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Abstract

We address the room-temperature (RT) carbon ferromagnetism by considering the magnetic
states of low-dimensional carbons linked by sp-hybridized carbon atoms. Based on the
spin-polarized density functional theory calculations, we find that the sp* orbitals of carbon
atoms can bring magnetic moments into different carbon allotropes which may eventually give
rise to the long-range ferromagnetic ordering at room temperature through an indirect
carrier-mediated coupling mechanism. The fact that this indirect coupling is
Fermi-level-dependent predicts that the individual magnetism of diverse carbon materials is
governed by their chemical environments. This mechanism may help to illuminate the RT
magnetic properties of carbon-based materials and to explore the new magnetic applications of

carbon materials.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ferromagnetism, as is well known, usually has its place in
materials with the transition metal elements which possess
unpaired d or f electrons [1]. These unpaired electrons
can form the local magnetic moments and the coupling
between them may result in the collective magnetism. For
example, in the RT dilute magnetic semiconductors [2-4],
it is expected that the local magnetic moments from the
transition metal can be coupled together by the medium
carriers (hole or electron) from the semiconductor host.
While RT ferromagnetism was routinely recognized as the
property of materials containing heavy metallic elements [1],
a fundamental question of whether RT ferromagnetism exists
in purely light-element materials arises naturally. In the
1980s, the unconventional metal-free ferromagnetism was first
seen in pure organic compounds [5, 6]. However, the Curie
temperature is just very low, typically much lower than liquid
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nitrogen temperature, due to the very weak intermolecular
ferromagnetic interaction. Therefore, the recent discovery of
room-temperature ferromagnetism in carbon has attracted a
great deal of attention from the scientific community [7-9].

So far, many experiments have been carried out to study
the high-temperature ferromagnetic behaviors in different
forms of carbon materials [8, 10-22]. For example, in
2003, Esquinzai et al have reported that highly oriented
pyrolytic graphite samples bombarded with protons show RT
ferromagnetic ordering [14]. In 2004, carbon foam, a spongy
form of carbon, was found to have strong but temporary
ferromagnetism at room temperature [16]. In 2005, nitrogen-
and carbon-irradiated nanosized diamond particles were also
found to have RT ferromagnetic hysteretic behavior [18]. In
2009, RT ferromagnetism was reported in graphene material
prepared from graphene oxide [21]. While the discovery
of RT carbon magnets may be a breakthrough in the search
for metal-free magnetic materials, the origin of this magnetic
behavior remains an open question [21, 23]. A basic issue is
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whether magnetism in such light-element material is induced
by magnetic impurities.  This concern could have been
removed and that high-temperature ferromagnetism is the
intrinsic property of these carbon-based materials seems to be
confirmed by the huge efforts in experiments [9, 18-22]. As the
expectation of RT carbon ferromagnetism remains, the primary
task would be to illuminate its obscure nature.

To date, a number of mechanisms have been proposed
to explain the intrinsic ferromagnetism in carbon [24-30],
among which the defect-mediated mechanism is frequently
referred to and has been the basis of discussion of magnetism
in various carbon structures [31-38]. For example, magnetism
in graphite could be ascribed to adatoms [32], vacancy—
or vacancy-hydrogen complexes [31], or different mono-
and di-hydrogenated graphene ribbon edges [39]. Based
on these mechanisms, the local magnetic moment seems to
exist in the metal-free carbon compounds, but the origin of
ferromagnetism is far more ambiguous [31]. It has been
speculated that structural defects would generally give rise to
localized electronic states, a net magnetic moment, flat bands
associated with defects and thus to an increase in the density
of states at the Fermi level, and eventually to the development
of magnetic ordering [31]. Another plausible explanation is
based on the zigzag edges of graphitic ribbons. If the edge
states in a graphitic ribbon are terminated differently, such
as with one hydrogen atom on one edge and two hydrogen
atoms on the other, itinerant ferromagnetism will be realized
due to Lieb’s theory [31, 39]. Nevertheless, such an ideal
alignment of hydrogen atoms is obviously unfavorable in real
materials and cannot explain the intrinsic magnetic behavior of
carbon in different forms. Indeed, although the defect states
may contribute local magnetic moments to carbon materials,
it is still not clear whether such defect-induced spins with
random and dilute distributions will necessarily possess long-
range ferromagnetic ordering spontaneously in real graphite
materials, such as when glued together by charge carriers as in
dilute magnetic semiconductors. Thus, further study is highly
desirable to clarify the coupling mechanism between defect
states in graphite.

Moreover, it is interesting to note that the observed mag-
netization typically occurs in low-dimensional and amorphous
carbon, especially following high temperature or ion implan-
tation, such as boron-doped multi-wall carbon nanotubes [40],
carbon nanofoam [9, 16], nitrogen-('>N) and carbon-('2C) ir-
radiated nanosized diamond particles [18], microporous car-
bon [12], proton-irradiated graphite [14, 15, 19, 20] and
graphene prepared from graphene oxide [21]. There are still
many polymorphs for carbon which are not ferromagnetic such
as bulk graphite, lonsdaleite, diamond, carbon fullerene and
carbon nanotubes. Up to now, the theoretical analysis of mag-
netic carbons has been mainly based on the structures of sp?
or sp> coordinated atoms [24-32, 35, 39]. However, in low-
dimensional carbon materials, besides the structural defects
with sp?- and sp>-hybridized atoms, sp-hybridized carbon with
two nearest neighbors will also be present, such as in diamond
powder and graphite [41], some single-wall or multi-wall car-
bon nanotubes [42], and the sp-hybridized carbon chains have
been reported [43]. The sp-hybridized atoms can even exist

naturally in crystalline solids, such as B4C [44, 45]. How-
ever, up to now, little attention has been paid to the role of
sp-hybridized atoms in carbon magnetization.

In this work, we aim to explore the possible mechanism
of carbon ferromagnetism with the focus on the role of
the sp-coordinated atoms in carbon materials. Based on
spin-polarized density functional theory (DFT) calculations,
we studied the magnetization of sp atoms in different
nonmetal systems, including one-dimensional (1D) carbon
nanotubes, two-dimensional (2D) graphite layers and three-
dimensional (3D) icosahedral boron nanoclusters. Through
a careful theoretical study of the magnetic behavior of sp
carbon atoms, we expect to cast some light on under what
circumstances high-temperature ferromagnetism in carbon
systems can be possible, and on finding new magnetic carbon
materials for potential applications.

2. Computational methods

In the present work, spin-polarized DFT calculations based
on the local density approximation (LDA) and generalized
gradient approximation (GGA) [46] were performed using
the plane-wave basis VASP code [47, 48]. The projector
augmented wave (PAW) method was used to describe the
electron—ion interactions. A kinetic energy cutoff of 400 eV
and k-point sampling with 0.05 A~ separation in the Brillouin
zone were used. All structures were optimized until the
residual forces were smaller than 0.01 eV A . The
results of our models were confirmed by using the full-
potential linearized augmented plane-wave (FLAPW) method
as implemented in the WIEN2K code [49].

3. Results and discussion

3.1. The ferromagnetism from defects

Lehtinen er al studied the ferromagnetism from bridged
adatom defects on a graphite surface [32]. These adatom
defects were found to have a magnetic moment of about
0.5 pup and the ferromagnetic state was found to be more
favorable than the nonmagnetic states (the energy difference
is 35 meV). It was found that the ground state of a vacancy
in graphite had a magnetic moment of about 1.0 up and
the energy difference between magnetic and nonmagnetic
states is about 100 meV [31]. These calculated results seem
to show ferromagnetism of carbon materials may originate
from defects. Although the structural defects may bring the
local magnetic moments of conduction electrons or holes into
graphite materials, whether such defect-induced spins possess
long-range ferromagnetic ordering spontaneously still needs to
be examined further in real carbon materials with low defect
concentration.

In order to obtain the real antiferromagnetic (AFM) con-
figurations, the hexagonal symmetry of the graphene/graphite
lattice has to be considered as building the supercell models
with defects. Based on the Heisenberg model with nearest-
neighbor exchange interactions, we construct the supercells
with two vacancies or two bridged adatoms. As an example,
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Figure 1. The nearest-neighbor AFM configurations of 8 x 8
supercell of graphene with defects of vacancies (a) and bridged
adatoms (b).

the nearest-neighbor AFM configuration in the 8 x 8 super-
cell with two defects is shown in figure 1. By calculating the
energy difference between ferromagnetic (FM) and AFM con-
figurations, the coupling of two defects is found to decrease
quickly as their interdistance increases. In the 8 x 8 supercell,
the inter-defect distance is about 11.4 A and the defect con-
centration is about 1.56%. As their energy differences are very
small (1.0 meV for vacancy and 1.8 meV for bridged adatom),
the coupling can be almost ignored. This implies that the spin
moments reside locally in the lattice and there is no long-range
magnetic coupling between them. Although such structural
defects will shift the Fermi level and free itinerant states in
graphite, they have no capability to spin-polarize these itiner-
ant carriers to form the collective ferromagnetic ordering.

3.2. The sp-hybridized atoms in carbon-based nanomaterials

As the basis of life, carbon is a unique element that bonds
to itself through diamond-like sp’, graphite-like sp> and sp
hybridization in a variety of polymorphs. So far, the theoretical
works on magnetic carbons have been mainly focused on
the structures of sp? or sp> coordinated atoms, while few
has been carried out on the role of sp-hybridized atoms in
the magnetization of carbon. As natural impurities of sp-
hybridized carbons typically present in diamond powder and
graphite [41], they also distribute noticeably in nanoscale
carbon films [50, 51]. In fact, carbon sp bridge atoms can even
exist in crystalline solids, such as B4C [45]. As the observed
magnetization generally occurs in low-dimensional carbon
materials which are usually obtained by high-temperature

processes or ion implantation, the sp carbon atoms may have
an important role in their ferromagnetism and deserve to be
studied.

Here, B4C-based carbon nanocluster models are chosen
to illustrate the magnetization of sp carbon atoms between
nanoclusters. We first consider the magnetic behavior of the
sp carbon atoms embedded in a nanocluster matrix of By,
icosahedra forming a B4C-like structure, where B, icosahedra
are connected by the CCC atom chain as shown in figure 2(a).
As pure B4C is a wide-gap semiconductor, to simulate the
chemical environment in carbon nanoclusters one N atom is
introduced to substitute a chain carbon atom. By replacing N
in different positions of the structure, the CCN chain structure
is found to be the most stable. Therefore, we can study the
magnetic and electronic characteristic of sp carbon based on
the configurations with a CCN chain.

In figures 2(c) and (d), the spin-down and spin-up
branches of the calculated electronic band structures of
B,CoN are plotted, respectively.  They exhibit similar
structures except that two spin-down bands near the Fermi
level shift up away from their spin-up counterparts by about
0.9 eV at the I'-point. As only the lower-energy spin-up branch
is occupied, the system is half-metallic with a net magnetic
moment of about 1.0 ug per unit cell. The spin-polarized
charge density plotted in figure 2(b) shows the difference of
the space distribution between the two spin-polarized bands. It
is evident that the spin-polarized charges are mostly localized
around the sp carbon atoms and also partially extended to
the matrix atoms. As the sp-hybridized orbitals of the bridge
carbon atom are along the CCN chain (Z axis), the other p
orbitals (p, and p,) have to orthogonalize to the sp ones. Under
the local crystal field, they will hybridize together and form
the new-type orbital sp*. The major localized sp* orbitals,
if partially occupied, will possess local parallel spins due to
Hund’s rule. The extended sp* states are also important, which
implies that the local spins may couple to matrix atom orbitals
and, through them, form the FM ordering. Moreover, based on
Stoner’s criterion, the large density of states on the Fermi level
is possible to induce the FM ordering.

The stability of ferromagnetic order is evaluated by the
energy difference of the FM and AFM configurations, usually
based on the doubled unit cells. It is notable that the AFM
configuration of a double-sized unit cell is not the true AFM
ordering here and should not be employed. To simulate the real
nearest-neighbor AFM configuration for the low concentration
of local magnetic moments, we construct a BogC»,N, supercell
(2x2x2 of B12C,N unit cell) with 2 local spins. In figure 3(a),
the nearest-neighbor AFM configuration of such a supercell
is demonstrated and the N concentration of the supercell
BosCx»N, is ~1.67%. By calculating the energy difference
between the nearest-neighbor AFM and FM configurations,
the stability of the ferromagnetic ordering in the BgsC2oN,
supercell is examined. The FM state is found to be more
stable with Eapv—pm = 107.4 meV, which suggests that the
RT ferromagnetic ordering is quite possible. The isosurface
of the spin-polarized charge density of BgsC2N, plotted in
figure 3(b) indicates further that the coupling between local sp*
orbitals from the CCN chains is mediated by the itinerant states
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Figure 2. The rhombohedral unit cell of the B,C structure, consisting of a 12-atom icosahedron (white spheres) and a linear 3-atom chain
(black spheres) (a), spin-polarized charge density near the Fermi level in range of 0.6 eV (projected on the (110) plane of the unit cell with 0.1
of total charge as charge unit) with lighter curve indicating the contour plot, (b) the band structure of spin-down channel (c) and of spin-up
channel (d) of CCN atom chain connecting boron icosahedra in the B4C-like structure. The Fermi level is set to zero.

from the matrix boron icosahedra. The p and s orbitals of the
matrix boron atoms contribute a minor, but comparable, part to
the total density of states (DOS) at the Fermi level, as shown
in figure 3(c).

We consider that the magnetic sp atoms are not
coupled through the mechanisms of direct-, double- or super-
exchange, since the average distance between them is far
beyond the nearest-neighbor and next-nearest-neighbor range.
The indirect interaction of magnetic carbon atoms actually
originates from the coupling between the localized and
delocalized electrons. The coupling between sp atoms can
be explained by the RKKY mechanism. In figures 2(b)
and 3(b), the space distribution of the spin-polarized charge
density demonstrates that the small part of charge at the energy
positions of sp* orbitals expand to the sites of nearby B atoms.
Although the polarized charge on other B atoms is too small to
show in the charge unit scale of figures 2(b) and 3(b), the spin
density of states of other B atoms in figure 3(c) exhibit clearly
the spin-polarized charges of these atoms. This means these
itinerant electrons can be coupled with the sp* orbitals from
center atoms. Since the concentration of the itinerant electrons
from the B icosahedra is rather low as shown in figure 3(c), it is
deduced that the ferromagnetic coupling of the sp* local spins
can be obtained by the RKKY mechanism [52].

With the RKKY interaction, the carrier-mediated ferro-
magnetism can be revealed by the Hamiltonian Hrgxy =
Zi, j J(rij)S; - S;, where r;; is the separation between two lo-
cal moments of S; and S; [53, 54]. In Hgkky. the exchange
integral J (r;;) within the free-electron approximation is given
by J(R) ~ F(2kgR), where kg = (2/37%n)'? is the Fermi
wave vector, F(x) = (x cos x — sin x)/x4, and n. is the carrier
density. The kr dependence of the RKKY range function im-
plicates that the sign and magnitude of the magnetic coupling
between the local sp* spins will rely on the carrier density if
the concentration of the magnetic sp atoms is fixed. The band-
filling dependence of the energy difference Eapv—pvm is calcu-
lated by changing the electron number in the unit cell. The
result is plotted in figure 3(d). For the By¢C»,N, supercell, sp*
orbitals are half-occupied by two electrons. Upon band-filling,
the maximum value of E apv—pm Occurs for about 1.5 electrons
per cell. After that, the energy difference will decrease gradu-
ally with increasing electron numbers and eventually becomes
AFM-negative. Obviously, the band-filling decides the number
of free carriers in the modeled structures and limits the local
magnetic moments there as well. That means below half-filling
of the sp* bands the localized magnetic moments will reduce
monotonically with the lowering of Fermi level. However, the
sort of oscillation dependence of the magnetic coupling mag-
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Figure 3. The nearest-neighbor AFM configuration (blue sphere is for N, red, orange and gray sphere are for C and pink is for B) (a) of the
BgsC22N, supercell, isosurface of spin polarized charge density near the Fermi level (in range of 0.7 eV with 0.05 of total density as charge
unit) (b) and the calculated spin density (c) of the BgsC2,N, with FM configuration, and the band filling dependence of the energy difference

of Earpv—rm. The Fermi level is set to zero.

nitude on the band-filling level characterizes the RKKY mech-
anism of the ferromagnetic ordering in the sp carbon materials.

3.3. The sp-hybridized atoms in carbon nanotubes

As sp carbon atoms can bring magnetic states into nanocluster
matrices with the long-range FM ordering, it is reasonable
to believe that something similar can happen in the curved
graphene systems as well. Therefore, we study further the
magnetic behavior of sp-atom-connected carbon nanotubes and
find that the sp carbon atoms generally carry the local spin
moments, whatever the style of the carbon nanotubes chosen.
Without losing generality, we construct a structure of two
zigzag (5, 0) carbon nanotubes connected by sp carbon atoms
on every fourth zigzag carbon ring as shown in figure 4(a),
where the concentration and the inter-atom distance of sp
carbons are 1.25% and 8.5 A, respectively. The magnetic
state is found to be the ground state and its spin-resolved

density of states is plotted in figure 4(b). While the DOS of
matrix carbon atoms keep the same profile in different spin
channels, the bands of sp* orbitals split remarkably near the
Fermi level. This one-dimensional (ID) system is metallic
with a net magnetic moment of about 1.0 ug per sp atom.
The spin-polarized charge density near the Fermi level of the
sp carbon linked (5, 0) nanotubes is plotted in figure 4(c),
which shows that the spin density is mainly localized around
the sp carbon atoms and also extended to the surrounding tube
atoms. The FM state is energetically favorable, with Eapv—pm
of 25.0 meV. This indicates that the long-range FM coupling
of sp* spins can be mediated by charge carries from curved
graphenes.

Considering the indirect coupling nature of the carrier-
mediated sp carbon atoms, the room-temperature FM ordering
of curved graphene layers can be realized if the Fermi level
of the system is tuned properly. As the energy levels of sp*
orbitals reside apropos between those of valence m orbitals
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Figure 4. The model structure of (5, 0) carbon nanotubes connected by sp carbon atoms in a supercell with 81 carbon atoms (a), the
calculated spin density (b) and spin-polarized charge density near the Fermi level in the range of 0.6 eV (projected on the (001) plane of the
unit cell with 0.05 of total charge as the charge unit) (c) of the model structure. The Fermi level is set to zero.

and conduction anti-7 orbitals of sp? carbon, the sp carbon
atoms will generally be partially populated in the sp> graphene
systems. Our calculations confirm that this is true for both
carbon nanotubes and graphene layers as long as they are
connected by sp carbon atoms. For the case of three-
dimensional carbon matrices with the o-type sp®> bonding, as
their energy levels of o and anti-o orbitals are farther apart
than those of 7 and anti-7r orbitals, the sp*-orbitals will stay
within the gap of sp® orbitals in the system and be filled
partially by electrons as presented in the above B,C,N model.
Accordingly, it should be general that sp carbon atoms induce
magnetic states in different carbon matrices.

4. Summary

From the above discussion, we can see that sp* orbitals of
carbon atoms are unusual. Unlike those of 7- and o-bondings
in sp2/sp3 systems [55], they possess both localized orbitals
and itinerant states. As a result, sp carbon atoms with
partially populated sp* orbitals are intrinsically magnetic and
can contribute polarized spins. In this case, sp carbon atoms
play a similar role as magnetic metal ions in dilute magnetic
semiconductors, giving rise to localized magnetic moments in
the semiconductor matrix. Although it is still not confirmed
experimentally whether the observed magnetization of carbon
is due to sp carbon atoms, the sp magnetic carbon mechanism
does lead a reasonable way towards the RT ferromagnetism
in carbon-based materials. Moreover, the indirect coupling
mechanism of sp carbon answers clearly why carbon exhibits
different, sometimes even transient, magnetic behaviors under
certain circumstances. As the concentration of sp atoms and
carrier density are sensitive to the local chemical environment
of carbon materials, the coupling between them may not
always be ferromagnetic and the aging effect may also arise
due to the structural instability. Therefore, based on the

physical picture of sp carbon, we can explain the high-
temperature ferromagnetic phenomena in low dimensionality
carbon materials. Furthermore, it could be a novel way
of creating nonmetal magnets by introducing sp carbon into
different nonmetal systems. The local polarized spins in
such nonmetal systems, especially semiconductors, may be
potentially useful in the fabrication of spintronics or quantum
computing devices.

The prerequisite of intrinsic room-temperature long-range
FM ordering in pure carbon materials is the coexistence of
magnetic moments and the effective coupling mechanism
between them. Although structural defects such as bridged
adatoms and vacancies may introduce local spins in carbons,
they do not necessarily couple strongly with itinerant states
such as 7 electrons and would lack the long-range coupling.
This work demonstrates the important role of sp coupling
in carbon ferromagnetism. The carrier-mediated coupling
mechanism of sp-hybridized carbon atoms is shown to account
for the RT ferromagnetic behaviors of different carbon
allotropes.
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