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Nitrogen-vacancy (N-V) diamonds have attracted keen interest for nanoscale sensing and spin manip-
ulation. In particular, the nonequilibrium electron spin polarization after optical excitation of single N-V
centers has successfully been transferred to nuclear spin baths in the surrounding of defects. However,
these experiments need to be extended to N-7 ensembles that have promising practical applications in the
hyperpolarization of bulk sample volumes for NMR signal enhancement. Here, we use a dense, shallow
ensemble of N-J centers to demonstrate polarization transfer to nuclear spins in a well-defined compos-
ite diamond sample system. This allows us to address three different types of nuclear spins in different
positions with respect to the N-¥ polarization source: from the close proximity of *C inside the diamond
lattice to the self-assembled molecular system consisting of 'H and '°F spins outside the diamond and
over multiple interfaces. We show that ensemble N-V experiments face problems different from single
N-V experiments. In particular, using spinlock pulses, the inhomogeneously broadened electron spin res-
onance line of the N-/ ensemble limits the minimal resonance linewidth with which the transfer protocol
can occur. Furthermore, we compare the N-J spin-polarization losses and polarization transfer rates to the
different nuclear baths and discuss the role of spin diffusion as detrimentally affecting the direct obser-
vation of nuclear polarization buildup within the detection volume of nanoscale N-V/-NMR experiments.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) encompasses a
wide range of techniques that are of fundamental impor-
tance for the chemical characterization of organic and
inorganic materials as well as of biological and complex
systems. However, NMR spectroscopy lacks sensitivity,
due to the extremely low nuclear spin polarization that
generates the detected signal. To overcome the issue,
hyperpolarization methods, such as dynamic nuclear polar-
ization (DNP), have emerged consisting of well-suited
microwave (MW) irradiation schemes that allow us to
transfer the higher thermal polarization of the electron
spins to the target nuclei [1-4]. In contrast, the elec-
tronic spin of the nitrogen-vacancy (N-V) center in dia-
mond can be highly polarized by optical excitation at
room temperature and coherently manipulated, forming
a promising hyperpolarization platform [5-8]. Although
direct detection of spin-polarization buildup has not been
demonstrated yet for nuclei external to the diamond, the
polarization transfer from N-J centers to nuclear spins has
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been accomplished either within the (nano)diamond lat-
tice [9—13] or from single N-J centers to small external
nuclear ensembles [14—16]. However, the latter systems
are limited to the nanoscale and are not suited for applica-
tions in micronscale N-V-NMR experiments [17—20], bulk
NMR, or biomedical imaging, where the ratio between the
number of N-V defects and target nuclei needs to be signif-
icant. Scaling up the N-J system by means of ensembles
is then necessary, but not trivial since they face different
problems due to their density and spatial distribution. Inho-
mogeneous properties throughout the ensemble, shorter
coherence times, and inhomogeneities of both the driving
MW field and the static magnetic field are only examples
of the issues that need to be tackled when working with
N-V ensembles and that are to be investigated in detail.
Here, we report on the use of shallow-implanted N-V/
ensembles for the direct transfer of optically pumped elec-
tron spin polarization to nuclear spins internal to the dia-
mond lattice and external to a well-defined self assembled
monolayer [21]. Such a system has been chosen since it
has several advantages: (1) it is a well-defined solid-state
sample with known surface chemistry, (2) it contains sev-
eral types of NMR active nuclei that can be addressed
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at the same time, (3) it permits the exploration of spin-
polarization transfer over multiple interfaces, and (4) its
thin structure of 2—3 nm allows us to exploit a certain
degree of confinement for external nuclear polarization
accumulation and storage.

The polarization transfer is accomplished through an
experiment known as nuclear spin orientation via elec-
tron spin locking (NOVEL) that belongs to the family of
NMR signal enhancement techniques, more specifically,
pulsed DNP experiments [22—24]. Here, the electronic spin
of the N-J" defect in diamond is brought into a superpo-
sition state by a strong 7 /2 pulse and then locked on the
transversal plane of the laboratory frame by a long spinlock
pulse of variable amplitude. In this manner, an electron
spin dressed state is created and preserved for a time inter-
val of the order of its rotating frame spin-lattice relaxation
time Tj,, namely a few hundreds of microseconds. Dur-
ing this time, the electronic dressed state can be brought
in energy contact with the nuclear spin by matching the
MW field strength used to lock (or “dress”) the electronic
spin with the Larmor frequency of the target nuclear spins
(vin-y = Vo). This is the so-called Hartmann-Hahn (HH)
matching condition [25], well known in NMR when cross-
polarization experiments between different nuclear spins
are performed, but also utilized in some of its variants
in the fields of electron spin resonance (ESR) and DNP,
to accomplish polarization transfers between electron and
nuclear spins [24,26—28].

In order to probe the actual polarization of the nuclear
target, we compare the effects observed with the NOVEL
experiment with those resulting from the polarization read-
out via polarization inversion (PROPI) experiment [13,24,
29]. In PROPI, two NOVEL pulse sequences are applied
one after the other, differing only in the spinlock pulse
phase that is set to polarize the nuclear spins in two oppo-
site directions. Then, if the first block of the sequence
polarizes the nuclear spins in the “up” state, the second
polarizes in the “down” state or vice versa. In this man-
ner, it is possible to probe the extent to which the nuclear
ensemble has been effectively polarized and preserves the
polarization throughout the experimental timescale. We
explore the efficiency of the spinlock pulse sequence and
its potential to build-up nuclear polarization by cycling the
experiment in a competition with nuclear relaxation and
spin diffusion processes.

II. METHODS

A. Diamond properties and sample preparation

All experiments are based on a 2 x 2 x 0.5 mm? elec-
tronic grade diamond [natural (1.1%) '3C abundance, Ele-
ment Six] that is implanted using !N at an energy of
2.5 keV with a fluence of 2 x 10'?/cm? (Innovion) and
subsequently annealed [30]. This results in a distribu-
tion of near-surface N-J centers about 5 nm below the

surface. For these implant conditions, a N-V density of
about 50—100 N-V centers per square micrometer can be
estimated [31,32]. The T; and 7, of our shallow N-V
ensemble are about 650 and 4 us, respectively. Before per-
forming experiments on clean diamond as well as before
every Al,Os deposition, the diamond is cleaned with a
protocol involving equal parts of boiling sulfuric, nitric,
and perchloric acid (triacid cleaning) according to Brown
et al. [33]. For the preparation of the system, atomic layer
deposition (ALD) is performed for the deposition of a 1-
nm-thick Al,Oj; film, followed by phosphonic acid surface
functionalization and formation of monolayer as described
in detail in Liu ef al. [21]. The number of spins considered
throughout the work for the '°F ensemble (around 3000 for
a single N-JV center) has been estimated from the work of
Liu et al. for a similar system.

B. Experimental setup

The experiment is based on a modified version of the
setup described in Bucher et al. [30]. The diamond chip
is positioned between two permanent magnets, which are
rotated and tilted such that the By field is aligned with
one of the four possible N-V center orientations. The dis-
tance of the magnets is adjusted in order to reach the
working magnetic field strength By (in this work about
88 mT). Initialization of the N-V ensemble is achieved
by using a 532 nm laser (Opus 532, Laser Quantum) at
a power of around 200 mW at the diamond position. The
laser light is focused on the diamond by a planoconvex
lens (LA1986-A-M, Thorlabs) in a total internal reflection
geometry. The laser pulses are controlled by an acousto-
optic modulator (model 3260-220, Gooch and Housego)
with pulse durations of 5 us. For quantum control of the
N-V centers, microwave pulses are directly synthesized
with an arbitrary waveform generator (AWG5202, Tek-
tronix), allowing precise control of the phase and fre-
quency, then amplified using a microwave amplifier (ZHL-
100W-52 S+, Mini-Circuits). A homebuilt microwave loop
is utilized to deliver microwave to the sample. The dia-
mond is glued to a thin glass cover slide (48393-026,
VWR) and a 6 mm glass hemisphere (TECHSPEC®
N-BK7 Half-Ball Lenses, Edmund Optics) is glued to
the other side, in order to improve the light collec-
tion. This assembly is then glued to a 30 mm cage
plate (CP4S, Thorlabs) and mounted above two condenser
lenses (ACL25416U-B, Thorlabs) that collect and colli-
mate photoluminescence (PL) to an avalanche photodiode
(A-CUBE-S3000-03, Laser Components GmbH). A long-
pass filter (Edge Basic 647 Long Wave Pass, Semrock)
placed between the last condenser lens and the photodiode
is used to remove the excitation wavelength from the PL
light. The photovoltage is digitized with a data acquisition
unit (USB-6281 DAQ, National Instruments). A homebuilt
wire coil placed above the diamond delivered the reference
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rf signals that are synthesized by an arbitrary waveform
generator (DG1022Z, RIGOL).

ITI. RESULTS

A. Characterization of the spinlock experiment with
N-V ensembles

Before performing the actual experiments on nuclear
spin samples, it is useful to characterize the pulse sequence
by means of an external radiowave frequency (rf) field in
the megahertz range that mimics the oscillating magnetic
fields generated by nuclear spin precession. Since such an
experiment does not rely on actual polarization transfer to
nuclear spins, we distinguish it from NOVEL by simply
calling it the “spinlock” experiment. For this purpose, a rf
coil is mounted a few millimeters above the diamond chip
in the experimental setup. The coil is oriented such as to
generate an oscillating magnetic field parallel to the orien-
tation of the external By field. The spinlock pulse sequence
is set up as shown in Fig. 1(a). Driving the N-J ensemble
at the resonance frequency and sweeping the spinlock field

amplitude while continuously irradiating at a certain radio
frequency results in a fluorescence contrast dip as soon the
N-V Rabi frequency matches the frequency of the applied
rf field. This can be described by considering the N-V
spins to be in a dressed state basis, where the new quan-
tization axis lies in the x-y plane of the laboratory frame.
Matching the energy splitting by means of an oscillating
field along the z axis can induce transitions between the
dressed “plus” state and the “minus” state (or vice versa),
leading to a reduction in fluorescence [see Fig. 1(b)]. In
Fig. 1(d) the experiment is shown for rf reference sig-
nals with different frequencies. From this, it is possible
to build a calibration curve of the applied rf frequency
versus the spinlock MW amplitude as shown in Fig. 8 in
Appendix B. In contrast to single N-V experiments, the
depolarization dips show a characteristic lineshape that is
tailed toward lower MW amplitudes and becomes over-
all sharper when higher reference frequencies are matched.
Such a behavior can be explained by the fact that, during
the experiment, the rf field is set at a constant frequency
and is matched with the Rabi frequencies of the N-V
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Spinlock experiment, calibration, and characterization of the pulse sequence for a N-J ensemble. (a) Spinlock pulse

sequence. First, a short laser pulse is applied to optically polarize the N-J ensemble into the m,=0 state. Then a MW pulse sequence
consisting of (r/2)x-spinlocky-(77/2)x pulses is applied. The final spin state is read out by fluorescence with a photodiode. Through-
out these events, an oscillating magnetic field with frequency v;¢ in the megahertz range is continuously applied with a wire loop (blue).
(b) Schematic of the experiment with matched radio frequency. Transitions between electronic dressed states are driven when a coil
generates a rf field that matches the splitting. (¢c) ESR spectrum of the N-J ensemble corresponding to excitation of the N-J transition
from the m; = 0 to the —1 state. The spectrum is split by the >N spin of the N-V center and fit with two Lorentzian functions. (d) Cali-
bration of the spinlock’s amplitude. The rf is kept at a fixed frequency and the spinlock pulse’s amplitude is swept. N-J" depolarization
appears as asymmetric dips in the optical contrast as soon as the MW field strength matches the rf. Inset: the three dips are overlayed
for a linewidth comparison. (¢) Simulated depolarization dips (see Appendix A for details).
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ensemble: vr = vin.p. Distinct from the single N-V case,
in a dense ensemble, the ESR resonance line [reported
in Fig. 1(c)] is inhomogeneously broadened, leading to
a linewidth of about 2.4 MHz in our case. Although we
can assume a full excitation of the ensemble since the
MW excitation bandwidth covers the entire ESR spectrum
(as the former in our case is around 10 times larger), the
various “spin packets” (homogeneously broadened compo-
nents of the spectrum; see Appendix A and Fig. 7 therein)
will resonate at frequencies v} slightly different from
the N-V resonance frequency vy at which we tune our
MW (normally the center of the ESR line). Thus, although
with different contributions, they will all take part in the
spinlock process, but the N-V Rabi frequency vin.y will
rather be a distribution of “effective” driving fields, such as

VN = o/ Q2% + 3, where Q; = 1) — VN7 is the off-

set frequency for the ith spin packet (or detuning) and vsp
the MW amplitude of the spinlock pulse. For instance, for
the Oth spin packet at exact resonance, |Q2y| = 0 and the
N-V Rabi frequency would purely correspond to the spin-
lock amplitude that is matched to the rf: vy = vsL =
vir. Whereas, for off-resonant N-J spin packets, |€2;| # 0
and this causes the Rabi frequency to be shifted from the
spinlock amplitude that can no longer satisfy the match-
ing condition, being vin.y; > Vs = V. Thus, since vy is
kept constant, a smaller value of vy will be required to
match the condition with vin.p; and these off-resonant N-J
centers will all contribute to provide the observed asym-
metry, as also described in Appendix A. Moreover, the dip
becomes sharper at high frequencies since the off-resonant
contributions become less and less important with respect
to the driving field vgp applied. Simulation of such features
have been reported in Fig. 1(e) and have been computed
considering the contributions to the depolarization line-
shape arising from the off-resonant spin packets of the N-7/
ensembles within the ESR spectral linewidth, as detailed in
Appendix A. As we will see later, such spectral features are
preserved during the NOVEL and PROPI experiments on
actual nuclear spins. As a result, we conclude that higher
matching frequencies are preferable using N-J ensembles.
Another effect influencing the depolarization dip linewidth
and the overall performance of the spinlock experiments
arises from the inhomogeneity of the driving MW field
over the N-J ensemble (see Appendix B).

B. A composite multinuclear system for polarization
transfer

As a model system, the surface of a diamond chip pre-
viously implanted with about 5 nm deep N-J centers is
functionalized with a 1 nm layer of Al,O3; prepared by
ALD. On such a thin film, a self assembled monolayer
(SAM) of polyfluorinated organic molecules is grown [21]
(see Fig. 2). With this system we can address three types
of nuclear spins that are in very different conditions with
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FIG. 2. A composite multinuclear system for polarization
transfer. Schematic of the probed diamond system. A chip con-
taining ensembles of near-surface N-V centers is ALD coated
with a thin (1 nm) film of Al,O; modified with a monolayer of
1H, 1H, 2H, 2H-perfluoroctanephosphonic acid molecules. The
N-V ensemble is used to transfer spin polarization to the nearby
13C spins and to 'H and '°F spins outside of the diamond lattice.

respect to their interaction with the N-V ensembles: (i)
13C nuclei in natural abundance are located inside the dia-
mond lattice, in close proximity to the N-V centers and
interact strongly; (ii) 'H spins are known to be ubiqui-
tous at the diamond surface [34], though their properties
(density, spatial distribution and location, mobility, phys-
ical state, etc.) are unknown; (iii) '°F nuclei are bound to
the molecules constituting the SAM, and their spin has a
natural abundance of 100% and a gyromagnetic ratio com-
parable to that of protons, but unlike from 'H, they can be
unambiguously assigned to our well-defined surface [21].
It is important to keep in mind that our N-J ensemble is a
rather diluted system, where we estimate an average dis-
tance between N-V centers of about 100 nm [31,32]. Every
N-V center can be then considered as an independent spin
system throughout the sample space dictated by our laser
spot size (around 4000 pm?). For this reason, all effects
observed throughout this work will be referred to as a sys-
tem composed of a single N-J center and an ensemble of
nuclear spins.

C. Polarization transfer to nuclear spins

As schematically depicted in Fig. 3(a), during a NOVEL
experiment, the N-J dressed states are split by their Rabi
frequency vin.p and can be brought in energy contact
with the nuclear bare states by matching the MW ampli-
tude with the nuclear Larmor frequency. Such a protocol
can be repeated many times, since the N-J spin can be
reinitialized in the m, = 0 state by laser excitation each
time. In each of these repetitions, spin-polarization transfer
can occur and a consequent drop in the N-V spin sig-
nal is detected as a decrease in PL (depolarization dips).
However, if during a NOVEL experiment the interacting
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FIG. 3. Nuclear spin detection by the matched Hartmann-
Hahn condition with a N-J ensemble. (a) Schematic of the
energy matching mechanism between electron spin dressed states
and nuclear spin bare state. (b) PROPI pulse sequence. (¢) PROPI
versus NOVEL experiment. Matched HH condition correspond-
ing to 13C, 'F, and 'H resonances results in a depolarization
of the N-V spin states and consequent dips in the PL contrast
for PROPI (blue line), whereas the '3C dip disappears in the
NOVEL experiment (red line). A dip from a reference signal of
2.5 MHz frequency is also shown. (d) Detailed PROPI depolar-
ization spectrum around the '°F and 'H Larmor frequencies. The
line in yellow shows the same spectrum for a cleaned diamond
without surface modification. (e) Simulated lineshape; see details
in Appendix A.

nuclear bath becomes completely polarized, a “saturation”
of the system would cause the depolarization dips to no
longer be observable. In a PROPI experiment [Fig. 3(b)],
two NOVEL sequences are run consecutively, differing
only in the phase of the spinlock pulses that is shifted
by 7 with respect to each other [28]. In this manner,
the second spinlock pulse neutralizes the nuclear polar-
ization generated by the first one, allowing the dips to
always be observable, independently of the nuclear spin
bath’s polarization level. A comparison of the NOVEL
(red line) versus PROPI (blue line) is shown for our com-
posite multinuclear system. The amplitude of a 40 us
spinlock pulse is swept in a range corresponding to Larmor

frequencies of the probed nuclear spin types at a magnetic
field By of 88 mT. The PROPI sequence reveals four
intense depolarization dips, where the signal at 2.5 MHz
corresponds to a rf reference signal and the dips around
0.94, 3.55, and 3.73 MHz correspond to matching with the
Larmor frequencies of 13C, '°F, and 'H nuclei, respectively
[Fig. 3(c), blue line]. Because of the similar gyromag-
netic ratios of '°F and 'H, the Larmor frequencies differ by
less than 200 kHz and the signals are partially overlapped.
Nevertheless, as shown in Fig. 3(d), they can be clearly dis-
tinguished. A different outcome is reported when using the
NOVEL pulse sequence [Fig. 3(c), red line]. In this case,
the *C dip disappears and even undergoes an inversion,
whereas all the other peaks, including the reference one
at 2.5 MHz, preserve their lineshapes and amplitudes. The
experimental conditions for both experiments are kept the
same, with each spectral point being the result of 5000 rep-
etitions of the pulse sequence (around 100 ws long) and 20
averages of the full amplitude sweep for an experimental
time of around 100 s per sweep. The signal is then com-
puted as the difference between the two consecutive optical
readouts [Fig. 3(b)] divided by their sum and then nor-
malized to the intensity of the reference signal. Note that
peaks at higher frequencies are narrower and that NOVEL
and PROPI experiments result in the same lineshapes as in
the reference spinlock experiments described in Fig. 1(e).
Simulations showing the effect of the off-resonant N-V
defects to the overall lineshape are performed and reported
in Fig. 3(e). Finally, the same experiments are performed
on a clean diamond upon removal of the SAM and Al,O;
layer by means of an acid treatment [Fig. 3(d), yellow line].
As expected, the '°F signal is now absent and only signals
due to °*C and 'H matching (see the full sweep spectrum
in Appendix B).

D. Study of the polarization transfer dynamics

In the next step we extract dynamic information about
the transfer process, by monitoring the fluorescence con-
trast while increasing the spinlock pulse duration (Fig. 4).
As the spinlock pulse gets longer, the detected signal
evolves in an exponential decay that is mainly determined
by two simultaneous processes. First, electron spin relax-
ation will manifest with a rotation-frame characteristic
time T;,. This parameter can be easily measured by set-
ting the spinlock amplitude such that the HH condition
is not satisfied. This corresponds to the “unmatched HH”
curves in Figs. 4(a), 4(c), and 4(e) whose fittings give
Ty, time constants of about 109 us for *C, and about
225 ps for F and 'H. In the second case, at the HH
condition, enhanced signal loss is caused by additional
matching with the nuclear spin bath, i.e., polarization loss
to the spin baths [see Figs. 4(a), 4(c), and 4(e)]. We assume
that, for each spinlock duration used in the experiment,
such an excess of depolarization observed in the matched
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FIG. 4. Polarization transfer dynamics. N-V spin polariza-
tion during the PROPI experiment is monitored while varying
the spinlock time in the cases of the matched (red dots) and
unmatched (blue dots) HH conditions for '3C (a), 'H (c), and
19F (e). By subtracting the matched and unmatched data points,
respective difference curves in (b), (d), and (f) are obtained,
showing the percentage of N-V spin depolarization due to polar-
ization transfer. The decays are fit with a biexponential function,
as reported in Appendix B.

case versus the unmatched one is due to spin-polarization
transfer to the nuclear target. Thus, the contribution due
to relaxation mechanisms can be distinguished from the
polarization transfer by simply subtracting the two curves
[8] [Figs. 4(b), 4(d), and 4(f)]. The maximum of such
difference curves then corresponds to an experimental
depolarization of the N-V spin of around 4.5% after 5 us
spinlock for 13C, 1.5% after 40 us for 'H, and 1% after
65 us for '°F.

IV. DISCUSSION

Our observations show that spin polarization of the N-J
ensemble undergoes significant losses upon application of
spinlock-based pulsed schemes at the HH matching con-
dition. A polarization transfer to all three nuclear species
addressed in this work can thus be anticipated. In partic-
ular, transfer to '3C spins inside the diamond is expected
to be an efficient process due to the close proximity of
the nuclei to the N-J centers and the consequent strong
couplings (up to hundreds of megahertz) that leads to trans-
fer rates several orders of magnitude faster than nuclear

spin relaxation rates [35-38]. The depolarization dip in
Fig. 3(c) indeed becomes fully suppressed by the NOVEL
experiment, indicating that total polarization of the tar-
get nuclear ensemble has been achieved. Moreover, an
inversion of the detected contrast is observed. This is
possible since, after a certain number of pulse sequence
repetitions, the T, relaxation acting during the spinlock
causes the N-V spin polarization to decay at a polariza-
tion level that is lower than what the '3C polarization
buildup has been able to reach. Thus, a polarization trans-
fer from the nuclear ensemble back to the N-J" ensemble
can occur, as described in more detail in Appendix C and
Fig. 12. In the experiments shown in Figs. 4(a) and 4(b),
the depolarization of the N-J spin reaches about 4.5% after
a 5 pus spinlock time. Thus, assuming that an interact-
ing 13C spin bath would symmetrically gain spin polar-
ization and that it will be shared by all nuclear spins
in the ensemble (proportionally to their coupling to the
N-V center), a polarization of 4.5%/N is expected for the
whole bath, where N is the number of nuclei. This would
result in a rate constant for the polarization transfer from
the N-7 centers to the nuclear spins of kg = 9000 s~!,
resulting in a timescale of the order of 2—3 ms to polar-
ize a few '3C nuclei in the close surrounding of a N-V
center. On the contrary, in the case of nuclei more distant
from the N-JV centers, such as 'H and 'F spins out-
side the diamond, the weaker interactions determine much
slower rates, as shown in Figs. 4(c) and 4(e). Moreover,
longer times would be needed for a complete polariza-
tion of these ensembles, since the number of spins is
higher compared to the '3C bath. The effective polarization
transfer rates measured in the experiments in Figs. 4(d)
and 4(f) amount to 375 and 154 s~! for 'H and '°F,
respectively. This means for instance that build-up times
of the order of several seconds for an ensemble of a few
thousand spins are expected (about 3000'°F spins are esti-
mated to be present in our monolayer in the proximity
of a N-V center). It is worth noting that our simulations
consider an ideal N-JV spin polarization of 100%. How-
ever, as reported in Fig. 4, the actual polarization available
for the transfer during our experiments is only a frac-
tion of it, i.e., about 10% for the experiments on '3C and
30% for the 'H and '°F matchings. Thus, the maximum
nuclear polarization achievable in these conditions scales
accordingly. Such a behavior is likely due to the low MW
amplitude of the driving field that causes inefficient spin
locking and consequent fast N-V" T, relaxation. Such an
issue motivates work at higher fields where the matching
fields will be proportionally higher in amplitude, resulting
in more efficient spinlock pulses. Nevertheless, consider-
ing that these dynamics occur on the same timescale as
the nuclear spin-lattice relaxation 77y,, nuclear polariza-
tion buildup is still expected to be observable, at least
to some extent. However, no effect has been observed
in the NOVEL experiments described above for such
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FIG. 5. Simplified rate equation model for polarization
buildup. Schematic representation of a N-J ensemble brought
in thermal contact with a bath of target nuclear spins. The
rate constants of polarization exchange between N-V and
nuclear ensembles are represented by ks = kis, that for polar-
ization loss by spin diffusion to other nuclei is represented by
ksp, and the nuclear spin-lattice relaxation rate is represented
by le .

nuclei. The reason for this can also be found in spin dif-
fusion that spreads the polarization over a larger volume
by means of the nuclear dipolar coupling network. In
conventional bulk DNP, spin diffusion is important since

it contributes positively to nuclear polarization buildup.
However, under our nanoscale conditions, the polarization
pumped from the N-J centers would be rapidly lost out
of the sensing volume, so that its accumulation becomes
hardly observable with our experiment. In order to ratio-
nalize the experimental findings, a simplified kinetic model
is setup to describe, at least to a first approximation, the
expected buildup of nuclear polarization by continuous
repetition of the NOVEL pulse sequence in the presence
of simultaneous “loss channels” (see Fig. 5). Here, we con-
sider the transfer of spin polarization to take place together
with three interfering processes: electron spin relaxation
in the rotating frame (77,), nuclear spin-lattice relaxation
(T1,), and spin diffusion (7sp). To each of these, specific
rate constants are associated. In particular, ks; = kig are
the rates of the polarization transfer from the N-J centers
to the nuclei and vice versa and k7, is the rate for the
N-V T, relaxation. These have been measured experimen-
tally, as reported above. The nuclear relaxation k7, , and the
spin diffusion ksp rates are both estimated based on data
reported in the literature [8,16,39] (see Appendix C). Sim-
ulations have been performed calculating for each repeti-
tion of the sequence the change of the nuclear and electron
spin polarizations obtained by the solution of the system
of equations reported in Appendix C. In Fig. 6(a), the
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(a) 0 20 40 60 80 100 buildup curves. Simulation of the

100 0.04 N-V and nuclear spin polarizations

ey versus the number of repetitions

g “““““ ran of the pul h 1

2 g0} g : pulse s§quence (Qr t.e tota

g S experimental time) considering the

k= — N-Viwith T, it transfer between one N-V center and

g 60y N-V: no relaxation g the nuclear spin ensembles. (a) First

= 0028 100 repetitions for the transfer from

=40t 32 one N-J center to an ensemble of

Z 19F: no relaxation g 3000'°F nuclear spins. Each step

IS 20t e ORT Gy S corresponds to a 65 us polarization

o 555 YR T,y + T, S transfer protocol considering the

,,w“"ﬂ PF. T, .y + T, + spin diffusion effective rate determined above for

0 5 4 6 0.00 this spin (154 s~'/3000). The red

Time (ms) and yellow lines represent electron

spin polarization with and without

(b) Pulse seq. repetitions (c) Pulse seq. repetitions N-V relaxation (77,), respectively.

0 200 400 600 800 0 20000 40 000 The lines from violet to pink show

100 10082 100 6 = how nuclear buildups are affected

m o] . « .

g 2 s z by the dﬁerent loss channels” con-

2 o5 80 § 80 S 5 sidered in the system. (b) Transfer

= — N-V:with T = -Vewith 1 4 =2 to an ensemble of five '3C spins

S N-VinoT,, 160 = 60 f N-VinoT,, E occurring upon 800 repetitions of the
o o 19}

= 90 1 & 3 5 sequence. Steps are 5 us long at the

o 140 5 40 | 5 effective rate determined for this spin

| o 2 2 2 (9000 s71/5). (c) Transfer to the 'F

< —  Crnospindiffision 420 5. 20} OF: no spin diffusion | | - spin bath up to 45000 repetitions.

C: with spin diffusion g 19F: with spin diffusion =S Both Ty, and T, are considered for

80 0 1 ) 3 2 0 8 0 0 ] > 0 8 the nuclear buildups in (b),(c).

Time (ms)

Time (s)

024067-7



R. RIZZATO et al.

PHYS. REV. APPLIED 17, 024067 (2022)

simulation of both the N-J and nuclear polarizations dur-
ing the first 100 repetitions of the pulse sequence is
depicted for the case of polarization transfer to a '°F spin
ensemble. The N-V polarization is initialized at each repe-
tition, differently from the nuclear polarization that is built
up over time. First, it can be noted that the T, relaxation
process has a significant effect on the depolarization of
the N-J polarization (yellow and red lines) but a rather
small effect on the nuclear polarization (violet and dotted
magenta line), even at longer timescales. This parameter
does not really represent a limit for reaching appreciable
polarization buildups. In Fig. 6(b), the buildup curves for
13C are simulated, showing around 800 repetitions of the
experiment on a timescale of the order of a few millisec-
onds to fully polarize the '3C spin bath. In this case both
spin diffusion and nuclear spin-lattice relaxation are neg-
ligible, since they occur on a timescale much longer than
the polarization transfer process. On the contrary, for '°F
spins, spin diffusion seems to have a dramatic effect on
the polarization buildup, causing the steady-state polar-
ization to decrease by more than an order of magnitude
with respect to what is expected when only spin-lattice
relaxation is considered [see Fig. 6(c)]. Such a hypothesis
appears realistic especially if we think that heteronuclear
spin diffusion between '°F and 'H may also play a role at
the low magnetic field at which the experiments are per-
formed. Thus, to accomplish a direct N-J-based detection
of enhanced NMR signals, two main approaches can be
envisioned: (1) increase the polarization transfer rates; (2)
polarization loss pathways need to be circumvented or at
least significantly mitigated. About the first point, perform-
ing spinlock experiments at higher magnetic fields might
be of significant help for the possibility to match the higher
nuclear Larmor frequencies with consequently higher spin-
lock amplitudes. This would advantage the efficiency of
the spinlock pulse and of the overall transfer process.
Moreover, the use of a resonator for MW delivery instead
of the homebuilt MW loop as employed in the present work
would significantly reduce the MW field inhomogeneity
and greatly improve the performance. Another possible
strategy would be to explore alternative polarization trans-
fer schemes that are more robust, in particular for N-V
ensembles, and would allow us to improve the transfer
rates by more than one order of magnitude [13,40]. How-
ever, these schemes are better performed on isotopically
enriched '2C diamonds since they can be strongly affected
by spurious harmonic signals caused by nearby '3C nuclei
[41]. About the second approach, an appropriate engineer-
ing of the sample will allow us to conveniently tune the
properties of the system so as to decrease diffusion and
relaxation. For instance, creating a more “diluted” nuclear
spin system with reduced nuclear spin-spin interactions as
well as working at higher magnetic fields to inhibit het-
eronuclear spin diffusion will avoid polarization loss out
of the N-V detection volume.

V. CONCLUSION

In summary, we demonstrate spin-polarization transfer
between ensembles of shallow N-J centers in diamond
and nuclear targets inside and outside the diamond lattice.
We find that spinlock pulse sequences based on Hartmann-
Hahn matching, such as NOVEL, for the special case of the
ensembles have characteristic spectral features. These have
to be taken into account and suggest working preferably
with higher matching frequencies (i.e., at higher magnetic
fields). Furthermore, when performed to address actual
nuclear spins, such protocols can lead to significant deple-
tion of N-J spin polarization by HH matching with nuclear
spins, even when nuclei are outside the diamond and
behind multiple material interfaces. The chemical func-
tionalization of our diamond chip is a well-defined system
where several types of nuclear spins could be addressed
and their results compared. In the case of nuclei far from
the N-J centers, the polarization transfer rates need to be
increased to overcome some counteracting processes caus-
ing nuclear polarization losses. Apart from nuclear spin
relaxation, we identify spin diffusion as the additional pro-
cess that may hinder a direct N-V-based detection of the
transferred polarization. A simplified model based on rate
constants has been used to estimate the contribution of spin
diffusion to the maximum polarization achievable when
typical nuclear spin-lattice relaxation times are considered.
This allows us to better define future strategies that can be
pursed to achieve the final goal. Based on these results,
the implementation of platforms where diamond surface
chemistry can be controlled with high accuracy and flexi-
bility prove to be key to establish N-V-based methods for
NMR sensitivity enhancement.

All data needed to evaluate the conclusions in the paper
are present in the main text and/or in the appendix. Addi-
tional data related to this paper may be requested from
the authors. All correspondence and requests for materials
should be addressed to D.B.B.
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Note added—Recently, we have become aware of the
publication from Healey et al. [40], who also demonstrate
polarization transfer by means of N-J ensembles in dia-
mond. In relation to this work, our study is different and
complementary for the following reasons. (1) The focus
of this work is to implement the spinlock experiments
for N-V ensembles and understand the spectral features.
The polarization transfer in our work relies on using N-
V dressed states generated by spinlock pulses, a different
approach with respect to Healey et al. (Pulsepol). (2) Our
chemical system is different, since we address monolayers
deposited on the diamond surface and explore the poten-
tial of such quasi-two-dimensional structures for nanoscale
spin hyperpolarization. (3) Direct polarization transfer has
been achieved for '°F nuclei unambiguously positioned
outside the diamond lattice and across an additional inter-
face (Al,O; thin film). (4) With this study we propose
the use of chemical structures grown on the diamond
surface with well-defined characteristics as a testbed for
N-V-based spin hyperpolarization at the nanoscale.

APPENDIX A: SIMULATION OF THE SPECTRAL
LINESHAPE FOR A SPINLOCK EXPERIMENT

1. Contribution of the off-resonant N-J centers to the
linewidth of the N-V depolarization dips

In this section, we derive a formula to predict the contri-
bution of the off-resonant N-J spin packets to the linewidth
of the depolarization dips, relative to the rf frequency we
aim at matching with the spinlock amplitude. We recall that
during the spinlock experiments reported in Fig. 1, the ref-
erence rf is set at a constant frequency vr and the spinlock
MW amplitude vsp is swept so that matching to the N-V/

Rabi frequencies vin.y; = JQ2 + véL can occur, where
the ©2; correspond to the offset frequencies of the N-V cen-
ters within the ensemble. Thus, for perfectly on-resonance
N-V centers (29 = 0), the spinlock amplitude at which the
matching condition is satisfied will simply be vsp = vy,

whereas, for off-resonant N-J centers, it will undergo a

/v&— Q7. Such a shift will affect the

linewidth of the observed depolarization dip, differently
however depending on the rf frequency that is matched.
It is possible to calculate such a dependency by using the
formula (plotted in Fig. 7)

Shift, i.e., fJSL =

~ _ 2 02
vsp — Vs Vrf Vi — §2

Vrf Vrf

(a) ESR spectrum
N-V freq. offseot Q (MHz)
VA a=24MHz
2 Spin packets
=
(=}
= Q=12 MHz
Q) =0MHz
1.0
—Q = 0MHz
(b) —Q = 0.01 MHz
0.9 Q = 0.1 MHz
—Q = 1.2 MHz
0.8 —0 = 2.4 MHz
07
0.6
2
=
T |F05
;V)
0.4
0.3
0.2
0.1 t
0.0
0 1 2 3 4 5
v,; (MHz)
FIG. 7. Contribution of the off-resonant N-J spin packets to

the linewidth of the depolarization dip. (a) Schematic represen-
tation of the ESR spectrum with the different N-J spin pack-
ets resonating at different frequencies within the ESR line. (b)
Dependency of the relative spinlock amplitude shift on the rf-
or Larmor-matched frequency. The dependency is plotted for
different detunings from Q = 0 to 2.4 MHz.

since /1 —x ~ 1 —x/2 for small x (0 <x <« 1), i.e., for
Q L Vrf.

2. Simulation of the ensemble spinlock lineshapes

The depolarization peaks reported in Fig. 1(e) are cal-
culated by summing all single contributions (small peaks
underneath) corresponding to slightly shifted matching
conditions due to off-resonant N-J centers (“spin packets”
having different ESR resonance offset ;). A MATLAB®
script is coded to perform the calculation according to
the following scheme: for each €2; within the ESR line
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(see Fig. 7), a weighting factor L is calculated corre-
sponding to a normalized Lorentzian intensity having the
same linewidth (LW) as the experimental ESR line; see
Fig. 1(c). Then, L; = 1/(1 +x?), where x = Q;/(LW/2)
and LW =24 MHz. Such a factor is then multiplied
by the ith depolarization dip dip;, again utilizing a
Lorentzian function as dip, = —[1/(1 +x§ip)]L,~, where
Xdip = (VSL — |\75L|)/(Lwdip/2) and Lwdip = 60 kHz is fit
to best reproduce the line broadening observed in the
experiments. The lineshape of the depolarization dips by
the PROPI experiment reported in Fig. 3(e) are also sim-
ulated following the same approach for the matched 'H
(light blue dips) and '°F (dark blue dips) cases. In the
figure, the intensity of the small dips corresponding to sin-
gle off-resonant contributions is multiplied by a factor of 3
only for a better visualization.

APPENDIX B: RAW DATA

In this section the raw data for the N-V depolariza-
tion detection by PROPI and NOVEL experiments are
reported. As visible in Figs. 8-10 such experiments show
a typical baseline where the overall contrast increases with
the spinlock amplitude. This is due to the fact that, after
the strong excitation of the N-J spins by the first /2
pulse, the spinlock amplitude is stepwise increased and the
stronger the spinlock pulse becomes, the more efficiently
it is able to lock the N-J spins on the transverse plane. In
Fig. 1, the baseline removal is accomplished by subtract-
ing a dataset of the same experiment performed with no
rf signal. In Figs. 3(c) and 3(d) the baseline is removed
by subtracting a polynomial function fitting to the data of
the spectral ranges that contain no peaks. In the following
experiments shown, the spinlock amplitude is reported in
units of peak-to-peak voltage (V p.p.) as directly read out
from our AWG.

-3

12 % 10 6

10 ] s
= d —
= 8 /”‘\, N
g D oo
= /"""\\’ = 4
o / \ <
i A =t %
e —y,=05MHz | &3
g 4 / ' 3
g / v=lsMH | S
1=} =
sz —vg=2MH S
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0
0.10 0.00 0.02 0.04 006 0.08 0.10
Spinlock amplitude (V p.p.)

-2 .
0.00 0.02 0.04 006 0.08
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FIG. 8. Calibration of the spinlock experiment by means of
an external rf signal. Left: the signal is acquired by averaging
each point 5000 times and the whole sweep repeated 3 times.
Right: the spinlock amplitudes at which the depolarization dips
appeared upon application of the different v,¢ are read out and
plotted. A linear fit is shown in red.
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FIG. 9. Raw data for the SAM layer on the diamond. Left:
5000 averages for 20 sweeps. Right: 5000 averages for 250
sweeps.

1. Optimization of the driving MW field

The ESR frequency measured from the dip in PL [see
Fig. 1(c)] is used to determine the magnetic field strength
and the N-J resonance frequency to perform a Rabi exper-
iment, which then determines the 7 /2 pulse duration for
the spinlock sequences. A thorough optimization of the
MW delivery is of crucial importance for the spinlock
experiment to be successful and is mainly accomplished
by finding the conditions that minimize the damping of the
Rabi oscillations. This indicates that the MW field across
the N-J ensemble is homogeneous enough to achieve an
efficient spinlock (Fig. 11).

2. Fittings of the dynamics data

Each dataset in Figs. 4(a), 4(c), and 4(e) is normalized to
the contrast detected after a strong w pulse. The depicted
decays start from only a fraction of the available N-} polar-
ization because of a fast polarization loss during the first
few microseconds of the spinlock time (not shown). Such a
behavior is likely due to the low MW amplitude of the driv-
ing field that causes inefficient spin locking and consequent
fast N-V T, relaxation. The data points for “unmatched
HH” in Figs. 4(a), 4(c), and 4(e) are fit with a double expo-
nential function whose slower components are chosen to

x107 x107
Clean diamond Clean diamond

@ =z
! El
£ £
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H 2
E =]
=] =
3 3
O O

. 1.6

0.00 0.05 0.10 0.1 0.12 0.14 0.16

Spinlock amplitude (V p.p.) Spinlock amplitude (V p.p.)

FIG. 10. Raw data for the clean diamond. Signal acquisition:
5000 averages for 20 sweeps.
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FIG. 11. A typical Rabi experiment with N-J ensembles. The

typical contrast of the Rabi oscillations is around 7%—8%. This
experiment allows us to calibrate the pulse length but to also
optimize the homogeneity of the MW field throughout the N-V
ensemble.

represent the N-J relaxation rate constants k7, ,. In par-
ticular, for 'H and '°F, kr,, ~ 4500 s~!, whereas for 13C,
kr,, ~ 9200 s~!. In order to maintain constant experimen-
tal conditions for comparison, the unmatched HH decay
curves had to be acquired at a slightly shifted spinlock
amplitude (next to the matching point). This causes an
overestimation of the polarization transfer rates by 3%,
8%, and 25%, respectively, for 1*C, 'H, and '°F.

APPENDIX C: SIMULATION OF POLARIZATION
BUILDUPS

All polarization curves reported in Fig. 6 are simulated
by implementing in a MATLAB code the model schemati-
cally depicted in Fig. 5. In particular, the code solves the
system of ordinary differential equations

dpP

7: = _kSIPS + k]sP[ - lepPSa

dpP

7; = _lePI -+ kSlPS — lenP[ - kTSDPh

for a time duration dictated by the optimal spinlock time
that is experimentally determined (e.g., 65 us for '°F or
5 ps for 13C). Then, depending on the number of pulse
sequence repetitions that we want to simulate, the code is
looped, resetting only the electron spin polarization Ps = 1
each time. Rate constants, where possible, are measured
with the experiments reported above. The nuclear spin-
lattice relaxation Tj, is considered to be of the order of
100 s for *C inside the diamond and 1 s for both 'H and
19F [8,39]. The spin diffusion time constant Tsp is derived
using a formula adopted from simple random walk theory
Tsp ~ r*/(4D), where r is the average displacement and
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g

g 80 80 &
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Time (ms)
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N-V difference: matched - unmatched
=
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=
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5 Time (ms)
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Time (ms)
FIG. 12. Inversion of the depolarization dip at '3C matching

observed during NOVEL. (a) Simulation of the N-V (red) and
nuclear (green) spin polarizations as a function of the pulse
sequence repetitions for the cases when (i) the polarization trans-
fer rates are activated (matched HH) and (ii) the polarization
transfer rates are off (unmatched). Spinlock pulse duration is
40 ws, with all other rates as in Fig. 6. (b) Difference between
the calculated N-V polarization for the cases when the HH con-
dition is matched and unmatched. The decay at the first pulse
sequence corresponds to the full intensity of the depolarization
dip (the same observed during a PROPI experiment). After some
repetitions of the pulse sequence, the dip gets less and less intense
until it inverts. The simulation is shown for two different 77, time
constants (red, 40 us; blue, 109 us).

D is the spin diffusion constant. This gives an estimation
of how long it takes for the polarization generated in one
point of the sensing area to leave the detection volume of
the N-V center. Here we consider D = 700 nm? s~! and
= 10 nm for both ’F and 'H, and D = 0.0035 nm? s~
([16]) and » = 1 nm for 3C. The inverted depolarization
dip observed for '*C during the NOVEL experiment and
reported in Fig. 3 can also be rationalized by means of
our simplified rate equations model. In the same manner
as done for Fig. 6, in Fig. 12 the percentage of N-J spin
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polarization is reported versus the number of pulse
sequence repetitions. At the start of each pulse sequence,
the N-JV spin is reset to 100% polarization, whereas the
nuclear spin polarization is allowed to build up during a
40 us spinlock time (the same pulse length used in the
experiment of Fig. 3). We note that, due to the decay of
the N-V polarization caused by the 7', relaxation, at a cer-
tain point of the dynamics the nuclear spin bath reaches a
polarization higher than that of the N-J spins. Thus, after
reaching this point and for the subsequent repetitions, the
spinlock pulse can partially work in the opposite direction,
letting some polarization flow back from the nuclear to the
N-V spins. This will occur during the last fraction of the
spinlock duration, that is, after the N-J ensemble is relaxed
to a polarization level lower than the nuclear one. When we
compare the signal for the matched HH condition with that
where no condition is met (as we do experimentally when
we compare the intensity of the dip to the baseline), we see
that the mechanism described above results in an inversion
of the “depolarization dip” and this effect can become more
severe the shorter the 77, time constant and/or the longer
the spinlock time.
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