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1. INTRODUCTION

Recently, experimental reports on the weak ferromagnetism of
graphite1�5 or other carbon-based materials,6�8 which are usually
assumed to be typical diamagnetic materials, have attracted great
attention. Because only s/p electrons are present in carbon-
based materials, which are in contrast to traditional ferromag-
netic materials containing metallic 3d/4f electrons, the observa-
tion of weak ferromagnetism at room temperature or above
in pure carbon-based materials has been very controversial
among magnetism experts. Thus, the extremely weak signals at
room temperature lead to hot debates on the physical origins of
ferromagnetism in these carbon-based materials.9�11 Mean-
while, monolayer graphene,12 which is an individual atomic layer
of graphite, with zigzag edges that are predicted to give rise to
magnetic ordering.10,11,13 According to these classical Ising14 and
Heisenberg15 models, no long-range ferromagnetic ordering in
one-dimensional systems is possible at finite temperatures. How-
ever, in these spin�lattice models,14,15 only short-range mag-
netic interactions are taken into consideration, and the
interactions between one-dimensional structures and their sur-
roundings are not considered. If the interaction exists between
monatomic chains of Co and a Pt substrate, long-range ferro-
magnetic ordering in one-dimensional monatomic chains of
cobalt atoms has been found.16 Thus, these predictions of the
weak ferromagnetism in graphene or graphite need convincing
experimental verifications.

In our previous work,17 the existence of ferromagnetic order-
ing at the edges of n-layer graphenes and graphite has been
recently reported. By thermally evaporating different metal films
onto graphenes or graphite, we have observed that metal
nanowires and adjacent nanogaps can be found for ferromagnetic
(Fe, Co, andNi) and paramagnetic (Mn, Pd, and Al) atoms at the
edges of graphenes and graphite regardless of its zigzag or
armchair structure, whereas no similar features for diamagnetic
metals (Au and Ag). Furthermore, these features can be greatly
affected by an external magnetic field, which is applied during
metal evaporation. However, the size, orientation, and Curie
point of local magnetic moments along the edges of graphenes
and graphite are still unknown. Therefore, in this work, we aim at
showing that the nondestructive testing magnetic particle in-
spection (MPI) widely used in the industry can be miniaturized
to detect local magnetic moments. The spatial resolution is
closely related to the scanning electron microscopy (SEM) used
and can be as high as∼1.0 nm, which is much higher than that of
20�50 nm reported previously.1�4 With this technique, the
following results are obtained: (1) Nanowires and adjacent nano-
gaps can be found clearly at the edges of graphenes or graphite for
atoms with magnetic moments (ferromagnetic elements: Fe, Co,
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ABSTRACT: Ferromagnetism in graphite/graphenes is attrac-
tive for fundamental science and potential applications
in carbon-based magnetism and spintronics. In this work, we
show that magnetic particle inspection can be miniaturized to
detect local magnetic moments with a high spatial resolution
of ∼1.0 nm using scanning electron microscopy. A metal
nanowire and adjacent nanogap can be found at the edges of
graphenes and graphite for atoms with magnetic moments (Fe,
Co, Ni, Mn, Pd, Al), whereas no similar characteristics are found
for diamagnetic metals (Au, Ag). By investigating these features
under an external magnetic field and at different temperatures, we discuss possible mechanisms and propose that intrinsic
ferromagnets exist and form a one-dimensional array at the edges of graphenes and graphite. Meanwhile, the size of individual
magnets (<4.8 Å), orientation, magnitude (∼0.45 μB per carbon edge atom) of magnetic moments, and their Curie temperature
(>95 �C) are obtained, which are novel and interesting.



15786 dx.doi.org/10.1021/jp202540a |J. Phys. Chem. C 2011, 115, 15785–15792

The Journal of Physical Chemistry C ARTICLE

and Ni; paramagnetic elements: Mn, Pd, and Al). (2) By
investigating these features under an external magnetic field
and at different temperatures, the most plausible explanation is
that intrinsic ferromagnets exist and form a one-dimensional
array at the edges of graphenes and graphite. (3) The size of these
magnets (distance between north and south poles) is less than
4.8 Å. (4) The orientation of the local magnetic moment is in the
graphene surface and perpendicular to the edges, and its magni-
tude is about 0.45 μB per carbon edge atom. (5) The Curie
temperature (Tc) of these molecular magnets can be possibly
over 95 �C, which is much higher than those of single molecule
magnets reported before.18 These results open up fields of future
applications of carbon-based magnetism and spintronics.19

In the experimental works previously reported, usually
three kinds of techniques are used: MFM (magnetic force
microscopy),1�4 bulk magnetization measurements,3�7 and
XMCD (X-ray magnetic circular dichroism).2 With the tech-
nique based on MFM, it is difficult to get quantitative results due
to the lack of geometry andmagnetic properties of the tip and the
material under investigation. Meanwhile, to avoid the effect of
long-range van der Waals forces, the tip usually works at a lift scan
mode with a height of 50 nm, which causes a low spatial resolution
of the location of the magnetic signal (∼20 nm). For the
technique with magnetization measurements, the magnetic
signals (0.0022�0.020 Am2 kg�1)3,6 are extremely weak, which
are 4�5 orders of magnitude smaller than those of ferromagnetic
elements (∼220 Am2 kg�1, iron) at room temperature. Thus, it
is important to know the exact contents of magnetic
components5 or to make sure that the sample is free of magnetic
impurities.3,4,6,7 XMCD is powerful to study local magnetic
moments associated with different elements in a sample,2 which
can exclude the effect from magnetic impurity and have a spatial
resolution of 50 nm.

2. EXPERIMENTAL METHODS

N-layer graphenes and graphite were obtained from micro-
mechanical cleavage of natural graphite (Alfa Aesar) and then
transferred onto Si substrates with a 300 nm SiO2 layer.

20 After
the layer number of n-layer graphenes was definitely character-
ized by the combined techniques (optical microscope and Ra-
man spectroscopy), a thin metal film (ferromagnetic elements:
Fe, Co, Ni; paramagnetic elements: Mn, Pd, Al; diamagnetic
elements: Au andAg) was thermally evaporated onto the wafer in a
vacuum thermal evaporator with the substrate keeping at con-
trolled temperature or with an external magnetic field produced by
a permanent NdFeB magnet, respectively (Figure 1 and the
Supporting Information, Figure S1).

Fe (99.99%) was bought from Alfa Aesar, and Co (99.75%)
andNi (99.99%),were bought from theGeneral Research Institute
for Nonferrous Metals, Beijing, China. These metals were evapo-
rated onto the wafer in a vacuum thermal evaporator at a
deposition rate of 1.0 Å/s under a vacuum of 10�4 Pa. To keep
the substrate at a temperature higher than room temperature, the
wafer was fixed to the ceramic mounting surface of a power film
resistor (MP9100) by carbon adhesive tape. When a permanent
magnet was applied, the wafer and the magnet were mounted on
an aluminum stage with the graphene at a position of known
magnetic field.

The layer number of n-layer graphenes was identified using the
combination of an optical microscope (LeicaDM4000) andmicro-
Raman spectroscopy (Renishaw inVia Raman Spectroscope). The

detail of Raman measurements is shown in the Supporting
Information. After different metal films were thermally deposited
onto n-layer graphenes or graphite, a scanning electron micro-
scope (SEM) was used to characterize the film morphologies at
the edges of n-layer graphenes or graphite. When the substrate
was kept at a controlled temperature or an external magnetic field
was applied upon thermal deposition, the orientation, magnitude,
and the corresponding Curie temperature of the local magnetic
moment at the edge of n-layer graphenes or graphite can be
determined according to the changes in film morphologies.

3. RESULTS AND DISCUSSION

In this work, a different technique is used, which is a miniature
implementation of the nondestructive testing magnetic particle
inspection (MPI) widely used in the industry (Figure 1). As
shown in the schematic diagram of Figure 1, after ferromagnetic
or paramagnetic metals are thermally deposited onto n-layer
graphenes and graphite, we can determine the size, orientation,
magnitude, and the corresponding Curie temperature accord-
ingly. First, for atoms with magnetic moments (Fe, Co, Ni; Mn,
Pd, Al), a metal nanowire and adjacent nanogap at and on the
edges of graphenes can be observed under SEM (Figure 1a),
whereas no similar features are found for diamagnetic metals (Au
and Ag). This indicates the existence of intrinsic magnetic
moments at these locations, resulting in the aggregation of atoms
with magnetic moments (Fe, Co, Ni; Mn, Pd, Al) at the edges of
graphenes.17 Second, when two monolayer graphenes stack
together, the edge of the upper graphene (terraced edge) can

Figure 1. Diagrams showing the technique to demonstrate the ex-
istence and characteristics of ferromagnets at the edges of graphenes or
graphite. The sizes are not in scale for clarity. (a) The appearance of a
metal nanowire and adjacent nanogap at and on the edges of graphenes
for atoms with magnetic moments (Fe, Co, Ni, Mn, Pd, Al). (b) A
nanowire and two adjacent nanogaps found at the edge of the upper
monolayer graphene. (c) No aggregation of atoms at the edges (“10 0, “2”,
“3”) of the lower monolayer graphene. (d) The orientation of the
magnetic moment at the edges of graphene and graphite determined by
different changes of morphologies of the metal film at the left and right
sides under an external magnetic field. (e) The magnitude of the
magnetic moment of monolayer graphene obtained from the disappear-
ance of the nanogap and/or nanowire at the left edge where the external
field cancels with the local one.
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be in direct contact with metal atoms (Figure 1b). Atoms with
magnetic moments can be attracted to aggregate from both sides.
Thus, a nanowire and two adjacent nanogaps can be found along
this edge. Third, as shown in Figure 1c, the edges (“1”, “2”, “3”) of
the lower monolayer graphene cannot be in direct contact with
the evaporated atoms. We can find that no aggregation of atoms
on the above corresponding graphenes is found. This implies that
the magnetic field produced by this edge is perpendicular to the
upper graphene surface, from which the size of the magnets can
be obtained. Additionally, when an external magnetic field is
applied, after metal film deposition, the different changes in
morphologies of the metal film at the left and right sides can be
observed (Figure 1d). Thus, we can determine the orientation of
the local magnetic moments at the edges of n-layer graphenes
and graphite. Finally, according to Figure 1e, the local one at the
left or right edge of monolayer graphene can be canceled or
enhanced by the external magnetic field, so the disappearance of
the nanogap and/or nanowire can help us to estimate the
magnitude of local magnetic moments at the edge of monolayer
graphene. Note that the films of metal on other parts of graphenes
and substrate are not shown in Figure 1b,c. The arrows in
Figure 1e indicate the orientation of local magnetic moments.

As shown in Figure 2, the morphologies of the iron film on
graphenes can be greatly related to the layer number of n-layer
graphenes: with the increase of the layer number, the size of a
single iron grain becomes larger, and the iron film rougher. These
phenomena are very similar to those of gold on graphenes
reported by Luo and Zhou et al.20,21 Meanwhile, similar to nickel
films at the edges of n-layer graphenes, the following features can
be seen clearly: there is a nanogap of iron along the edge of n-
layer graphenes (n = 1, 2, 3, 4), which separates the central iron
films from those along the edge of graphenes. These features can
also be found at the edges of n-layer graphenes (n = 1, 2, 3, 4),

which are independent of the kinds of edges: straight or at angles
(Figure 2a�d).

Different fromnickelfilms at the edge of graphenes (Figure 3a,b),
it is not obvious that Fe (Co) nanowires are clearly observable at the
edges of monolayer, bilayer, and trilayer graphenes (Figures 2a�d
and 3c,d). However, the existence of these nanowires at the edge of
graphenes can be justified from the following reasons: First, the
nanogaps are clearly observed between n-layer graphenes and
substrate (n = 1, 2, 3; Figures 2a�c and 3c,d and the Supporting
Information, Figure S2). Second, the nanowires (aggregation) of Fe
(Co) at terraced edges are obvious (Figure 3c,d). Third, the
nanowire of iron at the edge of four-layer graphene can be clearly
observed, as shown by the white arrow in Figure 2d. The reason
that the nanowires of Fe (Co) at the edges of n-layer graphenes (n=
1, 2, 3) cannot be clearly observed under SEM is believed to result
from the low contrast of these nanowires with those metallic films
on the silicon substrate.

The thermodynamic (e.g., energetics and stability) and kinetic
(e.g., surface diffusion) factors can well account for the thickness-
dependent morphologies of iron on the central area of n-layer
graphenes, which is analogous to the situation of gold.20,21 The
quite interesting result here is why the iron morphologies at the
edges of graphenes are so unique and different? To figure out the
mechanism, other ferromagnetic, paramagnetic, or diamagnetic
elements have been deposited onto graphenes and graphite, such
as Ni, Co (ferromagnetic elements), Mn, Pd, Al (paramagnetic
metals), Au, and Ag (diamagnetic metals), respectively.17 As is
reported, for ferromagnetic (Fe, Co, and Ni) or paramagnetic
(Mn, Pd, and Al) metals, there is a nanowire and adjacent
nanogap at the edges of n-layer graphenes (n = 1, 2, 3).

Especially in Figure 3, when graphenes with different numbers
of layers stack together, there are two kinds of edges: edges of the
upper graphenes that can be in direct contact with evaporated
nickel atoms (terraced edges) and edges of the lower graphenes

Figure 2. SEM images of Fe nanowires and adjacent nanogaps at the edges of n-layer graphenes. Film thickness: 2.0 nm. Scale bar: 200 nm. (a)
Monolayer graphene and substrate (SiO2). (b) Bilayer graphene and substrate. The angle is 158.2�. (c) Trilayer graphene and substrate. (d) Four-layer
graphene and substrate.
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that cannot be in direct contact with nickel atoms (Figure 3a,b).
Different features of the nickel film can be found in these two
kinds of edges, such as those marked with “1”, “2”, “3”, “4”, “5”,
and “6” in Figure 3a,b. Here, the nickel films at “200, “3”, and “5”
appear as individual nanowires that are separated from both sides
by nanogaps. The formation of nanowires along these edges
implies the aggregation of nickel atoms at these locations, and
these edges can be identified as those of the upper graphenes
(terraced edges). Correspondingly, the nickel films at “1”, “4”,
and “6” have morphologies between those of either sides and the
edges can be identified as edges of the lower graphenes. Mean-
while, for Fe and Co, similar features can also be observed at
terraced edges between graphenes with different layer numbers
(Figure 3c,d). It is concluded that a metal nanowire and adjacent
nanogap can be definitely found for ferromagnetic (Fe, Co, and
Ni) or paramagnetic elements (Mn, Pd, Al)17 at the edges of
graphenes or at terraced edges (Figures 2 and 3), which can be
mainly attributed to the attraction and aggregation of atoms with
magnetic moments,17 rather than the short-ranged strong chemi-
cal forces at the edges of graphenes,22 indicating the existence of
intrinsic magnetic moments at the edges of graphenes, which can
be further confirmed by the EDX analysis at the edge of graphite
(Supporting Information, Figure S3).

Although the magnetic potential energy changes in a magnetic
field experienced by an adatom (∼1 Bohr magneton) on gra-
phenes are about 3 orders of magnitude below KT at room
temperature, we think it is reasonable for the extension of the
MPI to nanoscale. First, when adatomsdiffuse on graphenes, which
is thermally activated, themotion is two-dimensional, random, and
nondirectional. A nonuniform magnetic field can make the
adatoms have a directional movement even if the magnetic
potential energy changes are small. This directional movement
results in the accumulation and aggregation of adatoms at the

edges of graphenes. This mechanism has an analogy to that in
the well-known Hall Effect.23 For metals, the Hall voltage has a
typical value of tens of microvolts, which depends on the current
and magnetic field. Thus, the electrical potential is about tens
of microelectron volts (∼10�5 eV, Hall voltage times the c
harge of an electron), which is 3 orders of magnitude below KT
(∼2.5 � 10�2 eV) at room temperature. As shown in Figure S6
(Supporting Information), the mechanism of Hall voltage is the
accumulation of electrons at two opposite sides. Second, the
force on a magnetic moment by a nonuniform magnetic field is
proportional to the gradient of this field. For the applied external
magnetic field by the NdFeB magnet, the gradient is about 35 T/
m. This magnetic field has a significant effect on the process of
diffusion, aggregation of adatoms, and the final morphologies of
the metal film (Figure 4b,d,e and the Supporting Information,
Figures S4 and S5). Third, as estimated and discussed below,
the gradient of the local magnetic field at the edges of graphenes
is∼1.75� 107 T/m, which is about 6 orders of magnitude higher
than that of the macro NdFeB magnet.

The formation of nanowires and adjacent nanogaps at straight
or curved edges suggests that the orientation of the magnetic
moment should be in the plane of graphenes and perpendicular
to the edges. This is confirmed by the experiments with an external
magnetic field in the ( z direction (Supporting Information,
Figure S7). Similar morphologies of iron can be found for external
fields in the ( z direction, indicating that the orientation of the
local magnetic moment is in the plane of monolayer graphene.
Otherwise, an external magnetic field in the +z direction should
cause different morphologies from that in the �z direction
because only one directional external field will counteract the
local magnetic field.

If an external magnetic field parallel to the surface is applied
(Figure 1d), the orientation of local magnetic moments can be

Figure 3. SEM images of Ni, Fe, and Co films on the graphene surface at 25 �C. Scale bar: 200 nm. Thickness: 2.0 nm. (a) Ni on the stacked layers of a
trilayer with two monolayer graphenes, as schematically shown in the inset. (b) Ni on the stacked layers of a bilayer with a trilayer graphene, as
schematically shown in the inset. (c) Fe onmonolayer graphene stacked with thicker graphenes. (d)Morphologies of cobalt film on n-layer graphenes (n
= 1, 2, 3) and substrate.
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obtained by the changes of morphologies at two opposite sides of
graphite. After the application of an external field (direction:
left to right), the morphologies of iron at the left side of graphite
have changed significantly (Figure 4a). Compared to the uniform
and smooth iron film at the edges of graphite without an external
field (Figure 4c), iron nanowires and nanocrystals form at
terraced edges and on central surfaces at the left side of graphite,
respectively (Figure 4a). For the right side (Figure 4b), the iron
atoms form a film with similar features to that of Figure 4c. These
results indicate that the orientation of the local magnetic
moments at the edges is in the surface of graphenes and pointing
outward.

It is difficult to obtain themagnitude of local magneticmoments
using terraced edges in multilayer graphenes or graphite because
the morphologies of the iron film are sensitive to the thickness of
terrace edges, the external field, etc. If iron is evaporated onto
monolayer graphene with an external field of appropriate
strength, the external field (left to right) will cancel with the
local field of the left edge, which can be judged from the
disappearance of the nanogap (Figure 2a). We can see clearly
from Figure 4d that the nanogap at the left edge disappears under
an external field of 0.35 T, indicating the same field strength by
the local magnetic moment. Thus, the magnetic moment can be
estimated based on the following calculations (Supporting
Information, Part 7): As is discussed above, the orientation of
the local magnetic moments is parallel to the graphene surface
and perpendicular to the edges, which is designated as the z
direction, and the middle of the local magnetic moment as the
(0, 0, 0) point. Correspondingly, the x axis is designated as being
perpendicular to the graphene plane. Considering the magnetic
field produced by a magnetic moment,24,25 the magnetic field at
(0, 0, z0) produced by one-dimensional arrays of magnetic

moments along the y axis can be obtained by the following
integral

Bz ¼
Z�∞

þ∞

μ0
4π

� 3M �
z20 �

1
3
ðy2 þ z20Þ

ðy2 þ z20Þ5=2
dy

¼ μ0
4π

� 3M

� y

3ðy2 þ z20Þ3=2
þ 1

3
� y

z20 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z20

p
" #

jþ∞
�∞

¼ μ0
4π

� 3M � 2
3z20

we can obtain the following equation: Bz (0, 0, z0) = [μ0/(4π)]�
3M � [2/(3z0

2)] = 0.35 T, where μ0 is vacuum permeability, M
the linear magnetic moment density, and z0 the size of the local
magnetic moment (2.4 Å). Thus, the linear magnetic moment
density (M) can be obtained as M = 1.01 � 10�13 Am2/m, and
the magnetic moment can be calculated, which is about
0.45�0.46 μB per edge carbon atom and comparable to that of
nickel at room temperature (∼0.57 μB) (Supporting Informa-
tion, Figure S8). Meanwhile, the nanogap at the right edge of the
monolayer graphene also disappears, although the local magnetic
field is in the same direction with the external field (Figure 4e).
Possible reasons include the following: First, the iron atoms are
attracted and deflected in the vacuum before they arrive at the
surface of graphene due to the long-range force of the nonuni-
form external field. Second, after the application of an external
field, the adatoms diffuse on the surface of monolayer graphenes

Figure 4. SEM images of the Fe film at the edges of graphite and graphenes with and without an external magnetic field at 25 �C. Scale bar: 200 nm.
Thickness: 2.0 nm. (a, b) Iron at the left and right sides of a graphite flake with an external magnetic field, respectively (magnitude, 0.32 T; direction, left
to right). The inset is the corresponding optical image. (c) Iron film at the edges of a graphite flake without amagnetic field. (d, e) Iron film onmonolayer
graphene at its left and right edges with the application of an external magnetic field, respectively (direction, left to right; magnitude, 0.35 T). The inset is
the corresponding optical image of monolayer graphene.
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differently, which results in different morphologies of the iron
film onmonolayer graphenes, as shown in Figure S4 (Supporting
Information).

On the basis of the above discussions, the mechanism of the
formation of nanowires and an adjacent nanogap can be ex-
plained in detail as follows: When atoms with magnetic moments
are thermally deposited onto the boundary area between gra-
phenes and substrate (SiO2), these adatoms will be attracted by
the nonuniform magnetic field produced by the magnetic mo-
ments at the edges of graphenes. Because of the extremely high
gradient of this local field (∼0.35 T/20 nm = 1.75 � 107 T/m)
and different surface diffusion coefficients20,21 on graphenes and
SiO2, a metal nanowire and an adjacent nanogap can be observed
at and on the edges of graphenes under SEM (Figures 1a, 2d, 3,
and the Supporting Information, Figure S2). For terraced edges
between graphenes, the magnets at the edge will attract atoms
from both sides, which results in a nanowire and two adjacent
nanogaps at these edges (Figure 1b and edges “2”, “3”, and “5” in
Figure 3a,b). When the edges locate underneath (insets in
Figure 3a,b), such as “1”, “4 ”, and “6”, the evaporated atoms
diffuse on the surface of the upper graphenes, and no metal
nanowires/nanogaps can be found at these locations. The absence

of obvious aggregation of atoms suggests that the local magnetic
field produced by the underneath edges is perpendicular to the
upper graphene surface. Thus, the size of these magnets (the
length between the north and south poles) can be estimated,
which is less than 4.8 Å, and these magnets are named molecular
magnets (Supporting Information, Figure S9). The above results
indicate that only a tiny fraction of the carbon atoms at the edge
will contribute to bulk magnetization measurements. By assum-
ing a size of several tens of nanometers and a random orientation
of individual graphenes in the bulk sample, we can estimate the
bulkmagnetization and compare with those reported previously,3,6

which are quite consistent (Supporting Information).
Another interesting, unexpected observation is the existence

of ferromagnetic ordering at the edges of graphenes or graphite
no matter what kinds of the edges there are: straight, curved,17 or
at angles (Figure 2). Theoretical calculations predict that ferro-
magnetismmay exist only in graphenes with zigzag edges.9,13 It is
not possible that all the edges are zigzag because there are angles
of odd multiples of 30� (Figure 2b), which indicates that the
two edges of these angles have different chiralities, that is, one
armchair and the other zigzag26,27 (Supporting Information,
Figure S10). This contradiction may be resolved in this way:

Figure 5. SEM images of Fe film on n-layer graphenes in the temperature range from 25 to 95 �C. (a, b) Stacked graphenes with different numbers of
layers (insets: illustration of the stacking). Temperature: 25 �C. Thickness: 2.0 nm. (c) Stacking of two monolayer graphenes. Temperature: 35 �C.
Thickness: 2.6 nm. (d) Bilayer graphene and substrate at 55 �C. Thickness: 2.8 nm. (e)Monolayer and multilayer graphene at 75 �C. Thickness: 3.0 nm.
(f) Monolayer, bilayer graphene, and substrate at 95 �C. Thickness: 3.2 nm.
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Theoretical calculations usually assume ideal graphene edge
structures, armchair or zigzag. In experiments, however, the
edges of graphene may exist atomic roughness. For example,
there are experimental works published recently28,29 that indicate
the possibility of an irregular edge structure of graphenes. The
correlation of edge structure with ferromagnetism needs more
theoretical and experimental works for future studies.

One important property of a ferromagnetic material is the
existence of the Curie point (Tc). In search of the Tc of these
molecular magnets, experiments are carried out with the sub-
strate kept at temperatures in the range of 25�95 �C (Figure 5).
We can see clearly that the morphologies of iron on graphenes
change with temperature, which should result from the changes
in surface free energies and diffusion rates of the metals.20,21

However, the important features, such as the nanogaps and the
iron nanowires at the edges of graphenes and at terraced edges, can
always be observed in the temperature range studied (Figure 5).
From the aggregation of Fe atoms at the terraced edges, we can
easily conclude that, in Figure 5a,b, edges “2”, “4”, and “6” can be
the terraced ones, whereas edges “100, “3”, and “5” locate under-
neath and are covered by trilayer and monolayer graphene,
respectively. Especially in Figure 5c, Fe nanowire and adjacent
nanogaps can be seen at terraced edge “7”, while no obvious
aggregation of iron atoms on the upper monolayer graphene
along edge “8”, indicating that this edge is located underneath
and covered by the other monolayer graphene. The absence of
iron atom aggregation may suggest that the magnetic field
produced by edge “8” is perpendicular to the surface of the
upper monolayer graphene, from which the size of the magnet
can be estimated (Supporting Information, Figure S9). Here,
according to the magnetic field produced by local magnetic dipole
moments,24,25 for the upper monolayer graphene (Figure 5c), the
magnetic field produced by the local magnetic moments at the
edge of lower monolayer graphene is perpendicular to the surface
of the upper monolayer graphene (Supporting Information,
Part 8), and the z component at this point (d, 0, z0) should
satisfy this equation: Bz(d, 0, z0) = [μ0/(4π)] � 3M � {[z0

2 �
(1/3)(d2 + 0 + z0

2)]/[(d2 + 0 + z0
2)5/2]} = 0, where μ0 is the

vacuum permeability,M the magnetic moment, and d = 0.34 nm
(interlayer spacing). Therefore, the size of the local magnets is
around 2.4 Å. Meanwhile, the Fe nanowire (aggregation of iron
atoms) at the terraced edge (Figure 5f) can be still seen clearly,
suggesting that ferromagnetic order still exists at this temperature
and Tc is over 95 �C (Supporting Information, Figure S11),
which is much higher than that of molecular magnets reported
previously.18

The magnetic proximity effect, a net transfer of spins of
electrons when graphite comes into contact with ferromagnetic
metals, has been proposed previously.5,30,31 Although this effect
can explain the results for Ni, Fe, and Co, it is not applicable here
and can be excluded by the observations with paramagnetic
elements (Mn, Pd, and Al) or diamagnetic elements (Au and
Ag).17,31 It should be noted that the existence of a one-dimen-
sional magnet seems to be contrary to Ising14 and Heisenberg15

models, which prohibit long-range ferromagnetic order in a one-
dimensional linear chain at a finite temperature. However, in
these spin�lattice models, the assumptions of short-range
magnetic interactions and no interactions with its surroundings
are important for these conclusions.5,14,15 We believe that these
assumptions are not applicable because the central parts of
graphenes play important roles for the existence and high Curie

point of one-dimensional ferromagnetism at the edges of
graphenes.

4. CONCLUSIONS

We have provided evidence to show that intrinsic local mag-
netic moments exist at the edges of gaphenes and graphite by
using miniaturized magnetic particle inspection. These magnets
form a one-dimensional array and have a smaller size (<4.8 Å)
and a Curie point over 95 �C. The magnetic moment is about
0.45�0.46 μB per carbon edge atom, which implies that carbon is
the fourth ferromagnetic element with a Curie point above room
temperature besides Fe, Co, and Ni.32,33
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