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Quantum sensors based on spin defect ensembles have seen rapid development in recent years, with
a wide array of target applications. Historically, these sensors have used optical methods to prepare or
read out quantum states. However, these methods are limited to optically polarizable spin defects, and
the spin ensemble size is typically limited by the available optical power or acceptable optical heat load.
We demonstrate a solid-state sensor employing a nonoptical state preparation technique, which harnesses
thermal population imbalances induced by the defects’ zero-field splitting. Readout is performed using
the recently demonstrated microwave cavity readout technique, resulting in a sensor architecture that is
entirely nonoptical and broadly applicable to all solid-state paramagnetic defects with a zero-field splitting.
The implementation in this work uses Cr3+ defects in a sapphire (Al2O3) crystal and a simple microwave
architecture where the host crystal also serves as the high quality-factor resonator. This approach yields a
near-unity filling factor and high single-spin-photon coupling, producing a broadband magnetometer with
a minimum sensitivity of 9.7 pT/

√
Hz near 5 kHz.

DOI: 10.1103/PhysRevApplied.17.044004

I. INTRODUCTION

Solid-state spin systems have transitioned from physics
demonstrations to promising quantum sensors [1–16] as
performance has improved through materials engineering
[17–25], coherent control [26–35], and enhanced read-
out [36–43]. For magnetometry, solid-state sensor per-
formance has progressed rapidly enough that sensitivity
rivaling that of legacy sensors may soon be within reach
[44–49]. Moreover, when factors such as bandwidth,
dynamic range, or portability are considered, solid-state
quantum sensors may offer performance for select applica-
tions that cannot be matched by existing sensors [48]. For
example, superconducting quantum interference devices
[50] offer sensitivities below 10 fT/

√
Hz but are cryogenic,

limiting their portability, while vapor cell magnetometers
can provide sensitivities below 1 fT/

√
Hz [51] in magnet-

ically shielded environments, but performance suffers in
magnetic field gradients, and only scalar implementations
operate natively in Earth’s magnetic field. Meanwhile,
classical sensors such as fluxgates and search coils offer
sensitivities near 1 pT/

√
Hz and 1 fT

√
Hz, respectively,

but have limited bandwidth or dynamic range and may be
bulky [52].

*john.barry@ll.mit.edu

Whether measuring electromagnetic fields, temperature,
or time [49,53–60], spin sensors perform three primary
processes [44,49]: quantum state initialization, interac-
tion with the environment, and readout. Initialization has
seen little recent development and is nearly universally
achieved optically [22]. This limits solid-state sensing
species to optically polarizable defects, with the bulk of
experimental effort dedicated to nitrogen-vacancy (N-V)
diamond [17]. Moreover, the light source is often the
primary driver of device complexity and power consump-
tion. To overcome these limitations, we introduce a quan-
tum sensor using chromium ions (Cr3+) in sapphire (also
known as ruby).

The key advance of this work is combining initial-
ization and readout techniques to enable a simple sen-
sor architecture with compelling performance. The sensor
employs entirely passive initialization at room tempera-
ture. This initialization is produced by thermalization of
the defects’ spin states, which differ in energy by the zero-
field-splitting (ZFS). In addition, the sensor extends the
recently demonstrated microwave (MW) cavity readout
technique [38,39] to a room-temperature, non-N-V dia-
mond system. Together, these advances result in an entirely
MW-based (nonoptical) device that exhibits high sensitivi-
ties when used as a magnetometer. More broadly, this work
serves as proof of concept for a wide variety of sensing
modalities employing diverse solid-state defects, which
need not be optically polarizable.
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II. THERMAL SPIN POLARIZATION IN RUBY

In contrast to optically polarized sensors, the device
demonstrated here is passively initialized through thermal-
ization of the spin states of the paramagnetic defects. A
system in thermal equilibrium will preferentially populate
lower-energy states according to the Boltzmann distribu-
tion. For paramagnetic defects with a ZFS, an energy
difference between spin states is induced by the crystalline
electric field, passively creating a population imbalance in
a process we refer to as thermal spin polarization. The Cr3+

ions in ruby have spin S = 3
2 and exhibit a 2π × 11.5 GHz

ZFS between the |ms = + 3
2 〉 and |ms = + 1

2 〉 states [61].
At 293 K, the net population difference between these
two states in thermal equilibrium is 0.047% of the total
number of Cr3+ ions, corresponding to a polarized spin
density of approximately 7 × 1015 cm−3 (see Sec. S4 in
the Supplemental Material [62]). We note that thermal spin
polarization is also employed, for example, in electron
paramagnetic resonance spectroscopy or in demonstrations
of cavity quantum electrodynamic effects, but crucially
the energy difference in such experiments is typically pro-
duced by strong magnetic fields rather than by an intrinsic
property of the system [63–65]. To achieve similar polar-
ization to that induced in ruby, systems without a ZFS
would require a large magnetic field of 0.2 T [66]. In con-
trast, only a small field of approximately 0.003 T is applied
in this device, sufficient to lift undesirable degeneracies but
with negligible impact on spin polarization.

Ruby has several key properties which make it well
suited as a host crystal for MW cavity readout. First, the
ruby crystal can serve as the dielectric resonator, which
vastly improves the filling factor over volume-limited crys-
tals such as N-V diamond coupled to an external resonator.
Second, the ruby resonator supports a high quality-factor
mode (approximately 50 000) near the spin transition fre-
quency [67] enabling a large single-spin-photon coupling.
Third, ruby crystal growth is a mature technology, with
high-purity single-crystal material available in liter-scale
volumes [68,69]. Finally, ruby’s anisotropy induces suf-
ficient thermal spin polarization for high-sensitivity mag-
netometry at room temperature. Together, these properties
allow creation of a quantum sensor free of lasers, large
magnetic fields, and cryogenics. Because the sensing head
has a volume less than 100 cm3 and the supporting rf
and readout electronics are commercially available, this
sensor architecture may be viable for select nonlabora-
tory applications such as time-domain electromagnetic
surveying.

III. THEORETICAL BACKGROUND

To describe the use of ruby as a magnetometer, we begin
by reviewing the ruby Hamiltonian under application of an
external magnetic field B = [

Bx, By , Bz
]
. With the z axis

defined parallel to the ruby c-axis, the Cr3+ ground-state
Hamiltonian is [61]

H = g‖μBBzSz + g⊥μB(SxBx + SyBy)

+ D
[
S2

z − 1
3 S(S + 1)

]
, (1)

where μB is the Bohr magneton, g|| and g⊥ are the axial and
transverse g-factors, and D is the ZFS parameter. The total
spin angular momentum is S = 3

2 , and Sx, Sy , and Sz are
the spin matrices. At room temperature, the ZFS is 2D ≈
−2π × 11.49 GHz, and g‖ ≈ g⊥ ≈ 2 [61]. All Cr3+ sites
are magnetically equivalent.

Without an applied magnetic field, the eigenstates form
a Kramers doublet with degenerate pairs |ms = ± 1

2 〉 and
|ms = ± 3

2 〉 [70]. For magnetic fields applied parallel to
the c-axis, the eigenenergies vary linearly with SzBz, as
shown in Fig. 1(a) [61]. In this work, we primarily con-
sider magnetic fields parallel to the c-axis (see Sec. S1 in
the Supplemental Material [62]). If the eigenenergies are
accurately measured, their magnetic field dependence can
be exploited for high-sensitivity magnetometry.

Microwave cavity readout interrogates the spin tran-
sition frequency ωs by applying a MW probe signal at
frequency ωd to the ruby resonator and measuring the
reflected signal [38]. Shifts in ωs are encoded in the
spin ensemble’s absorptive and dispersive modification of
the reflection coefficient �. The complex-valued voltage
reflection coefficient is [38]

� = −1 + κc1
κc
2 + i(ωd − ωc) + �

, (2)

where κc ≡ κc0 + κc1 is the loaded cavity linewidth, κc0
and κc1 are the intrinsic cavity linewidth and input cou-
plings rates, ωc is the bare cavity resonance, and � is
an interaction term incorporating the absorptive and dis-
persive effects of the spins on the ruby resonator. The
interaction term � may be written as [38]

� = g2
s N

κs
2 + i(ωd − ωs) + g2

s ncavκs/(2κth)
κs
2 −i(ωd−ωs)

, (3)

where κs = 2/T2 is the homogeneous width of the spin res-
onance (see Sec. S2 in the Supplemental Material [62]),
κth = 1/T1 is the thermal polarization rate, ncav is the
average number of MW photons in the cavity over the
cavity lifetime 1/κc, and N is effective number of polar-
ized spins, given by the population difference between
the |ms = + 3

2 〉 and |ms = + 1
2 〉 states. The single spin-

photon coupling is gs = γ n⊥/2
√

�ωcμ0/Vcav, where γ is
the electron gyromagnetic ratio, Vcav is the ruby resonator
modal field volume, μ0 is the vacuum permeability, and
0 ≤ n⊥ ≤ 1 is a geometric factor, which occurs because
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FIG. 1. Ruby resonator design. (a) The electronic ground state of trivalent chromium (Cr3+) in sapphire consists of two pairs of
degenerate spin doublets separated by a 2π × 11.49 GHz zero-field splitting. External magnetic fields applied along the crystallo-
graphic c-axis lift the degeneracy of the |ms = ± 1

2 〉 and |ms = ± 3
2 〉 sublevels as shown, allowing the |ms = + 3

2 〉 ↔ |ms = + 1
2 〉

transition with frequency ωs to be addressed spectroscopically. (b) Device cross section. Microwaves are coupled into the ruby res-
onator shown in pink, with a single probe loop on the left. While the shield supports up to four probe loops, only a single probe is
used in this work. The ruby resonator is centered on a semi-insulating wafer of silicon carbide (SiC) and is clamped in place by a
spring-loaded fused-silica tube. A copper shield encloses the ruby resonator and improves the resonator’s quality-factor by decreasing
radiative losses. (c) Simulated rf magnetic field distribution of the ruby resonator’s TE01δ mode. The rf magnetic field is denoted by
white arrows, the ruby resonator is outlined in pink, and the SiC and fused-silica support structures are indicated by white dashed lines.

only fields transverse to the spin quantization axis can
drive transitions. The reflection coefficient � is maximally
sensitive to changes in magnetic field when all frequen-
cies are equal: ωc = ωd = ωs. By measuring the reflection
coefficient for various values of ωs, ωd, and applied MW
power, the spin-cavity interaction can be characterized.
Such characterization allows straightforward optimization
of the device as a magnetometer.

IV. EXPERIMENTAL SETUP

A. Microwave cavity

Previous room-temperature spin-cavity coupling exper-
iments employed a solid-state spin system coupled to
an external MW cavity [38,39,71,72]. In this work, the
MW cavity is formed by the host crystal of the spin sys-
tem itself. A monocrystalline ruby sample with a Cr3+

concentration of 0.05% by weight (see Sec. S4 in the
Supplemental Material [62]) is used to produce a TE01δ

cavity mode near the Cr3+ spin resonance. The resulting
ruby resonator is a cylinder 5.85 mm tall and 6.98 mm
in diameter [73], with the c-axis oriented radially. With
the given dimensions and relative dielectric constants of
ε|| = 11.5 and ε⊥ = 9.4 (parallel and perpendicular to the
c-axis, respectively) [73–75], the ruby resonator exhibits a
TE01δ resonance [Fig. 1(c)] at ωc ≈ 2π × 11.4 GHz with
a filling factor ζ ≈ 0.7 (see Sec. S3 in the Supplemental
Material [62]). As constructed, the ruby resonator has an
unloaded quality factor of Q0 = 35 000 [76].

The resonator is centered coaxially in a cylindrical cop-
per shield with an inner height of 16.1 mm and an inner
diameter of 24 mm [73], as shown in Fig. 1(b). This thin
shield (5 mm) improves the quality factor by mitigating

radiative losses at 11.4 GHz, but does not significantly
disturb dc and low-frequency magnetic fields of inter-
est. The ruby resonator is supported mechanically by a
330-μm-thick silicon carbide (SiC) wafer and a spring-
loaded fused-silica tube. By providing a strong thermal
link to the copper shield, the SiC reduces temperature
fluctuations due to the MW-induced heat load on the crys-
tal, thereby decreasing temperature-dependent shifts in the
cavity resonance [77].

The shielded ruby resonator is placed in a uniform mag-
netic field B0 created by an electromagnet, which is driven
by a bipolar operational amplifier power supply. The field
is oriented along the c-axis of the ruby resonator. This bias
magnetic field lifts the degeneracy of the |ms = ± 1

2 〉 and
|ms = ± 3

2 〉 spin states, allowing the |ms = + 1
2 〉 ↔ |ms =

+ 3
2 〉 transition (with angular frequency ωs) to be addressed

spectroscopically as an effective two-level system [78].
For magnetometry data in this work, B0 ≈ 31 G is cho-
sen so that the spin resonance at ωs and cavity resonance
at ωc are nearly equal. The Zeeman splitting from B0 is
small compared to the ZFS and does not contribute appre-
ciably to spin polarization. The probe MWs, at angular
frequency ωd, are then tuned so ωd ≈ ωc ≈ ωs to maximize
the spin-cavity interaction.

B. Microwave signal chain

In the MW cavity readout technique, the spin resonance
frequency ωs is inferred from the ensemble’s dispersive
shift of the cavity resonance [38,39]. The implementa-
tion in this work interrogates the cavity resonance using a
homodyne receiver structure, as shown in Fig. 2. The probe
MWs are first split into a signal arm and a reference arm.
Next, the signal arm is attenuated as needed, sampled by
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FIG. 2. Experimental setup and MW signal chain. A probe
MW signal near-resonant with the ruby resonator is split using
a 6 dB directional coupler into a signal arm and a reference arm.
Incident microwaves in the signal arm probe the ruby resonator
through a circulator. MW signals exiting the circulator are then
amplified by a low-noise amplifier and mixed to baseband using
an IQ mixer. The spectrum analyzer monitors the MW power
incident on the ruby resonator.

a spectrum analyzer through a 20-dB directional coupler,
and delivered to a circulator. Microwaves out of the cir-
culator are coupled into the ruby resonator using a probe
loop inserted into the copper shield. By using a circulator,
incident MWs are isolated from those reflected by the res-
onator, allowing the complex reflection coefficient � to be
measured. A 24-dB-gain low-noise amplifier amplifies the
reflected MWs, which are terminated in an IQ mixer’s rf
port. The IQ mixer’s LO port is driven by the reference
arm.

The signal is downconverted to baseband by the IQ
mixer, and both the I and Q channels are digitized. Cap-
turing both the I and Q mixer channels allows the reflected
signal to be reconstructed in software as if there were
a physical phase shifter (see Sec. S8 in the Supplemen-
tal Material [62]). The software reconstruction separates
the signal into an absorptive channel and a dispersive
channel.

V. EXPERIMENTAL RESULTS

A. Spin-cavity interaction

To quantify the strength of the interaction between the
cavity and spin ensemble, a low-power MW signal is
applied to the ruby resonator. The reflection coefficient is
measured as the MW drive frequency ωd and the magnetic
bias field (and thus the spin resonance frequency ωs) are
independently varied [79]. Figure 3 depicts the observed
and simulated avoided crossing with 0 dBm applied to the
ruby resonator. The best fit parameters derived from Eqs.
(2) and (3) are κc = 2π × 660 kHz, κs = 2π × 42 MHz,
κth = 2π × 120 kHz, and geff ≡ gs

√
N = 2π × 3.5 MHz,

–1

0

1

D
at

a
(

d
 -

 
c
)/

(2
) 

(M
H

z)

–40 –20 0 20 40

(
s
 - 

c
)/(2 ) (MHz)

–1

0

1

F
it

(
d
 -

 
c
)/

(2
) 

(M
H

z)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 r
ef

le
ct

ed
 M

W
 p

ow
er

(a)

(b)

FIG. 3. Ensemble-cavity coupling. (a) The spin resonance fre-
quency is swept across the bare cavity resonance (horizontal
axis) by varying the bias magnetic field; by concurrently vary-
ing the MW drive frequency (vertical axis), an avoided crossing
due to the ensemble-resonator coupling is observed. (b) Sim-
ulation accurately reproduces experimental results, providing
best-fit system parameters as described in the main text. Data
were recorded with 0 dBm applied to the ruby resonator under
critical coupling, and the reflection coefficient is normalized to
unity.

giving N = 3.5 × 1014 polarized Cr3+ spins with the cal-
culated value gs = 2π × 0.2 Hz (see Sec. S6 in the Sup-
plemental Material [62]). As this value for gs corresponds
to the coupling strength at the center of the resonator, the
parameter N represents an effective number of polarized
spins coupled, if each spin were coupled with identical
coupling strength. Using the Cr3+ concentration, we com-
pute Ntot = 8 × 1017 Cr3+ spins present within the modal
field volume. This corresponds to an effective polariza-
tion of P = 0.044%, in agreement with the expected value
(see Sec. S4 in the Supplemental Material [62]). The
collective cooperativity, defined as ξ = 4g2

eff/(κsκc), is a
dimensionless figure of merit describing the strength of the
ensemble-cavity interaction [80]. The given fit parameters
result in a collective cooperativity of ξ = 1.8, indicating
operation in the high-cooperativity regime (ξ > 1).

To characterize the system’s performance as a magne-
tometer, the system is probed under optimal applied MW
power (see Sec. S7 in the Supplemental Material [62]). The
cavity interaction with probe MWs is observed by fixing
the bias magnetic field so that ωs ≈ ωc and then sweeping
the MW drive frequency ωd and monitoring the reflected
signal, seen in Fig. 4(a). This is used to properly center
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FIG. 4. Reflection measurements of the spin-cavity response.
(a) Reflected absorptive ( ) and dispersive ( ) voltage signal as a
function of drive-cavity detuning (ωd − ωc). The dispersive shift
is near-linear around the zero-crossing. The asymmetry in the
cavity reflection profile is due to nonmonotonic amplifier gain
near saturation. (b) Reflected absorptive ( ) and dispersive ( )
voltage signal as a function of spin-cavity detuning (ωs − ωc).
Magnetometry is performed in the linear region near zero detun-
ing. The maximum slope on the dispersive component, Mmax ≈
3000 V/T, sets the device’s response when operated as a magne-
tometer. This maximum slope region extends ±0.25 mT around
zero detuning, which approximately sets the sensor’s dynamic
range. The slight observed asymmetry in both components is
hypothesized to result from the off-resonant spin transition inter-
acting with the ruby resonator mode and imperfect alignment of
the bias field with the optical axis (less than approximately 10◦).
The applied MW power for both panels is 11 dBm.

the drive frequency for magnetometry and reveals the cav-
ity linewidth κc, which is monitored to adjust the probe
loop for critical coupling. The dispersive and absorptive
responses of the spin resonance are observed by fixing
the MW drive frequency so that ωd ≈ ωc and sweep-
ing the bias magnetic field, seen in Fig. 4(b). (Iterating
between sweeps of ωd and ωs allows these parameters to
be accurately set to ωc.) When the spin transitions are res-
onant with the cavity, the dispersive component exhibits a
sharp slope with maximum value Mmax ≈ 3000 V/T. This
regime is of particular interest to magnetometry as the
reflected MW signal is maximally sensitive to changes in
the magnetic field [38].

B. Magnetometry

Small changes in the external magnetic field may be
detected by monitoring the dispersive shift of the reflected
MW probe signal. For high-sensitivity magnetometry, the
bias magnetic field is chosen so that the device oper-
ates in the region of maximal slope Mmax where the
reflected signal is most sensitive to the applied magnetic
field. Magnetometry measurements are performed using an
independently applied ac test magnetic field. The chosen
field magnitude is small compared to the spin resonance
linewidth κs so as not to perturb the system from the opti-
mal configuration. A low-noise signal generator drives a
coil to generate a test field with amplitude Brms

test = 242 nT,
frequency ωm = 2π × 10 Hz, and orientation along the
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FIG. 5. Broadband magnetometry using Cr3+ ions in ruby.
Magnetometry is performed by measuring MWs reflected off the
ruby resonator using an IQ mixer. Based on the noise spectral
density measured during magnetometer operation ( ) we project
a sensitivity of approximately 10 pT/

√
Hz in the low-noise band

between 4 kHz and 6 kHz. The projected sensitivity in the low-
noise band approaches the noise floor set by amplifier, mixer, and
readout electronics ( ). We compute a thermal-noise-limited sen-
sitivity ( ) of 1.1 pT/

√
Hz using the measured device response

from Fig. 4(b). See Sec. S9 in the Supplemental Material [62] for
a discussion of the noise spectrum shape.

ruby c-axis. This frequency is chosen high enough that
flicker noise does not limit the digitization fidelity, but
low enough that the test field is not significantly attenu-
ated by the copper shield (see Sec. S5 in the Supplemental
Material [62]). The amplitude of the applied test field is
verified using three independent methods (see Sec. S5 in
the Supplemental Material [62]).

By computing the spectrum of the rms voltage in the
dispersive channel and evaluating the peak at the test field
frequency ωm, which we denote Vm, we can calculate the
projected magnetic sensitivity as

η = en

Vm/Brms
test

, (4)

where en is the rms voltage noise floor of the single-sided
spectrum and Brms

test is the rms amplitude of the applied test
field. There are competing effects which dictate the opti-
mal interrogation MW power. Increasing the MW power
increases the signal amplitude, but also causes power
broadening, decreasing the fractional change in signal for
a given change in applied magnetic field [81]. For magne-
tometry, the device is operated at the optimized values of
11 dBm of MW power and a bias field of B0 = 31 G (see
Sec. S7 in the Supplemental Material [62]). This bias field
B0 produces ωs ≈ ωc, consistent with the expectation that
ωs ≈ ωc ≈ ωd is optimal for magnetometry [38,61].

We measure a noise floor of en = 26 nV/
√

Hz at
the digitizer under optimal operating conditions. From
this measurement, we project an optimal sensitivity of
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η = 9.7 pT/
√

Hz at 5 kHz (Fig. 5). In future work, dc sig-
nals could be upmodulated to this low-noise band using an
ac bias field.

VI. DISCUSSION

At present, the MW source’s phase noise is the dom-
inant noise source. Calculations suggest removing this
contribution would allow a sensitivity of 4.8 pT/

√
Hz (see

Sec. S10 in the Supplemental Material [62]). Although
using a MW source with better phase noise is feasible,
it may be similarly effective to use a Pound-type scheme
[82], where the cavity is interrogated with a frequency-
modulated signal. This encodes the reflected signal at the
modulation frequency, where the MW source’s phase noise
can be substantially lower. In either case, improvements
or changes to the remaining readout and MW electron-
ics would then be required to approach the thermal-noise
limit ηth = 1.1 pT/

√
Hz (see Sec. S10 in the Supplemental

Material [62]).
To further improve device sensitivity, the thermal-noise

limit must be decreased. Section S11 in the Supplemen-
tal Material [62] shows that while improving the resonator
linewidth will produce little change in the thermal-noise
limit, increasing the number of polarized spins or reduc-
ing the spin linewidth should be more effective. Using a
whispering gallery mode in a physically larger resonator
would likely increase the number of polarized spins as well
as the optimal interrogation power [83–85]. On the other
hand, the prospects for improving the spin linewidth in
ruby remain unclear, as κs is likely limited by interactions
between Cr3+ and 27Al in the lattice, as detailed in Sec. S2
in the Supplemental Material [62]

Other changes might improve the sensor’s flexibility or
utility. Presently, a field of approximately 0.003 T ensures
the |ms = ± 1

2 〉 and |ms = ± 3
2 〉 spin states are well resolved

spectroscopically and the resonator strongly couples only
to a single spin transition. For applications requiring accu-
rate measurement of low-frequency or dc fields, drift in this
bias field could be problematic. An alternative approach
might resolve the desired transition using circularly polar-
ized microwaves instead, thus removing the requirement
for any bias field. With a bias field, the magnetometer acts
as a vector sensor (see Sec. S1 in the Supplemental Mate-
rial [62]), but the device response without a bias field is
more complicated, and further study is required to develop
a scheme for vector magnetometry using circularly polar-
ized probe microwaves.

This work demonstrates a generalization of the MW
cavity readout technique [38] combined with spin states
prepared by thermal spin polarization arising from a ZFS.
By removing the need for optical polarization, solid-state
spin sensors can be made smaller, lighter, and more power
efficient, as well as avoid challenges of light delivery,
including high heat loads and laser pointing, polarization,

and amplitude noise. Further, this technique is applicable
to a broad class of paramagnetic defects, including those
with a ZFS at gigahertz scale or higher. As a result, param-
agnetic defects which are currently unsuitable for sensors
due to poor optical initialization or poor optical readout
may become viable. For example, the approach demon-
strated here could be further developed as an alternative
readout scheme for silicon vacancies or divacancies in SiC
[86–89]. Access to a broader range of defects may offer
a variety of advantages, including improved performance
due to application-tailored energy-level structures, mate-
rial loss tangents, and dielectric constants. In addition, the
use of alternative defects could spur advances in sensing
modalities beyond magnetometry, including electric field
and time sensing [90].
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Hu, M. Lončar, R. L. Walsworth, and E. V. Levine, Mag-
netic Field Fingerprinting of Integrated-Circuit Activity
with a Quantum Diamond Microscope, Phys. Rev. Appl.
14, 014097 (2020).

[11] R. Patel, L. Zhou, A. Frangeskou, G. Stimpson, B. Breeze,
A. Nikitin, M. Dale, E. Nichols, W. Thornley, B. Green,
M. Newton, A. Edmonds, M. Markham, D. Twitchen,
and G. Morley, Subnanotesla Magnetometry with a Fiber-
Coupled Diamond Sensor, Phys. Rev. Appl. 14, 044058
(2020).

[12] I. Bertelli, J. J. Carmiggelt, T. Yu, B. G. Simon, C. C.
Pothoven, G. E. W. Bauer, Y. M. Blanter, J. Aarts, and
T. van der Sar, Magnetic resonance imaging of spin-wave
transport and interference in a magnetic insulator, Sci.
Adv. 6, eabd3556 (2020).

[13] T. Lenz, G. Chatzidrosos, Z. Wang, L. Bougas, Y.
Dumeige, A. Wickenbrock, N. Kerber, J. Zázvorka, F.
Kammerbauer, and M. Kläui, et al., Imaging Topological
Spin Structures Using Light-Polarization and Magnetic
Microscopy, Phys. Rev. Appl. 15, 024040 (2021).

[14] A. Jenkins, S. Baumann, H. Zhou, S. A. Meynell, D. Yang,
K. Watanabe, T. Taniguchi, A. Lucas, A. F. Young, and A.
C. Bleszynski Jayich, Imaging the breakdown of ohmic
transport in graphene, (2020), ArXiv:2002.05065.

[15] S. Hsieh, P. Bhattacharyya, C. Zu, T. Mittiga, T. J. Smart,
F. Machado, B. Kobrin, T. O. Höhn, N. Z. Rui, M. Kam-
rani, S. Chatterjee, S. Choi, M. Zaletel, V. V. Struzhkin,
J. E. Moore, V. I. Levitas, R. Jeanloz, and N. Y. Yao,
Imaging stress and magnetism at high pressures using a
nanoscale quantum sensor, Science 366, 1349 (2019).

[16] I. Lovchinsky, A. O. Sushkov, E. Urbach, N. P. de Leon,
S. Choi, K. De Greve, R. Evans, R. Gertner, E. Bersin, C.
Müller, L. McGuinness, F. Jelezko, R. L. Walsworth, H.
Park, and M. D. Lukin, Nuclear magnetic resonance detec-
tion and spectroscopy of single proteins using quantum
logic, Science 351, 836 (2016).

[17] J. Achard, V. Jacques, and A. Tallaire, Chemical vapour
deposition diamond single crystals with nitrogen-vacancy
centres: A review of material synthesis and technology for
quantum sensing applications, J. Phys. D: Appl. Phys. 53,
313001 (2020).

[18] A. Tallaire, O. Brinza, P. Huillery, T. Delord, C. Pellet-
Mary, R. Staacke, B. Abel, S. Pezzagna, J. Meijer, N.
Touati, L. Binet, A. Ferrier, P. Goldner, G. Hetet, and J.
Achard, High NV density in a pink CVD diamond grown
with N2O addition, Carbon 170, 421 (2020).

[19] S. T. Alsid, J. F. Barry, L. M. Pham, J. M. Schloss,
M. F. O’Keeffe, P. Cappellaro, and D. A. Braje,
Photoluminescence Decomposition Analysis: A Tech-
nique to Characterize N-V Creation in Diamond, Phys.
Rev. Appl. 12, 044003 (2019).

[20] M. N. Ashfold, J. P. Goss, B. L. Green, P. W. May, M. E.
Newton, and C. V. Peaker, Nitrogen in diamond, Chem.
Rev. 120, 5745 (2020).

[21] E. Bauch, S. Singh, J. Lee, C. A. Hart, J. M. Schloss,
M. J. Turner, J. F. Barry, L. M. Pham, N. Bar-Gill, S. F.
Yelin, and R. L. Walsworth, Decoherence of ensembles of
nitrogen-vacancy centers in diamond, Phys. Rev. B 102,
134210 (2020).

[22] G. Wolfowicz, F. J. Heremans, C. P. Anderson, S. Kanai,
H. Seo, A. Gali, G. Galli, and D. D. Awschalom, Quantum
guidelines for solid-state spin defects, Nat. Rev. Mater.
(2021).

[23] A. M. Edmonds, C. A. Hart, M. J. Turner, P.-O. Colard,
J. M. Schloss, K. Olsson, R. Trubko, M. L. Markham,
A. Rathmill, B. Horne-Smith, W. Lew, A. Manickam, S.
Bruce, P. G. Kaup, J. C. Russo, M. J. DiMario, J. T. South,
J. T. Hansen, D. J. Twitchen, and R. Walsworth, Charac-
terisation of CVD diamond with high concentrations of
nitrogen for magnetic-field sensing applications, Mater.
Quantum Technol. 1, 025001 (2021).

[24] A. Watanabe, T. Nishikawa, H. Kato, M. Fujie, M. Fuji-
wara, T. Makino, S. Yamasaki, E. Herbschleb, and N.
Mizuochi, Shallow NV centers augmented by exploiting
n-type diamond, Carbon 178, 294 (2021).

[25] D. Bluvstein, Z. Zhang, and A. C. B. Jayich, Identifying
and Mitigating Charge Instabilities in Shallow Diamond
Nitrogen-Vacancy Centers, Phys. Rev. Lett. 122, 076101
(2019).

[26] N. Aslam, M. Pfender, P. Neumann, R. Reuter, A. Zappe,
F. Fávaro de Oliveira, A. Denisenko, H. Sumiya, S.
Onoda, J. Isoya, and J. Wrachtrup, Nanoscale nuclear
magnetic resonance with chemical resolution, Science
357, 67 (2017).

[27] A. Waeber, G. Gillard, G. Ragunathan, M. Hopkinson,
P. Spencer, D. Ritchie, M. Skolnick, and E. Chekhovich,
Pulse control protocols for preserving coherence in
dipolar-coupled nuclear spin baths, Nat. Commun. 10,
3157 (2019).

[28] M. F. O’Keeffe, L. Horesh, J. F. Barry, D. A. Braje, and
I. L. Chuang, Hamiltonian engineering with constrained
optimization for quantum sensing and control, New J.
Phys. 21, 023015 (2019).

[29] D. R. Glenn, D. B. Bucher, J. Lee, M. D. Lukin, H. Park,
and R. L. Walsworth, High-resolution magnetic resonance
spectroscopy using a solid-state spin sensor, Nature 555,
351 (2018).

[30] E. Bauch, C. A. Hart, J. M. Schloss, M. J. Turner, J.
F. Barry, P. Kehayias, S. Singh, and R. L. Walsworth,
Ultralong Dephasing Times in Solid-State Spin Ensem-
bles via Quantum Control, Phys. Rev. X 8, 031025
(2018).

[31] J. Smits, J. T. Damron, P. Kehayias, A. F. McDow-
ell, N. Mosavian, I. Fescenko, N. Ristoff, A. Laraoui,
A. Jarmola, and V. M. Acosta, Two-dimensional nuclear
magnetic resonance spectroscopy with a microfluidic
diamond quantum sensor, Sci. Adv. 5, eaaw7895
(2019).

[32] N. Bar-Gill, L. M. Pham, A. Jarmola, D. Budker, and R.
L. Walsworth, Solid-state electronic spin coherence time
approaching one second, Nat. Commun. 4, 1743 (2013).

044004-7

https://doi.org/10.1126/science.aaa2253
https://doi.org/10.1103/PhysRevApplied.15.024015
https://doi.org/10.1103/PhysRevApplied.14.014097
https://doi.org/10.1103/PhysRevApplied.14.044058
https://doi.org/10.1126/sciadv.abd3556
https://doi.org/10.1103/PhysRevApplied.15.024040
https://arxiv.org/abs/2002.05065
https://doi.org/10.1126/science.aaw4352
https://doi.org/10.1126/science.aad8022
https://doi.org/10.1088/1361-6463/ab81d1
https://doi.org/10.1016/j.carbon.2020.08.048
https://doi.org/10.1103/PhysRevApplied.12.044003
https://doi.org/10.1021/acs.chemrev.9b00518
https://doi.org/10.1103/PhysRevB.102.134210
https://doi.org/10.1088/2633-4356/abd88a
https://doi.org/10.1016/j.carbon.2021.03.010
https://doi.org/10.1103/PhysRevLett.122.076101
https://doi.org/10.1126/science.aam8697
https://doi.org/10.1038/s41467-019-11160-6
https://doi.org/10.1088/1367-2630/ab00be
https://doi.org/10.1038/nature25781
https://doi.org/10.1103/PhysRevX.8.031025
https://doi.org/10.1126/sciadv.aaw7895
https://doi.org/10.1038/ncomms2771


REGINALD WILCOX et al. PHYS. REV. APPLIED 17, 044004 (2022)

[33] A. Dréau, M. Lesik, L. Rondin, P. Spinicelli, O. Arcizet,
J.-F. Roch, and V. Jacques, Avoiding power broadening
in optically detected magnetic resonance of single NV
defects for enhanced dc magnetic field sensitivity, Phys.
Rev. B 84, 195204 (2011).

[34] C. A. Hart, J. M. Schloss, M. J. Turner, P. J. Scheidegger,
E. Bauch, and R. L. Walsworth, N-V–diamond Magnetic
Microscopy Using a Double Quantum 4-Ramsey Protocol,
Phys. Rev. Appl. 15, 044020 (2021).

[35] L. M. Pham, N. Bar-Gill, C. Belthangady, D. Le Sage, P.
Cappellaro, M. D. Lukin, A. Yacoby, and R. L. Walsworth,
Enhanced solid-state multispin metrology using dynami-
cal decoupling, Phys. Rev. B 86, 045214 (2012).

[36] P. Neumann, J. Beck, M. Steiner, F. Rempp, H. Fedder,
P. R. Hemmer, J. Wrachtrup, and F. Jelezko, Single-
shot readout of a single nuclear spin, Science 329, 542
(2010).

[37] B. J. Shields, Q. P. Unterreithmeier, N. P. de Leon, H.
Park, and M. D. Lukin, Efficient Readout of a Single Spin
State in Diamond via Spin-To-Charge Conversion, Phys.
Rev. Lett. 114, 136402 (2015).

[38] E. R. Eisenach, J. F. Barry, M. F. O’Keeffe, J. M. Schloss,
M. H. Steinecker, D. R. Englund, and D. A. Braje, Cavity-
enhanced microwave readout of a solid-state spin sensor,
Nat. Commun. 12, 1357 (2021).

[39] J. Ebel, T. Joas, M. Schalk, P. Weinbrenner, A. Angerer,
J. Majer, and F. Reinhard, Dispersive readout of room-
temperature ensemble spin sensors, Quantum Sci. Tech-
nol. 6, 03LT01 (2021).

[40] E. Bourgeois, A. Jarmola, P. Siyushev, M. Gulka, J.
Hruby, F. Jelezko, D. Budker, and M. Nesladek, Photo-
electric detection of electron spin resonance of nitrogen-
vacancy centres in diamond, Nat. Commun. 6, 1 (2015).

[41] D. A. Hopper, R. R. Grote, A. L. Exarhos, and L. C.
Bassett, Near-infrared-assisted charge control and spin
readout of the nitrogen-vacancy center in diamond, Phys.
Rev. B 94, 241201 (2016).

[42] D. A. Hopper, H. J. Shulevitz, and L. C. Bassett, Spin
readout techniques of the nitrogen-vacancy center in dia-
mond, Micromachines 9, 437 (2018).

[43] M. Niethammer, M. Widmann, T. Rendler, N. Morioka,
Y.-C. Chen, R. Stöhr, J. U. Hassan, S. Onoda, T. Ohshima,
S.-Y. Lee, A. Mukherjee, J. Isoya, N. T. Son, and J.
Wrachtrup, Coherent electrical readout of defect spins in
silicon carbide by photo-ionization at ambient conditions,
Nat. Commun. 10, 5569 (2019).

[44] J. F. Barry, J. M. Schloss, E. Bauch, M. J. Turner, C.
A. Hart, L. M. Pham, and R. L. Walsworth, Sensitivity
optimization for NV-diamond magnetometry, Rev. Mod.
Phys. 92, 015004 (2020).

[45] P. Kehayias, A. Jarmola, N. Mosavian, I. Fescenko, F. M.
Benito, A. Laraoui, J. Smits, L. Bougas, D. Budker, A.
Neumann, S. R. J. Brueck, and V. M. Acosta, Solution
nuclear magnetic resonance spectroscopy on a nanostruc-
tured diamond chip, Nat. Commun. 8, 188 (2017).

[46] I. Fescenko, A. Jarmola, I. Savukov, P. Kehayias, J.
Smits, J. Damron, N. Ristoff, N. Mosavian, and V.
M. Acosta, Diamond magnetometer enhanced by fer-
rite flux concentrators, Phys. Rev. Res. 2, 023394
(2020).

[47] D. B. Bucher, D. R. Glenn, H. Park, M. D. Lukin,
and R. L. Walsworth, Hyperpolarization-Enhanced NMR
Spectroscopy with Femtomole Sensitivity Using Quantum
Defects in Diamond, Phys. Rev. X 10, 021053 (2020).

[48] K.-M. C. Fu, G. Z. Iwata, A. Wickenbrock, and D. Bud-
ker, Sensitive magnetometry in challenging environments,
AVS Quantum Sci. 2, 044702 (2020).

[49] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum
sensing, Rev. Mod. Phys. 89, 035002 (2017).

[50] R. C. Jaklevic, J. Lambe, A. H. Silver, and J. E. Mercereau,
Quantum Interference Effects in Josephson Tunneling,
Phys. Rev. Lett. 12, 159 (1964).

[51] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V.
Romalis, A subfemtotesla multichannel atomic magne-
tometer, Nature 422, 596 (2003).

[52] A. Grosz, G. Haji-Sheikh, and S. Mukhopadhyay, High
Sensitivity Magnetometers (Springer, 2017).

[53] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Bud-
ker, P. R. Hemmer, A. Yacoby, R. Walsworth, and M.
D. Lukin, High-sensitivity diamond magnetometer with
nanoscale resolution, Nat. Phys. 4, 810 (2008).

[54] G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nanometre-scale
thermometry in a living cell, Nature 500, 54 (2013).

[55] P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter,
G. Waldherr, J. Honert, T. Wolf, A. Brunner, J. H.
Shim, D. Suter, H. Sumiya, J. Isoya, and J. Wrachtrup,
High-precision nanoscale temperature sensing using sin-
gle defects in diamond, Nano Lett. 13, 2738 (2013).

[56] S.-C. Zhang, Y. Dong, B. Du, H.-B. Lin, S. Li, W. Zhu, G.-
Z. Wang, X.-D. Chen, G.-C. Guo, and F.-W. Sun, A robust
fiber-based quantum thermometer coupled with nitrogen-
vacancy centers, Rev. Sci. Instrum. 92, 044904 (2021).

[57] Y. Nishimura, K. Oshimi, Y. Umehara, Y. Kumon, K.
Miyaji, H. Yukawa, Y. Shikano, T. Matsubara, M. Fuji-
wara, Y. Baba, and Y. Teki, Wide-field fluorescent nan-
odiamond spin measurements toward real-time large-area
intracellular thermometry, Sci. Rep. 11, 4248 (2021).

[58] J. Michl, J. Steiner, A. Denisenko, A. Bülau, A. Zimmer-
mann, K. Nakamura, H. Sumiya, S. Onoda, P. Neumann,
J. Isoya, and J. Wrachtrup, Robust and accurate electric
field sensing with solid state spin ensembles, Nano Lett.
19, 4904 (2019).

[59] B. Yang, T. Murooka, K. Mizuno, K. Kim, H. Kato,
T. Makino, M. Ogura, S. Yamasaki, M. E. Schmidt, H.
Mizuta, A. Yacoby, M. Hatano, and T. Iwasaki, Vector
Electrometry in a Wide-Gap-Semiconductor Device Using
a Spin-Ensemble Quantum Sensor, Phys. Rev. Appl. 14,
044049 (2020).

[60] E. H. Chen, H. A. Clevenson, K. A. Johnson, L. M. Pham,
D. R. Englund, P. R. Hemmer, and D. A. Braje, High-
sensitivity spin-based electrometry with an ensemble of
nitrogen-vacancy centers in diamond, Phys. Rev. A 95,
053417 (2017).

[61] T.-T. Chang, D. Foster, A. H. Kahn, An intensity standard
for electron paramagnetic resonance using chromium-
doped corundum (Al2O3 : Cr3+), J. Res. Natl. Bur. Stand.
83, 133 (1978).

[62] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.17.044004 for more

044004-8

https://doi.org/10.1103/PhysRevB.84.195204
https://doi.org/10.1103/PhysRevApplied.15.044020
https://doi.org/10.1103/PhysRevB.86.045214
https://doi.org/10.1126/science.1189075
https://doi.org/10.1103/PhysRevLett.114.136402
https://doi.org/10.1038/s41467-021-21256-7
https://doi.org/10.1088/2058-9565/abfaaf
https://doi.org/10.1038/ncomms9577
https://doi.org/10.1103/PhysRevB.94.241201
https://doi.org/10.3390/mi9090437
https://doi.org/10.1038/s41467-019-13545-z
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1038/s41467-017-00266-4
https://doi.org/10.1103/PhysRevResearch.2.023394
https://doi.org/10.1103/PhysRevX.10.021053
https://doi.org/10.1116/5.0025186
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/PhysRevLett.12.159
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nphys1075
https://doi.org/10.1038/nature12373
https://doi.org/10.1021/nl401216y
https://doi.org/10.1063/5.0044824
https://doi.org/10.1038/s41598-021-83285-y
https://doi.org/10.1021/acs.nanolett.9b00900
https://doi.org/10.1103/PhysRevApplied.14.044049
https://doi.org/10.1103/PhysRevA.95.053417
https://doi.org/10.6028/jres.083.008
http://link.aps.org/supplemental/10.1103/PhysRevApplied.17.044004


THERMALLY POLARIZED SOLID-STATE. . . PHYS. REV. APPLIED 17, 044004 (2022)

information on ruby properties, power and magnetic
field calibration, parameter estimation, and noise analysis,
which includes the Refs. [93–107].

[63] C. P. Poole, Electron Spin Resonance: A Comprehensive
Treatise on Experimental Techniques (Dover Publica-
tions, Inc., Mineola, New York, 1996).

[64] J. H. N. Loubser and J. A. van Wyk, Electron spin reso-
nance in the study of diamond, Rep. Prog. Phys. 41, 1201
(1978).

[65] G. R. Eaton, S. S. Eaton, D. P. Barr, and R. T. Weber,
Quantitative EPR (Springer Science & Business Media,
Vienna, 2010).

[66] R. Cammack, in Encyclopedia of Biophysics, edited by
G. C. K. Roberts (Springer Berlin Heidelberg, Berlin,
Heidelberg, 2013), p. 695.

[67] D. G. Blair and I. N. Evans, High-Q microwave properties
of a sapphire ring resonator, J. Phys. D: Appl. Phys. 15,
1651 (1982).

[68] D. C. Harris, in Window and Dome Technologies VIII, Vol.
5078, edited by R. W. Tustison, International Society for
Optics and Photonics (SPIE, 2003), p. 1.

[69] V. Kurlov, in Reference Module in Materials Science and
Materials Engineering (Elsevier, 2016).

[70] V. K. Sewani, R. J. Stöhr, R. Kolesov, H. H. Vallabhapu-
rapu, T. Simmet, A. Morello, and A. Laucht, Spin ther-
mometry and spin relaxation of optically detected Cr3+

ions in ruby Al2O3, Phys. Rev. B 102, 104114 (2020).
[71] J. D. Breeze, E. Salvadori, J. Sathian, N. M. Alford, and

C. W. Kay, Room-temperature cavity quantum electrody-
namics with strongly coupled dicke states, npj Quantum
Inf. 3, 40 (2017).

[72] J. D. Breeze, E. Salvadori, J. Sathian, N. M. Alford, and
C. W. Kay, Continuous-wave room-temperature diamond
maser, Nature 555, 493 (2018).

[73] J. Breeze, Temperature and Frequency Dependence of
Complex Permittivity in Metal Oxide Dielectrics: Theory,
Modelling and Measurement (Springer, 2016).

[74] J. Krupka, K. Derzakowski, M. Tobar, J. Harnett, and R.
G. Geyer, Complex permittivity of some ultralow loss
dielectric crystals at cryogenic temperatures, Meas. Sci.
Technol. 10, 387 (1999).

[75] Y. Kobayashi and T. Senju, Resonant modes in shielded
uniaxial-anisotropic dielectric rod resonators, IEEE Trans.
Microwave Theory Tech. 41, 2198 (1993).

[76] Without the SiC, which lowers the quality-factor due to a
higher loss tangent [74,91] and spreading of the mode, we
measured Q0 = 50 000.

[77] M. E. Tobar, J. Krupka, E. N. Ivanov, and R. A. Woode,
in Proceedings of 1996 IEEE International Frequency
Control Symposium (1996), p. 799.

[78] The spin resonance has an observed linewidth κs = 2π ×
42MHz, corresponding to 15 G. Thus, for bias magnetic
fields greater than approximately 15 G, the |ms = + 1

2 〉 ↔
|ms = + 3

2 〉 transition is spectrally separated from all other
transitions.

[79] The low-noise amplifier is removed from the signal chain
during this process to reduce amplitude-dependent distor-
tion on the reflected signal.

[80] H. Tanji-Suzuki, I. D. Leroux, M. H. Schleier-Smith, M.
Cetina, A. T. Grier, J. Simon, and V. Vuletić, in Advances

in Atomic, Molecular, and Optical Physics, Vol. 60, edited
by E. Arimondo, P. Berman, and C. Lin (Academic Press,
2011), p. 201.

[81] A. Abragam, Principles of Nuclear Magnetism, Interna-
tional Series of Monographs on Physics (Clarendon Press,
1983).

[82] R. V. Pound, Electronic frequency stabilization of
microwave oscillators, Rev. Sci. Instrum. 17, 490 (1946).

[83] W. G. Farr, M. Goryachev, D. L. Creedon, and M. E.
Tobar, Strong coupling between whispering gallery modes
and chromium ions in ruby, Phys. Rev. B 90, 054409
(2014).

[84] J. Bourhill, M. Goryachev, W. G. Farr, and M. E. Tobar,
Collective behavior of Cr3+ ions in ruby revealed by
whispering gallery modes, Phys. Rev. A 92, 023805
(2015).

[85] W. G. Farr, D. L. Creedon, M. Goryachev, K. Benmes-
sai, and M. E. Tobar, Ultrasensitive microwave spec-
troscopy of paramagnetic impurities in sapphire crystals at
millikelvin temperatures, Phys. Rev. B 88, 224426 (2013).

[86] D. Simin, F. Fuchs, H. Kraus, A. Sperlich, P. G. Baranov,
G. V. Astakhov, and V. Dyakonov, High-Precision Angle-
Resolved Magnetometry with Uniaxial Quantum Centers
in Silicon Carbide, Phys. Rev. Appl. 4, 014009 (2015).

[87] H. Kraus, V. Soltamov, D. Riedel, S. Väth, F. Fuchs,
A. Sperlich, P. Baranov, V. Dyakonov, and G. Astakhov,
Room-temperature quantum microwave emitters based on
spin defects in silicon carbide, Nat. Phys. 10, 157 (2014).

[88] M. Niethammer, M. Widmann, S.-Y. Lee, P. Stenberg,
O. Kordina, T. Ohshima, N. T. Son, E. Janzén, and J.
Wrachtrup, Vector Magnetometry Using Silicon Vacan-
cies in 4H -SiC under Ambient Conditions, Phys. Rev.
Appl. 6, 034001 (2016).

[89] J. B. S. Abraham, C. Gutgsell, D. Todorovski, S. Sper-
ling, J. E. Epstein, B. S. Tien-Street, T. M. Sweeney, J.
J. Wathen, E. A. Pogue, P. G. Brereton, T. M. McQueen,
W. Frey, B. D. Clader, and R. Osiander, Nanotesla Mag-
netometry with the Silicon Vacancy in Silicon Carbide,
Phys. Rev. Appl. 15, 064022 (2021).

[90] M. E. Trusheim, K. Jacobs, J. E. Hoffman, D. P. Fahey,
D. A. Braje, and D. Englund, A polariton-stabilized spin
clock, (2020), ArXiv:2009.02427.

[91] V. Parshin, E. Serov, G. Denisov, B. Garin, R. Denisyuk,
V. V’yuginov, V. Klevtsov, and N. Travin, Silicon car-
bide for high-power applications at MM and THz ranges,
Diamond Relat. Mater. 80, 1 (2017).

[92] E. O. Schulz-Du Bois, Paramagnetic spectra of substituted
sapphires - part I: Ruby, Bell Sys. Tech. J. 38, 271 (1959).

[93] W. J. C. Grant and M. W. P. Strandberg, Line shapes of
paramagnetic resonances of chromium in ruby, Phys. Rev.
135, A727 (1964).

[94] R. F. Wenzel, Second moment of the Cr3+ EPR line in
ruby broadened by strong hyperfine interactions, Phys.
Rev. B 1, 3109 (1970).

[95] S. A. Peskovatskii, Electromultipole interaction and para-
magnetic relaxation in ruby I. EPR line shape in ruby,
Phys. Stat. Sol. 40, 347 (1970).

[96] R. Boscaino, M. Brai, I. Ciccarello, and G. Contrino, Line
broadening of the EPR absorption spectrum of ruby, Phys.
Lett. A 46, 190 (1973).

044004-9

https://doi.org/10.1088/0034-4885/41/8/002
https://doi.org/10.1088/0022-3727/15/9/008
https://doi.org/10.1103/PhysRevB.102.104114
https://doi.org/10.1038/s41534-017-0041-3
https://doi.org/10.1038/nature25970
https://doi.org/10.1088/0957-0233/10/5/308
https://doi.org/10.1109/22.260706
https://doi.org/10.1063/1.1770414
https://doi.org/10.1103/PhysRevB.90.054409
https://doi.org/10.1103/PhysRevA.92.023805
https://doi.org/10.1103/PhysRevB.88.224426
https://doi.org/10.1103/PhysRevApplied.4.014009
https://doi.org/10.1038/nphys2826
https://doi.org/10.1103/PhysRevApplied.6.034001
https://doi.org/10.1103/PhysRevApplied.15.064022
https://arxiv.org/abs/2009.02427
https://doi.org/10.1016/j.diamond.2017.09.007
https://doi.org/10.1002/j.1538-7305.1959.tb01578.x
https://doi.org/10.1103/PhysRev.135.A727
https://doi.org/10.1103/PhysRevB.1.3109
https://doi.org/10.1002/pssb.19700400136
https://doi.org/10.1016/0375-9601(73)90129-1


REGINALD WILCOX et al. PHYS. REV. APPLIED 17, 044004 (2022)

[97] A. Szabo, T. Muramoto, and R. Kaarli, 27Al nuclear-spin
dephasing in the ruby frozen core and Cr3+ spin-flip-time
measurements, Phys. Rev. B 42, 7769 (1990).

[98] A. M. Portis, Electronic structure of F centers: Satura-
tion of the electron spin resonance, Phys. Rev. 91, 1071
(1953).

[99] C. P. Poole and H. A. Farach, Line shapes in electron spin
resonance, Bull. Magn. Reson. 1, 162 (1979).

[100] A. A. Manenkov and A. M. Prokhorov, Spin-lattice relax-
ation in chromium corundum, Sov. Phys. JETP 11, 3
(1960).

[101] J. A. Giordmaine, L. E. Alsop, F. R. Nash, and C. H.
Townes, Paramagnetic relaxation at very low tempera-
tures, Phys. Rev. 109, 302 (1958).

[102] D. I. Schuster, A. P. Sears, E. Ginossar, L. DiCarlo, L.
Frunzio, J. J. L. Morton, H. Wu, G. A. D. Briggs, B. B.

Buckley, D. D. Awschalom, and R. J. Schoelkopf, High-
Cooperativity Coupling of Electron-Spin Ensembles to
Superconducting Cavities, Phys. Rev. Lett. 105, 140501
(2010).

[103] P. Villars, K. Cenzual, eds., PAULING FILE in: Inor-
ganic Solid Phases, SpringerMaterials (online database)
(Springer, Heidelberg, SpringerMaterials, 2016).

[104] D. Meeker, Finite element method magnetics (2019).
[105] J. P. Van Der Ziel and N. Bloembergen, Optically induced

magnetization in ruby, Phys. Rev. 138, A1287 (1965).
[106] R. Michel, The temperature-dependence of electron spin-

lattice relaxation times in ruby, J. Phys. Chem. Solids 13,
164 (1960).

[107] C. M. Verber, H. P. Mahon, and W. H. Tanttila, Nuclear
resonance of aluminum in synthetic ruby, Phys. Rev. 125,
1149 (1962).

044004-10

https://doi.org/10.1103/PhysRevB.42.7769
https://doi.org/10.1103/PhysRev.91.1071
https://doi.org/10.1103/PhysRev.109.302
https://doi.org/10.1103/PhysRevLett.105.140501
https://doi.org/10.1103/PhysRev.138.A1287
https://doi.org/10.1016/0022-3697(60)90140-2
https://doi.org/10.1103/PhysRev.125.1149

	I. INTRODUCTION
	II. THERMAL SPIN POLARIZATION IN RUBY
	III. THEORETICAL BACKGROUND
	IV. EXPERIMENTAL SETUP
	A. Microwave cavity
	B. Microwave signal chain

	V. EXPERIMENTAL RESULTS
	A. Spin-cavity interaction
	B. Magnetometry

	VI. DISCUSSION
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


