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Nuclear spin diffusion in dynamic nuclear polarization of crystalline nanoscale silicon particles
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Hyperpolarized nanoparticles offer high polarization levels with room-temperature relaxation times exceeding
half an hour. In this work, we demonstrate that the achievable hyperpolarization enhancement and relaxation
(decay) time at room temperature are largely independent of the particle size contrary to previous assumptions.
This is explained through first-principles spin-diffusion coefficient calculations and finite-difference polarization
simulations. The simulated zero-quantum (flip-flop) linewidth governing the spin diffusion is found to agree
with the experimentally accessible single-quantum (single spin flip, e.g., radio-frequency pulse) linewidth.
The transport of hyperpolarization from strongly hyperfine-coupled spins toward the bulk is believed to be
responsible for the slow polarization dynamics including the long room-temperature decay time. The linewidth
and spin-diffusion simulations are extended to other cubic crystal structures and analytical expressions, which
only require insertion of the gyromagnetic ratio, lattice constant, isotope abundance, and measured spectral
density distribution (nuclear linewidth). The presented simulations can be adjusted to study spin diffusion in
other materials.

DOI: 10.1103/cr6d-m3bf

Recent advances in hyperpolarization have been stimu-
lated by growing interest in its application to enhance the
sensitivity of 13C organic compounds, specifically in the con-
text of metabolic magnetic resonance imaging (MRI) [1].
Small organic molecules, however, suffer from short spin-
lattice relaxation times T1 in solution on the order of few
tens of seconds. Short T1 limits the time window avail-
able for imaging and imposes additional constraints on the
sample transfer such as the need for fast dissolution [2],
minimization of time for quality control, and short shuttling
distances between polarizer and imaging magnet. Hyperpo-
larized (crystalline) nanoparticles can exhibit long T1 times at
room temperature [3–12], biocompatibility, and sufficient in
vivo clearance [13–20]. Particles are typically hyperpolarized
at liquid-helium temperatures and few tesla magnetic fields
using dynamic nuclear polarization (DNP), before the sample
is extracted from the polarizer and transferred to the imaging
scanner at room temperature to exploit the long T1 times
for imaging. Possible applications include perfusion imaging
not limited by the hyperpolarized T1 time, targeted imaging
(molecular targeting), and possible combination with thera-
peutics [4,18,21].
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Nanoparticles with a few tens of nanometers in diameter
are preferred given their faster clearance to avoid in vivo ac-
cumulation [22]. However, previous reports showed shorter T1

times and lower enhancements for smaller particles [4,11,23–
25]. For diamond nanoparticles, the increased relaxation for
smaller particles was associated with the larger ratio of sur-
face to bulk defects [24,25]. Surface dangling bonds appeared
rather inefficient for DNP [26,27] while causing strong relax-
ation. In contrast, bulk substitutional nitrogen defects (P1 or
C centers) can create DNP enhancements of several hundred
[11,24,25] even at room temperature [28–30]. An increased
relaxation by surface defects in nanodiamonds combined with
an unchanged DNP injection from the bulk defects leads to
a reduced steady-state polarization as shown using a rate-
equation model [31,32] (cf. Sec. S4 of the Supplemental
Material [33] for a summary of the model).

Silicon particles naturally form a surface oxide with defects
(Pb centers) at the interface to the crystalline core, which has
been investigated for decades with a brief summary in terms
of results for DNP given in Ref. [10]. The relevance of Pb

centers for DNP and relaxation in silicon particles has been
investigated [5,10,23,34–38] and, hence, the particles should
be described in terms of an outer part containing the Pb centers
and an inner crystalline part without strong DNP or relaxation
sources (core-shell geometry). Based on this structure, it was
proposed that the long relaxation times (>30 min) observed in
microparticles arise [23,34,35] from most of the polarization
being stored in the slowly relaxing bulk, which is weakly con-
nected via spin diffusion to the fast-relaxing shell containing
the paramagnetic Pb defects. This explanation for the long T1
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times of silicon came under scrutiny with measurements of
room temperature T1 � 40 min and enhancements ε � 100 in
50 nm bulk particles [5,6] as well as highly porous silicon
(PSi, crystallite sizes between 10 and 60 nm) particles [10].

In this work, we report on 20 nm silicon particles with
a room temperature T1 ≈ 40 min and DNP enhancements
around 100 at 3.4 T (3.4 K). This raises the question of how
to explain the long relaxation times as the estimated spin-
diffusion constant in silicon [34,39] would suggest T1’s on the
order of a few seconds.

In the present work, we estimate the (isotropic) nuclear
spin-diffusion coefficient D from first principles for different
cubic lattices. The calculated D is used to fit the buildup
and room-temperature decay with a finite-difference approach
[40,41] to show that the long measured relaxation times are
related to the slow nuclear spin diffusion near Pb centers.

I. NUCLEAR SPIN DIFFUSION

Microscopically, nuclear spin diffusion results from the
internuclear dipolar couplings

di j = μ0

4π

h̄γiγ j

r3
i j

3 cos2 θi j − 1

2
, (1)

where ri j and θi j are the distance and angle between spins
i and j with respect to the main magnetic field; γi is the
gyromagnetic ratio of spin i. The dipolar coupling between
the two spins leads to an exchange rate Wi j that might be
suppressed if the two spins have different resonance frequen-
cies/energies (see below). Wi j can be computed by evaluation
of the dipolar couplings on a lattice including a (normalized)
spectral density function modulating the coupling [42–44]. In
particular, we use [44]

Wi j = π

2
d2

i j pZQ(0), (2)

where pZQ(0) is the normalized zero-quantum (ZQ) line
evaluated at zero frequency. This approach entails energy-
conserving flip-flops. The ZQ line describes the energy-level
distribution of spin-spin flip-flops, which constitute the funda-
mental process of nuclear spin diffusion. The factor π

2 arises
from a Fermi’s golden rule approach (2π ) combined with the
notion that − 1

2 di j (I+
i I−

j + I−
i I+

j ) (part B of the dipolar alpha-
bet) is responsible for the flip-flops (providing an additional
prefactor of 1/4).

In the following, we will discuss two different approaches
for how to calculate the spin-diffusion coefficient D.

A. Nearest-neighbor approach

Assuming that spin diffusion is a process of nearest-
neighbor (NN) spin flip-flops, the spin-diffusion coefficient D
can be calculated using [45,46]

DNN = 1
2W r2

NN, (3)

with W being the spin flip-flop rate and rNN the distance
between NN nuclear spins. This approximation was used in
previous estimates of the spin diffusion in silicon [34,39] and
relies on the experimentally measured single-quantum (SQ)
line (T ∗

2 ) describing the frequency/energy distribution if a

single spin is flipped (see below). Specifically, the spin-
diffusion coefficient D in the nearest-neighbor approximation
of cubic lattices is given by [39,46]

DNN ≈ �νdd

30
r2

NN, (4a)

rNN ≈ N−1/3
n =

(
f

8

a3

)−1/3

, (4b)

where �νdd is the dipole-dipole contribution to the SQ
linewidth [39], rNN is the statistical nearest-neighbor distance
between 29Si atoms, Nn is the spatial density of 29Si atoms, f
is the 29Si isotope abundance, and the 8 stems from the eight
lattice sites in the cubic conventional unit cell of silicon (di-
amond cubic structure) with the lattice constant a = 5.43 Å.
The nearest-neighbor distance rNN may be modified by a
factor of ∼0.55 to account for the statistical occupation of the
lattice (Poisson distribution; cf. Appendix VII of Ref. [47]),
which would be relevant for not too high isotope abundances.
However, for high isotope abundances, this would result in
an unrealistic nearest-neighbor distance smaller than the dis-
tance between neighboring lattice sites. We note that Eq. (4a)
rather approximates a simple cubic monocrystalline lattice
as already discussed by Khutsishvili [46]. A diamond cubic
structure is a face-centered cubic (fcc) lattice with a diatomic
basis.

B. Lattice approach

A Taylor series expansion of the nuclear spin field yields
the spin-diffusion coefficient D [48,49]

Dlat =
∑

j

1

2
Wi jr

2
i j, (5)

with lattice site indices i and j.
For a given central spin i, Wi j is summed over all surround-

ing lattice sites [48,49]. Combining Eqs. (2) and (5) gives

Dlat =
∑

j

π

4
d2

i j r
2
i j pZQ(0). (6)

In this work, we focus on crystalline lattices consisting of a
single atomic species (silicon). Hence, we can approximately
calculate the ZQ line using a three-spin model: (1) a central
spin, (2) a second spin that we designate as the target spin for
the spin flip-flop, and (3) a third background spin modifying
the energy levels of the first two spins. The second and third
spins (target and background spins) take random positions
with respect to the central spin and, in principle, we need to
sum over all possible three-spin systems.

In this three-spin system, we study the zero- and single-
quantum (ZQ and SQ) processes of the system. The SQ line
describes the experimentally measured linewidth with a single
spin flipped by a radio-frequency (RF) pulse. The ZQ line
describes the spin exchange processes with a net-zero change
of spin angular momentum (spin flip-flop) occurring during
nuclear spin diffusion. We note that the ZQ and SQ lines can
have different values. Therefore, calculating the spin-diffusion
coefficient D based on the experimentally observed SQ line
(∼1/T2,SQ) might give erroneous results for the spin-diffusion
coefficient.
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In this work, we compute the SQ and ZQ lines with an
approach based on Van Vleck moments [50–52]. We assume
a Gaussian line such that the SQ and ZQ linewidths for the
full width at half maximum (FWHM) are given by FWHM =
2
√

2ln(2)M2, with M2 being the second moment. The lengthy
expressions for M2 of the three-spin model are provided in
a Mathematica (Wolfram Research, USA) notebook together
with the experimental data (cf. Data availability). However,
it should be noted that the expressions for M2 of SQ and
ZQ lines only contain d2

i j , which will be used to define an
effective cutoff distance to accelerate the lattice calculations.
Furthermore, the relevant part of the dipolar coupling for M2 is
2di jI

z
i Iz

j (part A of the dipolar alphabet), giving an additional
factor of 2 in the ZQ/SQ line calculation.

II. METHODS

A. Samples and characterization

The samples were purchased from US Nano Research
(USA) and used without further modification. For the 50 nm
sample, the previously reported characterization of the sample
was used [5,6]. For the 20 nm particles, the average parti-
cle size (APS) was measured with a transmission electron
microscope (TEM) [6]. The 20 nm particles were charac-
terized with X-band electron paramagnetic resonance (EPR;
Magnettech MiniScope MS5000, Bruker Corp.) following the
experimental approach and analysis presented in Ref. [10]. In
particular, the density of paramagnetic centers was calculated
with a reference TEMPO sample and the EPR spectrum was
fitted with a combination of anisotropic P111

b and isotropic
Piso

b centers using EasySpin 6.0.6. More details about the EPR
measurements and analysis can be found in Ref. [10].

The Si crystalline sizes were measured with x-ray powder
diffraction (XRPD; D8 Discover, Bruker Corp.) in Bragg-
Brentano geometry. Si crysalline sizes were then calculated
from the diffraction pattern using Rietveld refinement method
in TOPAS� 4.6 software taking into account the instrumental
broadening.

B. Dynamic nuclear polarization

The DNP profiles and buildup curves were measured using
home-built polarizers operated at 3.4 and 7 T [53] and a tem-
perature of 3.4 K unless otherwise stated. The 3.4 T system
was equipped with an OpenCore NMR [54–56] (142 MHz 1H
Larmor frequency) spectrometer and the 7 T with a Bruker
Avance III console (Bruker BioSpin, Switzerland, 299 MHz
1H Larmor frequency). Both setups were equipped with a
200 mW microwave (MW) source [from ELVA-1, Estonia
for 3.4 T and Virginia Diodes (VDI), USA for 7 T] unless
otherwise stated. DNP profiles at 3.4 T (cf. Sec. S2 of the Sup-
plemental Material [33]) were performed with a 400 mW VDI
source. The 7 T setup was equipped with an in-house elec-
troplated low-loss waveguide yielding approximately doubled
MW power at the sample space compared to a stainless steel
waveguide (around 65 mW at the sample) [57]. The MW
power was set to the maximum output unless explicitly stated.
The MW was frequency modulated to further improve the
polarization (cf. Sec. S2 of the Supplemental Material [33])
[5,6]: A sawtooth modulation with 1 kHz (10 kHz) frequency

and ∼150 (300) MHz bandwidth at 3.4 (7) T was used. The
other details of the setup are described elsewhere [53,57]. The
experiments at 3.4 T were performed with small flip angles
(∼1.5◦) and long repetition times (20 min), while at 7 T about
7° pulses every 6 min were used. Perturbations of the signal
intensity by the monitoring RF pulses were corrected [31].

The results reported in this work were measured to-
gether with porous silicon (PSi) experiments reported in Ref.
[10]. In particular, both reports rely on the same thermal-
equilibrium measurements (see below) and the identical
setups allowed for a direct comparison of the absolute po-
larizations/enhancements. Measuring the thermal equilibrium
for silicon is complicated by the long relaxation times and
the low signal. Therefore, we used the averaged signal mea-
sured with a fully 29Si-labeled sample at room temperature,
following previous work [5,6]. At 3.4 T, the averaged signal
of a saturation recovery experiment with a single data point
(after ∼3.8 h) was extrapolated to infinite time with a T1 from
a hyperpolarized decay experiment. At 7 T, multiple thermal
buildup (saturation recovery) experiments were averaged and
the fitted value was taken for the thermal signal.

The room-temperature relaxation time was measured with
a 9.4 T small animal MRI scanner (Bruker BioSpin, Ger-
many) employing a solenoid coil wound around the sample
cup [5,6]. The polarization before the room-temperature re-
laxation relied on a different cryostat inset [58] together with
a 1 W MW amplifier (QuinStar, USA) inserted after the
frequency-modulated MW source. Due to the absence of a
flip angle calibration, it was not possible to correct the room-
temperature relaxation measurement for the perturbations by
the RF pulses.

All data processing was performed with in-house devel-
oped Matlab (MathWorks Inc., USA) scripts. Uncertainties in
the processed experimental data are expressed as 95% fit in-
tervals. Experimental instabilities such as slight changes in the
MW output or temperature fluctuations as well as uncertain-
ties in the thermal-equilibrium measurement were considered
negligible.

C. ZQ/SQ line and spin-diffusion simulations

To accelerate the ZQ/SQ and spin-diffusion simulations,
a spatial cutoff distance for the respective couplings (d2

i j and
d2

i j r
2
i j) was set on 100 randomly generated lattices per isotope

abundance. The simulation box for the ZQ/SQ line and spin
diffusion spanned 30 lattice constants (around 150 Å) in every
direction from the central unit cell giving a cube of 613 unit
cells with eight sites per unit cell.

In the SQ/SQ line and spin diffusion simulations, the iden-
tified cutoff distances (cf. Fig. 3 for silicon and Fig. S12 of the
Supplemental Material [33] for the generalized spin-diffusion
simulations of cubic lattices) were used to accelerate the cal-
culations with a moderate sacrifice in accuracy as at least 95%
of the relevant coupling was chosen to be within the cutoff.
The exact cutoff values are given in the simulation files and are
available online (cf. Data availability). The secondary spins
(target spins for flip-flop with the central spin) consist of all
spins (except the central spin) for the ZQ and SQ simulations
within one cutoff distance. For the background spins, all spins
(except the chosen secondary and central spins) within twice
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FIG. 1. Sketch of the radial finite-difference buildup simulations
in a core-shell geometry motivated by Pb centers forming at the
interface between the naturally forming surface oxide and silicon
crystalline bulk (cf. Introduction). Hence, the outer (shell) and inner
(core) particle parts are characterized by different relaxation times
T1,in (T1,out) and polarization levels Pn. In the inner part of the particle,
the polarization depends on the radial segment [Pn(r)]. During the
buildup, the polarization in the outer part is fixed at the steady-state
polarization due to constant DNP transfer from the Pb centers to
nuclei. Spin diffusion is assumed to be isotropic and transport po-
larization between neighboring segments denoted by the arrows in
the sketch (cf. main text for more details).

the cutoff distance contribute in the simulations. Averaging
over all secondary spins was applied in the SQ and ZQ line
calculations. For the ZQ/SQ line simulations, around 1600
orientations were averaged (cf. Fig. S10 of the Supplemental
Material [33]). For the spin diffusion simulations in the lattice
approach, the crystal lattice was rotated in 1° steps between 0
and 360° and all orientations of d2

i j r
2
i j were averaged (cf. Fig.

S11 of the Supplemental Material [33]). For both the ZQ/SQ
line and the spin diffusion simulations, the results of 100
randomly generated lattices were averaged for each isotope
abundance. The dipolar cutoff, ZQ/ SQ line and spin-diffusion
simulations were carried out with in-house developed Matlab
scripts.

D. Finite-difference buildup and decay simulations

Due to the core-shell geometry of the silicon particles with
DNP and relaxation mostly caused by the Pb centers on the
outside of the particles, we could adapt the finite-difference
buildup and decay simulations from published work [40,41]
and implement it in Matlab. Figure 1 sketches the approach.
A particle radius of 10 nm (25 nm) was assumed with an outer
(shell) part of 3 nm thickness containing the defects respon-
sible for DNP. The thickness of the outer shell is motivated
by the difference between the APS of the 50 nm particles
and crystalline size (XRD) of 43 nm. The hyperpolarization
buildup was modeled by setting the nuclear polarization in the
outer part (shell) to be equal to the experimentally measured
steady-state value, since this value is constantly replenished
by DNP from the electrons. The particle was discretized in

1000 radial segments. The spin-diffusion value was chosen
based on the ZQ line and spin-diffusion simulations. For sim-
plicity, the spin diffusion in the outer part of the particles and
in its core was assumed to be identical. Moreover, to simplify
the differential equations, spin diffusion was only considered
between neighboring radial segments in line with previous
works [40,41]. Possible quenching of spins and a different
spin concentration in the outer shell were ignored in the ab-
sence of a good estimate. The nuclear polarization relaxation
times T1,in and T1,out of the inner (core) and outer (shell) parts
of the particle were fitted in a least-squares grid search, while
all other parameters were fixed. We assume a homogeneous
relaxation time T1,out for the outer shell that absorbs a number
of effects that are inhomogeneous over the outer shell: (1) the
dependence of the paramagnetic relaxation as a function of
the distance (and orientation) to the paramagnetic center and
(2) the dependence of the spin-diffusion rate constant on the
distance (and orientation) to the paramagnetic center due to
frequency detuning.

III. RESULTS AND DISCUSSION

A. Experiments

Figure S1 of the Supplemental Material [33] shows the
TEM image of the 20 nm particles and the particle size
distribution, giving an APS of 20 ± 12 nm. The estimated
crystalline sizes from XRPD were 25.8 ± 0.4 nm with an
indication for an oxide phase (Fig. S2 of the Supplemental
Material [33]).

The comparison of the hyperpolarization buildups cor-
rected for the perturbations of the monitoring RF pulses [31]
is displayed in Fig. 2(a) for the 20 and 50 nm particles
(43 nm mean crystalline size [6]) at 3.4 and 7 T (3.4 K at
both fields). Both samples reached the same fitted nuclear
steady-state polarizations (enhancements ε, cf. Fig. S7 of
the Supplemental Material [33]) at the two fields: 2.3% ±
0.2% (ε = 112 ± 9) and 3.7% ± 0.1% (ε = 89 ± 2) at 3.4
and 7 T, respectively. The polarizations/enhancements are
similar to those reported for PSi particles [10], although the
best-performing PSi samples provided higher enhancements
at 3.4 T and lower at 7 T (both datasets are calibrated with
the same thermal-equilibrium measurements; see Sec. II). We
note the good reproducibility of DNP results and thermal-
equilibrium measurements as the 50 nm sample was reported
with an enhancement of 97 ± 29 at 3.4 T in independent ex-
periments [6]. At both fields, the 20 nm particles show a faster
buildup time (2.7 ± 0.4 and 5.6 ± 0.3 h at 3.4 and 7 T, respec-
tively) than the 50 nm sample (6.3 ± 0.6 and 12.4 ± 0.5 h).
This difference is discussed in Sec. S4 of the Supplemental
Material [33] in terms of rate-equation parameters [31], which
show a (partial) limitation of the achievable polarization lev-
els by the MW-induced relaxation enhancement [10,32]; i.e.,
the MW irradiation reduces the electron polarization at the
irradiation frequency, which increases the rate of triple spin
flips (electron-electron-nuclear flip-flop-flips) causing nuclear
relaxation.

Figure 2(b) compares the room-temperature relaxation of
the 20 and 50 nm samples recorded at a 9.4 T small animal
MRI. These data are not corrected for the perturbations of
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(a) (b) (c)

FIG. 2. (a) Buildup comparison of 20 and 50 nm particles at 3.4 and 7 T with MW modulation. (b) Decay at room temperature in a 9.4 T
scanner after polarization for around 24 h at 3.4 T. (c) DNP profiles of the 20 nm particles with different FM widths (cf. Sec. S2 of the
Supplemental Material [33] for more details). For the CW MW irradiation, only a very weak negative DNP enhancement can be observed.
With frequency modulation, the positive and negative parts of the DNP profile have similar amplitude and shape. A comparison with the DNP
profile of the 50 nm particles, an EPR profile, and further discussion are given in Sec. S2 of the Supplemental Material [33]. The 20 and 50 nm
samples show identical enhancements and room-temperature relaxation while differing in their buildup times and DNP profiles.

the monitoring RF pulses [31] as the exact flip angles of
the different experiments are not known (cf. Sec. II). The 20
and 50 nm particles show nearly identical relaxation times of
40 ± 2 and 43 ± 1 min at room temperature.

Differences between the two samples are evident in the
DNP profiles, which will be summarized below and discussed
in more detail in Sec. S2 of the Supplemental Material [33].
The 50 nm sample shows a nearly symmetric DNP profile [6]
(cf. Fig. S5 of the Supplemental Material [33]) even without
MW frequency modulation (FM), in agreement with other
samples [6,10,34]. In contrast, the DNP profile of the 20 nm
sample is asymmetric [cf. Fig. 2(c)] with the DNP lobe of
negative enhancement nearly vanishing for the continuous
wave (CW) MW irradiation. Furthermore, instead of a wide
negative DNP lobe, a weak narrow positive DNP enhancement
is observed around 197.2 GHz in Fig. 2(c). A similar asymme-
try, although possibly for different reasons, has been observed
[59] in nanoparticles with different surface terminations. If
MW irradiation is frequency modulated, the DNP profile of
the 20 nm particles appears nearly symmetric. The asymmetry
of the CW DNP profile and its nearly symmetric shape with
FM are not understood as of now and require further study.

In summary, the 20 nm particles show identical enhance-
ments and room temperature T1 compared to 50 nm particles
and μm particles [6,20]. The buildup times, however, show
clear differences for different sizes of the particles.

B. Simulation of silicon

1. Cutoff distance of nuclear couplings

Figure 3(a) describes the internuclear distance dependence
of the sum over d2

i j and d2
i j r

2
i j normalized to the summed inter-

action over all spins within ∼150 Å of a chosen central spin.
The dipolar couplings were calculated on a 30% 29Si lattice
with the magnetic field implicitly assumed along the (100)
direction of silicon’s diamond cubic structure. Please note that
we use the term “lattice site” for the crystallographic lattice

throughout this work and reserve “nearest neighbor” for the
nearest 29Si to a given 29Si atom. A few aspects of Fig. 3(a)
should be noted: The coupling to the nearest neighbor is zero,
as this neighbor is at the magic angle. The groups of next-
nearest and next-next-nearest neighbors can have a similar
coupling to the central spin depending on their position in the
randomly generated lattice. For 29Si spins around 10 Å (or
about two lattice constants) away from the central spin, the
sums over d2

i j and d2
i j r

2
i j become nearly continuous and con-

verge to a finite value. Around 95% of the total coupling of
d2

i j to the central spin originates from spins less than two
lattice constants away (around 500 lattice sites). d2

i j r
2
i j shows

a slower spatial convergence, and only around 60% of the
total coupling is contained within two lattice constants. We
remark that spin flip-flops at several lattice constants away are
essential to accurately describe spin diffusion with its d2

i j r
2
i j

scaling [cf. Eq. (6)].
Figure 3(b) shows the cutoff distances for 95% of the total

coupling contained within the cutoff for different 29Si iso-
tope abundances. For low abundances, a larger cutoff value is
necessary than for dense 29Si spins. Thus, for low abundance
lattices, e.g., 4.7% natural 29Si abundance, flip-flops between
spins more than 50 Å away from each other still contribute to
the total spin diffusion. We note that such a large distance for
nuclear flip-flops with respect to the 20 nm average particle
size might raise problems with the use of a coarse-grained
macroscopic spin-diffusion coefficient D. However, we will
estimate D and use it to fit the buildups and decays as the
simulations seem to be independent of the exact value of D as
will be discussed below.

2. Nuclear SQ and ZQ linewidths

The simulation results of the SQ and ZQ linewidths of the
three-spin model evaluated on randomly generated diamond
cubic structures for varying 29Si abundances are shown in
Fig. 4. The SQ and ZQ linewidths are a result of powder
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(a)

(b)

FIG. 3. (a) Normalized internuclear distance dependence of the
sum over d2

i j and d2
i j r

2
i j calculated on a 30% 29Si lattice. The former

describes the nuclear dipolar flip-flops, which governs the SQ and
ZQ linewidths, while the latter describes spin diffusion [cf. Eq. (6)].
The slow convergence of

∑
j d2

i j r
2
i j indicates the importance of dis-

tant spins, i.e., a few nanometers away, for spin diffusion. The sums
are normalized over all spins within the simulation box of around
150 Å. (b) cutoff distance rc,95% to contain 95% of total d2

i j and d2
i j r

2
i j

by 29Si abundance [cf. panel (a)]. These cutoff distances will be used
to accelerate the SQ/ZQ line and spin-diffusion simulations as only
a limited number of spins need to be considered to obtain accurate
results. The magnetic field was assumed parallel to one of the con-
ventional unit cell axes as this direction causes the nearest neighbor
to be along the magic angle, yielding a conservative estimate for the
cutoff distance (cf. Fig. S9 of the Supplemental Material [33]).

averaging over nearly 1600 orientations with considerable dif-
ferences depending on the angle, as shown in Fig. S10 of the
Supplemental Material [33]. Crucially, the ZQ and SQ lines
have very similar widths, which means that experimentally
obtained values for the dipolar SQ linewidth can be used to
estimate the spin diffusion in silicon.

Compared to the experimental dipolar SQ linewidths re-
ported in Ref. [39], e.g., around 20, 120, and 1700 Hz for 1%,
10%, and 100% 29Si abundance, the simulated linewidths are
too large for low, accurate for intermediate, and too small for
high 29Si abundances. For low abundances, the experimental
NMR line is close to a Lorentzian, while for intermediate 29Si
concentrations a nearly single Gaussian line is observed [39].
For a highly 29Si-labeled sample, the line can be approximated
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FIG. 4. Simulated SQ and ZQ linewidths for the three-spin sys-
tem. The inset shows the dependence of the ZQ linewidth for low 29Si
abundances. The ZQ and SQ have similar linewidths, justifying the
use of experimental SQ lines to estimate the spin diffusion [34,39].
Compared to experimental dipolar SQ linewidths, e.g., around 20,
120, and 1700 Hz for 1%, 10%, and 100% 29Si abundance, the
simulated values are too large for low 29Si abundances and too small
for high. This is attributed to the assumed Gaussian line shape to
convert the M2 into a linewidth (cf. Sec. I) in the simulation compared
to the more complicated line shapes observed experimentally [39].
The small bumps at 2% 29Si abundance are ascribed to changes in
the cutoff distance (cf. Sec. II).

by multiple Gaussians [39]. The latter result is consistent with
a fully 29Si labeled powder sample measured in our laboratory
under identical settings (data not shown). The labeled sam-
ple is mostly used to measure the 29Si thermal-equilibrium
signal (see Sec. II). In the simulations, we always assumed a
Gaussian line, which leads to an overestimation of the SQ/ZQ
linewidth for low and an underestimation for high 29Si abun-
dances.

3. Spin-diffusion coefficient

Converting the simulated ZQ linewidth into a spin-
diffusion coefficient D with the nearest-neighbor approxima-
tion as given in Eq. (4) results in similar values for DNN (cf.
Fig. 5 compared to Ref. [39], e.g., for 4.7% natural abun-
dance 1.7 nm2/s [39] and 3.6 nm2/s in our simulations. The
difference between the two values might be explained by the
assumed Gaussian line shape in the simulations, leading to too
large linewidths for low 29Si abundances (see above). Qualita-
tively, the dependence of DNN in the nearest-neighbor model
[Eq. (4)] with 29Si abundance shows a maximum for less
than 1% and a moderate decrease for high abundances. This
is in contrast to experiments [39] and previous simulations
on a different lattice [60] with both predicting a moderate
monotonic increase. The discrepancy might result from an
overestimation of the linewidth for low and an underestima-
tion for high abundances (see above).

Estimating the nuclear spin diffusion based on a lattice
approach given by Eq. (6) yields Dlat ≈ 136 nm2/s for 4.7%
natural abundance. Considering the rather slow convergence
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FIG. 5. Spin-diffusion coefficient D extracted from the nearest-
neighbor approximation as given in Eq. (4) showing nearly identical
values to Ref. [39]. Extracting the spin-diffusion coefficient with a
lattice calculation of Eq. (6) gives much larger spin-diffusion values.
The difference between the two approaches might result from the
contributions of more distant nuclear spins (cf. main text and Fig. 3).
The small bumps at 2% 29Si abundance are from the change in cutoff
distance (cf. Sec. II and Fig. 4).

of the summed (cumulative) coupling to the central spin (cf.
Fig. 3), the estimated spin diffusion is an order of magnitude
larger than for the nearest-neighbor model [cf. Eq. (4)] as
shown in Fig. 5.

To support the results of the lattice approach, which give
an order of magnitude larger natural abundance spin-diffusion
coefficient compared to the more commonly used nearest-
neighbor approach, we discuss the relaxation experiments by
Lee et al. [35]. The relaxation experiments in Ref. [35] as-
sumed smaller particles in the simulations than experimentally
used to match experiment and theory; i.e., the particles had
a diameter of 5 μm, while in the simulations a diameter
of 700 nm was used. If spin diffusion would be faster than
assumed in the relaxation simulations, this could explain the
need for reduced particle sizes in the simulations, possibly
supporting the validity of the larger spin-diffusion coefficient
of the lattice approach [Eq. (6)]. This might suggest that
spin diffusion is faster than estimated in the nearest-neighbor
model for silicon [34,39]. Buildup and decay finite-difference
simulations shown below cannot discriminate between the
two spin-diffusion coefficients as both lead to reasonable re-
sults. Therefore, further studies are required to understand
how to accurately simulate the spin-diffusion coefficient from
first principles.

4. Finite-difference nanoparticle simulations

Spin-diffusion times of spherical 20 nm particles (D ≈ 3.6
or 136 nm2/s) are shorter than 1 min, which is much shorter
than the hours-long buildup times. To better understand
this slow hyperpolarization buildup, we adopt spatiotemporal
finite-difference simulations as introduced in Refs. [40,41].
In these, an outer part of the sample containing the unpaired
electrons is considered to be hyperpolarized to the steady-state

polarization continuously with spin diffusion transporting this
hyperpolarization toward the core of the particles with relax-
ation affecting each element at all times. With D from the
above simulations, all parameters except the relaxation times
T1,in and T1,out in the inner (core) and outer (shell) parts of
the particles are fixed. Simulated buildups and the best-fit
parameters are given in Fig. 6(a). For completeness, both D
from the nearest-neighbor approach [Eq. (4), D = 3.6 nm2/s]
and the lattice model [Eq. (6), D = 136 nm2/s] were used
in the finite-difference simulations providing similar relax-
ation times at 7 T. For the 3.4 T simulations, the fewer and
lower signal-to-noise ratio (SNR) data points complicate the
simulations as evident by the weaker variation of the calcu-
lated residues with variation of the relaxation times shown in
Fig. S14 of the Supplemental Material [33]. Nevertheless, at
both magnetic fields the general trend of T1,out similar to the
buildup time and much longer T1,in persists.

The long T1,in can be explained by the (assumed) relative
absence of paramagnetic defects in the core [cf. Sec. S3 of
the Supplemental Material [33], for a basic electron para-
magnetic resonance (EPR) characterization of the sample].
With paramagnetic relaxation nearly absent, a rigid crystalline
lattice with a Debye temperature of 645 K and liquid-helium
temperatures, the relaxation in the core would be vanishing as
found in the simulations. The relaxation in the outer (shell)
part of the sample is attributed to the naturally forming para-
magnetic defects (often called Pb centers) between the silicon
core and the oxide shell [10,35]. We would like to note again
that we model the relaxation in the outer shell homogeneously,
while in reality this will depend on the distance to the nearest
paramagnetic center.

The buildup simulations can be adjusted to simulate the
measured room-temperature decays [cf. Fig. 2(b)] and are
shown for the 20 and 50 nm particles in Figs. 6(b) and 6(c).
The relaxation time in the inner (core) part of the particles
is between 1 and 2 h, while at the outer (shell) part between
0.2 and 0.5 h for both particles and both choices of spin-
diffusion coefficients (3.6 and 136 nm2/s). For the faster spin
diffusion, the simulation model shows a weaker sensitivity to
T1,in compared to slower spin diffusion (cf. Fig. S15 of the
Supplemental Material [33]). The similar results for vastly
different spin-diffusion coefficients provide a posterior justi-
fication for the simplifying assumption in the finite-difference
simulations of including only spin diffusion between neigh-
boring radial segments. While this assumption likely leads to
an underestimation of the time to hyperpolarize nuclear spins
at the very center of the particle (it requires steps through all
radial segments), this is practically not of relevance as the spin
diffusion is faster compared to other processes as discussed in
the following.

Both the buildup and the decay simulations estimate the
relaxation time in the core (T1,in) to be longer than the mea-
sured experimental timescale (buildup or decay time), while
the relaxation time in the shell (T1,out) is similar to the ex-
perimental timescale. Furthermore, the effect of faster spin
diffusion reduces the model’s sensitivity to T1,in. With the
relaxation in the shell determining the buildup or decay time,
this results in a monoexponential behavior as only one param-
eter is rate limiting [31]. Thus, the problem of understanding
the polarization dynamics in silicon nanoparticles is mostly
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FIG. 6. (a) Experimental and simulated buildups at 3.4 and 7 T [cf. Fig. 2(a)] of the 20 nm particles. (b), (c) Experimental and simulated
room-temperature decays of the 20 and 50 nm particles at 9.4 T [cf. Fig. 2(b)]. The simulated buildups and decays are characterized by a slow
relaxation in the inner (core, T1,in) part of the particle and faster relaxation in the outer (shell, T1,out) part of the particle. The choice of the
spin-diffusion coefficient D has little effect on the fits. The different T1 values at 3.4 T are attributed to few, low SNR data points, resulting in
an insensitive least-squares residue (cf. Fig. S13 of the Supplemental Material [33]).

reduced to understanding the processes in the shell. Below,
we discuss the possible origin of the long relaxation times in
silicon nanoparticles.

Owing to the low temperatures, the rigid silicon lattice, and
the observed dependence of the hyperpolarization dynamics
(buildup and decay times) on the thermal electron polarization
(temperature and field) as shown in Fig. 2(a) and Fig. S7
of the Supplemental Material [33], as well as in Ref. [10],
the nuclear relaxation is attributed to paramagnetic relaxation.
The measured EPR spectra indicate a mixture of different Pb

defects (cf. Sec. S3 of the Supplemental Material [33]). The
Pb center is described as a dangling bond centered on a silicon
atom with a 200–400 MHz hyperfine coupling to the central Si
site, ∼40 MHz for next-nearest Si atoms, and around 10 kHz
for Si atoms two unit cells away [10]. With the paramagnetic
relaxation rate and the DNP transfer rate depending on the
square of the hyperfine coupling, the central Si atom of the Pb

center will hyperpolarize and relax orders of magnitude faster
than the other Si sites close to a Pb center if it is occupied
with an NMR-active 29Si atom. The fast hyperpolarization and
decay of the central 29Si of a Pb center suggests that these sites
are the primary polarization pathway if the hyperpolarization
could be transported to the bulk [10].

The strong frequency differences between nuclei near the
Pb center due to different hyperfine couplings suppress spin
diffusion by nuclear dipolar flip-flops. However, the electron
itself modifies the nuclear spin diffusion in its vicinity, en-
abling non-energy-conserving nuclear flip-flops. Specifically,
a term that describes an energy-conserving simultaneous elec-
tron flip-flop and nuclear flip-flop (electron-nuclear four-spin
flip-flop) [61,62], which is proportional to the electron dipolar
coupling Dee (mediating electron flip-flops) and the nuclear
dipolar coupling dnn (nuclear flip-flops), could cause nu-
clear spin diffusion close to the electron. We remark that
the electron-nuclear four-spin flip-flops do not depend on the
linewidths but directly on the dipolar couplings of the involved
spins. In addition, the energy difference between the nuclei
involved in electron-nuclear four-spin flip-flops is dominated

by the hyperfine energy differences, possibly ranging into
the megahertz range, compared to the nuclear dipolar energy
differences on the order of hundreds of hertz giving rise to
the nuclear linewidths. Isotope enrichment, i.e., the increase
in 29Si abundance, would increase the nuclear dipolar cou-
plings by decreasing the average distance between 29Si spins,
eventually resulting in an increased electron-nuclear four-spin
flip-flop rate.

In Ref. [9], silicon nanoparticles were synthesized with
4.7% (natural abundance), 10%, and 15% 29Si abundance.
After hyperpolarization, the room-temperature T1 times of the
different particles were measured with 20° monitoring RF
pulses every 4 min. The measured T1 times were 48, 35, and
17 min for 4.7%, 10%, and 15% 29Si, respectively [9]. After
correcting for the monitoring RF pulses [31], the relative ratio
for relaxation rates (1/T1) between the 4.7%, 10%, and 15%
29Si particles is 1:2.5:8.2.

The nuclear dipolar couplings dnn scale with the third in-
verse power of the average nuclear-nuclear distance (dnn ∝
r−3

n−n). With r−3
n−n inversely proportional to the isotope abun-

dance f , the dipolar coupling is proportional to the isotope
abundance (dnn ∝ f ). Assuming a quadratic dependence on
the electron-nuclear four-spin flip-flop effective Hamiltonian
matrix element, the nuclear flip-flop rate (spin diffusion)
close to the electron would scale with the dipolar coupling
squared and, hence, with the isotope abundance squared.
The relative ratio of the isotope abundances squared be-
tween the 4.7%, 10%, and 15% 29Si particles is 1:4.5:10.2.
Considering this simple estimation, the ratios between the
isotope abundances are compatible with the RF corrected
relaxation rates. Remaining discrepancies might in parts
arise from effects not considered in the simple estimation
above, e.g., reduced frequency differences between neigh-
boring 29Si atoms near the electrons due to their smaller
distance and higher numbers of 29Si atoms to couple to. For
reduced frequency differences, the electron line shape might
cause a further increase of the electron-nuclear four-spin
flip-flop rate.
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FIG. 7. (a) Simulated ZQ linewidth and (b) geometric contribu-
tion to the spin-diffusion coefficient D/p(0) for generalized simple
cubic, bcc, fcc, and diamond cubic lattices. The fit parameters are
summarized in Table I and can be used to calculate the respective
quantities with an analytic expression [cf. main text and Eqs. (7) and
(8)].

We highlight that an increase in the 29Si abundance leaves
the total number of 29Si nuclei per Pb center with a 29Si atom
at its strongly hyperfine-coupled central site constant. Thus,
it appears unlikely that the long room-temperature relaxation
times of silicon nanoparticles are simply due to inefficient
paramagnetic relaxation by the Pb centers as in this case the
T1 relaxation times should be rather independent of the isotope
abundance.

C. Generalization to other crystal structures

In the following, we will adopt the SQ and ZQ linewidth
as well as the spin-diffusion simulations to simple cubic,
body-centered cubic (bcc), face-centered cubic (fcc), and di-
amond cubic crystal structures. The gyromagnetic ratio is set
to 106 rad/(s · T) and the lattice constant to 1 Å. An effective
formula to estimate both the linewidth and spin diffusion is
given based on the simulations. Therefore, adoption to other
spin-1/2 crystals involves the change of gyromagnetic ratio,
lattice constant, and isotope abundance as discussed below.
We note that for crystals with a multiatomic basis the spin
diffusion of one species can be described by the sublattice
of the respective atomic species; e.g., in sodium fluoride
(NaF), each of the two atomic species forms an fcc lattice,
although heteronuclear dipolar couplings might influence the
linewidths.

In Sec. S7 of the Supplemental Material [33], the dipo-
lar cutoff distance similar to Fig. 3(b) and the SQ and ZQ
linewidths similar to Fig. 4(a) are compared for all considered
crystal structures. The results are very similar to the above-
presented case of silicon. The ZQ lines of the different crystal
structures are compared in Fig. 7(a) in a double logarithmic
plot. The increasing number of atoms per conventional unit
cell (1, 2, 4, and 8 for simple cubic, bcc, fcc, and diamond
cubic) results in stronger dipolar couplings and with this larger
linewidth.

TABLE I. Fit parameters (prefactor u and exponent m) from
Fig. 7, fitted with Eqs. (7) and (8).

Simple cubic BCC FCC Diamond cubic

uZQ 0.456(11) 0.918(12) 1.88(2) 4.44(5)
mZQ 0.568(8) 0.552(4) 0.544(3) 0.563(4)
uD 0.042(2) 0.090(2) 0.237(6) 0.526(14)
mD 1.103(14) 1.080(6) 1.075(8) 1.103(8)

Experimentally, the ZQ linewidth is difficult to measure.
Fortunately, the SQ linewidth is a good approximation for the
ZQ linewidth (cf. Fig. S12 of the Supplemental Material [33])
and this can be experimentally measured. The spectral density
p of the fitted experimental line shape evaluated for zero
frequency [p(0)] can be multiplied with prefactors described
in Eq. (6). Figure 7(b) shows the spin-diffusion coefficient
D divided by p(0), which is a geometric quantity with some
prefactors.

The fit parameters corresponding to Fig. 7 for the ZQ
linewidths and D/p(0) are summarized in Table I. Multipli-
cation with the isotope abundance, gyromagnetic ratio, and
lattice constant gives rise to the ZQ (and to some degree SQ)
linewidth and spin-diffusion coefficient. Specifically,

�νZQ = γ̃ 2
n

ã3
0

uZQ( f )mZQ , (7)

D = γ̃ 4
n

ã4
0

uD( f )mD pZQ(0), (8)

with γ̃n = γn/(106 rad/(s · T)) and ã = a/(1 Å) the rescaled
nuclear gyromagnetic ratio and lattice constant. γn is the gy-
romagnetic ratio, e.g., 53.190 × 106 rad/(s · T) for 29Si. f is
the isotope abundance in %. The prefactor u and exponent
m are summarized in Table I and describe the dependence
of the spin diffusion on the underlying crystalline lattice and
isotope abundance. To give an example of Eq. (7), for 4.7%
29Si abundance, γ̃n = 53.190, ã = 5.431, uZQ = 4.44, and
mZQ = 0.563, we find a ZQ linewidth of 53.1902/5.4313 ×
4.44 × 4.70.563 ≈ 187 Hz in good agreement with the simu-
lated 191 Hz from Fig. 4 (cf. discussion of this value above).

The above approach to generate effective scalings for the
ZQ/SQ linewidths and spin-diffusion coefficient could be
used to derive similar expressions for other crystal structures.
The used simulation files can be found online (cf. Data
availability).

IV. CONCLUSIONS

Silicon nanoparticles with a natural core-shell geometry,
i.e., paramagnetic defects on the outside of the particles (Pb

centers) and a crystalline core with few defects, have room-
temperature T1 relaxation times � 40 min for particles with
an average particle size of 20 nm. Lattice simulations of
the SQ and ZQ lines can be used to simulate the buildup
and decay dynamics of the particles, which reveal that the
polarization dynamics is determined by the shell (outer) part
of the particles containing the interface defects. Generalized,
analytic expressions for the ZQ linewidth and spin-diffusion
coefficient, considering the interaction with distant nuclei,

043276-9



GEVIN VON WITTE et al. PHYSICAL REVIEW RESEARCH 7, 043276 (2025)

are derived from simulations for cubic crystal structures with
further extension to other structures possible.

More generally, nanoparticles a few tens of nanometers
in size can exhibit hyperpolarization enhancements and re-
laxation times similar to larger micrometer-sized particles
if bulk and surface defects (dangling bonds) are inhibited
from causing strong paramagnetic relaxation. The demon-
strated and explained long room-temperature relaxation times
in nanoparticles leave future increases in polarization levels as
the main challenge to unlock the potential of hyperpolarized
nanoparticle MRI.
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formed the simulations. G.v.W. prepared the original draft.
S.K. and M.E. acquired funding and provided supervision.
J.O.M., V.P.L., S.K., and M.E. provided resources. All authors
reviewed and edited the draft.

The authors declare that they have no competing interests.

DATA AVAILABILITY

Experimental and simulation data together with Matlab
scripts are openly available from Ref. [66].

[1] S. Jørgensen, N. Bøgh, E. Hansen, M. Væggemose, H. Wiggers,
and C. Laustsen, Hyperpolarized MRI—An update and future
perspectives, Semin. Nucl. Med. 52, 374 (2022).

[2] J. H. Ardenkjær-Larsen, B. Fridlund, A. Gram, G. Hansson, L.
Hansson, M. H. Lerche, R. Servin, M. Thaning, and K. Golman,
Increase in signal-to-noise ratio of >10, 000 times in liquid-
state NMR, Proc. Natl. Acad. Sci. USA 100, 10158 (2003).

[3] M. C. Cassidy, H. R. Chan, B. D. Ross, P. K. Bhattacharya,
and C. M. Marcus, In vivo magnetic resonance imaging of
hyperpolarized silicon particles, Nat. Nanotechnol. 8, 363
(2013).

[4] N. Whiting, J. Hu, N. M. Zacharias, G. L. R. Lokesh, D. E.
Volk, D. G. Menter, R. Rupaimoole, R. Previs, A. K. Sood, and
P. Bhattacharya, Developing hyperpolarized silicon particles for
in vivo MRI targeting of ovarian cancer, J. Med. Imaging 3,
036001 (2016).

[5] G. Kwiatkowski, F. Jähnig, J. Steinhauser, P. Wespi, M. Ernst,
and S. Kozerke, Nanometer size silicon particles for hyperpo-
larized MRI, Sci. Rep. 7, 7946 (2017).

[6] G. Kwiatkowski, Y. Polyhach, F. Jähnig, T. Shiroka, F. H.
Starsich, M. Ernst, and S. Kozerke, Exploiting endogenous sur-
face defects for dynamic nuclear polarization of silicon micro-
and nanoparticles, J. Phys. Chem. C 122, 25668 (2018).

[7] H. Seo, D. Kim, H. S. Ahn, S. Hwang, Q. S. Luu, J. Kim, S. Lee,
and Y. Lee, Efficient conversion method of bulk silicon powders
into porous silicon nanoparticles, Bull. Korean Chem. Soc. 39,
1455 (2018).

[8] J. Hu, N. Whiting, and P. Bhattacharya, Hyperpolarization of
silicon nanoparticles with TEMPO radicals, J. Phys. Chem. C
122, 10575 (2018).

[9] J. Kim, D. Jo, S. H. Yang, C. G. Joo, N. Whiting, S.
Pudakalakatti, H. Seo, H. Y. Son, S. J. Min, P. Bhattacharya,
Y. M. Huh, J. H. Shim, and Y. Lee, 29Si isotope-enriched silicon
nanoparticles for an efficient hyperpolarized magnetic reso-
nance imaging probe, ACS Appl. Mater. Interfaces 13, 56923
(2021).

[10] G. von Witte, A. Himmler, V. Hyppönen, J. Jäntti, M. M.
Albannay, J. O. Moilanen, M. Ernst, V.-P. Lehto, J. Riikonen,
S. Kozerke, M. I. Kettunen, and K. Tamarov, Controlled
synthesis and characterization of porous silicon nanoparti-
cles for dynamic nuclear polarization, Nanoscale 16, 19385
(2024).

[11] G. Kwiatkowski, F. Jähnig, J. Steinhauser, P. Wespi, M. Ernst,
and S. Kozerke, Direct hyperpolarization of micro- and nan-
odiamonds for bioimaging applications—Considerations on
particle size, functionalization and polarization loss, J. Magn.
Reson. 286, 42 (2018).

[12] D. E. Waddington, T. Boele, E. Rej, D. R. McCamey, N. J. King,
T. Gaebel, and D. J. Reilly, Phase-encoded hyperpolarized nan-
odiamond for magnetic resonance imaging, Sci. Rep. 9, 5950
(2019).

[13] Y. Zhu, J. Li, W. Li, Y. Zhang, X. Yang, N. Chen, Y. Sun,
Y. Zhao, C. Fan, and Q. Huang, The biocompatibility of nan-
odiamonds and their application in drug delivery systems,
Theranostics 2, 302 (2012).

[14] S. Ivanov, S. Zhuravsky, G. Yukina, V. Tomson, D. Korolev, and
M. Galagudza, In vivo toxicity of intravenously administered
silica and silicon nanoparticles, Materials 5, 1873 (2012).

[15] V. Vaijayanthimala, P.-Y. Cheng, S.-H. Yeh, K.-K. Liu, C.-H.
Hsiao, J.-I. Chao, and H.-C. Chang, The long-term stability
and biocompatibility of fluorescent nanodiamond as an in vivo
contrast agent, Biomaterials 33, 7794 (2012).

[16] J. G. Croissant, Y. Fatieiev, and N. M. Khashab, Degradabil-
ity and clearance of silicon, organosilica, silsesquioxane, silica
mixed oxide, and mesoporous silica nanoparticles, Adv. Mater.
29, 1604634 (2017).

[17] F. C. Barone, C. Marcinkiewicz, J. Li, M. Sternberg, P. I.
Lelkes, D. A. Dikin, P. J. Bergold, J. A. Gerstenhaber, and
G. Feuerstein, Pilot study on biocompatibility of fluorescent
nanodiamond-(NV)-Z∼800 particles in rats: Safety, pharma-
cokinetics, and bio-distribution (part III), Int. J. Nanomed. 13,
5449 (2018).

043276-10

https://doi.org/10.1053/j.semnuclmed.2021.09.001
https://doi.org/10.1073/pnas.1733835100
https://doi.org/10.1038/nnano.2013.65
https://doi.org/10.1117/1.JMI.3.3.036001
https://doi.org/10.1038/s41598-017-08709-0
https://doi.org/10.1021/acs.jpcc.8b08926
https://doi.org/10.1002/bkcs.11604
https://doi.org/10.1021/acs.jpcc.8b00911
https://doi.org/10.1021/acsami.1c16617
https://doi.org/10.1039/D4NR02603A
https://doi.org/10.1016/j.jmr.2017.11.007
https://doi.org/10.1038/s41598-019-42373-w
https://doi.org/10.7150/thno.3627
https://doi.org/10.3390/ma5101873
https://doi.org/10.1016/j.biomaterials.2012.06.084
https://doi.org/10.1002/adma.201604634
https://doi.org/10.2147/IJN.S171117


NUCLEAR SPIN DIFFUSION IN DYNAMIC NUCLEAR … PHYSICAL REVIEW RESEARCH 7, 043276 (2025)

[18] Edited by H. Santos, Porous silicon for biomedical applications,
2nd ed. (Woodhead Publishing, Sawston, 2021).

[19] N. Priyadarshni, R. Singh, and M. K. Mishra, Nanodiamonds:
Next generation nano-theranostics for cancer therapy, Cancer
Lett. 587, 216710 (2024).

[20] G. Kwiatkowski, G. Von Witte, A. Däpp, J. Kocic, B.
Hattendorf, M. Ernst, and S. Kozerke, In vivo MRI of hyperpo-
larized silicon-29 nanoparticles, Magn. Reson. Med. 92, 2631
(2024).

[21] N. Whiting, J. Hu, J. V. Shah, M. C. Cassidy, E. Cressman, N. Z.
Millward, D. G. Menter, C. M. Marcus, and P. K. Bhattacharya,
Real-time MRI-guided catheter tracking using hyperpolarized
silicon particles, Sci. Rep. 5, 12842 (2015).

[22] M. Xu, Y. Qi, G. Liu, Y. Song, X. Jiang, and B. Du, Size-
dependent in vivo transport of nanoparticles: Implications
for delivery, targeting, and clearance, ACS Nano 17, 20825
(2023).

[23] J. W. Aptekar, M. C. Cassidy, A. C. Johnson, R. A. Barton, M.
Lee, A. C. Ogier, C. Vo, M. N. Anahtar, Y. Ren, S. N. Bhatia, C.
Ramanathan, D. G. Cory, A. L. Hill, R. W. Mair, M. S. Rosen,
R. L. Walsworth, and C. M. Marcus, Silicon nanoparticles as
hyperpolarized magnetic resonance imaging agents, ACS Nano
3, 4003 (2009).

[24] E. Rej, T. Gaebel, T. Boele, D. E. Waddington, and D. J. Reilly,
Hyperpolarized nanodiamond with long spin-relaxation times,
Nat. Commun. 6, 8459 (2015).

[25] T. Boele, D. E. J. Waddington, T. Gaebel, E. Rej, A. Hasija,
L. J. Brown, D. R. McCamey, and D. J. Reilly, Tailored nanodi-
amonds for hyperpolarized 13C MRI, Phys. Rev. B 101, 155416
(2020).

[26] D. Yoon, M. Soundararajan, S. Sekatski, J. Genoud, S. Alberti,
and J. P. Ansermet, High-field 13C dynamic nuclear polarization
in nanodiamond, J. Phys. Chem. C 123, 21237 (2019).

[27] K. Kato, H. Takahashi, H. Tamaki, T. Fujiwara, and Y. Matsuki,
Nanodiamond-based hyperpolarization for in-situ magic-
angle-spinning nuclear magnetic resonance spectroscopy of
proteins, ChemRxiv, https://doi.org/10.26434/chemrxiv-2023-
x9m17-v2.

[28] D. Shimon, K. A. Cantwell, L. Joseph, E. Q. Williams, Z. Peng,
S. Takahashi, and C. Ramanathan, Large room temperature bulk
DNP of 13C via P1 centers in diamond, J. Phys. Chem. C 126,
17777 (2022).

[29] S. Bussandri, D. Shimon, A. Equbal, Y. Ren, S. Takahashi,
C. Ramanathan, and S. Han, P1 center electron spin clus-
ters are prevalent in type Ib diamonds, J. Am. Chem. Soc.
10.1021/jacs.3c06705 146, 5088 (2024).

[30] O. Nir-Arad, D. H. Shlomi, N. Manukovsky, E. Laster, and
I. Kaminker, Nitrogen substitutions aggregation and clustering
in diamonds as revealed by high-field electron paramagnetic
resonance, J. Am. Chem. Soc. 146, 5100 (2023).

[31] G. von Witte, M. Ernst, and S. Kozerke, Modelling and cor-
recting the impact of RF pulses for continuous monitoring of
hyperpolarized NMR, Magn. Reson. 4, 175 (2023).

[32] G. von Witte, A. Himmler, S. Kozerke, and M. Ernst, Re-
laxation enhancement by microwave irradiation may limit
dynamic nuclear polarization, Phys. Chem. Chem. Phys. 26,
9578 (2024).

[33] See Supplemental Material at https://link.aps.org/supplemental/
10.1103/cr6d-m3bf for sample characterization, additional ex-
perimental, and simulation data, which includes Refs. [60–65].

[34] A. E. Dementyev, D. G. Cory, and C. Ramanathan, Dynamic
nuclear polarization in silicon microparticles, Phys. Rev. Lett.
100, 127601 (2008).

[35] M. Lee, M. C. Cassidy, C. Ramanathan, and C. M. Marcus,
Decay of nuclear hyperpolarization in silicon microparticles,
Phys. Rev. B: Condens. Matter Mater. Phys. 84, 33 (2011).

[36] M. C. Cassidy, Hyperpolarized silicon particles as in-vivo imag-
ing agents, Ph.D. thesis, Harvard University, 2012.

[37] M. C. Cassidy, C. Ramanathan, D. G. Cory, J. W. Ager, and
C. M. Marcus, Radical-free dynamic nuclear polarization us-
ing electronic defects in silicon, Phys. Rev. B 87, 161306
(2013).

[38] G. Kwiatkowski and S. Kozerke, Accelerating CEST MRI in the
mouse brain at 9.4 T by exploiting sparsity in the Z-spectrum
domain, NMR Biomed. 33, e4360 (2020).

[39] H. Hayashi, K. M. Itoh, and L. S. Vlasenko, Nuclear magnetic
resonance linewidth and spin diffusion in 29Si isotopically con-
trolled silicon, Phys. Rev. B 78, 153201 (2008).

[40] A. C. Pinon, J. Schlagnitweit, P. Berruyer, A. J. Rossini, M.
Lelli, E. Socie, M. Tang, T. Pham, A. Lesage, S. Schantz, and
L. Emsley, Measuring nano- to microstructures from relayed
dynamic nuclear polarization NMR, J. Phys. Chem. C 121,
15993 (2017).

[41] A. C. Pinon, U. Skantze, J. Viger-Gravel, S. Schantz, and L.
Emsley, Core-shell structure of organic crystalline nanoparti-
cles determined by relayed dynamic nuclear polarization NMR,
J. Phys. Chem. A 122, 8802 (2018).

[42] I. J. Lowe and S. Gade, Density-matrix derivation of the spin-
diffusion equation, Phys. Rev. 156, 817 (1967).

[43] A. Kubo and C. A. McDowell, 31P spectral spin diffusion in
crystalline solids, J. Chem. Phys. 89, 63 (1988).

[44] M. Ernst and B. H. Meier, Spin diffusion in solids, in Studies in
Physical and Theoretical Chemistry, Solid State NMR of Poly-
mers, edited by I. Ando and T. Asakura (Elsevier, Amsterdam,
The Netherlands, 1998), Vol. 84, pp. 83–121.

[45] N. Bloembergen, On the interaction of nuclear spins in a crys-
talline lattice, Physica 15, 386 (1949).

[46] G. R. Khutsishvili, Spin diffusion, Sov. Phys.-Usp. 8, 743
(1966).

[47] S. Chandrasekhar, Stochastic problems in physics and astron-
omy, Rev. Mod. Phys. 15, 1 (1943).

[48] C. Deng and X. Hu, Nuclear spin diffusion in quantum dots:
Effects of inhomogeneous hyperfine interaction, Phys. Rev. B
72, 165333 (2005).

[49] G. Sharma, T. Gaebel, E. Rej, D. J. Reilly, S. E. Economou,
and E. Barnes, Enhancement of nuclear spin coherence times by
driving dynamic nuclear polarization at defect centers in solids,
Phys. Rev. B 99, 205423 (2019).

[50] J. H. Van Vleck, The dipolar broadening of magnetic resonance
lines in crystals, Phys. Rev. 74, 1168 (1948).

[51] A. Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, Oxford, UK, 1961).

[52] M. Mehring, Principles of High Resolution NMR in Solids,
2nd ed. (Springer, Berlin, 1983).

[53] F. Jähnig, G. Kwiatkowski, A. Däpp, A. Hunkeler, B. H. Meier,
S. Kozerke, and M. Ernst, Dissolution DNP using trityl radicals
at 7 T field, Phys. Chem. Chem. Phys. 19, 19196 (2017).

[54] K. Takeda, A highly integrated FPGA-based nuclear mag-
netic resonance spectrometer, Rev. Sci. Instrum. 78, 033103
(2007).

043276-11

https://doi.org/10.1016/j.canlet.2024.216710
https://doi.org/10.1002/mrm.30244
https://doi.org/10.1038/srep12842
https://doi.org/10.1021/acsnano.3c05853
https://doi.org/10.1021/nn900996p
https://doi.org/10.1038/ncomms9459
https://doi.org/10.1103/PhysRevB.101.155416
https://doi.org/10.1021/acs.jpcc.9b04110
https://doi.org/10.26434/chemrxiv-2023-x9m17-v2
https://doi.org/10.1021/acs.jpcc.2c06145
https://doi.org/10.1021/jacs.3c06705
https://doi.org/10.1021/jacs.3c06739
https://doi.org/10.5194/mr-4-175-2023
https://doi.org/10.1039/D3CP06025J
https://link.aps.org/supplemental/10.1103/cr6d-m3bf
https://doi.org/10.1103/PhysRevLett.100.127601
https://doi.org/10.1103/PhysRevB.84.035304
https://doi.org/10.1103/PhysRevB.87.161306
https://doi.org/10.1002/nbm.4360
https://doi.org/10.1103/PhysRevB.78.153201
https://doi.org/10.1021/acs.jpcc.7b04438
https://doi.org/10.1021/acs.jpca.8b08630
https://doi.org/10.1103/PhysRev.156.817
https://doi.org/10.1063/1.455460
https://doi.org/10.1016/0031-8914(49)90114-7
https://doi.org/10.1070/PU1966v008n05ABEH003035
https://doi.org/10.1103/RevModPhys.15.1
https://doi.org/10.1103/PhysRevB.72.165333
https://doi.org/10.1103/PhysRevB.99.205423
https://doi.org/10.1103/PhysRev.74.1168
https://doi.org/10.1039/C7CP03633G
https://doi.org/10.1063/1.2712940


GEVIN VON WITTE et al. PHYSICAL REVIEW RESEARCH 7, 043276 (2025)

[55] K. Takeda, OPENCORE NMR: Open-source core modules for
implementing an integrated FPGA-based NMR spectrometer, J.
Magn. Reson. 192, 218 (2008).

[56] K. Takeda, Highly customized NMR systems using an open-
resource, home-built spectrometer, in Annual Reports on NMR
Spectroscopy, edited by G. A. Webb (Academic Press, Cam-
bridge, MA, USA, 2011), Vol. 74, pp. 355–393.

[57] A. Himmler, M. M. Albannay, G. Von Witte, S. Kozerke, and
M. Ernst, Electroplated waveguides to enhance DNP and EPR
spectra of silicon and diamond particles, Magn. Reson. 3, 203
(2022).

[58] M. Batel, M. Krajewski, K. Weiss, O. With, A. Däpp, A.
Hunkeler, M. Gimersky, K. P. Pruessmann, P. Boesiger, B. H.
Meier, S. Kozerke, and M. Ernst, A multi-sample 94 GHz dis-
solution dynamic-nuclear-polarization system, J. Magn. Reson.
214, 166 (2012).

[59] T. M. Atkins, M. C. Cassidy, M. Lee, S. Ganguly, C. M.
Marcus, and S. M. Kauzlarich, Synthesis of long T1 silicon
nanoparticles for hyperpolarized 29Si magnetic resonance imag-
ing, ACS Nano 7, 1609 (2013).

[60] I. M. Nolden and R. J. Silbey, Simulation of spin diffusion in a
disordered system, Phys. Rev. B 54, 381 (1996).

[61] G. von Witte, S. Kozerke, and M. Ernst, Two-electron two-
nucleus effective Hamiltonian and the spin diffusion barrier,
Sci. Adv. 11, eadr7168 (2025).

[62] V. S. Redrouthu, M. Mannai, L. Taha, W. Zia, S. V. Sadasivan,
R. Jabbour, and A. Equbal, Overcoming nuclear spin diffusion
barrier in DNP via electron-electron flip-flop, Phys. Rev. B 111,
104417 (2025).

[63] A. Stesmans and V. V. Afanas’ev, Electron spin resonance
features of the Pb1 interface defect in thermal (100)Si/SiO2,
Mater. Sci. Forum 258-263, 1713 (1997).

[64] G. Van Gorp and A. Stesmans, Dipolar interaction be-
tween [111]Pb defects at the (111)Si/SiO2 interface re-
vealed by electron-spin resonance, Phys. Rev. B 45, 4344
(1992).

[65] V. B. Cheng, H. H. Suzukawa, and M. Wolfsberg,
Investigations of a nonrandom numerical method for
multidimensional integration, J. Chem. Phys. 59, 3992
(1973).

[66] ETH research collection repository containing experimental
and simulation data with the corresponding matlab scripts
of the presented work under https://doi.org/10.3929/ethz-b-
000709810.

043276-12

https://doi.org/10.1016/j.jmr.2008.02.019
https://doi.org/10.5194/mr-3-203-2022
https://doi.org/10.1016/j.jmr.2011.11.002
https://doi.org/10.1021/nn305462y
https://doi.org/10.1103/PhysRevB.54.381
https://doi.org/10.1126/sciadv.adr7168
https://doi.org/10.1103/PhysRevB.111.104417
https://www.scientific.net/MSF.258-263.1713
https://doi.org/10.1103/PhysRevB.45.4344
https://doi.org/10.1063/1.1680590
https://doi.org/10.3929/ethz-b-000709810

