¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal

Anomalous spin relaxation in graphene
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The electronic and magnetic structures of diamond nanoparticles with a hydrogenated surface are investigated
as a function of annealing temperature under vacuum annealing up to 800-1000 °C. Near edge X-ray
absorption fine structure (NEXAFS) spectra together with elemental analysis show successive creation of defect-
induced nonbonding surface states at the expense of surface-hydrogen atoms as the annealing temperature is
increased above 800 °C. Magnetization and ESR spectra confirm the increase in the concentration of localized
spins assigned to the nonbonding surface states upon the increase of the annealing temperature. Around
800 °C, surface defects collectively created upon the annealing result in the formation of graphene nano-
islands which possess magnetic nonbonding edge states of m-electron origin. Interestingly, extremely slow spin
relaxation is observed in the magnetization of the edge state spins at low temperatures. The relaxation time is
well explained in terms of a lognormal distribution of magnetic anisotropy energies instead of the classical Néel
relaxation mechanism with a unigue magnetic anisotropy energy, in addition to the contribution of the
quantum mechanical tunnelling mechanism. The spin—orbit interaction enhanced by the electrostatic potential
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gradient created at the interface between the core diamond particle and surface graphene nano-islands is
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Introduction

When diamond nanoparticles are annealed at high tempera-
tures in inert Ar atmosphere or in vacuum, graphenization/
graphitization along with the sp® to sp> conversion starts at
their surfaces around 900 °C, then it proceeds into the interior
of the particles at higher temperatures, and finally diamond
nanoparticles are entirely graphitized around 1600 °C."® What
interests us in the beginning of graphenization/graphitization
is the formation of electrically conducting single layer graphene
nanostructures on the surface of diamond nanoparticles with
their interior being intact. Here, the electronic and magnetic
structures of the graphene nanostructures formed on the sur-
face vary in a wide range depending on their size and geometry.
In particular, zigzag-shaped edges of the graphene nanostruc-
tures whose peripheries consist of a combination of zigzag and
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responsible for the slow spin relaxation.

armchair edges possess spin-polarized nonbonding edge states
of m-electron origin.*® The edge-state spins interacting with
each other through strong intra-zigzag edge ferromagnetic
interactions together with intermediate strength inter-zigzag
edge antiferromagnetic/ferromagnetic interactions take a wide
range of magnetically ordered states depending on their
mutual geometrical relationship.'® In addition to the intrinsic
magnetic structure in graphene nanostructures, in the case of
nanostructures created on the diamond surface, interactions
with the underlying diamond can work to modify the magnetic
structures as well. In this context, we remind that the electronic
holes created on the hydrogen-terminated diamond surface are
subjected to the enhanced spin-orbit interaction owing to the
formation of a large electrostatic potential gradient at the
interface (Rashba effect),'* even though the intrinsic spin-orbit
interaction of carbon is extremely small (~5 cm ™ *)."* Actually,
the hydrogen-terminated diamond surface induces charge
transfer from the interior, giving rise to the accumulation of
hole carriers in the vicinity of the surface.'® As the result, the
large electrostatic potential gradient created perpendicular to
the surface works to enhance considerably the spin-orbit
interaction at the surface. In general, carbon-based spins are
easily subject to thermal fluctuations, due to the very
weak magnetic anisotropy energy owing to a small intrinsic
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spin-orbit interaction, resulting in less stable spin ordered
states."* In contrast, we can stabilize the spin ordered state
more and expect interesting collective phenomena in magnetic
graphene nanostructures affected by the enhanced spin-orbit
interaction on the hydrogenated diamond surface. Here,
strongly correlated edge-state spins of graphene nanostructures
under the effect of enhanced spin-orbit interactions are not
only the important target to be challenged in carbon-based
molecule magnetism but also offer new ingredients to cutting-
edge spintronics applications.

With the motivation mentioned above, we have investigated
the magnetic and electronic properties of surface-hydrogenated
diamond nanoparticles and their annealing effect at high
temperatures in relation to the formation of graphene nano-
structures on the surfaces. We have observed the superpara-
magnetic behavior of edge-state spins on the surface graphene
nanostructures in the vicinity of annealing temperatures at
which the nanostructures start developing. The anomalously
slow magnetization relaxation observed together with non-
Arrhenius-type temperature dependence is explained in terms
of enhanced spin-orbit interactions for which the large electro-
static potential gradient on the surface is responsible. The non-
Arrhenius-type temperature dependence comes from a wide
distribution of the magnetic anisotropy energies originating
from the spin-orbit interaction.

Experimental

We employed diamond nanoparticles obtained after ball-
milling of high-temperature, high-pressure synthesized dia-
mond (Tomei Diamond Co. Ltd)."® The sizes of the individual
nanoparticles are distributed in a ca. 4-30 nm range according
to SEM and STEM observations.'® The average crystallite size of
the diamond nanoparticles was estimated to be 11 nm from the
peak width in powder X-ray diffraction using the Scherrer
equation.'® The diamond nanoparticles were covered by
oxygen-containing surface functional groups such as OH and
COOH, due to post-synthesis acid treatment.">"” The surface of
the diamond nanoparticles was hydrogenated by heating at
600 °C in a hydrogen atmosphere, to replace the oxygen-
containing functional groups with hydrogen. Hydrogenation
of the surface was confirmed via FTIR spectra and elemental
analysis. The diamond nanoparticles were heat-treated under
high vacuum (107° Pa) in five different conditions (annealing
temperature and time): 20 °C, 48 hours; 400 °C, 24 hours;
600 °C, 12 hours; 800 °C, 6 hours; 1000 °C, 4 hours, under
which the samples obtained were named ND020, ND400,
ND600, ND800, ND1000, respectively. The vacuum sealed NEX-
AFS samples were opened to an ambient atmosphere for
mounting on the sample holder. The NEXAFS sample chamber
was baked under vacuum at about 200 °C for overnight, after
mounting the samples. The carbon K-edge NEXAFS spectra of
ND020, ND400, ND600, ND800 and ND1000 were measured
using the total electron yield method, at the soft X-ray beam
line BL-7A in the Photon Factory in the Institute of Materials
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Structure Science, Tsukuba, Japan.'® The intensity of NEXAFS
spectra were normalized with respect to the edge jump at
340 eV, where the intensity was proportional to the amount
of carbon. The photon energy was calibrated with respect to the
C 1s to n* peak position of highly oriented pyrolytic graphite
(HOPG) at 285.5 eV. Magnetization and magnetic susceptibility
measurements were carried out in the temperature range from
2 to 300 K in the magnetic field up to 7 T using Quantum
Design superconducting quantum interference device (SQUID).
For SQUID measurements, ND020 and ND400 were wrapped in
aluminium foil, ND600 in gold foil and ND800 in platinum foil.
The wrapped samples were kept in a quartz tube and vacuum
sealed after heat treatment. The typical sample weight was ca.
30 mg for the magnetization measurements. The background
signal of the wrapping metal and quartz were subtracted to get
the sample signal. The zero field cooled (ZFC) and field cooled
(FC) measurements of magnetization gave identical results for
all the samples and therefore all data given are in ZFC condi-
tion. In order to investigate magnetization relaxation, time
dependence of the magnetization was also measured. Since
the samples showed slow magnetization relaxation at lower
temperatures, the samples were allowed to thermally equili-
brate at each temperature before the application of magnetic
field in time dependence studies. Samples for X-band electron
paramagnetic resonance (EPR) measurements were prepared in
a “n”’ shaped custom-made quartz tube with a vacuum sealing
valve of Swagelok. One of the wings of the sample setup
(heating-wing) was used for heating the sample and the other
wing (measuring-wing) was the ESR sample tube. The sample
was vacuum heat treated in the heating-wing, then vacuum
sealed with the valve and carefully transported into the ESR
wing. A single pristine sample heated at different temperatures
was used for all the ESR studies. ESR measurements were
carried out in heating runs in the range 4-300 K, using JEOL
TE-200 X-band ESR spectrometer equipped with Oxford ESR910
helium continuous-flow cryostat. No ferromagnetic impurity
signal was detected in ESR spectra for the diamond nanopar-
ticle samples.

Results and discussion

The FTIR spectra of the hydrogenated diamond nanoparticle
sample ND020 showed strong absorption at 2847 cm™ " of C-H
symmetric stretching and 2928 cm ' of C-H asymmetric
stretching as depicted in Fig. 1, confirming surface hydrogena-
tion of the diamond nanoparticles. From the elemental analysis
result (C: 98.94%, H: 0.96%, O: 0.34%), the molar ratio is
estimated to be C:H:0 = 400:47:1, which suggests the
successful surface hydrogenation in diamond nanoparticles
in addition to the presence of a trace of remaining oxygen-
containing functional groups on the surface. Let us estimate
the surface coverage with hydrogen atoms in addition to the
contribution of the oxygen-containing functional groups for the
nanoparticle crystallite having a size of 11 nm, assuming that
the diamond nanoparticles are spherical in shape with a
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Fig. 1 FTIR spectrum of the pristine hydrogenated diamond nanoparticles
(ND020). The absorptions at 2847 and 2928 cm™! correspond to C—H
symmetric and asymmetric stretching, respectively.

diameter of r = 11 nm (the observed crystallite size is 11 nm
while the sizes of nanoparticles are distributed in 4-30 nm™®).
The total number of carbon atoms involved in an individual

4
nanoparticle crystallite is given as Ny, = {gn(r/2)3/a3} 8, where

a = 0.3567 nm is the lattice constant of the fcc unit cell of
diamond, in which 8 carbon atoms are involved. The number of
surface carbon atoms is roughly given as Ny = [4n(r/2)*/a*]2,
where we assume that the concentration of surface carbon
atoms is represented by the (100) facet, in each of which 2
carbon atoms exist in the unit cell. Then the ratio is given as

3
N/Np = E(a/r) =4.86 x 1072 with N}, = 1.23 x 10°. From the

result of the elemental analysis C: H: O =400:47: 1, the ratio of
surface carbon atoms (N,.c) is given as 400 x 4.86 x 10> =16.3,
which is considerably smaller than the hydrogen content (47).
Consequently, we can conclude that the surface is completely
hydrogenated in good agreement with the FTIR spectrum
shown in Fig. 1. The excess hydrogen concentration on the
surface is suggestive of the presence of di- and tri-hydrogenated
surface carbon sites in addition to the mono-hydrogenated
sites. In addition, a part of the hydrogen atoms is considered
to be involved as components of the remaining oxygen-
containing surface functional groups.

Next, we track the change in the electronic structures upon
high temperature annealing in a vacuum using the NEXAFS
spectra. The normalized NEXAFS spectra of the diamond
nanoparticle samples ND020, ND400, ND600, ND800, and
ND1000 are given in Fig. 2. The bulk core-exciton peak in
diamond is located at 289.3 eV'°" and the conduction band
minimum for the surface carbon is ~0.60 eV below the bulk
core-exciton peak as marked in Fig. 2. Three peaks P0, P1, and
P2 are present in the gap in addition to the broad feature
(around 288-289 eV) of 6*(C-C) just below the conduction band
minimum as we can see in the expanded view of the lower
energy region in the inset of Fig. 2. Fig. 3 shows the annealing
temperature dependence of the intensity of the two peaks PO
and P1, which are obtained by deconvolution of the NEXAFS
spectra. The ND020, ND400, and ND600 showed almost
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identical features in the bulk band gap region of diamond
(see Fig. 2).%° This suggests that surface modification accom-
panying dehydrogenation does not take place up to 600 °C. The
peak (P2) at 287.3 eV can be assigned to C(1s)-c*(C-H,)
resonance (x = 1, 2, 3) in addition to the contributions of
surface carbon atoms bonded to other functional groups such
as ~OH. ND800 and ND1000 showed a downward shift in this
peak as more and more surface states are formed due to
modification of the diamond surface.”>*” 1t should be noted
that the peak P2 still survives even in ND1000 as evidence that
the surfaces remain still hydrogenated even at 1000 °C, though
a part of the surfaces are dehydrogenated. A new peak (P1)
appeared as a gap state at 285.2 eV corresponding to the C(1s)-
m* transition of sp>-bonded carbon, which showed a systematic
increase in intensity with increased annealing temperature of
above 800 °C. This is expected since the surface of diamond
nanoparticles is slowly getting transformed into graphenic
layers, at higher annealing temperatures. Another new gap
state peak (P0) assigned to the nonbonding state*! appeared
at 282.7 eV from the surface core exciton above the annealing
temperature of 800 °C, and its intensity increased upon the
elevation of the annealing temperature. These findings
together with the previous report'*** suggest that surface
dehydrogenation takes place just above 800 °C, accompanied by
surface graphenization. The graphenization induced by collec-
tive dehydrogenation allows the surface to form graphene
nanostructures,' ™ at the edge of which nonbonding edge states
are created. As the result, the PO peak appearing above 800 °C is
assigned to the edge states in the graphene nanostructures on
the surface. Here it should be noted that we cannot exclude the
possibility of graphenization of the second layer beneath the
uppermost layer in the present experimental result. However, it
is rather difficult to graphenize the second layer since the
annealing temperatures up to 1000 °C are well below the
temperature of bulk graphitization (1600 °C). In other words,
the contribution of the second layer is minor in comparison
with that of the uppermost layer. In addition, the presence of
graphene nanostructures on the second layer does not affect
seriously the electronic structure of graphene on the surface
due to the weakness of the interlayer interaction.>

The results of the ESR signal obtained for the pristine and
high temperature annealed diamond nanoparticles are shown
in Fig. 4 with the temperature dependence of the g-value and
the peak-to-peak line width. The ESR signal obtained for the
diamond nanoparticle samples did not show any of the char-
acteristic features of either nitrogen related or Pauli paramag-
netic spins of graphenic domains."*?*?° The narrow
Lorentzian-type ESR line shape, along with the g-values close
to the free spin (2.0023) and linewidths in the range of 1 mT,
are characteristic features of the localized spins of carbon
origin. The g-values were found to be almost temperature
independent in the measurement temperature range as shown
in Fig. 4. The linewidths were temperature independent and
exhibited only a slight increase upon annealing up to 600 °C.
Then it doubled above 600 °C. Finally, the linewidth reached
1.4-1.5 mT in ND800 and became weakly dependent on the
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Fig. 2 (upper) The normalized NEXAFS spectra of diamond nanoparticle samples vacuum heat treated at 20 °C (ND020), 400 °C (ND400), 600 °C
(ND600), 800 °C (ND800), 1000 °C (ND1000). The conduction band minimum for the surface carbon (thin short down arrow) and the bulk core exciton
peak (thick long down arrow) are indicated. Inset: Expanded view of the bulk band gap region of ND020 (curve 1), ND80O (curve 2), and ND1000
(curve 3). The arrows roughly indicate the positions of PO (red), P1 and P2 according to the photon energy. (lower) Deconvolution of the NEXAFS spectra
below 286.5 eV with peaks PO (~283 eV) and P1 (~285 eV). The experimental data and the fitting curves are given by the asterisk and thick solid line,
respectively. The dotted line is the arctangent step function corresponding to the conduction band minimum (CBM), where the step function is centered
at 289.67 eV with a width of 0.45 eV in all the cases, except for ND1000, where the step width is slightly higher (0.5 eV). The solid green line (P2) appearing
above 285 eV is a part of the contribution from o*(C-H,) and other related peaks.

measurement temperature, in addition to the increase in the accompanied by the weak temperature dependence in the
g-value. Taking into account that dehydrogenation starts on the linewidth is suggestive of the important role of the edge-state
surface above 800 °C, the discontinuous linewidth increase spins created in an individual graphene nanostructure on the
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Fig. 3 The peak area of PO and P1, relative to the peaks of the room

temperature treated sample as a function of heat treatment temperature. It

is clear that, up to 600 °C, there is no noticeable change in the peak area

for the two peaks. Peak areas increased steadily and significantly on

heating at 800 and 1000 °C.

surface and coupled with each other through strong magnetic
interaction.®® In this regard, we should remind the NEXAFS
results, in which the nonbonding edge states (282.7 eV) of n-
electron origin becomes evident above 800 °C. In addition, the
fact that the linewidth increase is accompanied by the increase
in the g-value tells us the signature of enhanced spin-orbit
interaction in ND800, as will be discussed later.

The magnetic susceptibility showed paramagnetic behavior,
consistent with the results of the ESR measurements. Here it
should be noted that the bulk diamond has a net negative
susceptibility —4.9 x 1077 emu g ' Oe ' comprising the
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Fig. 5 Temperature dependence of the isothermal susceptibility of the
diamond nanoparticle samples, measured at 1 T. The slopes are calculated
from the straight line fits in the higher temperature region, as given in the
graph. Inset: Heat-treatment dependence of the excess Van Vleck para-
magnetic susceptibility.

core and the valence diamagnetism and the Van Vleck
paramagnetism,*'”*> where the temperature independent Van Vleck
paramagnetic susceptibility is estimated to be 5.5 x 107 emu g~ *
Oe 1! Fig. 5 gives the temperature dependence of the isothermal
susceptibility after subtracting the theoretical bulk susceptibility,
—4.9 x 107" emu g~ " Oe™". The plot shows almost linear curves for
all the samples with positive slopes, indicating the presence of an
extra positive temperature independent susceptibility, which could
either be due to Pauli or due to Van Vleck paramagnetism. Here, the
possibility of temperature independent Pauli paramagnetism is
excluded as the annealing temperatures are too low to form well
defined graphene layers at the surface of diamond nanoparticles for
the samples annealed below 600 °C or the Pauli paramagnetic
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Fig. 4 ESR peak profiles (left) of the samples at room-temperature, measured using 0.01 mW power and 0.05 mT modulation. Temperature variation of
the g values (right, top) and peak width (FWHM) after Lorentzian fit (right, bottom) of ND020, ND400, ND600, and ND800, measured at 0.01 mW

microwave power.
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susceptibility above 800 °C gives a negligible contribution in the
graphene nanostructures, whose Fermi levels are located around the
Dirac point.” In connection to the formation of graphene nano-
structures, impurities having electron donating/accepting nature
can work to enhance the Pauli paramagnetism. However, the
estimated enhancement is two orders of magnitude smaller than
the total susceptibility of the HTT800 sample at T = 100 K for
example, even if the concentration of impurities, which might work
as dopants, is in the range of 1%.>* Therefore, this extra positive
contribution is assigned to the enhancement in Van Vleck para-
magnetic susceptibility, expressed as:**

. o\ 2
n= WG )
. o\ 12
-3 0

for E; » kT, where N is the number of carbon atoms, |i|1,]j] is the
nondiagonal matrix element of the magnetic moment operator
connecting the occupied ground state { with the unoccupied excited
state j, and E; is the energy gap between the valence and conduction
bands. In pure diamond, the occupied and unoccupied states
correspond to the valence and conduction bands, respectively.
Accordingly, the Van Vleck paramagnetism contribution is negligi-
bly small in pure diamond as the energy gap is large (E, = 5.47 eV).
When impurity and/or surface states are created in the energy gap
region in defective diamond or surface-modified diamond, the
excitations from the occupied ground state to the unoccupied
excited state, both of which distribute as impurity and/or surface
states in the energy gap between the valence and conduction bands,
contribute to the enhancement in the Van Vleck paramag-
netism.>'?>** As the consequence, the enhancement in the
Van Vleck term observed in the present experiment originates from
the growing number of surface states located in the energy gap of the
diamond nanoparticles. The high temperature annealing induces
the rearrangement of the surface even before dehydrogenation
starts, resulting in the increase in the surface states and dehydro-
genation taking place above 800 °C participates in the creation of
surface states, in which the edge-states of graphene nanostructures
are involved. The modification of the NEXAFS spectra in the o*
region along with the low energy shift of peak P2 is related to the
structural modification accompanied by surface states. Here, it
should be noted again that graphene nanostructures created on
the surface particularly for the sample heat-treated above 800 °C
gives an additional contribution of orbital diamagnetic susceptibility
of m-electron origin to the susceptibility observed. In the previous
work,” the orbital contribution is estimated as ~10"® emu g™ .
Taking into account the fraction of surface carbon atoms, Ny/N;, =
4.86 x 10”2, a part of which is graphenized, the contribution of the
orbital diamagnetism (<5 x 10~ ® emu g™ ") is negligible enough to
make a correction necessary for the Van Vleck paramagnetism.
The creation of surface states together with dehydrogenation
at the surface gives temperature dependent Curie type suscepti-
bility as well from s =1/2 paramagnetic spins, as observed in the
low temperature range, where the Van Vleck magnetization is
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1-2 orders of magnitude smaller. Fig. 6 shows the magnetiza-
tion data at 2 K of ND020, ND400, ND600, and ND800 and the
s =1/2 Brillouin function fits. The Curie type paramagnetic spin
concentration obtained from s =1/2 Brillouin function fit at 2 K
are 1.1 x 10"°¢7", 1.2 x 10" ¢7*, and 1.5 x 10" ¢~ for ND020,
ND400 and ND600, respectively. Taking into account that the
g-value is independent of the annealing temperature in this
annealing temperature range up to 600 °C, the spin species are
in the same origin in this annealing temperature range. The
slight increase in the spin concentration together with a slight
broadening of the ESR linewidth is suggestive of a slight
rearrangement and increase in the number of the magnetic
surface states which are present in the pristine hydrogenated
diamond nanoparticles. It should be noted that the surface
carbon atoms to which hydrogen atoms are bonded are not
regularly arranged so that many defects are present as a source
of surface states. After annealing at 800 °C, close to the
dehydrogenation temperature, the Curie-type spin concen-
tration of diamond nanoparticles (ND800) showed a threefold
increase (see the inset of Fig. 6), reinforcing the fact that the
Curie type surface spins originate from the nonbonding edge
states in the peripheries of graphene nanostructures on the
surfaces.*°

In carbon-based magnetic materials, in which the magnetic
carbon atom has an extremely weak magnetic anisotropy owing
to its weak spin-orbit interaction (5 cm™'),'*> magnetic
responses are so rapid that the time dependent relaxation is
not observed in general in static magnetic susceptibility and
magnetization." However, slow magnetization relaxation was
observed at low temperatures in the high temperature annealed
diamond nanoparticles in the present experiments. Fig. 7
shows the time dependence of the magnetization on increasing
the magnetic field from 1 to 4 T at 2 K, where the magnetization
at 1 T was allowed to saturate before the increase to 4 T. The

00 s 1 N 1 N 1 L 1 " 1 " 1
0 10 20 30 40 50 60

H (kOe)

Fig. 6 Brillouin function fit (solid line) to the magnetization data at 2 K of
ND020, ND400, ND600, and ND800 with s = 1/2. The diamagnetic
contribution of bulk diamond is subtracted before fitting. Inset: The
number of spins obtained after Brillouin function fit as a function of
vacuum heat-treatment temperature.
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Fig. 7 Time dependence of magnetization at 2 K for the samples ND020
(curve 1), ND40O (curve 2), ND60O (curve 3), and ND80O (curve 4) kept in
thermal equilibrium at 1 T, followed by an increase in field to 4 T (indicated
by the sudden jump in the magnetization). After attaining the saturation in
the magnetization, the field is reduced to 1 T (indicated by the sudden drop
in magnetization). The dotted lines are guide to the eyes and the thick lines
are the exponential fit. The rise/fall time of the magnetic field is 3 min
between 1 and 4 T.

room-temperature evacuated pristine sample (ND020) showed
no detectable time dependence of the static magnetization
down to 2 K. In contrast, ND400 and ND600 exhibited detect-
able time dependence, which increased dramatically in ND800.
The magnetization dynamics can be fitted with an exponential
function given by

M.(1) = My[1 - e*f], @)

where M, is the equilibrium magnetization and r is the relaxa-
tion time constant. From the fit, ND400 and ND600 gave the
same 7 as 300 + 20 s, and ND800 gave an extremely long 850 +
20 s. Since the number of Curie-type paramagnetic spins
increased upon high temperature annealing and it became
three times larger than that in the pristine sample for ND800,
the observed long time relaxation can be attributed to the
surface spins formed by high temperature annealing and sub-
sequently by the dehydrogenation above 800 °C. Here it should
be reminded that the diamond nanoparticles, whose surfaces
are not hydrogenated, have no detectable time dependence in
the magnetization even if graphene nanostructures are created
at 900 °C, at which only the surfaces are graphitized with the
interior of the diamond nanoparticles being intact.> In other
words, it is the important requisite to observe the long time
dependence that graphene nanostructures and hydrogenated
surface regions coexist on the diamond nanoparticles. A hydro-
genated surface works to accumulate conducting hole carriers
at the interface between the surface and the interior in
diamond," resulting in the enhancement of the spin-orbit
interaction which in turn is due to the sharp electrostatic
potential gradient created perpendicular to the surface (Rashba
effect)."”" The deviation of the g-value from the free electron
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spin observed in the ESR signal for ND800 is an important
signature for the enhancement of the spin-orbit interaction.
Taking into account the enhanced spin-orbit interaction in the
spins on the surface, the enhancement of the magnetic aniso-
tropy is responsible for the extremely long relaxation time
observed in the magnetization. In particular, the edge-state
spins in the graphene nanostructures on the surface annealed
at 800 °C can have more elongated relaxation time as the edge-
state spins are interacting with each other through strong intra-
zigzag edge ferromagnetic interactions.® In other words, col-
lectively interacting spins created around the graphene edge
regions are subjected to the slow dynamics, for which an
interplay between the exchange interaction and strong mag-
netic anisotropy is responsible. This can be explained in terms
of superparamagnetic behavior.**>°

In order to understand the mechanism behind the slow
magnetization relaxation further in details, the temperature
dependence of T at low temperatures was studied for ND800, in
which graphene nanostructures are formed on the surface with
the localized spins being assigned to the edge-state spins. In
the measurement temperature range (2-6 K), the sample was
kept in thermal equilibrium at 0.2 T at each temperature,
followed by an increase in field to 4 T (see Fig. 8). The value
of 1/7 obtained after fitting the above relaxation equation to the
data of Fig. 8 is plotted against temperature in Fig. 9(a). 1/t was
found to be linearly dependent on the temperature, and it
deviated upward from the linear dependence at the lowest
temperature (2 K). The observed linear temperature dependent
1/T, is not agreeable with that expected in superparamagnets
with Arrhenius-type Néel relaxation®” given as

11 E,

—— — 3

s e () ()
where the activation energy E, = KS is the product of the

magnetic anisotropy density K and the surface area S of
graphene nanostructures. Here we should remember that the
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Fig. 8 Temperature dependence of relaxation phenomenon in the range
of 2—-6 K for ND80O kept in thermal equilibrium at 0.2 T followed by an
increase in field to 4 T. The thick lines are the exponential fit to the data.
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graphene nanostructures distributed on the surfaces of the
diamond nanoparticles are not regularly arranged. The surface
carbon atoms of the pristine unannealed diamond nano-
particles are terminated in a disordered manner by hydrogen
atoms with mono-, di- and tri-hydrogenated sites and also by
other functional groups such as oxygen-containing functional
groups. Therefore, the high temperature annealing above
800 °C is affected by this structural randomness of the surfaces,
resulting in a wide distribution of the sizes and shapes of
graphene nanostructures grown on the surface. In addition, the
interactions between the surface graphene nanostructures and
the underneath diamond nanoparticles, which remain partly
hydrogenated, vary randomly. Accordingly, the edge state spins
distributed around the edge region of the graphene nanostruc-
tures have a large variation in their environments. This means
that both the strength of the magnetic anisotropy and collective
features of the edge-state spins are widely distributed, resulting
in the wide distribution of the superparamagnetic activation
energy E, in the magnetization relaxation. In an assembly of
superparamagnets, in which the activation energies are widely
distributed, it is known that the distribution obeys the lognor-
mal distribution.>®*” In addition, the experimental results
shown in Fig. 8 indicates the relaxation rate 1/t to be extra-
polated to a finite value at 7' = 0 K, suggesting the presence of a
non-thermal (tunnelling) contribution 1/7¢unnel in the relaxation
rate. As a consequence, the observed relaxation time averaged
over the whole sample is described by the following equation:

1 1> E, 1
=—| exp|— P(E,)dE, + , 4
<T(Ea)> TOJO p( kg ) ( ) Ttunnel ( )

where P(E,) is the lognormal distribution function:

I & 4 ()]

s 5
V2noE, 202 )

with u and ¢ connected to the average and the standard deviation of

Ey by (E)= e(“*%z) and \/m =/ (e” = 1)e+o,

respectively. The magnetization relaxation time is well explained
with the thermal contribution described by the lognormal distribu-
tion in the activation energies E, together with the tunnelling
contribution as shown in Fig. 9. The average and the deviation of
the activation energy are given as (E,) = 133 K

<(AEa)2> = 4.5 K, respectively. The tunnelling ratio is estimated

as 1/Tunnet = 1.1 x 1072 57, The large standard deviation of the
activation energy compared with the average comes from a wide
range of structural randomness in the magnetic graphene nano-
structures created on the surfaces of the diamond nanoparticles.
Here, not only the wide distributions of the sizes and shapes of the
nanostructures but also the wide distribution of the electrostatic
potential gradients created by the hole carriers at the surfaces are
responsible for the activation energy distribution. It should be noted
that the large contribution of the tunnelling process to the
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Fig. 9 (a) Temperature dependence of the magnetization relaxation time
7 in the range of 2-6 K for ND80O kept in thermal equilibrium at 0.2 T
followed by an increase in field to 4 T. Full circles and open squares
connected by the solid line are the experimental data and the values
obtained by fitting with the lognormal distribution of the activation energy
E,, respectively. The tunnelling term is estimated as 1/t(T = 0 K) = 1.1 x
103 s. (b) The lognormal distribution function P(E,) of the activation
energy. The average and the deviation are given as (E,) = 13.3 K and

V((AE, ) = 4.5 K, respectively.

magnetization relaxation is suggestive of the quantum mechanical
feature of the spins in the graphene nanostructures.

Conclusions

The annealing temperature dependence of the electronic and
magnetic structure in diamond nanoparticles with their surface
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hydrogenated have been investigated as a function of annealing
temperature under vacuum annealing up to 800 °C. The near-
edge X-ray absorption fine structure (NEXAFS) spectra together
with elemental analysis show the successive creation of defect-
induced nonbonding surface states at the expense of hydrogen
atoms terminating the surface carbon atoms as the annealing
temperature is increased. Magnetizations and ESR spectra
confirm the increase in the concentration of localized spins
assigned to the surface states upon the increase of the anneal-
ing temperature. Around 800 °C, defects collectively created
upon annealing result in the formation of graphene nano-
islands, around the peripheries of which magnetic nonbonding
edge states of m-electron origin are formed. Interestingly, extre-
mely slow spin relaxation is observed in the magnetization of
the edge state spins at low temperatures. The relaxation time
cannot be explained simply in terms of the classical Néel
relaxation mechanism with a unique magnetic anisotropy
energy but is well explained in terms of a combination of the
thermal activation process with a wide distribution of the
magnetic anisotropy energies and the tunnelling process.
The former can be fit with the lognormal distribution of
magnetic anisotropy energies due to the disordered nature of
graphene nanostructures on the surfaces of diamond nano-
particles, while the latter comes from the quantum mechanical
nature of the spins in graphene nanostructures. In the former,
the spin-orbit interaction enhanced by the -electrostatic
potential gradient created at the interface between the hydro-
genated diamond particles and surface graphene nanostructure
plays a key role in the extremely slow relaxation. The slow
relaxation makes the tunnelling process stand out more clearly
at low temperatures.
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