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Abstract

In this work we have used ab-initio investigations to calculate the structural and electronic properties of
ZrAC (A = In, Pb, Sn, TI), using density functional theory (DFT). The substitution between Pb, Sn, In,
Tl causes changes in their lattice parameters and electronic properties. The optimized lattice
parameters a(A), c(A), and volume, V(A)3, were found to be consistent with available experimental data.
From the calculated band structures, and density of states, (DOS), results show that materials have no
bandgap. This shows the materials are metallic conductors. Calculated DOS shows Zr.SnC has the
highest DOS, and Zr2InC has the lowest of the four phases. The top of the valence band and lower
conduction band are dominated by Zr-4d and In-5p, TI-6p, while Pb-6p, Sn-5p, C-2p are dominant at
the lowest energy zone in each phase respectively. A complete understanding of the layered carbides
would require research into their structural stability. A great design may fail in the choice of parent
materials if the working environment is subjected to a higher temperature. The ability of materials to
sustain defacing in such conditions like shielding wall for nuclear reactors, jet engine nuzzles requires
materials test for structural stability.
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Introduction

MAX phase is a group of layered ternary carbides and nitrides having a fascinating stoichiometry
Mn+1AXn where n is an integer of magnitudes 1 to 3; The constituent elements of MAX phases as
enshrined in their general relation are; M representing early transition metals from either group Il (Sc),
IV (Ti, Zr, Hf), V (V, Nb, Ta) and VI (Cr, Mo); A an A-group element from groups Xl (Cd), Xl (Al, Ga,
In, TI), XIV (Si, Ge, Sn, Pb), XV (P, As), or XVI (S), and X represents carbon (C) or nitrogen (N) [1,2,3].
The Zr.AC (A = In, Pb, Sn, Tl), MAX-phase crystals, also called 2 1 1 MAX phases, have a hexagonal
symmetry in space group P63/mmc (#194) with Wyckoff positions: M (4f), A (2d), and X (2a). This class
of compounds has dual characteristic properties of metal and ceramic and they possess most of the
potentials needed today in the field of modern technologies. The ability to understand their stoichiometry
and their unique crystal family structure is a gateway to exploiting their engineering potentials and hence
the need to accurately determine their characteristic ground state properties [4,5].

The history of MAX phases can be viewed from two perspectives. The time of their discovery
from early to mid-1960s, and the tail end of the mid-1990s. Since then, the study on the MAX phase
compounds has grown exponentially [6,7]. This was followed by the growing interest in MAX phases
because of their great potentials about a decade and a half later. In these great search the ternary
compound, TisSiC2, was synthesized and characterized by Dr. Michel Barsoum's Research group at
Drexel University in the late 1990s [8]. A year later the unit presented TizSiC2 as one of well over sixty
phases synthesized mostly discovered and fashioned in powder form in the 1960s by H. Nowotny and
co-workers [9] TisAIN3 was discovered In the late 20t century and it realized that a much larger family
of solids that all behaved similarly is being dealt with. Since then tremendous efforts have been made
to calculate the properties of MAX phases [10,11]. In the current study, we looked through the structural
and electronic properties of Zr.AC, (A = In, Pb, Sn, and Tl) and compared results of substitution of the
A elements on the A site of MAX phase to enrich the computational data base for future studies .
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Although materials belong to the same 211 group of MAX phases, each substitution affects their
lattice parameters, electronic bands, and density of states. A complete understanding of such materials
would require additional research into their structural stability[12]. A great design may fail with the choice
of the wrong material if the working environment is subjected to a higher temperature.

Computational inputs

Ab-initio calculations were used in conjunction with the plane-wave pseudopotential methods enshrined
in the density functional theory (DFT) framework as implemented in Quantum Espresso (QE) simulation
package [13]. The exchange-correlation (XC), energy functional used is the generalized gradient
approximation(GGA) as parameterized by Perdew-Burke Ernzerhof (PBE) formalism [14]. Throughout
this study, ultrasoft pseudopotentials (UPP) were used and an energy cut-off of 500 Ry was used to
limit the number of components in the plane wave expansion. A Gaussian smearing technique was
used to a smearing width of 0.02 Ry. For the Brillouin zone integration, a 14 x 14 x 14 k-points mesh
was generated using the Monkhorst-Pack scheme to produce a uniform grid of k-points along the three
axes in reciprocal space. Lattice parameters were fully optimized by relaxing atomic positions through
various volumes until the total energy difference for the four phases were smaller or less than 10-8
Ry[15].

Results and discussion

Structural properties

In this research, we have achieved a general optimization and convergence tests of the lattice
parameters, cut-off energy, and k-points respectively for the four MAX compounds: Zr2InC, Zr2PbC,
Zr2SnC, and Zr.TIC. Total energy is converged in terms of the expansion of the charge density, wave
function until it reached equilibrium. The crystal structures of the studied MAX phases are shown in
Figure 1. The Energy (eV) versus Volume, V (a.u)?® curves in Figure 2 (a), (b), (c), and (d) shows
optimized volumes of the studied materials, respectively.

W Zr
. In, Pb, Sn, Tl
W C
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Figure 1 Crystal structure of Zr2AC, (A =In, Pb, Sn, TI)

The discrepancy of our calculated results with theory and experimental data are: a (1.4%), ¢
(2.2%) and c/a (0.8%) for Zr2InC; a (0.1%), ¢ (1.6%) and c/a (1.4%)for Zr.PbC; a(0.7%), c (0.7%) and
c/a (1.4%) for Zr2SnC while for Zr2TIC we have a (0.2%), ¢ (0.6%) and c/a (0.03%) respectively.

42

—
| —



Ahams et al. (2020) Proc. Sci. Math. 1:41-46

Lattice optimization

From the fully optimized structures, the calculated lattice parameters, a(A), b(&); V(A3), and the ratio,
c/a are recorded alongside theoretical and experimental results [10], [18], [17], and [18] for comparisons
in Table 1.
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Figure 2 Optimized Volume (a) Zr2InC (b) Zr2PbC (c) Zr2SnC and (d) Zr2TIC

Electronic properties.

The calculated energy bands of Zr. AC MAX phases along high symmetry path are presented in Figure
3(a) I to IV, and the total density of states (DOS) in Figure 3 (b) | to IV respectively. The Fermi energy
level (EF) is represented by the dash lines and labelled as zero, (0) respectively. Er is chosen as a
starting point of the energy bands, and DOS Figure 3(a) and (b) respectively, and partial density of
states (PDOS) in Figure 4 (a), (b), (c), and (d) respectively on the energy scale. The bands show
considerable hybridization of the energy states from the valence to the conduction bands. For this
singular reason, studied materials have zero, (0) bandgap. This behaviour shows that materials are
metallic conductors.

Total density of states

In this work, we have split the energy states into three energy zones: (i) The zone of lowest energy:
from -6 eV to -2 eV. This zone is dominated by Zr-4d, C-2p, In-5s; Pb-6p, and Sn-5p and TI-6s energy
states. A lot of hybridization of the energy states is manifest in this zone. This shows the presence of a
covalent structure. (ii) The valence energy zone from -2 eV to 0 eV: this zone is mostly dominated by
Zr-4d, with reasonable contributions from In- 5p, Pb-6p, Sn-5p, and Tl -6p. (iii) The conduction energy
zone which starts from 0 eV the Fermi energy level, and above into the conduction band is attributed to
the Zr-4d, In -5p, Pb -6p, Sn -5p, TI-6p. The Zr- 4d dominates throughout the energy zones from -6 eV
to 6 eV from the lowest energy zone, through the valence zone to the conduction band and is a
backbone in the conduction properties of studied materials.

In general, multiple hybridizations are eminent from the lowest energy zone, the valence zone,
through the conduction energy zone. The energy states between -6 eV and 6 eV show significant
contribution at Er are due to the Zr -4d energy states dominating. The C- 2p states in the four compounds
have no contribution to the total DOS at the Er. Therefore, it does not participate in the conduction
properties of either of the materials. The PDOS shows interesting features of hybridization right from
the lower energy zone through the valence zone to the conduction zone.
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Figure 3 Energy band structures (a)l Zr2InC (a)ll Zr.PbC (a)lll Zr.SnC (a)lV Zr.TIC and Density
of states DOS (b)l Zr2InC (b)Il Zr2PbC (b)Ill Zr2SnC (b)IV Zr2TIC.

The hybridization peaks of in the DOS Figure 3 (b) I to IV are as a result of the dominant effect
of Zr -4d and C-2p in the valence zone with only Zr-4d dominating elsewhere in the remaining energy
zones. However, very little contributions are noticed coming from In-5s, In -5p, Pb -6p, Sn- 5p, TI-6s,
and Tl -6p energy states respectively Figure 4 (a)-(d). We have calculated the density of states (DOS)
at the Fermi energy level, Er. The calculated DOS is inherent to materials electrical conduction
properties which have seen the studied phases in the order of their conduction properties from the
highest to the lowest as: Zr.SnC> Zr.PbC >Zr.TIC >Zr2InC, respectively. The calculated density of
states (DOS), for each of the materials are: Zr2InC, 1.151 states /eV, Zr.PbC, 1.783 states/eV, Zr.SnC,
1.951 states /eV and Zr2TIC 1.355 states /eV, respectively.
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Figure 4 Partial density of states (a) Zr2InC (b) Zr2PbC (c) Zr2SnC (d) Zr2TIC

Table 1: Calculated lattice parameters a (A), ¢ (A), and V (A3) of the four MAX-phase compounds

Compound XC a c cla \% Reference
Zr2InC PBE 3.3867 15.2403 45 148.14 This work
Experiment 3.34 14.91 4.46407 [17]
Zr2PbC PBE 3.3867 149016 4.4 150.29 This work
Experiment 3.38 14.66 4.33728 [17]
Zr2SnC PBE 3.3338 146687 4.4 145.14 This work
Theory XRD* 4.337 [10]
Experiment NPD** 4.341 [10]
Zr2TIC PBE 3.3867 149016 4.4 149.87 This work
Theory GGA 338 14.99 4.43491 [18]
Experiment GGA 3.36 14.78 4.39881 [18]

*X-Ray Diffraction. **Neutron Powder Diffraction

Conclusion

The effects of substituting on the A site of the 211 MAX phases ZrAC, (A = In, Pb, Sn, and Tl) have
been studied using ab-initio calculations as implemented in DFT and results compared alongside
available theoretical and experimental data. The substitution has effects on the lattice parameters and
electronic properties. The Zr-4d orbital is the major contributor in the DOS of each studied material. In
general, the Zr-4d state dominates at and around the Er.
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