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A B S T R A C T

The magnetic and electrical properties of two different sets of carbon nanospheres synthesised by chemical
vapour deposition were investigated, using a state-of-the-art Physical Property Measurement System (PPMS).
Scanning electron microscopy imaging of the carbon nanospheres revealed a difference in size with a diameters
distribution of approximately 200–400 nm and 400–500 nm. PPMS magnetic measurements of the 400–500 nm
diameter carbon nanospheres exhibited diamagnetism at high temperatures and clear superparamagnetic
behaviour at very low temperatures (<10 K). However, ferromagnetism was observed in carbon nanospheres
of diameter < 400 nm. The results obtained from both inductively Coupled Plasma Mass Spectrometry and
Mössbauer spectroscopy, and as well as the calculated saturation magnetisation indicate that the observed
ferromagnetism in the carbon nanospheres of diameter < 400 nm is intrinsic and could not be accounted for by
the magnetic impurities such as Fe and Ni introduced during the synthesis process. The electrical properties of
a network of carbon nanospheres were investigated and showed a variable range hopping class of conductivity.
1. Introduction

Magnetism in carbon nanomaterials is an interesting and exciting
research domain. In general, carbon allotropes exhibit a diamagnetic
behaviour with a susceptibility in the range of −(10−4–10−6) emu g−1
per magnetic field unit [1]. However, several research groups have
reported exceptional magnetic behaviour in a variety of carbon mate-
rials. Unexpected ferromagnetic characteristics were first observed in
pure and polymerised C60 at high temperatures around 800 K [2,3].
Another astonishing and unforeseen discovery was the observation of
induced ferromagnetic behaviour in Highly Oriented Pyrolytic Graphite
(HOPG) following low MeV proton irradiation over a wide range of
temperatures [4–9]. The work showed that the magnetisation was not
related to ferromagnetic impurities. Furthermore, ferromagnetic-like
hysteresis magnetisation loops were observed in additional carbon-
based nanomaterials, such as nano-graphite [10], graphene [11,12],
carbon encapsulating silver nanoparticles [13], composites of HOPG
nanospheres [1], carbon nanofoams [14,15], and microporous car-
bon [16]. The origin of this anomalous magnetic behaviour observed
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in carbon-based materials is still unclear and different explanations
have been proposed. Numerous research groups have speculated that
the manifestation of these unusual magnetic properties are due to
vacancies, topographic defects or magnetic frustration [11], positive or
negative surface curvatures (such as in graphene), and the chemical
nature of the edges such as the mixture of sp2 and sp3 hybridised
states [13]. The role of hydrogen and oxygen has also been investi-
gated with respect to catalysing the process and inducing the observed
magnetic behaviour in the carbon systems [12,13]. Li et al. [1] also re-
ported that morphological characteristics such as crystallinity and size
affect the magnetic properties in pyrolytic carbon. Moreover, there was
evidence that the magnetism originated from s-p symmetry unpaired
electrons at structural defects rather than of d or f electrons of the
impurities. Such ferromagnetic properties in carbon nanomaterials can
lead to technological breakthroughs in spintronic, telecommunications,
and biomedical applications [7,17].

In this research paper, intrinsic ferromagnetic behaviour in car-
bon nanospheres is reported. The carbon nanospheres synthesised by
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Chemical Vapour Deposition were characterised by Scanning Electron
Microscopy and Inductively Coupled Plasma Mass Spectrometry. The
study included Mössbauer spectroscopy to determine the hyperfine
parameters of the carbon nanospheres.

2. Experimental

A non-catalytic horizontal chemical vapour deposition system in
the School of Chemistry, University of the Witwatersrand, was used
for the synthesis of the carbon nanospheres [18,19]. The setup in use
comprised a quartz tube placed in a furnace and was connected to
argon and acetylene cylinders separately. The procedure followed in
the synthesis of the carbon nanospheres commenced by heating up the
furnace to a temperature of 800–900 ◦C, then argon and acetylene were
allowed to flow in the quartz tube at 100 and 200 ml∕min respectively
for 20 to 40 min [18,19].

The structural and elemental composition of the synthesised car-
bon nanosphere powders were characterised by scanning electron mi-
croscopy (SEM). In addition, trace element analysis with sensitivity of
parts per billion level was performed by means of Inductively Coupled
Plasma Mass Spectrometry (Perkin Elmer NexION 300). In addition,
the samples were characterised by micro-Raman spectroscopy using a
Horiba Jobin-Yvon LabRAM HR Raman spectrometer and 514.5 nm
emission line of the argon-ion gas laser. The crystallinity of the sam-
ples were investigated by X-ray powder diffraction (XRD). The scans
were performed using a Rigaku Smartlab diffractometer using Cu K𝛼1
radiation (𝜆1 = 1.5406 Å), with a resolution of 10◦/min in the 2𝜃 range
of 10 to 100◦.

The electrical and magnetic properties of the synthesised carbon
nanosphere powders were measured by a Quantum Design Physical
Property Measurement System (‘‘DynaCool’’ 12 T). The system offers
the possibility to conduct measurements at temperatures in the range
between 1.8–400 K using high precision magnetic fields in the range
between +∕− 12 T.

The magnetic properties were investigated by a DC-Vibrating Sam-
ple Magnetometer (VSM). Prior to the measurements, the mass of the
carbon powders were carefully measured (12 mg) with an electronic
balance thereafter the samples were transferred to a poly-carbonate
capsule and fitted in the gold coated brass holder. The sample holder
was then connected to the VSM probe and loaded onto the PPMS for
calibration measurement and analysis.

The resistance measurement method consisted of a linear four-point
probes system. The probes were four spring loaded contacts in a single
row plastic body as shown in Fig. 1. Electrical contact with the sample
was made by means of rounded tips mounted on springs. The sample
used for the measurements was a pressed pellet of carbon nanospheres
powder only. The pellet in the form of a disc shape had a diameter
and thickness of 10 mm and 1 mm, respectively. The rounded tips
and springs prevented damage to the surface of the pellet by applying
uniform forces once the spring loaded contacts were in contact with the
sample.

The magnetic splitting due to possible Fe impurities in the synthe-
sised carbon nanosphere powders was investigated by means of Möss-
bauer spectroscopy in transmission mode. The system was equipped
with a 10 mCi 57Co (Rh) source, emitting gamma rays periodically
toward the carbon nanospheres sample over a succession of velocities.
The transmitted radiation from the sample was recorded at room
temperature as function of the source velocity for more than five weeks
(over 10,000 counts to ensure a small statistical error).

3. Results and discussion

3.1. Structural and elemental composition

High magnification SEM analysis was performed on two sets of
carbon nanospheres (A and B) that revealed nanostructures with spher-
ical morphologies with a diameter distribution of approximately 200–
400 nm (A) and 400–500 nm (B) as seen in Fig. 2. The SEM imaging of
2

Fig. 1. Sketch (left) and picture (right) of the system used for acquiring the electronic
measurements with PPMS. The sketch shows the positioning of the Spring-Loaded
Contacts (SLCs) distanced from each other by 2.54 mm and with rounded tips of
1.07 mm diameters. The orientation of the applied voltage and the measured current
within the SLCs is shown too.

Fig. 2. (a) and (b) are high magnification SEM images of carbon nanospheres powder
of samples (A) and (B), respectively. The images show the necklace-like structures of
the carbon nanospheres of diameters of 200–400 nm (A) and 400 nm (B).

Table 1
Summary of the inductively coupled plasma mass spectrometry elemental analysis in
parts per million (ppm).

Sample Mg V Cr Mn Fe Co Ni Cu

‘‘A’’ 91 9 4 1 126 0 3 1
‘‘B’’ 16 8 0 0 20 0 0 1

the synthesised carbon nanospheres shows that they are not dispersed
but are packed in necklace-like and foam-like structures.

Subsequent energy-dispersive X-ray spectroscopy analysis of these
carbon nanospheres revealed the presence of carbon only (not shown
here), with no other elemental impurities detected within the sensitiv-
ity limits of the measurements (at the few parts per thousand sensitivity
level).

In addition, trace element analysis with sensitivity at parts per
billion level was performed by means of Inductively Coupled Plasma
Mass Spectrometry on both samples ‘‘A’’ and ‘‘B’’. The main concern
and focus were on the possible presence of elemental impurities that
are magnetic. The Inductively Coupled Plasma Mass Spectrometry scan
was tuned to detect the following elements: 24Mg, 51V, 52Cr, 55Mn,
56Fe, 59Co, 60Ni and, 63Cu. The elemental composition is summarised
in Table 1.

As can be seen, the metal contaminants detected are less than
10 ppm in both samples except for 24Mg, and 56Fe impurities. These
elements were detected in high quantities in sample ‘‘A’’ in comparison
to sample ‘‘B’’. For example, in sample ‘‘A’’, the amount of 56Fe detected
was 126 ppm, compared to 20 ppm in sample ‘‘B’’.

The recorded Raman spectra for samples ‘‘A’’ and ‘‘B’’ are pre-
sented in Fig. 3 which are very similar to Raman spectra of carbon
nanospheres reported in the literature [20,21]. At low wavenumbers
(500–2000 cm−1), the Raman spectra are fitted using four Voigt curves,
which correspond to the D∗, D, D′′ and G bands. The G band of
samples ‘‘A’’ and ‘‘B’’, which are associated with the E vibrations of
2𝑔
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Fig. 3. Full Raman spectra for carbon nanospheres samples ‘‘A’’ and ‘‘B’’ obtained
with a 514 nm laser. At the low wavenumbers, the fit shows four Voigt curves which
correspond to D∗, D, D′′ and G bands, respectively (from left to right). The red dashed
lines are the convolution of the four curves.

𝑠𝑝2 sites, are narrow and sited at 1596 and 1587 cm−1, respectively.
The observed D band, which represents the double resonant processes
near the K point of the Brillouin zone, is associated with the presence
of disorder and defects in carbon-based materials. The D band of the
two samples is positioned in the range between 1339 and 1345 cm−1.
In addition to the G and D bands, the deconvoluted spectra reveal
the presence of two more bands, D′′ and D∗. The D∗ band is reported
to originate from 𝑠𝑝3 orbitals, whereas the D′′ band is related to the
amorphous phase [22,23]. Based on the positions of the curves, the
D∗ (D′′) band for samples ‘‘A’’ and ‘‘B’’ are at 1190 (1535) and 1160
(1504) cm−1, respectively. Moreover, at high wavenumbers, identical
broad bands in the range between 2500–3200 cm−1 are observed in the
two Raman spectra of the two sets of samples. This broad band is an
overlap of the 2D (2720 cm−1) and D + G (2920 cm−1) bands. It is a
known fact that in two dimensional carbon nanomaterials, the presence
of such a broad band refers to the presence of edges, defects and 𝑠𝑝2

regions [24]. Although the two Raman spectra show similarities, their
subtle divergence demonstrates the difference in the structure and the
defects of the two carbon nanospheres samples. The changes in the
D, D∗ and D′′ bands intensities, the G bands positions, and the I𝐷/I𝐺,
𝐼𝐷∗∕𝐼𝐺 and 𝐼𝐷′′ ∕𝐼𝐺 ratios corroborate the previous statement. The
difference between the in-plane crystallite sizes (L𝑎) of samples ‘‘A’’ and
‘‘B’’ shown in Table 2, and calculated by applying the Tuinstra–Koenig
formula (1), where C(514.5 nm) = 4.37 nm [25,26], indicates also that
3

Table 2
The observed D and G band positions in cm−1, 𝐼𝐷∕𝐼𝐺 ratios of samples ‘‘A’’ and ‘‘B’’, and
the calculated crystallite sizes obtained by the use of Eq. (1). The excitation wavelength
used for Raman spectroscopy is 514.5 nm.

D-band G-band 𝐼𝐷∕𝐼𝐺 𝐿𝑎 (nm)

Sample ‘‘A’’ 1340 1596 0.94 ± 0.06 4.643 ± 0.356
Sample ‘‘B’’ 1345 1587 1.06 ± 0.07 4.132 ± 0.262

Fig. 4. XRD patterns of samples ‘‘A’’ and ‘‘B’’. The spectra reflect the diffraction planes
(002) and (100).

Table 3
The calculated in-plane crystallite size (L𝑎) and inter-layer spacing (d002) of samples
‘‘A’’ and ‘‘B’’ using the Scherrer equation and Bragg’s Law.

2𝜃 (◦) 𝛽 (rad) 𝐿𝑎 (nm) d002 (nm)

Sample ‘‘A’’ 42.57 0.054 5.584 0.366
Sample ‘‘B’’ 42.82 0.067 4.541 0.357

the two samples possess different structures at the local scale.

𝐿𝑎 = 𝐶(𝜆) × (𝐼𝐷∕𝐼𝐺)−1 (1)

The X-ray diffractograms of samples ‘‘A’’ and ‘‘B’’, shown in Fig. 4,
are comparable to XRD patterns of carbon nanospheres reported in the
literature [27–29]. The spectra are similar and characterised by two
diffraction peaks, which correspond to the (002) and (100) planes of
graphitic carbon materials [28,29]. The first peaks, (002), positioned
at 24.24◦ and 24.88◦ for samples ‘‘A’’ and ‘‘B’’, respectively, are broad
and of high intensities in comparison to the secondary peaks, (100),
positioned at 42.57◦ and 42.82◦, respectively. The predominant (002)
and the weak (100) reflections indicate the presence of a graphite-like
structures in the samples. In addition, the broadening and the absence
of sharp peaks are a clear indication of structural disorder, hence the
presence of amorphous carbon. From the previous statements, it is
deduced that the crystallites of samples ‘‘A’’ and ‘‘B’’ are of intermediate
structures between graphite and amorphous carbon [27]. The in-plane
crystallite size (L𝑎) and the inter-layer spacing (d002) of samples ‘‘A’’
and ‘‘B’’, deduced from the XRD patterns, are presented in Table 3. The
crystallite sizes (L𝑎) are calculated by the use of the Scherrer Eq. (2),
with 𝜆, 𝛽 and 𝜃 are the X-ray wavelength, the half-height width and the
position of the (100) peak, respectively [30,31].

𝐿𝑎 = 1.84𝜆∕𝛽𝑐𝑜𝑠𝜃 (2)

From Tables 2 and 3, the crystallite sizes (L𝑎) are observed to be
similar. Therefore, it corroborates that samples ‘‘A’’ and ‘‘B’’ have dif-
ferent structures. In addition, the calculated inter-layer spacings (d002)
are in agreement with d002 values of carbon nanospheres reported in
the literature [29].
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Fig. 5. The resistance, logarithm of the conductance as a function of the temperature in
(K) and the fitted curves based on the 3D Variable Range Hopping (VRH) and Arrhenius
equation. The absence of the data at low temperature (2–20 K) was related to the
limitation of the PPMS, as very high resistance was measured within that temperature
range. In the inset, the upper axis represents the temperatures in (K).

3.2. Resistance measurement/electrical properties

Resistance measurements were conducted over a temperature range
between 2–300 K, and the logarithm of the inverse of the resistance
(conductance) was plotted as a function of the inverse of the tem-
perature. The relevant results of these measurements are presented in
Fig. 5.

As seen in Fig. 5, the resistance of the carbon nanospheres net-
work decreases non-linearly with the increase in temperature, which
indicates a non-metallic and variable range hopping like behaviour of
the sample. A logarithmic plot of the inverse of the resistance as a
function of T−1∕4, shows that the electronic behaviour is described by
three different sections. From 20 to 100 K, the resistance increases
drastically with decreasing temperature, and the sample displays a
semi-conducting behaviour, while between 250 and 300 K, the resis-
tance shows a linear relationship with the temperature. In the interval
between the above two ranges (100–250 K), the resistance shows a
transition-like point and decreases steadily.

Similar semi-conducting features as that reported above were dem-
onstrated in the literature for carbon microspheres [19,20] and carbon
nanotubes networks [32]. Furthermore, it has been reported that these
non-metallic characteristics arise from disorder and defects within
the structure of the carbon nanomaterials and have been successfully
explained by the Variable Range Hopping (VRH) model [19,20,32–
34]. It must be noted that an important characteristic of the carbon
nanospheres studied in the present work is that they are of the order
of 200–400 nanometres in diameter in comparison to the micrometre
size of carbon spheres in [19,20], and very importantly they have been
produced without metal catalysts which could have affected previous
conductivity results in the literature.

According to the VRH model, the conduction in disordered car-
bon materials is mediated by hopping of the charge carriers between
localised electronic states near the Fermi level over an extended tem-
perature range. The process of electron hopping from one localised state
to another is thermally assisted by phonons which offer the necessary
energy, which explains the temperature dependence with respect to
lattice vibrations modes.

In the VRH model, the resistance is expressed as a function of the
Mott temperature 𝑇0, the localisation length 𝐿𝑐 , and the density of
states, 𝑁(𝐸𝐹 ), at the Fermi level [32,33,35].

𝑅(𝑇 ) = 𝑅 𝑒𝑥𝑝(
𝑇0 )𝑛 (3)
4

0 𝑇
In this model, the Mott characteristic temperature 𝑇0, and the exponent
𝑛 (1∕2 (1D), 1∕3 (2D), 1∕4 (3D)) represent the degree of disorder and
the hopping dimension respectively, expressed as

𝑇0 =
24

𝜋𝑘𝐵𝐿3
𝑐𝑁(𝐸𝐹 )

(4)

From Fig. 5 (𝑅−𝑇 plot), the exponential escalation of the resistance
with the decrease of the temperature reveals the strong localisation
within the disordered carbon nanospheres network. In addition, at low
temperature (2–180 K) the data are fitted with the 3D VRH model
(𝑛 = 1∕4), corresponding to the high disorder and the extreme localisa-
tion of the electronic states within the carbon nanospheres. Moreover,
the estimated value of the Mott characteristic temperature, 𝑇0, and
the subsequently deduced density of states 𝑁(𝐸𝐹 ) were found to be
2.95 × 105 K and 3 × 1020 eV−1 cm−1, respectively. These are in good
agreement with those that have been reported in the literature for
a localisation length of 10 Å [33]. L. Wang et al. [32] reported on
distinct electrical properties of multi-walled carbon nanotubes and their
conductivity results exhibit strong similarities with the data presented
above. Three distinct regions were also observed, and the data were in
good agreement with the VRH model.

At high temperatures, the experimental data of the conductance
(𝑙𝑜𝑔(1∕𝑅)) is observed to deviate considerably from the VRH fitting.
It shows that the conduction cannot be explained by the VRH model,
and a different mechanism of conduction is required. Therefore, the
data for temperatures higher than 250 K were fitted using the Arrhenius
Eq. (5) for thermal activation conduction, as seen in the inset of Fig. 5.
The 𝜎0, 𝐸𝑎 and 𝑘𝐵 are the pre-exponential factor, the activation energy
estimated to be 0.852 eV from the fit and the Boltzmann constant,
respectively.

𝜎(𝑇 ) = 𝜎0 𝑒𝑥𝑝[−(
𝐸𝑎
𝑘𝐵𝑇

)] (5)

3.3. Magnetic measurements/properties

The temperature dependence of the magnetic moments 𝜇(𝑇 ) was
determined at field cooled conditions within a range of 2–300 K. The
field cooled measurements were collected in both directions with the
temperature decreased (cooling) and then increased (warming) at con-
stant ramp rates. Moreover, the dependence of the magnetic moments
(in emu) on applied magnetic field (H) in Oersted (Oe) was investigated.
These measurements were performed at different temperatures from 2
K up to 310 K.

The temperature dependence of the magnetic moment 𝜇(𝑇 ) of sam-
ples ‘‘A’’ and ‘‘B’’ of the carbon nanospheres measured at 5 kOe in
the temperature range 2 < 𝑇 < 310 K is shown in Fig. 6. Based
on this graph, the FCC and FCW curves of both samples ‘‘A’’ and
‘‘B’’ are non-linear and the magnetic moment dependencies typically
show monotonic exponential increase with decreasing temperature.
The values of the magnetic moments 𝜇(𝑇 ) for sample ‘‘A’’ are positive
with high magnitudes, while for sample ‘‘B’’ the magnetic moments are
negative all along the 𝑥-axis indicating a diamagnetic behaviour.

It is interesting to note that a discrepancy between the FCC and
FCW measurements, in the temperature range between 50 and 140 K
for sample ‘‘A’’, was observed as seen in the upper-inset of Fig. 6.

In order to determine whether the observed positive value of the
magnetic moment as a function of temperature for sample ‘‘A’’ cor-
respond to ferromagnetic or ferrimagnetic behaviour, the magnetic
moments 𝜇(𝑇 ) versus the magnetic field 𝐻 were measured at tem-
peratures 2, 10, 50, 100, and 300 K as shown in Fig. 7. All curves
are characterised by a hysteresis at all temperatures with a clear
saturation of the magnetic moments 𝜇𝑆𝑎𝑡 (𝑀𝑆𝑎𝑡 = 𝜇𝑆𝑎𝑡/mass) at high
temperatures (>100 K). The magnetic moments reach saturation faster
at high temperature, while at low temperature, the saturation of the
magnetisation is greater at a larger magnetic field 𝐻 .
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Fig. 6. The magnetic moment as a function of the temperature of the samples A and B
at 0.5 T. (FCC) and (FCW) represent the field-cooled cooling and warming, respectively.
The upper inset shows the FCC and FCW of sample ‘‘A’’ in a temperature range of
40–180 K.

Fig. 7. The magnetic moments 𝜇(𝐻) in a range of −0.5–0.5 T of sample ‘‘A’’ at
temperatures 2, 10, 50, 100, and 300 K. The curves show clearly the progress of the
hysteresis at all temperatures.

Table 4
The coercivity, saturation and remanent magnetic moments generated from the
hysteresis data at different temperatures.

Temperature (K) 𝜇𝑆𝑎𝑡 × 10−4 (emu) 𝐻𝑐 (Oe) 𝜇𝑟 × 10−5 (emu)

2 >8.5 −104 5.20
10 5.20 −111 4.80
50 4.16 −112.5 4.70
100 3.92 −92.5 3.95
300 3.54 −79 3.34

The remanent magnetisation 𝑀𝑟 of the sample exhibits a similar
trend as the magnetic saturation 𝑀𝑆𝑎𝑡. The remanent magnetisation 𝑀𝑟
demonstrates a gradual increase as the sample temperature decreases.
In contrast, the minimum magnetic coercivity 𝐻𝑐 was recorded for a
temperature of 50 K and the maximum was recorded at 300 K as shown
in Table 4.

The magnetic moment measurements 𝜇(𝐻) on sample ‘‘B’’ (Fig. 8) at
temperatures of 2, 10, 50, 100, 200, and 300 K confirm the conclusion
drawn before from the 𝜇(𝑇 ) trend in Fig. 6. The curves exhibited a clear
5

Fig. 8. The magnetic moments 𝜇(𝐻) of sample ‘‘B’’ at temperatures 2, 10. 50, 100,
200, and 300 K. The curves show the diamagnetism at temperatures between 10 to
300 K, and superparamagnetic behaviour at 2 K. The upper inset shows the fitted
experimental data (Magnetisation in emu/g) at 2 K with the Langevin function.

diamagnetic behaviour above 2 K. In contrast, at 2 K the curve reveals
a hysteresis with a very small width and a remanent magnetic moment
of less than 3 × 10−5 emu.

Moreover, the mass susceptibility above 50 K was calculated from
Fig. 8 to be ∼ −5.6×10−7 emu g−1 Oe−1. This value is in good agreement
with the susceptibility range of −(10−5–10−7) emu g−1 Oe−1 for carbon
allotropes exhibiting diamagnetic behaviour [13]. Also, the appearance
of positive magnetic moments at very low temperatures (T < 10 K)
could be attributed to the retention of isolated paramagnetic spins
in the carbon mass [13], mostly from Fe impurities. In addition, the
experimental data at 2 K can be fitted with the Langevin function (6)
(upper inset in Fig. 8), which is used to explain the magnetism in
superparamagnets and also is valid for classical spins [15].

𝑀(𝐻) = 𝑀𝑆𝑎𝑡[𝑐𝑜𝑡ℎ(𝑥) −
1
𝑥
] (6)

where, 𝑥 = 𝜇𝐵∕(𝑘𝐵𝑇 ), where 𝜇, 𝐵, 𝑘𝐵 , and 𝑇 are the magnetic mo-
ment, the magnetic field, the Boltzmann constant, and the temperature
respectively, and 𝑀𝑆𝑎𝑡 is the magnetisation saturation. From the fitted
curve, the magnetic moment was derived to be equal to 21.5 𝜇𝐵 .

In Figs. 7 and 8, the measurements point towards two distinctly
different magnetic behaviours of the two different samples of carbon
nanospheres investigated. With respect to 𝜇(𝐻), sample ‘‘A’’ is char-
acterised by ferromagnetic behaviour with a clear hysteresis observed
at all temperatures, while sample’’ B’’ exhibits diamagnetism except at
2 K at which a hysteresis with small width is observed. These results
are unusual as bulk carbon materials are known to be diamagnetic, and
also, the samples were synthesised with the same method under similar
conditions.

The observed ferromagnetism in sample ‘‘A’’ might also be at-
tributed to the presence of magnetic impurities, however, if these
cannot account quantitatively for the entire effect, then the rest of the
magnetisation must be related to magnetic moments induced within the
carbon nanospheres.

In order to obtain a better understanding of the origin of ferro-
magnetism in the samples investigated, and to determine whether the
contribution of the ferromagnetic behaviour is intrinsic or extrinsic,
more evidence was needed other than the magnetisation measurements
to supplement the reported results.

3.4. Trace magnetic impurities

The Inductively Coupled Plasma Mass Spectroscopy data, in Table 1,
has shown that there exists only one magnetic impurity in the form of
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Fig. 9. The Mössbauer spectrum of sample ‘‘A’’ fitted with a Lorentzian singlet and
quadrupole split doublet.

Fe in samples ‘‘A’’ and ‘‘B’’. The concentrations of Fe impurities were
126 ppm in sample ‘‘A’’ and 20 ppm in sample ‘‘B’’. Concentrations of
other magnetic elements such as Ni and Co were very low and less than
3 ppm (Ni) or not detectable at the ppm level (Co) for the two samples.
The Fe impurity within the carbon nanospheres forms most probably
complexes of iron carbide or iron oxide.

The saturation magnetisation 𝑀𝑆𝑎𝑡 for sample ‘‘A’’ was estimated
by extrapolation from the measured magnetisation curves (Fig. 7), to
be 7.4×10−2 emu g−1. Given the amount of Fe impurity in the sample as
measured by inductively coupled plasma mass spectroscopy (Table 1),
the corresponding calculated magnetic saturation 𝑀𝑆𝑎𝑡 values are ex-
pected to be of the order of 2.64×10−2 emu g−1 (1 ppm of Fe contributes
with 2.2 × 10−4 emu g−1 [4]), by making the very general assumption
that all Fe atoms of the impurity content are participating in the form of
magnetic complexes. This value for sample ‘‘A’’ is still 2.8 times lower
than the observed magnetisation and it indicates that Fe alone could not
be the sole contributor to the magnetisation observed in these carbon
nanospheres. Also, Fe impurity concentrations in the range between
20–100 ppm and uniformly distributed in a sample cannot contribute to
the magnetisation, due to the large inter-atomic distances which results
in the impossibility of exchange interaction [36].

3.5. Mössbauer spectroscopy

In order to investigate further the possible origins of the observed
ferromagnetic signal, Mössbauer spectroscopy was performed on sam-
ple ‘‘A’’ using 57Co as a radioactive source. As the concentration of Fe
is extremely low, data were collected for more than five weeks (over
10000 counts) and the corresponding Mössbauer spectrum is presented
in Fig. 9.

The spectrum is characterised by a weak signal in the form of a
doublet around zero velocity with a large background. The signal is
directly related to the presence of the iron element in the sample
and confirms the reported results by inductively coupled plasma mass
spectroscopy concerning the presence of Fe within the samples.

The Mössbauer spectrum was fitted with a combination of a
Lorentzian singlet and quadrupole split doublet. The characteristic pa-
rameters of this fit are the isomer shift 𝛿, quadrupole splitting 𝛥𝐸𝑄 and
linewidth 𝛤 which are summarised in Table 5. The reported parameters
of the fitted doublet are characteristic of Fe3+. The quadrupole splitting
is found to be large in comparison to 𝛥𝐸𝑄 of 𝛼 − Fe2O3 bulk material
(0.5 mm∕s) [37]. It is suggested that the deduced 𝛥𝐸𝑄 corresponds to
particles of a diameter smaller than 10 nm [37]. In addition, the singlet
corresponds to a non-ferromagnetic phase of Fe and the negative value
of 𝛿 supports this statement [38] (see Table 5).
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Table 5
The hyper-fine parameters deduced from the fits of the Mössbauer spectrum reported
in Fig. 9, and the area fraction (𝐴) of the spectral components.

Singlet

𝛿 (mm/s) 𝛤 (mm/s) 𝐴 (%)
−0.20 ± 0.03 0.29 ± 0.07 12

Doublet

𝛿 (mm/s) 𝛥𝐸𝑄 (mm/s) 𝛤 (mm/s) 𝐴 (%)
0.10 ± 0.01 0.65 ± 0.01 0.29 ± 0.01 88

By comparison to the Mössbauer analysis results obtained in the
literature [37–39] with respect to Fe inclusions in carbon materials,
the present spectrum and the inferred associated hyper-fine parameters
from the fit strongly suggests that the observed signal is due to Fe3+ and
is of non-ferromagnetic nature.

It is important to note that the Mössbauer spectrum is characterised
by an absence of any magnetic split sextet signature which is a typical
characteristic of ferromagnetic Fe structures as shown in the litera-
ture [37–39]. The Fe in the present samples therefore does not form
ferromagnetic molecular complexes. This finding is important with
respect to the clear ferromagnetic signal that has been observed for
sample ‘‘A’’ using PPMS as it excludes the association of the observed
ferromagnetism to Fe impurities. Also, it is important to mention that
the Mössbauer spectrum was accumulated two times in order to check
reproducibility and reliability and each time they produced identical
results.

The appearance of the ferromagnetic behaviour depends on the
existence of unpaired spins in the carbon nanostructures. It has been
argued in the literature that such unpaired spins are introduced by dan-
gling bonds, local change of hybridisation from 𝑠𝑝2 to 𝑠𝑝3, correlated
electron behaviour and edge effects (zigzag edges) [36,40]. Moreover,
unpaired electrons can be formed among the interconnections of the
carbon nanostructures. Besides, topological disorder such as curvature
in the surface and the formation of microstructures and defects (carbon
vacancies and carbon adatoms) have been attributed as the origin of the
ferromagnetic phases in carbon allotropes [14,15,36,41]. Experimental
and theoretical studies have also suggested that hydrogen plays a major
role in the inducement of magnetic ordering in carbon-based materials,
through the formation of mono- and di-hydrogenated carbon atoms,
as well as mono-hydrogenated edges [6–8,40,42,43]. Studies of the
polymerisation of fullerenes reported that the observed ferromagnetism
depends on the temperature and the duration of preparation of the
samples [36]. Several reports on magnetism in carbon materials linked
the magnetism to the presence of metallic impurities [44].

Regarding this work, the depicted ferromagnetism in the carbon
nanospheres powder was verified to be intrinsic. The experimental
data from inductively coupled plasma mass spectroscopy and Möss-
bauer spectroscopy of sample ‘‘A’’, supported by the calculation of
the magnetisation indicates that the observed ferromagnetic behaviour
originates from s-p symmetry unpaired electrons at structural defects
rather than the d or f electrons of the magnetic impurities [1,7,14]. It
is important to mention that ferromagnetism dominates, however it is
not the sole contributor to the magnetic properties of sample ‘‘A’’ and
a minor contribution from diamagnetism is expected.

The presence of such ferromagnetic behaviour can be associated
with one or more of the explanations stated in the previous paragraph.
It is highly likely that during the synthesis of the carbon nanospheres
which consists of the pyrolytic decomposition of acetylene (C2H2) gas,
mono- and di-hydrogenated carbon atoms may be formed in the process
on the surface of the carbon nanospheres. The presence of hydrogen
is stressed to be the origin of the magnetic ordering, as mentioned
in several studies. Besides, the synthesised carbon nanospheress were
undispersed forming in a necklace-like structure. Therefore, the ferro-
magnetism could be attributed to the existence of unpaired spins from
the dangling bonds and zigzag edges within the interconnections of the
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carbon nanospheres. In addition, the time of reaction and temperature
of the synthesis may play a crucial role in the observed magnetic
behaviour of the two samples.

4. Conclusions

In this study, the magnetic and electronic properties of carbon
nanospheres grown with the chemical vapour deposition method were
reported using a state-of-the-art physical property measurement system.
Scanning electron microscope imaging, Raman spectroscopy and X-
ray diffraction of the two investigated sets of carbon nanospheres,
synthesised under slightly different conditions, revealed a difference
in structure and size with a diameters distribution of approximately
200–400 nm and 400–500 nm. Inductively Coupled Plasma Mass Spec-
troscopy data showed the presence of ferromagnetic impurities such as
Fe. The magnetic measurements of the two samples showed two differ-
ent characteristics. In sample ‘‘A’’ clear ferromagnetism behaviour was
observed, while in sample ‘‘B’’, diamagnetic behaviour was observed
except at low temperature (<10 K), at which clear superparamagnetic
behaviour is observed. The gathered evidence from inductively coupled
plasma mass spectroscopy, Mössbauer spectroscopy, and the calculation
of the saturation magnetisation showed that the observed ferromag-
netism in the sample ‘‘A’’ is intrinsic and is not induced by the magnetic
impurities introduced during the synthesis process.

Presently, it is difficult to elaborate on the origin of the observed
ferromagnetic behaviour and it will become the main theme of future
work with a series of new experiments and theoretical models. This
intrinsic ferromagnetism in the carbon nanospheres is highly significant
for medical applications such as magnetic drug delivery and hyper-
thermia treatment. These controlled drug carriers (carbon nanospheres)
can target the tumour site guided by the magnetic field to release
their loads. Another benefit of the intrinsic property of the carbon
nanospheres is the non-involvement of the d and f elements in this
process which represent a real danger to the human body.

Regarding the electrical properties, the network of carbon
nanospheres exhibits a semiconducting behaviour, and was modelled
and fitted with the 3D variable range hopping at a temperature range
between 2–200 K. This finding is in agreement with work conducted
on carbon nanotubes networks. It must be emphasised that in this case
the samples were produced without metal catalysts and therefore the
present measurements represent a clearer indication of the validity of
the 3D variable range hopping model at low temperatures.
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