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Searching for cluster Lego blocks for three-dimensional and two-dimensional assemblies
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Assemblies of clusters have been sought for a long time to synthesize new materials with unprecedented
physical phenomena or to integrate desired functionalities for technological applications. However, except for
some carbon fullerenes and ligated clusters, little progress has been made in achieving assemblies of other
clusters due to their tendency for agglomeration. Here we study interaction in dimers of 34 well-studied
endohedrally doped clusters (i.e., superatoms) and propose the criteria for such superatoms to be potential
building blocks in terms of surface coordination, charge state, distribution of the highest occupied molecular
orbital, and electronic as well as atomic shell (double-shell) closure. From these results, the endohedrally
doped Ti@Ge,4 cage cluster stands out as a suitable building block to assemble solids and nanostructures with
outstanding stabilities and diverse physical properties. We report here the finding of antiferromagnetic Mott
insulator in metal intercalated two-dimensional crystal of such cluster. Our study provides essential knowledge
for achieving stable cluster assemblies of different dimensionalities with precisely tailorable electronic structure

for device applications.
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I. INTRODUCTION

The booming research on low-dimensional materials is rev-
olutionizing the manufacture of modern devices and has led
to unprecedented performance control at atomic scale. With
the discovery of various two-dimensional (2D) materials, van
der Waals (vdW) heterostructures with desired properties have
been synthesized by stacking different atomic layers together
[1]. Recently, this concept of nanoscale Lego blocks has also
been realized in one-dimensional (1D) materials by coaxi-
ally stacking different kinds of nanotubes [2]. Compared to
1D and 2D structures, clusters have geometric and electronic
structures depending on both their size and composition. They
constitute a huge family of potential zero-dimensional (0D)
Lego blocks and open a larger degree of freedom for as-
sembling new materials [3]. So far, only limited kinds of
cluster-based solids have been achieved in the experiment,
such as a- and B-boron solids formed by the icosahedron By,
units [4], face-centered close-packed Cg fullerite [5,6], alkali-
metal—Pb solid alloys composed of Pb clusters (Na;sPby,
NagPby, Li;Pb,, etc.) [7,8], and Zintl compounds made of
homoatomic or heteroatomic group 14, 14—14, and 14—15
clusters [9,10].

One critical issue for assembling clusters is the production
of identical clusters in macroscopic quantity [11]. Another
important prerequisite for clusters being building blocks is
to retain their identity after assembling [11], as the large
surface area and interaction between clusters usually lead to

“sizhou@dlut.edu.cn

2475-9953/2021/5(6)/066001(12)

066001-1

their agglomeration. In the experiment, great success has been
achieved by Tsunoyama et al., who synthesized endohedrally
doped Ta@Si ;s and Ti@Si;4 cage clusters in bulk quantity of
100 mg that are stabilized by poly(ethylene glycol) dimethyl
ether [12]. Bare Ta@Si¢ clusters deposited on a graphite
substrate or Cgp-terminated surface can have high thermal
stability at 700 K and satisfactory oxidation resistance [13].
On the theoretical side, a pioneer study by Khanna and Jena
suggested that the stability of a cluster can be substantially
enhanced by adjusting its size and/or composition to satisfy
the requirement of a closed electronic shell as well as a closed
atomic shell (also referred to clusters with doubly closed
shells) [11]. Such clusters can be regarded as “superatoms”
[14-18] as they usually have large gaps between highest un-
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) and thus are associated with higher
chemical stability or inertness [19,20]. This progress has
aroused new hope for developing macroscopic cluster-based
materials.

In the past two decades, endohedral doping of clusters has
emerged as the most effective way to achieve superatoms with
high stability. By choosing proper metal dopants following
the electron counting rules, it is possible to construct cage
clusters with atomic shell closure and simultaneously satisfy
the requirement of closed electronic shell with appropriate
number of valence electrons [9]. A large inventory of en-
dohedral cage clusters with high symmetry and appreciable
HOMO-LUMO gap [9,21-45] has been reported on the basis
of different electron counting rules. Among them, some well-
studied superatoms are Si@Al;, [22] and W@Au,, [41,42]
icosahedra with highest symmetry (1), Ti@Si ;¢ Frank-Kasper
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(FK) polyhedron (7y) [29,32], and Hf @Si ¢ fullerene (D4q)
[29,32]. All these clusters have closed electronic shells and
sizable HOMO-LUMO gaps. However, in spite of having dou-
bly closed shells, many of them exhibit significant interaction
between each other [29,46-52]. Therefore, it remains difficult
to achieve stable clusters as Lego blocks for assembling vdW-
type solids similar to the 1D and 2D counterparts mentioned
above. The key to overcome this challenge is to understand the
origin of the desired inertness of clusters and illuminate the
complete criteria for screening weakly interacting clusters.

To this end, herein we consider 34 superatoms as po-
tential building blocks for cluster assemblies and examine
interaction between their dimers. These results are used to
extract the criteria for clusters to serve as 0D Lego blocks in
terms of the geometric features, charge, as well as HOMO
distribution of these candidate clusters. Following these crite-
ria, suitable building blocks for cluster assemblies have been
screened. The stabilities and electronic band structures of vari-
ous 2D and 3D cluster-assembled structures are then explored,
demonstrating the feasibility and rich physical properties of
these innovative materials for device applications.

II. COMPUTATIONAL DETAILS

All ab initio calculations were performed with the VASP
code [53], using plane-wave basis set with energy cutoff
of 400 eV, projector augmented wave potentials [54], and
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation
functional [55] with Grimme’s semiempirical D3 dispersion
correction (PBE-D3) [56]. Atomic structures were fully op-
timized under the convergence criteria of 1078eV for the
energy and 10~* eV /A for the force on each ion, respectively.
Each cluster monomer or dimer was placed in a cubic super-
cell with a large dimension of 25 A, and only the I' point
was used to sample the Brillouin zone. For each cluster dimer,
we considered many possible orientations and magnetic cou-
plings and calculated the dimerization energy (E;) defined as

Ed = Emonnmerl + EmonomerZ_Edimer s (1)

where Ejonomerx and Egimer are the total energies of the
monomer x (x = 1, 2) and the dimer, respectively.

Using the equilibrium configurations from VASP optimiza-
tion, electron density isosurfaces of the HOMO and natural
population analysis of the on-site charge for all cluster
monomers were calculated using PBE functional accompa-
nied with 6-3114G(d) [57] (H to Kr) and Stuttgart/Dresden
effective core potential (SDD) [58] (beyond Kr) basis sets, as
implemented in the GAUSSIAN16 package [59].

Further, we considered four crystalline phases of bulk
structures for 3D superatom assemblies: simple cubic (sc),
body-centered cubic (bcc), face-centered cubic (fcc), and
hexagonal close packed (hcp). The Brillouin zones were sam-
pled with 4 x 4 x 4k-points grid for sc, bcc, fcc lattices,
and 4 x 4 x 3k-points grid for the hcp lattice. As for 2D
superatom assemblies, we considered square and hexagonal
lattices and in both cases the Brillouin zone was sampled
with 4 x 4 x lk-points grid. To begin with, we carried out
single-point energy calculations on the 3D and 2D superatom
assemblies with a wide range of lattice parameters to obtain a

reasonable range of lattice constants in the vicinity of the en-
ergy minimum. Further optimizations were performed around
the equilibrium volume of each structure by fixing the cell
parameters and fully relaxing the ionic positions. Ab initio
molecular dynamics (AIMD) simulations and phonon disper-
sions calculations were carried out to examine the thermal
and dynamic stability of 3D and 2D cluster assemblies using
2 x 2 x 2and?2 x 2 x 1 supercell, respectively. The cohesive
energies of 3D and 2D assemblies (Eop) are calculated by

Econ = (N X Ecluster_Eassembly)/Ns (2)

where Ecyger and Eggemply are the energies of the free
Ti@Ge¢ cluster and its assembly, respectively; N is the num-
ber of clusters in the supercell.

We have also explored metal-intercalated cluster assem-
blies by considering doping of X atoms from group 1 to 17
elements (H to Rn) at the edge centers, and constructed 2D
compounds with stoichiometry of X;[Ti@Ge,¢], as well as
Cs,;[Ni@Pbyp] and Cs,[W @Si,], which were then relaxed in
terms of both cell parameters and ionic positions. As will be
demonstrated later, Cs;[Ti@Ge¢], Cs,[W @Si,] are found to
be a Mott insulator. It is thus necessary to consider strong cor-
relation effects due to the occurrence of very flat bands. These
effects can be approximately described by adding an on-site
Coulomb term for the d electrons on transition-metal atoms
[60-62] into density-functional theory calculations. Here, a
Hubbard-type parameter of U, = 3eV was selected for the
d orbitals of Ti atom and U = 1.5eV for W atom, respec-
tively. The cohesive energies of 2D metal intercalated cluster
assemblies (E.on’) are defined as

Ecoh/ = (N x Ecpyster + 2N X Ex— assembly)/Ny (3)

where E¢jusier and Eqgeembly are the energies of the free cluster
and metal X intercalated cluster assembly, respectively; Ex
is the energy of an isolated metal atom; N is the number of
clusters in the supercell.

The adopted PBE-D3 scheme was supported by the bench-
mark calculations of fcc crystal of Cg fullerenes. As shown
in Fig. S1 of the Supplemental Material [63],the equilibrium
lattice constant (14.24 A), cohesive energy (1.50 eV per Ceo
cage), and bulk modulus (12.33 GPa) from our calculations
agree well with previous experimental and theoretical values
of 14.20 A, 1.60 eV, and 9.6 GPa, respectively [64—66].

III. RESULTS AND DISCUSSION

A. Dimers of superatoms and their assembly criteria

We considered 34 superatoms including M @Al,, (M = B,
C, Al Si, P), M@Si;, (M = Cr, W), Ru@Si,, Zr@Si;s,
M@Sig (M = Sc, Ti, V, Zr, Hf), isoelectronic system with
Ti@Si6: alkali K-doped Sc@Si¢ cluster and halogen F-
doped V@Sig or Ta@Sig clusters, Th@Siy, V,@Siy,
M@Ge, (M =Ti, Zr, Hf), M@Sn;, (M =Ti, Zr, Hf),
M@Pbyy (M =Fe, Co, Ni), M@Au;, (M =Mo, W),
Ti@All14, Ag@ZnIZSm, Ag@anGSm, and U@B40, which
have been reported in the previous studies [9,21-45]. For
each cluster, we constructed a dimer from two monomers.
As an exception, Sc@Si;q and V@Sijs were selected to
form a dimer, considering their total number of valence
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FIG. 1. Lowest-energy structures of selected superatom cluster dimers with dimerization energies (a) larger than 3.0 eV and (b) between
1.0 and 3.0 eV. The corresponding geometric and electronic properties are given by Table 1.

electrons just satisfies a closed electronic shell. The struc-
tures and dimeric interaction of the constructed 33 superatom
dimers are presented in Fig. 1, Table I, Table S1, and Fig.
S2. According to the dimerization energy, superatom dimers
can be divided into three types: (i) those with strong in-
teraction (Er > 3.0eV), (ii) with intermediate interaction
(0.4eV < E; < 3.0eV), and (iii) with vdW-type interaction
(E; < 0.4eV). As one can see in Fig. 1(a), many endohedrally
doped clusters with cagelike geometry and closed electronic
shell, such as MO@Aulz, W@Au12, Ti@AU14, SC@SimK,
V,@Siy), U@By, interact rather strongly (E; > 3eV) with
each other by forming intercluster covalent bonds. In com-
parison, cluster dimers composed of Ni@Pbjy, Si@Al,,
Cr@Silz, Ru@Si14, ZI‘@Sim, V@SimF, or Ag@Zn12512 in-
teract relatively weakly such that the cluster monomers almost
keep their geometries but form some covalent bonds be-
tween each other, as displayed in Fig. 1(b). Consequently,
the structural identity and unique electronic properties of
individual cluster cannot be fully retained in these two cate-
gories of cluster dimers (and consequently also in other forms
of assemblies), consistent with previous theoretical stud-
ies [46,48,50,67-69]. For a dimer formed by two magnetic
clusters, either ferromagnetic (e.g. [Fe@Pbjp],) or antifer-
romagnetic coupling (e.g., [Cr@Sij;], and [U@By]y) is
found. As shown in Fig. 2(a), Table I, and Table S1, only
dimerization energies of [Ti@Sigl, [M@Gegl, (M = Ti,

Zr, Hf) and [M @Sn ], (M = Ti, Zr, Hf) are weak enough
(Es = 0.26-0.49¢eV) to be considered as the vdW type, in
agreement with the previous finding by Kumar and Kawa-
zoe [29,30]. The large intercluster distances of over 3.4 A
further manifest that there is no covalent bonding between
the two clusters. Moreover, the sizable HOMO-LUMO gap of
individual Ti@Si ¢, M @Ge ¢ (M = Ti, Zr, Hf), and M @Sn¢
(M = Ti, Zr, Hf) cluster is only moderately reduced by about
0.35—0.53 eV when they form a dimer (see Table I and Ta-
ble S1). Therefore, Ti@Si ¢, M @Ge 6 (M = Ti, Zr, Hf), and
M@Sn;s (M = Ti, Zr, Hf) clusters with the FK polyhedron
cage structures are candidate 0D Lego blocks for assembling
nanostructures of different dimensionalities.

To confirm the above results, we further calculated the ki-
netic barriers for two cluster monomers to approach each other
to make up a covalently bonded dimer. W@ Au;, and U@Byj,
Ni@Pb,y, Si@Al;,, and Zr@Si,q, as well as Ti@Ge ¢ were
selected as representatives that have strong, intermediate, and
vdW-type interactions in their dimer forms, respectively. The
energy profile as a function of intercluster distance is given by
Flg S3. For W@Aulz, U@B4(), Ni@Pbl(), and Si@Allz, as
the two monomers are brought to each other, they agglomerate
into dimeric species by forming covalent bonds between clus-
ters without any barrier. Dimerization of Zr@Si;e involves a
small energy barrier of 0.10 eV. Surprisingly, two Ti@Ge¢
monomers, which are initially placed at a distance of only
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TABLE I. Geometric and electronic properties of selected superatom clusters, including symmetry (Sym.), average bond length of surface
atoms (R), HOMO-LUMO gap (Ey_1), average on-site charge of surface atoms (Q), average coordination number (CN) of surface atoms, and
average coordination number (CN’) of pure cluster of the same size without endohedral doping (their ground-state structures are taken from
the references cited below). Shortest distance (D), dimerization energy (E4), HOMO-LUMO gap (Ey_1 ), and magnetic state are listed for the
cluster dimers. The notations of “FM” and “AFM” stand for ferromagnetic and antiferromagnetic coupling between two clusters in a dimer,

respectively.
Monomer Dimer
System Sym. R (A) Ey_1.(eV) 0 (e CN CN’ D (A) Ey (eV) Ey_1.(eV) Mag.
Ni@Pb, Dy 3.29 0.85 0.23 5.8 4.9¢ 3.19 1.22 0.73
Si@Al, I, 2.77 2.01 0.14 6 6P 2.71 2.12 0.62
Cr@Sip, Dgp, 2.35 0.87 0.28 4 4.3¢ 2.28 1.97 0.65 AFM
Mo@Au, Oy, 2.58 0.25 0.38 5 5¢ 2.73 4.62 0.49
W@Au,, I 2.88 1.79 0.40 6 54 2.73 4.47 0.52
Ti@Au4 Dy 2.82 1.38 0.39 5.3 5.5¢ 2.72 4.67 0.38 FM
Ti@Si¢ Ty 2.37 2.36 0.28 6.3 4.2°¢ 3.45 0.26 1.90
Zr@Sig Dy 2.33 1.57 0.25 4 4.2¢ 2.41 2.14 0.49
Ti@Geq Ty 2.75 1.76 0.26 6.3 5f 3.80 0.31 1.41
Ti@Snq Ty 3.10 1.27 0.26 6.3 5.7¢ 3.77 0.49 0.83
Sc@Si ;K C; 2.33 1.11 0.13 (0.93)" 4.1 4.4°¢ 2.35 3.61 0.33
V@SicF C, 2.33 1.49 0.19 3.8 4.4¢ 2.44 1.89 0.65
(—0.61)!
V,@Si,, Con 2.39 0.91 0.33 4.7 4.4 2.34 4.66 0.77
Ag@Zn,S); Ty 2.85 0.31 0.86 4 2.35 1.97 2.00
(2.30) (—0.83)!
U@By Doy 1.69 0.72 0.07 4.6 4.6™ 1.73 5.09 0.48 AFM

4Reference [93].
bReference [94].
‘Reference [95].
dReference [96].
¢Reference [97].
fReference [98].
gReference [99].

"Natural population analysis charge of K atom.
iNatural population analysis charge of F atom.

iReference [100].

X Average bond length between Zn and S atoms.

! Average natural population analysis charge of S atoms.

MmReference [101].
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FIG. 2. (a) Lowest-energy structures of [Ti@Siglr, [M@Geyglp, and [M @Snygl, (M = Ti, Zr, Hr) dimers with vdW interaction. (b),
(c) Electron density isosurfaces of the HOMOs of various superatom clusters, with isosurface value of 0.01 a.u. for Ni@Pby,, 0.02 a.u. for
Si@Aly,, Zr@Si;6, and U@Byy, 0.015 a.u. for Cr@Si;; and W@Au,;,, and 0.034 a.u. for Ti@Si,¢, M @Ge 6 and M @Sn ¢ clusters. The orange
and cyan colors stand for positive and negative wave function, respectively.
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2.3 A, would repulse from each other upon structure optimiza-
tion and relax to a vdW interaction distance of 3.8 A, with
energy lowered by over 6 eV.

To gain further insights into the nature of cluster-cluster
interaction, we thoroughly analyzed the geometric and elec-
tronic properties of all the considered cluster monomers given
in Table I and Table S1. The criteria for clusters to serve as
building blocks have been derived. First, the cluster should
have both closed electronic shell and closed atomic shell. To
satisfy this criterion, endohedral cages with precisely con-
trolled number of valence electrons are usually preferred [9].
Second, the surface atoms of the cluster should have (nearly)
the same charge state. As a counterexample, Ag@Zn»S,
carries charges of 0.86/e| on each Zn atom and —0.83|e| on
S atom, which lead to strong Coulomb attraction between the
positively charged Zn atoms and negatively charged S atoms
between the two clusters in the [Ag@Zn,S,] dimer. As a
consequence, there is a substantial dimerization energy of
1.97 eV (see Table I). Third, the electron cloud of the HOMO
should be trapped within the cage and distributed around the
endohedral atom as much as possible. As the highest occupied
frontier orbital of a cluster, there is considerable overlap of
the HOMOs of the two clusters. This usually leads to rather
strong intercluster interaction. To directly visualize this effect,
we drew the electron density isosurfaces for the HOMO of the
considered clusters in Figs. 2(b) and 2(c) and Fig. S4. When
two cage clusters form a dimer, then clusters with delocalized
HOMO on the cage surface are easier to aggregate as in the
case of M @Pb;y (M = Fe, Co, Ni), M@Al,;, (M = C, Si),
M@Sij, (M =Cr, W), and M @Au;, (M = Mo, W). On the
contrary, clusters having HOMO mainly distributed inside the
cage, e.g., Ti@Sig, M @Ge g (M = Ti, Zr, Hf), and M @Sn 4
(M =Ti, Zr, Hf) interact weakly with each other and can
retain their identity. Finally, the average coordination number
of the surface atoms of endohedrally doped cluster should
be larger than that of the undoped cluster of the same size
in its ground state. This increased coordination as well as a
strong hybridization between the orbitals of the endohedral
atom and the HOMO of the outer cage will weaken the re-
activity of the cluster, such that the formation of covalent
bonds between two endohedrally doped clusters may be un-
favorable. A comparison of average coordination numbers
between doped and undoped clusters is given by Table I,
Table S1, and Fig. S5, showing that M @Pb;, (M = Fe, Co,
Ni), M@Au;; (M = Mo, W), Ti@Sig, M@Gejs (M =Ti,
Zr, Hf), and M @Sn s (M = Ti, Zr, Hf) fulfill this require-
ment. Considering the above four criteria together, Ti@Sig,
M@Geg (M =Ti, Zr, Hf), and M @Sn ;s (M = Ti, Zr, Hf)
clusters meet all of them, in good coincidence with the results
from our computational screening of the 33 cluster dimers.

B. 3D and 2D assemblies of Ti@ Ge;4 clusters

We used Ti@Sijq, M@Ges (M =Ti, Zr, Hf), and
M @Sn;¢ (M = Ti, Zr, Hf) superatoms as potential building
blocks for assembling 3D materials. As shown in Fig. S6,
the Ti@Si;¢, M @Ge g (M = Zr, Hf), and M @Sn ;¢ (M = Ti,
Zr, Hf) clusters show covalent bonds between cages in sc
lattices, which disagree with the vdW type of bonding be-
tween clusters in Ti@Si ¢ solid in previous studies [70-72].

Only Ti@Ge ¢ has outstanding stability and is qualified as
the 0D Lego block for constructing vdW solids. Compared
with cluster dimers, the requirement of the cluster’s stabil-
ity is more stringent in cluster-assembled solids due to the
increase of neighboring cages. Intuitively, we speculate that
the clusters having no low-energy isomers (details in Fig. S6)
and meanwhile having uniform charge distribution are more
favorable for assembling vdW solids (see localized orbital
locator [73] patterns in Fig. S7).

We considered sc, bec, hep, and fcc phases of Ti@Ge¢
assembled 3D solids and computed the cohesive energy
as a function of cell volume as plotted in Fig. 3(a) and
Fig. S8. For each data point, the ionic positions of the clusters
at a fixed cell parameter were fully relaxed. These results
show that fcc is the most stable phase for the assembled 3D
solids of Ti@Ge¢ with the largest cohesive energy of 1.76
eV per cage (compared to 1.50 eV per cage for C¢p solid) and
equilibrium lattice parameter of 12.10 A. The energy-volume
(E-V) curve fitted from the Birch-Murnaghan equation of state
yields a rather low bulk modulus of 4.96 GPa, which is less
than half the value for Cg solid. The equilibrium structure
of fcc Ti@Ge ¢ superatom crystal is shown in Fig. 3(b). The
separation between the superatoms is 3.04 A, suggesting that
there is no covalent bonding between the neighboring super-
atoms in the crystal. Moreover, upon assembling, the atom
rearrangements within each cluster are negligible compared
to the isolated cluster geometry: the average Ti—Ge (Ge—Ge)
bond lengths remain almost intact with the value of 2.98 A
(2.77 A) compared with the value of 2.99 A (275 A) in free
Ti@Ge ¢ cluster.

For the 2D assemblies of Ti@Ge ¢ superatoms, we consid-
ered two possible phases with hexagonal and square lattices.
As shown in Fig. 3(c) and Fig. 3(d), the cohesive energy in
the 2D hexagonal lattice is higher with the value of 0.85 eV
per cage and an equilibrium lattice parameter of 8.60 A. The
separation between clusters is 3.22 A, slightly larger than
the 3D case. The average Ti—Ge (Ge—Ge) bond length is
2.98 A (2.74 A) in this 2D assembly, very close to that of the
free Ti@Ge)4 cluster. For the 2D square lattice, the cohesive
energy is 0.65 eV per cage, the equilibrium lattice parameter
is 8.50 A, and intercluster separation is 3.35 A. Despite its
metastable nature, the assembly with a square lattice offers a
playground for intercalating metal atoms between the clusters,
as we shall discuss in the following subsection.

For both 3D and 2D assemblies, we further fully opti-
mized their crystal structures for both ionic and cell degrees
of freedom, by starting from the equilibrium 3D fcc and 2D
hexagonal lattices in Figs. 3(b) and 3(d), respectively. These
two superatom crystals almost keep their fcc or hexagonal
geometries, with the lattice constant changed by only 3 and
1%, respectively. The variations in bond lengths, cohesive
energies, and band gap upon relaxation of cell parameters
are listed in Table II, all of which are minor changes (less
than 0.02 A, 0.1 eV, and 0.11 eV, respectively). The geome-
tries and electronic band structures are displayed in Fig. S9
for reference. The elastic constants were computed for these
fully optimized 3D and 2D crystals of Ti@Ge ¢ (Table S2).
The nonzero elastic constants satisfy the Born stability crite-
ria [74],manifesting the mechanical stability of these cluster
assemblies.
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FIG. 3. (a) Cohesive energy vs volume (E-V) curve for 3D Ti@Gec superatom crystal from single-point energy calculations.
(b) Equilibrium structure of fcc crystal of Ti@Ge¢ with lattice constant of 12.10 A. (c) Cohesive energy vs area (E-A) curve for 2D Ti@Ge¢
superatom assembly from single-point energy calculations. (d) Equilibrium structure of 2D hexagonal lattice of Ti@Ge, with lattice constant
of 8.60 A. The insets in (a) and (c) show the E-V (E-A) curves from cluster assemblies by full ions optimization. The data points are fitted to
Birch-Murnaghan equation of state (dark gray lines). The black boxes in (b) and (d) indicate the unit cell of cluster assemblies.

The thermal stabilities of the cluster assemblies were
evaluated by AIMD simulations. For the 3D fcc crystal of
Ti@Ge ¢, the assembled structure is well maintained at 77
K for simulation time up to 5 ps (see Fig. S10). The clus-
ters keep their identities with the intercluster distance above
2.95 A. From 8 to 20 ps, some Ge atoms dissolve from
the clusters; nevertheless, most clusters preserve their cage
structures without agglomeration. The 2D hexagonal lattice of
Ti@Ge,¢ exhibits outstanding stability even at 300 K, without
noticeable deformation during a simulation time of 20 ps (see
Fig. S11). The clusters in the 2D assembly are well separated
by 3.12 A.

The phonon dispersions of the superatom lattices were
also calculated to examine their dynamic stability. As
shown in Fig. S12, an imaginary band occurs at small
frequency of about —8cm~! for both 2D and 3D clus-
ter assemblies. Such small negative phonon frequency may
be ascribed to the insufficient optimization of relative ori-
entations of cage clusters in their assembled solids, as
we considered only the unit cell for constructing the
3D fcc and 2D hexagonal lattices of Ti@Ge;s. Deposi-
tion on proper substrates may help stabilize the cluster-
assembled nanostructures and remove the imaginary phonon
bands.

TABLE II. Geometric, energetic, and electronic properties of 3D fcc and 2D hexagonal lattices of Ti@Ge¢, including lattice constants
(a, b, ¢), lattice angles (6, 63, 6, ), average Ti—Ge bond length (Ryi_g.) and Ge—Ge bond length (Rge_gc), cohesive energy (Econ), and band
gap (E,). These crystal structures are optimized by either fixing (3D-fcc, 2D-hexa.) or relaxing the cell parameters (3D, 2D). The notation of

[razt)

i” and “d” for E, represent indirect and direct band gap, respectively.

a b c O 0 0, Rri_ge RGe—ge Econ E,
System &) ©) A) (eV)
3D-fcc 12.10 12.10 12.10 90 90 90 2.99 2.75 1.76 0.29 (d)
3D 11.63 11.64 12.43 89.9 89.9 90.6 2.98 2.77 1.86 0.18 (d)
2D-hexa. 8.60 8.60 120 2.98 2.75 0.85 1.00 (i)
2D 8.50 8.74 120 2.98 2.74 0.85 0.90 (i)
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FIG. 4. (a) Geometric structure and (b) electronic band structure of 2D Ti@Ge,, lattice on ~2-BN monolayer. (c) Geometric structure and
(d) electronic band structure of 2D Ti@Ge lattice on WSe, monolayer. The electronic bands from Ti and Ge atoms, and substrate are shown
in red, blue, and gray colors, respectively. The black number and red arrow indicate band gap. The Fermi level (dashed line) is set to zero.

Stimulated by the experimental progress in fabrication of
2D arrays of precisely selected clusters on appropriate sub-
strates [12,13,75-80], we placed the 2D hexagonal Ti@Geq
assembly on selected 2D vdW materials, including A-BN
[81,82], and Mo as well as W dichalcogenides monolayer
[83,84]. These substrates have excellent stability, large band
gap, and small lattice mismatch with the 2D hexagonal
Ti@Ge lattice (about 1%). As presented in Fig. 4 and Table
S3, the 2D superatom lattice does not change by the substrate
interaction, and its band gap remains intact.

The evolution behavior of the electronic structure from
cluster monomer to 2D hexagonal and 3D fcc assemblies is
revealed in Fig. 5. For an empty Ge ¢ cage with Ty symmetry,
the irreducible representation of its HOMO is t,, meaning that
this energy level is triply degenerate [see Fig. 5(a)] and is able
to host up to six electrons. However, Ge¢ can afford only two
electrons to occupy the HOMO. After endohedral doping, the
central Ti atom provides the remaining four valence electrons
to fully fill the triply degenerate #, orbitals of Ge¢ cage, ren-

dering the doped cluster to satisfy a 68-electron closed shell
within the picture of the spherical jellium model [85]. Fur-
ther analyses reveal that the 3d orbitals of Ti atom hybridize
mainly with the 4p orbitals of Ge atoms to form the HOMO
and LUMO levels of Ti@Ge 4 cluster or the conduction-band
minimum and valence-band maximum of the 3D and 2D as-
semblies (see Fig. S13 for details). With increasing number
of neighboring clusters, the HOMO-LUMO gap of Ti@Geq
gradually reduces from 1.76 eV for a monomer to 1.41 eV for
a dimer, then to an indirect band gap of 1.00 eV (0.97 eV)
for the 2D hexagonal (square) lattice, and finally to a direct
band gap of 0.29 eV for 3D fcc solid, signifying the increasing
impact of cluster-cluster interaction on the electronic structure
of the assembled solids.

C. Intercalation of 2D superatom assemblies

Intercalation in 2D assemblies of superatoms provides
another opportunity to design nanostructures with peculiar
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FIG. 5. (a) Correlation between the orbital levels of Ti and Ge;¢ fragments in Ti@Ge . The irreducible representation for orbitals is given
next to their energy levels. The vacuum level is set to zero. (b) Electronic band structures of 2D hexagonal and (c) 3D fcc lattices of Ti@Gej,.
The contributions from Ti and Ge are shown in red and blue colors, respectively. The black number and red arrow indicate band gap. The

Fermi level (dashed line) is set to zero.

electronic properties in a way similar to the fullerides. For
2D materials, there have been some efforts to dope transition-
metal atoms in graphene [86], #-BN [87], phosphorene [88],
and borophene [89] monolayers, leading to the possibility to

()

Can from a 2D lattice
Strong distortion of cluster

Broken bonds on cluster surface

Tzl S[) ij v Cr L Mg [ F2

. Non-Magnetic 5

induce local spin moments, enhance superconductivity, and
trigger novel electronic phases such as magnetic semicon-
ductors and half metals [90]. Inspired by such 2D materials,
one can utilize 2D crystal of Ti@Ge¢ clusters with a square

Magnetic
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FIG. 6. (a) Structural and electronic information of edge-intercalated 2D assembly of Ti@Ge¢ using different elements from the periodic
table. Radioactive elements Tc and Po are not considered in this work. (b) Geometric structure, (c) differential charge density, and (d) electronic
band structure of 2D lattice of Cu,[Ti@Ge¢]. Cu atoms are shown in blue. The differential charge density is relative to the 2D Ti@Ge,¢
lattice and intercalated Cu atoms. The yellow and cyan colors represent electron accumulation and depletion regions with isosurface value of
0.001 a.u., respectively. The electronic bands from Ti, Ge, and Cu atoms are shown in red, blue, and yellow colors, respectively. The Fermi

level (dashed line) is set to zero.
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FIG. 7. (a) Geometric structure, (b) spin density, and (c) electronic band structure (left panel) and density of states (right panel) of 2D
lattice of Cs,[Ti@Ge¢]. Spin density in red stands for spin up and blue is for spin down. (d) Geometric structure, (e) differential charge density
(isosurface value of 0.001 a.u.), and (f) electronic band structure (left panel) and density of states (right panel) of 2D lattice of Cs;[Ni@Pby,].

The Fermi level (dashed line) is set to zero.

lattice as a template to further construct intercalated com-
pounds with an X atom at each edge center of the superatomic
lattice. In this work, we have explored all possible dopant
elements (X ranging from H to Rn) and fully optimized the
resulting X,[Ti@Ge ] 2D structures. Upon relaxation, it is
found that three intercalated systems remain stable, includ-
ing 2D compounds of Cuy[Ti@Ge 4], Ag,[Ti@Ge4], and
CSQ[Ti@Gem].

As shown in Figs. 6(b) and 6(c), Cu,[Ti@Ge¢] and
Ag,[Ti@Ge¢] lattices have square shape with doped Cu/Ag
atoms located at the edge centers. The cohesive energies
are 8.08 and 5.32 eV for Cu,[Ti@Ge;c] and Ag,[Ti@Ge¢]
lattices, respectively, significantly higher than that of 2D
squared lattice of Ti@Geg (0.65 eV). The remarkably en-
hanced stability is attributed to the six Cu—Ge or Ag—Ge bonds
formed between metal dopant and two neighboring clusters.
As Ti@Ge g has a 68-electron closed electronic shell, the
intercalated Cu and Ag atoms serve as donor impurities in its
2D assembly. The electronic band structures in Fig. 6(d) and
Figs. S14 and S15 show that the donated electrons from inter-
calated metal atoms fill some conduction bands of the original
2D Ti@Ge 4 crystal, converting it to n-type semiconductor
with gap of 0.17 and 0.72 eV below the Fermi level for the Cu
and Ag intercalated systems, respectively.

The 2D lattice of Cs;[Ti@Ges] becomes a hexagonal
shape upon structure optimization, as depicted in Fig. 7.
The cohesive energy is 3.96 eV. Compared with Cu and Ag
atoms, Cs atom has the lowest electronegativity such that
each Ti@Ge ¢ cluster gains 1.6 electrons from two Cs atoms
according to Bader charge analysis (0.7 and 0.9 electrons on
the Gej¢ cage and endohedral Ti atom, respectively). The

charge transfer from the intercalated Cs atoms induces a
magnetic moment of 1.6 ug on Ti@Geq cluster (0.7 up
carried by the cage and 0.9 ug by Ti atom). Intriguingly,
the magnetic moments on neighboring Ti@Ge)4 clusters are
coupled antiferromagnetically. Moreover, the large radius of
Cs atoms leads to weak cage-cage interaction, as indicated
by the intercage distance over 7 A (see Table III), which
prevents the overlap of wave functions between clusters.
As a result, the 2D Cs;[Ti@Ge¢] assembly exhibits strong
localization behavior with nearly flat bands and has a re-
duced band gap of 0.22 eV due to the filling of LUMO
of Ti@Ge g by the transferred electrons from Cs atoms
(Fig. 7). Therefore, the 2D superatom lattice of Cs,[Ti@Ge 4]
can be regarded as a typical antiferromagnetic Mott
insulator [91].

Based on these exciting results, we also explored the possi-
bilities of metal-intercalated 2D assemblies using the clusters
with strong dimeric interaction. Specifically, we considered
two superatoms Ni@Pb;y Ni@Pb;y, and W @Si,, with dimer-
ization energies of 1.22 and 1.66 eV, respectively. They form
covalent bonds in the dimers and their cage structures en-
counter severe distortion when assembled into 2D lattices.
Encouragingly, the 2D assemblies of these two clusters can
be stabilized by intercalating proper metal atoms at the edge
center. Considering Cs intercalation as a representative, we
calculated the geometries and electronic band structures of
2D Cs,[W@Siy,] and Csy[Nb@Pb,y] assemblies. Similar to
Cs,[Ti@Geg], the W@Si, cluster with 18-electron closed
shell gains 1.6 electrons from the intercalated Cs atoms and
forms a hexagonal 2D lattice. These transferred electrons are
localized on clusters and induce magnetic moments of 1.2 up
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TABLE III. Geometric and electronic properties of metal-intercalated 2D lattices of superatom clusters, including lattice constants (a, b),
lattice angle (6, ), average bond length between endohedral metal M and surface atoms of cluster S (Ry_s), average bond length between
surface atoms (Rs_g) shortest distance between intercalated atom X and cluster (Dy_g), Bader charge on doped metal atom (Q), cohesive
energy per cage (Econ), band gap (E,), and magnetic state (Mag.). Negative charge means electron transfer from cluster to the endohedral metal
atom. The notation of *“%,” “d,” “n,” for E, represent indirect, direct, and n-type semiconductor, respectively.

a ) b 0, Ryvi_s Rso_s Dx_s 0 Econ E,
System (A) © (A) (le) (eV) Mag.
Cu,[Ti@Ge ] 8.66 8.66 90 2.87 2.77 2.45 —0.05 8.08 0.00 (n)
Ag,[Ti@Gec] 9.11 9.11 90 2.88 2.77 2.63 —0.08 5.32 0.00 (n)
Cs, [Ti@Geg] 11.81 11.76 116 2.97 2.76 3.73 0.80 3.96 0.22 (d) AFM
Cs[W@Si,] 11.21 11.18 109 2.66 2.40 3.80 0.85 5.05 0.29 (d) AFM
Cs,[Ni@Pby] 10.68 10.68 90 2.88 3.27 4.02 0.75 4.69 0.98 (1)

that are antiferromagnetically aligned between the neighbor-
ing clusters. As a result, 2D Cs,[W @Si;,] assembly is also an
antiferromagnetic Mott insulator with a band gap of 0.29 eV
(Figs. S16 and S17).

On the other hand, the Ni@Pb,( cluster is a 10-vertex
closed deltahedron with 20 valence electrons according to the
Wade-Mingos rules. It needs two more electrons for skeletal
bonding of molecular orbitals to satisfy the 2n 42 (n = 10)
frameworks with closed geometric shell, just as the synthetic
[Ni@Pb,(]*>~ in Zintl compounds with remarkable stability
[92]. Each intercalated Cs atom donates about one electron
to the Ni@Pb( cluster, which helps close its electronic shell.
Consequently, the Cs;[Nb@Pb (] assembly forms a stable 2D
square lattice, opening up an indirect band gap of 0.98 eV that
is even larger than the HOMO-LUMO gap of 0.85 eV for the
Ni@Pb;y monomer [Fig. 7(f), Table I].

To sum up, intercalation of metal atoms offer a flexible
strategy to achieve stable 2D superatom lattices with des-
ignable physical properties. Not only the cage clusters having
weak vdW interaction, but also those forming strong covalent
bonds in the dimers can be stabilized in 2D lattices by interca-
lating proper metal atoms at the edge center. In addition, the
charge transfer from intercalated metal atoms allows adjusting
the electronic configuration of clusters, thus opening more op-
portunities to develop cluster assemblies nanostructures with
diverse electronic band structures and exotic quantum states.

IV. CONCLUSION

In summary, we have proposed the criteria for designing
weakly interacting clusters as Lego blocks for assembling
materials by examining the properties and dimeric interaction
of 34 superatom cage clusters. Remarkably, the desired su-
peratoms to be used as building blocks of materials should

satisfy not only the requirement of doubly closed shell of
atomic and electronic structures, but also have a nearly uni-
form charge distribution and high coordination number of the
surface atoms, as well as the HOMO orbital and electron
distribution of the whole cluster should mainly be localized
within the cage. The Ti@Ge ¢ cluster is screened as a can-
didate building block, and its 3D and 2D assemblies favor
the fcc crystal and hexagonal packing, respectively. All the
superatom-assembled crystals are semiconductors with the
band gap decreasing as the material dimensionality increases.
Remarkably, intercalation of metal atoms (e.g. Cu, Ag, Cs)
provides a flexible scheme to obtain stable 2D superatom
lattices for not only the clusters with weak vdW interaction
but also those forming strong covalent bonds in the dimers.
Selecting proper metal elements allows precise modulation
of the electronic configuration of the cluster, endowing 2D
cluster assemblies with rich physical properties from intrinsic
or doped semiconductor to antiferromagnetic Mott insulator.
These theoretical results provides vital guidance for selecting
suitable 0D building blocks towards experimental synthesis
of self-assembled crystals of superatoms, shining light on de-
signing 2D and 3D arrays of superatoms with exotic quantum
states.
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