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ABSTRACT

The electronic properties of complex binary skutterudites, MX3 (M = Co, Rh, Ir; X = P, As, Sb) are
explored, using various density functional theory (DFT) based theoretical approaches including Green's
Function (GW) as well as regular and non-regular Tran Blaha modified Becke Jhonson (TB-mBJ) methods.
The wide range of calculated bandgap values for each compound of this skutterudites family confirm that
they are theoretically as challenging as their experimental studies. The computationally expensive GW
method, which is generally assume to be efficient in the reproduction of the experimental bandgaps, is
also not very successful in the calculation of bandgaps. In this article, the issue of the theoretical
bandgaps of these compounds is resolved by reproducing the accurate experimental bandgaps, using the
recently developed non-regular TB-mBJ approach, based on DFT. The effectiveness of this technique is
due to the fact that a large volume of the binary skutterudite crystal is empty and hence quite large
proportion of electrons lie outside of the atomic spheres, where unlike LDA and GGA which are poor in
the treatment of these electrons, this technique properly treats these electrons and hence reproduces the

clear electronic picture of these compounds.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The skutterudites family has gained enormous attention as
perfect materials in the renewable energy thermoelectric devices.
The binary skutterudites display remarkable transport properties,
including high degree of carrier's mobility [1]. The unusual trans-
port properties of these compounds are a consequence of the high
degree of covalent bonding because of the small electronegativity
difference in their constituent elements and narrow bandgaps [1,2].
However, this strong bonding and simple order lead to high lattice
thermal conductivity and thus, the issue with them is the reduction
of lattice thermal conductivity, which can be resolved by the unique
cage like open structure of skutterudites, where the open voids are
filled with the rare-earth elements acting as phonon rattlers [1].
The bulk skutterudites with these unique physical properties are
considered as ideal materials for thermoelectric applications [3];
although, higher Figure of Merit (ZT) values have been observed in
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superlattices as compared to bulk materials but superlattices are
not useful in large-scale power production due to their high cost
and heat transfer; therefore bulk skutterudites with improved ZT
values are considered as ideal materials in high-temperature
thermoelectric applications [3—7]. These skutterudites are repre-
sented by MXs3 (M = Co, Rh, Ir; X = P, As, Sb) having body centered
cubic structure with space group Im3 [8] and crystallize in a cage-
like crystal structure, where each transition metal atom is octahe-
drally coordinated to six pnictide atoms [9,10].

The skutterudite structure is similar to the structure of ReOs,
where perovskite (ABO3) structure can be attained by introducing
void on A site and also the octahedra of the ideal perovskite structure
is somewhat tilted [11]. Binary skutterudites are extensively studied
materials because of their potential technological applications and
diverse physical properties but are challenging for experimentalists
as well as theoreticians, due to their narrow bandgaps, complex
crystal structure, large unit cell, low symmetry points and strong
covalent bonding [ 12—14]. The complexity of the electronic structure
of these compounds can be seen from the bandgap values of the
CoSbs. For this compound, the experimentally measured bandgap
value varies over a wide range (0.03, 0.04, 0.05, 0.55 and 0.63 eV)
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[15—19]. These differences are due to the difference in the synthesis
methods and bandgap measurement techniques. It is obvious that
these values are not consistent with each other and similarly the
theoretically reported value of the bandgap for this compound using
GGA is 0.118 [20],0.129 [21],0.036 [22], 0.17 [23] and 0 eV [17], while
with LDA is 0 [24] and 0.22 [25] eV. Recently, Hommerschmidt et al.
[21] revisited the electronic structure of CoSbs with different theo-
retical approaches and obtained bandgaps of 4.17, 0.221, 0.129, 0.089,
0.572 and 0.756 eV by using HF (Hartree Fock), LDA, Perdew-Burke-
Enzerhof (PBE), Perdew-Wang 1991 (PW91), Becke-3 Parameter Lee-
Yang-Parr (B3LYP) and Becke 3-Pararmetr Perdew-Wang (B3PW)
schemes, respectively. Literature reveals similar controversies in the
electronic band structures of the other binary skutterudites too.
Hence, a comprehensive work on these compounds with great care
and reliable theoretical basis is needed to resolve the issue of the
theoretical bandgaps of these compounds. In this article, the bandgap
structures of these skutterudites compounds are revisited and then
various theoretical methods are evaluated to check the best possible
theoretical solution for the electronic properties these compounds.

2. Computational details

In the present work we solve the problem with two different
approaches. In the first approach self-consistent density functional
theory (DFT) calculations are performed using the full potential
linearized augmented plane waves plus local orbital (FP-
LAPW + lo) method [26] as implemented in the WIEN2k code [27].
For the estimation of the exchange-correlation potential, we use
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBEsol GGA) [28], regular TB-mBJ [29] and non-regular TB-mB]
[30]. Monkhorst-Pack grid [31] for integrations over the First Bril-
louin Zone (1BZ) of the unit cell, muffin-tin radii of the elements in
compounds and other computational parameters are provided in
Table 1. The full relaxations are performed with the criterion of 1
mRy/Bohr on the exerted forces.

For performing the non-regular TB-mB] calculations, first we
determine the correction factor c self-consistently within the reg-
ular TB-mB]J calculations. The self-consistently converged values c
factor for skutterudites within the regular TB-mB] calculations are
taken small in the first attempt, due to the large electron charge
density of these compounds in the interstitial region. To reproduce
logical results, we gradually increase the c factor internally for each
compound and did not allow its variation during a self-consistent
calculation. In this manner the c value is optimized (copt) for each
material and, the calculations performed with the optimized c
value are known as non-regular TB-mB]J calculations.

The second approach to solve the problem is GW method, where
the GW calculations are performed with the ABINIT code, where this
code is based on pseudopotential method and density functional

theory is employed to carry out these calculations in a self-consistent
manner. In this method, Green's Function approximation (GWA) is
used to compute the exchange—correlation energy [32]. In the pre-
sent calculations, we use FHI (Fritz-Haber-Institute) and Optimized
Pseudopotential Interface/Unification Module (OPIUM) generated
(Perdew-Burke-Ernzerhof GGA) pseudopotentials [33]. To optimize
the structures under study, Hellmann—Feynman forces as small as
1072 eV/A on each atom are selected. Hedin evaluated the self-
energy in GW approximation (GWA) and Hybertsen and Louie
applied it by incorporating a Green's function approach [34,35]. The
quasiparticle energy Ezﬁ as a GGA energy eigenvalue plus a many
body correction is calculated using the following equation:

B = oG+ (k| S2() - vk ) e

where €554 is the nth energy level at wave number k, VA is the

exchange—correlation potential in GGA and Z(Egi) is the self-

energy for the quasiparticle energy E/ [36].

3. Results and discussions

One of the most fundamental parameter which describes many
physical properties of a compound is the bandgap. Bandgap of a
material provides a detailed account of the optical, electronic, opto-
electronic and thermoelectric properties of that material. Therefore,
the knowledge of the electronic structure of a material is necessary
for its possible technological applications in various devices. In op-
toelectronics we are mostly concerned with direct bandgap mate-
rials, where the gap value in the range of infrared (IR) to ultraviolet
(UV) depends strictly upon the nature of application. Though, there
are more stringent requirements for efficient thermoelectric mate-
rials but unlike optically active materials, they require narrow
bandgap compounds irrespective of their nature, direct or indirect.

The measurement of the optical properties of a material directly
investigates its electronic structure and hence provides valuable
information about the band structure of that compound [37]. Thus
these measurements estimate the energy difference between the
valence and conduction bands, i.e. bandgap (Eg), which is used to
determine the electronic and thermoelectric properties materials
[38]. Different experimental methods are used to measure bandgaps
of semiconductors but the best values are generally obtained by
optical absorption [39]. In Table 2, we have presented the experi-
mental bandgaps of the binary skutterudites obtained by different
experimental techniques. For reliability as well as rational and logical
discussion on the electronic structure of the binary skutterudites, we
will follow the results obtained by the optical absorption techniques,
i.e.,, 045 [40],043[19],0.69 [19],0.63 [19], 1.4 [41], 0.8 [19] and 0.8

Table 1

Computational parameters.
Compound k-points meshes RvrKmax Separation energy (Ry) Gumax (Ry'?) Muffin-tin radii (a.u.)

M X

MX3
CoPs 23 x 23 x 23 55 -6.0 12 2.33 1.81
CoAss 23 x 23 x 23 55 -6.0 12 2.00 2.11
CoSbs 23 x 23 x 23 5.5 -6.0 12 230 235
IrPs3 23 x 23 x 23 55 -6.0 12 241 1.78
IrAss3 23 x 23 x 23 55 -6.0 12 2.32 2.21
IrSbs 23 x 23 x 23 5.5 -6.0 12 2.39 2.27
RhP3 23 x 23 x 23 55 -6.0 12 2.47 1.92
RhAs; 23 x 23 x 23 55 -6.0 12 2.32 2.21
RhSbs 23 x 23 x 23 5.5 -6.0 12 2.33 2.33
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Table 2

Comparison of calculated bandgaps (in eV) using GW, LDA and GGA with the experimental results for binary skutterudites.

Compound Experimental LDA

GGA GwW

CoPs; 0.45%, 0.43"
CoAss 0.69° o
CoSbs 0.55¢, 0.63°,0.05, 0.031°, 0.04"
IrP; sc?

IrSbs 149 1.18°

IrAs; sc” 0.156'
RhP; metal>d metal'
RhAs3 0.8° 0
RhSb; 0.8°

0.136'

metal™"8
0", 0.22/, 0.221%,0.003'

0", 0.075'

metal', 0™

0.592
0.045
0.335
0.119
o 0.086
0.635
0.123
0.214
o' 0.165

0.337¢, 0"
0.118', 0.129, 0.036P, 0.17,0"

sc semiconductor.
Ref. [40].
Ref. [19].
Ref. [18].
Ref. [41].
Ref. [24].
Ref. [47].
Ref. [48].
Ref. [23].
Ref. [20].
Ref. [25].
Ref. [21].
Ref. [49].
Ref. [10].
Ref. [50].
Ref. [15].
Ref. [22].
Ref. [51].
Ref. [16].
Ref. [52].
Ref. [17].

A v m 8T o0 5 3 - x e o TWE om0 A AT D

[18] eV values for CoP3, CoAss, CoSbs, IrSbs, RhAs3 and RhSbs,
respectively and hence will compare other theoretical results.

Table 2 clearly indicates that the bandgaps obtained by the
theoretical approaches of local density approximation (LDA) and
generalized gradient approximation (GGA) are severely under-
estimated. Therefore LDA and GGA methods are not successful in
reproducing the correct bandgaps of the binary skutterudite com-
pounds. This is due to the fact that the bonding nature of these
binary skutterudites is covalent and due to this covalent nature
charge leakage occurs from their muffin-tin (MT) radii to the
interstitial regions. Therefore the correct electronic structure cal-
culations of these compounds is not possible for the theoretical
techniques LDA and GGA, where these techniques are suitable for
situations if charge leakage from MT sphere is less and maximum of
the charge is localized inside the MT spheres.

The poor bandgaps by the LDA and GGA are not unexpected, as
these approaches are not useful for the open-shell 3d, 4d, 5d, 4f, or 5f
orbitals. In other words the main reasons for the ineffectiveness, of
these DFT based methods to these compounds, are their large unit
cells, hollow spaces in the unit cells, narrow bandgaps, complex
crystal structures, strongly correlated natures due to the transition
metals d states, low symmetry points and strong covalent bonding.
Therefore, because of these complexities the theoretical handling of
these materials is as complicated as their experimental treatment
and therefore, one needs to think beyond the LDA and GGA methods.
Hence, these compounds need extensive care and experience of the
pros and cons of the different theoretical methods in order to
reproduce the experimental bandgaps of these skutterudites.

Keeping all these complexities of these compounds in mind we
approached to address the issue of the theoretical bandgaps of
these compounds, with the computationally expensive but reliable
theoretical tool, GW method. Our calculated bandgaps with the GW
method are presented in Table 2. Fig. 1 also shows a comparison of
the calculated bandgaps with the experimental results. Experi-
mental bandgaps are taken along abscissa while theoretical

bandgaps are taken along ordinate. Along the ordinate the theo-
retical values of bandgaps are taken for the approaches LDA, GGA,
GW, TB-mB] and non-regular TB-mBJ. It is clear from the table as
well as Fig. 1, that the calculated bandgap for CoP3 with GW
0.592 eV is consistent with the experimentally reported result of
0.45 eV [40] and 0.43 eV [19]. However, the values obtained by the
GW for the other skutterudites 0.045, 0.335, 0.086, 0.123, 0.214 and
0.165 eV are not much impressive and results are far away from the
experimental values 0.69 eV [19],0.63 eV [19],1.4 eV [41],0eV [19],
0.8 eV [19], 0.8 eV [18] for CoAss, CoSbs, IrSbs, RhP3, RhAs3 and
RhSbs respectively, which reveals that even this computationally
expensive and reliable GW technique is also not a good choice for
the prediction of the bandgaps of these binary skutterudites.
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Fig. 1. Comparison of calculated bandgaps (ordinate) by GW, TB-mBJ and non-regular
TB-mB]J with the experimental bandgaps (abscissa) for binary skutterudites.
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Table 3

Comparison of the calculated bandgaps (eV) using TB-mB] and non-regular TB-mB] methods with the experimentally measured bandgaps by optical techniques.
Compound Optical bandgap TB-mB]J Non-regular TB-mB] Copt factor Bandgap nature
CoP3 0.45% 0.43° 0.00 0.42 1.5007 Indirect
CoAs3 0.69° 0.65 0.65 1.2122 Indirect
CoSbs 0.63" 0.58 0.61 1.5099 Indirect
IrP; sc® 0.61 0.61 1.1948 Indirect
IrSbs sc” 0.87 0.87 14711 Indirect
IrAss 1.40° 0.90 1.38 1.5495 Indirect
RhP3 metal® metal metal 11777 Metal
RhAs; 0.80° 0.38 0.77 1.6203 Indirect
RhSbs 0.80¢ 0.17 0.73 1.7451 Indirect

sc semiconductor.
2 Ref. [40].
b Ref. [19].
€ Ref. [18].
d Ref. [41].

The binary skutterudites have large unit cells and large amount of
free space is available in their crystals because of the missing posi-
tions in the perovskite like structure. The other available theoretical
methods like LDA and GGA are not efficient in the treatment of the
electrons reside in the voids in these compounds, whereas these
electrons can be properly treated by the TB-mB] method. Therefore,
we approached to the problem with the recently developed Tran and
Blaha modified Becke and Johnson (B]) exchange potential (TB-mB]).
The inherent limitations of the density functional theory are reduced
by Tran and Blaha via the modification of the Becke and Johnson (B])
exchange potential [42]. This theoretical method (TB-mB]) is very
efficient for the bandgaps and the effectiveness of this approach can
be found in a wide range of compounds [43—46].

The calculated bandgaps by the regular TB-mB]J are presented in
Table 3. It is clear from Tables 2 and 3 as well as Fig. 2 that the
bandgaps calculated by the regular TB-mBJ for the binary skutter-
udite compounds MX3 (M = Co, Rh, Ir; X = P, As, Sb) are better than
that of the LDA and GGA approaches but are inferior than the
pseudopotential GW method. The results obtained by the regular
TB-mB]J also show serious under estimation when compared to the
experimental results.

Recently the TB-mB] approach is further improved by the re-
parameterization of the correction c-factor [30]. The TB-mB] ex-
change potential is:

|Vp(r')|dr’
pc(f)

olBm8 (p) — | 1.023 — 0012

/
Q
Q

3/ X,(1)/3
% {(1 +1x”(r))efx”(l‘) _ 1}

Xy (T) 2
1/2
3 /5 SN v v,
T V12 Z{V:nl g/i,a|2
1/2
2[5 X v, v,
T V12 Zfi’] g/i70|2

(2)

v ™ (1) = ¢ x <Uf!g(,) +% 132&,((:))) 7% 13(/))t0((rr)) 3)

where Q is the unit cell volume, and X, is related to the topology of
the electron charge density, which can be obtained from the elec-
tron charge density p,(r) = >N |w;,|% Vps and Vps are the
gradient and Laplacian of the electron charge density and
t,(r) :%Zﬁlvly; » V¥, is the electron kinetic-energy density.
The two parameters, 1.023 Bohr and —0.012 (dimensionless), in the
first parenthesis of Eq. (2) are optimized by Tran and Blaha in order
to reproduce the experimental bandgaps of several compounds
including wide bandgap insulators, sp semiconductors, and
strongly correlated 3d transition-metal oxides.

The u,ff,’mB] (r) exchange potential is represented versus the
v,l?!(,(l‘) exchange potential as shown in Eq. (3), where c is the
expression given in the first parenthesis of Eq. (2). Therefore, if
c=1,then v,{f,’mB] (r) = v)l?‘, (r) is consistent with Ref. 33 and Ref. 35.
It clarifies that why one needs to perform regular LDA or GGA
calculations to carry out the TB-mB] calculations. The u,ff,’mBJ (r)
potential, as can be seen from Eqs. (2) and (3), is introduced directly
and not obtained from an exchange energy functional Ey.

Generally, the TB-mB] method is not very efficient in hollow
compounds and more elaborations are needed in the form of non-
regular TB-mBJ method to reproduce correct experimental
bandgaps for such compounds. It is clear from Eq. (2) that c factor is
linearly dependent on the square root of %. The relation shows
that the bandgap value increases as c increases. The TB-mBJ method
could not reproduce the correct experimental bandgaps for binary
skutterudites due to their large electron charge density in the
interstitial region caused by the empty space because of the
missing sites in the pervoskite like structure. To improve the results
of the TB-mBJ method and reproduce the experimental band gaps
for these compounds we approach with a non-regular TB-mB]
(nTB-mBJ) scheme, where in this scheme c-parameter is optimized
for each compound and its optimum values (copt) is used in the nTB-
mBJ calculations. The optimized values of the c-factor for all the
compounds are presented in Table 3.

Fig. 2 shows the calculated band structures of RhAss, RhSbs and
IrSbs by using the nTB-mB] approach. The calculated bandgap
values for the binary skutterudite compounds with the non-regular
TB-mBJ] method are compared with the regular TB-mBJ and GW
methods, as well as, the experimentally measured results by optical
methods in Fig. 1 and Table 3. It is clear from the figure and table
that the calculated bandgap values via non-regular TB-mB] are
consistent to the experimental results. This indicates that the non-
regular TB-mBJ is an efficient theoretical tool to deal with such kind
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Fig. 2. Calculated band structures of (a) RhAs3 (b) RhSbs and (c) IrSbs by using the non-regular TB-BJ approach.

of problems. It is important to be noted that GW calculations are
computationally expensive and generally reliable, but for these
compounds the non-regular TB-mB] performance is not only better
than LDA, GGA and regular TB-mBJ] but also than the GW
calculations.

The effectiveness of the TB-mB]J, in the electronic structure
calculations for the skutterudites, confirms that the charge leakage
in these compounds from the muffin-tin radii to the interstitial site
is large and the contribution of the interstitial states is found to be
comparable to that of the muffin-tin spheres. As the majority of the
electrons in these skutterudites are not limited to muffin-tin
spheres therefore they cannot be properly treated with the LDA
and GGA within the APW-based methods, which are somewhat
effective schemes for the situations where orbitals are more or less
localized in atomic spheres. This establishes a fact of the better
performance of the non-regular TB-mB] scheme for the skutter-
udites family as compared to the other theoretical approaches.

4. Conclusions

In summary, we have performed the electronic structure cal-
culations of the challenging compounds, binary skutterudites MX3
(M = Co, Rh, Ir; X = P, As, Sb), with various theoretical approaches,
i.e.,, regular TB-mBJ, non-regular TB-mB] and GW methods. The
calculated results are also compared with the available results of
the LDA and GGA methods. It is concluded that the electronic band
structures are severely underestimated by LDA and GGA form the
corresponding experimental results, as these techniques work well
for materials in which electrons are limited to atomic spheres, but
in these skutterudites quite large proportion of electrons are out of
atomic spheres and hence cannot be properly treated by these
methods. The GW and TB-mB] methods though reproduce
reasonable bandgaps for these compounds but are still somewhat
inconsistent with the experimental results. It is further concluded
that the non-regular TB-mBJ reproduces the correct experimental
bandgaps for these compounds and hence is a suitable theoretical
approach for these skutterudites and related complex structured
challenging compounds, which have large amount of voids. The
root cause for the effectiveness of this technique is the proper
treatment of electrons, both in the muffin tin spheres of atoms and
interstitial regions.
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