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ABSTRACT: In the scheme of density functional theory (DFT) and by means of the full-
potential linearized augmented plane wave process within the generalized gradient
approximation, the structural, electronic and elastic properties of ZnXF; (X =Y, Bi) were
investigated for the first time. The structural parameters for each compound were
observed to be consistent to those reported in the literature. It is observed that both of
the compounds had a narrow band gap and that one of the compounds (ZnBiF3) had a
direct band gap of 0.5 eV from (M-M), while the other one (ZnYF3) had an indirect band
gap from (M-X) of 1.95 eV. The total electronic properties of ZnXF; (X =Y, Bi) were mainly
controlled by the Zn atom, while in the partial electronic properties and the density of
states the major contribution came from the Zn-d state and a minor contribution came
from the F-p state. For the elastic properties, calculations were made of the elastic
constants, the shear modulus, the anisotropy factor, Young’s modulus, and the Poisson
ratio was calculated. The results indicated that the present compounds were ductile and
mechanically stable. The above investigations give a comprehensive insight into how
these compounds may be used in designing high performance electronic devices.
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1. INTRODUCTION

Fluoroperovskite compounds have received an immense consideration owing to
their remarkable physical and structural properties,l such as piezo—elec‘[ricity,2
ferromagnetism,> photoluminescence,*> colossal magneto-resistivity, and high
temperature superconductivity.6 Fluoro-perovskites like AgMgF5; and AgZnF; were
investigated previously by focusing on their structural properties to calculate their
lattice constants and tolerance factors, by means of various analytical approaches.7'9
Other material properties, such as electronic, optical, and chemical bonding, were not
given much attention. Murtaza et al. investigated the structural and opt-electronic
properties of similar compounds, namely AgTF; (T = Mg, Zn), by the full-potential
linearized augmented plane wave technique incorporated within the generalized
gradient approximation.'® The mechanical properties of such fluoroperovskite
compounds still need to be investigated. Among these fluoroperovskite compounds,
the structural, electronic, elastic, and other physical properties of ZnXF; (X =Y, Bi)
have, so far, not been studied, either theoretically or experimentally.
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In the present work, therefore, we examined the structural, electronic, and
mechanical/elastic properties of ZnXF; (X = Y, Bi) by means of the density
functional theory (DFT): (i) the structural variables such as lattice constants, bulk
moduli, and their derivatives, regarding pressure and bond lengths, were
investigated; (ii) the electronic properties were predicted in stipulations of the band
structures along with, at the same time, the density of the states of the compounds and
the chemical bonding was studied from the electronic density distributions in various
planes, and (iii) the elastic properties parameters, like the co-efficient of elasticity
constants and the bulk modulus were also calculated.

2. COMPUTATIONAL DETAILS

This work was done using the density functional theory (DFT) framework. In the
calculations for the compounds under investigation, the FP-LAPW method, inside
the generalized gradient approximation (GGA) by Perdew Burke Ernzerhof (PBE)!!
as utilized in the WIEN2k palckage,12 was applied to work out the Kohn-Sham
equations13

The unit cell of a crystal compound is divided in different domains within the full
potential scheme: (i) the atomic spheres and (ii) the interstitial region (outside the
region of the atomic spheres). The wave function is split to two different basis sets
and is extended in atomic-like functions (radial function time’s spherical harmonics)
in each atomic sphere, while it is extended into a plane wave basis in the interstitial
region. In the expressions of spherical harmonics, the wave function is expanded to:

[=12
Similarly, the potential is extended as:

(D Vim @i )
V(r) =! i (1a,1b)
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The inside of the sphere, represented by Equations 1a and 15, is for the interstitial
domain. In addition, the potential is considered to be spherically symmetrical within
the atomic spheres and is constant somewhere else, in the old muffin-tin
approximation. The potential has a common form in the full potential scheme. The
core electrons act relativistically whereas the valence electrons act semi-
relativistically. The R,z values of 2.5, 2.05, 2.0, and 1.9 a.u were used for Zn, Y, Bi,
and F, respectively. In the irreducible Brillion zone (IBZ), for the k-space
incorporation, the modified tetrahedron method,'® with 35 k-points was used in order
to obtain self-consistency. With Ryt K,.x = 7.0 (the smallest muffin-tin radius is
Ryt and K, represents the plane wave cut-off), well converged solutions were
obtained and the k-point sample was checked. The overall system was stable within
the energy of 0.00001 Ry and the self-consistency calculations were considered to
have converged at this point.

3. RESULTS AND DISCUSSION

3.1 Structural properties: To predict the structural properties of ZnXF; (X =Y, Bi),
the volume optimization process was used. For each compound, the whole energy of
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the unit cell concerning the unit cell volume was minimized by performing volume
optimization and this was built-in by the Birch-Monahan equation as can be seen in
Figures 1 (a, b). As illustrated in Figures 1A and 1B, the unit cell initial energy
decreased as the unit cell volume increased.
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Figures 1A and 1B. Unit cell energy as a function of unit cell volume. 1A: ZnYF3, 1B: ZnBiF;.
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The ground state energy E, is obtained at a point where the energy of the system is
at a minimum. The corresponding volume consequent to this lowest energy is
acknowledged as the ground state or optimal volume. After gaining a ground state,
the system again becomes un-relaxed, as the energy increases further followed by the
increase in unit cell volume. Table 1 demonstrates the structural parameters obtained
at the ground state, for instance the lattice constant, a,, the bulk modulus at zero
pressure By, and its pressure derivative B)’. The obtained lattice constants and other
structure parameters were in excellent accord with the values reported in the
literature (AFLOW). !4

Table 1. Calculated structural parameters, (ag), bulk modulus, (Bo), pressure derivative of
bulk modulus (B'), and ground state energy (Eo) for ZnYF3 and ZnBiF3

Compound ao (A) Bo (GPA) B’ Eo (Ry)
ZnYF; 4.4836 70.5912 46572 -10963.63
ZnBiF; 4.6476 61.5862 4.7366 -47354.83

The By of ZnBiF; is smaller than that of ZnYF3, and therefore the former is more
compressible and is less hard than the latter. It is also clear from the Table that the
formation energy for a unit cell of the ZnBiF; is considerably more than that required
for ZnYF5. The B’ value for fluoroperovskites is generally 5.0, but in the present
case it was 4.66 for ZnYF;and 4.74 for ZnBiFj.

3.2 Electronic properties: The electronic properties for ZnYF3 and ZnBiF5 were
calculated concerning the energy band structure, along with the total and partial
density states. We used the GGA approximation to compute these properties. For
both these compounds the band structures along with the high symmetry direction
were calculated in the first Brillion zone at the equilibrium volume are shown in
Figures 2A and 2B.

The compound ZnYF; had an indirect band gap of 1.95 eV (Figure 2A). The
maximum of the valence band (VB) was placed at the M symmetry point, whereas
the bottom of the conduction band (CB) was located at the X symmetry point,
resulting in an indirect (M-X) band gap.

The compound ZnBiF; had a direct energy band gap of 0.5 eV (Figure 2B). The
maximum of the valence band and the minimum of the rgw conduction band were
both situated at the M symmetry point and this resulted in a direct (M-M) band gap.

It is pertinent to note here that, to the best of our knowledge, there has not been any
previous theoretical predictions or experimental results about the band gap of these
perovskite compounds to compare our results with. However, we are in no doubt
about the precision of our results as they were carried out using large k-points in the
irreducible Brillion zones (IBZ) and the most precise Wu-Cohen GGA approach. Our
work may provide a reference ground for further investigations of these compounds.
Figures 2A and 2B show that the compounds studied had three bands in the range of
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—15 to 0 eV. In addition, for both the compounds, the trend of the band structure
above the Fermi level was the same.
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Figures 2A and 2B. 2A: Band structure of ZnYF3 in the high symmetry direction. 2B: Band
structure of ZnBiF3 in the high symmetry direction.
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To understand and to explain the obtained band structures, some knowledge of the
bonding characters of a compound and the electronic density of states (DOS) is
required. So, in order to gain an understanding of these properties, we investigated
the total (TDOS) and the partial (PDOS) density states for these compounds (Figures
3A and 3B).
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Figures 3A and 3B. The total and partial densities of the states of 3A: ZnYF3 and 3B: ZnBiF;.
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The total and the partial densities of states for both of these compounds are
illustrated in Figures 3A and 3B. The plots for the full and partial DOS for the
compounds were split for analysis into three regions: (i) region I, ranging from —6 to
—4 eV; (i1) region II, ranging from —1 to 0 eV; and (iii) region III, at the top of the
Fermi level and in a conduction band, ranging from 3 to 7 eV.

For ZnYF; for region 1, the major contribution to the total density of states came
from the Zn atom and there was a minor contribution from the F atom. For region II,
there was only a small contribution to the density of states which came mainly from
the Zn atom with a very small contribution from the F atom. For region III, the
dominant contribution to the total density of states was from the Y atom and there
was a small contribution from the F atom (Figure 3A).

For ZnBiFj3, for region I, the dominant contribution to the density of states came
from the Zn-d state and there were small contributions from the F-p state and the Bi
atom. For region II, the Zn atom, Bi-d, and F-p contributed a little to the density of
states. For region III, above the Fermi level, the major contribution to the partial
density of states was from Bi-d with only a little from the F-p state and the Zn atom.

The character of the bonding associated with the various atoms of a compound is
explained by the charge density distribution. In particular, the ionic and covalent
nature of a material can be associated with the charge transport involving cations and
anions and the distribution of the charges surrounding the cations and anions.

The calculated electronic charge densities for both compounds, ZnYF5 and ZnBiF;,
are illustrated in Figures 4A and 4B.

Figures 4A and 4B. Electron density of ZnYF3 and ZnBiF3. 4A: ZnYF3 and 4B: ZnBiF3.
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It can be seen that the bonding character for both the compounds is somewhat ionic
and somewhat covalent. The d orbital of Zn and p orbital of F contribute most to the
density. Also it can be shown that the Y and B atoms are positioned at the center of
ZnYF; and ZnBiF;, respectively. The central atom is enclosed by six F atomic ions
creating YF octahedral bonds. Due to the electronegativity differences in the atoms
of YF and BiF, the electrons transfer from Y and Bi to F, resulting in the attraction of
the positively charged atoms of Y and Bi with the negatively charged atoms of F in
the octahedron yielding an inward induced dipole moment and showing the covalent
nature of the Y-F and Bi-F bonds. The shape of Zn, Y, and Bi is completely spherical
which proves their ionic bonding nature. Because of the pd-hybridization
surrounding Zn and F, there is a covalent character to these compounds. One can
deduce that, for both ZnYF; and ZnBiF;, the compounds are mainly ionic but have
some covalent bonding.

3.3 Elastic properties: To understand the mechanical properties of a material, the
elastic constants C;; are investigated. The reaction to an applied macroscopic
stress can be descrlfjed by elastic constant parameters. The physical connection
within the mechanical and active functioning of solids is provided by the elastic
constants and further, they define how a deformation is caused by a stress and
how the original form is regained following the ending of the stress. !¢ The elastic
constants are essential parameters for describing a material and provide valuable
information about the structurural stability, the anisotropic character, and the
bonding character within the adjoining atomic planes. Three self-sufficient elastic
constants are used for describing cubic compounds: C;;, Cy,, and Cyy. These
parameters are determined by deforming the cubic unit cell by applying a proper
strain tensor and yield an energy strain connection. In this work, the elastic
parameters were determined using the techmque advanced by Charpin and put
into practice in the WIEN2k package The obtained elastic constants and bulk
modulus are summarized in Table 2.

Table 2. The calculated elastic constants C11, C12, and Cas, bulk modulus (B), anisotropy
factor (A), shear modulus (G), Young’s modulus (E in GPa), and Poisson’s ratio (v)

for both ZnYF3; and ZnBiF3

Compound Parameter

C11 C12 C44 B A G E A% B/G

ZnYF;3 165590 23534 14905 70.932 0.210 29.561 77.866 0.298 2.39
ZnBiFs3 105.064 24415 10.341 50.541 0.249 18.783 50.138 0.476 2.690

The investigated elastic constants Cij are positive and therefore the standard
(€ =Cix)>0
(Cpp+2C1) >0
Cyp> 0

and the bulk modulus B should also persuade that the criterion C;,< B < C; for the
mechanical stab111ty in a cubic crystal is satisfied.
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Up until the present date, to the best our knowledge, no theoretical predictions and
experimental results, for the elastic constants for the compounds ZnYF3 and ZnBiF;
have been reported, and thus our calculations for the elastic properties can be used as
a reference for further succeeding study.

The investigation of similar elastic properties has been reported previously.!:!°

The parameters like the anisotropy factor (A), the shear modulus (G), Young’s
modulus (E), and Poison’s ratio v are determined by using the following relations.?’

A =%, (1)
== @)
- 8
G == (G, +Gp) 4)
Gy == (C11— C12 +3C4s) (5)
Gr = _5€44(C11=Ca2) (6)

R =
4C44+3(C11-Cyq2)

Where G is the shear modulus, G, is Voigt’s shear modulus subsequent to the upper
limit of G values, and Gy, is Reuss’s shear modulus subsequent to the lower bound of
G values.

For isotropic compounds, the anisotropy factor (A) is equal to one and it having a
greater or smaller value would indicate anisotropy. The elastic anisotropy of crystals
comes from the magnitude of the deviation from 1. As in our case, the value of the
anisotropy factor was 0.210 for ZnYF; and 0.249 for ZnBiF;, this indicates that both
of the materials were anisotropic.

The material is stiffer if it possesses a higher Young’s modulus (E), as the modulus
is a fine marker concerning the stiffness of a material. Additional information on the
bonding forces and the elastic properties is provided by the Poisson’s ratio (v), which
is a measure of the Poisson effect that describes the expansion or contraction of a
material in directions perpendicular to the direction of loading. For covalent material,
the value of the Poisson’s ratio (v) is small (v < 0.1). However, for ionic compounds
its typical value is 0.25.2! In the present investigation, v was 0.298 for ZnYF; and
0.476 for ZnBiF5. Therefore, for both of these compounds, it can be presumed that
there is an excessive ionic participation in the intra-bonding.

The proposed relationship explains the mechanical properties such as the ductility
and brittleness of materials. Both ZnYF; and ZnBiF; are ductile as these compounds
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satisfy Pugh’s criteria?? which have a standard value for the B/G of 1.75. A material
is known to be ductile if B/G > 1.75. In the present work, the B/G for ZnYF; was
2.399 and for ZnBiFj it is 2.690. Hence both ZnYF; and ZnBiF; are ductile.

The structural parameters of each compound were established to be consistent with
those reported in the literature. It was established that both of the compounds had a
narrow band gap. One of the compounds (ZnBiF;) had a direct band gap (from M-M)
while the other one (ZnYF;) had an indirect band gap (from M-X).

The total electronic properties of ZnXF5 (X =Y, Bi) are mainly controlled by the
Zn atom, while in the partial electronic properties and the density of states the major
contribution comes from the Zn-d state with only a minor contribution from the F-p
state. The calculated elastic properties such as the elastic constants, the anisotropy
factors, the shear moduli, Young’s modulus, and Poison’s ratio specify that these
compounds are mechanically stable and ductile.

4. CONCLUSIONS

In the present work, we examined the structural, electronic, and elastic properties of
ZnXF5 (X =Y, Bi) compounds by means of the density functional theory (DFT). The
lattice parameters such as the bulk modulus, the derivatives of the bulk modulus, and
the ground state energy increase when the cation changes from Y to Bi. Both the
compounds are narrow band gap materials. ZnYF5 has a band gap energy of 1.95 eV
and is indirect in nature as is evident from the (M-X) band points. ZnBiF5 has a band
gap energy of 0.5 eV and is direct in nature as shown by the (M-M) meeting points of
the band diagram. The bonding nature for both compounds is a mixture of both
covalent and ionic bonds. The characteristic peaks for both the compounds in the
electronic density of states are due to the transition of electrons from Zn-d and F-d of
the VB to the unoccupied state in CB. In addition, some of the elastic properties such
as the elastic constants, the anisotropy factor, the shear modulus, Young’s modulus
and the Poisson ratio were investigated and showed that the compounds were
mechanically stable, which is important for their applications in high performance
electronic devices. It was also concluded, from the investigations of the elastic
properties, that both the compounds were ductile in nature.
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