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Angstrom-scale probing of paramagnetic centers
location in nanodiamonds by 3He NMR at low
temperatures†
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In this article a method to assess the location of paramagnetic centers in nanodiamonds was proposed.

The nuclear magnetic relaxation of adsorbed 3He used as a probe in this method was studied at

temperatures of 1.5–4.2 K and magnetic fields of 100–600 mT. A strong influence of the paramagnetic

centers of the sample on the 3He nuclear spin relaxation time T1 was found. Preplating the nanodiamond

surface with adsorbed nitrogen layers allowed us to vary the distance from 3He nuclei to paramagnetic

centers in a controlled way and to determine their location using a simple model. The observed T1 minima in

temperature dependences are well described within the frame of the suggested model and consistent with

the concentration of paramagnetic centers determined by electron paramagnetic resonance. The average

distance found from the paramagnetic centers to the nanodiamond surface (0.5 � 0.1 nm) confirms the

well-known statement that paramagnetic centers in this type of nanodiamond are located in the carbon shell.

The proposed method can be applied to detailed studies of nano-materials at low temperatures.

Introduction

Nanodiamonds are a subject of many recent scientific studies
because of their broad spectrum of potential applications,
including abrasives or catalysts, biosensors and electrodes.1,2

Nanodiamonds are composed of a crystal core and shell of
amorphous layers. The shell of unpurified nanodiamonds can
be covered by various functional groups or chemical compositions
depending on the application and method of nanodiamond
preparation.1 Nowadays the most popular methods to prepare
nanodiamond powders are HPHT (high pressure high temperature),
CVD (chemical vapor deposition), DND (detonation technique) and
milling methods.1 Different types of paramagnetic centers can
exist in a diamagnetic matrix of nanodiamonds:1 radical-type
centers in the shell, radical-type centers on the surface, various
implemented paramagnetic impurities on the surface, NV
centers in the nanodiamond core, etc. It is known that purified

detonation nanodiamonds contain paramagnetic centers only in
the nanodiamond shell.1 The amount and type of paramagnetic
center determine the application of nanodiamonds and their
commercial value. Usually cw and pulse electron paramagnetic
(EPR), electron nuclear double (ENDOR), nuclear magnetic (NMR)
and optically detected magnetic (ODMR) resonance methods are
used to determine the properties of paramagnetic centers and their
possible locations in nanodiamonds.3–7

The application of NV centers as nanoscale sensors of the
surrounding environment is an actively developing field of
research. Shallow NV centers have recently been applied as
atomic-sized NMR sensors8 that allow the performance of
nanoscale NMR with 1 ppm resolution.9 Experimental realization
of the predefined near-surface deposition of NV centers could be
done using, e.g. the d-doping technique which allows one to form
arrays of NV centers with exceptional spin coherence properties.10,11

The experimental technique that allows one to determine the actual
depth of the NV center deposition inside the nanoparticle is in high
demand.

3He is a premium candidate for studies of the magnetic
properties of nanosized samples at low temperatures due to the
absence of a nuclear quadrupole moment and sufficiently long
intrinsic T1 relaxation times. Therefore 3He nuclear magnetic
relaxation can be sensitive to the magnetism of the sample.
Properties of adsorbed 3He are well understood and it is
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commonly used as a model system of 2D solids with quantum
exchange at low temperatures.12–14 Usually it is assumed that
nuclear magnetic relaxation in this system occurs due to
dipole–dipole interactions modulated by quantum exchange
or thermal 2D motions.14,15 There are also many studies of
direct dipole–dipole interactions between adsorbed 3He and
nuclear16,17 spins or indirect interactions with electronic spins
inside the solids.18,19 Similar direct dipolar couplings were also
observed in liquid 3He surrounding solid samples.20,21

In this article we present a new technique that provides
detailed information on the magnetic properties of the surface
layer of solids and the distribution of paramagnetic impurities
in nanodiamonds. It is based on the measurement of relaxation
times of adsorbed 3He distant from the sample surface by variable
adsorbed layer thickness of noble or inactive gases. The observed
minima in T1 temperature dependences provide direct information
on correlation times and local magnetic fields.12,22,23 The proposed
method allows the variation of the distance between the 3He layer
and paramagnetic centers and allows one to obtain information on
its distribution in nanoparticles.

Experimental

Detonation nanodiamond powder of 98.3% purity produced by
US Research Nanomaterials, Inc. (USA) was used as a sample.
The declared by manufacturer particle size of the powder is
3–10 nm and the average particle density r E 3.18 g cm�3. The
powder was rammed down while placed into a 6 mm i.d.
experimental Pyrex cell sealed to the 3He gas managing system
via the capillary. The 180 mg sample is 12 mm in length which
corresponds to a sample porosity of 83%. Before every experi-
ment the experimental cell was flushed several times with
helium-4 at 95 1C temperature and then pumped out.

Pulsed 3He NMR experiments were performed at 1.5–4.2 K
temperatures and in the range of resonance frequencies
f0 = 5–19 MHz using a laboratory made NMR spectrometer24 with
a glass cryostat. The purity of 3He used in the NMR experiments
was better than 99.99%. The 3He spin–lattice relaxation time T1

was measured by a saturation-recovery technique. The 3He nuclei
transverse magnetization relaxation time T2 was obtained by a
standard Hahn echo sequence.

Some experiments were performed with the sample surface
covered by a certain amount of solid N2 layers. The presence of
nitrogen nuclei (14N I = 1) with a quadrupole moment does not
have an influence on 3He nuclei magnetization relaxation as
the corresponding cross-relaxation process is expected at lower
NMR frequencies (E3.48 MHz).25 Careful annealing of nitrogen
layers was done in order to prevent any effects of nonuniformity
of the N2 layers. For this purpose the sample was connected to a
large volume balloon where a necessary amount of N2 gas was
introduced at room temperature and then the sample tempera-
ture was slowly lowered down to 4.2 K. In order to achieve
homogenous nitrogen distribution on the sample surface and
create proper nitrogen layers we fulfilled the following condi-
tions during nitrogen adsorption. During a slow temperature

decrease the nitrogen gas pressure was carefully managed to be
significantly below saturated vapor pressure values26 that
excluded capillary condensation. According to estimates these
measures prevent any undesirable effects of capillary conden-
sation in the pores of nanodiamond powder larger than a few
nanometers in diameter.

Sample characterization
XRD measurements

The nanodiamond powder properties were studied by X-ray
diffraction experiments on a Bruker D8 Advance diffractometer
at Kazan Federal University. The obtained X-ray diffraction
pattern is presented in Fig. 1. Three main peaks (111), (220)
and (311) of the pattern are attributed to the crystal structure of
the nanodiamond core. The pattern shows the absence of a
graphite phase in the sample: there is no visible corresponding
broad line near 2y = 251.27,28 The low-intensity broad line near
2y = 631 is known to represent the amorphous a-C phase of
sp2-carbon.29 This verifies that nanodiamond particles are composed
of diamond cores and of amorphous carbon layers on the top of the
core.1

Implementation of the Scherrer equation for a spherical
shape of nanodiamonds allows us to estimate the average
diamond core diameter dcore: dcore = 0.9l/(b cos y), where the
X-ray wavelength l = 0.154 nm and b is the FWHM of the peak
at y. The dcore estimates made for three pattern peaks give
almost the same values with the average dcore = 4.24 � 0.06 nm.

TEM measurements

Transmission electron microscopy (TEM) was performed on a
Titan 80-300 S/TEM (FEI, USA) at the Probe and Electron
microscopy RC ‘‘NANOPROBE’’, National Research Center
‘‘Kurchatov Institute’’, Moscow. The typical nanodiamond powder
sample image obtained by transmission electron microscopy at an
accelerating voltage of 300 kV is shown in Fig. 2. The image clearly

Fig. 1 X-ray diffraction pattern of the nanodiamond powder sample.
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demonstrates the crystal structure of the diamond core covered by
the shell of two–three amorphous carbon layers for every particle.
The measured interplanar distance of the crystal core planes is
2.1 Å which corresponds to a diamond structure1 (interplanar
distance 2.06 Å in a diamond). The measured interplanar dis-
tances of the shell layers are close to 3.6–3.7 Å, which are typical
for amorphous carbon onion layers.30 Analysis of particle size
distributions was performed using ImageJ software on a few TEM
images and the following average diameter is d = 6.7 � 1.7 nm.
The average shape of the nanodiamond particles is close to
spherical (obtained circularity factor of 0.98 � 0.09). The simula-
tions of the corresponding X-ray diffraction pattern for the
obtained nanodiamond size distributions with an average shell
thickness of 0.9 � 0.3 nm agree with the widths of the peaks from
the measured XRD pattern.

EPR measurements

EPR experiments were carried out on a Bruker Elexsys E680 spectro-
meter at 9.7 and 94 GHz. The room temperature cw EPR spectrum
consists of a single Lorentzian line with g = 2.0044 and HWHM =
0.85 mT (Fig. 3). Usually the similar lineshape and linewidth of the
EPR signal correspond to the free radical-type center of the purified
detonation nanodiamonds located in the diamond shell or on the
surface.1 Contribution of another type of paramagnetic center was
detected using W-band echo-detected EPR, although its intensity did
not exceed 10% of the total concentration, thus it was omitted
during interpretation of the results. The signal of the N0 centers
was not observed. The only noticeable difference between the X and
W-band EPR spectra was a twofold increase in linewidth.

The concentration of the paramagnetic centers in the nano-
diamond sample is 5� 1020 spin per g as was determined in the
X-band at room temperature using a Cu2+(DETC)2 sample with
a known number of spins.

Spin–spin (Te
2) and spin–lattice (Te

1) relaxation times of the
paramagnetic centers were measured at the W-band using

Hahn echo decay and inversion-recovery pulse sequences,
respectively. Relaxation curves were fitted by a single exponential
function. The relaxation measurements were performed in the range
of temperatures from 300 down to 8 K. Spin–lattice relaxation time
Te

1 slowly increases from 20 to 60 ms with a decrease in temperature,
whereas Te

2 remains almost constant at a value of 300 ns. The
spin–lattice relaxation is almost independent at temperatures below
50 K, possibly due to a strong spin–spin interaction between near-
surface paramagnetic centers (similar to the case of NV centers in
the diamond31), therefore we expect Te

1 on the order of 100 micro-
seconds at temperatures of the 3He NMR experiments.

Adsorption isotherms

The sample in the NMR experiments was either preliminary covered
by a number of nitrogen layers N or not covered (N = 0). The
Brunauer–Emmett–Teller (BET) analysis32 of the measured nitrogen
adsorption isotherm at 77 K provides the specific surface area of the
sample of S = 342.8 � 3.9 m2 g�1. The measured nitrogen adsorp-
tion isotherm allowed us to estimate the gas amount that is required
to cover our nanodiamond powder with numbers of nitrogen layers
close to one, two and four (N = 0.96; 2.15; 3.69).

Since all NMR experiments were performed with adsorbed
3He accurate measurements of 3He adsorption isotherms were
done at a temperature of 4.2 K for all N values. The monolayer
capacities of adsorbed 3He on the sample surface were obtained
by point A33,34 technique. The found 3He monolayer stp quan-
tity for N = 0 is Vads = 24.1 � 1.6 cm3. Following the surface
helium capacities,35,36 the corresponding specific surface area
of our sample is 342.0 � 22.2 m2 g�1 (3He), which agrees well
with the results of N2 BET analysis.

With the assumption of non-porous spherical particles, the
obtained specific surface area value provides the estimated
average particle diameter:28 d = 6/(rS) = 5.51 � 0.21 nm. This
is in good agreement with XRD and TEM results.

Similar 3He adsorption isotherms were measured for
N = 0.96, 2.15 and 3.69 and the following 3He monolayer
capacities were obtained: 18.15 � 0.19 cm3, 14.40 � 0.18 cm3,

Fig. 2 The TEM image of the nanodiamond powder sample. The inter-
planar distance between the core planes is 2.1 Å and between the shell
layers is 3.6–3.7 Å (both are highlighted by white lines).

Fig. 3 cw EPR X-band spectrum of the nanodiamond powder sample
measured at room temperature.
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and 12.11 � 0.14 cm3, respectively. All obtained 3He monolayer
values were used in further NMR experiments to adjust the 3He
adsorbed monolayer coverage fraction and to determine the
exact number of nitrogen layers.

Results

In this work NMR measurements were performed in adsorbed 3He
with the fraction x3 = 0.45; 0.6; 0.8 and 1.0 of the monolayer on the
nanodiamond surface with/without nitrogen coverage. Here x3

denotes the amount of adsorbed 3He in the fractions of monolayer
capacity, and x4 is defined in the same way for adsorbed 4He. 3He
gas was injected into the cell at 4.2 K and then the 3He adsorbed
layer was annealed for about 1 h before NMR experiments.

All measured 3He longitudinal magnetization recovery and
transverse magnetization decay curves in this work are well
described by a single exponential function. In the case of the
sample not preplated with N2 (N = 0) the relaxation rate is quite
fast; T1 is on the order of milliseconds, which is unusually short
compared with the adsorbed 3He spin–lattice relaxation on
various diamagnetic samples.37–39

A set of temperature dependences of the 3He longitudinal
magnetization recovery times T1 were measured for various 3He
adsorbed layer coverages of the sample with and without
nitrogen preplate. Typical measured T1

�1 temperature dependences
are presented in Fig. 4. All measured temperature dependences
of T1 and T2 for various N and x3 are presented in a log scale
in the ESI.† The obtained temperature dependences have a
parabolic shape versus inverse temperature. For convenience
T�1,max

1 and Tmax will denote the maximum spin–lattice relaxation
rate and the corresponding temperature in the mentioned
dependences. Tmax decreases as the 3He coverage fraction x3

increases (Fig. 5). Especially, Tmax shifts at complete 3He mono-
layer surface coverages x3 = 1.0.

The maximum values T�1,max
1 of the 3He spin–lattice relaxa-

tion rate are slower for the case of the sample preliminarily
covered by nitrogen layers. The obtained relation between
T�1,max

1 and the number of nitrogen layers on the sample
surface is displayed in Fig. 6 for various x3 values. Clearly, the
3He relaxation rate strongly depends on the number of nitrogen
layers and rapidly decreases with N. T�1,max

1 is almost indepen-
dent of x3 except when N = 0.

Similar experiments were performed with a partial substitu-
tion of adsorbed 3He with 4He atoms for N = 0 and N = 0.96. The

Fig. 4 Temperature dependences of 3He spin–lattice relaxation rates
T1
�1 at x3 = 0.45, 0.6, 0.8 and 1.0 monolayer coverage of the nanodiamond

powder sample preplated with nitrogen layers (N = 2.15, x4 = 0). Solid lines
represent fits by the parabolic function.

Fig. 5 The relation between the temperature of the 3He spin–lattice relaxation
maximum rate T�1,max

1 (Fig. 4) and the adsorbed 3He coverage fraction x for
performed experiments of adsorbed 3He on the nanodiamond powder sample
with the number of preplated nitrogen layers N = 0; 0.96; 2.15; 3.69.

Fig. 6 Dependence of the 3He spin–lattice relaxation rates T�1,max
1 at

x3 = 0.45, 0.6, 0.8 and 1.0 monolayer coverage of the nanodiamond powder
sample on the number of preplated nitrogen layers N (x4 = 0). Results of
3He–4He experiments are shown as supplementary data (x3 = 0.45) (ESI†).
Solid lines represent the fits by the relaxation model (see Appendix) and the
following d0 values are obtained: 0.43 � 0.06; 0.49 � 0.08; 0.54 � 0.08;
0.61 � 0.10 nm for x3 = 0.45; 0.6; 0.8; 1.0, correspondingly.
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x3 = 0.45 amount of 3He was adsorbed on the sample surface
and then we increased the adsorbed layer density with x4

amounts of 4He to obtain similar layer coverages x = x3 + x4 =
0.45; 0.6; 0.8; 1.0 as before. In these experiments the observed
Tmax (x = x3 + x4) values are the same (within experimental error)
as those in pure 3He experiments (x4 = 0) with N = 0.96 (see
Fig. 5 and 6), but the 3He spin–lattice relaxation rate slows
down within 5–20% in general compared to that for x4 = 0.
The observed Tmax vs. x for N = 0 does not coincide with the one
of pure 3He experiments (Fig. 5).

Fig. 7 shows the measured frequency dependence of the 3He
spin–lattice relaxation time T1,min (corresponds to T�1,max

1 ) for a

complete 3He monolayer (x3 = 1.0, N = 0). The observed 3He
relaxation time linearly increases with the Larmor frequency o.

The temperature dependences of spin–spin relaxation times
T2 of the adsorbed 3He were also measured at various x3

coverages (x4 = 0, see ESI†). The typical T2 temperature depen-
dences are presented in Fig. 8 for the sample with nitrogen
preplate N = 0.96. T2 values decrease as the temperature T
decreases and a small T2 deviation is observed between x3

coverages.

Discussion

The observed extremes in temperature dependence of 3He
relaxation rates T1

�1(T) provide information on the correlation
times t of fluctuating magnetic fields causing relaxation as well as
values of the fluctuating magnetic fields themselves. Matsushita
et al.23 registered T1 minima in 3He adsorbed in the nanochannels
of porous silicate powder and reported on the decrease of Tmax

temperature with an x3 increase. Their findings were similar to our
results, however they did not consider the influence of possible
paramagnetic impurities and attribute this effect solely to 3He
movements in flat 2D films13 as was done earlier by Cowan and
Crane for boron nitride samples.40,41

Firstly, we shall check whether intrinsic dipole–dipole inter-
actions in the 3He film could be responsible for the observed
relaxation. At the maximum relaxation rate when ot E 1
according to a simple three dimensional picture for the BPP
(Bloembergen–Purcell–Pound) model one has:

T1,min E o(gI
2hBloc

2i)�1, (1)

where hBloc
2i is the mean square of the fluctuating magnetic

field experienced by 3He spins and gI = 2p � 32.43 MHz T�1

is the 3He gyromagnetic ratio. Note that at the condition of
ot = 1 a similar relation to eqn (1) can be easily derived for the
case of nuclear spin relaxation through paramagnetic centers
up to a constant factor (for instance, in the case of fixed spins
using eqn (6) and (7) we obtain a factor of 0.08). This suggests
that the T1,min proportionality to the Larmor frequency is not
the only attribute of the 3He–3He dipole–dipole relaxation
mechanism12 but can also be observed when the relaxation of
the nuclear spin occurs through paramagnetic centers. Indeed,
the minimum of the relaxation time T1,min is proportional
to the frequency for our data at which the ot = 1 condition is
satisfied (Fig. 7). Note that according to the relaxation theory of
3He due to 3He–3He dipole–dipole interactions in the 2D layer12

T1,minx3
3
p o, whereas we found an almost independent T1,min

on x3.
Assuming that 3He–3He dipole–dipole interactions are

responsible for relaxation the estimates of a standard deviation
of a fluctuating magnetic field (eqn (1)) lie within 1–3 mT
depending on the number of nitrogen layers on the ND surface.
These estimates of fluctuating magnetic field are too high compared
to ones previously reported for a 3He ensemble (0.1 mT as found for
x3 = 0.32 at 3.26 MHz and 1.8 K by Lusher et al.22). On the other
hand the temperatures Tmax depend on 3He coverage x3 (Fig. 5), but

Fig. 7 The frequency dependence of the complete monolayer (x3 = 1.0,
x4 = 0) 3He spin–lattice relaxation times T1,min (N = 0) on the nanodiamond
powder sample. The dashed line represents the T1 p o guideline.

Fig. 8 The temperature dependences of 3He spin–spin relaxation times
T2 at x3 = 0.45, 0.6, 0.8 and 1.0 monolayer coverage of the nanodiamond
powder sample preplated with one nitrogen layer nanodiamond powder
sample (N = 0.96, x4 = 0). The solid lines represent the fits by eqn (3) and
(4) (see Discussion).
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T�1,max
1 remains the same for a fixed N (Fig. 4). All these facts

additionally point out that observed 3He relaxation is not governed
by 3He–3He dipole–dipole coupling but involves an external
magnetic reservoir.

The temperatures Tmax for a given x3 in pure 3He experi-
ments do not vary with the number of nitrogen layers when
N Z 1 (Fig. 5). This means that Tmax strongly depends on the
surface diffusive motion which is linked with the 3He total
density x3. The observed Tmax(x) for N = 0 differs from N Z 1
because 3He motion on a non-preplated surface is distinct.
The Tmax(x) and T�1,max

1 (N) relations in 3He–4He experiments
(N Z 1) are similar to the ones of pure 3He because 3He atom
mobility does not change as 4He replaces 3He (Fig. 5 and 6).

The decrease of T�1,max
1 with N (see Fig. 6) unambiguously

indicates that relaxation depends on the distance from the adsorbed
3He to the nanodiamond surface. The data for 3He–4He presented
on the same figure demonstrate similar relaxation rates and reflect
the same tendency. Possibly the relaxation process involves
paramagnetic centers, the concentrations of which are about
5 � 1020 spin per g. The 3He amounts in our experiments do not
exceed n3 = 6 � 1020 spins at most, whereas the number of
paramagnetic centers is about nPC = 9 � 1019 (according to the
sample weight), so for all experimental conditions we have:

nPCgS(Te
1)�1

c n3gIT
�1,max
1 . (2)

This means that the paramagnetic centers reservoir is indeed
capable of absorbing magnetic energy from the nuclei system.

The condition of relaxation rate maximum (ot E 1) gives
estimates for t E 8.5 ns. This time scale is much shorter than
the measured spin–lattice relaxation time of paramagnetic
centers Te

1 in nanodiamonds at low temperatures (E300 ms),
and is also shorter than the spin–spin relaxation time T e

2 E 300 ns.
Obviously Te

2 is not a correlation time for 3He nuclear relaxation
because the correlation time has an activation nature at low
temperature and depends on the amount of 3He (see Fig. 8). The
found correlation time is likely associated with the 3He surface
diffusion that has either an activation nature (Arrhenius-like) or
quantum tunneling between adsorption sites. Thermal motional
averaging is indicated by the measured 3He free induction decay
characteristic time T2* that is proportional to the temperature:
T2*[ms] = (85.9 � 1.7)�T [K] in the 1.5–4.2 K range for x3 = 1.0. Let
us assume that correlation time is the time needed for a 3He atom to
diffuse from one paramagnetic center to another near the surface.
Assuming D B 10�7 cm2 s�1 in the 3He layer at low temperatures42

and that the paramagnetic centers are located in the nanodiamond
shell near the surface with a mean distance between them
d E 0.9 nm (corresponds to the surface mean density in assumption
of surface paramagnetic centers), we get t = d2/4D B 20 ns which
agrees with observed correlation times.

Thus, the relaxation occurs through surface diffusional
motions of nuclear spins in the magnetic fields mainly created
by paramagnetic centers. This allows one to find the average
distance from paramagnetic centers to the surface by applying
the relaxation model described in the Appendix. This model
implies the relaxation of nuclear longitudinal magnetization
through paramagnetic centers distributed near the surface and

intrinsic dipolar relaxation in the 3He film. The observable
longitudinal magnetization recovery is a single exponential
because of the 3He surface diffusive motion. This is different
from the reported multiexponential processes of magnetization
relaxation of immobile 1H and 19F nuclei spins at the surface of
nanodiamonds7,43 or 13C inside the nanodiamonds.44 A more
detailed theory of nuclear magnetic relaxation in 2D fluids
due to 3He–3He and 3He–paramagnetic center dipole–dipole
interactions mediated by 2D motions is given by Satoh and
Sugawara.45 Although we consider in details in Appendix the
case of fixed nuclei and paramagnetic centers it gives the same
distance dependence for longitudinal relaxation rates on
the distance a from the 3He film to paramagnetic centers
(T1
�1

p a�4 in 2D case). Another possible mechanism of
nuclear magnetic relaxation in that system is considered by
Kondo et al.46 and Lusher et al.47 The authors of these works
suggested that relaxation occurs due to fast spin exchange
between the bulk (liquid or gas) and solid adsorbed layer where
strong local magnetic fields Bloc are almost constant during the
3He short stay in the adsorbed layer. In that case the correlation
time stands for the inversed exchange frequency and the long-
itudinal relaxation rate is proportional to hBloc

2i averaged over
the surface. Therefore the longitudinal relaxation rate has the
same distance dependence as in our model. Thus, independent
of the details of relaxation mechanisms, the distance depen-
dence for longitudinal relaxation is similar and that allows us
to determine distance from the fits.

The fits of experimental data by eqn (9) and (12) (see Fig. 6)
yield the average distance from paramagnetic centers to the
nanodiamond surface d0 = 0.5 � 0.1 nm. Here it was assumed
that the distance between adsorbed N2 layers dN2–N2

is the same
between each adjacent atomic N2 layer and is equal to 3.1 Å, as
determined in numerous studies of adsorbed N2 structure at
low temperatures (see for instance the work of Golebiowska
et al.48). The distance between the first adsorbed layer and the
nanodiamond surface d1 was also taken to be equal to 3.1 Å for
the sake of simplicity (close to estimates for 3He on Grafoil
reported by Joly et al.49). The diameter of the nanoparticle was
fixed to d = 5.51 nm, but we found that the fitting parameters
are almost independent of d if the latter is chosen in the range
3–10 nm. In this fit we use an N-independent relaxation rate
T�1,dd

1 which is attributed to the self 3He–3He dipole–dipole
relaxation in the adsorbed 3He layer (eqn (12)) and has been
under study for a long time (see all references from here
regarding 3He experiments). The obtained Tdd

1 E 14 � 2 ms
from the fits is short compared to those usually observed in 3He
adsorbed on various amorphous non-magnetic materials such
as aerogels and Vycor (0.1–1 seconds)36,37 and crystal
powders,40 but similar to those observed in FSM (Folded Sheet
Mesoporous materials).23

The application of eqn (7) and (9) with d0 = 0.5 nm provides a
satisfactory agreement of the model relaxation time TPC

1 (N = 0) =
4.1 ms (the case of fixed spins is applied for the sake of
simplicity) with the experimental T1 E 1 ms at a frequency
of 18.8 MHz. In this estimate we assumed the average number
of paramagnetic centers in each particle NPC = 139 which
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corresponds to that defined above the mean diameter of
nanoparticles and the total number of paramagnetic centers
nPC. Note that the measured value of T1 E 1 ms can be
obtained within this model for d0 = 0.3 nm which is also close
to the determined above average d0.

Possibly, the applied technique for distance measurement
can be implemented for the determination of types of para-
magnetic centers and their location in nanodiamonds by
selective 3He relaxation measurements using the fact that
paramagnetic centers of a different nature have different
dynamic parameters. As the interaction between 3He and para-
magnetic centers is mutual, a similar idea can be applied for
the same purpose by means of selective Te

1 measurements with
a variable thickness of solid layers of nitrogen (or noble gas
atoms) on the nanodiamond surface isolating nuclear and
paramagnetic center systems. The measured single line of the
EPR spectra in our sample is accumulated for a relatively broad
nanodiamond size distribution. It is known that for particles
smaller than 80 nm the concentration of paramagnetic centers
strongly depends on the particle size.50 In addition, the number of
paramagnetic spins is very high and the paramagnetic spin system
is strongly coupled. Therefore it makes it impossible to distinguish
different types of paramagnetic centers by means of EPR and 3He
NMR. Such a type of experiment can be carried out in nanodia-
monds with a lower concentration of paramagnetic centers and a
narrow size distribution, which is not the case for our sample.

Temperature dependences of 3He transverse relaxation
clearly show an exponential decrease of relaxation times T2

with inverse temperature 1/T (Fig. 8). The observed relaxation
time values and temperature behaviour are similar to that of
reported 2D films of 3He.23,45,46 Additionally we found a weaker
dependence of T2 than of T1 on the number of nitrogen layers
(see ESI†). This points out that the influence of intrinsic dipole–
dipole relaxation in the 3He film on transverse 3He relaxation is
stronger (eqn (13)). Moreover we note that relaxation time T2 in
2D is always much shorter than T1 in dipolar coupled systems
(nuclear–nuclear and/or nuclear–electron) due to peculiarities
of dipolar correlation functions in reduced dimensions.13,45

At low temperatures (below 2 K) T2 is independent on
temperature and indicates crossover from thermally activated
motion to quantum tunneling as is known, for instance, from
studies of 3He in Vycor.36 A commonly used rule-of-thumb for
motionally narrowed 3D systems reads:

T2
�1 = tM2, (3)

where t is the correlation time of motion, and M2 is the second
moment of the rigid lattice NMR adsorption line. The activation
energy for atomic motion Ea is linked with correlation time of
thermal motions through the Arrhenius law:

t�1
p exp(�Ea/kT). (4)

The fits of the high temperature part of T2 temperature
dependences by eqn (4) yield activation energies Ea. The
obtained activation energy values lie in the range from 9 to
14 K depending on x3. A decrease of activation energy Ea with x3

is observed. This behaviour is consistent with the increase of

Tmax for T1
�1 with x3. The obtained absolute values of Ea and

Tmax(x) dependences are similar to those previously reported by
Matsushita et al.,23 but opposite to ones obtained for 3He in
hexagonal boron nitride.41

Conclusions

We have performed NMR measurements of adsorbed 3He in
nanodiamond powders in the 1.5–4.2 K temperature range. The
observed maxima in T1

�1 temperature dependences are clearly
interpreted by the suggested relaxation model via paramagnetic
impurities. The 3He relaxation rates strongly depend on the
distance from the 3He layer to the nanodiamond surface and
are governed by fluctuating fields experienced by diffusing
nuclear spins. These fields are created by paramagnetic centers
and are modulated by 3He thermal and quantum tunneling
surface motions. The suggested relaxation model allows
the quantitative determination of the location of near-surface
paramagnet centers in the nanodiamond sample with angstrom
precision. The same experimental technique and relaxation model
could prospectively be used to distinguish the core paramagnetic
centers in nanodiamond samples with a reduced amount of surface
paramagnetic centers. The distance dependence of the 3He relaxa-
tion rate (T1

�1
p a�4 for 2D case) is not sensitive to the details of

the system (2D solid, 2D fluid or gas–solid with fast exchange). The
observed large difference between T1 and T2 is explained by the
difference in dominating mechanisms responsible for longitudinal
and transverse relaxation: 3He–paramagnetic centers and 3He–3He
dipolar interactions, correspondingly. The determined average
distance from the paramagnetic centers to the nanodiamond sur-
face of 0.5 � 0.1 nm shows that these paramagnetic centers are
located in the nanodiamond shell. This is consistent with the well-
known information on nanodiamond structures and the EPR
measurements. The proposed technique to probe the location of
the paramagnetic centers that uses adsorbed 3He and N2 layers can
be applied to studies of various nanosized samples with paramag-
netic impurities. The demonstrated method can also be performed
with adsorbed layers of noble gases instead of nitrogen.
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Appendix: relaxation model

For simplicity we shall consider an ideal spherical nanoparticle
in which the paramagnetic centers are distributed in the surface
layer on the same distance from the surface d0 (Fig. 9). According to
different physical models of 3He longitudinal relaxation through
paramagnetic centers described in the Discussion section, we
can write:

G1 p hBloc
2i, (5)

where G1 is the nuclear longitudinal relaxation rate. Then
taking into account that Bloc p r�3, where r is the distance
between the nucleus and paramagnetic center, we can write the
nuclear relaxation rate on the nanoparticle surface through a
single paramagnetic center:

G1 ¼ C
1

r6

� �
surf

; (6)

where hisurf denotes an average taken on a sphere of radius (R + a).
Note that for the fixed spins:51

C � 2

5
gS

2gI
2�h2SðS þ 1Þ t

1þ o2t2
; (7)

where gS and gI are gyromagnetic ratios of the paramagnetic
centers and nuclei, correspondingly; h� is the Plank constant,
S is the electronic spin, t is the correlation time of fluctuating
magnetic fields causing relaxation, and o is the Larmor
frequency.

Let us assume that the paramagnetic center is located at a
distance d0 from the surface, 3He is at a distance d1 from
the surface, R0 is the radius of nanoparticle and R = R0 � d0 and
a = d0 + d1. Then one can get:

G1 ¼
C

2p

ðp
0

sinj

R2 þ ðRþ aÞ2 � 2RðRþ aÞ cosjð Þ3
dj; (8)

where the average is taken on the sphere of radius R0 + d1.

Finally, assuming no correlations between magnetic fields created
by different paramagnetic centers and taking the above integral, we
found a total relaxation rate due to all paramagnetic centers in the
nanoparticle:

1

TPC
1

¼ NPCG1 ¼
NPCC x2 þ 2xþ 2

� �
R6x4ðxþ 2Þ4 ; (9)

where

x ¼ d0 þ d1

R0 � d0
; (10)

NPC is the number of paramagnetic centers in each nanoparticle.
The result given by eqn (9) can be applied to a nanoparticle

preplated with nitrogen layers. For that case d1 should be
substituted in eqn (10) by:

d2 = d1 + NdN2–N2
, (11)

where N is the number of nitrogen monolayers and dN2–N2
is the

distance between adjacent monolayers.
Note that in the case of large nanoparticles (x { 1, in

another words a { R) one has T�1,PC
1 p a�4 dependence of

relaxation rate on the distance from paramagnetic centers to
the 3He layer as it follows from eqn (9).

In addition to this relaxation mechanism described above
one has to take into account intrinsic dipolar relaxation in 3He
films (Tdd

1 ). Thus, the observable longitudinal relaxation time of
adsorbed 3He can be described by the following equation:

1

T1
¼ 1

TPC
1

þ 1

Tdd
1

: (12)

And similarly,

1

T2
¼ 1

TPC
2

þ 1

Tdd
2

: (13)
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