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Quantum sensors offer unparalleled precision, accuracy, and sensitivity for a variety of measurement
applications. We report a compact magnetometer based on a ferrimagnetic sensing element in an oscillator
architecture that circumvents challenges common to other quantum sensing approaches such as limited
dynamic range, limited bandwidth, and dependence on vacuum, cryogenic, or laser components. The
device exhibits a fixed, calibration-free response governed by the electron gyromagnetic ratio. Exchange
narrowing in the ferrimagnetic material produces submegahertz transition linewidths despite the high
unpaired spin density (approximately 10> cm™3). The magnetometer achieves a minimum sensitivity of
100 fT/+/Hz to ac magnetic fields of unknown phase and a sensitivity below 200 fT/+/Hz over a 1 MHz
bandwidth. By encoding magnetic field in frequency rather than amplitude, the device provides a dynamic
range in excess of 1 mT. The passive, thermal initialization of the sensor’s quantum state requires only a
magnetic bias field, greatly reducing power requirements compared to laser-initialized quantum sensors.
With additional development, this device promises to be a leading candidate for high-performance mag-
netometry outside the laboratory, and the oscillator architecture is expected to provide advantages across

a wide range of sensing platforms.
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I. INTRODUCTION

In recent years, tremendous experimental effort has
advanced quantum sensors [1] using unpaired electron
spins embedded in solid-state crystals. These solid-
state sensors employ electron paramagnetic resonance to
achieve measurement precision and accuracy comparable
to their atomic counterparts, but with advantages such
as smaller sensing volumes, compatibility with a wide
range of ambient conditions, and fixed sensing axes pro-
vided by a rigid crystal lattice. The most-developed solid-
state quantum sensing platform uses negatively charged
nitrogen-vacancy centers in diamond as sensitive mag-
netic field probes [2,3]. Such sensors have been used to
detect or image biological targets [4-9], single proteins
[10,11], NMR species [12—16], individual spins [17-20],
and condensed matter phenomena [21-25].

Though recent efforts have focused on optically active
paramagnetic defects [26-30], ferrimagnetic materials
offer distinct advantages for quantum sensors. Ferrimag-
netic materials provide higher unpaired electron spin den-
sities than their solid-state paramagnetic counterparts [31],
for example 10> cm™ versus 10'°-10" cm™, while
the strong coupling of the exchange interaction mitigates
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the dipolar resonance broadening observed in high-defect-
density paramagnetic materials [32,33]. Importantly, ini-
tialization of ferrimagnetic spins into the desired quantum
state requires only a bias magnetic field, without the need
for active optical initialization.

Consequently, magnetic sensors employing spin-wave
interferometry in ferrimagnetic films [34,35] or ferrimag-
netic resonance (FMR) in spheres [36—38] or films [39—
42] have been investigated, including demonstrations with
pT/~/Hz-level sensitivity. Using ferrimagnetic materials,
classical sensors such as fluxgates [43—45] and Faraday-
rotation-based devices [46,47] have achieved sensitivities
down to 40 fT/+/Hz and 10 pT/+/Hz, respectively. Addi-
tionally, ferrimagnetic materials have long found commer-
cial use in tunable microwave filters [48,49] and oscil-
lators [50-52]. Despite these well-developed commercial
technologies however, magnetometry schemes for ferri-
magnetic materials have not previously employed a self-
sustaining oscillator architecture to encode magnetic fields
in the output waveform frequency rather than amplitude
[53]. We find this architecture provides crucial advan-
tages in performance, capabilities, and simplicity of a
magnetometer device.

Here we report a magnetometer using FMR as the mag-
netically sensitive frequency discriminator in an electronic
oscillator. With this construction, the frequency of the

© 2023 American Physical Society


https://orcid.org/0000-0003-3066-1152
https://orcid.org/0000-0003-2309-9050
https://orcid.org/0000-0002-1291-7663
https://orcid.org/0000-0002-3839-8945
https://orcid.org/0000-0002-7315-5842
https://orcid.org/0000-0002-2881-7640
https://orcid.org/0000-0002-2134-0376
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.044044&domain=pdf&date_stamp=2023-04-17
http://dx.doi.org/10.1103/PhysRevApplied.19.044044

JOHN F. BARRY et al.

PHYS. REV. APPLIED 19, 044044 (2023)

output voltage signal tracks the FMR frequency, which
varies linearly with the applied magnetic field. This fer-
rimagnetic oscillator magnetometer exhibits a minimum
sensitivity of 100 fT/+/Hz to magnetic fields near 100
kHz and sensitivities below 200 fT/+/Hz from 3 kHz
to 1 MHz. As the device encodes the measured mag-
netic field directly in frequency, superior dynamic range is
achieved relative to devices employing amplitude encod-
ing. In addition, the sensor head is simple, compact, and
uses lower power than existing quantum magnetometers
of comparable sensitivity.

II. OSCILLATOR ARCHITECTURE

Quantum sensors based on atomic vapors or electron
spins in solid-state crystals operate by localizing reso-
nances which vary with a physical quantity of interest.
For example, the ambient magnetic field may be deter-
mined by measuring a ferrimagnetic material’s uniform
precession frequency [54], the paramagnetic resonance fre-
quency of nitrogen vacancies in diamond [55], or the
hyperfine resonance frequency of an alkali vapor [56]. Sev-
eral experimental techniques have been developed for this
task, from continuous-wave absorption [27] or dispersion
[28,57] measurements to pulsed protocols such as Ramsey
[58] or pulsed electron spin resonance [59] schemes. In all
these methods, externally generated electromagnetic fields
manipulate the spin system, and the resonance location is
determined from the system’s resulting response.

As an alternative to probing the spin system with
external signals, however, an oscillator architecture can
be arranged to generate a microwave (MW) signal that
directly encodes the spin resonance location. Such an
oscillator consists of two main components: a frequency
discriminator and a gain element, arranged in a feedback
loop.

The frequency discriminator can be constructed by cou-
pling input MW signals to the discriminator’s output
through the quantum spins. If the discriminator’s input and
output are each coupled to the quantum spin resonance,
but not directly to each other, the resulting frequency dis-
criminator will pass frequencies near the spin resonance w,
while rejecting all others.

The gain needed can be provided by an ordinary rf
amplifier; by amplifying the frequency discriminator’s out-
put and returning a fraction of this signal to the discrim-
inator’s input, sustained self-oscillation can be realized
[60]. Because only frequencies near the spin resonance w,
are transmitted through the frequency discriminator, the
resultant oscillation frequency w,. closely tracks the spin
resonance.

Thus, the oscillator architecture eliminates the need for
an external rf source. The limited component count of
the oscillator architecture is advantageous for compactness

and design simplicity. In addition, the oscillator architec-
ture encodes the spin resonance in frequency, which can
offer greater dynamic range and improved linearity com-
pared to amplitude-encoded measurements [61]; dynamic
range is particularly important for a magnetometer, where,
for example, detection of a 100 fT signal in Earth’s 0.1
mT-scale magnetic field requires a dynamic range of 10°.
For an oscillator to operate at steady state, losses
through the frequency discriminator and other elements
must be exactly compensated by the amplifier, produc-
ing unity gain around the oscillator loop. Additionally, the
phase length around the oscillator loop must equal an inte-
ger number of wavelengths at the steady-state oscillator
output frequency. Together, these requirements constitute
the Barkhausen criterion, and with reasonable assumptions
the requirements result in Leeson’s equation [60,62—64],
an empirical model of phase noise amplitude spectral den-
sity applicable to a wide range of oscillators. Leeson’s

equation is given by
p FkgT
+1 U+1H B ] (1)

£1/2(fm \/

where L£!/2(f,,) is the single-sideband phase noise ampli-
tude spectral density at offset frequency f;, from the carrier,
/1 1s the Leeson frequency (equal to the frequency discrim-
inator’s loaded half width at half maximum linewidth), f.
is the 1/f flicker noise corner [60,62,65], P, is the input
power to the sustaining amplifier, T is the temperature,
kg 1s Boltzmann’s constant, and F is the oscillator’s mea-
sured wideband noise factor. Roughly, Leeson’s equation
expresses the phase noise created by amplified white ther-
mal noise (the final bracketed factor), enhanced within the
bandwidth of the frequency discriminator via regenera-
tion (the first bracketed factor), and further enhanced by
flicker noise below the noise corner of the amplifier (the
second bracketed factor). Additional details of oscillator
phase noise are discussed in Supplemental Material (SM)
Sec. B [66]. In Sec. III we show that the magnetometer’s
noise floor is proportional to f;, x £/2(f;,), establishing
the oscillator’s phase noise as the principal determinant of
magnetometer sensitivity.

III. FERRIMAGNETIC RESONANCE

The material with the narrowest known ferrimagnetic
resonance linewidth and lowest known spin-wave damp-
ing is yttrium iron garnet (YIG), a synthetic, insulating
crystal ferrimagnet with chemical composition Y;FesO;.
Other attractive aspects of YIG are low acoustic damping,
less than that of quartz, and well-developed growth pro-
cesses which yield samples of high crystal quality [67].
Consequently, YIG is the prototypical material for cav-
ity spintronics research, and is used in magnon-cavity
coupling experiments [68—73], magneto-acoustic coupling
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studies [74,75], hybrid quantum circuits [76,77], and axion
searches [57].

In crystallographically perfect YIG, five of every 20 lat-
tice sites, equivalent to one unit formula Y3;Fes0j,, are
populated by trivalent iron (Fe*T, electronic spin S = 5/2).
The five trivalent iron atoms occupy three tetrahedral lat-
tice sites and two octahedral lattice sites. Strong superex-
change interactions, mediated by oxygen ions between the
iron ions, align the spins of the three tetrahedral Fe’*
antiparallel to the two octahedral Fe*T in the absence of
thermal excitation. The strong coupling between nearby
electronic spins results in collective spin behavior, includ-
ing resonances between collective spin states which are
observed as ferrimagnetic resonances. The strong spin-
spin coupling also results in exchange-narrowing of the
ferrimagnetic resonances, allowing submegahertz transi-
tion linewidths despite the high unpaired spin density
of about 10*2 cm~3. Narrower resonances are desired to
achieve better oscillator phase noise performance. Addi-
tional relevant properties of YIG are detailed in SM Sec. C
[66].

Kittel’s formula for the uniform precession frequency of
ferromagnetic resonance [54] is

C!)y=

JIB-+ (N, = Ny oMoy B: + (N = Nyy o],

where vy is the electron gyromagnetic ratio; B = B.Z is the
applied magnetic field and defines the system’s z axis; M,
is the magnetization along Z, where M, is assumed equal
to the saturation magnetization M; with no MW power
applied; N,, N,, and N, are the demagnetization factors;
and all quantities are in SI units. Demagnetization fac-
tors characterize the shape-dependent reduction in internal
magnetic field due to the magnetization [78]. For a spher-
ical sample, N, =N, = N; =1/3, and Kittel’s formula
becomes

w, = yB.. )

Kittel’s formula neglects crystal anisotropy, but such
effects can be treated perturbatively if needed, as detailed
in SM Sec. L [66].

A ferrimagnetic resonance can be used to implement the
frequency discriminator discussed in Sec. 11, as shown in
Fig. 1. Consider two orthogonal circular coupling loops
with a small ferrimagnetic sphere centered at the intersec-
tion of the coupling loop axes, as shown in Fig. 1(d). In the
presence of an externally applied dc magnetic bias field
B = Bz, the magnetic domains within the sample align
along z, producing a net magnetization. A MW drive signal
with angular frequency ws =~ w,, applied to the input cou-
pling loop, causes the sphere’s magnetization to precess
about the Z axis [79], as shown in Fig. 1(a). This precess-
ing magnetization then inductively couples to the output

coupling loop, and the transmission scattering parameter
S>1 obeys

S = VK1K2
T i wg — wy) + (Ko + K1 +K2)/2

e—iﬂ/Z’ (3)

where k, k1, and k, are the unloaded FMR linewidth, input
coupling rate, and output coupling rate, respectively, in
angular frequency units (see SM Sec. D [66]), and the 7 /2
phase retardation arises from the gyrator action of the ferri-
magnetic material. The power transmission |S;|? exhibits
a Lorentzian line-shape, with a maximum at the FMR
frequency w, and a loaded full-width-at-half-maximum
linewidth k; = kg + k1 + k3.

As discussed above, changes in the external dc magnetic
field alter the FMR frequency w, and therefore the oscil-
lator output frequency. The FMR frequency also responds
to ac magnetic fields; the mechanism by which ac fields
alter the magnetometer output waveform is discussed in
SM Sec. F [66]. Operationally, ac magnetic fields are
encoded as frequency modulation of the oscillator’s output
waveform. For example, an ac magnetic field with root-
mean-square (rms) amplitude By, and angular frequency
wy,, produces sidebands at t+w,, relative to the oscillator
carrier frequency when applied parallel to By. These two
sidebands each exhibit a carrier-normalized amplitude of

ms
s = J/Bﬂ 4
\/Ea)m

The oscillator magnetometer’s sensitivity can then be
determined from the sideband amplitude and the measured
phase noise L!/?(f,,), which represents the background
against which the sidebands are discerned; see SM Secs.
F and G [66]. The expected sensitivity is

V2f
y/(2m)

We note a striking feature of the oscillator magnetome-
ter architecture: assuming the oscillator phase noise is
well described by Leeson’s equation [Eq. (1)], the sig-
nal s x 1/w, = 1/(2xf,) and the phase noise amplitude
spectral density L£!/2(f,,) are expected to exhibit nearly
identical scaling within a range of frequencies between the
noise corner f. and the Leeson frequency f;. Thus, the sen-
sitivity of the device versus frequency f, is expected to
be approximately flat for f; < f,, < f1, as discussed in SM
Sec. G [66].

n(fm) = El/z(fm)- (5)

IV. EXPERIMENTAL SETUP

While all presently commercially available YIG oscil-
lators [80,81] employ a reflection architecture, the device
here employs a transmission (feedback) architecture [82—
86]. The transmission oscillator is constructed from four

044044-3



JOHN F. BARRY et al.

PHYS. REV. APPLIED 19, 044044 (2023)

a b c
@) ®) (c)
- 2 Oscillator output waveform
H L90
T3 _
5L w,=yB 2
£ 3 K] -
£ e = External magnetic field
i @ g ---------- 1 pmEEmmmm————
E/ Lo 1 '
; ? tmmmmm————— [
I
|- .
Ll Ll

ERESEWE

magnets
YIG sphere
& coupling loops

Sustaining
amplifier

shifter
Buffer

Directional
coupler

FIG. 1.

Applied magnetic field

7
Z
Switch
amplifier

Phase
noise
analyzer

N

Mixer
=

Analog front end
and digitizer

7

Local oscillator

Oscillator magnetometer principles of operation. (a) In the presence of a uniform external magnetic field, the spins of a

ferrimagnetic sphere precess in phase. (b) The resonance frequency of the uniform precession mode varies linearly with applied
magnetic field. (c) By using the ferrimagnetic resonance as a frequency discriminator, an oscillator can be constructed where the
oscillation frequency tracks the ferrimagnetic resonance frequency. (d) Experimental schematic as described in the main text.

components connected in a serial feedback loop as shown
in Fig. 1(d): the FMR frequency discriminator which only
passes signals near the ferrimagnetic resonance w,, a direc-
tional coupler to sample the oscillator waveform for device
output, a sustaining amplifier to provide the needed gain,
and a mechanical phase shifter to ensure the Barkhausen
criterion is satisfied [60].

The device’s sensing element is a 1-mm-diameter YIG
sphere mounted on the end of an insulating ceramic rod.
As shown in Fig. 1, two circular coupling loops in the
x-z and y-z planes inductively couple input and output
MW signals to the YIG sphere. The coupling loops are
mounted orthogonal to each other so that S, transmis-
sion occurs only at the FMR frequency and is suppressed
elsewhere. The values of «g, ki, and «, are determined
by simultaneously measuring the S-parameters S;; and S,
of the FMR frequency discriminator using a vector net-
work analyzer; see SM Sec. E [66]. We find xy = 27 %
790 kHz, «; = 27 x 315 kHz, and x, = 27 x 405 kHz.
The total loaded linewidth is then x; = kg + k1 + k2 =
27 x 1.510 MHz, corresponding to a loaded quality fac-
tor O; = w,/k; = 3300 and a predicted Leeson frequency
of f = 1k /(2 - 2m) = 755 kHz.

Two cylindrical permanent magnets positioned symmet-
rically relative to the YIG sphere create a uniform bias
magnetic field By = Bypz of approximately 0.178 T, as
depicted in Fig. 1. This value of By is more than suffi-
cient to saturate the sphere’s magnetization, so that the
response is governed by w, (¥) = yB(¢). The YIG sphere is

aligned along the zero temperature compensation axis, as
discussed in SM Sec. L [66]. With this bias magnetic field,
the oscillation frequency is approximately 27 x 5 GHz.

The YIG sphere’s precessing magnetization continu-
ously induces a sinusoidal voltage on the output coupling
loop at the magnetization’s precession frequency. This
MW voltage signal is first amplified and then mechanically
phase-shifted before passing through a 6-dB directional
coupler, as shown in Fig. 1(d). The directional coupler’s
through port directs the MW signal back to the input cou-
pling loop, inductively coupling the MW signal back to the
YIG’s precessing magnetization and closing the oscillator
feedback loop. The mechanical phase shifter is adjusted to
minimize the device phase noise, which is measured in real
time.

Under operating conditions, the input power to the sus-
taining amplifier is P; & 3 dBm. The sustaining amplifier
has a measured gain of 10 dB at P; =3 dBm so that,
after accounting for approximately 2 dB of additional loss,
about 11 dBm of MW power is delivered to the input
coupling loop. This MW power is estimated to tip the mag-
netization by approximately 0.1 radians from the z axis; see
SM Sec. H [66].

The signal sampled by the 6 dB directional coupler is
first amplified by a buffer amplifier and then sent to either a
phase noise analyzer for diagnostics and device optimiza-
tion, or to a mixer which down-converts the signal to an
intermediate frequency, w;, in the MHz range appropriate
for a digitizer. The down-converted signal is demodulated
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FIG. 2. Performance of the ferrimagnetic oscillator magnetometer. (a) Single-sideband phase noise power spectral density L(f,,)
of the ferrimagnetic oscillator magnetometer. The single-sideband phase noise is —132.8 dBc/Hz and —154.4 dBc/Hz at 10 kHz and
100 kHz offsets from the carrier, respectively. Red depicts smoothed data, while gray depicts the raw phase noise data. (b) Measured
response (+) to a 2.12 wWT rms ac magnetic field applied along Z, in agreement with that predicted by Eq. (4) (---). (¢) Single-sided
magnetic field amplitude spectral density of the ferrimagnetic oscillator magnetometer. The device achieves a minimum sensitivity of
approximately 100 fT/ VHz at frequencies near 100 kHz, with sensitivities below 200 fT/ +/Hz from 3 kHz to 1 MHz. Blue depicts
smoothed data, while gray depicts the raw data. We note that by convention the single-sideband quantity £(f) is the positive-frequency
half of the double-sided phase noise spectral density, distinct from a single-sided spectrum, which is the sum of positive- and negative-
frequency components; see Ref. [87].

to recover the magnetic field time series as described in SM ~ magnetic sensitivity of the device; see SM Secs. F and G
Sec. 1[66]. All experiments are performed with the device [66]. The oscillator magnetometer’s single-sideband phase

in an unshielded laboratory environment. noise power spectral density £(f,,) is shown in Fig. 2(a).
The device realizes a phase noise of —132.8 dBc/Hz at 10
V. EXPERIMENTAL RESULTS kHz offset and —154.4 dBc/Hz at 100 kHz offset.

Fitting Leeson’s equation [Eq. (1)] to the oscillator’s

The sensitivity of a magnetometer can be determined  measured phase noise above 3 kHz gives f; = 600 kHz,

from the response to a known applied magnetic field F =8, and f, = 6.6 kHz with the measured P; ~ 3 dBm.

along with the measured noise. As ac magnetic fields  This value of f; = 600 kHz is in reasonable agreement

are frequency-encoded in the oscillator magnetometer’s 5 with the value of f; = 755 kHz expected from the FMR
GHz output waveform, the measured phase noise sets the  frequency discriminator’s loaded linewidth.
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FIG. 3. Magnetometer sensitivity determined from magnetic field time series. (a) Single-sided magnetic field amplitude spectral
density in 1-Hz bins with test field By = 0.9 pT applied at 35 kHz. The spectrum is obtained by dividing a 10-s magnetic field time
series into ten 1-s segments, computing the discrete Fourier transform for each segment, adding components at positive and negative
frequencies in quadrature to convert to single-sided spectra, and rms-averaging the ten spectra together. (b) Single-sided magnetic
field amplitude spectral density in 1-Hz bins without the test signal applied, obtained as in (a). (c) Value of the 35 kHz frequency
bin calculated from 1 s of data per point as the By, = 0.9 pT signal is chopped on and off. As the device is tested in an unshielded
environment, a Tukey window with « = 0.01 prevents spectral leakage of low-frequency noise. This window is nearly rectangular, as

o = 0 and @ = 1 correspond to rectangular and Hann windows, respectively. The observed 100 fT/+/Hz sensitivity is consistent with
that calculated from measured phase noise, shown in Fig. 2(c).
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To verify that the device’s response matches that pre-
dicted by Eq. (4), a sinusoidal magnetic field with rms
amplitude Bi® = 2.12 uT is applied to the sensor, the
angular frequency w, of this field is varied, and the
carrier-normalized amplitude of the resulting sidebands is
recorded. The measured data are in excellent agreement
with the theoretical prediction of Eq. (4), as shown in
Fig. 2(b).

Having confirmed that the device’s frequency response
is indeed governed by Eq. (4), the measured phase noise
spectrum can be converted to a sensitivity spectrum by
Eq. (5), and the result is shown in Fig. 2(c). As discussed
previously, the sensitivity is expected to be approximately
flat in the region between the amplifier noise corner at
fe & 6.6 kHz and the Leeson frequency f; =~ 600 kHz. The
measured data are consistent with this expectation; for ac
signals of unknown phase we observe a minimum sensitiv-
ity of approximately 100 fT/+/Hz and a sensitivity below

200 fT/ +/Hz over the band from 3 kHz to 1 MHz.

To operate the device as a practical magnetometer, the
oscillator output is mixed down and digitized. The mag-
netic field time series is recovered from the digitized
voltage waveform as described in SM Sec. I [66]. To con-
firm device performance, a 35 kHz sinusoidal test field
B¥ = 0.9 pT is applied along the sensor’s z axis. The
resultant amplitude spectral density with the test field on
and off is shown in Figs. 3(a) and 3(b) respectively, and
a time series of the 35 kHz signal size with the test field
chopped on and off is shown in Fig. 3(c). All data are
consistent with the expected device response and a min-
imum sensitivity of 100 fT/+/Hz. Supplemental Material
Sec. K [66] details calibration of the test field.

VI. DISCUSSION

The device phase noise of —132.8 and —154.4 dBc/Hz
at 10 and 100 kHz offset frequencies compares favor-
ably to the lowest-phase-noise commercial YIG oscillators
presently available [80,81]. The best commercial device
we have measured achieves —112 and —134 dBc/Hz at
10 and 100 kHz from its 5-GHz carrier frequency. The
improved performance of our device is likely mainly
attributable to a difference in Q;; whereas we observe f; =
600 kHz ~ w, /(27 - 20;), the best commercial oscilla-
tor measured exhibits f; = 5.2 MHz. This difference in
fr should translate to an 18.8-dB improvement in phase
noise at offset frequencies below f7, similar to the observed
difference of approximately 20 dB.

The device demonstrated here provides the best ac sen-
sitivity achieved to date for a solid-state quantum mag-
netometer [7,28,88-92]. Among quantum magnetometers,
this sensitivity performance is surpassed only by cryogenic
superconducting quantum interference device magnetome-
ters and vacuum-based, optically pumped vapor cell mag-
netometers. Additional sensitivity improvement may be

attained by increasing the frequency response to mag-
netic fields or by decreasing the phase noise. For exam-
ple, the frequency response could possibly be increased
above y = 2w x 28 GHz/T in Eq. (2) using strong cav-
ity coupling schemes [28]. Reference [93] describes such
a scheme for a ferrimagnetic system with a predicted fre-
quency response of 2w x 500 GHz/T. Cavity-enhanced
ferrimagnetic oscillator magnetometers are currently
under investigation and may be explored in future
work.

On the other hand, methods to improve oscillator phase
noise would also improve sensitivity and are well estab-
lished. Increasing the sustaining power P is a common
method to improve oscillator phase noise. However, this
approach would likely improve phase noise only at fre-
quencies above the flicker noise corner £, and £, itself may
increase with larger values of P; [60,65]. Further, the max-
imum usable sustaining power is presently believed to be
limited by instabilities arising from nonlinear energy trans-
fer from the uniform precession mode to spin-wave modes
[79,94]. Under some conditions not far above current
operating powers, we have seen indications that applying
additional power to the YIG causes a binary change in the
phase noise spectrum of the oscillator, with substantially
deteriorated performance.

Other approaches to improving overall phase noise
might focus on the amplifier’s additive phase noise.
Amplifier-induced phase noise can be mitigated using
oscillator-narrowing techniques such as Pound-Drever-
Hall locking [95-99], carrier suppression interferomet-
ric methods [100—105], careful design [106,107] and
other approaches [60]. However, even in the ideal case,
oscillator-narrowing techniques cannot reduce the oscil-
lator’s phase noise to the thermal noise limit of —177
dBm/Hz expected in the absence of Leeson gain. While
lowering the Leeson frequency f; will improve phase
noise performance, the noise gain introduced by the Lee-
son effect appears to be fundamental to the oscillator
architecture, as discussed in SM Sec. G [66].

In conclusion, the magnetometer design reported here
offers a unique combination of state-of-the-art sensitivity
with realistic prospects for improvement, high dynamic
range, compactness, and low power requirements. These
advantages could drive widespread adoption of similar
quantum sensing devices in the near future. The oscillator
architecture can be adapted to simplify high-performance
ensemble sensing with a range of quantum materials and in
a variety of sensing applications, such as sensing of electric
fields [108—110], temperature [111], or pressure [112].
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