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After initial proof-of-principle demonstrations, optically pumped nitrogen-vacancy (NV) centres
in diamond have been proposed as a non-invasive platform to achieve hyperpolarisation of nu-
clear spins in molecular samples over macroscopic volumes and enhance the sensitivity in nuclear
magnetic resonance (NMR) experiments. In this work, we model the process of polarisation of
external samples by NV centres and theoretically evaluate their performance in a range of scenar-
ios. We find that average nuclear spin polarisations exceeding 10% can in principle be generated
over macroscopic sample volumes (2 pL) with a careful engineering of the system’s geometry to
maximise the diamond-sample contact area. The fabrication requirements and other practical chal-
lenges are discussed. We then explore the possibility of exploiting local polarisation enhancements
in nano/micro-NMR experiments based on NV centres. For micro-NMR, we find that modest signal
enhancements over thermal polarisation (by 1-2 orders of magnitude) can in essence be achieved
with existing technology, with larger enhancements achievable via micro-structuring of the sam-
ple/substrate interface. However, there is generally no benefit for nano-NMR where the detection

of statistical polarisation provides the largest signal-to-noise ratio.

This work will guide future

experimental efforts to integrate NV-based hyperpolarisation to NMR systems.

I. INTRODUCTION

Nuclear magnetic resonance (NMR) is a powerful tech-
nique that can provide structural and dynamic informa-
tion on molecular objects (NMR, spectroscopy) and spa-
tial information with submillimetre resolution for med-
ical diagnosis and in materials science (NMR imaging,
or MRI). The NMR signal generally originates from the
weak thermal polarisation (Pyy,) of nuclear spins at room
temperature, for instance P, = 107° for protons in a
magnetic field of 3 T. This constitutes a major limit-
ing factor to the sensitivity of NMR spectroscopy [1],
and consequently to the spatial resolution of MRI. A
range of methods has been developed to enhance this po-
larisation, denoted hyperpolarisation methods, e.g. op-
tical pumping [2, 3], para-hydrogen-induced polarisa-
tion (PHIP) [4, 5], and dynamic nuclear polarisation
(DNP) [6-10]. In essence, all these methods rely on
the creation of spin order in a given medium (a noble
gas for optical pumping, a dihydrogen gas for PHIP,
a solution containing unpaired electrons for DNP) and
the subsequent transfer of this spin order to the nuclear
spins of the target object. Using these techniques, polar-
isations (Pyp) far exceeding P;, are routinely achieved,
typically from Pyp =~ 5% to 90%. However, they re-
main technically challenging to apply especially when
the target molecules are in solution. For instance, PHIP
involves the insertion of para-hydrogen into the target
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via catalytic hydrogenation, whereas DNP often relies
on a freeze-thaw cycle where the polarisation step takes
place at cryogenic temperatures (typically below 20 K, or
about 100 K for biological NMR applications [10]). Con-
sequently, hyperpolarisation techniques remain reserved
for specialised applications.

Recently, the advent of solid-state spin systems orig-
inally developed for quantum information science has
opened the prospect of a new avenue to achieve hyper-
polarisation. In particular, the nitrogen-vacancy (NV)
centre in diamond, whose electron spin can be rapidly
(~ ps) and efficiently polarised (~ 80%) at room temper-
ature by optical pumping, has been proposed as an alter-
native source of spin order that could be transferred to
the target molecules in a similar fashion to DNP [11-13].
Unlike conventional DNP, however, NV centres do not
require cryogenic cooling or high magnetic fields, which
could potentially enormously simplify the associated in-
frastructure. Moreover, diamond, being a chemically in-
ert solid, can be relatively easily interfaced with the tar-
get molecules with minimum impact. But this also comes
with a significant challenge: because the NV centres are
relatively sparse and confined in a solid matrix (diamond)
that is physically distinct from the target object, the con-
tact area between the polarisation source and the target
is drastically reduced compared to standard hyperpolar-
isation methods which involve a full mixing on molecular
scales.

Proof-of-principle demonstrations of NV-based hyper-
polarisation were initially carried out on nuclear spins
intrinsic to the diamond [14-25], and recently hyper-
polarisation of molecular spins external to the diamond
was demonstrated with a single NV centre via lab-frame



cross-relaxation (CR) [11] and nuclear spin orientation
via electron spin locking (NOVEL) [12, 13]. While the
polarisation in the immediate vicinity of the NV centre
can be quite high (= 80%) and scaling-up from these ini-
tial results appears encouraging [11], it remains unclear
whether NV-based hyperpolarisation is a viable approach
to enhance NMR signals of macroscopic sample volumes.

In this work, we address this question by modelling
the general process of polarisation of an ensemble of nu-
clear spins in contact with a diamond containing an en-
semble of NV centres. We explore a range of scenarios
and parameters and find that, even assuming an opti-
mally efficient polarisation transfer, obtaining large en-
hancements of the average nuclear polarisation requires a
careful structuring of the diamond in order to maximise
the surface area in contact with the sample, which in-
volves high-aspect-ratio micro-structuring. Practical lim-
itations such as finite NV spin coherence times or finite
spin initialisation fidelity, which place further constraints
on this requirement, are discussed. We note that the the-
oretical framework we develop is general and in principle
applicable to other solid-state systems hosting electron
spins that can be polarised on demand.

Motivated by the fact that the polarisation may be lo-
cally much higher than the average polarisation, we then
explore the possibility of enhancing the signal-to-noise
ratio (SNR) in both NV-based micro-NMR, and nano-
NMR experiments, corresponding to sensing volumes of
the order of (10 um)? and (10 nm)?, respectively [26-29].
For micro-NMR, we find that modest enhancements over
thermal polarisation can be achieved under realistic as-
sumptions, with current technology. For nano-NMR ex-
periments, however, there is generally no SNR enhance-
ment when compared with the standard detection of sta-
tistical polarisation. Overall, these results highlight the
limitations and challenges of NV-based hyperpolarisa-
tion, and as such form the basis for developing a roadmap
for future experimental efforts.

The paper is organised as follows. In Sec. II, we present
a theoretical framework to describe the polarisation of an
ensemble of nuclear spins using a single NV centre. In
Sec. III, this framework is extended to the case of mul-
tiple NV centres arranged according to different geome-
tries, and the resulting average polarisation is compared
to thermal polarisation. This allows us to determine the
influence of the different parameters and identify the re-
quirements to achieve a significant polarisation enhance-
ment. In Sec. IV, we analyse the case of NV-based micro-
and nano-NMR. Finally, in Sec. V we conclude on the
prospects on NV-based hyperpolarisation and the exper-
imental challenges ahead.

II. NV HYPERPOLARISATION OF EXTERNAL
TARGETS

In this paper, we are interested in the problem of trans-
ferring spin polarisation from sparse NV centres in a di-

amond structure to a comparatively dense ensemble of
nuclear spins located outside the diamond (Fig. 1). This
is a quite different situation to that encountered in con-
ventional DNP experiments, and so we will start by dis-
cussing the key conceptual challenges for designing a “di-
amond hyperpolariser” (Sec. ITA). We will then describe
the dynamics of polarisation exchange between a single
NV centre and an ensemble of nuclear spins for a class
of optimally efficient protocols (Sec. II B), and model the
resulting build-up of polarisation (Sec. II C). This model
will be extended to the case of multiple NV centres ar-
ranged in certain specific geometries in Sec. III. We stress
that although we consider the NV centre as the source of
polarisation throughout this work, the results are quite
general and could apply to any electron spin that can be
initialised on demand, with only small corrections needed
if the spin quantum number differs from the spin-1 NV
system.

A. Conceptual challenges

The nature of the problem is illustrated in Fig. 1. Dia-
mond crystals containing NV centres are brought in con-
tact with a sample containing nuclear spins. The goal
is to transfer the polarisation from the optically pumped
NV spins to the external nuclear spins. Compared to
conventional DNP where the polarising agents and the
nuclear spins are mixed on the molecular scale, NV-based
hyperpolarisation faces two main hurdles.

The first hurdle is the physical separation between the
sample and the NV spins, since the latter are confined
inside diamond crystals. This means that there is a min-
imum distance of several nanometres between the sam-
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FIG. 1. Schematic illustrating the concept of NV-based hy-
perpolarisation: diamond crystals (blue regions) containing
NV spins (blue arrows) are in contact with a sample (orange
region) containing nuclear spins (orange arrows). The NV
spins are polarised by laser excitation and this polarisation is
transferred to the nuclear spins by microwave (MW) irradi-
ation. The quantisation axis is set by the external magnetic
field, of strength By.



ple and the NV spins closest to the diamond surface, and
much more for deeper NVs, when conventional DNP typ-
ically involves separations of order ~ 1 nm or less, consis-
tent throughout the mixture. While the relative number
of near-surface NVs can be maximised by choosing an
appropriate geometry for the diamond structure, such as
a stack of thin diamond plates or an assembly of spher-
ical diamond nanoparticles (see Sec. III), the relatively
large minimum gap remains a challenge. Nevertheless,
because of their relative isolation the NV spins can have
a relatively long lifetime (77 nv &~ 5 ms at room temper-
ature [30]) and coherence time (approaching 71 nv with
dynamical decoupling [31]), and as a result polarisation
rates comparable to (or exceeding) those of conventional
DNP may be achievable.

The second hurdle is that NV centres are typically
sparse within a diamond crystal even with aggressive
doping techniques (~ 10 ppm at most, i.e. roughly one
NV per (10 nm)? volume, see discussion in Sec. IITC4).
This means there are very few NV centres available for
each nuclear spin, especially if the diamond material oc-
cupies a small fraction of the total volume (diamond +
sample), as discussed previously in Ref. [11]. For in-
stance, for a sample containing 1 nuclear spin per (1 nm)3
volume (i.e. a concentration of 1.7 M), there is a max-
imum of 1 NV per 103 nuclear spins assuming a 1:1 di-
amond/sample volume ratio (such as in a structure al-
ternating diamond slabs and sample slabs of identical
thickness), and 1 NV per ~ 10 nuclear spins if one uses
diamond nanoparticles at a concentration of ~ 1 g/L. In
contrast, typical mixtures for DNP have 1 electron spin
for just a few nuclear spins to be polarised.

Thus, NV hyperpolarisation comes with a major dis-
advantage compared to conventional DNP, caused by the
relatively low density and remote nature of the polarising
agents. The purpose of this work is to determine whether
an efficient polarisation transfer may be able to compen-
sate for this deficit and make NV hyperpolarisation com-
petitive. To this end, we will initially consider an ide-
alised scenario where the NV-nuclear system is perfectly
coherent and polarisation can be transferred at a rate
simply limited by the strength of the magnetic dipole cou-
pling. This is in contrast with conventional DNP where
the mechanisms relied upon (e.g., solid effect, thermal
mixing, Overhauser effect, etc. [6, 7]) are designed to op-
erate in a regime dominated by spin relaxation processes
leading to transfer rates far below the dipolar coupling
limit. Our aim is to use this best-case scenario to assess
the potential of NV hyperpolarisation and identify the
main challenges and limiting factors. The effect of spin
relaxation processes and other practical considerations
will be discussed in Sec. IITC.

B. Dynamics of polarisation exchange

In this work, we focus on a class of protocols that en-
able, in the absence of relaxation processes, coherent po-

larisation transfer (flip-flop) between the NV spin and the
target nuclear spin ensemble. This class includes CR [11],
NOVEL [12-15] and the integrated solid effect [22], which
rely on a continuous interaction, as well as pulsed proto-
cols such as PulsePol [23], refocused NOVEL [24] and
PolCPMG [25]. With the exception of CR which is
microwave-free, all these protocols require microwave ex-
citation resonant with the NV electron spin transition,
and the flip-flop interaction is enabled by careful tuning
of the microwave amplitude and/or pulsing parameters.
Other protocols relying on thermal mixing, the cross ef-
fect or the solid effect, in conjunction with continuous
repumping of the NV spin, were demonstrated [16-21],
but they are designed to operate in a regime dominated
by relaxation processes and thus are not considered here.

Let us consider the case of a single NV centre inter-
acting with a single nuclear spin located at a distance
R, with a polar angle © relative to the quantisation axis
(Fig. 2a). We assume that the NV centre’s electron spin
(with gyromagnetic ratio v.) is perfectly initialised in the
|0) state. The nuclear spin is a spin—% with gyromagnetic
ratio v,. We denote py (p;) as the probability for the
nuclear spin to be in the | 1) (] J)) state. The spin po-
larisation is then defined as P = py — py.

For the class of coherent protocols mentioned above,
the polarisation P evolves as [11, 32]

P(7) = P(0) + [1 — P(0)] sin? <A;T> (1)

where 7 is the interaction time and Ag is the protocol-
dependent flip-flop rate. Generally, CR offers the largest
flip-flop rate followed by NOVEL and PulsePol, as shown
in Ref. [32]. However, CR and NOVEL are not expected
to operate in the coherent regime for external samples
due to these protocols’ sensitivity to surface-induced NV
spin dephasing. Therefore, for all numerical evaluations,
we will consider the PulsePol protocol as it is the most
robust against dephasing and other imperfections [23]
hence the best candidate to realise this idealised coherent
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FIG. 2. Definitions of the geometrical parameters in the case
of (a) a single NV spin (blue arrow) interacting with a single
nuclear spin (orange arrow), (b) a single NV spin interacting
with a semi-infinite slab of nuclear spins (orange box), and
(c) a single NV spin at the centre of a spherical nanodiamond
(blue sphere) immersed in an infinite medium of nuclear spins.
In (b), the orange arrow represents one spin among the en-
semble, to define the position vector R.



scenario. Namely, for PulsePol the flip-flop rate is [23, 32]

3aa

A= oms

| sin(©) cos(O)| (2)
where a = % is the magnetic dipole coupling con-
stant and a = 0.72 is a numerical factor.

At time 7 = 19 = Als, which we will refer to as the
flip-flop time, the nuclear spin is fully polarised (P = 1)
corresponding to a pure spin state | 1). Thus, it takes
a duration 7 to transfer a fraction (dependent on P(0))
of a single quantum of angular momentum from the NV
spin to the nuclear spin. As an example, in this idealised
scenario it would take 79 &~ 1.6 ms to fully polarise a
single proton spin (H) at a distance R = 5 nm and
angle © = 54.7°, using PulsePol. We note that the NV-
'H coupling strength (of order Ag) is much smaller than
typical NV linewidths (kHz vs. 100’s of kHz), such that
spin diffusion barrier effects can be safely neglected in
what follows.

If the NV interacts with an ensemble of independent
nuclear spins with uniform density p,, it will still ex-
change polarisation coherently with the ensemble but at
a faster rate Ag given by [11]

%=%/£mWR (3)

where Ag(R) is the coupling strength for a spin located
at position R, which is given by Eq. 2 in the case of
PulsePol. As before, the flip-flop time is defined as 79 =

s

AOThe rate Ag can be evaluated analytically for certain
geometries. Let us first consider the case of a semi-
infinite slab of nuclear spins placed on a flat diamond
surface (Fig. 2b). The NV centre is located at a depth
dnv below the diamond surface and its spin quantisation
axis forms an angle fyy with the surface normal (defined
as the z axis). In this case, we obtain

pn(gaa)®
A= ()
NV
where g is a dimensionless geometric factor given by

5 w55+ 12 cos(20nv) — 3 cos(40xv)] (5)
g = 1024 '

As an example, for 'H spins in frozen water (p, =
66 nm~3) with dyy = 5 nm and Oy = 54.7° (yielding
g ~ 0.40), we get a flip-flop time 79 & 30 pus.
Alternatively, consider an NV centre located at the
centre of a spherical diamond nanoparticle (nanodia-
mond) immersed in the nuclear spin ensemble (Fig. 2c).
If dyv is the radius of the nanodiamond, A takes the
same form as in Eq. 4 but with a different geometric fac-

tor, g = 2?” ~ 1.12, which is nearly 3 times as large as

4

for the flat surface. Accordingly, for 'H in frozen water
with dyyv = 5 nm, the flip-flop time is shorter, 79 ~ 11 us.

From Eq. 4, it follows that the flip-flop time scales as
O = Alo o dgN/\?pﬁl/zw,jl. A shallower NV will give a
shorter flip-flop time, e.g. in the flat surface geometry
79 ~ 8 us for a 2-nm deep NV, which is often considered
a practical lower limit [33, 34]. Meanwhile, more dilute
samples will lead to longer times, e.g. 79 ~ 310 us for
1 M of 'H spins in a deuterated solvent (p,, = 0.6 nm~3,
dny = 5 nm), and 1 M of 3C spins would give 79 =~
1.2 ms. These numbers illustrate the typical time scales
involved in NV-based hyperpolarisation.

It is important to note that the flip-flop time 79 cor-
responds to the transfer of a single (at most) quantum
of angular momentum, provided by the NV spin. For an
ensemble of nuclear spins, this transferred momentum
must thus be shared among the nuclear spins, propor-
tionally to their respective coupling strength. Precisely,
the polarisation of a nuclear spin at position R, under a
continuum approximation [11], evolves as

2 T
= P(R,O)]Ai?) sin? (A;)> .
(6)

To build up polarisation, the NV therefore needs to be
reinitialised and the protocol repeated, as we analyse be-
low.

P(R,7) = P(R,0) +

C. Modelling the polarisation build-up

We consider the situation where the polarisation trans-
fer protocol is continuously repeated. That is, we con-
tinuously repeat a cycle consisting of initialising the NV
spin to |0) and applying the protocol for a duration 7.
Each cycle increases the polarisation by a small amount,
as described by Eq. 6. The polarisation after each cy-
cle of duration 7, which we denote as P(R,t) where t is
the total time (a multiple of 7), can then be described
by a differential equation 22 = u(1 — P) where u is the
position-dependent polarisation rate, or “cooling” rate,

given by
PR,t+71)— PR,1)

UR) = PR
o ]. AS(R) .2 A()T
— A sin <2> . (7)

The optimum duration 7 to maximise u(R) is 7opy =~
2
0.7479 and gives u(R) = LUAR) - The differential

To A2
equation produced can be extended to include spin-
lattice relaxation of the nuclear spins (relaxation rate
I'1 ) as well as polarisation diffusion (diffusion coeffi-
cient D,,), leading to the differential equation [11]
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The diffusion term may capture molecular diffusion in
the case of a liquid sample (assuming diffusion is slow
enough that the flip-flop dynamics described in the previ-
ous section remains approximately valid, see Sec. II1 C 3),
or dipole-mediated spin diffusion in the case of a solid
sample.

Before solving Eq. 8 numerically in the general case,
it is useful to examine the solution when diffusion is ne-
glected (D,, = 0),

P(R,t) = P(R,0) [1 _ e(u(R)H“l,n)t] )

where we assumed that the sample is initially unpo-
larised, P(R,0) = 0, and the steady-state value is given
by

u(R)

PR,) = W®) 1T

(10)
This steady-state value is reached in a time of the order
of the relaxation time T3, = 1/T1,, or less if u(R) >
I'1,. As an example, for 'H spins in a dense ensemble
(pn, = 66 nm~3) with dxyv = 5 nm and Oxy = 54.7°, u(R)
reaches up to =~ 15 s~! at some positions R, leading to
a maximum steady-state polarisation of ~ 94% if T} ,, =
1 s. Cross-sections of the polarisation distribution for
this scenario are shown in Fig. 3a, revealing a multi-lobe
structure originating from the angular dependence of the
dipolar interaction (Eq. 2).
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FIG. 3. Calculated polarisation maps in the steady state
(P(R,00)) in the zy plane at the diamond-sample interface
(top) and in the zz plane encompassing the NV (bottom)
without diffusion (a) and with D, = 670 nm?s™" (b). The
NV spin has a depth dnyv = 5 nm and is oriented at an angle
Onv = 54.7° in the zz plane. The nuclear spins (1H) have
a density p, = 66 nm~® and a relaxation time T1,, = 1 s.
The PulsePol protocol is applied with an interaction time
T = Topt = 22 Us.

=u(R)[1 - P(R,t)] - T1,P(R,t) + D,V*P(R,1) . (8)

Diffusion acts to spread the polarisation further away
from the source (i.e. the NV), but the time scale to
reach the steady state remains relatively unchanged, con-
strained by 77 ,. Using the approximate expression for
a cubic lattice, D, =~ 0.22%‘1117%;),1/ % [35], we obtain
D,, ~ 670 nm?s~! under the same assumptions as be-
fore. The spatial extent of the polarisation is thus ex-
pected to be of the order of /D, T} , ~ 30 nm. Polari-
sation maps for this scenario are shown in Fig. 3b where
the polarisation indeed extends over 10’s of nanometres,
much further than without diffusion, while the maximum
polarisation is reduced to < 4% (note that Fig. 3b was
cropped to show the same region as Fig. 3a but the po-
larisation extends beyond this region).

A figure of merit to quantify the efficiency of the polar-
isation process is the effective number of polarised spins,
defined as

N, = pn/P(R, 00)d®*R. . (11)

In the conditions of Fig. 3, we obtain Ny ~ 20,000 with-
out diffusion, and N, ~ 37,000 with D,, = 670 nm?s~".
The difference is due to a saturation effect: as P ap-
proaches 1, the rate of change %—It) decreases (see Eq. 8);
therefore, by keeping the local polarisation to a low
level, diffusion allows for a higher total polarisation to
be reached.

The effect of diffusion is further illustrated in Fig. 4a
which plots Ny with and without diffusion, as a function
of Th . For Ty ,, < 0.1 s, diffusion has little effect on Vg
because the polarisation levels remain < 1, but for larger
T, we see that Ny becomes comparatively smaller with-
out diffusion due to this saturation effect. Meanwhile,
with diffusion Vg grows linearly with 77 ,,, as anticipated
from Eq. 10 which gives P(R,00) ~ u(R)T1,, in the
limit w(R) <« I'1, (ie. far from saturation). In this
limit, evaluating Eq. 11 using the expression for u(R)
from Eq. 7 gives

Tl,n

70

N, ~1.14 (12)
where we chose the optimal time, 7 = 7op¢. Thus, we find,
quite as expected, that the number of polarised spins is
roughly the maximum build-up time (~ 77 ,) divided by
the time it takes to polarise one spin (79). Evaluating 7o
using Eq. 4, we obtain

N, ~ g'aTy pl/2d? (13)
o Y Typpl g/ (14)

where we defined an extended geometric factor ¢’ =
1.14ag/7 that incorporates the numerical factors (note
that o depends on the protocol, a ~ 0.72 for PulsePol).
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FIG. 4. (a) Calculated effective number of polarised spins
in the steady state, Ns, as a function of 71, for 'H spins
with p, = 66 nm ™2 and D,, = 670 nm?s~* (red data) or
D,, = 0 (black). The NV spin is such that dyv = 5 nm and
Onv = 54.7°. (b) Ns as a function of dnv for 'H spins with
pn =66 nm™3 D, = 670 nm*s™" and 71, = 1 s. The NV
angle is Onv = 0° (blue data), 54.7° (red) and 90° (green).
The inset is a zoom in the shallow region (dnv < 5 nm)
plotted against linear scales to facilitate reading.

For the flat surface geometry (Fig. 2b), g depends on
the NV angle fnv (see Eq. 5). This dependence is il-
lustrated in Fig. 4b which plots Ny as a function of the
NV depth dyv varying from 2 nm to 20 nm, for dif-
ferent angles Onv. We see that a maximum polarisa-
tion is achieved with Onyv = 0° corresponding to the
NV axis along z (blue data), followed by Ony = 54.7°
and Onv = 90° which are about 10% and 30% less ef-
ficient, respectively. Nevertheless, these differences are
small compared to the effect of dynv, as expected from
the Ny x dgf’/ 2 scaling. In the following we will assume
Onv = 54.7°, which is the most commonly found angle
as it corresponds to a (100)-oriented diamond surface.

III. NV-BASED HYPERPOLARISATION FOR
CONVENTIONAL NMR

In the previous section, we developed a framework to
predict the maximum number of spins that can be po-
larised by a single NV spin, Ny (Eq. 13). Here, we anal-
yse how macroscopic ensembles of NV centres can be ar-
ranged to produce a sizeable polarisation over a sample
volume compatible with conventional NMR (~ uL to
mL). We analyse two different architectures for such a
diamond hyperpolariser, and for each we determine the
requirements to achieve a polarisation enhancement.

A. Slab architecture

We first consider the geometry proposed in Ref. [11]
and depicted in Fig. 5a, which employs a stack of dia-
mond slabs comprising arrays of near-surface NV centres
on each side, with an areal density ony. The NVs are
located at a depth dyv from the diamond surface and
form an angle fny with the z axis (normal to the dia-

mond surface). The gap between diamond slabs, filled
with the sample to be polarised, is hcen;. The unit cell of
this structure is therefore a slab of sample of thickness
heen/2, polarised by a single layer of NV spins. If Nj is
the number of polarised spins due to a single NV spin
within the array, the polarisation will be, when averaged
over the entire sample,

QUNvNS
py=2_">Y5 15
< > pnhcell ( )
20nvg'aTy p
= WG im (16)
p'}t/z di]/\g hcell

where the second line used Eq. 13, ¢’ being the geometric
factor for the slab geometry (¢’ = 0.11 for Onyv = 54.7°).

We compare this NV-induced polarisation with the
thermal polarisation [1],

(17)

P, = tanh <h’ynBO>

2kpT

where By is the magnetic field, T the temperature and
kp the Boltzmann constant. In the following, we will
compare (P) to the thermal polarisation obtained at
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FIG. 5. (a) A slab architecture for the hyperpolarisation of
a macroscopic sample (orange regions) based on a stack of
diamond slabs (blue) with near-surface NV centres (blue ar-
rows) on both sides. (b) Average polarisation induced by the
NVs, (P), as a function of T, and hcen, in the geometry (a)
for 'H spins. The other parameters are: ony = 10 m™2,
dnv = 5 nm, p, = 0.6 nm 2. The white (black) dashed
line indicates (P) = Py, ((P) = 0.1). (P) is calculated using
Eq. 15, which assumes that the polarisation is < 1 at any
point in the sample. Thus, the plot is not meant to be accu-
rate in the region where (P) approaches unity. Where Eq. 15
predicts (P) > 1, the value was capped to 1. (c) Example of a
diamond hyperpolariser based on the geometry (a). Two dia-
mond plates are structured to feature hce-wide grooves and
sealed together. Example dimensions are indicated, yielding
a total sample volume of =~ 5 uL.



By=3Tand T =300 K, i.e. Py =~ 10° for 'H spins.
The 3 T value was chosen to be representative of conven-
tional NMR/MRI experiments, keeping in mind that P,
scales approximately as P, o By so that a 9-T NMR
spectrometer, for example, would give a polarisation 3
times as large as that assumed here. We note that P,
and (P) (via the constant a) are both proportional to
the gyromagnetic ratio v, therefore the ratio (P)/Py, is
independent of the nucleus considered.

Let us examine how the parameters in Eq. 15 can be
optimised to achieve (P) > Py,. The NV density ony
must be maximised, but is limited by materials considera-
tions to maximum values of the order of ony ~ 1016 m=2
(see discussion in Sec. IITC4). The NV depth dyy must
be minimised but is also limited to a minimum of a few
nanometres typically. The density p, depends on the
sample to be polarised but has a relatively weak effect

(,0,11/ 2 scaling) compared to other parameters. The re-
maining parameters are T4 ,, which can vary over sev-
eral orders of magnitude depending on the sample, and
heenl which depends on the engineering of the system and
could vary from mm to pum scales. To explore the pa-
rameter space, we therefore vary 717, and hen while
fixing the other parameters to nominal typical values:
onv = 101 m=2 dyy = 5 nm, p, = 0.6 nm~? (i.e.
1M).

The outcome of this parameter sweep is presented in
Fig. 5b. The white dashed line corresponds to the (P) =
Py, condition, implying that there is no polarisation en-
hancement below this line, whereas the black dashed line
indicates a large enhancement, (P) = 0.1 ~ 10*P,,.
With heen = 100 pm, we obtain a modest enhancement
(P) ~ 100P,, with Ty ,, = 1 s, which is a typical relax-
ation time for 'H. The polarisation is increased to ~ 10%
if Th », = 100 s, which is relevant to low-v,, nuclei (e.g.,
15N or 13C) and also relevant for low temperatures. A
10% polarisation could be obtained for T, = 1 s if the
gap is reduced to heepp &~ 1 pm.

An example structure facilitating the implementation
of this architecture is depicted in Fig. 5c. It is com-
posed of two diamond plates structured with hee-wide
grooves. With 4 mm x 4 mm overall lateral dimensions,
which corresponds to standard commercially available di-
amond plates, the sample volume enclosed by this struc-
ture would be =~ 5 uL if the grooves are =~ 200 um deep.
While this volume remains smaller than the capacity of
standard NMR probes (100’s of uL), it is already com-
parable to the capacity of some NMR microprobes and
could be increased with deeper grooves, larger diamond
plates or by repeating the building block of Fig. 5c.

Based on this structure, heen = 100 pm would be rel-
atively straightforward to realise with standard etching
techniques given the aspect ratio close to unity. However,
heen = 1 pum (aspect ratio ~ 100) is a much more chal-
lenging target that will require further experimental de-
velopments. Diamond gratings with aspect ratios of 10-
20 are routinely fabricated for optical components [36—
38], and diamond needles with aspect ratios up to 50 have

also been reported [39, 40]. We stress that the above re-
quirements correspond to an idealised scenario where the
polarisation transfer from NV to sample is optimally ef-
ficient. In Sec. III C, we will discuss practical limitations
to this polarisation transfer efficiency, and how these may
impose stronger requirements, e.g. a smaller hee.

We note that hyperpolarisation may add a temporal
overhead to the overall NMR acquisition procedure, such
that the enhancement of the SNR is reduced compared
to the (P)/P;y, ratio [1]. This would be the case, for in-
stance, of liquid-state NMR requiring a freeze-thaw pro-
cess to incorporate the hyperpolarisation step, as will be
discussed in Sec. IIIC3. However, for solid-state NMR
when the hyperpolarisation protocol is applied continu-
ously, the SNR enhancement is essentially given by the
polarisation enhancement (P)/Py.

B. Nanodiamond architecture

We next consider the use of spherical nanodiamonds
immersed in the sample, with a uniform volume den-
sity pnp (Fig. 6a). We take a nanodiamond radius of
dnv = 10 nm, since below this radius NV centres are
typically not charge stable on average [41], although we
note that taking dnyy = 5 nm as previously would lead
to similar conclusions due to the relatively slow scaling
(N5 d&f/Q, see Eq. 13). We assume that each nanodi-
amond contains a single NV centre, corresponding to an
NV concentration of a few ppm. For simplicity the NV is
assumed to be located at the centre of the sphere, with its
axis aligned with the external magnetic field. If Ny is the
number of polarised spins due to a single nanodiamond,
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FIG. 6. (a) A nanodiamond architecture for the hyperpo-
larisation of a macroscopic sample (orange region) based on
an assembly of spherical nanodiamonds (blue spheres) with a
single NV (blue arrows) per nanodiamond. (b) Average po-
larisation induced by the NVs, (P), as a function of 71, and
pND, in the geometry (a) for 'H spins. The other parameters
are: dyv = 10 nm, p, = 0.6 nm~>. The white (black) dashed
line indicates (P) = Py ((P) = 0.1). (P) is calculated using
Eq. 18, which assumes that the polarisation is < 1 at any
point in the sample. Thus, the plot is not meant to be accu-
rate in the region where (P) approaches unity. Where Eq. 18
predicts (P) > 1, the value was capped to 1. The red dotted
line indicates an equivalent nanodiamond concentration of 1

g/L.



the polarisation of the sample will be, on average,

pNDNs
(P) = (18)
pn
pxpg'aTh
— PNDF@2im (19)
il 2

where the geometric factor is g’ ~ 0.29.

Figure 6b plots (P) as a function of T} ,, and pnp for 'H
spins with a density p, = 0.6 nm=2 (1 M). For T} ,, ~ 1 s,
a 10% polarisation would require pxp = 1022 m~3, corre-
sponding to a nanodiamond concentration of ~ 150 g/L
or a &~ 4% volume/volume concentration. Such a con-
centration is two orders of magnitude larger than that
of commercially available colloidal solutions (typically
~ 1 g/L [42]) and would be difficult to reach in a lig-
uid environment while maintaining an even dispersion,
but could potentially be achieved in a solid mixture.
However, nanodiamonds suffer from significant draw-
backs such as a reduced NV charge stability and reduced
spin coherence due to the increased surface-to-volume ra-
tio [41, 43], and the random NV orientation implying that
only a small fraction of the nanodiamonds would in fact
contribute to the polarisation. In Ref. [23], a fraction of
active nanodiamonds of about 10% was estimated, mak-
ing the density requirements even more stringent if not
physically impossible, e.g. a 40% volume/volume nan-
odiamond concentration would be required to achieve a
10% polarisation, under the same assumptions as above.
For these reasons, the discussions that follow will focus
on the slab geometry that appears more promising, al-
though they largely apply to nanodiamonds as well.

C. Practical considerations

In this section, we discuss practical aspects of NV ex-
periments relevant to the implementation of hyperpolar-
isation. First, we will see how the polarisation transfer
rate is affected by imperfect NV initialisation, finite NV
coherence time, and fast molecular diffusion within the
sample. Next, we will discuss the practical limits to in-
creasing the NV density, the effect of parasitic spins, and
the requirements associated with laser illumination and
background magnetic field.

1. NV initialisation

In Sec. IIB, we assumed that the NV electron spin
can be perfectly and instantly initialised into a pure spin
state. In reality, the NV initialisation fidelity is finite,
Fnv < 1. A typical observed value is Fnyv = 0.8 for sin-
gle NV centres in a bulk diamond [44], but Fnv may be
lower for near-surface NV centres, which are often sub-
ject to additional ionisation dynamics [45, 46]. Existing
strategies to improve this fidelity generally involve sig-
nificant time overheads and so are not considered here.

The factor Fyy can be simply included in the cooling
rate u(R) as a multiplying factor (Eq. 7).

Furthermore, initialisation of the NV electron spin is
not instantaneous. It typically takes a minimum of 1 us
of optical pumping under high laser intensity, followed
by 1 us to allow the NV to relax to its ground state [47],
before the polarisation transfer protocol can be applied.
This can be taken into account in our model by adding a
dead time t4 > 2 us to 7 in the denominator of Eq. 7. At
lower laser intensity, as often required when addressing
large volumes of NV centres (see Sec. IIIC6), this dead
time may be as large as 10’s of us, which could reduce
u(R) if the flip-flop time 7y is comparable.

2. NV dephasing

The NV spin typically experiences some dephasing
even in the absence of the sample. Protocols such as
PulsePol are, by design, robust against quasistatic de-
phasing, but faster fluctuations will still contribute to
reduce the efficiency of the polarisation transfer. As a
crude approximation, this can be taken into account by
including a damping factor e~™/725V in the expression of
u(R), where T, nv is the coherence time of the NV elec-
tron spin under the PulsePol sequence (a rigorous treat-
ment of dephasing effects is presented in Ref. [32]). For
an NV at a depth dyy = 5 nm, Tp Nv can be as large as
~ 1 ms with optimised diamond surface preparation and
low density of NV centres [48]. However, values in the
range 15 nv ~ 10 — 100 pus are more commonly observed
in samples with large densities of near-surface NVs [49].
This is much shorter than the optimum interaction time
expected for low-v, nuclei, e.g. 79 ~ 1.2 ms for 1 M
of 13C spins, which will significantly reduce the cooling
rate.

Combining the above factors, we can re-write the cool-
ing rate as

. vae_T;NV AS(R) . 9 AoT
u(R) = —— A2 sin” { —- ) - (20)

The optimum interaction 7 = 7,5 maximising u(R) now
depends not only on A but also on t; and 75 nv. The
effect of these factors is illustrated in Fig. 7, which plots
the average polarisation ((P)) of 1 M of 13C spins in
the geometry of Fig. 5a, as a function of T5 nv assuming
Fxv = 0.8 and t; = 10 us (red line). Compared to the
ideal case (horizontal dotted line), (P) is reduced from
30% to 24% for Tor nv 2 10 ms, and drops to 1.4% for
Tony = 100 ps and < 0.1% for To nv = 10 ps. Even
though these polarisation levels still largely exceed the
thermal polarisation, it is clear that the finite NV coher-
ence time is an important limiting factor for NV hyper-
polarisation. This motivates further work on improving
spin coherence of shallow NV centres [48], which in prin-
ciple can approach the phonon limit of, e.g., To nv ~ 1 s
at 77 K [31], as well as exploring other protocols that
may be more efficient in the T5 yy-limited regime [32].



8. Molecular diffusion

Most conventional DNP methods are inefficient in the
presence of fast molecular diffusion, except for the Over-
hauser effect in some conditions [50]. For NV centres
located several nanometres from the surface, however,
the interaction correlation time is too long for the Over-
hauser effect to work effectively [51], but is still too short
for other methods including the coherent polarisation ex-
change scenario considered in Sec. II B.

To see that, consider the example of liquid water at
room temperature, which has a diffusion coefficient of
D,, =~ 2.5 x 107 m2s~!. Over the time scale of the flip-
flop dynamics (79 ~ 30 us), the 'H spins travel over typ-
ical distances ~ /D, 19 ~ 300 nm. This is much larger
than the distance over which the NV-nuclear coupling is
significant (of the order of dnv). In the framework of
Sec. IIB, it is as if the state of the nuclear spins was
being reset to an unpolarised, incoherent mixture every
tp ~ div /Dy = 10 ns for dyy = 5 nm. This leads to
a Zeno-type effect whereby the NV spin, instead of ex-
changing polarisation following a sin? (%) law, would

T 27
supply an amount [sin® (4e2)] 0 ~ (£f2)™> which
becomes rapidly negligible for tp < 7p.

Thus, the results presented in the previous sections are
valid only for solid samples or high-viscosity liquid sam-
ples, typically D,, < 1074 m?s~!. Nevertheless, liquid
samples such as aqueous solutions could be handled in
a similar fashion to conventional dissolution-DNP, where
the solution is frozen for the hyperpolarisation step and
thawed for the NMR measurement [52-54]. Here, the so-
lution would simply need to be cooled below the freezing
point, in contrast to DNP where a much lower tempera-

Polarisation, (P)

Coherence time, T, yy (S)

FIG. 7. Average polarisation induced by the NVs, (P), as
a function of the NV spin coherence time, Tony. (P) is
calculated for 1 M of *C spins in the geometry of Fig. 5a
with hcen = 10 pm. For each value of 75 nv, the optimum
cooling rate from Eq. 20 is used. The other parameters are:
Tl,n = 100 S, dNV =5 nm, GNV = 54.707 ]:NV = 0.8,
tq = 10 ps, onv = 10'® m™2. The black solid line cor-
responds to the ideal case where Fnv = 1, tg = 0 and
T> nv = 0o. The blue dashed line indicates the thermal polar-
isation, Pip ~ 2.6 X 107 assuming By = 3 T and T = 300 K.

ture is required to achieve high polarisation.

4. NV density

In Sec. IIT A, we introduced a surface density of NV
centres, onv, which should be maximised to increase the
average polarisation, according to Eq. 15. Here, we dis-
cuss the practical limits to increasing onv .

Dense ensembles of near-surface NV centres are typ-
ically produced by nitrogen (N) ion implantation [49].
For a fluence of 10'3 N/cm?, assuming a 4% N-to-NV
conversion efficiency and taking into account that only
25% of the NV centres will have the correct crystallo-
graphic orientation and be aligned with the applied mag-
netic field [55], the surface density of “active” NVs is
ony = 10'® m~2. Obtaining larger surface densities with
this method is challenging especially at the low implanta-
tion energies required to create shallow NV centres, e.g.
2.5 keV to obtain a depth dyv =~ 5 nm. Indeed, a 2.5
keV implant with a 103 N/cm? fluence already creates
locally about 100 ppm of N, and 2000 ppm of vacancies
before annealing, according to Stopping and Range of
Tons in Matter (SRIM) Monte Carlo simulations. Sig-
nificantly larger fluences would likely cause irreparable
damage and significantly reduce the spin coherence time
Ty nv (limited by the bath of surrounding paramagnetic
impurities). It might be possible to increase the NV den-
sity without increasing the fluence, through doping engi-
neering to improve the N-to-NV yield [56-58], but further
work is needed to test the efficiency of this approach for
dense layers of shallow NVs.

However, for applications where the NVs are not used
for readout as in Sec. IITA, the NVs do not need to
be restricted to the near-surface region, which opens the
possibility to use optimised bulk doping techniques. In
particular, a record high bulk NV density of 45 ppm was
achieved in Ref. [59], through electron irradiation and in-
situ annealing of a diamond naturally containing about
100 ppm of nitrogen. Counting only those 25% of the
NVs that would be aligned with the external magnetic
field, i.e. ~ 11 ppm of active NVs, a 5-nm slice in this
diamond would give a surface density ony =~ 10'6 m—2.
In Sec. IITA, we assumed ony = 10'6 m~? with a fixed
depth dyy = 5 nm, which is therefore a good approxi-
mation for this diamond.

It is important to note that the NV density directly
competes with the NV coherence time 75 nv. For in-
stance, when substitutional nitrogen (N) is the domi-
nant impurity, the NV coherence time is inversely pro-
portional to the density [N] [60]. Since the NV den-
sity is proportional to [N], assuming a constant conver-
sion efficiency, increasing the NV density therefore does
not necessarily result in an increased polarisation. Dy-
namical decoupling experiments performed on diamonds
with [N] ~ 100 ppm reported coherence times of up to
Tonv ~ 100 ps [61]. This is sufficient not to limit the
cooling rate in the case of a dense 'H ensemble, but is



already a limiting factor for more dilute samples (see
Fig. 7). Thus, the assumed density of oxy = 10'¢ m—2
can be considered an optimum trade-off with respect to
ToNv.

We note that a surface density oxyv = 106 m~2 cor-
responds to a typical lateral distance between NVs of
~ 10 nm. Given that the polarisation exchange dynamics
between NV and nuclear spins is dominated by the most
strongly coupled nuclear spins at a distance ~ d — 2d,
the presence of nearby NV centres in the array may af-
fect this dynamics slightly, and as a result change the
number of polarised spins per NV, N;. For simplicity,
this potential correction was neglected in Sec. IIT A.

5. Parasitic spins

In addition to the NV spins, the diamond hosts a num-
ber of parasitic spins that may contribute to reducing
the amount of polarisation reaching the target sample,
via two different mechanisms. First, unpaired electron
spins from defects located inside the diamond (such as
nitrogen impurities or vacancy clusters [49]) or on the di-
amond surface [62-65] act as a source of dephasing for the
nuclear spins in the sample, which could affect the dy-
namics of the NV-sample system during the polarisation
transfer and therefore the efficiency of the process [32].

Second, the diamond hosts nuclear spins (inside or
at the surface) that could act as competing polarisation
sinks reducing the amount of polarisation transferred to
the target sample. Inside the diamond, 4N and/or °N
spins are typically present, as well as 2C spins if the
diamond is not isotopically purified. Moreover, an ad-
ventitious layer of 'H spins of thickness 1-2 nm (density
pn ~ 50 nm~3) is often observed on the diamond sur-
face [66, 67].

6. Laser illumination

An important element of NV experiments is the laser
illumination at 532 nm wavelength (or similar), which
enables the initialisation of the NV spin to a nearly pure
state, as discussed in Sec. III C 1. The illumination time
required to fully initialise the NV spin depends on the
laser intensity, with ~ 100 kW /cm? typically employed
to initialise the NV in ~ 1 us [47]. To initialise a 1 mm?
array of NVs at normal incidence, a peak laser power
of 1 kW would be required to achieve this initialisation
time, highlighting the enormous challenge posed by laser
illumination in mm-sized devices such as the structure
presented in Fig. 5c. While lower laser intensities may
be used, this comes at the cost of a reduced polarisation
rate (see Sec. IIIC1). Careful optical engineering ex-
ploiting, e.g., waveguiding and multi-pass strategies [68],
will therefore be critical for this application.

A deleterious consequence of laser illumination is the
heating or photo-damage it may induce on the sample
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to be polarised. Laser-induced heating is particularly
problematic when the sample must be frozen to allow
polarisation. Critically, the desired close proximity be-
tween NV and sample (dyy ~ 5 nm) means that the
laser intensity in the sample (near the diamond surface)
will be similar to that in the NV layer regardless of the
illumination configuration, and precludes the use of laser
shielding. However, we note that laser heating, if it can
be tuned appropriately, could also be used as a resource
to thaw the sample after it has been frozen for the po-
larisation step, a solution exploited in previous DNP ex-
periments [53].

7. External magnetic field

In principle, the class of protocols considered here,
such as NOVEL or PulsePol, can operate at low mag-
netic field (Byp < 0.1 T) as well as higher magnetic field
(e.g. By ~ 5 T), although the high field regime is sub-
stantially more technically demanding, requiring a high-
power, high-frequency microwave source; similar to most
conventional DNP methods.

The ability to operate at low fields therefore makes
NV hyperpolarisation potentially simpler and more cost-
effective than DNP. However, the subsequent measure-
ment of the hyperpolarised sample in a high-field NMR
spectrometer comes with its own challenges, and care
must be taken to minimise polarisation losses [69].

One requirement specific to the NV system is the need
for the magnetic field to be aligned with the symmetry
axis of the NV centres (within a few degrees), to ensure
effective spin polarisation by optical pumping [70]. The
diamond hyperpolariser must therefore be designed to
facilitate this alignment, for instance (111)-oriented dia-
mond surfaces (i.e. Oxv = 0 in Fig. 2b) may prove easier
to accommodate. Conveniently, Oy = 0 is the angle
that gives the largest cooling rate (Fig. 4b).

IV. NV-BASED HYPERPOLARISATION FOR
NV-DETECTED NMR

We now turn our attention to the situation where the
NMR signal is detected using a local magnetometer such
as an NV centre in the same diamond as that used for
hyperpolarisation, rather than with a remote inductive
detector as in a conventional NMR spectrometer. The
motivation is that the local polarisation may be signif-
icantly larger than the average polarisation, which sug-
gests that the NMR signal detected by the NVs could be
enhanced compared to the signal obtained in the absence
of hyperpolarisation.

Two scenarios are analysed. In the first one, a layer
of near-surface NV centres is used to generate the hy-
perpolarisation but the NMR signal is detected by NV
centres located deeper in the diamond, typically several
pm from the surface. This scenario, referred to as micro-



NMR, could enable liquid-state NMR, spectroscopy with
a sensitivity and spectral resolution approaching that of
conventional NMR, but with a greatly simplified appara-
tus. In the second scenario, referred to as nano-NMR, the
same near-surface NV centres are used both for the hy-
perpolarisation and for the NMR detection, which could
find applications in NMR studies of nanoscale objects or
NMR imaging with a sub-um spatial resolution.

A. Micro-NMR
1. Background

In NV-based micro-NMR, as first demonstrated in
Ref. [26], the NMR signal is read out by NV centres lo-
cated several pm away from the sample (dro). The probe
distance dro is chosen large enough so that diffusion of
the nuclear spins in and out of the sensing volume (of size
roughly given by dro) does not limit the NMR spectral
resolution. For a liquid sample with diffusion coefficient
D,,, the interaction correlation time due to translational

diffusion is 7, &~ 2,%‘2*0, which must be larger than the de-
phasing time of the nuclear spins, T3 ., in order to avoid
spectral broadening [71]. For typical aqueous solutions,
this implies dro 2 10 pum [26, 27].

NV-based NMR is generally conducted in a low mag-
netic field for experimental convenience. Since the NMR
signal is proportional to the thermal polarisation in this
case, there is ample room for boosting the signal and
hence the sensitivity by applying hyperpolarisation tech-
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FIG. 8. (a) Proposed set-up to combine liquid-state micro-
NMR (using a layer of deep readout NVs, or RO-NVs) with
in-situ NV hyperpolarisation (shallow NVs, or HP-NVs). (b)
Calculated magnetic field amplitude Bup produced by the po-
larised region in the plane of the RO-NVs for dro = 10 pm.
The dashed circle represents the laser beam of diameter
Diaser = 20 pm. The magnetisation Mup was calculated from
Eq. 21 assuming a density of HP-NVs oup = 10" m™2 and a
number of polarised spins per HP-NV of Ng =~ 37,000 corre-
sponding to the steady state polarisation obtained from Sec. II
with the following parameters: p, = 66 nm ™2, dxy = 5 nm,
Onv = 54.7°, Tin=1s.
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niques. For instance, the polarisation was only P, ~
3x 1077 in the original demonstration [26] (By = 88 mT),
which was later increased by more than two orders of
magnitude by in-situ liquid-state DNP based on the
Overhauser effect [72]. Here, we analyse the possibil-
ity of using NV centres to hyperpolarise the sample in
situ, which would have the advantage of not having to
introduce free radicals to the analyte.

A major drawback, however, is that NV hyperpolarisa-
tion is not applicable to liquid samples, as we discussed
in Sec. IITC3. One could envision increasing the vis-
cosity of the solution, but Ty, would then decrease due
to dipolar broadening, deteriorating the NMR linewidth.
Moreover, in this case the distance dgro could be reduced
without compromising the spectral resolution, down to a
few nanometres for D,, < 107'* m2s~!. This corresponds
to the nano-NMR regime analysed in Sec. IVB. Thus,
in order to combine NV hyperpolarisation to liquid-state
micro-NMR, it is necessary to freeze the solution for the
polarisation step (in principle, at any temperature be-
low the freezing point) and then thaw it before the NMR
measurement, as in dissolution-DNP [52-54].

2. Model

Let us consider the configuration of Fig. 8a. An array
of near-surface NV centres (referred to as the HP-NVs),
with a depth dnv ~ 5 nm and surface density ogp, is used
to polarise the frozen-solution sample by applying the
protocol described in Sec. II. Once the polarisation has
reached saturation, i.e. after a time ~ 77 ,,, the sample is
rapidly thawed and the NMR measurement can proceed
using an array of readout NV centres (referred to as the
RO-NVs) at a depth dro. We assume that the two NV
arrays are excited by the same laser beam of diameter
Diaser, with a typical value Djyger & 20 pm [26].

The polarisation step generates a disk-like region of po-
larised sample of diameter ~ Dj,s,. Because the probe
distance dro is much larger than the extent of the po-
larisation region from a single HP-NV (~ dyy) and than

the lateral separation between HP-NVs (~ Uﬁé/ 2), the
stray field seen by the RO-NVs can be calculated by ap-
proximating the total polarised region as a thin disk of
uniform magnetisation. That is, we average out the spa-
tial variations of the polarisation over length scales much
smaller than dro. The areal magnetisation of this disk
is then simply

MHP = O'HpNsl’nn (21)

where N is the effective number of polarised spins due to
a single HP-NV (as calculated in Sec. II C) and m,, is the
magnetic moment of a single nuclear spin. The tilde in
Mpyp denotes the fact that this is an areal magnetisation
(in units of A) rather than a volume magnetisation (in
A/m).

Upon thawing, the polarisation will diffuse both lat-
erally and vertically (away from the diamond surface).



However, the spatial extent of this diffusion should be
confined to a volume of the order of dgo by the time the
NMR measurement is completed, since this was the se-
lection criterion for dgo. One could also imagine to use
the laser beam to induce the thawing process, in which
case it might even be possible to keep a frozen contain-
ment structure surrounding the liquid core. In any case,
we will assume for simplicity that the shape of the po-
larised region is approximately preserved upon thawing
and throughout the NMR measurement.

Following an RF 7/2 pulse, the magnetisation pre-
cesses about the NV axis (unit vector uny), generating
an AC magnetic field of amplitude Byp at the position of
a given RO-NV. Byp is the projection of the field along
the quantization axis of the RO-NV, i.e. uny. To cal-
culate Byp, we compute the stray field generated by a
magnetic disk of magnetisation Mygp given by Eq. 21,
where we choose the direction of m, that maximises
the field seen by the RO-NVs. For instance, if uny
lies in the zz plane, i.e. uny = (sinfnv,0,cosfny) in

Cartesian coordinates, we take m, = hg” uy, X uny =

hry .
T"(COS Onv, 0, — sin QNV)-

8. Results

As an example, Fig. 8b shows the calculated Byp am-
plitude in the plane of the RO-NVs at dro = 10 pm,
from a polarised region of diameter Djser = 20 pm,
with an NV angle Oy = 54.7°. In these simulations,
the HP-NV layer is characterised by dyy = 5 nm and
oup = 10'® m~2, and the sample mimics frozen water
(*H spins with p, = 66 nm~2 and T3, = 1 s). Averag-
ing Byp over the readout disk (dashed circle in Fig. 8b),
we obtain (Bpp) & 42 nT in this case.

The average field (Byp) is proportional to the
amplitude of Mpyp scales as (Bpgp)
JHp'ynp}/ 2d§§/ 2T17n7 where T3, is the longitudinal
spin relaxation time in the frozen phase. To illustrate
the range of fields one could obtain, Fig. 9 plots (Bup)
as a function of T4, for a solution with a high density
of 'H spins (Fig. 9a) and for 1 M of '3C spins (Fig. 9b).

hence

The hyperpolarisation step assumes ogp = 10'6 m~2,
dny = 5 nm and Tp ny = oo (red data) or Th ny = 100 us
(blue).

The values obtained can be compared to the field am-
plitude By, that would be obtained from thermal polar-
isation only. The volume magnetisation is

Mth - pnPthmn (22)

where P, is given by Eq. 17. In general, the stray field
By, depends on the portion of sample contributing to the
magnetisation My, which depends on technical details
such as the homogeneity of the RF driving field. Nev-
ertheless, if the corresponding volume has a size much
larger than dro and Di,ger, as is typically the case, then
Byp is uniform in the RO-NV plane and depends little
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FIG. 9. (a,b) Average magnetic field seen by the RO-NVs as
a result of hyperpolarisation by the HP-NVs, (Byp), plotted
as a function of the 71, time of the target spins in the frozen
phase. The sample is p, = 66 nm™> of 'H spins in (a) and
1 M (or 0.6 nm™?) of *C spins in (b). The magnetisation
Mayp is calculated assuming opp = 10*® m~2, dyv = 5 nm,
Onv = 54.7° and Tonv = oo (red data) or Tenv = 100 ps
(blue). The stray field (Bup) is calculated assuming dro =
10 pm and Diaser = 20 pm. The dashed lines indicate the field
amplitude seen by the RO-NVs due to thermal polarisation
only, at a field Bo = 1.5 T or By = 88 mT.

on the exact volume and shape of the active part of the
sample [27]. For simplicity, we will therefore consider a
sample of cubic shape, for which the stray field can be
calculated analytically. The resulting field is indicated
by dashed lines in Fig. 9a,b, where we show the cases
By =88 mT (similar to Ref. [26]) and By = 1.5 T (simi-
lar to the pre-polarisation stage in Ref. [27]).

For the high density 'H solution (Fig. 9a), we see that
with a modest value of Ty ,, = 1 s, (Bup) exceeds By, by a
factor ~ 400 at 88 mT, and by a factor ~ 20 at 1.5 T, with
a negligible reduction caused by a finite 75 yv. Assum-
ing the freeze-thaw process can be repeated many times,
with a hyperpolarisation time (~ T3 ,) of the same order
as the measurement time (assuming 75, ~ T1, which
is plausible for a liquid), the temporal overhead could
be just a few seconds (including freezing and thawing
times) for ~ 1 s of measurement. In this case, the sig-
nal enhancement (Byp) /B, would translate into a com-
parable level of SNR enhancement, suggesting that NV
hyperpolarisation could be viable in this scenario.

A relatively straightforward improvement could come
from structuring the diamond surface to form a nanograt-
ing, as demonstrated in Ref. [73]. This would effectively
increase the NV surface density ogp, translating into an
increase in (Bpp) by the same amount. A 15-fold in-
crease in ogp was demonstrated in Ref. [73], and even
larger enhancements can be anticipated with higher as-
pect ratios [36-40].

For a solution containing 1 M of '*C spins (Fig. 9b),
the enhancement (Bpp)/Byy, is larger in the ideal case,
but is reduced by an order of magnitude when taking into
account a To Ny = 100 ps, which is due to the fact that
the flip-flop time is now longer (79 =~ 1.2 ms). Never-
theless, with this finite 75 nv = 100 ps we still predict a



300-fold enhancement over By, at 88 mT with 77 , = 1s.

B. Nano-NMR
1. Background

We now consider the possibility of using NV hyper-
polarisation to benefit nano-NMR or nano-MRI exper-
iments. Here, we refer to the use of a single near-
surface NV centre (typically, dyy < 10 nm) to per-
form NMR spectroscopy on a nanoscale volume of order
d3v 28, 29, 74, 75] (“nano-NMR”), or the use of a dense
two-dimensional layer of near-surface NV centres to im-
age the nano-NMR signal on a camera [66, 76] (“nano-
MRI”). Nano-NMR may be useful to study surface inter-
actions and the dynamics of molecules at the nanoscale
through the analysis of correlations in the NMR sig-
nal [67] or to characterise interactions in nanoscale ma-
terials [77], whereas nano-MRI allows characterisation of
samples over larger scales, with a sub-micrometer lateral
spatial resolution (limited by optical diffraction).

Previous demonstrations of nano-NMR/MRI have
used the N'Vs to detect the statistical polarisation of the
nuclear spins [28, 29, 74, 75], as it is much larger than
the thermal (Boltzmann) polarisation for nanoscale vol-
umes. Statistical polarisation spontaneously generates a
magnetic field oscillating at the Larmor frequency of the
nuclear spins. Because the phase of this oscillating field
is random, time-averaged NV measurements are sensitive
to the variance of this field, B2 ., which is given by [71]

rms’

B2 —, Lohiryn 2 78 — 3sin4(9Nv)]
rms = P\ T 12843,

(23)

in the geometry of Fig. 2b.

While there are several ways to generate an NMR spec-
trum [28, 29, 78], they all produce a measurable “signal”
(namely, a change in NV spin population) of the order of
AR ~ (Ve BrmsTsens)? in the small signal limit, where
Tsens 1S the interrogation (sensing) time, which is limited
by the NV coherence time 75 nv. For a dense ensemble
of 'H spins (p, = 66 nm~3), with an NV at dyy = 5 nm
and Ony = 54.7°, we obtain Byy,s =~ 830 nT, giving a
nearly full contrast (ApfR ~ 1) in only 7gens ~ 10 us,
which is typically well within 75 nv. For a more dilute
sample (p, = 0.6 nm~3), however, Byy,s ~ 80 nT which
gives only Apy; ~ 1072 with Teens ~ 10 ps.

On the other hand, NV hyperpolarisation followed by
a /2 RF pulse on the nuclear spins would generate a
signal of the form Apgg ~ Ye BupTsens, where Byp is the
amplitude of the AC magnetic field from the polarised
spins, evaluated at the NV location [79]. This amplitude
can be computed as the sum of the dipolar field from
each nuclear spin, projected along the NV axis,

Bup = pn / P(R,00)bac(R) -uny d®R - (24)

13

with

bac(R) = % (3(m7}%5R>R - I;;) ; (25)

where uny is the NV axis unit vector, m,, is the magnetic
moment of the nuclear spins in the transverse position
that maximises Byp, and P(R,00) is the steady-state
polarisation distribution, solution of Eq. 8.

In nano-MRI applications where a dense layer of NV
centres is addressed at once, the polarisation distribu-
tion should include the effect of all the NVs in the array.
However, we found that the dominant contribution to
Byp at a given NV site comes from the polarisation im-
parted by this same NV, with a negligible contribution
from the neighbouring NVs even at NV densities as large
as ogp = 10'® m~2. Therefore, for generality the results
below present the single NV limit.

2. Results

To compare the amplitude Byp obtained from NV hy-
perpolarisation with Byys, we plot the ratio Byp/Brms
as a function of T, for a semi-infinite ensemble of H
spins (Fig. 10a). Two densities are compared, p, =
66 nm~3 (red data) and p, = 0.6 nm~2 (blue), and a
diffusion coeflicient corresponding to the solid-state case,
D, =~ 0.222‘—;717,2“0%/3 [35], is included. The other pa-
rameters are taken as dyy = 5 nm, Oy = 54.7°, and
T nv = 1 ms. The ratio Byp/Bims is found to vary rela-
tively weakly with T ,,, in a roughly logarithmic manner.
We have Byp/Byms ~ 1 for Ty, = 10 ms, increasing to
Bup/Bims ~ 8 for the dilute sample when 77, = 10 s
and only Byp/Byms ~ 4 for the dense sample. This weak
dependence can be understood by considering the role
of diffusion: even though the total number of polarised
spins N increases linearly with T3 ,, (Eq. 13), this polari-
sation extends further away from the NV spin on average
thus causing a comparatively small increase in the local
magnetic field seen by the NV; this effect is more marked
in the dense sample when diffusion is faster.

We now examine how the SNR would change in an ex-
periment detecting Byp following NV hyperpolarisation,
compared to simply detecting B,ns. In most NV experi-
ments, the noise scales as Tr;;a{sz where Tiyeas 1S the time
dedicated to the NV measurement which can be written
as Tmeas = BT where T is the total experimental time
and S is the duty cycle of the measurement, which de-
pends on the details of the experiment including readout
time, dead times etc [80]. For the same total time T, the
SNR ratio is then

SNRup _ ApRy | Bup
SNRyms AprNH\l/s rms

Ve BupTik, Bup 9%
(7&Brms7-;é?12)2 Brms ( )
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FIG. 10. (a) Calculated ratio Bup/Bmms as a function of

Ty, for 'H spins with p, = 66 nm ™3 (red data, Bims ~
830 nT) and p, = 0.6 nm~? (blue, Brms ~ 80 nT). Diffusion
is included with a coefficient D, = 0.22%3}‘175,071/ 3. Other
parameters are: dyv = 5 nm, Onv = 54.7°, T nv = 1 ms. (b)
Calculated ratio SNRup /SNRyms (from Eq. 27) as a function
of T, for 'H spins with pn = 66 nm 3 (red data), pn, =
6 nm™? (green), p, = 0.6 nm™? (blue) and p,, = 0.06 nm™>
(orange). The NV coherence time is T2 nv = 10 ps (dashed
lines) or 100 us (solid lines). The correlation time of the AC
field is taken to be 7. = 100 ps. Other parameters are as in

().

which captures the ratio of the signal and the ratio of the
noise based on the above discussion, with Sgp (Brms) the
duty cycle for the hyperpolarised (statistically polarised)
case. In Eq. 26, 7IIF*ms ig the optimum sensing time for
each case, which we take to be Tyens = T2 nv OF the Teens
giving Apny = 1, whichever is shortest. This ensures
that the signal is not greater than it can be in reality.
Because of the different exponents, the ratio of sig-
Apry
ApRy;
comparable to or smaller than B,,s. However, the ra-
tio of the duty cycles is generally very unfavourable to
the hyperpolarisation pathway. Indeed, in this case the
experimental sequence adds a polarisation step (which
takes ~ T} ,,) and a /2 RF pulse (10’s of us, neglected
in what follows) before each NV measurement. The du-
ration of a single measurement is limited by the corre-
lation time of the AC magnetic field, which is typically
in the range 7. ~ 10 — 100 ps for shallow NV centres
(dny ~ 5 nm) both for solid and liquid samples [67].
This means that the measurement would take up only a
fraction Byp ~ T?n of the total time. Assuming (B is

nals can easily exceed unity even when Bpp is

close to unity, we obtain

SNRyup Ve Bup 7o e (27)
SNers (’YeBrmsT;égZ)2 Tl,n .

Given that Byp increases with increasing 75 v and T,
one can expect a maximum for SSNRSZ as a function of
these parameters. This is explored in Fig. 10b, which
plots the SNR ratio as a function of T3, for different

densities p,, and different NV coherence times 75 nv, as-
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suming a correlation time 7. = 100 us. The SNR ra-
tio is always below 1, showing that the increased signal
is not sufficient to overcome the increased noise. The
most promising regime is that of small densities, e.g.
pn = 0.06 nm 2 i.e. 100 mM, and short coherence times,
e.g. Tyny = 10 ps, for which the magnetic fields are
small hence the ratio of signals can be quite large, in the
range 10-100. On the other hand, large densities and
long T5 nv means that the signals are often saturated,
APRS ~ Apis ~ 1, which leads to an SNR ratio < 1.

We also examined the case of a sample confined in the
vertical direction, instead of semi-infinite sample as as-
sumed before. This could apply, for instance, to a lipid
bilayer (a few nanometres thick) [81] or an atomically-
thin van der Waals material [77]. In this case, the po-
larisation extends further in the lateral directions (paral-
lel to the diamond surface), however, we found that the
magnetic field Byp seen by the NV remains relatively
unchanged. On the other hand, confinement in three di-
mensions can have a measurable effect. For example, a
10 nm x 10 nm X 5 nm sample positioned above the NV
would generate a field Byp larger by a factor ~ 10 com-
pared to a semi-infinite sample, assuming 'H spins with
pn = 66 nm~3, dyv = 5 nm and Ony = 54.7°. Never-
theless, the SNR ratio SSESH;’ remains below unity in all
cases.

We note that the spectral resolution in nano-NMR ex-
periments is also unlikely to be improved by NV hyper-
polarisation. Indeed, the spectral resolution is limited
by the correlation time 7. of the oscillating/fluctuating
magnetic field detected by the NV, which is expected
to be similar whether it is the fluctuating field from
statistical polarisation or the AC field from net polar-
isation. This resolution limit can be readily reached
through correlation spectroscopy for statistical polarisa-
tion [67, 75, 78], and through FID-like measurements for
net polarisation [26]. For solid samples, 7. is given by the
dephasing time of the nuclear spins (75 ,,), which is gov-
erned by dipolar interactions. In conventional solid-state
NMR, this dipolar broadening is often efficiently removed
by magic-angle spinning and homo- or heteronuclear de-
coupling sequences, but in principle these methods can
be applied to statistical polarisation as well [75].

V. CONCLUSION

In this work, we theoretically investigated several po-
tential applications of nuclear spin hyperpolarisation
based on optically pumped NV centres in diamond. We
first analysed the possibility of using NV hyperpolarisa-
tion to polarise a macroscopic sample that would then
be measured in a conventional NMR spectrometer. We
found that, for NV hyperpolarisation to be competitive
with existing hyperpolarisation techniques, a key condi-
tion is to specially engineer the diamond structure to
maximise the contact area between NVs and sample.
We predicted, assuming optimally efficient polarisation



transfer, that enhancements over thermal polarisation by
up to two orders of magnitude can be obtained with ex-
isting technology. Larger enhancements, equivalent to
polarisations exceeding 10%, can in principle be obtained
but this requires structuring the diamond with aspect ra-
tios of over a hundred, which is an outstanding challenge.
We discussed factors reducing the polarisation transfer
efficiency, especially the finite NV spin coherence time,
which motivates further work in the optimisation of di-
amond materials. In particular, doping engineering [56—
58] and optimised annealing [59] are promising strategies
to jointly improve the NV yield and minimise parasitic
noise, which could lead to significant performance im-
provements. We also outlined some of the practical chal-
lenges of NV hyperpolarisation, such as the need for high
power laser illumination, and the requirement that the
sample be in a solid form for the hyperpolarisation step.
Overall, this application emerges as challenging, but the
prospect of realising a versatile, non-invasive hyperpolar-
isation platform at a fraction of the cost of existing tech-
niques warrants further work. In this context, searching
for new solid-state spin systems is a particularly relevant
research direction, as it might lead to a system with more
favourable attributes than the NV for this application,
e.g. by allowing higher areal spin densities, closer to the
surface, or requiring less laser intensity.

Next, we examined the possibility of integrating
NV hyperpolarisation into NV-based liquid-state micro-
NMR. NV-based micro-NMR is a recently developed
technique [26] that could lead to the realisation of
portable NMR spectrometers. The technique relies on
NV centres located several um away from the diamond
surface, which limits the NMR sensitivity. We found
that, by adding a layer of near-surface NV centres to hy-
perpolarise the sample, a signal boost of about 1-2 orders
of magnitude over thermal polarisation can be obtained
in principle, with further enhancements expected with
micro-structuring of the diamond surface. Thus, built-in
NV hyperpolarisation could prove a convenient way to
boost the sensitivity of NV micro-NMR, without the in-
convenience of conventional DNP which requires adding
free radicals to the solution [72]. One drawback of NV
hyperpolarisation, however, is the need to freeze the sam-
ple for the hyperpolarisation step, which adds a technical
complication and may not be desirable/possible for some
samples. It should also be noted that our predictions are
based on a simplistic model where the polarisation dis-
tribution is assumed to be unchanged upon thawing of
the sample. Further work will be required to test more
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sophisticated models taking into account polarisation dif-
fusion during the NMR measurement in the liquid state.

Finally, we analysed the case of nano-NMR, where
near-surface NV centres are normally employed to de-
tect the randomly fluctuating magnetic field induced by
statistical polarisation. We found that using the same
NV to hyperpolarise the sample and measure the net po-
larisation instead can lead to an increase in the mea-
surable signal. However, this generally does not trans-
late into a net improvement in the signal-to-noise ratio
of the measurement because of the significant temporal
overhead of the hyperpolarisation step, which dominates
the comparatively short measurement time typically in-
volved in nano-NMR experiments. Thus, NV hyperpo-
larisation for nano-NMR seems to be the least promis-
ing application, although future work could look at tech-
niques that may mitigate the impact of the temporal
overhead, such as quantum-memory-assisted repetitive
readout schemes [74, 82].

Another area of interest for future work is the possi-
bility to make the polarisation transfer more efficient by
exploiting a different pathway to the direct NV-sample
coupling studied here. For instance, Ref. [83] theoreti-
cally investigated the possibility of exploiting ancillary
electron spins to enhance the coupling, which in effect
amounts to reducing the NV-target distance. Another
intriguing idea is to use the natural bath of '3*C spins
present inside the diamond as a polarisation buffer [20].
In this scheme, a single NV spin would polarise a large
number of those internal 3C spins over the course of
minutes to hours (limited by the longitudinal relaxation
time of '3C in diamond), and this internal '3C polarisa-
tion would then be transferred to (or spontaneously dif-
fuse towards) the target nuclear spins located outside the
diamond. Assuming the target spins have a much shorter
T1,, time than the internal '3C, this amounts to increas-
ing the density of polarising agents in the diamond from
the NV density (~ 10 ppm) to the internal *C density
(1.1% for natural isotopic concentration), i.e. a 100-fold
increase. However, further work is required to quantify
the potential of this approach in realistic conditions.
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