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We have studied structural, elastic, and lattice dynamical properties of the LuB, LuB4 and LuB;; com-
pounds by using the plane-wave pseudopotential approach to the density-functional theory within the
generalized gradient approximation. We have considered three different crystal structures of LuBy: LuB,
(P6/mmm), LuB4 (P4/mbm), and LuB;, (Fm-3m). The most stable structure is found to be tetragonal
(P4/mbm) structure. The comparative results on the basic physical parameters such as lattice constants,

bulk modulus, bond distances, elastic constants, shear modulus, Young's modulus, and Poison’s ratio are

PACS:
62.20.—x
63.20.D—

reported. Also, we have predicted that LuB4 and LuB;, compounds are potential superhard materials.
Furthermore, the phonon dispersion curves and corresponding phonon density of states (DOS) are com-
puted for considered phases. Our structural and some other results are in agreement with the available

experimental and other theoretical data.
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1. Introduction

Ultra hard materials are used in many applications, from cutting
and polishing tools to wear-resistant coatings [1]. Unfortunately,
almost all ultra hard materials (diamond, cubic BN, etc.) are expen-
sive because they either occur naturally in limited supplies or have
to be made at high pressure synthetically [2]. Therefore, intense
research efforts have been carried out to design ultra hard mate-
rials [1,2]. A promising approach to design superhard materials is
to combine transition metals possessing a high bulk modulus with
small, covalent bond forming atoms such as boron, carbon, nitrogen
or oxygen [1,3].

The boron-boron bonds in rare-earth borides containing more
than 40% boron are responsible for the high hardness, melting
points, and characteristic temperatures of these materials [4]. The
presence of rare-earth metals in the boride lattice leads to a wide
diversity of electrical and magnetic properties [5]. The rare-earth
borides such as diborides (XB,), tetraborides (XB,4), and dodeca-
borides (XBi3) have attracted a lot of attention over the years
as a rich class of materials which exhibit various phemomena of
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f-electron magnetism [6-11]. For example, rare-earth borides pos-
sess good emissive properties and are used as cathode materials in
emission electronics [11].

LuB, LuB4 and LuBq, belong to the family of rare-earth
borides compounds and there exist intense theoretical and exper-
imental studies [11-24] dealing with the structural, elastic, and
phonon properties which are our present interest. Recently, LuB,
compound in P6/mmm structure has been synthesized [11] suc-
cessfully, and the magnetic properties have been investigated by
Mori et al. [12]. Electronic structure and bulk properties of LuBq,
(UBq,-type) have been reported by Grechnev et al. [ 13]. Nemkovski
et al. [14] and Rybina et al. [15] have investigated the lattice
dynamical properties of LuBi,. Low temperature properties and
superconductivity of LuB{, compound have been studied by Flach-
bart et al. [16]. The electronic structure and chemical bonding have
been analyzed from partial densities of states and electron densi-
ties by Jager et al. [17]. The heat capacity and dilatation of LuB;;
have been studied by Czopnik et al. [18]. Teyssier et al. [19] have
reported a detailed study of specific heat, electrical resistivity, and
optical spectroscopy for this compound. Czopnik et al. [18] have
studied the thermal expansion and heat capacity of lutetium dode-
caborides.

In the present paper, we aim to investigate the structural, elastic,
and lattice dynamical properties of LuB, LuB4 and LuB;; com-
pounds in detail and interpret the salient results of our calculations.
The method of calculation is given in Section 2; the results are dis-


dx.doi.org/10.1016/j.jallcom.2010.10.015
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:edeligoz@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.10.015

1712 E. Deligoz et al. / Journal of Alloys and Compounds 509 (2011) 1711-1715

Table 1
Crystallografic atomic positions for LuB;, LuB4, and LuB,
Materials Structure Space group Atom Site Internal parameters
X y z
LuB, Hexagonal 191 (P6/mmm) Lu 1a(0,0,0)
B 2d (1/3,2/3,1/2)
Lu 4g (xx+1/2,0) 03195
LuB4 Tetragonal 127 (P4/mbm) B(1) 4e (0,0, z) 0.2022
B(2) 4h (xx+1/2,1/2) 0.0865
B(3) 8j(x,¥,1/2) 0.1772 0.0387
LuBq2 Cubic 225 (Fm-3m) Lu 4a(0,0,0)
B 48i(—(1/2-2y),1/2,1/2) 0.6691

cussed in Section 3. Finally, the summary and conclusion are given
in Section 4.

2. Method of calculation

In the present paper, all calculations have been carried out using
the Vienna ab-initio simulation package (VASP) [25-30] based
on the density functional theory (DFT). The electron-ion interac-
tion was considered in the form of the projector-augmented-wave
(PAW) method with plane wave up to energy of 450eV [27,29].
This cut-off was found to be adequate for studying the struc-
tural and lattice dynamical properties. We have not observed
statistically significant changes in the key parameters when
the energy cut-off is increased from 450 to 650eV. For the
exchange and correlation terms in the electron-electron interac-
tion, Perdew-Burke-Ernzerhof (PBE) type functional [30] was used
within the generalized gradient approximation (GGA). For k-space
summation the 11 x 11 x 11 for LuB, and 8 x 8 x 8 for LuB4 and
LuB4; Monkhorst and Pack [31] grid of k-points have been used.

3. Results and discussion
3.1. Structural properties

For LuBy structures, which are LuB, (P6/mmm (space
group:191)), LuB4 (P4/mbm (space group: 127)), and LuB;, (Fm-3m
(space group: 225)), are considered. All parameters and crystal-
lographic atomic positions for LuB, LuB4 and LuB;; are given in
Table 1. The bulk moduli and its pressure derivative have been com-
puted minimizing the crystal total energy for different values of the
lattice constant by means of Murnaghan’s equation of state [32] as
in Fig. 1. From Fig. 1, it can be clearly seen that the tetragonal struc-
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Fig. 1. Energy versus volume curves.

ture (P4/mbm) is the most stable phase among the three different
crystal phases.

The calculated lattice parameters, bulk modulus, the pressure
derivative of bulk modulus, and bond distances are listed in Table 2f
along with the available experimental and theoretical values for
LuB; LuB4 and LuBq;, It is seen that the present lattice param-
eters, bulk modulus are in good agreement with the theoretical
and experimental values. In the present case, the largest value of
bulk modulus (218.1 GPa)is obtained for LuB1,. The calculated bond
lengths of LuB1 are consistent with the theoretical data[14]. Unfor-
tunately, there are no experimental and theoretical data for the
comparison bond lengths of the other compounds.

3.2. Elastic properties

The elastic constants of solids provide a link between mechan-
ical and dynamical behavior of crystals, and give important
information concerning the nature of the forces operating in solids.
In particular, they provide information on the stability and stiff-
ness of materials, and their ab-initio calculations require precise
methods. Since the forces and the elastic constants are functions
of the first-order and second-order derivatives of the potentials,
their calculation will provide a further check on the accuracy of
the calculation of forces in solids. They also provide valuable data
for developing inter atomic potentials. Also, many physical prop-
erties of solids depend on their phonon properties, such as specific
heat, thermal expansion, heat conduction, and electron-phonon
coupling.

We have used the “stress-strain” relations to compute the elastic
constants [33], and the findings are given in Table 2. Unfortunately,
there are no theoretical or experimental results except for LuB;;
compound for comparing with the present work. Then, our results
can serve as a prediction for future investigations. Cq; are in agree-
ment with the experimental value [13], but C;5 and Cy4 are lower
(about 10%) than experimental value (see Table 3) for LuBq,. The
calculated eigenvalues of the elastic constants matrix are all pos-
itive, which confirms that LuB, LuB4, and LuB;, are mechanically
stable.

The elastic constants C;; or C33 measure the a- or c-direction
resistance to linear compression, respectively. The present Cyq is
higher than the C33 for LuB; and LuB4, Thus, the c axis is more com-
pressible than the a axis. It is known that the elastic constant Cy4
is the most important parameter indirectly governing the indenta-
tion hardness of a material. The large C44 means a strong ability of
resisting the monoclinic shear distortion in (100) plane, and the
Cge relates to the resistance to shear in the (110) direction. In the
present case, C44 for LuBq; and Cgg of LuB; are higher than those of
the other compounds.

The Poisson’s ratio (v), shear modulus (G), and Young’s modulus
(E), which are the most interesting elastic properties for appli-
cations, are often measured for polycrystalline materials while
investigating their hardness. These quantities have been calculated
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Table 2
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Calculated equilibrium lattice parameters (a, b, and c in A), bulk modulus (B), the pressure derivative of bulk modulus (B'), and the Lu-Lu, Lu-B, and B-B bond distance (in A)

along with the available experimental value for LuB,, LuB4 and LuBy»,

Materials Structure Space group a c B B Lu-Lu Lu-B B-B

LuB, Hexagonal 191 (P6/mmm) 3.242 3.717 166.9 3411 3.242 2.615 1.872
Experimental 1! 3.284 3.704
Experimental '° 3.246 3.704

LuB4 Tetragonal 127 (P4/mbm) 7.028 3.971 183.5 3.589 2.701 1.606
Experimental 20 6.997 3.938

LuB2 Cubic 225 (Fm-3m) 7.457 2183 3.518 5.272 2.771 1.783
Experimental 13 7.464 232
Experimental '° 7.422
Theory'? 7.413 223
Theory'# 5.28 2.78 1.76
Theory!” 7.455

Table 3

Calculated elastic constants (in GPa), Poisson’s ratio (v), Young’s modulus (E, in GPa), isotropic shear modulus (G, in GPa), bulk modulus (B, in GPa), hardness (H, in GPa) and
Debye Temperature (®p, in K) along with the available experimental values for LuB, LuB4, and LuBj;,

Materials Structure Space Group Ciq Ci2 Ci3 Cs3 Cyq Ces B G E v H ®p
LuB, Hexagonal 191 (P6/mmm) 441.5 408 75.6 362.4 1764 2003 180.7 179.7 404.8 0.126 17.33 627.9
LuBy4 Tetragonal 127 (P4/mbm) 485.3 69.2 318 4441 119.0 1495 186.1  109.7 275.2 0.200 50.52 595.4
LuB;; Cubic 225 (Fm-3m) 449.6 108.2 262.1 2220 220.6 497.1 0.128 48.23 1097.9
Experimental 13 450 123 290 232 0.215 1110

in terms of the computed data by using the relation given in Ref.
[34]. The calculated Poisson'’s ratio, Young’s modulus, bulk modu-
lus, and isotropic shear modulus are given in Table 3. The value of
the Poisson’s ratio is indicative of the degree of directionality of the
covalent bonds. The value of the Poisson’s ratio is small (v=0.1) for
covalent materials, whereas for ionic materials a typical value of v
is 0.25 [35].

The LuB4 has the largest Poisson’s ratio, but LuB; and LuB;; com-
pounds have the smallest one for these compounds. The calculated
Poisson’s ratio is about 0.12 for LuB, and LuB;; compounds, there-
fore, there is higher covalent contribution in inter- atomic bonding
for these compounds.

Young’s modulus is defined as the ratio of stress and strain, and
is used to provide a measure of the stiffness of the solid. When
the value of E is large, the material is stiff. On this context, due to
the higher value of Young’s modulus (497 GPa) LuB;;, is relatively
stiffer in LuBy5. If the value of E, which has an impact on the duc-
tility, increases, the covalent nature of the material also increases.
From Table 3, one can see that E increases when as we move across
LuB; — LuB4 — LuB5.

Among the bulk and shear moduli in Table 3 calculated with the
Voigt-Reuss-Hill approximation [36], the largest value of isotropic
shear modulus (220.6 GPa) is obtained for LuBy5, According to cri-
terion [37,38], a material is brittle (ductility) if the B/G ratio is less
(high) than 1.75. The value of the B/G is less than 1.75 for LuB,,
LuBy4, and LuBj;,. hence, these compounds will behave in a brit-
tle manner. Moreover, for covalent and ionic materials the typical
relations between bulk and shear modulus are G=1.1B and G=0.8B,
respectively [35]. The present value of G/B= 1.0 strongly supports
the covalent contribution to inter atomic bonding in LuB; and LuB,
compounds.

We have calculated the hardness of the LuB, LuB4, and LuBq;
compounds by using a semi empirical method which was devel-
oped by Simunek and Vackar [39,40]. The method is based on the
atomic properties and strengths. Recently, the hardness of ReB,,
MnB,, and TcB, has been successfully predicted by Aydin and Sim-
sek [41]. In the present study, some used data for the hardness
calculations were taken from [40,42]. Surprisingly, our results given
in Table 3 show that these compounds except to LuB, are superhard
(H > 40 GPa) materials, and LuBy is hardness one among them. It is
interesting that though the shear modulus and Young’s modulus

of LuB4 are lower than those obtained for LuB,, LuB; but LuBy is
harder than the others.

The Debye temperature is known as an important fundamen-
tal parameter closely related to many physical properties such as
specific heat and melting temperature. At low temperatures the
vibrational excitations arise solely from acoustic vibrations. Hence,
at low temperatures the Debye temperature calculated from elastic
constants is the same as that determined from specific heat mea-
surements. We have calculated the Debye temperature by using
the common relation given in Ref. [43]. The calculated values of the
Debye temperature are given in Table 3. The LuB;; compound pos-
sesses the largest Debye temperature (1097.9 K) among the other
phases and this value is in agreement with the experimental value
in [13].

3.3. Lattice dynamical properties

The phonon dispersion curves and phonon density of state of
LuB; LuB4 and LuB,, are calculated by using the Phonon soft-
ware [44,45] in a manner similar to our recent works [46-48]. The
obtained phonon dispersion curves and the corresponding one-
phonon DOS for LuB,, LuB4 and LuB;, along the high-symmetry
directions are illustrated in Figs. 2-4. Unfortunately, there are no
other theoretical or experimental results for comparing with the
present work except for LuBq,. The I" point frequencies of LuBi;
compound are in general, favorable agreement with the other
works [20,21].

The calculated phonon dispersion curves have no soft mode at
any vectors, which confirms the stability of LuB,, LuB4, and LuBy;.
It can be seen from Figs. 2-4 that the mass difference between
anions and cations significantly affects the shapes of the dispersion
curves and the corresponding density of states. The mass differ-
ence is larger for these compounds, and hence the divergences
between the acoustic and optical branches are very clear. Inter-
esting features of optical phonon modes are observed at I point.
Optical phonon branches are nearly flat at the I" point and a clear
gap is formed between optical branches except for LuB, for these
compounds, except LuB4 Acoustic phonon modes include atomic
vibrations from both Lu and B atoms. Due to the mass difference
between Lu and B atoms, the optical modes contain only vibrations
of B atom.
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Fig. 2. Calculated phonon dispersions and partial density of states for LuB,.
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Fig. 4. Calculated phonon dispersions and partial density of states with the experi-
mental I” point frequencies (M, ®) for LuB;5.

On the right side of phonon curves, the corresponding partial
density of phonon states are plotted for these compounds. While it
is observed that the main contribution to acoustic phonons comes
from the Lu atoms sublattice, the high- frequency phonons stem
from the boron ions. This is expected because the boron atom is
lighter than Lu atoms. The covalent character of the B-B bonding

is decisive for the high frequency of phonons involving the boron
atoms.

4. Summary and conclusion

The presented results on the several ground states, structural,
elastic, mechanical and vibrational properties for LuB, LuB4 and
LuBy; compounds are obtained using the first-principles calcula-
tions implemented in VASP within the GGA. The original aspects of
the present calculations concern the elastic properties, mechanical
results, and phonon dispersion curves, which are not considered
previously, except for LuBq,. The calculated phonon dispersion
curves have no soft mode at any vectors, which confirms the sta-
bility of LuB; LuB4 and LuB;,. We have predicted that LuB4 and
LuBq, compounds are potential superhard materials. Consequently,
we conclude that our theoretical predictions on the considered
properties of LuB, LuBy4, and LuB;; compounds would be serving
as a reliable reference for the future experimental and theoretical
studies.
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