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By means of first-principles calculations within the density-functional theory, we find that stable face-
centered-cubic �fcc� K3B80 and Mg3B80 solids can be formed. For both solids, two possibly stable geometrical
phases �identified as phase A and phase B� with different lattice parameters can exist, where phase A has a
lattice parameter smaller than phase B. In phase A, B80 clusters are significantly distorted and two or four
intercluster covalent bonds are formed for K3B80 or Mg3B80, respectively. In phase B, B80 units are slightly
distorted and no intercluster covalent bonds exist. The phase A of Mg3B80 bears the largest cohesive energy
among them and is more stable than the fcc B80 solid. The charge population analysis shows that K and Mg are
ionized and donate electrons to the other boron atoms of K3B80 and Mg3B80 solids. The different ionic radii of
K and Mg lead to major geometrical differences between K3B80 and Mg3B80 solids and the competition of the
covalent and ionic bondings could explain the emergence of two different geometrical phases for both. The
electronic structural calculations reveal that both fcc K3B80 and Mg3B80 solids are metals.
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I. INTRODUCTION

Boron is the fifth element and the neighbor of carbon in
the periodic table. As is well known, carbon tends to form
planar graphite, three-dimensional tetrahedral diamond, and
spherical caged fullerenes1,2 by sp2 and sp3 hybrid � and �
bonding. In contrast to the elegantly simple bonding manner
of carbon, boron possesses a complicated bonding character-
istic. Beside the normal � bond, the so-called electron-
deficient multicenter bonds3 also play an important role in
bonding resulting in richness and diversity in the structures
of boron-related materials.4 Nevertheless, many structural
similarities present between carbon and boron, such as
polycarbine-lithium boride, graphite-magnesium boride
�MgB2�, and fullerenes-�-rhombohedral boron, are all con-
jugate analogies in structure.5 Last year, another carbon anal-
ogy of boron, B80 buckyball, with a round and distinct hol-
low structure �Figs. 1�a� and 1�b��, has been predicted.6 Such
a boron fullerene, consisting of 80 boron atoms, is very simi-
lar in shape to C60 fullerene except that an additional boron
atom sits in the center of each hexagon which significantly
increases the stability of the cage.

After discovery of C60, it has been unraveled that C60
clusters can condense to form solid phases such as the simple
cubic �sc�, face-centered-cubic �fcc�,7 and hexagonal-close-
packed �hcp�8 crystals. Furthermore, the alkali-metal-doped
A3C60 �A=alkali� fullerides based on the fcc C60 solid su-
perconduct, with the transition temperatures ranging from 18
K �A=potassium� to 28 K �A=rubidium�.9 As B80 has a
geometrical structure similar to C60 and boron and carbon
could form similar structures as described above, it would be
natural to anticipate that the boron fullerenes could also con-
dense to form solid phases. In our previous work,10 the boron
buckyball B80 has been found that it could condense to form
a stable fcc solid, in which the B80 units are geometrically
distorted and four boron-boron chemical bonds are formed
between every two nearest-neighbor B80 cages. In contrast to
either the popular solid phases of pure boron that are usually
insulating or semiconducting, or the sc, fcc, and hcp C60

solids that are band insulators,11 the fcc B80 solid has a me-
tallic electronic structure. The body-centered-cubic �bcc� B80
and K6B80 solids have also been studied.12 In this paper, we
shall investigate the metal-doped K3B80 and Mg3B80 fcc sol-
ids by means of the first-principles density-functional theory
�DFT� �Ref. 13� calculations. It is found that for both K3B80
and Mg3B80, two different geometrical phases �identified as
phase A and phase B� can be formed with different lattice
parameters. In phase A, the B80 units are significantly dis-
torted �Fig. 1�c�� and covalent bonds between the neighbor-
ing B80 units are formed resulting in geometries similar to
the fcc B80 solid;10 while in phase B, the B80 units are less
distorted �Fig. 1�d�� and no bonds between B80 units are
formed. The lattice parameters of both phase A and phase B
of Mg3B80 are about 0.3 Å smaller than that of K3B80; for
both K3B80 and Mg3B80, the lattice parameters of phase A
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FIG. 1. �Color online� �a� Top view and �b� side view for an
isolated B80 cluster. The distorted structures of B80 unit in the phase
A �c� and phase B �d� of fcc K3B80, respectively. The blue �dark�
balls denote the additional boron atoms at the center of hexagons,
where two inequivalent types are labeled by B1 and B2.
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are about 0.7 Å smaller than the phase B. The different ionic
radii of K and Mg may bring major geometrical differences
between K3B80 and Mg3B80 solids. The charge population
analysis reveals that in K3B80 or Mg3B80, each K or Mg atom
donates about one electron to the other parts of the solid
showing that ionic bondings exist in the solids. The compe-
tition of the covalent and ionic bondings may explain the
emergence of two different geometrical phases. Similar to
K3C60, the calculated electronic structures show that K3B80
and Mg3B80 solids are all metals.

II. COMPUTATIONAL DETAILS

All the calculations in this work are performed using the
PWSCF code contained in the QUANTUM-ESPRESSO package.14

This package is coded within the DFT framework based on
pseudopotentials and plane-wave basis set. The interaction
between electrons and ionic cores is imitated by Hamann-
Schluter-Chiang norm conserving pseudopotentials15 and the
Perdew-Zunger16 exchange-correlation potential within
local-density approximation �LDA� �Ref. 17� is used. The
kinetic energy cutoff of the plane-wave basis is taken as 30
Ry and the tolerance for absolute differences of the total
energy is set as 5�10−5 Ry. The convergence of the total
energy to the kinetic energy cutoff has been checked. The
Brillouin zone is sampled on a uniform mesh of 4�4�4 k
points. To investigate the effects of different exchange and
correlation, we recalculated the optimized geometries of
K3B80 and Mg3B80 solid phases using the generalized gradi-
ent approximation. The optimized structures are nearly the
same as the LDA results, while the cohesive energies are
smaller than the corresponding values from LDA calcula-
tions. Such minor differences do not change the main con-
clusion. The situation is consistent with the results in Ref.
12.

The structures of fcc K3B80 and Mg3B80 solids have been
set up by imitating the fcc K3C60, which has two tetrahedral
and one octahedral interstitial sites per C60.

18 The B80 clus-
ters are put on the sites of fcc lattice, with the K or Mg atoms
incorporated into the octahedral and tetrahedral interstices of
the host lattice. Similar to the situation of fcc K3C60,

19 there
are only two possible orientations of B80 cluster that provide
the most sufficient space for all intercalated K or Mg atoms.
In both cases the B80 is oriented with eight of its 20 hexago-
nal faces along the cubic �111� directions. The two orienta-
tions are related by a 90° rotation about �100� direction. In
the calculations, the xy plane of B80 clusters is arranged to be
along the �100� plane of the fcc lattice as the starting con-
figuration; i.e., the cubic crystallographic axes are aligned
with the Cartesian axes.20

III. GEOMETRIES OF K3B80 AND Mg3B80 SOLIDS

In order to examine the stability of fcc K3B80 and Mg3B80
solids and to find the most favorable geometrical structures,
for a series of fixed lattice parameters �denoted by a hereaf-
ter�, we relax the atomic positions by the Broyden-Fletcher-
Goldfarb-Shanno �BFGS� minimization21 with a conver-
gence tolerance of 5�10−4 Ry /bohr. For more clarity, the

geometrical structures for every 0.1 Å between a=13 Å and
a=15 Å, and every 1 Å between a=15 Å and a=20 Å are
calculated, and the corresponding total energies are obtained.
For the convenience to compare the stability of K3B80 and
Mg3B80, the cohesive energies �Ec� for every lattice param-
eter are then obtained according to the equation Ec=EB80
+3EM −EM3B80

, as visualized in Fig. 2. In the above equation,
EB80

represents the total energy of an isolated B80, which is
simulated by a B80 cluster in a cubic supercell with a lattice
parameter of 20 Å, and EM represents the total energy of an
isolated M �M =K,Mg� atom. As can be seen in Fig. 2, for
both K3B80 and Mg3B80, there are two minimums indicated
by A and B, showing that both K3B80 and Mg3B80 have two
possibly stable fcc solid phases, which we define as phase A
and phase B, respectively. To check the stabilities of the
above-obtained phase A and phase B of K3B80 and Mg3B80
further, full relaxations including the atomic positions, cell
shape and volume are conducted by means of the BFGS
minimization until the forces acting on atoms are less than a
tolerance of 5�10−4 Ry /bohr. The results indicate that the
geometries vary little showing that the obtained phase A and
phase B of K3B80 and Mg3B80 are indeed stable. The lattice
parameters and cohesive energies are listed in Table I. Inter-
estingly, the lattice parameters of both phase A and phase B
of Mg3B80 are about 0.3 Å smaller than that of K3B80; for
both K3B80 and Mg3B80, the lattice parameters of phase A
are about 0.7 Å less than phase B. The cohesive energies of
both phase A and phase B of K3B80 are about 16 eV/unit and

Å Å

FIG. 2. �Color online� The cohesive energies �Ec� per K3B80 and
Mg3B80 unit as functions of the lattice parameter. Letters A and B
mark the corresponding lattice parameters and cohesive energies of
phase A and phase B for both K3B80 and Mg3B80 solids.

TABLE I. The lattice parameters and cohesive energies �Ec� of
different phases of K3B80 and Mg3B80 fcc solids.

Phase
Lattice parameter

�Å�
Ec

�eV/unit�

K3B80 A 14.1 16.32

B 14.8 16.00

Mg3B80 A 13.8 24.73

B 14.5 17.24
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that of phase B of Mg3B80 is about 17 eV/unit. However, the
phase A of Mg3B80 has a much larger cohesive energy �about
25 eV/unit� and would be the most stable phase among them.
It is also more stable than fcc B80,

22 whose cohesive energy
is about 18 eV/unit �Ref. 10� showing that the Mg doping
enhances the stability of the solid.

Recall that B80 units are geometrically distorted when
they constitute fcc B80 solid. We checked the structural de-
formation of fcc K3B80 as lattice parameters vary. When a is
larger than 17 Å, B80 unit varies little and keeps the same
spherical shape with the isolated B80. As the lattice constant
a decreases from 16 to 14.3 Å, the central atoms of the
hexagons along the �111� direction �indicated by B1 in Fig.
1� move inward gradually. The phase B of K3B80 is at a
=14.8 Å and the structure is shown in Fig. 1�d�. In this
phase, no chemical bond is formed between neighboring B80
units. As a proceeds to decrease, especially when a is be-
tween 14.3 and 14.2 Å, significantly geometrical distortions
happen, which corresponds to the middle peak in Fig. 2�a�,
showing that a geometrical phase transition may occur. This
transition leads to the emergence of the phase A of K3B80,
which is at a=14.1 Å, with the structure of B80 unit very
similar to that in fcc B80 solid,10 as shown in Fig. 1�c�. The
central boron atoms of hexagons along the z axis �indicated
by B2 in Fig. 1� move outward and the sharing bonds are
elongated and broken leading to a planar rhombus structure.

In addition, B1 atoms move inward remarkably enabling that
B80 unit does not bear a spherical shape anymore. The tran-
sition also brings two covalent bonds formed between every
two nearest-neighbor B80 units as shown in Fig. 3�a�. It is
worthy to note that the number of intercluster bonds is only
half of that in fcc B80 solid and the bond length is also larger
than that in fcc B80 solid suggesting that the K doping hin-
ders the formation of intercluster bonds.

The geometrical evolution of fcc Mg3B80 with the lattice
parameter is similar to K3B80. When a varies from 20 to
14.5 Å, the structure of B80 unit is gradually changing, with
B1 atoms moving inward and no chemical bond is formed
between B80 units. The phase B of Mg3B80 is at 14.5 Å, with
structure similar to that of K3B80 �Fig. 1�d��. The geometrical
phase transition turns up at between 14.4 and 14.3 Å corre-
sponding to the middle peak in Fig. 2�b�. The phase A of
Mg3B80 is at 13.8 Å, with its B80 units structurally similar to
that of K3B80 �Fig. 1�c��. However, in contrast to K3B80, four
covalent bonds are formed between every two nearest-
neighboring B80 units in phase A of Mg3B80 and the bond
lengths are 1.730 and 1.783 Å, smaller than that of K3B80,
as demonstrated in Fig. 3�b�. Thus, the covalent bonding in
phase A of Mg3B80 is stronger than that in K3B80, which may
explain why the phase A of Mg3B80 has a larger cohesive
energy than phase A of K3B80. In both of phase A and phase
B of Mg3B80 and K3B80, although the B80 units are geometri-
cally distorted, the symmetry of them remain Th, i.e., the
symmetry of isolated B80.

23

IV. BONDING AND ELECTRONIC STRUCTURES OF
K3B80 AND Mg3B80 SOLIDS

The Löwdin charge populations are analyzed for the
phase A and phase B of K3B80 and Mg3B80. Here we focus
on the valence charges of the boron atoms at centers of hexa-
gons �B1 and B2�, and K, Mg atoms, which are listed in Table
II. In Table II, M1 represents the K/Mg atoms at the octahe-
dral sites, which are next to B2 atoms, while M2 denotes the
K/Mg atoms at the tetrahedral sites, which are located be-
tween the hexagons along �111� directions and faces the B1
atoms. Generally, for the phase A and phase B of K3B80 and
Mg3B80, B1 and B2 atoms lose a little charge �less than 0.2
electron�, similar to the situation in the isolated B80 cluster,24

where charges are transferred from the boron atoms at center
of hexagons to the other boron atoms.24,25 Meanwhile, both
K and Mg atoms donate about one electron implying that K

(a) (b) Mg3B80K3B80

FIG. 3. �Color online� Schematic map of the bonding of the
neighboring five B80 clusters in the �100� face of phase A fcc K3B80

and Mg3B80. The purple and red balls indicate K and Mg atoms at
the octahedral sites, respectively. Note that the K or Mg atoms at
the tetrahedral sites are not shown here. The length of the yellow
�gray� bonds between neighboring B80 units in �a� is 1.823 Å and
the lengths of the yellow �gray� and green �dark� intercluster bonds
in �b� are 1.730 and 1.783 Å.

TABLE II. The Löwdin valence charges of B, K, and Mg atoms in K3B80 and Mg3B80 fcc solids. B1 and
B2 indicate two inequivalent types of boron atoms as in Fig. 1. M1 and M2 denote the K or Mg atoms at
octahedral and tetrahedral sites, respectively.

Phase

Löwdin charges

B1 B2 M1 M2

K3B80 A 2.9441 2.8871 0.0895 0.1186

B 2.8417 2.8339 0.0911 0.1055

Mg3B80 A 3.0706 2.8939 0.9027 0.9412

B 2.9967 2.8466 1.0196 1.5856
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and Mg are ionized and ionic bondings exist in K3B80 and
Mg3B80 solids. Note that in bcc K6B80,

12 MgB2 and CaB6,26

boron atoms also receive extra charges from K, Mg, and Ca
atoms, respectively. Thus, it may be a general trend that the
charges transfer from metallic atoms to boron atoms in
boron-metal compounds.

Considering the fact that covalent, ionic, and van der
Waals bondings may all exist in K3B80 and Mg3B80 fcc sol-
ids, we check again the geometries and energies of them and
attempt to draw a picture to explain the geometrical phase
transition and the emergence of the two geometrical phases.
Take Mg3B80 as an example. When a is larger than 17 Å, the
gently sloping energy curve �see Fig. 2�b�� shows that the
interactions between neighboring B80 units are weak, which
could not cause changes in the shape of B80 clusters. As the
nearest distance between the neighboring B80 units is greater
than 3.85 Å, the van der Waals force may be the dominant
interaction. When a is between 17 and 14.4 Å, the ionic
bonding may become the major interactions, as the energy
curve is sharp and the corresponding cohesive energy is
large. The minimum B at a=14.5 Å is the equilibrium point
of the ionic interaction and corresponds to the phase B of
Mg3B80. When a further decreases, the distance between
neighboring B80 units becomes small enough to form strong
intercluster covalent bonds, leading to the structure of B80
unit distorted significantly to form bonds and to reduce the
repulsive ionic interactions as much as possible, and giving
rise to a massive increase in the cohesive energy and a geo-
metrical phase transition. The minimum A at a=13.8 Å is
another equilibrium point, which shows that phase A of
Mg3B80 emerges, which may be formed by both covalent and
ionic bondings. The compression of such a solid is very hard,
as the energy curve climbs up quickly as a further decreases.
A similar analysis applies for K3B80, whose geometrical
phase transition should also come from the competition of
covalent and ionic bondings. As mentioned above, while
phase B of K3B80 and Mg3B80 are rather similar, phase A of
K3B80 and Mg3B80 are rather different in cohesive energies
and the formation of intercluster covalent bonds, which may
be caused by the disparity in sizes of K and Mg ions. For the
fcc K3C60 solid, the tetrahedral interstitial sites can hold less
space than octahedral sites,18 and for the fcc B80, due to the
geometrical distortion, the space at tetrahedral site is larger
than octahedral site, as they can accommodate spheres of
radius 1.6 and 1.26 Å,27 respectively. Note that the radius of
K ion is about 1.38 Å, while the radius of Mg ion is about
0.72 Å,28 implying that the K ion is too large and hard to be
accommodated in the space at the octahedral site, while Mg
is perfect. Therefore, for the intercalation of Mg atoms it is
not needed to greatly affect the lattice structure of the fcc
B80, where phase A of Mg3B80 bears a nearly identical struc-
ture to fcc B80 and the same number of intercluster covalent
bonds are formed. On the other hand, in the formation of
phase A of K3B80, to insert K atoms into the octahedral sites,
the intercluster distance should be increased and two of the
intercluster covalent bonds have to be broken. In this way, it
is easy to understand that the lattice parameters of both phase
A and phase B of K3B80 are larger than those of Mg3B80. As
a comparison, we notice that the fcc K3C60 has only one
stable phase and no intercluster covalent bonds are formed.

This feature may be closely related to the different bonding
manners of boron and carbon.

The energy bands and the density of states �DOS� for
phase A of fcc K3B80 and Mg3B80 solids are calculated, as
presented in Figs. 4 and 5. For K3B80, the energy bands are
quite dispersive and several bands spread across the Fermi
level showing that phase A of fcc K3B80 solid is a metal.
Note that a gaplike region is located at around 0.5 eV below
Fermi energy. Interestingly, the energy bands of phase A of
fcc K3B80 exhibit some similar characters to those of the fcc
B80,

10 especially at � point, where there are several corre-
sponding bands with almost the same profiles. Furthermore,
both of them have gaplike regions near the Fermi level,
while the gaplike region of phase A of the fcc K3B80 is
located distinctly under the Fermi level, that of fcc B80 is
located slightly above the Fermi level. Consistent results
could be drawn from the curves of DOS. For phase A of the
fcc K3B80, the DOS has a minimum at about 0.5–0.75 eV
under the Fermi energy, while the minimum of DOS for the

FIG. 4. �Color online� Energy bands of phase A fcc K3B80 and
Mg3B80. The Fermi level is set to zero and indicated by the hori-
zontal dashed line.

FIG. 5. �Color online� DOS and PDOS of electrons of the fcc
K3B80 �a� and Mg3B80 �b�, which is obtained by means of the tet-
rahedra method. The solid �black� line is for DOS, while the dashed
�red� line and dotted �blue� line represent PDOS of K1 /Mg1 and
K2 /Mg2 atoms, respectively. Note that the scales of the vertical
axes are different for DOS and PDOS. The Fermi level is set to zero
and indicated by the vertical dashed line.
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fcc B80 stayed slightly above the Fermi level. From another
point of view, the K doping does not change the band struc-
ture very much, but the Fermi level is shifted up about 0.75
eV. The projected DOS �PDOS� of K atoms vanishes under
the Fermi level and only has a peak at about 0.4 eV above
the Fermi level, which can be attributed to the 4s states of K
atoms, revealing that the valence electrons of K atoms are
transferred to fill the unoccupied bands derived from the B80
unit, lifting the Fermi level up. Apart from the charge popu-
lation analysis, there is other evidence to confirm the infer-
ence that K atoms donate valence electrons to other parts.

The phase A of Mg3B80 also has a metallic electronic
structure. Several extra bands fill in the gaplike region at
0.5–0.75 eV under the Fermi energy, and in the same energy
range, a primary peak �with small peaks� of DOS appears to
substitute the minimum of DOS. It is clear that the PDOS of
Mg contributes dramatically to this peak. These are the major
differences in electronic structures between phase A of K3B80
and Mg3B80. At 0.2–0.4 eV above the Fermi energy, there is
also a peak of PDOS derived from Mg indicating the charge
transfers from the metallic atoms to boron atoms. Besides,
the phase A of K3B80 and Mg3B80 have the comparable DOS
at the Fermi level, which are mainly caused by the boron
atoms. The phase B of K3B80 and Mg3B80 are also found to
exhibit metallic electronic structures.

V. CONCLUSIONS

In summary, in terms of the first-principles DFT calcula-
tions, we predict the possible existence of the stable fcc
K3B80 and Mg3B80 solids. It is uncovered that both have two
phases �phase A and phase B� with different lattice param-

eters. In phase A, the B80 units are significantly distorted and
the intercluster covalent bonds are formed; while in phase B,
the B80 units are slightly distorted and no covalent bonds
exist between the neighboring B80 units. The phase A of
Mg3B80 is found to be the most stable phase among them.
The different ionic radii and the number of valence electrons
of K and Mg atoms give rise to the major geometrical and
electronic differences between the fcc K3B80 and Mg3B80
solids. The charge population analysis shows that K and Mg
atoms in these solids are ionized and donate electrons to the
other boron atoms. The competition of the covalent and ionic
bondings may explain the emergence of the two different
geometrical phases. The electronic structural calculations re-
veal that both fcc K3B80 and Mg3B80 solids are metals. It is
interesting to note that above the Fermi level, the DOS pro-
file of the fcc Mg3B80 has a small dip that is quite similar to
the case of the fcc K3C60 �Ref. 18� implying that the fcc
Mg3B80 might also be potentially a superconductor. Our
study may stimulate further experimental efforts to obtain
these metal-intercalated boron solid phases.
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