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Accepted 11 July 2017 The knowledge of the structural and electronic properties of a material is important in various
applications such as optoelectronics and thermoelectric devices. In this study, we are using full
potential linearized augmented plane wave method framed within density functional theory
provided by WIEN2k to optimize the structure of PdSe; in orthorhombic (Pbca) phase and calculate
its electronic properties. With the implementation of local density approximation (LDA), Perdew-
Burke-Ernzerhof parameterization of generalized gradient approximation (PBE-GGA), Wu-Cohen
parameterization of GGA (WC-GGA), and PBE correction for solid GGA (PBEsol-GGA), the
computed results of lattice constants are found to be within 5% error with the experiment data.
; Also, our calculated indirect band gap energy was found to be ~0.24 eV by LDA along with modified
; ‘, Becke-Johnson potential functional (mBJ) with experimental lattice constants and ~0.52 eV by
; O/ 0/ 0 WC i using PBE-GGA with optimized lattice constants. However, the effect of spin-orbit coupling is not

mBJ \ \ found too much on the band gap energy. By analyzing the partial density of states, we identify that
© ° PBEsol “ d-orbital of Pd is demonstrating a slightly more significant contribution to both the valence and
conduction band near to Fermi level which is also in agreement with the previous first principles
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INTRODUCTION

Recently, transition metal dichalcogenides have received a great
attention as tempting candidates for thermometric and optoelectronic
applications, due to their unique electronic and optical properties [1].
Their special crystal structures which make them possible to craft into
two-dimensional (2D) materials, either semiconducting or metallic.
The crystal structure of palladium diselenide (PdSe2) has a long history
and is being studied since the 1950s [2-3]. It retains its solid phase up
to ~1000 K [4] and keeps on in crystallographic space group 61 Phca
under 6 GPa [5] (Fig. 1(a)). The structural and electronics parameters
of a material are fundamental features from which the mechanical,
magnetic, optical, and thermal properties are evaluated. Theoretically,
these calculations are done using density functional theory (DFT)
approaches as well. However, the quality of the results of the DFT
approaches is sensitive to the suitable choice of the exchange-
correlation energy/potential functional. For example, at the level of
standard DFT, mostly material's band gap is severely underestimated
[6-7]. Therefore, we examine here the performance of four non-
empirical exchange-correlation (xc) functionals (local density
approximation (LDA) [8], Perdew, Burke and Ernzerhof (PBE) [9]
parameterization of generalized gradient approximation (GGA), Wu
and Cohen (WC) parameterization of GGA [10], and PBE correction
for solid (PBEsol) GGA [11]), for the calculations of the structural and
electronics properties of PdSez. This study is performed by DFT framed

full potential linearized augmented plane wave (FP-LAPW)
methodology as implemented in WIEN2k computational software.

COMPUTATIONAL METHODOLOGY

In FP-LAPW method, the contribution of potential is counted from
all electrons (core electrons and valence electrons) and no shape
approximation is imposed on the potential. However, in the core region,
spherically symmetric form of the potential is assumed, where in the
valence region, potential (where electrons are weakly bounded to
nuclei) is expanded into spherically harmonics. Similarly, the valence
electrons are treated using plane wave basis while the core electrons are
treated using spherical harmonics times of the radial solution of
Schrédinger equation in the core region [13].

The original structure file of PdSez is generated using experiment
data at 298 K, ambient pressure [5] where the lattice constants are a =
5.7457 A, b =5.8679 A, and ¢ = 7.6946 A . The shifted k-mesh in the
irreducible Brillouin zone was set to 11x10x8 for LDA and PBEsol-
GGA, 9x9x6 for PBE-GGA and WC-GGA after the convergence test
with increment of the total number of irreducible k-point and energy
difference of 0.0001 Ry as the criteria. The RKmax which refer to the
cut-off size of the basis sets was set to 7.7, 8.0, 7.8 and 7.7 for LDA,
PBE-GGA, WC-GGA and PBEsol GGA respectively with convergent
criteria of 0.01 Ry. While, Gmax Which specified the plane waves used
as basis set and is set to 11.3 for LDA (x 0.00001 Ry), 12.0 for PBE-
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GGA (+ 0.00001 Ry), 8.47 for WC-GGA (+ 0.0001 Ry) and 9.9
(minimum energy after first cycle of the energy increment) for PBEsol
GGA. All the self-consistent field cycles stop with energy convergence
limit 0.0001 Ry, force convergence limit 1.0 mRy/Bohr, and charge
convergence limit 0.0001 e except in the structure optimization where
the force convergence limit was noted to be 5.0 mRy/Bohr for the
optimizing lattice constants and 0.5 mRy/Bohr for optimizing atomic
positions.

We first optimized the lattice constants of PdSe2 using one by one
the XC functional listed before. After that, we optimized the atomic
position using both optimized lattice constants and experimental lattice
constants for comparison. Lastly, we calculated the band structure
using k-path as shown in Fig. 1(b) and electronic density of states
(DOS) using denser threefold k-mesh. The calculation of band structure
and DOS were carried out including four different considerations;
calculation without additional consideration (labelled as normal
calculation), with consideration of spin-orbit coupling effect (SOC),
with modified Becke-Johnson potential functional (mBJ) [14], and with
both SOC and mBJ.
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Fig. 1 (a) Unit cell of PdSe,, Pd in grey colour and Se in green colour.
(b) First Brillouin zone of PdSe,, the red arrow is the k-path.

RESULTS AND DISCUSSION

Structural properties of PdSe2
The optimized lattice constants are shown in Table 1. We found that
estimated c is the largest source of errors for every XC functional

because the bonding in the z direction is only due to the van der Waals
forces. The lack of consideration of spontaneous charge density
fluctuations and only the local properties are included to account XC
energy [15]. a and b are shown overestimated as expected but the errors
are less than 2.5 %. From the data in Table 2, all the atomic position
calculated are accurate enough with the error less than 3.2 %. Despite
the somewhat poor performance in optimizing lattice constants, PBE-
GGA shows the best performance in minimizing the force in PdSe> unit
cell.

Electronic properties of PdSe>

The most obvious property in electronic properties is band gap
energy Eg. From Table 3, we clearly have seen that without mBJ, non
of the XC functional performs well. The literature [2-3] shows PdSe: is
a semiconductor with Eg = 0.4 eV which contradicts with the metallic
nature results shown in Table 3. But with adding mBJ, PdSe. showed
the semiconducting nature. Although underestimation is around 40 — 58
%, our results appear to be more accurate as compared to previous
attempts [6-7]. This may due to larger basis sets we are used compared
to previous works [6-7].

In order to demonstrate the ability of DFT to be more ab initio, we
also use the optimized lattice constants to calculate Eq. Although PBE-
GGA gives the largest error in the band gap calculations using
experimental lattice constants, interestingly, here, PBE-GGA shows the
semiconducting character of PdSez with Eq =0.5189 eV (without SOC),
0.5172 eV (with SOC). Moreover, results are too close to the
experimental value of the Eg than the results of band gap reproduced
from the experimental lattice constants. On the other hand, mBJ results
become worse in this case (0.7956 eV (without SOC), 0.7922 eV (with
SOC)). We suspect that the overestimation of the value of the lattice
constant, ¢ might be the reason to show correct semiconducting nature
of the PdSez within PBE-GGA. We test this by using optimized a, b,
and experimental ¢, the result shows metallic. This also suggests we can
modify Eg of PdSe2 by modifying the strain on the z-axis.

As can be seen from the Fig. 2, the nature of the band gap is of
indirect, as the valance band maximum is located at " and conduction
band minimum is located between Y and S. Moreover, the SOC impact
is also not considerable toward Eg.

The calculated density of states (DOS) is shown in Fig. 3. Pd atoms
and Se atoms are contributing almost equivalent to the states near to the
Fermi level. The most valance orbitals, which are 4d orbitals of Pd and
4p orbitals of Se occupied more states near to Fermi level as expected.

Table 1 Lattice constants of PdSe,, percent of error is compared to [5].

XC Functional a(d)

5.8304
LDA (1.47 %)
5.7867
PBE GGA 0.71%)
5.8878

w A
ce6 (2.47 %)
5.8720
PBEsol GGA (2.20 %)

b &) c &)
5.8874 6.8498
(0.33 %) (10.98 %)
5.9635 8.6076
(1.63 %) (11.87 %)
5.9512 6.9522
(1.42 %) (9.65 %)
5.9386 6.9436
(1.20 %) (9.76 %)

Table 2 Atomic-position of the PdSe; in the unit cell along with percent error of calculations in comparison to [5].
The atomic-position is represented in fractional coordinate system.

XC Functional X
0.11212
LDA (0.78 %)
0.11107
PBE GGA (0.16 %)
0.11233
WC GGA (0.97 %)
0.11193
PBEsol GGA (0.61 %)

y Z
0.11504 0.39286
(2.50 %) (3.17 %)
0.12041 0.41399
(2.05 %) (2.04 %)
0.11593 0.39465
(1.74 %) (2.74 %)
0.11557 0.39465
(2.05 %) (2.73 %)

OPEN 8 ACCESS Freely available online 149


http://www.foxitsoftware.com/shopping

Xuan Ng et al. / Malaysian Journal of Fundamental and Applied Sciences Vol. 13, No. 3 (2017) 148-150

Table 3 Eg calculated using experimental lattice constants from different

xc functional with different considerations, unit used is eV.

LDA  PBE-GGA WC-GGA ngio'
Normal Metallic
SOC Metallic
mBJ 0.2407  0.1689 0.2141 0.2177
SOC+mBJ 02404  0.1686 0.2134 0.2170

Energy (eV)

Fig. 2 Band structure of PdSe,, purple line represents the band structure
calculated using LDA with an experimental lattice constant and mBJ, the
green line represents the band structure calculated using PBE-GGA with
an optimized lattice constant and SOC. The Fermi level is set to zero.
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Fig. 3 (a) Density of states of PdSe; using LDA with an experimental
lattice constant and mBJ. (b) The density of states of PdSe, using PBE-
GGA with an optimized lattice constant and SOC. The Fermi level is set
to zero.

CONCLUSION

In summary, we have investigated the structural and electronic
properties of PdSez by using WIEN2k framed within DFT. All the XC
functional studies can accurately calculate the lattice constants and
atomic position except lattice constant ¢ because of the inability to take
into account van der Waals force. For the case of electronic properties,
SOC is not found important for PdSe: calculations. The mBJ revealed
its ability to significantly improve results of Eg for the case of using
experimental lattice constants. It is also possible to reduce the
dependencies on experimental data to calculate the electronic properties
which is demonstrated in the calculation of Eq using optimized lattice
constant with PBE-GGA.

ACKNOWLEDGEMENT

This work was financially supported by the Universiti Teknologi
Malaysia under the Research University Grant (Vot No.: 12H46) and
Ministry of Higher Education Malaysia.

REFERENCES

[1] F. A Rasmussen, K. S. Thygesen. (2015). Computational 2D materials
database: electronic structure of transition-metal dichalcogenides and
oxides. The Journal of Physical Chemistry C, 119(23), 13169-13183.

[2] F. Grenvold, E. Rast. (1956). On the sulfides, selenides and tellurides of
palladium. Acta Chemica Scandinavica, 10, 1620-1634.

[3] F. Grgnvold, E. Rgst. (1957). The crystal structure of PdSe, and PdS..
Acta Crystallographica, 10, 329-331.

[4] S.Bordier, A. Chocard, S. Gossé. (2014). Thermodynamic assessment of
the palladium-selenium (Pd-Se) system. Journal of Nuclear Materials,
451(1-3), 120-129.

[5] C. Soulard, X. Rocquefelte, P. E. Petit, M. Evain, S. Jobic, J. P. Itié, P.
Munsch, H. J. Koo, M. H. Whangbo. (2004). Experimental and
theoretical investigation on the relative stability of the PdS2- and pyrite-
type structures of PdSe,. Inorganic Chemistry, 43(6), 1943-1949.

[6] A.Hamidani, B. Bemmecer, K. Zanat. (2010). Structural and electronic
properties of the pseudo-binary compounds (X=P, S and Se). Journal of
Physics and Chemistry of Solids, 71 (1), 42-46.

[7]1  J.Sun, H. Shi, T. Siegrist, D. J. Singh. (2015). Electronic, transport, and
optical properties of bulk and mono-layer PdSe,. Applied Physics Letters,
107, 153902.

[8] J. P. Perdew, Y. Wang. (1992). Accurate and simple analytic
representation of the electron-gas correlation energy. Physical Review B,
45 (23), 13244-13249.

[9] J. P. Perdew, K. Burke, M. Ernzerhof. (1996). Generalized gradient
approximation made simple. Physical Review Letters, 77 (18), 3865-
3868.

[10] Z. Wu, R. E. Cohen. (2006). More accurate generalized gradient
approximation for solids. Physical Review B, 73 (23), 235116.

[11] J.P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria,
L. A. Constantin, X. Zhou, K. Burke. (2008). Restoring the density-
gradient expansion for exchange in solids and surfaces. Physical Review
Letters, 100 (13), 136406.

[12] P.Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, J. Luitz, WIEN2k,
An augmented plane wave + local orbits program for calculating crystal
properties (Karlheinz Schwarz, Techn. Universitdt Wien, Austria).
Retrieved:http://susi.theochem.tuwien.ac.at/reg_user/
textbooks/usersguide.pdf

[13] S. Cottenier. (2013). Density functional theory and the family of
(L)APW-methods: a step-by-step introduction, 21. Retrieved from
http://susi.theochem.tuwien.ac.at/reg_user/textbooks/DFT_and_LAPW_
2nd.pdf

[14] F. Tran, P. Blaha. (2009). Accurate band gaps of semiconductors and
insulators with a semilocal exchange-correlation potential. Physical
Review Letters, 102 (22), 226401.

[15] J. Klimes, A. Michaelides. (2012). Perspective: Advances and challenges
in treating van der Waals dispersion forces in density functional theory.
The Journal Chemical Physics, 137, 120901.

150 OPEN a ACCESS Freely available online





