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to bulk carbons via select groups of strongly hyperfine-
coupled nuclei13.  

As an alternative to nuclear/electron spin cross-
relaxation, one can dynamically polarize carbons via the use 
of chirped micro-wave (MW) pulses, consecutively applied 
during 𝑡()

19,20 (Fig. 1d). Unlike the case above, nuclear spin 
polarization stems this time from Landau-Zener dynamics 
near level anti-crossings induced in the rotating frame as the 
MW sweeps the NV transitions20 (specifically, the 0 ↔

−1  transition in the present case). Upon simultaneous RF 
excitation at variable frequencies, the spectrum that emerges 
indicates the polarization transport process is fundamentally 
distinct. This is shown in Figs. 1e through 1g, where we set 
the magnetic field to 47.1 mT, a shift of only ~4 mT from the 
experiments in Figs. 1a and 1b (yet sufficiently strong to 
quench cross-polarization-driven DNP18). In particular, we 
find that the RF impact is mostly limited to a ~1.3 MHz band 
adjacent to the 13C Larmor frequency (~0.5 MHz at 47 mT, 
insert in Fig. 1e).  The differences are most striking near 40 
MHz and 97 MHz where the dips observed at 51 mT (Figs. 
1b and 1c) virtually vanish (Figs. 1e and 1g). Similarly, the 
small RF dip at ~11 MHz (Figs. 1e and 1f) amounts to only a 
little fraction of the broad absorption band centered at that 
frequency under field matching (Fig. 1b).  

Before attempting to set these observations on a formal 
footing, we note that the generation and transport of nuclear 
spin polarization are two distinct physical processes: While 
the former provides the basis to understanding how order is 
transferred from electron to nuclear spins, our experiments 
allow us to investigate the latter, namely how strongly-
hyperfine-coupled spins pass on polarization to ‘bulk’ nuclei 
(i.e., carbons whose hyperfine couplings are weaker than 
their mutual dipolar interactions). This question is 
particularly intriguing in diamond because 13C spins are 
relatively dilute (~1%) thus yielding weak dipolar couplings 
(~100 Hz), orders of magnitude smaller than typical 
hyperfine interactions (often in the ~1-10 MHz range and 
reaching up to ~130 MHz for first shell nuclei). Note that 
generation and transport are both necessary ingredients in the 
observation of DNP, implying that the absolute NMR signal 
amplitude per se — slightly different if cross-polarization or 
chirped MW is used to produce nuclear polarization, see Fig. 
1 — has little intrinsic meaning. By contrast, we show below 
how the RF absorption spectra we measure allow us to gain a 
deeper understanding of the dynamics at play.   

B. Modeling transport via electron/nuclear spin sets 

In the language of magnetic resonance, spin transport in 
DNP has been traditionally cast in terms of a ‘spin-diffusion 
barrier’, i.e., a virtual boundary around individual 
paramagnetic defects separating bulk spins from a ‘frozen’ 
nuclear core whose polarization cannot diffuse (simply 
because nuclear ‘flip-flops’ are energetically quenched). 
Avoiding such a scenario would require, in general, that 
polarization be generated via direct transfer from the defect 
to weakly coupled nuclei (featuring hyperfine constants of 
order ~100 Hz or less in the present case), a condition clearly 
inconsistent with the observations in Fig. 1 (both within or 

outside the NV/P1 field matching range). Further, the stark 
differences between the RF-absorption spectra observed in 
either case indicate that the very notion of a diffusion barrier 
as an inherent sample feature must be re-examined.  

Although disorder in the crystal creates virtually 
countless combinations of interacting nuclear and electron 
spins, a concise description of nuclear spin transport demands 
the simplest possible spin set. On the other hand, the energy-
conserving nature of this process imposes a minimum 
conceptual threshold: For instance, 3-spin sets — comprising, 
e.g., two electron spins and a carbon — provide an intuitive 
platform to describe polarization transfer from electrons to 
nuclei — the so-called ‘cross effect’ — but is clearly 
inadequate to describe polarization transport to bulk nuclei. 
Similar considerations apply to sets comprising two carbons 
and an electron spin because, under our experimental 
conditions, the energy change emerging from polarization 
hopping from one nuclear spin to the other is much smaller 
than the electron spin Zeeman energy at the applied magnetic 
field (~1.44 GHz), thus inhibiting electron/nuclear 
polarization transfer (see Section I in Ref. [21] for a formal 
discussion).  

The above difficulties, however, can be circumvented 
with the toy model in Fig. 2a, a chain comprising an 
interacting pair of NV–P1 electron spins, each of them 
coupled to a neighboring carbon via hyperfine tensors of 
magnitude 𝐴:  with 𝑗 = 1, 2; for illustration purposes, we 
focus on the ‘hyperfine-dominated’ regime 𝐴> ~ 𝐴@ >

ℐC > 𝜔E, where ℐC is the NV–P1 dipolar coupling constant, 
and 𝜔E is the nuclear Larmor frequency. Intuitively, this 
system supports spin transport because changes in the nuclear 
and electronic spin energies compensate each other when the 
magnetic field takes on select transport-enabling values 

slightly shifted from 𝐵#, namely 𝐵#
F
= 𝐵# + 𝛿𝐵 F , with 

𝜀 = 𝛼, 𝛽, each corresponding to alternative sets of degenerate 
spin configurations of the chain21. 

In the absence of hyperfine couplings to the host nitrogen 
nucleus of either paramagnetic defect (a condition assumed 
here for simplicity), and using 𝐈> (𝐈@) to denote the vector 
spin operator of the nuclear spin coupled to the NV (P1), one 
can show that 13C spins in the chain are governed by the 
effective Hamiltonian21  

𝐻NOO = 𝛿NOO𝐼>
Q − 𝛿NOO𝐼@

Q + 𝐽NOO 𝐼>
1𝐼@

S + 𝐼>
S𝐼@

1 ,											(1) 

valid near either of the matching points. In the above 

expression, 𝛿NOO = 2𝛾N 𝐵 − 𝐵#
V,W  is the effective nuclear 

spin frequency offset relative to the matching field 𝐵#
V,W , 𝛾N 

is the electron spin gyromagnetic ratio, and we assume all 
spin operators are unit-less (i.e., ℏ = 1). Further, the effective 
coupling between nuclear spins is given by 𝐽NOO =

−𝜔E	ℐY(𝐴@
QZ/∆@

@)sin
`

@
, where ∆@

@= 𝐴@
QQ @ + 𝐴@

QZ @, 

tan 𝜃 ≈ 𝐴>
QZ 𝐴>

QQ, and 𝐴:
QQ (𝐴:

QZ) denotes the secular 
(pseudo-secular) hyperfine coupling constant for nuclear spin 
𝑗 = 1, 2.  

Eq. (1) is a nuclear-spin-only Hamiltonian where 
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identical hyperfine couplings) can take place away from the 
matching field if one or two electrons in the 5-spin chain are 
removed; the same is true if one of the NVs is replaced by a 
P1 (because the degeneracy between states involving 
different nuclear spin projections cannot be regained). 
Naturally, it is reasonable to expect transport contributions 
from other, more complex multi-spin arrays. Additional 
modeling and experiments (e.g., in the form of RF absorption 
spectra at fields farther removed from 𝐵#) will therefore be 
necessary to gain a fuller understanding. 

In spite of the present limitations, we can tentatively 
interpret the markedly different frequency responses in Figs. 
1b and 1e as the manifestation of two complementary spin 
transport regimes, one relying on field-enabled matching 
between NV and P1 resonances, the other emerging from P1-
mediated interactions between NV-coupled carbons. A 
schematic is presented in Fig. 2e, where we generalize to 
more complex spin sets: 13C spins strongly coupled to NVs 
— otherwise thermalizing with the rest through the help of 
P1-based networks — become localized when the magnetic 
field departs sufficiently from 𝐵#. In this regime, dipolar P1-
mediated interactions between NVs can help transport the 
polarization induced by chirped MW pulses in the (more-
weakly-coupled) carbons in their vicinity. In particular, we 
hypothesize this latter mechanism underlies the 
disappearance or reduction of all dips above ~1 MHz in the 
RF absorption spectrum at 47.1 mT (Figs. 1e and 1f). Note 
that although chains involving only P1s — i.e., with no NVs 
— remain efficient spin exchange routes away from 𝐵#

13, 
such transport channels are not observable here because MW 
pulses selectively seed polarization in nuclei coupled to NVs, 
not P1s (i.e., an all-P1 chain can impact the NMR signal only 
in the less-likely scenario where the seed carbon is 
simultaneously coupled to an NV and a P1).  

D. Understanding the impact of RF on multi-spin 

electron/nuclear networks 

Additional information on the dynamics at play can be 
obtained through the experiments in Fig. 3, where we 
measure the DNP response under the protocols of Figs. 1a 
and 1d using RF excitation of variable power. Besides the 
anticipated gradual growth of the absorption dips, we observe 
an overall spectral broadening, greatly exceeding that 
expected from increased RF power alone. This behavior is 
clearest in the range 5–15 MHz and near 40 MHz (Fig. 3a), 
where all absorption dips grow to encompass several MHz 
even when the RF Rabi field Ω-. never exceeds 10 kHz. 

 To interpret these observations, we resort one more time 
to the electron–nuclear spin chain in Fig. 2a and model the 
system dynamics in the presence of a driving RF field with 
no approximations21,33. Since optical initialization of the NV 
into 0  imposes a time dependence on the mean 
magnetization 𝐼:

Q , 𝑗 = 1, 2 of either nuclear spin in the 
chain21, we gauge the impact of the drive at frequency 𝜈-. 
and amplitude Ω-. via the overlap function 𝒪 𝜈-., Ω-. =

𝜁 𝑑𝜔	 𝐼>
Q
x 𝐼@

Q
x
∗ , where 𝐼:

Q
x =

𝑑𝑡	𝑒{x| 𝐼:
Q 𝑡, 𝜈-., Ω-.  is the Fourier transform of the 

magnetization in carbon 𝑗 = 1, 2, and 𝜁 is a normalization 
constant calculated as the inverse of the spectral overlap 
𝑑𝜔	 𝐼>

Q
x 𝐼@

Q
x
∗

h , where the subscript denotes the absence 
of a drive (i.e., Ω-. = 0). Maximum by default, 𝒪 𝜈-., Ω-.  
decreases when 𝜈-. is made resonant with one of the possible 
nuclear/electron spin transitions in the chain (see schematic 
energy diagram in Fig. 3b), thus allowing one to quantify the 
RF-induced disruption of transport through the appearance of 
‘dips’ at select frequencies21.  

For illustration purposes, Fig. 3c shows the calculated 
response of a 4-spin chain with inter-electronic coupling ℐC =
30 kHz assuming one of the transport-enabling conditions, 

𝐵 = 𝐵#
V . RF-absorption at select frequencies perturbs inter-

nuclear transport hence leading to a reduction of the spectral 
overlap 𝒪 𝜈-., Ω-. . A detailed inspection shows that some 
of these resonances can be associated to ‘zero-quantum’ (i.e., 
intra-band) transition frequencies in the electron bath. 
Normally forbidden, these transitions are activated here due 
to the hybrid, nuclear–electron spin nature of the chain (e.g., 
transitions (3) and (4) in Fig. 3b, see also Ref. 21). The 
separation between consecutive dips is determined by the 
inter-electron and hyperfine couplings, thus leading to 
complex spectral responses spanning several MHz.  

Fig. 3d shows the calculated spectral overlap change 
𝛿𝒪 ≡ 𝒪 Ω-., ν-. − 1 as a function of Ω-. at select 
excitation frequencies ν-.: Interestingly, we find that all dips 
— both nuclear and hybrid — grow at comparable rates, a 
counter-intuitive response given the presumably hindered 
nature of the zero-quantum transitions21. On the other hand, 
the transport of nuclear spin polarization — faster for chains 
featuring greater ℐC — is more difficult to disrupt if Ω-. ≲
𝐽NOO, 𝐽NOO

q , thus leading to slower growth rates for more strongly 
coupled chains (Fig. 3e). Correspondingly, the response 
expected for spins in a crystal (vastly more complex than our 
toy model) is one where RF excitation of increasing 
amplitude gradually induces new dips through the 
perturbation of faster polarization transport channels. The 
result is a progressively broader-looking absorption 
spectrum, in qualitative agreement with our observations. 
Note that this picture also applies to the case where chirped 
MW excitation is simultaneously present (right panels in Fig. 
3a), because the time interval (~2 ms) separating consecutive 
sweeps is typically longer than the inverse effective coupling, 
𝐽NOO
q S>, thus ensuring the MW-induced disruption on 

polarization transport is minor.   

III. CONCLUSIONS 

In summary, by monitoring changes in the DNP signal of 
13C spins in diamond in the presence of an RF drive we show 
that hyperfine-coupled nuclei are central to the transport of 
spin polarization in the crystal. Further, different transport 
channels (involving nuclei featuring stronger or weaker 
hyperfine interactions) activate or not depending on the 
applied magnetic field. We conclude from this finding that 
the widespread notion of a spin-diffusion barrier intrinsic to 
the system under investigation is inaccurate, namely, 
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strongly-hyperfine-coupled nuclei localize or delocalize 
depending on the ‘connectivity’ of interacting paramagnetic 
centers — itself a function of the defect concentration — here 
effectively controlled via the applied magnetic field.  

Upon varying the amplitude of the drive, we witness 
gradual changes in the RF absorption spectrum — crudely 
manifesting as an overall broadening — which we analyze by 
considering the impact of continuous excitation on the 
dynamics of electron/nuclear spin chains. We find the RF 
drive disrupts nuclear spin transport through the activation of 
single- and many-spin transitions, the latter class involving 
both electron and nuclear spin flips. Our calculations show 
that systems featuring stronger inter-electronic couplings are 
less sensitive to RF excitation, indicating that the observed 
spectral changes stem from an inhomogeneous response 
where various spin sets — initially unaffected by weaker 
drives — gradually stop transporting nuclear polarization to 
the bulk as the RF amplitude grows. This view is consistent 
with the intuitive idea of multiple transport channels 
simultaneously coexisting in a disordered system.  

Despite its present limitations, our model suggests we 
should view these many-spin sets as a single whole, where 
nominally forbidden ‘hybrid’ excitations applied locally 
propagate spectrally to impact groups of spins not directly 
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