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Quantum sensors based on solid-state defects, in particular nitrogen-vacancy
(NV) centers in diamond, enable precise measurement of magnetic fields,

temperature, rotation, and electric fields. Cavity quantum electrodynamic
(cQED) readout, in which an NV ensemble is hybridized with a microwave

mode, can overcome limitations in optical spin detection and has resulted in
leading magnetic sensitivities at the pT-level. This approach, however, remains
far from the intrinsic spin-projection noise limit due to thermal Johnson-

Nyquist noise and spin saturation effects. Here we tackle these challenges by

combining recently demonstrated spin refrigeration techniques with com-
prehensive nonlinear modeling of the cQED sensor operation. We demon-
strate that the optically-polarized NV ensemble simultaneously provides
magnetic sensitivity and acts as a heat sink for the deleterious thermal
microwave noise background, even when actively probed by a microwave
field. Optimizing the NV-cQED system, we demonstrate a broadband sensi-
tivity of 576 + 6 fT/+/Hz around 15 kHz in ambient conditions. We then discuss
the implications of this approach for the design of future magnetometers,
including near-projection-limited devices approaching 3 fT/+~/Hz sensitivity
enabled by spin refrigeration.

Quantum sensors offer the prospect of device operation at the phy-
sical limit of performance'. Among the many quantum sensing sys-
tems, nitrogen-vacancy (NV) centers in diamond have emerged as a
promising platform®> due to favorable attributes including room-
temperature spin polarization and readout, atomic-scale size®”, and
long coherence times'®". NV-based sensors use resonance spectro-
scopy of the ground-state spin triplet transition frequencies to infer
environmental properties, yielding excellent performance in a variety
of sensing modalities including magnetometry”™, electrometry™ "’
and inertial sensing’®", even in extreme regimes?®. Compared with
other sensitive magnetometers such as superconducting quantum
interference devices or spin exchange relaxation-free atomic
vapors* >, NVs can operate in ambient conditions without cryogenics
or magnetic shielding, but their sensitivity is limited to pT-level****%,
For spin magnetometers, the standard quantum limit (SQL) of

sensitivity is 7=1/y.1/N T;, where . is the gyromagnetic ratio, T; is
the spin dephasing time, and N is the number of spins. There is a
tradeoff between N and the ability to measure the spins, which is
quantified as the inverse readout fidelity o. - the ratio between
achieved sensitivity and the SQL. For a single-NV sensor, g, ~ 1 can be
achieved but the sensitivity is limited to the nT-level*®. NV ensemble
sensors using continuous optical approaches have significantly
increased o, to ~ 5000, but the enhancement from the increased spin
number +/N ~ 10° leads to a pT-level sensitivity>>>””. Approaching the
SQL while maintaining spin ensemble size offers the potential for
orders of magnitude in performance improvement.

To overcome the limitations of optical readout, the NV spin
resonance may be probed in the microwave domain by coupling the
NV ensemble to a microwave cavity mode. This approach eliminates
fluorescence shot noise as the dominant systematic noise. The-state-
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of-the-art* reported sensitivity for this approach is 3 pT/v/Hz but
remains a factor of g. ~ 1800 above the SQL. The sensitivity of this
approach is limited by the signal-to-noise ratio of the microwave
readout, where the signal is upper-bounded by spin saturation effects,
and the noise floor is determined by thermal Johnson-Nyquist noise. In
this work, we address both of these limitations. We comprehensively
model nonlinear spin saturation effects in the strong coupling regime,
including spin ensemble inhomogeneity and optical polarization
dynamics. We further apply recently introduced “spin
refrigeration””*! techniques to an actively-probed sensor for the first
time, reducing the noise floor below the Johnson-Nyquist limit. We
combine these two effects in the nonlinear regime to optimize device
performance, achieving a sensitivity of 576 + 6 fT/+/Hz with an inverse
readout fidelity of g. ~ 360 which sets the state-of-the-art for a
continuous-wave NV magnetometer.

Beyond the present experimental results, our model allows us to
outline sensitivity regimes for varying spin ensemble properties, cavity
designs, and power requirements. We argue for the feasibility of 3
fT/+/Hz sensitivity in an optimized device with a g. ~ 33. The
demonstration of spin refrigeration in an operating sensor shows the
potential for improvement of any Johnson-Nyquist limited system, e.g.
micro-electromechanical systems.

Results

cQED Magnetometer Optimization

We seek to optimize the sensitivity of a cavity quantum electro-
dynamic (cQED) hybrid system consisting of an NV-doped diamond
within a high-quality-factor (Q) dielectric resonator, shown schemati-
cally in Fig. 1a, b. We probe the cQED device with an external micro-
wave field and measure the reflected microwave signal in the presence
of varying magnetic fields. The sensitivity of the cQED device to
magnetic fields can be expressed as

V3JL
n=_———, @

Ve S
for a low-frequency external stimulus and large post-reflection gain.
Here £ is the noise power spectral density, and S is the change in
detected signal per unit of NV frequency shift. We consider the
magnetic field along [100] for equal response from each NV
orientation, which leads to a sensitivity increase by a factor of /3.
To optimize n we break the problem into two parts: maximization of S
and minimization of L.

Sensor response

To reach optimal S, a natural approach is to maximize microwave
probe power and therefore power response to any reflectivity change.
In this regime, however, the strong microwave drive broadens the NV
lines, reduces spin polarization, and the reflection coefficient acquires
a dependence on probe power. While the nonlinear spectroscopic
properties of related homogeneous systems have been established,
the ensemble inhomogeneous distribution plays a central role in
determining the reflection coefficient in this strong-driving regime.
Previous cavity-coupled sensor reports have noted the importance of
ensemble inhomogeneity in determining performance, and have
treated this problem phenomenologically***. Related work describing
bistability and critical dynamical behavior for transiently-driven inho-
mogeneous systems® are also well described by numerical
treatments®>°. Here we extend those works in the context of sensing,
determining the parametric dependence of the system response and
saturation threshold on the inhomogeneous linewidth at the fre-
quency tuning relevant to device operation.

We model the N > 1 NV centers as non-interacting two-level sys-
tems with transition frequencies w;, distributed inhomogeneously due
to heterogeneous local magnetic and strain environments as well as
hyperfine coupling with “N nuclear spins (Fig. 1b). The center fre-
quency of the spin transitions, w, is tuned by modulating the ampli-
tude of a uniform magpnetic field along the diamond’s [100] axis. The
spin-selective optical polarization cycle drives the spins towards
polarization P with polarization rate y,. The homogeneous linewidth y
is modeled to have an intrinsic value y, as well as an additive optical-
excitation-rate-dependent term (see Supplementary Note IID). The
cavity mode has loaded relaxation rate k = k. + kg for intrinsic
relaxation rate k. and coupling strength k. to a microwave probe line.
Finally, we assume uniform coupling strength g5 between each indivi-
dual spin and the cavity mode.

Under an input microwave drive field Bi,, the operator expecta-
tion values of the cavity field a, spin coherence s;, and polarization P;
(defined as the population difference between the ms = 0 and ms =1
populations) obey semi-classical equations of motion:*’~**:
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Fig. 1| Hybrid NV-cavity system. a A diamond containing an NV ensemble is
located at the mode maximum of the TEO16 mode of a dielectric resonator. A green
laser is applied to continuously polarize the NV spins to the |m,=0) electronic
ground state, and a detection loop is incorporated to electrically probe the system.
The cavity field is denoted as a, the input drive field as S;,, detected output field as
Bour, the NV-cavity coupling rate g, NV decoherence rate y, cavity intrinsic loss rate
as k. and cavity-drive coupling k.. b NV-cavity energy level structure. The NV

A (MHz)

electron spin mg = 0 to mg =1 transition, cavity, and drive fields have frequencies ws,
., and wq respectively, resulting in spin-cavity detuning As = @. — @s and drive-
cavity detuning A = w. — w4. The NV spin transition frequency is tuned with an
external magnetic field B, has an inhomogeneous width I', and is optically polarized
at a rate yj. ¢ Reflection |r|* as a function of spin-cavity and drive-cavity detuning.
Three avoided crossings, labeled 1., 2., and 3., indicate strong coupling to each of
the three NV sub-ensembles shifted by *N hyperfine coupling.
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Here, A; = w; — w4 is the detuning between the NV transition fre-
quency w; and the drive frequency wg, and A = w. — wq is the detuning
between the cavity frequency w. and the drive frequency. The reflected
signal Bo.c obeys the input-output relation S, =./K a — B;,. The
response of r = Bo./Bin to environmental changes which modify the
spin transition frequencies allows the device to operate as a sensor.
This can be seen in Fig. 1c, where tuning of the spin frequency A across
the cavity results in a clear change in reflection coefficient |r%. We
denote the constant of proportionality between the reflected voltage
amplitude and the NV ensemble frequency shift as the signal S:

olm([r]
0w,

swin>=\f<ﬁin> 3

Here f(f3,) is the input probe voltage and is proportional to the
input field SBi,.

As f(Bin) has monotonic, linear dependence with S;,, increased
probe power will result in increased signal for fixed reflectivity change
0lm[r]/0w,. However, in the limit of large drive power on resonance
with both the cavity and the spin ensemble, the spin polarization is
suppressed and the ensemble is effectively decoupled from the reso-
nator. This results in a nonlinearity: the reflection coefficient itself
changes with input field, meaning B, is no longer linearly related to
Bin- This effect is shown in Fig. 2a, with full spectra at selected powers
shown in Fig. 2b.

We determine the onset of this nonlinear saturation behavior by
examining the conditions for which the cavity occupancy, |a|* is no
longer linearly proportional to the microwave drive power. The steady-
state occupancy of the cavity obeys the nonlinear equation

K K
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Fig. 2| cQED sensor nonlinear model. a Power reflection coefficient |r* (blue) and
reflected power Py (red) with resonant tuning (A = A = 0). Circles are experimental
data, solid lines are model results using parameters k¢ = 2m x 125 kHz, k. = 2m x 130
kHz, T = 2 x 330 kHz, yo = 2m x 26 kHz, g = 2 x 190 kHz, L = 0.53. The optical
excitation rate, I, is related to the effective longitudinal relaxation, y, and the
equilibrium polarization, P, through the expressions given in Supplementary
Note IID. The dashed line shows the model result assuming zero inhomogeneous
broadening. The saturation power Ps is plotted with the dash-dotted linesina, b, d.
b Experimental imaginary component of the cavity reflection coefficient as a
function of probe (A) and atom-cavity (As) detunings for microwave input powers

P=-50dBm, -18 dBm, and - 8 dBm. ¢ Device signal S as a function of input
microwave power at fixed optical polarization rate y, = 2ir x 1.36 kHz. Blue dots:
experimental data. Red line: theoretical plot from nonlinear theory using the
parameters given above. Green dotted line: the signal S predicted by the spectro-
scopic signature model presented in*.. The indicated points 1, 2, 3 correspond to
the spectra shown in b. d Device signal S as a function of input microwave power
and optical polarization rate. The operating point that maximizes signal S is indi-
cated with the blue dot e, S as a function of optical polarization rate at microwave
power P = - 22 dBm. The nonlinear model is the red curve and experimental
measurements are blue points. The errorbar is smaller than the marker.
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where C, =4g2%; /KT is the effective cooperativity including the non-
linear saturation effect. Here I'; =T + py is the effective spin linewidth
and g.x=8/./X is the effective coupling strength for collective cou-
pling strength g = /PNg,. At nonlinear microwave drive powers, these
parameters are modified from their linear-regime values by the factor
X =1/1+8g2|al*/yy, that quantifies the depolarization of the spins due
to the cavity field.

The cavity occupancy at which saturation begins has a natural
interpretation: when the Rabi frequency of the resonant spins due to
the cavity field v/2g,|a| becomes comparable to the geometric mean of
transverse and longitudinal relaxation rates, the system behaves non-
linearly. For an initially polarized system, the input field at which
saturation occurs is:

g e % k]’
S

—r A 5
2K [V2(T ++/2y) ’ 4g2 ©)

The corresponding saturation power P = hw|Bs|*/L? is plotted on
Fig. 2a, ¢, d. Following® we have introduced a fitting parameter, L,
between the measured input power and the associated field incident
on the cavity. We find a best fit with L = 0.53 using theoretical values for
the bare spin coupling, NV absorption cross-section, and homo-
geneous dephasing rate given the specified NV density. This factor
could arise due to microwave loss before the cavity coupling, or
uncertainty in the theoretical parameters.

Around the discussed resonant tuning point, the reflection coef-
ficient response is confined to the quadrature channel and is given by:

olm[r] _4xC, Kk 2
o, T ) ®

This expression is the key result of our model; it allows us to
interpret the observed optimal choice of optical polarization rate and
probe power for our device, and to provide an outlook and recom-
mendations for future device development. We plot the modeled
signal response of our system as a function of drive power and optical
polarization rate in Fig. 2d. In Fig. 2c, e, we plot cuts in microwave and
laser power, respectively, through the optimal operating point, com-
paring model predictions (red curve) to our experimental data. Note
that for weak optical illumination, the equilibrium polarization P in Eq.
(2) is suppressed while the longitudinal relaxation rate y, approaches
the intrinsic spin-lattice relaxation rate*® (see Supplementary Note. II).
We achieve a maximum signal response of 52 nV/Hz at P=-18 dBm and
¥p = 21 x 1.36 kHz (point 2 in Fig. 2¢), limited by the output power of
our polarizing laser. The operating point considering power-
dependent noise effects (discussed below) is at P = — 22 dBm, indi-
cated by the blue circle in Fig. 2d.

In contrast to previous efforts, this treatment of ensemble inho-
mogeneity and the optical polarization rate explains the value of the
optimal microwave power and provides a better fit for our measured
signal S in the nonlinear regime. For comparison, we plot the magnetic
sensitivity derived from the model presented in ref. 32 in Fig. 2c. This
analysis calculates the expected polarization of the spin ensemble
under the microwave drive and uses this to construct an effective
linear Hamiltonian with a reduced, polarization-dependent coupling
constant. This approach captures the quenching of the ensemble-
resonator coupling at strong microwave drive, which is the focus of
their study, but not the power-broadening of the ensemble due to the
resonator field. We self-consistently determine the cavity field in the
presence of the microwave drive and the spin ensemble, and then
calculate the spectroscopic properties of the system from the cavity
field. This accurately models the reduced signal in the strong probe
regime and the optimal probe power shown in Fig. 2c.

Noise analysis and spin refrigeration

Having characterized the sensor response S in the section above, we
now examine the noise environment and its impact on sensitivity. We
measure the signal, isolated in the reflected quadrature, using a satu-
rated mixer scheme (see Methods). Johnson-Nyquist noise typically
sets the noise floor of microwave measurements. This voltage noise is
characterized by £, =kg TR, where kg is Boltzmann’s constant, R is the
termination resistance, and 7 > w/kg is the device temperature. In
addition to the Johnson-Nyquist noise, we also experience phase noise
due to fluctuations of the probe field and added noise in the homo-
dyne measurement chain (e.g. amplifier, digitizer; see Supplementary
Note III).

In our system, the NV spins are polarized using continuous optical
pumping. In this low entropy configuration, the spin ensemble serves
as a cooling agent for the cavity mode by collectively interacting with
microwave photons®, an effect seen previously in e.g. Rydberg
atoms*’. This effect is plotted in the main panel of Fig. 3a. To establish a
noise baseline, we detune the spin ensemble from the cavity by 5 MHz
and measure the noise power spectral density in a1 Hz band at 15 kHz
offset in the signal channel for the bare cavity driven on resonance
(blue). As we will show in Fig. 4, the noise floor at 15 kHz is dominated
by the thermal noise but without the flicker noise components. At low
microwave drive strengths, the microwave-power-independent ther-
mal noise floor is characterized by T = 407 K, including a 0.8 dB
amplifier noise figure. Above approximately P = - 15 dBm, the thermal
noise floor is eclipsed by the phase noise of the microwave drive (see
Supplementary Note III).

Bringing the spin ensemble on resonance with the cavity (Fig. 3a,
red), we find a 1.98 dB suppression of the thermal noise floor at low
microwave probe power, which corresponds to an effective microwave
temperature reduction of AT =166 K. In the inset of Fig. 3a, we plot the
noise power spectral density at 15 kHz offset as the microwave drive is
tuned through resonance with the cavity and spin ensemble. Despite
the presence of a strong drive (150 dB greater than the noise), the
cooling effect persists in the spectral region of interest. The cooling
and resulting sensitivity are shown as functions of probe power
in Fig. 3b.

We find good agreement between measurements and a nonlinear
cooling model (see Supplementary Note IlI), where the bare cavity
parameters are adjusted to effective parameters using the nonlinear
factor y. This spin refrigeration effect begins to be suppressed at the
same saturation onset power P; = — 35 dBm described in Eq. (5) as the
effective coupling strength is diminished, with a reduction by 1/e at
- 23 dBm. Oscillator phase noise also contributes to the overall noise
performance in this region, increasing both the cooled (red) and un-
cooled (blue) noise floors. Around the sensitivity-maximizing operat-
ing point P = — 20 dBm (note that this is different from the signal
optimal point — 18 dBm) we observe a noise thermal power reduction
of 0.44 dB, demonstrating that spin refrigeration offers sensitivity
enhancement for an actively-driven system.

Broadband Magnetometry

Next we examine the performance of the device in the frequency
domain. We operate at a fixed power of — 22 dBm which produces near-
optimal sensitivity in the thermal-limited regime as described above,
while also reducing the contributions of power-dependent flicker and
phase noises (see Supplemental Note IlI). In Fig. 4, we plot the mag-
netic sensitivity in blue across a spectral range of 10 Hz-100 kHz. The
mean sensitivity of a 1 Hz band between 10 and 11 kHz offset is
n=>576fT/+/Hz with a standard deviation of 6 fT/+/Hz, and does not
roll off at high frequencies within the measurement bandwidth of 100
kHz. This is in contrast to sensors using e.g. dynamical decoupling
techniques? or with a limited lock-in bandwidth® that have significantly
reduced spectral response. The inset of Fig. 4 shows the sensitivity
near 20 kHz with an amplitude spectral density derived from the
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Fig. 3 | Spin refrigeration. a Noise reduction with different microwave driving
powers P. Blue (red) dots show the noise in 1 Hz bandwidth at 15 kHz offset in two
regimes of spin-cavity detuning A # O (As = 0). The left axis shows the relative
change in power spectral density compared to a 50 Q reference measurement, and
the right axis shows the voltage amplitude spectral density. All measurements were
taken with a power gain of 36.5 dB and the values are doubled-sided. The blue curve
shows the noise model considering thermal and phase noises. The red curve shows
the noise model with linear steady-state cooling (See Methods). The green curve is
the contribution of mode cooling alone, without thermal or phase noises. Inset:
frequency-resolved noise reduction with P = — 58 dBm and A, = 0. b Sensitivity r at
15 kHz offset with different microwave power (blue dots). The blue curve shows the
sensitivity corresponding to the room temperature limit 0. The red dots show the
sensitivity difference An/n = (n — no)/no. We observe sub-thermal sensitivity with
P < —18 dBm. The errorbar is smaller than the marker.

average of 3600 independently measured power spectral densities. In
this region, device sensitivity improves on the 620 fT/+/Hz noise-
equivalent sensitivity implied by the standard 50 Q termination (red)—
beating the thermal Johnson-Nyquist limit. This sensitivity, along with
the associated inverse readout fidelity of o. ~ 360, both set the stan-
dard for the highest-performing continuous operation NV sensor.

At frequencies below 1 kHz, ambient magnetic fields dominate the
low-frequency noise and set the noise floor. With the spin ensemble
off-resonance, the sensor magnetic response is negligible, and low-
frequency environmental magnetic fluctuations are suppressed in the
bare cavity noise-equivalent sensitivity (green). From this spectrum,
we infer a sensitivity of  ~ 2pT/+/Hz at around 15 Hz, neglecting
possible low-frequency magnetic fluctuations intrinsic to the diamond.
To validate our noise-spectrum-inferred sensitivity, we record a noise
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Fig. 4 | Broadband magnetometry. Sensitivity of the cQED sensor as a function of
magnetic field frequency derived from the voltage noise floor of the device. Red:
The magnetic-field-equivalent noise floor of the microwave circuitry, including low
noise amplifier, circulator, and mixer, measured by replacing the cQED sensor with
a 50 Q terminator. Green: The field-equivalent noise floor of the cQED sensor with
NV spins detuned (As = 5 MHz). Blue: Magnetic field sensitivity at the optimized
operating point. Inset: the magnetic field sensitivity is around 20 kHz showing the
mode cooling effect. We achieve a sub-room-temperature Johnson-Nyquist limit
sensitivity of p = 576 + 6 fT//Hz.

spectrum in the presence of a test magnetic field of known amplitude.
This and further characterization of broadband sensor linearity and
amplitude dynamic range is presented in the Supplementary Note IV.

Sensitivity outlook

Finally, we discuss the implications of these results for the design of
future devices. The diamond is characterized by its shape, volume V3,
and NV density p. The NV ensemble inhomogeneous linewidth and
intrinsic homogeneous linewidth are linearly related to the NV
density*, i.e. I = ap and y, = bp with coefficients a = 2ir x 82.5 kHz/ppm
and b = 2 x 7.5 kHz/ppm consistent with our device. Here y, is the
intrinsic homogeneous linewidth in the absence of the optical polar-
ization cycle (see Supplementary Note IID). The resonant cavity mode
is similarly characterized by its shape, volume V, and quality factor
Q = w k.. The cavity mode volume implicitly sets the single-spin
coupling strength, g;, which, together with the ensemble size, N=pVj,
and equilibrium optical polarization, P, determines the collective
coupling strength, g.

We first consider the optimal diamond for our present microwave
cavity mode, V = 1.7 cm® and Q = 2.2 x 10* Increasing the diamond
volume at fixed NV density improves device sensitivity up to unity
filling factor Vy4/V =1, as shown in Fig. 5a. In the low-p regime (p < 0.02
ppm), laser-induced dephasing dominates both the inhomogeneous
and homogeneous NV linewidth; therefore, adding more density to the
system increases the collective coupling without the cost of broad-
ening the NV spins. In the medium-p regime (0.02 ppm < p < 3 ppm),
the density-induced inhomogeneous broadening eclipses the laser-
induced dephasing, and the sensitivity is almost independent of den-
sity p. In the high-p regime (p > 3 ppm), the spin dipole-dipole
homogeneous dephasing starts dominating the laser-induced
dephasing, causing a sensitivity drop in this domain.

Larger diamond volumes yield better sensitivity but can be more
challenging to optically polarize as the incident laser is attenuated
within the diamond. The optical polarization constraint p,,, V4 =0.49
cm?® ppm (See Supplementary Note V) is satisfied to the left of the black
dotted line in Fig. 5a, assuming a diamond aspect ratio of 2.2 as in our
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Fig. 5 | Cavity and spin optimization predicted by the nonlinear model.

a Magpnetic field sensitivity with different diamond volumes V4 and NV density p.
The diamond volume is normalized by the cavity mode volume (V=17 cm?®). Three
dotted lines show the contour of the sensitivity =5 fT/+/Hz, 50 fT/+/Hz, and
500 fT/+/Hz. The blue dot shows the current device and the green dot shows the
best sensitivity achievable from an optimized diamond using the cavity shown in

this work. The black dotted line shows the optical polarization limit. b Magnetic
field sensitivity with different unloaded quality factors Q and single coupling
strength g.. The red dots show cavity design for stripline cavities or super-
conducting circuits**. Blue dots various three-dimensional cavity designs from*®.
The current device is shown as a yellow cylinder.

current experiment. Larger aspect ratios could relax this constraint
and potentially achieve better sensitivity but at the cost of higher laser
power. In this analysis, we limit the laser power to a maximum of 20 W.
An optimal diamond (green dot) would fill the cavity mode and have
the largest possible density of NV centers while still allowing polar-
ization of the full ensemble. We predict that the resulting device
should have a sensitivity of approximately 3 fT/+/Hz.

We next discuss alternative cavity designs with different Q (x.) and
V (gs). We assume that all cavities are filled with the diamond at the unit
filling factor, V4 = V, and optimize the sensitivity of the device at each Q
and V under the constraints described above. The results are shown in
Fig. 5b, with realistic cavity examples indicated as dots*™*, Two trends
are clear in the results shown in Fig. 5b. The optimal sensitivity 7 is
almost independent of Q. This scaling is in contrast with previous pre-
dictions that sensitivity would be proportional to device cooperativity
(linear in Q/V). In the saturated regime, the effective cooperativity C, is
independent of Q as the reduced cavity linewidth is compensated by
increased spin linewidth as well as reduced effective coupling. An opti-
mized device could reach < 10 fT/+/Hz in the high-Q, large mode limit
(upper right region of Fig. 5b). Secondly, smaller cavities can achieve
efficient readout, but have lower overall sensitivities as their spin
ensemble sizes are reduced with the assumption of unity filling factor.

Discussion

The demonstrated magnetic sensitivity of 576 + 6 fT/+/Hz sets the
standard for the highest-performing continuous-operation NV
sensor**?. The adaptation of additional sensitivity-improving tech-
niques into the cQED platform, such as pulsed operation e.g. echo
sequences, P1 bath driving, and double quantum transitions*’, or the
use of flux concentrators®, could further improve sensitivity.

Spin refrigeration enables high performance beyond the thermal
noise that was previously thought as the fundamental limit for ambient
operation, and offers a path towards quantum-limited devices at room
temperature. Our theoretical framework on the inhomogeneous non-
linear theory, in agreement with the experiment, also allows further
optimization and understanding of the operation of cQED sensors in
the highly cooperative regime. Future research will explore several
avenues enabled by this proof of concept: the extension of our inho-
mogeneous, nonlinear theory to sensors in the bistable regime, opti-
mization of spin refrigeration toward the quantum limit, and the
exploration of other sensing modalities, such as inertial sensing and
timekeeping applications.

Methods
Experimental setup
We employ a saturated mixer scheme to measure the phase change
induced by the NV-cavity system. Probe microwaves from a signal
generator are divided into a reference arm and a signal arm using a
Wilkinson microwave power divider. The reference arm is directly
connected to the LO port of a mixer (HX3400), with a voltage-
controlled phase shifter to tune the relative phase. The signal arm is
directed to a circulator with tunable attenuation for power control on
the cavity input, and the circulator’s microwave output is coupled into
the dielectric resonator using a probe loop. The reflected signal from
the cavity returns to the circulator and is connected to a low-noise
amplifier and subsequently the RF port of the mixer for a homodyne
measurement. This setup effectively separates the reflected micro-
wave signal from the incident signal, enabling the measurement of the
quadrature part of the reflection coefficient by an appropriate setting
of the LO phase shifter. The quadrature signal is subsequently digitized
using a sampling rate of 200 kS/s. Power spectral density in
Figs. 3 and 4 are calculated with Welch’s power spectral density esti-
mate. For power measurements (Fig. 1c), an IQ mixer is used to mea-
sure both field quadratures, and the total power is then computed.
The diamonds (3 mm x 3 mm x 0.9 mm, 4 ppm NV ensemble,
sourced from Element 6) are set at the TEO16 mode maximum point in
the center of the dielectric resonator (Skyworks, & ~ 31, center fre-
quency: 2.877 GHz). A wafer of 4H-SiC is used for heat transfer and
supporting the diamond, while two pieces of low-loss-tangent poly-
tetrafluoroethylene (PTFE) are used to fix and align the dielectric
resonator. An aluminum shield is employed to isolate the system from
external signals in the lab, such as WiFi and 3G signals (1.9 GHz), and to
reduce radiative losses. An 8 W 532 nm pump laser is utilized to opti-
cally polarize the spin ensemble. External magnetic bias is provided by
3-axis magnetic coils. Magnetic field along [100] direction has an
amplitude of ~ 4.3 G to move the NV resonant frequency to be on
resonance with the cavity frequency.

Test field

We performed a test magnetic field measurement using a coil with turn
number N =400, radius r = 7 cm, and distance between the coil and
sensor d =22 cm. We use a DC power supply to generate a voltage U=1
V, resulting in a current output of / = 43 mA. The magnetic field gen-
erated by this test _coil at the sensor position is
By = 2pomr?NIjAmr(d+r2) " =43 uT, which is similar with the
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measurement from the measurement from a commercial gaussmeter
Bgauss = 3.9 UT. Our sensor shows a response of B.qep = 4.0 uT with a
2.5% (7%) error compared with the reference magnetometer (calcu-
lated result). The difference can be attributed to the estimation of the
size parameters and the twisted angle of the coil with the diamond
surface. An AC test magnetic field is also shown in the Supplementary
Note IVc.

Sensitivity prediction

We applied the first-order approximation (See Supplementary Note II)
for the sensitivity optimization for Fig. 5. We then collected the optimal
parameters and determined the number of solutions. Following this,
we identified and marked the bistability regime in Fig. 5b, which is
characterized by its multiple solutions. The parameters for optimiza-
tion and the constraints are listed and plotted in Supplementary
Note IV.

Data availability
The data presented in Figs. 1-4 are available at the following Git
repository: https://github.com/hanfengw/cQEDsensor

Code availability
The code that supports the findings of this study is available from the
corresponding author upon request.
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