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We will presented the study of structural, electronic and elastic properties of Laves phase based on rare
earth type BaM, (M = Rh, Pd, Pt). For this, we used the method of linear augmented plane wave (FP-
LAPW) based on density functional theory (DFT).

We studied the structural properties, we calculated the formation energy to prove the existence of
these compounds experimentally and the cohesive energy to determine the energy required to disassem-
ble into its component parts, then the electronic properties. And finally, we calculated the elastic

© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.

1. Introduction

Binary Laves phases AB, is a rich family of intermetallic com-
pounds. A is an electropositive element such as an alkali metal,
an alkaline earth metal, a lanthanide, an actinide or transition ele-
ment groups IIIB and IVB. When for B, it is a transition element less
electropositive than A, for example, metals from groups VIIB and
VIIIB or a noble metal. These systems crystallize in three struc-
tures: hexagonal or C14, face centered cubic or C15 (majority)
and dihexagonal C36 (minority). These compounds were discov-
ered in 1927 by James Friauf [1]. Fritz Laves structures studied
exhaustively in the 30’s [2]. Their names derive of the names of
these two researchers, “Friauf Laves phases” or generally “Laves
phases”. These phases are characterized by a mixture ratio of
two specific metal elements, which distinguishes them from con-
ventionals metals intermetallics. They are compact ordered struc-
tures with the chemical formula AB, for the stoichiometric
compound and an ideal ratio of radii ra/rg around (3/2)"2.

The ground-state properties of Laves phases AB, (A stands for
transition metals or rare earth elements, and B stands for transition
metals) compounds are of considerable scientific and technological
interests, and have been the subject of many investigations during
the last decade [3] because these Laves phases show remarkable
mechanical and physical properties [4]. These phases have quite
high melting temperatures, low densities, and high oxidation
resistances, which are necessary for high-temperature structural
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applications. Current research is centered on the use of fine precip-
itates of Laves phases on turbine steels to improve their fatigue
strength [5]. Some binary intermetallic AB, have unique magnetic
properties and superconducting [6,7]. At present, interests have
been focused on the development of hydrogen-storage materials
[8,9], and the class of Laves phases compounds with C15 crystal
structure is a promising candidate [10].

The structure of C15 is a face-centered cubic structure defined
in the space group Fd-3 m (N° 227) in Hermann-Mauguin nota-
tion; it contains eight formula units (f.u) in the conventional cell,
or two f.u in the primitive cell because the space group behind
the F mode (Z = 4). There are therefore a total of 24 atoms per cell;
the crystal structure of the archetype of MgCu, C15 compounds is
comparable to that of diamond because the atoms of the subnet A
(= Mg) are organized as the carbon atoms of the diamond cubic;
the atoms of subnet B (= Cu) form tetrahedra which share two to
two the tops.

We apply density functional theory with a plane-wave basis for
understand the behavior of electronic structures, mechanical prop-
erties and bonding characteristic of Laves phases on rare earth
types BaM, (M = Rh, Pd, Pt) with the cubic structure C15 prototype
MgCu, [11]. Using first principles calculations, a fundamental
understanding of the electronic and mechanical properties of
BaM, (M = Rh, Pd, Pt) Laves phases is of paramount importance, be-
cause such an understanding is essential for deriving the scientific
principles to improve their physical and mechanical properties and
for broadening the potential structural applications of these com-
pounds and to account for the electronic and magnetic structures
not accessible by experiment relatively favorable.
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In this paper, the lattice constants, formation and cohesive en-
ergy, energy bands, total density of states (DOS), bonding charge
densities and elastic constants of BaM, (M = Rh, Pd, Pt) were calcu-
lated using first principles are analyzed and discussed.

2. Calculation method

Currently, there are different codes of theoretical calculations
with different approximations. In our calculations, we use the
Wien2k [12] which is a direct application of the FP-LAPW devel-
oped by Blaha et al. [13], will allow us to study the structural, elec-
tronic and elastic properties of Laves phases based on rare-earth
types BaM, or M =Rh, Pd, Pt using the Bravais lattice and space
group symmetry.

The algorithm is based on the density functional theory (DFT)
within the local density approximation (LDA) proposed by Perdew
and Wang [14] for the exchange correlations functional. It calcu-
lates the self-consistent solution of the equations of Kohn and
Sham [15] who decry the valence electron in a potential created
by a periodic array. The basis functions, the electron densities
and the potentials are in combination of spherical harmonics
around the atomic sites, i.e. atomic spheres, with a cutoff [, = 10,
and Fourier series in the interstitial region. To obtain the conver-
gence of proper value, the wave functions in the interstitial region
are expanded in plane waves with a cutoff of Ry x Knmax equal to 9
(where Ryt is the average radius of the muffin-tin spheres and Kpax
is the maximum value of the wave vector K =k + G).

In these calculations, the energy separation is —6.0 Ry for all
compounds, was used between the valence states and the core
states. The choice of muffin-tin (MT) radii for the various atoms
in the crystal show small differences that do not affect our results.
We have adopted the value of 2.5 Bohr for atomic spheres barium
(Ba) and 2.3 Bohr for atomic spheres rhodium (Rh), palladium (Pd)
and platinum (Pt). The electronic configurations for Ba, Rh, Pd and
Pt are Ba: [Xe] 652, Rh: [Kr] 4d® 55!, Pd: [Kr] 4d'® and Pt: [Xe] 4f!*
5d° 6s!. In the calculation, the subshells of the noble gas cores have
been distinguished from the subshells of valence electrons given
explicitly.

We also mention that the integration in reciprocal lattice space
as performed using the special point’s method. We use a
14 x 14 x 14 mesh (104 k-points) for our structure. The k integra-
tion over the Brillouin zone is performed using the Monkhorst and
Pack mesh [16].

3. Results and discussions
3.1. Structural properties

3.1.1. Lattice parameters and bulk modulus

BaRh,, BaPd, and BaPt; like most of the Laves phases are of AB,
stoichiometry with space group Fd-3m and crystallize in the
MgCu, crystal structure and whose atoms occupy the Wyckoff
positions 2(a) [(1/8,1/8,1/8), (7/8,7/8,7/8)] for Ba, and 16(d) [(1/
2,1/2,1/2), (1/2,3/4,3/4), (3/4,1/2,3/4), (3/4,3/4,1/2)] for Rh, Pd and
Pt (see example on Fig. 1) [17]. We have used the experiment lat-
tice constant to start calculations. We then vary these parameters
until reaching the minimum of energy. We have therefore per-
formed detailed structural optimizations of the unit cell geome-
tries as a function of the external stress by minimizing the total
energy. In Table 1, we summarize our calculated structural proper-
ties (lattice constant, bulk modulus and its pressure derivative) of
BaRh,, BaPd, and BaPt; with the LDA.

The lattice constants and bulk modulus are computed by fitting
the total energy versus volume according to the Murnaghan'’s
equation of state [18].
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&

Fig. 1. Crystal structure of cubic binary AB, Laves phase compounds. Small symbols
represent the B atom positions whereas the large ones represent the A atoms.
Broken lines indicate the primitive cell, which contains two formula units (shaded
symbols).

Table 1
The calculated lattice constants, bulk modulus (B), bulk modulus’s pressure deriva-
tives (B'), energy of formation (Ef,) and cohesive energy (Econ) of the C15-BaM,.

Lattice (A) B (GPa) B Efor (€V/atom)  Econ (€V/atom)
BaRh, 7.717 127.42 4.06 -0.107 6.101

7.852?
BaPd, 7.837 107.81 4.12 —0.660 4.774

7.953?
BaPt; 7.853 140.69 432 -0.823 6.512

7.920°

2 Experement by XRD [19].

When we analyze our results we found that there is good agree-
ment between our results and experimental data, In comparison
with the experimental data we found that LDA underestimate
the lattice constant compared to the experimental values (com-
monly observed) by 1.72%, 1.46% and 0.85% for BaRh,, BaPd, and
BaPt,, respectively.

The bulk modulus B is computed to be 127.42 GPa, 107.81 GPa
and 140.69 GPa for BaRh,, BaPd;, and BaPt,, respectively.

3.1.2. Formation and cohesive energy

To study the relative phase stabilities, we have calculated the
energy of formation for BaM,. The energy of formation per atom
is defined as [20]:

FBaMa _ Evota’ — XEsaiia — YEsoia _, M
form X+y ‘form
Epn — 2Esgia — 4Etwia .
_ “total g)hd solid (Wlth M = Rh, Pd, Pt.) (1)

where x and y are the numbers of Ba and (Rh, Pd, Pt) atoms in unit
cell, respectively. EFM: EE%. and EM,, are the calculated total ener-
gies of the C15-type BaM, compounds, Ba, and M, respectively. Dur-
ing calculation, Ba and M are taken as body-centered cubic
structure (space group Im-3m) and cubic close-packed (space group
Fm-3m), respectively. The calculation of formation energies are pre-
sented in Table 1.

The calculation of the formation energy gives the following val-
ues —0.107 eV/atom, —0.660 eV/atom and —0.823 eV/atom for
BaRh,, BaPd, and BaPt,, respectively, which are all negative. Such
a negative value of Eg, implies that the BaM, phases are energeti-
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Fig. 2. The energy bands for BaM, compound, (a) BaRh,, (b) BaPd, and (c) BaPt,.
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Fig. 3. Band structure of BaM, compounds showing d-character bands, (a) BaRh,, (b) BaPd, and (c) BaPt,.

cally favorable from the point of view of thermodynamics, and this
stable structure is the most likely to be formed during
experiments.

The cohesive energy is a measure of the strength of the forces
that bind atoms together in the solid state and is descriptive in
studying the phase stability. The cohesive energy Efg,’lv'Z of BaMj; is
defined as the total energy of the constituent atoms minus the total
energy of the compound [20]:

Ba M BaM,
EBﬂMz _ [XEatom +yEatom} - Emm[ - EBaMz

coh X+y coh
2EP0 L 4EM | ERAMa
_ [2atom + toml—Zta (with M = Rh, Pd, Pt 2)

where E, is the total energy of the unit cell used in the present cal-
culation, x and y are the numbers of Ba and (Rh, Pd, Pt) atoms in unit
cell, respectively. Efu‘mz refers to the total energy of C15-type BaM,
in the equilibrium configuration and E2% EM — are the isolated
atomic energies of the pure constituents. The calculated cohesive

energies are presented in Table 1.

The computed cohesive energies are 6.101 eV/atom, 4.774 eV/
atom and 6.512 eV/atom for BaRh,, BaPd, and BaPt, respectively.

3.2. Electronic properties

3.2.1. Band structure

The calculated energy band structure, at equilibrium lattice
parameters, for BaM, along the high symmetry directions in the
Brillouin zone is shown in Fig. 2a-c. The band profiles are quite
similar (with slight differences) for the three studied compounds.
It can be assessed from Fig. 2a—c that there is no gap at the Fermi
level Egr in which vicinity it exists an overlapping of valence and
conduction bands. The metallicity of these three compounds
BaRh,, BaPd; and BaPt; is confirmed by their band structures.

We have reported additional calculations of the band structure
of BaM, compounds Fig. 3a-c, showing d-character bands of Rh, Pd,
and Pt in character plotting mode in order to make a better com-
parison. One clearly sees some very flat bands of mostly d character
near the Fermi level which, are dominated Pd 4d and Pt 5d orbitals.
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Fig. 4. (a) Total electronic density of states of BaRh,. (b) Partial electronic density of states for C15-BaRh;. (¢) Distribution of bonding charge density in the (110) plane of C15-
BaRh,.
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Table 2
The calculated elastic constants, bulk modulus (B), Young's modulus (E), shear modulus (G, Gy, Gg), Poisson’s ratio and anisotropic ratio (A) of the C15-BaM,.
Cq1 (GPa) Cq2 (GPa) Cyq (GPa) B (GPa) E (GPa) Gy (GPa) Gr (GPa) G (GPa) v A
BaRh;, 158.448 113.323 35.079 128.365 81.943 30.083 28.716 29.399 0.394 1.56
BaPd, 137.015 91.617 46.203 106.750 95.447 36.801 32.671 34.736 0.353 2.04
BaPt; 198.768 112.024 60.637 140.939 141.336 53.731 52.308 53.020 0.333 1.40

The flat bands are well separated from other bands along I'-L
direction for the compounds.

3.2.2. Electronic densities of states (DOS) and bonding charge densities

To understand the nature of the bonding in the C15-BaM,
(M =Rh, Pd, Pt) compounds, the electronic densities of states
(DOS) and bonding charge densities have been calculated. The
Electronic density of states (total and partial) and Distribution of
bonding charge density in the (1 1 0) plane of C15-BaM, is shown
in Figs. 4-6.

The total and partial Densities of States (DOS) for all studied
phases gives an information about the influence of electronic prop-
erties of constitutional atoms on their chemical bonding.

The similar DOS profiles have been also observed in the cases of
C15-BaRh; (Fig. 4a and b), C15-BaPd; (Fig. 5a and b) and C15- BaPt,
(Fig. 6a and b). We proceed from the fact that electrons with ener-
gies in the region of Fermi energy, Er play the main role in forma-
tion of chemical bonds. Comparing the total DOS for BaM, and
local DOS for Ba and M (M = Rh, Pd, Pt) (see Figs. 4a, b, 5a, b and
6a, b) we conclude that electrons of M give the main contribution
to conductivity of BaM, compound, we also note that there is no
band gap for our compounds since the density of states has a non-
zero value at the Fermi level which demonstrates the metallic
character for these compounds (metallic bonding). Their total
states at the Fermi level are 12.69 states/eV/unit cell, 1.18 states/
eV/unit cell and 3.12 states/eV/unit cell for BaRh,, BaPd; and BaPt5,
respectively. They reflect the differences of elements Rh, Pd, and Pt.
The conductivity in BaRh, phase should be higher than in BaPt;
and Conductivity in BaPt, phase should be higher than in BaPd,
due to larger number of states at Fermi level (Figs. 4a, 5a and
6a). This is caused by significant contribution of d-electrons of M
(M = Rh, Pd, Pt) (Figs. 4b, 5b and 6b).

Since BaPd, and BaPt, are isostructural and of similar chemical
bonding, it can be expected that their properties may also be com-
parable. Fig. 2a,b and ¢ show that the states corresponding to Rh
4d, Pd 4d and Pt 5d preserve similar features in these compounds.
An important feature is the existence of a flat band in the band
structure (peak in the DOS) in the vicinity of the Fermi level. One
clearly sees some very flat bands around the Fermi level of mostly
d character. Special attentions are concentrated to these flat bands
near the Fermi level.

The flat band of BaPd, lies below the Fermi level near the I
point, as shown in Fig. 2b. In BaPt, the flat band lies higher than
in BaPd,. In BaPt,, more valence electrons are present in the unit
cell. It leads to some additional occupation of bonding states near
the Fermi level in BaPt,. The Fermi level moves from a lower en-
ergy level to a higher-energy level with the substitution of the an-
ionic element Rh by Pd and by Pt, which indicates that the
increased extra valence electrons fill the hybridized bonding states.
This band filling correspondingly increases the bulk modulus of
BaPt,. The electronic configuration for Rhodium is 4d® 5s!, 5s°
4d'° for palladium, and 4f'* 5d° 6s' for Platinum. The electronic
configuration for palladium, Pd (Z = 46). Palladium is a special case,
where one can argue that the filled 4d subshell has lower energy
than 5s2 4d8, or 5s' 4d°. The band filling correspondingly decreases
the bulk modulus of BaPd,.

The details of the peak structures and the relative heights of the
peaks in the DOS are rather similar. Distinctive differences are

traced to the features near the Fermi level. In BaRh, and BaPd,,
the Fermi level falls near a pronounced peaks, whereas it occurs
on the low-energy side of a peak in the DOS for BaPt,.

The Fermi level separates the fully occupied bonding states and
unoccupied antibonding states for Pt and Pd. The bonding states
are dominated by Ba-p and the state near to the Fermi level are
dominated by M-d, while the antibonding states are dominated
by Ba-d with some hybridization of M-d and Ba-f with some
hybridization of Ba-d should lead to covalent bonding in BaM,.

This showed a strong covalent bonding between Ba-Ba atoms
and a metallic bonding between Ba-M atoms (see Figs. 4b, 5b
and 6b).

In order to further explore the bonding characteristics in the
BaM, (M = Rh, Pd and Pt) compounds, the charge density maps of
the (110) plane are theoretically calculated as shown in Figs. 4c,
5c and 6¢, where the contour lines of the higher density regions
are omitted. The contour lines are plotted from O to 0.6 e/A> with
0.03 /A3 intervals. In the C15 structure of BaM, compounds, Ba
atoms occupy the diamond-like lattice and M atoms are located
at tetrahedral sites. The (110) plane bisects the M tetrahedral in
BaM, compounds. Figs. 4c, 5¢ and 6¢ shows that Ba atoms are al-
most spherical, but M atoms are a little deformed. The obvious
overlap of electron densities between M-M indicates a covalent
bonding between them. In contrast to the M-M bonding, there is
no overlap of electron densities around Ba atoms. The almost uni-
form electron distribution around Ba atoms is like a metallic bond-
ing and can be well described by the nearly free electron model.
The height of charge density at the bond midpoint between M-M
was found to be 0.30e/A> for Rh-Rh, 0.27 e/A> for Pd-Pd and
0.36 e/A> for Pt-Pt, whereas the height of charge density at the
bond midpoint between Ba-M is almost the same 0.15 e/A3. It
could be assumed that the bonding between Ba-M is much weaker
than that between M-M in the BaM, compounds. This could be ex-
plained from the point of view of the C15 Laves phases structure.
Compared with the atomic distance between the next nearest
Ba-M and M-M atoms, the M-M covalent bonding is thus stronger
than that between the Ba-M atoms which is a mainly metallic
bonding in BaM,. While the electro-negativities of Ba and M atoms
differ significantly 0.9 and 2.2, respectively, according to the scale
of Pauling electronegativity confirms the ionic character in the
bonding between the element Ba and M.

3.3. Elastic properties

The elastic properties play an important role in providing valu-
able information about the binding characteristic between adja-
cent atomic planes. Anisotropic characters of binding and
structural stability are usually defined by the elastic constants Cj;.
These constants have been often related to the shear modulus G
and Young’s modulus Y. Ab initio calculation of the elastic con-
stants requires precise methods. For obtaining the elastic constants
from their known structure a popular approach [21,22], which is
based on the analysis of the changes in calculated total energy val-
ues resulting from changes in the strain, is used. A cubic structure
is characterized by three independent elastic constants, namely
Cq1, Ci2 and C44. The obtained elastic constant values for BaRh,,
BaPd, and BaPt, are given in Table 2. Note that the elastic con-
stants of these compounds were not measured experimentally.
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The values of the elastic constants decrease in going from BaPt,
to BaRh, to BaPd,, this indicates that BaPt; is rigid than BaRh,, and
BaRh; and is rigid than BaPd,.Based on these results, we find that
the stability criteria [23,24]:

C11-C12 > 0,C11 > 0,C44 > 0,(C11 + 2C12) > O are satisfied
for these compounds, and therefore these compounds are elasti-
cally stable.

It may be noted that the value of B (bulk modulus) calculated
from the elastic constants has nearly the same value as that ob-
tained from by fitting the total energy versus volume according
to the Murnaghan'’s equation of state [18]. This gives us a good esti-
mate of the precision and accuracy of the elastic constants of
BaRh,, BaPd, and BaPt,.

From the elastic constants we obtain the anisotropy parameter
A given by the expression:

2Cy4
— 44 3
Ch- G 3

For an isotropic crystal A is 1, while another value greater than or
less than 1 means that it is an anisotropic crystal. According to
the values of A listed in Table 2, BaRh,, BaPd, and BaPt, are aniso-
tropic.We can get other important elastic properties for various
technological applications:

v: Poisson’s ratio that characterizes the traction of the solid per-
pendicular to the direction of the force applied.

E: Young’s modulus which measures the strength of the solid to
change its length.

G: the shear modulus which measures the resistance to move-
ment of the slip planes inside the solid with planes parallel to
them.

From the following equations [25]:

A

_1{(B-30G)
U—j ﬁ (4)
9GB
E=C138 (3)
B :%(Cn +2C1) (6)

As B is the bulk modulus which measures the resistance to volume
changes in solids and thus gives an estimate of the elastic response
of a material to hydrostatic pressure. There are two methods for cal-
culating the shear modulus of a material isotropic monophasic
polycrystalline isotropic and statistically defined by Voigt in 1928
[26] and Reuss in 1929 [27].Voigt method is the application of a
uniform stress (¢) on the cell, and gives the shear modulus as a
function of elastic constants:

1

szg

(C11 — Cq2 + 3C44) (For cubic system). (7)

Reuss method is the application of a uniform strain (¢) of the
cell, and gives the shear modulus as a function of elastic constants:

5 4 3

- 4= 8

G Ci—Cp ' Can ®)

The shear modulus G is given by the arithmetic mean of Gy and Gg:
1

G=5(Gv +Gy) 9)

Our results on Young’s modulus (E), the shear modulus (G) and Pois-
son’s ratio (v) of the three compounds using LDA are listed in Table
2. Based on this result E and G for BaPt, are larger than BaPd, and E
and G for BaPd; are larger than BaRh,, so BaPt; is more resistant to
tensile and shear strength that BaPd, and BaRhs,.

4. Conclusion

In this work we have used first-principles calculations using the
FLAPW method within the LDA to describe the electronic structure
and elastic properties of a series of C15 binary AB, type Laves
phases BaRh,, BaPd; and BaPt,. Their lattice constants, formation
and cohesive energy, and elastic properties have been calculated,
the calculated equilibrium lattice constants are in good agreement
with the experimental values available but for the other properties
there are no experimental or theoretical data in literature for com-
pared. The calculated elastic constants satisfy the criteria of
mechanical stability of a cubic phase.

Analysis of total and partial DOS for all studied Laves phases al-
lowed getting information about the nature of chemical bonding in
these compounds. Promoted f-electrons of Ba participate in cova-
lent bonding which is determined by a superposition of d- and f-
states of Ba electrons. Promoted d-electrons of M play partly a role
of conductive electrons and consequently participate in metallic
bonding. Electro-negativities of Ba and M atoms differ significantly
(0.9 and 2.2 accordingly). Thus the ionic component in the bonding
is significant. On the other hand, there is virtually no covalency be-
tween Ba-M atoms, although BaM, are called intermetallic com-
pounds. In the interatomic region, the electrons are distributed
evenly like a metallic bond.
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