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In this paper we report on the magnetic properties of pure bulk ferromagnetic graphite, obtained by a
chemical route previously described. This magnetic graphite has been obtained by a vapor reaction consisting
of a controlled etching on the graphite structure. By magnetic force microscopy we have verified that its
magnetic properties are related to the topographic defects introduced in the pristine material. Also, the mag-
netic properties have been verified through magnetization measurements as a function of temperature and
applied magnetic field. At low temperaturess2 Kd the saturation magnetization reaches a value of 0.58 emu/g,
leading to a defect concentration of 1250 ppm. The system is highly irreversible due to the inhomogeneity of
the distribution of defects in the material. Two transition temperatures are detected,Tc1=115s5d K and Tc2

=315s5d K. These transitions could be associated to the weak coupling between ferromagnetic regions related
to defects and to the ferromagnetism inside the defect regions.
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I. INTRODUCTION

Over the last years, the survey for macroscopic magnetic
ordering phenomena in organic materials has been one of the
most exciting and interesting subjects in science. Nanostruc-
tured carbon materials have increasingly attracted the interest
of the scientific community, not only because of their
physical properties but mainly because of their potential
applications in high-tech devices. The possibility of
achieving striking properties in macroscopic carbon—such
as room-temperature magnetic properties and even
superconductivity—open up a plethora of possible and strik-
ing applications. To cite just a few of them, these carbon-
based materials could be used in nanotechnology, sensors,
detectors, actuators, among others, for applications in
medicine—magnetic imaging—or even applications in tele-
communications, electronics, biosensors, magnetic materials
separation, etc. For these reasons, obtaining macroscopic
quantities of bulk room-temperature ferromagnetic carbon
slike graphited would be of fundamental and general interest,
not only for a wide number of natural sciences, but mainly
for technological applications of this material in engineering,

as well as in medicine and biology, as a biocompatible mag-
netic material.1

The existence of pure carbon materials exhibiting ferro-
magnetic properties has hardly been believed to be true for
many years. However, more than 100 articles, and about 30
patents, have been reported for ferromagnetic carbon-based
materials consisting only of carbon or including elements of
the first rows of the periodic table such as B, N, and S.
Recent reports indicate that the ferromagnetic phase in those
materials originates in the form of magnetic islands in a non-
magnetic matrix.2 In the last few years, this field of research
has been renewed after the discovery of allotropic forms of
carbon, in particular after the discovery of ferromagnetism in
the charge-transfer saltfTDAEg+C60 and in polymerized
fullerenes.3–5 Also, some other reports have proved the exis-
tence of weak ferromagneticlike magnetization loops in
highly oriented pyrolytic graphitesHOPGd.6,7 On the other
side, experiments performed on extraterrestrial graphite ob-
tained from a meteorite8 have pointed to the presence of
ferromagnetic graphite. In this case, the total experimental
magnetization exceeded the calculated magnetization by a
factor of 1.5 what had been attributed to ferromagnetic
graphite, which constituted more than half of the meteorite
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mass. To demonstrate that the existence of ferromagnetism in
pure carbon is unambiguously possible, very recently there
have been reported two remarkable papers. In the first one,
Esquinaziet al.9 report the induction of magnetic ordering by
proton irradiation performed on HOPG samples. After the
irradiation, the material exhibits stable magnetic ordering at
room temperature. In the second paper, Rodeet al.10 report
the synthesis of an allotropic form of carbon—an all-carbon
nanofoam—that exhibits ferromagneticlike behavior up to
90 K, with a narrow hysteresis curve and a high saturation
magnetization.

In this paper, we report on the magnetic properties of pure
bulk ferromagnetic graphite, obtained by a chemical route we
have recently reported.11 This method consists of a con-
trolled etching on the graphite structure by a vapor phase
redox reaction in a closed nitrogen atmosphere with copper
oxide. This modified graphite has a strong magnetic response
even at room temperature, where it can be attracted by any
commercial magnet. Several samples have been prepared and
all of them exhibited stable magnetic behavior.

II. EXPERIMENTAL PROCEDURE

We have performed experiments of magnetization as a
function of the absolute temperature,T sfor a fixed value of
the external magnetic field,Hd and also as a function ofH,
for fixed values of temperature. These measurements were
performed using a MPMS-5T Quantum Design magnetome-
ter. To study the correlation between the defects introduced
in the pristine graphite by the chemical vapor reaction pre-
viously mentioned, we have also used the magnetic force
microscopy sMFMd technique. These measurements were
performed using a Nanoscope III, by Digital Instruments.
Finally, to double check the presence of induced defects in
the pristine graphite, we have performed Raman spectros-
copy experiments. In this case, Raman spectra were recorded
with a J-Y T64000 triplessubtractived Micro-Raman spec-
trometer, using a 503, 0.5 n.a. objective, to focus 3 mW of
the 514.5-nm line of an Ar+ laser slaser spot put over a
similar graphite crystal in both samples, the pristine and the
modified graphite, far from the crystal borderd.

III. RESULTS AND DISCUSSION

Micro Raman analysissFig. 1d of the pristine graphite
exhibited a peak at 1580 cm−1, showing the good quality of
the reagent used in this procedure. The modified magnetic
graphite clearly showed the occurrence of the 1350-cm−1

peak, well known as the “disordered”D band. A broadening
of the 1580-cm−1 peak was also observed. Both signals are
indicative that the crystal could no longer be regarded as
infinite, and that the presence of defects is clearly significant.
The presence of magnetic regions at the microscale has been
verified by MFM. Also, the role of the pores and the micro-
structural features were studied simultaneously with atomic
force sAFMd and magnetic force microscopysMFMd, trying
to correlate the topography to the magnetic signal. Figure 2
shows a 10mm310 mm picture of the topographysupper-
left imaged of one of the magnetic graphite samples, and the

corresponding magnetic behaviorsMFM, upper-right imaged.
A large pore can be seen at the topography image, and a grid
scheme typical of magnetic systems is clearly seen surround-
ing it, where magnetic domains are fairly homogeneously
distributed. The periodicity of the domains is approximately
1 mm. At the bottom of those figures we show the corre-
sponding three-dimensionals3Dd images. Figure 3 shows the
diagonal profile sectionscorresponding to the lines depicted
on top images of Fig. 2d of both the topography and the
magnetic signalskeeping outside most of the pored. Its analy-
sis clearly allows us to stress that the magnetic signal is not
correlated to the roughness of the sample surface outside the
pore, i.e., the origin of the magnetic grid is genuinely intrin-
sic.

Figure 4 shows the magnetic behavior of magnetic graph-
ite as a function of temperaturefzero field cooledsZFCd and
field cooledsFCd for H=1000 Oeg. Two clear magnetic tran-
sitions are observed:Tc1=115s5d K and Tc2=315s5d K. The
irreversibility of the system is clear and can be better seen in
the inset, where the difference between the magnetization
values at the FC and ZFC branches is plotted against tem-
perature. The arrows in the inset show changes in slopes,
which are a few degrees below the magnetic transitions.
There is evidence of the persistence of ferromagnetism even
at 350 K, where a weak loop can still be observed at the
upper-left inset of Fig. 5. This multilevel ferromagnetic be-

FIG. 1. Raman spectra of the pristine and modified magnetic
graphite samples.

FIG. 2. Set of images of an area of a magnetic graphite sample
of 10 mm310 mm, corresponding to the topographysAFM, upper-
left imaged and the magnetic behaviorsMFM, upper-right imaged.
At the bottom we show the corresponding 3D images.
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havior, evidenced by several Curie temperatures, could be
explained through the inhomogeneity of the modified mag-
netic carbon specimen derived from the presence of defects,
as stated by both MFM and Raman experiments. As a con-
sequence of the defects created by the procedure reported in
Ref. 11, the material becomes inhomogeneous, which seems
to be an essential feature of the magnetic graphite samples.
X-ray diffraction analysis on this material suggested the co-
existence of a nonmagnetic pristine graphite matrix and
foamy graphite with decrease of thed spacing of thes00ld
reflections.11 The presence of ferromagnetic islands, related
to the inhomogeneity of defects, is supported by the high
irreversibility observed in them vs T plot. In principle, the
complex magnetic behavior should be intrinsic and could not
be avoided. Due to the defects created, the material enhances
the intrinsic magnetic behavior previously reported.2,3 The
use of powder graphite as a reagent seems to be crucial be-
cause of the high reactivity to chemical attacks, due to the
highly exposed surface, and the previous existence of de-
fects. Thus, the concentration of defects produced by chemi-
cal attack could be the cause of producing the strong mag-
netic response reported here. Figure 5 exhibits the hysteresis

cycles for them vs H curves at 2, 200, 300, and 350 K. The
lower right inset also shows them vs H loop at 2 K without
the subtraction of the diamagnetic background. We assumed
that the material at 2 K lacked the paramagnetic phases
and used this curve to establish the diamagnetic contribution
to be subtracted at all temperaturessapproximately
−3310−5 emu/gd. Then, a paramagnetic contribution was
also subtracted at 200, 300, and 350 K. The saturation mag-
netic moment was strong, 0.58, 0.28, 0.25, 0.19 emu/g, for
T=2, 200, 300, and 350 K, respectively. The saturation mag-
netization at 2 K, leads to a defect concentration of
1250 ppm, assuming that each defect has a magnetic
momentgmBSsg=2, S= 1

2
d. This value is higher than others

previously reported, such as the 78–840 ppm range for
nanographite-based carbon materials.12

To justify those values of the saturation magnetic moment
through the role of magnetic impurities by assuming that all
these impurities behave as bulk ferromagnetic material—
which most probably would not be the case—it would re-
quire a ferromagnetic cluster of about 2600 ppm of Fe. As
previously reported,11 the total content of iron in our samples
was determined to be around 40–60 ppm range. Other fer-
romagnetic metals such as nickel and cobalt were detected at
concentrations around 1 ppm. Since this value is much lower
than the one required, the presence of ferromagnetic impuri-
ties cannot be responsible for the magnetic behavior of this
material, and this hypothesis can be ruled out. A strong de-
crease in the coercive field was observed when temperature
increases,Hc=2200, 850, 350, and 170 Oe at 2, 200, 300,
and 350 K, respectively. The remnant magnetization was
0.17, 0.075, 0.04, and 0.01 emu/g for 2, 200, 300, and
350 K, respectively. These values correspond to 29, 27, 16,
and 5 % of the saturation magnetic moment for 2, 200, 300,
and 350 K, respectively.

IV. CONCLUSIONS

We have shown that bulk stable magnetic graphite pre-
pared by the procedure described by Pardoet al.11 intrinsi-

FIG. 5. Hysteresis curves,m vs H, for the magnetic graphite
material forT=200 and 300 K. Lower right inset:m vs H at 2 K,
with and without the diamagnetic background subtraction. Upper
left inset:m vs H at 350 K.

FIG. 3. Diagonal profile section corresponding to the lines de-
picted on the top images of Fig. 2 and related to the heightstopog-
raphyd and to the phase-shiftsmagneticd signals.

FIG. 4. ZFC and FC magnetization vs temperature. The arrows
show the magnetic transition temperatures. Inset: the difference in
the magnetization FC-ZFC vs temperature. The arrows show
changes of slopes.
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cally exhibits a multilevel ferromagnetic behavior derived
from the presence of defects. This is in agreement to the fact
that the magnetic ordering can be caused by the appearance
of a curvature in the surface, grain boundaries, and particu-
larly when there is structural disorder in the graphene planes.
In this case, our results give strong experimental evidences
to support that, when high topological disorder has been in-
troduced into the material, ferromagnetism is preferable to
antiferromagnetism.1,7 Thus, the multilevel ferromagnetic be-
havior here reported would be associated with microstruc-
tural features observed in the attacked sample that produced
an inhomogeneous material with enhanced magnetism. This
outstanding behavior is postulated to be associated to those
microstructural characteristics by breaking the continuity of
the delocalized pi-electron clouds of the graphitic material
and where thesp3 and sp2 bonds could play an important
role, as stated elsewhere.13 This allows the existence of mag-
netic centers related to the topology, which could be the ori-

gin of a multilevel ferromagnetic behavior. The observed
magnetic transitions could be postulated to be the ferromag-
netic transition inside the defect regionssTc2d and the weak
coupling between these regionssTc1d. The high irreversibility
of the system would support the representation of the mate-
rial as a coexistence of a nonmagnetic pristine graphite ma-
trix and magnetic foamy graphite.
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