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Abstract

Based on the experimental studies of La–B36N36 cluster (Takeo Oku et al., Diamond Rel. Mater. 11 (2002) 940), first

principles calculations using the projector-augmented wave method are performed on La–B36N36 cluster. The structure

is fully optimized. It is found that the encapsulation of a La atom inside the B36N36 cage is energetically favorable,

although the interaction between the La atom and the cage is weak. In order to optimize the interactions with the cage,

the La atom is shifted off the cage center. The HOMO–LUMO gap is much reduced by doping, and the complex cage

carries a magnetic moment of 1:0mB:
r 2003 Elsevier B.V. All rights reserved.

PACS: 61.46.+w; 36.40.Cg; 71.20.Tx; 61.48.+c
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1. Introduction

The discovery of the C60 [1] and carbon
nanotubes [2] stimulated greatly the interest for
nanostructures. Besides the carbon-based nano-
systems, scientists also made extensions to other
elements. B–N nanostructures are good examples.
Classically, it is well known that the borazine
B3N3H6 is the analog of benzene C6H6; and the
layered structure of honeycomb boron nitride
(h-BN) is the analog of graphite. Therefore, due
to the similarity between B–N and C–C units, a lot
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of effort has been devoted to boron-nitride (BN)
fullerenelike materials (cluster, onions, intercala-
tion, nanopolyhedra, nanotubes, and nanocap-
sules) in recent years, which have excellent
properties such as heat resistance, insulation and
structural stability [3,4]. Experimentally, the
nested concentric BN polyhedrons have been
successfully synthesized by reaction of BCl3 with
NH3 in a laser beam [5]; A method to synthesize
pure boron-nitride nanotubes was reported [3]. An
isolated single-shelled BN fullerene with overall
dimensions of 9–10 (A was formed by electron
beam irradiation, and the octahedron model for
these clusters was verified by high-resolution
electron microscopy (HREM) [6]. Meanwhile,
theoretical investigations have also been car-
ried out on boron-nitride fullerenes [7–10] to
d.



ARTICLE IN PRESS

Q. Wang et al. / Physica B 339 (2003) 105–109106
understand their relative stability and size depen-
dence of the properties. It has been found that for
any value of xX4 with the exception of x ¼ 5; the
ðBNÞx cages are made up of x-4 hexagons and 6
squares, the latter replace the 12 pentagons of
carbon fullerene. The high stability of these
clusters was found to correlate with a large
HOMO–LUMO gap.
Recently doping of atoms in boron-nitride

fullerenes was used as a way to synthesize new
clusters, an endohedral BN fullerenelike La–
B36N36 [11] was produced by one of the authors.
A HREM image simulation has shown a possi-
ble existence of the La atom inside the B36N36
cage, and semi-empirical calculations were also
reported [11]. However, La is a quite heavy ele-
ment, the semi-empirical method used in Ref. [11]
is not good for it. In this paper we study this
system using density functional theory. The ques-
tions we are concerned are following: How does
the La atom change the geometry and the
electronic structure? What is the equilibrium
position of La atom in the cage (i.e. in the center
or off the center)? Does the cage carry a spin?
2. Theoretical method

We performed ab initio calculations using an
iterative solution of the Kohn–Sham equations of
the density-functional theory, based on the mini-
mization of the norm of the residual vector of each
eigenstate and an efficient charge density mixing
[12,13]. For the exchange-correlation functional,
gradient-corrected functionals in the form of the
generalized gradient approximation (GGA) [14]
have been chosen. A plane-wave basis set is
adopted with the projector-augmented wave
(PAW) method originally developed by Bl .och [15]
and recently adapted by Kresse and Joubert [16].
The particular advantage of the PAW method over
the ultrasoft pseudo-potentials is that it can
improve the accuracy especially of magnetic
systems and materials including early d-elements
or f-electron elements. In our calculations, the
clusters are placed in a cubic cell with an edge
length of 21 (A; keeping a distance about 12:5 (A
between atoms in neighboring clusters, which is
sufficiently large to make the dispersion effects
negligible. In such a big supercell only the G point
is used to represent the Brillouin zone. The cutoff
energy for plane wave is 400 eV; the structure
optimization is symmetry unrestricted, and the
conjugate-gradient algorithm has been chosen.
The optimization is terminated when all the forces
acting on the atoms are less than 0:01 eV= (A: Due
to the existence of a La atom in the La–B36N36
cluster, the calculations are performed with spin
polarization.
3. Results and discussions

As a test of the computational method, we first
performed calculations for a pure B36N36 fuller-
ene taking the octahedron geometry reported in
Ref. [10] as the starting configuration, which
consists of 36 BN pairs distributed in six four-
membered rings and 32 six-membered rings. The
optimized structure is shown in Fig. 1(a), and it
has Td symmetry. The average binding energy per
atom and the highest occupied and lowest
unoccupied (HOMO–LUMO) gap are 8.4789
and 4:9296 eV; respectively. The average B–N
bond length is 1:463 (A; and the average cage
radius is 3:939 (A: In the four-membered rings,
the average length of the B–N bond is 1:468 (A;
the average B–N–B angle is 77:59� and the aver-
age N–B–N angle is 99:90�; as shown in Table 1.
The results agree with previous ab initio calcula-
tions [10].
For the geometry of La–B36N36; we choose three

initial structures for optimization. In the first one
the La atom is put in the center of the B36N36 cage,
while in the second and the third, the La atom is
shifted the cage center by 0.5 and 1:0 (A; respec-
tively. After optimization, the three initial struc-
tures converge to the same one; the cluster
acquires Cs symmetry and the La atom is located
at about 1:18 (A away from the center of the
B36N36: The semi-empirical calculations gave a
value of 0:02 (A [11], the La atom was predicted to
be nearly in the cage center. However, the average
cage radius is 3:94 (A which is much larger than the
sum of the atomic radi of La and B(N) atoms.
Therefore, to optimize the interactions with the
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Table 1

The structure parameters for B36N36 and La–B36N36 clusters

with Td and Cs symmetries, respectively

Parameter B36N36 La–B36N36

RB2N 1.463 1.467

RS2C 3.938 4.059

rB2N 1.468 1.474

+BNB 77.58 77.84

+NBN 99.90 99.68

RB2N represents the average B–N bond length, RS2C stands for

the average cage radius. rB2N; +BNB and +NBN represent

the average bond length and bond angles in four-remembered

rings.

(a) (b)

La

Fig. 1. Structure of B36N36 (a) and La–B36N36 (b).
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cage, the La atom has to shift off the cage center.
In fact, the La atom is found to reside on one
hexagonal ring of the B36N36 cage, as shown in
Fig. 1(b). The distance between the La and the
nearest-neighboring B and N atoms are 2:629;
2:608 (A; respectively, which are comparable with
the sum of atomic radi of La–B and La–N. There
is no noticeable change in the B–N bond lengths
with the doping of the La atom, the average B–N
bond length is just increased by 0.27% from 1.463
to 1:467 (A: The average cage radius is increased by
3.07% from 3.938 to 4:059 (A:
In order to check the stability of La–B36N36;

we define the doping energy as the difference be-
tween the total energy of La–B36N36 and the sum
of the total energies of the isolated La atom and
the B36N36 cage, i.e., Edoping ¼ EðLa2B36N36Þ-
½EðB36N36Þ þ EðLaÞ�; which gives the doping
energy of �0:8883 eV (about �20:5 kcal=mol). It
shows that the reaction Laþ B36N36-La–B36N36
is exothermic, and the production of La–B36N36 is
energetically favorable. Thus La–B36N36 can be
synthesized under appropriate condition, in agree-
ment with the experimental success of the synthesis.
La–B36N36 is found to carry a magnetic moment

of 1:0mB: To confirm the magnetic stability, the
spin gaps are defined as

d1 ¼ �ðeþHOMO � e�LUMOÞ; ð1Þ

d2 ¼ �ðe�HOMO � eþLUMOÞ ð2Þ

where + represents spin up and � spin down. The
spin gap corresponds to the energy required to
move an infinitesimal amount of charge from the
HOMO of one spin to the LUMO of the other.
Positive values for both spin gaps can guarantee
that the system is stable magnetically and electro-
nically. For La–B36N36; d1 ¼ 0:4653 eV; and d2 ¼
0:4610 eV: While the HOMO–LUMO gap is
0:3664 eV; which is greatly reduced as compared
to the empty cage of B36N36; as shown in Fig. 2.
The gap we get is much larger than the semi-
empirical values (0:0246 eV [11]). Therefore, dop-
ing with La makes the cage chemically more
reactive. Where are the favorable reactive sites?
Fig. 3 shows the frontier orbitals of the HOMO
and LUMO. We can see that the HOMO is
localized at the sites near the La atom, and the
LUMO is localized on the La atom and on the
B(N) atoms close to it. Therefore, the cage sites
close to the La atom might be active in chemical
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reaction. While for the empty B36N36 cage, the
HOMO is mainly localized on the cage surface, and
the LUMO is partly localized inside the cage, which
results in the preferable encapsulation of La atom.
There is no evident charge transfer between the

La atom and the B–N cage, different from the
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Fig. 2. Eigenvalue spectra for La, B36N36; and La–B36N36: The
solid lines are for occupied states, and the dotted lines for

unoccupied states.

(a) (b)

Fig. 3. The frontier orbital of the HOMO (a) and the LUMO (b) of L

values are 0.02. Yellow is for positive, and blue for negative.
fullerene case. In C60 cage, low lying electron
acceptor states (e.g., t1u) exist, and these levels
become populated by electrons from metal atom.
However, BN cage has large gap with no electron
acceptor states, charge transfer to the cage is not
preferable. Accordingly, the interactions between
the La atom and the B36N36 cage are weak. Fig. 4
a–B36N36 with Cs symmetry, where the corresponding isosurface

La

Fig. 4. The electron distribution of La–B36N36 on a plane

through La and its nearest-neighboring B and N atoms. The

contour lines are drawn from 0.001 ðe= (A
�3
Þ with 0.1 ðe= (A

�3
Þ

step width.
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shows the charge distributions in the plane
containing La and its two nearest B and N atoms.
In summary, we have reported studies on the

metal-encapsulated boron-nitride fullerenelike
cluster La–B36N36 by using first principles method.
Compared to the semi-empirical calculations,
some new results are obtained: (1) The La atom
is about 1:18 (A shifted from the cage center; (2)
The HOMO–LUMO gap for the doped cage is
0:366 eV; (3) The doped cage carries the magnetic
moments of 1:0mB: (4) There is no charge transfer
between the La atom and the B36N36 cage,
resulting in a weak interaction.
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