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Quantum sensors have attracted broad interest in the quest towards sub-
micronscale NMR spectroscopy. Such sensors predominantly operate at low
magnetic fields. Instead, however, for high resolution spectroscopy, the high-
field regime is naturally advantageous because it allows high absolute chemical
shift discrimination. Here we demonstrate a high-field spin magnetometer
constructed from an ensemble of hyperpolarized *C nuclear spins in diamond.
They are initialized by Nitrogen Vacancy (NV) centers and protected along a
transverse Bloch sphere axis for minute-long periods. When exposed to a time-
varying (AC) magnetic field, they undergo secondary precessions that carry an
imprint of its frequency and amplitude. For quantum sensing at 7T, we
demonstrate detection bandwidth up to 7 kHz, a spectral resolution <100
mHz, and single-shot sensitivity of 410pT/+/Hz. This work anticipates oppor-
tunities for microscale NMR chemical sensors constructed from hyperpolar-
ized nanodiamonds and suggests applications of dynamic nuclear polarization

(DNP) in quantum sensing.

The discrimination of chemical analytes with sub-micron scale spatial
resolution is an important frontier in nuclear magnetic resonance
(NMR) spectroscopy' . Quantum sensing methods have attracted
attention as a pathway to accomplish these goals®. These are typified
by sensors constructed from the nitrogen vacancy (NV) defect center
in diamond**—electrons that can be optically initialized and
interrogated”®, and made to report on nuclear spins in their environ-
ment. However, NV sensors are still primarily restricted to bulk crystals
and operation at low magnetic fields (Bp<0.3 T)°™% Instead, for
applications in NMR, high fields are naturally advantageous because
the chemical shift dispersion is larger, and analyte nuclei carry higher
polarization®. The challenge of accessing this regime arises from the
rapidly scaling electronic gyromagnetic ratio y., which makes elec-
tronic control difficult at high fields'". Simultaneously, precise field
alignment' is required to obtain viable NV spin-readout contrast”. The
latter has also made nanodiamond (particulate) magnetometers chal-
lenging at high fields. If viable, such sensors could yield avenues for

"targetable” NMR detectors that are sensitive to analyte chemical
shifts'®*, and provide a sub-micron scale spatial resolution deter-
mined by particle size*>?. They also anticipate new applications in
high-resolution high-field magnetometry in condensed matter
systems* . In this paper, we propose alternate approach towards
overcoming these technical challenges. We construct a magnetometer
out of hyperpolarized nuclear spins (See Fig. 1): ®C nuclei in the dia-
mond serve as the primary magnetic field sensors, while NV centers
instead play a supporting role in optically initializing them?*%, By
combining hyperpolarization, long-lived transverse sensor lifetimes,
and their continuous interrogation, we show that nuclear magnet-
ometers can produce sensitivities comparable to traditional electronic
(NV center) sensors, but in the high-field regime.

The advantages of ®C nuclei as sensors stem from their attractive
properties. Their low y, = y./3000, enables control and interrogation
at high fields (B, > 1 T). The benign scaling of the *C Larmor frequency
allows the scaling to higher magnetic fields to be easier than for NV

Department of Chemistry, University of California, Berkeley, Berkeley, CA, USA. Energy Geoscience Division, Lawrence Berkeley National Laboratory,
Berkeley, CA, USA. *OxideMEMS Lab, Purdue University, West Lafayette, IN, USA. “Chemical Sciences Division, Lawrence Berkeley National Laboratory,

Berkeley, CA, USA. < e-mail: ashokaj@berkeley.edu

Nature Communications | (2022)13:5486


http://orcid.org/0000-0001-7193-2241
http://orcid.org/0000-0001-7193-2241
http://orcid.org/0000-0001-7193-2241
http://orcid.org/0000-0001-7193-2241
http://orcid.org/0000-0001-7193-2241
http://orcid.org/0000-0003-3242-2913
http://orcid.org/0000-0003-3242-2913
http://orcid.org/0000-0003-3242-2913
http://orcid.org/0000-0003-3242-2913
http://orcid.org/0000-0003-3242-2913
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-32907-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-32907-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-32907-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-32907-8&domain=pdf
mailto:ashokaj@berkeley.edu

Article

https://doi.org/10.1038/s41467-022-32907-8

A B

Fig. 1| C Sensor Strategy. A System. Diamond lattice with dipolar coupled
(dashed lines) C nuclei, hyperpolarized (blue arrows) by optically pumped NV
center defects. B Principle. Hyperpolarized ®C nuclei are driven in to the X axis (red
arrow) via spin-locking. When an AC field (blue) is applied along z, the spins
undergo secondary precessions (arrows). Deviation from X constitutes the mag-
netometer signal. Case shown corresponds to 8 = rr/2 (Fig. 2A), where the spins
trace the corners of a square when projected onto the y — Z plane over four pulses
(period 4t in Fig. 2A).

centers. In contrast to NV electronic spins, transitions of spin-1/2 *C
nuclei are determined solely by magnetic fields and not influenced by
crystal lattice orientation®**°, so they need not be aligned in a specific
direction. They have long rotating frame lifetimes 77, - 90 s *', orders of
magnitude greater than their NV center counterparts. Similarly, their
longitudinal lifetimes 7;>10 min®**** are long even at modest fields.
This can allow a physical separation between field regions corre-
sponding to “C initialization and sensing, and for the *C sensors to be
transported between them®. C nuclei can be non-destructively
readout via RF techniques*®, allowing continuous sensor interroga-
tion without reinitialization. This allows real-time tracking of a chan-
ging magnetic field for extended periods®. RF 2C readout is also
background-free, i.e., the *C signal from the hyperpolarized diamond
is likely orders of magnitude stronger than the surrounding analyte’®.
Moreover, it is immune to optical scattering®, permitting deployment
in real-world media.

While these properties appear attractive at first glance, nuclear
spins have previously been considered ineffective as quantum sensors.
The low y,,, while ideal for high field operation, would be expected to
yield low sensitivity*, and poor state purity (thermal polarization is =
107 even at 7 T). Strong ( - 1 kHz) dipolar coupling between “C nuclei
makes Ramsey-like sensing protocols untenable. This results in a rapid
free induction decay (FID) T,<2 ms* and limits sensor
integration time.

Here, we demonstrate that these shortcomings can be mitigated.
We exploit optical hyperpolarization of *C nuclei (Fig. 1A)**?**** and
spin-lock readout scheme that suppresses evolution under dipolar
interactions™*°, The resulting >10,000-fold extension in ©C lifetimes,
from T, — T}, provides the basis for expanding sensor readout to
minute long periods®. These long *C rotating-frame lifetimes can at
least partially offset sensitivity losses arising from the low y,. The
sensing strategy is described in Fig. 1B. Hyperpolarized “*C nuclei are
placed along the transverse axis X (red arrow) on the Bloch sphere at
high field, where they are preserved for multiple-second long T
periods®. Any subsequent deviation of the spin state from X — y plane
can be continuously monitored and constitutes the magnetometer
signal. In the presence of the target magnetic field,
Bc(t) =By cOS2nf pct + )Z at a frequency fac, the nuclei undergo a
secondary precession in the y — z plane that carries an imprint of fac.
Long T3 yields high spectral resolution.

As opposed to traditional quantum sensing, magnetometry is
performed here with nuclear spins already in "coupled-sensor” limit,
i.e., in the regime where (d)T, - 1. The key novelty of our approach is
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Fig. 2| Magnetometry Protocol. A °C sensing sequence consists of a train of 6 flip-
angle pulses (green) separated by interpulse period 7. Upper trace (blue) repre-
sentatively (with an arbitrary phase) shows an applied AC field of frequency fyc; it is
denoted here in the "resonant" configuration for 6=75". Pulses have width ¢,,
separated by acquisition periods ¢,q. B Directly observed C Larmor precession.
During t,q, °C precession is sampled every 1ns. Orange curves show representa-
tive raw data taken in a single-shot for six consecutive readout windows between
successive pulses. Here t,cq =32 us, t, =30 us, T=73 ps, and fac = 2 kHz. C Zoom into
a lus portion of an acquisition window. Fourier transform (blue) displays the het-
erodyned Larmor precession at fie = 20 MHz. D Rotating frame signal. Magnitude
of signal at f;,e, in each window is plotted (blue points), extracting the 20 MHz +
32 kHz component in C. The line joining points shows oscillations whose frequency
components reflect harmonics of fyc (see Fig. 5). Note here, the AC field schematic
does not correlate with the actual phase of the signal.

(1) the ability to mitigate this intersensor coupling while simulta-
neously (2) rendering spins sensitive to external magnetic fields. The
protocol we propose achieves these twin aims in a highly robust
manner evidenced by the ability to apply >250,000 pulses to the
sensor spins while continuously tracking their evolution. Moreover,
unlike conventional quantum sensing, here by measuring amplitude
and phase of the sensor response, we are able to discern the sensor
position on two quadratures simultaneously on the Bloch sphere.

Results

High-field magnetometry with hyperpolarized *C nuclei
Experiments here are conducted on a single-crystal diamond, but can
be extended to powders. The sample has~-1 ppm NV center con-
centration and natural abundance C. Hyperpolarization occurs
through a method previously described at 38 mT** (see Supple-
mentary Note 6 for a summary of the method and setup). Figure 2
shows the subsequently applied C magnetometry protocol at 7 T. It
entails a train of 0 pulses, spin-locking the nuclear spins along x
(Fig. 2A). C nuclei remain in quasi-equilibrium along X for several
seconds®. Flip angle 6 can be arbitrarily chosen, except for 6=rm*.
Pulse duty cycle is high (19-54%) and interpulse spacing 7<100 us
(Fig. 2A). The nuclei are inductively interrogated in f,cq windows
between pulses. Orange curves in Fig. 2B show typical raw data. For
each window, the magnitude of the heterodyned Larmor precession,
(Fig. 2C, here at 20 MHz)—effectively the rotating frame transverse
magnetization component—constitutes the magnetometer signal.
These are the blue points in Fig. 2D. Every pulse, therefore, provides
one such point; in typical experiments we apply N 2 200k pulses. In the
absence of an external field, successive points show very little decay.
We typically achieve transverse spin lifetimes exceeding >30s;
remarkably however, this is accomplished using a pulsing rate that is
only a factor of 10-fold faster than the interspin dipolar coupling. Now,
when subject to an AC field at fac, there is an oscillatory response
(evident in blue line Fig. 2D). It is strongest at the "resonance condi-
tion”,
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Fig. 3 | Long-time >C magnetometry signal. A Representative pulsed spin-lock
signal as in Fig. 2 (t="73ps, t, =30 us) with no applied field (red line), and with
fac=2.76 kHz (blue line), applied near resonance (f ., =2.780 kHz). The former
decays with T, =31s; AC field, however, yields a faster decay with superimposed
oscillations (see Fig. 2A). B Decaying signal component S, obtained via a moving
average filter. C Oscillatory signal component S, extracted as S,=S - S,. D Inset:
zoom into data in a 7.2 ms window (boxed) showing oscillations at fxc (see Fig. 5).

as will be explained below, corresponding to when the AC field peri-
odicity is matched to the time to complete a 2 rotation. Figure 2A
describes the resonant situation for 6 = /2.

Figure 3 shows the magnetometer signal over 20 s (275k pulses)
with no applied field and fac = 2.760 kHz (close to resonance). In the
former case, there is a slow decay T, =31 s (red line in Fig. 3A)*. The AC
field however drives the spins away from X, causing a comparatively
rapid C decay (blue line in Fig. 3A) along with magnetization oscilla-
tions (see Fig. 3C). We separate these contributions, decomposing the
signal (dashed box) as S=S,+S,, where S, is the (slow) decay com-
ponent (Fig. 3B) and S, is the oscillatory part with zero mean (Fig. 3C,
zoomed in Fig. 3D). In practice, S, is obtained via a 73 ms moving
average filter applied to S in Fig. 2, and the oscillatory component
isolated as S, =S - S.

We first focus attention to the decay component S. In Fig. 4, we
vary fac, and study the change in integrated value of Sy over a5 s period
(Fig. 3B). Here the phase of the applied AC field is random. Figure 4A
reveals that the *C decay is unaffected for a wide range of frequencies,
except for a sharp decay response (dip) centered at resonance f .
(dashed vertical line). With a Gaussian fit, we estimate a linewidth =
223 Hz. The dip matches intuition developed from average Hamilto-
nian theory (AHT) (Fig. 4B, C) (see below). It can be considered to be an
extension of dynamical decoupling (DD) sensing*** for arbitrary 6.
Figure 4D shows the scaling of f s with pulse width ¢,. This agrees well
with theoretical scaling, fyo, =At, /(£ + Egead + Lacq), Where A is a mea-
sure of the Rabi frequency.

Figure 4E, F, display individual decays in Fig. 4A on a linear scale
and logarithmic scale against +/¢. Points far from resonance (e.g., (i)
DC and (iv) 5kHz) exhibit a stretched exponential decay
« exp(—t'/?), characteristic of interactions with the P1 center spin
bath®. These manifest as the straight lines in Fig. 4F. On the other
hand, for points within the f ., dip in Fig. 4A, we observe a potentially
chaotic response evidenced by sharp jumps (Fig. 4E, F). These fea-
tures belie a simple explanation from AHT alone and is possibly an
artifact from our probe like arcing. The jumps occur for strong Rabi
frequencies, and when f,c approaches resonance, evident in the
comparison between fyc = 5kHz and fac = 2.885 kHz in Fig. 4E, F (blue
and yellow lines). Figure 4G describes the linewidth dependence of
the obtained resonance dip as a function of the number of pulses
employed. Contrary to DD sensing'®*™*, the linewidth does not fall
with increasing number of pulses, suggesting it is dominated by *C
dipolar couplings.

Despite this relatively broad linewidth, high resolution magneto-
metry can be extracted from the oscillatory component S, (Fig. 3C).
Figure 5A shows S, over 20 s for fac =2.760 kHz. Figure 5B zooms into a
representative 22 ms window. Strong “C oscillations are evident here.
Taking a Fourier transform, we observe four sharp peaks (Fig. 5C). We
identify the two strongest peaks as being exactly at fac and 2fxc (shown
in Fig. 5C with the labels ©® and @); we will refer to them as primary and
secondary harmonics respectively. They are zoomed for clarity in
Fig. 5D, E (along with the noise level in Fig. 5F), from which we extract
the AC magnetometry linewidths as 92 mHz and 96 mHz respectively.
Two other smaller peaks in Fig. 5C are aliased versions of the third and
fourth harmonics (marked ® - @), at frequencies f3 =28 — 3f ,c =5.418
kHz and f, =28 — 4f ,c =2.658 kHz. The bandwidth B=1/(27) here is
determined by the interpulse interval in Fig. 2A. For clarity, Fig. 5G
shows the data in Fig. 5C in a logarithmic scale, with the harmonics
marked.

We emphasize differences with respect to DD quantum
sensing'®". Oscillations here are at the absolute AC frequency fxc, as
opposed to the difference frequency from ! in the DD case. Second,
sensing can be obtained with an arbitrary flip angle 8 (except m),
allowing for greater robustness compared to DD sequences that
require precisely calibrated 6= pulses. Pulse error affects AC mag-
netometry peak intensity but not their position. Figure SH shows the
scaling of the harmonic intensities with |Bac|. We observe a linear and
quadratic dependence of the primary and secondary harmonic inten-
sities (see Fig. 5H), differing from DD sensing.

We now perform experiments to determine the frequency
response of the sensor, unraveling the sensitivity profile at different
frequencies (Fig. 6). We seek to determine how it relates to the f ., dip
in Fig. 4. We apply a chirped AC field, f 5c(£) =fini + (AB/T)t, with fini =
1kHz, in a 1-4 kHz window (AB =3kHz) in Fig. 6A (shaded region. The
sweep is slow, (T=20 s), and occurs only once during the full
sequence, and does not start synchronously with it. If the frequency
response was independent of frequency, we would expect an
approximately box-like Fourier signal intensity over AB. Instead, we
obtain a narrow response with a central cusp in a small portion of the
AB band (zoomed in Fig. 6B). This response is strongest close to
resonance (Eq. (1)), a signature of the sign inversion of the *C spins due
to the rapid adiabatic passage driven by the AC field in the rotating
frame. Upon hitting the resonance condition, the spins tip towards the
y — 7 plane and their amplitude in the X —y plane, as measured,
reduces. Simultaneously, we observe a strong Gaussian response in the
region outside AB (Fig. 6C). We identify these features as the primary
and secondary harmonic responses, respectively (labeled ® and @ as
before). Indeed, their frequency centroids are in the ratio 1:2 (see
Fig. 5C); f s arises where the cusp dips to its lowest point (dashed line
in Fig. 6B). We hypothesize that the cusp arises because the actual
signal response reflects a dispersive lineshape, flipping in sign on
either side of resonance f ., (see Sec. Il B).
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Fig. 4 | Enhanced signal decay with applied AC field. A Integrated signal intensity
of decaying component S, (see Fig. 3B) with changing AC frequency, with 6= 75,
and 7=73 ps. Decays are normalized against their value at 20 ms and truncated at
5's (corresponding to = 10° pulses). Enhanced decay occurs at resonance condition
(dashed line). Solid line is a spline fit guide to the eye. Linewidth is estimated =
223 Hz (marked) from a Gaussian fit. B Average Hamiltonian analysis. Simulated
signal, here assuming 6 = ir/2 and no dipolar coupling between C nuclei. Reso-
nance is expected at f,., =1/47. C Phasor representation of toggling frame Hamil-
tonians for B under an applied (i) DC field and (ii) AC field at resonance.

D Resonance frequency scaling. Points show experimentally extracted resonance
frequency from a second harmonic intensity (see Fig. SI) for varying pulse widths ¢,

but fixed t,q. Solid line is a theoretically predicted f s, showing good agreement.
E Signal traces for representative points in A (large markers i-iv), corresponding to
fac=DC, 5kHz, 2.885 kHz (resonance) and 2 8 kHz (slightly off- resonance) For AC
supplementary online materlal). Far from resonance (i,iv), the decays exhibit
slowly-decaying profiles. F Logarithmic scale plot of the data in E, plotted against
J/t. Signal decays far from the resonance have a characteristic o« exp(—t"/?)
profile*’. Decays close to resonance (ii,iii), however, show steeper slopes. G Scaling
of resonance linewidth in A as a function of the number of pulses N applied, esti-
mated from a Gaussian fit.

Figure 6 suggests the potential for real-time magnetic field
"tracking”. We consider this experimentally in Fig. 7. Figure 7A shows
S, corresponding to a single-shot of the experiment in Fig. 6A. Sensor
response is enhanced as the frequency crosses resonance f ., (dashed
line). Three 15 ms windows are displayed in Fig. 7B. Their Fourier
transforms reveal that the frequency response follows the instanta-
neous AC field fac(t).

Theory

We now turn to a theoretical description of C sensor operation. We
outline two complementary viewpoints to explain the observations
in Figs. 4 and 5: a first picture equivalent to DD quantum sensing, and
second using an "rotating-frame” NMR experiment analogue. Con-
sider first that the 2C Hamiltonian in the lab-frame is,
H=Hz+Hgq+Hac, Where H,=w,l, is the Zeeman Hamiltonian,

= —

Had =>k<ibeeBlid,, — Iy - 1,) is the interspin dipolar interaction
and Hyc = V,,Bac COSTf sct + @)l is the applied AC field. Here / refer
to spin-1/2 Pauli matrices, w, is the nuclear Larmor frequency, ¢ is
the initial (arbitrary) phase of the AC field, and we estimate the
median dipolar coupling J=(b;,) = 663Hz. The spins are prepared
initially along X in a state p(0)-¢&l,, where £=0.2% is the
hyperpolarization level.

The sequence in Fig. 2A can be conveniently treated in the rotating
frame by average Hamiltonian theory (AHT)*. After N pulses, its action
can be described by the unitary, UNT) = [exp(ifl,) exp(iHr)]N , where
we assume &-pulses for simplicity. The signal obtained following the
procedure in Fig. 2 then simply corresponds to the measurement of
()2 + (Iy)z]l/ 2, or equivalently the spin survival probability in the x — y

plane. This evolution can be expressed as, UNT)= Hj L eXp(iHT),
where H" are toggling frame Hamiltonians after every pulse®,
HY = exp(ijol,,)H exp(—ij6l,). For time t=Nrt, this can be recast as,
U(t)= exp(iHgNT), where H; captures the effective system dynamics
under the pulses. To leading order in parameter {=2n/r in a Magnus
expansion**’, and assuming { « 1, the dynamics can be captured by an
average Hamiltonian, #\" = Y | H.

Since non-commuting effects do not affect the leading order
term, we can consider the effect of each of the dipolar part and the AC
field separately, H\” = H) + H\%. For the former, we have™,

(0)_ ZH z;(dj(;((:(;Hff_Tj)l—l())l (2)

with the flip-flop Hamiltonian, Hg =11, +1 Iky The initial state p(0) is
conserved under H\, since [p(0),)]=0. This leads to a quasi-
equilibriation of spins along X, with a hfetlme that scales with a power
law of the pulsing frequency ™. This is the red signal in Fig. 3A (here
{=0.3). We note that for sufficiently small {, Eq. (2) is valid for arbitrary
flip-angle 6, except for certain special values (6 = m, 2m).

A similar AHT analysis can be carried out for the H,. term. Con-
sider first a DC field (foc = 0) and 6 =7/2. Figure 2C shows the toggling
frame Hamiltonians Hf{c), which consists only of single body terms and
hence can be plotted in a phasor representation. In a cycle consisting
of four pulses (required to complete a 2m rotation), the average
Hamiltonian H!Q)=0, evident from the symmetrically distributed
phasors in Fig. 4(1) Hence the DC field is decoupled. Alternately,
consider the resonant AC case (f s =fe)- The analysis here is simplest
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Fig. 5| High-field (7T) *C sensor magnetometry. A Long time single-shot signal of
the oscillatory component S, (following Fig. 3C) upon application of a_fac=2.760
kHz AC field. Here 7=73us, 6 =75, and f . =2.78 kHz. B Zoom into a 20 ms win-
dow. C Fourier transform of data in A reveals high resolution peaks corresponding
harmonics of fac. Data here is obtained from 100 averages of signal as in A. Dashed
lines represent first and second harmonics. Third and fourth harmonics are aliased,
bandwidth B=6849 Hz. D, E Zoom into primary and secondary harmonics centered
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at fac and 2fxc respectively. Linewidths are estimated from a Gaussian fit. F Zoom
into spectral wing showing noise intensity. G Logarithmic plot corresponding to
data in C. H Scaling of harmonic intensity. Primary and secondary harmonic
intensities exhibit apparently linear and quadratic dependence with |Bac| respec-
tively for an off-resonant AC field at 1.75 kHz and with a different probe power such
that 7=120 us.
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Fig. 6 | Frequency response of >*C magnetometer. A Spectral response of an
chirped AC field (inset) where frequency is swept between 1 and 4 kHz (AB =3kHz),
(green shaded region) in 20 s. Plotted is the resulting Fourier transform intensity of
S, (averaged over 100 shots) revealing profile of sensor frequency response. Data is
smoothed over 10 Hz for clarity. Primary and secondary harmonic responses are
marked. Dashed lines denote f s and 2f .. B Zoom into primary harmonic
response. Points show cusp-like primary harmonic response with a linewidth of =
60 Hz about f ., =2.78 kHz (dashed line). Orange solid line is a spline fit guide to
the eye. C Zoom into secondary harmonic response showing an approximately
Gaussian profile, here with a linewidth of = 313 Hz, centered at 2f .

to carry out assuming a square-wave (as opposed to sinusoidal) field. In
this situation, the phasor diagram is asymmetrical and the average
Hamiltonian after four pulses, Hf\oc) oc —I,. When stroboscopically
observed, the spins rotate away from x — y plane; this yields the dip in
the integrated signal in Fig. 4.

An illuminating alternate viewpoint is obtained by noting that
under spin-locking the spins are requantized in the rotating frame with
an effective field, Q. =Q %” , where the factor in brackets is the pul-
sing duty cycle, and Q is the Rabi frequency. The resonance frequency
identified above is then exactly, f . = Q.. Therefore the experiment
can cast as an rotating-frame analogue of a conventional (lab-frame)
NMR experiment: the spins are quantized along X, Q. serves analo-
gous to the Larmor frequency, and at the resonance condition
(fac =fres), Bac is the effective Rabi frequency. Spins initially prepared
along X, are then constantly tipped away from this axis by fac. The dip
in Fig. 4 reflects this tilt away from the X — y plane. For the resonant
case, in the absence of dipolar evolution, the trajectory of the spins in
the rotating frame can be simply written as,

P(O) =1, cos(V,Bact) +1, sin(y,Bact) SIN2Mf 5 )

. 3
+1, sin(y,Bact) COS2Tf o).

In effect, the spins are undergoing a "secondary” precession in the
rotating frame around X at frequency Qg For each point on this
motion, they are also precessing in the lab frame at w,. The latter
yields the inductive signal measured in the raw data in Fig. 2B. Upon
taking a Fourier transform (Fig. 2C), we are able to extract the mag-
nitude of the spin vector in the X — y plane, which has the form,
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of AC frequency. Three 150 ms time windows are marked, and panels B-D show the
corresponding Fourier transforms. Solid lines are Lorentzian fits. Clearly the 2C
signal carries a real-time imprint of the frequency of the applied chirped AC mag-
netic field. A more detailed and complete account of this analysis is given in Fig. S8
including a short-time Fourier transform.

() =[COS2 (Y, Bact) + SN2y, Bact)sin?2nf act)] . This is the signal
measured in Fig. 3, and the oscillations here at fac and 2fxc, corre-
sponding to the observed first and second harmonics respectively.
While this analysis was for the resonant case, it is simple to extend
it to off-resonant AC fields (see Supplementary Note 9). Once
again the oscillations can be demonstrated to be at exact harmonics
of fac. Alternatively, if the FT phase, instead of magnitude (see
Supplementary Note 5), was taken in Fig. 2C, where one measures the
phase of the spins in the x — y plane in the rotating frame, Eq. (3)
indicates there will once again be oscillations. Here however, all the
intensity will be in the primary harmonic, and for sufficiently small
fields yalBacl <fac, the oscillatory signal scales = |Bac|, and can
provide higher sensitivity. Extracting these oscillations comes with
complications related to unwrapping the phase every 2m, and
accounting for phase accrual during the ¢, pulse periods. Supple-
mentary Note 5 elucidates the phase unwrapping strategy employed
in this work.

Overall Eq. (3) illustrates that the oscillations in Fig. 5 are akin to
observing the Larmor precession of the spins in the rotating frame. The
growing oscillation strength in Fig. 5A might indicate the spins tipping
further away from the X axis. In a similar manner, Eq. (3) demonstrates
that Figs. 6 and 7 are analogous to the AC field driving a rapid adiabatic
passage in the rotating frame. Therefore, the sign of (/,.) flips on either
side of the resonance (see Fig. 6).

Finally, we emphasize that the treatment above is still only qua-
litative because it neglects the effect of the dipolar interactions during
the full spin-locking sequence. An interplay between the dipolar
interaction and AC field is ultimately important in determining the
transverse lifetimes upon spin excursions away from the x axis. We will
consider this in detail in follow-up work.

B3C sensor performance and special features

We now elucidate parameters of *C sensor performance and discuss
some of its special features (see SI (See supplementary online material)
for a summary). Our emphasis in this paper was not to optimize sen-
sitivity, but through experiments similar to Fig. 4 (detailed in Supple-
mentary Note 11) for a bias field Bo=7 T and at the resonance

frequency, we obtain a single-shot sensitivity of 760 + 127 pT/+/Hz via
measurement of signal amplitude, and 410+ 90 pT/+/Hz via mea-
surement of signal phase respectively. This neglects hyperpolarization
time because a sensor initialization event can allow interrogation for
several minutes®. A single-shot of the measurement (for ¢ =34s at f ;)
can detect a minimum field of =70 pT. While the sensitivity here is
lower than NV quantum sensors at low field, we emphasize that this
corresponds to an exquisite AC field precision of ~-10™ over the 7 T
bias field. Indeed, as elucidated in Supplementary Note 13, our C
sensor occupies a niche space of high-field operation with few com-
peting technologies (MOKE, SHPM, and 'H NMR). While possessing
comparable sensitivity, it expands applications to multiplexed sensing
of AC fields that is not easily feasible via these sensor technologies.

Sensitivity itself can be significantly enhanced. Sample filling
factor (presently n=15%) and RF coil Q-factor (=30) can both be sig-
nificantly boosted. Employing a 10% C enriched sample would pro-
vide a further ten-fold gain in inductive signal strength®*. Current
hyperpolarization levels are around (= 0.1%), but we anticipate that
technical improvements can boost this by a further 50-fold*. Experi-
ments in this paper have been conducted on a single crystal sample,
but we anticipate similar long coherence times 7, can be accom-
plished for nanodiamond (ND) samples via methods of high-
temperature sample thermal annealing”. From these concerted
gains, we estimate a sensitivity approaching 2 nT/+/Hz is feasible for
BC-enabled NMR detection in a (10 pm)® volume, sufficient to measure
the ~11nT field produced by precessing 'H nuclei of glycerol in the
same volume at 10 T,

The frequency resolution of the C sensor is §f=1/Nrt. Currently,
Fig. 5 demonstrates a resolution ~50 mHz. However, finite memory
limitations restricted capturing the C Larmor precession here to
t < 35s (Fig. 5A). Overcoming these memory limits can allow acquisition
of the entire spin-lock decay, lasting over 573 s*'. Under these condi-
tions, we estimate a frequency resolution of 2.2 mHz is feasible. This
would correspond to a frequency precision of 3 ppt at a 7 T bias field.
On the other hand, sensor bandwidth B=1/27 is determined by the
minimum interpulse delay (see Fig. 4C). Current Rabi frequencies limit
bandwidth to ~ 20 kHz. We estimate that improving filling-factor n and
RF coil Q factor (presently 30), could increase B further to = 500 kHz.
The sensor strategy lends itself to a wide operating field range. While
our experiments were carried out at 7 T, the slow scaling *C gyro-
magnetic ratio makes sensing viable even for fields = 24 T. This greatly
expands the field range for spin sensors, where the operating field is
predominantly < 0.3 T (notable exceptions are Refs. 13,15, but require
complex instrumentation).

We emphasize the robustness of our sensing method to pulse
error. It can be operated with any flip angle 6 = **. Moreover, f . has a
relatively wide profile =230 Hz (see Fig. 4A), meaning that flip-angle
(RF) inhomogeneity has little impact. These features are responsible
for the>275k pulses applied to the BC spins in experiments in
this work.

Finally, we note some special features of our magnetometry
protocol. Compared to previous work® using hyperpolarized gas-
eous ’Xe nuclei as sensors, our experiments employed hyperpo-
larized nuclear spins in solids. This provides natural advantages due
to an ability for in-situ replenishment of hyperpolarization at the
sensing site. Moreover, multiple AC fields can be discerned in a
Fourier reconstruction in a single-shot, as opposed to point-by-
point®,

Fundamentally, experiments here illustrate the feasibility of
quantum sensing in the coupled sensor limit (<d>T, ~1)°****, making
the spins sensitive to external fields while negating the effect of
intersensor interactions. Sensor operation exploits "Floquet
prethermalization™>**—quasi-equilibrium nuclear states under peri-
odic driving®. As such, this provides a compelling demonstration of
exploiting stable non-equilibrium phases for sensing applications.
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From a technological perspective, RF interrogated sensing, as
described here, presents advantages in scattering environments®’ (see
Supplementary Note 12). All data in this paper are carried out with the
diamond immersed in - 4mL water, over 2000-fold the volume of the
sample. Traditional NV sensors are ineffective in this regime due to
scattering losses and concomitant fluorescence fluctuations. Similarly,
optically hyperpolarized sensors present advantages because majority
of the sensor volume can be illuminated by the impinging lasers,
because there are no geometrical constraints from the requirements of
collection optics. In our experiments, we employed an array of low-
cost laser diode sources® for hyperpolarization that illuminates the
sample almost isotropically. This allows recruiting a larger volume of
spins for sensing with a low cost overhead®. Extension to powder
samples could be advantageous for optimally packing a sensor
volume.

Discussion

The work presented here can be extended in several promising
directions. First, the high bandwidth-to-resolution ratio (8/8f =10°)
possible via C sensing at high fields (see Fig. 5), suggests possibi-
lities for detecting chemical shifts from processing analyte nuclei
external to the diamond. Seminal work by Warren et al.”” and
Bowtell*® showed that nuclear spins of one species ("sensor”) could
be used to indirectly probe NMR information of other physically
separated ("analyte”) nuclei. This indirect NMR detection strategy is
appealing as the absolute dimensions diminish to sub-micron length
scales’. Building on these ideas, we envision the possibility of micro-
scale NMR detectors using hyperpolarized *C nuclei in nanodiamond
(ND) particles, and exposing one-half of the particle surfaces to the
analyte”’. Such "relayed” NMR detection is feasible because of the
high resolution-to-bandwidth ratio of our C magnetometer
(<10 ppm). For instance, the detection of 'H analyte chemical shifts
would require the translation of the corresponding nuclear Larmor
precession into the magnetometer detection bandwidth
(~7kHz)*°°, Such frequency translation is possible following the
approach first introduced by Wittfield and Redfield® of detecting
oscillating longitudinal spin magnetization at audio-frequencies. In
principle, this requires additional control applied to the analyte
nuclei. For instance, a train of m/2 pulses applied to the 'H nuclei
coincident with the spin-locking train applied to the *C sensor nuclei
in Fig. 2A allows 'H chemical shift information to be encoded into
longitudinal 'H magnetization oscillations and hence still retained.
Ultimately, the spatial distance over which the sensing extends will
be determined approximately by the size of the *C sensor ensemble
employed®”, hence opening the possibility of micron-scale NMR
detection. We will explore these experiments in a future manuscript.

Second, while the current experiments exploit a low-field DNP
mechanism for the initialization of the C sensors, interesting oppor-
tunities arise from employing complementary all-optical DNP techni-
ques that operates directly at high field®*¢>. This will allow in-situ
sensors at high field without the need for sample shuttling.

Furthermore, beyond NMR, we envision applications to
condensed matter physics. Our approach might enable non-
invasive and high spatial resolution visualization of the observed
phenomenology of domain walls in 2D ferromagnets***, eluci-
dation of coexisting antiferromagnetic and spin-glass phases in
2D crystals”, and reentrant Hofstadter phases in twisted bilayer
graphene at high magnetic fields?.

More broadly, this work suggests an interesting applications of
DNP for quantum sensing, It is intriguing to consider sensor platforms
constructed in optically-active molecular systems®* where abundant,
long-lived nuclear spins, can be initialized via interactions with elec-
tronic spin centers. Finally, we envision technological applications of
the C sensors described here for bulk magnetometry®, sensors
underwater and in scattering media, and for spin gyroscopes®®*’.

In conclusion, we have proposed and demonstrated a high-field
magnetometry approach with hyperpolarized ®C nuclear spins in
diamond. Sensing leveraged long transverse spin *C lifetimes and their
ability to be continuously interrogated, while mitigating effects due to
interspin interaction. We demonstrated magnetometry with high fre-
quency resolution (~50 mHz), high field precision (-10™), and high-
field (7T) operation, yielding advantages over counterpart NV sensors
in this regime. This work opens avenues for NMR sensors at high fields,
and opens new and interesting possibilities for employing dynamic
nuclear polarization for quantum sensing.

Methods

The diamond sample employed in this work is a single crystal CVD
grown sample from Element6 with ~1ppm of NV centers. Initialization
of the *C nuclei via hyperpolarization is carried out via continuous
laser illumination and chirped microwave excitation at low magnetic
field (36-40 mT). The C magnetometry experiments here are all
carried out at 7T. The spins are continuously interrogated in the win-
dows between the 8-pulses, and digitized by means of a fast arbitrary
waveform transceiver (Tabor Proteus). This allows us to measure the
amplitude and phase of the C Larmor precession signal, from which
we extract the transverse Bloch sphere components of the spin vector
in the rotating frame. The AC field is applied by means of a z-coil
parallel to the ®C quantization axis at 7T. More details about all these
aspects, including instrumentation, protocols, and additional data are
presented in the supplementary information.

Data availability
The data necessary to replicate the results of this paper are available
from the corresponding author upon reasonable request.

Code availability

The code required to reproduce the graphs and analysis in this paper
are available in this Berkeley Box file sharing repository: https://
berkeley.box.com/s/41ntv00tg5htvtqged3boyli5tn04q47.

References

1. Sidles, J. A. Spin microscopy’s heritage, achievements, and pro-
spects. Proc. Natl Acad. Sci. USA 106, 2477-2478 (2009).

2. Meriles, C. A. Optically detected nuclear magnetic resonance at the
sub-micron scale. J. Magn. Reson. 176, 207 - 214 (2005).

3. Degen, C. L., Poggio, M., Mamin, H. J., Rettner, C. T. & Rugar, D.
Nanoscale magnetic resonance imaging. Proc. Natl Acad. Sci. USA
106, 1313-1317 (2009).

4. Degen, C. L., Reinhard, F. & Cappellaro, P. Quantum sensing. Rev.
Mod. Phys. 89, 035002 (2017).

5. Jelezko, F. & Wrachtrup, J. Single defect centres in diamond: a
review. Phys. Stat. Sol. (A) 203, 3207-3225 (2006).

6. Manson, N. B., Harrison, J. P. & Sellars, M. J. Nitrogen-vacancy
center in diamond: model of the electronic structure and asso-
ciated dynamics. Phys. Rev. B 74, 104303 (2006).

7. Gali, A, Fyta, M. & Kaxiras, E. Ab initio supercell calculations on
nitrogen-vacancy center in diamond: electronic structure and
hyperfine tensors. Phys. Rev. B 77, 155206 (2008).

8. Doherty, M. W. et al. Theory of the ground-state spin of the NV
center in diamond. Phys. Rev. B 85, 205203 (2012).

9. Maze, J. R. et al. Nanoscale magnetic sensing with an individual
electronic spin qubit in diamond. Nature 455, 644-647 (2008).

10. Boss, J. M., Cujia, K., Zopes, J. & Degen, C. L. Quantum sensing with
arbitrary frequency resolution. Science 356, 837-840 (2017).

1. Schmitt, S. et al. Submillihertz magnetic spectroscopy per-
formed with a nanoscale quantum sensor. Science 356,
832-837 (2017).

12. Glenn, D. R. et al. High-resolution magnetic resonance spectro-
scopy using a solid-state spin sensor. Nature 555, 351 (2018).

Nature Communications | (2022)13:5486


https://berkeley.box.com/s/41ntv00tg5htvtqged3boyli5tn04q47
https://berkeley.box.com/s/41ntv00tg5htvtqged3boyli5tn04q47

Article

https://doi.org/10.1038/s41467-022-32907-8

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

Aslam, N. et al. Nanoscale nuclear magnetic resonance with che-
mical resolution. Science 357, 67-71 (2017).

Smits, J. et al. Two-dimensional nuclear magnetic resonance
spectroscopy with a microfluidic diamond quantum sensor. Sci.
Adv.5, eaaw7895 (2019).

Fortman, B., Pena, J., Holczer, K. & Takahashi, S. Demonstration of
NV-detected ESR spectroscopy at 115 GHz and 4.2 T. Appl. Phys.
Lett. 116, 174004 (2020).

Rondin, L. et al. Magnetometry with nitrogen-vacancy defects in
diamond. Rep. Prog. Phys. 77, 056503 (2014).

Tetienne, J. et al. Magnetic-field-dependent photodynamics of
single NV defects in diamond: an application to qualitative all-
optical magnetic imaging. N. J. Phys. 14, 103033 (2012).

Mochalin, V. N., Shenderova, O., Ho, D. & Gogotsi, Y. The properties
and applications of nanodiamonds. Nat. Nanotechnol. 7, 11 (2012).
Fu, C.-C. et al. Characterization and application of single fluor-
escent nanodiamonds as cellular biomarkers. Proc. Natl Acad. Sci.
USA 104, 727-732 (2007).

Nie, L. et al. Quantum monitoring of cellular metabolic activities in
single mitochondria. Sci. Adv. 7, eabf0573 (2021).

Schaffry, M., Gauger, E. M., Morton, J. J. L. & Benjamin, S. C. Pro-
posed spin amplification for magnetic sensors employing crystal
defects. Phys. Rev. Lett. 107, 207210 (2011).

Morosan, E. et al. Sharp switching of the magnetization in Feq/4TaS,.
Phys. Rev. B 75, 104401 (2007).

Ko, K.-T. et al. RKKY ferromagnetism with Ising-like spin states in
intercalated Feq4TaS,. Phys. Rev. Lett. 107, 247201 (2011).

Jiang, W. et al. Skyrmions in magnetic multilayers. Phys. Rep. 704,
1-49 (2017).

Maniv, E. et al. Antiferromagnetic switching driven by the collective
dynamics of a coexisting spin glass. Sci. Adv. 7, eabd8452 (2021).
Okubo, N. ®Nb nuclear spin-spin relaxation in the low-dimensional
antiferromagnet Feg 2s5NbS,. Zeitschrift flir Naturforschung A 62,
627-632 (2007).

Herzog-Arbeitman, J., Chew, A., Efetov, D. K. & Bernevig, B. A.
Reentrant correlated insulators in twisted bilayer graphene at 25T
(2mr flux). arXiv preprint arXiv:2111.11434 (2021).

Fischer, R. et al. Bulk nuclear polarization enhanced at room
temperature by optical pumping. Phys. Rev. Lett. 111,

057601 (2013).

Ajoy, A. et al. Orientation-independent room temperature optical
3C hyperpolarization in powdered diamond. Sci. Adv. 4,

eaar5492 (2018).

Ajoy, A. et al. Room temperature "optical nanodiamond hyperpo-
larizer”: physics, design, and operation. Rev. Sci. Instrum. 91,
023106 (2020).

Beatrez, W. et al. Floquet prethermalization with lifetime exceeding
90 s in a bulk hyperpolarized solid. Phys. Rev. Lett. 127,

170603 (2021).

Rej, E., Gaebel, T., Boele, T., Waddington, D. E. & Reilly, D. J.
Hyperpolarized nanodiamond with long spin-relaxation times. Nat.
Commun. 6, 8459 (2015).

Ajoy, A., Bissbort, U., Poletti, D. & Cappellaro, P. Selective decou-
pling and hamiltonian engineering in dipolar spin networks. Phys.
Rev. Lett. 122, 013205 (2019).

Ajoy, A. et al. Dynamical decoupling in interacting systems: appli-
cations to signal-enhanced hyperpolarized readout. arXiv preprint
arXiv:2008.08323 (2020).

Shao, L., Zhang, M., Markham, M., Edmonds, A. M. & Loncar, M.
Diamond radio receiver: nitrogen-vacancy centers as fluorescent
transducers of microwave signals. Phys. Rev. Appl. 6,

064008 (2016).

Ajoy, A. et al. Enhanced dynamic nuclear polarization via swept
microwave frequency combs. Proc. Natl Acad. Sci. USA 115,
10576-10581 (2018).

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

Lv, X. et al. Background-free dual-mode optical and *C magnetic
resonance imaging in diamond particles. Proc. Natl Acad. Sci.
USAM8, e2023579118 (2021).

London, P. et al. Detecting and polarizing nuclear spins with double
resonance on a single electron spin. Phys. Rev. Lett. 111,

067601 (2013).

Schwartz, I. et al. Robust optical polarization of nuclear spin baths
using hamiltonian engineering of nitrogen-vacancy center quan-
tum dynamics. Sci. Adv. 4, eaat8978 (2018).

Rhim, W.-K., Burum, D. & Elleman, D. Multiple-pulse spin locking in
dipolar solids. Phys. Rev. Lett. 37, 1764 (1976).

Viola, L., Knill, E. & Lloyd, S. Dynamical decoupling of open quan-
tum systems. Phys. Rev. Lett. 82, 2417-2421 (1999).

Alvarez, G. A. & Suter, D. Measuring the spectrum of colored noise
by dynamical decoupling. Phys. Rev. Lett. 107, 230501 (2011).
Ajoy, A. et al. Quantum interpolation for high-resolution sensing.
Proc. Natl Acad. Sci. USA 114, 2149-2153 (2017).

Gefen, T., Rotem, A. & Retzker, A. Overcoming resolution limits with
quantum sensing. Nat. Commun. 10, 1-9 (2019).

Rotem, A. et al. Limits on spectral resolution measurements by
quantum probes. Phys. Rev. Lett. 122, 060503 (2019).

Haeberlen, U. High Resolution NMR in Solids: Selective Averaging
(Academic Press Inc., New York, 1976).

Magnus, W. On the exponential solution of differential equations for
a linear operator. Commun. Pure Appl. Math. 7, 649-673 (1954).
Wilcox, R. M. Exponential operators and parameter differentiation in
quantum physics. J. Math. Phys. 8, 962-982 (1967).

Blanes, S., Casas, F., Oteo, J. & Ros, J. The magnus expansion and
some of its applications. Phys. Rep. 470, 151-238 (2009).

Sarkar, A. et al. Rapidly enhanced spin polarization injection in an
optically pumped spin ratchet. arXiv preprint arXiv:2112.07223 (2021).
Gierth, M. et al. Enhanced optical *C hyperpolarization in diamond
treated by high-temperature rapid thermal annealing. Adv. Quan-
tum Technol. 3, 2000050 (2020).

Granwehr, J., Urban, J. T., Trabesinger, A. H. & Pines, A. Nmr
detection using laser-polarized xenon as a dipolar sensor. J. Magn.
Reson. 176, 125-139 (2005).

Zhou, H. et al. Quantum metrology with strongly interacting spin
systems. Phys. Rev. X 10, 031003 (2020).

Dooley, S., Hanks, M., Nakayama, S., Munro, W. J. & Nemoto, K.
Robust quantum sensing with strongly interacting probe systems.
npj Quantum Inf. 4, 1-7 (2018).

Else, D. V. & Nayak, C. Classification of topological phases in peri-
odically driven interacting systems. Phys. Rev. B 93, 201103 (2016).
Khemani, V., Lazarides, A., Moessner, R. & Sondhi, S. L. Phase struc-
ture of driven quantum systems. Phys. Rev. Lett. 116, 250401 (2016).
Warren, W. S., Richter, W., Andreotti, A. H. & Farmer, B. T. Genera-
tion of impossible cross-peaks between bulk water and biomole-
cules in solution NMR. Science 262, 2005-2009 (1993).

Bowtell, R. Indirect detection via the dipolar demagnetizing field. J.
Magn. Resonance (1969) 100, 1-17 (1992).

Mamin, H. J. et al. Nanoscale nuclear magnetic resonance with a
nitrogen-vacancy spin sensor. Science 339, 557-560 (2013).
Meinel, J. et al. Heterodyne sensing of microwaves with a quantum
sensor. Nat. Commun. 12, 1-8 (2021).

Whitfield, G. & Redfield, A. Paramagnetic resonance detection
along the polarizing field direction. Phys. Rev. 106, 918 (1957).
King, J. P., Coles, P. J. & Reimer, J. A. Optical polarization of *C
nuclei in diamond through nitrogen vacancy centers. Phys. Rev. B
81, 073201 (2010).

Scott, E., Drake, M. & Reimer, J. A. The phenomenology of optically
pumped C NMR in diamond at 7.05 T: room temperature polar-
ization, orientation dependence, and the effect of defect con-
centration on polarization dynamics. J. Magn. Reson. 264,
154-162 (2016).

Nature Communications | (2022)13:5486



Article

https://doi.org/10.1038/s41467-022-32907-8

64. Bayliss, S. et al. Optically addressable molecular spins for quantum
information processing. Science 370, 1309-1312 (2020).

65. Le Sage, D. et al. Efficient photon detection from color centers in a
diamond optical waveguide. Phys. Rev. B 85, 121202 (2012).

66. Ajoy, A. & Cappellaro, P. Stable three-axis nuclear-spin gyroscope
in diamond. Phys. Rev. A 86, 062104 (2012).

67. Ledbetter, M., Jensen, K., Fischer, R., Jarmola, A. & Budker, D.
Gyroscopes based on nitrogen-vacancy centers in diamond. Phys.
Rev. A 86, 052116 (2012).

68. Jaskula, J.-C. et al. Cross-sensor feedback stabilization of an emu-
lated quantum spin gyroscope. Phys. Rev. Appl. 11, 054010 (2019).

69. Jarmola, A. et al. Demonstration of diamond nuclear spin gyro-
scope. Sci. Adv. 7, eabl3840 (2021).

Acknowledgements

We gratefully acknowledge M. Markham (Element6) for the diamond
sample used in this work, and for discussions with J. Reimer, C. Meriles,
D.Suter, and H. Oaks-Leaf. This work was funded by ONR under NOOQ14-
20-1-2806 (Roberto Diener). Support to B.G. was provided by U.S. DOE
Office of Basic Energy Sciences, Chemical Sciences, Geosciences, and
Biosciences Division under Contract DE-AC02-05CH11231.

Author contributions

A.A. designed the project and supervised the experimental effort. O.S.
performed all experiments. O.S. and A.A. performed the theoretical
analysis and simulations. O.S. E.S., S.C., A.Ak., A.Ag. performed data
analysis and contributed to data visualization. E.D. and P.R. constructed
the experimental apparatus and NMR probe. B.G. and S.B. contributed
materials. A.A., E.S., O.S., S.C. and A.Ak. wrote the paper with input from
all authors.

Competing interests

The authors and U.C. Berkeley have filed a provisional patent application
(63/291,880) based on this work. The authors report no other competing
interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32907-8.

Correspondence and requests for materials should be addressed to
Ashok Ajoy.

Peer review information Nature Communications thanks Jean-Philippe
Tetienne, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:5486


https://doi.org/10.1038/s41467-022-32907-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	High field magnetometry with hyperpolarized�nuclear spins
	Results
	High-field magnetometry with hyperpolarized 13C nuclei
	Theory
	13C sensor performance and special features

	Discussion
	Methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




