the root-mean-square (RMS) amplitude of
oscillation becomes comparable to the dimensions of the OMC. Given zero-point fluctuations x,pr ~ 1 — 10fm and
devices of the order of micrometers [3, 4], mechanical nonlinearities will only show up at extremely high phonon
numbers Npecn ~ O(1016).

Second, already at lower phonon numbers, the linearization of the optomechanical interaction used to derive Eq. (S9)
may break down. In a frame where both d and ¢é oscillate at W, the counter-rotating terms neglected in Eq. (S9) are

HS =-@ (efzi“’“‘tcfé + eQi“‘“tcﬁéT> — god'd (eii“’”‘té + ei“’mtéT) . (S37)

om
Their contribution to the dynamics is negligible if the conditions

G+/Nimech <K 2w, and 90/ Nmech < W (S38)

hold, which are equivalent to npech < 10°/Com and npeen << 102, respectively. Both conditions are satisfied for our
parameters, as shown by the inset of Fig. 2 in the main text.

Third, we need to ensure that higher-order corrections to the dispersive spin-mechanical coupling remain negligible.
This turns out to be the most restrictive constraint on our system. From Eq. (S11), we see that higher-order terms
in the Schrieffer-Wolff transformation remain negligible if the condition

Zsm Vimean < 1, (S39)

S




holds, which can be satisfied by choosing a sufficiently large spin-mechanical detuning Agy,. Introducing a small
parameter 0 < ngw < 1 we can rewrite Eq. (S39) as

AL,
Nmech (Tmeas) = U%w 2 . (840)

sm

Since the phonon number nmech(Tmeas) increases with the probe-laser amplitude |apy in|, the condition (S11) places a
constraint on the maximum admissible probe-laser amplitude,

|Gpr,in] < [af] (S41)

pr,in

where our goal is to determine |affritin .
In the regimes x < I'mecnh and x > I'yech, the mechanical mode will reach its steady-state value within the
measurement time Tieas, 1.€, We can set Nmech (Tmeas) = Moo, and use the explicit formula for n_ .,
AT meenC. ?
mech“om |apr,in‘

T T2 (1+ Com)? + 42

mech

Ss J— :
neeen = UM Npecn (7)
T—00

(542)

to relate Nmech (Tmeas) to the probe-laser amplitude |apy in|-

However, for x 2 T'necn, @ SNR of unity may be obtained before the phonon number approaches this steady-state
value, i.e., Nmech(Tmeas) < N, Introducing a second parameter 0 < 7grans < 1, we can combine all three regimes
into the relation

T'mech (Tmeas) = ntransnlsrrslech ) (843)

where Nirans < 1 (Merans = 1) if X & Timeeh (X <€ Tmech 0 X 3> Tieen). Combining Eqs. (S40), (S42), and (S43), we
find using 2 = x?

Fz 1 sz 4 2 2 Am 2 i
|apr,in|2: mech( + Co ) +4X° N3w ( s ) :ngv\[‘acmt 2 (844)

pr,in ’
4Fmech Com Tltrans Jsm ’

where the critical probe-laser amplitude is

crit
pr,in

1 F2 1 om 2 4 2 Asm 2
2_ mech( +C ) + X < > ) (345)

N Ttrans 4]-—‘mechC’om Gsm

To remove the auxiliary parameter M ans from Eq. (S45), we minimize the right-hand side with respect to Tirans
and (in a second step) Cop,. This yields the following two lower (i.e., conservative) estimates on |a¢

pr,in |’
: Aan ) T2 (14 Com)® +4x% _ [ Aam ) ” Tinee 4y
!az?ﬁn2>( ) mean(L¥ Con)” ¥ 4 >( ) i) (346)
’ Jsm 411mechc’0m 9sm 2 1_‘mech

Thus, choosing |apy,in| much smaller than the expressions on the right-hand side of Eq. (S46),

2 2 2 2 2 2
crit |2 Asm 1—‘mech(l + COH’!) + 4X Asm 1_‘Inech 4X 2
12 s > 1 1 wl? S47
’ prml = ( Jsm > 4Fmechcom - Jsm 2 * F?nech * > |ap ’ | ( )

will ensure that Eq. (S39) is satisfied. Note that the first > sign turns into an equality for.X <& Thech or X > Iyech,
since we then have 7jyans = 1. We choose our system parameters such that nmecn < n¢, for all considered plot

values, see the inset of Fig. 2 of the main text. In particular, for the SiV parameters given in the main text, this

amounts to |ag‘;’in|2 /vVTmech > 30 and n%i}ch ~ 5700, compared to an actual phonon number of nyech(Tmeas) = 137.

D. Finite-temperature case

The case of a zero-temperature environment assumed in the main text is an excellent approximation for the optical
mode. However, the mechanical mode of the OMC may have a nonzero thermal occupation nyy, if the temperature of
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FIG. S1. Minimum measurement time required to reach a SNR of unity in the presence of a finite-temperature mechanical
bath. The solid blue curve is the same as in Fig. 2 of the main text, aprin/vI'mech = 20.0 and ntn = 0. The green (yellow)
curve are for increasing thermal phonon number but fixed dpr,in/v/I'mech = 20.0. The inset shows the optimal cooperativity
Com minimizing Tmeas. As Com grows, optomechanical cooling compensates the nonzero thermal phonon number ny,, and the
zero-temperature limit is recovered for x/T'mecn >> 1.

the environment is not small compared to wy, or if the OMC is heated due to optical absorption. The SNR has then
the form

SNR?(r,0)

2 _
SNR*(7, nn) = =G

(S48)

where SNR?(7,0) is the zero-temperature SNR. given in Eq. (4) of the main text and G(7) is defined in Eq. (S33).
The function G(7) captures the fluctuations at finite temperature and has the limits

n}irgo G(r)=0, (S49)
ILm G(1) = —2n4n (S50)
Xli_)n;O G(r)=0. (S51)

If the integration time is much longer than the mechanical ringup time, Tmeas = 1/Tmech, G(7) has decayed to its
steady-state value such that the noise is purely diffusive and simply enhanced by a factor /1 + 2nygy, ie., N(7) =
V267(1 4+ 2n4,). Thus, for x < Dpeen, the impedance-matching condition Coy = 1 will be unchanged and the
measurement time is

2

r
Tmeas — %(1 + 2nth) ) (852)
8 [aprin|” X

which generalizes Eq. (5) of the main text. For x 2 I'mecn, the transient dynamics becomes relevant and G(7) depends

explicitly on the integration time. However, the optimal cooperativity in this regime increases, Coy, > 1, which leads

to an increased optomechanical cooling and effectively reduces ng,. For Com > 1, X/T'mech, One can show that
Nth 2 — T — 2~ %/2

Com T

G(r)~38 ) (S53)

where 2 = ThechComT. Since [2 — z — 2e7%/2] /2 € [~1,0], optomechanical cooling will dominate if Cop > 10n4y,
such that we recover the zero-temperature result G(7) — 0. In particular, the fundamental limit deep in the strong-
dispersive-coupling regime, x/T'mech > 1, ntn,

Tmeas _> 2 (854)

is the same as for the zero-temperature case, see Eq. (6) of the main text. This crossover to a zero-temperature result
is illustrated in Fig. S1, where we plot the minimum measurement time and the corresponding optimal cooperativity
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FIG. S2. Single-spin readout with a constrained optomechanical cooperativity. (a) Minimum measurement time Tmeas as a
function of the dispersive coupling strength. The blue curve shows the data of Fig. 2 of the main text for apr,in/vI'mech = 20.0
and n¢, = 0. For all curves, the cooperativity Com has been optimized with a constraint Com < Cg;;ff’ﬂ indicated by the labels.
(b) Corresponding optimal cooperativity. The dotted black line indicates the optimal cooperativity Com = /1 + 4x?/T2 _, if
transient dynamics can be ignored. (c) Corresponding mechanical phonon number nmech(Tmeas) as a function of x. Like in the
inset of Fig. 2 of the main text, the black dashed curve indicating the critical phonon number has been calculated by varying
gsm while keeping the spin-mechanical detuning Agm /Tmech = 750 fixed, and using #/I'mech = 10000. (d) Global minimum of
the measurement times as a function of x shown in (a) (blue dots, left axis) and the corresponding values of x (red crosses,

right axis). The dotted black line indicates a 1/ CZ¥ scaling with prefactor 0.2 (left axis) and 0.04 (right axis).

for different thermal phonon numbers n¢,. Interestingly, the range of x values for which Cy,, =~ 1 grows with ngy,.
This means that, for small xy < T'jech, it is more beneficial to maintain the impedance-matching condition Cyp, = 1
(which maximizes the output signal) than to increase Coy, (Which would enhance the optomechanical cooling at the
expense of a reduced signal).

E. Bounded optomechanical cooperativity

The discussion in the main text suggest that the optimal cooperativity diverges with increasing dispersive coupling,
Com — 2X/Timech. However, such a scaling is not realistic for the following two reasons. First, from an experimental
point of view, the optical cooperativity will be bounded from above by the available laser power as well as the
maximum heating rate tolerable by the optomechanical crystal and the optical components in the setup. Second,
from a theoretical point of view, correction terms to the derivation in Sec. I A will become relevant if the optically-
enhanced coupling strength G approaches the strong-coupling regime G 2> « [5]. For the chosen parameters, this will
occur if Cop 2> 4 x 10%. Therefore, we also provide simulations of Tieas, Com, and Nmech (Tmeas) With different cutoffs



on Com, which are shown in Fig. S2.

As soon as the cooperativity reaches the cutoff value, the decrease of Tyeas With increasing x/T'mech slows down,
followed by a sharp increase of Teas for even larger values of the dispersive coupling [see Fig. S2(a)]. At the same
time, Nmech (Tmeas) decreases below its value in the case of no cutoff [see Fig. S2(c)]. These effects can be understood
by the following intuitive picture. In the transient regime, Cyy, is increased beyond unity to increase the mechanical
damping rate and thus to speed up the mechanical response to the weak probe laser. A bound on the cooperativity
prevents reaching the optimal value of the enhanced mechanical damping rate but still leads to a reduction of the
overall measurement time 7Tyeas compared to the case with Cy,, = 1. At the same time, the increased mechanical
damping rate ensures that the mechanical mode (whose resonance frequency is shifted to wy, + x depending on the
spin state) can still be driven by the optical probe laser at frequency wy,. If the dispersive coupling is increased
significantly beyond x =~ FmeChC’g,“,fOH, the mechanical mode is too off-resonant to be driven by the probe laser, nyech
drops, and the measurement time increases strongly.

In Fig. S2(d), we show the minimum achievable measurement times at the kink of the curves in Fig. S2(a), and the
corresponding optimal values of the dispersive coupling strength.

II. RELEVANT SOLID-STATE DEFECTS
A. General criteria

As stressed in the main text, the OMIT scheme is not restricted to a particular type of solid-state defect. The basic
conditions a potential solid-state defect should satisfy such that our OMIT readout protocol is feasible, are:

e a large strain susceptibility (i.e., change of the energy levels per strain),
e sufficiently long relaxation times to enable QND readout,

e sufficiently long coherence times for quantum sensing applications, and
e the ability to embed it into an optomechanical system.

Here, we make these intuitive criteria more quantitative and derive the two feasibility conditions stated in the main
text. Providing specific numbers for a broad variety of spin defects is close to impossible since, to the best of our
knowledge, the spin-strain coupling gs;,, has not been measured or estimated for most types of defects. However, the
general conditions we derive can easily be evaluated once these measurements have been done. The corresponding
OMIT readout fidelity and measurement time should then be compared to other readout techniques for the solid-
state defect of interest. As discussed in the main text, some solid-state defects can be easily read out optically, but
optical readout of many other defects is very unwieldy or even impossible. This opens a wide range of applications
for strain-mediated OMIT readout.

First, we note that, for QND readout, dephasing of the spins during the readout process is irrelevant since it does
not change the expectation value (6.). Thus, the relevant figure of merit is the spin relaxation time [which may stem
from single-spin relaxation time T} or the Purcell decay term in Eq. (S12)], compared to the readout time Tieas,

Tmeas <K min(TL 7—Purcell) . (855)

In the following, we assume that the spin-strain coupling is rather weak, y < I'jjech, which we expect to be the generic
situation for most defects (e.g., NV centers in diamond and divacancy defects in SiC; see Sec. IID below). Since a
small strain coupling gs;, can be collectively enhanced in a large ensemble of spins, we will consider N spins in the
following. In this case, the measurement time is given by

Fmech
8X2 NQnmech .

Tmeas —

(S56)
One may think that a small dispersive coupling Ny can always be compensated using more probe phonons. However,
as discussed in Sec. I C, correction terms to the dispersive spin-mechanical interaction define a critical phonon number.

We assume that we always chose the number of probe phonons as large as possible without exceeding the critical
phonon number,

XNnmech gsmNnmech !
YNy =ndw < 1. (S57)
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With increasing spin-mechanical detuning Ay, one can thus choose a larger number of probe phonons,

o A
Nmech = nSWﬁS:Qr:n ’ (858)
and the measurement time depends only on I'yecn and the collectively enhanced strain coupling,
chch
meas — . S59
" 892mN (55)
From Eq. (S12), we see that the Purcell decay time is given by
Agm AN
- o (S60)

P 1= = )
e FmechXNB Fmechgsszﬂ

where the exponent 3 captures the fact that the collective decay rate depends on the polarization of the initial state.
If the spins are highly polarized along the z axis, we have 8 = 1, but if each spin has (c,) ~ 0, we have 8 = 2.

If Eq. (S55) is limited by Purcell decay, Tpurcen < T4, one can increase Agy, to increase Tpyreen quadratically, while
Tmeas Temains constant since we are also allowed to use more probe phonons, nmyeen < A2, . A QND measurement is
achieved if the detuning satisfies

AQ N,B—l
> (S61)
F%nech 8

Importantly, the corresponding bound on the phonon number does not increase with the ensemble size N (and in fact
decreases for g = 1),

ngw]‘—‘?nech Nﬂ72 . (862)

n >
mech 89 SQm

When Purcell decay is suppressed by increasing Agy,, Eq. (S55) will ultimately become limited by the intrinsic
relaxation, 77 < Tpurcenl- We then have to satisfy the condition 7Tyeas << 71, which is equivalent to the collective
cooperativity criterion

42 N 1
Sm > - S63
chch’)/rcl 2 ( )

where vy = 27/T1. A weak spin-strain coupling can be collectively enhanced using a large ensemble of spin defects,
until this condition is satisfied.

B. Estimated strain coupling for SiV defects

In this section, we estimate the strain coupling of an SiV defect in the presence of a magnetic field. The negatively
charged SiV center is an interstitial point defect in the diamond lattice where two carbon atoms have been replaced by
a silicon atom. We chose the axis between the missing carbon atoms to be the z axis. The silicon atom is placed along
the z axis in the middle between the two missing carbon atoms, such that the entire defect has an inversion symmetry
about the position of the silicon atom. Therefore, the SiV defect belongs to the D3y point group, and its electronic
orbitals have A or F symmetry and can have even (g) or odd (u) parity with respect to inversion about the Si position
[6, 7]. In the ground (excited) state, an unpaired hole is in the egy, egy (€uz, €uy) orbitals, each of which is twofold
degenerate due to the spin degree of freedom. The resulting four-fold degeneracy of the ground-state and excited-state
manifolds is partially lifted by the spin-orbit (SO) interaction, which splits the ground-state (excited-state) manifold
into two spin-degenerate doublets separated by a spin-orbit splitting Ago 4 ~ 46 GHz (Aso,. ~ 255 GHz). For each
manifold « € {g, u}, the spin-orbit Hamiltonian is

AS0,a

ﬁSO,a = _Ti'(za) ® S'Z s (864)

where the z component of the orbital angular momentum operator in the basis {|eqs) ; |€a,y)} is [§]

L = <Q _OZ> : (S65)

7
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and the z component of the spin operator is S, = [1) (1|—|{) ({|. In the absence of strain or magnetic fields, Hso o is di-
agonal in the basis {|eqa— 1), |€at+ 1), l€at 1), |ea— 1)} with eigenvalues {—As0,0/2, —As0,a/2; +A50,a/2, +A50,0/2}-
The orbital eigenstates are defined as |eq+) = F(|€as) & i |€ay))/V/2, where the subscripts + denote the orbital-

angular-momentum projection of the states, ﬁi“) leat) = £ |eas)-
The remaining degeneracies are lifted by magnetic fields and strain, which are modeled by the following Hamiltonians
[8, 9],

HZ,a = ’YLBZESI) X 1 + ’YS]AI(Q) & (B;céac + Bygy + Bzgz) ) (866)

I:Istrain,a = [Eilg (leaz) (€az| + [€ay) (eayl) + sQE_,M (leaz) (€az| = l€ay) (eayl) + 5Eq,, (leaz) (eay| + leay) (€asl) | @ i,
(S67)

where S, = 1) (1| + |4) (1] and S, = (|1) (}| — [4) (1])/i. The energies €%, €%,,» and €~ depend on the strain
tensor decomposed in terms of the irreducible representations of the D3, point group, and the associated strain
susceptibilities of the o € {g,u} manifolds,

€2y, = t1(€an + €yy) T t]€zz (S68)
€Bye = A% (€ae — €yy) + fU€u (569)
€, = —2d%€ay + [Yeyz (S70)
where the strain susceptibilities are d9 = 1.3 PHz/strain as well as f9 = —1.7 PHz/strain, and the gyromagnetic ratios

are v, = 0.1 x 14 GHz/T and g = 14 GHz/T [9]. The difference of the strain susceptlblhtles t| and ¢ for the g and
e manifolds have been measured in Ref. 9, too, but they are not important here since the Ej'th terms will be irrelevant
in the following analysis. '

The total Hamiltonian in the o manifold, expressed in the SO eigenbasis {|eq— 1), |eat 1), €at 4}, |€a— 1)} is thus

—g — s+ W)B. 0 —€E,. — €L, s(By +iBy)
~ Aso.a . :
A= 0 =3+ (s + ) B: R vs(By — iBy) —e%,, TiEg,, e
_EaEgz + ie%gy s (Bf + ZBy) += SO = (VS - ’YL)B 0 o
A/S(Bx N ZBy) _E%gm o iE%gy 0 + ASO <+ (/VS - ’YL)B

(S71)

Our goal is to identify an effective two-level system within the ground-state manifold of H,. We therefore set ov = g
in the following and suppress this subscript for simplicity. We also ignore the €9 = term, which only contributes a
constant energy shift of the g and v manifolds, and we set B, = 0. Both the Zeeman and the strain terms mix
different SO eigenstates. However, for SiV defects in a diamond OMC, the Zeeman terms will be of the order of GHz
(1 e. comparable to the SO sphttmg) whereas the strain terms will be of the order of MHz. We therefore diagonalize

Hso + H 7 and treat the strain terms Hstram perturbatively. The eigenvectors of Hso + H 7 will be denoted by |e o >

with 7 € {+,—} and o € {1,]}, where |e,0) is the corresponding eigenstate of Hso to which lezo)" reduces in the
limit of vanishing magnetic field. The associated energies are

250T

ET,U =T ’YLBZ - \/4 2B2 (ASO - 27—’753 ) ) (872)

where 8, .+ denotes the Kronecker delta. A purely off-axis magnetic field, B, = 0 but B, # 0, simply shifts the [e_ |)’
and |e; 1)’ levels with respect to the |ey |)" and |e_ 1)’ levels, but does not lift their respective degeneracy. We thus
need a finite B, component, too, to define an effective two-level system using the |e_ |)" and |ey 1) levels. This two-
level system should maintain a fixed detuning from the mechanical mode of the OMC, i.e., By 4 —F_ | = ws = wm—Agm

should be independent of the chosen magnetic field. For ws/[2(71 + 7s)] < B, < ws/(271), this condition can be
satisfied by choosing the B, component as

V(275B.)? — 2B, — ws)2\/ A3 — (27L.B, — ws)?

B.| = S73
[Ba| 29s [27. B — ws| (873)
For B, 2 ws/[(271 + 7s)], 7s > 71, and Ago > ws, the off-axis magnetic field scales approximately as
A s
|By| ~ 2 - (S74)

B, — 2
VYsWs 27s
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The B, field increases very quickly with growing B,, which can be understood by the following intuitive argument.
For simplicity, we consider the limit 71, — 0, i.e., the Zeeman splitting of the high-energy (Jeq+ |) and |eq— 1), at
energy Aso/2) and low-energy (|eq— ) and |eq+ 1), at energy —Aso/2) spin-orbit doublet is identical. The minimum
B, field which yields a real solution for B, is B, = ws/27s, i.e., the magnetic field parallel to the SiV axis splits
the doublets just enough to generate the desired level splitting ws. For a 7 GHz transition frequency, this happens at
B, =0.5T. If the B, field is further increased, the transition frequency F; + — E_ | is larger than ws and one needs an
off-axis magnetic field B, to compensate the mismatch. This is possible because the B, field causes separate avoided
level crossings between the the outer (Je,— 1) and |eq— J)) and inner (|eq+ J) and |eqt 1)) Zeeman-split states. For
YsBs > Aso, the upper and lower Zeeman-split states will converge to the energies vsB, and —vysB,, respectively.
Therefore, the transition frequencies between the two high-energy states (and, likewise, between the two low-energy
states) must ultimately vanish, and the excess detuning caused by the B, field will be canceled for some intermediate
B, field. The convergence of the transition frequencies will occur if vs B, 2 Aso, which yields B, 2 3.3T > B,.

We now investigate how the perturbation given by the strain Hamiltonian Hstrain affects the eigenstates
{leas 1) leas DY s leat 1) lear 1)} of Hso + Hz. The magnetic field components perpendicular to the z axis
mix SO eigenstates with the same orbital projection 7, i.e., |e_ [) = c_j e ) +c_pple— 1), lex 1) = cpprles 1)+
c+1y le+ 1), ete. In contrast, the strain Hamiltonian mixes SO eigenstates with the same spin projection o. Therefore,
the strain Hamiltonian rewritten in the basis {|eq— 1), |ear 7)) |€as 1), ]€a— 1)’} has the form

0 ci(eg,, +icg,,) c2(eg,, +icg,,) 0
-, | e, —icg,,) 0 0 cs(ep,, —icR,,)
Hstrain - C; (EE; — iEEZZ) 0 0 C4(€E22 — iEegg,:l) ’ (875)

c3(eg,, +icp,,) ciler,, +ice,,)

where the parameters ¢; to ¢4 depend on the expansion coefficients ¢,,./. The terms proportional to ¢; couple the
two levels |e_ |)" and |ey 1) of the effective two-level system to the mechanical mode, and they represent the desired
strain coupling term. However, the ¢ and c3 terms also introduce undesired couplings to the other states |es ¢>/
and |e_ 1)’. The energy gap between the upper two-level-system state |e, 1)" and the lower state |ey |)' of the
remaining states grows with B, and is at least Aso — Ysws/(7L + ¥s) = Aso > ws. These transitions are thus highly
off-resonant and can be ignored in a rotating wave approximation. We therefore obtain a block-diagonal structure of
H!, ... with a well-defined two-level system formed by {|e_ ])", |es 1)'}, which is coupled to a mechanical mode with
a magnetic-field-tunable coupling strength.

To estimate the strain coupling, we performed COMSOL simulations of a representative diamond OMC structure
with the displacement chosen such that the total strain energy was equal to half the zero-point energy of the mechanical
mode. The SiV defect was chosen to be centered vertically and laterally, and to be positioned half-way between the
central hole and the adjacent hole along the long axis of the OMC. We considered two different SiV orientations in
the diamond lattice and found the strain tensor to be of the order of 1079, giving rise to €g,, = —1-92MHz, and
€r,, = 0.0MHz. The field-dependent strain coupling strength is then given by gsm = }cl(e E,. T z'sEgy)| = O(MHz)
and is shown in Fig. S3.

C. Coherence properties of SiV defects

Above temperatures of ~ 1K, the coherence time of a negatively charged SiV center is limited by excitation
processes from the lower doublet {|e;— |),|eg+ 1)} to the upper doublet {|eg+ 1), |eg— 1)} of the orbital ground-state
manifold. These two doublets are separated by Ags = Ago =~ 50 GHz due to the spin-orbit interaction, such that
thermally populated phonons in the diamond lattice can induce transitions [9]. While early studies of SiV centers were
limited by this process to very short coherence times of ~ 100 ns at 4 K, several strategies to improve the decoherence
time (which are compatible with our setup) have recently been proposed or even demonstrated:

e Sukachev et al. showed that cooling the setup in a dilution refrigerator to temperatures of about 100 mK improves
the coherence time by five orders of magnitude to about 13ms [10], and also suppress thermal occupation of
the mechanical mode (since ny, < 1 for a several-GHz mechanical mode). This work as well as others [11] also
demonstrated optically-detected magnetic resonance and Ramsey measurements, such that coherent control of
SiV defects and quantum sensing with them is technically feasible.

e Instead of cooling the setup, one can in principle engineer the phonon band structure of the diamond host
material by designing it to be a phononic crystal with a band gap around 50 GHz [12]. The optomechanical crystal
considered in our work is a special case of such a phononic crystal, which is engineered to serve simultaneously
as a photonic crystal. To improve the SiV coherence time, the band structure of the OMC can be engineered
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FIG. S3. Strain coupling gsm of the effective two-level system formed by the states |e— |)’ and |e; 1)’ as a function of the
magnetic field B, parallel to the SiV axis (solid blue curve). The level splitting of the two-level system is kept constant,
Ei+ — E_| = ws, by tuning the off-axis magnetic field B, (dashed red curve), see Eq. (S73). Parameters are ws = 7.64 GHz,
Aso = 46 GHz, v, = 1.4GHz/T, vs = 14GHz/T, €g,, = —7.92MHz, and €g,, = 0.0 MHz.

to suppress 50 GHz phonons, or the OMC can be surrounded by a specifically designed phononic shield serving
the same purpose.

e Meesala et al. showed that the splitting Ags can also be increased by applying static strain, and they demon-
strated an increase from Ags = Ago =~ 50 GHz to Ay ~ 400 GHz [9]. Another potential strategy (that requires
further investigation) could thus be to apply a combination of dc strain, which increases Ags and improves the
coherence time, and additional ac strain, which stems from the vibrations of the mechanical mode and generates
the desired spin-mechanical interaction.

Having eliminated the typical source of dephasing, one may worry that the large value of the strain coupling gsm
deteriorates the coherence properties of the SiV, too, because the two-level system of interest (with ws ~ several
GHz) may couple to other mechanical modes of the OMC. A one-dimensional OMC [as sketched in Fig. 1(b) of the
main text] has only a pseudo-bandgap (which suppresses only localized modes with mirror symmetry perpendicular to
the long axis of the OMC), such that resonant interactions with nonsymmetric and propagating phonon modes may
lead to additional relaxation of the SiV center. However, these modes have a lower @ factor, which reduces the spin
cooperativity and leads to a suppression of undesired additional decay mechanisms. Finally, dispersive interactions
with off-resonant mechanical modes could cause additional dephasing of the SiV center due to thermal phonon-number
fluctuations. Even though dephasing is irrelevant for QND readout, it may limit the operation of the SiV as a quantum
sensor. However, the associated dephasing rates will be highly suppressed because ny, < 1.

D. Prospects for solid-state defects other than SiV

So far, we analyzed the particular case of a negatively charged SiV defect embedded in a diamond OMC. However,
as we stress in the main text, the scheme is not restricted to SiV defects. The general criteria listed in Sec. IT A, and
the conditions (S61) and (S63) derived from the QND readout condition (S55) can be satisfied if the single-spin strain
coupling gsm or the collectively enhanced strain coupling v/ Ngsm in an ensemble of N spins are large. Since strain
susceptibilities have not yet been measured for many solid-state defects, providing an exhaustive list of all potentially
relevant spin defects is impossible. However, natural candidates for other defect systems are those that have a similar
microscopic structure as NV or SiV defects in diamond, which translates into similar expected strain susceptibilities.

1. SiV-like defects

For SiV defects, the high strain susceptibility stems from the fact that the states {|eg— 1), |eg+ ), leg+ 1), leg— T}
in the ground-state manifold are superpositions of different electronic orbitals (due to the strong spin-orbit interaction),
which are relatively large compared to the carbon atoms that the defect replaces (since they are linear combinations of
dangling carbon bonds adapted to the D34 symmetry). Strain deforms the crystal lattice, which changes the electronic
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orbitals and thus directly affects the SiV ground states. These properties are expected to be present in other group-IV
defect centers with the same D3y symmetry, e.g., GeV, SnV and PbV defects:

e A promising and well studied candidate is the negatively-charged tin-vacancy (SnV) center in diamond, which
has a much larger spin-orbit splitting of &~ 850 GHz (reducing phonon-induced dephasing) and a long coherence
time of ~ 0.3ms [13]. This study also measured spin-strain coupling energies of ~ 200 GHz in a sample with
a static “moderate-strain” perturbation, which may hint at large spin-strain susceptibilities, comparable to
those in SiV defects. However, to the best of our knowledge, the spin-strain susceptibilities have not yet been
measured.

e Similarly, the neutral silicon-vacancy center (SiV0) has been shown to have long coherence times of ~ 1 ms below
20K [14] and to be sensitive to strain [15], but strain susceptibilities have not yet been measured to the best
of our knowledge. Fluorescence readout has long been elusive for the SiV0 defect center and has only recently
been achieved using bound exciton states [16]. Our OMIT scheme may provide a convenient alternative readout
technique for this spin defect.

2. NV-like defects

For NV defects, all states in the ground-state manifold A, have the same electronic wave function such that there
is no differential change due to strain [17]. The zero-field splitting D =~ 2.87 GHz stems from the dominant spin-spin
interaction, and the spin-strain coupling emerges only from a higher-order correction to the spin-spin interaction due
to the spin-orbit interaction [18]. Therefore, the strain susceptibilities are generally smaller than in SiV-like defects,
but appreciable dispersive couplings x may still be achievable in ensembles:

o NV defects offer excellent coherence times (on the order of milliseconds) and have been demonstrated to be
excellent quantum sensors for a variety of sensing targets, including magnetic fields, electric fields, and temper-
ature. However, as a consequence of their electronic structure, they feature only a very small strain coupling
of ~ 20 GHz/strain in the ground-state manifold [19-21]. This precludes single-spin readout, but appreciable
dispersive shifts could still be achieved in a large ensemble (N = 10° defects). Since fluorescence readout of
large N'V ensembles is limited by low contrast and low photon collection efficiency due to the optical reset of the
NV center [22], our OMIT scheme may still provide significant improvements for readout of large ensembles.

e Divacancy defects in silicon carbide (3C-SiC and 4H-SiC) have been shown to have coherence times of ~ 1ms
[23, 24] and strain susceptibilities of ~ 2—4 GHz/strain [25]. Again, these susceptibilities could yield appreciable
dispersive shifts in large ensembles of defects. Also, SiC optomechanical microresonators with frequencies in the
GHz range [26] and SiC optomechanical crystals at MHz frequencies [27] have already been demonstrated.

e Another solid-state defect with the same C3, symmetry is the negatively-charged monovacancy Vg; in 4H-SiC,
which has coherence times of about 0.3 ms [28] and high strain susceptibilities [29].

III. QUANTUM SENSING USING OMIT
A. Estimation error

In this section, we take a step back and consider our proposed OMIT readout scheme in the broader context of
quantum sensing. More specifically, we assume that a signal to be measured couples to the mechanical mode and
causes a small shift ¢ <& wy, 'mech, £ of the mechanical resonance frequency. The estimation error for such an

infinitesimal signal is given by the fluctuations ([57\:}2>5 of the homodyne current, referred back to the signal ¢ by
normalizing with the rate of change 0. (Z). with respect to variations in ¢,

(8Z(7)]*)-

Ae)*(7) = lim ——== S76
(Ag)*(r) = lim 0. (S76)
This estimation error is closely related to the SNR introduced in Eq. (3) of the main text,
o (TR e+ (T ) 22
(Aeg)*(1) = hr% = (S77)
E—

EREES
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Since we are considering the limit of an infinitesimal signal ¢ — 0, the integration time will be much larger than
the mechanical ringup time 1/T'pecn and we can ignore transient dynamics. The estimation error optimized over the
homodyne detection angle ¢ is

[T

mech

(1 + Com)2 + 462] [ mech(1 + COHI) + Snth mechcom + 462]

C2..7 |ape.in|?

(Ac)*(r) =

, (S78)

mech

which can be further optimized by choosing a resonant probe laser, § = 0, and by choosing the impedance-matching
condition C,,, = 1. We thus find the optimal estimation error

F2 Fmec
(Be)3pe(r) = 2 (14 2n0) = 1 (1+ 2nw) (879)
4 |apr,in| T mech

where we used the steady-state phonon number (S42) in the last step.

The OMIT measurement compares the small unknown frequency shift € to the width of the OMIT dip in the optical
output power, which is given by I'pech(1 + Com): For perfect impedance matching, C,, = 1, and no signal, € = 0,
the weak probe laser will resonantly drive the mechanical mode and the semiclassical amplitude of the optical output
field will be zero. In the presence of small signal, € # 0, the mechanical mode is slightly detuned from the probe laser
and some photons will be emitted into the optical output field, yielding a finite semiclassical amplitude. The phase
quadrature of the reflected light is linearly proportional to € if the condition & < I'jech holds (which sets the dynamic
range of this method). The mechanical decay rate (which is the smallest decay rate in the system) thus sets the
“ruler” with which the unknown frequency shift ¢ is compared. With this picture in mind, the impedance-matching
condition marks the optimal trade-off between having no mechanical-to-optical conversion in the limit C,,, — 0, and
an undesired “stretching” of the “ruler”, I'meen — 'mech (1 + Com) — 00 in the limit Cyy, — oc0.

B. Comparison of different detection schemes

It is instructive to compare our OMIT based detection with other methods to detect a small mechanical frequency
shift. In all schemes, the mechanical oscillator is driven at frequency wy,. Its position operator,

8(t) = V2t [#5°0 () cos(wnt) + PR (1) sin(wnt)] (380)

can be decomposed into the mechanical cosine and sine quadratures

i,mech t bT —iwmt 4 be—i—lwm ) 881
RO) = (

ﬁﬁlec}l(t) (bT —iWmt I;eJriwmt) ’ (882)

&%N

where x,p¢ denotes the mechanical zero-point fluctuations. We assume that the phase of the mechanical drive is chosen
such that the oscillation of (Z(t)) is purely sinusoidal in the absence of a signal, i.e., (2 (¢)) = 0 for ¢ = 0. In this
case, the cosine quadrature xﬁ‘“h(t) is called the phase quadrature. A change of the mechanical resonance frequency
Wi — Wi + € will change the relative phase between the mechanical drive and (&(¢)), such that the phase quadrature
(2mech (1)) oc € becomes nonzero and allows us to infer the frequency shift e.

a. Direct position measurement Perhaps the most obvious approach to measure (igec}l(t» is a direct position
measurement, which is sketched in Fig. S4(a) and has been analyzed in [30]. The oscillating mechanical position ()
causes a parametric modulation of the optical cavity frequency, wo(t) = wo[l — (go/wo){(Z(t))/T4pe], which leads to an
oscillation of the phase of the light leaving the optical cavity. Depending on the local-oscillator phase, the homodyne
detection measures one of the quadratures of the optical output field, which are given by

TRout () = \f[diut( Je ot 4 oy (t)e 1] (S83)
i
%

For a suitably chosen phase of the optical input field, the DR oout duadrature of the optical output field is proportional
to the mechanical position,

(@5 (1) =0, (5% (8)) = v/ Com (585)

Lzpf

Dot (8) = —ldbu (e " = dous(t)e '] . (S84)



16

o ) strong pump, wy — w,
Wm Wo — wan wo ) g1 P; m

Tiecn

weak probe, wg

!

t+
Wo — Wm wo wo + Wm Q Wo — Wm wo Wo T Wm Q wo — Wm wo Wo + Wm Q

(a) (b) (c)

FIG. S4. Comparison of different methods to detect a small mechanical frequency shift wm — wm + €. (a) Optomechanical
position measurement, whose estimation error is limited to the standard quantum limit of position detection. (b) Backaction
evading (BAE) measurement, which can surpass the standard quantum limit. (c) OMIT readout scheme, which reaches the
same estimation error as a BAE measurement with experimentally less demanding requirements.

The fundamental limitation of a direct position measurement stems from the fact that it amplifies the non-commuting
smech smech

mechanical quadratures £F°" and pRe" equally by a gain factor oc v/Com. It can thus be understood as a phase-
insensitive linear amplifier [31],

7 2‘Fmec 7 .
dout[wm] = —\/Comﬁbin [wm] 4 noise terms , (S86)
where we switched to frequency space by defining the Fourier-transformed operator O[w] = ffooo dt O(t)emt, To

ensure that the output modes dyy; and cilut

be added during the amplification step, i.e.,

have proper commutation relations, imprecision noise 7,44 > 1/2 has to

Fmec
(Ac)%(r) = ﬁ (2 + 2nw) (S87)
ech

m
Assuming thermal noise is negligible, n, — 0, the estimation error (S87) for a direct position measurement is thus at
least a factor of 2 larger than for our OMIT readout scheme, Eq. (S79). Note that the direct optomechanical position
measurement does not require sideband resolution, i.e., it can be implemented in a system having x > wy. The
additional factor of 2 in the estimation error may be a reasonable price to pay for not having to operate in the regime
K << Wnm-

The fundamental limit n,qq = 1/2 is called the standard quantum limit of position detection (SQL-PD) [30, 32].
In principle, the SQL-PD also applies to the slope detection technique in atomic-force microscopy (AFM) [33], where
one uses a detuned mechanical drive on the slope of the mechanical resonance curve, measures (Z(t)), and infers €
from the amplitude of oscillation. However, current setups are limited by thermal noise, i.e., ny, > 1. In this limit,
Albrecht et al. also showed that switching to FM detection, where the mechanical oscillator is driven into limit-cycle
motion, does not improve the estimation error over slope detection (but improves the dynamic range) [33]. The same
result has been found for sensors using optomechanical limit cycles [34].

b. Backaction-evading measurement The SQL-PD can be surpassed by a backaction-evading (BAE) measurement
of Zmech () [35, 36], which is sketched in Fig. S4(b). In this scheme, two laser drives of equal amplitude are applied
on the red and blue mechanical sideband. Their relative phase is chosen such that the cavity resonance frequency
depends (in a time-average way) only on #2°h(t), i.e., the interaction term oc afad(t) is replaced by a term of the
form de[‘%ge"h(t) + terms averaging to zero|. For a suitably chosen phase of the optical output input field, one now
finds

<”’i1(1§€,\(l)ut(t)> =0, <ﬁ(1%€,\(l)ut(t)> =V Fmechcom@ﬁl%h(t» : (888)

Unlike direct position detection, only the mechanical iﬁe“h(t) quadrature is amplified. The BAE scheme thus im-

plements a phase-sensitive amplification scheme, and the equivalent of Eq. (S86) (written in terms of quadrature
operators) takes the form,

scav

TR out[0] = 0 + noise terms , (S89a)
PR out[0] = \/FmechComfvﬁleCh [0] + noise terms . (S89b)
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Also in the BAE scheme, noise must be added to ensure that the optical output modes have proper canonical
commutation relations. However, the amount of added noise is independent of C,,,, and becomes irrelevant in the limit
of large gain. The estimation error on changes € of the mechanical resonance frequency for such a BAE measurement
is

I'mech 1+ 8C’om(l + 2nth) Com_—>>00 I'ech

SS ss
4:nmcchT SCom 4’nmcch

(Ac)*(1) =

(14 2n4) - (S90)

Hence, in the limit of a large optomechanical cooperativity (i.e., large gain), the optomechanical BAE measurement
achieves the same estimation error as our OMIT detection scheme. However, our OMIT detection scheme has an
experimentally much more forgiving condition on the required cooperativity, Cop, = 1. Whereas OMIT-type exper-
iments are routinely used for characterization of optomechanical setups, BAE measurements [37-41] are still much
more challenging.

c. OMIT measurement For completeness, we also give the equivalent of Egs. (S86) and (S89) for the OMIT
detection scheme:

Fmech(cvom - 1) — 2i€ - .
din m se t 5 S91
T (Com £ 1) 5 272 [wm] + noise terms (S91)

Similar to a direct position measurement, OMIT implements a phase-insensitive amplification scheme, but the gain
factor never exceeds unity. Therefore, no imprecision noise has to be added to preserve the commutation relations of
the output modes and n,qq = 0 is possible, similar to a BAE measurement in the limit of large gain, Cy,, — oo. Note
that the absence of amplification in the OMIT scheme is not a drawback: Unlike optomechanical force sensing, where
a small unknown force leads to a tiny change of the mechanical position that needs to be amplified for detection, we
want to detect a small change of the mechanical resonance frequency, which manifests itself in a change of the phase
of oscillation. Such a phase change can be probed by driving the mechanical oscillator strongly, which ensures a large
output signal and eliminates the need for amplification.

Note that both optomechanical position measurements and BAE detection require a mechanical drive whose phase
needs to be carefully tuned with respect to the optical local-oscillator used in the homodyne detection setup. In
contrast, as shown in Fig. S4(c), our OMIT detection scheme uses the optical probe laser as a resonant mechanical
drive. Both the weak probe laser and the local-oscillator signal can thus be derived from the same source, which
enables a convenient all-optical measurement of the phase of the reflected light. Finally, it is interesting to note that
Eq. (S79) is only a factor of (1 + Com)?/Com = 4 larger than the estimation error one could obtain in a hypothetical
direct mechanical homodyne detection of the phonons dissipated into the substrate (green wiggly arrows in Fig. S4).

CZout [wm} =

C. Impact of imperfect homodyne detection

Experimentally, the estimation error of the OMIT measurement will be limited by the efficiency 7 of the homodyne
detection. Imperfect detection can originate both from the finite efficiency of the photon detectors as well as from
scattering and absorption losses on the way to the detector. All these imperfections can be modeled by assuming an
additional beamsplitter with transmittivity n < 1 between the optomechanical system and the homodyne detection,
which mixes the output mode ciout (t) with vacuum noise fimp(t) and therefore discards a fraction y/1 — 7 of the optical
output field. The two output modes of the beamsplitter are

61(t) = /Mot (t) + iy/T — néimp (1) , (592)
62(t) = —in/T — Ndowt () — v/Tmp () , (S93)

where &mp(t) is zero-temperature Gaussian white noise, (éimp(t)é;fmp(t’» = §(t —t') and (éfmp(t)éimp(t’» = 0. The
output mode 6;(t) is measured by the homodyne detection setup, such that Eq. (S25) is replaced by the observable

Timp(7) = Vi / dt [e%—i@mta{(t) + emiP ity (1)
0

= VL(r) —i/1 =k /0 "at [ewe—wwféjmp (t) — e et (1)] (S94)

The homodyne detection signal is thus rescaled by ,/n whereas the fluctuations are partially replaced by integrated
vacuum noise,

(Zimp(7))e = VIHI(T))e , (595)

o~

([0 Zimp)?)e = n{[6Z))e + (1 — )7 - (596)
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The estimation error (S76) is now given by

=12 T2 (1 4+ Cu)? + 462]°
(Ae)2y(r) = tim —OTmelde (A y2ry 4 120 Do (4 Com)” 4 45) (s97)
e300 (Zimp (7)) [? n 64F3nech03m7— |@pr,in|

The additional term due to imperfect homodyne detection does not change the optimal parameters § = 0 and Cy, = 1
found in Sec. IIT A, such that we obtain the minimum estimation error

1- n I‘lmech
n 4nss_. T’ (S98)
mech

(Ae)fup opt(T) = (A)3L(T) +

imp,opt opt

where we used the definition (S42) for n_, to simplify the expression. Comparing this result with Eq. (S79), we see

mec
that we can rewrite the imperfect-detection term as an equivalent amount of thermal phonons,

11—
Ndet = Wn ) (S99)
such that the optimized estimation error takes the form
2 Fmech
(Ag)op(T) = e (1 4+ 2n¢n + 2nget) - (5100)

mech

Figure 3 of the main text compares Eq. (S100) with the corresponding sensitivities for direct position detection and a
backaction evading measurement. OMIT readout surpasses the SQL of position detection for n > 0.5. Since homodyne
detection efficiencies 2 0.7 have already been demonstrated experimentally [42], sensitivities beyond the SQL of
position detection are feasible with state-of-the-art technology.

IV. DIFFERENCE TO OPTICAL SUPERCONDUCTING QUBIT READOUT USING
MICROWAVE-TO-OPTICAL TRANSDUCTION

In this section, we comment on the differences between our OMIT-based spin readout and a recently demonstrated
optical readout of a superconducting qubit using microwave-to-optical transduction [43]. In this impressive experiment,
Delaney et al. couple a superconducting transmon qubit dispersively to a microwave cavity, which is optomechanically
coupled to a mechanical mode of a silicon-nitride membrane. In addition, the mechanical mode is optomechanically
coupled to an optical cavity, such that microwave-to-optical transduction can be achieved by applying simultaneous
microwave and optical drives that are red-detuned from the respective cavity resonance frequencies by a mechanical
frequency. The qubit is read out by sending a microwave pulse into the microwave cavity and transducing the
reflected pulse (whose phase quadrature contains information on the qubit’s state) into an optical output pulse. This
setup requires simultaneous optimization of the microwave-to-mechanical and optical-to-mechanical coupling, which
is technically challenging but can be achieved by spatially separating the interaction regions with the microwave and
optical modes on the membrane.

In our scheme, we eliminated the intermediary microwave mode by directly coupling the spins to the mechanical
mode. This reduces experimental complexity since simultaneous optimization of two different optomechanical cou-
plings is no longer required. Moreover, Delaney et al. probe the qubit by applying a microwave pulse, which would
correspond to a mechanical drive in our setup. We do not need this separate mechanical drive since the optical
probe laser acts as a mechanical drive, which gives rise to a convenient all-optical readout protocol. Finally, unlike in
superconducting qubits, the microwave coupling of single solid-state spins is tiny, which precludes using Delaney et
al.’s readout scheme in a solid-state platform.
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