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ABSTRACT

The structural, electronic, mechanical properties and hardness of orthorhombic B,g and tetragonal Byg
boron phases have been studied by first-principles of pseudopotential calculations. The results indicated
that both boron phases are energetically and also mechanically stable. In addition to electronic prop-
erties of highly directional covalent bonds, mechanical properties, and also the Debye temperatures of
structures support that both are superhard materials. Calculated electronic band structures and density
of states revealed that orthorhombic B,s crystal is a semiconductor, and the tetragonal Bg is metallic.
The pressure-dependent behaviors of both structures are different, and both are ultra-incompressible and
anisotropic materials. The physical parameters of the structures such as lattice parameters, bond lengths,
and also energy gaps between valance and conduction bands are closely sensitive to applied external
pressures. By means of pressure-volume graphs, obtained EOSs for a-rhombohedral B3, orthorhombic
B,g and tetragonal Bsg boron phases are compared with available data. However, energetically possible
pressure-induced phase transitions among the purposed structures are predicted on the pressure range
of 0-460 GPa. Furthermore, our calculations showed that for the pressures from 0 GPa to 24 GPa ener-
getically the more stable elemental boron phase is a-rhombohedral By, and from 24 GPa to 106 GPa is

orthorhombic B,g, and from 106 GPa to 460 GPa is a-Ga-type boron.

© 2011 Published by Elsevier B.V.

1. Introduction

Although many interesting properties have been investigated of
elemental boron phases and its compounds, boron is an arguable
element in the periodic table [1]. New findings on physical
properties of boron and its compounds such as hardness, supercon-
ductivity, neutron shielding, and thermoelectricity have also been
attractive to material research and for application [2]. However,
boron has three valance electrons in four available orbitals, and
most of its compounds have covalent and complex multicenter type
bonds rather than ionic and/or metallic bonds [2-5]. Both these
types of bonding together occur in electron deficient compounds
[5]. Generally, there are quasi molecular basic units of building
blocks in abundant compounds [3-7] such as icosahedron, hexag-
onal and pentagonal pyramids, octahedron and cubo-octahedron,
in which the most common is icosahedron of Bq,. In addition
to building blocks, some of the elemental boron phases involve
dopant atoms and/or molecules, which are located inter-icosahedra
in three-dimensional network [7-13]. The different crystallization
forms of elemental boron originate from the different linkings of
the icosahedra and/or other units. It is well known that the simplest
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elemental solid phase of boron is a-rhombohedral By, (a-boron, we
shall indicate hereafter as a-r-B;3) and its structural, mechanical
and other properties are intensively studied both experimentally
[14-16] and theoretically [5,17-21] but some of the phases such
as orthorhombic Byg (a-0-Byg) [22-27], tetragonal Bsg (a-t-Byg)
[28,29], and Bsg (a-t-Bsqg) [31-34] structures are not fully under-
stood yet. The other energetically favorable elemental boron phases
[19], such as (3-boron and tetragonal boron, exhibit strong defor-
mation of icosahedra under high pressures and high temperatures
(not under normal conditions), and two different high pressure
boron phases, a-Ga-type and [3-Ga-type boron structures, have
semiconductor character [34,35]. However, more than a half hun-
dred years ago, a-t-Bsq crystal structure was introduced by Hoard
et al. [31,32] and in that early study [31], they defined the struc-
ture as Bsg =By4gB;. Then, using the first-principles method, Li et al.
[33] calculated electronic structures, total energies and optical
properties of a-r-B1; and a-t-Bsg crystal structures. Their results
indicated that a-r-By is more stable than a-t-Bsg at zero temper-
ature [34]. Otherwise, using ab-initio calculations, the electronic
properties, lattice dynamics, and electron-phonon coupling of a-
Ga-type boron were studied by Ma et al. [36], and it is found that
a-Ga boron is dynamically stable at high pressure.

On the other hand, many previous studies showed that increas-
ing the pressure and/or temperature on the elemental boron phases
always leads to the metallization [30,34,37,38]. We note here that,
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it was reported by Mailhiot et al. [30] and Eremets et al. [38],
the phases of boron in icosahedral structure lose covalent bond-
ing character to form a dense non-icosahedral structure. However,
in the experiments to produce elemental Boron, while increasing
the temperature (>1500K) tetragonal and orthorhombic phases
could be obtained, and also while increasing the pressure the phase
transitions could also be enhanced [30,33-40]. A further increase
in pressure dramatically decreases the resistance of compound,
and then superconductivity would be accompanied by the loss of
covalent bonding character [38]. It was also shown that many of
polymorphic boron phases have unusual electronic structures at
ambient conditions [39,40], and their mechanical and electronic
properties were changed with the compressing. In this thought,
Eremets et al. [38] found the phase transition from a nonmetal
to a superconductor phase for (3-boron at about 160 GPa, and
the critical temperature of the transition increased from 6K at
175 GPa to 11.2 K at 250 GPa. Haussermann et al. [34] pointed out a
nonmetal-metal transition of elemental boron from «-r-B¢, to a-
Ga type phase at a pressure of about 74 GPa, and Mailhiot et al.
[30] showed that the transition from the simplest boron phase
(semiconductor) to a metallic body centered tetragonal structure
is at approximately 210 GPa, and the transition to the face cen-
tered tetragonal structure occurs at approximately 360 GPa. It was
shown [36] that the a-Ga-type boron was a good superconductor
with strong anisotropy, resulting from the two-dimensional nature
of the crystal structure, and also the calculated electron-phonon
mass enhancement parameter was found to increase with pressure
below 215 GPa.

On the other hand, in 1965, Wentorf[41] synthesized the “new”
form of boron, but at that time, it was not decided whether the
product was a new single crystalline phase or a mixture of new
and known form of boron phases. More recently, different groups
[22-26] synthesized the “new” superhard form of orthorhombic
boron phase (y-0-B,g) by using the experimental techniques as
Wentorf’s, and also they reported its structural, electronic and
mechanical properties. It is noted that recent studies [24,25]
showed that boron has been the second hardest elemental solid
after diamond. Additionally, Jiang et al. [27] investigated the pres-
sure dependent structural and mechanical properties up to 41 GPa
of this phase by using first-principles. They [27] also found the ideal
stress-strain behavior of orthorhombic B,g boron phase to better
understand the phase stability and mechanical performance of this
phase. However, a discussion about orthorhombic boron phase (-
0-B,g) is continued by Zarechnaya et al. and Oganov et al., with
more recent papers [22-26,42,43].

We note here that, in the more recent experimental study,
Kurakevych and Solozhenko synthesized new boron subnitride
phase (B13N;) and then, analyzed it by X-ray powder diffraction
techniques [28,29]. In that study, the six phases were reported.
They observed some narrower lines, overlapping with the lines
of B13N; for profile fitting of phase 2 and phase 4. They indi-
cated in a mixture with 3-boron ([3-r-105), phase 4, an [-tetragonal
boron-like phase and hBN, phase 3 and/or phase 6. Phase 2 was
assigned for profile fitting as ‘BsgN,’ and they referred the early
study of Ploog et al. [13]. In that early study, the boron-rich struc-
tures of tetragonal boron carbide composition B4gB,Cy (=B5qCy)
and boron nitride composition B4gB;N; (=BsgN,) were reported
[13], and then Will and Kossobutzki [12] studied the boron rich
structures, and in both studies the structures were assigned as
in the space group P42m, not in P4n2 as in the text [28]. So,
according to the cif code [29] of phase 2, which revealed a “new
tetragonal phase”, unfortunately it could be enshrouded by early
compound of ‘BsgNy’ as was employed in the text [28,29]. Hereafter,
we call it tetragonal B4g structure (a-t-Byg). Because tetragonal
boron structure (a-t-B4g) consists entirely of icosahedra, any infor-
mation obtained about it will be also helpful to understand the

structures of other tetragonal phases such as Byg3, B105, Bsg, B5gXp,
etc.

In this study, we calculate physical properties such as structural
parameters, electronic and mechanical properties of the novel syn-
thesized orthorhombic boron phase (y-0-B,g), and tetragonal Byg
structure (a-t-B4g) by the first-principles calculations. To investi-
gate the pressure-induced transitions, we optimized both phases
under external hydrostatic pressure in the range of 0-460 GPa. We
present an analysis of mechanical and electronic structure, charge
transfer, and bonding properties of the constituent structures. For
the sake of comparison of the properties of the structures and of the
pressure-induced phase transitions, we also calculate mechanical
and electronic properties of well-known a-boron, and also a-Ga
type boron in given pressure range. Because of heavy computer
cost, instead of all other phases our calculations are limited to add
only two more stable phases.

2. Calculation details

In the present work, all calculations were performed by using
CASTEP simulation package [44], based on the density functional
theory. In the first stage of the calculations, all the atomic coordi-
nates and unit cell parameters were fully relaxed for minimizing
structures of Broyden, Fletcher, Goldfarb, Shanno (BFGS) scheme.
The Vanderbilt ultrasoft pseudopotential [45] was used for mod-
eling the ion-electron interactions. Exchange-correlation effects
were treated within both the local density approximation (LDA)
[46] and the generalized gradient approximation (GGA) [47] by the
Perdew-Burke-Ernzerhof (PBE) [48] exchange correlation func-
tional. The plane wave cut-off energy of 500eV was employed.
Brillouin zone integration was performed for k-point meshes gen-
erated by Monkhorst-Pack scheme, and they were chosen as
10 x 10 x 10 for a-r-B13, 10 x 10 x 8 for y-0-B;g, and 6 x 6 x 10 for
a-t-Byg. For the convergence, the ultra-fine setup of the software
package was chosen, namely, it was assumed that all calcula-
tions were converged when the maximum ionic Hellman-Feynman
force was below 0.01 eV/A, maximum displacement between cycles
was below 5.0x 10~4A, maximum energy change was below
5.0 x 10-6 eV/atom, and maximum stress was below 0.02 GPa.

After optimization of the unit cells of the structures at ambient
condition, volume-dependent relative energies (AE(V)) of the a-
r-B12, v-0-Byg, and a-t-Byg are plotted to determine the ground
state phase of boron with LDA and GGA. Then, cohesive energy
whichis a key parameter to discuss energetic stability of the phases,
Eform.=(ETotal — NEjso/n) is calculated (not include zero-point energy
contribution), where Er,, is the total energy of the unit cell, Ejs,
is the energy of an isolated boron atom, obtained by placing boron
atom into of sufficiently big box, n is the total number of atoms
in the unit cell. Additionally, maximum uncertainty in calculated
cohesive energies is 5.0 x 10-6 eV.

At the second stage of our calculation, the mechanical prop-
erties of the structures are examined. We determined the elastic
constants by using stress-strain method. Then, physical properties
such as bulk modulus, shear modulus, Young modulus and Poisson’s
ratios are calculated from following relations [49]:

(i) For hexagonal/rhombohedral crystals, there are five
independent elastic constants; i1, €33, C44, C12 and cis.
For these kinds of structures Reuss (R) and Voigt (V)
bulk modulus and shear modulus are given as [49],
By=1/9[2(c11 +c12)+4ci3 +c33], Gy =1/30[M+12c44 +12¢66],
Br=C?/M and Gg=5/2(C?c44C6)/[3ByCaaces + C*(Cas + Co6)],
where the abbreviations are C? =(cy1 +C12)c33 — 2¢5,
M=cqq+c12+2c33 —4c13 and Ce6 =(C]] —C]z)/Z. Thus, the
mechanical stability criteria are given as, c44 >0, ¢11 >|c12], and
(c11 +2c12)e33 > 22,
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(ii) For tetragonal crystals, there are six independent elas-
tic constants; ciq, €33, Ca4, Cgs, C12 and cq3. Reuss and
Voigt bulk modulus and shear modulus are given as
[49], By=1/9[2(c11 *+c12)*+c33+4c13],  Gy=1/30(M+3cqq —
3c12 +12¢44 +6C65), BR=C2/M, and GR=15/{(]83\//C2)+
[6/(c11 — c12)]+(6/caq) +(3/ces)}, where M and C stand for
M=cq1 +C13+ 2c33 —4c13 and CZ(CH +C12)C33 — 2C%3.

Thus, the mechanical stability criteria are, cy1 >0, c33>0,
€44>0, ¢66>0, (c11—¢12)>0, (c11+c33—-2¢13)>0, and
[2(c11 +c12) + 33 +4Cq3] > 0.

(iii) For orthorhombic crystals, there are nine independent
elastic constants, c11, €2, €33, Ca4, Cs5, Ceg, C12, C13 and
cy3. Reuss and Voigt bulk modulus and shear modulus
are given as [49], By=1/9[ci1 +cop+c33 +2(C12 +C13 +23)],
Gy =1/15[c11 + a2 +C33 +3(Cqq + C55 + Co6) — (C12 + €13 +C23)],
Br=A[[c11(Co2 + €33 — 2€23) + C22(C33 — 2€13] — 2€33€12 + €12
(2€23 —€12) +€132€12 — €13 +C232C13 — C23,

Gr=15/{4[c11(c22 *+ €33+ C23) + C22(C33 + €13) +C33C12 —
C1/2(C23 +C12) — C13C12 + €13 — €23€13 + €23/ A +31/cgq +1/cs5 +
1/ce6,

where
c33(C11622 —
cfz). The mechanical stability criteria are, cq1>0, 23>0,
€33>0, €44>0, ¢c55>0, ce6>0, [c11 +Ca2 +C33 +2(C12 + €13 +€23)] >0,
(€11 + €22 —2¢12)>0, (€11 + €33 — 2€13) >0, (€22 + €33 — 2¢23) > 0.

Then, average bulk (B) and shear (G) modulus are defined as
B=(By *+Bgr)/2 and G=(Gy + Gr)/2. Finally, Young modulus (E) and
Poisson’s ratio (v) are calculated from the average bulk and shear
modulus [50] as E=(9GB)/(3B+G) and v=(3B — E)/6G, respectively.

Furthermore, using the parameters which are obtained from
first-principles calculations into Gao’s hardness method [51,52],
the Vickers microhardness of the pure elemental boron structures
is calculated. In this method, hardness of any p.-type bond in the
structure is expressed by

A = ¢13(€12€23 — €13€22) + €23(€12€13 — C23€11) +

2 exp(~1.19F%)

(dM)Z‘S

b = 350(N})

where fi'*, d* and NY are ionicity, length and valance elec-
tron density of p-type bond, respectively. f,.M is calculated by
fi=[1—-exp(—|P; — P|/P]°73>, where P is Mulliken population of the
bond, P, is the Mulliken population in the pure covalent solid of the
same bond (it can be taken as 0.55 in the icosahedron-based boron
structures [21]).

At the third step, to determine the possible phase transitions
between all structures on the working pressure range (0-460 GPa),
enthalpy functions, defined as H=E + PV, plotted as a function of
pressure. Then, pressure-induced structural and electronic prop-
erties are calculated for the structures of a-r-Bia, y-0-Byg, and
a-t-Byg. Especially, to discuss whether the orthorhombic y-0-Byg
has ionic character, electronic charges on quasi-clustural units
(icosahedron and B,-dumbbell) and total charge of the unit cell
are calculated.

In addition to these calculations, for the sake of compari-
son, calculated pressure-volume data are fitted to third order
Birch—-Murnaghan equation of state (EOS) [53],

3By [(Vo\P (Vo) 3. Vo*?
P‘z{(v) *(v) 1+7B -4 (7) o
to obtain bulk modulus and its first pressure derivative, which can
give useful information about isotropy/anisotropy of the structures.
On the other hand, as the fundamental physical parameters,

the Debye temperature [54] and also transversal and longitudi-
nal sound velocities in the structures correlate many physical

properties of solids [55], and the Debye temperature could be cal-
culated from elastic constants [56] at low temperatures. According
to the theory of Abrahams and Hsu [57], there is a relationship
between Debye temperature and Vickers hardness of materials as
Op oc H2Q1/6M~1/2 where M is molar mass, £2 is molecular volume
and H is Vickers hardness. However, there is another relationship
between the Debye temperature and the average velocity of sound
waves as [55,56], Op Q-18y,,, where vy, is the average velocity of
sound waves.

3. Results
3.1. Pressure-induced lattice parameters, and bond structures

Calculated crystal structures and bond groups of optimized
geometries of a-r-By3, y-0-Bag, and a-t-Bsg phases at the ambient
conditions are shown in Fig. 1(a)-(c), respectively. The space groups
of unit cells of rhombohedral a-boron (a-r-By>), the orthorhombic
Bag (y-0-Byg), and tetragonal Bsg (a-t-Byg), are R-3m (166), Pnnm
(58), and P-4n2 (118), respectively. There are some similarities and
discrepancies between the purposed structures. Main similarity is
that their building blocks are B;, icosahedra. Rhombohedral unit
cell of the simplest elemental boron structure of a-r-B1, has one
icosahedron with 12 boron atoms, which are located two kinds
of non-equivalent sites (polar and equatorial), and linked to other
icosahedra in the neighboring cells.

According to the bond lengths and their Mulliken population
values, all bonds in the a-r-Bq, can be classified into six different
types (see Fig. 1(a)). B,*-Bp* and A bonds are outside of icosahe-
dra (inter-icosahedral bonds), others are inside (intra-icosahedral
bonds). In unit cell, 3 x 12 =36 valance electrons have construct 39
covalent bonds such as 9 inter- and 30 intra-icosahedral bonds.
While Bp*-Bp* bonds link the polar atoms to the polar atoms of the
neighboring icosahedra, multicenter A bonds link the equatorial
atoms of three neighboring icosahedra to each other (sometimes,
it is also named as weak three-center bond [39,40]). However,
every boron atom in icosahedral unit is linked to the five-intra-
icosahedral boron atoms. By-Bp bonds are between two polar
atoms and are forming a Bp—-Bp-Bp triangle in top and bottom of
the icosahedra [21,39]. Be-Be bonds connect two neighboring B
atoms at the equatorial sites. The remaining two types of bonds
are formed between polar and equatorial B atoms. While B,-Be*
bonds are forming a Bp-Be-B, triangle, B,-Be bonds are not form-
ing a triangle [21]. On the other hand, orthorhombic unit cell of
v-0-B,g contains 28 boron atoms, with two icosahedra and two
B, dumbbells which are located between icosahedra [24,33] (see
Fig. 1(b)). In unit cell, 3 x 28 =74 valance electrons have construct
92 covalent bonds (15 different types) such as 32 inter- and 60
intra-icosahedral bonds. It is noted that the 32 inter bonds that
appear as 2 are between the atoms of B, dumbbells; and remain-
ing bonds of the 20 are between icosahedra and dumbbells, and
the 10 ones are between icosahedra. However, tetragonal unit cell
of a-t-B4g consists of four icosahedra only, and has no extra boron
atoms or chains between icosahedra (see Fig. 1(c)). Thus, there are
4 x 12 =48 atoms in the unit cell. Furthermore, 3 x 48 = 144 valance
electrons have construct 148 covalent bonds (13 different types)
such as 28 inter- and 120 intra-icosahedral bonds.

The structural parameters and cohesive energies of a-r-B1y, y-
0-Byg, and «a-t-Byg are calculated at ambient condition, and the
results are tabulated in Table 1. As seen from Table 1, our calcu-
lated LDA and GGA values for all structures agree well with the
previous results. Particularly, calculated structural parameters of
a-t-Byg are in good agreement (~3%) with the experimental data
of phase 2, which was assigned as ‘BsgN,’ in Ref. [28]. Both calcu-
lated cohesive energies are negative; —7.049 eV/atom for y-0-B,g
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Fig. 1. Elemental crystal structures and bond groups (or types) in (a) a-boron a-r-
Bi2, (b) orthorhombic boron y-0-Bss, (c) tetragonal boron a-t-Bss. For simplifying to
see atomic locations and bonds, icosahedrons in front face were colored by purple
and that of in back face were colored by blue. Pink spheres represent boron atoms
and, atoms forming A-bond in a-r-By; and B, dumbbell in y-0-B,g are colored by
red. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

Table 1
Calculated structural parameters and cohesive energies of three elemental boron
phases with LDA and GGA approximations at 0K and 0 GPa.

a-1-B1a Y-0-Bog a-t-Bag

Crystal system Rhombohedral Orthorhombic Tetragonal

Space group R-3m (166) Pnnm (58) P-4n2 (118)

Atoms/unit cell 12 28 48

a(A) 4.974 (GGA) 4.966 (GGA) 8.529 (GGA)

4.969 (LDA) 4.965 (LDA) 8.488 (LDA)
4.9672 5.054¢ 8.798f
5.057° 5.0584

5.0401

5.056¢

5.0402

5.054"

b (A) - 5.535 (GGA) 8.529 (GGA)
5.530 (LDA) 8.488 (LDA)
5.620°¢ 8.798f
5.6254
5.6104
5.613¢
5.6108
5.612"

c(A) - 6.837 (GGA) 4.940 (GGA)
6.801 (LDA) 4.937 (LDA)
6.987¢ 5.037f
6.988¢
6.9201
6.971¢
6.9208
6.966"

o° 58.2 (GGA) 90 90

58.1 (LDA)
58.72
58.1°
Vo (A3) 83.452 (GGA) 187.927 (GGA) 359.326 (GGA)
83.010 (LDA) 186.737 (LDA) 355.645 (LDA)
Cohesive energy —7.081 (GGA) —7.049 (GGA) —6.924 (GGA)
(eV/atom)
—6.954 (LDA) —6.930 (LDA) —6.784 (LDA)

2 Ref. [17].

b Ref. [15].

¢ Ref. [24].

d Ref. [25].

e Ref. [23].

f Ref. [28].

& Ref. [27].

h Ref. [57].

and —6.924 eV/atom for a-t-B4g, respectively. However, relative to
that of simplest elemental boron structure (o-r-Bq3), the cohesive
energies are higher as +0.032 eV/atom and +0.157 eV/atom, respec-
tively. So, according to the results of LDA and GGA, we can say that
all three are energetically stable, and a-r-B;; is more stable than
v-0-B,g and a-t-Byg. As a result, the stability order from high to low
isa-r-B13 > y-0-Byg > a-t-Byg (see volume-dependent relative ener-
giesinFig. 2(a)-(c)). As expected, calculated energies of unit lattices
are lower within GGA than those within LDA. It would be noted here
that van Setten et al. [58] recently reported that the 3-boron (3-r-
105) framework was +0.026 eV/atom higher in energy than a-r-Bq,
and also, according to their results the most stable structure was
disordered 106 atom structure ([3-r-106) at zero temperature, and
taking the zero-point energy into account, the (3-r-106) unit cell
boron wins at 4 meV with respect to a-r-By, boron and becomes
marginally more stable [24,58]. On the other hand, it was also found
by Masago et al. [17] that a-boron (a-r-B1;) was more stable than
[3-boron (3-r-106), and according to their results [17] this did not
change even if the zero-point energy and atomic disorders were
considered.

The Mulliken population value of a bond can give useful infor-
mation for characteristics of a bond (being as covalent or ionic)
[21,40]. In the case if Mulliken population value is positive, and if it
increases, i.e., covalency of the bond increases, then ionicity charac-
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Fig. 2. Relative energy-volume curves for (a) a-r-Bz, (b) y-0-Byg, (¢) a-t-Byg with
LDA and GGA. Non-equilibrium energies were obtained by applying isotropic expan-
sion/contraction to equilibrium structure. The equilibrium energy value of a-r-B12
was chosen as the reference energy.

ter diminishes. It is well known that the covalent bond forms when
atoms share electrons. Otherwise, if the value of Mulliken popu-
lation is approaching to zero, ionicity character of bond becomes
more dominant. Also, in order to characterize a bond as covalent
or ionic, electron density maps can provide detailed information
for certain bond directions. If electron density is located between
two atoms, the covalent bond forms, and covalency of the bond
increases as density increases. If electron density center is slip to
each one of the atoms, the bond becomes ionic. Specially, the elec-
tron density maps for y-0-Byg are given in Fig. 3(a)-(c). It is shown
from these maps that boron atoms of B, dumbbells are strongly
covalent bonded to each other (see Fig. 3(a)). When Mulliken pop-
ulation values of all bond groups in the structures with electron
density maps given in Fig. 3(a)-(c) are considered, it is found that
the inter-icosahedral bonds are strongly covalent.

It is also worth pointing out to investigate what happens on the
lattice parameters and bond structures under the hydrostatic com-
pression. As concerning structures, we are dealing with pressure
dependence of the normalized lattice parameters of a-r-B;, y-0-
B,g and a-t-Byg, as shown in Fig. 4(a)-(d). These figures revealed
interesting results that directional bonding interactions between
boron atoms, directed along the c-axis in y-0-B,g, are leading to
the least compressibility in the c-direction. On the other hand,
for a-t-Byg, alag, c/co and V|V, curves have discontinuities in cer-
tain pressures (see Fig. 4(a)-(d)), and these discontinuities like
a shape of steps and/or wells in lattice parameters of Bsg struc-

b 124 — —=— By f“"“"“’-1 r-.aa.._.‘._,‘
o - B 1o
o 11 48 r‘““"‘ { u
% 1.0 4 i
o5 WMM&J
.9 ——g
08 - T Tt < o ppgd
+ + 1 } 1 } + + +
c 18] —— B, r.nu —A—A—A‘ 1‘“,—;—1
216 ——a—— B ] L
> b M‘HLJ ha
= 14 - /
= !
S 12 aasad
= aa-adaaas 4
1.0 4 VIV T—T—V—V —F — T T VT —F - P TTT—g—
Zo
>
04 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Pressure (GPa)

Fig. 4. Pressure dependence of the normalized lattice parameters and the unit cell
volumes of a-r-By3, y-0-B,s and a-t-B4g elemental boron phases.

ture is an interesting allocation from the other phases. As seen
from Fig. 4(a) and (d), although prominent discontinuations of the
value of lattice parameter a/ag and V/Vj versus pressure plots only
at 410GPa and 215 GPa, respectively, at least five over range of
induced pressure the lattice parameter ¢ has discontinuities (see
Fig. 4(b) and (c)). Generally, Fig. 4 says that all three structures
are ultra-incompressible materials, the lattice parameters (a and c)
and also volume of a-t-B4g are more compressible than those of
a-r-B1y and y-0-B,g. Otherwise, according to Fig. 4, y-0-B,g is rela-
tively incompressible material among them. However, in addition
to discontinuities, pressure dependence of normalized c/a ratios
showed contrary behavior in y-0-Bg and a-t-Byg structures (see
Fig. 4(c)). Thus, the sequences of high pressure structural disconti-
nuities can be indicator for phase transitions and also changing of
s—p hybridizations of the bands from s and p orbitals in the vicinity
of the Fermi level.

The detailed effects of pressure-induced phase transitions and
main discontinuities of the structural parameters, pressure depen-
dence of the bond lengths and Mulliken populations for each
bond group in the structures are calculated. It is shown that

Fig. 3. Electron density maps for y-0-B,s. (a) B, dumbbell and bonds linking it to icosahedrons in (00 1) plane. (b) Direct bonds between icosahedra in (02 0) plane. (c) The
bonds of intra- and inter-icosahedron in (100) direction (as goes from blue to red, electron density increases). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)
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inter-icosahedral bonds (Bp*-Bp* and A bonds [18,21,40]) exhibit
more variation than intra-icosahedral bonds in a-r-Bq;. If the
bonds are ordered to the bond lengths, we obtain the sequence
from high to low that Bp*-Bp* > A >Be-Be > Bp—Be > Bp—Bp > Bp-Be™.
Other words, vacancies in the structure decrease rapidly, and
equatorial region of the icosahedron contracts faster than polar
region under pressure. Thus, our calculations showed that dis-
tinct topology of the icosahedron is conserved, and its existence
in the structure remains under high pressures also. The possi-
ble explanations of this property are consistent with the results
of the Refs. [19,59]. Generally, pressure-induced behavior of all
bonds in y-0-Byg similar to that of a-r-Bq;, and bond group O is
more affected than the others. Because of interesting behavior of
pressure-induced parameters of a-t-B4g, the bond lengths and cor-
responding Mulliken populations of a special bond group (A) are
presented in Fig. 5(a) and (b), respectively. It is seen from Fig. 5(a),
pressure-induced behavior of the bonds of a-t-B4g are completely
different from than that of both y-0-B,g and a-r-B15. There are dis-
continuous on pressure-depended relative bond lengths and also
two main discontinuous in the enthalpy curve, will be discussed
in next subsection. The pressure-depended discontinuities of bond
lengths may affect the mechanical and electronic structure of «-
t-B4g. As seen in Fig. 5(a), in the range of the 205-210 GPa (first
break in the enthalpy curve), K, L and M bond groups are not sig-

nificantly affected, but bond groups of A and B are controversy
impressed and their bond lengths extensively grow up when the
pressure increases from 1.441A to 2.343A and from 1.556 A to
2.783 A, respectively. These lengths of inter-icosahedral bonds are
unexpected behaviors, and remaining bond groups are affected in
medium scale. Interestingly, while the lengths of the bond groups
(G, D, E, F, G and H) increase, those of bond groups I and ] decrease.
On the other hand, in the range of 285-290 GPa (the range of second
discontinuity in the enthalpy curve), bond groups I and M are not
affected from this discontinuity. While lengths of the bond groups
(D, ] and K) increase, that of the remaining bond groups decreases.
So, a-t-Byg structure exhibits strong deformations under high com-
pression, and the variation of bond number and bond lengths in
the structure, leading to the phase transitions. Furthermore, we do
not observe any discontinuity in the bonds at the range of phase
transition pressures, except for phase transitions in the range of
375-395 GPa pressure.

However, in addition to bond length analysis, it would be worth
to investigate the pressure effects on the electronic bonding char-
acter (see Fig. 5). We calculated Mulliken populations of each bond
groups in a-t-B4g and obtained interesting results. We observed
that although Mulliken population is directly proportional to bond
length for some of bonds (bond groups G, I and ]) in the structure,
it is inversely proportion to the bond length for some of the bonds
(bond groups A, B, E,F,H,Kand L), and is not a relation between Mul-
liken population and bond length for some of bonds (bond groups
C, D and M). As an example of inverse proportion, Mulliken pop-
ulations of only bond group of A are plotted with bond lengths as
a function of pressure in Fig. 5(b). As seen from Fig. 5(b), because
Mulliken bond population of the bond (group A) is positive at the
range of “relatively low compressions” (up to about 205 GPa), it
has remained a strong covalent character up to 205 GPa. At the
range of 205-210 GPa pressure, while Mulliken population drops
to negative value unexpectedly, bond length increases rapidly also,
then, the interaction between two atoms is becoming anti-bonding
character. As a result, with the application of an external pres-
sure, Mulliken population of a bond can be affected from external
pressure and the bond can change its electronic character.

3.2. Elastic and mechanical properties

In order to find the mechanical properties such as bulk modulus,
shear modulus, Young’s modulus and Poison’s ratio, we calculate
the set of single crystal elastic constants, and tabulate in Table 2.
However, bulk modulus and its first pressure derivative obtained
from third order equation of state (EOS) are also listed in Table 2.
As seen from the Table 2, both values of averaging bulk modu-
lus (B) and shear modulus (G) for y-0-B,g are the highest, and
the corresponding values for a-t-B4g are the lowest. The order of
bulk modulus from high value to low is given B(y-0-B,g)>B(a-
r-B12) > B(a-t-Byg). This order is also valid for shear modulus and
Young modulus. Furthermore, Young’s modulus (E) and Poisson’s
ratio (v) show technologic properties [50] of the materials, such
as stiffness and also deformation to volume changing. Our values
have shown that the highest value of Young’s modulus and lowest
Poisson’s ratio are of y-0-B,g. However, the highest Poisson’s ratio
(0.25)is of a-t-B4g, and corresponds to the larger deformation to the
volume changing and it may have highest anisotropy among them.
As seen from Table 2, our GGA results and also EOS results agree
well with the other theoretical results. Finally, we have checked
elastic stability of the structures, and it is found that all structures
satisfy all stability criteria. So, they are mechanically stable under
ambient condition.

In y-0-Byg structure, the shortest covalent bond is an inter-
icosahedral bond (d=1.637A) in which bond group A. When
Gao’s hardness method [51] is applied to the structure, its cal-
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Table 2

Calculated single-crystal elastic constants (c;, in GPa), Voigt (By), Reuss (Br) and
average bulk (B) and shear modulus (G), Young modulus (E) and Poisson’s ratios
(v), Vickers microhardness (H), zero pressure bulk modulus (Bp) and its pressure
derivative (By’) which obtained by fitting pressure-volume data to third order
Birch-Murnaghan equation of state.

a-1-By3 Y-0-Bog a-t-Bag
c11 474 641; 609° 338
2 - 574; 543f -
33 632 477; 456f 365
[ 225 250; 241F 133
Css - 238; 224f -
Co6 - 269; 254f 36
12 109 82; 84f 32
13 44 39; 42f 97
C23 - 83; sz -
By (GPa) 219.8 230.6 162.0
218.42 221.7¢!
213-224° 227.0¢2
249¢; 266°¢ 222f
185(7)4 2378
By’ 3.69 3.61 3.87
4.82 3.63¢!
4.0b 2.22¢2
3.67°
2.78
By 219.1 2333 165.7
Br 217.9 229.7 163.1
B (GPa) 218.5 231.5 164.4
224f
Gy 218.8 250.5 114.6
Gr 213.2 248.1 86.0
G (GPa) 216.0 249.3 100.3
236"
E (GPa) 487.4 550.3 250.0
524f
v 0.13 0.10 0.25
0.11f
H (GPa) 39.5 42.1 40.0
a Ref.[17].
b Ref. [15].
¢ Ref.[16].
d Ref. [29].
e Ref.[25] (e1: 0K, e2: 300K).
f Ref. [27].
& Ref. [65].

culated valance electron density and individual bond hardness
are 0.650 and 76.6 GPa, respectively, the results indicate that this
bond is the hardest among all the bonds. The second hardest
bond (H=74.0 GPa) is also inter-icosahedra bond (d=1.650 A, with
valance electron density of 0.635), which is forming between the
icosahedral B atom and one of the B atoms of quasi-molecular B,
dumbbells. Both of these values are highest among those of all
constituent structures. Third order hardest bonds (d=1.706 A) are
between B atoms of quasi-molecular B, dumbbells. It is interesting
that the “soft” covalent bonds are in y-0-Byg structure (d=2.034 A)
which are between the icosahedral B atoms and one of the B atoms
of quasi-molecular B, dumbbells. Corresponding valance electron
density and individual bond hardness are 0.315 and 27.4 GPa,
respectively. The hardest and third hardest bonds are in the same
direction, both are parallel to each other, are also perpendicular to
(100) surface, so this might increase the directional hardness of
the structure. Then, by using Gao et al.’s hardness method [51], we
calculated the Vickers microhardness of the y-0-B,g as 42.1 GPa,
which is higher than that of superhardness limit (40 GPa), but it is
very much lower than that of the experimental results (H~ 50 GPa)
of Solozhenko et al. [22], and (H =58 GPa) of Zarechnaya et al. [25].

On the other hand, inter-icosahedral bonds in a-t-Bsg struc-
ture have strong covalent characters, the shortest ones have the
bond length of 1.678 A in all bonds of the structure. Correspond-
ing valance electron density and individual bond hardness of

these bonds are 0.511 and 61.3 GPa, respectively. Second hardest
bonds are also another inter-icosahedral bonds (d=1.687 A) and
corresponding valance electron density and individual bond hard-
ness are 0.502 and 59.9 GPa, respectively. On the other hand, the
weakest covalent bonds are also another inter-icosahedral bonds
(d=2.449 A) and corresponding valance electron density and indi-
vidual bond hardness are 0.141 and 10.1 GPa, respectively. These
bonds are constructed by replacing the two-center strong cova-
lent bonds with weak three-center long and soft bonds. These
values are also lowest between all structures. Thus, in both struc-
tures the intermediate bonds are located intra-icosahedra of Bq;
(1.700 A<d<1.854A). It should be noted that the calculated Vick-
ers microhardness of a-t-Byg is 40.0 GPa, and is lower than that of
v-0-Byg but slightly higher than that of a-r-B1, (see Table 2). How-
ever, we can classify it as a superhard material. We note here that
it has been speculated that tetragonal borides (B4gB>Cy, B4gBaN>)
could have novel superhard properties [12,13].

3.3. Electronic structures

Calculated electronic band structures, and partial density of
states (PDOSs) and total density of states (DOSs) for a-r-Bqy, y-
0-Byg and a-t-Byg are shown in Fig. 6(a)-(c), respectively. It is to
be noted that the calculated indirect band gaps of 1.661 eV for a-
r-By2, and 1.685eV for y-0-Byg are in good agreement with the
result (1.427eV) of Ref. [18], and (1.700eV) of Ref. [25], respec-
tively. PDOSs of optimized three structures together indicate that
s—p hybridization becomes dominant at lower energy bands (see
Fig. 6(a)-(c)). Generally, the contribution of s electrons to the filled
states between the Fermi level (E¢) and ~—8 eV is rather small, and
p electrons become dominant with decreasing the energies of indi-
vidual bands, so the s—p hybrid orbitals give rise to peaks on the
lower energy scale. As seen from Fig. 6(a) and (b), upper valance
bands of a-r-Bq, and y-0-B,g are just below the Fermi levels but
the electronic band structure and PDOS of y-0-Byg are different
from those of a-r-By,. However, in y-0-Byg structure, PDOS of B,
dumbbell becomes sharper near the Fermi level and upper energy
levels are shifted to the Fermi level because of “dopant ion” effects
of B, dumbbell. The nearly flat bands located just below the Fermi
level, originated from 2p orbital, which have sharp peak very close
to the Fermi level in DOS graph (see Fig. 6(b)). The calculated band
structures and DOSs curves both revealed that all three have dif-
ferent electronic characters: a-r-By; is a semiconductor, y-0-B,g is
an unusual semiconductor, and a-t-B4g is metallic. However, Fig. 7
shows that nonmetal-metal transition of a-r-B1, at 150 GPa, after
this pressure, and then the energy gap between valance and con-
duction bands (Egap) value goes to zero. In fact, this diminishing
trend versus to pressure would be amelioration of metallization and
conductivity, and also superconductivity in the structure. Zhao and
Lu[59] and Shirai et al. [60] reported this value as 160 GPa in differ-
ent times in the literature. Then, we can say that our metallization
pressure (150 GPa) agrees well with those of Zhao and Lu [59] and
Shirai et al. [60]. The first obvious difference between normal semi-
conductor and y-0-B,g is that B, dumbbell behaves like “dopant
ion” in boron-rich borides [24] (see partial density of states of B, in
Fig. 6(b), it is different near the Fermi level as of semiconductor or
metals). In the following we will call “dopant ion” as a quasi-cluster.
The reason for this rapid diminish of Egap around 415 GPa of y-0-B;g
can be explained as “metallization effect”, and also phase transition
(see Fig. 7). When the trend of the pressure-induced Eg,p is consid-
ered, metallization in y-0-B,g can be expected at pressure higher
than 460 GPa, hence it would be predicted possible metallization
pressure by extrapolation as 501.1 GPa.

On the other hand, as seen from Fig. 6(c), the location of Fermi
level of a-t-B4g among the unoccupied bands, and none zero DOS at
Fermi level are similar properties to that of the structure of 3-105
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Fig. 6. Calculated electronic band structures, and partial and total density of states (DOSs) for (a) a-r-By2, (b) y-0-Byg, and (c) a-t-Bsg elemental boron phases. Calculated
Fermi energies for a-r-B12, y-0-Bas, and a-t-Byg are 8.169 eV, 9.225eV and 5.685 eV, respectively, and they are automatically set to zero in the figures.

[19]. The high energy parts of occupied bands and also unoccupied
7 bands of p electrons appear explicitly vicinity of the Fermi level
of a-t-Byg, originated predominantly from 2p states of B atoms.
We can say that it is metallic and then, DOS value never goes to
zero at Fermi level in the whole range of constituent external pres-

sure (0-460 GPa). Generally, the metallic property of a-t-B4g can be
attributed to the increasing of p-type states to bands higher than the
Fermi level. This common behavior comes from of extraordinary
inter-icosahedral bonds, and they caused distorted icosahedra and
also strong deformations in crystal structure as indicated above.
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We predict possible metallization pressure as 150 GPa for a-r-B12, and (by extrap-
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3.4. Pressure-induced phase transitions

Recently, nonmetal-metal transitions in boron group elements
and electronic relationships between icosahedral and metallic
close-package modification for boron were studied previously
[19,24,34,37,59]. Also, high pressure properties and phase diagrams
of boron were studied by Shirai etal.[61] theoretically, and they dis-
cussed pressure-dependence of the properties, and it was reported
that a-boron was the most stable phase at low temperatures and
[3-boron phase was most favorable phase at high temperatures
[17,19,24,61].0n the other hand, using quasi-harmonic approxima-
tion [61,62], it was reported high pressure results of experiments
and theoretic studies of a- and 3-boron phases to understand of
high pressure properties of icosahedrons-based boron phases.

Here, relative enthalpy-pressure curves for y-0-B,g and o-t-Byg
structures are plotted to determine possible phase transitions in
Fig. 8 with together two other stable phases, a-r-B;; and a-Ga-
type boron, which are generally known as low and high pressure
phases of boron [17,24,27,34,35], respectively.

As seen from Fig. 8, there are crossing points of the
enthalpy-pressure curves of constituent four stable boron struc-
tures. Our GGA calculations predict that the transition at 19.73 GPa
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Fig. 8. Relative enthalpy-pressure curves for a-r-Bi,, y-0-Byg, a-t-Bsg and a-Ga-
type boron phases. Enthalpies are shown relative to a-r-B;; at constituent pressures.

pressure for a-t-B4g — a-Ga-type boron phase (metal to nonmetal),
and the other transition as a-r-B1, — 'y-0-Bag at 24.35 GPa, which is
higher than the experimental results of Oganov et al. [24] (19 GPa),
and Zarechnaya et al. [25] (20 GPa). It would be noted here that Ma
et al. [63] presented R-105 boron transforms above 10 GPa at high
temperature to a tetragonal phase that remains on P-T quench-
ing, but less than 19 GPa, after heating at temperatures higher than
1500K. Also, Oganov et al. [24] reported that different phase tran-
sitions were below 19 GPa (see Fig. 3 of Ref. [24]). According to
our calculations (see Fig. 8), over this pressure (24.35 GPa), a-r-
B1, is not a ground state of elemental boron. The transition from
a-1-B1; to a-Ga-type boron is predicted at 77.48 GPa, and this
value is higher than the results of previous studies, 74 GPa [34]
and 71 GPa [35]. The transition y-0-B,g — a-Ga-type boron occurs
at 106.45 GPa and this value is higher than the experimental obser-
vations, reported as 89 GPa by Oganov et al. [24], and 88 GPa by
Zarechnaya et al. [25].

Furthermore, applying pressure up to 460 GPa, a-Ga-type boron
phase remains a low enthalpy structure, so it may be ground state
of boron, but extra transitions occur between other metastable
structures as follows: As seen from Fig. 8, after the first dropping
(at the range of 205-210GPa), the curve of a-t-Bsg crosses the
curve of a-r-Bq; at 230 GPa, and then, as pressure increases, three
times of phase transitions between a-t-B4g and y-0-Byg structures
are predicted at 376.80 GPa, 394.20 GPa, and 420 GPa, respectively,
but their enthalpies are never lower than that of a-Ga-type boron
phases up to the studied highest pressure (460 GPa).

In addition to the phase transitions, there are interesting
discontinuities in the pressure-dependent enthalpy curve of a-
t-B4g, except phase transitions, at the ranges of 205-210GPa,
285-290 GPa, 375-380GPa, and 393-395 GPa. Up to first discon-
tinuity region (205-210 GPa), the enthalpy curve is growing up
unexpectedly, this is contrary behavior to that of other three phases
(see Fig. 8) but similar to the behavior of T-192 and (3-106 phase
diagrams of Oganov et al. [24] (see Fig. 3 of Ref. [24]). At this dis-
continuity, because of the structural changes (discussed above),
the relative enthalpy of a-t-Bsg sharply drops from 0.32eV to
0.04 eV.Also, as seen from Figs.4 and 5, crystal structure completely
changes, i.e., the space group changes from P-4n2 to P42/nnm,
and covalent bond numbers increases from 148 to 184. As a con-
sequence of this compressing behavior, the volume of the unit
cell shrinking from 213.82A3 to 198.05A3. Because of the pres-
sure dependence of the bond lengths, distorted icosahedra occur,
and their quasi-cluster units closure to each other. It is noted
that this kind of similar interesting distortion behavior of [3-106
boron phases at 205GPa was reported by Siberchicot [19]. In
the second discontinuity region (285-290 GPa), there are contrary
behaviors such as space group does not change, and while cova-
lent bond number of 184 decreases to 172, volume of 182.62 A3
increases to 183.37 A3, and also, relative enthalpy increases from
—0.15eV to —0.08 eV. At the third and fourth discontinuity regions,
375-380GPa,and 393-395 GPa, respectively, there are two phase
transitions between both structure. At the third region the tran-
sition is y-0-Byg — a-t-Byg and at fourth is contrary transition as
a-t-B4g — y-0-Bag. Interestingly, enthalpy curve of a-t-Bsg gen-
erally behaves as broken linear lines (with different slopes) from
210GPa to 460 GPa. These are extremely interesting behavior of
elemental boron phases.

3.5. Sound velocities and Debye temperatures

Finally, calculated sound velocities and Debye temperatures of
a-r-B1a, ¥-0-Byg and a-t-Byg are tabulated in Table 3. As shown
in Table 3, the Debye temperature of a-r-By, structure is higher
than that of y-0-Byg and a-t-Bag, but the sound velocity in the y-o-
B,g structure is higher than that of a-r-Bq; and a-t-Byg. It is noted
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Table 3

Calculated unit cell densities (in g/cm?), transverse (v;), longitudinal (v;), and average (v ), sound velocities (in m/s), and Debye temperature 6p (in K) of three elemental

boron phases.

Compound p (glcm3) vr v Um Op
a-1-Byy 2.58 9148.01 14007.98 10026.51 1241
14302
Y-0-Bog 2.68 9653.91 14519.78 10557.25 997
Q-t-Bag 2.40 6467.35 11149.31 7177.01 546
2 Ref. [17].
that the Debye temperature of a-r-B;; structure agrees well with Acknowledgments

previous calculation [17] (see Table 3). Thus, according to the the-
ory of Abrahams and Hsu [57], and also conclusions of Hao et al.
[64], our results indicate that y-0-B,g should be harder than both
a-r-B1> and a-t-Byg phases. This result is in good agreement with
hardness order (explained previous subsection), H('y-0-B,g) > H(o-
r-B4g) > H(a-t-B13). Furthermore, the density order of constituent
structures from the high value to low is p(vy-0-Byg)> p(a-1r-
B12)> p(a-t-Bsg), and so, it is the same order with that of bulk
modulus. However, orders of hardness and bulk modulus are
not same. In other words, we can say that there is not a direct
relation between hardness and bulk modulus in consequent struc-
tures. As a general point of view, when we consider effects of
pressure and temperature on a given phase, density of unit cell
can be used to discuss stability of the boron polymorphs. While
dense phases are stable at high pressure and low temperature,
dilute phases are stable at low pressure and high temperature
[24,57,64]. According to this suggestion, stability order at high
pressure should be y-0-Byg > a-r-B13 > a-t-Byg, as independent of
temperature.

4. Conclusions

We calculated the structural, electronic and mechanical prop-
erties of constituent phases of elemental boron crystal on pressure
range of 0-460 GPa by using first-principles calculations of density
functional theory. The cohesive energies show that a-r-B1,, y-0-Bg
and a-t-Byg are energetically stable, and also, all three structures
satisfy the mechanical stability conditions. Obtained EOSs for three
phases are compared to available data, which are consistent with
the available experimental results. Calculated Vickers microhard-
ness of a-t-Byg is 40.0 GPa, lower than that of y-0-B,g (42.1 GPa),
but slightly higher than that of a-r-B1, (39.5 GPa). However, all
three can be classified as superhard materials, and our calcu-
lated hardness order coincides with hardness-Debye temperature
relationship. The details pressure dependence of lattice param-
eters, bond lengths, Mulliken bond populations, energy gap and
density of states are investigated. We observe icosahedron-based
modifications, and, generally, the pressure-dependent behaviors
of three structures are different, and also all three phases are
ultra-incompressible and anisotropic materials. Electronic band
structure and the pressure-dependent energy gap curves revealed
that a-r-By, and y-0-B,g are nonmetal and a-t-Byg is metal, but
while increasing the pressure, nonmetal-metal transitions occur
between a-r-Bq3, y-0-Bag and a-t-B4g boron phases.

Our calculations show that the pressure-dependent enthalpy
curves have different shapes in constituent pressure range. The
enthalpy curve of a-t-B4g behaves as broken linear lines (with dif-
ferent slopes) at the pressure from 210 GPa to 460 GPa. From our
calculations and previous results, a-Ga-type boron phase may be
the best candidate for the high pressure phase of boron. Finally, the
pressure-dependent behaviors of constituent phases of elemental
boron crystal are extremely interesting, and we hope that it would
be worth to increase the technologic applicability of the elemental
boron structures.
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