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Structural and lattice dynamical properties of ReBa, RuBg2, and OsB2 in the ReBg structure are studied in

the framework of density functional theory within the generalized gradient approximation. The present results show

that these compounds are dynamically stable for the considered structure. The temperature-dependent behaviors of

thermodynamical properties such as internal energy, free energy, entropy, and heat capacity are also presented. The

obtained results are in good agreement with the available experimental and theoretical data.
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1. Introduction

With superior properties of higher compressional
strength, thermal conductivity, refractive index, and
chemical stability, as well as higher hardness, hard
materials have been widely used in industry.) Un-
fortunately, almost all superhard materials (diamond,
cubic BN, etc.) are expensive because they either oc-
cur naturally in limited supplies or have to be made

[21 Therefore, intense re-

at high pressure synthetically.
search efforts have been made to design new ultra-
hard materials.!' =4 A promising approach to design-
ing superhard materials is to combine transition met-
als, each possessing a high bulk modulus with small,
covalent bond forming atoms such as boron, carbon,
nitrogen or oxygen.?"!

Many theoretical and experimental studies have
been carried out on the structural, elastic, mecha-
nical,[!1=3:6=30] glectronic, and phonon properties of
XB; (X=Re, Ru, and Os) in ReBsy structures.
Most of the theoretical calculations for these com-
pounds have been made by using the density func-
tional theory within the generalized gradient ap-
proximation (GGA) and the local density approxi-
mation (LDA). Structural, elastic, and mechanical
properties[1—3:6-10,12-14,16-18,21-30] o ReB,. RuBs,
and OsBy have been investigated through consider-
able experimental and theoretical work. The results
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of some of these studies indicated that ReBs is a su-

perhard materiall3-5:10:12,20] 44 RuBs, OsBs are hard

(1,3,5,25] These compounds are also ultrain-

[5,14,19,23,27]

materials.
compressible materials.
and thermodynamic propertiesl2:11:14-17,19-22,27,29] ¢
these compounds have also been investigated un-
der high pressure and temperature. However, rela-
tively little attention has been paid to the lattice dy-

namical properties of ReBs and OsBs in the ReBs
[2,28]
e.

The electronic

structur

To the best of our knowledge, the lattice dynami-
cal properties of RuBs in the ReBs structure have not
been investigated by using any theoretical or exper-
imental method. Consequently, the main purpose of
this work is to provide some additional information
to the existing data for ReBsy, RuB,, and OsBs com-
pounds by using ab initio total energy calculations.
We calculate and analyse thermodynamical properties
such as internal energy, free energy, entropy, and heat
capacity of these compounds for the first time. The
method of calculation is given in Section 2; the results
are discussed in Section 3. Finally, the summary and
conclusion are presented in Section 4.

2. Method of calculation

The present calculations are based on the density
functional formalism and generalized gradient approx-
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imation (GGA) using the Perdew—Burke-Ernzerhof
(PBE) functional®! for the exchangecorrelation en-
ergy in the Siesta code.[32:3%]
total energies and atomic forces using a linear com-
bination of atomic orbitals as the basis set. The ba-

This code calculates the

sis set is based on the finite-range pseudoatomic or-
bitals (PAOs) of the Sankey-Niklewsky type,** and
generalized to include multiple-zeta decays. The in-
teractions between electrons and core ions are simu-
lated with the separable Troullier-Martins®? norm-
conserving pseudopotentials.

Atomic pseudopotentials are generated separately
for atoms Ru, Re, Os, and B by using the 5s'5p°4d”,
6s26p°5d°, 652 6p5d®, and 2s? 2p' atomic configura-
tions, respectively. The cut-off radii for the present
atomic pseudopotentials are taken to be 2.70 a.u.
(1 a.u.=1 atomic unit) for s channel, 2.77 a.u. for
p channel, 2.51 a.u. for d channel, and 2.51 a.u. for
f channel of Re; 2.56 a.u. for s channel, 2.69 a.u. for
p channel, 2.50 a.u. for d channel, and 2.50 a.u. for f
channel of Ru;, 2.67 a.u. for s channel, 2.81 a.u. for p
channel, 2.60 a.u. for d channel, 2.60 a.u. for f chan-
nel of Os, and 1.74 a.u. for the s, p, d, and f channel
of B.

Atoms are allowed to relax until atomic forces are
less than 0.005 eV-A~! (1 A=0.1 nm). The cut-off en-
ergy is taken to be 400 Ry. 455 k-points are found to
be adequate to obtain the total energy to an accuracy
of 1 meV/atom for ReBz, RuBg, and OsBs within the
ReBj structure.

The phonon dispersion curves and phonon density
of states are calculated with the direct method[®%! as
implemented in the phonon softwarel*®:37 in a man-
ner similar to that in our recent work.[®3=42] The opti-
mized rhombohedral supercell with 36 atoms and ba-
sis vectors are given as as = 2a + ¢, by = 2b + ¢,
¢s = —2a—2b+c, where a, b, c are the primitive trans-
lation vectors of the hexagonal unit cell.[*3] The sym-
metry of the selected rhombohedral supercell breaks
the two-fold symmetry axis, and lowers the P6/mmm
space group to R3m. Here, the displacement ampli-
tudes are taken to be 0.03 A. This value is sufficient
to attain the desired accuracy and to fulfill the condi-
tions (the translational-rotational invariance laws) of
the harmonic approximation.

The positive and negative atomic displacements
along =, y, and z axes are also taken into account.
The force constants and dynamical matrices are ob-
tained from the Hellmann—Feynman forces calculated
with small individual displacements of nonequivalent
atoms.

As is well known, the thermodynamic properties
of the crystals can be determined in detail by phonons.

The approach to finding the scaling factor between
pressure and temperature, which is the essence of the
harmonic approximation, is given below.

The Gibbs free energy G(T, P) is defined as
G(T,P)=F(T,V) + PV, (1)

where F(T,V) is the free energy of the crystal. It con-
sists of two contributions and is expressed as follows:

F(T,V)=E(V)+ Fun(T,V), (2)

where E(V) denotes the ground state energy and
Fon(T,V) is the phonon free energy at a given unit cell
volume V. The temperature T appears in Fy,,(T,V)
via the phonon term. The more explicit forms of the
internal energy, free energy, entropy, and heat capac-
ity in the harmonic approximation per primitive unit
cell are given” as follows:

o ;r/ooo 9(w) (Fiw) coth (i};}) dw, (3)

¢ =rin [~ g(0) (;‘})

exp(fuw/kgT)
[exp(fiw/ksT) — 1]

dw, (6)

where r is the number of degrees of freedom in a unit
cell, A is the Planck constant, kg is the Boltzmann con-
stant, T is the temperature, and g(w) is the phonon
density of states.

3. Results and discussion

3.1. Structural properties

For the ReBs-type structure, the two transition
metal atoms occupy sites (1/3, 2/3, 1/4) and (2/3,
1/3, 3/4) while the four boron atoms occupy sites
(2/3,1/3, 2),(1/3,2/3,1/2+ z2), (2/3,1/3,1/2 — 2),
(1/3,2/3, 1 —z). We first optimize the lattice param-
eters to obtain a relaxed structure. The initial lattice
parameters are taken from previous work as a start-
ing point for geometry optimization. The calculated
lattice and internal parameters are listed in Table 1
along with the results available from other work for
comparison. It can be seen that the present results
are in good agreement with the theoretical values.
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Table 1. Calculated equilibrium lattice parameters (a, ¢ in A) and internal parameters (z) along with those

available from other work for ReB2, RuBg2, and OsB2 in the ReBa structure.

Materials Reference a/A c/A c/a z

ReB2 present (GGA-PBE) 2.875 7.421 2.581 0.0476
theory!'2) (GGA-PBE) 2.901 7.478 2.578 0.0478
theory['] (QGA-USPP) 2.901 7.479 2.578 0.048
theory['?l (QGA-PPE) 2.880 7.420 2.576
theory((}3] (GGA-PBE) 2.881 7.409 2.572
theory[l7l (GGA-PAW) 2.913 7.506 2.577
theory[20] (GGA-PAW) 2.92 7.515 2.573
experimental[ﬁ] 2.900 7.478 2.579 0.048
experimental[g] 2.899 7.473 2.578
experimental(18] 2.900 7.477 2.578

RuB3 present (GGA-PBE) 2.917 7.242 2.482 0.0488
theory[?5! (QGA-PBE) 2.916 7.264 2.491
theory[?9] (GGA-PBE) 2.91 7.275 2.500

OsBa present (GGA-PBE) 2.940 7.332 2.494 0.0515
theory[28] (GGA) 2.941 7.338 2.495

3.2. Phonon properties

The phonon dispersion curve provides important
information about the dynamical properties of mate-
rials. Many physical properties of solids depend on
their phonon properties, such as specific heat, thermal
expansion, free energy, heat conduction, sound veloc-
ity, and electron—phonon coupling. In addition, low
frequency modes can be associated with phase trans-
formations, while imaginary frequencies show that the
calculated structure is not the most stable one.

The obtained phonon dispersion curves and the
corresponding phonon density of states for ReBs,
RuBs,, and OsB; in a ReBs-type structure along the
high-symmetry directions are illustrated in Fig. 1. It
can be seen that ReBs, RuB,;, and OsBs compounds
possess very similar dispersion curves and the corre-
sponding density of states. The unit cell of a ReBo-
type structure contains six atoms, which gives rise to
a total of 18 phonon branches, which contain three
acoustic modes and 15 optical modes.

The calculated phonon dispersion curves do not
contain a soft mode at any wave vector, and there are
no optical phonon branches with dispersions that dip
toward the zero frequency. This confirms that these
compounds are dynamically stable. The phonon dis-
persion curves of these compounds exhibit two quite
separate bands: the low frequency region (below about
8 THz, which contains acoustic and lowest frequency
optical bands) and the high frequency region (above
about 13 THz, which contains high-frequency optical
bands).

The three lowest frequency optical modes are
dominated by the transition metal atoms displace-
ment while the high-frequency optical modes are dom-
inated by the lighter B atom displacement. The high-
frequency phonon modes (about 22 THz, 23 THz, and
24 THz for OsBy, RuBs, and ReBy; compounds, re-
spectively) are less dispersive than the other optical
phonon branches. Therefore, there is a very sharp
peak at each of these frequencies in the DOS for these
compounds. We can also see that the phonon disper-
sion curve is degenerate at A point.

The maximum value of the phonon frequencies
for optical branches follows the order from larger to
smaller as ReBy (25.595 THz at M point) — RuBg
(24.485 THz at H point) — OsBg (22.776 THz at K
point). The highest frequency is not at the I" point.
A similar characteristic of the highest frequency is
not observed at the I" point in many transition metal
carbides, nitrides, and borides.[*445] This character-
istic can be explained by differences in their total
and reduced masses as well as their lattice constants.
The magnitude of the band gap follows the order of
OsBsy (6.046 THz) — ReBy (4.833 THz) — RuBs
(3.217 THz). In Fig. 1, there are nearly flat bands
along I'-M and I'-A directions, which signals strong
stiffness, bringing about a very high bulk modulus for
these compounds. 44

As shown in Fig. 1, there are a few opti-
cal phonon modes at the bottom of the optical
phonon branch moving down toward the acoustic re-
gion along the I'-M—A directions. This interaction
will lead to the heat-carrying acoustic modes be-
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ing scattered by low-frequency optical modes, which
can also reduce the phonon velocity and hence ther-
mal conductivity.[*0] So, the low-lying optical phonon
mode plays a very important role in lowering the ther-
mal conductivity.[*”] Some optical modes are weakly
dispersive, and these flat optical branches contribute

(46,47]

little to heat transport. The acoustic branches

have steep slopes, indicating large elastic coefficients.
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Fig. 1. (colour online) Calculated phonon dispersions, to-
tal and partial density of states (a) ReBa, (b) RuBg2, and
(c) OsBa.

On the right side of each of the phonon dispersion
curves, the corresponding partial density of phonon
states is also plotted (see Fig. 1) for all compounds.
From the partial density of states of each displaced
atom and the polarization vector analysis, it is seen
that the lower frequency region (about < 8 THz) is

dominated by the displacements of transition metal
(TM) atoms while the higher frequency region (about
> 13 THz) is dominated by the displacements of boron
atoms, i.e., partial density of state (PDOS) profiles
with similar features show that in the lower-frequency
region B atom vibrates with a very small amplitude,
but in the higher-frequency region transition metal
atoms vibrate each with a very small amplitude. The
covalent character of the B-B bonding is also decisive
for the high frequency of phonons involving the boron
atoms.

The zone centre phonon modes are of special in-
All of the
gamma-point modes involve atomic vibrations along
For the ReBs-type

structure, optic modes have the following irreducible
2]

terest in the lattice dynamics of solids.
the directions of z, y, and z.

representations: [

I' = Ajg +2A5,(IR) + 2B1g + Bay + Eay
+2F94(R) + 2E1,(IR) + E14(R).

Here, the Raman active modes are labeled by R and
infrared active by IR while the silent modes are un-
marked. The crystal symmetry implies six Raman-
and six IR-active modes. The calculated various
phonon frequencies are listed in Table 2 along with
the theoretical ones for comparison. 2FEs,, 2E1y, Aoy,
2E1g, Boy, 2Es,, Big, and Ajg modes are dominated
by the atomic vibrations of boron atoms in the higher-
frequency region while the 2Ey, (in a—b plane) and B,
(along ¢ axis) modes are dominated by the atomic vi-
brations of transition metal atoms (Re, Ru, and Os) in
the lower-frequency region for all compounds. These
results are consistent with those obtained for ReBs in
Ref. [2].
experimental data available to compare with those of

Unfortunately, there are no theoretical and

OsBy and RuBsy compounds. Generally, one can see
that ReBs compound has higher phonon energies than
Hence, the ReBsy

compound favours heat dissipation, and therefore a
48]

the RuB; and OsBy compounds.

higher thermal conductivity is expected.!

Table 2. Calculated phonon energies (in THz) along with those available from other work of ReB2, RuB2, and

OsB2 at I' point.

Species
Materials ~ 2Fa, Big 2E5, 2E1, 2E1, Bau 2Fag Big Arg
ReBa 4.624 7.330 12.163 14.746 20.135 21.793 22.875 23.167 23.930 25.247
Theory?® 4.497 6.892 12.114 14.411 18.884 20.601 21.181 21.858 22.031 23.624
RuB2 5.395 8.501 11.718 13.875 19.480 20.802 21.098 21.608 21.633 22.189
OsB2 3.997 6.614 12.660 14.370 19.431 20.529 20.622 20.727 21.040 22.021

aRef. [2] (GGA-PBE)
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It is known from Refs. [49]-[52] that the difference
in bond length between the transition metal (TM)-
B, TM-TM (in-plane), and TM-TM (out-of-plane)
stems from the species difference of the TM atoms
in crystal and influences the electronic properties, vi-
brational behavior, electron—phonon coupling, etc. As
expected, in our case the computed gamma-point fre-
quencies of these materials in Fig. 1 are not equal to
each other, owing to the different reduced mass, bond
length, and lattice constants.

3.3. Temperature dependence of ther-
modynamic quantities

Equations (3)—(6) are used to plot the tempera-
ture dependences of internal energy (F), free energy
(F), entropy (5), and heat capacity (C) at constant
volume for each compound, by using the data obtained
from Siesta and Phonon software. The temperature-
dependent variations of the free energy, internal en-
ergy, entropy, and heat capacity at constant volume
are plotted in Fig. 2 for RuBs, ReBs, and OsBs. These
predicted high temperature behaviors could give some
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information when these compounds are annealed at
different temperatures to improve their performances.
The temperature variations of thermodynamical func-
tions for these compounds show usual trends due to
their similar vibrational properties. Unfortunately,
there are no experimental and theoretical data avail-
able for comparison with our results.

The calculated internal energies for ReBy, RuBs,
and OsB; in the ReBs structure each as a function of
temperature are displayed in Fig. 2. The results sug-
gest that above 300 K, the internal energies increase
almost linearly with temperature. However at tem-
perature below 300 K there are three separate groups,
the difference between the groups decreases with tem-
perature. This may be due to the contribution from
higher frequencies resulting from lighter boron atom
vibrations.[3] The total and partial (not shown here
in the figure) internal energy graphs exhibit a similar
trend for these compounds and the contributions to
internal energy from B are dominant over those from
transition metal atoms. At high temperatures the in-
ternal energy tends to display kg1 behavior.

—
=]
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[\
T

i
T

o

Heat capacity/(kg/unit cell)
o

400 800
Temperature/K

o

Fig. 2. (colour online) Temperature dependences of internal energy, free energy, entropy, and heat capacity for ReBa,

RuB2, and OsBs.

Figure 2 also shows the variations of the free en-
ergy at various temperatures for the same compounds.
Overall profiles of all the plots show similar character-
istics and free energy decrease gradually with temper-

ature increasing. This behavior is due to the fact that

both vibrational internal energy (E) and entropy (S)
increase with temperature increasing, thereby leading
to the decrease in free energy.’¥ From the study of
free energy, we conclude that these compounds are

thermodynamically stable below 1000 K. The free and
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internal energy at zero temperature represent the zero-
point motion and the calculated values are 586.72,
549.73, and 530.95 meV/unit cell for ReBs, RuBa,
and OsBs, respectively. Obviously, one can see that
the ReBy compound has higher free and internal en-
ergy compared with RuBs and OsBs compounds. Free
energy calculation demonstrates that OsBs is thermo-
dynamically more stable than ReBs and RuBs.

The variations of entropy with temperature for
ReBs, RuBs, and OsBy are given in Fig. 2 for the
Obviously, at 0 K, their
entropies are zero and the entropy changes increase

same temperature range.

rapidly as temperature increases at low temperature,
while the variations of entropy are small above about
500 K. As the temperature increases the vibrational
contribution to the entropy increases, therefore the
entropy increases with temperature increasing.!® The
calculated values of enthalpy at room temperature are
8.982, 9.307, and 10.783 kg /unit cell for ReBs, RuBs,
and OsB,, respectively. Their differences are due to
the larger contribution from the low phonon frequency
in OsBy than that in ReBy, and RuB,.! The low-
frequency modes have longer wavelengths, which are
associated with larger volumes in the configurational
space. Therefore, they cause higher values for specific
heat and entropy.’®! From Fig. 2, one can see that
at low-temperature (about < 300 K) ReBs has higher
entropy than RuBs compound. However, an oppo-
site situation occurs when the temperature increases
(about > 300 K): its entropy is lower than that of
RuBj compound. The total and partial (not shown in
the figure) entropy graphs each exhibit a similar trend
and the contributions to entropy from transition metal
atoms are dominant over them from boron atoms.
The contributions to the total heat capacity from
the lattice vibrations of ReBs, RuBs, and OsBsy are
illustrated in Fig. 2. Figure 2 implies that while the
temperature is about T' < 700 K, C, increases very
rapidly with temperature increasing; when the tem-
perature is about T' > 700 K, C,, increases slowly with
temperature increasing and it almost approaches to a
The Debye
T3 law is obeyed at lower temperature for all borides.

constant called the Dulong—Petit limit.

At high temperature, C, approaches to approximately
16.90, 17.01, and 17.121 kg /unit cell for ReBs, RuBa,
and OsBs, respectively. Moreover, the variation of
heat capacity is similar to that of entropy. In a broad
temperature range, a RuBs compound has a larger
heat capacity than OsBs and ReBs compounds. The
temperature is limited to 1000 K to minimize the po-

tential influence of anharmonicity in all graphs.

4. Summary and conclusion

The presented results on the structural, vi-
brational, and thermodynamic properties for ReBs,
RuBs, and OsB; in ReBs structure are obtained using
the first-principles calculations implemented in Siesta
within the GGA approximation. Our lattice param-
eters are in agreement with the available experimen-
tal and theoretical ones. The original aspects of the
present calculations are concerned with the phonon
dispersion curves and thermodynamical results at var-
ious temperatures. The calculated phonon dispersion
curves do not contain a soft mode at any wave vec-
tor, which confirms the dynamical stability of ReBs,
RuBs, and OsBs in the ReBs structure. The temper-
ature dependences of the internal energy, free energy,
entropy, and heat capacity for these compounds are
also calculated. The internal energy, entropy, and spe-
cific heat increase with temperature increasing while
the Gibbs free energies decrease with temperature in-
creasing for all the three compounds. Consequently,
we conclude that our theoretical predictions on the
considered properties of the present compounds will
be helpful for further experimental and theoretical in-
vestigations in the future.
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