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The ferromagnetism of carbon-based materials has attracted much interest for its possible
applications in spintronics devices. In this work, we studied the magnetic properties of
reduced graphene oxide (rGO) obtained by high-temperature annealing of graphene oxide
(GO) prepared in weak oxidizing conditions. The rGO samples exhibit strong room-
temperature ferromagnetism, with saturation magnetization of 0.24 emu/g, about 24 times
of the value of rGO prepared in strong oxidizing conditions. Hysteresis negative magnetore-
sistance (MR) has been observed in rGO, which confirms the intrinsic nature of the
observed ferromagnetism. The MR value keeps nearly unchanged below 15K, and
decreases with further increasing temperature, and finally disappears at T > 50K. At
T = 5K, the maximum MR ratio of [R(H) — R(0)]/R(0) is about —2.5%. The strong ferromagnet-
ism is attributed to the preserved graphitic structure of weakly oxidized rGO, and the nega-
tive MR is due to the spin dependent scattering of defects.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction corrugations [6,7,11,12], topological structures [13-15] in gra-

phene can induce the carbon magnetism. Ning et al. have

Graphene, a single sheet of carbon atoms arranged in a
honeycomb lattice, is one of the most fascinating materials
in the last decade since its first report in 2004 [1]. Graphene
possesses high carrier mobility, long spin lifetime, and limited
hyperfine interaction, making it a very promising candidate
for spintronics applications [2-4]. It has been predicted that
ferromagnetism could exist in zigzag-edged graphene or
semi-hydrogenated graphene sheets [5,6]. In the case of pris-
tine graphene sheets, every carbon atom is sp® hybridized
with three neighboring atoms and contributes to a deloca-
lized n bonding network. Such configurations lead to its
intrinsic diamagnetic properties [7]. Recent reports on the
ferromagnetic (FM) properties of graphene suggest that the
existence of various defects [8-10], half-hydrogenation

reported ferromagnetism in nanomesh graphene (NMG).
The mesh structure with remarkable corrugations indicates
the possible existence of the high density of defects in the
NMG, which is believed to be the origin of ferromagnetism
[16].

Aiming at molecular-based magnets, ferromagnetism in
pure carbon-based materials is fundamentally and technolo-
gically important for many applications. Wang et al. have
reported weak room temperature ferromagnetism of reduced
graphene oxide (rGO) prepared in strong oxidizing environ-
ment [8]. Until recently, Khurana et al. have proven the
temperature tuned defect induced magnetism in rGO [17].
Several theoretical studies have revealed that the main cause
of ferromagnetism in graphene is due to various defects. The
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observed results suggested that these defects can be mended
by treating the samples at elevated temperatures but sacrifi-
cing the ferromagnetism simultaneously [17]. This gives an
inspiration that defects tuned by changing oxidizing condi-
tion may induce ferromagnetism in rGO. In present work,
we found that rGO obtained by thermal reduction of graphene
oxide (GO) prepared in weak oxidizing conditions has much
stronger ferromagnetism than rGO prepared in strong oxidiz-
ing conditions. The observed hysteresis negative magnetore-
sistance (MR) confirms the intrinsic nature of the observed
ferromagnetism.

2. Experimental details

GO was synthesized from natural graphite by a modified
Hummer’s method [18]. The graphite/KMnO, ratios of 2:3
and 2:6 were used to achieve weakly and strongly oxidized
GO, respectively. The strongly and weakly oxidized GO are
denoted as s-GO and w-GO, respectively. The rGO was synthe-
sized from GO by annealing at 600 °C in Ar (flow rate as 30
sccm) for 1h, which are denoted as s-rGO and w-rGO for
strongly and weakly oxidized samples, respectively. The
thicknesses of GO and rGO is 1-10 layers as determined by
optical image and atomic force microscope, therefore it
should be referred to few-layer GO and rGO.

The structures of GO and rGO were studied by Raman
(Horiba Jobin Yvon LabRAM HR 800) and X-ray photoelectron
spectroscopy (XPS, ThermoFisher SCIENTIFIC) with Al Ko
X- ray source (hv = 1486.6 eV). The magnetic properties were
measured by a physical property measurement system
(PPMS-9, Quantum Design) from 10 to 300 K. MR was mea-
sured by a home-made magnetotransport measurement sys-
tem with temperature down to 5K and magnetic field up to
10kOe. A Hall sensor was installed close to the sample to
measure the magnetic field simultaneously during the MR
measurements.

3. Results and discussion

Raman spectroscopy is an essential tool to characterize
carbonaceous materials with ordered and disordered carbon
structures [19]. Fig. 1 shows the typical Raman spectra of
w-rGO and s-rGO. The Raman spectrum of w-rGO (Fig. 1a)
shows a strong D peak at 1366 cm™" due to the «-point pho-
nons of A and a G peak at 1594 cm™" corresponding to the
first-order scattering of the E;; mode symmetry [20]. The
Raman spectrum of s-rGO (Fig. 1b) contains both D and G
bands (at 1349 and 1591 cm™?, respectively), but with a
decreased D/G intensity ratio (1.1) compared to that in
w-1GO (1.6). Higher D/G ratio in w-rGO suggests that it has
better graphitic structure compared to s-rGO [21]. The origin
of D band is attributed to the formation of defects and disor-
der such as the presence of in-plane hetero-atoms, grain
boundaries, aliphatic chain, etc. [22], the strong D band in
rGO samples suggest that they contain a great amount of
defects, which is favorable for the occurrence of ferromagnet-
ism, although not all kinds of defects will produce
ferromagnetism.
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Fig. 1 - Raman spectra of (a) w-rGO and (b) s-rGO.
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Fig. 2 - M-H curves for (a) w-GO and (b) w-rGO at 300 K.
Insets show the FM magnetization of w-GO (top) and w-rGO
(bottom) after subtracting the high field linear background.

Fig. 2 shows M-H curves of w-GO and w-rGO at 300 K in the
field range of —10 kOe < H<+10 kOe. Very weak ferromagnet-
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ism can be observed in w-GO, superimposed on the paramag-
netism. After subtracting the high field linear background, the
FM contribution can be obtained with saturation FM magneti-
zation (M) of 0.002 emu/g, as shown in the inset. After reduc-
tion, strongly enhanced ferromagnetism has been observed in
w-1GO, with M; of 0.24 emu/g for w-rGO, which is 12 times of
that of rGO reported by Wang et al. (0.02 emu/g at room tem-
perature) [8] and 6 times of that of NMG reported by Ning et al.
(0.04 emu/g) [16]. To check the possible contribution from
magnetic impurities, the highly sensitive technique of induc-
tively coupled plasma (ICP) analysis was performed, the total
amount of magnetic impurities (Fe 250 ppm, Co 2 ppm, Ni
37 ppm) in w-rGO was determined to be below 300 ppm. An
Fe impurity content of 1 ug g~ * would give the magnetization
of 2.2 x10™* emu/g [23]. The observed FM magnetization for
w-rGO (0.24 emu/g at 300 K) should correspond to 1090 ppm
of Fe (or 8015 ppm Ni and 3000 ppm Co) [24]. These results
exclude the extrinsic origin and confirm the intrinsic nature
of the observed ferromagnetism, which might originate from
the remaining graphitic structure and possible H absorption
[25,26]. The expected M; for graphene should be 502 emu/g
[27], assuming all the carbon atoms have a FM unpaired elec-
tron. Thus, the observed M (0.24 emu/g) at 300K for w-rGO
corresponds to ~0.05% carbon atoms. Usually, defects such
as vacancies, adatoms, and zigzag edges can produce loca-
lized magnetic moments by the formation of unpaired spins
[8-10,28-31]. However, by the loss of graphene’s structural sta-
bility, the vacancy-induced magnetic moment was limited
[10]. Atoms (molecules) adsorbed at the same sublattice
coupled ferromagnetically, while no magnetism or antiferro-
magnetism is found for adsorbates at opposite sublattices
[32,33]. The edge states localized around the zigzag edge
region have localized spins, which behave cooperatively with
each other forming a magnetically ordered state, while they
are completely absent from the armchair edge [31]. These
cases make the obtained Ms much smaller than 502 emu/g.
The coercivity (Hc) is 131 and 102 Oe, for w-GO and w-rGO
respectively, which is slightly larger than that of rGO reported
by Wang et al. [8]. Fig. 3a shows the M-H loops of w-GO at
10 K, which shows the enhanced paramagnetism with negli-
gible ferromagnetism. The M of w-rGO is 0.26 emu/g, which
is nearly the same as the value at 300 K. The increased slope
at high field indicates the enhanced paramagnetic contribu-
tion at 10K for w-rGO.

The results of temperature-dependent magnetization
(M-T) measurements for w-GO and w-rGO are shown in
Fig. 4a and b, which were measured in the presence of
2 kOe during the warming processes to 300K after cooling
down from 300 K under 2 kOe. For w-GO, the magnetization
increases with decreasing temperature, and sharp rise can
be observed below 30K (Fig. 4a). This phenomenon is similar
to that in oxidized unzipped and chemically converted gra-
phene nanoribbons reported by Rao et al. [13]. The w-GO exhi-
bits the typical paramagnetic behavior, with low-field
susceptibility y = M/H following the Curie law y o 1/T (inset).
For w-rGO (Fig. 4b), a drastic decrease of magnetization with
increasing temperature below 30K, followed by the gradual
decrease with further increasing temperature. Quite large
magnetization can still be observed at room temperature,
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Fig. 3 - M-H curves for (a) w-GO and (b) w-rGO at 10 K. Inset
shows the FM magnetization of w-rGO after subtracting the
high field linear background.
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Fig. 4 - M-T curves for (a) w-GO and (b) w-rGO under 2 kOe.
Inset is the y — 1/T curve for GO. (A color version of this
figure can be viewed online.)
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confirming the FM properties. The M-T curve for w-rGO sug-
gests the coexistence of paramagnetism and ferromagnetism.

Fig. 5 shows M-H curves for s-GO and s-rGO at 300 K, with
FM magnetization shown in the insets. Feeble Mg of
0.0005 emu/g is found for s-GO, which is only one fourth of
the value of w-GO (0.002 emu/g, Fig. 2a). FM hysteresis loop
from s-rGO (Fig. 5b) is clearly seen, with Mg of 0.01 emu/g,
which is much less than that of w-rGO (0.24 emu/g, Fig. 2b).
The H. is 110 and 121 Oe, for s-GO and s-rGO, respectively,
which is close to that of w-GO (131 Oe) and w-rGO (102 Oe).
At 10K, strongly enhanced paramagnetism can be observed
for both s-GO and s-rGO (Fig. 6). The linear M-H curve sug-
gests the negligible ferromagnetism in s-GO. Weak ferromag-
netism can be observed for s-rGO. The M is only 0.04 emu/g,
significantly smaller compared with w-rGO (0.26 emu/g at
10 K).

A deeper analysis of the moieties present in rGO has been
made with the aid of XPS. Fig. 7a and b shows the Cls XPS
spectra of w-GO and w-rGO. The deconvolution of the Cls
peak of w-GO displays three peaks locating at binding ener-
gies of 284.8, 286.8 and 288.2 eV, which can be assigned to
the C—C (C=C), C—0 and O=C—OH (carboxylate C) functional
groups, respectively [34-36]. The Cls XPS spectrum of w-rGO
also contains similar functional groups, as shown in Fig. 7b,
but the intensity of oxygen-containing functional groups is
much lower than that of w-GO. Upon thermal reduction, a
new functional group n-n" (291.9 eV) appears in w-rGO [37].
There are a variety of defects in carbon materials, such as
vacancies, adatoms, the vacancy-hydrogen complexes and
fragments with zigzag edges, which can produce magnetic
moments. For rGO, due to the removal of oxygen-containing
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Fig. 5 - M-H curves for (a) s-GO and (b) s-rGO at 300 K. Insets
show FM magnetization of s-GO (top) and s-rGO (bottom)
after subtracting the high field linear background.
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Fig. 6 — M-H curves for (a) s-GO and (b) s-rGO at 10 K. Inset
shows FM magnetization of s-rGO after subtracting the high
field linear background.

functional groups during annealing, vacancies and topologi-
cal defects with unpaired electrons and net spins would be
introduced on the graphene sheets [8], and these defect sites
contain spins which participate in ferromagnetism [17]. The
Cls spectra of s-GO and s-rGO are shown in Fig. 7c and d.
Clearly, the Cl1s spectrum of s-GO exhibits similar kinds of
oxygen-containing functional groups as w-GO, while their
peak intensities are slightly larger. Reduction of potassium
permanganate mass can effectively reduce the O=C—OH (car-
boxylate C) and C-O functional groups in rGO (compared with
s-rGO) which result in better graphitic structure in w-rGO,
leading to the enhancement of ferromagnetism [25].

In order to further check the intrinsic nature of the ferro-
magnetism in w-rGO and its possible spintronics applica-
tions, we measured MR of w-rGO by four-terminal method.
The w-rGO powders were pressed into a 5mm-diameter
piece, which was from the same batch of w-rGO for the other
characterizations. The MR results are shown in Fig. 8 in the
field range of —10kOe < H < 10 kOe. The MR value is defined
as [R(H) — R(0))/R(0), where R(0) is the resistance at zero field.
Hysteresis negative MR curve can be observed at low tem-
peratures. Fig. 9 shows the temperature dependence of MR,
and the inset shows the temperature dependent resistance
curve. The increasing resistance with decreasing temperature
indicates the semiconductor behavior of w-rGO. The MR value
is about —2.5% below 15K, and decreases with increasing
temperature above 15K, and disappears at T > 50 K. Similar
negative hysteresis MR with temperature dependence has
been reported by Barzola-Quiquia et al., which is a clear indi-
cation of the intrinsic nature of the observed ferromagnetism
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[38]. There are both positive [39] and negative [40,41] MR
effects in graphene. The negative MR may be attributed to
the reduction of quantum confinement through the forma-
tion of cyclotron orbits and the delocalization effect under
the magnetic field [42-47]. The positive MR is caused by weak
antilocalization due to the chiral nature of electrons in a
monolayer of graphite (graphene) [48], or the inhomogeneous
charge distribution due to charged impurities which creates a
random resistor network [49]. Both positive and negative MR
curves in nonmagnetic graphene have no hysteresis loop.
The observed negative hysteresis loop of MR for our w-rGO
sample can be attributed to the spin dependent scattering
of the FM defects, and proves the intrinsic nature of the
observed ferromagnetism. At 10K, the peak position of MR
curve for w-rGO is about 1500 Oe, which is much larger than
H. of 240 Oe. The MR peak positions further shift to higher
field with increasing temperature. The detailed mechanism
is still unclear. We suggest that it might be due to the super-
position of the positive MR and negative MR in rGO, leading to
the higher field of the MR peak position compared with the
corresponding M-H curve. The strong decrease of the negative
MR and the relatively temperature independent positive MR
shift the MR peak positions to higher fields with increasing
temperature.

4, Conclusions

In summary, strongly enhanced ferromagnetism has been
observed in rGO prepared in the weak oxidizing conditions.
The M; of w-rGO (0.24 emu/g) is about 24 times of the value
of s-rGO prepared in strong oxidizing environment
(0.010 emu/g) measured at 300 K. We have observed hysteresis
curves of negative MR in w-rGO at temperatures below 50 K
due to the spin dependent scattering by the magnetic defects,
confirming the intrinsic nature of the ferromagnetism.
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