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We present an ab initio density functional theory study of the magnetic moments that arise in graphite by
creating single carbon vacancies in a three-dimensional �3D� graphite network using full potential, all electron,
spin polarized electronic structure calculations. In previous reports, the appearance of magnetic moments was
explained in a two-dimensional graphene sheet just through the existence of the vacancies itself �Carbon-Based
Magnetism, edited by F. Palacio and T. Makarova �Elsevier, Amsterdam, 2005�; D. C. Mattis, Phys. Rev. B 71,
144424 �2005�; Y. Kobayashi et al., ibid. 73, 125415 �2006�; R. Yoshikawa Oeiras et al., ibid. �to be pub-
lished�; P. O. Lehtinen et al., Phys. Rev. Lett. 93, 187202 �2004��. The dependence of the arising magnetic
moment on the nature and geometry of the vacancies for different supercells is reported. We found that the
highest value of magnetic moment is obtained for a 3�3�1 supercell and that the highly diluted 5�5�1
supercell shows no magnetic ordering. The results obtained in this paper are indicative of the importance of
interlayer interactions present in a 3D stacking. We conclude that this should not be underestimated when
vacancy-based studies on magnetism in graphitic systems are carried out.
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I. INTRODUCTION

Carbon-based materials have attracted the attention of the
scientific community due to their many potential technologi-
cal applications. For this reason, novel properties induced on
graphite by chemical or physical modifications have become
a subject of great interest.1–5 Many theoretical articles focus
not only on the defects of nanostructured materials but also
in the contour edges or in the presence of other atoms.2–5 In
most of them, the system was modeled as an interaction
among atoms within a graphene �single graphite layer�. In
this paper, we are studying the effect of the presence of
single atom vacancies in a three-dimensional graphitic net-
work, bulk graphite, with different supercells, with emphasis
on the metallic nature and the magnetic response of this
modified material.

II. METHODOLOGY

The ab initio calculations were performed within the den-
sity functional theory �DFT� framework using full potential,
all electron, spin polarized electronic structure calculations
utilizing the augmented plane wave �APW�+local orbital
�lo� method within the WIEN2K code.6 For the exchange-
correlation potential, we used generalized-gradient approxi-
mation �GGA� in the Perdew-Burke-Ernzerhoff �PBE�
scheme.7 Scalar relativistic effects were included, but spin-
orbit coupling was neglected.

The convergence of the basis set is controlled by a cutoff
parameter expressed as the product between the smallest
muffin-tin radius in the unit cell �RMT� and the magnitude of
the maximum reciprocal lattice vector �Kmax�. The muffin-tin
radii for carbon atoms were selected as RMT=1.25 a.u.,
achieving convergence for a cutoff value of RMTKmax=5.5.
The 1s state was selected as a core state, while the 2s and 2p

states were treated as valence states. In all the cases, the
valence charge densities were expanded up to a Gmax value
of 20.0 a.u.−1, equivalent to kinetic energy Ecut=400 Ry, in
order to increase the accuracy in the determination of the
topology of the electronic density. Finally, the k-point sam-
pling in the first Brillouin zone was determine specifically
for each supercell �Table I�, studying convergence for differ-
ent numbers of density points. In the case of pristine graph-
ite, we obtain a convergence in total energy with 16 000
points in the entire first Brillouin zone.

Layered materials present strong corrugation of the crys-
tal potential in the direction perpendicular to the layers.
Since this is the case of bulk graphite, the local-density-
approximation �LDA� exchange-correlation potential does
not accurately reproduce the crystal potential of this system.
For example, it is known that LDA tends to overestimate
interlayer interactions in graphite, leading to slightly short
distances along its c direction or, in some cases, leading by
chance close to the experimental one. For this reason, some
reports support that the GGA exchange-correlation �xc� po-
tential is more adequate in systems with important in-
homogeneities on their charge densities along the direction
perpendicular to the c axis8–10 and for the reconstruction in
the a-b plane. They postulate the use of this potential instead
of a LDA approach, since they find it more appropriate for
carbon structures. Although the van der Waals forces are to-
tally neglected11 for both xc potentials, GGA leads to an
increase of the interlayer distances, which causes that some
authors prefers to use the LDA potential.5–10,12 We present
here the results of the supercell series using the GGA poten-
tial and compare the results extracted from calculations using
LDA and GGA for the 3�3�1 supercell, in order to support
the reliability of the conclusions presented in this paper.

Graphite is a nonmagnetic semimetal that displays a very
weak dispersion along the c axis. We started from the hex-
agonal graphite cell in the P63 /mmc space group, A-B stack-
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ing, a0=b0=4.656 a.u. and c0=12.682 a.u., and constructed
a series of supercells. Then, we removed single atoms on
each graphene layer, in order to obtain vacancies aligned
along the c axis, the �0,0 , 1

4
� and �0,0 , 3

4
�, in different con-

centrations by means of different volumes of the supercells
�Fig. 1�.13 After this, we performed a spin polarized calcula-
tion with geometrical relaxation of the atomic positions. This
last step was carried out minimizing the forces in the atoms
and the total energy of the system. In all the cases, the force
tolerance was selected as 1.0 mRy /a.u. This process was re-
peated for different c values until the one that minimizes the
total energy is found; this is called the equilibrium result ceq.
In order to check that the ground state of the systems is
magnetic, we forced the system to converge to a nonmag-
netic solution, as in pristine graphite, and we found in all the
cases a solution with higher energy than in the magnetic one
�except for the 5�5�1 supercell, as will be shown below�.

The localized states along the c axis �see Figs. 2 and 3�,
could be related to the possible spontaneous magnetism of
the material in agreement with previous reports.4,5 The relax-
ation of the atoms within each supercell is an important ef-
fect that was taken into account in this study. Table I shows

the final total magnetic moment for the different supercells.

III. RESULTS AND DISCUSSION

A. 2Ã2Ã1 supercell

The 2�2�1 supercell corresponds to the more defective
material. It exhibits metallic behavior with two bands, for
each polarized case, being crossed at the Fermi level. The
magnetic moment arrangement is ferrimagnetic; the spin
density map of Figs. 2�a� and 2�b� shows the major pz char-
acter of the charge ordering. In particular, the spin density is
higher for atoms near the vacancy and it decays when mov-
ing away from it. Thus, the spin configuration of the system
is ferrimagnetic, with higher spin-up charge in comparison to
the spin-down one. As it would be expected, the ceq relaxed
axis is longer than the experimental c0 value in graphite, and
it is slightly larger than the predicted one, by DFT-GGA, in
pure graphite where the c axis was optimized obtaining a
final value of c=15.50 a.u. The total magnetic moments were
0.63�B for the nonrelaxed cell and 2.01�B for the relaxed
case.

B. 3Ã3Ã1 supercell

The 3�3�1 supercell presents a metallic behavior and
shows magnetic response too. The energy band structure
shows six up-electron energy bands and four down-electron
energy bands that cross the Fermi level. The magnetic re-
sponse could be due to these localized states, which can be
confirmed too by inspection of its density of states �Fig.
3�a��. The ceq=14.90 a.u. relaxed axis is longer than the ex-
perimental c0 value in graphite, but it is slightly shorter than
the predicted one by DFT-GGA in pure graphite where the c
axis was optimized obtaining a final value of c=15.50 a.u.
This trend could be in relation with some experimental find-
ings where x-ray diffraction experiments showed that modi-
fied magnetic graphite tends to decrease the �00l� interlayer
spacing.14,15 Another point related with the electronic struc-
ture is the dispersion of the bands, in particular, in the �-A
direction �Fig. 4�, which is appreciable even in the case of
overestimation of the c-axis length �ceq=14.90 a.u.�. This

TABLE I. Total magnetic moments for the different supercells, relaxed �RC� and nonrelaxed �NRC�,
indicating in each case the number of k points in the entire first Brillouin zone �N-kpts�.

Supercell
SC

No.
of atoms

Relaxed
c

�a.u.�
N-kpts

for NRC

MM for
NRC
��B�

MM for
RC

��B�
N-kpts

for NRC

1�1�1 4 15.50 16 000 0.00 0.00 16 000

2�2�1 14 16.00 16 000 0.63 2.01 16 000

3�3�1 34 14.90 3200 1.76 2.06 3200

3�3�1a 34 12.50 ¯ ¯ 1.40 3200

3�3�1b 34 14.65 ¯ ¯ 2.21 3200

4�4�1 62 15.11 1600 1.41 1.21 800

5�5�1 98 15.68 400 0.00 0.00 400

aAPW+lo results for the 3�3�1 supercell using LDA as a xc-potential.
bLCNAO �SIESTA code� results for the case of 3�3�1 supercell.

(a) (b)(a) (b)(a) (b)(a) (b)

(c) (d)(c) (d)(c) (d)(c) (d)

FIG. 1. �Color online� Sketch for the �a� 2�2�1, �b� 3�3
�1, �c� 4�4�1, and �d� 5�5�1 supercells showing the A-B
stacking of layers.
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band is almost filled for the spin-down electrons, showing a
positive slope along �-A, which could be related with the
tendency of contraction of the c axis. This characteristic re-
inforces the importance of regarding this material as a real
three-dimensional �3D� crystal. The total magnetic moment
for this supercell increases from 1.76�B to 2.06�B when the
c axis is optimized. The spin arrangement is again ferrimag-
netic, with a spin density which is mainly due to pz orbitals
for atoms far from the vacancy �Figs. 2�c� and 2�d��. An
important difference with the 2�2�1 supercell case is that
a strong component of sp2 hybridization in the region near
the vacancy is observed. These three lobules are connected
symmetrically between them, with some degree of satura-
tion. This can be deduced for the magnetic moment per va-
cancy which is 1.06�B in the case of the ceq, in close agree-
ment with earlier reports.4

C. 4Ã4Ã1 supercell

The 4�4�1 supercell yields again a metallic and mag-
netic material. Here, the system shows metallic behavior
with one and two bands being crossed by the Fermi level in
the case of spin-up and -down electrons, respectively. A dif-
ference to the previous case is that although showing some

dispersion, no bands cross the Fermi level along the �-A
path. The spin density shows similarities with the 3�3�1
case, where the ferrimagnetic order is mainly based on the pz
spin density far from the point defect, and a strong localiza-
tion of charge associated with sp2 orbitals in vicinity of the
vacancy. For this case, the total magnetic moment decreases
when the c axis is optimized. These moments are 1.41�B and
1.21�B for c0 and ceq �15.11 a.u.�, respectively. This fact
could be explained in terms of the stability reached in the
presence of local magnetic field. In this case, there are no
bands crossing the Fermi level along the �-A path, so the
stabilization energy addressed for the c-axis contraction
�more dispersion� is not as remarkable as it was in the case of
the 3�3�1 supercell. For this reason, the ceq is higher than
in the 3�3�1 case.

D. 5Ã5Ã1 supercell

The 5�5�1 supercell is different from the other ones
since it is a semimetal, with a negligible amount of states per
energy at the Fermi level. Since the system exhibits nonmag-
netic response, the ceq is close to that of the pristine graphite,
15.67 and 15.50 a.u., respectively. This is another point that
reinforces the structural and electronic correlations in this
magnetic system.

(a) (b)(a) (b)(a) (b)(a) (b)

(c) (d)(c) (d)(c) (d)(c) (d)

(e) (f)(e) (f)(e) (f)(e) (f)

FIG. 2. �Color online� �a� Spin density map for the 2�2�1
supercell in the range ���=0.070� /a.u.3 and −0.012� /a.u.3, �b�
respective isosurface evaluated at ���= ±5.0�10−3� /a.u.3, �c� spin
density for 3�3�1 supercell in the range ���=0.052� /a.u.3 and
−0.005� /a.u.3, �d� isosurface for 3�3�1 supercell for ���

= ±2.5�10−3� /a.u.3, �e� spin density for 4�4�1 supercell in the
range ���=0.069� /a.u.3 and −0.002� /a.u.3, and �f� Isosurface for
4�4�1 supercell for ���= ±8.0�10−4� /a.u.3. The spin density is
expressed as ����r��=�↑�r��−�↓�r��. The most positive values are rep-
resented in blue, while the most negative are in red according to
each range.

(a)

(b)

FIG. 3. �a� Density of states for the 2�2�1, 3�3�1, 4�4
�1, and 5�5�1 relaxed supercell. Density of states is expressed
as states and/or eV and/or number of atoms in supercell. �b� Com-
parison between LCNAO �SIESTA code� and APW+lo �WIEN2K

code� results for the 3�3�1 supercell.
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E. Local-density-approximation exchange-correlation potential
for the 3Ã3Ã1 supercell

The calculations performed using LDA potential for the
3�3�1 supercell yielded a magnetic moment of 1.40�B for
a graphitic structure with ceq=12.50 a.u. This distance is in
good agreement with the one obtained for pristine graphite
using the LDA xc potential ceq=12.55 a.u. Even when shift-
ing away from the equilibrium value from the c axis, the

magnetic behavior was still present for this supercell. The
magnetic moment ranges from 1.39�B to 1.42�B for c-axis
values between 12.30 and 12.70 a.u., with a positive slope.
Although a cell contraction is verified in comparison with the
results obtained using GGA, as expected, this fact does not
imply a significant variation in the magnetic behavior of the
system, which is the main focus of this paper.

F. Linear combination of numerical atomic orbitals (LCNAO)
for the 3Ã3Ã1 supercell and single graphene sheet

In order to check our APW+lo results, we performed for
the 3�3�1 supercell another ab initio approach using the
SIESTA code,16–18 which adopts a linear combination of nu-
merical localized atomic-orbital basis sets for the description
of valence electrons and norm-conserving nonlocal pseudo-
potentials for the atomic core. The pseudopotentials were
constructed using the Troullier-Martins scheme19 which de-
scribes the interaction between the valence electrons and
atomic core. The total energy was calculated within the PBE
form of GGA.7 The real-space grid used to represent the
charge density and wave functions was the equivalent of that
obtained from plane-wave cutoff of 300 Ry, the atomic po-
sitions were fully relaxed using a conjugate-gradient
algorithm20 until a force of 1.6�10−3 Ry /a.u., and a maxi-
mum stress component of 0.05 GPa was reached. A
Monkhorst-Pack grid21 with a 20�20�19 supercell, defined
in terms of the actual supercell, was selected to obtain a
mesh of 3200 k points in the full Brillouin zone. This process
was repeated for different c-axis values without applying ba-
sis set superposition error correction to find the equilibrium
result at ceq=14.65 a.u. with a total magnetic moment in cell
of 2.21�B, which are in close agreement with the results
obtained by the APW+lo method, with ceq=14.90 a.u. and a
magnetic moment of 2.06�B. The density of the occupied
states obtained by both codes �Fig. 3�b�� shows similarities
in the electronic structure, in particular, for those states near
the Fermi level. The final atomic positions are in close agree-
ment, and no distortion for the flat sheet geometry is
observed.

In order to check the reliability of this result, we per-
formed further calculations using the SIESTA code with a
single graphene sheet for the 3�3, 4�4, and 5�5 supercell
configurations. The distance between layers was selected as
15.00 a.u. in order to minimize the interactions among them.
Identical conditions to the 3�3�1 bulk supercell were ap-
plied for the initialization of the calculation. The only differ-
ence arises from the number of k points selected to sample
the first Brillouin zone: 3200, 1600, and 800 for 3�3, 4
�4, and 5�5, respectively. In all cases, these spin polarized
calculations yielded flat sheets with a net magnetic moment,
in agreement to what is here reported for the 3D stacking.
These results are presented in Table II. However, differences
in the symmetry of the environment surrounding the vacan-
cies are observed. Threefold symmetry around the vacancies
was not found for single graphene sheet but observed for the
3D stacking in the same supercell configurations. Experi-
mental reports, using low temperature scanning tunneling
microscopy, reveal the presence of a threefold organization
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FIG. 4. �a� Spin-up and �b� -down electrons energy band struc-
tures for the 3�3�1 supercell.
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around point defects created on highly ordered pyrolytic
graphite �HOPG�.22 We believe that this fact shows the key
role of the interlayer interaction and the need to perform
studies on the basis of a 3D graphitic network instead of
single graphene sheets where the effect of the stacking is
missed.

A deviation from the flatness was described in previous
reports,5,11 in disagreement with our results. In those articles,
a pentagon that saturates two sp2 orbitals was obtained when
a single graphene sheet was optimized in its atomic posi-
tions, with different codes than the ones used in this paper.
This pentagon let one of these sp2 orbitals to contribute to
the net magnetic moment. The structural distortion that the
system undergoes sets this atom out of plane.

IV. CONCLUSIONS

We have investigated the magnetic order in a 3D graphitic
system where single atom vacancies in different supercells
were created. We found that the magnetism arising is accom-
panied by a metallic behavior and that the best configuration
for such occurrence corresponds to the 3�3�1 supercell,
vanishing for the 5�5�1 one.

The fact that the 5�5�1 supercell does not show a net
magnetic moment, while the 5�5 graphene supercell exhib-
its a magnetic moment of 1.72�B, reinforces the idea of the
magnetism arising from a complex situation in which vacan-
cies should interact with its images along the whole crystal.
These results suggest that there is still work to do in experi-
mental nanostructuration of graphite, trying to optimize the
vacancy concentration and their geometrical configuration.

Additionally, to these electronic properties, there exist
some structural correlations that were evidenced in early re-
ports, in particular, the contraction of the c axis in the case of
magnetic systems. The magnetic response found by creating
single carbon vacancies in a 3D stacking using periodic su-
percells ranges between 0.02�B and 0.14�B per carbon atom,

which is higher than the one found experimentally for defec-
tive bulk graphitic specimens, �1.2�10−3��B per carbon
atom.14,15 This fact would imply that by creating this super-
cell configuration, this theoretical study produces defects in a
more densely way than what experiments can achieve. In
order to go forward toward the theoretical simulation of what
could happen when defective graphite is experimentally
prepared,14,15,23 further calculations using higher order va-
cancies have to be performed. In this work, which will be
submitted soon, double or quadruple vacancies are created
using different supercells. Although the calculations involved
in this study are more expensive, they will provide more
realistic results due to the incorporation of higher order va-
cancies.

Although beyond the scope of this research, a few words
could be said about helium and hydrogen irradiation on
HOPG samples.23 The existence of intrinsic magnetism in a
3D graphitic network with regularly distributed vacancies
could support the idea of the role of adsorption of hydrogen
in the vacancies to enhance this magnetism, as previously
discussed.5 The adsorption of hydrogen, with eventual pin-
ning in the defects, would have the effect of stabilizing the
magnetic signal of the specimen by preventing the annihila-
tion of the vacancies due to the recombination of Frenkel
pairs, especially at room temperature. This would imply a
remarkable advantage for hydrogen irradiation, in compari-
son to helium, which is supported by the experimental evi-
dence, where hydrogen irradiated samples exhibit higher
magnetic signal.23 These ideas should be tested in a future
work.

As a summary, an important result for the present paper
was that flat graphene sheets, with a well defined symmetry
for the atoms surrounding the vacancy, were obtained in all
the 3D stacking cases, independently on the code or the po-
tential used. All these properties, verified with two different
ab initio codes, support the potential technological value of
the nanostructured modified graphite in order to be consid-
ered in high-technology devices as a free metal material. We
believe that the present paper contributes to rethink the role
of the 3D stacking of graphene sheets in graphite and to stop
disregarding this effect.
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