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A recent density-functional calculation for fcc C¢oH, (n = odd) [K. W. Lee and C. E. Lee, Phys. Rev. Lett. 106,
166402 (2011)] proposed the existence of Stoner ferromagnetism based on an itinerant band model. However,
our density-functional calculation shows that the antiferromagnetic (AFM) configuration is slightly more stable
than the ferromagnetic (FM) one. This preference for antiferromagnetism over ferromagnetism is analogous
to the case of a dimer (C¢oH),, where each CgoH is spin polarized by an intramolecular exchange and the two
magnetic moments are antiferromagnetically coupled with each other. The results demonstrate that the underlying
mechanism of the magnetic order in fcc CeoH,, is associated with the AFM superexchange between the magnetic

moments created by H dopants.
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The observation of ferromagnetism in fullerenes has
attracted intensive attention due to its interest concerning
carbon magnetism and potential technological application in
the emerging field of spintronics.' However, there has long
been controversy about whether the origin of the observed
ferromagnetism is associated with extrinsic iron impurities®®
or intrinsic defects.”'* The latter intrinsic defects involve
carbon vacancies in polymerized fullerenes®!! or doped
fullerenes'>'* Cgo R, (R: nonmagnetic elements such as H and
O atoms) where doping creates fullerene radical adducts with
unpaired spins localized on fullerene. Experimental studies
for photo-oxidated fullerenes®* and hydrofullerite® CgoHoy
observed a signal of ferromagnetism at room temperature.
However, a density-functional theory (DFT) calculation'?
for CgpO did not support the existence of ferromagnetism,
whereas a DFT calculation'* for fcc CgoH,, predicted a strong
itinerant ferromagnetism with odd-numbered H dopants. From
their DFT calculation within the local-density approximation,
Lee and Lee (LL)'* found that H dopants on an fcc Cg
crystal create quasilocalized 7 electrons leading to a narrow
half-filled band, and concluded that a direct overlap of the
7 electrons between adjacent CgoH, molecules gives rise to
Stoner (itinerant) ferromagnetism with an exchange splitting
of ~0.2 eV. However, this exchange splitting is not due to the
Stoner-type FM exchange but to an intramolecular exchange
(i.e., Stoner parameter I), as discussed below. As a matter
of fact, the ferromagnetic (FM) and antiferromagnetic (AFM)
order is governed by the exchange interaction energy between
neighboring magnetic moments (i.e., exchange coupling con-
stant J in the Heisenberg model).

Recently, it was reported'” that the microscopic mechanism
of defect-induced magnetism in dilute magnetic semicon-
ductors could be similar to that in carbon-based materials
such as Cgy polymers, TDAE-Cgy, graphene ribbons, and
irradiated graphite. There are two different mechanisms
that describe the exchange interaction in diluted magnetic
semiconductors: The double-exchange mechanism favors FM
coupling, whereas the superexchange mechanism usually leads
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to AFM coupling.'® For the cases of double exchange and
superexchange, the spin-polarized density-of-states (DOS) of
transition-metal impurities in a wide-band-gap semiconductor
are schematically shown in Figs. 1(a) and 1(b), respectively.
In double exchange, the Fermi level (Ef) lies in an impurity
band. The width of such a partially occupied majority band
can be broadened with the hopping matrix element between
neighboring impurities, leading to an energy gain with the FM
coupling. On the other hand, superexchange does not require
a finite DOS at Ef because it occurs via the hybridization
of two impurity states which are energetically localized well
below and well above Er. Since the electronic states with the
same spin direction hybridize with each other, the highest
occupied (lowest unoccupied) states are shifted to lower
(higher) energies, thereby stabilizing the AFM configuration.
As shown in Fig. 1(c), the spin-up and spin-down DOS of the
AFM (or FM) configuration in fcc CgoH show the location
of Er between two H-induced states, corresponding to the
superexchange mechanism.

In this Rapid Communication, using van der Waals energy-
corrected density-functional theory (DFT + vdW scheme),!”
we investigate the stability of fcc CgoH,, within the NM, FM,
and AFM configurations. We find that the AFM configuration
is energetically more stable than the FM one by a few meV.
The charge and spin characters of fcc Cg¢oH,, is shown to be
nearly equal to those of a CgoH,, molecule as well as its dimer
(Ce0H,,)2. Therefore, we conclude that the spin splitting of the
H-induced states in fcc CgoH,, is due to the local polarization
effect caused by an intramolecular exchange. The underlying
mechanism of the magnetic order in fcc CgoH,, is found to be
associated with the AFM superexchange, rather than a recently
proposed'* Stoner-type FM exchange.

The present DFT + vdW calculations were performed using
the FHI-aims code'® which provides for an accurate, all-
electron description based on numeric atom-centered orbitals,
with tight computational settings and accurate tier-2 basis sets.
This calculation scheme combined with the generalized gradi-
ent approximation (GGA) of the Perdew-Burke-Ernzerhof'”
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FIG. 1. (Color online) Schematic diagrams of the spin-polarized
DOS in the cases of (a) double exchange and (b) superexchange.
The local density of states (LDOS) obtained from the AFM;-S;
configuration [see Fig. 2(b)] of fcc CgH is also given in (c). The
sites A and B indicate the C¢oH molecules having the positive and
negative magnetic moments, respectively. The LDOS are taken by
summing the LDOS over the C atom (bonding to the hydrogenated C
atom with the 6:6 bond) and its nearest and next nearest C atoms.

is required since using the GGA functional without vdW
interactions results in no visible minimum in the binding
energy curve of fcc CgoH,, as a function of the lattice constant.
In order to compare the energetics of the NM, FM, and AFM
configurations with the same accuracy, we employed a cubic
unit cell whose volume is four, four, and two times larger
than those of the primitive unit cells of the NM, FM, and
AFM configurations, respectively.”’ The k-space integration
was done with meshes of 3 x 3 x3 k points in the Brillouin
zone of the cubic unit cell.>! All the atoms were allowed to
relax along the calculated forces until all the residual force
components are less than 0.01 eV /A. For all the calculations of
fcc CeoH,,, we fixed the lattice constant as 14.14 A (optimized
from fcc Cgp) because H adsorption was found to decrease
the lattice constant by less than 1%. This lattice constant of
fce Cgp is in good agreement with the experimental data® of
14.17 A. We note that there are two different bond lengths
in fce Cgo: The 5:6 bond (constituting regular pentagons) has
1.45 A, while the 6:6 bond (shared by two hexagons) has
1.40 A. These values are close to the experimental®> data of
1.46 and 1.40 A for a Cgy molecule, respectively.

We first consider the NM configuration of fcc CqoH using
a spin-unpolarized calculation. As shown in Fig. 2(a), there
are three different adsorption sites (S;, S», and S3) for an
H atom on fcc Cgy. The relative stability of such different
adsorption sites (hereafter designated as the NM-S;, NM-S,,
and NM-S§; configurations) are given in Table I. We find that the
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FIG. 2. (Color online) (a) Orientation of a Cgy molecule in fcc
CeoH,. The light, dark, and gray colored circles represent the three
different adsorption sites S}, S,, and Ss, respectively. The x, y, and z
axes point along the [100], [010], and [001] directions, respectively.
Each axis crosses the 6:6 bond at the midpoint. (b) Schematic
diagrams of three different AFM configurations (designated as AFM;,
AFM,;, and AFM3;) with AFM spin alignments along the [001], [010],
and [100] directions, respectively. Here the direction of the arrow
representing the up (down) spin moment is not specified along the
positive (negative) z axis because of the neglect of spin-orbit coupling
in the calculations.

NM-S, (NM-S3) configuration is more stable than NM-S; by
17 (84) meV. We note that an H adsorption on fcc Cg creates a
quasilocalized m electron distributed over the fullerene around
the hydrogenated C atom (as discussed below), contributing
to hydrogen bonding or vdW interaction between neighboring
Ceo molecules. Since the distance between the H atom and its
neighboring Cey molecule is in the order of dy.c,,(NM-S;) >
di.ce,(NM-S3) > dy.c,(NM-S3), the stability of the three NM
configurations are likely to be ordered as E(NM-S;) > E(NM-
) > E(NM-S3).

Figure 3(a) shows the calculated electronic band structure
for the NM-S; configuration. It is found that a single impurity
band created by an H adsorption crosses the Fermi level,
yielding a half-filled band. The charge character of such an
H-induced state at the I'" point is displayed in Fig. 3(a),
representing a quasilocalized m electron which is not only
localized at the C atom (labeled as Cp) bonding to the
hydrogenated C atom with the 6:6 double bond but also
distributed over the fullerene centered at the Cy atom. We note
that the charge distribution of such a quasilocalized 7 electron
in fcc CgoH is nearly equal to that of the highest occupied
molecular orbital of a spin-unpolarized C¢oH molecule (see

TABLE I. Calculated total energies (in meV/CgoH) for the NM,
FM, AFM,, AFM,, and AFM; configurations of fcc CgH at the Sy,
S,, and Sj sites. The energy of NM-S is set to zero.

NM M AFM, AFM, AFM;
Si 0 —47 -50 —49 —46
S, —17 —54 -59 —61 —-55
S3 —84 —122 —125 —128 —130
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FIG. 3. (Color online) Calculated band structures for the (a) NM-
S3, (b) FM-S3, and (c) AFM;3-S;3 configurations. In (b), the solid
(dashed) lines represent the spin-up (spin-down) bands, while in (c),
the spin-up and spin-down bands are degenerate. The insets in (a)
and (c) show the Brillouin zones for the primitive cells of NM-S; (or
FM-S3) and AFM;-S;5. The energy zero represents the Fermi level.
For NM-S;, the charge character of the H-induced state at the I'
point is drawn with an isosurface of 0.01 electron/N. For FM-S3,
and AFM;-S;, the spin characters of the H-induced state and the
valence states are also drawn. The light (dark) colored isosuface
represents the positive (negative) spin density with an isosurface of
0.01 (—0.01) electrons/A>. The inset in (c) shows the top view of
spin character at the site A.

the Supplemental Material®®). Thus, we can say that fcc CgoH
has a very weak electronic coupling between adjacent CeoH
molecules. Considering the fact that the ground state of a
CeoH molecule is spin polarized, the spin splitting of the
H-induced state is most likely to occur via an intramolecular
exchange rather than the recently proposed'* Stoner-type
exchange interaction of itinerant electrons between adjacent
CeoH molecules.

Next, we perform spin-polarized calculations for fcc CeoH
within the FM and AFM configurations. For the AFM configu-
ration, we consider three different AFM spin alignments along
the [001], [010], and [100] directions [see Fig. 2(b), hereafter
designated as AFM;, AFM,, and AFM3, respectively]. This
AFM configuration showing the AFM coupling of two-
dimensional FM layers along the three directions is similar
to that in layered magnetic materials.”* The calculated total
energies of these FM and AFM configurations relative to the
NM-S; configuration are given in Table I. For the adsorption
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sites of Sy, >, and S, the FM (AFM) configuration is found to
be more stable than the NM one by 47 (46-50), 37 (38—44), and
38 (41-46) meV, respectively, showing that the AFM ordering
is preferred over the FM one.?> From the energy difference
between the AFM and FM configurations,”® we obtain the
exchange coupling constant J between neighboring magnetic
moments as a few meV. This weak AFM exchange coupling in
fcc CgoH contrasts with a recent DFT study'* which proposed
a strong Stoner-type FM exchange interaction energy of
~0.2 eV by using the energy difference between the NM and
FM configurations. Using the mean field approximation,”’ we
estimate a transition temperature of fcc CgoH from the AFM
to the paramagnetic phase as ~30 K, contrasting with an ex-
perimental observation’ of room-temperature ferromagnetism
in hydrofullerite CgoHy4. Here the ferromagnetic signal of
CeoHz4 was observed under the high hydrogen pressures of
0.6 and 3 GPa, but gradually decreased at ambient conditions:
Moreover, the magnetization values were not well reproduced
at the sample synthesis.’ We note that the Hubbard correlation
energy U for fcc Cgp was measured to be about 1.5 eV and
those of alkali fullerides such as RbCgy, K5Cgo, and Cs4Cgp
ranged from 0.7 to 1 eV.?%?° Assuming that the U value for fcc
CeoH,, is similar to those of alkali fullerides, we can estimate
a large ratio of U/t with an electron hopping parameter (¢)
of ~0.1 eV, estimated from the bandwidth of the H-induced
state (see Fig. 3). The large value of U /t gives rise to an AFM
ground state from the Hubbard Hamiltonian,*° consistent with
our DFT + vdW result.

Figures 3(b) and 3(c) show the electronic band structures
for the FM-S3 and AFM3-S3 configurations, respectively. We
find that the AFM3-S3 configuration has a band gap of 0.26 eV,
larger than that (0.18 eV) of FM-S3. This manifests that the
electronic energy gain is relatively enhanced by the AFM spin
ordering, compared to the FM one. The spin characters of the
H-induced state as well as the valence states in the FM-S5 and
AFM3-S;5 configurations are also displayed in Figs. 3(b) and
3(c), respectively. Itis found that the spin distributions of the H-
induced and valence states in FM-S3 are almost equal to those
in the A site of AFM;-S; (see the Supplemental Material®®).
Such indifference of the spin characters between FM-S; and
AFM;-S; results in the above-mentioned very weak exchange
coupling in fcc CgoH.

It is noteworthy that a recent DFT calculation®' for the
H defects in graphene predicted the presence of a strong
itinerant (Stoner) magnetism, where the coupling between
the magnetic moments is either FM or AFM, depending on
whether H atoms adsorb on the same or different graphene
sublattices, respectively. This strong coupling mechanism is
not only due to the bipartite nature of the graphene lattice
which gives rise to a long-range spin polarization of the defect
states, but also to the exchange spin-polarization effect in
the valence states (i.e., the response of the fully populated
valence states to the magnetization of the defect states). These
two features are also present in fcc CgoH, showing (i) the
spin polarization of the H-induced state which is distributed
over the fullerene centered at the C, atom [see the inset
in Fig. 3(c)] and (ii) the spin polarization of valence states
[see Figs. 3(b) and 3(c)]. However, we have to emphasize
that, unlike the case of graphene®' where the H-induced
magnetic moments are ferromagnetically coupled through a
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FIG. 4. (Color online) Calculated spin characters of the HOMO
(upper panel) and the occupied states excluding the HOMO (lower
panel) for a dimer (C¢H), within (a) the FM configuration and
(b) the AFM configuration. The light (dark) colored isosuface
represents the positive (negative) spin density with an isosurface of
0.01 (—0.01) electrons/A3.

direct overlap of the m electrons, fcc CgoH cannot have such
a direct overlap of the H-induced states because of a large
separation between adjacent CeoH molecules. We note that
the LDOS [Fig. 1(c)] of the AFMj3-S; configuration show
no electronic states between the occupied and unoccupied
H-induced states, therefore leading to the AFM coupling via
the superexchange mechanism.'®

The preference of AFM over FM coupling also exists in a
dimer (CgoH), where the C-C bond length between two CgoH
molecules is calculated to be 1.59 A. We find that the FM and
AFM configurations are more stable than the NM one by 62 and
65 meV, respectively. The energy difference between the AFM
and FM configurations gives rise to / = —3 meV, comparable
with those (see Table I) in fcc CgoH. However, a previous DFT
calculation'? for (CgoH), incorrectly estimated the exchange
coupling constant as J = 0.58 eV from the energy difference
between the NM and FM configurations. We note that the
separation between the two fullerenes in a Cgy dimer is much
shorter than that (3.11 A) in fcc Cgo, but the number of adjacent
fullerences in the former decreases by a factor of 12 compared

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 86, 081415(R) (2012)

to the latter. Figures 4(a) and 4(b) show the spin densities
of the highest occupied molecular orbital (HOMO) and the
occupied states excluding the HOMO for the FM and AFM
configurations of (CgoH),, respectively. These spin characters
in (C¢oH), are nearly the same as those in an isolated CgoH
molecule as well as fcc CgoH. Thus, an individual molecule in
(CeoH), and fcc CgoH has the same magnetic moment as that
(1 up) of an isolated Cg¢oH molecule.

According to a recent DFT calculation,' the ground state
of fcc CgoH,, with even (odd)-numbered n was predicted to
be NM (FM) without considering the AFM configuration.
For fcc CgoH,, using a previously'# obtained structure which
contains two H atoms bonded to opposite sides of the 6:6
double bond, we find that the two adsorbed H atoms do not
create quasilocalized 7 electrons, leading to the NM ground
state. On the other hand, we find that fcc CgoH3, whose stable
structure contains two H atoms bonded to opposite sides of
the 6:6 double bond together with one H atom adsorbed at the
nearest-neighbor sites,'* creates quasilocalized 7 electrons.
The calculated electronic structures for the FM and AFM
configurations of fcc CgHj; are similar to the corresponding
ones of fcc CgoH (see the Supplemental Material®®). As a
result, fcc CgoHj is found to favor the AFM configuration over
the FM one by ~10 meV, slightly larger than the case of fcc
C60H.

In summary, using van der Waals energy-corrected density-
functional theory, we have studied the magnetic order of fcc
CeoH,, (for n = odd) within the FM and AFM configurations.
We found that the AFM configuration is slightly more stable
than the FM one by a few meV. The charge and spin characters
of fcc CgoH,, were shown to be nearly equal to those of a CeoH,,
molecule and a (CgoH,,), dimer. Therefore, we concluded that
an individual molecule in fcc CeoH,, is spin polarized by an
intramolecular exchange, and that such magnetic moments
are antiferromangnetically coupled with each other via the
superexchange mechanism.
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