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We identify Stoner ferromagnetism in fcc CqoH,, (n = odd) by using a local density approximation in
the framework of the density functional theory. Hydrogen chemisorption on fullerenes creates quasilo-
calized 7 electrons on the fullerene surface, overlapping of their wave functions giving rise to a narrow
half filled impurity band in the fcc CqoH,,. The Stoner-type ferromagnetic exchange between the itinerant
electrons leads to spin-split impurity bands. The magnetic moment per CqoH,, molecule is 1 up (for
n = odd) or O (for n = even, including zero), only one of the hydrogens contributing to the spin-split
states. Direct overlapping of the quasilocalized 7r-electron orbitals is essential for the ferromagnetism.
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Room-temperature ferromagnetism in polymerized
rhombohedral fullerenes generated great interest as well
as controversy on ferromagnetism in carbon [1-4].
Electronic structure calculations based on the density func-
tional theory (DFT), incidentally, have revealed the ab-
sence of magnetic ordering in rhombohedral fullerene
polymers [5,6]. Whether extrinsic iron impurities or intrin-
sic defects give rise to ferromagnetism is still a controver-
sial issue [7-9]. Photo-oxidated fullerenes, on the other
hand, have been shown to be ferromagnetic at room tem-
perature [10-12].

Defects such as carbon vacancies in polymerized fuller-
enes and doped fullerenes CgoR, (R: nonmagnetic ele-
ments such as H and O) were considered as the origin of
the intrinsic ferromagnetism in fullerenes. Carbon vacan-
cies create magnetic moments in fullerenes but do not give
rise to a ferromagnetic long-range order in polymerized
fullerenes [13]. A recent DFT calculation on C¢,O revealed
that oxygen promotes photopolymerization but does not
create magnetic moments [14], an important role of hydro-
gen in ferromagnetism having been revealed [15-18].

In graphene, two types of hydrogen defects have been
investigated in the framework of DFT, one of them being
chemisorbed on carbon and the other being substituted for
carbon vacancy bonding to one of the three neighboring
carbons. The former leads to a Stoner type of ferromag-
netic metal with a narrow spin-split impurity band [19],
while the latter leads to a ferromagnetic insulator [20].
Polymerized fullerenes with hydrogen defects substituted
for carbon vacancies are known as ferromagnetic insulators
[21]. Dimerized fullerenes with chemisorbed hydrogen
(CeoH), have a triplet ground state [22]. Magnetic
moments arise from the quasilocalized 7 electrons of
carbons in the neighborhood of a hydrogenated carbon
atom, a spin alternation model for the 7-bonded carbon
network having been adopted for the ferromagnetic long-
range order [19-22].

The most stable form of fullerenes is a fcc crystal.
While the fce Cq is a van der Waals crystal, polymerized
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fullerenes are formed by covalent bonding with a much
shorter interfullerene distance than that of fcc Cgy. While
the first well-established ferromagnetic fullerenes are
monoclinic tetrakis(dimethylamino)ethylene-Cg crystals
[23,24], room-temperature ferromagnetism taking place
in fcc CggH, crystals certainly deserves due attention
[25,26]. In this work, we have investigated ferromagnetism
in the fcc CqgH,, crystals by performing a DFT calculation
within the local density approximation (LDA), revealing
the spin-split impurity band of Stoner type to be the origin
of the ferromagnetism.

A SIESTA package [27] was employed for the DFT
calculation within a LDA with an energy cutoff 200 Ry
and k points of 4 X 4 X 4 mesh in a Monkhorst-Pack
scheme. The lattice parameters were taken for a fcc Cg
crystal (a = 14.166 A), and the atomic coordinates and
geometry were optimized by using the conjugated gra-
dients method, with a maximum force tolerance of
0.01 eV/A for all the C4oH,, molecules, crystals, and poly-
mers investigated. The fcc CgqoH, with a small n was
assumed to have the same lattice parameters as those of
the fcc Cgy [25]. The calculated band structure of fcc Cg
showed a direct band gap of ~1.06 eV at the X point in the
fce Brillouin zone [28].

Figures 1 and 2, respectively, show the electronic struc-
ture and the local density of states (LDOS) near the Fermi
energy (Ep) of the CqoH,, (n = 1-5) molecules. In the
electronic structure of CgyH, with n odd, spin-split states
near Er give a magnetic moment of 1 wp per CqoH,,, while
CgoH,, with even n shows no spin-split states, with no
magnetic moments [29]. Hydrogen chemisorption removes
the degeneracy of the electronic states of Cgy. While the
electronic structure of CgqoH can be characterized by the
spin-split states near Ef, that of C¢oH, can be character-
ized by the highest-occupied molecular orbital. The elec-
tronic structure of CgyHj is quite close to a sum of those of
CgoH and CgyH,, indicating that the electronic properties
of CgoH,, can be described by a superposition of one-
hydrogen chemisorption and two-hydrogen chemisorption
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FIG. 1 (color online). Electronic structure of the CqoH,, mole-
cules. The dashed (black) line in (a) corresponds to Cgy. The
solid (black) and dotted (red) lines correspond to the spin-up and
-down states, respectively.

cases. A slight spin splitting in the valence states of C¢yH,,
with n odd can be attributed to the exchange spin-
polarization effect, the response of the fully populated
valence states to the magnetization of the spin-split states
resulting in a spin density of an opposite sign on the
nearest-neighbor sites [19]. The LDOS of CgoH, with n
odd shows that the electrons near E in the spin-split states
are quasilocalized, i.e., delocalized over a fullerene surface
centered at the carbon opposite to the hydrogen-
chemisorbed one [21,22]. The LDOS near E is on the
next-nearest-neighbor sites only, reflecting the underlying
spin alternation mechanism.

Figure 3 shows the spin-degenerate and the spin-
polarized band structures of fcc CqoH with a total energy
difference calculated to be 0.2 eV that can be taken as an
effective exchange interaction energy. Chemisorbed hydro-
gen produces a narrow half filled impurity band within the
band gap, and thus the fcc C¢yH is a narrow-band metal in
the absence of exchange interaction [see Fig. 3(a)]. The
chemisorbed hydrogen can be regarded as a donor provid-
ing a single state and a single electron leading to the half
filled impurity band. The exchange interaction between the
itinerant electrons in the impurity band renders the impu-
rity band spin-split [see Fig. 3(b)]. The exchange splitting,
i.e., the energy separation between the two spin-split
bands, is also ~0.2 eV with only a slight fluctuation along
the symmetry line of the Brillouin zone. The exchange
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FIG. 2 (color online). Local density of states of the CgoH,
molecules near the Fermi energy for (a) n =1, (b) n =2,
(¢) n =3, (d) n =15 and for (e) (C4H),. The small (red) and
medium-size (blue) circles correspond to hydrogen and carbon,
respectively, the large (green) circles corresponding to the iso-
surface of the local density of states.

interaction between the itinerant electrons thus gives rise to
the spin-split bands, with the spin splitting occurring at E..
It is compatible with the Stoner model for ferromagnetic
metals, but spin splitting much greater than the impurity-
band width of ~0.15 eV and the half filled impurity band
lead to a ferromagnetic semiconductor with an indirect
spin-flip band gap of 0.05 eV.

Impurity-band Stoner ferromagnetism has been pro-
posed in hydrogen-chemisorbed graphene [19], CaBg
[30], and even in the diluted ferromagnetic semiconductors
[31], where the impurity bands are superposed on the
underlying metallic band structure [19,30,31]. The fcc
Cgo 1s a direct band gap semiconductor, and the chemi-
sorbed hydrogen creates a single impurity band within the
band gap, resulting in a much simpler and verifiable elec-
tronic structure. In impurity-band Stoner ferromagnetism,
the Curie temperature is of the order of the exchange
splitting [30]. The exchange splitting of 0.2 eV in the fcc
CgoH is large enough for room-temperature ferromagne-
tism. The magnetic moment per fcc CqoH,, is 0.9 up for
n=1or 5 and 0.8 ug for n = 3. In the fcc Cq H;, the
impurity-band width (~ 0.26 eV) increases, and thus the
spin-split bands slightly overlap for a compensation of
the spin density in the two spin-split bands. In the fcc
Cg¢oHs, the exchange splitting (~ 0.26 eV) further in-
creases to separate the spin-split bands, again leading to
a ferromagnetic semiconductor with the same magnetic
moments as that in the fcc CqoH. The 2D hexagonal
polymer of CgH also showed Stoner ferromagnetism
with the magnetic moment ~0.82 up per CqoH and the
exchange splitting ~0.24 eV.

Each carbon atom of Cgy has two 5:6 bonds and a 6:6
bond. The 5:6 bond is a o bond of the sp? orbital lying
between a pentagon and a hexagon. The 6:6 bond lying
between two hexagons is a double bond comprising a o
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FIG. 3 (color online). Spin-degenerate (a) and spin-polarized
(b) electronic structures of a fcc CqH crystal along the symme-
try line in the fcc Brillouin zone. The dotted (red) and the solid
(black) lines in (b) correspond to the spin-up and -down bands,
respectively.

bond of the sp? orbital and a 7 bond. Chemisorbed
hydrogen is bonded to a carbon atom with two 5:6 bonds
(H5:6 bond) and a 6:6 bond (H6:6 bond). The hydrogen-
chemisorbed carbon atom has sp>-like bonds with bond
angles of 111.4° and 110.8°, respectively, for C-C-C and
H-C-C, the closed shell avoiding an additional electron
occupation. A simple picture can thus be described as
follows.

A H6:6 bond turns into a single o bond of the s p? orbital
breaking the 77 bond, one of the two 7 electrons taking part
in the o bond of the sp3 orbital of the hydrogen-
chemisorbed carbon atom and the other being quasilocal-
ized around the opposite-side carbon atom on the H6:6
bond (delocalized over a fullerene surface centered at the
H6:6 carbon atom). The quasilocalized 7 electrons create a
spin-split state at the Fermi level giving a magnetic mo-
ment [Figs. 1(a) and 2(a)]. In the fcc CgqoH, the quasilo-
calized 7 electrons overlap to produce a narrow half filled
metallic band within the band gap, and the Stoner type of
exchange interaction between the itinerant electrons ren-
ders the impurity band spin-split, leading to a ferromag-
netic semiconductor. In the case of CqyH,, the second
hydrogen may take a number of configurations. The most
stable configuration comprises two hydrogens bonded to

the opposite sides of a 6:6 bond (H6:6H bond) [32,33],
both of the 7 electrons taking part in the sp> orbital and
giving rise to no quasilocalized states and no magnetic
moments [Figs. 1(b) and 2(b)]. The fcc CqoH, is a direct
band gap nonmagnetic semiconductor as is the fcc Cg.

In C4oHs, the stable configuration comprises two hydro-
gens on the H6:6H bond, and the remaining hydrogen can
take an arbitrary position forming a H6:6 bond. The posi-
tion of the remaining hydrogen may slightly affect the
stability and the electronic structure, but the magnetic
and electronic properties are essentially unchanged (sev-
eral, not all, configurations were checked). The two hydro-
gens on the H6:6H bond give rise to no quasilocalized
states and no magnetic moment as in the case of CgoH,,
and the remaining hydrogen on the H6:6 bond gives rise to
a quasilocalized state and a magnetic moment as in the case
of CeoH. Indeed, the electronic structure of CgqoH; is quite
close to a sum of those of CqH and CgoH, [see Fig. 1(c)].
Further hydrogen doping in their stable form can be taken
to produce a number of H6:6H bonds and only one H6:6
bond, at least for low doping concentrations (the CqyH,,
were checked up to n =5). The magnetic moment of
CgoH,,, thus, should always be equal to 1 u g per molecule
for n odd or O for n even (including zero). Assuming that
the second Lieb theorem for a bipartite lattice with a half
filled band can be applied to fullerenes [19,34], the two
hydrogens on the H6:6H bond can be considered to occupy
opposite sublattices giving a zero magnetic moment.

(CgoH),, the dimer of CyoH, has a spin-triplet ground
state with a magnetic moment of 1 wp per CgoH [22]. The
electronic structure of (C¢oH), in Fig. 1(e) shows an in-
crease in the number of spin-split states near Er, indicating
that polymerization of C¢yH,, increases the density of states
near Ep, resulting in a half filled impurity band just as in
the fcc CgoH,,. The LDOS near E in Fig. 2(e) shows that
the electrons of the spin-split states are quasilocalized in
each CeyH in the same way as in the monomers. The
quasilocalized electrons in each CgqoH overlap to increase
the spin-split states in (CgyH),, the LDOS on the bridging
bond nearly vanishing [22].

The ground state of (CgyH), is known to have mirror or
inversion symmetry in the triplet spin state [22]. The
(CeoH), in Fig. 2(e) without such a symmetry depicts a
minimal part of the 2D hexagonal polymer in order to show
how the 2D hexagonal polymer of CgqH leads to Stoner
ferromagnetism. Considering symmetry, CgqoH,, crystal or
polymer may have many distinct structures. The 2D hex-
agonal polymer as a 2D analogue to the 3D rhombohedral
polymer has recently been an issue [21]. While the fcc
structure of C¢oH,, with small n may not be the most stable
form, in this work the fcc form of Cy¢yH,, was investigated
in order to understand how the fcc CgqyH,, in general can
attain ferromagnetism [25]. It is to be noted that a LDA
calculation often underestimates the band gap, which
can be compensated for by the generalized gradients
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approximation. Our generalized gradients approximation
calculation for fcc CgoH implementing the Becke gradient
exchange functional [35,36] yielded Stoner ferromagne-
tism as well, with an exchange splitting of ~0.37 eV well
exceeding 0.2 eV as obtained by the LDA calculation,
however, essential features of the band structure being
preserved. In effect, hydrogen chemisorption in CgyH,
with n odd creates a quasilocalized 7 electron, and a direct
overlap of the 7 electrons leading to a half filled impurity
band is essential for Stoner ferromagnetism while spin
alternation, polymerization, and crystallization can only
help with the overlap.
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