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A. NV singlet state population

We can calculate the NV state population from the in-
crease in cavity losses under saturating green pump light.
The losses are related to the measurable quantities finesse
(Z) and the cavity’s IR light transmission on resonance
to initial IR light ratio (f ). Measuring the losses with
(A2) and without (A7) green pump light allows us to in-
fer the losses due to NVs in the singlet state (Axv). Fi-
nally, the increase in losses per roundtrip can be related
to the N'Vs singlet population by the Beer-Lambert law.
Assuming ideal loss-free mirrors finesse and transmission
are given by:
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where R; the reflectivity of the diamond coating, Ry is
the reflectivity of the output mirror and A represents
the losses per roundtrip due to the diamond crystal.

According to the company specification,
R1=98.5(5)%. Ry and A; can be inferred solving
Eq. (S1-S2) with measurements of finesse and trans-
mission.  Without green pump light we determine
R>=99.2(8)% and Ay =1.66(1)%. Assuming the same
reflectivity and adding saturating green pump light we
get a new value for losses A =3.09(3)%. The difference
in losses AA= Anv can be attributed to absorption on
the singlet transition. These losses can be related to
NV population in the singlet state via the Beer-Lambert
law. The transmission of the diamond for losses Anv is
given by:
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Where n is the density of the NVs in the singlet state, o
the absorption cross section of IR light on resonant with
the singlet transition and [ the path length in the dia-
mond. With a path length | = 2L4 (where Lq=0.39 mm
is the geometric length diamond) and 0 = 3 x 107! cm?
(Ref.!) we calculate the density of NVs in the metastable
state as n=0.68(1) ppm.

B. Cavity finesse

Figure S1 shows the transmission of IR light while
scanning the length of the cavity. From our measure-
ments, after fitting we estimate the finesse (%) of
our cavity to be .# =160(4) [the FSR of the cavity is
~30.1(2) GHz]. The finesse is measured in the absence
of green pump light.
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FIG. S1. IR transmission spectrum of the cavity obtained by
scanning the cavity length, in the absence of green light. Data
are represented with dots (blue) and the fit with a line (red).



C. Magnetometer Calibration
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FIG. S2. Magnetic-field noise spectrum for different fields as
a function of frequency. The test field is applied for different
frequencies of 22 Hz (amber), 72 Hz (blue), 92 Hz (green) and
132Hz (red).

The sensitivity of the sensor is verified by applying ex-
ternal magnetic fields of a given amplitude and frequency
to it. Fig.S2 shows the noise spectrum of the magne-
tometer in response to a sine-wave-modulated magnetic
field of 1nT RMS amplitude, at different frequencies.

The field is provided by a multi-turn circular current
coil. The radius of the coil is 7.y ~2.5cm and its dis-
tance from the sensor is z..; ~1cm. The coil is con-
nected in series with a 1k resistor to decrease induc-
tion induced current. The amplitude of the produced
magnetic field Byegt is then compared with the recorded
magnetometer signal B,.... Bes: can be calculated as:
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where g =41 x 10°7 N/A? is the vacuum permeabil-
ity, Nyurns =11 are the number of turns of the coil and
I.0ii =6.5 uA the current flowing through the coil. Our
measured B,... is consistent with By, within a 2% error.

D. Photon shot-noise behavior

To confirm the photon shot noise behavior of our sen-
sor, in the absence of MWs, we record the output of the

LIA (Sir) as we detect transmission (Pig) for a wide
range of IR light powers. We then fit the data with a

curve St = \/a2 + b?Pry + 2Pk ,, where a signifies

laser power independent noise sources (e.g. electronic
noise), b relates to IR light shot-noise and ¢ to IR inten-
sity noise sources.

Figure S3 shows the above measurements in dots (blue)
at 100mW of green light. The data is fitted (red) giv-
ing fit values a=0.23(8), b=1.16(6) and c=2x1073(2)
which indicates shot-noise dominated behavior for IR DC
levels above ~0.2V. The theoretically calculated shot
noise is represented by the dashed line. Finally, the as-
terisk (*) is placed in Fig. S3 to signify the average noise
floor between 60-90 Hz under normal operation corre-
sponding to 400 mW of green pump light and a MW field
applied to the NVs. The noise floor thus includes envi-
ronmental and MW-related noise.
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FIG. S3. Measured and calculated RMS noise of cavity trans-
mission. Data show in dots (blue), are fitted with a line (red) .
Theoretical calculation for the shot noise is presented with
dashed lines and an asterix symbol (*) is placed to signify the
noise level under normal operation.
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