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Cluster- and energy-separated extreme states in a synthesized superatomic solid
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Compared with conventional atomic crystals, superatomic solids are more attractive for providing op-
portunities to generate unexpected emergent states associated with their unique hierarchical structure. Using
first-principles calculations, herein, we identify two cluster- and energy-separated extreme states in a synthesized
binary fulleride. An emergent superatomic Dirac state and a flat band with extreme effective mass are found
on different sides of the Fermi level, which are separately contributed by different constituent clusters. The
coexistence of Dirac and flat states in a semiconductor rather than a metal/semimetal may open a door for
constructing Dirac field-effect devices, giving rise to ultrafast Dirac carrier transport.
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I. INTRODUCTION

In Dalton’s atomic theory, atoms are the building blocks
of matter. As the bridge between individual atoms and bulk
solids, clusters are often referred to as superatoms [1–8] since
some special clusters with atomically precise size and com-
position can mimic the behavior of an individual atom on the
periodic table. Moreover, adding or subtracting one atom or
even one electron in a cluster may cause notable changes in
its structure and properties, thereby opening up endless possi-
bilities. Bearing this in mind, numerous efforts were devoted
to exploring a class of materials, i.e., cluster-assembled or su-
peratomic crystalline materials [9–15], by taking superatoms
instead of atoms as building blocks.

Compared with atomic crystals, superatomic crystals have
the following two distinctive features [8,9]. Firstly, the build-
ing blocks of superatomic crystals are more diverse due
to the fact that the properties of superatoms depend on
some additional degrees of freedom, such as the cluster size
and geometry; thus, the diversity of superatoms endows the
cluster-assembled crystals with interesting degrees of freedom
and tunability of material properties. Secondly, superatomic
materials have unique hierarchical structures at two levels:
the internal structure of the building clusters determined by
interatomic interaction in a small length scale and the periodic
lattice pattern formed by intercluster interaction in a large
scale. Therefore, superatom- or cluster-assembling becomes
an attractive approach to design functional materials with
tailored properties, such as semiconductivity with tunable
electronic properties [12,16–18], high-temperature supercon-
ductivity [19–22], and low-density superhardness [23–25].
The extra couplings between the two types of interactions at
different length scales may provide opportunities to generate
unexpected emergent effects [9,10].
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In this paper, we demonstrate that two intriguing cluster-
and energy-separated extreme states exist in a synthesized ful-
leride solid [Co6Se8(PEt3)6][C60]2 [26], which is composed
of hexagonal C60 layers and ligand protected metal clusters
Co6Se8(PEt3)6. Based on first-principles calculations, we re-
veal that the emergent superatomic Dirac state and the flat
band with extreme effective mass (zero vs. infinity) are formed
by the constituent C60 layers and Co6Se8(PEt3)6 clusters,
respectively. Furthermore, the physics and device applications
of such extreme frontier states are discussed in detail.

As well-known examples of the superatomic materi-
als, C60-based solids, e.g., fullerites [27,28] and fullerides
[21,22,29,30], have been widely synthesized, benefited by the
unique hollow spherical structure and very high stability of
C60. Assembling of C60 is usually driven by several ways
[9,10]: (i) van der Waals (vdW) interactions, (ii) covalent
bonding using photopolymerization, (iii) high-pressure and
high-temperature synthesis, and (vi) using other atoms, clus-
ters, or organic molecules as linkers. To imitate the atomic
solids with ionic bonding, Roy et al. [26] proposed a dis-
tinctive strategy for synthesizing stable assembly by taking
the electron-poor and -rich clusters with comparable size and
shape as building blocks. Following this idea, they demon-
strated that the metal chalcogenide cluster Co6Se8(PEt3)6

(1) and C60 can be assembled into an ordered binary solid
1 · 2C60 with CdI2-type structure. The corresponding super-
atomic character and the resemblance between 1 · 2C60 and
the atomic solid in ionic bonding were subsequently con-
firmed by theoretical calculations [31].

The atomic structure of 1 · 2C60 crystal is illustrated in
Fig. 1, which is composed of C60 layers separated by 1 clus-
ters and holds P3 (No.147) symmetry. If every C60 cluster
is regarded as a giant atom, the C60-based layer resembles
the honeycomb lattice of graphene (view along the [001]
direction) with a low-buckling height of 3.94 Å. The centroid-
to-centroid distance of 9.91 Å and the shortest nonbonded C-C
distance of 3.54 Å between intralayer adjacent C60 cages are
very close to those of interlayer C60 in face-centered cubic
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FIG. 1. Crystal structure for the 3 × 3 × 2 supercell of super-
atomic solid 1 · 2C60: (a) the top and (b) side views based on the
c axis, and (c) the perspective structure for a buckled C60s hexagon
in 1 · 2C60.

(fcc) fullerite [32]. Thus, the intralayer C60-C60 interactions
should belong to the vdW type (Fig. S1(a) in the Supple-
mental Material [33]). However, the interaction between C60

buckyballs in different layers is negligible since the large
intercluster distance of 12.48 Å [Fig. 1(b)] is beyond the scope
of C60-C60 interaction (Fig. S1(b) in the Supplemental Mate-
rial [33]). Therefore, the graphenelike hexagonal C60 layers in
1 · 2C60, termed as fullerenenes, can be considered mutually
isolated quasi-two-dimensional (2D) superatomic systems
supported by 1 clusters with ionic interaction (Fig. S2 in the
Supplemental Material [33]). Inspired by these unique struc-
tural features, we carry out a systematic investigation for
the electronic structure of 1 · 2C60, aiming to unveil the un-
precedented superatomic emergent states and their possible
applications.

II. COMPUTATIONAL METHODS

The electronic structure calculations of the 1 · 2C60 solid
were performed using density functional theory (DFT) [33],
as implemented in VASP [34]. Within the generalized gradient
approximation parameterized by the Perdew-Burke-Ernzerhof
functional [35], the projector augmented wave method [36]
was adopted to describe the core-valence interactions with a
550 eV energy cutoff for the plane-wave basis. A Monkhorst-
Pack k-point mesh [37] with a uniform spacing of 2π ×
0.01 Å −1 was used to sample the Brillouin zone. With ex-
perimental lattice constants, the atomic positions were fully
relaxed with tolerances of 10−8 eV in total energy and 0.01
eV/Å in force, respectively. In consideration of the existence
of C60-C60 vdW interactions in the quasi-2D fullerenenes,
the DFT-TS dispersion correction scheme [38] was used, the
reliability of which has been proven to be valid for the stud-
ied 1 · 2C60 (see Fig. S3 and Table S1 in the Supplemental
Material [33]).

III. RESULTS AND DISCUSSION

As depicted in Fig. 2(a), one can see that 1 · 2C60 is a
semiconductor with a narrow bandgap of 58 meV rather than
a graphenelike semimetal. Notably, there are two extreme
electronic states around the Fermi level. One feature is the
emergency of linear Dirac state at k-points of K( 1

3 , 1
3 , 0) and

H( 1
3 , 1

3 , 1
2 ) in the two lowest conduction bands, which make

the carriers massless. On the other hand, the top valence band

FIG. 2. (a) The electronic band structure of 1 · 2C60; (b) clusters
[i.e., C60 and 1 Co6Se8(PEt3)6], and (c) atoms (C, Co, Se, and P)
projected density of states (PDOS); the visualizations of real space
wave functions for (d) the linear Dirac band and (e) the flat band at
two considered k-points [see the highlighted points in (a)].

is flat without any dispersion, in which the kinetic energy of
the carriers should be quenched due to their arbitrarily large
effective mass. To figure out the origins of these extreme
electronic states, we further calculated the projected density
of states of the constituent clusters and atoms, as well as
the real-space wave functions for the Dirac and flat bands.
As depicted in Figs. 2(b)–2(e), the Dirac state is contributed
completely by the C60 clusters, i.e., 2D fullerenenes, while
the flat band comes from the 1 clusters; these two kinds of
electronic states are well separated in both energy space and
real space. Moreover, they are also extreme according to band
dispersion or effective mass (zero vs infinity). In this sense,
the frontier electronic states of 1 · 2C60 can be characterized
as cluster- and energy-separated extreme electronic states.

To understand the mechanism of the flat band, we consider
the electron hopping Hamiltonian for a general lattice, which
can be written as [39]

Hhop =
∑

i, j,a,b

tia, jbc†
i,ac j,b. (1)

Here, i and j index 1 clusters; a and b denote different orbitals
within one cluster; and {t} are the hopping matrix elements.
Using the Bloch theorem, it can also be transformed to the
momentum space as

hk =
∑
k,a,b

c†
k,ahab(k) ck,b. (2)

Thus, the Bloch bands {εnk} can be obtained by solving the
eigenvalue problem of h(k). In an extreme case, if tia, jb is
equal to zero, the corresponding solution should be εnk =
const. This means that, when the building blocks (atoms
or clusters) are completely isolated without interaction, the
Bloch bands should be exactly dispersionless. In the super-
atomic solid 1 · 2C60, the component 1 clusters arrange in
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FIG. 3. The carrier velocities for the linear Dirac bands around
the high-symmetry k-point K in different directions: (a) for a fixed θ

(30◦, 60◦, 90◦) and ϕ = 0–360◦, (b) for any fixed ϕ and θ = 0–180◦.
In the polar diagram (a), the radial direction represents the value of
Fermi velocity ranged from 0 to 0.6 × 105 m/s; the angle ϕ is the
corresponding polar angle. The inset in (b) is the three-dimensional
(3D) Dirac cone for the kz = 0 plane, i.e., θ = 90◦ and ϕ = 0–360◦.
The band structures along (c) X1 → K → X2 and (d) X1 → K → X3.
The insets are the corresponding 3D band structures in the X1-K-X2

and X1-K-X3 planes.

a triangle lattice with centroid-centroid distance of 12.48 Å
and nonbonded H-H spacing of 3.04 Å between two adjacent
1 clusters. As a consequence, the well-isolated 1 clusters
in 1 · 2C60 form a series of flat bands associated with the
molecular orbitals of the Co6Se8(PEt3)6 cluster, including the
top valence band shown in Fig. 2(a).

Evidently, the Dirac state is derived from the 2D substruc-
tures, fullerenenes. However, the fullerenene layers are not

completely isolated, inhabiting the three-dimensional crys-
talline environment. Thus, it is highly necessary to explore
the feature of superatomic Dirac band dispersions along dif-
ferent orientations. To this end, a spherical coordinate system
was constructed in the defined k′

x-k′
y-k′

z reciprocal space sys-
tem centered by the high-symmetry k-point K (Fig. S4 in
the Supplemental Material [33]), where k′

y is along the path
of K → M and k′

z along K → H . Then the band structures
along 1440 uniformly sampled k-paths [denoted by (θ, ϕ)]
were calculated. Because linear dispersion is found in all
considered k-paths, we further evaluated the corresponding
Fermi velocities vF(θ, ϕ) of carriers using the following
equation:

vF(k) = 1

h̄

∂E (k)

∂k
. (3)

The results show that: (i) when θ is fixed (e.g., θ = 90◦, 60◦, or
30◦), vF is independent of ϕ [Fig. 3(a)]; (ii) for any fixed ϕ, the
carrier velocity strongly depends on θ , varying from 0 to the
largest value of 0.551 × 105 m/s with θ increasing from 0 to
90◦ [Figs. 3(b)–3(d)]. For the kz = 0 plane (i.e., θ = 90◦, cor-
responding to the lattice plane parallel to the fullerenenes), the
Dirac state exhibits isotropic feature, forming a graphenelike
Dirac cone [see inset of Fig. 3(b)]. Owing to the separation
between different fullerenenes in the [001] direction, the band
dispersions are quenched, forming localized flat-bands along
the K → H path [i.e., θ = 0, see Fig. 3(d)]. These results
indicate that the fullerenene-formed superatomic Dirac state
in 1 · 2C60 is quasi-2D.

To gain more insights into the Dirac physics of super-
atoms, we constructed a two-band tight-binding (TB) model
for the graphenelike superatomic lattice (Fig. S5 in the
Supplemental Material [33]). By considering the nearest-
neighbor interaction only, the TB effective Hamiltonian can be
simplified as

H =
[

ε h12

c.c ε

]
. (4)

Thereinto,

h12 = t
(
eikδ1 + eikδ2 + eikδ3

) = t

{
exp

[
1

2
i(k′

x − k′
y)r0

]
+ 2 exp

[
− 1

4
i(k′

x − k′
y)r0

]
cos

[
3

4
r0(k′

x + k′
y)

]}
. (5)

Here, δ j ( j = 1, 2, 3) are the vectors that connect the center
of a C60 buckyball to those of its three nearest neighbors
(Fig. S5(a) in the Supplemental Material [33]), (k′

x, k′
y) are

the coordinates of the b1-O-b2 system in the reciprocal space
(Fig. S5(b) in the Supplemental Material [33]), r0 (≈ 9.91 Å)

is the intercentroid distance between C60 clusters, t is the
nearest neighbor hopping integral, and ε is the onsite energy.
By solving the characteristic equation, the eigenvalues can be
obtained as

E (k) = ε ± t

√
3 + 2 cos

(
3

2
r0k′

x

)
+ 2 cos

(
3

2
r0k′

y

)
+ 2 cos

[
3

2
r0(k′

x + k′
y)

]
. (6)

Along the k-path of M( 2π
3r0

, 0, 0) → K ( 4π
9r0

, 4π
9r0

, 0) →
�(0, 0, 0), we fitted the DFT bands using Eq. (6). The
obtained hopping parameter is 0.024 eV, which is much

smaller than that of graphene (t ≈ 2.8 eV) [40] as the C60-C60

vdW interaction in the fullerenene is greatly weaker than the
C-C covalent bonding in graphene. The fitted onsite energy
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FIG. 4. (a) Comparison of electronic band structures from den-
sity functional theory (DFT; red hollow circle) and the tight-binding
(TB; blue line) model. (b) Dirac cone formed by the two bands of the
TB model in the kx-ky plane around the Dirac point.

ε is 0.08 eV, which indeed gives the position of the Dirac
point deviated from the Fermi level. As displayed in Fig. 4(a),
our two-band TB model can not only describe the linear
Dirac bands of quasi-2D fullerenene in 1 · 2C60 well but
also reproduce the feature of the isotropic Dirac cone in the
kx-ky plane [Fig. 4(b)]. The corresponding carrier velocity of
0.548 × 105 m/s (vF = 3r0t/2h̄) is also consistent with the
DFT value (0.551 × 105 m/s).

As is known, the gapless semimetallic state of conven-
tional Dirac semimetals is usually in conflict with the bandgap
prerequisite for microelectronic devices, like field effect tran-
sistor (FET) [41,42]. To realize the device applications, many
strategies have been introduced to open a bandgap in the Dirac
semimetals (e.g., graphene and silicene), including substrate
interaction [42,43], carving a 2D sheet into a nanoribbon
[44,45], applying vertical electronic field [41], and hydro-
genation or chlorination [46–48]. However, when the Dirac
state is broken, the fascinating properties derived from the
massless linear dispersion would disappear, and the host ma-
terial would be transformed into an ordinary semiconductor.
In this sense, there is an irreconcilable contradiction between
the gapless Dirac state and the bandgap requirement for FET
applications. Intriguingly, 1 · 2C60 may be able to overcome
such a contradiction due to the following two features: (i)
it is an intrinsic semiconductor satisfying the bandgap re-
quirement; (ii) it possesses a quasi-2D Dirac state in the
low-energy conduction bands. Hence, without opening the
Dirac point, the superatomic semiconductor can realize the
desirable device application with massless Dirac fermion
transport by tuning the position of the Fermi level via carrier
doping (see Fig. S6 in the Supplemental Material [33]) or gate
voltage [49].

Stimulated by the boom of graphene [50], more and more
2D Dirac semimetals [51–57] have been proposed. In most
of them, however, the identified Dirac states are based on
the freestanding structures. In practical device architecture,
the 2D films usually need to be placed on a substrate, which
may inevitably disturb the desired Dirac state [43]. Unlike the
conventional 2D Dirac semimetals, the quasi-2D fullerenenes
in 1 · 2C60 are naturally supported by the ionic interaction
between the building blocks, i.e., Co6Se8(PEt3)6 and C60,
which not only ensures the structural stability but also en-
dows a clean Dirac state near the Fermi level. In this regard,

FIG. 5. (a) Schematic density of states for the two extreme states
beside the Fermi level EF. The relationships between electronic cur-
rent (I) and gate voltage (Vg) in cases of (b) static Vg and oscillated Vg

as time (t ) goes on in (c) rectangular and (d) sinusoidal forms.

the fullerenene with natural support should be an intriguing
quasi-2D Dirac material. Of course, its practical application
in electronic devices needs appropriate carrier doping (see
Fig. S6 in the Supplemental Material [33]) or gate voltage
regulation because its Dirac state resides in the conducting
bands.

Finally, physics phenomena and device applications are
also expected from the coexistence of the cluster- and energy-
separated extreme electronic states. In field-effect devices,
a gate voltage (Vg) can be applied to the semiconductor to
tune the position of the Fermi level. As the Fermi level is
shifted up into the � energy window of 1 · 2C60 [Fig. 5(a)],
the massless Dirac fermions become the dominant carriers
and give rise to ultrafast Dirac current, ID in Fig. 5(b). In
contrast, when the Fermi level is moved to the position of the
flat band, the ultraheavy carriers will be highly localized, and
the corresponding electric current should be zero. Therefore,
a kind of Dirac field-effect device can be constructed on the
basis of the unique cluster- and energy-separated extreme
electronic states, which features the one-way ultrafast Dirac
carrier transport. Moreover, when an oscillated gate voltage in
rectangular or sinusoidal pulses is applied, the output current
should be one-way Dirac transport with the same frequency as
the applied gate voltage, acting as a Dirac field-effect rectifier
[see Figs. 5(c) and 5(d)].

Before closing, the following two remarks should be em-
phasized. (i) The coexistence of Dirac and flat bands has been
discovered in some atomic materials, such as kagome crys-
tals [39,58–60], 2D hexagonal covalent organic frameworks
[61], and twisted sandwiched graphene [62]. However, the
formation mechanisms of their extreme states are completely
different from that in the superatomic solid 1 · 2C60. (ii) The
extreme states proposed in this paper are unique (separated in
both real space and energy scale, residing on the upper and
lower sides of the Fermi level, and being a semiconductor)
because of the emergent effect of clusters, which results in
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distinctive applications in microelectronics, such as a Dirac
field-effect device/rectifier.

IV. CONCLUSIONS

In summary, our first-principles calculations and theo-
retical analyses have identified two intriguing superatomic
emergent states, i.e., cluster- and energy-separated extreme
electronic states, in the synthesized 1 · 2C60 solid. In the top
valence band, the component 1 clusters form a flat band be-
cause of the isolated cluster environment, while in the lowest
conduction bands, a so-called quasi-2D superatomic Dirac
state is formed by the honeycomb C60 layers, fullerenenes,
originated from the combination of vdW and ionic inter-
actions. Unlike the case of conventional Dirac semimetals,
the superatomic Dirac state exists in a semiconductor, which
might resolve the longstanding contradiction between the

gapless Dirac state and the bandgap requirement for micro-
electronic devices. Remarkably, we show that the emergent
extreme electronic states can be utilized to build a kind of
device featuring one-way Dirac carrier transport, i.e., a Dirac
field-effect device/rectifier. In this paper, we pave an avenue
toward quantum states based on the emergent phenomena of
superatomic materials.
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