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Over the past decade, the open frame (“cagey”) structure of CoSbs skutterudite has invited intensive
filling studies with various rare-earth elements for delivering state-of-the-art midtemperature thermoelectric
performance. To rationalize previously reported experimental results and provide new insight into the
underexplored roles of La fillers and Sb vacancies, ab initio density functional theory studies, along with
semiclassical Boltzmann transport theory calculations, are performed for pristine CoSb; of different lattice
settings and La-filled CoSbs with and without Sb’s mono- and divacancy defects. The effects of spin-orbit coupling
(SOC), partial La filling, Sb vacancy defects, and spin polarization on the electronic and thermoelectric properties
are systematically examined. The SOC shows minor effects on the electronic and thermoelectric properties of
CoSbs. The peculiar quasi-Dirac band in the pristine CoSbs largely survives La filling but not Sb vacancies,
which instead introduce dispersive bands in the band gap region. The non-spin-polarized and spin-polarized
solutions of La-filled CoSbs are nearly degenerate. Importantly, the band structure, density of states, and Fermi
surface of the latter are significantly spin polarized, giving rise to spin-dependent thermoelectric properties.
Seebeck coefficients directly calculated as a function of chemical potential are interpreted in connection with
the electronic structures. Temperature-dependent Seebeck coefficients derived for the experimentally studied
materials agree well with available experimental data. Seebeck coefficients obtained as a function of charge
carrier concentration corroborate the thermoelectrically favorable role at high filling fractions played by the
Fermi electron pockets associated with the degenerate valleys in the conduction bands, and also point toward a
similar role of the Fermi hole pockets associated with the degenerate hills in the valence bands. These results
serve to advance the understanding of CoSbs skutterudite, a class of materials with important fundamental and

application implications for thermoelectrics and spintronics.
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I. INTRODUCTION

To date the worldwide appetite for sustainable energy
remains a grand challenge that motivates intensive research on
various energy conversion technologies [1]. Thermoelectric
materials, which can convert temperature differences into
electric voltage and vice versa, play an important role in
the energy conversion field [2]. Skutterudites with a general
formula of M X3 (M = Co, Rh, or Ir; X =P, As, or Sb)
and a space group of Im3 (no. 204) establish a class of
promising thermoelectric materials, as a result of their open
frame (“cagey”) structures [3,4]. Taking CoSbs, for example,
the crystal structure of skutterudites is characterized by a body-
centered cubic (bce) unit cell with a network of corner-sharing
octahedra, each of which consists of one Co center and six Sb
vertices [Fig. 1(a)] [4]. Lying at the center of the bce cell is a
nanosized dodecahedron cage enclosed by eight Co atoms and
six pairs of Sb atoms where a guest filler atom can be filled in
[Fig. 1(b)]. Alternatively, the structure can also be viewed as
a simple cubic sublattice of Co atoms by shifting the unit cell
shown in Fig. 1(a) by % lattice along the body diagonal [4],
giving a new unit cell consisting of eight Co cubes, six of

“Corresponding authors: jianhe@g.clemson.edu; huangj3@ornl.
gov

2469-9950/2017/95(16)/165204(15)

165204-1

which are occupied by a Sby ring while two remain vacant.
In fact, Fig. 1(b) shows such a Co cube free of Sby ring but
filled by a guest atom. These skutterudites have motivated
work on filling the cages with diverse atoms in conjunction
with the routine substitutional doping efforts to tailor specific
functions and applications. Extensive studies in this vein
have revealed a variety of interesting physical properties
ranging from metal-to-insulator transitions [5,6], magnetic
ordering [7,8], unconventional superconductivity [9,10], heavy
fermion state [10,11], and non-Fermi-liquid behaviors [12,13]
to valence fluctuations or Kondo behaviors [14,15].

Among the skutterudite family, CoSbs is specifically
named as Kieftite after Cornelis Keift in the mineralogical
community [16]. It is featured by high carrier mobility and
high lattice thermal conductivity, both of which are attributed
to the covalent nature of chemical bonding. While the high
mobility is thermoelectrically favorable, the high lattice ther-
mal conductivity is not. To improve the performance of CoSbs
toward state-of-the-art midtemperature thermoelectric mate-
rials, extensive experimental and theoretical investigations
have focused on filling the naturally formed nanosized cages
with alkali metals, alkaline earth metals, or rare earth filler
atoms [17-21], or doping at the Co and/or Sb sites [22,23], or
implementing both measures simultaneously [24-29]. In the
context of a phonon-glass electron-crystal paradigm [3,30],
the filler atoms rattle in the cage and strongly scatter the
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FIG. 1. Simple cubic view of the body-centered cubic crystal
structure of CoSbs skutterudite with a network of corner-sharing
octahedra (a) and with a guest atom filled into the dodecahedron cage
(b). The dashed lines in (b) illustrate the Co cube. Transition metals,

pnictogens, and the filler atom are shown in blue, yellow, and green,
respectively.

heat-carrying phonons towards a phonon-glass behavior [31],
while the dopants optimize the electronic band structure
towards an electron-crystal behavior [32]. A complication to
the thermoelectric material research comes from the often
unavoidable vacancies in the materials, e.g., by losing Sb atoms
due to evaporation or forming a secondary phase with the filler
elements during material synthesis [33]. However, the role of
vacancies is underexplored, let alone the interplay between the
fillers and vacancies.

La is a unique filler atom to study in the sense that it
is the lightest lanthanide element and the only one without
f electrons compared with other studied rare earth filler
atoms such as Ce [34,35], Pr [36], Eu [37], and Yb [38-40].
The studies on La filling may shed light on the role of
f electrons in filling and rattling when compared with studies
on other elements. From a practical standpoint, a multiple
filling approach [41,42] turns out to be more effective than
single La filling [43,44] in enhancing the midtemperature
thermoelectric performance. However, the effect of La filling
is entangled with other effects in multiple fillings. Therefore,
single La filling studies merit further scrutiny despite the
fact that their performances are unfavorable and relevant
reports are scarce. Table I summarizes the filling fraction,
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Sb vacancy, lattice constant, conductivity type, and carrier
concentration from a limited number of experimental studies
on La-filled CoSbj [43—45]. For simplicity, a few experimental
studies on La-filled CoSbs with simultaneous doping at the
Co or Sb sites are excluded [24,29,32]. Note that all of the
experimental samples have a partial La filling that is lower
than the experimental filling fraction limit (FFL) of 23% found
by Nolas et al. [45]. Interestingly, this FFL is accompanied
by a small degree of Sb vacancy. Theoretical FFL for La
predicted by Shi et al. based on density functional theory
(DFT) is slightly lower at 21% [46]. The partial fillings of Park
et al. reached as high as 40% [43]. However, it is a nominal
filling fraction based on the starting mixture for synthesis,
whereas the actual filling fraction could be lower, as shown
by Mi et al. [44,47]. It can also be seen from the table that
La filling tends to slightly expand the lattices even though it is
filled into the void. Additionally, CoSbs without La filling is
typically P-type with carrier concentrations p on the order of
10" cm~3. With La filling, CoSbs is converted to N-type with
carrier concentrations n on the order of 10%°° cm~3. For the
sample with Sb vacancies, the carrier concentration is further
increased to the order of 10>! cm™3.

Motivated by these experimental works, herein we perform
theoretical studies of La-filled CoSbs; with and without Sb’s
vacancy defects, to rationalize the experimental results and
provide insight into the underexplored roles of La fillers
and Sb vacancies. Early theoretical studies adopted a 100%
filling fraction for computational convenience [48]. Zhou
et al. [49] carried out calculations for a reasonable La filling
fraction of 12.5%, but without including spin polarization.
Although not important for unfilled systems, spin polarization
could be indispensable for filled skutterudites. In addition,
no Sb vacancy has been taken into account in previous
theoretical studies. Therefore, in this work, we apply ab initio
DFT in combination with semiclassical Boltzmann transport
theory to study partial La-filling and Sb vacancy defects,
along with other effects such as spin-orbit coupling and spin
polarization, with an aim to establish a causal relationship
between electronic structures and thermoelectric properties.
The paper is organized as follows. In Sec. II, we summarize
the skutterudite structures of this study and the computational
methodology. In Sec. I1I, we present the results and discussion.

TABLE I. Experimentally studied La,Co4Sb;,_, skutterudites with different amount of La filling fraction (FF) x and Sb vacancy defects
y. Carrier concentration p is p and n for P-type and N-type materials, respectively.

Formula X Conductivity Carrier concn. Thermoelectric

La,Co4Sbja_y Nominal Actual y a(A) type 0 (10" cm™3) T range (K) Refs.
Co,Sb, 0 0 0 9.032(11) P 1.88° 6-300 [45]
Co4Sb, 0 0 0 P 2.57¢ 323-823 [43]
Lag 9sCo4Sby, 0.05 0 9.056(17) N 170° 6-300 [45]
Lag ;Co,sSby, 0.1 0.049 0 9.0427(1)* N 105-230¢ 2-380 [44]
Lag.1_.4C04Sbys 0.1-0.4 0 N 127-368¢¢ 323-823 [43]
Lag,3C04Sby; 6 0.23 0.4 9.060(13)* N 2010° 6-300 [45]

4300 K characterizations.

Only the 300 K p or n values reported.

“Only the room-temperature p or n values reported.
dTemperature dependent n reported in the range 2-300 K.
°Filling fraction x dependent n values.

165204-2



EFFECTS OF PARTIAL La FILLING AND Sb VACANCY ...

Our approach is to first revisit CoSbs’s electronic structures
of different lattice settings, and then move forward to the
electronic structures of partially La-filled CoSbs, first without
and then with mono- and divacancy defects. Next we examine
the Seebeck coefficient that lies at the heart of thermoelectric
properties. In Sec. IV, we conclude with a summary of the
main findings of this work.

II. METHODOLOGY

Three types of skutterudite structures were calculated,
including (i) pristine CoSbs, (ii) La-filled CoSbs, and (iii)
La-filled CoSbs with mono- or divacancy defects. For pristine
CoSbs, the simple cubic cell (CogSbys) was used to test
theories for structural optimizations, while the bcc primitive
cell (CosSbyy) and the bee 2 x 2 x 2 supercell (CosSbye)
were used to calculate the electronic structures. The bcc
supercell contains eight dodecahedron voids, each enclosed
by eight Co atoms and six pairs of Sb atoms. The structure
of La-filled CoSb; was constructed by filling one of the
eight voids in the bcc supercell, giving LaCos;Sbgg, or
equivalently Lag 25Co4Sby,, with a filling fraction of 12.5%.
The structures of La-filled CoSbs with a monovacancy defect
were constructed by removing one Sb atom at six random
positions while those with a divacancy defect were created by
removing a directly bonded Sb pair at six random positions,
yielding LaCo3,Sbgs or equivalently Lag 125Co4Sby; g75, and
LaCo3;Sbys or equivalently Lag 125Co4Sby.750, respectively.
For the structural optimizations of the simple cubic cell, the
bece primitive cell, the bee supercell of CoSbs, and the La-filled
CoSbs, both the lattice constant and atomic positions were
relaxed. For the La-filled CoSb; with vacancy defects, only
atomic positions were relaxed while the lattice constant from
the optimized La-filled CoSbs was kept constant.

DFT calculations were performed with the Vienna ab initio
simulation package (VASP, version 5.3.3) [50,51]. The Kohn-
Sham equations were solved with the projector-augmented
wave (PAW) method [52,53]. A gamut of exchange-correlation
functionals with and without van der Waals (vdW) corrections
was tested for structural optimizations. It has been previously
shown that vdW interactions can alter the structural and
cohesive properties not only for layered materials [54,55],
but also for three-dimensional (3D) bulk materials including
ionic solids [56,57]. On the basis of the tests (Tables S1 and
S2, Supplemental Material [58]), a nonlocal optB86b-vdW
functional [59] was adopted for the structural optimizations,
where all atoms were relaxed until the Hellmann-Feynman
forces were smaller than 1072 eV/ A. Following the structural
optimizations, static electronic structures were calculated us-
ing the semilocal Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [60]. The Brillouin-zone integrations
were performed on I'-centered 8 x 8 x 8 and 4 x 4 x 4
k-point grids for the primitive and supercells, respectively, the
kinetic energy cutoff for plane waves was set to 500 eV, the
convergence criterion for electronic self-consistency was set
to 107 eV, and the “accurate” precision setting was adopted
to avoid wrap around errors. Band structures were sampled in
reciprocal space using primitive-based high symmetry k-points
I' (0,0,0),H (0.5, -0.5,0.5),N (0, 0, 0.5), and P (0.25, 0.25,
0.25).
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Spin-orbit coupling (SOC) effects were investigated for the
bce primitive lattice of the pristine Co4Sby,. The results indi-
cate that the SOC effects on band structures are insignificant,
in agreement with the expectation from a previous study [61].
SOC calculations could not be computationally afforded for
the La-filled systems with and without vacancy defects due
to the large size of the supercells. However, SOC calculations
for other LaRuy X, (X = P, As, Sb) skutterudites indicate no
pronounced SOC effect in the vicinity of the Fermi energy [62],
implying that the SOC effects are negligible for the La-filled
systems under the present studies. For band gap corrections,
a scissor operator A was applied to the PBE-based electronic
structure by shifting up the conduction bands without changing
the valence bands. The amount of correction was based on a
many-body quasiparticle GW resultin the literature (see details
below). Non-spin-polarized calculations were performed for
the systems without La filling while spin polarization was
turned on for the La-filled systems. Fermi surfaces were
calculated by using the Wannier90 program [63], and then
visualized with the XCrysDen program [64].

Thermoelectric Seebeck coefficients S(u,T) were calcu-
lated on a grid of chemical potential x and temperature T by
using the BoltzWann program [65]. The relaxation time was set
to a constant value of 10 fs [65]. A dense mesh 100 x 100 x
100 for band interpolation and a small energy bin width of
1073 eV were adopted in the calculations. Seebeck coefficients
S(u,T) were first calculated for Co4Sbi,, Lag125C04Sbys,
La0_125C04Sb11,g75, and L80,125C04Sb11,750. To obtain Seebeck
coefficients as a function of T'for Lag 1,5C04Sb1,, we integrated
the total number of electrons n, = [ f(E)g(E)dE for each
temperature T, where f(E) is the Fermi-Dirac (FD) distribution
function and g(E) is its density of states (DOS), in order
to find the chemical potential w(7) that gives the correct
n.. Using the chemical potential ©(7), we interpolated the
S(u,T) values from the grid of p and 7T to obtain the S(7).
To facilitate the comparison between theoretical calculations
and the experimental S(7) of P-type Co4Sbjs, and N-type
La0_05C04Sb12, La().1CO4Sb12, and La0_23C04Sb11_6 [44,45], the
integration was based on the DOS of the pristine Co4Sby; to
find the chemical potential p(7') that yields the experimental
carrier concentrations. Seebeck coefficients as a function of
carrier concentrations for generic P- and N-type CosSb;, were
obtained in a similar way. Only majority carriers were consid-
ered while the effect of minority carriers was neglected [65].

III. RESULTS AND DISCUSSION

A. Electronic structures of bce primitive cell (CosSby,)

We start by revisiting the electronic structures of the
well-studied 1 x 1 x 1 bcc primitive cell (CosSbyy). The
structure was first optimized with the nonlocal optB86b-vdW
functional. The static electronic structure was then calculated
with the PBE functional. The band structure, total DOS, and
Fermi surface are shown in Fig. 2. As can be seen from the
band structure [Fig. 2(a)], a direct band gap of 0.23 eV exists
at the I' point between the valence band maximum (VBM)
and the conduction band minimum (CBM). This value is the
same as the LDA result of Wee et al. [66], comparable to the
LDA and PBE results of 0.22 and 0.17 eV calculated by Sofo
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FIG. 2. (a) Band structure and total density of states (DOS) for the 1 x 1 x 1 body-centered cubic (bcc) primitive cell (CosSby,), showing
a valley band located at 0.13 eV above the conduction band minimum (CBM) and a hill band located at 0.32 eV below the valence band
maximum (VBM). The Fermi energy, denoted by the horizontal dashed line, is set to 0 eV at the top of the valence bands. The inset shows
the band structure around the zone center calculated with inclusion of spin-orbit coupling (SOC) effect. (b)—(e) The Fermi surface at different

energy levels, from 0.13, 0.14, 0.15, to 0.16 eV above the CBM.

and Mahan [67], and also within the LDA range of 0.195—
0.330 eV calculated by Lefebvre-Devos et al. [68]. Unlike
the band structure, the DOS shows an indirect pseudogap
of 0.57 eV between the first peak of valence DOS located
at —0.34 eV below the VBM and the tiny conduction DOS
peak corresponding to the CBM. In comparison, the direct
gap identified from the band structure is hardly discernable
from the DOS since the peak corresponding to the VBM at the
I' point is too low. This pseudogap value is the same as the
theoretical result of Singh and Pickett [61]. Singh and Pickett
further identified a direct pseudogap of 0.80 eV at the I point
by neglecting the single valence band that makes little DOS
contributions [61]. In our calculations, this direct pseudogap
is only slightly larger.

The theoretical predictions of band gaps for CoSb; turn
out to be a complicated and challenging problem. Hammer-
schmidt et al. conducted a systematic study of CoSbs’s lattice
and electronic structure using various exchange-correlation
functionals and found a wide range of band gap values
from 0.1 to 4.5 eV depending on the methods applied [69].
The different functionals affect the band gap indirectly by
changing the lattice constant and directly by the amount
of Hartree-Fock exchange included. It is known that DFT
tends to underestimate the band gap for semiconductors and
insulators, whereas the mixing of Hartree-Fock exchange may
give larger band gaps. Further, Kahn et al. calculated the
band gaps of a series of skutterudites with a many-body

quasiparticle GW approach and obtained a band gap value
of 0.34 eV for CoSb; [70]. They also examined the band
gaps using regular and nonregular Tran and Blaha modified
Becke-Johnson (TB-mBJ) methods [71,72], and concluded
that the generally reliable GW method underestimated the band
gaps and instead the nonregular TB-mBJ method reproduced
the experimental band gaps, due to the large spread of charge
densities in the nanosized cage of skutterudite structures.
However, their comparisons were made between experimental
optical band gaps, very likely vertical transitions without
momentum transfer, and the smallest theoretical band gaps,
which were transformed from direct into indirect band gaps
by the TB-mBJ methods.

Experimental band gap measurements and interpretations
are equally complicated and challenging. A broad range
of experimental band gap values have been reported from
>0.5 eV [23,73-75], to intermediate 0.31-0.35 eV [76,77],
and further down to very small 0.03-0.05 eV [77-79]. The
wide range of band gap values can be attributed to the
possibility that the experimental values measured by different
methods may correspond to one of the three theoretically
identified band gaps including the direct pseudogap, the
indirect pseudogap, and the direct gap. For instance, the largest
optical gap may need to be compared with the direct pseudogap
at the I' point [61], while the experimental band gaps of
0.6-0.7 eV measured by transport property and Hall probe
measurements [23,73,74] may need to be compared with the
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indirect pseudogap [23,74]. The experimental estimation of
0.5 eV via the high temperature electrical resistivity measure-
ment [75] could be compared with the indirect pseudogap as
well [61]. Further, Mandrus et al. obtained an intermediate
band gap of 0.31 eV in the temperature range of >400
K and a small band gap of 0.05 eV between 130 K and
400 K by resistivity measurements [77]. They compared the
intermediate gap of 0.31 eV with the experimental value of
0.5 eV [75], which however was assigned to the indirect
pseudogap [61]. It is possible that this intermediate band
gap value corresponds better with the theoretical direct band
gap. Finally, possible contributions from impurities to the
smallest band gap values cannot be ruled out. We note
that the comparisons summarized here are not unambiguous
without backing from further calculations using hybrid DFT,
or many-body quasiparticle GW, or even GW plus the Bethe-
Salpeter equation. Nevertheless, these complications on both
the theoretical and experimental sides indicate the necessity to
differentiate between direct pseudogaps, indirect pseudogaps,
direct band gaps, and impurity-induced band gaps.

Singh and Pickett uncovered a remarkable feature in the
band structure of pristine skutterudite, i.e., a single valence
band crossing the pseudogap shows largely a quasilinear
dispersion, except for a quadratic shape in a narrow region
near the zone center [61]. Recently, Smith et al. put forth
a theoretical model showing that this quasilinear pseudogap-
crossing band is associated with the massless Dirac bands [80]
that is similar to the case of graphene [81] and recently
discovered 3D Dirac-Weyl semimetals [§2—-84]. By varying the
Sb atomic coordinates, they revealed a critical point along the
transformation path from perovskite toward skutterudite where
the two massless Dirac bands touch each other and meanwhile
become degenerate with two other massive conduction bands.
Accordingly, the Fermi surface appears as just a topological
point at the zone center. Simply by a small structural deviation
from the critical point, the fourfold degeneracy is lifted
yielding a small direct band gap at the I" point. Since the
mineral skutterudite is naturally very near the critical point,
the direct gap of skutterudite turns out to be small and highly
sensitive to the atomic positions of antimony [66,67]. Such
sensitivity was previously ascribed to the antibonding 74
orbital feature of the Sbys ring at the VBM [67]. However,
the Sb, rings were later found not to be the main structural
feature to analyze the highest valence band behavior [68].

It can be seen in Fig. 2(a) that the quasilinear valence
band symmetrically flanks the I point and features a large
dispersion. Calculations give a slope of +3.03 and —3.02 eV A
in the I'-N and I'-P zone, respectively. Three conduction bands
above the quasilinear valence band are triply degenerate at the
I" point. Along the I'-N direction, they diverge immediately
into three separate bands; however, along the I'-P direction,
they separate into a pair of doubly degenerate bands of lower
energy and a single band of higher energy. It is worth noting
that, unlike the two lower-energy massive bands that are
quadratic in shape, the third higher-energy conduction band
mirrors the pseudogap-crossing valence band in relation to the
massless Dirac band. Calculations give a slope of —3.03 and
+2.96 eV A in the ['-N and I'-P zone, respectively, which is
close to that of its valence counterpart. By turning on SOC for
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the bece primitive cell CosSby,, the degeneracy is lifted for the
three conduction bands except at the I" point for the two lower
bands [cf. the inset of Fig. 2(a)]. The two lower conduction
bands are a heavy-electron band and a light-electron band,
respectively, while the third is a split-off band lying only
0.02 eV above at the I" point, which remains quasilinear even
with SOC. In the meantime, the direct band gap at the I" point is
reduced only slightly to 0.18 eV. In light of small SOC effects
for pristine Co4Sbj, shown herein and for compositionally
similar LaRuy X1, (X = P, As, Sb) skutterudites reported in the
literature [62], SOC is not applied toward the electronic struc-
ture calculations of the La-filled systems to be discussed below.

Another notable feature of the band structure [cf. Fig. 2(a)]
is the valley band in the I'-N zone. It is one of twelve
degenerate valleys in the entire Brillouin zone as dictated by
the thombic dodecahedron shape for the Brillouin zone with
twelve congruent thombic faces. Figure 2(a) shows that the
bottom of the valley band is located at 0.13 eV above the CBM,
agreeing with the result of Tang er al. within 0.02 eV [85].
The small discrepancy may be caused by the norm-conserving
pseudopotentials used in their calculations as compared to
the PAW potentials applied in this work. Note that the Fermi
energy for the pristine system should be located within the
gap; however, the extra electrons brought to the host matrix by
N-type doping such as La filling may raise the Fermi energy
above the valley bottom. Recently, Tang et al. pointed out that
the valley bottom represents the starting point to form twelve
isolated Fermi pockets [85]. Due to the high effective mass of
electrons at these degenerate valleys, the related Fermi pockets
account for the high thermoelectric power factor at high doping
ratios [86]. Figures 2(b)-2(e) show the topological variation
of the Fermi surface by manually shifting up the Fermi energy.
First the Fermi surface is only a core pocket, which consists
of three shells of isoenergy surface corresponding to the three
lowest conduction bands (the inner two shells are invisible).
Above the valley bottom, twelve peripheral pockets start to
appear around the core pocket. They increase in size with
increasing Fermi energy and eventually coalesce together with
the core pocket once the Fermi energy is raised above the
maximum between the valley and the CBM. Fermi surfaces
for other systems studied below will be compared with these
results.

Notably, there is also a hill band in the H-N zone of the band
structure [Fig. 2(a)], which corresponds to the starting point
for the first peak of valence DOS located at —0.34 eV below
the VBM. Similar to its valley counterpart discussed above,
this hill band should also be highly degenerate due to the
twelve congruent faces of the rhombic-dodecahedron-shaped
Brillouin zone. Although the Fermi energy for the pristine
system is located within the gap, the extra holes brought to the
host matrix by P-type doping may serve to lower the Fermi
energy below the hill top. Unlike the valley bottom that is
located only at 0.13 eV above the CBM, the hill top is a lot
lower than the VBM. Nonetheless, the Fermi energy can still be
lowered below the hill top, due to the small DOS of quasi-Dirac
valence bands. The hill top represents the starting point to
form degenerate Fermi pockets (not shown), which belong to
hole pockets instead of electron pockets due to P-type doping.
Again, due to the high effective mass of holes at the degenerate
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DOS

FIG. 3. Band structure and total density of states (DOS) for the
body-centered cubic (bce) 2 x 2 x 2 supercell (Co3,Sbgs). The Fermi
energy, denoted by the horizontal dashed line, is set to 0 eV at the top

of the valence bands. The inset shows the Fermi surface at 0.14 eV
above the CBM as indicated by the red dashed line.

hills, these hole pockets could be thermoelectrically favorable
at high doping ratios.

B. Electronic structures of bee supercell (Coz;Shyg)

Next we examine the bcc 2 x 2 x 2 supercell (Cos,Sboe)
that contains eight dodecahedron voids, in order to compare
with the bce primitive cell shown above and the LaCo3,Sbog
(or equivalently Lag j25C04Sbj;) system to be discussed
below. The bcc supercell structure was first optimized with
the nonlocal optB86b-vdW functional, and then the static
electronic structure was calculated with the PBE functional.
As expected, the optimized lattice structure of the bee supercell
is commensurate with that of the bcc primitive cell. The
electronic structures including band structure, total DOS,
and Fermi surface are presented in Fig. 3. Our results are
comparable to the previous results of Tang ef al. calculated
for the same bec 2 x 2 x 2 supercell [87]. Compared to the
bce primitive cell, the doubling of lattices in all three vector
directions gives a bcc 2 x 2 x 2 supercell that is 8 x as
large in the direct space and a Brillouin zone that is 1/8 x as
small in the reciprocal space. Consequently, the bands of the
supercell show intricate backfolding compared to the primitive
cell. Nevertheless, the gap-crossing quasi-Dirac band is still
clearly visible. The valley band located in the middle of I'-N
zone in the bee primitive cell [Fig. 2(a)] is now shifted closer
to the N point and becomes nearly doubly degenerate (Fig. 3).
In addition, the hill band in the H-N zone [Fig. 2(a)] is now
shifted into the I"-N zone (Fig. 3). However, these changes do
not alter the band gap values or the DOS features.

The inset of Fig. 3 shows the Fermi surface for the bcc
supercell located at 0.14 eV above the CBM as indicated by the
red dashed line. Again, the Fermi energy for the unfilled system
should be located within the gap, but as will be shown below for
the La-filled system, the extra electrons introduced by La filling
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will raise the Fermi energy above the valley bottom. The Fermi
surface thus features a core pocket in the center of the Brillouin
zone and twelve degenerate half pockets surrounding the core.
The core pocket resembles that of the bce primitive cell shown
in Figs. 2(b)-2(d). However, the twelve peripheral pockets in
the case of bec 2 x 2 x 2 supercell are truncated by the zone
boundary due to the 1/8 x smaller Brillouin zone. Apparently,
the band structures and Fermi surfaces of the bec supercell are
different from those of the bcc primitive cell presented above.
However, these differences only arise from the different lattice
settings used for the calculations, and do not indicate different
electronic properties. Indeed, the total DOS is essentially the
same after normalization by the number of atoms. Therefore,
transport properties including Seebeck coefficients calculated
based on the electronic structure of the bec supercell should
be identical to those calculated based on the bce primitive
cell.

C. Lay 125Co04Sb;, without Sb vacancies

With the electronic structures for the parent skutterudite
well understood, we turn to the Lag25C04Sby, structure
that has a filling fraction of 12.5%. Earlier theoretical cal-
culations considered stoichiometric LaCo4Sby, with a full
La filling [48]. However, as Singh pointed out, the actual
as-measured material is likely La deficient [88]. The filling
fraction limit for La in CoSbs was theoretically predicted
to be ~21% [46]. A La filling fraction of 5%-23% has
also been studied experimentally where the 23% La filling
is accompanied by Sb defects in Lag23C04Sby ¢ [44,45,47].
Interestingly, a stoichiometric 8 — LaCoSbs has been prepared
by solid-state reactions and characterized by x-ray diffraction
showing that it has an orthorhombic lattice [89]. As a result of
the high La component, its structure is drastically different
from skutterudite by the presence of alternatively stacked
layers of Sb square nets with a small distortion and La-
covered CoSb; slabs featuring Co-Co dimers. Herein we study
only the Lag 125C04Sby, system that adopts the skutterudite
structure.

By using the nonlocal optB86b-vdW functional, the non-
spin-polarized and spin-polarized calculations gave two dif-
ferent solutions: the spin-polarized solution is more stable
than the non-spin-polarized solution by 2 meV per unit cell
(Table S3, Supplemental Material [58]). However, conver-
gence studies under stringent conditions gave a very small
energy difference of ~0.5 meV per unit cell, indicating
that the two solutions are nearly degenerate (Table S4,
Supplemental Material [58]). The lattice constant for the bcc
supercell of Lag 25C04Sb, was optimized to be 9.080 and
9.083 A with and without spin polarization, slightly larger
than the theoretical value of 9.066 A for Co4Sb;, without
La filling. The small expansion of lattice constant is due
to the cage filling [34]. These results agree well with the
room-temperature experimental values of 9.032 A without
and 9.043 A with La-filling [44,45,47]. From the structural
optimizations, the La filler atom is found to be located exactly
at the center of the dodecahedron cage. However, Mi et al.
found via fitting experimental atomic displacement parameters
(ADPs) with an Einstein model that La was slightly displaced
by 0.06 A from the cage center, which was ascribed to
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FIG. 4. Band structures and total density of states (DOS) for LaCo3,Sbyg (or Lag 1,5C04Sb;,) without spin polarization (a) and with spin
polarization (b), and their respective Fermi surfaces (c) and (d). With spin polarization (d), the Fermi surface is shown for the spin-up electron
(left) and the spin-down electron (right), respectively. The spin-up Fermi surface shows two layers of peripheral pockets, with the inner layer

shown in red. The horizontal dashed line denotes the Fermi energy.

a possible covalent bonding with the host matrix. Starting
from the optimized structure of Lag 25C04Sby,, we carried
out further rigid scans of potential energy surfaces (PESs)
by displacing the La atom from the cage center along five
representative paths. All of the PESs indicate that the potential
energy minimum is located at the cage center without La
displacements (Fig. S1, Supplemental Material [58]). Our
results imply that the small displacement of the La filler atom
found by Mi et al. may have originated from small structural
disorders.

The optimized crystal structures of Lag 25C04Sby, were
subjected to static band structure calculations with the PBE
functional. Figure 4(a) shows the band structure and total DOS
calculated by non-spin-polarized DFT, while Fig. 4(b) shows
the spin-polarized counterparts. As shown in Fig. 4(a), the
non-spin-polarized band structure and DOS of Lag 125C04Sby;
bear a large degree of similarity to the electronic structures of
its parent structure except for the shifted up Fermi energy
(cf. Fig. 3) and a slight increase of the direct band gap
induced by the extra electrons donated from the filler to the
host matrix [66]. This similarity indicates that the bands of
the parent structure are rigid, allowing the quasi-Dirac band
to survive the partial La filling. As expected based on the
electronic structures of the bcc primitive cell and supercell
shown above, the low La filling fraction largely serves to raise
the Fermi energy to a position slightly above the bottom of the
valley bands. This observation is consistent with the report by

Zhou et al. that the band structures of Ry 125C04Sb, systems
single-filled with nine kinds of atoms including La exhibit no
significant changes compared with that of CoSbs [49].

Spin-polarized calculations for CoSb; skutterudite have
been reported for its surface properties [90], but are rarely
applied to investigate the role of filler atoms in CoSbs. As
can be seen from Fig. 4(b), the two spin channels display
a large band offset for the conduction bands. Following the
terminologies used for the pristine CoSbs without La filling,
the CBM at the I" point for the spin-down channel is raised with
respect to that for the spin-up channel, while the VBMs for both
spins are essentially the same. As aresult, the direct band gap is
larger for the spin-down channel than the spin-up counterpart.
In addition, the Fermi energy is located at ~0.14 eV above the
CBM of the spin-up channel but is located at ~0.09 eV above
the CBM of the spin-down channel, compared to the location
of 0.12 eV for the Fermi energy of the non-spin-polarized
band structure. Spin-polarization effects can be also seen
from the DOS curves. The Fermi energy for the spin-up
channel is shifted up to nearly the top of the DOS peak at
the expense of that for the spin-down channel. In comparison,
the non-spin-polarized results in Fig. 4(a) show that the Fermi
energy is located in the middle of the hillside. Further, as a
result of the spin polarization, the spin magnetization of the
system is 2.35 ug (Table S3, Supplemental Material [58]),
in line with the large band offset between the two spin
channels.
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FIG. 5. Total and partial density of states (DOS) for the body-centered cubic (bcc) 2 x 2 x 2 supercell (Cos,Sbyg) without spin polarization
(a) and LaCos3,Sbyg (or Lag 125C04Sby,) with spin polarization (b). For the semiconducting CoSb;, the Fermi energy, as indicated by the vertical

dashed line, is set to 0 eV at the edge of the valence bands.

The Fermi surfaces in association with the degenerate val-
leys could be non-spin polarized or spin polarized, depending
on the electronic structures. Figure 4(c) shows the non-spin-
polarized Fermi surface of Lag 25C04Sby, at the calculated
Fermi energy, which is very similar to the topology of the
Fermi surface shown in Fig. 3. Note that with the La filling
fraction of 12.5%, the number of extra electrons is only 0.375
when normalized to each bcc primitive cell, as compared to
the 0.5 electrons per cell for Ybg 25C04Sby; [85]. Such a small
amount of extra electrons is barely enough to raise the Fermi
energy above the valley bottom [Fig. 4(a)]. In comparison,
the spin-polarized Fermi surfaces in Fig. 4(d) are dramatically
different as a result of the large conduction band offset. Due
to spin polarization, the Fermi energy for the spin-up channel
is raised to be well above the valley bottom, while that for the
spin-down counterpart is lowered below the degenerate valleys
[Fig. 4(b)]. Consequently, the Fermi surface for the spin-up
channel shows large peripheral open pockets joined together,
while that for the spin-down channel only shows a core pocket.
More specifically, the spin-up Fermi surface shows two layers
of peripheral pockets (the inner layer is shown in red) since the
Fermi energy for the spin-up channel is lifted above the second
valley band at the N point. This difference in Fermi surfaces,
along with the differences in valence bands and DOS, indicates
an unequal contribution of the two spin channels to the
electronic properties, which may have profound implications
for the thermoelectrics and spintronics of single crystalline
samples [73,74,77,78]. Spin-polarized Fermi surfaces can be

experimentally verified by spin-resolved angle-resolved pho-
toemission spectroscopy or spin-resolved positron annihilation
spectroscopy [91,92].

The total DOS curves for the bec supercell structure and
its 12.5% La-filled counterpart were further decomposed into
partial DOS contributions from Co’s p and d states, Sb’s s and
p states, and La’s s and d states. Figure 5(a) shows the total
and partial DOS for the bee supercell. The peak corresponding
to the VBM is negligible due to the quasilinear dispersion of
the single valence band (cf. Fig. 3). The partial DOS analysis
shows that the first valence DOS peak at —0.34 eV below the
VBM consists of the hybridization from Co’s d and Sb’s p
states, whereas the tiny conduction DOS peak corresponding
to the CBM is dominated mainly by Co’s d states, largely
agreeing with the observations of Zhao et al. for the same bcc
supercell [93]. Figure 5(b) shows the spin-polarized total and
partial DOS for Lag 125C04Sb,, where La’s contribution is
also presented. As shown, the two spins are nearly degenerate
for the valence states but a large DOS offset exists for the
conduction states. Again, only the spin-up channel shows
significant DOS at the Fermi energy, which consists of a
hybridization of Co’s d states, Sb’s s and p states, and
the filler La’s d states. The band structures and DOS of
Co4Sby, and Lag 125C0o4Sby,> constitute a vast contrast: the
former material is an intrinsic semiconductor, while the latter
is converted to a degenerate semiconductor. These results are in
line with the electrical resistivity measurements of hot-pressed
polycrystalline Co4Sbi, and Lag 05Co4Sb, samples by Nolas
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et al. [45], and of the hot-pressed Lag ;CosSb;, sample by Mi
et al. [44,47].

D. L30.125C04Sb11_375 and L30.125C04Sb11_750 with Sb vacancies

All of the above discussions concern only the electronic
structures of LaCo3,Sbog (i.e., Lag 125C04Sb,) without va-
cancy defects. However, Sb vacancies are easy to form during
material synthesis due to the high vapor pressure of Sb.
Especially, the formation of Sb vacancies is facilitated when
the La content exceeds the FFL, in which case La and Sb form
a secondary phase. In this subsection, we examine LaCos3,Sbgs
with a monovacancy defect (i.e., Lag125C04Sby;g75) and
LaCos;Sbys with a divacancy defect (i.e., Lag 125C04Sby1 750).
It should be noted that without La filling all Sb atoms in
CoSb; are equivalent due to the /m3 symmetry, leading to
merely one type of monovacancy defect and two types of
divacancy defects. However, once La is filled, the reduced
crystal symmetry leads to a wide variety of nonequivalent Sb
mono- and divacancy defects that in turn alter the electronic
structures in different ways. For brevity, herein we study only
six different scenarios for each by removing a Sb atom or a
directly bonded Sb pair at six random locations, based on the
previously optimized structure of Lag 125C04Sby;. In the case
of monovacancy defects, the structures optimized with spin
polarization are more stable than those optimized without spin
polarization by an average value of 30 meV per unit cell (Table
S3, Supplemental Material [58]). In the case of divacancy
defects, the structures optimized with spin polarization are
more stable than those optimized without spin polarization
by ~1 (indicating near degeneracy) or 18 meV per unit cell,
depending on the relative energies and total magnetizations
(Table S3, Supplemental Material [58]). All of the optimized
structures were used for static band structure calculations with
the PBE functional.

Figure 6 compares the non-spin-polarized and spin-
polarized band structures between Lag 125C04Sb;; g75 with a
monovacancy defect and Lag 125C04Sb | 750 with a divacancy
defect. These results represent only the most stable one out of
the six scenarios, respectively. Spin-polarized results for other
scenarios of higher energies are presented in Figs. S2 and S3,
Supplemental Material [58]. As shown in Fig. 6, the mono-
and divacancy defects profoundly alter the band structure
of the vacancy-free Lag 125C04Sby, [cf. Figs. 4(a) and 4(b)].
Particularly, the quasi-Dirac bands largely disappear while a
number of vacancy-related defect bands emerge in the band
gap region. These defect bands mainly result from the Sb atoms
near the vacancy and, notably, they are of large dispersions.
For Lag 25C04Sby; 875, the Sb monovacancy defects induce
electron deficiency that lowers the Fermi energy to the defect
bands. Among the six band structures for the six defect
scenarios, only one scenario is half-metallic [Fig. 6(a)], while
the rest are semiconducting (Fig. S2). For Lag 125C04Sby; 750,
the band structures calculated for the six random divacancy
scenarios indicate that all of them become conductors, as the
Fermi energy is lowered more to cross the vacancy-derived
bands in both spin channels [Figs. 6(b) and S3].

The electrical resistivity measurements of Nolas ef al. using
a hot-pressed polycrystalline Lag 23C04Sb;; ¢ sample showed
a degenerate semiconductor behavior [45]. From the band
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FIG. 6. (a) Non-spin-polarized (left) and spin-polarized (right)
band structures of LaCos;Sbgs with a Sb monovacancy (i.e.,
Lag 125C04Sby;875) and (b) non-spin-polarized (left) and spin-
polarized (right) band structures of LaCosz,Sby, with a Sb divacancy
(i.e., Lag125C04Sby;750). The Fermi energy is indicated by the
horizontal dashed line.

structures of the six cases of Lag 125C04Sby; 875, it appears
that introducing a monovacancy defect does not promise a
conductive behavior since the ratio of 1/6 for the half-metallic
conductive grains in a polycrystalline sample could be too
low to percolate charge carriers. However, the half-metallic
structure is a lot more stable by ~0.14 eV per unit cell than
the rest of the structures studied (Table S3, Supplemental Ma-
terial [58]), and therefore the synthesized Lag 125C04Sby 875
could have a half-metallic property as dictated by the large
difference in stability. Since half metallicity is of great
importance in the field of spintronics, these results suggest that
Lag.125C04Sby g75 could be an excellent candidate material for
experimental studies. For this purpose, a single crystal would
be more appealing than polycrystalline samples in order to
maintain the same spin polarization. In comparison, the bands
of all six Lag 125Co4Sby 750 structures with a divacancy defect
suggest a conductive behavior without ambiguity. However,
precaution should be taken when interpreting polycrystalline
transport data because of the scattering of charge carriers at
grain boundaries and at Sb vacancy defects. Note that the
structures with mono- and divacancies examined here have
fewer Sb vacancies as compared to the experimentally studied
Lag23Co4Sby; 6. Nonetheless, the results are still instructive
regarding the effect of vacancies on the electronic structures
of La-filled skutterudites.
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FIG. 7. Theoretical Seebeck coefficients S as a function of chemical potential p for (a) Co4Sbys, (b) Lag 125C04Sbiz, (¢) Lag 125C04Sby; 875,
and (d) Lag125Co4Sby 750 at different temperatures. Vertical dash lines denote the valence band minimum (VBM) and conduction band

maximum (CBM) in (a), and the Fermi energy (E) at 0 K in (b)—(d).

E. Seebeck coefficients

Seebeck coefficients, S, are a transport parameter of
utmost importance in thermoelectrics. In this subsection,
we will compare the experimental Seebeck coefficients with
our calculated results. Since our calculations are based on
periodic boundary condition, applicable to single crystalline
materials, whereas the experimental results were mostly
obtained in polycrystalline samples, such a comparison war-
rants some justifications. First, pristine and La-filled CoSbs
skutterudites adopt a cubic crystal structure, in which the
Seebeck coefficients are isotropic. Moreover, grain boundary
scattering affects the Seebeck coefficients, but the impact is
typically small in coarse-grained materials. Finally, we adopt a
Boltzmann transport model to calculate the Seebeck coeffi-
cients with a constant relaxation time approximation, in which
the relaxation time can be regarded as a lump sum of various
scattering mechanisms such as grain boundary, defect, and
phonon scatterings.

Before comparing with experimental results, we examine
the general trends in the Seebeck coefficients S directly calcu-
lated as a function of chemical potential w. Figure 7 shows the
calculated Seebeck coefficients at 7 = 100, 300, and 500 K for
the four bee supercell structures studied above, i.e., Co4Sby;
(cf. Fig. 3), Lag.125C04Sbyy (cf. Fig. 4), Lag.125C04Sby1 875,

and Lag 125C0o4Sbyy750 (cf. Fig. 6). As a result of the spin-
polarized electronic structures shown/discussed above, the
electrical transport of the La-filled materials should be spin
dependent. For simplicity, we first discuss the non-spin-
dependent Seebeck coefficients. The spin-dependent results
for the latter three are presented in Fig. S4, Supplemental
Material [58]. The 500 K results are more relevant for practical
midtemperature thermoelectric applications of CoSbs-based
skutterudites, while the 100 and 300 K results are also
presented due to the experimentally studied temperature range
for a few La-filled CoSb; skutterudites from 300 K down to
2-6 K [44,45].

As shown in Fig. 7(a), the Seebeck coefficients for the
pristine Co4Sbj, show two peaks sandwiched between the
VBM and CBM, with the positive S peak closer to the VBM
and the negative S peak midway between the VBM and
CBM. The asymmetric peak locations are related to the
different degeneracies between the frontier valence bands and
conduction bands and their different DOS contributions (cf.
Figs. 2 and 3). With P-type doping, the chemical potential
shifts to the left, giving positive S values, whereas N-type
doping causes a shift of chemical potential to the right, giving
negative S values. In addition, with light P-type and N-type
doping, the magnitude of S is found to decrease with increasing
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T, as expected from a semiconductor. However, upon heavy
P-type and N-type doping, the chemical potential can be
shifted beyond the crossover point to give an inverted trend
of increasing magnitude of S with increasing 7, which is
more like degenerate semiconductors or metals. These trends
are consistent with the experimental data for lightly doped
(10" ¢cm=3 for P-type and 10'® cm™3 for N-type) and heavily
doped (10'8-10" cm™3 for P-type and 10'°-10?° cm™ for
N-type) single crystalline CoSbs samples measured by Caillat
et al. in the temperature range of 300-500 K [74].

Figures 7(b)-7(d) present the Seebeck coefficients of the
three La-filled Co4Sb;, with and without Sb vacancy defects.
Compared to pristine CoSbs, La filling raises the Fermi
energy to higher chemical potentials. However, with increasing
amount of defects, the Fermi energy is slightly shifted back to
the left, in line with our understanding from the band structures
shown above (cf. Fig. 6). For Lag 55Co4Sb;, without defects
[Fig. 7(b)], the curves are in general similar to those of the
pristine CoSbs, as a result of the rigid band structure of
pristine CoSbs. Figure 7(b) also indicates that the Seebeck
coefficients can be fine-tuned in the vicinity of the Fermi
energy by the amount of La filling fraction, giving a smaller
magnitude for a greater filling fraction. For Lag 155C04Sby; g75
with a Sb monovacancy defect [Fig. 7(c)] and especially
Lag.125C04Sby1750 with a Sb divacancy defect [Fig. 7(d)],
the Seebeck coefficients exhibit some oscillations due to the
presence of vacancy-related bands (cf. Fig. 6). As can be
further seen in Figs. 7(b) and 7(c), the magnitude of S for
the vacancy-free Lag 125Co4Sby, and the Lag 25C04Sby; 875
with a Sb monovacancy defect is predicted to increase with
increasing 7T, implying heavy N-type doping. In contrast,
the Seebeck coefficients of the Lag 125C04Sby1.750 with a Sb
divacancy defect may experience a change of sign in the
vicinity of Fermi energy with increasing temperature due to the
strong oscillation [Fig. 7(d)]. Note that these observations only
represent general trends associated with the structures used for
the calculations, especially in the cases with Sb vacancies. The
actual Seebeck coefficients may be different depending on the
locations of defects.

The spin-polarized Fermi surface as revealed above
would naturally lead to spin-dependent Seebeck coefficients.
In Fig. 8, we compare the non-spin-dependent and spin-
dependent Seebeck coefficients of Lag 1,5C04Sb;; as a function
of temperature in the range of 0-300 K. Regardless of the spin
polarization, all S curves exhibit degenerate semiconductor
behavior in that the magnitude of S gradually increases with
increasing temperature. To date, neither polycrystalline nor
single crystalline Lag 1,5C04Sb;, sample has been experimen-
tally reported. Due to randomly spin-polarized grains and
limited spin diffusion length in a polycrystalline sample, it
is expected that the experimental Seebeck data of a polycrys-
talline Lag 125C04Sbi, sample should be compared with the
calculated non-spin-dependent Seebeck data. Meanwhile, the
calculated spin-dependent Seebeck data are to be verified by
the experimental data of a single crystalline Lag 125C04Sb,
sample. As shown in Fig. 8, the non-spin-dependent S is sand-
wiched between the two spin-dependent curves. Notably, the
magnitude of the spin-up S is smaller than that of the spin-down
S, which can be understood in view of the Mott’s relation S o
0 InDOS(E)/IE|g=g, = 1/DOS - d DOS(E)/IE|e=g, [94].
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FIG. 8. Calculated non-spin-dependent and spin-dependent See-
beck coefficients S and power factor S’ (where o is electrical
conductivity) of Lag;p5Co4Sby, as a function of temperature T
based on its own electronic structure which intrinsically contains
the information of carrier concentration.

In the present work, we have assumed a constant relaxation
time, regardless of spin and energy; hence the difference
between the spin-up and spin-down S curves is solely due to the
difference in their spin-specific DOS near the Fermi energy [cf.
Fig. 4(b)]. Figure 8 also shows non-spin-dependent and spin-
dependent power factor S?o, where o is electrical conductiv-
ity, as an illustration of spin-dependent thermoelectric prop-
erties [95,96]. These theoretically predicted spin-dependent
thermoelectric properties invite further experimental studies
of single crystalline CoSb; skutterudites with partial filling of
La or other rare earth elements. Although it was found that the
non-spin-polarized and spin-polarized solutions of La-filled
CoSb; are nearly degenerate, it is possible that their energy
difference may be enlarged by doping with other lanthanide
fillers. Spin-dependent Seebeck coefficients may be possibly
measured using spin valve devices [96], or via anomalous
Nernst effects, etc. [97].

Next we compare the experimental Seebeck coefficients
with our calculated results. Figure 9 shows the experimental
Seebeck data S for P-type Co4Sbiy, N-type LagsCosSbys,
Lag.1Co4Sby,, and Lag 23Co4Sb;; ¢ skutterudites as a function
of temperature T below 300 K digitized from the works of
Mi et al. [44] and Nolas et al. [45]. Similar to the case
of Lay 125C04Sb|, shown above, all of these samples exhibit
degenerate semiconductor behavior in that the magnitude of
S gradually increases with increasing temperature, consistent
with the relatively high carrier concentrations at 10'® cm™3
for the P-type sample and 10?°—10%' cm™3 for the partially
La-filled N-type samples (Table I). For the partially La-filled
samples without Sb vacancies, it is somewhat a surprise to see
the magnitude of S for Lag sCo4Sb;, to be very close to that
of Lay CosSby;. In fact, the formula of the latter compound
is merely a nominal ratio, whereas the actual La content was
determined to be 0.049. Consequently, the two compounds
are close in carrier concentration (Table I). In comparison, the
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FIG. 9. Experimental Seebeck coefficients S as a function of
temperature 7 for P-type and partially La-filled N-type Co4Sbi,
skutterudites (points) compared with the theoretical results (curves)
calculated with the experimental carrier concentrations p or n for
the four experimentally studied materials by using the host matrix’s
electronic structure based on the pristine CosSby;.

magnitude of S is significantly reduced for Lag3Co04Sb; ¢,
due to its much higher La filling and the presence of Sb
vacancies.

Figure 9 also presents the calculated Seebeck coefficients
S(T) in the same temperature range. The experimental La-
filling fractions and Sb vacancy ratios are rarely commensurate
with (1/2)" (n =0,1,2,3,...), and yet due to the adoption
of supercells, the calculations of electronic properties and
Seebeck coefficients are restricted to a La-filling fraction
or Sb vacancy ratio of (1/2)", as illustrated above for
Lag 125Co4Sby, (Fig. 8). To facilitate the comparison with
the four experimentally studied incommensurate materials,
herein we adopted a different approach by using the electronic
structure of the host matrix based on the pristine bcc primi-
tive cell Co4Sby, along with their respective experimentally
measured carrier concentrations (Table I). The calculations
were done using a semiclassical Boltzmann transport model
based on a temperature-independent carrier concentration
(except Lay CosSby,), a constant relaxation time of carriers,
and no contribution from minority carriers. Despite these
approximations, Fig. 9 shows a fairly satisfactory agreement
with the experimental data, especially for Lag ¢sCo4Sb, and
Lag ;Co4Sby. The agreement is reasonable because the partial
La filling largely serves to raise the Fermi energy without
significantly changing the rigid band structure of the host
matrix. However, this is not the case for Lag;3C04Sbyg,
which contains Sb vacancies in addition to the high La filling.
Consequently, the electronic structure of the host matrix has
been changed. Similarly, the rather large discrepancy in the
case of P-type Co4Sbj, could be ascribed to the stoichiometric
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FIG. 10. Experimental Seebeck coefficients S at room tempera-
ture taken from Refs. [43—45,74], compared with calculated values
at 300 K as a function of carrier concentration p for P-type and n for
N-type Co,Sby; skutterudites. For La,Co,Sby, with nominal filling
fraction of x = 0.1-0.4, the carrier concentrations were obtained
at room temperature while the Seebeck coefficients were obtained
at 320 K. The vertical dotted line segments indicate the carrier
concentrations that are required to shift the Fermi energy to the
valence band maximum (VBM), conduction band minimum (CBM),
Fermi hole pocket (FHP), and Fermi electron pocket (FEP). Dashed
lines along the linear section of the theoretical curves are provided to
guide the eye.

changes or structural defects associated with the growth
technique employed [74].

Finally, we examine the Seebeck coefficient as a function
of carrier concentration p and n for both P- and N-type CoSbs
skutterudites (Fig. 10). The carrier concentration governs the
electrical transport properties of a semiconductor, including
the Seebeck coefficient. In the simplest case of a degenerate
single parabolic band with electron-acoustic phonon scatter-
ing, S = 8m*n2kp?/(3qh*T)[/(3p)]*>, where kp is the
Boltzmann constant, g is carrier charge (+e or —e for P-
or N-type materials, respectively), & is the Planck constant,
m™* is band effective mass, and p is carrier concentration (p
or n for P- or N-type materials, respectively). This implies the
existence of a linear dependence between S and log(p) [98,99],
usually called the Pisarenko plot [100]. Notwithstanding it is
based on a degenerate single parabolic band, as a result of the
complex band structure and scattering mechanism of CoSbs,
we still observe in Fig. 10 a linearity between S and log(p) at
p of ~ 10'7-10'" cm~3 for the P-type samples, and between S
and log(n) at n of ~ 10'8-10?° cm~3 for the N-type samples. At
higher carrier concentrations side, the calculated data exhibit
a deviation from the quasilinear dependence of S vs log(p)
or log(n) by showing a hump. Based on the band structure
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of CoSbs [cf. Fig. 2(a)], this feature arises from the highly
degenerate electron and hole pockets on the Fermi surface
deep in the valence and conduction bands.

As shown in Fig. 10, the calculated Seebeck coefficients
are about 50 ©V /K lower than the experimental data of P-type
CoSbs skutterudite samples (see also Fig. 9). In comparison,
the match between the calculated Seebeck coefficients and
the experimental data of N-type samples is only good above
the carrier concentration of 10%°°cm™3, below which the
experimental and calculated data follow the same temperature
dependence but the calculated results are systematically
lower than the experimental data. In light of the well-known
underestimation of the band gap by DFT, we tested the effect
of a scissor operator A by increasing the band gap to the
GW value of 0.34 eV [70]. In addition, the effect of SOC
on the Seebeck coefficient is also examined. As shown in
Fig. S5, Supplemental Material, neither of these corrections
gives a significant improvement [58]. Therefore, the persistent
discrepancies may have partially resulted from the adoption of
the host matrix’s electronic structure for Seebeck coefficient
calculations. The rigid band approximation may be violated
by the structural changes of the host matrix. Taking the
Caillat data for instance [74], the P-type CosSbj, samples
suffer from stoichiometric changes or structural defects as a
result of the growth technique employed, while the N-type
Co4Sby; samples were obtained by substitution of Sb with
Te or Pd that may also change the crystal structure and
electronic properties. In addition, the discrepancies, especially
for the N-type materials, may be also associated with the
fact that N-type doping involves the virtual conduction bands,
which are challenging to capture correctly. Furthermore, the
Seebeck coefficients were calculated based on the ground-state
electronic structures, whereas the thermoelectric transport is
an excited-state phenomenon. We speculate that GW-based
calculations may be exploited in the future to improve the
agreement with experimental results.

IV. CONCLUSIONS

Using ab initio DFT along with semiclassical Boltzmann
transport theory, we have systematically studied the electronic
and thermoelectric properties of pristine and La-filled CoSbs
with and without Sb’s mono- and divacancy defects. The
electronic structure of pristine CoSbs can be interpreted
as having several kinds of band gaps, and therefore it is
imperative to differentiate which of the different types of band
gaps is being referred to when making comparisons between
theoretical calculations and experimental results. Partial La
filling largely serves to raise the Fermi energy to a position
slightly above the degenerate valley bands. Sb vacancies
introduce dispersive bands in the band gap region and lower
the Fermi energy to the vacancy-derived bands. The peculiar
quasi-Dirac band in the pristine CoSb; largely survives the
La filling but not the Sb vacancies. Interestingly, introducing
monovacancy defects may lead to a half-metallic electronic
property that is of great importance in the field of spintronics.
Seebeck coefficients have been calculated for materials with
incommensurate La filling fractions and/or Sb vacancy ratios
indirectly using the experimental carrier concentrations p/n
along with the host matrix’s density of states. In comparison,
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for materials with commensurate La filling fractions and/or
Sb vacancy ratios, we have demonstrated that Seebeck co-
efficients can be calculated directly from their own density
of states which already contain the intrinsic information for
p/n. Seebeck coefficients calculated as a function of p/n
corroborate a thermoelectrically favorable role at high filling
fractions played by the electron/hole pockets on the Fermi
surface associated with the degenerate valleys/hills in the
conduction/valence bands, respectively.

We have shown that the non-spin-polarized and spin-
polarized solutions of La-filled CoSbs are nearly degenerate.
However, the band structure, density of states, and Fermi
surface of the latter are significantly spin polarized. The spin
polarization naturally gives rise to spin-dependent Seebeck
coefficients and power factors, indicating an unequal contri-
bution of two spin channels to the electronic and thermo-
electric properties, which may have profound implications
for the thermoelectrics and spintronics of single crystalline
samples. These theoretically predicted spin-dependent results
invite further experimental studies of single crystalline CoSb;
skutterudites with partial La filling or other rare earth elements.
Experimental methods for the measurements of spin-polarized
Fermi surfaces and spin-dependent thermoelectric properties
have been suggested. On the other hand, due to randomly
spin-polarized grains and limited spin diffusion length, the
experimental thermoelectric properties of polycrystalline sam-
ples should be compared with non-spin-polarized calcula-
tion results. We note that the energy difference between
the spin-polarized and the non-spin-polarized solutions is
very small and it may depend on the exchange correlation
functionals or pseudopotentials used for the calculations.
However, the energy difference may be enlarged by dop-
ing with other lanthanide fillers, and therefore the spin-
dependent properties we presented for La-filled CoSb; are still
enlightening.

Over the past decades, CoSb; skutterudite has received
extensive theoretical and experimental studies. Nonetheless,
there is a conspicuous knowledge gap concerning the impact
of La filler atoms, Sb vacancies, and their interplay on
the electronic and thermoelectric properties of CoSbs. Our
theoretical studies presented herein have discussed previously
reported experimental results, including band gaps, electrical
conductions, and Seebeck coefficients. More importantly, the
results are instrumental in helping elucidate the causality
link between electronic structures and thermoelectric transport
properties. While the present work was initially motivated
by the thermoelectrics of some experimentally studied N-
type La-filled CoSbs, the model systems studied have a too
limited phase space in terms of La filling fractions and
Sb vacancies to exhaustively explore the potential of this
class of materials for thermoelectric applications. Practically,
the multiple filling approach has been shown to be more
effective in enhancing the midtemperature thermoelectric
performance. Nonetheless, the fundamental investigations
may lay the groundwork for future studies of other lanthanides
containing f electrons. The understanding of spin-polarized
Fermi surfaces, spin-dependent thermoelectric properties, and
half-metallic electronic structures as revealed in this work
also hints at the possible spintronic applications of CoSb;
skutterudite.
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