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By combining first-principles calculations with the particle swarm optimization algorithm, we predicted a hexagonal
P3m1 structure for TcB, which is energetically more favorable than the previously reported WC-type and Cmcm structures.
The new phase is mechanically and dynamically stable, as confirmed by its phonon and elastic constants calculations.
The calculated mechanical properties show that it is an ultra-incompressible and hard material. Meanwhile, the elastic
anisotropy is investigated by the shear anisotropic factors and ratio of the directional bulk modulus. Density of states
analysis reveals that the strong covalent bonding between Tc and B atoms plays a leading role in forming a hard mate-
rial. Additionally, the compressibility, bulk modulus, Debye temperature, Griineisen parameter, specific heat, and thermal
expansion coefficient of TcB are also successfully obtained by using the quasi-harmonic Debye model.
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1. Introduction

Designing and searching for ultra-incompressible and su-
perhard materials are of great scientific interests owing to their
various industrial applications, such as cutting and polishing
tools, abrasives, oil exploitations, and coatings. Generally,
there are two kinds of materials that are regarded as poten-
tial candidates for superhard materials. One is the strong
covalent-bonded compounds formed by light atoms, such as
diamond, " ¢-BN,[?I B4O,3! BC,N,[*! and BCs.! The other
is by combining heavy transition metal (TM) atoms with
light and covalent bonding atoms, such as 0sB,,[0] ReB,,[7
RuC, 8 ReN4, Pl 0s0,,1 etc. The compounds formed by
transition metal and light atoms usually possess high valence
electron density and directional covalent bonds, and these co-
valent bonds are strong enough to inhibit creation and move-
ment of dislocations, which significantly improve their me-
chanical properities and create high hardness. In view of this
point, recent design of the new intrinsically potential super-
hard materials has concentrated on light element TM com-
pounds. A primary example and among the first synthesized
materials following this principle is OsB,,®! which is ex-
pected to be a superhard material (H, > 40 GPa). However,
further calculations and experiments reveal that it is only a
hard material.!''=13] Later, Yong er al.l*! synthesized OsN,
at high pressures and temperatures, and the obtained zero-
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pressure bulk modulus was comparable with those of the tra-
ditional superhard materials. Many years earlier, Kempter and
Nadler!"! claimed that they have synthesized WC-type OsC at
ambient pressure and high temperature. No other experimental
synthesis of osmium carbide has been reported since then. Re-
cently, Guo et al.!'®! investigated the structure and mechanical
properties of OsC with nine structures and proposed that the
synthesized OsC should be in NiAs structure. Liang et al.!!”]
systematically studied the electronic structure and mechani-
cal properties of OsB, OsC, and OsN in the WC, NaCl, CsCl,
and ZnS structures and also found that only four phases are
mechanically stable but none of them is superhard. Very re-
cently, Zhang et al.!'8! reported an orthorhombic Pmmn struc-
ture for OsB4 with high bulk modulus (294 GPa) and large
hardness (28 GPa) energetically much superior to the previ-
ously reported WB4-type structure.

Technetium (Tc) lies to the top left of Os in the periodic
table, which should have a low compressibility, so it is worth
studying the mechanical properties of its borides, carbides,
and nitrides. Theoretically, technetium-based materials have
been extensively studied.!'2% For example, Wang!!! pro-
posed the hexagonal structure of TcB; is more stable than the
orthorhombic one and showed it is a potential superhard mate-
rial. Liang et al.”®" reported that TcC and TcN in two hexag-
onal phases are ultra-incompressibile. Aydin and Simsek!?!!
investigated the structure, mechanical, and electronic proper-
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ities of TcB, and also showed that TcB, within ReB,-type
is energetically favorable than that of the AlB;-type one and
it is a hard material. Deligoz et al.!*?! investigated the lat-
tice dynamical and thermodynamical properties for TcB; in
AlB,, ReB,, and OsB,-type structures. Zhong et al.!>*! stud-
ied the phase stability, physical properties, and hardness of
TcB, in the ReB, and OsB, structures. Wu ef al.[?* es-
tablished the phase stability of technetium borides with var-
ious stoichiometries and also showed that the predicted Cmcm
structure is more stable than the previously proposed WC-type
structure. [

To the best of our knowledge, technetium monoboride
(TcB) has not been experimentally synthesized so far due to
the technical difficulty, besides, TMBs can be synthesized un-
der ambient pressure, which leads to the low-cost synthesis
condition and is beneficial to their applications. Because of
this, in this paper we shall extensively investigate the ground-
state structure of TcB by the ab initio particle swarm opti-
mization (PSO) approach for crystal structure prediction. 26!
This method has been successful in predicting crystal struc-
tures for various systems,>’->°! unbiased by any known infor-
mation. A hexagonal P3m1 structure is uncovered for TcB,
which is energetically much superior to the previously pro-
posed WC-type and Cmcm structures under ambient condition.
The first principles calculations will be performed to study the
total energy, lattice parameters, elastic modulus, and density
of states for the novel hexagonal phase. In addition, the elas-
tic anisotropy and the hardness are also determined. To further
study TcB, the thermodynamic properties are also investigated
by the quasi-harmonic Debye model. *!

2. Computational details

The PSO methodology for crystal structural prediction
has been implemented in the crystal structure analysis by
the particle swarm optimization (CALYPSO) codel®!! with
1~4 formula units (f.u.) per simulation cell. The underly-
ing calculations are performed using density functional the-
ory within the generalized gradient approximation (GGA),
as implemented in the Vienna ab initio simulation package
(VASP).32-34] The electron and core interactions are included
by using the frozen-core all-electron projector augmented
wave (PAW) method,?>! where the 2s22p' and 4p®4d>5s? are
considered as valence electrons for B and Tc, respectively.
The cutoff energy 520 eV and proper Monkhorst—Pack &
meshes (14 x 14 x6)13% are used to ensure that the total energy
calculations are well converged to better than 1 meV/atom.
The phonon frequency is calculated by using a supercell ap-
proach as implemented in the PHONOPY code.*” Single
crystal elastic constants are determined by the strain—stress
method. The bulk modulus, shear modulus, Young’s mod-
ulus, and Poisson’s ratio are derived from the Voigt—Reuss—

Hill approximation.'*®! The quasi-harmonic Debye model is
applied to study the lattice thermal expansion and the specific
procedure of calculation can be found elsewhere. 3"

3. Results and discussion

At 0 GPa, a new stable structure with space group P3ml
is predicted successfully, as shown in Fig. 1. The P3ml struc-
ture contains two TcB f.u. per one unit cell (ag = bg =2.871 A
and ¢y = 5.886 A), in which the Tc and B atoms occupy the
Wyckoff 2d (0.3333, 0.6667, 0.314) and 2d (0.6667, 0.3333,
0.0606) sites, respectively. The bulk modulus (Bg) and its pres-
sure derivative (B()) are estimated by fitting the calculated to-
tal energy versus volume to the third-order Birch-Murnaghan
equation of state (EOS),*"! and the corresponding results are
By = 294 GPa and Bj, = 4.33, respectively. Unfortunately,
there are no available data for comparison. We hope that our
results can provide powerful guidelines for further experimen-
tal and theoretical investigations. Figure 2 presents the de-
pendences of the total energy on the f.u. volume for three
different phases of TcB. As we expected, the P3ml structure
for TcB has the lower energy minimum than the Cmcm and
WC-type structures. This means that the P3m1 structure is the
ground-state phase at 0 GPa. At zero temperature, a stable
crystalline structure requires all phonon frequencies to be pos-
itive. Thereby, we perform the phonon dispersion calculation
for P3m1-TcB at 0 GPa. As shown in Fig. 3, no imaginary
phonon frequency appears in the whole Brillouin zone, indi-
cating its dynamical stability. To study the thermodynamic
stability for further experimental synthesis, the formation en-
thalpy of P3m1-TcB with respect to the separate phases is
quantified by the reaction route AH = Hrcg)—H1c)—Hp). The
hexagonal Tc and «-B!*! are chosen as the reference phases.
The results obtained for P3m1-TcB (—0.647 eV) in this re-
action route have demonstrated the stability against the de-
composition into the mixture of Tc and o-B. Compared with
the WC-type (GGA: —0.51 eV)[?! and Cmcm (—0.63 eV)[124]
phases, the P3m1 phase possesses a lower formation enthalpy.
Consequently, our predicted P3m]1 structure is easy to be syn-
thesized at the ambient condition.

________________________

Fig. 1. (color online) Crystal structure of P3m1-TcB. The big and small
spheres represent Tc and B atoms.

106104-2



Chin. Phys. B

Vol. 24, No. 10 (2015) 106104

—17.3} wWC
T Cmcem
5 —17.4f — P3m1
o
>
L 1751
@
g —17.6}F
g .
€3

—17.7F

18 19 20 21 22

Volume/A3-f.u.~1

Fig. 2. (color online) Total energy versus f.u. volume for three different
phases of TcB.
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Fig. 3. Phonon dispersion curves of P3m1-TcB at 0 GPa.

The mechanical properties of the P3m1 phase are im-
portant for its potential technological and industrial applica-
tions. They define the behaviors of the solids that undergo
stress, deform, and then recover and return to their original
shapes after the stress ceases. By the strain—stress method, we
have obtained the zero-pressure elastic constants C;; of P3ml-
TcB and WC-TcB, which are listed in Table 1, together with
the theoretical results of the other two phases of TcB. The
elastic stability is a necessary condition for a stable crystal.
For a stable hexagonal structure, C;; should satisfy the fol-
lowing criteria: (4] Cy3>0,Cq4 >0, Ci1p>0, Ci1 > |C12|,
(C11 4+ 2C12)C33 > 2C123. From Table 1, it can be seen that
these conditions are satisfied completely, confirming that it
is mechanically stable. It is also found that the P3m1 phase
has a larger Cy; and C33 than the WC-type and Cmcm phases,

reflecting that it is the a axis and c axis directions that are
extremely stiff. The Young’s modulus E and Poisson’s ratio
v can be derived by the equations £ = 9BG/(3B + G) and
v = (3B—2G)/(6B+2G). The calculated bulk modulus B,
shear modulus G, Young’s modulus E, and Poisson’s ratio v
of the P3m1 phase together with the reference materials men-
tioned above are listed in Table 1. From Table 1, the bulk mod-
ulus of P3m1-TcB is 290 GPa, which is higher than the exper-
imental data of RuB (261 GPa)!*?! but close to those of OsB,
(343 GPa)!*?l and ReB, (360 GPa),!”! indicating it is a po-
tential ultra-incompressible material. Moreover, the obtained
bulk modulus (B) is in good consistence with that (By) directly
obtained from the fitting of the third-order Birch-Murnaghan
EOS, further verifying the reliability of our elastic calcula-
tions. To compare the incompressibility of TcB in different
phases under pressure, the volume compressions as a func-
tion of pressure are plotted in Fig. 4, in which the results of
c-BN, OsB, and RuB are also given for reference. As shown
in Fig. 4, TcB in the P3m1, WC-type, and Cmcm phases has
almost the same incompressibility due to their very close bulk
moduli. Compared to the bulk modulus, the shear modulus of
a material quantifies its resistance to the shear deformation and
acts as a better indicator of the potential hardness. Fortunately,
the P3m1 phase has a large shear modulus of 206 GPa, thus it
is expected to withstand the shear strain to a large extent. In
addition, Poisson’s ratio is a crucial parameter to describe the
degree of directionality of the covalent bonding. The smallest
Poisson’s ratio (0.21) in the P3m1 structure implies its strong
degree of covalent bonding in three different phases for TcB.
By using the empirical G-H, or E—H, relationships, [*}! the es-
timated Vickers hardness for P3m1-TcB is 30.3 GPa, which is
comparable to the known hard materials of ReB; (32.9 GPa)
and B4C (32.8 GPa).[**! Furthermore, the Debye temperature
links to many physical properties of materials such as elastic
constants and melting temperature. [*3! The Debye temperature
can be estimated directly from the elastic constants. The ob-
tained Debye temperature of P3m1-TcB is 733 K, which is
comparative to the values of the known ultra-incompressible
RuB, (780 K),[ %! ReN, (735 K),[*’! and ReB, (858.3 K).[*8!
All of these excellent properties strongly support that P3m1-
TcB is an ultra-incompressible and hard material.

Table 1. Calculated elastic constants C;; (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus £ (GPa), Poisson’s ratio v, and

B/G of P3m1-TcB.

Structure Cn Cr Ci3 Cxn Cs3 Cua Css Ces B G E B/G v

P3m1 (this work) 535 170 121 732 199 182 290 206 500 1.41 0.21
WC (this work) 511 170 195 617 216 170 305 191 474 1.6 0.24
WC (GGA)»! 513 183 191 634 217 165 308 218 529 1.41 0.27
Cmem?4 467 258 199 344 523 113 210 135 300 133 348 226 0.31
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Fig. 4. (color online) Calculated volume compressions as a function
of pressure for TcB in different phases compared with ¢-BN, OsB, and
RuB.

The elastic anisotropy of crystals can exert great ef-
fects on the properties of the physical mechanism, such as
anisotropic plastic deformation, crack behavior, and elas-
tic instability. Therefore, it is important to study the elas-
tic anisotropy to improve their mechanical durability. The
shear anisotropic factors provide a measure of the degree of
anisotropy in the bonding between atoms in different planes.
For hexagonal P3m1-TcB, the shear anisotropic factors for the
{100} shear planes between the (011) and (010) directions
and for the {010} shear planes between the (101) and (001)
directions are defined as A] = Ay = 4C44/(C11 +C33 —2C13).
For the shear anisotropic factor for the {001} shear planes be-
tween the (110) and (010) directions is expressed by A3 =
4Ce6/(C11 + Cap —2Cy3). For an isotropic crystal, the factors
Ay, As, and A3 must be 1.0, while any value smaller or greater
than 1.0 is a measure of the degree of elastic anisotropy pos-
sessed by the crystal. Using the above relations, Ay, Ay, and
Az are about 0.777, 0.777, and 1.003, respectively. This indi-
cates that the elastic anisotropy for the {001} shear planes be-
tween (110) and (010) directions is much smaller than those
for the {100} shear planes between the (011) and (010) di-
rections and for the {010} shear planes between the (101) and
(001) directions. Meanwhile, these results also demonstrate
that the {100} and {010} shear planes are easier to be cleavage
planes among these principal planes. Moreover, the knowl-
edge of elastic coefficient also provides a method for estimat-
ing the anisotropy of linear bulk modulus. The anisotropies
of the bulk modulus along the a axis and b axis with respect
to the ¢ axis can be estimated by the equations Ag, = B,/B.
and Ag, = B, /B., where By, By, and B, are the bulk moduli
along different crystal axes and defined as B, = idP/di (i = a,
b, and ¢). Note that a value of one corresponds to the degree
of isotropic compressibility and any departure from one rep-
resents the degree of anisotropy for the linear compressibility.
The Ap, and Ap, of P3m1-TcB are 0.758 and 0.758, respec-
tively. This indicates that the compressibility along the ¢ axis
is lower than those along the a axis and b axis, which agrees
well with the calculated elastic constants values of Cj; and
Cs3.

To understand the mechanical properties on a fundamen-
tal level, the total and partial densities of states (DOS) are plot-
ted in Fig. 5. Obviously, the adequately large total DOS at the
Fermi level indicates that P3m1-TcB exhibits a good metal-
lic behavior. This metallicity might make it a better candidate
for hard conductors. From partial DOS, one can see that the
peaks from —12 eV to —6.8 eV are mainly originated from by
B-2s, B-2p, and Tc-4d states with a small contribution from
the Tc-4p state. The states from —6.8 eV to 0 eV mainly come
from the Tc-4d and B-2p orbitals with slight contributions of
Tc-4p and Tc-5s. It is also found that the part DOS profiles of
Tc-4d and B-2p are very similar in the range from —6.8 eV to
0, indicating that the Tc-4d orbital has a strong hybridization
with the B-2p orbital. This fact also reveals the existence of a
strong covalent bonding between the Tc and B atoms. More-
over, the typical feature of the total DOS is the presence of
the so-called pseudogap, which is deemed to the borderline
between the bonding states and antibonding states. It should
be pointed out that the EF is located below the pseudogap in
the P3m1 phase, reflecting that its bonding states are partially
occupied and full antibonding states are unoccupied. This also
leads to the high bulk modulus, large shear modulus, and small
Poission’s ratio (see Table 1).

WO = N W s U

DOS/states-eV—1
o

=

0
-12 -9 -6 -3 O 3 6 9
Energy/eV

Fig. _5 (color online) Total (a) and partial (b) densities of states (DOS)
of P3m1-TcB. The dashed line denotes the Fermi level Ef.

The investigation on the thermodynamic properties of
solids at high pressure and high temperature is an interest-
ing topic in materials science. Thus the thermal properties of
P3m1-TcB are determined in the temperature range from 0 K
to 1200 K, in which the quasi-harmonic model remains fully
valid,**! and meanwhile the pressure effect is considered in
the range of 0~50 GPa. Figure 6(a) presents the calculated
normalized volume V' /V; and bulk modulus B of P3m1-TcB as
a function of pressure at different temperatures, respectively.
Evidently, the V/V, curve becomes steeper with increasing
temperature, indicating P3m1-TcB is compressed more eas-
ily at higher temperature. From Fig. 6(b), it can be easily seen
that the bulk modulus decreases slightly with temperature at
a given pressure and increases monotonously with pressure at

106104-4



Chin. Phys. B Vol. 24, No. 10 (2015) 106104

a given temperature, which is in accord with the trend of the
volume and also shows that the effect of the pressure on B is
much more significant than temperature.
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Fig. 6. (color online) Calculated normalized volume V /Vj (a) and bulk
modulus B of P3m1-TcB (b) as a function of pressure at different tem-
peratures.

Table 2. Calculated Debye temperature @ (in unit K) and Griineisen
parameter y of P3m1-TcB under different pressures and different tem-
peratures.

T/K P/GPa 0 10 20 30 40 50
0 (] 72021 77279 819.07 860.60 898.40 933.24
b4 2210 2.080 1978 1.896 1.826 1.766
200 (] 718.07 771.23 817.82 859.57 897.55 93252
Y 2216 2.083 1981 1.898 1.828 1.767
400 (] 71091 765.18 812.71 855.19 893.75 929.17
Y 2235 2097 1992 1906 1.835 1.773
600 (] 701.50 757.49 806.16 849.48 888.70 924.61
Y 2261 2116 2006 1917 1.844 1.781
800 (] 691.54 749.11 79897 843.19 883.11 919.61
Y 22900 2.136 2.021 1930 1.854 1.789
1000 (] 680.82 740.20 791.36 836.61 877.25 914.36
Y 2321 2.158 2.038 1943 1.865 1.798
1200 (] 669.28 730.88 783.49 829.72 871.16 908.85
Y 2357 2.182 2055 1957 1.876 1.808

As two key thermodynamic quantities: the Debye tem-
perature © relates to specific heat, dynamic properties, and
melting temperature of solids, and the Griineisen parameter y

describes the anharmonic effects in the vibrating lattice. The

two quantities at various pressures and different temperatures
are listed in Table 2. It can be seen clearly from Table 2 that,
for a given temperature, ® increases and 7y decreases with in-
creasing pressure. As the applied pressure varies from 0 to
50 GPa, © increases by 29.6%, 29.9%, 30.7%, 31.8%, 33%,
34.3%, and 35.8%, and Y decreases by 20%, 20.3%, 20.7%,
21.2%, 21.9%, 22.5%, and 23.3% at temperatures of 0, 200,
400, 600, 800, 1000, and 1200 K, respectively. For a given
pressure, ® decreases and 7y increases with increasing temper-
ature. As the applied temperature changes from 0 to 1200 K,
O decreases by 7.1%, 5.4%, 4.3%, 3.6%, 3%, and 2.6%, and
Y increases by 6.7%, 4.9%, 3.9%, 3.2%, 2.7%, and 2.4%, re-
spectively. In addition, it is also found that, for a given tem-
perature, @ increases linearly and y decreases almost exponen-
tially especially for high temperature with increasing pressure.
As pressure increases, the effects of temperature on them be-
comes less significant than pressure.

The temperature dependence of the calculated specific
heat at constant volume Cy and specific heat at constant pres-
sure Cp at different pressures are investigated, and the results
are shown in Fig. 7. At low temperature, the difference of be-
tween Cy and Cp is very small, and the increases of Cy and
Cp obey the harmonic approximations of the Debye model
(~ T3). However, the anharmonic effect on Cy is suppressed
at sufficient high temperature, and Cy is close to a constant
value which is called the Dulong—Petit limit (Cy (T') ~ 3R for
monoatomic solids), and Cp increases monotonously with the
enhancement of the temperature. From Figs. 7(b) and 7(d),
it is also found that Cy and Cp decrease with pressure at a
given temperature and Cy and Cp increase with temperature at
a given pressure, therefore, temperature has a more significant
influence on the specific heat than pressure.

The temperature and pressure dependences of the ther-
mal expansion coefficient ¢ are displayed in Fig. 8(a)-8(b),
respectively. It can be seen from Fig. 8(a) that & increases
steeply at low temperature especially for the case of 0 GPa,
then gradually approaches to a linear increase at high temper-
ature, finally becoming gentle at sufficiently high temperature.
The influence of pressure on « is relatively small at low tem-
perature, whereas the influence is enhanced obviously at high
temperature. As pressure increases, & decreases rapidly at a
given temperature and the effect of the temperature on it be-
comes less marked. From Fig. 8(b), one can also find that o
tends to a constant value at high temperature and pressure. All
of these results are similar to those of many kinds of materials
by the Debye theory, such as ReBj,% OsB4,’!! PtAs,, !
and FeB,4.[53!
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Fig. 7. (color online) Temperature dependence of the calculated specific heat at constant volume Cy and specific heat at constant
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Fig. 8. (color online) (a) Temperature dependence of the thermal ex-
pansion coefficient o for P3m1-TcB at different pressures. (b) Pressure
dependence of the thermal expansion coefficient o for P3m1-TcB at
different temperatures.

4. Conclusions

In conclusion, a hexagonal P3m1 structure is uncovered
to be the ground-state structure for TcB by using the PSO al-

gorithm, and it is energetically more preferable than the pre-
viously proposed WC-type and Cmcm structures. The phonon
and formation enthalpy calculations show that the P3m1 phase
is dynamically stable and synthesizable under the ambient
condition. The predicted high bulk modulus, large shear mod-
ulus, small Poisson’s ratio, and considerable hardness reveal
that P3m1-TcB is an ultra-incompressible and hard material.
In addition, the investigations of the elastic anisotropic fac-
tors suggest that P3m1-TcB has a certain degree of elastic
anisotropy. Detailed analyses of the electronic structure un-
ravel that the strong covalent bonding of Tc—B plays a major
role in forming a hard material. By the quasi-harmonic Debye
model, the thermodynamic properties, such as the compress-
ibility, bulk modulus, Debye temperature, Griineisen parame-
ter, specific heat, and thermal expansion coefficient of TcB un-
der high temperature and pressure, are obtained successfully
and the corresponding results are also explained. We hope
that our theoretical results will stimulate further experimental
research on this material in further investigations.
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