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In this work we report that when ferromagnetic metals (Fe, Co and Ni) are thermally evaporated onto n-layer

graphenes and graphite, a metal nanowire and adjacent nanogaps can be found along the edges regardless of its zigzag or

armchair structure. Similar features can also be observed for paramagnetic metals, such as Mn, Al and Pd. Meanwhile,

metal nanowires and adjacent nanogaps cannot be found for diamagnetic metals (Au and Ag). An external magnetic

field during the evaporation of metals can make these unique features disappear for ferromagnetic and paramagnetic

metal; and the morphologies of diamagnetic metal do not change after the application of an external magnetic field. We

discuss the possible reasons for these novel and interesting results, which include possible one-dimensional ferromagnets

along the edge and edge-related binding energy.
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1. Introduction

of ferromagnetism in
(6-9]

Experimental reports
graphite! =® and other carbon-based materials,
which are usually assumed to be typical diamagnetic
materials, have attracted intense interests because
only s/p electrons are present in contrast to traditional
3d/4f electrons. The extremely weak signals at room
temperature lead to hot-debated origins of ferromag-
netism in these carbon-based materials.[>1011 Mean-
while, monolayer graphene,'? an individual atomic
layer of graphite, with zigzag edges is predicted to
give rise to magnetic ordering.!'®'3] These predic-
tions need convincing experimental verifications be-

(14 (151 models state that

cause Isingl'¥ and Heisenberg
no long-range ferromagnetic order in one-dimensional
In these

short-range magnetic inter-

system is possible at finite temperatures.
spin lattice models,[*4:15]
actions are usually assumed and the interactions be-
tween one-dimensional structures with its surround-
ings are not taken into account. If interaction ex-
ists between monoatomic chains of Co on a Pt sub-

strate, long range of ferromagnetic ordering in one-
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dimensional monatomic chains of cobalt atoms has
been found.!®!

In this paper, we use a technique that is miniatur-
ized one of the nondestructive testing magnetic parti-
cle inspection (MPI) widely used in industries. With
this technique, the following results are obtained: 1)
nanowires and adjacent nanogaps can be found clearly
at edges of graphenes and graphite for ferromagnetic
and paramagnetic atoms (Ni, Fe, Co, Mn, Al, Pd); 2)
the application of an external magnetic field has great
effects on these features for ferromagnetic and param-
agnetic metals, while the morphologies of diamagnetic
metals (Au, Ag) do not change. We propose the possi-
ble reasons for these observations, which open up fields
of future applications of carbon-based magnetism and
spintronics.[17-18]

2. Experiment

The n-layer graphenes were obtained from mi-

cromechanical cleavage of natural graphite (Alfa Ae-

sar) and then transferred onto SiOy/Si substrates.!*?]
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After the layer number of n-layer graphenes was de-
termined by optical microscope (Leica DM 4000) and
Raman spectroscopy (Renishaw in Via Raman Spec-
troscope), a thin metallic film of Ni (Fe, Co, Mn, Al,
Pd, Au, Ag) was evaporated onto the wafer in a vac-
uum thermal evaporator(!?) without or with an ex-
ternal magnetic field produced by a permanent Nd-
FeB magnet. When a permanent magnet was applied,
the wafer and the magnet were amounted on an alu-
minum stage with the graphene at a position of known
magnetic field. Finally, scanning electron microscope
(SEM) was used to characterize the film morphologies
at the edges of n-layer graphenes.

3. Results and discussion
3.1.Special features of nickel film at
edges of graphenes

The morphologies of nickel film on n-layer
graphenes are closely related to the layer number of

monolayer

graphenes,2% which can be used to identify the layer
number.'9 After thermal deposition of nickel film
onto n-layer graphenes (Fig. 1), the morphologies of
nickel film on the central area of m-layer graphenes
are distinctly dependent on the layer number, which
is consistent with our previously reported results.'!

Quite interestingly, different features can be seen
clearly in Fig. 1. There is a nickel nanowire along
the edges of n-layer graphenes (n = 1, 2, 3, 4),
which is separated from the central nickel film by
a clear nanogap. These features can also be found
at the edges of m-layer graphenes no matter what
kinds of the edges are: straight, curved or at angles
(Figs. 1(a)-1(d)), or at the edge of graphite. For ex-
ample, the angles in Fig. 1(b) are 65.3° (“17), 127.3°
(“27), 307.6° (“3”), 262.0° (“47), 127.9° (“57), respec-
tively; while the angles in Fig. 1(c) are 111.0° (“6”),
285.8° (“77), 151.7° (“8”), 60.0° (“9”), 302.6° (“107),
56.9° (“117), 248.8° (“127), 46.1° (“137), 85.6° (“147),
276.6° (“15”), respectively.

K

|

Fig. 1. SEM images of Ni nanowires, adjacent nanogaps at the edges of graphenes. Film thickness: 2.0 nm. Scale

bar: 200 nm. (a) Monolayer graphene and substrate (SiO2); (b) bilayer graphene and substrate; (c) trilayer graphene

and substrate; and (d) four-layer graphene and substrate.

3.2. Paramagnetic and diamagnetic metal films on graphenes

The thickness-dependent morphologies of nickel on the central area of n-layer graphenes can be well ex-

plained from thermodynamic (e.g. energetics and stability) and kinetic (e.g.

surface diffusion) factors as in

the situation of gold.['?2%) Why the morphologies of nickel at the edges of graphenes are so unique and dif-

ferent? To have a better understanding of the mechanism, controlled experiments with other metal elements
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have been carried out, such as Fe, Co (ferromagnetic elements), Mn, Pd, Al (paramagnetic metals), Au and Ag
(diamagnetic metals), respectively.

For Fe and Co, similar features can also be observed at edges of n-layer graphenes or graphite, which are
not shown here. Meanwhile, metallic nanowires and adjacent nanogaps can also be found for Mn, Pd, Al atoms
at edges of graphenes (Fig. 2).

monolayer FE% 5 ;
arnphone RERSGARLESE

Fig. 2. SEM images of Mn, Al and Pd nanowires, adjacent nanogaps at the edges of n-layer graphenes or at terraced
edges where graphenes stack together: (a) Mn; (b) Pd; (c¢) Al. Film thickness: 2.0 nm. Scale bar: 200 nm.

However, for diamagnetic elements (Au, Ag) the atoms tend to form isolated nanocrystals that are not
connected to each other at the edges of graphenes when the thickness of metal (2.0 nm) is small (Figs. 3(a)
and 3(b)).21] When there are more atoms evaporated and a uniform smooth film (5.0 nm) forms, no nanowires
and adjacent nanogaps are found at edges of n-layer graphenes or at the terraced edges, indicating that the
aggregation is not similar to that found for nickel (Fig. 1).

: .

Fig. 3. SEM images of diamagnetic metals (Au and Ag) at the edges of n-layer graphenes or at terraced edges
where graphenes stack together: (a) 2-nm Ag; (b) 2-nm Au; (¢) and (d) 5-nm Au. Scale bar: 200 nm.

To figure out the possible mechanism of these features, an external magnetic field is applied during thermal
deposition of 2-nm nickel or gold films onto monolayer graphene (Fig. 4). As is shown in Fig. 4(b), when an
external magnetic field (~0.34 T) is applied parallel to the surface of monolayer graphene, the morphologies of
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2-nm gold film almost have no changes. However, if an external magnetic field (~0.35 T) parallel to the graphene

surface is applied (Fig. 4(d)), the nickel nanowire/nanogap disappears at the edge of monolayer graphene, and

the nickel film at the central region changes significantly. These results indicate the great effect of external

magnetic field on the morphologies of nickel film on graphenes.

monolayer

monolayer

Fig. 4. SEM images of 2.0-nm Au or Ni film on the surface of monolayer graphenes with and without external
magnetic field at 25 °C. Scale bar: 200 nm. (a) Gold film without external magnetic field; (b) gold film with an
external field. Direction of magnetic field: left to right. (c) Nickel film without external magnetic field; and (d)

nickel film with an external magnetic field. Direction of magnetic field: left to right.

3.3. The possible mechanisms

What are the mechanisms of these unique features
found at the edges of graphenes?

One possible reason is the short-ranged, strong
chemical forces at the edges of graphenes.[19:2022] The
metal atoms of (Ni, Fe, Co, Mn, Al and Pd) may show
higher binding energies at the edges than that for the
interior binding sites. Although this chemical force
may play roles in the process of atom diffusion at the
edges, it can be excluded as the reason for the forma-
tion of nanowire and nearby nanogap due to the fol-
lowing reasons: firstly, the degree of a chemical bind-
ing site will show saturation. This implies that the
chemical force only affects a very small and limited
number of metal atoms at the edges. For example, in
2-nm-thick films (around 10 monolayers), about 10%
of atoms are at the interface with graphenes. That
is to say that 90% of the atoms are not affected by
the possible short, strong chemical bonds. Secondly,
if chemical binding is the reason for the nanowire and
adjacent nanogap at the edges of graphenes, an exter-

nal magnetic field (~0.35 T) will not change these fea-
tures. This is because the changes of magnetic poten-
tial energy under the external magnetic field are too
small (~2x1075 eV for a Bohr magneton) to affect the
binding state. Morphologies of gold film on graphenes
are found to be unchanged after the application of an
external magnetic field (Figs. 4(a) and 4(b)). Mean-
while, the morphologies of Ni film have changed signif-
icantly under the external field (Figs. 4(c) and 4(d)).

Another mechanism is similar to that in magnetic
particle inspection (MPI) technique, in which the ag-
gregation of magnetic particles indicates the existence
of a nonuniform magnetic field. Here the difference
is that metal atoms with magnetic moment are used
instead of magnetic particles since local magnetic field
will attract these atoms no matter they are ferromag-
netic or paramagnetic. Therefore, the observations
(nanowire and adjacent nanogap) can be attributed
to the attraction and aggregation of atoms with mag-
netic moments, which indicates the existence of in-
trinsic magnetic moments at the edges of graphenes.
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According to this model, formation of nanowire and
adjacent nanogap can be explained as the followings:
when atoms with magnetic moments are thermally
deposited onto the boundary area between n-layer
graphenes and substrate (SiOz), these adatoms will be
attracted by the nonuniform magnetic field produced
by the magnetic moments at the edges of graphenes.
Thus, a metal nanowire and an adjacent nanogap can
be observed at and on the edges of graphenes un-
der SEM (Figs. 1 and 2).
tween graphenes, the magnets at the edge will attract

For terraced edges be-

atoms from both sides, which results in a nanowire
and two adjacent nanogaps at these edges (Figs. 2(a)
and 2(b)). The formation of nanowires and adjacent
nanogaps at straight or curved edges indicate that the
orientation of the local magnetic moments at the edges
should be in the plane of n-layer graphenes.

Another interesting, unexpected observation is
the existence of ferromagnetic ordering at the edges
of graphenes no matter what kinds of the edges are:
straight, curved or at angles (Fig. 1). Theoretical cal-
culations predict that ferromagnetism may exist only
in graphenes with zigzag edges.!'13 It is not possible
for all the edges are zigzag because there are angles
of odd multiples of 30° (Fig. 1), which indicates that
the two edges of these angles have different chirali-
ties, i.e. one armchair and the other zigzag.[*>24 This
contradiction may be resolved in this way: theoretical
calculations usually assume ideal graphene edge struc-
tures: armchair or zigzag. In experiments, however,
the edges of graphene may exist atomic roughness.
For example, there are experimental results published
recently,2%26] which indicate the possibility of irreg-
ular edge structure of graphenes. The correlation of
edge structure with ferromagnetism needs more theo-
retical and experimental investigations for future stud-

ies.

We hope to point out that the extension of the
MPI to nanoscale is valid although the magnetic po-
tential energy changes in a magnetic field experienced
by an adatom (~ 1 Bohr magneton) on graphenes is
about 3 orders of magnitude below kT at room tem-
perature. Firstly, when adatoms diffuse on graphenes
which is thermally activated, the motion is two-
dimensional, random and nondirectional. A nonuni-
form magnetic field can make the adatoms have a di-
rectional movement even if the magnetic potential en-
ergy changes are small. The results of this directional
movement are the accumulation and aggregation of
adatoms at the edges of graphenes. Secondly, 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
significant effect on the process of diffusion, aggrega-
tion of adatoms and the final morphologies of metal
film.

4. Summary

In this work, ferromagnetic (Fe, Co and Ni),
paramagnetic (Mn, Pd and Al) and diamagnetic
(Au and Ag) metals are thermally deposited onto
n-layer graphenes and graphite. For ferromagnetic
and paramagnetic meatals, the aggregation and ad-
jacent nanogaps are found along the edges of n-layer
graphenes and graphite. With the application of an
external magnetic field, the nanowire/nanogap fea-
tures disappear at the edge of monolayer graphenes
for atoms with magnetic moments together with the
change of film morphologies at the central regions.
These results suggest the ferromagnetic ordering at
the edges of graphenes and graphite, which deserve
more experimental and theoretical studies.
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