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In this paper, we report structural parameters, magnetic ordering and the electronic

structure of the tetragonal and orthorhombic ternary iron arsenide compound BaFe2As2.
Ab initio calculations are performed by the means of full-potential linearized augmented
plane waves plus local orbitals method for both spin states. The local spin density
plus Hubbard potential (LSDA + U) and generalized gradient plus Hubbard potential
(GGA+U) approximations are used to treat the exchange and correlation potentials. The
results mainly show that orthorhombic BaFe2As2 compound has an antiferromagnetic
spin ordering. Both spin-up and spin-down polarizations are considered to investigate
the band structure, density of states and electron charge density. High density of states
population at the Fermi level reveals metallic character of this material. The magnetism
property arises essentially from the 3d orbital of iron atom.
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1. Introduction

The iron pnictides discovered in early 2008, have proved to be a remarkable class of

superconductors. Following the order of discoveries: Re111 (Re = La, Ce, Pr, Nd,

Sm) with parent system LaO1−xFxFeAs and transition temperature (Tc) about 40–

55 K,1–8 A122 (A = Ba, Sr) with parent compound Ba1−xKxFe2As2
9–12 and Tc

about 38 K, Li1−xFeAs with Tc 18 K.13,14 Recently, a new model material called

SrFFeAs was reported.15–17 This material has characteristic for iron arsenide’s spin-

density-wave (SDW) anomaly at about 175 K. These unusual materials have now

attracted significant interest because they are the first non-Cu-based layered super-

conductors having a relatively high critical temperature and field, located on the

boundary of magnetic instability, and due to these limits it should have an uncon-

ventional mechanism of superconductivity, which may be connected with magnetic

fluctuations and a SDW anomaly.

In the family of Fe-based superconducting materials, AFe2As2 (A = Ca, Sr and

Ba) compounds have special interest because the fine crystals of these oxygen free

materials can be grown easily. By decreasing the temperature, these materials usu-

ally make transitions from a tetragonal to orthorhombic structure followed by an

antiferromagnetic (AFM) state.18 BaFe2As2 is a prototype for AFe2As2 family of

materials.19–24 It has comprised of FeAs layers and undergoes a structural phase

transition from tetragonal I4/mmm symmetry to orthorhombic Fmmm symmetry

at temperature near 140 K.19 The structural phase shift is also confirmed from the

sharp peak variations in the specific heat.25 This structural transition strongly af-

fects the electronic and magnetic properties of the crystal.21 The antiferromagnetic

ordering has been observed by the neutron powder diffraction20,26 and neutron

scattering.27

However, recently Poirier et al.
28 investigated the occurrence of an AFM or-

dered phase in these pnictides. The magnetic structure factor and the magnetic

form factor have been determined by Kodama et al.
29 on the BaFe2As2 compound

in the AFM phase using the neutron diffraction measurements. Moseley et al.
30

have studied the effect of defects on normal state magneto transport properties

of high-quality undoped BaFe2As2 and electron-doped BaFe1.985Co0.015As2 single

crystals. Recently, Xu et al.
31 have reported an anomalous phonon redshift in the

K-doped BaFe2As2 system using infrared spectroscopy and different substitution

types. Parshall et al.32 have investigated the coupling of the crystal lattice to the

magnetic degrees of freedom by a study of transverse acoustic phonons and the

magnetic properties of undoped BaFe2As2. Yang et al.
33 have reported the di-

rect observation of coherent phonon-induced oscillations of the effective chemical

potential in photoexcited BaFe2As2. Using time-resolved X-ray diffraction, Rettig

et al.
34 have investigated the structural dynamics of the coherently excited phonon
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mode in BaFe2As2. Balédent et al.
35 have studied the electronic properties of the

BaFe2As2 pnictide superconductors as function of pressure and Co doping using

high-resolution X-ray absorption spectroscopy.

In the theoretical side, a number of calculations of the electronic and magnetic

properties on BaFe2As2 have been performed. Using the all-electron KKR-CPA,

Khan et al.
36 reported a systematic theoretical investigation of the phase stability,

electronic structure and Fermi surface evolution of Ba(Fe1−xMx)2As2 with M =

Co, Ni, Cu and Zn for nonmagnetic, paramagnetic and antiferromagnetic states in

high-T tetragonal and low-T orthorhombic structures. Nekrasov et al.,37 using the

linear muffin-tin orbital (LMTO) method, have investigated the electronic struc-

ture of AFe2As2 (A = Ba and Sr) and ReOFeAs tetragonal. Shein and Ivanovskii38

performed a comparative study between Ba1−xKxFe2As2 and BaFe2As2 using the

full-potential linear augmented plane wave (FP-LAPW). Singh,39 using LAPW

method, studied the effect of doping on BaFe2As2 and LiFeAs. Zbiri et al.,22 us-

ing the augmented plane wave (APW) method, studied the effect of the phase

transition and structural relaxation of the phonon spectrum of BaFe2As2, for dif-

ferent magnetic orders. Aktürk and Ciraci,23 using the pseudo-potential method of

first-principles, studied the magnetic structure of BaFe2As2 in both tetragonal and

orthorhombic phases.

In this paper, we have performed density functional calculations40,41 to study

crystal, electronic and magnetic structures of the low temperature Fmmm phase of

BaFe2As2. The tetragonal high temperature I4/mmm phase is also investigated for

the sake of comparison. The exchange and correlation functional was treated by the

local spin-density approximations LSDA and LSDA+U and the generalized gradient

approximations Perdew–Burke Ernzerhof GGA-PBE and GGA-PBE+U since our

material is strongly correlated. Furthermore, we present an extensive analysis of

electronic structure and charge density.

2. Structure and Method

At room temperature, BaFe2As2 crystallizes in the well-known tetragonal ThCr2Si2
structure-type (space group I4/mmm) and the unit cell has two formula units

[see Fig. 1(a)]. The experimental lattice parameters are: a = b = 3.957 Å and

c = 12.968 Å.20 At low temperature, the compound crystallizes in the orthorhom-

bic Fmmm structure, with lattice constants a = 5.615 Å, b = 5.571 Å and

c = 12.942 Å.20 The unit cell consists of four formula units [see Fig. 1(b)]. The

Wyckoff positions for both phases are illustrated in Table 1. The crystallographic

data of Huang et al.
20 is used as starting parameters in the optimizations.

The electronic structure calculations were done using FP-LAPW plus local (lo)

orbitals as utilized in the WIEN2K computer package.42,43 In this model, the or-

bitals, charge density and potential are expanded in spherical harmonics in the

muffin-tin spheres and plane waves are used in the interstitial region of the crystal

unit cell. The core and valence states are treated differently. Core states are treated
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Fig. 1. Drawings of crystal structures of the FM spin configurations for the (a) tetragonal and
(b) orthorhombic BaFe2As2 compound produced by VESTA.54

Table 1. Wyckoff position for BaFe2As2 in tetragonal (I4/mmm) and orthorhombic (Fmmm)
symmetry.

Structure Atoms Wyckoff positions x y z

Tetragonal (I4/mmm) Ba 2a 0 0 0
Fe 4d 0 1/2 1/4
As 4e 0 0 0.35405

Orthorhombic (Fmmm) Ba 4a 0 0 0
Fe 8f 1/4 1/4 1/4
As 8i 0 0 0.35406

within a multi-configuration relativistic Dirac–Fock approach, while the valence

states are treated using a scalar relativistic approach.44,45

The exchange–correlation energy was calculated using LSDA46 and GGA-PBE47

with additional Hubbard correlation terms describing on site electron–electron re-

pulsion associated with the 3d bands of Fe (LSDA+U and GGA-PBE+U ap-

proaches).48,49 Very carefully, step analysis is done to ensure convergence of the

total energy in terms of the variational cutoff-energy parameter. At the same time,

we have used an appropriate set of k-points to compute the total energy. The atomic

electronic configuration used in our calculations was Ba:[Xe]6s2, Fe:[Ar]3d64s2 and

As:[Ar]3d104s24p3. We compute equilibrium lattice constants and bulk modulus by

fitting the total energy versus volume to the Murnaghan equation.50 The total en-

ergy was minimized using as set of 405 and 729 k-points in the irreducible sector

of Brillouin zone for the tetragonal and orthorhombic phase, respectively and the

value of 8.0 for the Rmt×Kmax was used for all the studied configurations: the non-

magnetic (NM), ferromagnetic (FM) and AFM. The self-consistent calculations are
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converged up to 0.1 mRy. We have adopted the values of 2.5 Bohr for Ba, 2.10 Bohr

for Fe and 2.10 Bohr for As, as muffin tin (MT) radii. The total density of states

(DOS) was obtained using a modified tetrahedron method of Blöchl et al.
51 Fol-

lowing Ref. 52, we have used U = 3.5 eV and J = 0.8 eV in both LSDA+U and

GGA-PBE+U schemes where these parameters are used for iron pnictides.

3. Results and Discussion

3.1. Structural properties

In our calculation, the Murnaghan equation of states is given as

EMurn(V ) = E0 +
BV

B′

[

(V0/V )B
′

B′
− 1

+ 1

]

−

V0B

B′
− 1

, (1)

to obtain the values of the ground state energy, equilibrium lattice parameters (a,

b and c), the internal parameter zAs, the bulk modulus B and its first derivative

B′, which are fitted to the Murnaghan equation of states. All these quantities are

discussed and compared with experimental and other theoretical investigations in

Tables 2 and 3.

Table 2. The calculated lattice constants (a, b and c in Å), internal coordinate (zAs), the bulk
modulus (B in GPa) and its derivative (B′) of the BaFe2As2 in Fmmm symmetry for different
magnetic states, obtained using LSDA (LSDA+U) and GGA-PBE (GGA-PBE+U) calculations
in comparison with available theoretical and experimental works.

a b c zAs As–Fe Fe–Fe B B
′

This work LDA NM 5.479 5.490 12.301 0.346 2.27 2.74 125 4.05

LSDA FM 5.470 5.478 12.300 0.346 2.27 2.74 122 4.72

LSDA+U FM 5.675 5.6869 12.740 0.3563 2.35 2.84 71 4.27

GGA NM 5.608 5.616 12.610 0.346 2.33 2.80 98 3.53

GGA-PBE FM 5.606 5.614 12.606 0.346 2.33 2.80 101 3.38

GGA-PBE+U FM 5.930 5.939 13.335 0.3463 2.46 2.96 47 4.40

LSDA AFM1 5.475 12.319 5.4672 0.3468 2.30 2.74 123 4.25

AFM2 5.463 5.4721 12.276 0.346 2.30 2.76 125 3.90

AFM3 5.463 5.470 12.276 0.346 2.28 2.73 124 4.44

AFM4 5.467 12.292 5.462 0.346 2.29 2.73 124 4.16

AFM5 5.495 12.090 5.504 0.346 2.27 2.75 123 4.63

AFM6 5.502 12.104 5.4937 0.3468 2.27 2.75 121 5.09

GGA-PBE AFM1 5.679 12.751 5.671 0.346 2.38 2.84 60 3.82

AFM2 5.653 5.661 12.711 0.346 2.36 2.83 60 3.11

AFM3 5.642 5.651 12.69 0.346 2.36 2.82 60 3.12

AFM4 5.672 12.754 5.681 0.346 2.38 2.84 59 3.32

AFM5 5.689 12.793 5.698 0.346 2.36 2.84 58 3.50

AFM6 5.701 12.799 5.692 0.346 2.36 2.84 59 3.60

Exp. Ref. 19 AFM 5.614 5.574 12.945 0.353 2.39 2.79 — —

Ref. 20 AFM 5.615 5.5712 12.942 0.354 — — — —

Other Calc. Ref. 22 NM 5.602 5.5998 12.630 0.345 — — — —

Ref. 23 NM 5.577 5.577 12.47 — 2.32 2.79 — —

Ref. 24 AFM 5.637 5.5931 12.962 0.351 2.38 — — —

Ref. 23 AFM2 5.650 5.630 12.780 — 2.39 2.81 — —

AFM3 5.696 5.586 12.856 — 2.41 2.79 — —

AFM4 5.585 5.691 12.868 — 2.41 2.79 — —

1550182-5



September 8, 2015 17:36 IJMPB S0217979215501829 page 6

R. Z. El-Kelma et al.

Table 3. Calculated values for the lattice parameter (a and c in Å), internal coordinate (zAs),
the bulk modulus (B in GPa) and its derivative (B′) of the BaFe2As2 in I4/mmm symmetry
for the both magnetic states, nonmagnetic (NM) and ferromagnetic (FM), using LSDA and
GGA-PBE, and in comparison with available theoretical and experimental works.

a c zAs As–Fe Fe–Fe B B′

This work LDA NM 3.867 12.307 0.347 2.27 2.73 125 3.89
LSDA FM 3.869 12.291 0.347 2.27 2.73 124 4.52
LSDA+U FM 4.007 12.753 0.347 2.35 2.83 74 3.67
GGA-PBE NM 3.966 12.621 0.346 2.33 2.80 98 4.63
GGA-PBE FM 3.966 12.622 0.346 2.33 2.80 99 3.76
GGA-PBE+U FM 4.195 13.350 0.346 2.46 2.97 45 5.08

Exp. Ref. 20 NM 3.957 12.968 0.354 — — — —
Ref. 21 NM 3.962 13.016 0.354 2.40 2.80 71 —

Other Calc. Ref. 22 NM 3.955 12.684 0.345 — — — —
Ref. 23 NM 3.944 12.470 — 2.32 2.79 — —
Ref. 24 NM 3.959 12.621 0.344 2.33 — — —

Fig. 2. Drawings of crystal structures of the AFM spin configurations (a) AFM1, (b) AFM2,
(c) AFM3, (d) AFM4, (e) AFM5 and (f) AFM6 for the orthorhombic BaFe2As2 compound pro-
duced by VESTA.54

The orthorhombic structure of BaFe2As2 is optimized for NM, FM and AFM

states. In addition to the FM order, we have sorted out all possible symmetry

adapted magnetic configurations; instead we have proposed all possible AFM or-

dering of Fe within the 2× 2× 2 super cell of BaFe2As2. Six AFM ordering can be
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Fig. 3. Total energy as a function of volume for the FM and AFM spin orderings given by
(a) LSDA and (b) GGA-PBE in the orthorhombic structure.

considered, namely AFM1, AFM2, AFM3, AFM4, AFM5 and AFM6, where some

of them were observed by experiment and other reported by theoretical work. Six

possible complex spin configurations are considered on Fe atoms in different layers

to determine the AFM spin ordering as shown in Fig. 2. Table 2 lists the calculated

lattice constants (a, b and c in Å), internal parameter (zAs), bulk modulus and its

derivative of the BaFe2As2 in Fmmm symmetry for different magnetic states. The

results are compared with other theoretical works and experimental data. LDA+U

gives bulk modulus of 71 GPa for FM BaFe2As2, while GGA-PBE+U gives 47 GPa.

Figure 3 displays the calculated total energy with respect to the volume of the FM

and AFM orderings using both LSDA and GGA-PBE. It can be seen that the AFM2

and AFM4 spin ordering corresponds to the ground states for Fmmm orthorhom-

bic phase when using LSDA [Fig. 3(a)] and GGA-PBE [Fig. 3(b)], respectively.

The other excited AFM configurations have energies upper the ground state. The

AFM3 configuration was observed experimentally by Huang et al.
20 and Su et al.,23

while the AFM3 and AFM4 configurations were reported as ground states using

the first-principles pseudo-potential method.23

For the sake of completeness, we have also calculated structure of BaFe2As2 in

the tetragonal I4/mmm symmetry, whereas the tetragonal structure is described by

two lattice parameters a and c, and are optimized for the NM and FM states using

both LSDA and GGA-PBE. The calculated lattice constants (a and c in Å), internal

parameter (zAs), the bulk modulus and its derivative of the BaFe2As2 in I4/mmm

symmetry are given in Table 3. They are compared with other theoretical works and

experimental data. LDA+U gives bulk modulus of 74 GPa for FM BaFe2As2, while

1550182-7
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Fig. 4. Total energy as function of volume for NM and FM using (a) LSDA and (b) GGA-PBE,
in the tetragonal structure.

GGA-PBE+U gives 45 GPa. Obviously, LSDA+U approach gives closer value than

GGA-PBE+U with respect to the experimental value. Figure 4 shows the total

energy as a function of volume for both configurations NM and FM. It should be

noted that the NM and FM states given by LSDA [Fig. 4(a)] almost coincide; the

difference in energy is marginal (around ∼0.0002 eV). The GGA-PBE functional

seems to give a good description of the NM and FM states of BaFe2As2 in the

tetragonal structure where it exhibits a NM (see Fig. 4(b) for comparison). Zbiri

et al.,22 using the APW method with the GGA, have reported a similar behavior

as shown in Table 3. Therefore, from a structural point of view, the FM case is

identical to the NM case. In the experimental side, Rotter et al.,19 Huang et al.
20

and Su et al.
26 have reported that the BaFe2As2 in the tetragonal structure exhibits

a NM behavior.

The calculated bond length between Fe–Fe is well-described to be in reasonable

agreement with the experimental value, in contrast to the length of As–Fe bond

that is shorter than the experimental one. Therefore, the arsenic atom is closer

to the iron layer which gives a smaller parameter than the experimental (zAs =

0.3472). For the ferromagnetic state, network settings and bond lengths obtained

using the LSDA+U are little bit underestimated. Our LSDA+U and GGA-PBE+U

calculations show that the NM state is the ground state.

3.2. Electronic properties

Using the calculated equilibrium lattice parameters, we have investigated the elec-

tronic band structures, DOS and charge densities for the compound of interest in
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Fig. 5. The calculated spin-polarized band structures (a) spin-up and (b) spin-down, at the
equilibrium lattice constant of the tetragonal BaFe2As2 compound, using LSDA.

both phases and in NM, FM and AFM states. The spin direction (up and down) is

taken as the direction of the iron spin (majority spin and minority spin direction).

Beginning with the tetragonal phase, Fig. 5 displays the spin-polarized band

structures of FM state. It is clearly seen that the bands around the Fermi level (−4

to 2.5 eV) are mainly derived from Fe-3d states. The bands from −5 to −2.5 eV

are due to As-4p states and are hybridized with the Fe-3d states. The contribution

of the Ba atom is located at the bottom of the conduction band, but remains very

low at the valence bands.

In Fig. 6, we reported the calculated nonspin-polarized DOS using local density

approximation (LDA). In Fig. 7, we reported the calculated spin-polarized DOS

using both LSDA and GGA-PBE. From Fig. 7, we see that the DOS is dominated

at ∼ −14.3 to −11 eV by Ba-5p states, and at ∼ −12.5 to −10.2 eV by As-4s with a

small contribution of Ba-5p states. The valence band which extends from ∼ −6 eV

to the Fermi level shows the existence of three regions. The first region (at ∼ −6

to −3.8 eV) derived from As-4p states with a small contribution of Fe-3d states.

The second region (at ∼ −3.8 to −2.5 eV) is dominated by a strong contribution of

As-4p and Fe-3d states. This p–d hybridization is in charge of the covalent bonds

between the iron and arsenic atoms. The third region that is in the remaining part,

arise from Fe-3d states. The both approximations LSDA [Fig. 7(a)] and GGA-PBE

[Fig. 7(b)] show that the compound in the tetragonal structure exhibits a metallic

behavior.

For the orthorhombic phase, we showed DOS of the AFM2 [Fig. 8(a)] and AFM4

[Fig. 8(b)] configurations using LSDA+U and GGA-PBE+U , respectively. As can

be noted, both spin channels (majority spin and minority spin) exhibit an identical
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Fig. 6. The calculated total and partial DOS of the tetragonal BaFe2As2 compound in the NM
spin configuration using LDA. Dashed line represents the Fermi level.

Fig. 7. The calculated spin-polarized total and partial DOS of the tetragonal BaFe2As2 com-
pound using (a) LSDA and (b) GGA-PBE. Dashed line represents the Fermi level.
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Fig. 8. The calculated spin-polarized total and partial DOS of the orthorhombic BaFe2As2 com-
pound in the AFM2 spin configuration using (a) LSDA+U and in the AFM4 spin configuration
using (b) GGA-PBE+U . Dashed line represents the Fermi level.

total DOS. An overlapping between valence and conduction bands is observed indi-

cating the metallic-like behavior of the AFM2 and AFM4 spin configurations. The

Fe-3d states are localized around −4 to 2 eV at the Fermi level. This configura-

tion leads to a metallic behavior. The Ba-5p and As-4s states are concentrated at

the bottom of the valence band. A large p–d hybridization in the region of −4 to

−3.5 eV has been located.

The investigation of charge density gives more information on the bonding sys-

tem. We have used FM and AFM configurations to explain the nature of the bond

character, the charge transfer and the bonding properties of our compound. Figure 9

depicts the contour plots of the calculated LSDA+U total valence charge densities

in the (11̄0) plane of the orthorhombic BaFe2As2 in the AFM2 spin configuration.

It is clearly seen that there is no covalent bonding between Ba and As atoms. The

Fe–As bonding is covalent. Each Fe atom forms for Fe–As bonds in tetrahedral di-

rections, which are achieved through the hybridization of Fe-3d and As-4p orbitals,

which was observed from the DOS. We also noted that the bond between two Ba

atoms is metallic. The charge density which is important around the Fe ions is due

to the Fe-3d orbitals.

The electronegativity is also important for analyses of the chemical bonding.

Following, the Pauling electronegativity scale, the electronegativity values for Ba,

Fe and As are 0.9, 1.85 and 2.2,53 respectively. Figure 9 shows that there exists a
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Fig. 9. Contour plot of the calculated LSDA+U total valence charge densities in the (11̄0) plane
of BaFe2As2 in the AFM2 spin configuration for (a) spin-up and (b) spin-down.

significant charge transfer from Ba to Fe–As layers and also from Fe to As atoms;

the Fe–As bonding exhibits large directionality, therefore a character of covalent

bonding. The driving force behind the displacement of the bonding charge is the

greater ability of As to attract electrons toward it due to the difference in the elec-

tronegativity between Fe and As. The spin charge density calculations of BaFe2As2
using LSDA+U show that the charge transfer is similar for both majority [Fig. 9(a)]

and minority [Fig. 9(b)] spins.

4. Conclusion

In summary, we presented a theoretical study of the iron pnictide BaFe2As2 crystal

based on first-principles plane wave calculations within density functional theory.

While our study is focused on the orthorhombic Fmmm phase, we also considered

the tetragonal I4/mmm phase for the sake of completeness. BaFe2As2 is found to

have an AFM ground state. Among different spin configurations we determined the

magnetic ground states of the Fmmm phase; our results show quite good agree-

ment with the available experimental data. The AFM2 spin configuration is shown

to be most stable energetically when using LSDA+U , but one of the AFM spin

orderings, so-called AFM4 order, is shown to be most stable energetically when

using GGA-PBE+U and is different from AFM2 order. In both phases the system

exhibits metallic behavior, as shown in the band structure and total DOS. The

electronic structure is characterized by a sharp Fe-3d peak close to the Fermi level.
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Fe-3d–As-4p hybridized states have been observed. Ba contribution occurs only at

semi-core energies. Valuable information about the charge transfer and bonding is

discussed through the analysis of the charge density. Electrons are transferred from

Ba to Fe–As layers and also from Fe to As atoms.

Acknowledgments

The authors (Khenata and Bin-Omran) acknowledge the financial support provided

by the Deanship of Scientific Research at King Saud University for funding the work

through the research group Project No. RPG-VPP-088.

References

1. Y. Kamihara et al., J. Am. Chem. Soc. 130, 3296 (2008).
2. G. Chen et al., Phys. Rev. Lett. 101, 057007 (2008).
3. X. Zhu et al., Supercond. Sci. Technol. 21, 105001 (2008).
4. A. S. Sefat et al., Phys. Rev. B 77, 174503 (2008).
5. G. Chen et al., Phys. Rev. Lett. 100, 247002 (2008).
6. X. Chen et al., Nature 453, 761 (2008).
7. Z.-A. Ren Europhys. Lett. 82, 57002 (2008).
8. Z.-A. Ren et al., Mater. Res. Innov. 12, 105 (2008).
9. M. Rotter, M. Tegel and D. Johrendt, Phys. Rev. Lett. 101, 107006 (2008).

10. C. Gen-Fu et al., Chin. Phys. Lett. 25, 3403 (2008).
11. K. Sasmal et al., Phys. Rev. Lett. 101, 107007 (2008).
12. N. Ni et al., Phys. Rev. B 78, 014507 (2008).
13. J. H. Tapp et al., Phys. Rev. B 78, 060505 (2008).
14. X. Wang et al., Solid State Commun. 148, 538 (2008).
15. M. Tegel et al., Europhys. Lett. 84, 67007 (2008).
16. F. Han et al., Phys. Rev. B 78, 180503 (2008).
17. S. Matsuishi et al., J. Phys. Soc. Jpn. 77, 113709 (2008).
18. P. Monthoux, D. Pines and G. Lonzarich, Nature 450, 1177 (2007).
19. M. Rotter et al., Phys. Rev. B 78, 020503 (2008).
20. Q. Huang et al., Phys. Rev. Lett. 101, 257003 (2008).
21. T. Yildirim, Phys. Rev. Lett. 101, 057010 (2008).
22. M. Zbiri et al., Phys. Rev. B 79, 064511 (2009).
23. E. Aktürk and S. Ciraci, Phys. Rev. B 79, 184523 (2009).
24. W. Xie et al., Phys. Rev. B 79, 115128 (2009).
25. J. Dong et al., New J. Phys. 10, 123031 (2008).
26. Y. Su et al., Phys. Rev. B 79, 064504 (2009).
27. R. Ewings et al., Phys. Rev. B 78, 220501 (2008).
28. M. Poirier et al., Phys. Rev. B 89, 155129 (2014).
29. K. Kodama et al., Phys. Rev. B 90, 144510 (2014).
30. D. A. Moseley et al., Phys. Rev. B 91, 054512 (2015).
31. B. Xu et al., Phys. Rev. B 91, 104510 (2015).
32. D. Parshall et al., Phys. Rev. B 91, 134426 (2015).
33. L. X. Yang et al., Phys. Rev. Lett. 112, 207001 (2014).
34. L. Rettig et al., Phys. Rev. Lett. 114, 067402 (2015).
35. V. Balédent et al., Phys. Rev. Lett. 114, 177001 (2015).
36. S. N. Khan, A. Alam and D. D. Johnson, Phys. Rev. B 89, 205121 (2014).

1550182-13



September 8, 2015 17:36 IJMPB S0217979215501829 page 14

R. Z. El-Kelma et al.

37. I. A. Nekrasov, Z. V. Pchelkina and M. V. Sadovskii, J. Exp. Theor. Phys. Lett. 88,
144 (2008).

38. I. R. Shein and A. L. Ivanovskii, J. Exp. Theor. Phys. Lett. 88, 107 (2008).
39. D. J. Singh, Phys. Rev. B 78, 094511 (2008).
40. P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
41. W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
42. P. Blaha et al., An Augmented Plane Wave Plus Local Orbitals Program for Calcu-

lating Crystal Properties (Vienna University of Technology, Austria, 2012).
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