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We have reported comprehensive calculation for electronic band structure, density of states, Fermi sur-
face and the optical properties of LaFe,X;, (X = P, As and Sb) compounds. The experimental lattice con-
stant a and the two internal free parameters u and » were optimized by minimizing the total energy
using the full potential linear augmented plane wave (FPLAPW +lo) method within the local density
approximation (LDA). The experimental atomic positions were optimized using the FPLAPW + lo method
within Perdew, Burke and Ernzerhof generalized gradient approximation (PBE-GGA). From the obtained
relaxed geometry the electronic band structure, the chemical bonding, electronic charge density and
the optical properties have been determined using FPLAPW + lo within the recently modified Becke-
Johnson potential (mBJ). It has been found that substituting P — As — Sb show significant influence on
the bands/states dispersions. The calculated values of the density of the states at Fermi level N(Eg) and
the associated electronic specific heat coefficient (y) are increases with substituting P — As — Sb that
is attributed to the fact that below Fermi level (Er) there exists several bands with less dispersion moves
close to Er when we substitute P — As — Sb. The bonds nature and the interactions between the atoms
were investigated in two crystallographic planes namely (100) and (101). The Fermi surface is formed
by two bands which are mainly consist of Fe-d states and X-p states. The observed Fermi surface consists
of empty areas that represent the holes and shaded areas corresponding to the electrons. The calculated
optical properties exhibit that there exists two lossless regions also it shows that the spectral structure
shift toward lower energies when we replace P by As and As by Sb.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The filled skutterudite compounds have attracted much atten-
tion as a potential candidates for electrical and magnetic applica-
tion. The filled skutterudite compounds are promising materials
for thermoelectric applications [1] due to their high carrier mobil-
ity, low lattice thermal conductivity and low electrical resistivity
[1-3]. Several interesting phenomena have been observed in these
materials, for instance semiconductivity [4,5], superconductivity
|6-8], magnetic order [9-13], metal-insulator transition material
[14], and valence fluctuation and heavy fermion behavior [15-
17]. Among the filled skutterudite compounds are the La-based
filled skutterudite phosphide, arsenide and antimonide [18,19].
Harima and Takegahara [20] have calculated the band structure
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and Fermi surface of LaFeyX;; (X=P, As and Sb) compounds.
Takegahara and Harima [21] have used the full potential linear
augmented plane wave (FPLAPW) method within the local density
approximation (LDA) to investigate the band structure of simple
cubic LaRugP;» and the orthorhombic LaFe4P;, compounds.
Further, they have investigated the Fermi surface and the
hybridization between La-f orbital and P-p states. Hachemaoui
et al. [22] report an ab initio calculation using LDA to investigate
the structural and elastic properties of LaFe X, (X =P, As and Sb)
compounds. Nouneh et al. [23] have performed complex band
structure calculations for LaFesSb;, and CeFe,Sb;, compounds
using tight-binding linear muffin-tin orbital (TB-LMTO) and full
potential linear augmented plane wave (FPLAPW) methods to cal-
culate the density of states near Fermi level and the corresponding
thermoelectric properties. Nouneh et al. [24] have measured the
photoinduced second harmonic generation of LaFe,Sb,, near spin
fluctuated critical points. We would like to mentioned that the
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Table 1
The calculated lattice constant, the free internal parameters u and » and the bulk modulus B in (GPa) and its
pressure derivative, B’ in comparison with the experimental data and the previous theoretical results.

(b)

Fig. 1. Calculated crystal structure of LaFe,X;, (X =P, As and Sb) compounds.
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(c)

LaFe4P;, LaFe4Asq, LaFe,Sbi,
a(A)
7.8315 8.3251° 9.1392
7.724° 8.179° 8.963°
7.8316" (Exp.) 8.3252° (Exp.) 9.1392¢ (Exp.)
7.8217" 8.3252" 9.1487° (Exp.)
9.1395"
u
0.3530° 0.3453 03365
0.3527° 0.3418° 0.3344°
0.3539° (Exp.) 0.34556°(Exp.) 0.33696 (Exp.)
v
0.1511 0.15521° 0.1610
0.1543° 0.15667° 0.1612°
0.1504" (Exp.) 0.15474° (Exp.) 0.16042° (Exp.)
B
160.2° 145.7 104.5
177.11% 152.09° 115.82°
88.9° (Exp.)
101.4° (calc.)
B
3.60 3.1 2.98
4.21° 4.03° 3.49°
2 Ref. [22].
b Ref. [19].
¢ Ref. [36].
4 Ref. [37].
¢ Ref. [38].
f Ref. [20].
" This work.

contribution of the phonon subsystem and the sixteen spin config-
urations of Fe play a principal role in these compounds [25,26].
From above it is clear that there exist a number of band struc-
ture calculations for LaFe4X;, (X =P, As and Sb) compounds using
different methods within local density approximation (LDA) and
generalized gradient approximation (GGA) as exchange- correla-
tion potentials. It is well know that for the highly correlated com-
pounds, LDA and GGA are known to fail to give the correct ground
state. In these systems, the electrons are highly localized. The
Coulomb repulsion between the electrons in open shells should
be taken into account [27]. Therefore, this motivates us to address
ourselves for a comprehensive theoretical calculation using the
all-electron full potential linear augmented plane wave plus the

local orbitals (FPLAPW + lo) method within the recently modified
Becke-Johnson potential (mBJ) [28], which optimizes the corre-
sponding potential for electronic band structure calculations. The
modified Becke-Johnson potential allows the calculation with
accuracy similar to the very expensive GW calculations [28]. It is
a local approximation to an atomic “exact-exchange” potential
and a screening term. We have calculated the electronic band
structure, electronic charge distribution, total and the angular
momentum resolved projected density of states, Fermi surface
and the optical properties for LaFesX;, (X=P, As and Sb) com-
pounds. The investigation of the optical properties brings deep
insight to understand the origin of the electronic band structure.
Therefore, we are interested to calculate the optical properties of
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Fig. 2. Calculated electronic band structure of LaFe4X;, (X =P, As and Sb) compounds using mBJ approach.

the investigated compound. The FPLAPW + lo method has proven to
be one of the accurate methods for the computation of the elec-
tronic structure of solids within density functional theory (DFT)
[29-33].

2. Details of calculations

This work is devoted to study some specific features of the elec-
tronic structure of skutterudites LaFe;X > (X =P, As and Sb) com-
pounds. These compounds crystallizes in cubic space group
Im-3. In the unit cell, La atom is situated at (0.0, 0.0, 0.0), Fe at
(0.25, 0.25, 0.25) and X at (0.0, u, v) [18,19]. Fig. 1(a-c) illustrates
the crystal structure of LaFe4X;, (X = P, As and Sb). The lattice con-
stant a and the two internal free parameters u and v were opti-
mized by minimizing the total energy. The optimization is
achieved using the full potential linear augmented plane wave
(FPLAPW + lo) method as implemented in WIEN2k code [34] within
the local density approximation (LDA) [35]. These values are listed
in Table 1 along with the with the bulk modulus B in (GPa) and its
pressure derivative, B’ in comparison with the experimental data
and the previous results [19,20,22,36-38]. The experimental
atomic positions [18,19] were optimized by minimizing the forces
acting on each atom, we assume that the structure is totally
relaxed when the forces on each atom reach values less than 1
mRy/a.u. The optimization of the atomic position were achieved
using Perdew, Burke and Ernzerhof generalized gradient approxi-
mation (PBE-GGA) [39]. From the obtained relaxed geometry the
electronic structure, the chemical bonding, electronic charge den-
sity and the optical properties have been determined using
FPLAPW + lo within the recently modified Becke-Johnson potential
(mB]J). To solve the Kohn-Sham equations a basis of linear APW’s
were used. In the muffin-tin (MT) spheres the potential and charge
density were expanded in spherical harmonics with I,;,,=8 and
nonspherical components up to . = 6. In the interstitial region
the potential and the charge density were represented by Fourier

series. Self-consistency was obtained using 800 k points in the irre-
ducible Brillouin zone (IBZ). The electronic band structure and the

related properties were calculated within 5000 E points in IBZ. The
self-consistent calculations were converged since the total energy
of the system was stable within 107> Ry.

3. Results and discussion
3.1. Electronic band structure and density of states

The calculated electronic band structure of LaFesX;, (X =P, As
and Sb) compounds within mBJ are plotted in Fig. 2(a)-(c) along
the high symmetry directions ' - H—- N — I' - P of the FCC
cubic structure. The Fermi level is situated at 0.0 eV. It is clear that
moving from P — As — Sb show significant influence on the bands
dispersion, for instance the bands below Fermi level which are
mainly consist of Fe-d and X-p states shifts toward Fermi level. It
has been noticed that for the investigated compounds only two
bands cuts Fermi level to form Fermi surface. To the best of our
knowledge no experimental data on the electronic band structure
of LaFe4X;, (X = P, As and Sb) compounds have appeared in the lit-
erature to make a meaningful comparison. Therefore, we can com-
pare our calculated electronic band structure with previous
calculations using different methods and different exchange-cor-
relation potentials [20-23], in general reasonable agreement was
found in the matter of bands dispersion. Based on our previous
experiences with mBJ on similar systems [40,41] therefore, using
mBJ to calculate the electronic band structure of LaFe4X;; (X=P,
As and Sb) compounds should show better band splitting than that
obtained from LDA and GGA and hence more accurate optical prop-
erties due to better optical transitions between the bands. Future
experimental work will testify our calculated results. In order to
inspect the influence of substituting P — As — Sb on the bands/
states dispersions, bond lengths and angles, the hybridization
between the orbitals and the types of orbitals which are control
the overlapping around Fermi level, we investigated the total and
the angular momentum resolved projected density of states
(TDOS and) PDOS using mBJ approach as illustrated in Figs. 3(a)-
(j)- Fig. 3(a) presents the influence of substituting P - As — Sb on
the TDOS which confirm that there is significant influence on the
bands dispersion. The calculated partial density of states are pre-
sented in Fig. 3(b)-(j) which explore that the Fe-d state has the
main contribution around Fermi level along with small contribu-
tion from Fe-s/p and X-s/p states. These states control the overlap-
ping around Fermi level, the overlapping is strong enough
indicating the metallic nature of the investigated compound with
increasing value of the density of states at Fermi level N(Er) when
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Fig. 3. Calculated total and partial density of states of LaFe4X;, (X =P, As and Sb) compounds using mBJ approach.

we move from P — As — Sb. The associated electronic specific heat
coefficient (y) can be determined by using the expression,
Y= %TEZN(EF)k‘Zg where kg is the Boltzmann constant. The calculated
values of N(Er) and y for LaFe4X;, (X = P, As and Sb) compounds are
listed in Table 2. It is clear that these values are increases with sub-
stituting P — As — Sb that is attributed to the fact that just below

Fermi level (Er) there exists several bands with less dispersion
moves close to Er when we substitute P — As — Sb. Also due to
the fact that the atomic radii of Sb (145 pm)>As (115 pm)>P
(100 pm), this lead to increase the bond lengths between the atoms
which cause to push up electronic energy on the neighboring
atoms resulting in increasing N(Er) and hence 7. It is interesting
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Table 2

Calculated density of states at Fermi lever N(Ef) for LaFe4X;, (X =P, As and Sb) along with the calculated

electronic specific heat coefficient (7).

Compound N(EF)

Y

LaFe4Pq5

17.20 (states/Ry/cell)
190 (states/Ry) ¢

2.98 (m]/mole K?)

LaFe4Asq; 27.40 (states/Ry/cell) 4.75 (mJ/mole K?)
247 (states/Ry) *

LaFe,Sby; 44.51(states/Ry/cell) 7.71 (mJ/mole K?)
343 (states/Ry) *

2 Ref. [20].

to mention that due to the small electro-negativity differences
between P (2.19), As (2.18) and Sb (2.05) therefore, substituting
P — As — Sb will not introduce more peaks in the density of states
[42]. The calculated angular momentum resolved projected density
of states enables us to identify the angular momentum characters
of the various structures. It has been found that La-s, Fe-s/p and
X-s/p states are contributing along the whole energy range.
While the contribution of Fe-d state is confined in two regions
(—6.0 up to 0.5) eV and (0.1 and above), the contribution of La-d
start from 1.5 eV.

There exists a strong hybridization between Fe-s and Fe-p
states, whereas a weak hybridization is found between Fe-s, Fe-p
and La-s states and X-s strongly hybridized with X-p state there-
fore, most the bonds have ionic nature except the X atoms are
forming strong covalent bonds. To investigate the bonds nature
and the interactions between the atoms we have taken a deep
careful look at valence band electronic charge density distribution
of LaFe4X;, (X =P, As and Sb) compounds in two crystallographic
planes namely (100) and (101) as shown in Fig. 4(a)-(f). It has
been observed that the (100) plane exhibit only La and X atoms,
La atoms surrounding by spherical charge indicating the ionic nat-
ure of these atoms while the X atoms form strong covalent bonding
with the neighboring X atoms. Whereas the (101) plane exhibit all
the atoms where Fe atoms surrounding by uniform spherical
charge indicating the ionic nature. Due to electronegativity differ-
ences between La (1.1), Fe (1.83), P (2.19), As (2.18) and Sb (2.05)
one can see that the charge is attracted toward X atoms which is
clearly shown by the blue' (1.0000) color which is corresponds to
the maximum charge accumulation site according to charge density
scale.

It has been mentioned earlier the calculated electronic band
structure of LaFesX;; (X =P, As and Sb) compounds exhibit that
only two bands crossing Fermi level to form Fermi surface in con-
cordance with our observation from the partial density of states at
Fermi level. These bands are mainly consist of Fe-d states and X-p
states. The Fermi level is determined via the Kohn-Sham eigen-
value of the highest occupied state. The shape of Fermi surface is
shown in Fig. 5(a)-(c). The observed Fermi surface consists of
empty areas that represent the holes and shaded areas correspond-
ing to the electrons.

3.2. Optical properties

The complex dielectric function &) is well explained the opti-
cal properties of materials, which represents the linear response of
a system to an external electromagnetic field. It can be expressed
as e(w) = e(w) +iex(w), where &(w) and e(w) are the real and
imaginary parts of the dielectric function. The imaginary part
e(w) is directly related to the electronic band structure of the

! For interpretation of color in Figs. 4, the reader is referred to the web version of
this article.

material and describes its absorptive behavior [43]. This quantity
can be computed by summing up all possible transitions from
the occupied to the unoccupied states, taking into account the
appropriate transition dipole matrix elements. The real part ¢ ()
can be derived from the imaginary part using Kramers-Kronig
transformation [43]. The calculations of the optical dielectric func-
tion involve the energy eigenvalues and electron wave functions
which are natural outputs of band structure calculations. The
knowledge of both real and imaginary parts of the dielectric func-
tion allows the calculation of various optical constants, such us the
reflectivity spectra, R(w) refractive index, n(w) loss function L(w)
and absorption coefficient I(w). LaFe4X;5 (X =P, As and Sb) com-
pounds have face-centred cubic structure with space group
Im-3. For calculating the optical properties of cubic structural
material only one dielectric tensor component we need to com-
pletely characterize the linear optical properties. This component
is &(w) the imaginary part of the frequency dependent dielectric
function is given by Ref. [44]

8 2 dS
82((1)) - 37[(,02 ; /BZ ‘le'(k)‘ vwnn’(k) (1)

where P, is the dipolar matrix elements between initial |nk) and
final |n’k) states with their eigenvalues E,, (k) and, E,, respectively.
For the metallic and semimetallic materials there are two contribu-
tion to, &;(w) namely intra-band and inter-band transitions. As the
investigated compounds are metallic we must include the Drude
term (intraband transitions) [43].

82((1)) = 82inter(w) + 82intra(w) (2)
where

wpT
E2intra (@) = m (3)

where wp is the anisotropic plasma frequency [43] and 7 is the
mean free time between collisions.

87 -
wlzj = 3 Zﬁinb(skn) (4)
kn

where ¢, is E;(k) — Er and 9y, is the electron velocity. In Table 3, we
have listed the values of the plasma frequency for the investigated
compounds.

To ascertain the effect of intra-band transitions on the optical
dielectric functions, we have calculated e(w) and &(w) with and
without inclusion of the Drude term. In Fig. 6(a) and (b) we illus-
trated e(w) and &;(w) with Drude term. It has been found that
the intra-band transitions have significant effect at energies
<1.0 eV. The sharp rise below 1.0 eV is due to the intra-band tran-
sitions. A lossless region appears around 1.2 eV. The dispersion of
the imaginary part of the optical dielectric function for LaFesX;,
(X=P, As and Sb) compounds show that substituting
P — As — Sb lead to shift the spectral structure toward lower ener-
gies with increasing the amplitude. This observation could be
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Fig. 4. Calculated electronic charge density dispersion of LaFe,X;, (X =P, As and

attributed to increasing of the bond lengths while we replacing
P — As —» Sb due to the increasing/reducing the atomic radii P
(100 pm) < As (115 pm) < Sb (145 pm). In all cases the optical spec-
tral structure of the imaginary part present only one main peak.
We make use of the calculated electronic band structure and par-
tial density of states with aid of the optical selection rules and

+0,0000
+0,2000
+0,4000
+0.6000
+0.8000
+1,0000

Sb) compounds using mBJ approach for two crystallographic planes (100) and (101).

the optical matrix elements to analyze the optical transitions that
are responsible for the spectral features in e (w). It has been found
that the observed spectral structures are correspond to the elec-
tric-dipole transitions that have large optical matrix elements.
The real part of the optical dielectric function are shown in
Fig. 6(b). It confirms that the intra-band transitions have
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Fig. 5. Calculated Fermi surface of LaFe4X;, (X =P, As and Sb) compounds using mBJ approach.

significant effect at energies <1.0eV, and the spectral structure
shift toward lower energies when we replace P by As and As by Sb.

The calculated reflectivity spectra of LaFe4X;, (X = P, As and Sb)
compounds are illustrated in Fig. 6(c). We observe that a high
reflectivity (~unity) occurs at low energies followed by a lossless
region around 1.2 eV. The first reflectivity minima occurs at
9.0 eV. The reflectivity minima confirm the occurrence of a collec-
tive plasmon resonance. The depth of the plasmon minimum is
determined by the imaginary part of the dielectric function at
the plasma resonance and is representative of the degree of overlap
between the inter-band absorption regions. Fig. 6(d) illustrated the
calculated absorption coefficient which explore that LaFesX;,
(X =P, As and Sb) compounds have zero absorption at low energy

Table 3
The calculated, w¥* @}’ and w# LaFesX;, (X =P, As and Sb) when, () & (w) and
&f(w) cross zero.

Compound wf

LaFe4P1> 1.596
LaFesAs» 1.765
LaFe,Sby, 1.951

(<1.0 eV) confirming that this compound possesses high reflectiv-
ity (~unity), thereafter the absorption increases rapidly with
increasing the energy of the incident photons. The calculated
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Fig. 6. Calculated optical properties of LaFe,X;, (X =P, As and Sb) compounds using mBJ approach; (a) imaginary part; (b) real part; (c) reflectivity spectra; (d) absorption

coefficient; (e) refractive indices; (f) loss function.

refractive indices n(w) as represented in Fig. 6(e) exhibit high val-
ues of the refractive indices at low energies and thereafter drop to
low values (lossless region) then it forms the main peak at around
1.5, 2.0 and 2.5 eV for LaFesX;; (X=P, As and Sb), respectively.
Again it show that the spectral structure shift toward lower ener-
gies when we replace P by As and As by Sb. Fig. 6(f) illustrated the
loss function, there exists two lossless regions, low lossless region
at around 1.0 eV and the high lossless region at around 12.5 eV in
concordance with our previous observation from Fig. 6(a)—(e).

4. Conclusions

The all-electron full potential linear augmented plane wave plus
local orbitals (FPLAPW + lo) method within the recently modified
Becke-Johnson potential were employed to investigated some

specific features of LaFe4X;, (X = P, As and Sb) compounds. The lat-
tice constant a and the two internal free parameters u and v were
optimized by minimizing the total energy. The optimization is
achieved using LDA. The results show good agreement with the
experimental data and the previous theoretical results. The exper-
imental atomic positions were optimized by minimizing the forces
acting on each atom, we assume that the structure is totally
relaxed when the forces on each atom reach values less than 1
mRy/a.u. The optimization of the atomic position were achieved
using PBE-GGA. The calculated electronic band structure and den-
sity of states explore that there is a significant influence on the
bands/states dispersions when we substituting P — As — Sb. The
values of N(Er) and y confirm the increasing in the metallicity of
the investigated materials when we move P — As — Sb. The partial
density of states show there exists a strong hybridization between
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Fe-s and Fe-p states, whereas a weak hybridization is found
between Fe-s, Fe-p and La-s states and X-s strongly hybridized
with X-p state therefore, most the bonds have ionic nature except
the X atoms are forming strong covalent bonds. This observation
was confirmed by the calculated electronic charge density distribu-
tion. Fermi surface was calculated and it has been found that it is
consists of empty areas that represent the holes and shaded areas
corresponding to the electrons. To get deep insight into the elec-
tronic structure, the optical properties were calculated which show
that when we replace P by As and As by Sb the spectral structure
shift toward lower energies in concordance with our observation
from the electronic band structures and the density of states.
Also it shows there exists a lossless regions.
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