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functional MOGL gave the closest value of the band gap as 0.96 eV
compared to the experimental value of 0.95 eV for Iron(II) disulfide
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band gap as 0.339 eV compared to the experimental value of  0.335
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1 Introduction

Iron (II) disulfide (FeSy) is a semiconductor which belongs to the space group T, —Pa3. It has a cubic crystal

system (primitive cubic). Iron (II) disulfide is used in Lithium metal sulfide batteries, solar photovoltaics, battery
recycling and molding compounds. It has a narrow band gap value of 0.95 eV [1]. Tellurium (Te) is classified
as metalloid (p-type semiconductor) and belongs to the group 16 in the periodic table known as the oxygen
family. Tellurium belongs to the space group of P3121 and its crystal atoms are two folds. Tellurium is used in
the steel industry and as a thermoelectric device [2-3]. It is also used in solar cells in form of Cadmium Telluride
(CdTe). Tellurium has shown great promise in solar cell electric power generators and as a result production of
Tellurium is in high demand.

Band gap is the range of energy in a solid where there is no existence of electron states. It is the most basic
property of a solid. It is a very important property which is used in the design of semiconductor devices and is
also used to determine the electrical and optical properties of materials [4]. A known fact is that density
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functional theory is not very successful in predicting band gap of semiconductors. The prediction of energy
band gap of semiconductors by density functional theory has been center of discussion over the years and still
an active research area. The hybrid and meta-GGA functionals over the years have been developed. Vijay ¢z @,
[5] using density functional theory with TB-mB] potential calculated the band gap of Iron (II) disulfide to be
1.186 eV. Quin ¢z al, [6] using density functional theory with local density approximation (LDA) calculated the
band gap of Iron (II) disulfide to be 0.6 eV. Zhang e al. [7], using density functional theory with GGA+U,
GGA (generalized gradient approximation) and HSEOG calculated the band gap of Iron (II) disulfide to be
0.81 eV, 0.50 eV and 2.66 eV respectively. Tellurium band structure was calculated by Junginger [8] using a
modified APW method. The band gap of 0.45 eV at zero temperature was obtained compared to experimental
value of 0.335 eV.

In this work, the band gap of Iron (II) disulfide and Tellurium were computed by using different meta-GGA
functionals within the framework of the density functional theory. To the best of my knowledge there is no
study that have computed the band gap of Iron (II) disulfide and Tellurium using different meta-GGA
functionals within the density functional theory. A meta-GGA functional uses the kinetic density of the second
order derivative with the magnitude and density of the gradient of the density. The meta-GGA functional are
dependent on both kinetic energy density and Laplacian of the density [9].

2  Computational Method

The ABINIT code was used in the computation, this code is based on plane waves and pseudopotentials. The
Hartwigsen-Goedecker Hutter pseudopotentials and different types of meta-GGA functional were used in the
ab initio calculations [10]. Kohn-Sham method is applied in density functional theory and estimates the exact
energy and density of many body electrons. Density functional theory calculates ground state properties and
these calculations are done through the approximation exchange correlation potential [11]. For the purpose of
this work, the number of bands used were 15, 20, 25 and 30. The k-points used to sampled the Brillouin zone
were 70, 120 and 180. The Cif2cell program was used to generate the geometrical setup for Iron (II) disulfide
and Tellurium [12]. The Iron (II) disulfide and Tellurium CIF (Crystallographic Information Framework) files
were obtained from crystallographic open database [13-14].

3 Theory

The density functional theory developed by Kohn-Sham is termed the modern density functional theory and is
widely used across many fields.

The Kohn-Sham equation which resembles Schrodinger equation is given as:

[_%VZ+Ve2}‘/4"(r)=€fv’f(f) 1)

Ve% :Vef'f (r) +VHartree [n] +sz |:nT ’ n¢j|
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where is the effective potential of spin , Hatree and " X¢ are the potential, Hartree potential and the
n=n"(r)+n"(r)

(o2

exchange correlation potential of spin @ ) for a system of having independent electrons at

: 4 o . d . . g’
point r, the ground state has one electron in each of the N orbitals Vi (r ) with the lowest eigenvalues ' .

Equation (3) is the electron density of spin © . The solution of the Kohn-Sham self-consistent equations is
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represented in a flow chart as shown in Figure 1. The energy exchange correlation of the meta-GGA functional

is given as:

Eo [0, ] =Id3rexc[nT(r),ni(r),VnT(r),Vn¢(r),rT(r),r¢(r)} @

where e is the exchange correlation energy density

ncr(r):QJI;Z ZBJ;dskgiG(k)|Wika(r)|2 )
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()= 30 2 [ 656, (Vi (1) ©)

equations (5 and 6) are the spin density and kinetic energy density of spin @ . Where Qg is the first Brillouin

: ) =0|E.—€e
zone volume, !is the band gap index, '@ [ F 'k”]is the heavy-side step function (EF is the Fermi

energy and Sike is the Kohn-Sham orbital energy) and ik is the Kohn-Sham otbital normalized in one unit
cell [15].
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Figure 1: Representation of the Loop for Solution of Kohn-Sham Equation [11]

In general, the iteration of the two loops are done simultaneously for the two spins. The spins potential is a
functional of the density of the spins.
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4  Results and Discussion

The meta-GGA functionals that were used in this work are given as follows: XC_MGGA_X_LTA[16],
XC_MGGA_X_TPSS[17],XC_MGGA_X_MOGL[18],XC_MGGA_X_GVT4[19],XC_MGGA_X_TAU_HC
TH[20],XC_MGGA_X_BR89[21], XC_MGGA_X_BJ06[22],XC_MGGA_X_TB09[23], XC_MGGA_X_RPP
09[24], XC_MGGA_C_TPSS[17], XC_MGGA_C_VSXCJ[19]. For Iron (II) disfulside 15 and 20 number of
bands predicted it to be a metal with no band gap value.

The meta gga functionals (ixc =-206 to -232) gave band gap values for Iron (II)disulfide that are not very close
to the experimental value and their band gap values for both 25 and 30 number of bands all converged to the
same value at 120 k-points. The meta gga functionals (ixc =-201 to -205) gave band gap values for Iron (II)
disulfide that are very close to the experimental value and their band gap values converged at 180 k-points,
where meta gga functionals (ixc = -203 to -205) band gap values for both 25 and 30 number of bands all
converged to the same value at 180 k-points. The meta gga functional (ixc =-203) gave band gap value for
Iron (I)disulfide that is closest to the experimental value. For the meta gga functionals (ixc =-201 and -202)
band gap values for Iron (II) disulfide for both 25 and 30 number of bands all converged to different values
(0.62 eV, 0.58 ¢V and 0.98 eV, 0.91 eV respectively) at 180 k-points.

Table 1: The computed band gap (Eg (eV)) of Iron (I1) disulfide with the meta-GGA functionals

ABINIT code Exp.(Eq(eV)) [1] Eq (eV) Functional
ixc =-201 0.95 0.62 LTA

ixc =-202 0.95 0.98 TPSS

ixc =-203 0.95 0.96 MO6L

ixc =-204 0.95 1.03 GVT4

ixc = -205 0.95 1.10 TAU_HCTH
ixc = -206 0.95 0.77 BR89

ixc = -207 0.95 0.66 BJ0O6

ixc = -208 0.95 0.55 TB09

ixc = -209 0.95 0.82 RPP09

ixc =-231 0.95 0.23 TPSS

ixc = -232 0.95 0.72 VSXC

Table 2: The computed band gap (Eq (eV)) of Tellurium with the meta-GGA functionals

ABINIT code Exp.(Eq(eV)) [8] (Eq (eV)) Functional
ixc =-201 0.335 2.080 LTA

ixc = -202 0.335 0.390 TPSS

ixc = -203 0.335 0.680 MO6L

ixc = -204 0.335 0.080 GVT4

ixc =-205 0.335 0.120 TAU_HCTH
ixc = -206 0.335 0.110 BR89

ixc =-207 0.335 0.339 BJ06

ixc = -208 0.335 0.420 TB09

ixc =-209 0.335 0.400 RPP09

ixc = -231 0.335 0.000 TPSS

ixc = -232 0.335 0.150 VSXC
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Figure 2: The Band Structure of Iron (1) disulfide using the MO6L Functional
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Figure 3: The Band Structure of Tellurium using the BJ0O6 Functional

For Tellurium the number of bands 15, 20, 25 and 30 predicted it to be a semiconductor with different band

s. The convergence of the band gap values by the meta gga functionals were achieved at 120 k-points

for all the number of bands used except for the meta gga functionals (ixc = -203 and -232) which were achieved
at 180 k-points. The meta gga functional (ixc =-207) gave band gap value for Tellurium that is closest to the
experimental value. The results of the computed band gap of Iron (II) disulfide and Tellurium with the
functionals are given in Tables 1 and 2. Figures 2 and 3 are the band structures of Iron (II) disulfide and
Tellurium computed from the meta-GGA functionals (ixc = -203 and -207).
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5

Conclusion

In this paper, the band gap of Iron (II) disulfide and Tellurium were computed using the density functional
theory with different meta-GGA functionals. The meta-GGA functionals MOGL and BJ06 gave values of the
band gap of Iron (II) disulfide and Tellurium closest to their experimental values. The meta-GGA functionals
MOGL and BJ06 can effectively predict the band gap of Iron (II) disulfide and Tellurium. In general, the use of

meta-GGA functionals can be extended to compute the band gap of other semiconductors.
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