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In this paper we explore the electronic nature and thermoelectric properties of filled skutterudites
AFe4Sb1; (A=Ca, Sr and Ba) by DFT and post-DFT techniques. The calculated results show that the filling
of Ca, Sr, and Ba at the empty crystal sites enhances the thermoelectric performance of the host material.
This increase is a consequence of the coupling between the guest and the host atoms, which affects the
electronic density at different symmetry points that increases the density of states of the valence bands.
The valence band edge is almost independent of the guest atoms, i.e., the s-bands of Ca, Sr and Ba have
negligibly small contribution to the valence band edge. In these compounds, the maximum value of
thermoelectric PF/t of 42.43 x 10" pW/cmK?s and 33.57 x 10" pW/cmK?s for the n-type of SrFe4Sbys in
the spin-up and down states respectively. The striking feature of these compounds is their effectiveness
at the low chemical potential values for the best thermoelectric performance.

Boltzmann's theory

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In thermoelectric power generators, heat energy is used to push
electrons and holes in opposite directions in thermoelectric (TE)
materials. These generators are highly reliable for their static na-
ture with no moving parts. The progress in the search for high
performance TE materials may ultimately lead to efficient TE ma-
terial that can save most of the heat losses by transferring waste
heat to electricity [1]. In the recent years, focus on the promising
thermoelectric materials is enhanced to overcome the energy crises
by converting waste heat into electricity [2—4].

The efficiency of a TE material can be quantified by the relation
ZT = S%6T/k, where S is the Seebeck coefficient, o is the electrical
conductivity and k is the thermal conductivity of a material at a
given temperature T [5]. The search for the efficient TE materials
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has led to numerous advances which have resulted in enhanced ZT
values for different types of compounds including superlattices,
nanostructured materials, nanocomposites, and bulk materials
[6—19]. It is evident that in all these types of materials, the TE pa-
rameters such as S, o, and « are strongly interdependent on each
other. For example, compounds having high Seebeck values usually
have low values of electrical conductivity and high values of ther-
mal conductivity. These intrinsic properties restrict the sponta-
neous optimization of electrical and thermal transport properties of
a compound, as well as its ZT value [20].

Binary skutterudite compounds MX3 (M=Co, Rh, or Ir; X=P, As,
or Sb) have cage-like crystallographic nature due to their corner
sharing MXg octahedral [21—23]. Among the binary skutterudites
CoSbs is an exemplary skutterudite system as it has excellent
electronic properties with high Seebeck coefficient [23]. However,
the main issue with CoSbs is that its thermal conductivity is too
large which restricts the optimization for achieving a high ther-
moelectric efficiency [21—23]. Also the ability to lower the thermal
conductivity in CoSbs by using filler atoms is limited [24], since the
filling factor is rather small and focus on filled skutterudites has
been directed towards other skutterudites, such as Fe containing
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RyFexCo1_xSb12. The filling factor is larger for such systems and for
RyFe4Sb; the filling factor reaches unity [25—29].

The empirical formula of the filled skutterudites is RM4Sb1y,
where R can be alkali, alkaline-earth, lanthanide, or actinide metals,
and M is Fe, Ry, Os, Co, Rh, or Ir. The studies on the thermoelectric
properties of the filled skutterudites were initially started in the last
decades of the twentieth century [14,22,30—34]. In this era the
main focus was on the p-type partially filled Fe based skutterudites
compounds and the dimensionless figure of merits for these ma-
terials were reported above unity [31,32,35,36]. Research work on
the n-type filled skutterudites was rather slow, until partially filled
skutterudites with high filling fraction of the fillers were synthe-
sized and reported with good thermoelectric performance at high
temperatures [37—39]. Since then, the thermoelectric figure of
merit of the n-type skutterudites has also gained interest in various
n-type single element filled skutterudites with high ZT values
[40,41]. The filling of two or more types of fillers into the voids in
skutterudite has shown further reduction in the lattice thermal
conductivity and hence improvement in the ZT to 1.4 in double-
filled and 1.7 in multiple-filled n-type skutterudites [15,42,43].
Although there are a series of recent studies with high ZTs in n-type
partially filled skutterudites but only a few studies show high
temperature thermoelectric properties in the p-type skutterudites.
Furthermore, the ZT values of the p-type filled skutterudites are
confirmed in experiments and they are around 1.0, i.e., much lower
than n-type materials [44—46]. The stagnation of low ZT value in
the p-type skutterudites restricts the further development of
thermoelectric devices, since both excellent n- and p-type mate-
rials are required for high efficiency thermoelectric technology.
Hence, search for p-type skutterudites with comparable ZT values
to n-type materials is the need of the time for industrial
applications.

Fully filled skutterudites RFe4Sbq, are important p-type skut-
terudites, where the first RFe4Sbq; compound was initially reported
in 1980 [47]. After that, various RFe4Sby; ternary compounds with
different filler elements were synthesized and many interesting
physical properties were reported for them [22,30,32—34,48—58].
However, the thermoelectric properties have been studied for a few
RFe4Sbiy compounds experimentally [22,32,34,40,52]. Further-
more, high temperature thermoelectric properties, which are
crucial for the thermoelectric power generator, have been rarely
reported in RFesSbqy [32,34,40]. Due to the lack of a broad sys-
tematic study, a detailed theoretical understanding of the electrical
and thermal transport properties in alkaline-earth based AFe4Sby;
systems is still not available in the literature, which hinders the
further optimization to achieve high ZT in these compounds.
Therefore, it is essential to gain a comprehensive understanding of
the electrical and thermal transport properties of alkaline-earth
elements filled AFe4Sbq; skutterudites.

In this paper, a series of AFe4Sbq, samples with various fillers
(A=Ca, Sr and Ba) are modeled and their thermoelectric properties
are calculated for different chemical potential values at room
temperature. Hence, we carry out a systematic evaluation and
discuss the thermoelectric properties of these compounds related
to their chemical potentials.

2. Theory and calculations

The electronic structures of AFe4Sbi, (A=Ca, Sr and Ba) com-
pounds are calculated wusing the full-potential linearized
augmented plane waves (FPLAPW) method. The basis functions, i.e.,
the LAPWs, are composed of linear combinations of an APW and a
local orbital (LO). For the exchange-correlation potential, the PBE-
s0l08 GGA is used in the self-consistent field (SCF) calculations
[59]. Following this method, there is no restriction on the shape

approximation wether on potential or on the electronic density. The
space of the cell is divided into interstitial (IR) and muffin-tin (MT)
regions, however, the MTs have localization at the atomic positions.
The basis set in the interstitial regions is made of plane waves,
whereas the MT spheres bases set is given by the solutions of the
radial Schrodinger equation and related energy derivatives which
are multiplied by lattice harmonics. All these assumptions and
related parameterization are fixed in the WIEN2k code [60]. In our
case, for the electronic structure calculations, 1000 k-points are
used in the first Brillouin zone, and the cutoff parameter is taken
RmtKmax = 7, where Kpax is the maximal value of the reciprocal
lattice vector of the plane wave expansion, and Ry is the smallest
atomic sphere radius in the unit cell. These calculations have been
done in the presence of spin polarization and absence of spin-orbit
coupling.

Using the calculated band structure, the thermoelectric trans-
port tensors can be evaluated through the Boltzmann's transport
theory [61] Thermoelectric calculations require a denser k-mesh for
the convergence. Thus, we used a high dense k-mesh of 150000 k-
points for the transport properties convergence. This k-mesh is
more than 150 times denser than that used for the electronic
structure calculations as mentioned by Madsen and Singh [62].
Boltzmann's transport theory calculates the thermoelectric trans-
port parameters as implemented in the BoltzTraP code [62,63]. The
BoltzTraP code is a computational tool based on the smooth Fourier
interpolations of the band energies. The code uses the interpolated
band structure by WIEN2Kk to calculate the derivatives necessary to
evaluate the transport properties. Using this approach, Seebeck
coefficient, electrical and thermal conductivity relative to relaxa-
tion time 7 are calculated without any fitting parameter. Further-
more, the BoltzTraP code is based on the relaxation time
approximation. According to Ref. [64], this approximation is valid
for high doping level > 108/cm>. The relaxation time (t) is
considered constant during the calculation of this code; however,
its magnitude is not fixed and has not a default value. The Seebeck
coefficient does not depend on the value of the relaxation time. The
electrical and thermal conductivity that depend on the relaxation
time are presented as ¢/t and k/t, as shown in Figs. 5 and 6. The
value of relaxation time can be determined by comparing the
theoretical results with the available experimental data as done in
Ref. [65].

The Seebeck coefficient, S, electrical conductivity, o, and, elec-
tronic contribution to the thermal conductivity, ke, tensors can be
expressed as follows

_ df; kg — 1

_ 1 _dfo o kg

S = ekgo Zk( ds)vak KT (1)
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7= S k(- W )itn (2)
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where e is the charge of carrier, kg is the Boltzmann's constant, fg is
the Fermi distribution function,vx is the group velocity, 7y is the
relaxation time, ¢ is the energy, andu denotes the chemical po-
tential. From the solutions of Eqs. (1)—(3), we can estimate the
transport coefficients and thereby obtain the PF of a compound. The
doping levels can be evaluated by changing the Fermi level (Eg) to
obtain the n- or p-doped materials. The key parameters used in
BoltzTraP for the calculations are Fermi level, delta, ecut, number of
valence electrons, energy span around the Fermi level, Tpax and
temperature grid. The delta 0.0001, ecut 0.15, number of valence
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electrons 326, energy span around the Fermi level 0.5, Tppax 500 K,
temperature grid 1 K values have been used for each of the com-
pounds CaFe4Sbiy SrFesSbq; and BaFesSbqp. However, the Fermi
energies 0.55978 Ry, 0.56865 Ry and 0.58281 Ry as obtained from
the band structure calculations are used for the thermoelectric
calculations of CaFe4Sby, SrFe4Sby; and BaFe4Sby,, respectively.

3. Results and discussions
3.1. Electronic structure

It has been observed that efficient thermoelectric compounds
are usually narrow band gap semiconductors with dense electronic
states around the Fermi levels. Thus, we performed the electronic
structure calculations of CaFe4Sb1y, SrFe4Sb1, and BaFe4Sbi; com-
pounds, focusing on their band structure around the Fermi levels,
as our first criterion. The crystal structure for each compounds
presented in Fig. 1, is optimized. The crystal structure shows the
cage-like structure of the skutterudite unit cell with the filling of
alkaline-earth element. In our calculations, the alkaline-earths fully
occupy the 2a sites, Fe occupies the 8c and Sb occupies the 24g of
the crystallographic positions. However, it is experimentally
established that alkaline-earth element doesn't fully occupy the 2a-
voids and occupancy factor is usually less than 1. A detailed
description of the electronic structures of the alkaline-earth based
filled skutterudite systems for spin-up and spin-down states can be
seen in Fig. 2. We used PBE-so0l08 GGA for the electronic structure
calculations in the presence of spin polarization which underesti-
mate the band gap, however, it is realistic to use this potential
because of the metallic nature of the compounds as confirmed from
experimental results [64]. At first glance from left panel of Fig. 2 it
appears that both spin up and spin down band structures of the
compounds under question behave as semiconductors at
AHN,>",A and P symmetry points, see Fig. 2 (a) — (f). Namely, it
appears that there is only a single multiple degenerate band that
crosses the Fermi Level at I' symmetry point for both of the up and
down channels. Thus, for sure the band structures are magnified
nearby the Fermi level in the right panel of Fig. 2 for both spin up
and down channels; see Fig. 2 (m1) and (m2). As can be clearly seen
from these magnified band structures, however, these compounds
are all behave as metallic systems. The band crossing is justified
from the available literature which indicates metallic nature of
these compounds as reported experimentally [58]. Cheng et al. [65]
performed electronic structure calculations by LSDA and obtained
results, which show that BaFe4Sbq, was half metal whereas calcu-
lations performed by Zhou [66] and Schnelle [67] show the similar
electronic structure as investigated in our calculations. In these
compounds since the band gap is non-existent therefore minority
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carriers are likely to play a major role close to the Fermi level. Total
and partial up and down densities of states are shown in Fig. 3 for
CaFe4Sbq3, SrFe4Sb1, and BaFe4Sb1; around the Fermi level. In these
figures the vertical dotted line denotes the Fermi level. The band
crossing can be clearly observed by the down partial and total DOSs,
as shown in Fig. 3 (b) and (d), respectively. However, it hard to see
the band crossing by looking at the up partial and total DOSs, as
shown in Fig. 3 (a) and (c), respectively. Therefore, the up and down
p-DOSs are magnified by zooming the DOSs very close to the Fermi
level, as shown in Fig. 3 (m1) and (m2). The zoomed figures clearly
show that both of the up and down DOSs cross the Fermi level. This
once more in consistent with our band structure results and in
complete accord with Ref. [67] elucidates that these compounds
would behave as nearly ferromagnetic metals, which is in contrast
to the half-metallic behavior reported in Ref. [65]. It is clear from
the Fig. 3 that electronic states around the Fermi level are extremely
dense which play a vital role for the good thermoelectric nature of
these materials. The partial DOS for each element is a sum of a
partial DOS over all muffin-tin spheres of the same compound.
Since the electronic structure near the Fermi energy is significant
for thermoelectric properties, we discuss the electronic structure
near the band edges. The overall shapes of electronic structures of
CaFe4Sbq,, SrFe4Sb1, and BaFe4Sby; are similar except for Ca, Sr and
Ba contributions in CaFe4Sby, SrFe4Sbi, and BaFe4Sby;. The top of
the valence band is composed of s-Ca, p-Sb and 3d-Fe states with
parabolic energy dispersion, especially small contribution of the s-
Ca, p-Sb states on the Fe atom. The contribution of 3d-Fe state to the
valence band edge is large due to the fact that its density of states is
located very close to the Fermi level, so it has major impact on the
thermoelectric performance of the materials. Spin-orbit coupling
and crystalline electric field effects are not included in the calcu-
lations, however, it is expected that inclusion of spin-orbit coupling
and crystalline electric field splits the states and reductions in the
peaks of density of states occur around the Fermi level, which result
in the decrease in the thermoelectric parameters of these materials.

3.2. Seebeck coefficient

Seebeck coefficient is the most fundamental parameter to un-
derstand the response of a material to the applied temperature
gradient. Seebeck coefficient with reference to chemical potential is
negative for n-doped and is positive for p-doped systems. Chemical
potential defines the doping level or carrier concentration in a
material, which is very important for enhancing the thermoelectric
nature of a material for practical realization.

“However, we should keep in mind that the magnitude of the
charge carrier concentration corresponding to the chemical po-
tential depends on the actual band structure, which are not claimed

Fig. 1. Crystal structure of AFe4Sbq,(A=Ca, Sr and Ba) showing cage-like structure and inserted alkaline-earth atoms.
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Fig. 2. Left panel shows spin up band structures for the filled skutterudites (a) CaFe4Sby3, (b) SrFe4Sb1,, and (c¢) BaFe4Sb1,. Spin down band structures for the filled skutterudites (c)
CaFe4Sby,, (d) SrFesSby,, and (e) BaFesSby,. Fermi level is set to zero. Right panel shows the magnified band structures of CaFe4Sby,, SrFesSb1, and BaFe4Sb; for (m1) spin up and
(m2) spin down states. Fermi levels are shown by horizontal solid lines and set to zero in these figures.

to be exactly predicted by the single particle DFT calculations.”

The Seebeck coefficients S of spin up and down of three
considered compounds are plotted against the chemical potential
at room temperature as shown in Fig. 4(a) and (b). Comparing
Fig. 4(a) and (b) reveals that for all of the compounds under
consideration and in the both p-type and n-type regions the
maximum value of Seebeck coefficient of spin down is more than 2
times larger in magnitude compared to that of the spin up. This
result can be explained by the very higher value of spin down DOSs
of all compounds compared to the spin up near the Fermi level. In
other words, the higher value of Seebeck coefficient for carriers
with spin down than those with spin up can be considered as a
result of the higher value of spin down DOSs than spin up DOSs
near the Fermi level. The Seebeck coefficients value obtained in p-
type region for BaFe4Sbq, is higher than that of CaFesSbq, and
SrFe4Sby; for both spin up and down, which indicate that the holes
contribution in p-type region is more for BaFe4Sb1>.

In p-type region the highest value of Seebeck coefficient of spin
up for BaFe4Sbiy is 431 pV/K, then the Seebeck coefficient of
SrFe4Sby; is 368 pV/K, and finally maximum Seebeck coefficient is
for CaFe4Sby; with the peak value of 224 uV/K. For the spin down
calculations, the highest values of Seebeck coefficient in the p-type
region for BaFe4Sbiy, SrFesSbip, and CaFe4Sbq; are 907 pV/K,
868 uV/K, and 691 pV/K, respectively.

Similarly in the n-type region, the same characteristics of the
Seebeck coefficient values are obtained and compounds favor low
doping, however, high Seebeck coefficient values are obtained in n-
type region than p-type which indicates the prominence of n-type
on p-type doping in these materials. The maximal values of the
calculated Seebeck coefficient in the n-type region for spin up (spin
down) are —491 (—812) pV/K, —703 (-1026) pV/K, —681 (—-1039)
WV/K for CaFe4sSbqy, SrFesSbyy and BaFe4Sbqy, respectively. This

indicates that n-doping of SrFe4Sb1, (BaFe4Sb1;) is more suitable for
enhancing the Seebeck coefficient of spin up (spin down) states.
The high value of Seebeck coefficient in our calculations can be
related to the calculated parabolic band structures due to Fe-3d
states near the Ep with high effective mass which would be
greater in BaFe4Sby;.

3.3. Electrical conductivity

Electrical conductivity in materials arose both due to holes and
electrons. In metals, the dominant part is due to electrons whereas
in semiconductor both holes and electrons contribute to the elec-
trical conductivity. The electronic structures of materials underpin
transport properties which are important to its use as the ther-
moelectric materials and large free carriers result in good con-
ductors. Here, we have calculated the electronic structure of
AFe4Sb1y (A=Ca, Sr and Ba) in the ordered olivine electrical con-
ductivity of the materials. The electrical conductivities per relaxa-
tion time (o/t) against the chemical potential for materials
CaFe4Sbq3, SrFe4Sb1; and BaFe4Sb1; are shown in Fig. 5 for both spin
up and down, where chemical potential represents doping or the
charge carrier concentration. It is clear from the figure that o/z is
high in highly doped region for p-type and also for n-type, however,
o/ is higher in n-type region compared to p-type due to the large
carrier concentration in the valence band compared to the con-
duction band. The ¢/t in these materials for the p-type BaFe4Sby; at
300 K decreases as holes concentration decreases. In the p-type
region the maximum for spin up (spin down), o/t values for
CaFesSby; is 1.60 x 10%° 1/Qms (1.88 x 10?° 1/Qms) followed by
SrFe4Sbyz 1.56 x 102° 1/Qms (1.70 x 10%° 1/Qms) and BaFesSby,
156 x 10%° 1/Qms (1.60 x 10%° 1/Qms), respectively. For n-type at
300 K, as chemical potential increases, there is abrupt increase for
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Fig. 3. Left panel shows partial densities of States of CaFe4Sb,, SrFe4Sb;; and BaFe4Sby, for (a) spin up and (b) spin down and total densities of States of CaFe4Sb,, SrFe4Sby; and
BaFe4Sb1; for (c) spin up states and (d) spin down states. Right panel shows the magnified total densities of States of CaFe4Sb,, SrFe4Sby> and BaFe4Sby, for (m1) spin up states and
(m2) spin down states. Fermi levels are shown by dotted lines and set to zero in these figures.
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Fig. 4. Seebeck coefficients of CaFe4Sbi,, SrFe4Sbi, and BaFe,Sby, versus chemical potential at 300 K for (a) spin up states and (b) spin down states.

all compounds with prominent increase for BaFesSbq; than
CaFe4Sbyy and SrFe4Sbi,. The maximum obtained value of o/t for
BaFesSbyy is 2.94 x 10%° 1/Qms (2.24 x 10%° 1/Qms) for spin up
(spin down), for CaFesSbyy is 2.70 x 10%° 1/Qms (2.25 x 1020 1/
Qms) for spin up (spin down), whereas for SrFe4Sby; is 2.79 x 10%°
1/Qms (2.17 x 10?° 1/Qms) for spin up (spin down).

3.4. Electronic thermal conductivity
Both conduction electrons and phonon vibrations are respon-

sible for the thermal conductivity in materials and therefore the
total thermal conductivity (k) can be calculated from the sum of

electronic thermal conductivity (ke) and thermal conductivity of
the phonons (kj), i.e., k = ko + k.. The semiconductor's thermal
conductivity is dominated by phonons, however, in metals this
contribution is mainly due to electrons or free carriers [68—70]. The
electronic thermal conductivity per relaxation time (k/t) versus
chemical potential at the temperature of 300 K is depicted in Fig. 6
for both spin up and down. In the p-type region, the materials
shows a direct response to the chemical potential and with the
increase in the chemical potential, k/7 increases very sharply for all
materials. Here, increase in k/7 is more for CaFe4Sb1, with the peak
value 11.38 x 10" W/mKs (12.75 x 10 W/mKs) for spin up (spin
down) followed by BaFesSbi; with the peak value of
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10.08 x 10 W/mKs (10.04 x 10'* W/mKs) for spin up (spin down)
and the maximum value obtained of k/t value for SrFe4Sbyy is
11.10 x 10" W/mKs (12.03 x 10" W/mKs) for spin up (spin down).
For the n-type the k/7 has significant response compared to the p-
type region at 300 K temperature. Similar to p-type region as
chemical potential is increased in n-type region, an abrupt increase
in the k/t occurs having the same increase for all materials
CaFe4Sby, SrFe4Sby; and BaFe4Sbqy. Thereafter, for spin up (spin
down) calculation the increase is more significant for BaFe4Sb
(CaFe4Sb1y).

The maximum value of 19.88 x 10 W/mKs (15.78 x 10™ w/
mkKs) for spin up (spin down) of BaFe4Sb1,, followed by maximum
peak for CaFesSbi,with the value of 18.59 x 10 W/mKs
(16.00 x 10" W/mKs) for spin up (spin down) and for SrFe4Sby; the

maximum value of /7 is 19.12 x 10" W/mKs (15.47 x 10'* W/mKs)
for spin up (spin down).

3.5. Power factor

Power factor (PF) compared to Seebeck coefficient and electrical
conductivity is the more comprehensive parameter to investigate
the thermoelectric performance of a material. Mathematically it is
given as PF = S%q, where S is the Seebeck coefficient and o is the
electrical conductivity of a given material. Since in this study we
calculate the o/t so our reported results for power factor are also
PF/.

Chemical potential dependence of PF/t for spin up and down of
AFe,Sb1; (A=Ca, Sr and Ba) is shown in Fig. 7. The PF/t has been

@
40 |
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Fig. 7. The ratio of Power Factor (PF) to relaxation time of CaFe4Sb;,, SrFe4Sby, and BaFe4Sby; versus chemical potential at 300 K for (a) spin up states and (b) spin down states.
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taken in units of 10"uW/cmK?s. The PF/t is maximum in the
chemical potential interval of [-0.1, 0.1 eV]. Therefore, the latter
interval can be considered as a critical region for the high perfor-
mance of alkaline-earth based thermoelectric materials AFe4Sby,
(A=Ca, Sr and Ba). For the p-type region, the PF/t is negligible for
the chemical potential close to —1.0 eV in all the materials under
study. This PF/t’s value continuous to remain small up to when
chemical potential reaches to the value —0.96 eV. Afterwards the PF
starts to fluctuate. In the p-type region, SrFe4Sb1; has higher PF/t
value than those of CaFe4Sbq; and BaFe4Sbi, for spin up, which
indicates that the holes contribution with spin up in the p-type
region is more for SrFe4Sb1,, while for the spin down, CaFe4Sby, PF
is slightly higher than that of the others. In the p-type region, the
highest PF value for spin up (spin down) of SrFe4Sbiy is
20.02 x 10MuW/cmK?s (14.23 x 10MuW/cmK?s) at pyp = —0.545
(nan = —0.840) eV, and then PF/t reaches to its maximum value of
18.81 x 10™uW/cmK?s (14.64 x 10™uW/cmK?s) for spin up (spin
down) of CaFe4Sby; at pyp = —0.536 (pgn = —0.839) eV and finally
the maximum of PFjt of BaFesSbyy is 16.96 x 10™pwW/cmK?s
(13.63 x 10™uW/cmK?s) for spin up (spin down) at pyp = —0.527
(tan = —0.819) eV. Similarly, for the n-type region, the same char-
acteristics of the PF/t values are obtained and compounds favor low
doping, however, high PF values are obtained in n-type region than
p-type which indicates the prominence of n-type on p-type doping
and also of spin up on spin down states in these materials. The
maximal value of the calculated PFax/t in the n-type region for
CaFe4Sbyy is 23.91 x 10MuW/cmK?s (20.54 x 10"uW/cmK?s) for
spin up (spin down) at pyp = 0.122 (g = 0.150) eV. The PFyax/7 is
42.43 x 10MuW/emK?s (33.57 x 10™uwW/emK?s) at pyp, = 0.274
(0.281) eV for spin up (spin down) of SrFe4Sb,. The latter PFpax is
the highest value which is obtained among these alkaline-earth
based skutterudite systems AFe4Sbi, for both spin up and down
states. And finally the PFy.x/T in n-type region for BaFe4Sbiais
28.30 x 10™pW/cmK?s (26.22 x 10uW/cmK?s) for spin up (spin
down) at pyp = 0.329 (ndn = 0.332 eV. The value of PF/7 in n-type
region shows a decline as the chemical potential increases and
becomes negligible at 1 eV chemical potential. It is seen that the
calculated PF/7 rapidly increases with increase of doping in the low
values of doping region; moreover the n-type doping increases
faster than p-doping. Therefore, to improve the Power factor in
AFe4Sb1,, the low doping should be used.

4. Conclusions

Thermoelectric study of alkaline-earth elements Ca, Sr and Ba
filled antimonide based skutterudite structured compounds is
carried out to understand the thermoelectric performance at
different chemical potentials for p- and n-type doping at the spin
up and down states. It is found that n-type doping is more favorable
than p-type doping for these compounds for both spin channels.
Furthermore, among the n-type doped materials spin down of
SrFe4Sbiy with PFmax/t = 42.43 x 10™ pW/cmK?s is found to be
more attractive for the possible thermoelectric applications
compared to CaFe4sSby and BaFesSbiy. The result obtained esti-
mates that chemical potential well affects the thermoelectric pa-
rameters of these compounds. The effective range for the best
thermoelectric application is small doping level for n-type
SrFe4Sby; at the chemical potential pup = 0.274 (0.281) eV for the
spin (down) states respectively.
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