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ABSTRACT

Nuclear hyperpolarization is a known method to enhance the signal in nuclear magnetic resonance
(NMR) by orders of magnitude. The present work addresses the '3C hyperpolarization in diamond
micro- and nanoparticles, using the optically pumped nitrogen-vacancy center (NV) to polarize '3C
spins at room temperature. Consequences of the small particle size are mitigated by using a combina-
tion of surface treatment improving the '3C relaxation (T ) time, as well as that of NV, and applying
a technique for NV illumination based on a microphotonic structure. Monitoring the light-induced
redistribution of the NV spin state populations with electron paramagnetic resonance, a strong po-
larization enhancement for the NV spin state is observed in a narrow spectral region corresponding
to about 4% of these defect centers. By combining adjustments to the ‘PulsePol’ sequence and slow
sample rotation, the NV-'3C polarization transfer rate is improved further. The hyperpolarized 3C
NMR signal is observed in particles of 2 ym and 100 nm median sizes, with enhancements over the
thermal signal (at 0.29 T magnetic field), of 1500 and 940, respectively. The present demonstration
of room-temperature hyperpolarization anticipates the development of agents based on nanoparticles
for sensitive magnetic resonance applications.

Keywords Nanodiamonds, nuclear hyperpolarization, nitrogen-vacancy center, magnetic resonance,
MRI

Introduction

As a technique improving the sensitivity of Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging
(MRI), hyperpolarization is widely explored for enhancing the acquisition of the nuclear precession signal.! Besides its
applications in medical imaging,>? it holds the promise of benefiting multiple research fields including metabolomics,*
drug screening and monitoring,>¢ the study of proteins,” nano/mesoporous systems® or battery materials.® Signal en-
hancements by above 4 orders of magnitude were demonstrated in the work from Ardenkjar-Larsen et al. in 2003,'°
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employing the method, nowadays known as dissolution Dynamical Nuclear Polarization (dissolution DNP), which
enabled in-vivo imaging of metabolic processes.!! Despite these accomplishments, alternative concepts are being in-
vestigated, with the prospect of reducing hardware cost and complexity (that are both elevated in dissolution DNP, due
to the use of cryogens) or, to bring magnetic resonance signal boosts to new systems. To circumvent the need for cryo-
genic temperatures, yet achieve high nuclear signal enhancements, a proposed approach is the use of DNP protocols
with electrons that are initialized out-of-equilibrium in a spin state with above-thermal polarization. Early on, in 1990,
this was demonstrated by Henstra et al.,'”> who used the photoexcited state of pentacene molecules in naphtalene to
produce high nuclear spin polarization at room temperature. In recent developments, the same method was success-
fully applied to polarize other matrices,'®'# and its combination with Nuclear Overhauser Effect enhancement in the
liquid state was demonstrated, allowing for polarization of external substances.'> 1

An interesting prospect in terms of novel applications of DNP is the generation of hyperpolarization within nanoparti-
cles (<200 nm). This stems from the following reasons: 1) such nanoparticles can diffuse efficiently by circulation in
the blood flow,'” making them candidate for the application as MRI tracers and 2) owing to the high surface-to-volume
ratio, they could play the role of renewable source of polarization for external substances. The possibility of perform-
ing MRI acquisitions enhanced by hyperpolarization was demonstrated with '3C in diamond'®!® or 29Si in silicon?®
nanoparticles, both polarized from thermally polarized endogenous spin defects in a cryogenic environment, at liquid
Helium temperatures. Although this scheme performs well under the cryogenic setting, it shows limited efficiency
under ambient conditions.

Nanodiamonds attract interest due to several factors, that is, the long 13¢C spin polarization lifetime (7%) in diamond,?!
the good biocompatibility,?> and the possibility of producing single-crystalline nanoparticles with lattice properties
similar to bulk.”® Diamond can also host a wide variety of paramagnetic defects’* that can be used for DNP. One
example is the substitutional nitrogen or P1 center (S = 1/2),2?7 which is incorporated during growth. Specifically
in nanodiamonds, near-surface spin defects,”®?° have also been employed.'®1%3%31 Finally, hyperpolarization was
demonstrated using the nitrogen-vacancy center (NV), either in bulk crystal®’=> or diamond powder (>1 pm parti-
cles).>38 DNP techniques relying on the NV spin, S = 1, draw on the essential capability that it can be initialized to
a high degree (up to 92%) into the m, = 0 state,® upon excitation with short pulses of green light, at arbitrary mag-
netic field and ambient conditions. By combining optical pumping with dynamical nuclear polarization, it becomes
possible to transfer the spin polarization generated on the NV to surrounding nuclei. Harnessing NV as a polarization
source holds the potential to push the boundaries of conventional DNP methods. This approach could potentially
achieve high levels of nuclear polarization, without the requirement of cryogenic temperatures.

However, material and DNP protocols must be optimized in order to fulfill requirements of using color centers in
nanoparticles, such as NV in nanodiamonds. Previous attempts to hyperpolarize 13C spins from NV in diamond
nanocrystals (<200nm) resulted in only a very low degree of nuclear polarization.’”-3® In this work, we address
the primary challenges affecting the efficiency of nuclear hyperpolarization in nanodiamonds. First, we mitigate the
impact of surface magnetic noise on '3C relaxation time by appropriate surface treatment. Second, we enhance NV
initialization by improving sample illumination. Furthermore, we increase the number of NV that are involved simul-
taneously in polarization transfer to nuclear spins by adjusting parameters in a DNP sequence (PulsePol)*’ to enhance
its robustness to the orientation-induced broadening of the NV spectrum in powder samples. Last, we implement slow
sample rotation (<25°/s) to bring different subsets of NV into the excitation region of the adapted DNP sequence and
cycle through all of them. Thanks to these improvements, we achieve efficient polarization transfer from NV to 3C
spins within diamond particles of 2 um and 100 nm typical sizes, resulting in NMR signal enhancements over the
thermal signal of 1500 and 940, respectively, at the polarization field of about 0.29 T.

Results and discussion

In this work, we use diamond powders from Pureon AG (Lengwil, Switzerland) with median sizes of about 2 um and
100 nm (see Supporting Information (SI), section S1 for size distribution parameters). Substitutional nitrogens (P1
centers) are converted into NV by high-energy electron irradiation and annealing, as described in a previous work.*!
In this process, oxidation at high temperature (620 °C) in air is performed to remove graphitic residues.*> Besides the

resulting NV concentrations, given in Table 1, we also consider the Bc spin-lattice relaxation time (130T1), which is
a crucial parameter for hyperpolarization experiments. The 13CT1 determines not only the attainable level of nuclear
hyperpolarization but also the duration allowed between hyperpolarization and signal detection in the investigated
sample. While microdiamonds are expected to exhibit a lgch as in bulk crystals of similar defect composition, the
spin-lattice relaxation in nanodiamonds (<200 nm) typically shows contribution related to surface spins (dangling
bonds etc.).** In such small particles, in order to prolong the 13CTl, it is thus important to work towards suppression
of the surface magnetic noise. Besides the air oxidation, our 100 nm particles were as well treated with a three-
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Figure 1: Improving the spin longitudinal relaxation times of *C, NV by surface treatment of nanodiamonds (100 nm)

reducing contributions to broadband magnetic noise a) Evolution of the 13CT1 measured in NMR (B = 7.05T)
following treatments of the base commercial material: air-oxidation (AO), triacid cleaning (TAC), or combinations
(AO+TAC and AO+TAC+AO). Both combinations lead to an about seven-fold improvement over the relaxation time in
the original material b) For the electron-irradiated and annealed sample, containing NV, comparison of the NV T} taken
on the mg = 0 to +1 transition at B = 0.24 T, following application of a laser pulse. Solid lines are exponential decay
fits, providing NV7T; = 2.20(3) ms and 4.23(7) ms following the air-oxidation (AO) and the combined (AO+TAC)
treatment, respectively.

acid mixture, as detailed in Experimental section. To validate this approach, we investigated the NMR 13CT;l at
different stages of treatment of the commercial nanodiamonds. The data in Figure la was acquired at B = 7.05T
magnetic field, remarkably providing evidence that removal of relaxation-inducing sources is better achieved through
the combination of air-oxidation (AO) and triacid cleaning (TAC), rather than by performing each treatment separately.

The combination (AO+TAC) indeed leads to Por 1 = 152(12) s at 7.05 T, which constitutes an improvement by over

a factor of seven with respect to the base commercial material (ISCTl = 21(1) s). That improvement is dominantly
accounted for by the triacid cleaning (leading alone to an about four-fold increase). We explain these results as follows:
air-oxidation achieves a first part of the required surface cleaning, by efficiently removing the surface graphite and the
related dangling bonds. The triacid cleaning achieves an important second part, by removing paramagnetic metallic
residues. The iron element could be detected by X-ray photoemission spectroscopy (XPS) on smaller nanodiamonds
from the same manufacturer, thus constitutes the most likely origin of the magnetic noise (see SI, section S2.4). To
investigate further the impact of the acid treatment step, we measure the longitudinal relaxation time of NV (NVT7)
by pulsed electron paramagnetic resonance (EPR), on the air-oxidized sample, before and after acid cleaning. From
the results shown in Figure 1b, it can be seen that the combined treatment prolongs NV7 by more than a factor
of two, compared to air oxidation alone (Table 1). We correlate this observation with the disappearance of a broad
(~ 3000 G) signal in X-band EPR, that we attribute to the removal of the iron impurities (SI, section S2.1). Here,
observing the short NV T before the treatment with acid as in Figure 1b is a telltale sign of magnetic noise extending
in the high-frequency (~ GHz) range, thereby impacting the relaxation of spins having comparable or lower resonant
frequencies.** Last, although air-oxidation and triacid cleaning might provide a different balance of functional groups
on the surface, this (possible) difference does not seem to affect the longitudinal relaxation, as visible from Figure 1a.

Indeed, after applying again air oxidation (AO+TAC+AO), no detectable change in Oy is observed.

We turn our attention to the process of NV initialization by optical pumping, which is yet another prerequisite to
performing (efficient) hyperpolarization. To monitor this process, we use again EPR. In addition to being a valuable
tool for determining the concentration, 7} and 75 times of NV, EPR allows precise tracking of the redistribution of the
NV spin state populations under illumination.*> In fact, although EPR spectra of optically polarized NV ensembles
in powder samples have been reported,®”#¢ performing homogeneous illumination of NV in macroscopic quantities
of micro- and nanodiamond remains a challenge, owing to the strong light scattering created by the difference in
refractive index between the diamond (n = 2.4, at 532 nm wavelength) and its surroundings. To overcome this issue,
we couple light into a structure of closely packed waveguides forming an array, in which the diamond powder is
embedded together with a solution of ethylcinnamat acting as buffer between the structure and the diamond. The
details of the illumination protocol are presented in SI, section S3.

In Figure 2 is shown the NV spectrum measured with pulsed EPR for the 2 um particles, using the microstructured
waveguide array for illumination with green light (532 nm). The spectrum shows a broad structure, spreading equally
on each side of the g ~ 2 electron resonance field (on which the signal from P1 centers, seen in Figure 2, is centered as
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Figure 2: Pulsed X-band EPR spectrum under illumination, for the sample of 2 um particles. The experimental data
(solid black line) was acquired by echo detection following a 700 us laser pulse, using the microwave frequency
v = 9.59 GHz. Dashed red and blue lines are simulated spectra for the two separate spin transitions of NV fitting
the experimental spectrum (see SI, sect. S3.2 for the description of the simulation). The resonance positions for NV
having their axis either aligned (0°) or perpendicular (90°) to the magnetic field, locate at the spectrum extremities
and on the intense peaks, respectively (as indicated). Besides NV, the P1 spectrum appears in the central part. The
right inset shows a zoom on the low-field peak of the optically polarized spectrum and its comparison to the acquired
thermal signal (grey), showing here a 85-fold enhancement with illumination. The shaded blue area in the right inset
highlights a region corresponding to a range of A = (27)15 MHz width in the frequency domain, in which transitions
for about 4% of all NV are addressed.

well). Considering the large value of the zero-field splitting for NV (D = 2.87 GHz), the important inhomogeneous
broadening arises in powder samples as the axis of NV within randomly oriented diamond particles has uniform
distribution across the complete solid angle. In the dark, the spectrum has a characteristic structure, known as the Pake
doublet,*” showing two intense positive peaks, corresponding to NV being oriented perpendicular to the magnetic
field.*>*® Under illumination (Figure 2), the NV spectrum exhibits positive enhancement in the low-field region and
negative enhancement in the high-field part (thus a zero-crossing near the g = 2 resonance). These changes result from
the redistribution of populations in the NV ground spin state, here induced by optical pumping. Importantly, in EPR,
the signal scales with the difference in population (Ap)Nv between the two states involved in the spin transition. Thus,
by measuring in a chosen spectral region in the dark, and comparing the signal to that observed under illumination,
the population difference ratio (Ap)nv/(Ap)Nv,dark can be estimated (SI, section S3.4). In the spectral region in
Figure 2 in which the highest spectral intensity is attained, that is at the low field peak (B~0.287T), we determine
(Ap)nv/(Ap)NV,dark = 46 and 61, following a 400 us laser pulse (used later on for NV initialization), for the samples
containing 2 pym and 100 nm particles, respectively (Figure S11 in SI). The 100 nm particles being more efficient light
scatterers, the mass to be exposed to the laser beam was decreased two-fold in order to keep similar illumination
conditions. Considering that the signal intensity in the dark is governed by the Boltzmann statistics (details in SI,
section S3.4), the absolute population difference is estimated as (Ap)ny = 3% (2.4 and 3.2%, respectively).

We now focus on the DNP sequence used for NV-!3C polarization transfer. Considering that the NV spectrum spans
over an extended spectral range (Figure 2), corresponding in the frequency domain to over several GHz, it appears
essential to carefully select the protocol for NV-'3C polarization transfer, and of utmost importance to look for DNP
sequences offering a high degree of robustness to existing parameter inhomogeneities. First, the polarization transfer
sequence should reduce the impact of the strong spectral broadening, by working over a wide range of frequency
detunings for N'V. Second, efficient operation in the presence of Rabi drive imperfections is also desired - to alleviate
inhomogeneities in the MW field or in the NV transition dipole. In this work, we consider the PulsePol sequence,
represented in Figure 3a*” and its variant, shown in Figure 3b.* We highlight a notable difference to the integrated
solid effect (ISE) sequence, which was first introduced by Henstra et al.,'? later used in microdiamonds®*3’ and



13C Hyperpolarization with Nitrogen-Vacancy Centers in Micro- and Nanodiamonds for Sensitive Magnetic

Resonance Applications PREPRINT
a) PulsePOL M
ﬁz m /2 /2 n nﬁ
Ly X Y X Y -Xd
. >
b) phase offset PulsePOL

ﬁz n n/2 /2 n /3

Ly X Y 135° 45° 135

Tsrr. Tsrr laser
A
]
=
= “ RF |n/2
B ~ JF
c 4
o0
® | ~0.3T
=
polarization detection

Figure 3: Sequences and timings. a) Conventional PulsePol sequence and b) phase-offset variant. Both the sequences
in a) and b) include equal delays between the 7 and 7 /2 pulses. By adjusting these waiting times, one varies the interval
7 (length of the 6-pulse block), which determines the resonant condition for polarization transfer. The represented
pattern is repeated M times, so that M X 7 is the duration of the interaction with the nuclear spins. c¢) Illustration of
the hyperpolarization protocol. One polarization cycle consists in performing NV initialization by a laser pulse and
polarization transfer using one of the sequences in (a,b). The cycle is repeated at regular intervals (with a period 7grT)
in order to build up nuclear polarization. For NMR detection, the magnetic field is ramped up to 1T, which takes
about 13 s, and the '3C signal is acquired in-situ

compared to PulsePol.* PulsePol (or its variant) uses discrete pulses, while the ISE exploits the dynamics of the
electron-nuclear transitions occuring during a long, continuous pulse.’”>! With PulsePol, the peak microwave power
determines the NV spectral range (A1) in which N V-13C polarization transfer is effective, that is Ay ~ €5 where
Q) is the Rabi frequency for NV. This property brings some benefits with respect to the speed of polarization: in
the range covered by A, the NV are addressed in parallel, while sequences such as the ISE manipulate them
sequentially, by action of a frequency (or field) sweep. As €27 has no theoretically imposed limit, it is sensible to
operate the instrumentation at the highest output power. Working with a 40 W amplifier guarantees in our system that
the Rabi frequency of NV is Q; = (27)10.5 MHz. We use this microwave source to drive NV that are oriented at 90°
to the magnetic field. This allows enhancing the fraction of centers that are participating to the polarization dynamics,
due to the larger solid angle that is covered along the equator of a sphere. For these NV, we choose to drive the
transition that shows the highest NV polarization enhancement under illumination, that is the low field peak, visible at
B = 0.287T in Figure 2, as the latter shows stronger absolute enhancement than the high-field peak (B = 0.390 T).
The protocol for hyperpolarization is represented in Figure 3c. It consists in repeating the cycle of consecutive laser
pulse initialization and microwave driving, in order to gradually build up polarization for the '3C spins.

For improving the robustness properties of PulsePol, a possibility is to use the variant in Figure 3b from Tratzmiller
et al.,*” which relies on alternative pulse phase definitions compared to the original sequence in Figure 3a (hence the
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label ‘phase-offset PulsePol’). Besides the increased robustness against frequency detuning, which could be verified
by performing '3C hyperpolarization in single crystal diamond (SI, sect. S6.1), the phase-offset variant is also expected
to mitigate inhomogeneities in the Rabi drive to a degree comparable to what is achieved in the standard PulsePol.
The resonance condition for polarization transfer can be expressed similarly in both sequences as 7 = % where 7
is the length of the 6-pulse block (Figure 3) and wy is the Larmor frequency of the target nuclear spins. However,
the phase-offset PulsePol has half-integer resonances (see SI, sect. S6.2), contrasting with the odd-integer resonances
n = 1,3,5,7, etc. as in the original PulsePol. In the present scenario, in which the microwave excitation is resonant
with NV which are at perpendicular orientation to the magnetic field, the choice of the resonance index n revealed to
be non-trivial. Similarly to the case of the original PulsePol in Figure 3a, in which the n = 3 resonance is predicted
to be optimal for polarization transfer,*’ the n = 3.5 condition was expected to offer better performance using the
phase-offset PulsePol. However, our results suggest an improvement in the polarization transfer rate by using rather
n = 4.5. This can be explained considering the dynamics involving the 4N nuclear spin of the NV, whose state can
evolve during the application of the PulsePol sequence, owing to the presence of transitions that affect simultaneously
the NV and '*N spin (which show finite probability as the transverse magnetic field breaks the defect C3,, symmetry).
Simulations demonstrate that choosing the n = 4.5 resonance is in fact quasi-optimal for refocusing the NV-14N
interaction and thereby avoiding inhibition of the polarization transfer to '>C by this dynamic (see SI, sect. S6.1 for
comparison of the different resonances and the description of NV-'*N interaction).

Although using the more robust sequence variant in Figure 3b provides a gain in the number of NV participating in the
polarization transfer process, it is beneficial to implement strategies for increasing further the number of contributing
NV. We now discuss such additional methods, optimize them by detecting the hyperpolarized signal in the 2 um
sample, before applying them as well to the 100 nm nanodiamonds.

The first method consists in replacing the individual rectangular pulses by “composite” versions to provide further
robustness to frequency detuning. We consider composite pulses described by Shaka et al.,>> which are built by
adding ‘sidebands’ of alternating phases around a central rectangular pulse. In this work, the pulses by Shaka et al.
are refined by the introduction of waiting times, and then numerically optimized, in order to improve their robustness.
In our conditions £; = (27)10.5 MHz we determined that the simplest (two-sideband) version of the pulses leads
to efficient operation of PulsePol in the range A, = (27)15 MHz (see SL sect. S6.3 for description of the pulses
optimization and sequence robustness properties). Owing to the asymmetric shape of the peak, the magnetic field
was offset by a few gauss to maximize the number of addressed NV, as shown in inset of Figure 2, where we have
represented a spectral region corresponding to the 15 MHz of excitation width. We estimate that this spectral region
covers approximately a fraction of 4% of all centers, corresponding to NV oriented with a tilt (§) from the magnetic
field such that |#—90°| < 2.5° (see SI, sect. S8.1 and S8.2). In Figure 4c, the hyperpolarized '3C signals obtained using
the standard and the optimized two-sideband pulse are compared, showing an improvement by about 30% compared to
the latter (setting parameters such as the repetition number M = 68, and the sequence repetition time 7sgr = 1.5 ms,
which appeared to be optimal, from SI, sect. S6.4). We note that the duration of the pulses is constrained by the chosen
PulsePol resonance condition, as it is visible from Figure 3, the length of the 7 pulse should not exceed 7/4. This
restricted us from using ‘higher-order’ versions (i.e. with more than two sidebands) of the pulses, even though these
are predicted to be more efficient. These would be within reach using a more powerful amplifier.

As an additional approach for enhancing the signal, we implemented slow sample rotation, around an axis perpen-
dicular to the magnetic field (Figure 4a-b). This allows cycling through different NV subsets, as those defined by the
excitation region of PulsePol will be progressively replaced, upon rotation, by NV of different initial orientation. The
slow sample rotation implemented as in Figure 4b will bring, in fact, the axis of any NV to a direction orthogonal to the
magnetic field, ensuring its spin transitions meet the 90° resonances. We rotate at speeds up to 25 °/s -the maximum
allowed by our rotation stage- and obtain an increase in the '2C signal that is remarkably two-fold at the maximum
velocity (Figure 4d). This suggests that switching regularly the subset of NV that is addressed by the polarization
transfer sequence is favorable, compared to using continuously the same subset.

We can understand this observation, from the dynamics of the '*C polarization buildup. Without applying rota-
tion, the increase of signal with the polarization time follows a so-called stretched exponential function s(t) =

A (1 - eXp{ —( T[fol )P }) , with Tj,o1 = 29(4) s and 5 = 0.70(8) (SL Figure S14). Consequently, efficient polarization

_t
Tpol

to direct polarization of 13C spins from NV or spin diffusion on short length scales, while at longer times, it acquires
(slower) dynamics impacted by the less efficient spin diffusion at longer scales, and 2) the NV acts in its very close
surroundings, as a relaxation sink for nuclear spins shortening their 7. Here, we exploit this dynamic to benefit from
the efficient polarization creation regime at short times (by rotating the sample) but still address distant 13C spins, with
a long nuclear T;. From Figure 4d, increasing the rotation speed (w;) first enhances steeply the signal s(w, ), which
reaches an apparent saturation at high speeds. This behavior can be fitted as s(w;) = so+a (1 — exp{ —(w;/wr,0)" }),

occurs at short times, s(t) ~ ()", as 8 < 1. It was previously observed that:>* 1) initially, the buildup occurs due
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Figure 4: a) NV EPR spectral line with an illustration of strategies to increase the number of NV participating in
polarization transfer. The microwave excitation bandwidth is extended by using composite pulses. Sample rotation
enables a larger number of NV with various orientations to the magnetic field to pass through the microwave excitation
region. b) Illustration showing the orientation of the rotation axis in the experimental setup ¢) Comparison of the
hyperpolarized '3C NMR signals obtained using rectangular and composite pulses. d) Hyperpolarized *C NMR
signals obtained with sample rotation at different speeds. The dashed line is a stretched exponential fit as described in
the text, yielding parameters w, o = 4.9(5) °/s and 8 = 0.74(6) as the stretch exponent. Acquisitions represented on
this figure were taken on the 2 um sample.

that is a stretched exponential, from which w, o = 4.9(5) ° /s is extracted and 8 = 0.74(6). The stretched exponential
behavior reminds of that of the polarization buildup. In fact, it is instructive to consider the overall rotation angle
during the nuclear polarization buildup time w,T},o1. At a speed w, & wy o one has w, T, = wr Tpol = 142(20)°,
which is close to the condition when half a turn (180°) is performed during T},,1. Thus, the significant signal increase
provided by rotation in the range of speed w, < wy ¢ occurs as more of the different NV subsets are progressively
being involved in the polarization transfer, until all NV participate (at w, ~ wy o). At the maximum speed (25 °/s), we
measure a polarization buildup time T},,; = 34(2) s comparable to that in the static sample. As the buildup dynamic is
ultimately determined by the relaxation properties (77) of the spins that are being polarized, our observation indicates
that 'C populations with comparable T} are being addressed, in the experiments with and without rotation. Since the
signal is maximally increased by rotation (25 °/s), we use this setting in the rest of our experiments.

The '3C hyperpolarized signal that results from combining the above-mentioned strategies is represented in Figure 5.
The corresponding enhancements over the 3C thermal signal (e13¢) at the polarization field are efgucn = 1500 and
€192 = 940. To our knowledge, this is the first demonstration of hyperpolarization using an optically pumped color
center at ambient conditions in diamond nanoparticles (< 200nm). It is worthwhile to remark the speed at which
the signal in Figure 5 is achieved, i.e. running the DNP protocol for 5 min, which is sufficient to reach the maximum
of the buildup for both samples. We measured 34(2) s and 32(5) s as buildup times (T,01) in the 2 pum and 100 nm
particles, respectively. Relaxation times of 142(16)s and 116(16) s govern the decay of the hyperpolarized signal
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Figure 5: 13C NMR signal obtained after 5 min of hyperpolarization for a) 2 um and b) 100 nm diamond particles. The
spectra intensities are normalized by the '3C thermal signal at the polarization field (0.287 T), showing enhancements
of 1500 and 940 times in a) and b), respectively.

Table 1: Summary of the sample properties. P1, NV concentrations and NV relaxation times are determined by X-
band EPR. The T3 time of NV is measured by Hahn echo (7/2 — 7) in pulsed EPR and the T} time is obtained by
fitting the decay of the echo-detected NV signal following a laser pulse. The '3C hyperpolarization is characterized
by the buildup with the time 7T},.1, and the enhancement €3¢ (at the polarization field, B = 0.287 T), after combining
all approaches for signal improvement described in the text.

Particle size [P1] [NV] W, Ny Tyo1  enhanc. €13¢
2 um 39(2)ppm  8.2(5)ppm 2.6(1)us 3.82(4)ms 34(2)s 1500
100 nm 18(1)ppm  3.4(2)ppm 2.7(1)ps 4.23(7)ms 32(5)s 940

at 1 T magnetic field (SI, sect. S4). A significantly stronger enhancement is observed in the 2 um sample. In the
simplest description, for sample of similar polarization buildup times and neglecting effects of NV-NV interaction,
we expect the enhancement factor to scale with the efficiency of NV initialization and their density, so that €;3¢ o

(Ap)nv - [NV]. Thus, from the NV concentrations (Table 1), and from the determined (Ap)Nv, one would expect

2pm ;_100nm __ 0.024 _ 8.2ppm __ S : 1500 _ :
€150 /€130 = Gose 34ppm — 1-8, which is close to what we observe, i.e., 535" = 1.6. To explain the small

discrepancy between 1.8 and 1.6, we would like to point to a possible role of NV-NV interactions, which should result
in faster NV decoherence in the case of dense NV ensembles during the application of PulsePol. Although this is
outside of the scope of the present work, it might be beneficial, when working with extremely dense NV ensembles,
to apply sequence modifications for refocussing the dipole-dipole interaction between the different NV.>*

Our findings allow discussing the spatial distribution of the polarized '3C spins, which is of fundamental interest.
Considering the natural isotopic content (1.1%) of 13C in our samples, the spread of polarization by spin diffusion is
predicted to follow the coefficient D = 6.7 x 10715 ems=23% . Taking into account our buildup times, T},1 ~ 305,

we obtain as diffusion length [ ~ \/ﬁpol = 4 nm. For randomly distributed defects, the nearest-neighbour distance

i8S NN = 0.55n"1/ 3, where n is defect density. We calculate that the NV concentrations in Table 1 correspond to
comparable distances, YNy = 4.9nm and ryy = 6.5nm, for the 2 pum and 100 nm samples, respectively. In our
samples, spin diffusion therefore leads the polarization to reach most parts of the diamond lattice between the different
NV, which is in line with conclusions drawn previously in the context of single crystal experiments.>

Although our efforts were focused on NV in the diamond material, our approach can be extended to centers with
optical pumping capability in different host lattices. Spectral broadening induced by the anisotropy, that we observe
for NV, will occur similarly for other known defects, such as pentacene in napthtalene crystals, or the divacancy in
silicon carbide (S = 1). Our results highlight the interest of using the PulsePol sequence, that addresses all the
centers in a given spectral range in parallel, while performing sample rotation to progressively bring into resonance
centers that are initially unaddressed. Using PulsePol is also favorable for optimizing sequence timings, as illustrated
by the small fraction of time it takes in the full polarization cycle. To obtain the signal in Figure 5, the sequence in
Figure 3b was used with a duration M7 ~ 50us (for M = 68), which is much shorter than the laser initialization
pulse (400pus), the repetition interval (7ggr = 1.5ms) and the decay of NV polarization (Y7} > ms). There
exists intervals, both between the pulses and after, where the PulsePol sequence could be applied at different carrier
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frequencies. In future developments, this could be considered for improving our bandwidth (A1) and thus enhancing
further the hyperpolarized signal (SI, sect. S7). Frequency sweeps, in contrast, typically address the centers slowly
and sequentially, which can make the optimization of sequence timings more difficult and constrained.

N;—N,
N1+ N,
where N4, N are the populations of the two Zeeman spin states of '3C. The value of p;3¢ constitutes a figure of merit
that is independent on the detection field. Applying the enhancement values observed in Figure 5 to the Boltzmann
population, pi3¢ thermal & 22% = 2.52 x 10~7 (room temperature, 0.287 T), we obtain 0.038% and 0.024% as
p1sc for the 2 um and 100 nm powder samples, respectively. We discuss this outcome in the light of the work from
King et al.,*> who employed single crystal diamond with similar bulk material properties as our powders (electron-
irradiated type Ib diamond). In that work, after performing DNP at 0.42 T' magnetic field, the value of 6% of absolute
13C polarization was observed, which exceeds by a factor of 160 our best result (2 um particles). We attribute this
discrepancy to the combination of several factors as follows. First, King et al. performed NV-'3C polarization transfer
using NV aligned to the magnetic field in single crystal diamond, which represents the ideal conditions for generating
high electron spin polarization by optical pumping. Although the precise enhancement of NV signal by illumination
was not reported, it is common to reach, under such conditions, a population difference between the optically pumped
(mg = 0) and any of the optically depleted (mg = =+1) states that obeys (Ap)nv > 30%,* i.e., improved more than
10-fold compared to our powders. We note that, besides the absence of light scattering, the suppression of spin state
mixing for this NV alignment also likely plays a role in the improvement on (Ap)ny (which accounts for a factor
of about two, according to the model fitting our powder spectrum, described in SI, sect. S3.2). Second, NV in single
crystal belong to four homogeneously oriented subsets. This enables working conveniently with a fourth of all NV
(25%), which yields in comparison to our powder another factor 25/4 (= 6). Thus, it is not surprising to observe > 60
increases in the enhancement factor in single crystal, compared to powder in the present conditions of our work.

Let us consider from the enhancement factors in Figure 5 the absolute nuclear polarization, defined as p1sc =

From these considerations, one can suggest possible ways to increase the '3C enhancement further by adjusting some
experimental parameters. We expect that combining the the application of the sequence at different frequencies (mul-
tiplexing) and pulse shaping would enable increasing the width of the spectral range Ay to 100 MHz , which cor-
responds to about 16% of NV (SI, sect. S7). Better initialization of NV could be achieved through the use of higher
laser intensities, however, in our experimental configuration, the laser intensity that can be applied was limited by
sample heating. Temperature elevation in our micro- and nanodiamonds was estimated from resonance shift in the
NV EPR spectrum, to be 51 K for the 2 um particles and 24 K for the 100 nm particles (SI, section S3.3). We em-
ployed, for both samples, a configuration in which the diamond particles are densely packed, which favors localized
heating. Better heat dissipation would be attained using an illumination geometry that allows also for the sample to
be sparsely dispersed, in a gel or a liquid (possibly still using microstructured waveguides to counter light scattering).
Although the realisation might present some challenges, this could be combined with some designs already employed
for efficient cooling.>

Dispersion in a fluid might promote particle reorientation by thermal motion, which in fact has been a proposed
alternative to mechanically rotating the sample during the application of the polarization sequence.”® However, the
fluid viscosity, which determines the tumbling rate for nanodiamonds of a given size, might need to be carefully
controlled as the reorientation dynamics should not make the nanodiamonds depart strongly from their orientation
while NV are being driven by microwave. For a particle with » = 80 nm as hydrodynamic radius, using the Stokes-
Einstein-Debye relation for the rotational diffusion coefficient, D, = kgT'/8mnr® in glycerol of dynamic viscosity
n = 1.4 Pas at room temperature (7' = 293 K), one has D, = 0.22s~!. In the conditions of our experiment, the region
of efficient polarization transfer lies within a 90 &= 2.5° angle range from the magnetic field direction. Considering the
RMS diffusion angle 6 = +/2D,t, thermal motion will drive the nanodiamond out of this orientation range after a time
t ~ 4.3 ms. The ‘residence time’ is longer by two orders of magnitude than the duration of application of PulsePol in
our protocol (M7 ~ 50 ps), thus microwave driving with PulsePol will remain effective. The full polarization transfer
cycle including initialization, microwave driving and waiting time, takes 1.5 ms and therefore could be applied 3 times,
on average, before the nanodiamond moves to a less favorable orientation. This number of repetitions lies below what
we established by mechanical rotation (> 130 polarization cycles, corresponding to > 200 ms), however, the viscosity
of the fluid could be varied, e.g. by moderate cooling, to make the number of repetitions comparable. Our findings
suggest indeed that slow reorientation, that ensures most nanodiamonds enter the bandwidth during the nuclear T}
time, is already sufficient to provide a significant improvement in the hyperpolarized signal.

Turning to the polarization decay time (UCTl), it can be seen from the above-reported values that the decay in our
samples occurs must faster than what has been reported for ultrapure single crystals,?! which we attribute to the high
concentration of paramagnetic species (P1, NV and others), providing relaxation channels via flip-flops, or via their
own T} process.” We now discuss consequences in terms of applications and possible routes for material development.
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Despite being low by the standards of ultrapure diamond, the 13C 7T} times we observe are expected to be sufficient
for some applications. A possible follow-up experiment to our work would consist in using “core-shell” particles, in
which it is possible to obtain comparable T} times for a highly (~ 100% '3C) isotopically enriched shell, overgrown
on naturally abundant nanodiamonds containing NV, similar to the material used in the current work.>’ As originally
reported, this would enable mediating spin polarization transferred from NV in the “core”, towards the surface, using
spin diffusion in the enriched shell. This opens exciting perspectives of applications in which external substances
could be hyperpolarized. This could apply to solids or very viscous liquids, as polarization transfer could be achieved
by cross-polarization sequences. In conventional liquids, it could occur via the nuclear Overhauser effect, although
the optimization of polarization transfer might require considering specific dynamics of the fluid at the surface of the
nanoparticles.'® Besides, provided NV initialization and microwave driving can repeatedly be applied, such nanodia-
monds would constitute a replenishable source of polarization. In particular, this could be of direct interest for NMR
detected in-situ, as there, it is sufficient to have nuclear 7 times of the order of one minute (or even slightly lower)
both in the diamond nanoparticle and in the external substance.'®

For another envisioned application, using nanodiamonds in MRI as tracers, it must be kept in mind that the 3C
polarization must survive while the nanodiamonds diffuse to the location of interest (e.g., tumor) which can be long.®

This points to a possible limitation of the material employed in the present study, for which the UCTl restricts the
time before detection to a few minutes. An approach for improving the nuclear 7} consists in performing electron-
irradiation on a sample with low nitrogen content, with the rationale of keeping the overall content of paramagnetic
spins low. This was demonstrated to provide hour-long lifetimes in single crystals while still allowing efficient 13C
hyperpolarization.’* Recently, long coherence for NV under Hahn echo and dynamical decoupling were observed
in milled chemical vapor deposition diamond, suggesting the possibility of producing ~200 nm particles with low
magnetic noise levels, comparable to that in high-quality bulk material.”® In smaller particles (100 nm and below),
however, one might need to consider as well dangling bonds, or impurities in the diamond which are thought to
be stabilized as a co-product of surface irregularities.””%° The desired reduction in the number of the surface-related
defects in particles of 100 nm and below might require the combination of material engineering for producing particles
of near-spherical shape with a smooth surface, and approaches for reduction or passivation of possibly remaining
defects.

Conclusion

Combining improvements on the material and in the dynamical nuclear polarization protocol, we demonstrated the
hyperpolarization of 3C in diamond particles down to 100 nm size, using the optically pumped NV center as polar-
ization source. In the nanoparticles, the impact of the magnetic noise from surface sources is reduced by combining
treatments of air-oxidation and triacid cleaning, ensuring a long 7} for the 'C spins. For improved NV initialization,
the light scattering by the nanoparticles is mitigated by performing illumination using microstructured waveguides.
To reduce the impact of the spectral broadening of NV in powder samples, the PulsePol sequence is optimized, and
slow sample rotation (25 °/s) is performed. In contrast with protocols previously used for nanodiamonds (< 200 nm),
our approach does not require cryogenic temperatures. The current results establish NV-containing nanodiamonds as
a platform for hyperpolarization based on '3C spins at ambient conditions, promising future applications in the fields
of sensitive nuclear magnetic resonance or MRI.
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Experimental Section

Diamond powders with approximately 2 pm and 100 nm median particle size (Pureon AG, type Ib, HPHT, MSY1.5-
2.5 and MSY 0-0.2) were used as starting material. To form NV, the samples were electron-irradiated with a dose of
3 x 10'® cm~2 in a 10 MeV electron accelerator operating under permanent argon flow. The temperature during the
irradiation was maintained at 800 °C by controlling the dose per pulse and repetition frequency of the accelerator. To
clean the surface of diamond particles from graphitic residues, the air oxidation (AO) treatment consists in annealing
the samples at 620 °C for 5 hours in air.*! For removing metallic residues, the tri-acid cleaning (TAC) treatment
consists in exposition to a high-concentration three-acid mixture of HNO3(40%), HC104(70%), HoSO4(90%) in 1:1:1
proportions, under conditions of 200 °C temperature and 6 bar pressure, for approximately 2 hours. To prepare sam-
ples for the hyperpolarization experiment, a mass of 12 mg was used for the 2 um powder. For the 100 nm sample,
6 mg was used.

The longitudinal relaxation times of >C nuclear spins shown in Figure 1a were obtained using a 300MHz WB NMR
system at room temperature and B = 7.05 T magnetic field, equipped with an Avance III console (Bruker Biospin
GmbH).

Characterization of paramagnetic defect concentrations and their spin properties, as well as the implementation of
polarization transfer from NV to '3C nuclear spins, were made with the X-band Bruker Elexsys E580 spectrometer
(9-10 GHz). The ER-4122-SHQE resonator was used for spin-counting using continous wave (CW) EPR. The pulsed
FlexLine resonator ER-4118X-MDS5 with the traveling wave tube (TWT) amplifier from Applied System Engineering,
Inc. (Model no. 117) served to characterize the NV T and 75 times. Nuclear hyperpolarization was performed
using the pulsed-ENDOR EN-4118X-MD4 resonator. To address the duty cycle limitations of the TWT amplifier,
a 40 Watt CW solid-state microwave amplifier from AR Deutschland GmbH (40S6G18B 6-18 GHz) was employed,
replacing the TWT. The sequences shown in Figure 3 were implemented with the Bruker SpinJet AWG. To perform
in situ detection of the hyperpolarized '3C NMR signal, we used the RF coil of the ENDOR resonator. A tank circuit
was added outside the resonator for tuning and matching, allowing for detection of NMR signal around the resonance
frequency of '3C spins at 1 T (v13¢ ~ 10.7 MHz). The NMR signal is detected using a KEA? console (Magritek
GmbH) using a 500W RF amplifier from (BT00500-ALPHA-SA from Tomco Technologies) for pulse amplification.
To obtain the data represented in Figure 4 and 5, the hyperpolarized signal was accumulated 5 times. Acquisition of
the 'H NMR signal from a water sample of known volume was used as an intensity reference in order to determine
the 13C signal enhancement values in Figure 5 (see SI, sect. S5, for details on the enhancement determination).

For illumination, a 3 W 532 nm Diode-Pumped Solid State (DPSS) laser from Laserglow Technologies was used and
pulsed using TTL modulation. A 1.5 mm multimode fiber delivers light onto the waveguide structure as shown in
SI, Figure S7. Due to losses, the power at the output of fiber is 1.6 W. The laser pulse length was set to 700 ps
when measuring spectra as in Figure 2, and to 400 ps in the hyperpolarization experiment . Considering the repetition
time of 1.5 ms, the 400 us correspond to an average laser power of 420 mW. At this power, the illumination induces
some heating of the samples, which was evaluated to be 51 K and 24 K for the 2 um and 100 nm respectively (SI,
section S3.3).

The X-ray photoelectron spectroscopy (XPS) acquisitions described in SI were performed using a Physical Electronics
instrument (PHI 5800). The equipment was equipped with a hemispherical electron analyzer, a monochromatic Al Ko
X-ray source (1486.6 V), and a flood gun to prevent sample charging. The spectra were recorded with a pass energy of
93.9¢eV and 29.35 eV for the survey and the high-resolution spectrum, respectively. The XPS spectra were calibrated
using the Cls peak as a reference, which corresponds to a binding energy of 284.7eV.
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S1 Material

The commercial samples are Pureon AG, type Ib, HPHT, MSY1.5-2.5 and Pureon AG, type
Ib, HPHT, MSY0-0.2 having about 2 pm and 100 nm median size, respectively. Scanning
electron microscopy images are shown in Fig. S1. The size distribution parameters for the
batches employed in this work are given in Table 1.

I—I50nm F———5um

Fig. S1: Scanning electron microscopy images of a) 100 nm and b) 2 pym diamond powders,
respectively Pureon AG, MSY0-0.2 and MSY1.5-2.5.

sample median size (pm) standard deviation (pm)
Pureon AG, MSY1.5-2.5, type Ib 1.95 0.31
Pureon AG, MSYO0-0.2, type Ib 0.115 0.028

Table 1: Size distribution properties for the batches of diamond powder samples used in
the present work.



S2 Surface treatment characterization

S2.1 Monitoring surface spin defects by EPR

EPR spectra were measured on the commercial 100 nm sample (Pureon AG MSY0-0.2 Type
Ib, labelled ‘base material’) and after the several surface treatment steps summarized in
Fig. S2.

In this study, the starting material is the commercial sample, with no NV centers formed
by irradiation and annealing. To characterize the surface treatments, it is useful to perform
two types of EPR measurements:

e A narrow scan around g = 2 (in a ~ 100G range) at low microwave power. This
allows resolving bulk and subsurface impurities [1], as well as dangling bonds with
long relaxation times (e.g. in graphite). The corresponding acquisitions are shown in
Fig. S3.

e An acquisition in a wide spectral range (6000 G), at higher microwave power, in order
to resolve impurities with a broad spectra and short lifetimes. The spectra are shown
in Fig. S4.

It is possible to observe the disappearance of a g ~ 2 contribution following the air-
oxidation (AO) treatment (Fig. S3a). We attribute this effect to the removal of dangling
bonds in graphite covering the nanodiamonds. This is associated with a strong change in
color of the nanoparticles, initially black, which turn bright. in the color of the nanoparticles,
which are initially black and become bright after the treatment.
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Fig. S2: Description of the surface treatment steps for the 100 nm sample.

The wide-range, high-power spectrum in Fig. S4. reveals also the presence of several
broad contributions in the base material (covering a ~ 3000 G range). Although one con-
tribution (labelled (1) in Fig. S4) is removed both by the AO and TAC treatments, another
important contribution (labelled (2) in Fig. S4) persists after air-oxidation, but is removed



by the triacid (TAC) treatment. Iron constitutes a likely contaminant, as it is present in
the beads used in the manufacturing process, for milling the material down to the desired
particle size. In smaller nanodiamonds from the same manufacturer that underwent the
AO treatment, the presence of iron is confirmed by XPS (sect. S2.4). Consequently: 1)
we attribute the broad EPR contribution that is removed by the triacid cleaning, to iron-
related spin impurities 2) we hypothesize that the fast fluctuations of these paramagnetic
impurities explain the shortening effect on the 7 of *C and NV (detailed in sections S2.2
and S2.3, respectively).
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Fig. S3: CW EPR spectra in a narrow spectral range (100 G) around the g = 2 resonance,
at low microwave power (Pyrw = 0.150uW). The acquisition frequency is v = 9.84 GHz.
The spectra are normalized to the sample mass and Q-factor. a) Spectra showing the effect
of the first treatment steps (AO or TAC). The satellites at 3480 G and 3540 G correspond
to the hyperfine lines of P1 centers. These satellites are unaffected by surface treatments,
as expected for bulk impurities. The signal in the center comprises both the P1 central
line, and g ~ 2 paramagnetic species. Although a minor change is observed with the triacid
(TAC), a strong modification is observed following air-oxidation (AO), as the latter leads
to the disappearance of one central component that we attribute to the efficient removal of
graphite and associated dangling bonds. b) Effect of the successive treatment combinations.
A small change in the intensity of the central line after the AO+TAC step, however, the
spectrum remains essentially unaffected.
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Fig. S4: CW EPR spectra in a broad spectral range (0-6000 G), at high microwave power
(Pvw = 23.7mW). The acquisition frequency is v = 9.84 GHz and the data is normalized
to the sample mass and Q-factor. The spectra are also trimmed vertically in order to
better visualize, specifically, the broad contributions. The first spectrum shows an impurity
contribution (1) removed both by the AO and TAC treatment. Another contribution,
labelled (2), is removed by the TAC step only, and is associated to paramagnetic species
of iron (see text). The contribution (3), which appears in the half-field region (at g ~ 4),
might be associated with impurities of S > 1/2 multiplicity within the nanodiamonds. After
the last treatment step (AO4+TAC+AO), the contribution (3) is likely still present, but not
observed due to longer spectrum averaging and possible magnetic field or frequency drifts.



S2.2 1BC T; relaxation

In Fig. S5 are represented 13CT1 acquisitions performed with conventional NMR at B =
7.05T, using the same batch of samples as in the EPR investigation in section S2.1. Acqui-
sition was made with the NMR saturation-recovery sequence, which consists in observing
the return to thermal polarization after a train of saturating pulses (here corresponding
to 20 7/2 pulses spaced by 5ms). The experimental data points in Figure S5 consist of
the spectrum integral at each value of the time interval between saturation and readout.

Stretched exponential fits s(t) = A (1 - exp{—(%l)ﬁ }) are shown as dashed lines in Fig. S5
and the fitted parameters are listed in Table 2.
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Fig. S5: 13C relaxation for the 100 nm particles, at different stages of surface treatment (AO:
air-oxidation, TAC: triacid-cleaning), acquired by saturation-recovery with conventional
NMR at B = 7.05T. Dashed lines are stretched exponential recovery fits.

100 nm sample  CT} (s) stretch exponent
Base material ~ 21(1) 0.55(3)
TAC  80(4) 0.61(3)
AO  25(2) 0.54(3)
AO+TAC  152(13) 0.63(4)
AO+TAC+AO  158(37) 0.63(9)

Table 2: Fitted parameters for the 13C T} relaxation of the 100 nm sample at different stages
of surface treatment (samples are labelled as in Fig. S5).



S2.3 NV 7T relaxation

The NV longitudinal relaxation times were measured on the 100 nm samples, that were as
well electron-irradiated and annealed. Here, we compare two treatments (AO, AO+TAC).
The air-oxidation (AO) was done both before and after the electron irradiation and simul-
taneous annealing. Triacid cleaning (for the AO+TAC sample) was performed only after
the second air-oxidation. Single exponential fits of the experimental data as shown in main
text, Fig. 7?b provide the relaxation times given in Table 3.

In contrast to our other measurements, the magnetic field was set to the lowest at which
intensity in the EPR spectrum could be detected considering the field region in main text,
Fig. 77, that is, using v = 9.59 GHz, B = 2403 G. This allows being selective to NV centers
that are aligned to the magnetic field, and avoid state-mixing induced by the misalignement.
The NVT| measured with this method reflects exclusively the rate of the single quantum
transitions (mg = 0 to £1), and thus can be compared to the typical NV T} measurements
reported in the literature. However, our determination is performed at higher magnetic field
than in most cases of literature reports (using, e.g., zero-field). The increased magnetic field
can lead to further decoupling of the NVs from certain noise sources, and thus favor a longer
7.

100 nm sample WA
AO  2.20(3) ms
AO + TAC 4.23(7)ms

Table 3: NVTy corresponding to the fits shown in main text, Fig. ??b.

S2.4 XPS on smaller nanoparticles (~ 25nm)

X-ray photoemission spectrum on a sample of 25 nm median size is shown in Fig. S6. The
sample is from the same manufacturer as the 100 nm 2pum samples (Pureon AG), however
contamination induced by the fabrication process (milling) is more likely to present due to
the smaller size. The Fe2p peak of iron could be detected, as shown in inset of Fig. S6. In
the 100 nm sample (AO treatment), no iron could be detected by XPS, which we attribute
to the lower concentration at the surface of bigger particles.
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Fig. S6: X-ray photoemission spectroscopy spectrum of the sample Pureon AG, MSY0-0.5,
type Ib, of 25nm median size, showing the carbon (Cls) and oxygen (Ols) peaks. Inset:
acquisition in the [700,730] eV range, showing the signal characteristic of iron (Fe2p).

S3 Sample illumination

S3.1 Illumination protocol

In contrast to single diamond crystals, the propagation of light inside of diamond powder of
micro- and nanosize is hindered by strong light scattering, due to the high refractive index of
diamond (n = 2.4 at the wavelength of 532nm). In the context of hyperpolarization, there
is a requirement to perform homogeneous optical pumping of large amounts of sample. A
microstructured waveguide array was developed to ensure an efficient illumination of such
quantities of diamond powder and circumvent the issue caused by light scattering.

The waveguide arrays make it possible to directly access a larger volume of micro- or
nanodiamonds with light, leading to a better polarization of NV centers upon illumination.

The micro-pillar array was manufactured using a commercially available direct laser
writing system, employing the 2-photon-polymerization technique (Photonic Professional
GT+, Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany). We used the resin IP-S
(Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) due to its excellent optical prop-
erties in the VIS and 10x lens with NA=0.3 for fast prototyping progression. The structures
were printed on a silicon wafer using the dip-in approach, where the resin acts as its own
immersion medium. The slicing and hatching distances were chosen as 5 pm and 1 pm, re-
spectively, which, although showing visible steps between layers, still produced good quality
results. Uncured resin was dissolved and removed by submerging the structure in PGMEA
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Fig. S7: a) 3D printed micro-photonic structure consisting of more than a hundred tips.
b) Schematic illustration of the 3D structure inside the EPR tube, which provides optical
access to the contained diamond powder.

and cleaning was done by a subsequent bath and rinsing with isopropyl alcohol during which
UV curing was applied to ensure the complete polymerization of all components and to re-
duce shrinkage. The structure itself comprises a base with a diameter of 2.9 mm on which
a hexagonal pattern of approximately 200 pillars, each around 1 mm in height, is placed.
The pillars are truncated cones which are topped by a hemispherical cap (see Figure S7).
The distance between the revolution axes of neighboring pillars is 200 pm.

In the sample preparation, the diamond powder was mixed with ethylcinnamat (C1;H1205),
the latter, with a refractive index (A = 532nm) n = 1.57, has the following use for index
matching 1) it reduces losses by internal reflection inside the structured array and 2) it
mitigates further the effects of light scattering by the diamond particles. The mixture of
diamond powder and ethylcinnamat (with a mass equal or lower to that of the diamond
powder) provides a viscous fluid, which was placed in a sapphire tube of (4mm OD, Situs
Technical GmbH, Wuppertal, Germany) and the waveguide structure placed on top. As
shown on Fig. S7b, an optical fiber (1.5 mm diameter) delivers the illumination. In separate
trials, glycerol was used as the index-matching solution. As an alternative, water could be
used, if working below the melting point. While water is in general a convenient solvent
for room temperature operation, it has the issue of its strong microwave absorption above
the melting point. A specific resonator design or sample geometry would be required for
working with water-containing samples at room temperature.



S3.2 Phenomenological description of the NV spectrum in X-band EPR
under optical pumping

S3.2.1 Redistribution of state populations

The EPR spectrum measured under illumination (as in main text, Fig. ??7) shows the
contribution from NV centers in randomly oriented crystallites. Therefore, all possible NV
center orientations must be considered in the spectrum description.

Let us consider the case of a NV center aligned to the magnetic field. For this NV, the
eigenstates, defined by the quantum number my, can be written as |—1),0) , |1). Ilumina-
tion depletes equally the |+1) states, by population transfer to |0), so that the occupation
probability of each state (py,g) differs from that in thermal equilibrium. It obeys

pms = (1= PNV) P thermal + PNv](ms[0) ]2, (1)
where pnv is the degree of initialization of the NV center. The |(m,|0)|? term equals to 1
for ms; = 0, and 0 otherwise. For pyyv = 1, the probability of being into the my = 0 state is
maximum (100%).
When NV centers are misaligned with respect to the magnetic field, mg no longer remains
a good quantum number, due to state mixing. In this case, one can define new eigenstates
|sig), where i = 1,2,3 and # is the angle between the NV axis and the orientation of
the magnetic field. The misalignment-induced state mixing leads to different occupation
probabilities compared to the aligned case. In our present phenomenological description, it
is taken into account by performing the following replacement in Eq. 1:

[{ms[0)[* = [{s:,610) %, (2)

so that instead of Eq. 1, the occupation probability (p;s) of NV center to |s;g) state can
be expressed as

pio = (1 — PNV)Pi 0 .thermal + PNV |(8i,0]0)[%. (3)

In EPR, the signal is summed over each transition and scales with the population dif-
ference between the two states involved in the transition. It follows from Eq. 3 that the
signal (Sgpr), e.g. in the field-swept spectrum, can be predicted as

SEPR = (1 — PNV)SEPR, thermal + PNV SEPR,pol. » (4)

where SEpR thermal and SEPR,pol. correspond respectively to thermally polarized NVs, and
NVs with occupation probabilities given by |(s; ¢0)|* (Eq. 2).

Remarkably, the occupation probabilities predicted by this equation are strongly orientation-
dependent [2]. The energy level plots in Fig. S8 illustrate the probabilities in the 0° and 90°
case, calculated for pyy = 0.3.

Although this description is of convenient use, we insist on its phenomenological charac-
ter. In reality, the mechanism responsible for the change in occupation probabilities under

10
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Fig. S8: Energy levels of an NV center with a) 0° and b) 90° orientation to the magnetic
field. The lines represented in a) result from direct diagonalization of the Hamiltonian.
The ones in b) are obtained after the derivation in section S8.1 (Eq. 26). The arrows
indicate the position of the transitions in a field-swept experiment (the microwave frequency,
v & 9.6 GHz). The diameter of the circles on the energy levels depicts the corresponding
occupation probabilities under optical pumping, according to the description in section S3.2,
with the parameter describing the optical initialization of the NV center in Eq. 3, pxv = 0.3.

illumination involves the different rates in the intersystem crossing (ISC) from the 3E ex-
cited state [3]. A complete description of the EPR spectrum under illumination should thus
likely consider the change in polarization dynamics induced by state mixing within the >E
excited state [4]. Nevertheless, the good fit of our model to the experimental data, shows
that the phenomenological description already captures the main features of the spectral
changes induced by illumination.

S3.2.2 Spectral fits

Simulations of the NV spectra (main text, Fig. 1 and Fig. S9) were implemented using the
pepper in the EasySpin package in Matlab [5]. The spin system is built considering the
Hamiltonian in Eq. 18. To obtain SgpR thermal i Eq. 4, one can set the experiment setting
Temperature to the wanted temperature in Kelvins (for ambient conditions, Temperature
= 298). To obtain Sgprpol, the Temperature setting is set to [1 0 0] (Matlab list).
When the signal is significantly enhanced above thermal (Sgpr/SEPR, thermal > 1), as an

~

approximation, one can keep only the second term in Eq. 4, which then yields Sgpr ~
PNVSEPR,pol.-

Besides the orientation-induced broadening, secondary contributions to the inhomoge-
neous broadening of the NV center are the magnetic interaction to the surrounding spin
bath (consisting of P1, other NVs, and additional paramagnetic defects), strain, and electric
fields induced by local charges [6]. The interaction to the paramagnetic spin bath is consid-

11



ered by defining a lorentzian broadening, using the linewidth parameter 1w. To take into
account strain and electric fields induced by local charges -both generating center-to-center
variation of ez, e, terms in Eq. 18- one can in fact define e, = 0, and add a distribution
of ey, characterized by its full width at half maximum FWHM(e,). Indeed, since powder
averaging is performed in the simulation, the e, term need not to be considered. We approx-
imate the distribution of the term e, as a gaussian, which is done through the parameter
DStrain (DStrain=[0,FWHM(e,)]). We find:

e For the 2 um particles (main text, Fig. 1): D = 2869 MHz , lw = 0.4 mT, FWHM(e, )=
21 MHz,

e For the 100 nm particles (Fig. S9): D = 2869 MHz, lw = 0.4mT, FWHM(e,)=27 MHz,

90°

o
o (0] =

Intensity (a.u.)

1
©
92}

. . . 90°, .
2500 3000 3500 4000 4500
Magnetic field (G)

Fig. S9: NV EPR spectrum obtained after illumination with 700 ps laser pulses for 100 nm-
sized nanodiamonds with a sample mass of 12 mg (black solid). The mass was subse-
quently decreased for hyperpolarization experiments, to ensure better illuminations condi-
tions. Contributions from the two separate transitions fitting the experimental spectrum
are represented in red and blue dashed curves, respectively.
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Fig. S10: Enhancement of the NV EPR signal under continuous illumination at different
laser powers for the samples used for hyperpolarization (a. 2pm, b. 100 nm). Dashed black
lines are a guide to the eye. The enhancement corresponds to the intensity of the low field
EPR peak corresponding to NV centers with 90° to the magnetic field, normalized to its
intensity measured in the dark. Corresponding spectra are shown in c. and d. respectively.
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Fig. S11: Dynamics of the EPR-detected NV signal induced by a 700 ps laser pulse for the
samples used in the experiments described in main text. The magnetic field is B = 0.286 T,
and the microwave frequency v = 9.58 GHz, corresponding to the low-field peak of the Pake
doublet. The experimental trace gives the enhancement of NV signal, at different times.
The dotted lines indicate the laser pulse duration used in the hyperpolarization experiments
reported in main text (400 ps), at which the enhancement for the 2 pm and 100 nm particles
is 46 and 61 respectively, and the full length (700 ps) used in this experiment.
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S3.3 Heating induced by illumination

The local temperature increase of the diamond powder sample under illumination can be
calculated by considering the temperature-induced change of NV zero-field splitting D using
the experimentally determined relation from Acosta et al. [7]:

dD 1
a7 = —0.074 MHzK™". (5)
Combining Eq. 5 and 28, following a change in temperature AT, the low field NV EPR

peak is expected to shift by magnetic field AB as follows:

AB  dBi3dD
AT = dD dT — 0.0158 G/K. (6)
In this work, for precise determination of temperature changes induced by illumination, we
perform the fit as detailed in section S3.2 of the EPR spectrum around the low-field peak
for different values of continuous laser power (Figure S10), which provides the value of D
at each laser power. Comparing to that obtained at a chosen laser power (31 mW and
100 mW for 2 pym and 100 nm, respectively), we can extract the corresponding temperature
change (Fig. S12).

From the heating rates determined by the linear fits in Fig. S12, we can determine the
temperature elevation of the samples during the application of the NV initialization and
polarization transfer cycle described in main text, Fig. ??7c. As an average laser power of
420 mW was used, the temperature changes are +51 K and +24 K for the 2 pm and 100 nm
respectively.

Here, the comparatively high temperature increase for the 2 pm sample can be attributed
to the two-times higher mass employed and the higher NV concentration, both increasing
the heat deposition by photon absorption.

a) —~ b) -
) < 40 2 )‘M’ .
- % - 20 k.
2 | wazwiw 2201 0.058 KImW -
=30 ..’ s15 Pro
| 20 N " 10 e
&~ gy &~ .
110t e
& - 0t~
<q 0 3
100 200 300 400 200 300 400
Laser power (mW) Laser power (mW)

Fig. S12: Heating of the samples used in the experiments described in main text (a. 2pm
and b. 100nm) induced by continuous illumination at different laser power. Dashed lines
are a linear fits, allowing to extract as heating rates 0.122KmW~! and 0.058 KmW~!
respectively.
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S3.4 Transient NV signal under pulsed illumination

To investigate the NV initialization dynamics, the evolution of the NV signal during a
700 ps laser pulse was acquired with EPR, (Fig. S11). The magnetic field and frequency
correspond to the transition between the two lower energy spin states, sjgo- and s2go°
(depicted in Fig. S8).

In the hyperpolarization experiments, shorter, 400 ps laser pulses were used. From
Fig. S8, corresponding NV signal enhancements for the 2pm and 100nm particles, are
env = 46 and 61 respectively.

We now turn to the interpretation of the value of envy, in terms of state occupation
probabilities. The EPR signal scales with the population difference between the states
involved in the transitions, and the number of centers contributing to the signal. We note
here that by photoluminescence measurement, no conversion towards the neutrally charged
NV? was observed in the samples in the used laser power range, therefore we consider the
number of NV centers to be constant. In these conditions,

ey = (Ap)xv
(Ap)NV dark’

where (Ap)Nv = ps; —Ps,, and (Ap)Nv,dark = Ps;,dark — Pss,darks Dere pg, , are the occupation
probabilities of states s1 go> and sz 9o- (‘90°” is omitted in the subscript for simplicity). The
additional subscript ‘dark’ indicates the case without illumination.

In the dark, the occupation probabilities are given by the Boltzmann statistics:

(7)

3 .
—uj

Ps;,dark = 6%/ Ze KT 3 (8)

=1

where u; (i = 1,2,3) are the state energies given in Eq. 26. Using D = 2869MHz, B =
2860 G, at T = 293 K one obtains:

(AP)NV dark = Psy dark — Psy.dark = 5.234 x 1072, (9)

From Eq. 9, it is straightforward to estimate the population difference as (Ap)ny =
env(Ap)NV, dark- We obtain (Ap)ny = 0.024 and 0.032 for the 2pm and 100 nm particles,
respectively. We note that CW illumination brings similar populations in the steady-state,
as comparable values of the enhancement exy are observed at high laser power in Fig. S10.
The determined (Ap)ny thus can be compared to the value ~ 0.07 reported in NV-ensemble
studies of single crystal diamonds under continuous illumination [2].
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S4 Build-up and decay of '*C polarization

S4.1 2pm and 100 nm samples, with sample rotation (25°/s)

The build-up time, obtained from fitting the data in Figure S13 with a stretched exponential

function s(t) = A (1 - exp{—(ﬁ)ﬁ}), is Tpol = 34 £ 2 s (with 3 = 0.85 % 0.06) for the

2pum sample and T, = 32+ 5 s (with 8 = 0.88 & 0.12) for the 100 nm sample. The '3
spectra after buildup ( ¢ = 300s) are shown in main text, Fig. ??. The decay of polarization
at 1 T, estimated from the fitting the data in Figure S13 with a single exponential decay,
is Ty =142+ 16 s and 77 = 116 £ 16 for 2pm and 100 nm diamond powders, respectively.

a) 2 pm:

- @ - -~

sisl e +~ T, =142(16) s
=z | .

g 1 ® Tpol = 34(2) S L) N

[} /

< ° Q.

x 05 -
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z , , ) , ,

0 100 200 0 100 200 300
Polarization time (s) Detection delay (s)
b) 100 nm:

506 . . e %

e . . T,=116(16) s
204t h

3 ‘ Ty =32(5)'s .

Q K °

o2} ® .

14 ¢ -

z : . . .
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Polarization time (s) Detection delay (s)

Fig. S13: Build-up (left) and decay (right) of '*C polarization for a) 2pm and b) 100 nm
diamond powders, respectively. The dashed lines are the fits of the data with stretched
exponential function for the build-up time and single exponential for the decay of '3C

polarization.
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S4.2 Buildup for the 2 pm sample, without rotation

The build-up time, obtained from fitting the data in Figure S14 with a stretched exponential
function is Tpo1 = 29 4 s (with g = 0.70 & 0.08).

0.5} /

NMR Intensity (a.u.)
ey

0 100 200 300
Polarization time (s)

Fig. S14: Build-up of C polarization for the 2 pm sample in the absence of sample rotation
and fit with a stretched exponential function giving T},o1 = 29 £4 s and 3 = 0.70 & 0.08.

S5 Evaluation of the hyperpolarization enhancement factor
and the absolute polarization

The signal after hyperpolarization Sisc, the enhancement factor eisc and the absolute
polarization pisc (defined in main text) obey

Sl3c o P3¢ (10)
S - 9
13C,therm P13¢C, therm

€130 =

where S13¢ therms P13 therm are the values of the thermal signal and the corresponding
absolute nuclear polarization at thermal equilibrium.

The value of the absolute polarization at thermal equilibrium can be calculated as
PI3C therm = hg;;;%B , where kg is the Boltzmann constant, T is the temperature, yisc
is the nuclear gyromagnetic ratio (from the Boltzmann statistics as kgT > hyiacB). From
Eq. 10 it can be seen that, from the hyperpolarized signal, both €3 and pisg can be
determined if the thermal signal Sisc gherm Can be measured. However, the sensitivity of
the setup for in situ NMR detection is low and, as a result, insufficient to detect the thermal
13C signal from the diamond powder samples. To address this limitation, we employed a
reference sample of 40 uL water, in which the high thermal signal from the 'H nuclei can
easily be measured.

For the 2 pm particles sample, the hyperpolarized spectrum seen in main text, Fig. ?7a,
corresponds to a signal (observed value of the free induction decay at ¢t ~ 0) of 1.407 pV
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for a mass m = 12mg of sample. For this sample first derive pisc from the reference 'H
measurement in the water sample. Then we deduce e3¢ at the polarization field (0.287 T).

Similar calculations apply for the 100 nm sample for which the spectrum in main text,
Figure ?7b corresponds to a signal of 0.441nV for a sample mass m = 6mg. For each
sample, both €13 and pis¢ are reported in main text.

Determination of pisc By measuring the intensity of the 'H thermal signal in the water
sample (S1 therm), ONE can estimate the intensity of the 13C thermal signal as follows:

SlSC,thcrm = SlH7th0rmFref' (11)

We now focus on the derivation of I',¢t. The intensity of thermal signal Sy, in a magnetic
field B at temperature 1" can be estimated as [§]

72}12 BNnucl

Stuel = C X (vB) x ( TenT

)- (12)
where C is a constant, determined by parameters of the detection channel, & is the Planck
constant, Ny is the number of detected nuclear spins, and -y is the nuclear gyromagnetic
ratio. This expression is valid in the limit kgT >> hvyB.

The '3C signal was detected at 1.004 T. Unlike conventionally done in NMR, the detec-
tion of signals for 'H nuclear spins was implemented at the same frequency, adjusting the
magnetic field for the 'H nucleus (B = 0.252T). Therefore, it is convenient to replace the

magnetic field B in equation 12, as

2 f
B=—
ot (13)

where f is the detection frequency. Furthermore, given that the measurement were both
performed at ambient temperature, the ratio of thermal signals for 'H in water and 3C
nuclear spins in the respective samples can be expressed as

Sl3C,therm . 713CN13C

Tier = . 14
et SlH,therm YuNH (14)
The number of hydrogen and carbon nuclear spins can be estimated as follows:
lec _ mdiam'NACBC,NlH _ an/molmwatcrNACHH’ (15)
Mdiam. Mwater

where Mmgiam. and Myater are the masses of diamond and water samples, respectively, N
is the Avogadro constant, Cisc and Ciy are the isotopic abundances of 3C and 'H, re-
spectively, nig/mer is the number of hydrogen atoms per molecule (nig /mol = 2), Mgiam.
and Myater are the molar masses of water molecules and carbon in diamond at natural
abundance, respectively. From the parameters listed in Table 4 we determine I';o = 1/1652
for the 2 pm sample described in main text.

Eq. 14 and Eq. 10 yield:
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sample mass | Cisg or Cig molar mass Yi3g OF Yig
2um 12mg | 1.07% | 12.0llgmol T | (27)10.705 MHz T~ !
water reference | 40 mg 99.98% 18.015gmol ™! | (27)42.576 MHz T~!

Table 4: Sample properties used for determining the parameter I'yef, in Eq. 14, used for
determination of the signal enhancement (illustrated here for the 2 pm sample).

P13C therm X Sl3C P13C therm X 5130
psc = = (16)
Sl?’C,thcrm [rer X SlH,thcrm
We calculate, for the absolute thermal '3C polarization at the detection field of 1.004 T
(T = 293K), p13C thermal = 880 X 107, For the reference water sample, we measure

S1H therm = 9-42011V. Thus, for the 2 pm sample:

8.80 x 1077 x 1.407pV

bisc = 1

=3.77x107* (17)
Similarly, for the 100 nm sample, pisc = 2.36 x 10™* is obtained.

Determination of e3¢ at the polarization field (0.287T) For the absolute thermal
13C polarization at the polarization field of 0.287 T (T = 293 K), we calculate P13C thermal =
2.52 x 10~7. For the 2 pm sample, it follows from Eq. 17 that: eisq = ——2C— ~ 1500.

P13¢ thermal
Similarly, for the 100 nm sample, we obtain €13 = 940.

S6 PulsePol parameter tuning

S6.1 Testing the robustness to detuning of the phase-offset PulsePol se-
quence

The original PulsePol sequence (main text, Fig ??a) was proposed by Schwartz et al. [9].
In our experiments, we however used the ‘phase-offset’ sequence described in (main text,
Fig. ??b). Tratzmiller et al. introduced a general set of sequences based on PulsePol, in
which the phase definition contains a free parameter ¢ [10]. In this definition, the original
PulsePol and the sequence presently labelled ‘phase-offset’ are obtained by choosing ¢ = /2
and ¢ = 37 /4, respectively.

In order to characterize the robustness to spectral detuning, we employ a single-crystal
diamond, represented in Fig. S15a, that was utilized in an earlier work [11]. Addressing
NV in single-crystal diamond instead of powder drastically reduces their inhomogeneous
broadening, so that the sequence robustness can be tested by varying the pulse carrier
frequency with respect to a group of NV transitions occupying a narrow spectral range.
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Fig. S15: a) Single crystal diamond used for the sequence robustness tests. b) Spectrum
of NV around the resonator frequency v = 9.7 GHz at B = 2436 G aligned to the NV axis.
The several lines correspond to the hyperfine structure for the mg = 0 to +1 transition
of NV. Coupling to "N nuclear spin (I = 1) explains the three-lines pattern, and nearby
13C provide weak additional satellites. The spectrum is obtained by performing Fourier
Transform of the Hahn echo signal, acquired in EPR using pulses generated by the 1kW
TWT of Rabi frequency €y = (27)25 MHz, under continous illumination at P = 100 mW

laser power.
A l l NV FFT (single crystal)
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Fig. S16: Testing the robustness to detuning of the original PulsePol sequence and its
variant, represented in main text Fig. ??a and ??b, respectively. 3C hyperpolarized signal
is acquired at different detunings A of the pulse carrier frequency with respect to the central
line (my = 0 for N) of the NV signal. The detuning is represented in units of the ordinary
Rabi frequency vy = Q;/2m. The top curve shows the FFT spectrum from Fig. S15b
on the same scale. A high-power amplifier (TWT, 1kW) was used in order to ensure a
high v; = 25 MHz, driving the different hyperfine (14N) transitions similarly. Resonance
conditions n = 3 and n = 3.5 were used for PulsePol and phase-offset PulsePol respectively.
The number of repetitions was M = 10. Lines in the main plot are a guide to the eye.
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The 13C signal was acquired after hyperpolarization with both the standard and phase-
offset PulsePol, at different magnetic fields positively and negatively detuned from the
resonance of the central hyperfine line (m; = 0 for 14N) visible in Fig. S15b. A change in
magnetic field 0B shifts the NV spectrum frequency for the central line (vNy) creating for
the pulse carrier frequency (vvw) a detuning A = 27 (vmw — vny) = —y0B, where A is
given in angular frequency unit, v = (27)2.8032 MHz/G is the gyromagnetic ratio of the NV
center. Figure S16 shows the hyperpolarized ®C signal acquired with both the standard and
phase-offset PulsePol. It is well visible that the latter demonstrates increased robustness to
detuning, i.e. ensures the polarization transfer to be efficient in a wider spectral range.

S6.2 Comparison of resonance indices n = 3.5 and n = 4.5

In Fig. S17 is shown the simulated polarization loss of NV when applying the phase-offset
PulsePol sequence for different 7 intervals, considering in one case the interaction to a '3C
nuclear spin (Fig. S17a) and in the other case the interaction to the strongly coupled 4N
nuclear spin of NV (Fig. S17b).

The interaction to the '3C nuclear spin leads to the expected half-integer resonances.
The n = 3.5 and n = 4.5 resonances are the most intense in comparison to the other half-
integer ones in the range of represented 7 values. Thus the n = 3.5 and n = 4.5 resonance
dips corresponds to a strong probability of transferring polarization to '3C. For the chosen
number of repetition of the 6-pulse block (M = 20 in the figure), the n = 4.5 resonance dip
is slightly more pronounced than the n = 3.5 one, however this advantage should disappear
if we consider the same interaction times (as a given number of repetitions is achieved in
a time that is shorter by 1 — 3.5/4.5 ~ 22% with the n = 3.5 resonance). From these
considerations, i.e., assuming similar interaction times, the n = 3.5 resonance is expected
to be advantageous.

However, the presence of the N nuclear spin must be included and leads to more
complex dynamics. This dynamics is specific to the case of NV misaligned to the magnetic
field, which leads to microwave transitions affecting simultaneously the state of the N
and NV spin. These transitions, which can be predicted from the diagonalization of the
Hamiltonian, are illustrated in Fig. S18. The simulation of PulsePol in Fig. S17b, which
considers a NV exclusively coupled to its N spin, shows that applying the sequence leads
to a polarization loss on the NV center due to this interaction. The polarization loss on NV
shows complex dependence on the parameter 7.

To prevent the interaction to N from disturbing the dynamics of polarization transfer
to 13C, we choose a 7 value for which the simulation predicts the polarization loss on NV
induced by the NV-MN interaction to be negligible. It is visible from Fig. S17b that in the
conditions of our experiment the n = 4.5 resonance fullfills this criterion better than the
n = 3.5 one, therefore the former is chosen.

To confirm the benefit of using the n = 4.5 resonance, we performed polarization transfer
at both the n = 3.5 and n = 4.5 resonances, which leads to the hyperpolarized signal seen
in Figure S19 (2 pm particles). Using the n = 4.5 resonance yields a 70% higher absolute
signal than using the n = 3.5 one. This confirms the advantage of choosing the 7 value
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Fig. S17: Simulation of polarization dynamics for NV oriented at 90°to the magnetic field, in
the conditions of our experiment (B = 0.287 T). The horizontal axis represents the 7 delay
in the sequence and the values on the vertical axis correspond to the remaining polarization
of the NV, after M = 20 repetitions of the phase-offset PulsePol sequence. a) Case of a 3C
spin coupled to NV with hyperfine tensor elements Azx = (27)80kHz, Azy = 0, without
interaction to N b) Case of NV-14N interaction, where the 1N Hamiltonian is taken from
Felton et al. [12], in the absence of interaction to 3C.

among available resonances so as to minimize the advert effects of the NV-N interaction.

As the evolution dynamics of the coupled NV and N is affected by the magnetic field,
our conclusions do not hold at any value of B. At other magnetic field values, it might be
favorable to use yet other phases in PulsePol (by adjusting the parameter ¢ in the general
sequence definition from ref. [10]). Indeed, the resulting change in the resonance positions
might allow finding conditions where the *N-related dynamics is refocused, in the same
way as at our magnetic field, using the 7 value corresponding to n = 4.5. However, the
simulation of the NV-1N interaction dynamics at different magnetic fields is outside the
scope of this work.
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Fig. S18: Energy diagram and transitions induced by microwave on the NV center spin
coupled to the N nuclear spin for a magnetic field perpendicular to the Cs, symmetry
axis of NV. The diagram is restricted to the low energy spin states |s1) and |s2) of the NV
center, which were the one driven in our experiment. In this configuration the |m; = 0)
state of 14N (choosing the axis of the applied magnetic field for quantization) is the only
one that is unaffected by the hyperfine coupling to the NV. The other N spin states
are |ai1),|ag) in the |s1) manifold of NV and |&}),|a5) in the |s3) manifold. The arrows
represent the microwave transitions: solid for the allowed transitions, and dashed for the
‘forbidden’ transitions, respectively.
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Fig. S19: Hyperpolarized signal obtained using the n = 3.5 and n = 4.5 resonances, after
M = 20 repetitions of the phase-offset PulsePol (2pm sample). The change in sign of
polarization is an expected characteristic of the sequence. The signal in the case n = 4.5 is
estimated to be 70% higher in absolute intensity than in the case n = 3.5.
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S6.3 The composite pulses

Composite pulses consist of (quasi-)contiguous pulses of different phase and/or amplitude.
This provides degrees of freedom that can be used for improving the robustness properties
of sequences [13]. The composite pulses used in this work require applying microwave
only on a ‘on’ or ‘off’ basis with no amplitude variation during the ‘on’ time. This makes
their application of experimental convenience as one can use any microwave amplifier in its
saturation regime, without the need to correct for response non-linearities.

The composite pulses used in the present work for increasing the bandwidth of PulsePol
are a variant of the symmetric phase-alternating composite pulses introduced in ref. [13]:
instead of analytically choosing the pulse durations in order to cancel low-order contri-
butions from an expansion of the pulse-induced rotation in the detuning, we choose a
numerical optimization which instead aims to reach a minimum fidelity threshold of the
intended 7-pulse in a maximal bandwidth. This can be advantageous as the additional
error correction intrinsic to PulsePol loosens the constraints on the individual pulses. In
order to increase the available degrees of freedom for the pulse, we allowed for non-zero
waiting times between sub-pulses. A pulse description is defined via a set of durations
t; = a; w/ written as [ay,...,a1,a9] which corresponds to a composite pulse with sub-
sections of duration (t,...,t1, 2t, t1, t2,. . ., ty) where the central ¢y, durations correspond
to positive-phase pulses, the odd durations foy 1,y correspond to waiting times, and the
even durations togpen have alternating positive and negative phase. In this notation, a
non-composite rectangular 7 pulse is defined as [0.5]

In Table 5, the composite pulses are named by the number of pulses to each side of
the central pulse (’sidebands’), the overall duration and power of one composite pulse is
measured in 7 pulse multiples. As there are waiting times involved, these values do not
coincide. As robustness, we give the range of A/Q for which PulsePol gives strong polari-
sation transfer (approximate values). A visual representation of the pulses, as well as the
theoretical inversion profile and detuning- and robustness properties of the pulses as part
of PulsePol can be found in Fig. S21.

pulse  duration power robustness definition

normal 1 1 <04 [0.5]
2 3.7 2.7 0.7 [0.187, 0.251, 0.408, 0.253, 0.721]
3 5.1 3.6 0.75 [0.13 0.231 0.386 0.261 0.527 0.236 0.771]
) 8.1 5.6 1 [0.167, 0.32, 0.427, 0.348,

0.658, 0.263, 0.72, 0.292, 0.822]

Table 5: Overview over definitions and properties of the numerically optimized phase-
alternating composite pulses of which the 2-sideband pulse was used in this work to increase
the bandwidth of PulsePol. The values for robustness here refer to the range of detunings
A in which polarisation transfer remains successful, such that value of 1 corresponds to the
bandwidth A € [-1Q, +19Q] (cf. Fig. S21).
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Fig. S20: a) Illustration of the PulsePol sequence, where composite pulses with two side-
bands replace rectangular pulses. b) Central pulse, consisting of two types of 7/2 pulses,
of symmetric shape.

In our experiments, the two-sideband pulse was used, with Rabi Oy = (27)10.5 MHz. It
can be seen from Table 5 that the width of the range of detunings for which PulsePol gives
strong polarization transfer is A, = 1.4Q; = (27)14.7 MHz.

As derived in [13], the symmetry of the composite m-pulses implies that they are
constant-phase pulses over their respective bandwidth, as well as that the left and right
halves of the pulses are broadband z-to-x and x-to-z point-to-point rotations for the left
and right half of the pulse, respectively. These properties make these composite pulses
well-suited for the application in PulsePol, as the (7/2)x — (7)y — (7/2)x combination can
play out its full error correction for small deviations of the optimal rotation. Furthermore,
the oscillatory behavior of the sidebands of phase-alternating pulses makes it possible to fill
a relatively large fraction of the waiting times of PulsePol without significantly degrading
transfer properties.
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Fig. S21: Composite pulses (a—d), theoretical (solid line) and experimental (dotted line
where available) inversion properties (e~h), both assuming the experimental Rabi frequency
with 7/ = 48ns; and pulse-error robustness properties as part of PulsePol using an in-
creased Rabi frequency of Q = (27) 30 MHz to allow for also using the longer composite
pulses (i-1). Thus, (a,e,i) correspond to the standard rectangular pulse, (b,f,j) to the 2-
sideband pulse, (c,g,k) to the 3-sideband pulse, and (d,h,1) to the 4-sideband composite
pulse. The experimental profiles appearing as dotted lines in (e,f) were taken on NVs
aligned to the magnetic field, in the single crystal diamond also used for experiments de-
scribed in section S6.1.
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S6.4 Other parameters adjustment
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Fig. S22: Hyperpolarized '3C NMR signals for the 2 pm sample a) as a function of the
number of repetitions M in the PulsePol sequence, using sequence repetition time 7gr =
1.5ms b) as a function of the sequence repetition time 7ggrr, using M = 68. To mitigate
sample heating in b), the length of the laser initialization pulse was varied to ensure constant

400 ps

laser duty cycle, as tjager = T500ps X TSRT-

S7 Potential adaptations for further increase of the band-
width Apol

Using a higher power amplifier. In our experiments, we used a 40 W microwave am-
plifier for applying the polarization transfer sequences, and obtained A, = (27)15 MHz.
Using a higher power amplifier (500 W) would ensure Ao =~ (27)50 MHz without change
in the protocol.

Sequence multiplexing. For further improvement, one could also use pulses fulfilling
two criteria, that is not only performing efficient driving in a defined spectral range, but
also leaving the spin polarization essentially unaffected outside this region. Although our
approach based on composite pulses enabled us to meet the first criterion, it did not fulfill
the second. However, one could possibly resort to envelope-modulated pulses [14, 15]. De-
spite their application being experimentally more involved (as they requires good control
over the non-linearities in the amplifier and the excitation channel overall) compared to our
composite pulses, they would enable applying the polarization sequence at nearby frequen-
cies (this is in fact comparable to the idea of applying parallel sweeps, i.e. frequency combs
in the ISE [16]). The frequency selectivity of the pulse would mitigate the advert effects of
multiplexing, i.e. cross-talks.

We expect that this approach could extend further the proportion of addressed NVs,
leading to Apq = (27)100 MHz. The simulation shows that this corresponds to a 16%
fraction of addressed NVs. To make implementation more straightforward and for ensuring
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faster polarization transfer, the frequency multiplexing and the use of the high power am-
plifier could be combined.

S8 NV spin Hamiltonian

In this section, we consider the NV spin Hamiltonian and derive properties related to exper-
iments done in diamond powder, where all NV orientations are present, under a magnetic
field.

First, we recall that the spin Hamiltonian for NV in an external magnetic field B is
given by (neglecting the N and '3C hyperfine terms)

H/h=DS2+7B S+ e,(S7 — 52) + ey(SaSy + Sy Sz), (18)

where D is the zero-field splitting of the NV center, z is the defect axis, 7 = v/27 (v is the
gyromagnetic ratio of NV), e, and e, are terms related to strain and local charges [6].

S8.1 Spin Hamiltonian diagonalization for NV centers under transverse
B-field

Hyperpolarization of nuclear spins was implemented by using NV centers oriented with
90° to the magnetic field. In this section, we will describe the diagonalization of the spin
Hamiltonian of NV centers with 90° orientation to the magnetic field, which allows deriving
analytically the position of the resonance peaks in the field-swept spectrum. The obtained
results are used in section S3.3, to predict the shift in the magnetic field of the 90° resonance
(low field) following a change in D, induced by heating.

For diagonalization, we follow steps that have already been described in the literature
[17, 18]. For simplicity, we now assume e, e, ~ 0 in Eq. 18, as the variation of the EPR
line position with the temperature, originates dominantly from the change in D. The
Hamiltonian in Eq. 18 becomes

H/h~ DS?+3B-S. (19)

Let’s now assume a magnetic field B is applied along x perpendicular to the axis of the
NV. In this scenario, the Hamiltonian in Eq. 19 transforms into

H/h = DS? + 4BS,, (20)
where the operators S, and S, in Eq. 20 are the spin matrices:
X 0

10 010
S,={00 o), 8%=—1{10 1]. (21)
00 -1 V2o 1 0
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In the basis of the zero-field eigenstates |—1), |0), |1), the 90° NV Hamiltonian can be
expressed as

5B
N A
— | 2= pEzs
H/h= 3 _(; 3 (22)
b
0 7 D
In order to find energies, we must diagonalize NV Hamiltonian:
det (Ifl/h - u) =0, (23)
_ B
D—B U s 7(;3
1B _ b —
2 7;‘ 2 =0, (24)
gl —
7B o
—u(D —u)* = 2(D —u)(—=)*=0 25
( )" —2( ) \/i) (25)

The solutions of equation 25 are
D — /D2 + (2yB)? D + /D2 + (2yB)?
uy = 2+(,Y),UQ:D,U3: + 2+(’Y). (26)
The corresponding dependency of energies versus magnetic field is shown in Fig. S8b. EPR
spectra are typically obtained by sweeping a magnetic field at a constant microwave fre-
quency v. The resonance magnetic fields Byo and Bag, corresponding to the transitions
ug — u1 and ug — ug, are calculated as
1 1
Bis = 5\/Z/(V—D), Bog = %VV(VJ’_D). (27)
The change of the low field 90° NV resonance line position (for use in section S3.3) can
be written as a function of D as
dB]_2 - -V
dD 292 — Dv
taking v = 9.6 GHz, D = 2869 MHz, 5 = 2.8032 MHz/G.
The eigenstates corresponding to the energies in Eq. 26 are:

__1 -1 +[+1)
|51,00°) = N <|O> +c\/§>

Isp0pr) = T =171
’ V2

o e 44
53’9°°>‘m<'0>+ Lol )

D_ /(2y24(3B)2 D Dy2 4 (5 B)2
VOO and ¢ = 2V OB ¢ B — 0,287 T, one has ¢ = —0.8375

= —0.213 G/MHz, (28)

with ¢ =
and ¢ = 1.1941.

B

2l
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S8.2 Fraction of NV centers in the bandwidth A, (= 90° to the magnetic
field)

We derive the condition for NV with an axis that is slightly misaligned from the perpendic-
ular condition, i.e. at an angle 90° + § from the magnetic field, to be present in the active
bandwidth of the polarization sequence, Apq).

In the frame of the NV center x,y,z, the magnetic field can be written as B =
(Bcos(d),0,Bsin(d)). In fact, the effect of the tilt in the magnetic field can be treated
considering the change in the magnetic field vector b = (b1,0,b) ~ B(—62/2,0,9). We
solve the Hamiltonian in the basis of the eigenstates for the exact, 90° tilt of the magnetic
field to the NV axis, which were determined previously in section S8.1.

2c = o c = ct+c’ =
ut Rt~ FEE ey 1t
1-‘:02 ’}/bH uz — U 1—&(-20’2 ’YbH =0,

ctc! = < = 2¢ = I
Tooaen L weh ust bl —u
where u;,7 = 1,2,3 are the energies in Eq. 26 and ¢, ¢’ are the magnetic field-dependent
terms defined in section S8.1, v’ is the variable to be determined.
Restricting to the terms up to the second order in §, the new energies read

[ 2 B D D

A —_~B ¢ ¢ v 62 _ “ (1= 52
Up =up — 7y _1+02+1—|—02u2—u1 u1+2 %DQ—%@?B)Q )
(30)

2 - ) -

B c ¥B
I ~B C Y _ 52 _ _D52
2 = U2t 14+ Rus—u;  1+c?uz—ug 2 ’
(31)
: +4B _+ < _1B < s + 20y D 52
Uqg U — =1Uu —_— —_————— .

BT T T s —uy 1+ 2 5T D2+ (27B)2

(32)

We now consider the transition |s;) — |s2) between the states of energy u) and uf at
B = 0.287T. The transition frequency v}, = u) — u}, varies with the tilt 0 so that
Viy & 119 — (4052 MHz) x 62, (33)

where 119 = ug — u1. Now taking into account the width (here in ordinary frequency)
Apol/2m = 15MHz, it is possible to cover all the NV centers for which

15 .
8] < dv1 =/ Jpep = 0-06081ad 3487, (34)

The fraction of NV centers that is addressed is the covered portion of the solid angle,
that is exactly onr. This suggests that 6.08 % of NV centers are within the bandwidth Ay
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However, this calculation neglects the inhomogeneous broadening from sources other
than the orientation-dependence of the transition frequency. Including the additional
sources of inhomogeneous broadening, determined from the spectral fits (section S3.2),
we find from a numerical simulation that the fraction of NV centers is 4.15 % for the
|s1) — |s2) transition. The other transition |s2) — |s3) contributes by a small amount,
0.21 %. Thus we keep = 4% as the number of NV addressed by the polarization sequence,
in the 15 MHz bandwidth, and correspondingly dy = 0.04rad ~ 2.5°.

S8.3 NV transition dipole and Rabi inhomogeneity

The different orientations of the nanocrystals leads to a variation of the magnetic transition
dipole, even if the orientation of the NV center to the external magnetic field is fixed (= 90°
in our experiments). It is possible to derive the corresponding inhomogeneity of the Rabi
frequency for NV centers. For a linearly polarized microwave field and a transition between
two states |s;), and |s;), the transition dipole can be expressed as

dij = (sil Sy s5) (35)

where S is the projection on the spin-operator in the direction of the linearly polarized
B;-field. In our configuration (EPR resonator), the B-field is perpendicular to the static
magnetic field B. Using the coordinate system in Fig. S23a, it follows that S; = cos ¢S, +
sin ¢S,.

a) z
NV
90°-oriented T B;
¢ (microwave)
static
B-field
/ y

Fig. S23: a) Coordinate system of the NV frame, in the case of a perpendicular magnetic
field (|| «), and definition of the orientation of the linearly polarized microwave field (in yz
plane). b) Rabi vs ¢ angle for the employed |s1) — |s2) transition of NV at B = 0.287T
after normalization to the Rabi frequency §2; » obtained in the high-field regime (yB > D).

Considering the 90°-oriented NV centers and the transitions between the states |s1) and
|s2), using Eq. 29 we obtain: dia = (ccos(¢) + isin(¢))/v/1 + ¢, where ¢ is the magnetic-
field dependent term defined in section S8.1. As ¢ < 1, The magnitude of d;5 is the weakest
when the microwave field points in the direction of the axis (z) of the NV center, and the
strongest when it is directed along y (as ¢’ > 1, the situation is however reverted for the
other transition). It is straightforward to derive the Rabi frequency, as it obeys 3 o |di2].
One can write
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S V2 cos?(¢) + sin()
Ql,oo vV 1+ 02
where (2 o is the Rabi frequency assuming the Zeeman eigenstates (obtained for B > D:
¢ — 1 and therefore dis = 1/1/2).
At B = 0.287 T, the values of 21 /Q o vary in the range [0.91,1.08] (Fig. S23b). Roughly

speaking, the Rabi frequency has variations included within a £10% range at this magnetic
field.

(36)

S8.4 NV transition frequencies in diamond powder at different magnetic
fields

The distribution of transition frequencies in randomly oriented NV ensembles is shown in
Figure S24a for the main NV transitions. The simulation was performed with Easyspin.
In contrast with the simulation described in section S3.2, the setting Temperature was
not defined (to give equal positive weight to both transitions) and the optional setting
Intensity was set to 0ff (to remove the effect of varying transition dipoles as a function
of the orientation). .

a)
b) B<Bgsiac
3.5 B <BGSLAC _—év.
— ‘.-‘". ‘ V'
= 3.0 1506 e =" B>Bgsiac ’
: v V!
o .
> 2.5
s
2 Y B>Bgsiac
Y207 300G v _
= T ! T
r 1 U' :
1.5 ' J .
10, ©2900G - - vl
T T T T - T ——
0 2 4 6 8 10 12

Microwave frequency (GHz)

Fig. S24: a) Simulation of the distribution of the transition frequencies of NV in diamond
powder at magnetic fields B = 150 G, 300 G and 2900 G. The frequencies v, v’ correspond to
the transitions as defined in b), where Bggrac is the magnetic field of the ground state level
anticrossing (Bgspac ~ 1024 G). The spectrum for the transition at v” (dotted arrows) is
not represented in a) (see text).

Besides the transitions represented in Figure S24a, we indicate a third transition in
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Figure S24b (at frequency v”'). In the case of a magnetic field aligned to the NV axis, the
transition is known as double quantum (—1 <> +1), and has vanishing dipole. In the case
of a magnetic field tilted from the NV axis, this third transition can be excited as a single
quantum transition, owing to spin state mixing. At the considered magnetic fields, however,
the corresponding dipole is typically lower than that of the other transitions, thus it was
not represented in the spectrum in Figure S24a
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