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The recent discovery of the novel boron-framework in boron-rich metal borides with complex structures and intrigu-
ing features under high pressure has stimulated the search into the unique boron-network in the metal monoborides or
boron-deficient metal borides at high pressure. Herein, based on the particle swarm optimization algorithm combined
with first-principles calculations, we thoroughly explored the structural evolution and properties of TiB up to 200 GPa.
This material undergoes a pressure-induced phase transition of Pnma — Cmcm — Pmmm. Besides of two known phases
Pnma and Cmcm, an unexpected orthorhombic Pmmm structure was predicted to be energetically favored in the pressure
range of 110.88-200 GPa. Intriguingly, the B covalent network eventually evolved from a one-dimensional zigzag chain in
Pnma-TiB and Cmcem-TiB to a graphene-like B-sheet in Pmmm-TiB. On the basis of the microscopic hardness model, the
calculated hardness (Hy) values of Pnma at 1 atm, Cmcm at 100 GPa, and Pmmm at 140 GPa are 36.81 GPa, 25.17 GPa, and
15.36 GPa, respectively. Remarkably, analyses of the density of states, electron localization function and the crystal orbital
Hamilton population (COHP) exhibit that the bonding nature in the three TiB structures can be considered as a combination
of the B-B and Ti-B covalent interactions. Moreover, the high hardness and excellent mechanical properties of the three

TiB polymorphs can be ascribed to the strong B—-B and Ti-B covalent bonds.

Keywords: transition-metal boride, high pressure, first-principles, phase transition

PACS: 61.50.Ah, 61.50.Ks, 61.66.Fn, 63.20.dk

1. Introduction

Metal borides (MBs) have attracted significant attention
in both the fundamental research and industrial applications.
The diversity of boron bonding in solids facilitates the real-
ization of various materials with fantastic properties includ-
ing the super hardness, superconductivity and so on.!l In
transition-metal borides, such as ReB;, OsB, and WB,, the
strong B-B covalent network promotes the mechanical per-
formance, bringing about the super hardness.[>*! Magne-
sium diborides (MgB») present a considerable superconduct-
ing transition temperature of 39 K, driven by a stiff sp> B-B
network. 57

Generally, high pressure can effectively reduce the inter-
atomic distances of the materials and thus significantly alter
the electronic structures and bonding forms, leading to the
formation of new materials with strange physical and chem-
ical properties.[®%° In metal borides, the pattern of the boron
network that is covalently able to form various dimensional
networks exhibits unexpected transformations under pressure.
A high-pressure investigation on MgB, indicated that the am-
bient AlB,-type phase transforms into a high-pressure or-
thorhombic KHg, polymorph, resulting from the strong out-
of-plane distortions of the two-dimensional honeycomb boron
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sublattice to a peculiar tetrahedrally bonded three-dimensional
boron network.'9 Afterward, a number of remarkable stud-
ies on the pressure-induced evolution of FeB4, RuBs and
OsBy,!"'=141 verified that FeB; and OsB, undergo a metal-
to-semiconductor phase transition while all the stable struc-
tures of RuB4 are metal or semimetal. The mechanism be-
hind these phenomena could be mainly ascribed to the evo-
lution of the boron framework. Besides, pressure caused the
phase transitions of BeBg, MgBg, CaBg, SrBg, BaBg, YBg
and ScBg, 52! together with the variation of physical prop-
erties. The boron covalent network in these metal hexaborides
undergoes a fantastic transformation process. For instance,
SrBg, a member of the rare-earth hexaborides family, crys-
tallizes in a cubic structure (space group Pm-3m) at ambi-
ent pressure, which transforms into an orthorhombic structure
(Cmmm) upon increasing pressure, with further transformation
to a tetragonal structure (/4/mmm) at 60 GPa.['8] The boron
framework eventually evolves from B¢ octahedron in the cubic
Pm-3m phase to twinned pentagonal bipyramids in the Cmmm
structure to twinned augmented triangular prisms in /4/mmm
phase. Moreover, theoretical calculations showed that ScBg
undergoes a phase sequence of P2y /m — C2/m — Cmcm un-
der high pressure.?!l At the same time, the evolution of the
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boron framework is from a graphene like layer to a planar B4
ring, B6 and B7 cycle, and non-planar B8 cycle, which in-
terconnect a graphene-like network. Although considerable
efforts have been paid to probing into the pressure-induced
phase transition and boron framework evolution in the metal
borides on the boron-rich side, there is scant information about
the metal borides with relatively low boron content. To better
understand the structural and boron-network evolution under
pressure, it is extremely desirable to explore these extraordi-
nary phenomena in the metal borides with the M/B stoichio-
metric ratio of one and less than one as well.

Among the metal borides, the titanium borides are prob-
ably the technologically most important binary system be-
cause the borides in the Ti-B binary system are widely
used in various fields: rocket engineering, aircraft engi-
neering, thin film interconnection, as biological implants,
non-oxide ultrahigh-temperature structural ceramics and solid

22241 1y

heat-resistant coatings for various products, etc.!
the Ti-B binary system, three intermetallic compounds TiB,
TizBy4, and TiB, have already been identified by the experi-

[25-27] The previously conventional wis-

mental measurements.
dom indicated that the strength or hardness possesses a posi-
tive correlation with the boron content but the recent theoreti-
cal investigations exhibited an anomalous phenomenon in the
mechanical response under changing boron concentration. [28]
So, it is really necessary to probe into the crystal structures
and mechanical properties of the titanium borides with the
low boron content. Among the stable titanium borides, TiB
has the lowest boron concentration and is used as an effective
in-situ formed reinforcement in titanium alloy matrix compos-
ites (TAMCs), TiB has higher modulus, and higher strength at
both room and elevated temperatures than the Ti alloys.[?%-30]
Therefore, many investigations have concentrated on the crys-
tal structure and the mechanical properties of TiB experimen-
tally and theoretically. Decker and Kasper!®*! firstly proposed
that TiB crystallizes into the FeB-type structure with the or-
thorhombic Pnma symmetry. By the nanoindentation tech-
nique, it was identified directly by Cao et al. that the TiB has
the high elastic modulus (E = 450 GPa) and high hardness
(Hy = 27.5 GPa).B!l On the basis of high resolution trans-
mission electron microscopy (HRTEM) and x-ray diffraction
(XRD) techniques, Hu et al. confirmed a NaCl-type face cen-
tered cubic structure with space group Fm3m of TiB, which
is in contrast with the orthorhombic Prnma structure.*?! Two
recent theoretical investigations on the structural stabilities
of various phases of TiB demonstrated that the orthorhombic
Pnma configuration is most stable at ambient pressure. 33341
Despite several phases of TiB studied under atmospheric pres-
sure, the high-pressure phases of TiB remain completely un-
explored. It stimulates us to probe into the phase transition

and boron-network evolution of TiB over a broad pressure

range, in quest to explore its new structures and complex boron
framework types.

In the current work, we aim to explore the phase behav-
iors and boron-network evolution of TiB within the pressure
range of 0-200 GPa with the aid of the advanced global struc-
tural search methodology*>3®! in combination with the first-
principles calculations. The present study uncovers a hith-
erto unknown high-pressure TiB configuration, orthorhombic
Pmmm with the intriguing graphene-like B-sheet, which is
firstly found in the transition metal monoboride. The structural
transition order for TiB under pressure is identified as Pnma —
Cmcm — Pmmm. In addition, we have further probed into
their structural characters, mechanical and electronic proper-
ties and bonding features. These results provide a general
route to explore novel boron layer structures in the transition
metal monoboride under high pressure.

2. Methods

In this work, we performed the structure prediction of
TiB containing up to 8 formula units (f.u.) at selected pres-
sures of 0 GPa, 50 GPa, 100 GPa, 150 GPa and 200 GPa using
a particle swarm optimization algorithm as implanted in the
CALYPSO code.!?-37] This method can effectively find the
ground-state and low-energy metastable structures with only
the given chemical composition, which has been successfully
demonstrated by various applications ranging from elemental
solids to binary and ternary compounds.?8*8! The detailed
descriptions about this structural search methodology can be
found in Refs. [35,36].

The subsequent geometrical optimizations, electronic
structures and mechanical properties calculations were per-
formed within density functional theory under the Perdew—
Burke-Ernzerhof (PBE) functional of the generalized gra-
dient approximation (GGA) as implemented in the Vienna
ab initio simulation package (VASP) code.[*>**l The pro-
jector augmented wave (PAW) method was adopted to de-
scribe the electron—ion interactions with 3s23p%3d24s> and
2s22p! treated as the valence electrons for the Ti and B
atoms, respectively.®!) An energy cutoff of 800 eV for the
expansion of the wave function into plane waves and appro-
priate Monkhorst—Pack k& meshes were selected to ensure a
force convergence threshold of 1 meV/atom.!?! To investi-
gate the dynamical stabilities of the considered structures,
the phonon dispersion calculations were carried out by em-
ploying a supercell approach within the Phonopy code.>34]
The chemical bonding and the interatomic interaction anal-
ysis were performed through the crystal orbital Hamilton
population (COHP) method implemented in the LOBSTER
code.3>31 When the individual elastic constants were de-
rived, the bulk moduli (B), Young’s moduli (E) and shear
moduli (G), and Poisson’s ratio (v) were obtained by using

116104-2



Chin. Phys. B 31, 116104 (2022)

Voigt-Reuss—Hill approximation (VRH).”l The theoretical
Vickers hardness was estimated based on the empirical model,
H, = 2.0(k*G)"3% —3.0, where k = G/B.1%

3. Results and discussion

3.1. Structure prediction and phase transition under pres-
sure

As we all know, external pressure has a great influence
on the crystal structure of materials, so different stable struc-
tures may be found under different pressures.>®! In order to
predict potential high-pressure crystal structures and phase
transition of TiB, we predicted the low-energy crystal struc-
tures from 0 to 200 GPa by an interval of 50 GPa with 1-8
unit formula cells for TiB. Based on the CALYPSO structure
prediction method, five low-energy candidate phases are con-
firmed, namely, the orthorhombic Prnma-TiB, orthorhombic
Cmcm-TiB, cubic Fm-3m-TiB, tetragonal /4i/amd-TiB, and
orthorhombic Pmmm-TiB phases. These five candidate crystal
structures diagrams of TiB are shown in Fig. S1 of the supple-
mentary information (SI) and the corresponding structural in-
formation is tabulated in Table S1. The previous known struc-
tures including Pnma-TiB,?>01 Cmem-TiB,B334 Fm-3m-
TiB3?! and 14,/amd-TiB,3 were successfully reproduced in
the specific pressure range, which suggests that the method-
ology used in present work is applicable to TiB. To eluci-
date the phase diagram of TiB, figure 1(a) provides the en-
thalpy differences of the five candidate crystals of the Cmcm-
TiB. Under atmospheric pressure, the most stable phase is an
orthorhombic Pnma-TiB structure and belongs to the FeB-
type monoboride, which is in excellent agreement with the
previous experimental and theoretical results. > When the
pressure increases to 69.08 GPa, the orthorhombic Cmcm-
TiB phase is favored over the Pnma-TiB phase in the pres-
sure range of 69.08—110.88 GPa. Upon further compression,
orthorhombic Pmmm-TiB has the lowest enthalpy among the
candidate phases. Thus, the sequence of the structural trans-
formation for TiB within the pressure range of 0-200 GPa is
Pnma-TiB — Cmcm-TiB — Pmmm-TiB. This phase transfor-
mation is also supported by the volume—pressure relations (V-
P) in Fig. 1(b), as we observed that the Pnma — Cmcm and
Cmcm — Pmmm phase transitions have discontinuous changes
in volume at the transition point with volume collapses of
0.16% and 1.8%, suggesting that the three phase transitions
Addition-
ally, the relative stability of TiB in comparison with other Ti-B

are the first-order nature rather than continuous.

phases was confirmed by comparing the formation enthalpies
(AHy) of known Ti-B phases at 1 atm, 70 GPa and 150 GPa,
as depicted in Fig. S2. As shown in Fig. S2(a), under atmo-
spheric pressure, the calculated AH; of four Ti—-B compounds
(TiB, TizBy4, TipB3 and TiB,) are exactly located at the curves

of convex hull, which is consistent with the previous results
derived by Li ef al.,’%3) confirming the TiB thermodynamic
stability under ambient pressure. Furthermore, the AHy of
the Cmcem-TiB phase at 70 GPa and the Pmmm-TiB phase at
150 GPa reach —1.099 eV/atom and —1.179 eV/atom, respec-
tively, and slightly above the convex hull, demonstrating their
excellent thermodynamic stability. The above results indi-
cate that Cmcem-TiB and Pmmm-TiB are excellent metastable
phases, which can be synthesized under particular tempera-
tures. Moreover, the stability of TiB can be further verified

25,311 1 this work, we focus on

by the preceding experiment.
the detailed structural feature and the related properties of the
Pnma-TiB phase at 1 atm, the Cmcm-TiB phase at 100 GPa,

and the Pmmm-TiB phase at 140 GPa.

600
(a) ——Cmem
g 500F —— Pnma
% 400 + ——I4,/amd
~
> —— Pmmm
g 300 ¢ Fm-3m
g 200 |
S 100
m| - _ 110.88 GPa
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—100 69.08GPa | | .
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Fig. 1. (a) Enthalpy—pressure relation with respect to the Cmcm phase and
(b) volume—pressure relations for TiB.

3.2. Structure feature and dynamical stability

To completely elucidate the structural character of the
Pnma-TiB phase at 1 atm, the Cmcm-TiB phase at 100 GPa,
and the Pmmm-TiB phase at 140 GPa, we depicted their crys-
tal structures in Fig. 2 and tabulated their homologous struc-
tural parameters in Table 1. In Table 1, the lattice parameters
of the Pnma phase under atmospheric pressure are consistent
with the preceding experimental and theoretical results. In the
Pnma phase at 1 atm (see Fig. 2(a)), one Ti atom is surrounded
by 7 neighboring B atoms with the Ti-B separations varying
from 2.353 A to 2.558 A, forming a distorted TiB7 enneahe-
dron. In this phase, the nearest Ti-B distance of 2.353 A is
slightly less than the sum (2.29 A) of the covalent radii of the
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B atom (0.84 A) and the Ti atom (1.45 A), indicating a co-
valent bond between the Ti and B atoms. In addition, the B
atoms form one-dimensional zigzag chain with the identical
B-B length of 1.812 A along b-axis and identical B-B-B an-
gle of 114.89°. This B-B bond length is comparable to that
of a-B (1.669-2.003 A),[°" y-B (1.661-1.903 A),12l Pnma-
ScB3 and P63mc-ScBg, %% uncovering a strong B-B covalent
bond. Hence, the Pnma-TiB phase is composed of the dis-
torted TiB7 enneahedron and one-dimensional zigzag chain of
B atoms. For the Cmcm phase at 100 GPa, the basic build-
ing block can be considered as slightly distorted TiB; octahe-
dron with one Ti-B distance of 2.263 A, two Ti-B distances
of 2.183 A and four Ti-B distances of 2.148 A. Along the
b-axis, the apical B atom and four baseplane B atoms form
a rectangular pyramid. Moreover, four baseplane B atoms
and two underlying B atoms form a triangular prism. The
Ti-B bond lengths varying from 2.148 A to 2.263 A are all
shorter than the sum (2.29 A) of the covalent radii of the Ti and
B atoms, declaring the relatively strong Ti—-B covalent bond-
ing. Meanwhile, the B atoms also exhibit one-dimensional
zigzag chain with the uniform length of 1.678 A along the c-
axis and an identical B-B-B angle of 112.87°. These results
suggest that the Cmcm-TiB configuration consists of slightly
distorted TiB7 octahedron and one-dimensional zigzag-like B
chain. Interestingly, the Pmmm phase at 140 GPa has two
nonequivalent B positions, namely, B1 located at the Wyckoff
site 2¢ (0.5000, 0.5000, 0.2940) and B2 occupying the Wyck-
off site 2r (0.0000, 0.5000, 0.6017). The Ti atoms take three
different sites (ie., Ti3, Ti4 and Ti5), the Wyckoff 24 (0.0000,
0.0000, 0.7930), 14 (0.5000, 0.0000, 0.5000) and 1 f (0.5000,
0.5000, 0.0000) positions. The Ti3 atom is surrounded by four
B1 atoms with the Ti-B distance of 2.104 A and two B2 atoms
with the Ti—-B distance of 2.122 A, forming a TiB¢ octahe-
dron. The Ti4 atom is connected with twelve adjacent B atoms
including four B1 and eight B2 atoms with the correspond-
ing Ti-B distances of 2.151 A and 2.118 A, forming a TiB1,
hexagonal prism. Two B1 atoms are at either end of the BS

atom with an identical Ti-B separation of 2.189 A. More im-
portantly, two B1 and four B2 atoms form a two-dimensional
six-membered B ring, with the same B1-B2 bond distance of
1.594 A and the identical B2-B2 bond distance of 1.618 A.
The above results demonstrate that strong Ti-B and B-B cova-
lent bonds exist in this structure. Thus, the Pmmm-TiB struc-
ture contains the TiBg octahedron, TiB, hexagonal prism and
two-dimensional six-membered B ring. This planar boron net-
work can also be seen in other borides such as LiB, MgB, and
FeBy.!["12:641 1t is obvious that the Ti-B and B-B bond lengths
gradually decrease with the increasing pressure, which coin-
cides with the reduction of atomic distance caused by high
pressure. It also shows that the interaction between Ti-B and
B-B becomes stronger with the rise of pressure. In the struc-
tures under the increasing pressure, the basic B-B covalent
network transforms from the one-dimensional zigzag chain to
two-dimensional B ring. Increasing the pressure in the com-
pound tends to promote the formation of the higher dimension
B-B network.

In order to assess the dynamical stability of the three con-
sidered phases at the specific pressures (the Pnma-TiB phase
at | atm, the Cmcm-TiB phase at 100 GPa and the Pmmm-TiB
phase), we further calculated their phonon spectra, as illus-
trated in Fig. 3. The absence of any imaginary phonon fre-

quencies in the entire Brillouin zone confirms that all three
[65,67-69]

concerned configurations are dynamically stable.

Fig. 2. Crystal structures of three considered phases. (a) Pnma-TiB at 1 atm,
(b) Cmem-TiB at 100 GPa and (c) Pmmm-TiB at 140 GPa. The green and
red spheres represent boride and titanium atoms, respectively.

Table 1. Structural parameters of TiB for the Pnma phase at 1 atm, the Cmcm phase at 100 GPa, and the Pmmm phase at 140 GPa.

Atomic coordinates (fractional)

Pressure  Space group Lattice parameters (A)
Atom X y z
1 atm Pnma this work a=06.110,b=3.051,c=4.567 Til (4c) 0.17765 0.25000 0.12246
Bl (4c) 0.02953 0.25000 0.59865
1 atm Pnma experiment“) a=06.12,b=3.06,c =4.56
1 atm Pnma theoryb) a=06.113, b =3.050, c = 4.562
100 GPa Cmcm this work a=2970,b=7.858,¢c=2.932 Til (4c) 0.0000 0.14740 0.25000
B2 (4c)  0.0000 0.43995 0.25000
140 GPa Pmmm this work a=2.732,b=2.804,c=7.641 Ti3(2q) 0.0000  0.0000 0.79303
Ti4 (1d) 0.50000 0.0000  0.50000
Ti5 (1f) 0.50000 0.50000  0.0000
B1 (2r)  0.50000 0.50000 0.29404
B2(2r)  0.0000 0.50000 0.60171

3)Ref. [25], P Ref. [33].
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Fig. 3. Phonon dispersions for (a) Pnma-TiB at 1 atm, (b) Cmcm-TiB at
100 GPa and (c) Pmmm-TiB at 140 GPa.

3.3. Mechanical properties and hardness under high pres-
sure

Mechanical stability plays a significant role in the stabi-
lization of a material. To clarify the mechanical stability of
the three considered structures under the selected pressures,
the elastic constants were derived by using the strainstress
method, as summarized in Table 2. These three concerned
phases belong to the orthorhombic crystal phase and meet
the corresponding mechanical stability condition of the or-
thorhombic phase, which verifies the mechanical stability of
the three considered structures.!’’! Simultaneously, to evalu-
ate the mechanical performance of the three phases under the
corresponding pressure, the bulk modulus (B), shear modu-
lus (G), B/G ratio, Young’s modulus (E) and Poisson’s ratio
(v) were also calculated (see Table 2). It is obvious that the
calculated elastic constants, bulk modulus, shear modulus,
Young’s modulus and Poisson’s ratio of Pnma-TiB are in con-
sistent with preceding theoretical results,33°! confirming the
reliability of the present methodology. As we all know, the
C11, Cx2 and C33 denote the linear incompressibility along the
corresponding a-, b- and c-axes. As tabulated in Table 2, the
value of Cy; for Pnma-TiB and Cmcm-TiB is higher than that
of C11 and Cs33, revealing that both phases possess stronger
incompressibility along the b-axis than that along the a- and
c-axes. At the same time, the larger value of C;; than that
of Gy and Csz3 in Pmmm-TiB verifies that its incompress-

ibility along the a-axis is stronger than that along the b- and
c-axes. Cy4 1s a crucial indicator to the indentation hardness
of a crystal. The calculated C44 values of the three concerned
structures exceed 170 GPa, revealing their strong strength of
resisting the shear deformation. The computed bulk moduli of
Pnma-TiB, Cmcm-TiB and Pmmm-TiB can reach 205.73 GPa,
518.98 GPa and 586.28 GPa, respectively, which are compa-
rable to those of a-TiB, (268 GPa) and 3-TiB, (267 GPa).[33
Interestingly, the obtained shear modulus G of Pnma-TiB is
about 191.58 GPa at ambient pressure, close to that of «-
BeBg (227 GPa),!'3! which implies that Pnma-TiB may also
be a hard material. In addition, the obtained Young’s moduli
for Pnma-TiB, Cmcm-TiB and Pmmm-TiB are 438.59 GPa,
736.68 GPa and 655.86 GPa, which are larger than 400 GPa,
suggesting that these three crystals have strong stiffness. We
can judge the ductility or brittleness of a material by the B/G
ratio. Usually, if B/G >1.75, the material is ductile, other
wise it is brittle.[’Y) The B /G of Pnma-TiB, Cmcm-TiB, and
Pmmm-TiB is 1.07, 1.78, and 2.34, respectively, demonstrat-
ing that Pnma-TiB is ductile, and the other two phases are
brittle under different conditions. Poisson’s ratio v is an ex-
tremely significant parameter to assess the degree of direction-
ality of the covalent bond. The representative values of 0.1,
0.25 and 0.33 correspond to the covalent, ionic and metallic
materials, respectively. The derived Poisson’s ratio v for the
Pnma-TiB structure is 0.14, close to 0.1, indicating the exis-
tence of a strong covalent bond, and this crystal can be clas-
sified into the covalent material. The Cmcm-TiB polymorph
has the Poisson’s ratio v of 0.27, approaching 0.25, reveal-
ing that this structure can be divided into the ionic material.
The calculated Poisson’s ratio v for the Pmmm-TiB is exactly
equal to 0.33, which can be deemed as the metallic material.
Subsequently, the Vickers hardness values for these three con-
figurations were predicted with an empirical model suggested
by Chen et al.,’® which are also summarized in Table 2.

Table 2. The calculated elastic constants C;; (GPa), bulk modulus B (GPa), shear modulus G (GPa), B/G, Young’s modulus E (GPa), Poisson’s ratio v
and Vickers hardness H, (GPa) of TiB for the Pnma phase at 1 atm, the Cmcm phase at 100 GPa and the Pmmm phase at 140 GPa.

Pnma-TiB (1 atm) Pnma-TiB? Pnma-TiBY) Cmcm-TiB (100 GPa) Pmmm-TiB (140 GPa)
Ciy 418.79 411 420 782.12 1122.38
Cxn 517.06 524 522 997.63 814.95
Cs3 415.13 410 420 972.49 994.35
Cyq 197.29 189 221 268.655 177.85
Css 181.11 186 193 339.89 167.44
Ceg 221.32 193 175 274.19 406.02
Chn 86.87 91 97 395.03 485.72
Ci3 105.15 107 121 298.19 485.72
C3 60.47 61 65 275.46 351.27
B 205.73 207 214 518.98 586.28
G 191.58 185 188 291.54 249.65
B/IG 1.07 1.14 1.78 2.34
E 438.59 427 436 736.68 655.86
\Y 0.14 0.15 0.16 0.27 0.33
Hy 36.81 28.4 25.17 15.36

3)Ref. [60], P Ref. [33].
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In Table 2, it is clearly found that the hardness of the Pnma-
TiB phase is 36.81 GPa, which is comparable to the experi-
mental result of B-SiC (34 GPa)!’? and the theoretical val-
ues of P40 carbon (40.2 GPa)[”*! and ScBj (38.3 GPa),[%3
suggesting a potential hard material. More importantly, the
Cmcem-TiB phase at 100 GPa and the Pmmm-TiB structure at
140 GPa possess the hardness of 25.17 GPa and 15.36 GPa, re-
spectively, which are higher than that of GaN (15.1 GPa).[">74]
The above results exhibit that both of the high-pressure crys-

tals are potential hard materials.

3.4. Electronic properties and bonding features under
high pressure

The electronic properties were explored by the overall
calculations of the electronic band structure and densities of
states (DOS) for Pnma-TiB, Cmcm-TiB, and Pmmm-TiB at
different pressures, as depicted in Fig. 4. The overlap between
the conduction and the valence bands of the three structures
indicates that all three phases are metallic. In addition, the
finite electronic DOS at the Fermi level further confirms the
metallic nature of these three structures. For the three phases,

1 1

1 1 1
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Fig. 4. Electronic band structures and densities of states for (a) Pnma-TiB
at 1 atm, (b) Cmcm-TiB at 100 GPa and (c) Pmmm-TiB at 140 GPa. The
Fermi level is set to zero.

the total densities of states (TDOS) near the Fermi level are
dominated by Ti-3d states, suggesting that the Ti-3d orbital
plays a dominant role in their metallicity. At the same time,
there is strong hybridization between Ti-3d and B-2p bands in
the valence region. Hence, the strong covalent bonds between
Ti and B atoms are present.

To further reveal the bonding nature of Pnma-TiB at
1 atm, Cmcm-TiB at 100 GPa, and Pmmm-TiB at 140 GPa, we
computed their electron local functions (ELFs), as presented
in Fig. 5. The ELF is generally used to describe the chemical
bonding with the ELF value range of 0—1. The large ELF val-
ues (> 0.5) correspond to the lone electron pairs or covalent
bonds while the typical ELF value of 0.5 corresponds to homo-
geneous free-electron gas.”>7% In Fig. 5, the high ELF values
exists between B and B atoms, demonstrating the existence of
strong B-B covalent bonding within the zigzag chain and the
planer six-membered cycle in these three phases. Between Ti
and B atoms, ELF exhibits relatively large values close to the
B position, revealing the Ti-B covalent interaction. To fur-
ther verify the feature of the covalent bonding in TiB, we cal-
culated the crystal orbital Hamilton population (COHP) and
the integral crystal orbital Hamilton population (ICOHP) of
Ti-B and B-B. As displayed in Fig. 6, the obtained COHPs
indicate that the Ti-B and B—B bonds both possess the cova-
lent bond features. The ICOHP values of the B-B pairs in
Pnma-TiB (—5.96 eV), Cmcm-TiB (—6.79 eV), and Pmmm-
TiB (—7.44 eV), which are comparable to that for the B-B
pair (—7.72 eV381) in @-B, reveal strong B-B covalent bonds.
The ICOHP values of the Ti-B pairs in Pnma-TiB, Cmcm-
TiB, and Pmmm-TiB are —1.76 eV, —2.30 eV and —2.38 eV,
respectively, which are smaller than those of the correspond-
ing B-B pairs. The above results confirm that the B-B bonds
have stronger covalent bonding than the Ti—B bonds in these
three structures. In addition, the excellent mechanical proper-
ties may stem from the strong covalent bonds of Ti-B and B—
B. Overall, we conclude that the chemical bonds in the three
TiB phases contain a combination of the strong Ti—-B and B-B
covalent bonds, which is the major reason for their high elastic

modulus and Vickers hardness.
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Fig. 5. ELF of three TiB phases: (a) (100) plane for the Pnma-TiB at 1 atm,
(b) (100) plane for the Cmcm-TiB at 100 GPa and (c) (010) plane for the
Pmmm-TiB at 140 GPa.
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Fig. 6. The COHP curves for (a) Pnma-TiB at 1 atm, (b) Cmcm-TiB at
100 GPa and (c¢) Pmmm-TiB at 140 GPa. The dotted vertical line at 0 eV
represents the Fermi energy level.

4. Conclusions

Based on the particle swarm optimization CALYPSO
method for structure prediction in conjunction with first-
principles calculations, we explored the phases of TiB within
the pressure range of 0200 GPa. The phase transition se-
quence of Pnma — Cmcm — Pmmm has been established un-
der high pressure and the transition pressures were determined
as 69.08 GPa and 110.88 GPa, respectively.
thorhombic Pmmm was firstly uncovered under high pressure.

A novel or-

Intriguingly, accompanied by the phase transition, the evolu-
tion of the boron framework is from a one-dimensional zigzag
chain in Pnma-TiB and Cmcm-TiB to a graphene-like B-sheet
in Pmmm-TiB. This planar B-sheet was firstly reported in
transition-metal monoborides. Phonon spectrum and elastic
constant calculations show that these three configurations are
dynamically and mechanically stable. According to an empiri-
cal hardness model, the Vickers hardness values of Pnma-TiB,
Cmcm-TiB, and Pmmm-TiB are estimated to be 36.81 GPa,
25.17 GPa and 15.36 GPa, respectively, stating that these three
phases are promising hard materials. The results of electronic
band structure and density of states show that the three TiB
polymorphs possess metallic properties. Further analysis of
the computed density of states, electron localization function
and COHP indicates a combination of the strong B-B and Ti—
B covalent bonds in three TiB crystals. This particular bond-
ing feature is mainly responsible for their high elastic modulus
and Vickers hardness. The present work expands the knowl-
edge about the pressure-induced phase transition and boron
framework evolution for transition-metal monoborides, which
inspires experimental efforts in the synthesis.
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