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The structural, mechanical, electronic properties of the potentially superhard P4,/mnm-BC have been investigated by
using the density functional theory with the ultrasoft psedopotential scheme in the frame of the generalized gradient
approximation and the local density approximation. The elastic constants, bulk modulus, shear modulus, Young’s modulus,
B/G ratio and Poisson’s ratio for BC at various pressures have been investigated. The elastic anisotropy under pressure from
0 GPa to 100 GPa has been studied. The elastic anisotropy of Young’s modulus, shear modulus, and Poisson’s ratio show
that P4,/mnm-BC exhibits a large anisotropy and the elastic anisotropy increases with increasing pressure. Electronic
structure studies show that P4,/mnm-BC is a conductor. Using the quasi-harmonic Debye model, the thermodynamic
properties of P4,/mnm-BC have also been investigated. The variation of the thermal expansion, isothermal bulk modulus,
Debye temperature, Griineisen parameter, and heat capacity with pressure and temperature have been obtained

systematically.
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1 Introduction

Diamond, with its extraordinary high hardness, has
always been a very attractive material for many
specific applications. But it is exceptionally weak
for steel cutting and is burned to carbon dioxide at
800-900 °C in air. Boron doped diamond has attracted

more interest because of its high hardness,
high chemical stability, and superconductivity
with  relatively high transition temperature®®.

Solozhenko et al.? reported that the c-BCs solid
solution, synthesized at a pressure of 24 GPa and
temperature of 2200 K, has load-invariant hardness of
about 71 GPa, with high thermal stability up to 1900 K.
The boron carbide has many advantages over
diamond, performing with high oxidation resistance
and exhibits interesting electrical properties rather
than insulator’™. Experimental attempts have been
made intensively to synthesize those compounds®*'®*?,
including BC,, BC;, BCs, and BC; . Boron carbide,
often incorrectly denoted as B,C, belongs to the
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structure group of a-rhombohedral boron within the
icosahedral boron-rich solids. Its homogeneity range
extends from B,3C at the carbon-rich limit to B4;C at
the boron-rich limit. The compound B,C does not exist.
This was demonstrated by Schwetz and Karduck™ for
the first time, and has since been confirmed by
numerous other experimental investigations. According
to theoretical calculations'**®, the compound BysC,
with the hypothetical structure formula B, (C-B-C)
is metallic in contrast to the real semiconducting
boron carbide, is the energetically most favourable
structure. The Fermi level is pinned within these split-
off valence states up to very high temperatures, hence
essentially determining the p-type semiconducting
behaviour'”*®. A superhard®® B,C, phase has been
predicted using the particle swarm optimization
algorithm. The structural stability of B,C, has been
confirmed from the calculations of the elastic
constants and phonon frequency. The analysis of the
electron structure of the predicted B,C, indicates that
it is an insulator, and the calculated theoretical
Vickers hardness of B,C,is 51.54 GPa, indicating that
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B,C, is a potential superhard material. The detailed
ideal strength calculations show that B,C, is easier to
be subjected to shear deformation than tensile
deformation®. By using crystal structure prediction
technique, Wang et al.”! theoretically predicted that a
new P4,/mnm phase for BC is mechanically and
dynamically stable. In the present work, the structural
and mechanical properties of BC, including the elastic
constants and the elastic anisotropy, have been
systematically investigated. In addition, the aim of the
present work is to study the pressure and temperature
effects on the thermodynamic properties of BC using
the first principles calculations. The thermodynamic
properties, such as heat capacity, thermal expansion,
isothermal bulk modulus, Griineisen parameters, and
Debye temperature have been investigated by the
quasi-harmonic Debye model.

2 Theoretical Method

Calculations were performed using density
functional theory?*? (DFT) with the generalized
gradient approximation (GGA) parameterized by
Perdew, Burke and Ernzerrof* (PBE) and the local
density approximation®? (LDA) as implemented in
the CASTEP code? . The total energy convergence
tests showed that convergence to within 1 meV/atom
was achieved with the above calculation parameters.
In the structure calculation, a plane-wave basis set
with energy cut-off 460 eV is used. The Vanderbilt
ultrasoft pseudopotential was used in the present
work. The proper k-point grid (9x9x14) in the
Brillouin zone is obtained with respect to the
Monkhorst-Pack method . All forces on atoms were
converged to less than 0.001 eV/atom for the
geometry relaxation and all the components of the
Hellmann-Feynman stress tensor were reduced to the
order of 0.01 GPa at the given pressure. The Broyden-
Fletcher-Goldfarb-Shanno®® (BFGS) minimization
scheme was used in geometry optimization. The self-
consistent convergence of the total energy is 5x10°
eV/atom; the maximum force on the atom is
0.01eV/A and the maximum ionic displacement is
within 5x10* A.

It is well known that the anisotropy of elasticity is
an important implication in engineering science and
crystal physics. So we keep on investigating the
anisotropy of P4,/ mnm-BC. The stiffness tensor
expresses the stress tensor in terms of the strain
tensor: aij = Cija eu. Cija 1S elastic stiffness constant.
The compliance tensor is the inverse of the stiffness

tensor and interprets the strain tensor in terms of the
stress tensor: &; = Si ow. The Si IS the elastic
compliance constant. Young’s modulus is defined as
the ratio of normal stress to linear normal strain (both
in the direction of applied load). The shear modulus is
defined as the ratio of shear stress to linear shear
strain. Poisson’s ratio is defined as the ratio of
transverse strain (normal to the applied load) to axial
strain (in the direction of the applied load).

A fourth order tensor transforms in a new basis set
following the rule:
Sr;ﬁyb‘ l PLPTLIA P Sijkl’ (D)
where Einstein’s summation rule is adopted, r,; is the
component of the rotation matrix (or direction
cosines). The transformation can be substantially
simplified in the calculation of specific modulus. The
uniaxial stress can be represented as a unit vector, and
advantageously described by two angles (6, ¢);
we choose it to be the first unit vector in the new basis
set a. The determination of some elastic properties
(shear modulus, Poisson’s ratio) requires another unit
vector b, perpendicular to unit vector a, and
characterized by the angle y. The coordinates of two

vectors®®! are:

sin @ cos ¢
a=|sin@sing
cos6
and
C0S @ cos ¢ cos y —singsin y
b =| cos@singcos y + cosgsin y |. . (2)

—-sin@cos y

The Young’s modulus can be obtained by using a
purely normal stress in e;; = Sijq 0w in its vectors form
and it is given by:

Eop)._ L -t _ 1 @
51’1(9#’) rlirljrlkrllsijkl aiajakaisijkl

Other properties depend on two directions (if
perpendicular, this corresponds to 3 angles) and make
them difficult to be represented graphically. A
convenient possibility is to consider three
representations: minimum, average and maximum.
For each 6 and ¢, the angle y is scanned and the
minimum, average and maximum values are recorded
for this direction. The definitions of angles used to
describe directions in calculations are shown in
Fig. 1. The shear modulus is obtained by applying a
pure shear stress in the vector form and results in:
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Fig. 1—Definitions of angles used to describe directions in
calculations

Table 1—Lattice constants a, ¢ (in A), and cell volume
per formula unit Vo (in A% for P4,/ mnm-BC

Crystal method a c \Y

BC GGA? 4.401 2.766 6.696
GGAP 4.376 2.759 6.610
LDA? 4.314 2.723 6.334

3present work, "Ref.?

1 1
G(0,0.x)="—1 =
4540,0,x) 41, PN rZISijkI
=;, . (4)
4aibjakblsijkl

The Poisson’s ratio can be expressed as:

v(0,0, 1)
_ $,(0,9, 1) __ rlirlerKrZISijkl _ aiajbkblsijkl

S1'1 0,0) il Sijkl a,a;8,a Sijkl .
.. (5)

3 Results and Discussion
3.1 Structural properties

Table 1 lists the calculated equilibrium lattice
parameters within GGA and LDA method for
P4,/mnm-BC together with the previous results. From
Table 1, it is seen that our calculated lattice
parameters for P4,/ mnm-BC are in excellent
agreement with previous studies®. It is clear that the
predicted lattice constants within LDA method are
smaller than those within GGA method as the usual
case. For P4,/ mnm-BC, there is no available
experimental result. However, our predicted lattice
parameters using GGA and LDA agree well the
previously reported values®. Figure 2 (a) shows the
dependence of the equilibrium lattice parameters on
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Fig. 2—(a) Lattice parameters al/a,, and c/c, compression as
functions of pressure for P4,/mnm-BC, and primitive cell volume
VIV, for P4,/mnm-BC, c¢-BN, and diamond and (b) Elastic
constants of P4,/mnm-BC as a function of pressure

pressure, where a,, and c, are the equilibrium
conventional lattice constants at ambient pressure. For
P4,/ mnm-BC, it can be easily seen that the
compressibility along c-axis is more difficult than
along a-axis (b-axis). To compare the
incompressibility of P4,/ mnm-BC, the volume
compressions V/Vy (where V, is the equilibrium
primitive cell volume at ambient pressure) of c-BN
and diamond as a function of pressure, are also shown
in Fig. 2 (a). It is seen that the incompressibility of
P4,/mnm-BC is slightly smaller than that of diamond
and c-BN.

3.2 Elastic properties and anisotropic properties

The elastic properties give important information
concerning the nature of the forces operating in solids.
Particularly, they provide information about the
stability and stiffness of materials. In the present
paper, the elastic constants and elastic modulus of
P4,/mnm-BC, BC;, BCs, B4,C4, and B,C together with
its previous results, which are presented in Table 2.
For the tetrahedral P4,/ mnm-BC, six independent
elastic constants Cjj (Ci1, Ciz, Cis, Cas, Cag and Ces,)
were obtained by introducing a small finite strain to
equilibrium structure. The criteria for mechanical
stability of tetragonal symmetry group®! are given by:
Ci1>0,Cx3>0,Cuu>0,Ce6>0,Cyy-C12>0,Cy1 +
Cs3-2C15>0,2(C11+Cyp) + C33+4C13>0

The calculated results show that the P4,/mnm-BC
is mechanically stable under ambient conditions.
From Table 2, we noted that the elastic constants
(C11=524 GPa, C3=873 GPa, C4=257 GPa, C¢=359
GPa) of P4,/mnm-BC are smaller®® than B.C,
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Table 2—Calculated elastic constant C;j (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa),
Poisson’s ratio v and hardness of P4,/mnm-BC, B,C,, B,C, BC;, and BCs

BC GGA? 524 192 59
LDA? 542 269 83
GGAP 502 263 74
B.CS GGA 656 191 167
B,C® GGA 491 88 92
LDA 512 100 105
B,C® LDA 562 70 124
BC,f GGA 769 196
LDA 807 222
BCS' GGA 865 177 64
LDA 931 194 69

3present work, °Ref.?, Ref.°, “Ref.*, °Ref. ¥, 'Ref.®

Cs Cu Ces B G E v
873 257 359 280 270 613 0.14
954 271 408 321 276 644 0.17
919 244 297 302 254 595 0.17
562 311 382 324 285 660 0.16
534 204 192
561 208 197
536 213
498 399 891 0.12
537 421 945 0.12
1086 382 386 865 0.12
1164 401 410 922 0.13

(C11=656 GPa, C;33=562 GPa, C4,=311 GPa, C¢=382
GPa)®, BCs (C1;=791 GPa, C,=798 GPa, C,=472
GPa, Cs5=445 GPa, Cg=472 GPa)*, BC; (C1=769
GPa, C,=498 GPa)®, and BCs (C1,=865 GPa,
Cs=1086 GPa, C,=382 GPa)®*, whereas slightly
larger than B,C [C;;=491 GPa, C33=534 GPa,
C1=204 GPa, C=192 GPa*; C;;=562 GPa, C3;=536
GPa, Cg=213 GPa®*. The elastic constants versus
pressure for P4,/mnm-BC are shown in Fig. 2 (b). All
the elastic constants Cj increase but with different
rates under increasing pressure. Cs; of P4,/mnm-BC
increases faster than others and Cy4, grows the slowest.
The bulk modulus of P4,/ mnm-BC is the smallest in
these boron-carbide compounds, so does the G. The
Young’s modulus E and Poisson’s ratio v are taken®
as: E = 9BG/(3B+G), v = (3B-2G)/[2(3B+G)]. From
Table 2, we noted that the bulk modulus of P4,/mnm-
BC (280 GPa) is smaller than® that of B,C, (322
GPa). Poisson’s ratio offers the fundamental metric to
compare the performance of any material when
strained elastically’. The Poisson’s ratio v of
P4,/mnm-BC is 0.14 within GGA, slightly larger than
other boron-carbide compounds, respectively. The
calculated theoretical elastic modulus of P4,/ mnm-BC,
and its Vickers hardness® (42 GPa), indicates that it is
a potential superhard material.

Generally, the criterion proposed by Pugh® is
adopted to estimate whether a crystalline solid is
intrinsically ductile or brittle. The bulk modulus B
represents the resistance to fracture, while the shear
modulus G represents the resistance to plastic
deformation. A higher B/G ratio is associated with
ductility, whereas a lower value corresponds to brittle
nature. If B/G > 1.75, the material behaves in a ductile

manner; otherwise, the material behaves in a brittle
manner. For tetrahedral P4,/ mnm-BC, the B/G value
is 1.04 at 0 GPa. In this case, BC is prone to brittle.
The B/G value increases monotonically with pressure.
At 100 GPa, the B/G value is 2.04, suggesting a
ductile manner. The brittle-ductile transition occurs at
~ 71 GPa.

Using Egs (3-5), the calculated values of Poisson’s
ratio, shear modulus and Young’s modulus along
different directions as well as the projections in
different planes are shown in Figs (3 and 4). In Fig. 3,
the solid line represents maximum and dashed line
represents minimum. We first focus on Poisson’s
ratio; Fig. 3 (a, b and c) shows the 2D representation
of Poisson’s ratio in the xy, xz, and yz planes for
P4,/mnm-BC, respectively. It is found that 0 < v <
0.36, showing that v remains positive at 0 GPa. The
minimum value at 0~100 GPa pressure range remains
0.0. The maximum value of Poisson’s ratio at 50 GPa
(100GPa) is 0.63 (1.07). The shear modulus for all
possible directions of shear strain have also been
calculated. The 2D representation of shear modulus in
the xy, xz, and yz planes for P4,/mnm-BC are shown
in Fig. 3 (d, e and (f), respectively. It is observed that
shear modulus varies between 166 and 363 GPa, the
ratio Gma/Gmin=2.19 and the average value of all
directions is 268 GPa, which is close to the calculated
result (270 GPa) using strain-stress method. Fig. 3
shows that the greater the pressure, the more obvious
is the anisotropy.

We now focus on the Young’s modulus. The
directional dependence of the Young’s modulus at
different pressure, along the xy, xz, and yz planes for
P4,/mnm-BC are plotted in Fig. 4. It is clear that the
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Fig. 3—2D representation of Poisson’s ratio in the (a) xy plane, (b) xz plane and (c) yz plane for P4,/mnm-BC. 2D representation of shear
modulus in the (d) xy plane, (€) xz plane and (f) yz plane for P4,/mnm-BC

Young’s modulus for this material has large
anisotropy, with a minimal value of E.;=452 GPa
and a maximum of E,=863 GPa. The average value
in all directions is 577 GPa, the ratio Ea/Emin=1.91 at
0 GPa. The anisotropy increases quickly with
increasing pressure. For example, the ratio Ema/Emin
increases to 2.93 (6.89) at 50 (100) GPa.

3.3 Electronic properties

The calculated band structures and DOS of
P4,/mnm-BC at 0 GPa and 60 GPa are shown in Fig. 5.
The Fermi level is set to 0 eV. It is known that the
calculated band gap with DFT are usually
underestimated by 30-50%, the true band gap must be

larger than the calculated results. The main features of
DOS for P4,/ mnm-BC at 0 GPa can be summarized as
follows: (i) the peak present in the conduction band
DOS (0 to 12.5 eV) of the DOS is mainly due to
contributions of the p electrons of B, the contribution
of the C atom is very small; (ii) the states from -12 eV
to Fermi energy (0 eV) mainly originate from
C-p orbital with less contributions of B-p,
the contributions of the C atom s orbital and B atom
s orbital are very small. (iii) The peak present in
the energy part (-12 to -20 eV) of the DOS is mainly
due to contributions of the s electrons of C atom
and the contribution of the B atom s orbital is the
smallest.
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Fig. 6—(a)Two-dimensional contour plots of thermal expansion, (b) isothermal bulk modulus, (c) Debye temperature and (d) Griineisen

parameter versus pressure and temperature for P4,/mnm-BC
3.4 Thermodynamic properties

In order to obtain the thermodynamic properties
of P4,/mnm-BC, the quasi-harmonic Debye model**
was used in the present paper. The calculated
relationships of thermal expansion, a, on pressure
and temperature are shown in Fig. 6 (a). From
Fig. 6 (a), with the increase in pressure, the thermal
expansion coefficient a decreases, and the higher
the temperature, the faster is the reduction in
the thermal expansion coefficient a. The effects
of pressure on o are small at low temperatures
and increase with the increase in temperature.
This is an indication of the inadequacy of the
quasi-harmonic  approximation at  elevated
temperatures and pressures. The isothermal bulk
modulus Bs of P4,/ mnm-BC, as a function of
pressure and temperature, is shown in Fig. 6 (b).
Correspondingly, in Fig. 6 (b), when T < 400 K, the
Bs of P4,/ mnm-BC has a little change; when
T > 400 K, the Bs changes with increase in T. From
Fig. 6 (b), it is found that the effect of temperature
on Bs is not as significant as that of pressure in the
calculated range of pressure and temperature.

The calculated relationships of Debye temperature
Op on pressure and temperature are plotted in Fig. 6
(c). The @p is affected by both pressure and
temperature. At a given temperature, the @p increases
quickly with increasing pressure. In other words, the
Debye temperature decreases with temperature at
certain pressure and increases with pressure at certain
temperature. From Fig. 6 (c), the effect of temperature
on the Debye temperature is less significant than that
of pressure. The Grineisen parameter, which
describes the alteration in a crystal lattice vibration
frequency, can reasonably predict the anharmonic
properties of a solid, such as the temperature
dependence of phonon frequencies and lattice volume.
Usually, the Griineisen parameter is positive and lies
in the range 1.5+1.0. The calculated relationships of
Griineisen parameter y with pressure and temperature
are plotted in Fig. 6 (d). It is found that the Griineisen
parameter slightly increases with temperature at a
given pressure, but decreases with pressure at a given
temperature. At low temperature (T < 600 K), y is
constant, as well as slightly increases linearly with
temperature at high temperature (T > 600 K). Fig. 6 (d)
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shows that the effect of the pressure on the Griineisen
parameter is more significant than that of temperature.

Figure 7 shows the two-dimensional contour plots
of the dependence of heat capacity on pressure and
temperature. The heat capacity in Debye model,
which only contains these low frequency modes that
are excited at low temperature, is an important
measure of the thermodynamic properties. The
difference between Cp and Cy is very small at low
temperatures and low pressures. One can also see that
the heat capacity (Cp and Cy) increases with
temperature at the same pressure and decreases with
pressure at the same temperature. The effect of
temperature on heat capacity is much more significant
than that of pressure. It also shows that, when T <
1400 K, the heat capacity is sensitive to both
temperature and pressure. At high temperature, the
calculated heat capacity is expected to converge to a
constant 3N ks ~ 49.85 Jmol"K™* according to the law
of Dulong and Petit.

4 Conclusions
The structural properties, elastic properties, elastic
anisotropy, electronic properties, and thermodynamic

properties of the P4,/ mnm-BC under high pressure,
have been investigated by the First-principles
calculations in combination with the quasi-harmonic
Debye model. The elastic constants, elastic modulus
under high pressure and high temperature, and the
anisotropies of P4,/ mnm-BC are also calculated for
the first time. By the elastic stability criteria, it is
predicted that P4,/mnm-BC is stable. In addition, the
obtained B/G ratio indicates that P4,/mnm-BC
exhibits brittle to ductile transitions in the present
studied pressure range. The P4,/mnm-BC exhibits a
large anisotropy in its Poisson’s ratio, shear modulus
and Young’s modulus, and the elastic anisotropy
increases quickly with increasing pressure. Band
structure study shows that P4,/mnm-BC is a
conductor. Moreover, we predict the thermodynamic
properties and obtain the relationships among the
thermal expansion, temperature and pressure, as well
as the variations in isothermal bulk modulus, Debye
temperature, Grlneisen parameter and heat capacity.
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