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As the first all-boron fullerene observed in experiments, cage-like borospherene B,o has attracted
considerable attention in recent years. However, B4o has been proved to be chemically reactive and
tends to coalesce with one another via the formation of covalent bonds. We explore herein the
possibility of low-dimensional functional networks of B4y with effective transition-metal intercalations.
We find that the four equivalent B; heptagons on the waist of each B4g can serve as effective ligands to
coordinate various transition metal centers in exohedral motifs. The intercalated metal atoms entail
these networks with a variety of intriguing properties. The two-dimensional (2D) Cr,B4o network is a
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ferromagnetic metal while the 2D Zn,B4o network becomes semiconducting. In contrast, other 2D
M2B4o (M = Sc, Ti, V, Mn, Fe, Co, Ni and Cu) networks and 1D CrB,4o belong to nonmagnetic metals. The
3D Cr3zBy4o network is a magnetic metal. This work presents the viable possibility of assembling M,&B4g
metalloborospherenes into stable functional nanomaterials via effective transition-metal intercalations
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1. Introduction

Fullerenes are a set of cage-like carbon molecules that have
particular properties and important applications in various
areas." The discovery of fullerenes stimulates great interest in
other zero-dimensional cage-like nanoclusters, especially homo-
elemental cage structures. Over the past three decades, great
effort has been devoted to finding the next element capable of
constructing hollow cages. As a light neighbour of carbon in the
periodic table, boron is among the most promising choices.
However, different from carbon, boron tends to form multi-
center two-electron bonds in both bulk allotropes and polyhedral
molecules to compensate for its electron deficiency. The first
perfect cage-like I, Bso® as an electron equivalent of I, Cgo Was
proposed in 2007. Although further theoretical work showed that
Bg, favours core-shell structures in thermodynamics,>* the unique
configuration of Bg, has attracted considerable attention for
all-boron fullerenes. In a joint experimental and theoretical
investigation reported in 2014, Zhai and co-workers discovered
the first all-boron fullerenes D,y B, ~'°, called borospherenes,
which are composed of twelve interwoven boron double chains
with two B hexagons on the top and bottom and four B,
hexagons on the waist, with twelve delocalized © bonds around
the hexagonal and heptagonal rings over the cage surface.’
Although the D,q By,  monoanion appears to be slightly less
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with potential applications in electronic and spintronic devices.

stable than the quasi-planar Cq By~ global minimum with two
adjacent hexagonal rings, cage-like D,q By is the well-defined
global minimum of the neutral. The first axially chiral boro-
spherenes C;/C, Bsg were observed in experiments shortly
after and a series of borospherenes (Bsg, Bso', Bao', Bas, Bao
Bus, Bas ™, Buh, Ban®', Byg, B3, , and Bsg~) were theoretically
predicted later.®™°

The diameter (6.2 A) of By, is slightly smaller than that
(7.1 A) of Cg, which enables B, to accommodate a series of metal
atoms or small molecules comfortably inside. Meanwhile, the
heptagonal and hexagonal rings on the cage surface of By, make it
possible to coordinate metal atoms in an exohedral manner.
Theoretical calculations have indicated that By, fullerenes can
be decorated with different types of metal atoms, including alka-
line earth metals, alkaline metals, transition metals, lanthanide
metals, and actinide metals."”>* Bai et al. reported the first perfect
endohedral M@B,, (M = Ca and Sr) with a metal atom at the
center and exohedral M&B,, (M = Be and Mg) with a metal center
face-capping a heptagon on the waist to form metalloborospherenes,
at the density functional theory (DFT) level."” Fa et al. found that the
Na and Ba atoms prefer staying inside the B,, cage, while the Li, K,
and Ti atoms favour exohedral configurations.'® Li et al predicted
the existence of stable exohedral metalloborospherenes Ni,&B,o
(n = 1-4) with effective Ni-B,, coordination and their two-
dimensional precursor Ni,eB;,, presenting the possibility
of metalloborospherenes with heptacoordinate Ni centers.”?
Theoretical studies of Jin et al. showed that it is possible to
experimentally achieve endohedral M@B,, (M = Sc, Y, and La)."®
In another recent theoretical study, a unique actinide-encapsulated
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U@By, cage structure was predicted.”® The high stabilities of
exohedral metalloborospherenes inspire us to consider whether
such metalloborospherenes can be used as essential building
blocks to form 1D, 2D and 3D crystalline materials to realize the
assembly of B,, which has been proved to have a reactive
surface.”® Some theoretical investigations have predicted that
the boron-cluster unit can be used to design stable low-
dimensional boron systems.”*>® Wang et al. predicted cluster-
assembled materials of B,, which are thermodynamically stable
with semiconducting features.>* However, to the best of our
knowledge, there have been no theoretical or experimental investi-
gations reported to date on metalloborospherene-assembled nano-
materials. We anticipate that transition-metal intercalations can
help stabilize boron networks and modulate the structural and
electronic properties of the B,-assembled materials. Transition-
metal intercalation has been theoretically proved to be an effective
way to modulate the electronic and magnetic properties of
bilayer borophenes.***' Theoretical studies of Zhang et al.
showed that the structure of 2D boron sensitively depends on
the metal substrate.**7*

Here, we present a systematic computational investigation
of the B,(,CrB,, sandwich cluster; 1D, 2D and 3D Cr,,B,, networks
(n=1-3); and 2D M,B,, (M = Sc, Ti, V, Mn, Fe, Co, Ni, Cu and Zn)
at the density functional theory level, aiming to design novel
nanomaterials assembled from exohedral metalloborospherenes
with novel properties and potential applications. Our results show
that 1D CrB, and 2D Cr,B,, networks are thermodynamically stable
which maintain the structural integrity of the B,, cages during
molecular dynamic simulations. We found that the 2D Cr,By
network is a ferromagnetic conductor, 2D M,By, (M = Sc, Ti, V,
Mn, Fe, Co, Ni and Cu) networks are nonmagnetic metals, and 2D
Zn,B,, is an indirect-gap semiconductor. This work presents a
possible route to synthesize cluster-assembled boron nanomaterials
using exohedral metalloborospherenes as building blocks.

2. Computational methods

Density functional theory calculations were carried out by using
the Vienna Ab initio Simulation Package (VASP) code.***” The
projector augmented wave (PAW) method®®*® for potentials at
the core region and spin-polarized DFT based on the generalized
gradient approximation (GGA) of PBE functional were adopted.*’
A kinetic energy cut-off of 400 eV was used for the plane-wave
expansion. The k-point grids in the first Brillouin zone of 1D, 2D
and 3D MB,, networks were 1 X 8 X 1,8 X 8 x 1 and 8 X 8 X 4,
respectively. All atomic positions were fully relaxed using the
conjugate gradient method until the force on each atom was less
than 0.01 eV A~'. Vacuum layers of 15 A between two By,
monoplanes or between two B,, chains were used to prevent
mirror interactions. The B,,CrB,, cluster was fully optimized with
frequencies checked at PBEO levels*' with the 6-31G* basis set
using the Gaussian 09 program.*? Zero-point corrections were
considered in cluster energy calculations. Molecular dynamics
(MD) simulations were performed for 1D and 2D Cr,,B,, hetworks
for 10 ps at room temperature with the mixed Gaussian and
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Plane-Waves (GPW) method, as implemented within the CP2K code.
Goedecker-Teter-Hutter pseudopotentials and the DZVP MOLOPT
basis set were adopted.*”® The binding energy (E;,) per coordination
site of the M,,B,, networks was calculated using the expression:

Ey, = (EBM) + nErm — Erotal)/ 6))

where E.,, represents the total energy of M,,B,, networks and n
is the number of transition-metal atoms in a M,,B4, unit cell.
Eg,, and Eqy are the energies of a single By, cage and a single
transition-metal atom in vacuum, respectively.

The coordination energy (E.) per coordination site of the
M,,B,, networks or the B,,CrB,, cluster between the transition-
metal center and its By, ligands was calculated using the
expression:

E. = (EBM’ + nEpy — Etotal)/n (2)

where E,) represents the total energy of the M,,B,, networks or
a B,,CrBy, cluster and » is the number of transition atoms in a
M,;Byo unit cell or a B4oCrBy, cluster. Eg,  and Epny are the
corresponding energies of the B,, frameworks or a (B,), dimer
and the single transition-metal atom in vacuum, respectively.

The charge density difference of the M,B,, networks was
calculated using the expression:

Ap = protal — PB,, — P™ 3)

where pia represents the charge density of M, B, networks
and pg  and pry are the charge densities of the isolated By,
cages and the isolated transition-metal atoms at the same
positions in M,,B,, networks, respectively.

Chemical bonding analyses of the one-dimensional CrBy,
network were performed using the solid-state adaptive natural
density partitioning (SSAANDP) method,** which is an extension
of the AUNDP method."”® Both methods (AJNDP and SSAANDP)
were derived from the natural bonding orbital (NBO) method
developed for molecules and periodic systems.*®*” The same
parameters were used for periodic NBO and SSAANDP analyses
as in VASP calculations. The Visualization for Electronic and
Structural Analysis software (VESTA, series 3)*® was used for
visualization of the SSAANDP results.

3. Results and discussion
3.1 Geometries and stabilities of the B,,CrB,, cluster

The By, cage consists of two Bs hexagonal rings at the top and
bottom, four B, heptagonal rings evenly distributed on the
waist, and forty-eight B; triangles on twelve interwoven boron
double chains (Fig. 1). Its twelve radial & orbitals around the six
B, heptagonal or B¢ hexagonal rings are similar to the n orbitals of
benzene. By mimicking dibenzenechromium D, CeHeCrCeHs,* a
prototypical transition-metal complex with a Cr center sandwiched
between two CgHg ligands, we built a set of B,,CrB,, structures
with C,y, or C,, symmetry, in which the heptagons or hexagons of
each By, cage served as ligands to coordinate with the Cr centers.
After full structural optimizations, the most stable geometry of the
B4oCrB,o cluster was observed shown in Fig. 1. The B,;,CrByo
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Fig. 1 Optimized geometric structure of the Cp, B4oCrBy4o cluster (a) top

view with B—B bond lengths between the two Byg ligands indicated and (b) the
side view. Pink and blue spheres stand for the B and Cr atoms, respectively.

cluster was found to be a true minimum with no imaginary
frequencies. It has C,, symmetry, where the heptagon of one
cluster stacks parallel onto that of the other in an eclipsed motif,
with the Cr atom located in the middle between the two By,
ligands. All possible spin multiplicities have been considered
during relaxation of the B,,CrB,, clusters. The most stable one
is found to have a spin of S = 5. It is noticed that the two B, cages
do not exhibit significant distortions in the optimized B,,CrBy,.
The B-B distances of 7z 5 = 1.76 A between the two By, cages
indicate that o-covalent interactions are formed between the
neighboring By, ligands, while the Cr-B distances of rg.p =
2.19-2.39 A indicate the formation of effective coordination inter-
actions between Cr and By, ligands. The calculated coordination
energy of Cy, B,4,CrB,g in eqn (2) was E. = 8.29 eV, indicating that
effective coordination interactions were formed between the Cr
center and the two By, ligands. Wang et al. predicted thata 7; L 7,
(B4o)> dimer possesses lower energy than other isomers, namely,
the 7; heptagon of one By, stacks onto the vertical 7, heptagon of
the other (the four heptagons around the waist in the B4, cage are
denoted as 7, 7,, 75 and 7,).”° Based on this configuration, we
constructed and optimized the Cr intercalated 7; L 7; B4oCrByo
double-deck complex and compared the stabilities of the 7; 17,
B, dimer intercalated by the Cr atom (see Fig. S1, ESIt) and the
Coy ByoCrBy, cluster. Our results show that the eclipsed C,,
B,,CrB,, cluster is more stable than the 7; L7, B,,CrB,, dimer
by about 0.31 eV lower in energy, showing that our eclipsed
B4oCrBy is favored in thermodynamics. We further studied the
Cr-encapsulated B,(CrBy, cluster (see Fig. S2, ESIT) and found that
this cluster is energetically less stable by 2.87 eV than the eclipsed
C,y B4oCrBy, cluster.

The calculated natural atomic charge of the Cr center is gcr =
+1.27 |e| in B4oCrBy,, well in line with the electronic configurations
of Cr [Ar]4s®?83d***, Each Cr center thus donates approximately two
4s electrons to the boron framework and, in return, accepts about
one electron via back-donations from the B, cage to the partially
filled 3d orbitals of Cr. The Cr center possesses a total Wiberg bond
order of WBI, = 3.65, with an average Cr-B coordination bond
order of WBI¢,p = 0.19. These results indicate again that effective
covalent coordination interactions are formed in B,yCrB,.

3.2 Geometries and stabilities of 1D, 2D and 3D Cr,,B,,
(n = 1-3) networks and M,B,, networks

We constructed 1D CrB,,, 2D Cr,B,, and 3D Cr;B4, networks
based on the optimized C,, B4oCrB,, (see Fig. 1). The fully
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Fig. 2 Most stable configurations of (a) the 1D CrB4q network. Up: the top
view and down: the front view; (b) the 2D Cr,B40 network. Left is the top
view and right is the front view; (c) the 3D CrsB4o network. Left is the
top view and right is the front view.

relaxed configurations of 1D Pmm2 CrB,g, 2D PAm2 Cr,B,,, and
3D P4,/mmc Cr3B,, networks are shown in Fig. 2. The one-
dimensional Cr By, network in the x direction is composed of
alternate Cr atoms and By, units in eclipsed motifs, with a
structural feature similar to that of the PdCs, network.’® We
also checked the energy of other 1D Cr B4, networks with
different conformations (see Fig. S3, ESIt), and the eclipsed
conformation discussed above appears to have the lowest
energy. 2D P4m2 Cr,B,, (in xand y directions) and 3D P4,/mmc
Cr;By (in x, y, and z directions) networks are designed
based on the extensions of the Pmm2 1D CrB,4, network in 2D
and 3D directions, respectively. In particular, along the z axis of
3D P4,/mmc Cr;B,, networks, the hexagons of one By, prefer to
stack parallel onto those of the other. The By, molecules are
covalently bonded with one another in these networks, with Cr
centers exohedrally coordinated between two neighboring B,,
cages. The distances between the neighboring B,, cages lie in
the range between 1.60 and 1.76 A, similar to that of the
intericosahedral links in p-rhombohedral boron (1.65-1.75 A).**
It is noticed that the Cr atoms favor exohedral locations in the
middle between the two adjacent B,, cages. The lattice para-
meters of 1D, 2D, and 3D Cr,B,, networks are 7.63 A, 7.66 A/
7.66 A, and 7.46 A/7.46 A/14.74 A, in the a, a/b and a/b/c
directions, respectively. Their dynamic stabilities are confirmed
by performing extensive molecular dynamics (MD) simulations.
We carried out MD simulations on 1D Pmm2 and 2D Pim2
Cr,Byo networks at room temperature (7 = 300 K) with a time
step of 1 fs. After 10000 steps, their geometries were well
maintained, suggesting that 1D Pmm2 and 2D Pim2 Cr,By,
networks are thermodynamically stable. To describe the bind-
ing strength between Cr atoms and By, cages in 1D CrBy, 2D
Cr,B, and 3D Cr3B,, networks, we calculate their binding
energies per coordination site using eqn (1) which turn out to
be Ej, = 8.62 eV, 9.39 eV and 8.55 eV, respectively. Interestingly,
the 2D Cr,B,4o network possesses the highest binding energies
in the series. Extension in the z direction perpendicular to the
Bs hexagonal rings of the By, units appears to be less favourable
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in binding energy relative to extensions in 1D (x) or 2D (x and y)
directions perpendicular to B; heptagons. The calculated coor-
dination energies per coordination site of 1D CrB,g, 2D Cr,B,0,
and 3D Cr3B,, networks using eqn (2) are E. = 7.62 eV, 7.25 eV
and 7.15 eV, respectively, indicating that, relative to the corres-
ponding binding energies (E},) discussed above, transition-metal-
B, coordination intercalations play the major role (77-85%) in
stabilizing the Cr,B,, networks, with B-B o-interactions
between the adjacent B4, cages contributing less than 25% in
the Cr,B,, series (n = 1-3). 1D Pmm2, 2D P4m2 and 3D P4,/mmc
Cr,B4o networks all appear to be metallic in nature.

Other 3d transition metal atoms (Sc, Ti, V, Mn, Fe, Co, Ni, Cu
and Zn) turn out to form similar intercalated 2D M,B,, networks.
Table 1 shows the binding energies (E,) and the corresponding
coordination energies (E.) per coordination site between B4, and
3d transition metals, the total magnetic moments (MM) per unit
cell and the charge loss (e) of 3d transition metals from Bader
charge analyses of the M,B,, networks. The calculated binding
energies of 2D M,B,, networks were in the order of V,B,, >
Ti;Byy > ScyByy > Fe,Byy > C0,By > CryByy > Mn,Byy >
Ni,B,y > Cu,B,, > Zn,B,, and the calculated coordination
energies of 2D M,B,, networks exhibited the same variation
trend, with Cu,Bs, and Zn,By, having completely filled 3d"°
orbitals and possessing the lowest E}, and E. values (see Table 1
and Fig. 3). V and Ti atoms among the 3d transition metals are
the best choices to use to assemble B,, cages with the highest
binding energies and coordination energies. The high stabilities
of M,Byy (M = Sc, Ti, V, Cr, Mn, Fe, Co and Ni) networks are
related to the p-d back-donations, where a certain amount of
electrons in By, was reversely transferred to the empty d levels of
3d transition metals."”

To explore the binding properties, the charge density differences
of M,B,, networks were calculated. The charge distributions of the
M,B,, networks appear to be similar to those of 2D Cr,B,, as shown
in Fig. 4a. It is shown that the electrons of Cr atoms were transferred
to By, cages and noticeable charge accumulations between the By,
ligands and Cr centers were observed, indicating the covalent
coordination bonding nature of Cr-B,, interactions. Similar to the
situation in Cr@BHBs,”" charges are depleted from the Cr atom and
accumulated around the Cr-B coordination bonds. Such bonding
character can also be recognized from the partial density of states

Table1l Calculated binding energies per coordination site (E,), coordination
energies per coordination site (E.), total magnetic moments (MM) per unit
cell, and charge loss (g) of 3d transition metals from Bader charge analyses of
2D M,B40 networks

2D M,By Ey (eV) E. (eV) MM (ug) q(e)
Sc,Bao 10.28 8.14 0 2.66
Ti,Byo 12.21 10.07 0 2.65
V,Buo 12.34 10.20 0 2.32
Cr,By0 9.39 7.25 2.03 1.86
Mn,B,, 9.03 6.89 0 1.32
Fe,Byg 9.80 7.66 0 0.95
Co,B4 9.79 7.65 0 0.70
Ni,By, 8.85 6.71 0 0.71
Cu,B,o 6.33 4.19 0 1.00
Zn,B,0 3.51 1.37 0 1.81

22614 | Phys. Chem. Chem. Phys., 2019, 21, 22611-22617

View Article Online

el
12k E/D"D 13
—V
i AN O—0O
=8 12 €
2 v \ v
= \ O
N
* [-0-Ebind(eV) Y ARTRE
-7-4(e) N—V/ .

Sc Ti V Cr Mn Fe Co Ni Cu Zn

Fig. 3 Binding energies per coordination site of 2D M,B4g networks (blue)
and the electrons transferred from 3d transition metals to B4g networks
(red).

(PDOS) plots (see Fig. 8b), wherein a remarkable hybridization of
B-p and Cr-d near the Fermi level is formed. Quantitatively, based
on Bader charge analysis, there was a 0.70-2.66 |e| charge transfer
from 3d transition metals to B, cages (see Table 1). The electron
transfers in Cu,B,, and Zn,B,, are 1 |e| and 1.81 |e|, respectively, to
form completely filled 3d orbitals (3d"°) in Cu and Zn. Except for Cu
and Zn, the charges transferred to the B,, cages generally decrease
from Sc to Ni (see Fig. 3), and these metals exhibit similar behavior
in bilayer borophene intercalated by 3d transition metal atoms.*
Such a significant electron transfer supports the electron supple-
ment effects in stabilizing the electron-deficient B,, networks.

To clarify the chemical bonding of Cr,B,, networks, we took
1D CrBy, as an example to perform a solid-state adaptive
natural density (SSAANDP) analysis.** The results of SSAANDP
analyses show that 1D CrB,, possesses a ¢ + n double delocalization
bonding pattern on its B,, frameworks, which is well in line with the
bonding patterns of a cage-like By, unit.” The unique ¢ and ©
bonding interactions around the coordination site in 1D CrB,, are
displayed in Fig. 5. SSAANDP analysis recovered 3 2c-2e B-B
o-bonds with occupation numbers of ON = 1.73 |e| between the
adjacent By, cages in 1D CrByy, showing the covalent bonding
interaction between two neighboring B4, cages. More interestingly,
it revealed 2 6c-2e m bonds with ON = 1.99 |e|, 2 8c-2e n bonds with
ON =1.73 |e|, and 4 7c-2e © bonds with ON = 1.66-1.98 |e| between
the Cr center and its two By, ligands, showing the formation of
effective Cr-B,, coordination interactions via partial d-p n overlap.

Fig. 4 (a) Charge density difference and (b) spin density distribution for
the 2D Cr,B40 network. The isosurface levels for charge density difference
are 0.01 e Bohr~2 (yellow) and —0.01 e Bohr~> (blue) and the isosurface
levels for spin density are 0.008 e Bohr™ (yellow) and —0.008 e Bohr—*
(blue).
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two 6¢-2e m bonds
ON=1.99 [e]

two 8c-2e m bonds
ON=1.73 |¢|

three 2c-2e ¢ bonds
ON=1.73 |¢|

four 7c-2e 7 bonds
ON=1.66-1.98]e|

Fig. 5 SSAdANDP chemical bonding pattern of the 1D CrB4o network.

3.3 Electronic and Magnetic properties of M, B, networks

More interestingly and encouragingly, these 2D M,B,, (M = Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) networks exhibit intrinsi-
cally different electronic properties. 2D M,B, (Sc, Ti, V, Cr, Mn,
Fe, Co, Ni and Cu) networks are metals, while the 2D Zn,B,,
network is a semiconductor with an indirect band gap of 0.40 eV
(see Fig. 6). For the 2D Zn,B,, network, the density of states
near the Fermi level is mainly contributed by the 2p orbital of
B atoms (see Fig. S4, ESIT), while the density of states near the
Fermi level in the Cr,B,, network is composed of the 2p orbital
of B atoms and the 3d orbital of Cr atoms (see Fig. 8b). Mean-
while, during the relaxation of these structures, both spin-
unpolarized and spin-polarized computations were carried
out to determine the ground state for a series of M, B, net-
works. It is found that the 1D CrB,, network is a nonmagnetic
metal, while the 3D Cr;B,, network is a magnetic metal (see
Fig. 6). It is shown that the 2D Cr,B,, network has a ferromag-
netic state, as the spin-polarized total energy is lower than the
spin-unpolarized one. However, for the 2DM,,B,, network, the
systems decorated with other 3d transition metals have non-
magnetic ground states. We have found that the 2D Cr,By

(a) 2_——\ (b)2

Energy(eV)
Energy(eV)

\

_
o
<

Energy(eV)
o

—spinup 2N
—

Fig. 6 Calculated band structures for the (a)lD CrB4o network. (b) 2D
ZnyB4o network. (c) 3D CrsB,4o network. G = (0, 0, 0), F = (0, 0.5, 0), K =
(0.5, 05, 0), Z=1(0,0 05), M= (0, 05 05), and R = (0.5, 0.5, 0.5).
G presents the I' point.
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Fig. 7 Different magnetic configurations of the 2D Cry,B4o network with
their magnetic moments and relative energies indicated for (a) ferro-
magnetic, (b) antiferromagnetic, and (c) nonmagnetic configurations.
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Fig. 8 (a) Calculated band structure of the 2D Cr,B,4o network. (b) Projected
density of states (PDOS) for 2D Cr,Byo.

network has a ferromagnetic ground state and a total magnetic
moment of 2.03 up per unit cell. Here two Cr atoms per unit cell
carry magnetic moments of 2.03 ug, whereas the magnetic
moment of B atoms in the B,, cage is nearly zero. To gain
further insight and clarity on the origin of the magnetism, spin
density distribution on the 2D Cr,B,, network is plotted in
Fig. 4b. As shown in Fig. 4b, the induced magnetic moments
are mainly localized on Cr atoms, while the contribution of B
atoms was negligible. In order to investigate the preferred
coupling of these moments, ferromagnetic (FM) coupling,
antiferromagnetic (AF) coupling, and nonmagnetic (NM) states
were considered. Different magnetic configurations of the 2D
Cr,B4o network with their magnetic moments and relative
energies are shown in Fig. 7. Note that the favourable magnetic
configuration of AF coupling is displayed in Fig. 7b. We found
that the ground state is FM (Fig. 7a), which lies 0.025 and 0.284
eV lower in energy than the AF and NM states, respectively.
According to the energy difference between FM and AF states
and the mean field theory,>® the Curie temperature of the 2D
Cr,B,, network was estimated to be 73 K.

To explicitly explain the origin of magnetism in the Cr,B,,
network, the spin-polarized band structure and projected density of
states of the 2D Cr,B,, network are presented in Fig. 8. As shown in
Fig. 8a, both spin channels exhibit metallic features. Examination of
the states near the Fermi level shows that the magnetism of the
2D Cr,B, network is mainly contributed by the d-electrons of Cr
atoms (Fig. 8b).

4. Conclusions

We have constructed a number of stable boron networks in
different dimensionalities made of B,, molecules and transition
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metals using comprehensive first-principles calculations. We
have scanned a series of transition metals (Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu and Zn) and obtained a rich variety of electronic and
magnetic properties in M,B,o/networks that can be coded by
transition metals. In particular, the 2D Cr,B,, network has a
ferromagnetic ground state with a Curie temperature estimated
to be 73 K. The polarized electron spins are mainly concentrated
on Cr atoms in the 2D network. In contrast, 1D CrB,g, 3D Cr3Byy,
and the other 2D M,B,, (M = Sc, Ti, V, Mn, Fe, Co, Ni and Cu)
networks exhibited metallic properties. An exception is seen for
the Zn,B,, network, which is a semiconductor with an indirect
band gap of 0.4 eV. We reveal that the charge transfer and
coordination interactions between transition metals and By,
cages play a critical role in determining the electronic properties
of the metalloborospherene networks. Our results not only
enrich the understanding of complicated boron-metal inter-
actions but also suggest the potential of turning the B,, cluster
into functional nanomaterials by transition-metal intercalations
in metalloborospherene-assembled nanomaterials.
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