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We use ab initio computations to investigate the effect of filler ions on the properties of CoSb; skutterudites.
We analyze global and local structural effects of filling, using the Ba-filled system as an example. We show that
the deformation of Sb network induced by the filler affects primarily nearest neighboring Sb sites around the
filler site as the soft Sb rings accommodate the distortion. Rearrangement of Sb atoms affects the electronic
band structure and we clarify the effect of this local strain on the band gap. We compute the phonon dispersions
and identify the filler-dominated modes from the lowest-frequency optical modes at I'. Their weak dispersion
across the Brillouin zone indicates that they are localized and a force-constant analysis shows that the filler

vibration is strongly coupled with nearby Sb atoms.
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I. INTRODUCTION

Thermoelectricity provides a fully solid-state solution for
power generation and is considered as an attractive option
for combined heat and power systems or compact waste heat
recovery systems. Current application of thermoelectric ma-
terials in power generation, however, only covers a niche
area because of their low efficiency and limited reliability.
Though the performance of the conventional thermoelectric
materials based on Bi,Te; can be improved by various ap-
proaches including nanostructuring,' its application in power
generation remains a challenging task due to its relatively
low operating temperature. During the last decade or so, new
thermoelectric materials have been pursued for higher per-
formance and extended temperature regimes. Among these
materials, skutterudites based on CoSbs extend the operating
temperature up to around 900 K, which makes them promis-
ing materials for power generation applications.

The skutterudite structure can be described as a corner
sharing network of heavily tilted pnictogen octahedra with a
transition metal, which is typically Co or Fe, in the center
(Fig. 1). The space group is Im3 (n. 204) with four formula
units in the primitive cell: the transition metal is in the 8¢
Wyckoff position and the pnictogen in 24g. The pnictogen
network forms cages around the a position in which a guest
atom, or filler, can be placed. In general, electronegativity
differences among constituents of the octahedral host struc-
ture are relatively small and bonding is mostly covalent. The
structure is known to be chemically stable, with substantial
degrees of freedom in doping and alloying on all sites to
obtain an optimized composition for specific purposes. Skut-
terudites typically maintain large carrier mobilities. Morelli
et al® showed that the mobility of p-type CoSbs samples
doped in the range of 2.6X10'7-4.1X10'® cm™ were in
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the range between 1800 and 2800 cm? V™! s~!. In addition,
even with moderately high carrier density, skutterudites show
Seebeck coefficients in the order of a few hundred micro-
volts per Kelvin.>*

In the classical picture, heavy filler atoms in skutterudite
crystals undergo isolated vibrations, commonly referred to as
rattling, that lower the thermal conductivity by scattering off
phonons in a random way.> This is the commonly cited rea-
son for the low thermal conductivity in the class of materials.
However, this picture has been challenged in recent investi-
gations. Koza et al.® found evidence of phase coherence in
filler vibrations from neutron-scattering experiments of
(La,Ce)Fe4Sb12.

FIG. 1. (Color online) Crystal structure of filled skutterudites.
Transition metals, pnictogens, and fillers are presented as small,
medium-sized, and large spheres, respectively. Visualized with
VESTA (Ref. 2).

©2010 The American Physical Society
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The filler’s effectiveness as a scattering center of heat-
carrying phonons depends on the amount of anharmonicity
in its motion and coupling to other components of the crys-
tal. In earlier works, the bare filler vibration frequency,
which is the frequency of the vibration of a filler when every
other atom is frozen, showed a significantly different value
from the actual frequency of the filler-dominated mode ob-
served in phonon dispersion.”® These results imply that there
exists a strong interaction between the motion of the filler
and those of nearby atoms. The potential experienced by the
filler remains parabolic under a substantially large displace-
ment of the filler,” disputing the anharmonicity of the iso-
lated motion. Thus, the exact nature of the effect of fillers
still remains not clearly understood.

There exist number of theoretical and experimental stud-
ies on skutterudites and we refer to Refs. 5, 10, and 11 for
exhaustive reviews on these materials and related theoretical
approaches. Most of previous computational studies were fo-
cused either on unfilled CoSb; (Refs. 12-14) or on experi-
mentally synthesized compounds of filled skutterudites.®!3-16
In this paper, a slightly different venue is explored. We treat
filling as a perturbation added to the unfilled CoSb; and at-
tempt to develop additional insight by constructing super-
cells with varying degrees of filling and by imitating several
aspects of the effects of fillers independently. In order to
separate the effects of different transition metals (e.g., Fe)
from the effects of filling, the composition of the host struc-
ture is fixed to be CoSbs, despite the difficulty of synthesiz-
ing CoSb; systems filled to a significant fraction.!” This sim-
plification enables us to separately investigate various effects
of filling—structural distortions around fillers, effects of
electron transfer from the filler, and filler-induced vibrational
characters. A study in a similar spirit, dealing with the effects
of defects and impurities, was reported in Refs. 18 and 19.

The paper is organized as follows. In Sec. II, we briefly
summarize computational methodology and structures inves-
tigated. Results are presented in Sec. III. Global and local
structural considerations are presented first. We then con-
tinue with a discussion of the electronic properties and con-
clude with a discussion of the phonon dispersions.

II. METHODOLOGY

Calculations are performed using density-functional
theory?®?! and density-functional perturbation theory
(DFPT) (Ref. 22) with QUANTUM-ESPRESSO,?? using an local-
density approximation (LDA) functional.* Transport proper-
ties, such as electronic conductivity and the Seebeck coeffi-
cient, are studied by solving the Boltzmann transport
equation under constant relaxation-time approximation, with
the BOLTZTRAP package.””> Thermodynamic properties, in-
cluding thermal expansion, are estimated within the statically
constrained quasiharmonic approximation,’® using the VLAB
thermodynamics package.?’

Our primary focus is given to Ba-filled CoSb; systems
while Na, K, Ca, and Sr-filled systems are also studied in
order to investigate trends across a wider chemical space.
CoSbjs skutterudites, both unfilled and fully filled with Na, K,
Ca, Sr, and Ba, are considered using a body-centered-cubic
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unit cell with 16(+1) atoms. The compounds with uniform
50% filling are modeled with a simple-cubic (SC) unit cell of
32+1 atoms. We represent 25% and 75% Ba-filled structures
with tetragonal (TetP) 1X 1 X2 supercell. One more order-
ing of 50% filling is also considered with a similar tetragonal
supercell (TetP). Finally, a 2 X2 X2 simple-cubic cell with
the filling fraction of 6.25% (1/16) is used to investigate the
structure of the filler-induced distortion. Atomic cores are
described by separable®® norm-conserving pseudopotentials>®
(Na, K, and Sb) and ultrasoft pseudopotentials®® (Ca, Co, Sr,
and Ba), which are all available in public.?*>3° Spin-orbit cou-
pling is not included in our calculations since the effect of
spin-orbit interactions is known to have relatively minor ef-
fects in skutterudites.'?

A kinetic-energy cutoff of 30 Ry is used for all our elec-
tronic structure calculations. A 6 X 6 X 6 k-point grid is em-
ployed for body-centered-cubic cells and equivalent sam-
pling is used for larger cells. For phonon calculations, the
dynamical matrix is explicitly computed on a 2X2X?2
q-point grid by linear-response DFPT calculations, whose
result is later Fourier interpolated onto a finer mesh.

III. RESULTS
A. Global and local structural changes under filling

In order to investigate the effect of filling on the global
crystal structure of skutterudites, we calculate the equilib-
rium lattice parameter a, as a function of the filling ratio for
several filler species. Full variable cell relaxation has been
performed using the Broyden-Fletcher-Goldfarb-Shanno
method?! until the force on each atom becomes smaller than
10~* Ry/bohr and the stress over the structure is less than
0.5 kbar. The results are presented in Fig. 2. We note that the
lattice parameter increases linearly with the filling ratio, in
good agreement with Vegard’s law. Also, for a given filling
fraction, the amount of lattice parameter increase is corre-
lated with the size of the filler ion, as determined using Sh-
annon radii.® It is worth noting that the trend is not mono-
tonic for all filler atoms but it is linear within each chemical
group. This can be rationalized by taking into account that
the amount of charge transferred to the lattice from higher-
valence fillers is larger than from lower-valence fillers of
similar size. Unfilled CoSbs lattice parameter in ground state
is calculated at 8.972 A, which is somewhat smaller than the
experimental value 9.035(1) A at room temperature,’? as ex-
pected from LDA calculations. When we include the zero-
point motion within the quasiharmonic approximation, the
equilibrium lattice parameter is increased to 9.00(0) A.
When we add the effect of thermal expansion and minimize
the free energy, the lattice parameter becomes 9.01(7) A at
300 K, which is closer to the experimental value. The loca-
tions of Sb atoms in unfilled CoSb; are fixed by two internal
coordinate symmetry parameters y and z within the space
group Im3 (n. 204). As shown in Table I along with param-
eters for other compounds, our values of these parameters are
close to experimental values.>

We study the internal distortion introduced by the filler
and its range of influence by analyzing the relaxed atomic
structure in a large supercell (SC 2 X2 X 2) containing 256
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FIG. 2. (a) Lattice parameter a, versus filling fraction. QHA:
calculated values from statically constrained quasiharmonic ap-
proximation and EXP: experimental value (Ref. 32). (b) Lattice
parameter a, versus the ionic radius of the filler atom.

+1 atoms or Ba filling fraction of 1/16. Closest Sb-Sb pairs
can be classified into two distinct groups: each Sb atom be-
longs to an orthogonal ring consisting of four Sb atoms, with
two opposite edges facing a filler site. The alignment of each
pair can be either longitudinal along the direction connecting
two nearest filler sites or transverse to the direction. In un-
filled CoSbs;, longitudinal pairs are longer than transverse
ones. Filling, however, introduces local stress and rearranges
Sb atoms, making transverse pairs longer and longitudinal
pairs shorter. This effect is shown in Fig. 3, where the
lengths of pairs just beside a Ba atom are significantly dif-
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FIG. 3. (a) Length of closest Sb-Sb pairs versus the distance of
the pair from its nearest Ba filler atom (in units of ag). Circles:
transverse pairs; crosses: longitudinal pairs; and reference lines rep-
resent lengths in unfilled CoSbs. (b) Length of closest Co-Sb pairs
as a function of the distance from the filler site.

ferent from those observed in unfilled CoSbs;. However, the
effect is localized around filler sites. The next-nearest pairs
barely see the presence of the filler and the length of Sb-Sb
pairs rapidly approaches the corresponding value in the un-
filled CoSbs, as a function of the distance from the filled site.
On the other hand, Co-Sb distances are apparently less re-
sponsive and do not show as much variation due to the in-
sertion of Ba atoms. These observations reveal that the over-

TABLE I. Lattice and symmetry independent parameters. Values for unfilled CoSb; are compared to

experimental data (Refs. 32 and 34).

BaCo,Sby, SrCo,Sby, CaCo,Sby, CoSb; CoSb; (Refs. 32 and 34)
ao(A) 9.090 9.065 9.049 8.972 9.035(1)
y 0.3391 0.3366 0.3345 0.3335 0.33537
z 0.1629 0.1617 0.1607 0.1589 0.15788
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FIG. 4. (Color online) Radial distribution function of Sb atoms around a Ba atom at various filling fractions, shown in an arbitrary unit.
The distance of each Sb atom from a Ba atom is normalized by the lattice parameter a. For the unfilled case (dashed), the radial distribution
of Sb atoms around a vacant filler site is presented instead. (a) 0.35<r/ay<0.4, (b) 0.6<r/ay<0.7, and (c) 0.82<r/ay<0.92.

all structural effect of filling is rather localized around each
filler site due to softness of Sb rings.

The locality of the internal distortion introduced by the
filler can be also recognized in Fig. 4, where the radial dis-
tribution function of Sb atoms around a Ba atom is presented
at various filling fractions. Distances are normalized by ay,
which varies with the filling fraction (Fig. 2). For filled com-
pounds, the nearest-neighboring group of Sb atoms around a
Ba atom, shown in Fig. 4(a), exhibits two peaks: one around
0.375a, and the other around 0.38a,. This splitting is due to
local structural characters. As mentioned earlier, every Sb
atom is sitting on a Sb ring between two nearby filler sites.
At least one nearby filler site of the ring on which the
nearest-neighboring group sites is occupied by a Ba atom.
The other filler site can be either filled or left vacant. If both
filler sites are filled, the Sb ring is squeezed from both sides,
resulting in the peak at 0.375qa,. Alternatively, the Sb ring is
only pushed away by the Ba atom on one side without any
repulsion from the other side and this corresponds to the
peak at 0.38a,. The same mechanism contributes to the split

between 0.68a, and 0.69q, in Fig. 4(b) of the third-nearest-
neighboring group, which shares the same Sb rings with the
nearest-neighboring group.

On the other hand, the second-nearest-neighboring group
of Sb to the filling site (that does not share the same Sb rings
with the nearest-neighboring group) shows a relatively small
splitting of the peak at 0.63a,. This small splitting is sensi-
tive to the filling of the other nearby filler sites. As the dis-
tance from a Ba filler atom site further increases, the radial
distribution function quickly approaches that of unfilled
CoSb; and there exists no clear splitting observed beyond the
third-nearest Sb group, as shown in Fig. 4(c). In summary,
the filler structurally affects the Sb rings nearby but the
change is limited only up to the nearest-neighboring Sb
rings.

B. Effect on the electronic structure

Unfilled CoSbs is a direct-gap insulator with a moderate
band gap, which is very sensitive to structural parameters. As
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05

()

FIG. 5. (Color online) Band structures of (a) BaCo,Sby,, (b)
SrCo,Sby,, and (c) CaCo4Sb,, presented with solid lines. The en-
ergy reference is set to the Fermi level. For comparison, the band
structure of CoSbj is also plotted with dashed lines, aligned in a
way that it shares the same top of the valence band at I'.

the result, experimental measurements of the band gap are
relatively scarce and show significant variations depending
on the methodology. Rakoto et al.3>3% performed
Shubnikov-de Haas studies and reported 35 =2 meV. Man-
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FIG. 6. LDA band gap (eV) at I as a function of filling fraction
and filler element. Na and K-filled compounds are only showed in
fully filled configurations.

drus et al.3” deduced 50 meV from resistivity measurements.

In the present work, the band gap, E,, is 0.225 eV for un-
filled CoSbs, which is comparable to previously reported val-
ues in other calculations.®!3:14.38

While the bottom of the conduction bands around the gap
is relatively flat, the top of the highest valence band exhibits
a strongly dispersive character near I'. Figure 5 illustrates the
computed band structures of BaCo,Sb;,, SrCo,Sb;,, and
CaCo,Sby,. By projecting the states onto atomic orbitals, we
see that the bottom of the conduction manifold is dominated
by a filler-derived s band everywhere in the Brillouin zone
except near I', where it retains the character of Co d and
Sb s. The top of the valence band at I' derives from an anti-
bonding combination of Sb p states around Sb rings'**° or
alternatively it may be seen as a bonding combination be-
tween a Co atom and Sb atoms around it.'* Unfilled CoSbj is
an intrinsic semiconductor while any significant amount of
filling turns it into a formally metallic system due to charge
transfer from the electropositive filler atom to the crystal
matrix. In these metallic configurations, the gap above the
dispersive antibonding state of Sb p states at I is still iden-
tifiable, which we shall refer as the band gap for those con-
figurations. The band gaps of all the configurations are sum-
marized in Fig. 6.

TABLE II. LDA band gap (eV) at I' for structures under
pressure.

ag P E,
(A) (kbar) (eV)
BaCo,Sby, 8.999 31.7 0.263
9.090 =0 0.183
9.181 -27.1 0.108
CoSb; 8.882 33.6 0.318
8.972 =0 0.225
9.062 -28.3 0.134
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FIG. 7. (a) The Seebeck coefficient (uV/K) computed from the
band structure of unfilled CoSbs (solid) and that of CaCo,Sbi,
(dashed) for n-type samples. The labels indicate the ionized donor
concentration assumed for the band structure of unfilled CoSbs. For
CaCo,Sby,, charge is compensated to maintain its CoSb; host struc-
ture isoelectronic to that of the corresponding unfilled CoSb; band
structure. (b) Comparison to an experimental measurement. Solid:
computed from the band structure of unfilled CoSbs, assuming an
ionized donor concentration of 4.54 X 10'® c¢cm™ and squares: ex-
perimental data in Ref. 4 (1CS10).

At the zone center, both the top of the highest valence
band and the bottom of the lowest conduction band are de-
rived from covalent bonding/antibonding states. These en-
ergy levels are sensitive to the distances between participat-
ing atoms and can thus be affected by the local distortion
introduced by the filling. This, in turn, results in a change in
the band gap at I". The following trend is recognized in our
calculations: with an increased covalent overlap induced by
pressure, a compressed structure with a smaller lattice pa-
rameter exhibits a band gap larger than that of the equilib-
rium or expanded structures. The trend is shared by the un-
filled structure and the Ba-filled one, hinting that this is
independent from a specific chemistry of a filler (Table II).
We note that a similar effect can also be introduced by dif-
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FIG. 8. The resistivity computed from the band structure of
unfilled CoSb; (solid) and that of CaCo,Sb;, (dashed) for n-type
samples, assuming 7=2.5X 1074 s. The same rule for defining the
ionized donor concentration is employed as that in Fig. 7.

ferent ionic radii of fillers, thus changing the lattice param-
eter: CaCo,Sb;, shows a smaller lattice parameter than that
of BaCo,Sb,, (Fig. 2) and accordingly exhibits a larger band
gap than that of BaCo,Sb,, (Fig. 6).

An additional effect of filling is the charge transfer from
the electropositive filler to the CoSbs host structure. To sepa-
rately address this direct effect from the indirect distortion-
induced changes, the band structure of BaCo,Sb;,, whose
atomic locations are fixed at those of unfilled CoSbs, is com-
puted (denoted as “unrelaxed BaCo,Sb,,” after on). The
band gap at I' turns out to be 0.6 eV, which is significantly
larger than the corresponding value of the fully relaxed
BaCo,Sby, or that of unfilled CoSbs, indicating that intro-
duction of extra electrons into the host structure of CoSbs
increases the band gap. Also, by adding extra electrons com-
pensated by a jellium in the computation of the same unfilled
CoSb; structure we notice that the band gap at I' increases.
The trend is also confirmed by the fact that the band gaps in
alkali-metal-filled compounds are predicted to be lower than
those containing alkaline-earth fillers of similar ionic size,
due to smaller transfer of charge, as shown in Fig. 6.

Starting from the band structure, we can estimate elec-
tronic transport properties using a semiclassical Boltzmann
transport approach with the constant relaxation-time
approximation.” Fig. 7 shows the Seebeck coefficient com-
puted for doped n-type samples by using the band structure
of unfilled CoSb; and that of CaCo,Sb,. The qualitative
behaviors of the computed Seebeck coefficients closely re-
semble those observed in experiments,* as shown in Fig.
7(b). Agreement with experiment is good at low-temperature
regime (around 300 K). Our result qualitatively captures the
transition from n type to p type with increasing temperature,
which is experimentally observed, though the values of the
Seebeck coefficient and the transition temperature deviate
from experimental observations in the high-temperature re-
gime. This is not surprising since the contribution from mul-
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FIG. 9. (Color online) Phonon dispersion curves and computed vibrational density of states of BaCo,Sb;, with contribution from each
element, normalized by the number of atoms of the participating elements in the unit cell.

tiple bands invalidates the constant relaxation-time approxi-
mation. In addition, the concentration of ionized donors can
vary with temperature while we assume it is constant (4.54
X 10" cm™3) here. The band structure of CaCo,Sb;, exhib-
its a relatively flat bottom of the conduction band, which
results in noticeable improvement of the Seebeck coefficient
at low temperature. This advantage is, however, not sus-
tained at high temperature, where the Fermi distribution wid-

ens and contributions from multiple bands become impor-
tant. Electrical resistivity computed with a constant
relaxation time of 2.5X 107!* s is also shown in Fig. 8. We
note that, unlike the Seebeck coefficient, the electrical resis-
tivity is inversely proportional to the actual value of the re-
laxation time even under the constant relaxation-time ap-
proximation, making the applicability of the approximation
more dubious than that for the Seebeck coefficient.
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FIG. 10. (Color online) Phonon dispersion curves and computed vibrational density of states of CaCo,Sb;, with contribution from each
element, normalized by the number of atoms of the participating elements in the unit cell.
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FIG. 11. (Color online) Phonon dispersion curves of BaCo4Sb,,
(thick solid), SrCo,Sby, (dashed), CaCo,Sb,, (dash dot), and CoSb;
(thin solid) along A in the low-frequency regime.

C. Vibration spectra

In order to understand the effect of the filler on the ther-
mal transport in skutterudites, we start by calculating the
vibration spectrum using density-functional perturbation
theory, which allows us to analyze the full phonon-dispersion
information in the Brillouin zone. This methodology was
successfully used in computing phonon dispersions of CoSb;
and TIFeCo;Sb,, in a previous study.® In Figs. 9 and 10, we
present the phonon-dispersion curves for BaCo,Sb;, and
CaCo,Sby,. Phonon density of states with contribution from
each element is also shown. SrCo,Sb;, exhibits similar vi-
brational structure somewhere between those of BaCo,Sb,
and of CaCo,Sb,. In Fig. 11, we compare the low-frequency
vibrational spectra in various compounds along the A line in
the Brillouin zone. All of our calculated spectra exhibit rela-
tively large gaps at about 200 cm~'. In BaCo,Sb,, the Co-
dominated manifold above 200 cm™' shows a clear splitting
into two groups, which was also observed in CoSb;.*° The
splitting disappears in CaCo,Sby,. In contrast to the calcula-
tions in Ref. 8, no gap is clearly identified at about 100 cm™!
but we also find a rather low density of states there.

Except in CaCo,Sb,,, where Ca participates in higher op-
tical modes as well due to its smaller mass, strong contribu-
tions from fillers are found in the range between 50 and
100 cm™! for both Ba and Sr fillings. Accordingly, we iden-
tify the filler-dominated modes as relatively flat manifolds in
that frequency range, forming the lowest optical modes (F,)
at I". The frequencies of these modes at the zone center are
listed in Table III. The weak dispersion of these bands points
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to the localized nature of these vibrations. This could suggest
the fillers’ role as mostly decoupled random scattering cen-
ters for acoustic phonons that carry thermal current. Above
these lowest optical modes lie the second lowest optical
modes (F,) at I' that predominantly have Sb character, also
reported in Table IIl. The great similarity of these optical
modes of filled compounds to the lowest optical modes ob-
served in unfilled CoSb; has not drawn much attention. Un-
filled CoSb; shows the lowest optical mode (F,) at 80 cm™!
and the second lowest one (F g) at 83 cm™'. These modes are
all Sb dominated and exhibit little dispersion, indicating that
they are also localized. The characteristic motion of Sb rings
in each of these modes can be characterized either as trans-
lation for F, modes or as in-plane ring rotation for F, modes.
In filled compounds the lowest optical modes (F,) are domi-
nated by the motion of the fillers but the associated motion of
Sb rings in these optical modes can still be characterized as
translation (Fig. 12). The next lowest optical modes in filled
compounds are more or less identical to the rotationlike F,
modes in unfilled CoSb; (Fig. 13). Based on the similarity
between the lowest optical modes of filled and unfilled com-
pounds, it is natural to consider the filler-dominated lowest
optical modes in filled compounds as originating from the
lowest optical modes of unfilled CoSbs, rather than as some-
thing solely created by fillers. Sb ring vibrations are not sub-
stantially mixed with the vibrations of the other Sb rings in
unfilled CoSbs, exhibiting only a small difference between
the frequencies of F, and F, modes. The introduction of a
filler makes the vibrations of the nearby Sb rings weakly
coupled, resulting in a greater splitting between the F, and F,
modes in filled compounds. Strong hybridization between
filler motions and Sb motions is, hence, expected.

The bare frequency of the filler vibration was calculated
earlier to be about 90 cm™! for Ba and Sr, assuming only the
filler motion in its harmonic potential.’ Via our analysis of
the force constants obtained from the linear-response calcu-
lations, we obtain the bare frequencies of 101 cm™' for Ba
and 98 cm™! for Sr. The bare frequency of Ca is 115 cm™,
which is slightly larger. In any case, it is clear that the full
phonon calculation exhibits a lower frequency of filler vibra-
tions than the corresponding bare frequency, which indicates
the existence of significant coupling between the filler vibra-
tion and the Sb shell nearby.

It is also worth noting that the Ca-dominated lowest opti-
cal mode frequency is lower than that of the Ba mode, de-
spite the atomic mass difference. A similar observation was
made for (Ca,Sr,Ba)Fe,Sb;, in Ref. 43, where the Einstein
temperatures of these compounds were compared. Therefore,
the interatomic force constants between the filler and nearby
atoms vary significantly from one compound to another. We

TABLE III. Frequencies and characters of two lowest optical modes at I'. For unfilled CoSbs, values from
a previous study (Ref. 41) are also provided for comparison.

BaCO4Sb12 SrC04Sb12 CaC04Sb12 COSb3 COSb3 (Ref 41)
Sb ring motion (cm™) (cm™) (em™) (cm™) (ecm™)
Lowest Translation (F,) 71 63 55 80 78
Second lowest  In-plane rotation (F,) 90 88 84 83 84
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(a)
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(b)

FIG. 12. (Color online) Typical mode shapes observed in the first lowest optical modes at I', focused at an Sb ring: (a) CoSb; and (b)
CaCo,Sby,. Visualized with XCRYSDEN (Ref. 42). The motions of Ca atoms are not shown for clarity.

quantify this effect by comparing the largest singular
values** of the interatomic force-constant matrices Cj . 1.8
:ﬁfi{w' Here, I and J are the indices of nearest atoms, and
«a and B indicate Cartesian components. The results are pre-
sented for strongly interacting pairs in Table IV. Due to the
global change in the lattice parameter, interactions between
nearest atoms should become weaker, as we proceed from
unfilled CoSb; to filled compounds and also from CaCo,Sb,
to BaCo,Sb,. Though this general trend is recognized in our
results, exceptions do occur due to local distortions around
fillers. The interaction between the filler and the nearby Sb
atoms becomes significantly stronger as we switch from
CaCo,Sb, to BaCo,Sb;,. The force constants between the
longitudinal pair of Sb atoms increase as well, due to the
filler-induced distortion of Sb rings, which has been dis-
cussed in Sec. III A. The filler atom pushes its neighboring
Sb atoms, making the longitudinal Sb pairs shorter and the
transverse Sb pairs longer. The larger the filler is, the more
severe the distortion becomes. As the result, the force con-
stants between the longitudinal pair increases as the ionic
radius of the filler increases. The frequency trend we observe

(a)

in the lowest optical modes in filled skutterudites is, hence,
derived from the interatomic force constants of the filler-Sb
pair and those of the longitudinal Sb pair, which compensate
the difference in filler masses. The result indicates that both
the mass of the filler and the interatomic force constants are
important in determining the frequency of the filler-
dominated modes in skutterudites. In particular, it suggests
that the local vibration of fillers does not depend only on the
filler sizes and masses but also on the force constants of
Sb-Sb pairs. This observation may be of importance in de-
signing new compositions with lower thermal conductivity.

A cautionary comment is given at this point: the symme-
try character of the lowest optical modes we observe does
not exactly match that of LaFe,Sb;, obtained from a force-
constant model, where an A, mode was predicted as the
second lowest optical mode at I'.!® The details of phonon
characters, hence, may be dependent on the choice of the
filler element.

IV. SUMMARY

Our calculations demonstrate that alkaline-earth or alkali-
metal filling has various structural, electronic, and vibra-

(b)

FIG. 13. (Color online) Typical mode shapes observed in the second lowest optical modes at I, focused at an Sb ring: (a) CoSb; and (b)

CaCo,Sby,. Visualized with XCRYSDEN (Ref. 42).
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TABLE IV. Largest singular value of the interatomic force-
constant matrix between each pair of nearest atoms (Ry/bohr?). The
direction of each Sb pair respect to two nearby filler sites is also
denoted in parenthesis (L: longitudinal and T: transverse).

Filler-Sb  Sb-Sb (L)  Sb-Sb(T)  Co-Sb
BaCo,Sb, 0.0359 0.0716 0.0631 0.0713
SrCo,Sb, 0.0281 0.0611 00698  0.0776
CaCo,Sb,, 0.0219 0.0529 0.0760  0.0826
CoSb; N/A 0.0583 0.1012  0.0927

tional effects in CoSbs skutterudite systems. Besides the glo-
bal structural impact on the lattice parameter, a filler
introduces locally confined changes in the atomic structure
around itself. Soft Sb rings, which are repelled away from
the filler, accommodate the local distortion and prevent its
long-range propagation.

Electronic band structure, including the band gap at I', is
sensitive to global and local atomic structures. As typically
observed in covalent systems, the direct band gap decreases
when the volume increases, which can result either from an
external stress or from introduction of fillers with large ionic
radii. On the other hand, it is found that the extra electrons
donated from a filler to the CoSb; host structure have the
tendency of increasing the band gap, thus competing against
the effect of volume increase in filled compounds.

Linear-response calculations have been performed in or-
der to investigate phonon dispersions in filled compounds. In

PHYSICAL REVIEW B 81, 045204 (2010)

(Ca,Sr,Ba)Co,Sb,, filler-dominated vibration modes appear
as the lowest optical modes at I", which are mostly localized,
that is, decoupled from the other vibrations. Strong similarity
of these lowest optical modes in filled compounds to the Sb
dominated, lowest optical modes in unfilled CoSbs is ob-
served, which suggests that the filler-dominated vibration
modes originate from the corresponding modes in the un-
filled system. Consequently, the motion of the filler is
strongly coupled with nearby Sb atoms, resulting in signifi-
cant discrepancy between the bare frequency and the actual
phonon mode frequency of filler vibrations. Additionally, it is
found that not only the mass of the filler but also the inter-
atomic force constants determining the filler-dominated vi-
bration frequencies. Overall, it is shown that the fillers’ vi-
brations exhibit nontrivial aspects in skutterudites even at the
harmonic level.
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