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Color-center-hosting semiconductors are emerging as promising
source materials for low-field dynamic nuclear polarization (DNP)
at or near room temperature, but hyperfine broadening, suscepti-
bility to magnetic field heterogeneity, and nuclear spin relaxation
induced by other paramagnetic defects set practical constraints dif-
ficult to circumvent. Here, we explore an alternate route to color-
center-assisted DNP using nitrogen-vacancy (NV) centers in dia-
mond coupled to substitutional nitrogen impurities, the so-called
P1 centers. Working near the level anticrossing condition—where
the P1 Zeeman splitting matches one of the NV spin transitions—we
demonstrate efficient microwave-free '3C DNP through the use of
consecutive magnetic field sweeps and continuous optical excita-
tion. The amplitude and sign of the polarization can be controlled
by adjusting the low-to-high and high-to-low magnetic field sweep
rates in each cycle so that one is much faster than the other. By
comparing the >C DNP response for different crystal orientations,
we show that the process is robust to magnetic field/NV misalign-
ment, a feature that makes the present technique suitable to dia-
mond powders and settings where the field is heterogeneous.
Applications to shallow NVs could capitalize on the greater phys-
ical proximity between surface paramagnetic defects and outer
nuclei to efficiently polarize target samples in contact with the
diamond crystal.

dynamic nuclear polarization | nitrogen-vacancy centers | substitutional
nitrogen | Landau-Zener crossings

ttaining high levels of nuclear spin polarization is relevant to

a broad set of applications ranging from sensitivity-enhanced
NMR spectroscopy (1) and imaging (2) to quantum simulation
(3). Over the last 2 decades, dynamic nuclear polarization (DNP)
using molecular radicals has become ubiquitous (4), but the need
for high-frequency microwave (mw) and cryogenic conditions re-
stricts the type of samples that can be investigated and makes the
required instrumentation costly.

More recently, select color centers in wide-bandgap semicon-
ductors such as the negatively charged nitrogen-vacancy (NV)
center in diamond have been gathering growing attention as an
alternative DNP platform (5-11). Unlike most molecular radicals
or inorganic paramagnetic defects, NV centers [and similar point
defects in diamond (12) and other insulators (13)] can be optically
spin-polarized under mild optical excitation at low magnetic fields,
even at room temperature. Their singular response to optical ex-
citation along with their long spin-lattice and coherence lifetimes
have already been exploited to demonstrate micro- and nanoscale
chemical-shift-resolved NMR spectroscopy (14-16). Naturally,
the same properties that make these sensing schemes possible also
render the NV an attractive DNP source, with recent experiments
revealing polarization transfer to protons in fluids on the diamond
surface (5, 8). Unfortunately, the need for paramagnetic-defect—
free surfaces in properly oriented, bulk diamond crystals limit the
target sample to impractically small sizes. The use of diamond
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powders can enormously increase the fraction of the sample in
contact with the diamond surface (hence boosting the magneti-
zation yield), but crystal-field-induced frequency shifts (e.g., from
misalignment with the external magnetic field or hyperfine het-
erogeneity) result in broad spin resonance linewidths, difficult to
manipulate efficiently (17). Equally critical is the inevitable pres-
ence of unpolarized surface paramagnetic impurities, normally a
source of nuclear spin-lattice relaxation and thus an impediment
to the flow of spin polarization outside the diamond host (Fig. 14).

This latter complication, however, could be alternatively viewed
as an advantage, all the more important given the lack of NVs
immediately proximal to the surface (18). Specifically, surface
paramagnetic defects interacting with deeper NVs could be
exploited as proxies to mediate polarization transfer, even for
quickly relaxing defects (19). Further, many-body interactions
between paramagnetic centers (PCs) and nuclear spins can po-
tentially streamline the diffusion of polarization deeper into the
target at rates higher than that solely stemming from internuclear
dipolar couplings (20). In this light, DNP schemes where NVs and
other paramagnetic defects act cooperatively gain particular
importance.

Here, we study the spin dynamics of negatively charged NV
centers in diamond coupled to neighboring P1 centers: The
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Fig. 1. (A) Near the diamond surface, PCs other than the NV are inevitable, although their greater abundance and proximity to the target nuclear spins can
be conceivably exploited to streamline the flow of polarization away from the NV. Spin control protocols must also be robust to the misalignment 6 between
the magnetic field and the NV symmetry axis, unavoidable in powdered samples. (B) Advanced material science (crystal growth, ion implantation, surface
termination, etc.) and spin control protocols are in demand to surmount the challenges posed by NV-based DNP. Central among them is the trade-off be-
tween the low magnetization yield possible via bulk crystals and the high concentration of surface impurities typical in diamond powders. (C, Top) Probability
distribution of the NV-P1 distance for a P1 (NV) concentration of 50 ppm (10 ppm); the average NV-P1 distance (d) is 4.8 nm and the corresponding average
NV-P1 dipolar coupling is 4 MHz (distribution not shown for brevity). (C, Bottom) Calculated average NV-P1 distance (d) as a function of the P1 concentration
for a fixed ratio [P1J/[NV] = 5. (D) Near 51 mT, the energy difference between the NV |ms =0) and |ms =—1) states nearly matches the P1 Zeeman energy
between states |mg=+1/2) and |mg=-1/2). The diagram shows the energy level structure around the avoided crossing assuming dipolar couplings
Dyy-p1 =0.5 MHz and Dyy_c =0.92 MHz. The upper inset shows a schematic of the model 3C-NV-P1 spin set; for simplicity, here we ignore the hyperfine
couplings to the nitrogen hosts. (E) Calculated '>C polarization as a function of the magnetic field for a sweep rate of 0.26 mT/ms; we find positive (negative)
polarization for a low-to-high (high-to-low) field sweep. We calculate similar polarization transfer efficiencies for the case where the '*C spin is coupled to the
P1, not the NV. In D and E, we assume the angle between the NV axis and the magnetic field is 0 = 0. (F) Probability distribution of the electron spin cluster size
n for 3 different P1 concentrations, assuming P1s and NVs follow a 5:1 ratio. In all cases, each cluster comprises at least 1 NV and 1 P1; see text for details on

the criteria for defining clusters. a.u., arbitrary units.

former is a spin-1 system (with a crystal field A=2.87 GHz)
comprising a nitrogen impurity adjacent to a vacancy, whereas
the latter is a spin-1/2 point defect formed by a neutral substitu-
tional nitrogen impurity. Assuming the presence of a magnetic
field B, we focus on the system dynamics near the “energy-
matching” condition, where the Zeeman splitting between the
PUs |mg= +1/2) and |mg = —1/2) states nearly coincides with the
NV |m; = 0) « |m; =—1) energy difference. Central to this regime
is the emergence of hyperfine-shifted “avoided energy crossings”
at select magnetic fields, whose exact values depend on the NV
axis orientation relative to B. NVs and P1s can “cross-relax” near
these fields, typically with the assistance of coupled nuclear spins,
which, therefore, dynamically polarize (21, 22). Rather than op-
erating at a constant B, however, the present DNP protocol uses a
magnetic field of variable magnitude to sweep across the full set of
avoided crossings in the presence of continuous optical excitation.
Combining theory and experiment, we show the underlying DNP
mechanism can be rationalized in terms of an NV-P1-"*C Landau—
Zener (LZ) process featuring selective population transfer be-
tween eigenstates with opposing nuclear spin orientations. Since
the transfer efficiency is a function of the sweep velocity, the sign
of the nuclear spin polarization can be controlled by making the
up-field or down-field segments of the cycle be faster than the
other. Observations as a function of the field sweep range reveal
an abrupt, sweep-direction-dependent growth of the '*C polar-
ization, suggesting concomitant dynamic polarization of the
P1 nuclear spin. Further, comparison of the bulk '*C spin signal
emerging from different orientations of the diamond crystal shows
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the present technique is insensitive to magnetic field misalignment
and thus applicable to powdered samples.

Physical Principles and Experimental Results

While the end use of NVs to polarize arbitrary nuclear targets
will necessarily require material-science—centered sample engi-
neering (e.g., to keep the concentration of surface defects within
a manageable threshold; Fig. 1B), here we focus on the spin dy-
namics of carbons in the presence of energy-matched NVs and
P1s. Our results largely apply to other spin-1/2 defects (e.g., sur-
face dangling bonds), and hence P1s should rather be viewed as
generic, ancilla PCs facilitating the transfer of polarization from
the NVs. Disorder in the relative positions of the electron and
nuclear spins leads to a distribution of interdefect couplings, in
general a function of the NV and P1 concentrations (Fig. 1C). Fig.
1D shows a characteristic energy diagram of a *C-NV-P1 spin set
as a function of the applied magnetic field in the case where the
NV axis is parallel to B (for simplicity, we ignore for now the NV
and P1 hyperfine couplings to the "N spins of their host nitrogens,
discussed below). Rather than considering all possible eigenener-
gies, the diagram zeroes in on the '*C-spin-split branches corre-
sponding to electronic states |0,+1/2) and |-1,-1/2), nearly
degenerate as we approach 51.2 mT. A quick inspection shows that
the gap A; between the inner 2 branches is considerably smaller
than A, the minimum energy difference between levels in the
upper or lower pairs. Correspondingly, a suitably fast magnetic
field sweep can make the ensuing LZ dynamics partly nonadiabatic
only during the A; crossings, without impacting the relative pop-
ulations in other levels. Assuming the NV has been optically
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pumped into |mg=0), we conclude selective sweep-induced
population exchange between the 2 inner branches—featuring
opposite nuclear spin quantum projections—must necessarily yield
a net *C polarization (see sequence of solid circles in Fig. 1E).

In the absence of symmetry-breaking conditions, the DNP
process should be identically efficient for low-to-high and high-
to-low field sweeps; extending the reasoning above, however, it is
not difficult to see the end polarization in either case must have
opposite signs, as shown numerically in Fig. 1E. This behavior
bears similarities to that observed for carbons in NV-hosting di-
amonds simultaneously subjected to optical excitation and mw
frequency sweeps (11, 23). For future reference, we note that the
spin dynamics is nearly identical in the case where the '*C spin
couples to the P1, not to the NV, which should prove relevant
when polarizing nuclei outside the diamond crystal (19).

Given the complexity of the interacting electron/nuclear spin
ensemble, it is reasonable to question whether the 3-spin set
considered above can correctly capture the system’s dynamics.
Assuming NVs and Pls are randomly distributed throughout the
diamond lattice, Fig. 1F shows the calculated electron spin cluster
size distribution at 2 different concentrations. In our calculations,
we define the cluster size n as the number of electron spins whose
pairwise energies are greater than |/g|/2, where |/4| is the maxi-
mum NV-P1 coupling in a given set; the idea is that more-weakly
coupled electron spins have little influence in the system dynamics
during the LZ crossing so the boundaries between clusters of
different size must be viewed as gradual. At the P1 concentration
characteristic for our sample (~50 ppm, discussed below), we find
that NV-P1 clusters (n=2) are indeed the most common. The
relatively higher abundance of '*C (~1%) necessarily implies that,
on average, a given NV-P1 pair interacts with more than 1 carbon.
Our calculations, however, indicate that additional nuclei do not
alter the LZ spin dynamics in fundamental ways, thus validating
the use of the simpler 3-spin set.

To test our DNP model, we implement the protocol sketched
in Fig. 24 comprising low-field optical DNP followed by detec-
tion via '*C NMR at 9 T. A full description of our experimental

setup has been presented in prior work (21). Briefly, we use a
homemade shuttling mechanism to physically move the sample
(a 3x3%0.3-mm> diamond crystal with natural 13C abundance,
and NV and P1 concentrations of ~10 and ~50 ppm, re-
spectively) in and out of the sweet spot of the NMR magnet. To
dynamically polarize the carbon spins, we expose the diamond to
simultaneous laser excitation (532 nm, 500 mW) and consecutive
magnetic field sweeps centered around a variable base field
By ~46-56 mT created by the proximal NMR magnet; we use an
auxiliary set of coils, a programmable signal generator, and a
current amplifier to induce field sweeps of variable range 6B and
period #. (Fig. 24). In a typical run, the up-field and down-field
segments of the cycle have different sweep rates, and the system
undergoes multiple sweeps within the pumping time, that is,
tc < tp. Fig. 2B shows the Fourier transforms of the measured 3¢
NMR signals upon a train of sweep cycles of duration #.=20.3 ms
extending over a total DNP time #,=10 s. Consistent with the
model in Fig. 1, we attain positive (negative) *C polarization
when the low-to-high (high-to-low) segment of the cycle is
dominant (blue and red traces in Fig. 2B, respectively). Note that
although polarization of the opposite sign does build up during
the shorter segment, its effect can be neglected given the much
faster sweep rate (discussed below).

Interestingly, the '>C NMR spectrum from thermal polariza-
tion at 9 T (necessarily associated to positive nuclear polariza-
tion; faint purple trace in Fig. 2B) serves as a standard to
disambiguate the sign of the observed DNP signals, in principle
susceptible to a uniform (but arbitrary) phase shift. Further, it
allows us to estimate the NMR signal enhancement relative to
9 T, here found to be approximately 30-fold. Since we illuminate
only about ~1/50 of the crystal surface [we focus the beam to
attain a saturating laser power (21)], we estimate the induced '*C
polarization is of order ~1%, approximately a thousandfold
greater than the thermal value at 9 T (~107°). Note that because
of the long '*C spin-lattice relaxation time at high field (~10 min
for the present sample), a wait time of ~30 min between suc-
cessive repeats is necessary to attain representative thermal NMR
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(A) Experimental protocol. Using a shuttling device, we implement a field-cycling scheme comprising optical pumping during a time t, at low

magnetic field followed by '*C NMR inductive detection at 9.0 T. During optical laser excitation, we use a current amplifier to sweep the magnetic field across
a range 5B centered about a static field By ~51 mT. (B) Fourier transform of the '>C NMR signals after simultaneous low-field magnetic field sweeps over a
range 6B=6 mT and optical excitation for a time t, = 10 s. With the magnetic field sweep period unchanged (t. =20.3 ms), a positive (negative) peak emerges
in the case where the low-to-high (high-to-low) segment of the sweep cycle is 10-fold slower than the converse (blue and red traces, respectively). The faint,
purple trace is the NMR spectrum from '3C thermal polarization at 9.0 T (no optical excitation or sample shuttling). In all 3 cases, the total number of repeats is
16; to account for the much longer nuclear spin-lattice relaxation time at high field, we use in the latter case a 30-min wait time between subsequent repeats.
The upper right inset shows the same '*C NMR signal at high field but after 256 repeats. (C) Carbon-13 polarization buildup as a function of the pumping time
to; all other conditions as in B; solid lines indicate exponential fits. In B and C, the total magnetic field is (nearly) aligned with one of the NV directions in the
diamond crystal (i.e., ~0). Saw-tooth traces denote field ramps where the low-to-high (blue) or the high-to-low segment (red) is 10-fold slower than the
converse; 5B and t., respectively, denote the magnetic field range and cycle period.
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signals. Therefore, even in the present conditions of limited
sample excitation, the sensitivity gain due to DNP—demanding
~15 s per repeat—amounts to ~400 times.

Measurements as a function of the DNP duration ¢, (Fig. 2C)
indicate a polarization build-up time of ~5 s, consistent with the
observed "*C spin-lattice relaxation time at 50 mT (24). Despite
the slight asymmetry in the measured responses—an unwanted
artifact here caused by instabilities in our home-made system—the
polarization transfer efficiency in one direction or the other must
be viewed as identical. We confirm this notion through the ex-
periments in Fig. 34, where we gradually vary the duration of
the low-to-high and high-to-low segments of the sweep cycle, re-
spectively # g and ty, while keeping a constant period
t. = trpg + g = 20.3 ms. Plotting the results as a function of the
fractional time f1y/t. (Fig. 3B), we observe a gradual transition
from negative to positive polarization, with negligible NMR
signal occurring when f g = ty = t./2, that is, precisely when
positive and negative contributions to the NMR signal must
counterbalance.

We gain additional insight on the system spin dynamics through
the observations in Fig. 3C, where we plot the measured '>C DNP
amplitude as a function of the field sweep rate. To eliminate
contributions of the opposite sign after a field ramp—significant at
higher sweep rates given the finite reset time of B—we break up
the optical pumping time £, into a train of pulses synchronous with
the magnetic field cycle. The duration # of each light pulse in the
train is approximately matched to the longer segment in the cycle
(Fig. 3C, Insets). The impact of the chosen sweep rate on the
observed DNP signal is major: At low sweep rates, the magnitude
of the ®>C polarization grows from negligible values to reach a
maximum around 0.4 mT/ms; sweep rates beyond this optimum
yield gradually less nuclear spin polarization.

Qualitatively, we view this response as the result of a subtle
interplay between the varying degrees of adiabaticity during the
spin system transition across the set of avoided crossings (Fig.
1D). Spin populations remain unchanged if the evolution is fully
adiabatic, consistent with the much lower polarization buildup at
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low sweep rates. Conversely, exceedingly fast sweeps produce
similarly nonadiabatic jumps for states with up or down nuclear
spin projection, ultimately leading to poor DNP. We can crudely
model the polarization transfer dynamics through the expression
(11, 23)

P(B)=g(B)q(B)(1-Q(B)), 1]

where Q(B) = exp(~A2/(|y.|B)) represents the probability of
a transition between branches separated by the wider gap Ay
and y, denotes the electron gyromagnetic ratio (a good approx-
imation for both the NV and P1). On the other hand,
q(B) = exp(—A1/(]y.|B))(1 - Q(B)) models the transition proba-
bility across the narrower gap. Since A; < Ag,g(B) quickly ap-
proaches values close to unity for moderate sweep rates but
subsequently decays as the probability of a second jump to
more distant branches increases. Finally, the prefactor
8(B) = Py (1 —exp(—|y.|B/k)) with fitting parameters Py, and k
takes into account the varying number of field cycles dur-
ing the fixed pumping time f,. As shown in Fig. 3C, we attain
reasonable agreement with our observations by choosing
Ay ~10A; ~250 kHz, consistent with the effective NV-P1
dipolar couplings present in our sample (blue and red traces).
This model, however, fails to capture all observed features, par-
ticularly at higher sweep rates where the experimental re-
sponse (of either sign) shows undulations absent in Eq. 1 (faint
solid traces).

Fig. 3D shows the calculated nuclear polarization in an NV-
P1-"C spin trio upon a single field sweep of variable velocity.
Admittedly a crude numerical representation of the dynamics at
play, the results provide, nonetheless, some interesting additional
clues. For example, we find that, for a given NV-P1 interaction
(1 MHz in this case), strongly hyperfine-coupled carbons (~2 to
5 MHz and greater) are comparatively less sensitive to the sweep
velocity, that is, the polarization transfer remains efficient far
above the optimum rate. Conversely, weakly coupled carbons
(~0.4 MHz or less) polarize preferentially at low sweep rates,
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Fig. 3. (A) For a fixed field sweep cycle t. and field range 5B, we record the '>*C NMR signal (upon shuttling to 9.0 T, not shown) as we vary the ratio between
the low-to-high and high-to-low intervals, respectively t,4 and ty., under continuous optical excitation. (B) Amplitude of the 3C NMR signal as a function of
the fractional low-to-high interval, t,n/t; other conditions as in Fig. 2. The red trace is a guide to the eye. (C) '>C DNP signal amplitude as a function of the
field-sweep velocity; blue rectangles (red ovals) correspond to field cycles where t 4 (ty.) is longer. Optical excitation takes the form of a train of laser pulses,
each of duration t; nearly matched to the longer segment in the field cycle (insets in the upper and lower right). Solid lines indicate fits to the expression in the
text using Aq =30 kHz, A¢=250 kHz, k=15 kHz?, and P, =+13, with the plus and minus signs respectively corresponding to the blue and red traces. Faint
solid traces are guides to eye. (D) Calculated polarization of the nuclear spin in an NV-P1-'3C trio upon a single field sweep of variable rate assuming an NV-
P1 coupling of 1 MHz and different NV-"3C hyperfine couplings (faint purple and light blue traces). Best agreement with experiment is attained by adding
contributions from spin trios featuring NV-"2C hyperfine couplings in the range ~1 MHz to ~0.5 MHz (red and blue traces).
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hence leading us to conclude the transfer to bulk nuclei is mostly
mediated by carbons featuring intermediate hyperfine couplings
(0.5 to 1 MHz; bright blue and red traces in Fig. 3D). In all cases,
we observe smooth undulations whose amphtude and frequency
tend to correlate with the strength of the NV-"*C coupling, a
behavior possibly underlying the observations in Fig. 3C. Attaining
a closer agreement, however, will require more involved simula-
tions capable of taking into account spin diffusion into bulk carbons
and averaging over the many different local spin configurations, a
task we postpone for future studies.

Since both the NV and P1 centers feature spin active nuclear
hosts, it is natural to wonder whether these interactions influence
the transfer of polarization to the carbon. This question is es-
pecially pertinent in the case of the P1 center, whose nitrogen
nuclear host features hyperfine couplings in excess of 100 MHz.
Fig. 44 reproduces the relevant section of the energy diagram,
this time adapted to a spin set where the defect nuclear hosts are
both spin-1 "N isotopes (the low natural abundance of '°N, of
order 0.4%, makes other combinations highly improbable). The
greater complexity of the energy level structure—apparent in the
zoomed graph of Fig. 44—is to be expected as each branch in
the simpler diagram of Fig. 1D now must split into a manifold of
9 levels (corresponding to spin-1 nitrogen hosts both at the
P1 and NV sites). Note, however, that because the "N coupling
with the P1 is dominant (the NV-"*N interaction amounts to only
~3 MHz), branches cluster into 3 distinct groups, labeled in the
diagram according to the quantum projection number my, of the
P1-hosting "*N.

In the simplest scenario, we may regard the nitrogen nuclear
spin merely as the source of a variable local magnetic field, able
to displace the energy matching condition at ~51 mT to lower or
higher fields depending on the value of my. This picture holds
reasonably well in the experiments of Fig. 4B, where we measure
the 13C polarization upon optical excitation at a variable mag-
netic field. The pattern that emerges (upper trace in Fig. 4C) can
be crudely interpreted as the superposition of identical (though
properly scaled) antisymmetric motifs, each centered at a mag-
netic field defined by my. In each motif, the polarization transfer

dynamics effectively involves 3 spins (NV, P1, and "*C), with the
nitrogen nuclear spln playing mostly a parametrlc role (21) Note
that although 4-spin processes—including the NV-P1-"*C trio and
the '*N at the P1 site—are necessary to attain full agreement (21,
22), their contribution to the observed pattern is comparatively
minor.

This picture breaks down in the experiments of Fig. 4 D and E
where we record the '*C DNP signal upon a field sweep of variable

B

range we choose the starting field to lie below (B;”’) or above

(B0 ) the window in Fig. 4C, that is, outside the range where
optical excitation at constant B yields sizable >C polarization. In
the limit where the sweep range |6B®*9)| = |B —BO” 9 | approaches
the maximum, B(()d) —Bg‘), we attain positive or negative *C sig-
nals, consistent with the observations in Fig. 2B. However, rather
than a multistep growth—expected if contributions from NV-
P1-"C trios with different my projections gradually add up—we
find an abrupt transition at a magnetic field whose value depends
on the direction of the sweep, namely ~49.4 mT and ~52.7 mT for
the low-to-high and high-to-low ramps, respectively.

We tentatively interpret these observatlons as the result of a
concomitant polarization of the '*N nuclear spin at the P1 site,
dynamically projecting into m =+1 conditional on the sweep
direction. This view provides a simple framework to understand
the hysteretic behavior of Fig. 4E: If polarized at early stages of
the DNP sequence, subsequent field sweep cycles merely lock the
N spin in this projection, thus leadln§ to a step-function-like,
direction-dependent response in the ~C polarization buildup.
Consistent with this notion, the 3.3-mT field span between one
polarization step and the other agrees reasonably well with the
field separation between the my = +1 projections in Fig. 4C.
Additional work, however, will be needed to more clearly expose
the spin process at play. In particular, nuclear spins coupled to the
P1 rather than the NV are expected to polarize poorly when the
hyperfine coupling is stronger than the Zeeman or quadrupolar
interaction (21), precisely the present case. This complication may
be offset here by the extreme hyperfine coupling of the P1 nitro-
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(A, Left) Energy diagram of an NV-P1 pair near the level (anti)crossings. To the left of the anticrossings, the set of states grouped by the lower (upper)

bracket are of the form |0, +1/2) (|-1, —1/2)); within each set, the dominant splitting stems from the P1 hyperfine interaction with the host '*N nitrogen, with
quantum projection m, along the z axis. Additional splittings are created by the NV hyperfine interaction with its host nitrogen and nearby carbon. (A, Right)
Zoomed level structure near the circled area assuming Dyy-p1 =0.5 MHz and Dyy-c =0.92 MHz . (B) To determine the range of fields where DNP is active, we
record the high-field >*C NMR signal upon optical excitation at an arbitrary (but fixed) magnetic field Bo. (C) Measured (top) and calculated (bottom) 'C NMR
amplitude as a function of By for a pumping time t, =10 s after 32 repeats; the solid trace in the upper dataset is a guide to the eye. (D) (Blue trace) Starting
from a low-end B(u 46 mT, we record the 3C polarization as a function of the field sweep range, 68") =B — B(“ (Faint red trace) Same as above but for a
down-field sweep W|th origin at B = 56 mT and variable range 5B = B— B(d (E) "3C NMR amplitude upon |mplement|ng the protocol in D; blue circles (red
squares) emerge from the blue (falnt red) sequence. All other conditions as in Fig. 2.
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gen (opening polarization transfer channels normally neglected)
as well as its relative spatial and spectral isolation (preventing
subsequent spin diffusion).

Interestingly, a closer inspection of Fig. 4E shows that the limit
signal amplitude we attain herein is comparable to the maximum
observed under static optical excitation (Fig. 4C), despite the
integrative effect of the field sweep. We caution, however, that
although all NV-P1 pairs participate during a sweep, the overall
signal buildup depends on the hyperfine-averaged efficacy of the
polarization transfer during the multiple LZ crossings, which is a
function of the sweep rate and the field cycle repetition rate (itself
coupled to the chosen field range). Therefore, the heuristic ex-
pectation that the signal from a field sweep must constructively
add all static contributions is inaccurate in that it ignores the
fundamental differences underlying the DNP dynamics in both
processes.

While our experiments thus far focused on the case where the
magnetic field is parallel to 1 of the 4 possible NV axis orien-
tations (6 =0), we are now in a position to consider the more
general situation. This condition is intrinsic to powders, in turn,
the preferred geometry in potential applications where spins in
diamond serve as the source to polarize an outside target, or
when hyperpolarized particles are used as contrast agents for
magnetic resonance imaging (11, 25, 26). Fi% 54 reproduces the
experiments of Fig. 4C (optically pumped ~“C NMR amplitude
as a function the applied magnetic field, no sweep), but this time
we include the results for a case where the magnetic field and
NV axis directions do not coincide (6= 13°). Energy matching
between the NV and P1 transitions can be regained at higher
magnetic fields (21), thus leading to efficient *C DNP. The
pattern of positive and negative polarization, however, moves to
the right of the graph, meaning that a measurement from a sample
where both orientations are present would lead, in general, to
partial signal cancellation.

This problem can be circumvented with the use of a field
sweep, as we show in Fig. 5B where we expand the sweep range
to encompass the full-field window of Fig. 54. Remarkably, the
sign of the resulting '>*C DNP signal depends only on the sweep
direction but not on the crystal orientation, implying that in a
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Fig. 5.

powdered sample all contributions would add constructively.
Further, since P1-assisted DNP remains efficient for angles 6 ~ 25°
[or greater (21)], a moderate field sweep of just ~10 mT would be
sufficient to integrate contributions within a ~ 50° solid angle cone,
a substantial fraction of the maximum possible (Fig. 5 C and D).

Summary and Outlook

Our experiments with NV-hosting diamonds show that the
combined use of optical illumination and magnetic field sweeps
can yield efficient '*C DNP in the absence of mw excitation.
This process can be interpreted in terms of a partly nonadia-
batic LZ population transfer near the NV-P1 level anticrossing
centered around a matching field B, where the energy sepa-
rations of the NV |0) & |-1) and P1 |+1/2) « |—1/2) transitions
approximately coincide. The DNP efficiency is a function of the
field sweep rate, with an optimum attained near 0.4 mT/ms; for
a given field cycle period and continuous optical excitation, the
sign and amplitude of the nuclear spin polarization can be
controlled by varying the fractional time of the up-field and
down-field ramps. Observations over a variable field sweep
range show a hysteretic behavior that seems to suggest sweep-
direction—dependent polarization of the N spin at the P1 site;
additional work, however, will be needed to confirm this in-
terpretation. Experiments at different crystal orientations in-
dicate the present DNP mechanism is relatively insensitive to
the magnetic field direction and thus applicable to powdered
diamond samples.

When the nuclear Zeeman (or quadrupolar) interaction is
stronger than the hyperfine coupling, the energy diagram and
polarization transfer mechanism of Fig. 1 B and C remain
qualitatively unchanged even when the nuclear spin couples to
the P1 (or other similar paramagnetic defects) but not to the NV.
Under these conditions—applicable, for example, to protons
adsorbed on the diamond surface—the present mechanism of
polarization transfer can be viewed as a proxy-spin—mediated
process from the NV—typically confined to comparatively
deeper locations within the diamond crystal (18)—to the external
nuclear target. This DNP channel should be robust to coupling
strength heterogeneity, crystal orientation, and, more importantly,

Frequency (kHz) C B (mT)
- 1.0 []} 1 .0 4:9 5.1 5|3 5.5
=1 6=13 deg
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q0 0 10 0 40

Frequency (kHz)

(A) DNP spectroscopy as presented in Fig. 4B for 2 different orientations of the diamond crystal. Circles represent experimental data for a pumping time

t, =10 s and 16 repeats; solid lines are guides to the eye. (B) Carbon-13 NMR signals upon multiple field sweeps across the range 568=8.6 mT indicated in A.
Regardless the crystal orientation, positive (negative) 'C polarization of comparable magnitude is generated for low-to-high (high-to-low) field sweeps; spectra
have been vertically displaced for clarity. In these experiments, the cycle period is t. =23 ms; all other experimental conditions as in Fig. 2. (C) Schematics of the
individual NV and P1 energy level diagrams as a function of the magnetic field for 6 =13°. When 6 # 0, matching between the |0) & |-1) and |+1/2) < |-1/2)
transitions is attained at a field By, > 51 mT (for reference, see faint energy level diagram in the back for =0). (D) Calculated matching field By, as a function of
the relative field orientation 6. Using a moderate field sweep range 5B ~ 10 mT, it should be possible to integrate DNP signals within a solid cone of ~50°.
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to proxy spin decoherence, features that could be exploited to
efficiently seed spin polarization in material systems in contact
with diamond (27). The latter is consistent with detailed numerical
calculations (19) showing efficient surface-defect-mediated po-
larization transfer to protons outside the diamond crystal and up
to 6 nm from the NV (even if the proxy spin coherence time is as
short as 100 ns).

Along related lines, we note that unlike other schemes relying
on NV-only polarization transfer (either directly to weakly cou-
pled target nuclei or indirectly via spin diffusion from '*C sites),
every event of NV-P1 cross-relaxation is also accompanied by
P1 polarization. Correspondingly, flip flops between P1s can also
lead to nuclear spin magnetization (without direct intervention of
the NV). These paramagnetic-center—driven processes (20) could
play a particularly important role near the diamond surface, for
example, to accelerate nuclear spin-diffusion away from the di-
amond-target interface and deeper into the sample (on scales
dictated by the interdefect separations, not the internuclear dis-
tances). Recent work in our laboratories on nuclear spin diffusion
in diamond under NV-P1 cross-relaxation conditions strongly
support this notion.
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Even if at the expense of greater experimental complexity, we
also anticipate rotating frame, fixed-magnetic-field extensions of
the present technique through the use of integrated, double-
resonance DNP protocols designed to simultaneously manipu-
late NVs and P1s via mw frequency and amplitude modulation.
Such schemes should benefit from the improved versatility of mw
control, for example, to create frequency combs (28) simulta-
neously acting on NV-P1-'3C trios featuring different matching
fields (an impossible task using the present field sweep approach).
Such schemes can decouple the sweep range to be covered and
the repetition rate, thus leading to more efficient DNP.
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