PHYSICAL REVIEW APPLIED 19, 054095 (2023)

Editors’ Suggestion

Solid-State Microwave Magnetometer with Picotesla-Level Sensitivity

Scott T. Alsid®,"? Jennifer M. Schloss®,"" Matthew H. Steinecker®,' John F. Barry®,
Andrew C. Maccabe®,' Guoging Wang (FE[EX)®,? Paola Cappellaro®,>* and Danielle A. Braje®'

'Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02421, USA

? Research Laboratory of Electronics and Department of Nuclear Science and Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139, USA

3Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

™ (Received 15 July 2022; revised 5 March 2023; accepted 14 March 2023; published 31 May 2023)

Quantum sensing of low-frequency magnetic fields using nitrogen-vacancy— (N-¥) center ensembles
has been demonstrated in multiple experiments with sensitivities as low as approximately 1 pT/+/Hz. To
date, however, demonstrations of high-frequency magnetometry in the gigahertz regime with N-V dia-
mond are orders of magnitude less sensitive, above the nT/+/Hz level. Here, we adapt, for microwave
frequencies, techniques that have enabled high-performance low-frequency quantum sensors. Using a
custom-grown N-V—enriched diamond combined with a noise-cancellation scheme designed for high-
frequency sensing, we demonstrate a Rabi-sequence-based magnetometer able to detect microwave fields
near 2.87 GHz with a record sensitivity of 3.4 pT/+/Hz. We demonstrate both amplitude and phase sens-
ing and project tunability over a 300-MHz frequency range. This result increases the viability of N-V
ensembles to serve as microwave circuitry imagers and near-field probes of antennas.

DOI: 10.1103/PhysRevApplied.19.054095

I. INTRODUCTION

Solid-state spin systems are increasingly favored for
quantum sensing [1]. With resonance shifts tied to physical
constants [2], these robust systems can be tailored to appli-
cations covering a wide range of physical conditions while
offering sensitivity and stability [3]. Nitrogen-vacancy
(N-V) centers in diamond [Fig. 1(a)] constitute a particu-
larly promising solid-state platform [4], with spin lifetimes
exceeding milliseconds [5], high-spatial-resolution opti-
cal readout [6], intrinsic vector-sensing capabilities [7],
and compatibility with ambient or extreme temperatures
[8] and pressures [9]. These advantages have allowed
demonstrations of low- and intermediate-frequency sens-
ing applications such as noninvasive detection of neuron
action potentials [10], high-resolution NMR [11], single-
protein detection [12], elucidation of condensed-matter
phenomena [13], mapping of remnant magnetization in
geological samples [14], and magnetic navigation [15,16].
Performance in many of these applications is limited by the
magnetic field sensitivity of the device [17]. The reported
sensitivities of N-J~diamond magnetometers approach or
surpass 1 pT/+/Hz for near-dc fields up to several kilohertz
[18-20], and tens of pT/ VHz for ac fields from roughly
100 kHz to a few megahertz [11,21,22].
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Although N-/—diamond—magnetometry efforts have tra-
ditionally focused on sensing submegahertz fields, oper-
ation at microwave (MW) frequencies could expand the
application space to include imaging of MW-circuitry
components [23], antenna characterization [24], and wire-
less communications [25,26]. To date, however, demon-
strated N-J—diamond-based sensitivities at MW frequen-
cies are orders of magnitude worse than those achieved
at low frequency, with reported values in the tens of
nT/~/Hz range or above [27,28]. This poor sensitivity
results primarily from the use of small N-J ensembles
as well as from low fluorescence collection efficiency,
poor noise cancellation, and inhomogeneous MW delivery.
Dynamical decoupling techniques designed to improve
ac magnetometry sensitivity become constrained by the
available MW power, especially for large N-V ensembles,
limiting their use for sensing gigahertz fields. Techniques
to overcome this power limitation, such as concatenated
continuous decoupling [29,30] and continuous or pulsed
Mollow absorption [31-33], require multiple highly uni-
form rf control fields, introducing added complexity and
homogeneity requirements that are difficult to achieve over
large N-V interrogation volumes.

Here, we demonstrate a high-frequency N-V—diamond
magnetometer tuned to detect amplitude modulation of a
2.863-GHz MW field. In contrast to complicated pulse
schemes for gigahertz field detection including strong-field
dynamical decoupling and pulsed Mollow triplet protocols,

© 2023 American Physical Society
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FIG. 1. The experimental setup for Rabi magnetometry using

N-V centers in diamond. (a) The N-V center. The static field By
and microwave (MW) field Byw are aligned along the (100)
direction of the diamond, projecting equally onto (and trans-
verse to) all four crystallographic axes, resulting in the same
resonance frequency and equal MW driving strength for all
four N-V orientations. (b) The energy-level diagram for '’N-7,
showing a resonant MW field driving Rabi oscillations between
the |my = 0,m; = +%) and |m; = —1,m; = —l—%) states. (c) A
schematic of the experimental apparatus, including the acousto-
optic modulator (AOM), polarization maintaining (PM) fiber,
total-internal-reflection (TIR) lens, and signal and reference pho-
todiodes (PDs). (d) A detailed schematic of the silicon carbide
(SiC) diamond mount and MW delivery system. The diamond
has a small notch cut on the corner to enable a light-trapping
diamond-waveguide (LTDW) geometry.

the sensor employs a simple Rabi-magnetometry sequence.
Sensitivity to nonmagnetic noise is mitigated by inverting
and subtracting the magnetometry signal from consecutive
measurements using an additional MW pulse. Combining
this scheme with recently demonstrated improvements in
optical collection efficiency, laser noise cancellation, and

uniform MW delivery in a low-strain long-dephasing-time
diamond [20], the resultant device exhibits a sensitivity of
3.4 pT/+/Hz for amplitude modulation of a MW carrier
over the 100 Hz to 3.3 kHz band.

II. RABI MAGNETOMETRY

When an ideal two-level system is driven by a near-
resonant magnetic field [34,35], the population oscillates
between the two states |0) and |1) such that the population
Py is given by the Rabi formula,

Q2 Q2+ 52
PW’:W“(%)’ v

where for the frequency w of the driving field, § = w —
wy 1s the detuning from the resonance frequency w, and
7 is the duration of the driving field. For a coherent MW
field Byw, we have the Rabi frequency €2 ~ y Byw, where
y is the gyromagnetic ratio (y = 2w x 2.8 MHz/G for an
electron spin).

Rabi magnetometry exploits these population oscilla-
tions: small changes in the near-resonant magnetic field
amplitude cause the observed oscillation frequency to vary.
This variation can be detected by sweeping t and recording
a set of Rabi fringes to determine changes in Q2. Alterna-
tively, T may be fixed and the signal monitored to detect
sufficiently small changes in P|;,. While Eq. (1) describes
the ideal behavior, Rabi oscillations in a real ensemble
decay at a characteristic time scale 15, [36], which is
the driven-evolution analog of the free-evolution dephas-
ing time 75 [37]. The observed value of T, depends on
various dephasing mechanisms in the diamond lattice and
spatial inhomogeneities in the drive-field intensity [29].

The Rabi-magnetometry scheme employed here consists
of a resonant MW field applied to an ensemble of N-¥ cen-
ters in diamond [see Figs. 1(a) and 1(b)] for fixed duration
7, followed by spin-state-dependent optical readout [35].
Monitoring the output signal for each experimental repeti-
tion allows amplitude changes in the MW field over time
to be measured. The shot-noise-limited MW magnetic field
sensitivity ngpor of @ Rabi magnetometer using an ensemble
of N spin defects is given by [38]

V21 1 JT+io
Nshot y FJ_\/]Wange_(t/sz)p T .

)

Here, C is the fluorescence contrast between spin states,
Navg 18 the average number of photons collected per N-
V per measurement, F'; is the projection of the applied
MW magnetic field on the plane perpendicular to the N-V
axis, and p is a stretched exponential parameter. The over-
head time ¢¢ is the duration of any additional steps in the
sequence beyond the MW pulse, including optical initial-
ization and readout. Assuming an optimal choice of 7, the
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performance of the device depends on the measurement
contrast C, the value of 75, the number of N-Vs addressed,
and the value of n,,, [17].

III. EXPERIMENTAL DESIGN

We now highlight experimental design choices to
achieve high-performance magnetometry. The experimen-
tal setup is shown schematically in Fig. 1(c). This device
is modified from the low-frequency magnetometer in Ref.
[20] (for additional experimental setup details pertinent to
the present demonstration, see the Supplemental Material
[38]). The sensor uses a 3 mm x 3 mm x 0.62 mm single-
crystal diamond with (100) sides and an approximately
70-wm-thick '>N-doped layer, referred to as the N-J layer.
The diamond is adhered to a SiC wafer, which acts as a
heat sink. Laser light at 532 nm excites N-Vs throughout
the N-V layer and the resulting N-J fluorescence is col-
lected by a photodiode [4,39,40]. A 2.23-G bias field splits
out the N-V electron spin resonances [41—43], allowing the
lmg = 0,m; = +%) < |mg==x1,m; = +%) transitions to
be resolved spectroscopically.

The diamond is custom grown and the 70-pwm-thick N-
V layer exhibits a measured 99.998% '2C purity [44,45].
The diamond is grown using the N isotope. The "N-V/
centers exhibit only two hyperfine features per spin reso-
nance and a larger splitting compared to the '*N-J center,
which has three hyperfine features. A single MW tone
can thus drive a larger fraction of the '>N-J population
and is less likely to induce off-resonant driving of other
hyperfine features. Moreover, the diamond exhibits strain
variation of less than 27 x 10 kHz [46]. This yields a
T ~ 9 ps dephasing time [20], which is longer than the
typical 75 < 1 s encountered in N-V—ensemble magne-
tometry [17]. The resulting resonance line width is I' =
2/T; ~ 2w x 35 kHz. The narrow ensemble line width
results in an extended 7>, by (a) reducing the spread of
individual N-V detunings from the MW-drive frequency
and (b) enabling the N-V ensemble to be driven effec-
tively at a lower Rabi frequency, reducing the spread of
MW field strengths across the ensemble due to any MW
inhomogeneity.

Our device employs the light-trapping diamond-
waveguide (LTDW) technique [47], which excites N-Vs
throughout the entire 3 mm x 3 mm x 70 wm N-}V—doped
volume [Fig. 1(d)]. The fluorescence collection efficiency
is increased to approximately 75-95% by surrounding the
diamond with a total-internal-reflection lens [20]. In addi-
tion, laser light is sampled immediately prior to entering
the diamond and is directed to a reference photodiode for
common-mode noise cancellation [38].

Both the bias magnetic field By and the MW field Byw
are oriented normal to the {100} face of the diamond. B
projects equally onto all four N-J symmetry axes [see
Fig. 1(a)], splitting the |m; = 0) <> |my; = £1) transitions

equally. Meanwhile, Byw projects equally onto the planes
transverse to the four N-7 axes. As a result, all N-J classes
may be addressed with a single MW tone at the same
Rabi frequency. Because the laser excites N-Vs through-
out the N-J layer, it is necessary to minimize static and
MW field gradients over the entire N-J—doped volume
to avoid degrading 7,, [48]. The bias-magnet arrange-
ment is designed to minimize static field gradients, while
the sensor head incorporates only nonmagnetic materials
and limits the use of conductive materials where possible
to avoid attenuating high-frequency magnetic fields [49].
Inhomogeneities in By are suppressed by coupling MWs
from a shorted coaxial cable to a dielectric resonator [50] to
achieve a greater than 90% uniformity [51] over the "N-7/
layer (see the Supplemental Material [38]).

A single Rabi sequence begins with optical initializa-
tion of the N-V ensemble, followed by application of a
resonant MW pulse of duration 7 and finally optical read-
out of the N-V state. This process can be repeated while
varying t to observe the Rabi oscillations and decay enve-
lope. In some Rabi-magnetometry implementations [28],
each Rabi sequence is followed by a reference sequence
with no MWs applied. The signal from the Rabi mea-
surement is then normalized using the signal from the
reference sequence, as shown in Fig. 2(a). This “on-off”
subtraction protocol suppresses low-frequency noise at
the expense of reduced measurement bandwidth and sig-
nal [52-54], as half of all measurements produce zero
contrast. To improve the signal-to-noise ratio (SNR), we
design and implement a subtraction scheme that consists
of repeated Rabi sequences performed with and without a
7 pulse applied before the Rabi drive pulse; the signals
from successive sequences are then subtracted to produce
the magnetometry signal, as shown in Fig. 2(b). This “x-
pulse” subtraction scheme mitigates the signal reduction
while still suppressing low-frequency noise.

The MW field drives a transition to the hyperfine-
resolved |my = —1,m; = +%) state [55,56] but the near-
degeneracy of the |my; = 0,m; = —%} and |mg = 0,m; =
—I—%) hyperfine ground states in a small static field [57]
complicates the interpretation of the measured Rabi oscil-
lations [58]. The Larmor precession between these near-
degenerate states results in a modulation of the overall
Rabi-oscillation signal, as seen in Fig. 2(c). The m-pulse
subtraction scheme suppresses this hyperfine-mediated
modulation arising from the presence of the !N nucleus in
the N-V center [59,60], which also allows a more robust
determination of 75, (see the Supplemental Material [38]).

IV. MAGNETIC FIELD SENSITIVITY

The Rabi frequency that optimizes the sensitivity in Eq.
(2) is set by a balance of contrast C and driven coherence
time 7,,. Lowering 2 increases 15, by reducing the effects
of MW field gradients and noise but also degrades the
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FIG. 2. Noise cancellation. (a) The on-off subtraction protocol
consists of two subtracted sequences with a MW drive only in
the first sequence. (b) The m-pulse subtraction protocol consists
of two subtracted Rabi sequences, where the second sequence
contains an additional MW 7 pulse. While both protocols help
eliminate low-frequency noise, the -pulse protocol maximizes
the magnetometry measurement signal-to-noise ratio (SNR) and
suppresses the >N hyperfine modulation observed in the Rabi
oscillations. (c) Rabi oscillations at 220 kHz for each subtrac-
tion protocol, using a resonant drive field. The m-pulse protocol
suppresses the hyperfine-mediated modulation, allowing for a
straightforward extraction of 75, via a decaying sinusoid fit.

contrast C, as a smaller fraction of the inhomogeneously
broadened ensemble is addressed. To quantify this balance,
we derive a figure of merit (€2, t) from Eq. (2),

T

JT +l‘0’

where 7 is the duration of a MW pulse with intensity €2;
to = 44.8 s is the sequence overhead time due to the laser
initialization and readout pulses, the 7 pulse, and elec-
tronic dead time; and C(£2) and 75,(£2) are the measured
contrast and dephasing time, respectively, as functions of
the Rabi frequency. Here, maximizing F'(£2, T) optimizes
the sensitivity (minimizes the value of n).

We measure a series of Rabi-oscillation curves, sweep-
ing t from 0 to 100 ps in a fixed-length Rabi sequence for
a range of values of 2. We fit each curve to extract 7>, and
C (see Fig. S4 of the Supplementary Material [38]); the

F(Q,7) = C(Q)e /T2 (3)
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FIG. 3. The Rabi-frequency dependence of the key device

parameters. (a) The sensitivity figure of merit (2, opt, ) at dif-
ferent MW field strengths for a 100 s Rabi-pulse sequence,
which produces the initial estimate of the optimal Rabi frequency
Qqpt. (b) The optimal MW pulse duration 7oy calculated to
maximize the figure of merit F'(2, top,q) for a given Rabi fre-
quency 2. The value corresponding to the maximum value of
F(, topt,2) sets the MW pulse length for the magnetometry
sequence. (c) Empirical determination of the optimum Rabi fre-
quency for a fixed MW duration, 7 = 30 ps. The N-V—ensemble
fluorescence signal is most sensitive to changes in the applied
MW field at the point of steepest slope, 4y = 27 x 42.8 kHz.
The peak-to-peak signal in (c) exceeds that of Fig. 2(c) for t =
30 s due to the smaller MW field and increased T,, consistent
with (b).

long maximum Rabi pulse of 100 ws is to ensure an accu-
rate fit of 75, and C. Using these measurements and Eq.
(3), we determine the optimal MW pulse duration Top o
that maximizes F(2,t) for a given C(2) and T5,(2).
Plotting the values of F'(£2, 7o) as a function of 2, we
find that 2 = 27 x 31 kHz maximizes the figure of merit
F(L, Topt,0) With Topi0 = 30 s, as shown in Figs. 3(a) and
3(b).

We then generate a new Rabi sequence with the time
between the initialization and readout pulses reduced from
100 s to 30 s, eliminating unnecessary overhead time.
We observe that this change in sequence duration slightly
alters the experimental conditions, resulting in a new opti-
mal value of 2. We perform this final optimization step by
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varying 2 for the shorter, ¢ = 30 ps, sequence to maxi-
mize the slope of the fluorescence signal S, [05/0€2|, as
shown in Fig. 3(c). This optimal Rabi frequency €2, max-
imizes the response to a given magnetic field; we find
that the T = 30 s sequence exhibits an optimal Rabi fre-
quency of Qqp = 27 x 42.8 kHz. The linear regime as
indicated in Fig. 3(c) is about 2w x 4 kHz, which corre-
sponds to about 250 nT (for a detailed description of the
operating regimes of the sensor, see Section S5.D of the
Supplemental Material [38]).

The t = 30 ws Rabi sequence is performed at a 13.23-
kHz rate. With the m-pulse subtraction protocol, mag-
netometry data are collected at a 6.615-kHz rate. The
measurement is run continuously to yield a 1-s-length
fluorescence time series. Each time series is Fourier trans-
formed with rectangular windowing to produce a single-
sided amplitude spectral density (ASD) with 1-Hz-wide
frequency bins up to 3.3075 kHz.

We next determine the sensitivity 1 for a modulation fre-
quency band of interest. Assuming white Gaussian noise in
this band, the sensitivity can be expressed as

OB
n=—
v/ 2fENBW

where o3 is the standard deviation of the zero-signal mag-
netic field time trace over the equivalent noise bandwidth
fensw [7]. We first calculate the standard deviation og of
a time series of fluorescence measurements by applying
a 100-Hz brick-wall high-pass filter (such that fexpw =
3207 Hz) on the amplitude spectral density and then find-
ing the root-mean-square average. The standard deviation
oy is then divided by the slope [0S5/9€2| and y to express
the standard deviation in magnetic field units, op. Taking
into account the projection of the (100)-directed MW field
onto the plane perpendicular to each (111) N-JV axis, the
sensitivity is

(4)

V3 os
n= :
y105/0€2| /2fenBw

Figure 4(a) shows a calibrated amplitude spectral density
for a Rabi-magnetometry measurement with Q = 2w X
42.8 kHz and w = 27 x 2.863 GHz. The rms average sen-
sitivity in the 100-3307 Hz band is 3.4 pT/+/Hz, indicat-
ing that this magnetometer operates close to the shot-noise
limit of 1.34 pT/+/Hz (as calculated in the Supplemental
Material [38]).

As a demonstration of our N-J-ensemble Rabi mag-
netometer, we apply and detect amplitude- and phase-
modulated test signals, as commonly used in a number
of near- and far-field communications protocols [26,61].
The application of a small resonant MW field §Byw in
addition to the MW driving field Byyw modifies the Rabi
frequency, which causes a fluorescence change as illus-
trated in Fig. 3(c). Assuming that Byw and 3 Byw lie along
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FIG. 4. Rabi magnetometry. (a) The amplitude spectral den-
sity of a 1-s measurement with no signal field applied. The units
are calibrated by the slope and the N-V gyromagnetic ratio as
discussed in the text. (b) Magnetometry signal from a separate
8Bmw = 4.4 nT 25-Hz amplitude-modulated magnetic field with
100% modulation depth. (c) Magnetometry signal from a sepa-
rate Bpyw = 2.2 nT 25-Hz phase-modulated magnetic field with
a /4 phase deviation.

the same axis, the resulting Rabi frequency will fall in
the range y (Byw =% 8Bmw)/+/3 [38]. Any amplitude or
phase modulation present on §Byw will likewise modu-
late the resulting N-J fluorescence. Figures 4(b) and 4(c)
show an example of a sine-wave amplitude modulation and
square-wave phase modulation. For digital modulation in
particular, if fluorescence thresholds are associated with a
logical 0 and 1, then basic communication protocols, such
as binary-phase shift keying, can easily be implemented
[26].

V. DISCUSSION AND OUTLOOK

In conclusion, we demonstrate a N-V—diamond MW
magnetometer achieving 3.4-pT/+/Hz sensitivity, near the
shot-noise limit of the device. Additional optimization
is expected to yield further performance improvements.
For example, longer driven coherence times 75, can be
achieved by increasing the MW homogeneity over the
sensor volume through better matching of the dielectric
resonator and diamond-sample geometries. Furthermore,
the application of additional control fields can suppress
noise in the Rabi drive field [30,32,62]. Finally, irradia-
tion and annealing of the diamond can increase the number
of N-V centers interrogated while minimally affecting the
decoherence time [63].

This technique can be adapted to different high-
frequency regimes. A stronger applied static field By
can allow extension of this sensing technique to both
higher and lower frequencies [64]; an approximately 50-G
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increase in By is expected to shift the resonance frequency
by £150 MHz and allow magnetometry without substan-
tial loss of sensitivity. Further increases in By are expected
to degrade performance, e.g., due to bias-field gradients,
precluding high-sensitivity Rabi magnetometry down to
the megahertz regime. However, the spin-locking proto-
col [65], where the MW-drive Rabi frequency is matched
to the frequency of the target field, can allow detection
of fields with frequencies in the hundreds of kilohertz to
few megahertz with a modest bias field. Sensing arbitrary
frequencies, e.g., in the hundreds of megahertz, can be
accomplished using a technique called quantum frequency
mixing [66]. This protocol mixes an ac bias field with the
desired signal field such that the frequency sum or differ-
ence matches the N-J energy-level splitting, also without
requiring large bias fields.

The demonstrated pT/~/Hz sensitivity shows that, with
adequate engineering and optimization, sensors based on
N-V ensembles are capable of sensing MW magnetic fields
with comparable performance to that demonstrated for
static and low-frequency fields. The reported sensitivity is
orders of magnitude better than previous diamond-based
sensors operating in the MW-frequency regime [27,28,67]
and these results could position N-J ensembles as a prac-
tical platform for high-frequency sensing applications,
including microwave-circuitry imaging [23] and near-field
antenna characterization [24]. Extensions of Rabi mag-
netometry, such as spin locking [65] and quantum fre-
quency mixing [66], can be implemented in these devices
to further widen the application space by opening up
new frequency ranges for high-sensitivity diamond-based
magnetometry.
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