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Enhancing polarization transfer from nitrogen-
vacancy centers to external nuclear spins via
dangling bond mediators

Hilario Espinds 1B Carlos Munuera—Javany2'3, lvan Panadero4, Pablo Acedo® >, Ricardo Puebla® ?,
Jorge Casanova® 23® & Erik Torrontegui'

The use of nitrogen-vacancy (NV) centers in diamond as a non-invasive platform for
hyperpolarizing nuclear spins in molecular samples is a promising area of research with the
potential to enhance the sensitivity of nuclear magnetic resonance (NMR) experiments.
Transferring NV polarization out of the diamond structure has been achieved on nanoscale
targets using dynamical nuclear polarization methods, but extending this polarization transfer
to relevant NMR volumes poses significant challenges. One major technical hurdle is the
presence of paramagnetic defects in the diamond surface which interfere with polarization
outflow. However, these defects can be harnessed as intermediaries for the interaction
between NVs and nuclear spins. We present a method that benefits from existing microwave
sequences, namely the PulsePol, to transfer polarization efficiently and robustly using dan-
gling bonds or other localized electronic spins, with the potential to increase polarization
rates under realistic conditions.
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uclear magnetic resonance (NMR) is a versatile and
N powerful technique applied across diverse fields, ranging
from material physics! to life-sciences?, owing to its
analytical properties, as well as its non-invasive character. In
particular, NMR-based detection techniques rely on the nuclear
spin polarization of the target sample, which is minute at room
temperature—namely, on the order of 107 at externally applied
magnetic fields of 2 T3—thus leading to low sensitivity issues. For
this reason, NMR spectroscopy highly benefits from dynamical
nuclear polarization (DNP)* methods that aim to transfer
polarization from electron spins to nuclei, leading to an increase
of the NMR signal of several orders of magnitude®. Typically,
DNP methods bridge the energy gap between electrons and nuclei
via microwave (MW) irradiation, thus enabling the transfer of
thermally polarized electrons to the nuclear environment.

In this scenario, nitrogen-vacancy (NV) centers in diamond®
are a promising polarization device, as their electron-spin
degrees of freedom can be initialized/polarized to a degree
higher than 90% at room temperature via green laser
irradiation”:8. Consequently, different DNP methods have been
designed and experimentally realized with the objective of
transferring the optically induced NV polarization to the nearby
13C nuclear spins in the diamond lattice. This has been achieved
both in bulk diamond®?-!l, as well as in nanodiamond
particles!>~14, Transferring NV polarization out of the diamond
has been achieved on nanoscale targets!>~17, but extending DNP
methods to sample volumes used in standard NMR presents
serious difficulties. Among these challenges, system inhomo-
geneities, such as energy shifts and microwave driving devia-
tions, threaten to the efficacy of DNP methods. Furthermore, a
significant impediment lies in the physical separation between
the sample and the NV spins, which are confined within dia-
mond crystals, meaning that even the NV spins closest to the
diamond surface are situated several nanometers away from the
sample. This separation is notably greater than the distances on
the order of 1 nm or less typically encountered in conventional
DNP, where polarizing agents and nuclear spins are intimately
mixed on the molecular scalel-!8. Additionally, paramagnetic
defects on the surface can interfere with the polarization
outflow!9-22,

These paramagnetic defects can be treated as mediators of the
interactions between NVs and other nuclear spins. A recent
experiment demonstrated polarization transfer to !3C nuclei
assisted by P, centers using MW-free DNP adiabatic processes!.
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Additionally, some of the surface defects, located within a few
layers of the diamond facet, give rise to dangling bonds with spin
1/2 and the g-factor of a free electron. These surface spins are
chemically stable in ambient conditions over many days?3. Dif-
ferent approaches have used this single electron spin as mediator
for sensing purposes?3-2>. Regarding spin polarization, the
development of MW sequences that transfer polarization from
NV to nuclei in a fast and robust manner using dangling bonds
(or other localized electron-like mediators via functionalized
surfaces) has the potential to accelerate the polarization
enhancement of bulk samples.

Commonly employed protocols encounter substantial chal-
lenges when attempting to transfer polarization to spins with
high Larmor frequencies (typically higher than a hundred of
MHz). The Larmor frequency is the product of the applied
magnetic field and the gyromagnetic ratio of the particle in such
a magnetic field. Therefore, particles subjected to large magnetic
fields, specially those with significant gyromagnetic ratios, such
as electrons, are affected by limitations that depend on the
specific polarization protocol. For example, in Nuclear spin
Orientation Via Electron spin Locking (NOVEL)?6, successful
polarization transfer requires the microwave spin-lock ampli-
tude to match the Larmor frequency. This is not always feasible
when the Larmor frequency of the target spin exceeds the
amplitude achievable with a driving source without causing
sample damage. In the PulsePol sequence’, the free evolution
time between consecutive pulses is inversely proportional to the
target’s Larmor frequency. Yet, due to the finite pulse duration,
large Larmor frequencies can lead to pulse overlap. These con-
straints often confine the application of polarization sequences
to nuclei with small gyromagnetic ratios experiencing low
magnetic fields.

In this paper, we show that, by applying a double-channel
PulsePol sequence to simultaneously address both an NV spin
and a surface electron spin, the aforementioned restrictions on
polarization transfer to spins with high Larmor frequencies are
lifted. The resulting polarization transfer protocol is resistant to a
wide range of control errors due to the high degree of robustness
of the PulsePol sequence. Then, by adjusting the free time
between pulses to the Larmor frequency of an external nucleus,
we will demonstrate that polarization is further transferred from
the NV to external nuclei, using the surface electron spin as a
mediator (see Fig. 1a for a schematic representation of the system
that will be analyzed).

PulsePol

O=2® wW=>®

W=t W
Fig. 1 Schematics of the proposed protocol. a The nitrogen-vacancy (NV) spin state is transferred through an intermediate electron at the diamond
surface. b Schematics of the microwave pulse sequence on the NV and the electron spin for pulsed polarization transfer. ¢ Comparison between the direct

PulsePol scheme and the double-channel PulsePol. In the latter, the electron interacts coherently with the NV and the nearby nuclei to mediate the
polarization process. The introduction of the electron as mediator allows for stronger interactions and thus faster protocols.

2 COMMUNICATIONS PHYSICS| (2024)7:42 | https://doi.org/10.1038/s42005-024-01536-6 | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-024-01536-6

ARTICLE

Results and discussion

Double-channel PulsePol sequence. The optically induced NV
spin polarization, surpassing a degree of 90%, provides a sus-
tainable and continuously renewable source for polarizing nearby
spin ensembles. However, given that the distance between NV
centers and nuclei external to the diamond is of several nan-
ometers, the dipole-dipole coupling that governs the polarization
transfer is weak. Bringing NV centers near the diamond surface
presents a significant challenge, as fast-fluctuating surface defects
negatively impact the NV coherence time T,, which is already a
limiting factor for polarization transfer?’.

A recent study showed the existence of isolated electronic spins
or dangling bonds on the surface of high-purity diamond, with
the potential of being coherently manipulated?328. These
electronic spins are localized with nanometer-size uncertainty.
Multitude of NV measurements have determined that these spins
baths have a g-factor of 2, and areal densities of o~ 0.01-0.5
nm~219:23.29 Despite being close to the surface, they are stable in
air over time scales of many days. Another study? demonstrated
that the Fermi-contact term in the hyperfine coupling is not
negligible between the surface spins and the surrounding nuclear
spins, and thus there is a considerable interaction between them.
Sushkov et al.23 used these electronic spins as magnetic resonance
“reporters” for sensing and imaging of individual proton spins
lying also at the surface.

Due to the substantially larger gyromagnetic factor of electrons
compared to nuclei commonly utilized in NMR experiments, the
resulting dipole-dipole coupling between the NV center and an
electron is significantly stronger than the NV-nuclei interaction.
In the following, we introduce a method that takes advantage of
the strong NV-electron coupling, together with the close
proximity of this electron to external nuclei, to bring polarization
out of the diamond lattice containing the NV center, using the
electron as mediator. To overcome the challenge of transferring
polarization to a spin with a high Larmor frequency, we employ a
double-channel sequence that concurrently acts on both the NV
center and the electron. This innovative technique allows for
efficient polarization transfer without necessitating resonance
conditions matching the Larmor frequency of the surface
electron.

The Hamiltonian describing the NV, the surface spin, their
interaction and a microwave driving is

H = DS —y,BS,—y.BE,+S-A-E+ Hp, (1)

where D = 27 x 2.87 GHz is the zero-field splitting of the NV, .
is the gyromagnetic ratio of the electron, B is the magnetic field
(aligned with the NV quantization axis), S(E) is the spin-1(3)
operator of the NV (electron), and A is the electron-electron
dipole coupling tensor describing the interaction between the NV
and the electron resulting from the magnetic dipole-dipole
coupling. Hp describes the interaction with two external
microwave sources affecting the NV and the electron,

Hp = Ql(t)(\/ESX + 2E,) cos(w;t + ¢,)
+ Q,(1)(V/2S, + 2E,) cos(w,t + ?,),

where Q;, w; and ¢; denote the Rabi frequency, the frequency, and
the phase of the i-th driving field, respectively. These drivings allow
us to simultaneously control the NV and the electron by sending
pulses with w; in resonance with one of the NV’s transitions
(w; =D = |ye|B+ Any, with Ayy a small detuning) and w, in
resonance with the electron’s transition (w, = |ye|B + A, with A,
another small detuning). As long as w; — w,>> Oy, Q,, the first
term in Eq. (2) will only produce transitions in the NV, while the
second term will only produce them in the electron. This condition
is automatically satisfied if the NV |0) <> |1) transition is selected,

()

since then w; — w, =D =2mx2.87 GHz, much greater than the
Rabi frequencies (in the order of tens of MHz). Thus, going to a
rotating frame with respect to Hy, = DS? — (y,B — Awy)S, + w,E,,
we get, after applying the rotating wave approximation to eliminate
fast rotating terms (see Supplementary Note 1),

H~S,ALE, + A\WwS, + A.E,

2777

Q()( cos ¢, — va

sin %) 3)
+Q,(t) (EX cos ¢, + E, sin (pz) ,

where we have introduced the operators UXNV = |1)(0] 4+ |0)(1] and
GIYW = —i(|1)(0] — |0){1]). This approximation is valid when
w; — w, is also much greater than any term coming from the
electron-electron dipole coupling tensor. The coupling term is
given by

MO)}e
1-—
=

where r is the position vector of the electron with the NV at the
origin and 0 is the angle that this vector forms with the magnetic
field. For simplicity in the derivations that follow, we assume that
the drivings are perfectly tuned (Anyv = A. = 0), and the |—1) level
is ignored, since it is not affected by the dynamics. Therefore, we
reduce the NV Hilbert space to only 2 levels introducing
GIZW = [1)(1] — 10)(0] = 2S, — 1. Thus, the Hamiltonian (3) can
then be rewritten as

3cos20), 4)

1
H~= AZZ((TNVEZ +E,)

Q()(

+ cosQ, — G)I:W sin (p1> ©)

+Q,(t) (EX cos ¢, + E, sin (pz) .

The polarization protocol is designed to transform the ZZ-
interaction from Eq. (3) into a flip-flop interaction, which is the
sum of an interaction of the type oX'E, and another one of the
type G;WE},. The basic sequence block is applied simultaneously to

the NV and the electron, as shown in Fig. 1b, and is given by

(0, -, @), -G

where (¢) £XY denote ¢ — pulses around the x/y axes with
duration ¢}, = ¢/Q, ,. Unlike the PulsePol applied to just one of
the participating elements, the time between pulses, during which
the NV and electron undergo free evolution, is completely
arbitrary (7/4 in Fig. 1b). The sequence can be divided into two
blocks. In each block, n/2-pulses are applied simultaneously to
both the NV and the electron to transform the ZZ-interaction
into either an XX- or a YY-interaction. A 7-pulse is introduced in
the middle of each block to eliminate the ’42“ , term in
Hamiltonian (5), while at the same time canceling other detuning
errors accumulated during the free evolution. Therefore, the
evolution under Hamiltonian (5) can be rewritten as (see
Supplementary Note 2)

Usq — exp( ;—f;‘zz NVE ) exp( ;—'Azzz NVE > (7)

where 7 is the duration of one sequence. When only one NV and
one electron are involved, or for sufficiently small 7 (7 < 1/4,,),
the evolution becomes

_ TAL (v NV
Useq_exp{ 12 5 ( E+oy E) (©)
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Notice that, in the single PulsePol, the effective coupling is
reduced to at most ~ 72% of the coupling strength. However, in
the double-channel PulsePol sequence, the full coupling strength
takes part in the polarization rate. In a system in which the NV is
initially polarized in the |0) state and the electron is in a thermal
state, the polarization P after a sequence becomes

P(r) = Tr |:Useqp(0) UzquEz} = —sin’ (%) ) )

where, if we denote p; and p, as the probabilities for the electron
spin to be in the |T>e and |¢>e states (which are eigenstates of the
E, operator), respectively, the polarization P is defined as
P=py—p,. The minus sign in Eq. (9) indicates that the
polarization is acquired in the }¢>e state. In practice, due to
the pulsed nature of the sequence, there is an additional rate
reduction of the polarization buildup that arises due to the finite
strength of the pulses. During 71/2-pulses, the NV and the electron
are not optimally coupled. The effective coupling rate is the time-
averaged instantaneous coupling strength over the whole
sequence. In particular, if the NV and the electron spin rotate
synchronously, ie, Q;=Q,=0Q, there is a reduction of
the effective interaction to half its maximum value during 7/2-
pulses. As a result, the polarization rate is attenuated to
(see Supplementary Note 3)

A, A, (1 — 1) .

O (10)

Polarization of an external nucleus using an intermediate
electron. The previous polarization transfer mechanism is sui-
table for any target particle, regardless of its Larmor frequency,
and maintains the robustness of PulsePol without requiring a
resonance condition on the interpulse spacing. This feature makes
it advantageous for transferring the spin state from the NV center
to an external nucleus via the mediator electron. The proposed
protocol is shown in Fig. 1. The electron’s close proximity to the
diamond surface leads to a larger coupling with external nuclei in
comparison to the coupling between an NV center within the
diamond lattice (shallow NVs are positioned some nanometers
beneath the surface) and external nuclear spins. Integrating the
flexibility of pulse spacing from the previous protocol with the
PulsePol resonance condition enables the concurrent transfer of
spin states from the NV center to the electron, and from the
electron to the external nucleus. The larger coupling between
these elements yields a considerably elevated polarization transfer
rate, surpassing the efficiency of direct transfer from the NV
center to the external nucleus. A representation of the considered
system is shown in Fig. 1a. The Hamiltonian describing the whole
system is similar to Eq. (1) but includes the Zeeman term of the
nucleus and the dipole coupling between the electron and the
nucleus,

Hy=H+yBI,+E - B-1
:Dsi_)}eBSz_YeBEz+YnBIZ
+S-A-E+E-B-1+Hp,

(11)

Here, I is the spin-} operator of the external nucleus, y, is the
gyromagnetic factor of the nucleus, and B is the coupling tensor
describing the interaction between the electron and the nucleus.
The interaction between the NV center and the nucleus has been
neglected in favor of the much larger coupling between the
electron and nucleus, assuming that they are in much closer
proximity. The driving Hp, is the one given by Eq. (2), i.e., there
are no additional pulses applied to the nucleus. According to the
PulsePol resonance condition, by choosing a pulse spacing such

that

nrm
T=—

VB’ (12)
with n odd, it is possible to generate effective flip-flop dynamics
between the electron and the nucleus. In contrast to the electron
spin, the gyromagnetic ratio of nuclei is comparatively smaller.
Consequently, the condition described by Eq. (12) is generally not
a constraining factor for the sequence’s feasibility, even at
moderate magnetic fields. It is important to acknowledge,
however, that practical considerations must be taken into
account. Compensations are necessary due to the finite duration
of pulses, leading to a reduction in the free evolution time fge.
that ensures that the total block maintains the same overall
duration 7. Assuming, for simplicity, that both driving pulses
have the same Rabi frequency €,

s s s
tfree_T_25_4E_T_45' (13)
In a frame rotating with respect to Hy = w;S, + w,E, + y,BL,
discarding all fast-rotating terms, the effective Hamiltonian
becomes under the previous condition?

A a3
Hy =22 (ngv E + avay) +52 (EXIX + EYIY>, (14)

where o<1 is a constant determined by the filter function
generated by the PulsePol sequence and depends on the harmonic
n3, and the coupling term B, is given by

3h

B, = ﬁ)ﬁzn(sin@cos 0),
where r’ is the position vector of the nucleus with the electron as
origin and @ is the angle that this vector forms with the magnetic
field. The optimal resonance is given by n = 3, which results in
a = 0.72. The shortest resonance (n = 1) gives « = 0.37. Under this
dynamics, if we consider that the NV is initially polarized and
both the electron and the nucleus are initially in a thermal state,
the polarization of the nucleus P’ evolves after a sequence as

P(1)=Tr [e_iHefpr(O)eiHeffTZIz]

(15)

44,08, VAL (B | e
= 5 sin S T|.
42+ (a8,)’]
Whether the polarization is built on the nuclear |T>n state or

the H>n state (eigenstates of the I, operator) depends on the

chosen harmonic. On the other hand, the polarization of the
electron (P,-) also undergoes oscillations, at twice the frequency
of the nuclear polarization,

P, (1)=Tr [eiin“’Tp(O)einffTZEZ]

A VAL (aBL) (17)
Sin T

T A+ (aB,) 4

Therefore, when the nucleus achieves it maximum polarization,
the electron is back to being unpolarized. Equation (16) shows
that the polarization transfer is maximized when the coupling
between the NV and the electron equals the coupling between the
electron and the nucleus (in absolute values) times the numerical
constant a. If we consider an electron right on top of the NV, at a
distance |r| such that =0, the condition for the polarization
transfer to be maximum is met for a nucleus located at a distance

|r'| from the electron
1/3
W~ (2%a) g (18)
4y,
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where the ®-dependent term has been averaged over all possible
orientations. For instance, if the pulse spacing is chosen such that
n=1in Eq. (12) (which implies « ~ 0.37) and the polarization is
transferred from an NV located 3.5 nm deep from the surface to a
Hydrogen nucleus, the protocol is optimal if the nucleus is located
at a distance |r'| > 2.6 A from the dangling bond. In the case of
an organic system with proton density py ~ 50 nm—3 27, there are
in average two protons contained in the semi sphere of radius
|| = 2.6 A. Nevertheless, if this condition is not met and the
polarization transfer is not maximized, the NV can be
reinitialized and the sequence repeated until a higher level of
polarization is achieved.

The use of the electron as a mediator presents an immediate
advantage due to the electron’s significantly larger gyromagnetic
ratio compared to typical nuclei combined with the electron’s
proximity to the diamond surface. As a result, the coupling
constants A, and 13 are two to three orders of magnitude larger
than those between the NV and the nucleus in a similar
configuration (see Fig. 1c). Consequently, polarization buildup is
significantly faster when utilizing the intermediate electron,
compared to direct polarization transfer from the NV to the
nucleus. Furthermore, in the direct PulsePol technique, surface
electrons can introduce decoherence, whereas in our double-
channel sequence, the surface electrons are controlled coherently.
These advantages have important implications for improving the
efficiency and sensitivity of experiments.

Discrete dynamical description. To illustrate our results, we
begin by considering an idealized scenario where an NV center
interacts with a single electron. In this case, if the system is
perfectly coherent, polarization can be transferred between the
electron and the NV following Eq. (9) at a rate only limited by the
strength of their magnetic dipole coupling. Robustness is a crucial
criterion for good polarization schemes?!, as the protocols need
to be resistant to errors in the driving fields such as resonance
offsets caused by the different strain conditions of each NV,
leading to an effective change on D, and amplitude fluctuations of
each delivered pulse. The former leads to detuning precessions
(Anv #0) in Hamiltonian (3) that accumulate during the free
evolution, while the latter produces errors in the Rabi frequency

(Q=Q+Q,,,), where Q represents the Rabi frequency gen-
erating ideal pulses for a given pulse duration. These errors
generate rotations that differ from perfect 7 or 7/2 pulses.
Figure 2a presents numerical simulations of the polarization,
quantified by (2E,), acquired by an electron under the proposed
scheme near an initially fully polarized NV spin in the presence of
errors, which is then compared with the faultless transfer (dashed
line), which is described by Eq. (9). The Rabi frequencies are
taken such that Q;, =Q,=Q, and thus its error affects both
channels. The selected parameters (indicated in the caption) are
characteristic of a near-surface NV center spin and a somewhat
imprecise pulse scheme. As anticipated from the PulsePol
structure, the errors have a limited impact on polarization
transfer. Even in the presence of these errors, the electron still
attains 95% of the total polarization, albeit with a slightly
extended duration compared to the error-free sequence (approxi-
mately 14% slower). In Fig. 2b, we demonstrate the robustness of
our protocol by showing the resulting polarization transfer for
different values of Ay and Qprop. Similar to the PulsePol applied
to a single channel, the acceptable Rabi amplitude error and
resonance offset scale with the Rabi frequency (see Supplemen-
tary Note 4). We observe that efficient polarization transfer can
still be achieved for a wide range of errors. However, when
simulating the polarization of a single nuclear spin using the
proposed protocol, as illustrated in Fig. 2¢, d, we observe that the

mediation of the interaction through the electron introduces
complexities. This additional element in the polarization transfer
process makes it more sensitive to errors, wherein smaller
inaccuracies in the driving strength or frequency can hinder the
effectiveness of the sequence. As shown in Fig. 2c, when subjected
to the same faulty parameters as in the previous case, the
sequence maintains about 90% of its effectiveness with only a 6%
decrease in speed. The results in Fig. 2d show that, despite the
heightened sensitivity, the sequence remains viable for a broad
range of detunings and even in the presence of faulty pulses,
demonstrating the robustness of the double-channel PulsePol
sequence for direct polarization transfer to a target spin and
highlighting the importance of careful control of experimental
parameters when aiming to polarize additional nuclear spins
using the first target spin as the mediator.

To further study the case of the electron being used as mediator
to transfer polarization outside of the diamond lattice, we
consider an environment containing only one electron and
multiple target spins, since the typical nuclear densities in the
target region is much larger than the density of dangling bonds at
the surface. In a system consisting of an NV, an electron and
multiple target spins, polarization is still transferred following Eq.
(16), with the modification

A+ (aB ) s A2, + (aBy)?, (19)

where

g =" (B(f’)z (20)
0= 2 L)

Since at most a single spin state provided by the NV is shared
among an ensemble of nuclear spin, in order to build up
polarization, the NV must be frequently reinitialized, and the
protocol must be repeated multiple times. So as to maximize
polarization transfer rate, the sequence must be repeated N times
before reinitializing the NV, until each nucleus acquires its
maximum possible polarization. It is important to note that a
continuous optical driving of the NV spin into its |0) state would
result in a quantum Zeno-like effect that slows down the effective
polarization rate. After N cycles before reinitializing, with
duration T'=2Nrt, where 7 is the duration of a single sequence,
each nucleus acquires at most

POt + T) = PO(t) + [1 — PO(8)| Tul(T), (21)
where u;(T) is the cooling rate of nucleus 7, defined according to
Eq. (16) as

N2
44, (a8?) A+ (aB,)’
u(T) = Ssin* S T
T [Aﬁz + (ocBO)z}

(22)

Treating Eq. (21) as a differential equation, for T sufficiently
small compared to the cooling rate, the polarization buildup can
be approximated by an exponential,

PO(r) ~ PO(0) + [1 — PO(0)] 1 =

The results of a simulated realization of the sequence in a
system composed by an NV, an electron and 3 nuclei are depicted
in Fig. 3a. The y-axis of the figure represents the mean
z-component of the spin for each of the particles ((S.), (E.)
and (Ifj)) for the NV, the electron, and the nuclei, respectively). In
the polarization transfer process, the three target nuclei exhibit
distinct polarization rates that depend on their individual dipole-
dipole couplings to the electron. The mean dynamics of each
nucleus are effectively described by Eq. (23), represented by the
corresponding dashed lines in the figure. Once the nuclei reach a
maximum in polarization, the NV center is re-initialized via

_ e*“i(T)t} )
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Fig. 2 Robustness simulations of the double-channel PulsePol. a Polarization transfer to a single electron spin under perfect conditions (black dashed

line) and under pulse errors (orange crosses) that include a detuning error Ayy =
Rabi frequency errors Qe = (27)1.2 MHz in both driving fields. The NV-electron coupling is A,,

(27)2.5 MHz in the driving field of the nitrogen-vacancy (NV) spin and
= (2m)0.4 MHz and the Rabi frequency Q = (22)20

MHz. b Polarization transfer to a "H nucleus using an electron as mediator under perfect conditions (black dashed line) and under the same pulse errors
and parameters as in (a) (green triangles). The NV-electron and the electron-nuclear couplings are A,, = aBB, = (27)0.IMHz. ¢, d For the same
parameters as (a, b), maximum polarization transfer versus Any and Qeror- The color bars represent the polarization acquired by the target particle,
quantified by 2(E,) and 2(l,), respectively, being —1 the maximum attainable polarization.

optical pumping to the |0) state. The abrupt declines in NV
dynamics at specific time points (approximately 2 us, 4 us, 6 us,
etc.) are a consequence of this optical pumping event.

The previous description does not take into account the
relaxation rates of the target nuclei, the nuclei-nuclei interaction
that can give rise to polarization diffusion through the sample, or
decoherence rates of the NV or electron. In fact, one of the biggest
obstacles of this protocol is the extremely short coherence time of
the electron, in the order of 1 ps. To include the effect
of decoherence, in Fig. 3b we numerically simulate the dynamics
of an NV center interacting with an electron and a nuclear spin
under typical relaxation and dephasing rates using a quantum
master equation that incorporates these rates (see Supplementary
Note 5). As shown in green dashed line, the polarization acquired
under ideal decoherence-free conditions is significantly higher
than the polarization obtained under typical decoherence rates.
However, even with the presence of decoherence, the double-
channel PulsePol sequence demonstrates significantly enhanced
polarization transfer compared to the direct application of the
single-channel PulsePol sequence to a nucleus positioned
according to the selected couplings. Notably, the direct method,
characterized by a coupling between the NV and the nucleus in
the range of KHz, leads to polarization transfer times on the order
of milliseconds. Consequently, the acquired polarization by the
nucleus is deemed negligible within the simulation’s chosen time
scale, which is on the order of some microseconds.

Continuum description. Accurately modeling these systems
typically requires considering regions of tens or hundreds of
nanometers in size, which contain around 10'? proton spins and
1020 couplings in a typical organic target sample. This makes
discrete dynamical modeling impractical. However, the relatively
high target densities (approximately 50 nm~—3) compared to the
NV-target standoffs (approximately 5 nm) allow for a continuum
description of the system. If a single spin interacts with an
ensemble of independent spins with density pn(R), it will still
exchange polarization coherently with the ensemble as it was

described in Eq. (19), but now B, is given by!®

By = / py(R)B, (R)’dR,

where B (R) is the coupling strength given by Eq. (15) for a spin
located at position R, and the integral is taken over the target
region external to the diamond surface.

In the approach taken in this section, we focus on the
polarization of an infinitesimal fixed volume located at position
R, with individual spins potentially moving in or out, rather than
tracking the trajectories and polarization of individual particles.
According to Broadway et al.19, the system is modeled through a
convection-diffusion equation with spatially dependent cooling
rate u(R),

(24)

%P(R, t) = u(R)[1 — P(R,1)] = T, ,P(R, 1) + DV*P(R,1). (25)
where Ty, is the spin-lattice relaxation of the nuclear spins and
D =Dy, + D, is the total effective diffusion constant due to
processes associated with nuclear dipole-dipole (dp) mediated,
and spatial (sp) diffusion respectively. In a liquid sample, this
diffusion term can capture molecular diffusion if it is slow enough
for the flip-flop dynamics described in the previous section to
remain approximately valid. In a solid sample, it can describe
dipole-mediated spin diffusion. The cooling rate describes the
polarization buildup after a cycle consisting of initializing the NV
spin to |0) and applying the protocol for a duration T'=2NT.
Therefore, the cooling rate depends on the specific protocol used.
For direct polarization transfer, the cross-relaxation (CR)!® and
NOVEL methods have been shown to achieve larger cooling rates
than the PulsePol method, thanks to their relatively larger flip-
flop coupling strength?2. However, PulsePol is less sensitive to
NV spin dephasing, which allows it to operate in the coherent
regime for external samples. Furthermore, as it will be shown
next, by applying the double-channel PulsePol sequence, the
cooling rate can be significantly increased.

We consider a semi-infinite slab of H! spins in frozen water
with uniform density (pn(R) =66 nm~—3) and placed on a flat
diamond surface. An NV center is located at the origin, beneath
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Fig. 3 Theoretical overview of nitrogen-vacancy (NV)-electron-nuclei
polarization transfer mechanism for the case in which all elements are
treated as discrete entities. Symbols represent polarization of each
element at the end of a double-channel PulsePol sequence. a Dynamical
simulation of one NV, an electron and 3 target 'H nuclei. Dashed lines
denote the analytical expression given by Eq. (23). The NV and electron
interact with a coupling A,, = (27)0.9 MHz, while the nuclei interact with
the electron with couplings B, =(22)1 MHz, (22)0.6 MHz and (27)0.4
MHz. The magnetic field is set to 430 G and the pulses are considered to
be ideal and instantaneous. The interpulse spacing corresponds to n=3,
and the NV is re-initialized every 8 sequences. b Dynamical simulation of
one NV, an electron and a target TH nucleus (first nucleus of the previous
simulation) with decoherence. The relaxation and coherence times are
™ =1ms, TV =10us, T =30us, T§ =Tus, 0 =15, Th=1Tms. In
this simulation, we assume that the NV is 80% polarized in the |0) state.
The green dashed line represents the polarization acquired in a fully
decoherence-free environment. The inter-pulse spacing corresponds to
n=3, and the NV is re-initialized every 7 sequences.

the surface. A surface electron, which is used as a polarization
mediator, is placed at position r. In this scenario, the cooling rate
is given by the same expression as it is used in Eq. (21),
substituting the coupling with the i-th spin BSI_) by a position-
dependent coupling B, (R). The expression for the cooling rate
can then be slightly modified to incorporate some practical
considerations affecting the protocol implementation. For
instance:

(i) The surface electron and the NV have a finite coherence
time that severely limits polarization transfer. In particular,
the electron has a dephasing time of approximately 1 us,
while the NV’s dephasing time is approximately 10 us, as
reported in refs. 2332, The PulsePol protocol is specifically
designed to be resistant to quasistatic dephasing, which
suggests that the results obtained in our simulations may
represent a conservative estimate of its performance.
Nevertheless, the efficacy of polarization transfer is still
affected by faster fluctuations in the system, potentially
leading to reduced transfer efficiency. As a rough
approximation, these coherences can be taken into account
by including a damping factor e~ +0T in the expression
of u(R)32, where T¢ and IV are the dephasing rates
(inverse of the dephasing time) of the electron and the NV,
respectively.

(if) In our analysis, we made the idealized assumption that the
spin of the NV center could be perfectly initialized into the
pure spin |0) state. However, in practice, the initialization
fidelity of the NV center is finite, with a value denoted by
Fnv<l. For single NV centers in bulk diamond, the typical
observed value of the initialization fidelity is around Fy ~
0.8 for short duration pulses®3. This finite fidelity has a
direct impact on the degree of polarization transferred to
the electron, which in turn can diminish the efficiency of
the hyperpolarization process. To account for the effect of
Fyv»> we straightforwardly incorporate it into the cooling
rate u(R) as a multiplicative factor.
In addition to the finite initialization fidelity, the process is
not instantaneous but instead requires a finite amount of
time. Specifically, the initialization typically involves at
least 1 us of optical pumping under high laser intensity,
followed by 1 us for the NV center to relax to its ground
state?4, before the polarization transfer protocol can be
applied. To incorporate this delay into our model, we can
introduce a dead time t; = 2us, which can be added to the
time T in the denominator of the expression for the
cooling rate.

(iii)

Combining the above factors, the cooling rate after applying the
protocol for a single cycle of duration T can be approximated as

7:Nv e—(r;’ +I)T

u(R) = T+e, v(R), (26)
where ¥(R) is calculated as
2 2 A 2 B 2
v(R) = 24,,(¥) [“BL(R)Z] > sin* (") 8+ (5o) T|,
Ao + (a5’
(27)

and B, is calculated using Eq. (24) with the B, coupling term
from Eq. (15).

Our analysis considers an NV center located at a depth of
d=3.5 nm beneath the diamond surface, with the quantization
axis oriented at an angle of 54.7° with respect to the surface’s
normal. This orientation is chosen strategically to minimize the
average coupling strength among surface electrons that might
potentially interact. The specific angle of 54. 7° ensures the lowest
possible average coupling strength among these surface electrons.
We introduce a single mediator electron positioned on the
diamond surface. Notably, the coupling between the NV center
and the electron vanishes at 6 =54.7° (see Eq. (4)). Hence, we
deliberately place the electron at a position where it is not directly
above the NV center. Through our analysis, we find that the
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Fig. 4 Numerical simulation of the hyperpolarization process. The nitrogen-vacancy (NV) spin has a depth dyy = 3.5 nm and is oriented at an angle

Onv = 54. 7° in the xz plane, which is the most commonly found angle as it corresponds to a (100)-oriented diamond surface. The nuclear spins ('"H) have a
density py = 66 nm—3 and a relaxation rate I'; , = 1s~\. a Steady-state polarization maps in the xy plane at the diamond-sample interface and b in the xz
plane including the NV center in the direct hyperpolarization case using the PulsePol. ¢, d Steady-state polarization maps when the electron is used as
polarization mediator. @ Number of polarized spins, given by Eq. (29) in the conditions of figures (a-d). f Calculated number of polarized spins as a function

of the coherence time of the electron T§ .

optimal duration for maximizing the polarization rate is
approximately Ty~ 0.6us. Under a static magnetic field intensity
of B=390 G, this corresponds to a single PulsePol sequence
block with an interpulse spacing corresponding to n=1 in Eq.
(12).

We contrast the results obtained through the use of the
electron mediator with those arising from direct polarization
transfer from the NV center to the external nuclei utilizing the
PulsePol sequence. In this setting, and accounting for all of the
practical constraints that were mentioned earlier, the cooling rate
can be expressed as

Fae T [BLRF [LBB T’} (28)
T +t, (36)2

4

Notice that in the direct polarization transfer scheme, the
constant « may differ from the « value used in the double-
channel sequence, and the coupling 5 is computed based on the
position vector of the nuclei relative to the NV center.
Consequently, B is much smaller than 5, as the target sample
is located much farther away from the NV center compared to the
mediator electron. Under the same conditions as the previous
example, we find that the optimal duration for maximizing the
polarization rate in this scenario is approximately Tj > 7 ys. This
corresponds to a duration equivalent to approximately 4 PulsePol
sequence blocks with interpulse spacing corresponding to n =3
in Eq. (12), assuming the same magnetic field intensity as before.

To simulate the hyperpolarization process described by Eq.
(25), we assume that the target nuclei have a relaxation constant
Tn=1 s~1. The diffusion constant is computed using the
approximate expression for a cubic lattice,
D~ 0.22u,hy*py” /43, resulting in D=~670 nm? s~1. The
presence of diffusion causes the polarization to spread outwards
from the source, ultimately reaching a steady-state configuration
in a time of approximately the relaxation time T;, = 1/T;,, or
even faster if the cooling rate u(R) is much larger than the
relaxation rate I'y ,,. The spatial extent of the polarization can be
estimated to be on the order of /D, T, &~ 30 nm. Polarization
maps simulated for the described situations are plotted in Fig. 4a,
b for the direct polarization transfer from NV to nuclei and
Fig. 4c, d for the electron-mediated polarization transfer case. The

uPP(R) —

use of the electron as mediator leads to a larger total polarization
compared to direct transfer to the external nuclei using PulsePol.
In particular, the polarization is concentrated more strongly near
the mediator electron, as its sphere of influence is much smaller
due to its proximity to the surface. This localized polarization
enhancement could be advantageous for hyperpolarization in
highly diffusive samples, where efficient transfer of polarization to
nearby nuclei is crucial before it diffuses away. To quantify the
efficiency of the polarization process, a useful metric is the
effective number of polarized spins, which is defined as
N(t) = py / P(R, t)d’R. (29)

Under the conditions described in Fig. 4, we observe that the
steady-state population of polarized nuclei is approximately 2000
without a mediator, while it increases to N = 3100 when using the
electron-mediated polarization transfer protocol. This improve-
ment is due to the higher cooling rate provided by the electron-
mediated protocol. While our initial analysis anticipates sig-
nificantly accelerated polarization transfer rates when utilizing the
intermediate electron, the observed enhancement factor in the
final results is only approximately 1.5 compared to the direct
protocol. This outcome arises from the interplay of two primary
factors: decoherence and spatial constraints. Decoherence poses a
substantial influence on the efficiency of the polarization transfer
process. Notably, the electron experiences faster decoherence
rates compared to the NV, impacting the maintenance and
coherence of the polarized state. This difference in decoherence
dynamics contributes to the modest enhancement observed in the
final results. Furthermore, the spatial constraints imposed by the
proximity of the electron to the diamond surface play a pivotal
role. The radius of the sphere of action of the polarizing agent,
delineating the region within which it exhibits significantly larger
couplings with nearby nuclei, is approximately equal to its depth
inside the diamond crystal. Given the electron’s close proximity
to the surface, its sphere of action is comparatively smaller than
the NV’s sphere of action. Consequently, nuclei in immediate
proximity to the electron dominate the interaction, resulting in a
localized polarization effect that limits the transfer to other nuclei.
Figure 4e shows the dynamic polarization buildup for both the
direct and electron-mediated protocols. In the electron-mediated
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case, the number of polarized spins initially grows faster due to
the electron’s higher cooling rate. However, the high local
polarization around the electron acts as a blocking mechanism,
limiting the polarization growth. Nonetheless, diffusion allows for
polarization at distances beyond that reachable via the dipole-
dipole interaction, enabling a higher total polarization to be
reached, and resulting in a larger number of polarized spins in the
steady-state. In both cases, the steady-state is attained at
approximately the same time.

As mentioned, decoherence is the most significant factor
affecting the protocol. Figure 4f illustrates the effect of the
electron’s decoherence. Increasing the coherence time of
the electron to around 4 us can result in a twofold increase in
the number of polarized spins. Although this value of the
coherence time is currently beyond the reported value by Sushkov
et al.23, optimizing diamond surface preparation and utilizing the
intrinsic decoupling scheme of the PulsePol could result in a
significant coherence boost. Beyond this point, further enhance-
ments in the electron’s coherence may not produce remarkable
improvements as the NV’s decoherence starts to limit the
effectiveness of the protocol.

Conclusion

We introduced a double-channel sequence with which, by
applying the PulsePol sequence to the NV and the target spin
separately, it is possible to transfer polarization to particles with
spin regardless of their Larmor frequency. Importantly, while we
have predominantly discussed the role of electrons as mediators
in this work, it is crucial to highlight the broad applicability of
the proposed sequence. Our method is not exclusive to elec-
trons; rather, it extends to any spin, even spins with a high
Larmor frequency. This versatility opens new possibilities for
hyperpolarization techniques, especially for spins that pose
challenges for conventional sequences. The main advantages of
this double-channel protocol are that the restriction on the
inter-pulse separation to fulfill the resonance with the target
Larmor frequency is lifted, and that the full coupling strength
contributes to the polarization rate. The sequence is robust to
errors in the driving fields such as detunings or pulse errors. All
this makes the double-channel PulsePol sequence a promising
candidate for a variety of applications, including polarizing
electrons in moderate magnetic fields or nuclear spins in intense
magnetic fields. Moreover, this procedure could be extended to
the near-equivalent regime of parahydrogen-induced polariza-
tion, where PulsePol has already been shown to be effective3l.
Future work can explore the use of this sequence applied to
parahydrogen polarizing agents to polarize nuclei at high fields,
a method that has already been demonstrated in recent studies
at low fields through signal amplification by reversible
exchange3°.

Additionally, this sequence has the ability to transfer polar-
ization to nearby nuclear spins using the electron as a mediator
by meeting the PulsePol resonance condition on the inter-pulse
spacing. While our initial analysis suggested the potential for
substantially improved polarization transfer capabilities using this
approach, leveraging the anticipated strengthened couplings
between the NV center, the electron mediator, and the target
nuclei, the realized enhancement factor in the final results
demonstrates a more modest increase, reaching approximately 1.5
compared to the direct protocol. This nuanced outcome is
intricately linked to the dynamic interplay of decoherence
mechanisms and spatial constraints. Despite these challenges, our
approach stands out as superior to other state-of-the-art methods,
showcasing the potential of the double-channel PulsePol
sequence. Moreover, in a more realistic scenario, the presence of

multiple dangling bonds interacting with the NV could serve as
additional polarization transfer mediators. Considering the
polarization’s localized nature in close proximity to the electrons,
the inclusion of multiple electrons might offer further benefits to
the protocol. However, a more in-depth investigation is war-
ranted to ascertain the validity of this assumption.
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