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ABSTRACT

Aiming at molecular-based magnets, ferromagnetism of pure carbon-based materials is fundamentally and technologically extremely important
for many applications. While it is still not fully understood, many recent theoretical works have suggested that one-atom-thick two-dimensional
graphene materials may show ferromagnetism due to the existence of various defects or topological structures as the spin units and the
possible long-range ordered coupling among them. Here, we report the experimental results on the ferromagnetism of graphene-based materials
at room temperature. The observed room-temperature ferromagnetism is believed to come from the defects on graphene.

Organic magnets are both fundamentally and technologically
extremely important and have been sought for many years.!
However, ferromagnetism in organic materials is usually
observed only at very low temperatures, and the reports
about the existence of intrinsic magnetism of pure carbon-
based materials,*> which have only s/p electrons, have been
much controversial due to trace amounts of Fe or other
magnetic impurities. The scientific community became much
more aware of the possible existence of room-temperature
carbon-based and metal-free organic ferromagnets since the
serendipitous discovery of strong signals in thombohedral
Cyo was reported in 2001.° While it was retracted in 2006,
the article did raise (again) the possibility and expectation
of pure carbon-based materials with Curie temperature above
room temperature. Several groups have reported the experi-
mental ferromagnetism of highly oriented pyrolytic graphite
(HOPG) materials.*>7 A spongy, ultralightweight form of
carbon with a strong but temporary ferromagnetism was also
reported in 2004.% Esquinzai et al. have reported that HOPG
samples bombarded with protons appeared ferro- or ferri-
magnetism with a stable magnetic ordering at room temper-
ature.” Their results have provided a possible answer to the
origin of ferromagnetism in other carbon-based structures,
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which is not correlated with the magnetic impurities. This
kind of magnetic behavior may be ascribed to itinerant
electron magnetism rather than superexchange magnetic
coupling interaction between spins like molecule-based
magnets. Many theoretical studies™!” have also suggested the
highly possible existence of ferromagnetism for pure carbon
materials, even at room temperature. The recent discovery
of graphene,'! one-atom-thick two-dimensional (2D) layers
of sp>-bonded carbon, and its many unusual properties have
prompted intensive studies for this 2D nanoscale pure carbon
material. In addition to their extraordinary mechanical'? and
electronic transport'>!# properties, numerous reports have
predicted ferromagnetic ordering could exist among various
defects on graphene structures, such as vacancy, topological
defects or frustration, and hydrogen chemisorption or perhaps
the edge.*'>~! Interestingly, the proposed simplest building
block!”!3 for these graphene fragments with nonzero net spin
has a phenalenyl molecule structure unit and quite some of
these stable radical organic molecules with this or similar
structures have been synthesized and characterized elegantly
by Haddon and other groups.?°~?? At solid state, these pure
organic magnetic materials also show interesting semicon-
ducting properties. The large sr-conjugation in these radical
organic molecules offers the required stability for the
unpaired electrons in these structures as net spin units.?*~2
Also, the molecular structure of bulk graphene materials
produced using wet chemistry?*~? from graphite is similar
(but much larger) with many large fused polyaromatic
“graphene molecules” reported by Mullen and other groups.?
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Figure 1. Magnetization hysteresis loops at 300 K in the range of
—10 kOe < H < +10 kOe. (a) Sample Graphene-400 (O), M, =
0.004 emu/g. (b) Sample Graphene-600 (@), M, = 0.020 emu/g.

And these materials, with 2D graphene molecular structures,
are rather stable at ambient condition with many interesting
electronic and optoelectronic properties. Furthermore, it has
been shown theoretically that zigzag-edged graphene flakes
with topological structures can have ferromagnetic order and
linearly scaling net spin and these structures are stable at
room temperature with an energy gap of 0.3—0.5 eV at their
Fermi level.!” Very recently, we have reported the results of
transparent electrodes'> and photovoltaic devices?’ using
these bulk solution-processable functionalized graphene
(SPFGraphene) materials. In this Letter, we report the room-
temperature ferromagnetism of graphene based on these
soluble graphene materials.

Perfect graphene does not exist naturally, but bulk and
solution-processable functionalized graphene materials in-
cluding graphene oxide (GO) can now be prepared.'>?~2
The graphene material used in this study was prepared from
GO, which was prepared by the modified Hummers method®®
from graphite as described elsewhere.?” GO can be dispersed
and processed at individual sheet level in water.”?® The
graphene samples for magnetic studies in this work were
prepared by two steps. GO was first reduced using hydrazine
to get the partially reduced graphene oxide sample, and then
it was annealed at different temperatures under an argon
environment to generate the final products for the magnetiza-
tion measurement. Three samples, Graphene-400, Graphene-
600, and Graphene-800, were prepared at annealing tem-
perature of 400, 600, and 800 °C, respectively. Details of
the experimental procedure are described in Methods below.
The magnetization measurements were performed with a
SQUID XL-7 magnetometer from Quantum Design with the
reciprocating sample option and a sensitivity of <1077 emu.

Figure 1 shows the magnetization hysteresis loops mea-
sured at temperature of 300 K in the field range of —10 kOe
< H < +10 kOe for the two samples of Graphene-400 and
Graphene-600, where saturation of the magnetization is
clearly seen at about M; = 0.004 and 0.020 emu/g after
subtracting the diamagnetic background. The magnetization
was saturated at 1500 and 6000 Oe for samples Graphene-
400 and Graphene-600, respectively. In a smaller field range
as shown in Figure 2, an enlarged and clearer magnetization
hysteresis loop was observed for both samples of Graphene-
400 and Graphene-600.

These results clearly show that the graphene samples have
a weak ferromagnetic ordering at room temperature. So we
further measured the magnetization of the same samples at
2 K (Figures 3 and 4). As Figure 3 shows, the saturation
magnetization M, reaches 0.25 and 0.90 emu/g for Graphene-
400 and Graphene-600, respectively, significantly increased
compared with that at room temperature. We have also
measured the sample Graphene-800 prepared at 800 °C from
the same precursor sample as for Graphene-400 and Graphene-
600. However, the Graphene-800 sample did not show clear
ferromagnetism. The reason for this is yet to be understood.

The reports about the existence of intrinsic magnetism of
pure organic materials have been very controversial, and the
purity of the material is critical. We took great care to
eliminate any possible ferromagnetic impurities. Since all
the three samples (Graphene-400, Graphene-600, and
Graphene-800) came from the same source, e.g., the partially
reduced graphene oxide, the magnetic contribution from the
possible metallic impurity should be similar for all these three
samples. So the negative result for ferromagnetism of
Graphene-800 suggests that metallic impurity should not be
the reason (or at least the major one) of the observed
ferromagnetism of Graphene-400 and Graphene-600. The
expected M, value would be 502 emu/g,* assuming all the
carbon atoms have a ferromagnetic unpaired electron. Thus,
the observed M, (0.9 emu/g) value at 2 K for sample
Graphene-600 corresponds to ~0.2% carbon atoms.

To further check the contribution from magnetic impuri-
ties, magnetic measurements were also carried out for the
GO samples and those after only hydrazine reduction or
annealing and no ferromagnetism was observed for these
three samples. The total amount of magnetic (Fe, Ni, Co)
impurities by atomic absorption spectrometry (AAS) analysis
was 48.6 ppm for the partially reduced graphene oxide
samples before annealing. More importantly, the total amount
of magnetic impurities by AAS was 86 ppm for Graphene-
600 after annealing. The increase of magnetic impurity may
be ascribed to the weight loss for the functional groups. The
observed M (0.9 emu/g) value for sample Graphene-600 at
2 K is equivalent to ~4700 ppm Fe, 2 orders greater than
the AAS analysis result. Furthermore, we have carried out
the magnetic measurements for five batches of samples on
three different SQUID instruments, and the results are quite
repeatable. All these results indicate it is very likely that the
room-temperature ferromagnetism comes from the intrinsic
properties of graphene-based materials.

As mentioned above, many theoretical works have been
published about the possible ferromagnetism and its origin
for graphene. But while all the theoretical works so far show
that it is quite easy to nucleate magnetic moments in the
defective sp? carbon samples, the fact that they order
ferromagnetically is yet to be fully understood. The structure
of GO contains many C—O—C (epoxide), C—OH, —COOH,
and C=0 groups on the main graphene skeleton.'>?° Initial
reduction of GO with hydrazine would remove some of these
groups and restore some of the damaged sp? carbon conjuga-
tion during the GO preparation process and, thus, increase
its electrical conductivity.?! During further annealing process
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Figure 2. An enlarged M vs H loop at 7 = 300 K. (a) Sample Graphene-400, hysteresis was observed in the field range —2500 Oe < H
< 2500 Oe, H. = 46 Oe. (b) Sample Graphene-600, hysteresis was observed in the field range —1500 Oe < H < 1500 Oe, H. = 40 Oe.
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Figure 3. Magnetization hysteresis loops at 2 K. (a) Sample
Graphene-400 (O), M, = 0.25 emu/g. (b) Sample Graphene-600
(a), Mg = 0.90 emu/g.

under argon, most if not all of the functional groups would
be removed from the graphene sheets. Thus, the isolated
m-conjugation area on the pristine graphene sheet should be
restored (or partially) again, resulting in improved electrical
conductivity (10°—10° Q/square'*3?) of these graphene
sheets, with structure more or less like those “graphene
molecules”.?® And more importantly for its magnetic proper-
ties, vacancies and topological defects with unpaired elec-
trons would be introduced on the graphene sheets during this
process of annealing, due to the removal of the functional
groups, such as carbon dioxide, OH, etc.'®3? The removal
of these groups under certain conditions would introduce
various edge and defect sites with spin units on sp? carbon
materials, and this has been studied thoroughly and elegantly
by Radovic.!® These defects could include carbene, benzye, '8
phenylene units,!” topological defects,'®!%32 or a more
complicated zigzag edge.'8 It should be pointed out that both
theoretical*"#!8 and experimental*’ works have proved that
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most if not all the above unit structures with net spin are
stable within a large conjugation system such as in graphene
at room temperature. We want further to emphasize that
many stable molecules with structures the same or similar
as those proposed spin units'*~'832 in graphene have been
isolated and characterized fully mainly by Haddon’s
group,?’~2? and the reason for their stability is due to the
huge s-conjugation in these molecules. Then, if indeed the
long-range orderly magnetically coupling of these spins
exists, for example with the PKKY mechanism'’ via either
intramolecular interaction in individual graphene sheets or/
and intermolecular/lattice interaction between neighboring
graphene sheets,”!> 192133 the ferromagnetism could then
arise. While results are based on current theoretical work
and experimental results, we believe that the room-temper-
ature ferromagnetism is an intrinsic property of graphene-
based materials, and we are looking for direct and conclusive
evidence, such as some topographic/structural data. Further-
more, the confirmation and understanding for this pure
organic material room-temperature ferromagnetism, as one
of the most difficult topics in physics and material science,
certainly deserve much more through study, and the results
could be very rewarding with far and wide implications.

In summary, we have observed the room-temperature
ferromagnetism of bulk graphene materials prepared from
soluble functionalized graphene sheets. The possible origin
of the ferromagnetism may come from the long-range
coupling of spin units existing as defects in graphene sheets,
which are generated in the annealing process. But more direct
evidence is needed for a conclusion. The likely intrinsic
room-temperature ferromagnetism, combined with its semi-
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Figure 4. An enlarged M vs H loop at T = 2 K. (a) Sample Graphene-400, hysteresis observed in the field range —2500 Oe < H < 2500
Oe, H. = 33 Oe. (b) Sample Graphene-600, hysteresis observed in the field range —6000 Oe < H < 6000 Oe, H. = 596 Oe.
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conductivity and solution-processing capability, should have
wide-reaching implications in material science, and these
collective properties could make graphene-based materials
a competent choice for many important device applications,
including spintronic, magnetoresistance, magnetic memory
devices, and so on. Our results may also prompt more
thorough and carefully studies for the room-temperature
ferromagnetism of pure carbon-based materials, including
Ceo and carbon nanotubes.

Methods. Materials. Graphene oxide (GO) was synthe-
sized by the modification of Hummer’s method'*? and
described elsewhere.!* GO was placed in a vacuum desic-
cator, where a piece of filter paper saturated with the
chemical reducing agent hydrazine (80% water solution) was
placed for the first step of reduction. The reducing reaction
time was controlled for 24 h to generate the partially reduced
graphene oxide. The same partially reduced graphene oxide
sample was then separated into batches of 100 mg and then
annealed in argon atmosphere at 400, 600, and 800 °C to
get the samples of Graphene-400, Graphene-600, and
Graphene-800, respectively. The heating rate from room
temperature to the desired temperature was 3 °C/min, and
then the temperature was kept at the desired temperature for
3 h and finally cooled down to room temperature. The
annealing and cooling processes were strictly applied under
argon atmosphere.

Instruments. Magnetization measurements were performed
using a Quantum Design MPMS XL-7 superconducting
quantum interference device (SQUID) magnetometer. The
powder sample of graphene was packed in a bit of diamag-
netic plastic film, and then the packed sample was put in a
diamagnetic plastic straw and impacted into a minimal
volume for magnetic measurements. Background magnetic
measurements were checked for the packing material. At 2
or 300 K, the sample was installed in the SQUID chamber
and the field dependence of magnetization was measured.
The magnetic properties of the pristine partially reduced
graphene oxide sample before annealing were also measured
with the samples of Graphene-400, Graphene-600, and
Graphene-800 for comparison. Electric properties were
measured at 300 K using a QUANTUM DESIGN PPMS-9.
Aqueous solutions of graphene oxide (10 mg/mL) were spin-
coated onto a glass slide (500 revolutions/min, 12 s; 1000
revolutions/min, 30 s), and subsequently the film was carried
out with the hydrazine reduction and annealing procedure
strictly according to the same procedures for the preparation
of Graphene-400/600/800 samples. Au electrodes were then
vacuum deposited on the film, and then its conductivity was
measured using a standard four-probe method. Impurity
elements (Fe, Co, and Ni) of the pristine partially reduced
graphene oxide were determined by atomic absorption
spectrophotometer (Hitachi 180—80). The AAS analysis
samples were prepared by dissolving samples completely
using concentrated nitric acid at 100 °C.
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