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Irradiation-Induced Magnetism in Carbon Nanostructures
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Nitrogen (15N) and carbon (12C) ion implantations with implant energy of 100 keV for different doses
were performed on nanosized diamond (ND) particles. Magnetic measurements on the doped ND show
ferromagnetic hysteresis behavior at room temperature. The saturation magnetization (Ms) in the case of
15N implanted samples was found to be higher compared to the 12C implanted samples for dose sizes
greater than 1014 cm�2. The role of structural modification or defects along with the carbon-nitrogen (C-
N) bonding states for the observed enhanced ferromagnetic ordering in 15N doped samples is explained on
the basis of x-ray photoelectron spectroscopy measurements.
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Magnetism in carbon based systems has received a lot of
attention recently. Developing magnetic systems with car-
bon has its own advantages. They are lightweight, stable,
simple to process, and less expensive to produce.
Investigations performed on various forms of carbon point
towards the fact that it is possible to produce ferromagneti-
cally interacting carbon systems [1–13]. It has been noted
that the magnetic interactions in different forms of carbon
can be ascribed to the electronic instabilities caused by
bonding defects in these systems [1,2]. The presence of
unpaired electron spins in a graphitic network can give rise
to ferromagnetic behavior in them. Carbonaceous substan-
ces with a mixture of sp2 and sp3 coordinated atoms,
nanographite, and fullerenes are known to show ferromag-
netic behavior [1,2,11]. Recent reviews deal in greater
detail with the aspects of proposed mechanisms of magne-
tism in various carbon based materials [1,2]. The possibil-
ity of introducing ferromagnetism by inducing a sp3=sp2

defect structure has been observed in a variety of carbon
materials and is investigated for developing carbon based
ferromagnetic materials. Different synthesis routes have
been explored to fabricate magnetic carbons. Unconven-
tional magnetism has been observed in nanostructured
carbon foam produced by high power laser ablation of
glassy carbon in argon atmosphere [3], which shows fer-
romagnetic behavior up to 90 K along with high saturation
magnetization. Ferromagnetic spots and stable room tem-
perature magnetic ordering in proton irradiated graphite
was recently demonstrated [7]. The importance of hydro-
gen carbon bonding for ferromagnetic ordering was em-
phasized in this study. Subsequently, a spin polarized den-
sity functional theory calculation showed that vacancy-
hydrogen complexes formed in proton irradiated graphite
possess a magnetic moment that can lead to macroscopic
magnetic signals [6].
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Incorporation of certain trivalent impurities like nitro-
gen, phosphorous, and boron into carbon matrix also leads
to ferromagnetism in carbon compounds [1]. Most of the
previous studies on carbon-nitrogen systems were per-
formed on organic substances produced by chemical pro-
cesses [1,2] (and references therein). However, nitrogen
can also be incorporated in carbon systems using physical
methods. One of the most elegant ways to achieve incor-
poration of foreign species into solids is through ion im-
plantation. Ion implantation has been routinely used as an
efficient method for controlled doping of various carbon
materials in the past (for example, bulk diamond to en-
hance electronic properties) [14,15]. The influence of ion
implantation on the structure of various carbon based
materials has also been investigated. In these studies, it
has been shown that the process of ion implantation is
capable of modifying the carbon structure by generating
sp2=sp3 defects along with the incorporation of the im-
planted species in the carbon matrix. Similarly, defects and
extended graphitic phases are also reported for ion im-
planted bulk diamonds [16]. In this Letter we report the
effect of 15N and 12C implantation on the magnetic prop-
erty and bonding modifications of nanosized diamond
particles (ND). Evidence of room temperature ferromag-
neticlike behavior was obtained from the ion implanted
nanodiamond particles that were absent for the unim-
planted samples. Our results indicate that for lower doses
the magnetic signals obtained for both the implants were
similar. Beyond a critical dose size of 1014 cm�2, the
saturation magnetization for the 15N doped samples was
found to be relatively higher than the 12C doped samples. A
detailed investigation of the various C-N bonding states
and structural modification of the ND under the influence
of 15N implants, using x-ray photoelectron spectroscopy
(XPS), is also presented.
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FIG. 1 (color online). (a) Magnetization as a function of the
applied field for the sample with dose size 5� 1014=cm2 from
the first set of implants. (b) Ferromagnetic signals from the 15N
implanted nanodiamonds for various doses from the second
batch of samples presented.
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The nanodiamond samples used in this experiment were
obtained from Ultradiamond Technologies Inc.
(Ultradiamond 90, synthesized using a patented detonation
process [17]). The reported average diameter of nanodia-
mond particles are within 4.0–5.0 nm. Thin uniform layers
of the ND particles were deposited on cleaned silicon
substrates. The ND particles were sonicated in acetone
for 15 min prior to the deposition. Room temperature ion
implantations for three different sets of samples were
carried out. In the first set 15N implant with dose sizes 5�
1014, 1� 1015, and 1� 1017=cm2 with implantation en-
ergy of 100 keV was performed. In the second set, keeping
the implantation energy the same, we repeated the 15N
implant with dose sizes 1� 1012, 1� 1013, 1� 1014, 1�
1015, 1� 1016, and 5� 1016=cm2. In the third set 12C ion
implantation with dose sizes 1� 1012, 1� 1013, 1� 1014,
1� 1015, and 1� 1016=cm2 with implantation energy of
100 keV was performed.

Room temperature magnetization of the pristine and
implanted samples was measured using a vibrating sample
magnetometer (VSM; Lake Shore, Model No. VSM 7407).
The magnetic data were obtained in an applied magnetic
field between �0:4 to �0:4 T. For the first set of implants,
the doped diamond particles were transferred to a thin film
sample holder using scotch tape. The VSM measurements
on the second and third sets of the implanted samples,
however, were done by mounting the silicon piece
(�10 mm� 10 mm) with the implanted diamond layer
directly onto the sample holder. The samples were then
mounted normal to the direction of the applied magnetic
field. Deionizer was used to reduce the surface charge
effects on the sample. To eliminate the possibility of any
substrate contamination or spurious magnetic behavior, the
measurements were also done on the original silicon sub-
strate, silicon substrates doped with 15N and 12C, and the
bare scotch tape used for lifting the implanted ND from the
silicon substrate. These materials showed no signs of fer-
romagnetism. The various bonding configurations of the
15N implanted samples from the first set were also ana-
lyzed using XPS. The XPS measurements were done on a
PHI 5400 instrument with Mg K� probe beam under ultra-
high vacuum (< 10�9 Torr) conditions.

The results of the VSM measurement on the 15N im-
planted samples are presented in Fig. 1. In Fig. 1(a) a
magnetic hysteresis curve of the doped diamond ND
(with dose size 5� 1014=cm2 from the first set) measured
at room temperature is shown. From the data it is clear that
the doped ND developed a well defined ferromagnetic
behavior, which was absent in the case of the pristine
ND. Similar signals were obtained for all the implanted
samples. Representative magnetization data from the sec-
ond set of 15N implants are shown in Fig. 1(b). Though at
lower doses the increase in the magnetic saturation is not
very pronounced, the data show evidence that all the
implanted samples exhibit ferromagnetic behavior.
09720
The variation of the saturation magnetic moment (Ms)
per unit mass with respect to the dose size for the 15N
implanted sample is presented in Fig. 2(a). The value of
magnetization was within 0:9–11:5 emu=g for the whole
doping range, comparable with other disorder carbon struc-
ture [1]. For calculating the saturation magnetic moment
(Ms) per unit mass, an estimated ferromagnetically active
volume of the irradiated samples, with a 15N penetration
depth of �80 nm was used.

The origin of magnetic signals from carbon based ma-
terials due to a mixture of sp3 and sp2 types of bonding has
already been predicted in various previous studies
[1,3,4,7,10]. To demonstrate the specific effect of nitrogen
doping on the magnetic property of the nanodiamonds, a
third set of implantation with 12C using similar implanta-
tion parameters were carried out. This was performed
because it is rational to expect that this set of 12C implants
will have defects generated comparable to the defects
produced in the 15N implantation. The magnetic moment
contribution due to the disordered structure from these two
species should be similar. Figure 2(b) shows the saturation
magnetization values for the 12C (calculated with a similar
procedure as described for the case of 15N implants)
samples and 15N irradiated samples. Note that the value
of saturation magnetization for 15N doped samples is com-
paratively higher than the 12C implanted samples for dose
sizes greater than 1014 cm�2.
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FIG. 3. XPS of the nanodiamond samples. (a)–(d) XPS spectra
for carbon core level peaks. (a) Pristine nanodiamond. (b) Ion
implanted ND with dose sizes 5� 1014=cm2, (c) 1� 1015=cm2,
and (d) 1� 1017=cm2. (e)–(h) XPS spectra showing nitrogen
core level peaks. (e) Pristine nanodiamond. (f) Ion implanted ND
with dose sizes 5� 1014=cm2, (g) 1� 1015=cm2, and
(h) 1� 1017=cm2.

FIG. 2 (color online). Top: Saturation magnetic moment (open
circles: first set of experiments; solid squares: second set of
experiments) as a function of dose size for 15N implants.
Bottom: Comparison of the experimental values of saturation
magnetic moments for 15N (solid squares) and 12C (solid circles)
implants.
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We have performed XPS studies on the implanted ND to
investigate their structural modification due to the 15N ion
implantation. XPS has been extensively used to determine
the bonding configuration of various carbon-nitrogen sys-
tems [18–22]. The XPS results on the pristine and 15N
implanted samples from the first set is presented in Fig. 3.
The carbon 1s core level peak of the pristine nanodiamond
is observed at 289.07 eV. This is about 3.47 eV greater than
the solid-state tetrahedral bond configuration for carbon in
diamond [18]. A corresponding N 1s spectrum shows a
peak centered at 402.8 eV, indicating the presence of low
level (�1:7 at:%) N impurities in the pristine sample
[Fig. 3(e)]. Hence, the observed peak shift can be attributed
to the combination of charging, C-N interactions, and
surface oxidation. After 15N implantation, the C 1s peak
shifts to lower energy as a function of dopant concentra-
tion. In the 5� 1014=cm2 and 1� 1015=cm2 dose samples,
the C 1s spectrum shows two subbands [Figs. 3(b) and
3(c)]. The lower energy band (285.5 eV) attributes to pure
C-C sp3 tetrahedral bonding, while the higher energy band
(�287:5 eV) is assigned to C-N bonding in sp3 hybridiza-
tion [21,22]. The implant dose also influences the N con-
tent of the samples. It was observed that the ratio of
�O-C-N�=�C-C� increases as the dose size is increased.
The 5� 1014=cm2 dosed sample exhibits 0.7 at. % of N,
while the 1015=cm2 dosed sample exhibit 1.2 at. % of N,
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and in the case of 1017=cm2 dosed sample this value is
2.1%. The C 1s spectrum for 1017=cm2 dose size shows
three subbands [Fig. 3(d)]. The lowest energy band
(284.5 eV) is assigned to sp2 C-C bonds indicating change
in the structure from diamond to graphite. The band cen-
tered at 286.5 eV is assigned to C-N in sp2 hybridization.
The higher energy band (289 eV) attributed to C——O
bonds. The N 1s spectrum of implanted samples shows
two subbands. The higher energy band (�401 eV) attrib-
uted to impurity nitrogen while the lower energy band
(�399 eV) is attributed to the N implanted into the nano-
particles. The ratio of these two bands indicates that the
implantation leads to annealing out of impurity N and
incorporation of 15N ion in the nanodiamond matrix.

A possible explanation for the difference in magnetiza-
tion for the implanted samples could be as follows. For the
low doses, the implantations result in defect generation in
the nanodiamonds for both the implants, which is respon-
sible for the magnetization. Above a certain dose of 15N
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extensive graphitization occurs in the sample and a signifi-
cant amount of 15N is trapped within the graphitic network.
In our case the threshold dose for complete graphitization
was found to be higher than 1015 cm�2 from the XPS
analysis. Similar evidence of a minimum threshold dose
needed for structural modification for the ND was also
obtained from detailed transmission electron microscopy
and Raman spectroscopy measurements [23]. For higher
doses, extensive structural defects along with some incor-
poration of N atoms (evident from the formation of C-N
bonding in different hybridization from the XPS data) into
the extended graphitic phases can give rise to the presence
of lone pair electron spin with the possibility of ferromag-
netic ordering and an increased saturation magnetization.
The 12C implants were expected to produce structural
changes in the ND similar to the 15N. For higher doses
( > 1014 cm�2) of 12C implants, we speculate that anneal-
ing of defects or the broken C-C bonds (bond reconstruc-
tion between the implanted carbon and the carbon present
in the nanodiamonds or graphitic phases) occurs during the
implantation, thereby reducing the ferromagnetically ac-
tive defect density in the ND structure. These results
indicate that a reactive species, such as N or C (or H,
Refs. [6,7]), which are capable of creating magnetic defect
complexes or preventing recombination of interstitial-
vacancy pairs, thereby stabilizing the magnetic state, is
needed for inducing ferromagnetism in carbon structures.
Note that implantation of He produces a negligible mag-
netic signal [7].

In conclusion, we have shown that ion irradiation of
nanodiamond with 15N and 12C shows a signature of fer-
romagnetism. At low doses, the magnetization was inde-
pendent of the doped species indicating that it mainly
arises from structural deformation of the carbon bonds in
nanodiamonds. 15N implants exhibit a higher value of the
saturation magnetization than 12C implants at higher doses.
This difference could be due to extensive defect generation
or graphitization and, to some extent, incorporation of
nitrogen in the graphitic network and formation of C-N
bonds. The importance of the nature of the implanted
species in inducing ferromagnetism in carbon structure is
also demonstrated. Bonding modification of these nano-
diamond particles under 15N irradiation was also investi-
gated and analyzed in this work. These results can lead to a
better understanding of the ion implantation pathways into
nanoparticles for encapsulation as well as magnetization
and/or electronic nuclear spin applications in the high
density memory or solid-state quantum bits areas, respec-
tively. A quantification of the ferromagnetic contribution
due to the doped N is complicated because of the formation
of a variety of defects in the lattice, and will be investigated
in the future.
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