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The first-principles orthogonalized linear combination of atomic orbitals method has been applied to
calculate the electronic structures, total energies, and optical properties of four boron-rich compounds:
B;As,, B;,P,, B;;C(CBC) (or B,C), and B,;C,. The band structures show that B;,As,, B;,P,, B;;C(CBC)
are semiconductors with indirect band gaps while B;3;C, is a metal with an intrinsic hole at the top of the
valence band below a semiconductorlike gap. The calculated density of states are resolved into atomic
and orbital partial components and the valence-charge distributions are also studied. The natural bond-
ing characteristics in these crystals are illuminated by evaluating the Mulliken effective charges on each
atom and overlap populations between pairs of atoms. It is shown that intericosahedral bonding is much
stronger than the intraicosahedral bonding. The chain elements in ByAs, and B,,P, donate electrons to
the icosahedra while in the other two crystals, they gain a slight amount of charge in forming strong co-
valent bonds. The bulk moduli of these crystals are estimated by means of total-energy calculation as a
function of crystal volume, and are to be considered as upper limits. We have also calculated the inter-
band optical conductivities and the complex dielectric functions in these crystals. Static dielectric con-
stants for the three semiconductors are estimated to be 6.59, 5.49, and 6.35, respectively, which are in
good agreement with recent experimental measurements. The bulk plasmon excitations in these four
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crystals are found to be in the 30-34-¢V range.

I. INTRODUCTION

Boron and boron-rich compounds form an interesting
class of materials with many diversified and fascinating
properties.! " They exist in different phases in a variety
of crystal structures including cubic, rhombohedral, and
tetragonal phases.® These stable refractory materials
have conductivities that stretch from that of a metal to
that of a wide-band-gap insulator. The basic structural
units in these B compounds are various polyhedra such as
icosahedron, octahedron, or cubooctahedron,’” with the
icosahedron B, with 12 B atoms the most common one.
It is significant that icosahedral framework in B or B-rich
solids such as the complex -rhombohedral boron (B-r-
B,gs) is stable over a wide range of pressure, indicating a
strong intericosahedron bonding.! It has long been
recognized that the B atom, with its three valence elec-
trons, is insufficient to form bonds for the four low-lying
orbitals. Theoretical analysis shows that the B,
icosahedron is two-electron deficient in a setting for the
13 internal bonding orbitals and 12 external equivalent
orbitals.® The general viewpoint on the means of supply-
ing the two missing electrons is to either replace the B
atom within the icosahedron with another atom of higher
valency, or to connect the equatorial B atoms of the three
adjacent B, icosahedra with an interstitial chain of
atoms involving group-IV or -V elements which can sup-
ply the electrons for the required bonding.” In the sim-
plest case of the a phase of rhombohedron boron (a-r-
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B,,), however, a weak three-center bond can be formed
by the equatorial B atoms between the icosahedra which
contribute two electrons.? If we consider B, to be a
molecular unit, it is interesting to note that in the B-rich
compounds, in contrast to other molecular solids, the in-
termolecular bonding between icosahedra appears to be
stronger than intramolecular bonding. This type of crys-
tal has been called an inverted molecular solid.>!° This is
quite different from fullerene (Cgy)-based compounds
where the forces between the bucky balls are of the weak
van der Waal type. It is also interesting to point out that
both a-rB;, and Cq; in the fcc lattice are semiconductors
with comparable sizes of band gap.!"!2

There have been many recent experimental’®>~2° and
theoretical?! ~28 investigations of the structures and prop-
erties of B and B-rich compounds. In particular, the
structure of the B,;-C phase has been the subject of much
controversy. Determination of x in B;_,C, compounds
and the precise location of the C atoms has attracted in-
tense research efforts.>* It has been concluded that two
of the compounds B,,(CBC) (x=0.13) and B,;C(CBC)
(x=0.2) with a C-B-C intericosahedral chain are more
stable. Other B,,-based compounds have also attracted
considerable interest because of their unique combination
of structures and properties.?%228

In this paper, we report a systematic study of the fun-
damental properties of four B;,-based compounds. These
are B,As,, B;,P,, B;;C(CBC), and B3C,. A similar
study on pure B;,-based crystals has been reported be-
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FIG. 1. Sketch of the crystal
structure. (a) Bj,As, or BpP,.
(b) B;3C, or B;;C(CBC). The
dashed frame represents the
rhombohedral unit cell.

(a) B12As; or Bj)Ps

(b) B|3C2 or BHC(CBC)

fore.'? We briefly describe the crystal structures in Sec.
I1, and method of calculations in Sec. III. Results on the

electronic structure and crystal bonding are presented in
Secs. IV and V, respectively, while those of total energies
and optical properties are discussed in Secs. VI and VII.

Section VIII summarizes some conclusions.

II. CRYSTAL STRUCTURES

Morosin et al.? measured the crystal structures of
B,As,, B,P,, and B;3C, and atomic positions using
single-crystal x-ray diffraction. Bylander, Kleinman, and

Lee predicted the crystal parameters of B;;C(CBC) based

TABLE 1. Crystal data and calculated electronic structures for By,-based crystals.

BuASZ B12P2 B13C2 B“C(CBC)
Lattice constant (A) a=5.3333 a =5.2559 a=5.1850 a=>5.1425
a=170.505° a=69.620° a=65.590° a=65.758°
Density (g/cm?) 3.56 2.58 2.47 2.55
Cell volume (A") 130.52 123.25 110.54 108.15
Space group R3m R3m R3m R3m
Band gap (eV) 2.78(Z— A) 2.63(Z— A) 3.01(4—4) 3.04Z—A)
Direct gaps: 4.31(T") 4.75(T") 3.43(T) 5.54(T)
4.21(X) 4.06(X) 4.14(X) 3.70(X)
3.07(Z2) 3.10(2) 3.48(2) 3.55(2)
2.97(A) 2.83(4) 3.01(4) 3.56(4)
4.21(D) 4.06(D) 3.01(D) 3.70(D)
Expt. gap (eV) 3.47° 3.35%
other calculation 2.609°(I"— A4) 2.915¢(B— A4) 2.7814B— A4)
Bandwidths (eV)
upper VB 7.69 8.05 8.85 8.95
total VB 15.08 15.03 15.79 16.06

2Reference 13.
YReference 26.
°Reference 24.
dReference 24.
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on the ab initio pseudopotential calculation.’* All four
crystals B,As,, B,P,, B;;C(CBC), and B;;C, have the
same space group R3m as the a-r-B;,. The structure of
these phases consists of a rhombohedral packing of B or
B-rich icosahedra bonded to one another through a two
or three-atom chain along the z axis. This is illustrated in
Fig. 1. Figure 1(a) shows a two-atom chain (As-As or
P-P) connecting to six icosahedra in B;,As, or Bi,P,.
Figure 1(b) shows a three-atom chain (C’-B’-C’) substitut-
ing for the two-atom chain and links in the same fashion
for B;;C(CBC) or B;C, crystals. The dashed frame in
Fig. 1(a) or 1(b) depicts the rhombohedral unit cell for the
crystal. The introduction of a two- or three-atom chain
to a-r-Bj, induces substantial deformation of the
icosahedron. Because of the different local bonding envi-
ronment, we labeled as B; the top or bottom B atoms,
and as B, the equatorial B atoms in the icosahedron, and
use B’ and C' to represent the chain atoms. In
B;;C(CBC), one C atom occupies the vertex position of
the icosahedron and externally bonds to a B atom from
another icosahedron. The symmetry of the B, icosahed-
ron is distorted because of the C substitution. Along the
interstitial chains, As-As has the largest bond length of
2.39 A, which is about 0.15 A longer than the P-P bond.
The bond lengths between C’' and B’ for the three-atom
chain in B;C, and B;;C(CBC) crystals are between 1.43
and 1.45 A. The intraicosahedral bond lengths vary from
1.74 to 1.81 A while the intericosahedral bond length is
around 1.73 A. Among the four crystals, B;,As, has the
largest lattice constant, rhombohedral angle a, and densi-
ty due to the interstitial chain of the large-size As atoms.
The structural data of the four crystals are summarized
in Table I.

III. METHOD OF COMPUTATION

We have used the self-consistent orthogonalized linear
combination of atomic orbital (OLCAO) method, with
the local-density approximation (LDA) of the density-
functional theory to calculate the band structures and
ground-state properties of the four Bi,-based crystals.
The resulting wave functions were used to study optical
transitions in these crystals. Since the computational
method has been well described elsewhere,° only a brief
account is given here. The basis functions are atomic
functions expressed as linear combinations of Gaussian-
type orbitals. A full basis set was used in all calculations.
The crystal potential and charge density were also ex-
pressed as sums of atom-centered functions consisting of
s-type Gaussians. The Wigner interpolation formula was
used to account for the additional correlation effect.’!
Our judicious choice of fitting functions resulted in fitting
errors of no more than 0.001 electron per valence elec-
tron in all four crystals. In the self-consistent iterative
procedure, six special-k points were used for Brillouin-
zone (BZ) integration. For the density of states (DOS)
and optical calculations, 110 regularly spaced k points in
the irreducible part of the BZ were used for solving the
energy eigenvalues and eigenfunctions. The DOS’s were
calculated using the linear analytical tetrahedron method
and the partial DOS’s (PDOS’s) were evaluated using the
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Mulliken procedure.?

In an atomic wave-based method for electronic struc-
ture studies, it is instructive to study the charge transfer
and the strength of covalent bonding by evaluating the
effective charge on each atom and the overlap population
or bond orders between a pair of atoms. Positive or nega-
tive population values for a specific pair of atoms provide
a simple way to characterize the bonding, net bonding, or
antibonding. Tanaka and Niihara used this approach to
study the bonding of solute atoms in -Si;N, using the
DV-Xa method.®® In the OLCAO method, the single-
particle wave function ¢, (r) and overlap matrix S;, ;5 are
given by

¥,(0)=3 4, kb, (k1) , (D
iy

Siy,js(k)z(b,-,y(k,l')'ija(k,r)) , )

where b;,(k,r) is the Bloch function constructed from
atomic or atomiclike orbitals, and S;, ;5(k) is the overlap
integral at k. 4;, are eigenfunction coefficients, 7,8 and
i,j represent atomic and orbital specifications, respective-
ly. The effective charge Qf on atom & and the overlap
population p, 5 between atoms y and 8 can be expressed
as

3 3 3 IWENAL) A]sS;, 5k, ()
n=occ. i j,yv k
Pro= X 22 Zwidl, ¥ Al'sS,, 5k (4)

The summation is over the entire BZ, and W (k) is the k-
point weighting factor. Because the Mulliken scheme is
less valid when the basis functions are extended, such as
when a full basis set is used, we used a minimal basis set
in evaluating Q3 and p,, 5.

The total energies of the crystals are evaluated as a
function of cell volume in accordance with the LDA
theory:

Er=3 E,(K)+ [ p(r)exc—Vxc— V... /2)dr
nk

+zz Zs/(R,—Rs), (5)
7,8

where E, (k) is the band energy, p(r) represents the crys-
tal charge density. Vyc and V,, are the exchange-
correlation potential and electron-electron Coulomb po-
tential, respectively, while e is exchange-correlation en-
ergy functional.

In the present total-energy calculation, the lattice con-
stants of the crystals are scaled to obtain an expanded or
contracted crystal volume, while assuming the crystal
symmetries are not reduced. In principle, other crystal
parameters such as the ¢ /a ratio and internal coordinates
should be optimized by searching for the minimum in the
total energy in the multidimensional parameter space.
Such a procedure is still computationally prohibitive for
us at this time. The bulk modulus or the compressibility
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are then obtained by fitting the calculated total-energy
data points to Murnaghan’s equation of state.3* Because
of the fact that the internal parameters were not opti-
mized, our calculated bulk modulus near the equilibrium

|

eZ

ho)y=—%
) =

where #iw is the photon energy, and f,, is the Fermi func-
tion for state n. The anisotropy of the conductivity can
be investigated from the components of the square of the
momentum matrix element, |{4,,|pl¥,)|? in Cartesian
directions. The imaginary part of the dielectric function
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volume should be considered as upper limits only.

From the energy eigenvalues and wave functions, the
real part of the frequency-dependent interband optical
conductivity o (@) can be obtained according to

J a3 €4, (k,0)Ipl9, (k1) 12£, (K[ 1= £, (K)IB[ E,, (k) — E,, (k) —Fiw] , (6)
o n,m

g,(w) is related to o(w) by the equation
g,(w)=(4m/w)o(®). The real part €,(w) can be obtained
from e,(w) through the Kramers-Kronig relation, and
the electron-energy-loss function is obtained from the
complex dielectric function.

(a) B2As, (b) B1,P;
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IV. ELECTRONIC STRUCTURES

Figure 2 shows the calculated energy bands of B,As,,
B,,P,, B;;C(CBC), and B;C, crystals along the symmetry
axes of the BZ. B;,As,, B|,P,, and B;C(CBC) are found
to be semiconductors having indirect band gaps. All
have the top of the valence band (VB) at Z and the bot-
tom of the conduction band (CB) at 4. The gap values
for B,,As,, B;,P,, and B;;C(CBC) are 2.78, 2.63, and 3.03
eV, respectively. Bj,As, and B;,P, have very similar
band structures because of the similarity in the crystal
structure, and the fact that As and P are isoelectronic.
Our calculated gap values for B;,As, and B;;C(CBC) are
slightly larger than the values of 2.609 and 2.781 eV ob-
tained from pseudopotential calculations.?#2® In the case
of By,As,, the calculated top of the VB at Z is 0.1 eV
higher than the I' point, which is the top of the VB in
Ref. 24, but both calculations show that the energy
values at the I" and Z points are very close. There are
some noticeable differences in the top of the VB region
between B,;C(CBC) and B,,As, or B|,P,. For example, a
single parabolic band of considerable curvature occurs at
point D instead of point Z even though the energies at
the two points are very close. Our calculation shows
B,;C, to be a metal with the Fermi level 0.37 eV at the
VB edge. We can consider this system to be an electron-
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deficient semiconductor with an intrinsic hole population
at the top of the VB. Bylander and Kleinman?* have also
obtained a metallic band structure for B;;C, with an in-
direct band-gap value of 2.92 eV compared to our value
3.01 eV. Their Fermi energy is 0.372 eV below the top of
the VB, the same as ours. In both calculations, the ener-
gy difference at X, I', D, and 4 are no more than 0.1 eV
apart. The close agreement between the two calculations
is a little surprising considering the different computa-
tional approaches used. Slack, Mcnelly, and Taft'® mea-
sured the optical gaps of B,As, and B,P, to be 3.47 and
3.35 eV. They are larger than the calculated LDA gaps,
but the relative order for the two crystals is correctly pre-
dicted. The direct and indirect gap values and the band-
widths for the four crystals are summarized in Table I.
Figure 3 shows the calculated total DOS’s for B,As,,
B,,P,, B;,C(CBC), and B3C,, respectively. For each
crystal, there are four band segments within the VB re-
gion. We shall identify them as first, second, third, and
fourth segments from top to bottom. The widths for the
first segments are 7.69, 8.05, 8.95, and 8.85 eV, respec-
tively, for the four crystals. For B;,As, and B,,P,, each
segment contains 34, 8, 2, and 2 electrons for a total of 46
valence electrons. For B;;C(CBC), the number of elec-
trons in each segment are 36, 4, 6, and 2 for a total of 48
valence electrons. In the case of B;;C,, there are only 47
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valence electrons distributed over the four segments with
35, 6, 4, and 2 electrons in each segment. The odd num-
ber of valence electrons in the top segment results in an
intrinsic hole at the top of the VB and a Fermi level only
0.37 eV below the VB top. More than 73% of valence
electrons are distributed in the first segment. Among the
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four crystals, B;;C(CBC) has the largest span of the total
VB width of about 16.06 eV.

The atom-resolved PDOS per atoms for B;,As, and
B,,P, are shown in Fig. 4, and that of B,;C(CBC) and
B,;C, in Figs. 5 and 6, respectively. To gain a better in-
sight into the electronic bonding, the orbital-resolved
PDOS’s for B;,As, are presented in Fig. 7 for illustration.
For both B,As, and B,P,, valence electrons from B, As,
or P atoms contribute uniformly to the first and second
segments. However, distribution in the first segment
comes mostly from the B 2p orbital electrons, and that in
the second segments is from the s-orbital electrons. The
density distribution in the second and third segments
comes mostly from s-orbital electrons of As or P atoms.
The fourth segments are dominated by B atoms, with s-
orbital electrons having a higher distribution than that of
p-orbital electrons. p-orbital and d-orbital electrons of As
and P atoms also have significant distributions in the CB.
Such orbital distributions of electrons in Bj;,As, and
B,,P, indicate strong hybridization not just between the
2s and 2p electrons of B, but also between the s, p, and d
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orbitals of As or P with that of B in a rather complicated
bonding pattern.

For both B;;C(CBC) and B,;C, crystals, PDOS’s distri-
butions of B and B’ atoms in Figs 5(a) and 5(b) or 6(a) and
6(b) are quite different, especially near the bottom of the
CB. The DOS of the B’ atom is much higher than that of
the other B atoms in the lower CB. This is because the B
atom bonds to the other atoms in forming covalent
bonds, while the B’ atom loses nearly one electron (see
Sec. IV) to the two C’' atoms and is more likely in the
(B’)” valency state. Figures 5(c), 5(d), and 6(c) show the
opposite situation for C and C’ atoms. In the CB region,
the DOS distribution of the C’ atom is much lower than
the C atom inside the icosahedron. Bullett?! calculated
the DOS for each atomic site of B;3C, and obtained simi-
lar results.

V. CRYSTAL BONDING

We have calculated valence-charge distributions for
the four B,,-based crystals, and the results are presented
as contour maps shown in Fig. 8. The contour plane has
been chosen to contain the interstitial chain atoms. (As-
As, P-P, or C'-B’-C’) and one B (B,) atom bonded to the
chain (shown in Fig. 1). These atoms are also properly la-
beled in Fig. 8. Figures 8(a) and 8(b) clearly show As-As
or P-P covalent bonding, and the charges at the centers
of both bonds are about 0.05. However, the charge value
at the center of the As-B bond is only 0.08, and that for
P-B bond is 0.07. For the B;;C(CBC) crystal shown in
Fig. 8(c), the extra C atom in the icosahedron modifies
the charge distribution of the C’-B’-C’' chain slightly,
while for B,;C, the distribution shows a more symmetric
pattern along the C’-B’-C’ chain. The charge value at the
center of the C-B bond along C'-B’-C’ chains are 0.15, al-
most triple the value at the center of the As-As or P-P
bond. Thus the C'-B’-C’' bond is much more covalent
than the As-As or P-P bond in the central chain. There
are two low-density regions next to the interstitial chains
for each crystal shown in Fig. 8. In the Bj,As, case, it
has a much lower charge value 0.01 in the middle part.
For B,P, the charge distribution is almost empty in the
same area. That may be related to the large size of the
As atom, causing a wide range distribution. Figures 8(c)
and 8(d) show that B,;C, has more charge distribution in
the middle of the low-density area than B,;C(CBC).

The Mulliken effective charges for each type of atom in
the four crystals have been calculated using a minimal
basis set, and are listed in Table II. The main results can
be summarized as follows: (1) the B, atoms at the top or
bottom of the icosahedron gain almost no charge except
in B;;C(CBC) where a C atom substitutes for a B; atom
in the icosahedron. (2) The equatorial B, atoms gain
charge in B,As, and B,,P,, but lose charge in B,;C, and
B,;C(CBC). (3) The B’ atom in the chain loses 0.80 elec-
tron in B;;C, and 0.74 electron in B;;C(CBC), respective-
ly, to the neighboring C' atoms in the chain. (4) The As-
As (P-P) chain in the Bj, As, (B;,P,) loses 1.20 (0.90)
electrons to the surrounding B icosahedra. On the other
hand, the C'-B’-C’ chains in B3C, and B,;C(CBC) gain
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TABLE II. Calculated Mulliken effective charge. The num-
ber in the parentheses indicates the number of atoms for the
type.

Crystal B12A52 B12P2 B13C2 Bl 1C(CBC)
B, 3.01(6) 3.01(6) 3.02(4) 3.21(2)
3.04(2) 3.14(2)
2.98(1)
B, 3.19(6) 3.14(6) 2.87(4) 2.75(2)
2.92(2) 2.82(2)
2.83(1)
2.78(1)
As(P) 4.40(2) 4.55(2)
C 4.28(1)
C 4.66(2) 4.53(1)
4.50(1)
B’ 2.20(1) 2.26(1)

FIG. 8. Charge-density contour on a plane containing the in-
terstitial chain and atoms in the icosahedron bonding to the
chain. The contour lines are from 0.01 to 0.25 in the interval of
0.01 electron/(a.u.)’. (a) Bj,As,. (b) B;,P,. (c) B;;C(CBC). (d)
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0.52 and 0.29 electrons, respectively. This indicates that
B;As, and B,,P, are more ionic than B3C, and
B,;C(CBC) crystals. The stronger covalent bonds in the
intericosahedral chains explain the nature of the inverse
molecular solids mentioned earlier.!® Thus we expect
B,,C(CBC) to be the hardest material among the four
crystals. We also see that by substituting one B, atom in
the icosahedron by a C atom which tends to draw charge,
the charge transfer from the central C'-B’-C’ chain is
minimized, resulting in a stronger intericosahedral co-
valent bonding. The above scenario is consistent with the
notion that any electron deficiency in the intraicosahedral
bonding relative to the intericosahedral bonding tends to
make the icosahedra more compressible than the
structural medium surrounding the icosahedra. It is also
interesting to point out that the uneven charge distribu-
tion on the three-atom chain in B,;C, and B,;C(CBC) will
have some bearing on the hopping conductivity and
small-polaron formation in these crystals.>!8

Table III lists the calculated overlap population or
bond order in the four crystals. Results for the a-r-B,,
crystal are also included for comparison. We classify the
bonding to be of three types: (A) intraicosahedral bond-
ing, (B) intericosahedral bonding, and (C) intrachain
bonding. As can be seen, the intericosahedral B;-B,
bonding is very strong, almost twice that of the in-
traicosahedral bonding. Also, the intrachain bonding in
B,;C, and B;;C(CBC) is much stronger than intrachain
As-As or P-P bonding in Bj,As, or B;,P,. The weakest
bonding is the intericosahedral B,-B, bonding in a-r-B,,
which is the weak bonding between equatorial B atoms of
different icosahedra. The results of Table III are fully
consistent with the effective charge calculations and the
analysis of the previous paragraph on interatomic bond-
ing.

TABLE III. Calculated overlap populations for B,-related
crystals. (A) Intraicosahedral bonding. (B) Intericosahedral
bonding. (C) Intrachain bonding.

Crystal type Bj;As, B;,P, B;3;C, B,;C(CBC) a-rB;,
B,-B,; (A) 0.12(6) 0.11(6) 0.13(6) 0.13(4) 0.12(6)
B;-B, (A) 0.13(12)0.11(12)0.13(12) 0.13(10) 0.12(18)

(A) 0.10(6) 0.09(6) 0.11(6) 0.12(5)
B,-B, (A) 0.13(6) 0.11(6) 0.14(6) 0.11(6) 0.14(6)
B,-C (A) 0.11(2)
B,-C (A) 0.12(2)

(A) 0.11(1)
B;-B, (B) 0.25(6) 0.27(6) 0.24(6) 0.24(4) 0.24(6)
B,-B, (B) 0.05(12)
B,-As(P)  (B) 0.21(6) 0.27(6)
B,-C (B) 0.22(2)
B,-C’ (B) 0.20(6) 0.21(6)
As-As,P-P (C) 0.15(1) 0.15(1)
B'-C’ (C) 0.28(2) 0.27(2)
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VI. TOTAL ENERGY

The total energies for the four crystals are calculated as
functions of the crystal volume. The results are shown in
Fig. 9, where ¥V, is the equilibrium cell volume listed in
Table I. Calculations were performed for at least eight
points close to the equilibrium values of V' /¥, by uni-
formly scaling the lattice constant. In each calculation,
the electron-fitting error is kept to less than 0.01 electron
per valence electron to ensure the desired level of pre-
cision. Our calculations give the equilibrium lattice con-
stants to be within 1% of the measured values for B,,As,,
B,,P,, and B,;C,, and within 1.5% for B,;C(CBC). This
level of accuracy is similar to our recent calculations in
other crystals using the same method.3* 3 We obtained
the bulk moduli for these crystals by fitting the E vs
V /V, curves to Munaghan’s equation of state.>* Our re-
sults are listed in Table IV, which also contains the result
for a-r-B,, from the earlier study.'? Results of several ex-
isting calculations are also listed for comparison.!®2325
In general, our calculated bulk moduli are larger than
that of Lee, Bylander, and Kleinman® using the first-
principles pseudopotential method. The same is also true
for a-r-B;,. However, the relative order for Bj,As,,
B,;C,, and B,;;C(CBC) is the same in both calculations.

(@)
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FIG. 9. Calculated total energies vs (V /V,) . (a) Bj;As,. (b)
B,,P,. (c) By;C(CBC). (d) B5C,.
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TABLE IV. Calculated total-energy results for B,,-related
crystals.

B,As, B;,P, B;;C, B;C(CBC) a-rBy,
Vain/Vo 0.990 0.976 0.987 0.955 0.994*
B (Mbar) 2.50 2.66 2.63 2.73 2.45°
1.817° 2.169° 2.339° 2.02°
2.49° 2.66°
2.47¢
Expt.

2Reference 10.
bReference 25.
°Reference 23.
9Reference 16.

In the B;;C(CBC) crystal, Gieske, Aselage, and Emin
have deduced the elastic moduli value from ultrasonic ve-
locity measurement.!® Their value of 2.47 Mbar is be-
tween our calculated value of 2.73 Mbar and the value of
2.34 Mbar from Ref. 26. It is conceivable that our calcu-
lated bulk modulus values for the four crystals are upper
limits only, since we did not optimize all the structure pa-

-
=]
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rameters in the total-energy calculation. Among the five
crystals studied, B;;C(CBC) has the highest bulk modulus
which is consistent with the strong intrachain bonding in
this crystal discussed in Sec. III. Since a-7-B;, has the
smallest calculated bulk modulus, it can be concluded
that the interstitial chains increase the hardness of the
B,,-based materials because of the stronger intrachain co-
valent bonding.

VII. OPTICAL TRANSITIONS

The interband optical conductivities o of Bj,As,,
B,,P,, B;;C(CBC), and B,;C, crystals were calculated
from the ab initio wave functions. They were converted
into complex dielectric functions and energy-loss func-
tions. The results are presented in Fig. 10.

B,,As, has an absorption threshold of 3.09 eV arising
from the direct band-gap transition at Z. The o(w)
shows the structures at 6.73, 8.71, 10.82, and 15.78 eV
with sharp minima at 9.52 and 13.08 eV. The conductivi-
ty curve for B,P, is quite different from that of B ,As,,
although the threshold energy of 3.11 eV is very close. It
has a major peak at 6.37 eV, and a very broad peak near
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TABLE V. Calculated static dielectric constants g€, the ma-
jor peak position of €,(w), and the bulk-plasmon frequency w,.

By,As, B,,P, B,;C, B;,C(CBC) a-rB,,

€9 6.59 5.49 6.35 7.31
Major peak position 6.73 6.37 997 7.72 6.90
eV)

o, (V) 33.7 317 302 32.7 30.3

18 eV with a minimum at 11.9 eV. Thus the optical con-
ductivities of B;,As, and B,,P, are sufficiently different
even though their ground-state electronic structures are
very similar. The energy-loss functions show plasmon
peaks w, for the two crystals to be at 33.7 and 31.7 eV,
respectively. The static dielectric constant g, estimated
from the zero-frequency limits of the real part of the
dielectric functions are 6.59 and 5.49 for B ,As, and
B,,P,, respectively.

The optical conductivity curve for B;;C(CBC) is quite
different from that of B;,As, or B;,P,. The rate of in-
crease in absorption above the threshold of 3.20 eV and
up to 7 €V is less steep, and there is a plateaulike region
between 8 and 18 eV. Peak structures at 7.9, 10.3, and
17.4 eV can be identified. The static dielectric constant
and the plasma frequency are estimated to be 6.35 and
32.7 eV respectively. Samara et al.'® had measured the
dielectric functions of several B,C compounds with
x=4.33, 4.5, 5.5, and 9.0 corresponding to the C compo-
sition range of 9-19 %. They obtained the electronic
contribution to the real part of the dielectric function
€;(w) in the high-frequency limit. For B,C and ByC, es-
timated values of €,(0) of 6.7%0.3 and 7.0%+0.3 were ob-
tained, which are slightly larger than the earlier result of
close to 6.0 obtained by the same group on smaller speci-
mens. These numbers are certainly consistent with our
calculated value of 6.35 for B;;C(CBC).

The optical conductivity of B3C, is rather different
from the other three B,,-based semiconductor crystals.
Because B;C, is electron deficient with an intrinsic hole
at the top of the VB, there can be intraband transition for
electrons below the Fermi level to the intrinsic hole
above. This leads to a sharply increased €,(w) as —0.
This result is in line with the experimental finding of
Samara et al.'® that the electronic dielectric constant of
ByC is larger than that of B,C. Transitions below 3 eV in
B,;C, are clearly of intraband type, and those above 3 eV
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are interband transitions which resemble that of
B,,C(CBC) except for a shoulderlike structure at 7 eV
and the plateaulike region between 10 and 18 eV. The
plasmon peak in B5;C, is at 30.3 eV, almost 2.5 eV below
that of B;;C(CBC). The calculated values of ¢;, »,, and
the first major peak positions in the €,(w) spectra for the
four crystals together with that of a--B;, (Ref. 12) are
summarized in Table V.

VIII. CONCLUSIONS

We have studied the electronic structure and bonding
in four B;,-based compounds by means of a first-
principles method. We show that B,As,, B,P,, and
B;;C(CBC) are semiconductors, while B;3C, is a metal
with one electron deficient in an otherwise semiconduc-
torlike band structure. These results are in close agree-
ment with other existing first-principles calculations us-
ing the pseudopotential-plane-wave method. The inter-
atomic bonding in these crystals is studied by calculating
the effective charges and overlap populations in these
crystals. It is concluded that intericosahedral bonding is
stronger than intraicosahedral bonding, providing an ex-
planation for the inverse molecular solids. Of particular
significance is the strong covalent bonding in the interi-
cosahedral chain in B;;C(CBC) which explains the superi-
or mechanical properties of the refractory ceramic com-
pound B,C. Equilibrium lattice constants and bulk
moduli in these crystals are also studied by total-energy
calculations. Our calculated bulk moduli are to be con-
sidered as upper limits because of our inability to relax
the internal coordinates under pressure. The optical
properties of these four crystals show a very similar pat-
tern except for B,;C, at the low-frequency limit which
shows metallic conductivity. Our calculated electronic
portion of the static dielectric constants for the semicon-
ducting crystals are in good agreement with recent exper-
imental measurements. We intend to use a similar ap-
proach to study the electronic and optical properties of
other B-rich compounds in order to obtain a full under-
standing of this class of fascinating materials with the
same very outstanding properties.
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