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Theoretical exploration of a group of ‘‘C60-like’’ B 12-based materials,AxB12, with A5~Li and Ca! and
x51–4, is made by performing local-density approximation Gaussian basis calculations of the total energy,
heats of formation, lattice constant, electronic structure, density of states, and bulk modulus of the putative
compounds, usingab initio pseudopotentials. Lithium-doped materials are mostly demonstrated to give suffi-
cient heats of formation, whereas it is shown that all Ca-doped materials are unstable, including Li2CaB12.
Results are presented only for the stable and metastable LixB12 and compared with other current theoretical
calculations on K3C60. The possibility of superconductivity is also discussed. The band-structure calculations
reveal essentially metallic behavior of LixB12. Important differences are found in the energy band structures,
particularly in bands near the Fermi level, that would be reflected in superconductivity of these systems.
Favorable superconducting properties are expected for Li3B12, in the context of sufficiently highN(EF) and
obtained bulk modulus that is indicative of strong electron-phonon coupling.@S0163-1829~96!04440-2#

I. INTRODUCTION

All pristine boron ~B! crystals have molecularly based
structures. Some of them have a drastic similarity to the fcc
solid C60. The achievement of moderately high transition
temperatures in theAxC60 superconductors suggests that a
superconducting phase may appear by metal doping into
such semiconducting B solids. Especially forTc , a high
value is also expected, originated from the interaction of
conduction electrons with high-frequency phonons caused by
B-B covalent bondings. The recent discovery of supercon-
ductivity at 23 K in a Y-Pd-B-C quaternary alloy1 also illus-
trates the importance of exploring boron compounds as a
candidate for a superconductor. In this paper, a theoretical
prediction is made on stability of new boron intercalation
compounds together with their electronic structures and an
investigation on superconductivity is also presented based on
them.

The a-rhombohedral boron (a-rh B! has a structure of
slightly compressed fcc rhombohedral primitive cell along
the body-diagonal~111! direction ~the c axis in the hexago-
nal description! and an icosahedral cluster occupies each ver-
tex @cf. Fig. 1~a!#. This crystal is comparable to the fcc phase
of solid C60, as to both the translational and rotational sym-
metry. Iwasaet al.have recently reported a two-dimensional
~2D! C60 polymer,

2 which is suggested to have a rhombohe-
dral structure.3 Its covalent-bonding-type cohesion and
rhombohedral ordering of molecules indicate much closer
resemblance betweena-rh B and C60-based solids. Only the
2D intermolecular bonding profile is different from 3D fcc-
like network4 of icosahedral clusters ina-rh B.

Icosahedral cluster ina-rh B is an almost regular icosa-
hedron B12 where twelve B atoms arrange at all the vertices
of the icosahedron@cf. Fig. 1~b!#. This icosahedron is dis-
torted in its crystal forms,5,6 reducing its symmetry fromI h
to D3d . The remainingD3d symmetry divides twelve B at-
oms into four groups, i.e., two polar triangles@ t and t* in
Fig. 1~b!# and two equatorial triangles@e and e* in Fig.

1~b!#. The intramolecular cohesion mechanism is a three-
center covalent bonding type, where the highest amplitude of
the total charge density distribution appears near the center
of a triangular face of the icosahedron. Each B atom has an
additional radialpp bond pointing outward from B12 in the
direction of every fivefold axis. Thesepp orbitals are bonded
together between the nearest-neighbor B12 and form two
types of covalent crystals,a-rh andb-rh B.

Theb-rh B also has a rhombohedral unit cell, but rather

FIG. 1. Schematic views of~a! nearly fcca-rh B crystal and~b!
its icosahedral component, B12 cluster. The solid lines in~a! desig-
nate a rhombohedral primitive unit cell. The boron icosahedron is
distorted, reducing its symmetry fromI h to D3d . The remaining
D3d symmetry divides twelve B atoms into four groups, i.e., two
polar triangles@ t andt* in ~b!# and two equatorial triangles@e and
e* in ~b!#. This threefold axis corresponds to the~111! direction.
Note that intra-B12 bondings in~b! are drawn for convenience and
are different from the actual multicenter bondings.
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elongated along the~111! direction. In this crystalline phase,
the corners and the medium points of the edges are all occu-
pied by B12 icosahedra. In addition to these clusters, a single
B atom locates at the center of the unit cell that corresponds
to the octahedral site in fcc crystal and two aggregates of
three icosahedra are arranged symmetrically to it, along the
major body-diagonal.6 The b-rh B is a high-temperature
phase above thea-rh phase and can easily be prepared in
experiments compared witha-rh B because the melting point
in B solids is as high as 2365 K,7 whereasa-rh B is stable
below 1370 K.8 A metal doping tob-rh B is also of interest,
but the crystalline complexity and already occupied octahe-
dral sites are expected to give rise to a different situation, as
compared to the doped C60. We have thus chosen thea-rh B
as a parent material in spite of the experimental difficulty.
An ab initio prediction of a new material requires consider-
able CPU time, but it allows greater opportunity to clarify
the physical quantities of materials, especially of these kinds
of compounds that are hard to be synthesized by experi-
ments. Working with another fcc system composed of icosa-
hedra also leads to a better understanding of structural influ-
ence over the physical properties inAxC60.

In our previous papers,9–12 we have pointed out the pos-
sible existence ofa-rh B derivatives LixB12 (x51–3!. We
simply calculated their electronic structures with use of
density-functional formalism within local-density approxi-
mation ~LDA !, without considering any geometrical optimi-
zations ofa-rh B. However, most of electronic properties
near the Fermi level are particularly sensitive to the struc-
tural relaxation and need to be more precisely evaluated es-
pecially for a discussion on superconductivity. For example,
the density of states at Fermi level has increased by 15–19 %
in optimized structure, compared with unrelaxed structure.
We will explain it later in Sec. IV C.

One of the aims of this paper is to give accurate electronic
structure studies on these materials at their optimized struc-
ture and also to present an analysis of superconductivity
based on them. A preliminary report has been given only for
Li 3B12.

12 The other aim of this paper is to study more ex-
tensiveAxB12 systems (A5Li or Ca; x51–4!. In this paper,
we investigate Li@Li3B12, Li@B12, CaxB12, and
Li 12xCaxB12. We first clarify their stability and then
present their electronic structure and possibility of supercon-
ductivity, only for the stable materials, at their optimized
geometry.

II. MODELS

The a-rh B is of interest as a parent material of new
compounds since it has a number of interstices inside. The

already known boron-rich solids, boron carbide
~B12C3),

13,14 boron phosphide~B12P2),
13–15 and boron ars-

enide ~B12As2),
13–15 are regarded asa-rh B derivatives,

where C, P, or As atoms are respectively inserted into these
interstices ofa-rh B. They show a striking feature in ob-
served band-gap energies,15–17 which widely change from
infrared to ultraviolet region. However, no experimental
studies on metal-dopeda-rh B have been reported so far. It
has raised two fundamental questions in investigating metal
dopeda-rh B theoretically. The first one is at which position
the metals should be doped and the second one is how the
a-rh B unit cell is deformed in size and/or shape by dopings.
To respond to these questions, we assume the following four
realistic sites. Then the stability is analyzed with allowing
lattice relaxations:~a! an octahedral (O) site that corre-
sponds to the body center in the unit cell ofa-rh B, ~b! two
tetrahedral (Td) sites per unit cell,~c! both ends of an inter-
stitial chain along the longest body diagonal that equal P
positions in B12P2 @called interstitial (int) sites#, and~d! the
center of the hollow cluster B12, which we have not dealt
with in the previous papers.

Geometrical conditions ofa-rh B are like those of pristine
fcc C60, but the intermolecular cohesion mechanism is quite
different. In contrast to the intermolecular van der Waals
cohesion in fullerite, intermolecular coupling ina-rh B is of
a covalent bonding type due to transfer interactions between
neighboring B12 icosahedra. It is therefore hard to dope rela-
tively heavy alkali or alkaline-earth metals of large ionic
radius intoa-rh B. In order to aid a construction of our
models, we have calculated the site radius based on a simple
rigid-sphere model, using available experimental
information13,14,18on a-rh B and B12P2. The structural data
of a-rh B and B12P2 are given in Ref. 10. The atomic radius
of the B atom required in our calculation has been estimated
from the experimental B-B covalent bond length, which is
approximately 0.88 Å on the average. The calculated results
are summarized in Table I, together with the ionic radius of
alkali- and alkaline-earth-metal ions given by Pauling.19 In
our analysis, the IIA elements Be21 and Mg21 are not in-
vestigated in spite of the small values in ionic radius because
their chemical property is quite different from others.

The spheres of the four sites range over 0.82621.245 Å
in radius, according as the order ofO.Td. int. B12 cen-
ter. We have also found out that even the most spaciousO
site can only accommodate relatively small ions, such as
Li 1, Na1, Ca21, and Sr21. Thus the smallest alkali metal
Li and the smallest alkaline-earth metal Ca have been chosen
as dopants.

TABLE I. Estimated site radius by means of a simple rigid sphere model calculation. We also give the
ionic radius of alkali and alkaline-earth-metal ions. Li1, Na1, and Ca21 ions are small enough to occupy all
of the sites.

Site Radius~Å! Element Ionic radius~Å! Element Ionic radius~Å!

O 1.245 Li1 0.60
Td 1.167 Na1 0.95a

int 1.032 K1 1.33a Ca21 0.99a

B12 center 0.826 Rb1 1.48a Sr21 1.13a

aReference 19.
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Depending on the positions and concentration, the realis-
tic model systems LiB12(O), Li 2B12(Td), Li 2B12( int), and
Li@B12 are constructed for Li-doping case. On each of the
systems, a numerical work has proceeded in a way that we
will describe in Sec. III. The structural formula LiB12(O)
represents the case that Li atoms are doped into everyO site.
In Li 2B12(Td) or Li 2B12( int), Li atoms~two per unit cell!
are doped intoTd or interstitial sites, respectively. The for-
mula Li@B12 represents the case that Li atoms occupy the
centers of all the B12 clusters. Based on the total-energy
analysis, we have also investigated other systems in the same
way, which corresponds to Li doping into more than one
kind of the above-mentioned four sites at a time, including
Li 3B12, the same way of doping as the superconducting
composition A3C60. The Ca-doping cases, including
Li 32xCaxB12, are also studied in order to search for a new
superconductor in the wide range of new materials.

III. METHOD OF COMPUTATION

To make a theoretical prediction of a novel material, one
must determine its stable structure. To make sure whether
these compounds really exist or not, the first-principles total
energy calculations are performed by means of theab initio
pseudopotential20 Gaussian basis calculation within the
local-density-functional theory.21,22 The details of the calcu-
lation are found in our previous paper.10 The exchange-
correlation potential is included via the Perdew-Zunger
parametrization23 of the Ceperley-Alder functional.24 High
numerical precision is achieved by employing a large num-
ber ofk points~up to 10 points! in 1/12 of the Brillouin zone.

In this calculation, the Bloch functions are expressed by
the linear combination of atomic orbitals~LCAO! form. In
this LCAO calculation we express the numerically calculated
pseudoatomic wave functions in terms of the sum of Gauss-
ian orbitals. In doing so we determine both the coefficients of
a linear combination and the exponents of the Gaussian or-
bitals by the least-squares fit method. When we adopt 19
Gaussian orbitals~3 Gaussians fors-type orbitals, 2 forp
types, and 2 ford types, excluding the spin degeneracies! for
a single B, Li, or Ca atom, we have found that errors in the
least-squares fitting are only within 1% in every kind of
atom.

In order to examine the validity of the 19 Gaussian basis
sets, we have also tried to fit with 14, 18, and 22 Gaussian
orbitals. When the number of Gaussian orbitals per atom
exceeds 19, we can reduce the errors in the least-squares
fitting below 1%. However, there is ambiguity in choosing a
set of Gaussian orbitals. This gives rise to an overcomplete
problem. In this context we have concluded that the case of
19 Gaussian orbitals corresponds to the best fitting. Gaussian
exponents thus determined are as follows:~a! for a B atom,
0.161, 0.455, and 1.77 ass-type Gaussians, 0.265 and 1.46
asp types, and 0.140 and 0.240 asd types;~b! for a Li atom,
0.043, 0.145, and 0.374 ass types, 0.072 and 0.828 asp
types, and 0.073 and 0.177 asd types; and~c! for a Ca atom,
0.043, 0.363, and 5.21 ass types, 0.042 and 0.274 asp types,
and 0.242 and 1.98 asd types.

By using these 19N Gaussian basis sets (N is the number
of the atoms in a unit cell!, we have calculated the energy
band structures of bcc Li and fcc Ca metals and we find that

our results reproduce well those reported for bcc Li and fcc
Ca. This may guarantee the validity that we have adopted the
19N Gaussian orbitals for Li and Ca atoms. In addition, we
have also calculated the energy band structure and the lattice
constant ofa-rh B and compared them with the well-
converged plane-wave~PW! basis calculation of Lee, By-
lander, and Kleinman,25 which is considered as the most ac-
curate one in the LDA calculation fora-rh B. The lattice
constant and the energy gap in our calculation are 100.1%
and 80.5% of experimental values, while those in the PW
calculation are 99.2% and 75.3%. Our values are very close
to those of the PW calculation and thus our calculations, with
the use of the 19N Gaussian basis set for B atoms, are con-
sidered as fairly good.

We have further calculated the density of states ofa-rh B.
The result is shown in Fig. 2. Very recently Terauchi has
measured the electron-energy-loss spectra ofa-rh B in the
energy region of 0–60 eV and with the use of the Kramers-
Kronig analysis of the loss function has obtained the real and
imaginary parts of the dielectric function.26 Since the imagi-
nary part of the dielectric function is related to the joint
density of states between the occupied deep core states and
the unoccupied conduction band states and the deep core
state is less dispersive, the density of states of the unoccu-
pied conduction-band states is semiempirically obtained
from the electron-energy-loss spectra. In this context we can
compare the calculated density of states ofa-rh B with the
semiempirical one. The agreement with regard to the peak
positions between calculated and semiempirical density of
states is fairly good, guaranteeing the validity of the 19N
Gaussian orbitals for B atoms.

When metal atoms are doped intoa-rh B, the structure of
a-rh B is deformed. In our previous paper,10 we have exam-
ined this deformation effect in the cases of Li2B12(Td) and
Li 2B12( int) by calculating the total energies with the
B12P2 structure and thea-rh B structure. Of course we have
to find an optimized structure for all the model systems, but
this calculation is time-consuming. Thus, in the present pa-
per we introduce a pair of structural parameters, the length of
the lattice vectora and the mean radius of the icosahedral
B12 cluster r . We try to minimize the energy by varying
these parameters. Since this optimization procedure is too
conventional, we must check the validity of this procedure
by calculating the atomic force acting on each ion in a re-

FIG. 2. Calculated density of states ofa-rh B. The unoccupied
density of states is also given in the inset.
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spective compound with thea-rh B structure and with opti-
mized structure. We have found that the forces sharply fall
below 1021 a.u. after optimizing the structures. For ex-
ample, in the optimized LiB12(O), the forces acting on B
ions are 0.373102220.8831021 a.u. and that on Li is
0.2531022 a.u. Thus our procedure of structure optimiza-
tion by two parameters may be used in various molecularly
based crystals, if one would allow the range of remaining
forces in an optimized structure to be 1021–1022 a.u. It
should be emphasized that the optimized structures by two
parameters are not the most stable structure.

IV. RESULTS

A. Stability and energetics

First of all, calculated structural parameters ofa-rh B are
summarized in Table II, together with the experimental13,18

and other available theoretical25,27 information. Due to the
remaining atomic forces on the order of 102321021 a.u.,
insufficient precision~60.01 Å for a-rh B and60.1 Å for
Li xB12) has been achieved in the present calculation.

Also the total energy of isolated atomA (A5Li or Ca!
has been calculated for comparison, within the same frame-
work of LDA, employing the sameab initio pseudopotentials
that we have used in the bulk calculations. The calculations
proceeded using numerical bases. In Table III the calculated
energy gainsDE are given for a wide range of metal-doped

B12 solids. TheDE is defined by the exothermic reactions
B12(a-rh crystal!1xA(atom)↔AxB121DE. Although the
atomic forces still exist inAxB12 even after the minimiza-
tion, the remaining forces are fortunately the same order in
all theAxB12-type compounds and hence are not considered
to have such large effects on the heats of formationDE.
According to the analysis, Li-doped compounds have been
demonstrated to give sufficient heats of formationDE,
whereas all the Ca-doped compounds have negativeDE and
have been found to be unstable including Li2CaB12, against
our simple rigid-sphere model estimate.

We have also clarified that Li atoms have a preference for
the O site rather than theTd site in LixB12, while in the
doped C60, alkali atoms preferTd sites toO sites.28 This
result is consistent with our estimate by means of a simple
rigid-sphere method. Lithium atoms, however, do not occupy
the interstitial site and B12 center against our model calcula-
tion. Theab initio total-energy studies also demonstrate that
Li 2B12( int) is unstable, though we have calculated both
from the a-rh B and B12P2 structures. An intermediate
structure, less deviated from thea-rh B structure than
B12P2 in proportional to the ratio of Li to P in the ionic
radius, has also been adopted as the initial data, but it re-
mains unstable. We have thus concluded that alkali-metal
atoms do not occupy interstitial sites, as in the doped C60.
Our LDA band-structure calculation reveals the main reason
why the Li2B12( int) has been unstable. According to the

TABLE II. Calculated lattice constanta, mean radius of B12 r , and bond lengths ina-rh B ~Å!. The
results are compared with experiments and other current calculations.

B-B bond length
intraicosahedron intericosahedra

t-t t-e t-e* * e-e
Reference a r (t* -t* ) (t* -e* ) (t* -e) e-e* t-t* (e* -e* )

this work 5.063 1.70 1.74 1.79 1.80 1.78 1.67 2.02
other calc.a 5.034 1.741 1.794 1.784 1.773 1.670 2.003
other calc.b 5.034 1.740 1.783 1.794 1.772 1.669 2.003
expt. 5.057c 1.751d 1.782d 1.801d 1.806d 1.670d 2.019d

aReference 25.
bReference 27.
cReference 18.
dReference 14.

TABLE III. Calculated heats of formationDE of A xB12. Li 2B12( int), Li@B12, and all of the Ca-doped
A xB12 are unstable, as a minus sign ofDE shows. Li2B12(Td) is metastable. The others are stable enough
and should be synthesized like KxC60.

DE DE
System Site eV/cell eV/atom System Site eV/cell eV/atom

LiB 12(O) O 2.38 0.183 CaB12 O -7.23 -0.556
Li 2B12(Td) Td 2.29 0.164 Ca3B12 O1Td -51.13 -3.409
Li 2B12( int) int -2.70 -0.193 Li2CaB12 O~Ca!1Td~Li ! -3.20 -0.213
Li@B12 B12 center -2.86 -0.220

KC60 Td 8.5 0.139
Li 3B12 O1Td 4.63 0.309 K2C60 Td 17.7a 0.285
Li@Li 3B12 O1Td1B12 center 2.92 0.182 K3C60 O1Td 22.6a 0.359

aReference 28.
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calculations, all stable and metastable LixB12 are ‘‘donor-
type’’ metals, as seen in Sec. IV A, but the calculated energy
band structure of unstable Li2B12( int) instead shows an
‘‘acceptor-type’’ metallic behavior.9,10 Since somepp orbit-
als point towards interstitial sites, the Li 2s wave function in
Li 2B12( int) overlaps substantially with thesepp orbitals
and as a result, two Li-B hybrid bands appear in the higher
valence band region ofa-rh B. Because they push up higher
valence bands,EF crosses the highest and second-highest
valence bands and holelike carriers appear in this case, indi-
cating which Li gets an extra electron and behaves as an
anion in Li2B12( int). This unusual behavior yields anoma-
lously high total energy, that leads to the instability of
Li 2B12( int).

From a comparison between the calculated heats of for-
mationDE, we can consider the LiB12(O) as a stable sto-
ichiometric phase as long as the Li concentration remains in
a lower level. When the Li concentration is increased, the
stoichiometric Li3B12 appears. The Li3B12 is the most stable
compound among LixB12, because of the largestDE of ap-
proximately 0.309 eV/atom. As seen in Table III, it is a
comparable value to that of the already obtained stable ma-
terial K3C60 ~Ref. 28! and this comparison authorizes the
existence of Li3B12. When Li concentration is further in-
creased, Li@Li3B12 is obtained. It corresponds to the maxi-
mum concentration, for interstitial sites are too close toO
sites and the occupation of interstitial sites by additional Li
atoms do not occur because other Li atoms have already
occupied theO sites.

B. Band structure

The calculated energy band structures of the stable and
metastable LixB12 (x51–4! are presented in Fig. 3. The
LDA band calculation indicates that the general features of
energy bands in LixB12 are mostly attributed to the band
profile of a-rh B. The energy band structure ofa-rh B is
shown in Fig. 3~a!. The undopeda-rh B is an indirect semi-
conductor with the gap energy of approximately 2 eV.17 The
calculated energy band structure ofa-rh B within LDA com-
pares quite well with experiments,17 though the calculated
band gap shows a smaller energy value of 1.53 eV. We have
also compared it with other LDA calculations29,30 and have
found reasonable agreement with them. The top of the va-
lence band is located atZ and the bottom of the conduction
band is at theG point. However, the highest occupied va-
lence band is less dispersive along theG-Z direction and one
may regarda-rh B as an almost direct gap semiconductor.
Although this highest valence band exhibits flat dispersion
along theG-Z direction, it shows a dispersive feature along
the G-L direction, suggesting a strong anisotropy near the
G point. No localized electronic states appear as the ground
states ofa-rh B, though many experiments suggest the ex-
istence of intrinsic acceptor levels inb-rh B.31

Figure 3~b! shows the calculated energy band structure of
LiB 12(O). Overall energy band features of LiB12(O) are
almost identical to those ofa-rh B, but a Li-character band
appears in a higher-energy region above 20 eV beyond the
displayed range in Fig. 3~b!. Lithium 2s electrons are trans-
ferred from this band to the lowest conduction band and, as a
consequence, the Fermi levelEF crosses this lowest conduc-

FIG. 3. Calculated energy band structure of semiconducting
a-rh B and metallic compounds LixB12 (x51–4!: ~a! a-rh B, ~b!
the stable LiB12(O), ~c! the metastable Li2B12(Td), ~d! the most
stable Li3B12, and~e! the stable Li@Li3B12. The band indices are
numbered from the lowest band.
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tion band and LiB12(O) shows a donor-type metallic behav-
ior. This band is nearly half filled and all of the donated
charges~one electron per B12) are itinerant. Our charge den-
sity calculations also reveal that this band has B 2s-2p hy-
bridized character. This B 2s-2p conduction band extends in
the narrow region between 10.2 and 11 eV, while in the
pristine a-rh B, the corresponding band lies in the range
between 9.5 and 11 eV. The same kind of narrowing of
bandwidths occurs in several bands. It arises from the
smaller orbital overlaps, due to both the intra- and intermo-
lecular relaxations. In addition to the narrow bandwidth of
the lowest conduction band~of order approximately 0.8 eV!,
most of its energy dispersion is almost flat in the neighbor-
hood ofEF and a very strong peak appears in the density of
states atEF , as seen in Sec. IV C. This will be very advan-
tageous to the occurrence of superconductivity.

The calculated energy band structure of the metastable
Li 2B12(Td) is shown in Fig. 3~c!. Charge transfer similar to
the previous case is brought about by doping. From the
analysis of the charge-density distribution at theG point, we
notice that the 22nd conduction band has some Li 2s char-
acter, whose position is approximately 2 eV aboveEF . This
band originally had B 2s character. The corresponding band
in a-rh B is the 24th in Fig. 3~a!, but has moved down
through the hybridization with Li 2s character in Li2B12
(Td). A charge-density peak of this band appears just on the
Li atom, but these electrons are transferred into two lower
bands: the 19th B 2s-2p hybridized band and the 20th B
2p band with a little admixture of Li 2s character. As the
result of charge transfer,EF crosses the lowest 19th and the
second lowest 20th conduction bands and Li2B12(Td) also
shows metallic behavior. The lowest B2s–2p hybridized
conduction band is almost filled, but it yields a few holelike
carriers arounds point. The second lowest B 2p conduction
band is occupied a little, but a low concentration of electrons
is found around theZ andL points. The calculated energy
band structure has demonstrated that the metastable Li2B12
(Td) metallic system has two types of charged carriers in the
same order. A band gap of about 1.7 eV exists in Li2B12
(Td) below the two partially occupied conduction bands. The
gap has changed its character from direct ina-rh B to indi-
rect, where the ‘‘top’’ of valence bands in Li2B12(Td) is at
theZ point and the ‘‘bottom’’ of conduction bands locates at
theU point. In the case of LiB12(O), the almost direct gap
of approximately 1.5 eV is open and not changed so much as
compared toa-rh B.

The calculated energy band structures of the most stable
Li 3B12 is shown in Fig. 3~d!, where Li atoms are doped both
into O andTd sites. Results similar to previous cases have
been obtained. Associated with considerable hybridization
with a Li 2s character band, the 22nd band has moved far-
ther down into the energy region between 11.7 and 13.5 eV,
whose position is about 1 eV aboveEF . From the 22nd B
2s-Li 2s strongly hybridized band, Li 2s electrons are trans-
ferred into the lower 19th, 20th, and 21st bands. Due to
higher Li concentration, much more electrons than in previ-
ous cases are transferred and the 19th band is completely
filled. TheEF crosses the almost degenerate 20th and 21st
conduction bands in Li3B12. Sufficient electrons are doped
into these bands and they occupyk states around theZ and

L points. These bands originally had B 2p character in un-
dopeda-rh B, but in Li3B12, B 2p character is mixed with
Li 2s character in almost a one-to-one ratio. In this way, the
donor type metallic state is obtained as the ground state of
Li 3B12 and one can say that there are some similarities in the
electronic structure as well as in the crystalline structure be-
tween the most stable Li3B12 and the superconducting
A3C60.

A striking feature appears in the case of Li@Li3B12,
where its energy band structure is shown in Fig. 3~e!. The
originally B 2s character band, whose energy range ina-rh
B lies between 13 and 15 eV~the 24th band ina-rh B!, is
now considerably hybridized with Li 2s character and ap-
pears in the region from 10.5 to 12 eV in Li@Li3B12. In this
region, there already exist two almost degenerate B 2p-Li
2s character bands, and these three bands interact with one
another. As a result, the 20th band has dominant Li 2s char-
acter along theU-X direction with a little admixture of
B 2s character, whereas it has B 2p-Li 2s character for other
k points in the Brillouin zone. As for the 22nd band, quite
the contrary occurs. Besides these changes, the 19th valence
band that is fully occupied by the transferred Li 2s electrons
is lowered and the Fermi energy decreases in spite of the
increase of Li concentration. TheEF crosses the 20th and
21st conduction bands. Since the 20th band has Li 2s char-
acter along theU-X direction, the electrons in this region
remain around Li ions and do not transfer to other B charac-
ter bands.

C. DOS

The knowledge of the density of states~DOS! N(E) near
the Fermi level is very important in understanding a mecha-
nism of superconductivity. In order to investigate the possi-
bility of superconductivity in LixB12 metallic materials,
N(E) has been calculated and is delineated in Fig. 4 for
pristine and dopeda-rh B. The Fermi-level DOSN(EF) is
also given in Table IV, together with a calculated value of
superconducting K3C60 within the LDA.28,32 The tetrahe-
dron method33 is used in actual calculation of
N(EF)5(n(kWd„EF2«n(kW )….

Since in LiB12(O) the lowest B 2s-2p conduction band
that crossesEF is almost flat, this single narrow band yields
a pronounced spike structure inN(E) at EF , which is ex-
pected to play an important role in superconductivity. Al-
though a number of LDA calculations onN(EF) of the
K 3C60 have been reported so far, the calculatedN(EF) is not
definite yet, ranging from 0.19 to 0.39 states/eV atom.28,32

The value ofN(EF) per atom in LiB12(O) is comparable to
the moderateN(EF) of K 3C60, as seen in Table IV.

In Li 2B12(Td), its energy band structure is similar to that
of LiB 12(O) and only minute differences inN(E) are found.
However, because of the large amount of charge transfer,
EF lies at a little higher level away from the B 2s-2p hy-
bridized conduction band andN(EF) decreases compared to
LiB 12(O).

In Li 3B12, the amount of charge transfer increases much
more than in the two previous cases andEF , whose energy
position is 11.4 eV, crosses two higher almost-degenerate B
2p-Li 2s hybridized conduction bands and as a consequence
N(EF) becomes again very high. The most stable Li3B12
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matches, or even surpasses, the superconducting K3C60 in
the obtained value ofN(EF) per atom.

In Li@Li 3B12, EF instead takes a lower value of about
10.8 eV, contrary to the increase of Li concentration. The
decrease of the Fermi energy is related to the lowering of
bands, as mentioned in Sec. IV B. The DOS structure of
Li@Li 3B12 is also changed drastically. TheEF crosses the
almost degenerate 20th and 21st bands, but the obtained
N(EF) is not so high compared to LiB12(O) or Li 3B12.

Lithium doping yields changes inN(EF) according to the
band occupation of transferred electrons, as mentioned
above. With the exception of the metastable Li2B12(Td),
Li xB12 (x51–4! mostly shows a high density of states at
EF . Higher values ofN(EF) are mainly due to the nature of
the lowest and second-lowest conduction bands of the parent

a-rh B. TheN(EF) is also enhanced by the narrowing of the
energy bandwidths associated with Li doping.

In AxC60, there exists an approximate linear relationship
betweenN(EF) and the lattice constant and the variation in
Tc has been attributed to changes in the lattice constant. In
Li xB12, however, no such simple linear relation exists, re-
flecting the intermolecular-covalent-bonding-type cohesion,
but the calculatedN(EF) shows a monotonic increase as a
function of the lattice constant. Figure 5 illustrates the cal-
culatedN(EF) of Li 3B12 as a function of the lattice constant
a. TheN(EF) has been enhanced by 16.7% in the optimized
structure, compared to the unrelaxed structure. It also indi-
cates that Li3B12 would show a high value ofTc with the
help of low pressure, affected by the rapid increase in
N(EF).

D. Bulk modulus

The bulk modulus of the stable and metastable materials
has also been calculated for some information about isotro-
pic phonon mode. The calculated bulk modulus is given in
Table V fora-rh B and its stable and metastable derivatives
Li xB12 (x51–4!. The bulk modulus ofa-rh B shows excel-
lent agreement with an x-ray single-crystal study ofa-rh
B.34

As seen in Table V, the bulk modulus initially increases
by the doping, but then it decreases monotonically with in-
creasing Li concentration. The initial increase in the bulk
modulus is attributed to additional contributions from the
ion-ion electrostatic interaction associated with doping. One
might consider that the formation of metallic bondings, to
which the interactions of conduction electrons with Li1 ions
mainly contribute, may also be responsible for it, but it is
less important because the present total-energy calculation
shows that the Ewald sum contribution due to electrostatic
interactions is dominant rather than the band energy contri-
bution. The reason for the behavior of monotonic decreasing
is that dopant Li1 ions weaken the intermolecular covalent
bondings via the relaxations of inter-B12 clusters. As a result,
the bulk moduli of Li@Li3B12 and Li3B12 are comparable
to that of undopeda-rh B, which is indicative of the same
order of phonon frequencies.

FIG. 4. Calculated density of states of the stable and metastable
metallic compounds LixB12 (x51–4!.

FIG. 5. CalculatedN(EF) of Li 3B12 as a function of the lattice
constanta. No simple linear relation exists in LixB12, but the ob-
tainedN(EF) ~solid circles! shows a monotonic increase at least in
this region.

TABLE IV. Obtained DOS atEF of stable and metastable
Li xB12. A LDA calculation ofN(EF) for superconducting K3C60

is referred to for comparison.

N(EF)
System states/eV cell states/eV atom

LiB 12(O) 3.39 0.26
Li 2B12(Td) 1.59 0.11
Li 3B12 3.78 0.25
Li@Li 3B12 2.55 0.16

K 3C60 17.96a 0.28

aReference 32. The calculated values ofN(EF) are ambiguous,
ranging from 12.0 to 25.0 states/eV cell~Refs. 28 and 32!. Here we
have referred to a moderate value.
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X-ray diffraction studies ona-rh B and B12-based
crystals13,14have revealed that a B12 cluster is distorted from
a regular icosahedron by the Jahn-Teller effect.31,35 In addi-
tion, a higher Debye temperature ina-rh B of approximately
1430 K is also derived36 from specific heat capacity mea-
surements onb-rh B and B12C3.

37 These studies suggest that
there exists an anomalously strong electron-phonon interac-
tion between valence electrons and some vibrational modes
in a-rh B. Because the phonon frequencies are almost unaf-
fected by doping, even after the doping, strong electron-
phonon coupling is also expected, suggesting a future dis-
covery of new superconductors in LixB12.

V. SUMMARY AND CONCLUSION

We have theoretically predicted the possible existence of
B12-based new materials LixB12, with x51–4, on the basis
of the first-principles calculations within the LDA. However,
our total-energy calculations have also demonstrated that

CaxB12, with x51–4, is unstable. Among the stable
Li xB12, the Li3B12 compound, with the same stoichiometry
as the superconductingA3C60, is the most stable. Our cal-
culations may suggest that the doping ofa-rh B with Li
atoms can be achieved experimentally in a usual gas trans-
port technique. The stoichiometry will be controlled by the
temperatures, pressures, duration of the reactions, and the
number of moles of Li relative to those ofa-rh B.

Our band-structure calculations have revealed essentially
donor-type metallic behavior of LixB12. From an analysis of
the energy band profile, we have pointed out that Li-doping
produces changes that can be related to the dopant concen-
tration, particularly in the bands near the Fermi level. These
changes are advantageous to LiB12(O) and Li3B12 and these
two compounds show a high density of states atEF , com-
parable to K3C60 in the value of per atom. As regards
Li 3B12 and Li@Li3B12, we have also clarified that Li dop-
ing does not cause any drastic changes in the bulk modulus.
The observed Jahn-Teller effect and high Debye temperature
in a-rh B are also expected in these compounds, which is
indicative of an anomalously strong electron-phonon cou-
pling strength.

For many desired properties as a superconductor,
Li 3B12 has both the high density of states atEF and the
strong electron-phonon coupling. Thus a moderately high
value ofTc is expected, mediated by the interaction of con-
duction electrons with high-frequency phonons caused by
B-B covalent bondings. In this context, the most stable
Li 3B12 is a promising candidate for a new superconductor
based on semiconducting materials.
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