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Specific features of electronic structures and
optical susceptibilities of g-BCs and t-BC; phases

A. H. Reshak?®®

Details of comparison for some specific features of electronic structures and optical susceptibilities of
g-BCs and t-BCs phases are provided. Calculations show that the g-BCs phase is a narrow band gap
semiconductor constructed from the ABAB stacking sequence. Whereas t-BCs is a metallic phase
constructed by a sandwich-like metal-insulator lattice from an alternately stacking sequence of metallic
CBC and insulating CCC blocks. The two phases possess only two types of bonds (B—C and C-C). The
density of states at the Fermi level N(Ef) of the t-BCs phase is determined by the overlapping of B-2p
and C-2p empty orbitals of the CBC block with C-2p empty orbitals of the CCC block, and the shape of
the Fermi surface originated from these empty orbitals. The B atoms cause a small perturbation on the
C-ring's structure and hence to the charge density distribution. The linear optical properties of the two
phases confirm the existence of the lossless regions and the considerable anisotropy. The second
harmonic generation of the t-BCz phase shows that z3s(w) is the dominant component of about 3.9 pm V™1
at the static limit and 5.8 pm V™t at 4 = 1064 nm, which suggests that the t-BCs phase could be considered
as a promising nonlinear optical material in comparison with the well known KTiOPO, nonlinear optical
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1. Introduction

In recent years there has been great interest in boron-rich
diamond materials due to their excellent chemical and physical
properties.”® It has been found that these materials possess
high mechanical strength, high hardness, high thermal con-
ductivity, high electron and hole mobility, high chemical
inertness, and low mass density.”'® Ekimov et al' reported
that superconductivity was found in boron-doped diamond
synthesized at high temperature and high pressure. Increasing
the dopant concentrations led to the enhancement of super-
conductivity.""™"® These superhard materials are of great
demand for numerous applications for instance in the electronic
industry, solar cell production and mechanical machining.
Several researchers focus their attention on finding novel
superhard materials with good conductivity."*'® Combining
superhard and metallic properties is of great interest for the
creation of multifunctional materials with potential applica-
tions as metal-insulator junctions, metal-insulator devices and
photonic devices.'® Recently Ali et al.'” studied superconduc-
tivity in the diamond-like BC; phase using the pseudopotential
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density functional method (DFT) within the generalized gradi-
ent approximation (GGA). They found that the t-BC; phase is
stable with space group P42m, and exhibits metallic behavior at
ambient and high pressures. While g-BC; is a semiconductor at
both ambient and high pressures. Liu et al.'® by using the first
principles calculations predicted that the superhard t-BC,
phase originated from the cubic diamond structure. It has been
found that the t-BC; phase is constructed by a sandwich-like
metal-insulator lattice from an alternately stacking sequence of
metallic CBC and insulating CCC blocks along the c-axis. They
predicted the synthesis of the t-BC; phase from the g-BC; phase
at high pressure. Also they confirmed the stability of both phases
at the space group P42m and Cmcm, respectively. A diamond-
like d-BC; phase has been synthesized from g-BC; at high
pressure and temperature, the phase transition from the g-BC;
to d-BC; phase was confirmed by the analysis of Raman scattering
data."® Tomanek® determined the equilibrium geometry and
electronic structure of BC; by using the ab initio pseudopotential
local orbital approach within local density approximation.
It has been reported that BC; is a layered material with
graphitic structure. Liu et al.® have explored the crystal struc-
tures of synthesized diamond-like d-BC; using the particle
swarm optimization algorithm combined with first-principles
structural optimizations. They uncovered three intriguing
metallic low-energy structures, the first is orthorhombic Pmma
which consists of a sandwich-like “Blayer” between C layers, the
second structure is orthorhombic Pmma with novel B-B bonding
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and the third one is tetragonal P4m2. The calculations show
that the three phases are superhard and superconducting
materials. Sun et al’®' have investigated different staking
arrangements of the g-BC; using the ab initio pseudopotential
DFT method at an equilibrium of zero pressure. They reported
that only two possible structures were found, these are
ABAB,.. ., and ABCABC,. . ., stacking sequences. Lei Li et al.**
have calculated the optical properties of t-BC; by using the
pseudopotential DFT method within GGA. They reported that
t-BC; is an optical anisotropic phase and its electron-deficiency
characteristic can cause some features in the low energy
region.

From above, it is clear that the previous experimental and
theoretical work is devoted to the synthesis of BCs, study of the
crystal structure, electronic properties, elastic properties with
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very few reports on the linear optical properties, all the
previous calculations are done using non-full potential methods.
Therefore, due to a lack of information regarding the electronic
charge density distribution, Fermi surface and the linear and
nonlinear optical properties for the superhard metallic g-BC;
and t-BC; compounds, we performed comprehensive theore-
tical calculations based on the density functional theory (DFT)
within all-electron full potential method. The calculations
are performed using three types of exchange correlation
potentials within the full potential method to ascertain the
effect of exchange correlation on the electronic structure and
hence the linear and nonlinear optical properties. In this
calculation we have employed the state-of-the-art all-electron
full potential linear augmented plane wave (FPLAPW) method
which has been proven to be one of the most accurate methods
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Fig. 1 Fragment of the crystal structure of the g-BCz phase which has ABAB,.. ., stacking sequence; (a) front side view of g-BCs; (b) top side view of
g-BCs; (c) side view of g-BCs; (d) asymmetric unit of g-BCs, where C atom appears in gray color and B atom in pink color.
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Fig. 2 Fragment of the crystal structure of the t-BCs phase which is constructed by two different building blocks, these are CCC (composed of two
C sheets) and CBC (composed of one B sheet and one C sheet). These building blocks form sandwich-like layered structure with alternately stacking
sequences of atomic planes C-C-B-C-C-C-B-C-C (a sandwich-like conducting super-hard boron carbide); (a) front side view of t-BCs; (b) top side
view of t-BCjs; (c) side view of t-BCjs; (d) asymmetric unit of t-BCz, where C atom appears in gray color and B atom in pink color.
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for the computation of the electronic structure of solids
within DFT.>*72°

2. Details of calculations

The graphitic-like g-BC; crystallizes in orthorhombic space
group Cmcm, with the ABAB,. . ., stacking sequence as illustrated
in Fig. 1(a-d). In the unit cell of g-BC; the structural parameters
are a = 8.834 A, b =5.104 A and ¢ = 7.071 A, the B atom is located
at (0.167, 0.823, 0.25), C1 at (0.159, 0.323, 0.25), C2 at (0.792,
0.562, 0.25) and C3 at (0.421, 0.585, 0.25). The boron-rich
diamond t-BC; crystallizes in tetragonal space group Pi2m
with eight atoms per unit cell as illustrated in Fig. 2(a-d). The
structural parameters of t-BC; are a = b =3.513 A and ¢ = 3.871 A,
the B atom is situated at (0.5 0.0 0.5), C1 at (0.0 0.0 0.0), C2 at
(0.25 0.25 0.229) and C3 at (0.5 0.5 0.0). In both (t-BC, and g-BC;)
phases the B atom connected to three C atoms in different
configurations as shown in Fig. 1(d) and 2(d).

Using the state-of-the-art all-electron full potential linear
augmented plane wave (FPLAPW) method as implemented in
WIEN2k code®” within generalized gradient approximation
(PBE-GGA),*® the geometry of t-BC; and g-BC; is relaxed by
minimizing the forces acting on each atom. The structures are
totally relaxed when the forces on each atom reach values less
than 1 mRy a.u™". From the relaxed geometry the ground state
properties of t-BC; and g-BC; are calculated within the local
density approximation (CA-LDA),>® PBE-GGA and Engel-Vosko
generalized gradient approximation (EVGGA).>* To overcome
the DFT-LDA/GGA band gap’s underestimation we have intro-
duced EVGGA. It is well known that EVGGA is able to reproduce
better exchange potential at the expense of less agreement in
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the exchange energy. This approach yields better band splitting
compared to LDA and GGA. The plane-wave cuttoff is defined
by the product of the smallest atomic sphere radius times the
magnitude of the largest reciprocal-lattice vector (Ryr X Kyax)
which is taken to be equal to 8. In the muffin-tin (MT) spheres
the potential and charge density are expanded in spherical
harmonics with /;,,x = 8 and nonspherical components up to
Imax = 6. In the interstitial region the potential and the charge
density are represented by Fourier series. Self-consistency
is obtained using 400 k points in the irreducible Brillouin
zone (IBZ). The self-consistent calculations are converged since
the total energy of the system is stable within 0.00001 Ry.
The electronic band structure, density of states, electronic
charge density distribution, Fermi surface and the linear
optical properties are calculated within 600 k points in the
IBZ, the nonlinear optical properties of t-BC; are calculated
within 1200 k points in the IBZ.

3. Results and discussion

3.1. Electronic band structure, density of states and the
electronic charge density

The electronic band structure dispersion of g-BC; and t-BC;
phases is constructed using three different types of exchange
correlation potential (XC) to ascertain the effect of XC on the
band dispersion. These are LDA, GGA and EVGGA which show
there is significant enhancement in the band gap’s value of
g-BC; when one moves from LDA — GGA — EVGGA, to be
0.3 eV (LDA), 0.4 eV (GGA) and 0.7 (EVGGA). Calculations show
that EVGGA exhibits better results in comparison to LDA and
GGA, since EVGGA brings the calculated energy gap of g-BC;
(0.7 eV) in agreement with previous results (0.66 €V) using LDA.>
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Fig. 3 The calculated electronic band structure of (a) the g-BCs phase using EVGGA; and (b) the t-BCs phase using EVGGA.
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Whereas for the t-BC; phase moving LDA — GGA — EVGGA
exhibits small influences on the dispersions of the electronic
band structure. Therefore, we selected to show the electronic band
structure of g-BC; and t-BC; phases obtained by EVGGA. Fig. 3(a)
illustrates the electronic band structure of g-BC; which confirm
the semiconducting nature of this phase. The valence band
maximum (VBM) is situated at the center of BZ while the
conduction band minimum (CBM) is located in the mid way
between M and R points of BZ, resulting in an indirect energy gap.
The Fermi level (Ey) is situated at 0.0 eV. Fig. 3(b) shows the
electronic band structure of the t-BC; phase which illustrated that
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there are three bands cuts Er to form the shape of the Fermi
surface. Calculations show that the top of the valence band is
about 2.4 eV above Ep in reasonable agreement with previous
results (2.28 eV (ref. 17) and 2.7 eV (ref. 18)). Therefore the t-BCs
phase which is derived from the g-BC; phase has metallic nature.

To investigate the contribution of -s/-p orbitals of each atom
and the hybridizations between these orbitals the total and the
angular momentum resolved projected density of states for
¢-BC; and t-BC; phases are calculated and represented in
Fig. 4(a and b), 5(a—c) and 6(a-c). In Fig. 4(a) and (b) we
demonstrate the influences of replacing the exchange correlations
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GGA and EVGGA; (a) g-BCs phase; (b) t-BC3 phase.
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potentials (LDA — GGA — EVGGA) on the total density of states.
For g-BC; it is clear that the structure below —12.0 eV shifts
towards lower energies whereas the structures from the CBM
and above move towards higher energies when one moves from
LDA — GGA — EVGGA. For the t-BC; phase the structure below
—10.0 eV shifts towards lower energies whereas the structures
from 5.0 eV and above shifts towards higher energies when we
replace LDA by GGA and GGA by EVGGA. 1t is clear that EVGGA
yields better band splitting than LDA and GGA and hence over-
comes the band gap’s underestimation caused by LDA and GGA.
Therefore, we show the calculated angular momentum resolved
projected density of states by using EVGGA. Fig. 5(a-c) illustrates
the contribution of B-s/p and C1,2,3-s/p states in the g-BC; phase, it
is clear that the B-p and C1,2,3-s/p states contribute along the
whole energy scale while the B-s state contributes only below Eg.
There exists a strong hybridization between B-p and C1,2,3-p states
in the energy range extended from —5.0 eV up to CBM. In the
energy region between —14.0 and —12.0 eV, the B-s/p states
hybridize with C1,2,3-p states. At around —10.0 eV, the C1,2,3-p
states hybridized with the B-s state and also with C1,2,3-s states. It
is clear that all C1,2,3-s/p states show the same contribution due to
the fact that g-BC; has the ABAB,. . ., stacking sequence.

Fig. 6(a—c) shows B-s/p and C1,2,3-s/p partial density of states for
the t-BC; phase, it has been found that the C2-s/p states show
different contributions than that of C1,3-s/p states, which is
attributed to the fact that the t+BC; phase is constructed by two
different building blocks, these are CCC (composed of two C sheets)

0.2 ¢

EVGGA |

t-BC3

o
o

PDOS(States/eV/unit cell)
o

=
1<}
a

-10 -5 0 5 10
Energy (eV)

(@)

0.12 ¢

PDOS(States/eV/unit cell)

Fig. 6

8010 | Phys. Chem. Chem. Phys., 2015, 17, 8006-8016

Paper

and CBC (composed of one B sheet and one C sheet), therefore C1
and C3 belong to the CCC block, while C2 belongs to the CBC
block. These building blocks form sandwich-like layered structure
with alternately stacking sequences of atomic planes C-C-B-C-C-
C-B-C-C (a sandwich-like conducting super-hard boron carbide) as
illustrated in Fig. 2. There exists a strong hybridization between B-s
and C1,3-s states at around —12.0 eV. The B-p state hybridized with
C1,2,3-s/p states in the energy range between 5.0 up to 10.0 eV. The
strong hybridization may lead to covalent bonding.

The density of states at the Fermi level N(Er) is determined
by the overlapping of B-2p and C-2p empty orbitals of the CBC
block and C-2p empty orbitals of the CCC block. This over-
lapping is strong enough to indicate the metallic nature of the
t-BC; phase. We have calculated the values of N(Eg) for the total
and partial density of states using LDA, GGA and EVGGA. The
electronic specific heat coefficient (y) can be obtained using the

1
expression 7y = gnzN (Er)kg?, where kg is the Boltzmann con-

stant. The calculated N(Eg) and () for the total and partial density
of states are listed in Table 1, which shows the obtained values of
N(Er) and (y) using LDA > GGA > EVGGA.

To investigate the bonding characters we have calculated the
electronic charge density distribution for the two phases g-BC;
and t-BC; in (001) and (101) crystallographic planes. Fig. 7(a) and
(b) illustrates (001) and (101) crystallographic planes of the g-BCs
phase which shows the ABAB,. . ., stacking sequence and the two
types of bonds (B-C and C-C). Due to the electro-negativity

PDOS(States/eV/unit cell)

Energy (eV)
(b)

EVGGA

(a)—(c) Calculated partial density of states (states/eV per unit cell) B-s/p and C-s/p for t-BCs phase using EVGGA.
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Table 1 Calculated density of states at Fermi level N(Eg) in (states/Ry per
cell) for t-BCs, B-s/p and C1,2,3-s/p states along with the calculated
electronic specific heat coefficient (3) in (mJ mol™ K?)

N(Eg) LDA GGA EVGGA
N(Er)@t-BC; 18.05 17.90 17.12
N(Ex)@B-s 0.06 0.06 0.06
N(Ex)@B-p 1.23 1.21 1.20
N(Ep)@C1-s 0.01 0.01 0.01
N(Ep)@C1-p 0.38 0.37 0.34
N(Ep)@C2-s 0.05 0.05 0.05
N(Ep)@C2-p 1.61 1.62 1.59
N(Er)@C3-s 0.01 0.01 0.01
(Er)@C3-p 0.38 0.37 0.34
y@t-BC3 3.13 3.12 3.10
7@B-s 0.01 0.01 0.01
Y@B-p 0.21 0.21 0.21
y@C1-s 0.00 0.00 0.00
y@C1-p 0.07 0.06 0.06
y@C2-s 0.01 0.01 0.01
y@C2-p 0.28 0.28 0.28
y@C3-s 0.00 0.00 0.00
y@C3-p 0.07 0.06 0.06

difference between C (2.55) and B (2.04) atoms, there exists a
strong covalent bonding between B-C and C-C. From the
electro-negativity difference one can determine the degree of
covalency which is a very important factor to estimate the
hardness of the materials.?” The blue (1.0000) color surrounding
B and C atoms (Fig. 7) is attributed to the maximum charge
accumulation site. It has been found that the B atoms cause a
small perturbation on the C-ring’s structure and hence to the
charge density as it is clear from Fig. 7(a). Following this figure
one can see that the charge density distribution in the center of
the hexagon in which the two C atoms are substituted by two B
atoms is perturbed in comparison to the next pure carbon ring,
which is attributed to the covalent radii differences between B
(0.85 A) and C (0.70 A) atoms and the electro-negativity differences
between B and C atoms. This perturbation leads to a slight
difference in the bond lengths of B-C bond (1.539 A) than that
of the C-C bond (1.409 A), these values agree well with the previous
calculation 1.55 A (B-C) and 1.42 A (C-C).?° Since the t-BC; phase
is constructed by two different building blocks, CCC (two C sheets)
and CBC (one B sheet and one C sheet), one can see that the (001)
plane shows only C atoms while the (101) plane represents all
atoms, which confirms our previous findings that the above
mentioned building blocks form sandwich-like layered structure
with alternately stacking sequences of atomic planes C-C-B-C-C-
C-B-C-C. The calculated bond lengths of the tBC; phase for C-C
and B-C bonds are 1.523 A and 1.629 A, respectively, which agree
well with previous calculation 1.522 A (C-C) and 1.627 A (B-C).*®

3.2. Fermi surface

The shape of the Fermi surface of the t-BC; phase originates
from B-2p and C-2p empty orbitals (which are persistent to sp*
hybridized B-C bonds) of the CBC block with small contribution
of C-2p empty orbitals of the CCC block. Therefore, the metallic
nature of the t-BC; phase corresponds to the CBC block. The
calculated Fermi surface of the t-BC; phase is represented in
Fig. 8(a-d). Fig. 8(a) and (b) shows B/C-2p empty orbitals of the

This journal is © the Owner Societies 2015
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Fig. 7 The calculated electron charge density distribution were calcu-
lated for; (a) (001) crystallographic plane of g-BCs; (b) (101) crystallo-
graphic plane of g-BCs; (c) (001) crystallographic plane of t-BCs; (d) (101)
crystallographic plane of t-BCs.

CBC block, while Fig. 8(c) represents the small contribution of
C-2p empty orbitals of the CCC block. The shape of the Fermi
surface is illustrated by Fig. 8(d). The Fermi level is determined via
the Kohn-Sham eigenvalue of the highest occupied state. The
Fermi surface consists of empty areas that represented the holes
and shaded areas corresponding to the electrons. The shape of the
Fermi surface helps to predict the magnetic, electrical, thermal
and optical properties of the metallic and semimetallic materials.

3.3. Linear optical response

In this section we will turn our attention on calculating and
comparing the optical properties of g-BC; and t-BC; phases. As
these two phases have different space groups and different
characters, we expected to get different optical properties. At
first, since the g-BC; phase is a semiconductor having an
orthorhombic space group Cmcm, with the ABAB,.. ., stacking
sequence, this symmetry allows only three tensor components
along the polarization directions [100], [010] and [001] with
respect to the crystalline axes. These are £™(w), &*(w) and ¢(w).
The imaginary part of the optical dielectric function’s disper-

sion can be obtained using the following formula;****
wlt
o(1 + w?t?)

8 2h2 2
o 2

&) =

iy %5[&(@ — Ey(k) = ho]
1)
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(a) B—2p empty orbitals
of CBC block

(b) C—2p empty orbitals
of CBC block

(¢) C-2p empty orbitals
of CCC block

(d) The whole shape of Fermi surface

Fig. 8 Calculated Fermi surface for t-BC3 phase; (a) B-2p empty orbitals of CBC block; (b) C-2p empty orbitals of CBC block; (c) C-2p empty orbitals of

CCC block; (d) the whole shape of Fermi surface.

where m, e and 7 are the electron mass, charge and Planck’s
constant, respectively. f. and f, represent the Fermi distributions
of the conduction and valence bands, respectively. The term
Ph(k) denotes the momentum matrix element transition from the
energy level ¢ of the conduction band to the level v of the valence
band at a certain k-point in the BZ and V is the unit cell volume. 7 is
the mean free time between collisions and ¢, is E,(k) — E.

The t-BC; phase is metallic having tetragonal space group
P42m. For being tetragonal structure therefore, there are only
two tensor components ¢*(w) = ¢”(w) and ¢*(w) along the
polarization directions [100] and [001], thus t-BC; is a uniaxial
crystal. For the metallic phase we need to consider the intra-
band transition (Drude term) in addition to the inter-band
transitions as follows:**>*

Sg((!)) = ‘(gintra(w) + Sginter(w) (2)
i 8n ij
of? =3 200w @
kn

where 92,, is the electron velocity and wp is the anisotropic
plasma frequency.®® The calculated values of w}* and ¥ are
listed in Table 2.

Fig. 9(a) shows the spectral structure of ¢,(w) for the g-BC;
phase, one can see that there is a very sharp strong peak at

8012 | Phys. Chem. Chem. Phys., 2015, 17, 8006-8016

Table 2 The calculated wg and w§ of t-BCs phases when &f*(w) and 7 (w)
crosses zero

xc [ore ¥

LDA 7.352 4.510
GGA 7.409 4.482
ECGGA 7.383 4.269

around 2.0 eV formed by & () and }’(w). The weakness of the
other structures could be explained by the fact that &,(w) scales

1 . . .
as —. It is very interesting to see that both &"(w) and &§’(w) are
(0]

isotropic along the whole energy scale, whereas &5(w) exhibits a
strong anisotropy with both &*(w) and &(w). The optical
absorption’s edge occurs at around 0.5 eV, which gives the
threshold for the optical transitions between the top of the
valence band and the bottom of the conduction band (B-s/p,
C1,2,3-p). The strong high peak is due to the optical transitions
between B-s/p and C1,2,3-s/p states. The last structure is due to
the electric-dipole transitions between B-s/p and C1,2,4-s/p of
the VBs to B-p and C1,2,3-p of the CB. From the existence
information about the imaginary part of the optical dielectric
functions one can derive the real part using Kramers-Kronig
relations.*® The three components of the real part &%(w), &(w)

This journal is © the Owner Societies 2015
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Fig. 9 (a) Calculated &5(w) (dark solid curve-black color online), £8(w) (light dashed curve-red color online) and &5%(w) (light dotted dashed curve-blue
color online); (b) calculated &¥*(w) (dark solid curve-black color online); &f”(w) (light dashed curve-red color online) and &*(w) (light dotted dashed curve-
blue color online); (c) calculated [*(w) (dark solid curve-black color online), *¥(w) (light dashed curve-red color online) and L**(w) (light dotted dashed
curve-blue color online); (d) calculated n*(w) (dark solid curve-black color online), i*”(w) (light dashed curve-red color online) and n**(w) (light dotted

dashed curve-blue color online); (e) calculated £5*(w) (dark solid curve-black color online), and &57(w) (light dashed curve-blue color online); (f) calculated
“(w) (light dashed curve-blue color online); (g) calculated L™ (w) (dark solid curve-black color online) and

&¥(w) (dark solid curve-black color online) and &’
L*(w) (light dashed curve-blue color online); (h) calculated n”™*(w) (dark solid curve-black color online), and n**(w) (light dashed curve-blue color online).
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and &§°(w) of g-BC; phase are illustrated in Fig. 9(b), it confirms
the existence of the strong high peak at around 2.0 eV, also it
shows that £7"(w) and ¢¥’(w) are isotropic and exhibit a strong
anisotropy with &%(w) which is confirmed by the calculated
values of &7*(0) = ¢%(0) about 11.5 and &(0) of about 3.5. The
uniaxial anisotropy d¢ = [(e — &5 )/e’*] = —0.906 indicating the
existence of the considerable anisotropy between the parallel
and the perpendicular polarization directions.

Fig. 9(a) and (b) shows that there are two absorption regions,
the high absorption region occurs between 0.5 up to 5.0 eV and
the low absorption region (10.0 eV up to 13.0 eV) where the crystal
exhibits high transparency. The region confined between 5.0-
10.0 eV is considered as a lossless region. Fig. 9(c) illustrates the
loss function L(w) which confirms the existence of the lossless
region between 5.0 eV and 10.0 eV in coincidence with our
observation in Fig. 9(a) and (b) and in agreement with previous
work.>® The loss function’s peaks represent the plasma frequen-
cies (wp). We should emphasize that above wp the material
behaves as dielectric where ¢;(w) is positive, while below wp where
&(w) is negative the material exhibits metallic nature. In addition
we have calculated the refractive indices of the g-BC; phase. The
three tensor components of the refractive indices 7™ (w), n**(w)
and n®¥(w) are represented in Fig. 9(d). The two perpendicular
("™(w) and n*”(w)) components exhibit the highest refraction at
around 2.0 €V in agreement with our previous findings (Fig. 9a
and b) which confirm that this region is the high absorption
region. Then the refractive indices decrease to reach their lowest
value at energies around 14.0 eV (low absorption region). The
values of the refractive indices at the static limit are 3.4 for 7*(0)
and nY%(0), while it is 1.8 for n*(0).

Fig. 9(e) represents the imaginary part of the optical dielectric
functions &5"(w) and &(w) for the t-BC; phase. The sharp rise
below 1.0 eV is attributed to the inclusion of the Drude term
(intra -band transitions). It is due to the transitions between
B-2p, C1,2,3-2p of the valence band and the three empty bands
just above Eg (B-2p and C-2p of the CBC block and C-2p of the
CCC block). Following Fig. 9(e) one can see the narrow lossless
region (4.0-7.5) eV situated between the high and low absorption
regions. The real part &7"(w) and &%(w) (Fig. 9(f)) represents the
intra-band transition (Drude term) below 1.0 eV and the lossless
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region between 4.0 and 7.5 eV. The loss function L(w) of the
t-BC; phase is illustrated in Fig. 9(g), which shows that the
lossless region shift towards lower energies in comparison with
the g-BC; phase (Fig. 9¢). The refractive indices () and n*()
of t-BC; are represented in Fig. 9(h). It shows the contribution of
the intra -band transitions below 1.0 eV and the lossless region
(4.0-7.5) eV. The optical properties of the t-BC; phase exhibit
considerable anisotropy between the two optical components
along the polarization directions [100] and [001]. Therefore,
t-BC; is an optical anisotropic phase in agreement with previous
calculations.> We should emphasize that the anisotropy in the
linear optical susceptibilities favors an enhanced phase match-
ing conditions necessary for observation of the second harmonic
generation (SHG) and optical parametric oscillation (OPO).

3.4. Nonlinear optical response

Since the t-BC; phase is constructed by two different building
blocks (CCC and CBC) to form sandwich-like layered structure
with alternately stacking sequences of atomic planes C-C-B-C-
C-C-B-C-C, it results in the loss of inversion symmetry which
in turn gives a non-zero second harmonic generation. The
linear optical properties of t-BC; exhibit a considerable aniso-
tropy which in turn enhanced the phase matching conditions
that are necessary for generating the second harmonic. The
t-BC; phase crystallizes in tetragonal symmetry which allows
only six nonzero tensor components, these are the complex
second-order nonlinear optical susceptibility tensors {2;(w) =
7(221)3(60) = 1(123)2[0)) = 1(223]1(60) and }5(321]2(0)) = 1(322]1(@), resulting in only
two components /(122)3(60) and }5(322)1[(u). The formulae of complex
second-order nonlinear optical susceptibility tensors are given
in ref. 37-39. Fig. 10(a) illustrates |;%s(w)| and |;%s(w)], it is
clear that |3{%;(w)| acts as the dominant component of about
3.5 pm V' at the static limit and 5.8 pm V' at /1 = 1064 nm
which suggest that the t-BC; single crystal could be as a
promising nonlinear optical crystal in comparison with the
experimental value of the well known KTiOPO, single crystal
which exhibits a second harmonic generation (SHG) value of
about 1.19 4 0.08 pm V' (ref. 40) and 1.91 + 0.2 pm V'
(ref. 41) for the |7{%;(w)| component. The imaginary parts of the
two components are calculated and presented in Fig. 10(b)
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Fig. 10 (a) Calculated |335(w)| (dark solid curve-black color online) and |33 (w)| (light long dashed curve-red color online) using EVGGA; (b) calculated
ImyZs(w) (dark solid curve-black color online) and Imy3;(w) (light long dashed curve-red color online) using EVGGA.
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which shows that both compounds oscillate around the zero
along the whole energy range. We would like to mention here
that in our previous studies**™*® we have calculated the linear
and nonlinear optical susceptibilities using the FPLAPW
method on several systems whose linear and nonlinear optical
susceptibilities are known experimentally, in those previous
calculations we found very good agreement with the experi-
mental data. Thus, we believe that our calculations reported in
this paper would produce very accurate and reliable results.

4. Conclusions

Some specific features of electronic structures, linear and non-
linear optical susceptibilities of superhard g-BC; and t-BC;
phases are investigated. We have employed the all-electron full
potential linearized augmented plane wave within LDA, GGA
and EVGGA. The calculated electronic band structure shows
that the g-BC; phase is a semiconductor while the t-BC; phase
is metallic. The calculated total and partial density of states
confirm this finding and the values of the density of states at
the Fermi level N(Er) and the electronic specific heat coefficient
() for the t-BC; phases are reported. Calculations show that
both phases have only B-C and C-C bonds. The Fermi surface
is formed by three empty orbitals. The electronic charge density
confirms the existence of the two types of bonds (B-C and C-C).
The linear and nonlinear optical responses are obtained based
on the calculated band structure. The linear optical response
exhibits a considerable anisotropy. The calculated SHG suggests
that the t-BC; phase could be as a promising NLO crystal in
comparison with the well known KTiOPO, single crystal.
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