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Nuclear quadrupole resonance spectroscopy with a
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Radio frequency (RF) magnetometers based on nitrogen vacancy centers in diamond are predicted to offer fem-
totesla sensitivity, but previous experiments were limited to the picotesla level. We demonstrate a femtotesla RF
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magnetometer using a diamond membrane inserted between ferrite flux concentrators. The device provides
~300-fold amplitude enhancement for RF magnetic fields from 70 kHz to 3.6 MHz, and the sensitivity reaches
~70 fT\/s at 0.35 MHz. The sensor detected the 3.6-MHz nuclear quadrupole resonance (NQR) of room-temper-
ature sodium nitrite powder. The sensor’s recovery time after an RF pulse is ~35 ps, limited by the excitation
coil’s ring-down time. The sodium-nitrite NQR frequency shifts with temperature as —1.00+0.02 kHz/K, the mag-
netization dephasing time is T,*=887+51 ps, and multipulse sequences extend the signal lifetime to 332+23 ms,
all consistent with coil-based studies. Our results expand the sensitivity frontier of diamond magnetometers to
the femtotesla range, with potential applications in security, medical imaging, and materials science.

INTRODUCTION

Magnetometers based on negatively charged nitrogen vacancy (NV)
centers in diamond are promising room-temperature sensors for
detecting magnetic phenomena across a wide range of frequencies
(1). Over the past decade, various sensing protocols and fabrication
methods have been developed to improve the sensitivity of diamond
magnetometers in the sub—10-kHz (2-5), radio frequency (RF) (6—
8), and microwave (MW) (9, 10) frequency ranges. However, the
best reported sensitivities, ~1 pT s"/* (3), still trail the achievable
levels in magnetometers based on alkali-metal vapor (11-17) and
superconducting quantum interference devices (18-20).

Recently, magnetic flux concentrators have been used to improve
the performance of diamond magnetometers (3, 5, 21, 22), and a
sub-picotesla sensitivity has been realized for low frequencies (1
kHz) by inserting an NV-doped diamond membrane between
two ferrite cones (3). We hypothesized that the same approach
can be used for improving the sensitivity in the RF range (kilohertz
to megahertz) if the flux concentrator’s magnetic properties do not
degrade at such frequencies. In fact, better sensitivity may be expect-
ed in the RF range because the diamond RF magnetometer can
operate in a pulsed regime where the NV spin coherence time is
substantially longer (23).

A diamond RF magnetometer with femtotesla sensitivity may
find immediate application as a noninductive detector for nuclear
quadrupole resonance (NQR) spectroscopy (24-26). NQR spectro-
scopy is a solid-state analysis technique that provides a unique
chemical fingerprint based on the coupling of nuclear quadrupole
moments to their local electric field gradients (27, 28). NQR spec-
troscopy is used to identify powder substances in ambient
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conditions for security (29-31) and pharmaceutical (32-34) appli-
cations and to study the temperature-dependent properties of
single-crystal materials (35-39). These applications typically
require the ability to detect kilohertz to megahertz frequencies, at
low-bias magnetic fields <1 mT, with femtotesla sensitivity (40).
Previously, NV centers were used to detect NQR signals arising
from nanoscale statistical polarization in single-crystal boron
nitride layers in direct contact with the diamond (41, 42).
However, using NV centers to remotely detect powders remains
an open challenge due to the need for high sensitivity (43).

Here, we demonstrate a frequency-tunable diamond RF magne-
tometer with a sensitivity of ~70 fT s*/? at 0.35 MHz, using ferrite
flux concentrators (3) and a multipulse synchronized readout
scheme (7, 8). The sensitivity remains within a factor of three of
this value for the frequency range of 0.07 to 3.6 MHz. We used
the magnetometer to detect the 3.6-MHz NQR signal of N in
sodium nitrite powder samples (44, 45). Our work expands the sen-
sitivity frontier of diamond magnetometry to the femtotesla range
and introduces a new method for remote detection of solid-state
magnetic resonance.

RESULTS
Experimental design
A schematic of the diamond RF magnetometer is shown in Fig. 1A.
The apparatus is similar to one previously used for low-frequency
magnetometry (3), with modifications (Materials and Methods and
section S1) made for RF magnetometry and NQR spectroscopy. For
example, the mu-metal shield is replaced by an aluminum shield to
suppress RF interference. A thermal insulation housing with ther-
moelectric temperature control is added around the shield to
improve thermal stability. Calibrated RF test fields with a magnitude
Biest and frequency fi. are applied along the magnetometer sensing
axis (z axis) using a pair of low-inductance rectangular wire loops.
A permanent magnet is used to compensate the ambient mag-
netic field and apply a weak bias field, By = 2 pT to 15 pT,
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Fig. 1. Experimental setup and RF detection scheme. (A) Schematic of the ex-
perimental setup for detecting RF test fields. A permanent magnet (not shown)
outside the Al shield was used to apply weak bias magnetic fields along the z
axis, By = 2 T to 15 pT. Additional details of the setup can be found in Materials
and Methods, section S1, and (3). (B) Diamond RF magnetometry is performed
with a continuous series of repeated XY8-N pulse sequences on the NV electron
spins (8). Each XY8-N sequence begins and ends with a resonant MW 11/2 pulse.
Between the m/2 pulses, 8N resonant m-pulses, spaced by 2t = 1/(2fies), are
applied with alternating phase. Following each XY8-N sequence, a 12-us laser
pulse (0.2 W and 532 nm) is applied for optical readout and repolarization of the
NV centers. The resulting time trace of NV fluorescence readouts is proportional to
an aliased version of the RF test field.

approximately along the z axis. The flux concentrators enhance the
z component of the magnetic field in the gap between the cone tips.
An NV-doped diamond membrane is positioned in the gap with its
(100) crystal faces normal to the z axis. This geometry results in two
NV spin transition frequencies f ~ D + £y,,By/v/3, where D =
2.87 GHz is the NV zero field splitting, ¢ is the flux-concentrator
enhancement factor (e ~ 300 for DC fields) (3), y,y = 28 GHz/T
is the NV gyromagnetic ratio, and the factor of /3 comes from
the 55° angle of each NV axis with respect to the z axis.

Figure 1B shows the XY8-N synchronized readout pulse se-
quence used for diamond RF magnetometry (8). This pulse se-
quence contains a series of short MW pulses (10 to 70 ns), of
alternating phase, that are tuned to one of the f. resonances in
the range of 2.7 to 3.0 GHz. Each XY8-N sequence is followed by
a 12-ps laser pulse (0.2 W and 532 nm), generated with an
acousto-optic modulator, for optical readout and spin polarization
of the NV centers. The sequence is repeated continuously, and the
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resulting time trace of NV fluorescence readouts is approximately
proportional to an aliased version of the applied RF field sampled
at the time of the first /2 pulse of each XY8-N sequence (section
S2a). For a magnetic field oscillating with frequency f, the NV fluo-
rescence signal oscillates with an alias frequency fyjias = f — frer. The
reference frequency, f.r depends on the sampling rate 1/Tsmpies
which is adjusted by varying a sub-microsecond dead time after
each XY8-N sequence (8).

A theoretical bound on the diamond RF magnetometer sensitiv-
ity is set by photoelectron shot noise as

V3E 1
Npsn ~
ps & \/84 Ynv C\/ny Vien ¢ Tiot

In the first term of Eq. 1, the v/3 factor comes from the 55° angle
of each NV axis with respect to the z axis, § = 1.6 accounts for ad-
ditional photoelectron noise arising from the balanced detection
and normalization procedure (section S2a), and 8 = Tiot/Tsample &
0.75 is a duty cycle, where T, is the NV phase accumulation time
and Tgample is the sequence repetition time. In the second term, Cis
the XY8-N fluorescence contrast (section S2a), n,, is the NV con-
centration, Vi, is the illuminated NV sensor volume, and ¢ is the
probability of detecting a photoelectron per NV center for a
single readout.

The natural-isotopic-abundance single-crystal diamond mem-
brane used in this work contained an initial nitrogen concentration
of ~20 parts per million (ppm). The diamond was doped with NV
centers by electron irradiation and annealing (Materials and
Methods), resulting in an NV concentration of n,, & 3 ppm and
a transverse NV spin coherence time of ~50 ps for an XY8-4 se-
quence. The diamond was subsequently cut and polished into a
(100)-oriented membrane with dimensions ~300 um by 300 um
by 35 pm. The NV sensor volume is defined by the area of the illu-
minating laser beam and the length of its path in the diamond as
Veen & 3 X 10° pm3. The peak detected photoelectron current was
typically ~0.17 mA over a 2-us readout window, which indicates
that the detection efficiency of our setup is ¢ ~ 0.02. We found
the best sensitivity of our setup to occur for XY8-4 sequences at
frest = 0.35 MHz, where T = 44 ps and C &~ 0.01. With these
values and assuming that the flux-concentrator enhancement
factor € ~ 300 is the same as for DC fields, Eq. 1 predicts a photo-
electron shot noise-limited sensitivity n,s, &~ 30 fT s"/.

(1)

Magnetometer characterization
We measured the magnetometer's sensitivity as a function of test
field frequency and acquisition time. First, we applied a test field
with frequency fie = 0.35 MHz and magnitude By = 100 pT, s
(section S3a) and recorded the magnetometer signal under an
XY8-4 synchronized readout sequence for 100 s with and without
the ferrite cones. Figure 2A shows the real-time NV fluorescence
signal for a segment of each time trace. While the magnetometer
signal without ferrite cones is dominated by noise, a clear oscillation
at frequency fies — frer = 3.5 kHz is observed with the cones present.
To determine the magnetometer sensitivity, each 100-s NV time
trace is divided into 100 1-s segments; a spectrum is obtained for
each segment by taking the absolute value of the Fourier transform,
and the 100 spectra are averaged together. Figure 2B shows the re-
sulting magnetic spectra for the recordings with and without the
ferrite cones. The magnetic field sensitivity, defined here as the
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Fig. 2. Femtotesla diamond RF magnetometry. (A) Real-time NV fluorescence signal with (blue) and without (red) ferrite cones in the magnetometer assembly. In each
case, an XY8-4 synchronized readout sequence was used, and a 0.35-MHz test field with 100 pT,,s amplitude was applied. The NV fluorescence photodetector voltage is
converted to magnetic field units using the procedure described in section S3a. For the same applied field amplitude, the photodetector voltage signal with cones is
~220 times larger than that without cones, primarily because of the flux concentrator enhancement (and, to a lesser extent, differences in the photon collection
efficiency). A digital 4.5-kHz low-pass filter was applied to the data without cones for better visualization. (B) Fourier transform spectra of the NV signals with and

without the cones. No digital filtering was applied. The noise floor reaches ~70 fT s

72 with the cones and ~18 pT s'/? without them. A reference spectrum (green),

obtained by detuning the MW frequency 200 MHz off the NV resonance, shows an effective noise floor of ~60 fT s'/%. Peaks due to the test field appear prominently,
but there are several smaller peaks in the spectra. The features that are absent in the MW off resonance spectrum are likely from magnetic noise. The remaining features
are of unknown origin (section S4). (C) Noise floor with the cones present as a function of acquisition time, t. (D) Ferrite cone enhancement factor versus the test field
frequency (section S3b). (E) Diamond RF magnetometer sensitivity as a function of test field frequency with (blue circles) and without (red squares) the ferrite cones
(section S4). For all data in this figure, except for the "MW off resonance” spectrum in (B), the MW frequency was tuned to one of the NV f. resonances.

average noise floor for 1-s acquisition time in a few-hundred-hertz
band near the signal frequency (section S4), is ~70 fT,, s'? with
the cones and ~18 pTyys s'? without them. A reference spectrum
(with ferrite cones) was obtained by detuning the MW frequency
200 MHz off the NV resonance, revealing an effective noise floor
of ~60 fT, s s/%. While the ~70 T, s> measured noise floor
with ferrite cones is about two times greater than the photoelectron
shot noise estimate (section S2b), the experimental sensitivity rep-
resents a 210-fold improvement over previous diamond magne-
tometry studies (3) and a 2100-fold improvement over previous
diamond studies in the RF range (6-8).

To characterize temporal stability, we continuously recorded the
ferrite-cone diamond RF magnetometer signal for several hours.
Figure 2C shows the magnetic noise floor as a function of averaging
time, t. We find that the noise floor scales with the expected ~
70 fT s'/2/+/t behavior out to t > 10” s. The noise floor decreases
to below 2 fT after 1 hour of acquisition, before leveling off.

We used ferrite cones made of a manganese-zinc material
(MNG60) that is usually considered more suitable for low-frequency
(31 MHz) applications (46), and it was initially unclear whether
large enhancement factors would be possible at higher frequency
(47). To probe the frequency dependence, we recorded the
diamond RF magnetometer signal for different values of fi.. The
enhancement factor provided by the ferrite cones is defined as € =
Bgap/Brest> Where By, is the magnetic field amplitude within the
diamond when the cones are present. For each value of f.q, we cal-
ibrated Bi.g by recording the NV signal amplitude (without cones)
as a function of the current amplitude applied to the test field loops.
We repeated the process with the cones present to calibrate By,j,. At
each frequency, € was estimated from the ratio of the response
curves (section S3b). The results are shown in Fig. 2D.
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Unexpectedly, we find that the enhancement factor is nearly cons-
tant (e & 300) in the frequency range of 0.07 to 3.12 MHz.

We also determined the magnetic sensitivity as a function of fre-
quency using the process described for Fig. 2 (A and B). Figure 2E
shows the sensitivity as a function of f.i. For each frequency, the
duration and spacing of the MW pulses, and the length of the
XY8-N sequence were modified to maximize sensitivity (see table
S2 and section S4). With the cones, the best sensitivity is ~70 fT
s'? at frest = 0.35 MHz, and the sensitivity remains within a factor
of 3 of this value throughout the range of 0.07 to 3.62 MHz. A
diamond with a lower nitrogen concentration, and thus longer co-
herence time, can be used to extend the frequency range down to ~1
kHz (1). A stronger MW field, combined with a higher-NV-concen-
tration diamond (to limit the number of MW pulses without sacri-
ficing sensitivity), could extend the frequency up to 210 MHz, as
long as the ferrite's permeability and relative loss factor do not
degrade (3).

NQR spectroscopy of NaNO, powder: Experimental design
and theoretical estimates

Having demonstrated femtotesla sensitivity in the RF range, we next
used our ferrite-cone diamond RF magnetometer as a detector in
NQR spectroscopy. The sample that we selected to study is
sodium nitrite (NaNO,) powder (Materials and Methods), a well-
studied standard for "*N NQR spectroscopy (48, 49). Figure 3A
shows a schematic of the NQR detection setup. A resonant RF
coil is wrapped around a NaNO, powder sample, and the sample
is placed ~4 mm above the ferrite-cone diamond RF magnetometer.
Two-coil assemblies are used: one for a 4-g sample and the other for
a 21-g sample. A capacitor tuning circuit and pi-network are used
for conventional inductive detection (section S5c¢).
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Fig. 3. NQR setup. (A) Schematic of the setup used for NQR spectroscopy. A bias
field By =~ 15 uT is applied along the z axis. A NaNO, sample is housed in a plastic
cylinder container and placed d ~ 4 mm above the ferrite-cone diamond RF mag-
netometer. A resonant RF coil is wrapped around the sample container. The 3.6-
MHz NQR transition of "N nuclei in NaNO, is excited by applying RF pulses along
the z axis. The resulting oscillating nuclear magnetic field is also along the z axis
and is simultaneously detected by the ferrite-cone diamond RF magnetometer
and the resonant RF coil (see section S5c). (B) Energy levels and nuclear spin tran-
sitions of "N in NaNO, at room temperature and low (<1 mT) magnetic field. (C)
Initial magnetic field amplitude within the diamond, By, (left axis), and equiva-
lent magnetic field, Bequiv,i = Bgap,i#300 (right axis), as a function of sample volume.
Expt., experiment. (D) Pulse sequence used for NV NQR detection (section S5a).
After an RF excitation pulse, an XY8-20 synchronized readout pulse sequence is
used to detect an aliased version of the nuclear AC magnetic field. The entire se-
quence is repeated every T,o, = 0.5 s.

The nuclear quadrupole Hamiltonian is given by (50)

Ho=fo B +3(5 — 1) @
where fq is the quadrupole coupling frequency, 1 is the asymmetry
parameter, and {I,¢, I, I/} are the spin components along the prin-
ciple axes of a given crystallite. As depicted in Fig. 3B, at low mag-
netic field (B, < 1 mT), the "N nucleus in NaNO, (I = 1, fq =
4.1 MHz, n = 0.38) has three nondegenerate energy levels, {E,,
Ey, Ey}, and magnetic-dipole transitions are allowed between
each level (44). We used our sensor to detect the E, <> Ey transition
at fuqr = fo(1 — n/3) = 3.6 MHz. For powder samples, where many
crystallites are randomly oriented, application of a resonant RF
pulse along the z axis produces a net oscillating magnetization (fre-
quency f,,q,) along the z axis (see section S6) (51). Thus, to maximize
the NQR signal, the RF coil axis was aligned with the magnetometer
detection axis (Fig. 3A).
We carried out simulations to estimate the oscillating magnetic
field amplitude produced by cylindrical NaNO, samples following
an optimal RF excitation pulse on the 3.6-MHz transition. The
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initial amplitude of the oscillating sample magnetization was esti-
mated to be M, = 3.3 uA/m along the z axis (see section S6). A
finite-element model was used to make a preliminary estimate of
the resulting initial magnetic field amplitude in the diamond
when the ferrite cones were present, By, ;. For this and all subse-
quent NQR measurements, By, is converted to an equivalent mag-
netic field Bequiv = Bgap/e, using € = 300 (see section S3b), to
compare with the case of uniform magnetic fields.

For a given sample volume V, we swept the cylinder aspect ratio
to estimate the maximum possible nuclear field amplitude (section
S7). Figure 3C shows the maximum simulated Beqy;v,; as a function
of sample volume. The estimated Bequiv,; values are at the few-
hundred femtotesla level for the V; = 1 — 10° cm’ range. Figure 3C
also shows experimentally measured NQR signals from two sample
masses (these measurements are described below). The experimen-
tal values are three to six times larger than the simulated estimates
despite several optimistic assumptions such as perfect powder
packing, optimal RF excitation pulse, and ideal sample aspect
ratio. As discussed below, this difference is due to signal amplifica-
tion from the resonant RF coil used in the experiment.

Figure 3D shows the pulse sequence used for NQR spectroscopy.
RF excitation pulses (typically 50 to 200 ps) are applied to the res-
onant RF coil, and the oscillating nuclear magnetic field is detected
by the diamond RF magnetometer using a series of repeated XY8-20
pulse sequences with f..r = 3600.07 kHz. After a duration T, =
0.5 s, chosen to be comparable to the *N thermal relaxation time,
T nue = 0.3 s (45), the entire sequence is repeated. To compare to
conventional NQR detection, the same coil is also used to detect the
signal inductively after it is passed through a pi-network and ampli-
fied by a low-noise preamplifier (see Fig. 3A and section S5c¢).

NQR detection with a single RF pulse

Figure 4A shows the NQR signals of the 21-g NaNO, powder
sample detected by the resonant RF coil and ferrite-cone
diamond RF magnetometer. The signals are fit with exponentially
decaying sinusoidal functions, and the fitted 1/e decay times are
T3 e = 844 + 13 ys for the coil signal and T35 = = 887 + 51 us

2,nuc
for the NV signal. These values are in good agreement with each
other and consistent with literature values (45).

The NV signal in Fig. 4A has an initial amplitude Bequiv,i = 2300
+ 115 fT, which is a factor of 6 higher than the simulation in Fig. 3C.
The discrepancy comes from induction in the resonant RF coil
wrapped around the sample in the experiment (52, 53). The oscil-
lating sample magnetization induces an oscillating current in the
coil. The current is resonantly amplified and produces a larger os-
cillating field with a phase shift. This AC magnetic field can be de-
scribed as arising from an effective magnetization throughout the
resonant RF coil

nuc

M,

m
Mg ~ Q v - (3)

c Ps
where Q >> 1 is the coil’s quality factor, V. is the coil volume, m; is
the sample mass, p is the sample’s crystal density, and M, is the
initial amplitude of the oscillating sample magnetization. Taking
the parameters used for the experiments in Fig. 4 (Q = 23, V, =
20 cm®, mg = 21 g, p, = 2.17 g/cm’) and assuming the maximum
initial magnetization, M, = 3.3 uA/m (section S6), we find Mg ~
37 pA/m. We used the finite-element model to evaluate the
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Fig. 4. NQR spectroscopy of '*N in NaNO,. (A) Room-temperature time-domain NQR signal of "*N in a 21-g NaNO, powder sample acquired by the resonant RF coil (top)
and diamond RF magnetometer (bottom). A 50-us RF pulse at 3605 kHz was used to excite the sample via the resonant RF coil with loaded quality factor Q ~ 23 (see
section S5c). The sequence was repeated every 500 ms, and the signal was averaged over 86,000 repetitions. A digital band-pass filter is applied for better visualization:
3.58 to 3.63 MHz for the coil signal and 4.6 to 11.7 kHz for the NV signal. (B) Imaginary part of the Fourier transform of the time-domain NQR signals shown in (A), along
with Lorentzian fits. (C) NQR signal amplitude as a function of RF pulse amplitude, V,; (measured in volts, before amplification), applied at 3607.5 kHz for 300 ps. For each
RF pulse amplitude, the imaginary part of the Fourier transform of the first 810 ps of the signals is calculated such that the NQR resonance is contained in a single
frequency point. The value of that point is taken as the NQR amplitude, and the error bars are the SD of points within a 5-kHz band near resonance. The dashed
black line is a fit to a function J3 ,(a) /v/a with the first peak occurring at the nutation angle a = 119° (49, 54). (D) NV NQR spectra (imaginary part of Fourier transform)
obtained for three different ambient temperatures, along with Lorentzian fits. RF pulses were applied at 3605 kHz for 50 ps. (E) NQR resonance frequency as a function of

ambient temperature, along with linear fit.

magnetic field within the diamond, assuming that M is uniform
throughout the excitation coil volume (section S7). After converting
to the effective magnetic field, the estimated initial amplitude is
Bequiv,i & 3100 fT. This is only a factor of ~1.35 larger than the ex-
perimental value, and the remaining difference may be due to im-
perfect RF excitation.

Figure 4B shows the NQR frequency spectra detected by both
coil and NV sensors along with Lorentzian fits. For the NV NQR
spectrum, the fitted resonance frequency is fuqr = fatias + frer =
3607.883 + 0.013 kHz, which is in reasonable agreement with the
fitted coil-detected NQR frequency of 3607.908 + 0.004 kHz.

Figure 4C shows the NQR signal amplitude as a function of the
RF pulse amplitude V4, for a pulse length t,¢ = 300 ps. The signal
amplitude is well described by the function S,, (V)=

Smax J3/2(@)/(0.436 /2a/m) [see (54) and section S6], where J3/,
is the Bessel function of order 3/2, a = 2my,KV ¢ is the nutation
angle, y,, is the nuclear spin gyromagnetic ratio, and KV,¢= B,¢is the
applied RF magnetic field amplitude with fitted conversion factor K
(section S5b). The maximum signal amplitude, S,,ax, 0ccurs follow-
ing an RF excitation pulse with a = 2.08 rad = 119° (49, 54).

Temperature dependence of NQR frequency

The temperature dependence of NQR frequencies provides insight
into crystal structure (35-39), and it can be used to validate the in-
terpretation of spectra. We studied the temperature dependence of
the 3.6-MHz NaNO, NQR transition near room temperature by
controlling the apparatus temperature with a Peltier element and
measuring the ambient temperature with a thermistor located
near the sample (Materials and Methods). Figure 4D shows the
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NV NQR spectrum for three different temperatures. Each ~2.6-K
step in temperature leads to a shift of the resonance of several line-
widths. The NQR central frequencies are plotted as a function of
temperature in Fig. 4E. A linear fit yields the coefficient —1.00 +
0.02 kHz/K, which is consistent with previous measurements near
room temperature (44, 45, 55).

Sensor recovery time following an RF pulse

To detect NQR signals from samples with short dephasing times
(25, 26), a sensor with a short recovery time following an RF exci-
tation pulse is desired. For inductive detection, the recovery time is
determined by the resonant RF coil's ring-down, and it can be <100
ps for low-Q coils. However, some noninductive detectors such as
alkali-metal vapor magnetometers have substantially longer recov-
ery times, 21 ms (15, 26). We hypothesized that the NV sensor’s
recovery time should be limited by either the coil ring-down or
the NV polarization time (12 ps in our experiment), whichever is
longer. To measure the recovery time, we used a 4-g NaNO,
powder sample and a resonant RF coil with a loaded quality
factor Q ~ 8 (section S5c¢). The smaller sample and lower Q were
chosen to test the limits of mass sensitivity and recovery time of
our apparatus. Figure 5A shows the time-domain NV NQR signal
following a 200-ps RF pulse (a & 119°). Figure 5B shows the Fourier
transform spectrum for three different “deadtimes,” computed by
dropping the corresponding initial data points from the time-
domain data in Fig. 5A. For a deadtime of ~35 us, the NQR peak
is still prominent above the background. The coil-detected signal
exhibits a similar recovery time, suggesting that this time scale is
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Fig. 5. NV NQR recovery time. (A) Time-domain NV NQR signal of 4 g of NaNO,
powder enclosed in a Q ~ 8 resonant RF coil. The RF pulse was applied at 3608 kHz
for 200 ps. A digital band-pass filter (4.7 to 10.8 kHz) was applied for better visu-
alization. (B) NV NQR spectrum (absolute value of Fourier transform) for three
different deadtimes. Tyeaq is defined in Fig. 3D.

limited by the coil ring-down time and not by properties of the
NV centers.

The initial amplitude in Fig. 5A, Bequiv, = 495 + 38 T, is consis-
tent with a modest amplification due to the resonant RF coil. Using
Eq. 3 and correcting for the coil standoff from the sensor, the upper
bound on the initial signal amplitude from the 4-g sample is Bequiv,i
~ 760 fT (section S7), which is only a factor of ~1.5 larger than the
experimental value.

Spin-lock spin-echo spectroscopy

Nuclear spins in most room-temperature solids have the property
T3 pue < T1nue. This implies a low duty cycle for NQR readout
because T; . limits the spin-precession acquisition time and T},
nuc bounds the rethermalization time needed to repeat the sequence.
One technique to increase the NQR readout duty cycle is to apply a
spin-lock spin-echo (SLSE) pulse sequence (56). In SLSE, Fig. 6A, a
series of phase-synchronized RF pulses are applied to extend the
lifetime of the NQR signal out to a time T5"*" > T3 . Each
echo pulse resets the phase of the nuclear spin precession such
that the NQR signals following each pulse can be coherently aver-
aged together (56-58). Figure 6 (B and C) shows the NV-detected
time-domain and frequency-domain SLSE signals from the 21-g
sample averaged over the first 20 echos. A clear resonance at the ex-
pected NQR frequency (fuias + frer = 3606.7 kHz) is observed.
Figure 6D shows the SLSE signal magnitude as a function of time
since the first RF pulse. A fit to a single exponential decay reveals
TgLSE = 332 + 23 ms, a time scale that is consistent with previous
studies (56, 59). Figure 6E shows the SLSE signal-to-noise ratio
(SNR) as a function of the total experimental acquisition time, ¢.
The SNR of the single-RF pulse measurement in Fig. 4 is also
shown for comparison. In both cases, the SNR scales as v/, but
the SLSE SNR is about three times greater. This is due to a combi-
nation of factors: The SLSE data has a approximately threefold
smaller NQR signal amplitude, but it has more than an order of
magnitude higher readout duty cycle, and there was some addition-
al RF noise in the single-pulse data that was not present in the SLSE
measurement (section S8).

DISCUSSION

While this work realizes several benchmarks in the development of
diamond quantum sensors, the present implementation of RF mag-
netometry and NQR detection operates far from fundamen-
tal limits.
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Optimizing the diamond RF magnetometer

The diamond RF magnetometer sensitivity could be improved by
illuminating a greater fraction of the diamond (60), increasing the
fluorescence collection efficiency (61, 62), optimizing the MW pulse
sequence (63, 64), and increasing the flux concentrator enhance-
ment factor (3). Each of these improvements could plausibly
provide a >3-fold improvement in sensitivity and together might
allow a sensitivity <1 fT s'/%, provided that the flux concentrator’s
magnetic noise remains sufficiently low (65). Magnetic fields from
localized samples may also be further enhanced by providing an ad-
ditional flux return path using a closed cylinder or C-shaped ferrite
clamp (66).

Johnson noise and comparison of coil and diamond NQR
detectors

To improve NQR detection, it is tempting to leverage the resonant-
induction amplification method introduced here and increase the
coil Q (see Eq. 3). However, the Johnson noise in the coil is also
resonantly amplified and must be considered. The root mean
square (rms) Johnson magnetic noise inside an impedance-
matched solenoidal coil on resonance (52) is

—~ ZkBTPcQ
ny ~ T(fOVc

where kg is the Boltzmann constant, T is the temperature, . is the
permeability inside the coil, and f; is the coil’s resonance frequency.
When using a high-Q RF coil wrapped around the sample, the SNR
of NQR detection is fundamentally limited by Johnson noise, re-
gardless of the mode of detection. Assuming fo = f,qr and p. = o,
where 1y is the vacuum permeability, and neglecting nuclear-spin
dephasing and experimental dead times, the Johnson-noise—
limited SNR is given by Eqs. 3 and 4 as (67)

(4)

Tty anqr ms

SNR; ~
! 4VksT p,

M,

(5)

Using parameters from the experiment (section S5c), we find
SNR; ~ 210 Hz"? for the 4-g coil and SNR; ~ 1020 Hz"* for the
21-g coil. These values are about two orders of magnitude higher
than the SNR in our experiments (section S9a), but they represent
an upper bound for future optimization. In either case, increasing Q
can improve the SNR in NQR experiments. For Johnson-noise—
limited detection, SNR; oc v/Q (Eq. 5). If the noise floor is not yet
limited by Johnson noise, as in our experiments (section S9b), SNR
x Q because M. still scales linearly with Q (Eq. 3). However, in
both cases, higher Q is likely to result in a longer recovery time,
which is problematic for some applications (25, 31, 68). Ultimately,
the benefits of the resonant-induction amplification method are
limited, as the SNR upper bound is the same for both diamond
RF magnetometer and inductive coil detection, and the method
may not be compatible with remote detection.

Sensor comparison for remote standoff detection

For remote NQR detection, an optimized diamond RF magnetom-
eter is more likely to offer a clear advantage over inductive coil de-
tection. Consider the case where a low-Q RF excitation loop is
located sufficiently far from the sample that resonant-induction
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Fig. 6. SLSE NV NQR signal. (A) SLSE pulse sequence. Following an initial RF pulse,
100 echo pulses are applied every 2 ms. All RF pulses are applied at 3608 kHz for
50 ps (a ~ 119°), and the initial pulse has a 90° phase shift with respect to all the
echo pulses. Meanwhile, a synchronized XY8-20 MW pulse sequence is applied to
the NV centers, with fe = 3600.07 kHz. The entire sequence is repeated every
second. No additional phase cycling was used. (B) Time-domain NV SLSE signal
(coherent average of the first 20 echos) from the 21-g sample. (C) SLSE NQR spec-
trum obtained from the absolute value of the Fourier transform of data in (B). (D)
SLSE signal magnitude as a function of the time passed since the first RF pulse. The
fitted exponential decay constant is T3 = 332 + 23 ms. (E) SNR of NV NQR
signals as a function of total acquisition time, t, for both SLSE and single-RF
pulse protocol. The dashed black lines are fits to a v/t dependence.

amplification can be neglected (section S9c). Suppose that the
ferrite-cone diamond RF magnetometer in the present experiment
was replaced by a Johnson-noise-limited coil of equivalent volume
(Ve = 1.5 cm’) with Q = 10. The equivalent magnetic sensitivity of
such a sensor is 1/Q = 8 fT,, Hz ™"/ (see Eq. 4). An order-of-mag-
nitude improvement in diamond RF magnetometer sensitivity
would already provide a superior SNR. Such a device could find ap-
plication as a noncontact detector of pharmaceutical compounds,
such as synthetic opioids like fentanyl, which require high sensitiv-
ity and a short recovery time (31). Beyond NQR spectroscopy, our
device may also be used in applications such as magnetic induction
tomography (69, 70), underwater communication (71, 72), or the
search for exotic spin interactions (73-75).

In summary, we demonstrated a broadband (0.07 to 3.62 MHz)
ferrite-cone diamond RF magnetometer with a sensitivity of ~70 T
s"/? at 0.35 MHz. The magnetometer was used to detect the 3.6-
MHz NQR signal of "*N from room temperature NaNO, powder
samples. The short recovery time in our device after RF excitation

Silani et al., Sci. Adv. 9, eadh3189 (2023) 16 June 2023

pulse, ~35 ps, may offer advantages over other sensitive magnetom-
eters for NQR spectroscopy.

MATERIALS AND METHODS

Experimental apparatus

The apparatus used here, shown in Fig. 1A, was adapted from the
one presented in (3). Here, we provide additional information, with
a focus on the changes that were implemented for RF magnetome-
try. An acousto-optic modulator (AOM; Brimrose TEM-85-10-
532), driven at 81 MHz by an RF signal generator (RF-Consultant,
TPI-1001-B), is used to gate a continuous-wave 532-nm green laser
beam (Lighthouse Photonics Sprout D-5W) and produce 12-ps
laser pulses. Following the AOM, a half-wave plate (Thorlabs,
WPHI10ME-633) is used to adjust the laser beam's polarization.
The laser beam is then focused onto the edge facet of a diamond
membrane using a 1-inch-diameter aspheric condenser lens (nu-
merical apperture, 0.79; Thorlabs, ACL25416U-B). The same con-
denser lens is used to collect the NV fluorescence. The fluorescence
is spectrally filtered by a dichroic mirror (Thorlabs DMLP567R)
and a 650-nm long-pass filter (Thorlabs, FELH0650). Last, it is
focused onto the “fluorescence channel” of the photodetector
using a 2-inch-diameter lens (Thorlabs, ACL50832U-B).

A two-channel balanced photodetector (Thorlabs, PDB210A)
with a fixed gain G = 175 kV/A ~ 1.1 x 10** V/(photoelectron/s)
and a 3-dB bandwidth of DC-1 MHz is used to record the NV fluo-
rescence signal. A small portion of the laser beam is picked off
before the condenser lens and is directed to the “laser channel” of
the photodetector for balanced detection.

The laser beam's peak power is measured before the condenser
lens (but after the pick-off) to be ~250 mW. We estimate the peak
power entering the diamond to be ~200 mW, after taking into
account the ~80% transmission of the aspheric condenser at 532-
nm wavelength. Using a camera imaging system, the full width at
half maximum spot diameter of the laser beam on the diamond
face was estimated to be ~35 pm. The effective sensing volume,
Vien» 18 taken as the product of the excitation beam area, ~m X
(35 um/2)?, and the optical path length in the diamond, ~300 pm.

A ~1-cm-thick rectangular aluminum shield with dimensions of
18.4 cm by 18.4 cm by 30.8 cm is placed around the magnetometer
apparatus to reduce RF interference. A permanent magnet placed
outside of the Al shield, ~65 cm above the ferrite cones, is used
to compensate the laboratory’s ambient magnetic field and to
apply weak bias magnetic fields, By = 2 uT to 15 pT, approximately
along the z axis. A vector magnetometer (Twinleaf, VMRO018) is
used to map the bias magnetic field at the location of the cones.
The field components along the x and y axes are minimized by
moving the magnet around.

Temperature-controlled housing

To improve temperature stability during NQR measurements, a 0.5-
inch-thick thermal insulation sheet was glued to the exterior walls of
the aluminum shield housing. A temperature control device (Thor-
labs, ITC4005) was used to control the temperature of a Peltier
element that is thermally attached to the Al shield with the help
of silicone thermal paste. The ambient temperature was measured
with a thermistor located near the sample.
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Diamond membrane processing

The diamond membrane used here was created from a natural-iso-
topic-abundance diamond substrate, grown by chemical vapor dep-
osition, with an initial nitrogen concentration [N] ~ 20 ppm. The
diamond was irradiated with 2-MeV electrons at a dose of
~10"® cm™?, and then, it was annealed in a vacuum furnace at
800° to 1100°C to form NV centers. The diamond properties, irra-
diation, and annealing procedures are similar to that described in
(8). The diamond was subsequently cut and polished into a
(100)-oriented membrane with dimensions of ~300 um by 300
pum by 35 um. We estimated the NV density of our membrane by
comparing its fluorescence brightness to that of a well-calibrated
diamond membrane [cut from “S2” studied in (76)] of similar di-
mensions under similar conditions. S2 has an NV density of ~15
ppm, and the detected photocurrent in our membrane was approx-
imately five times lower, so we conclude that our membrane has an
NV density of approximately 3 ppm. However, this method of esti-
mating NV density has a substantial uncertainty of at least a factor
of 2.

Sample preparation

Sodium nitrite (NaNO,) powder sample was purchased from
Sigma-Aldrich (lot no. MKBX1577V). Plastic cylinder containers
with ~1-mm wall thickness were assembled to hold the powder
samples in the setup.
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