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Tantalum-boron compounds, which are potential candidates for superhard multifunctional materials, may possess multiple
www.rsc.org/ stoichiometries and structures under pressure. Using the first-principle methods, ground-state TaB; with monoclinic C2/m
space group and high-pressure TaB; with orthorhombic 4mm2 space group had been found. They are more stable than
previously proposed structures. High-pressure boron-rich 4mm?2-TaB, can be quenched to ambient pressure. The ground-
state C2/m-TaB3 and high-pressure 4mm2-TaB, are two potential ultra-incompressible and hard materials with calculated
hardness of 17.02 GPa and 30.02 GPa at ambient pressure, respectively. Detailed electronic structure and chemical bonding

analysis proved that the high hardness of Amm2-TaB4 mainly stems from the strong covalent Boron-Boron bonds in

graphene-like B layers as well as B-B bonds between layers.

1 Introduction

Recently, many transition metal borides (e.g., Pth,l’ 2 Ier,z’ 3
FeB,,* ReB,’ OsB,° WB, and CrB48) were successfully
synthesized under ambient or high pressure. They show outstanding
properties, such as high melting points, extreme hardness, superior
electrical and magnetic properties, strong oxidation and acids
resistance. And they are expected to be alternative materials of
traditional superhard materials (e.g. diamond and cubic boron
nitride). Traditional superhard materials have many faults in actually
application. For example, diamond can chemically react with ferrous
metals at high temperature, creating iron carbides in the process of
machining. For c-BN, its hardness is second only to that of diamond.
However, it can only be synthesized under the extreme high pressure
and high temperature.” These increase synthesizing costs and limit
industrial application of c-BN. Novel transition-metal light-element
(B, C, N, and O) compounds have good mechanical and chemical
properties to overcome the faults of traditional superhard materials.
The search of novel transition-metal light-element (B, C, N, and O)
compounds has received noticeable attention in condensed matter
physics and materials science. The experimentally synthesized ReB,
has been proven to be superhard materials with hardness of 36.4-48
GPa, which is close to that of c-BN (45 to 50 GPa).’ The boron-rich
tetraborides ZrB,'® has the high hardness of 42.8 GPa for Cmcm
phase and 42.6 GPa for Amm2 phase, respectively. Boron-rich WB,4
(P6y/mmc) and ReB,'! with simulated hardness of 43 GPa and 37.1-
41.6 GPa were reported. These materials have been proposed to be
ideal multifunctional materials with possible superhardness. In
addition, boron-rich superhard FeB, synthesized under high pressure
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is a phonon-mediated superconductor with superconducting
temperature Tc of 15-20 K.* > Ta, W, and Re are neighboring 5d
transition metals elements in the same period of the table. So
tantalum borides can be expected to be potential superhard and
multifunctional materials. In the Ta-B system, Ta-rich tantalum
boride Ta,B with tetragonal Al,Cu-type structure (I4/mcm) was
reported in experiment.'® Subsequently, the crystal structures of 0S8-
TaB (Cmcm), hP12-TaB, (P63y/mmc), hP3-TaB, (P6/mmm), 0S22-
TasBg (Cmmm), tP10-TazB, (P4/mbm) and ol14-Ta;B, (Immm) were
confirmed theoretically and experimentally.'**° The TaB, with high
Young’s modulus (500 GPa) was reported in previous study."> Yao
et al. did a systematic study of transition metal borides (V, Nb, and
Ta)."® Geest et al also studied the phase diagram of Ta-B
compounds by doing convex hull calculations.'* Recently, a
monoclinic boron-rich TaB, (high hardness of 29 GPa) and a high-
pressure orthorhombic Imma-TaB; were predicted.”’” 2> Although
tantalum borides with relatively high melting temperature, hardness,
and brittleness can be regarded as a potential superhard material >
There are limited studies of boron-rich tantalum tetraboride and
triboride in theoretical and experimental works. Many fundamental
aspects of boron-rich tantalum borides are still not well understood
because of their complex chemical behaviors. The crystal structures
of tetraboride and triboride are the subject of continuing debate. The
detailed knowledge about the crystal structure of tantalum borides is
very important for the study of superhard materials.

In this study, the ground-state crystal structures of TaB; and TaBy
are predicted by using the first principles calculations. And we
update the global zero-temperature Ta-B phase diagram at pressures
up to 100 GPa. Two monoclinic C2/m-TaB; structures and a high
pressure-phase Amm2-TaB, are found to be more stable than
previously proposed structures. The structural stability and
mechanical properties of our proposed C2/m-TaB; and Amm?2-TaB,
have been extensively explored. The ground-state C2/m-TaBj; is
mechanically and dynamically stable at ambient pressure. And the
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high-pressure stable 4mm2-TaB, can be quenched to ambient
pressure. The Amm2-TaB,; is a hard material with low
compressibility compared to some previously proposed transition
borides. The six-membered boron rings and boron-boron bonds
between different layers are very important for the high hardness of
Amm2-TaB,.

2 Computation details

The possible candidate structures of Ta-B compounds were searched
by the ab initio evolutionary algorithm wusing the variable-
composition mode®® of the USPEX code**® The individual
structure searching for TaB; and TaB4 within 1-4 formula units (f.u.)
in the simulation cell are implemented at 0, 20, 50, 100, and 150
GPa, respectively. During the structure searching, the first generation
is produced randomly. The succeeding generations are obtained
through heredity (60%), lattice mutation operations (30%), and atom
transmutation (20%). The structural optimizations and enthalpy
calculations under different pressures were performed by density
functional theory (DFT) with the Vienna ab initio simulation
program (VASP) code.”’” The Perdew-Burke-Ernzerhof (PBE)
functional with exchange and correlation treated within the
generalized gradient approximation (GGA) was adopted.® The
energy cutoff at 650 eV and a k-mesh at 0.03 x 21 A™ zone were
chosen by performing accurate convergence tests in Monkhorst-Pack
sampling scheme in the electronic Brillouin zone (BZ) integrations
to guarantee that enthalpy calculations are well converged with
energy differences better within 1 meV/f.u. The convergence tests

231 The elastic constants were

have been described elsewhere.
calculated from evaluation of stress tensor generated small strains,
and the bulk modulus (B), shear modulus (G), Young’s modulus (E),
and Poisson’s ratio(v) were calculated by using Voigt-Reuss-Hill
approximation.®® Phonon calculations were performed by the direct
supercell approach using the forces obtained by the Hellmann-
Feynman theorem.” The phonon frequencies for all structures were
calculated using the supercell method with the PHONOPY code.*
The theoretical Vickers hardness was estimated by Chen’s model,*

H =202G)" _3 where, £ = G/B is Pugh’s modulus ratio.

Formation enthalpy of Ta,B, (4H) was calculated by the equation of
AH= H(TaBy) - xH(Ta) - yH(B). The H means the enthalpy of solid
phase, and the bcc structure of tantalum and a-Bi,, y-B,g and a-Ga
phase of boron™ at different pressures were used.

3. Results and discussions

3.1 Phase diagram and stability

Using USPEX code based on ab initio evolutionary algorithm, we
obtained several competitive candidates of TaB; and TaB,. Two
monoclinic TaB; phases had been found. The ambient ground-state
structure of [-TaBj; (space group C2/m) transforms to high-pressure
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Fig. 1 (a) Pressure versus composition phase diagrams of the TaB;
and TaB, at pressures of 0-100 GPa. (b) Convex hull diagram of Ta-B
system at pressures of 0 GPa, 20 GPa, 60 GPa and 100 GPa. Solid
symbols denote stable phases while the open represent metastable
phases. The a-B (0-19 GPa), y-B (19-89 GPa), and a-Ga phase (89-
100 GPa) were used in the convex calculations.

II-TaB; (space group C2/m) at 12.5 GPa. And a high-pressure
orthorhombic Amm2-TaB, was predicted. The formation enthalpy of
all different phases relative to (Ta + B) was shown in Fig. S1.
Thermodynamic stabilities of Ta-B compounds can be described by
the knowledge of ground-state enthalpy and formation enthalpy vs
composition curve (convex hull).’” It is well known that any
structure whose formation enthalpy lies on the convex hull is
considered as stable and synthesizable in principle.’® ** The
calculated convex hull is depicted in Fig. 1. The pressure versus
composition phase diagrams of the TaB; and TaBy at pressures of 0-
100 GPa is inserted in Fig. 1. From the calculated convex hull of Ta-
B system, it can be clearly seen that the calculated formation
enthalpies of (Ta;B,, TaB, TasBg, TasBy, Ta,B;, and TaB;) sit nearly
right on the curves of convex hull (Fig. 1), in excellent agreement
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Fig. 2 Phonon dispersion cueves of (a) I-TaB; at 0 GPa (b) 1I-TaB; at
20 GPa (c) Amm?2-TaB, at 0 GPa and (d) Amm?2-TaB, at 60 GPa.
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with the actual experimental syntheses. So our prediction and
calculation are reliable. For Boron-rich tantalum borides, triboride
TaB; is stable at whole considered pressures, and I-TaB; phase is
thermodynamically more favorable than other phases up to 12.5
GPa, above which the high-pressure phase II-TaB; is energetically
more stable, as shown in Fig. S1. The enthalpy curves of all
considered structures for TaB; in the pressure range of 0—100 GPa
were shown in Fig. S1. With further increasing the B:Ta ratio to 4:1,
a novel stable structure 4mm2-TaB, is remarkable, and it can be
synthesized above 60 GPa, as shown in Fig. 1.

Mechanical and dynamical stabilities are another two indicators to

judge existence of structures. The I-TaB;, II-TaB; and Amm2-TaB,
are mechanically stable according to the Born-Huang criterion,*
studied hereafter. The phonon calculations provide strict measure for
structural dynamic stability. We thus have carefully performed the
phonon dispersion calculations for all considered structures. No
imaginary phonon frequency was found in the whole Brillouin zone
for I-TaBj, 1I-TaB; and Amm?2-TaBy,, as shown in Fig. 2, indicating
that they are all dynamically stable. Besides, the Amm2-TaB, is
dynamically stable from 0 GPa to their synthetic pressures, which
means that they are quenchable to the ambient condition.

3.2 Structure features

Optimized equilibrium lattice parameters, cell volume V' of I-
TaB;, 11-TaB; and 4mm?2-TaB, are summarized in Table 1. The
crystal structures of I-TaBj, II-TaB; and Amm?2-TaB, are shown
in Fig. 3. The monoclinic I-TaB; and 1I-TaB; structures both
contains four fu. in a unit cell with lattice parameters of a =
3.266 A, b =3.051 A, c =11.361 A, B = 127.947° and a =
3.026 A,b=5.203 A,c=9.002 A, p=113.813°, respectively.

Table 1. Optimized equilibrium lattice parameters (A and ¢), cell
volume V (AS), Pressure P (GPa), bulk modulus B (GPa), shear
modulus G (GPa), Young’s modulus Y (GPa), Poisson’s ratio u, B/G
ratio, and hardness (GPa).

Str. P a b c p B/G H,
I-TaB; 0 3.266 3.051 11.361 127.947 35.99 287 162 408 0.26 1.77 17.02
II-TaB3 20 3.026 5.203 9.002 113.813 32.42 299 192 475 0.23 1.56 22.83
TaBs 0 9.961 5285 3.111 40.95 295 219 526 0.20 1.35 30.02

Vv B G Y v

Fig. 3 Crystal structures for (a) I-TaBs;, where the Ta atom occupies
the 4i (0.2495, 0.0, 0.6875) and B atoms occupy the 4i (0.6663, 0.0,
0.4996), 4i (0.1508, 0.0, 0.8662) and 4i (0.0827, 0.5, 0.9397)
positions, (b) |-TaB;, where the Ta atom occupies the 4i (0.2380,
0.0, 0.1977), and B atoms occupy the 8j (0.9928, 0.8287, 0.60) and
4g (0.5, 0.1663, 0.0) and (c) Amm2-TaB,, where the Ta atom
occupies the 4c¢ (0.8321, 0.0, 0.5282) and B atoms occupy the 8f
(0.6596, 0.8294, 0.0401), 4e (0.5, 0.8327, 0.7568) and 4d (0.0,
0.6664, 0.5280). The large green spheres represent Ta atoms and
the small blue spheres represent B atoms.

This journal is © The Royal Society of Chemistry 20xx

In the I-TaB; structure, two puckered hexagonal boron layers
extend in one zig-zag crystal plane (Fig. 3a), and Ta atoms are
hosted at the channels between two B layers. For high-pressure
phase II-TaBs;, it can be described as the alternating a planar
graphene-like B layers to P6/mmm-TaB,, and each metal Ta is
located in the center of the hexagonal column formed by twelve
boron atoms (Fig. 3b). Tantalum tetraboride Amm?2-TaB,
contains four f.u. in a unit cell with lattice parameters of a =
9.961 A, b=5.285A,c=3.111 A. Similar to II-TaB;, 4Amm2-
TaB, can be viewed to insert two planar hexagonal boron layers
in the P6/mmm-TaB,. The Amm2-TaB, phase has an intriguing
B-Ta-B sandwich-like structure constructed with parallel
hexagonal graphene-like B layers connected by sp
hybridization B-B bonds and Ta layers, forming fundamental
TaB;, hexagonal column, as shown in Fig. 3(c).

3.3 Mechanical properties and hardness

In order to further confirm the structural stability of I-TaBj;, II-
TaB; and Amm2-TaB,, we studied its mechanical stabilities. We
calculated the elastic constants using the strain-stress method. All the
elastic constants Cj of the considered structures are listed in Table 2.
It can be seen that the elastic constants of our predicted two
monoclinic phases and an orthorhombic phase satisfy the Born-
Huang elastic stability criteria,”’ and thus these three structures can
be mechanically stable. The bulk modulus (B), shear modulus (G),
Young’s modulus (E), and Poisson’s ratio (v) also be calculated by
the known elastic constants as summarized in the Table 1. [-TaB;
and Amm2-TaB, have high bulk modulus of 287 GPa and 295 GPa
at ambient pressure, which can indicate their strong ability to resist
volume deformation. One material with high shear modulus can
resist shape change at a constant volume, which can result in high
hardness.*' The Amm?2-TaB, possesses the larger shear modulus of
219 GPa, so its simulated Vickers hardness value (30.02 GPa) is
higher than I-TaB; at ambient pressure. In addition to the bulk and
shear modulus, Poisson’s ratio (v) is an important parameter to
indicate the degree of directionality of covalent bonding. The
Poisson’s ratio (v) shows the degree of the covalent bonding in
directionality. If a material is covalently bound, the v value is 0.1.
For metallic materials, the v value is 0.33.* Hardness of material is
directly affected by the directionality of covalent bonding. From
Table 1, we can see that the » values of considered structures are
between 0.20 and 0.26, indicating that these binary borides have
both covalent bonding and metallic bonding in structures. The
smaller the Poisson’s ratio is, the higher the degree of covalent
bonding is, and the higher hardness of the material should have.
Amm2-TaB, at ambient condition has the smallest Poisson’s ratio
(0.20), its hardness is higher than that of I-TaB; and II-TaB;.

Table 2. Calculated elastic constants (GPa) of I-TaB;, 1l-TaB; and
Amm?2-TaB,.

Str. P Cu GCn Gy Cu Gss G Ciz Gz Gy Cis Cos Gys Cyg
I-TaB; 0 563 558 716 84 112 211 110 138 137 -6 3 58 -24
II-TaB; 20 643 580 464 179 185 229 103 195 209 -5 43 15 -8

Amm2-TaBs 0 546 615 642 230 201 211 168 165 91

J. Name., 2013, 00, 1-3 | 3
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Besides, the stiffness of materials can also be measured by Young’s
modulus except the bulk modulus, shear modulus and Poisson’s
ratio. If a kind of material has the larger Young’s modulus, it’s more
difficult for it to be deformed.* From Table 1, by using Chen’s
model, the calculated hardness values I-TaB; and Amm?2-TaBy are of
17.02 and 30.02 GPa, respectively, which are two potential
candidates to be ultra-incompressible and hard materials. Besides,
High-pressure Amm2-TaB, can be quenched to ambient pressure, so
high-pressure can be an effective route to discover other material
with excellent mechanical properties.

In order to understand the mechanism of high hardness, the
lengths of two kinds of B-B bonds (dl, d2) of 4Amm2-TaB, are
calculated in comparison with other neighboring 54 TMB, (TM =
W,* Re,* 0s*). As shown in Fig. S2, d1 represents the average B-B
bond length in graphene-like B layers or puckered six-membered-
ring boron layers. For OsB,, dl represents the average B-B bond
length of boron chains paralleling to b direction. The d2 represents
the average B-B bond length between two B layers or two B chains.
Two B-B bond lengths (d1 and d2), bulk modulus (B), Shear
modulus (G), and Young’s modulus (Y) for TMB, (TM = Ta, W, Re,
and Os) are shown in Fig. 4. The largest d2 of Amm2-TaB, indicates
that the interaction between two layers (graphene-like B layers or
puckered six-membered-ring boron layers) in Amm2-TaB, is much
weaker than that of other TMB,. However, the shortest d1 value
indicates that 4mm2-TaB, has the strongest covalent boron-boron
bonds in the graphene-like B layers among the TMB4(TM = Ta, W,
Re, and Os). The average effect of d1 and d2 make the Amm?2-TaB,
have the similar B, G, and Y values to ReBy4, and OsB,4. The B-B
covalent bonds in graphene-like layers mainly make Amm?2-TaB,
have high hardness.

3.4 Electronic Structure

In order to understand the origin of physical properties of
materials, it is important to know the electronic structure of
material. So we calculated the total and partial density of states
(PDOS) as shown in the Fig. 5. It is found that all considered
structures are metallic material because of the finite DOS at the
Fermi level (Ef). From the PDOS of them, the tantalum 5d
states and boron 2p states contribute to the most part of DOS,
and the boron 2s states are mainly situated at the bottom of the
valence bands. From the PDOS of them, it also can be found
that the orbits of Ta-5d and B-2p profiles are very similar, re-
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Fig. 5 Calculated total (TDOS) and partial density of states (PDOS) of

(a) I-TaBs, (b) II-TaB; and (c) Amm?2-TaB,.

flecting the orbital hybridization between Ta and B atoms. The
hybridization between Ta-d and B-p electrons is very important
for the incompressibility and high hardness. The typical feature
of C2/m-TaB; and Amm2-TaB, is that there is apseudo-gap at
the Fermi level, which is termed as the borderline between the
bonding and anti-bonding states*’ and is helpful for stabilizing
the Ta-B structures.

For Amm?2-TaB,, we have made a clear comparison with a 3d
boride (4mm2-VB,)* and a 4d boride (P6y/mmc-RuB,)* for
the part of electronic properties and chemical bonding. As
shown in Fig. S3, three transition metal borides have electronic
hybridizations between B-p and TM-d orbitals (TM=V, Ru, and
Ta). The hybridization of 4mm2-TaB, is very important for the
structural stability and incompressibility, which is similar to
other 3d or 4d borides.

3.5 Chemical Bonding

This journal is © The Royal Society of Chemistry 20xx
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In order to understand the bonding character of these
compounds in detail, we calculated the electronic localization
function (ELF)* to study the bonding feature of C2/m-TaB,
and Amm?2-TaB,, shown in Fig. 6. Using the ELF calculation,
we can get the bonding type of materials such as metallic,

=

Fig. 6 Contours of ELF = 0.75 of I-TaBs(a), II-TaBs(b) and Amm?2-
TaBy(c) and (010) plane of I-TaBs(d), II-TaBs(e) and Amm2-
TaB,(f).

covalent or ionic bonding. The ELF is a contour plot which is
composed of different contours values in range of 0 and 1, elf =
1 suggests the perfect electron-localization, elf = 0.5 suggests
electron-gas-like pair probability and elf = 0 suggests complete
non-electron-localization. We plot the contours of the ELF =
0.75 and (010) plane for I-TaB;, II-TaB; and Amm2-VB; (Fig.
6), respectively. High electron localization can be seen in the
region between B atoms, indicating strong covalent B-B
bonding. Meanwhile, ELF is negligible at the Ta sites, whereas
ELF between Ta and B atoms attains local maximum values
very close to the B sites, indicating partially covalent and ionic
interactions between Ta and B atoms. Above discussion, II-
TaB; and Amm?2-TaB, have the similar structural features. Then
we can see that ELF between six-membered ring layers of
Amm?2-TaBy, is stronger than II-TaB;, by comparing Fig. 6(b)
and 6(c).

To gain a further insight into the B-B bonding mechanism of
Amm?2-TaB,, electronic localization function (ELF) comparing with
P63/mmc-RuB, was calculated, as shown in Fig. S4. There is strong
electron localization between the B—B atoms, reflecting the strong
covalent bonding. For Amm2-TaB,, ELF in A, B, C layers shows
higher values than the others, contributing to greater Cy, (615 GPa)
and Cj3 (642 GPa) than C); (546 GPa). Although, the Cs; (833 GPa)
of P6;/mme-RuB,” is larger, the values of B (295 GPa) and G (219
GPa) of Amm2-TaB, are larger that of P6y/mme-RuB,* (B 281 GPa,
G 175 GPa) (Table. S1). It indicates that total B—B interaction in the
graphene-like layers in Amm2-TaBy is stronger than total puckered
B-B bond of P6;/mmc-RuB,. So, for Amm2-TaB,, strong B-B
covalent bonds in graphene-like B layers and between layers make it

have outstanding mechanical properties.

This journal is © The Royal Society of Chemistry 20xx

4 Conclusions

In conclusion, structure searches based on first-principles
calculations discover three stable structures: one ground-state
monoclinic TaB;, a high-pressure monoclinic TaB; and an
orthorhombic Amm2-TaB,. These three boron-rich tantalum
borides are dynamically and elastically stable. The observations
of structural and elastic characteristic for Amm?2-TaB, show that
it has superior mechanical properties. The estimated Vickers
hardness values are 30.2 GPa for Amm2-TaB, at ambient
pressure This suggests that Amm2-TaB, is potentially low
compressible and hard materials. Analysis of electronic
structure and chemical bonding indicate that the strong covalent
and directional B-B bonds in graphene-like B layers and
between layers of Amm2-TaB, have significant effect on its
stability and great mechanical properties. We update the phase
diagram of Ta-B system and we hope that our present
theoretical investigation may provide a further experimental
realization of boron-rich transition metal borides.
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