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Possible origins of defect-induced magnetic ordering in carbon-irradiated graphite
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We investigated possible sources of defect-induced magnetic ordering in carbon-irradiated graphite from
first-principles calculations. Among candidate structures with interstitial defect configurations that could be
generated during carbon irradiation processes, two metastable configurations with finite magnetic moments
were identified. They are coupled ferromagnetically to their neighboring defects, thereby enabling them to
contribute to the observed macroscopic magnetic ordering. The Ruderman-Kittel-Kasuya-Yosida interaction is
considered as a possible mechanism for the ferromagnetic ordering.
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Magnetism induced from pure carbon systems has at-
tracted attention due to the absence of localized electrons
such as d or f electrons, which are known to be a source of
magnetism in most cases. Magnetic signals from pure carbon
systems of pyrolytic carbon were first reported in 1991.!
More experimental evidence on this topic has been reported
during the last decade. Ferromagnetic (FM) hysteresis from
amorphouslike carbon? as well as highly oriented pyrolytic
graphite’ has been reported, and literature on proton-
irradiated graphite* supplied convincing evidence for ferro-
magnetism in pure carbon. Although there remained some
skepticism on pure carbon magnetism due to possible con-
tamination from ferromagnetic impurities, successive experi-
ments with reduced and controlled impurity contents have
increased confidence in the existence of the observed mag-
netic properties.®=3

Many theoretical works have suggested possible origins
of the magnetism observed in pure carbon systems. These
include defect structures such as the peculiar edge state in
zigzag edges of graphite,”'? negative Gaussian curvature,'!
vacancies,'?> and hydrogen absorption.!3 Initially, theoretical
investigations focused on possible structures and related
states as a source of magnetism without considering long-
range magnetic ordering. Without the long-range magnetic
ordering, it is obvious that only paramagnetic behavior can
be observed in any magnetic structure at finite temperature.
As for the long-range magnetic ordering, the possibility of
two-dimensional (2D) ferromagnetic ordering induced by
hydrogen-attached graphene has recently been suggested.'?
However, no explanation has yet been provided regarding the
formation of three-dimensional magnetic ordering.

Recent irradiation experiments have provided clues about
the origin of magnetic moments in carbon systems. Irradiat-
ing carbon atoms instead of protons has been shown to en-
hance the observed magnetic signals significantly.” Since the
irradiated carbon atoms are likely to form an interstitial-
defect structure, one can consider this structure as an origin
of the magnetic moments that have been observed in experi-
ments. This type of structure may also explain two different
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magnetic moments that show paramagnetic and ferromag-
netic signals induced at different transition temperatures.® In
that case, the transition temperatures of the paramagnetic and
ferromagnetic phases in the experiments were 25 and 350 K,
respectively.

This Rapid Communication presents the results of first-
principles  density-functional calculations for three-
dimensional ferromagnetic structures induced by interstitial-
defect structures in graphite. Two different types of
paramagnetic and ferromagnetic defect structures were found
as candidates for the long-range ferromagnetic ordering in-
teractions. These magnetic structures are discussed in con-
nection to the experimental results of two different magnetic
origins  corresponding to two different transition
temperatures.® As mentioned in the previous paragraph, the
25 K paramagnetic and 350 K ferromagnetic phases are re-
lated to specific interstitial-defect structures. We show that it
is possible to explain the integration of a three-dimensional
ferromagnetic structure with the ferromagnetic ordering driv-
ing force in terms of the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction.!4-16

We performed first-principles density-functional calcula-
tions with the local spin-density approximation (LSDA) of a
Perdew-Zunger parametrization scheme by using the plane-
wave self-consistent field (PWSCF) package.!” The plane-
wave kinetic-energy cutoff for the wave functions (charge
density) was 544 (4080) eV. The Brillouin-zone integration
was performed with a 3 X 3 X 3 Mokhorst-Pack k-point grid.
We constructed a 5 X5 X 1 unit cell by extending a conven-
tional hexagonal unit cell that contains four atoms. Four pos-
sible configurations for the interstitial structures shown in
Fig. 1 were considered for magnetic properties. Atomic ge-
ometries were fully relaxed by invoking the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm until the
Hellman-Feynman forces were less than 0.013 eV/A.
Nudged elastic band (NEB) calculations were performed to
estimate the stability of the configurations.

First, we obtained the first-principles calculation results
for the four interstitial-defect configurations. These configu-
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FIG. 1. (Color online) Four interstitial-defect configurations in
graphite. Spiro, bridge, on-top, and vertical link structures are
shown. Only local structures near the interstitial defects are shown
in (black) circles to emphasize them. Configurations in red boxes
exhibit magnetic moments. The eV unit shows relative energies to
the total energies of the spiro structure.

rations have been considered for the case without
magnetism.'®!? In this work, we refer to the configurations
as “spiro,” “on-top,” “bridge,” and “vertical link”” (VL) struc-
tures. As Table I shows, our results are quite consistent with
those obtained in the previous works in terms of energetics.
Further, in our calculations, it is noted that the on-top and VL
structures can be magnetically polarized in spin-polarization
calculation. The corresponding magnetic moments of the on-
top and VL structures are 1.6up and 1.7up, respectively.

Spin-density plots in Fig. 2 show magnetic moment dis-
tributions. Red (dark gray) balloons in the figure indicate
majority spin isosurfaces. The magnetic moment of the on-
top structure is distributed only within a single plane indicat-
ing that the magnetic state is confined to the 2D layer itself
with a very weak interlayer coupling. The same magnetic
moment has been also found in the case of single-layer
graphene sheets with the defects. Since the magnetic moment
is located in a single graphene layer and receives no contri-
bution from any other layers, it is likely to show little corre-
lation with the same type of magnetic moment in other
layers.

On the other hand, the magnetic moment in the VL struc-
ture in Fig. 2(b) exhibits a distribution for mediation of in-
terlayer interactions. Since the 7r-state contribution is located
in the top and bottom layers evenly, we can expect that it
may mediate interlayer correlations. Major and minor spin
components of the magnetic moment in the VL structure

TABLE I. Total energy relative to that of lowest-energy configu-
ration, i. e., spiro in eV unit and corresponding magnetic moments
in Bohr unit.

Spiro Bridge On top Vertical link

Li et al. (LDA) (Ref. 18) 0 1.6 1.1 1.5
Ma (GGA) (Ref. 19) 0 1.1 1.1
Our work (LDA) 0 1.7 1.5 2.5
(1.6 pp) (1.7 up)
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FIG. 2. (Color online) Spin-density plots of paramagnetic and
ferromagnetic structures. Red (dark gray) balloons show majority-
spin isosurfaces and white (lighter) balloons show minority-spin
isosurfaces. The exchange energies at the bottom are defined as
spin-unpolarized energy minus spin-polarized energy for the given
structures.

come from two unpaired p, and p, states and the 7 state near
the Fermi level as shown in Fig. 3. The figure also shows the
electronic band structures of majority and minority spins and
charge densities. Notably, the localized p, and p, states and
delocalized conduction-electron 7 states are identified as the
main and minor contributors to the magnetism in the VL
structure. The schematic picture in Fig. 3 shows that both the
localized and delocalized conduction states contribute to the
magnetism of VL structure, indicating possible RKKY inter-
actions. The relevance of the RKKY interaction to the VL
structure will be discussed later in this Rapid Communica-
tion.

The magnetic moments and exchange energies for the on-
top and VL structures are comparable to those previously
obtained in experiments.® The exchange energies for the
given structures can be obtained by computing the energy
difference between the spin-unpolarized and spin-polarized
calculations. The corresponding exchange energies for the
on-top structure and the VL structure are 0.045 and 0.18 eV,
respectively. These values are comparable to the transition
temperatures of 25 and 350 K for the paramagnetic and fer-
romagnetic signals observed in experiments. The qualitative
agreement between the results obtained in experiments and
those of our calculations implies that magnetism for each of
the structures may be related to the paramagnetic or ferro-
magnetic properties.

In order to investigate the magnetic exchange couplings
between the local moments at each defect structure, we car-
ried out the extended LSDA calculations for the two defects
in a larger unit cell by varying the distances between the
defects. Even for the shortest interaction distance of the
second-nearest neighbor, the relative energy of the on-top
structure in the FM state is 0.002 eV higher than that of the
same structure in the antiferromagnetic (AF) state. When we
increase the distance between the defects, the FM and AF
energies become degenerate indicating that the magnetic mo-
ment in the on-top structure is paramagnetic. Thus, we can
conclude that the on-top structure can contribute not to fer-
romagnetism but to paramagnetism. On the contrary, the
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FIG. 3. (Color online) Electronic band structures of majority
and minority spins and charge densities. Red (solid) and blue
(dashed) rectangles indicate localized unpaired p, and p, states and
delocalized 7 states, respectively. (b) and (c) show the charge den-
sities corresponding the states marked by rectangles in (a) for ma-
jority and minority spins, respectively. Schematic of the electronic
and the magnetic structures is illustrated in (d).

magnetic moment in the VL structure exhibits stronger fer-
romagnetic correlations as shown in Figs. 4(a) and 4(b). Fig-
ure 4 shows FM and AF spin-density plots and energies rela-
tive to the lowest configuration for the VL structures. The
FM state is the lower-energy configuration for both the in-
plane and the out-of-plane couplings. The energies and spin-
density plots of the VL structures clearly indicate the possi-
bility of long-range ferromagnetic ordering. For the out-of-
plane configurations, we used two unit cells along the
direction perpendicular to the graphite plane as shown in Fig.
4. The reduced energy difference for the FM and AF con-
figurations in the out-of-plane case compared to that for the
in-plane case shows that the ferromagnetic correlation for the
former is somewhat reduced, but that it still can be sustained
with almost the same order of magnitude.

The ferromagnetic coupling between the magnetic defect
structures can be explained in terms of the RKKY interac-
tions. The interactions between magnetic impurities in a me-
tallic environment play a crucial role in the ordering of mag-
netic impurities. As an example, a recent study applying the
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FIG. 4. (Color online) Spin-density plots and corresponding en-
ergies of ferro- and antiferromagnetic configurations of the VL
structures. Those for the in-plane and out-of-plane orderings are
shown in (a) and (b), respectively. The upper and lower parts of
each configuration correspond to the top view and side views, re-
spectively. Red (Dark gray) and white (lighter) balloons correspond
to the spin-up and spin-down isosurfaces, respectively.

RKKY interaction to a half-filled bipartite graphene lattice
concluded that the RKKY interaction between impurities in
different and same sublattices shows antiferromagnetic and
ferromagnetic correlations, respectively.?’ This is consistent
with our results on the effect exchange interaction between
the defects. The localized p, and p, states in the VL struc-
tures correspond to the magnetic impurities in the RKKY
interactions and the delocalized 7 state is related to the cor-
responding conduction states that mediate the RKKY inter-
actions. Unfortunately, the characteristic feature of the
RKKY interaction, i.e., the enveloped oscillatory magnetic
coupling constant, cannot be estimated in the VL structure
since the antiferromagnetic coupling constant is not available
due to geometric requirements described below. According to
the previous model Hamiltonian calculation results,?” antifer-
romagnetic coupling appears when the interaction mediates
localized magnetic moments located in the different sublat-
tices in the graphite. Only one of the two sublattices can
have a VL structure since this structure requires both above
and below carbon atoms as shown in Fig. 4(a). Thus, the
antiferromagnetic coupling cannot be obtained with the VL
structure. Further work is in progress to show the antiferro-
magnetic coupling which will confirm the RKKY interaction
with AA-stacked graphite including four times larger super-
cell geometry. Our preliminary results are consistent with
those of the RKKY model calculation on graphite.?° It con-
tributes to relieving the concern of size effect due to a rela-
tively small supercell used in this work. The details will be
published elsewhere.

The contribution of hydrogen to the origin of ferromag-
netism in proton-irradiated graphite has been previously
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discussed.>”!%13 Although first-principles calculations have
been performed to demonstrate the hydrogen-attached ferro-
magnetic structure,'® the results support only the two-
dimensional character of the interactions with almost no cou-
pling structure like the same way as a paramagnetic on-top
structure. Moreover, since it does not have the highly local-
ized state needed to sustain the magnetic ordering, the
hydrogen-attached structure is less likely to contribute to the
ferromagnetism in carbon systems.

To study the stability of the ferromagnetic defect struc-
ture, we employed NEB calculations to obtain the energy
barriers from VL structures to other structures. From the cal-
culations, the lowest-energy barrier was found to be less than
0.1 eV. In view of experiments where the ferromagnetism
was sustained for several months,® the higher-energy barrier
is expected. But, the calculated low-energy barrier is sus-
pected to be related to the well-known deficit of local-density
approximation (LDA) found at low-density limits.?!*> Gen-
erally, the breakdown of LDA at low-density limits (e.g., the
weak bonding case) is now widely accepted. Since LDA is
based on the assumption that electron density is constant or
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that it changes very slowly, it can be readily understood that
it will fail at a low electron density limit that changes very
quickly. In this case, an application of the generalized gradi-
ent approximation (GGA) functional does not help much in
solving this problem. Recently proposed van der Waals
density-functional theory might provide better results.?

In conclusion, we have shown that the paramagnetic on-
top and the ferromagnetic vertical link structures derived
from interstitial-defect structures in graphite may be respon-
sible for the ferromagnetic structure which can be extended
along both the in-plane and out-of-plane directions, thus re-
sulting in a three-dimensional ferromagnetic structure. Al-
though the energy barrier is small, it is still possible to sus-
tain the ferromagnetic structure. The RKKY interaction is
considered to be a driving force for the ferromagnetic
ordering.
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