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The physical properties of partially filled Ca,Co,Sb;, (x=0.03, 0.05, 0.10, and 0.20) skutterudites have been
investigated at low temperature. Electrical, transport, and magnetic data completed by specific heat data are
discussed in view of electronic structure Korringa-Kohn-Rostoker method with consistent potential approxi-
mation calculations. Unusual electron transport characteristics in Ca,CosSb;,—namely, a complex variation of
resistivity curves whereas a rather systematic variation of thermopower with Ca content—seem to be governed
by a remarkably large s-like density of states appearing at the conduction band. These features corroborate the
large effective masses estimated from Hall and thermopower measurements. The evolution of the density of
states near the Fermi level agrees with the sign and variation of the Seebeck coefficient slope a/7T versus Ca
content. The comparison between the values of the electronic specific heat of Cag,7Co4Sb;, and Co,Sby,
apparently supports the finite density of states at Er in Cag,,Co4Sby,. The analyses of the Pauli paramagnetic
susceptibility and specific heat behaviors concerning the carrier effective mass are coherent both with the
electron transport measurements and the electronic structure features.

DOI: 10.1103/PhysRevB.73.035126

I. INTRODUCTION

Among metals and narrow-band-gap semiconductors,
skutterudites have received particular attention these last
years. This is not only for their interest as engineering mate-
rials in thermoelectric devices operating above room tem-
perature, but also because they present interesting physical
features from a fundamental point of view.' In particular,
some skutterudites exhibit superconductivity and long-range
magnetic order as well as rather exotic electronic-state
features.”*

The essence of a good thermoelectric material is captured
in the material’s dimensionless figure of merit, Z7, defined
by

2

zr=2r, (1)

PA

where « is the Seebeck coefficient or thermopower, T the
absolute temperature, p the electrical resistivity, and N\ the
total thermal conductivity. High ZT values significantly con-
tribute to achieve high-efficiency thermoelectric devices. The
challenge lies then in achieving simultaneously high «, low
p, and low A for a given thermoelectric material at the oper-
ating temperature 7. The three transport properties are linked
to the details of the electronic structure and to the scattering
of the charge carriers and are thus mutually not independent.

1098-0121/2006/73(3)/035126(12)/$23.00

035126-1

PACS number(s): 71.20.Nr, 72.20.Pa, 75.20.Ck

The name “skutterudite” refers to the class of materials
with a general formula MX; where M is a transition metal
such as Co, Rh, or Ir and X stands for a pnictogen atom such
as P, As, or Sb. Skutterudites crystallize in the body-
centered-cubic structure, space group Im3 (No. 204). The
structural “filling” refers to the total or partial occupation of
the two interstitial sites (void sites) of the structure with no
change in space group. Thermoelectric properties can be op-
timized through such judicious filling of the skutterudite
structure and/or by substitutions on the M or X sites. The
filling of the voids with heavy “rattling” ions, which are
weakly bonded to the lattice, is particularly promising be-
cause these ions exercise large local vibrations which disrupt
the harmonic modes of the parent atoms.!~>7 In this context,
tremendous effort has been made with the cobalt trianti-
monide CoSbs skutterudite and numerous atoms have been
used to fill the voids of this structure.®~'821-27 If void filling
was shown to effectively impede phonon transport, the intro-
duction of an ion influences also drastically the electronic
properties. The present study was prompted by recent results
on A,Co,Sb;, compounds partially filled with A=Ba (Refs.
15-17) and Ca (Refs. 24,25) exhibiting excellent thermoelec-
tric properties at moderate temperature with ZT=1 at T
=800 K. While Ba and Ca are both alkaline-earth metals,
their solubility limit differs significantly [x=0.44 Ba (Ref.
15) and x=0.20 Ca (Ref. 26)]. The influence of Ba and Ca on
the transport properties in A,Co,Sby, skutterudites has been

©2006 The American Physical Society
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TABLE I. Lattice parameter (a) (Ref. 26), relative density (d, defined as the ratio of the measured density
to the theoretical density) (Ref. 26), carrier concentration (n,p), Hall mobility (uy), and reduced effective
masses (m"/mg) measured at room temperature for the different Ca,Co,Sb;, skutterudites studied.

a d

Compound (nm) (%) np, (cm™) (cméL/H Vs) m"/myg
CoySbypas 0.90360 82 p=2.5% 1018 598
Cap03C04Sb1pa 0.90390 91 n=3.7x10° 312 1.4
Ca0sC0sSb1 43 0.90423 83 n=7.1x 10 272 17
Ca03C0sSb 1 45 0.90429 90 n=3.2x 102 5.5 32
Cag2CosSb1r 47 0.90498 ) n=2.8 % 10% 73 24

thoroughly discussed for temperatures 7>300 K, but only
little information is available at low temperatures where the
basic physical phenomena are usually exacerbated.

In this paper, the low-temperature transport properties (in-
cluding magnetotransport), magnetic properties, and specific
heat have been explored in Ca,Co,Sb;, (x=0, 0.03, 0.05,
0.08, 0.20) polycrystalline samples. To have a deeper insight
into this material system, electronic structure calculations
have been performed and compared to results obtained with
other alkaline-earth metals as the filler ions. There was a
two-fold purpose for these electronic structure calculations in
A,Co,Sby, (A=Mg, Ca, Sr, Ba) skutterudites. First, we in-
tended to study the variations of the density of states (DOS)
in Ca,Co,Sb, versus Ca content to better understand the
influence of Ca content on the measured electron transport
properties. Second, the isoelectronic elements Mg, Ca, Sr,
and Ba inserted into the CoSb; matrix have been also con-
sidered to get more insight into the DOS behaviors near the
Fermi level. Note that the chemical synthesis and some
physical properties are, to the best of our knowledge, only
reported for Ba,Co,Sb,, (Ref. 16), Ca,Co,Sb;, (Refs. 24,26),
and Sr,Co,Sb;, (Ref. 27) partially filled skutterudites; thus,
Mg, Co,Sb,, remains hypothetical. Nevertheless, comparing
electronic structures of A ,Co,Sby, in a systematic way along
the alkaline-earth metal series allows us to elucidate some
general trends and to underline rather unique electronic prop-
erties of the Ca partially filled CoSbs skutterudites.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline samples of Ca,Co,Sb;, with x<0.2 were
prepared by solid-state reactions.’® High-purity Ca pellets
(99.5%), Co powders (99.999%), and Sb shots (99.999%)
were used as the starting materials. Stoichiometric amounts
of these elements were loaded into a quartz ampoule in an
argon-atmosphere glove box. The ampoule was heated up to
750 °C at a rate of 1 °C/min and left at 750 °C for 84 h. The
obtained solid was then ground in an agate mortar into fine
powders (<100 wm) that were further compacted into pel-
lets. To achieve completely the reaction and to obtain the
expected crystallographic phase, the tablets were annealed at
620 °C for 84 h. These materials were powdered again and
densified. The densification was accomplished by hot press-
ing using graphite dies in an argon atmosphere at 600 °C for
2 h under 660 kg/cm?.

Structural and chemical characterizations of the polycrys-
talline samples were achieved through x-ray diffraction, neu-
tron diffraction, and electron probe micro-analysis (EPMA).
The details of the characterizations have been previously re-
ported elsewhere.’® The main results are summarized in
Table 1. All the compositions given in this table have been
normalized to full occupancy of the cobalt site and corre-
spond to the actual composition.

For the transport and magnetic studies, bar-shaped speci-
mens were cut with a diamond wire saw from the densified
pellets to final typical dimensions of 2 X2 X 10 mm?. Four-
probe electrical resistivity and steady-state thermoelectric
power were performed from 10 to 300 K using an automated
closed-cycle refrigerator system. Magnetotransport measure-
ments, including magnetoresistance and Hall measurements,
were performed with an ac transport measurement system
option (physical property measurement system, PPMS-
Quantum Design) over the temperature range of 2-350 K
and under a magnetic field ranging up to 7 T. Ohmic contacts
to the samples were made with fine copper wires attached
with care using a tiny amount of silver paint. Magnetization
curves were measured from 5 to 300 K under a magnetic
field up to 7 T using a commercial superconducting quantum
interference device magnetometer (magnetic property mea-
surement system, MPMS-Quantum Design). Specific heat
measurements were carried out between 5 and 150 K on
some selected samples using a PPMS.

Electronic structure calculations of the above-mentioned
compounds were performed using the Korringa-Kohn-
Rostoker method with consistent potential approximation
(KKR-CPA).2%2 The crystal potential was constructed
within the local density approximation (LDA) using the
Barth-Hedin expression for the exchange-correlation poten-
tial. The radii of nonoverlapping muffin-tin spheres (r¢,
=1.11 A, rgy=1.41 A, and r,=1.93 A) have been chosen to
obtain optimal filling of the Wigner-Seitz cell. For final crys-
tal potentials, the total and site- and [-decomposed (with
lhax=2) DOS have been computed using a tetrahedron
k-space integration technique. The CPA cycles have been
carried out in the complex energy plane using the elliptic
contour, and the Fermi level (Ey) has been determined pre-
cisely via the generalized Lloyd formula.*® Bearing in mind
that KKR-CPA calculations of electron transport coefficients
(i.e., electrical conductivity and thermopower) require a
much more elaborate treatment accounting for the electron
velocity dependence on the k vector and then integrating
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FIG. 1. (Color online) Temperature dependences of the thermo-
electric power « for the Ca,Co,Sby, skutterudites, with (O) x=0,
(A) x=0.03, (¢) x=0.05, (X) x=0.08, and (+) x=0.20.

over the Fermi surface to obtain the transport function’! (be-
ing a difficult task in such a complex disordered material),
we have only performed a very rough analysis of the ther-
mopower variations based on the computed KKR-CPA den-
sity of states in Ca,Co,Sby,.

The experimental values of the structural parameters were
employed in computations of Ca,Co,Sby,. In the case of
A,Co,Sb, (A=Mg, Ca, Sr, Ba and with x about 0.01), lattice
constant (@=9.036 A, Table I) and Sb positional parameters
(#=0.3352, v=0.1578) (Ref. 26) of the binary CoSbs were
used.

III. RESULTS AND DISCUSSION
A. Transport and magnetotransport properties
1. Thermopower and Hall concentration

The temperature dependence of the thermoelectric power
has been measured between 4.2 and 300 K on the different
Ca,Co,Sby, (x=0, 0.03, 0.05, 0.08, 0.20) skutterudites (Fig.
1). The CoSb; binary compound exhibits a positive thermo-
electric power that increases with the enhancement of the
temperature to attain a value close to 150 uV/K at room
temperature. Such a behavior is typical of a diffusive ther-
moelectric power encountered in extrinsic semiconductors.
No particular feature that could be attributed to phonon drag
has been observed for temperatures lower than 50 K, as re-
ported for single-crystalline CoSbs.332 The achievement of a
p-type conduction is in good agreement with the results re-
ported for instance by Nolas et al.® and Sharp et al> on
polycrystalline CoSb; samples. They however differ from
those of Morelli et al.® and Kuznetsov et al.?? in that they
obtained a negative thermoelectric power in a similar tem-
perature range. The origin of these discrepancies on the n or
p type of conduction at low temperature in CoSbs skutteru-
dites has been discussed by several authors. According to
Morelli et al.,} the p- (n-) type behavior would be due to a
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FIG. 2. (Color online) Temperature dependences of the Hall
coefficient Ry for the Ca,Co,Sby, skutterudites, with (O) x=0, (A)
x=0.03, (¢) x=0.05, (X) x=0.08, and (+) x=0.20.

lack of cobalt (antimony), respectively. These conclusions
are partially supported by band structure calculations aiming
to study the influence of defects on the density of states of
the CoSbs compound.33 It is, however, now well established
that the purity of the raw cobalt material plays an essential
role in the electrical properties encountered in CoSb;.3*%
The use of cobalt free of residual impurities of nickel (as is
the case in this study) leads to a systematically positive ther-
moelectric power. Some hundreds of ppm of residual impu-
rities of nickel in cobalt are enough to switch the material
from p-type conduction towards n-type conduction.

The introduction of calcium in the cavities of the skutteru-
dite structure has a strong effect on the thermoelectric power
behavior, as can be seen in Fig. 1. The presence of Ca at a
content as low as x=0.03 leads to a negative thermoelectric
power, indicating that the electrical conduction goes from a
conduction dominated by the holes in CoSb; to a conduction
dominated by the electrons in the Ca,Co,Sb;, compounds.
The thermoelectric power increases quasimonotonously with
temperature in all the Ca containing skutterudites, a depen-
dence that is typical of strongly doped semiconducting ma-
terials. The higher the calcium content is, the lower the ther-
moelectric power is. This suggests, in a first approximation,
an increase of the charge carrier density with the increase of
calcium content, the effect being more marked at higher tem-
peratures. At room temperature, the value of the thermoelec-
tric power varies between —250 and —140 uV/K for x
=0.03 and 0.20, respectively. These high negative values are
similar to those observed in CoSb,_,Te, or Co,_,Pd,Sb;.°

In Fig. 2 are reported the temperature dependences of the
Hall coefficient Ry for the different Ca,Co,Sb;, samples. Ry
is positive for the CoSbs binary compound, suggesting hole
conduction, while it is negative in the Ca-containing com-
pound, suggesting electronic conduction. These results there-
fore confirm those obtained from the thermoelectric power
measurements. For all the Ca-containing samples, the Ry
values are quasiconstant in the whole temperature range con-
sidered. Their smaller absolute value with regard to CoSbs
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could signify a higher density of electron-like charge carriers
than that of hole-like carriers in CoSbs.

If we assume the presence of one type of carriers only and
a parabolic dispersion relation, the electron (hole) concentra-
tion n (p) can be estimated from the relation

S

9
RH€

n(p)=-(+) (2)

where e is the elementary charge and f the Hall factor. The
Hall factor depends generally on the temperature, the scatter-
ing mechanisms of the charge carriers, and the Fermi level.
For degenerate systems, f does not deviate from unity of
more than 10%. This parameter was therefore assumed to be
equal to 1, as has already been done by several other
authors.39-18:2223 Note, however, that very recent ab initio
full potential linear and augmented-plane-wave (FLAPW)
calculations of the Hall coefficient in doped CoSb; skutteru-
dites have revealed that the Hall factor changed from f
~1.1 for n<2.1xX10% to f=~1.6 for n>2.7x 10?3

The charge carrier densities calculated from Eq. (2) at T
=300 K increase with calcium content up to a value of n
=3.2%10% ¢cm™ for x=0.08. This high concentration seems
to be a maximum (Table I) and stands typically for strongly
doped semiconducting materials. It is nevertheless surprising
that such values are encountered together with high values of
the thermoelectric power. This fact could be associated with
a high effective mass of the electrons, m”, which can be
estimated numerically by using a simple parabolic-band
model and the experimental values of the thermoelectric
power and carrier concentration measured at room tempera-
ture. If the most prominent scatters of charge carriers are the
acoustic phonons (hypothesis that will be verified later on),
the thermoelectric power and the electron concentration ex-

press as’’
kg 2F
___B( 1(7])_77> 3)
e \ Fo(n)
and
4 (27m'kgT
n=—r<TB>F1/z(77), 4)
N

where F; is the Fermi integral of order i, 7 the reduced Fermi
level (p=Egp/kgT), kg the Boltzmann constant, and & the
Planck constant. The electron effective mass is determined
from the value of # calculated from Eq. (3) that is introduced
in Eq. (4). The results indicate that the reduced effective
mass m*/m(,, where my is the mass of the free electron, is
relatively high in the Ca,Co,Sby, compounds, increasing
from 1.4 for x=0.03 to 3.2 for x=0.08 (Table I). These val-
ues fit well with those found for other host atoms (Ce,? La,’
T1,'3 Ba,'>-7 Nd??). The relatively high values of m"/m are
consistent with band structure calculations carried out on
CoSb; for which a high effective mass was predicted for the
conduction band.?33%3 Moreover, the m"/m, values ob-
served experimentally depend on n, suggesting a modifica-
tion of the band structure consecutive to the presence of Ca
host atoms.
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FIG. 3. (Color online) Temperature dependences of the electri-
cal resistivity p for the Ca,Co,Sb;, skutterudites, with () x=0,
(A) x=0.03, () x=0.05, (X) x=0.08, and (+) x=0.20. The values
have not been corrected with regard to the porosity of the samples.

2. Electrical resistivity and Hall mobility

In Fig. 3 are reported the temperature dependences of the
electrical resistivity p of the different skutterudites studied.
The binary CoSb; compound exhibits an electrical resistivity
that diminishes as a function of temperature, characteristic of
a semiconducting behavior, although its carrier density is
relatively high (p ~2.5X 10'® cm™). These observations are
in good agreement with results in the literature obtained for
polycrystalline p-type CoSb;.%40

Calcium insertion in the cavities of the crystalline struc-
ture modifies somewhat the temperature dependence since
the electrical resistivity decreases, exhibits a minimum, and
then increases slowly when the temperature further increases.
Moreover, the electrical resistivity does not diminish con-
tinuously with the quantity of inserted calcium as one could
presume, but varies in a quite chaotic way. Such anomalies
were not noticed with host atoms like Ce,® La,® or Nd.?? It
would have been interesting to compare with Ba, another
alkaline-earth atom, but unfortunately, no data have been
published for low temperatures except for the mobility.'® The
temperature at which the minimum of p(7) appears depends
on the Ca content, but a priori with no apparent tendency.
Modeling of the electrical resistivity behavior has been at-
tempted for temperatures lower than this resistivity mini-
mum. An adjustment of the experimental results by a thermal
activation law of type p~e®/” revealed to be fruitless. How-
ever, the resistivity follows quite well a Mott law:*!

1/4
p=po eXP[(%) } (5)

where p, and T, are two constants, as illustrated in Fig. 4.
Equation (5) suggests a localization of the charge carriers
supporting impurity-band conduction. Beyond the resistivity
minimum, the electrical resistivity of the calcium partially
filled skutterudites exhibits a metalliclike behavior. As men-
tioned above the Hall coefficient varies little in the tempera-
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FIG. 4. (Color online) Electrical resistivity as a function of T4
for the Ca,Co,Sb;, skutterudites, with (O) x=0, (A) x=0.03, ()
x=0.05, (X) x=0.08, and (+) x=0.20.

ture range considered and the increase of resistivity would
simply reflect the decrease of the mobility of the charge car-
riers.

Although the carrier densities of the Ca containing com-
pounds are one order of magnitude superior (or even more)
to that of CoSbs, the values of the electrical resistivity of
these materials at room temperature are very close (~3
X 1073 Q2 cm), except for the sample with x=0.03 (Fig. 3).
These facts can be mainly explained by the differences in
mobility of the two types of carriers, linked to differences in
the effective masses of holes and electrons.

The Hall mobility uy is represented in Fig. 5 as a function
of temperature. The values of uy at room temperature are
given in Table I for all the studied materials. As one can
predict, the p-type CoSb; shows a high value in comparison
to the n-type materials at 7=300 K. This value, close to
600 cm?/(V s), is nevertheless lower than those encountered
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FIG. 5. (Color online) Temperature dependences of the Hall
mobility uy for the Ca,Co,Sby, skutterudites, with (O) x=0, (A)
x=0.03, (¢) x=0.05, (X) x=0.08, and (+) x=0.20.
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in p-type single crystals having similar carrier
concentrations.® The n-type Ca,Co,Sb,, materials possess a
low mobility at 7=300 K, generally decreasing when the
calcium content increases. Considering similar filling frac-
tions, Hall mobilities close to our values have been obtained
with La partial filling.” However, the values are in general
3-5 times higher as, for instance, with Ce,® T1,'3 Ba,'® and
Nd.??

Interesting information on the scattering mechanisms of
the charge carriers can be deduced from the temperature de-
pendences of the Hall mobility. For the p-type CoSb; com-
pound (see Fig. 5), the Hall mobility increases with increas-
ing temperature between 4 and 300 K. These results are in
good agreement with those of the literature.**#? obtained on
p-type polycrystalline samples exhibiting micron-sized
grains, as is the case in our materials. We however exclude
the possibility that the increase of mobility with temperature
is linked to a scattering of holes at the grain boundaries be-
cause the temperature dependence does not follow the law
wy~ T2 exp[-Ey/kzT] where Eg represents the activation
energy characterizing the height of the barrier.*> We rather
think to a mixed scattering mechanism involving ionized im-
purities (uy~7>?) as well as neutral impurities (uy
~const).

For the n-type Ca,Co,Sb;, samples, the mobility exhibits
a behavior similar to that of CoSb; at low temperature for
x=0.03 and x=0.05 while for x=0.08 and x=0.20, the de-
pendences with temperature are weaker, suggesting than the
mechanism dominating the scattering of the electrons is the
scattering by the neutral impurities. Above 100 K, the mo-
bility varies following a law close to T-*2, whatever the
filling fraction is. This behavior is consistent with electron
scattering by the acoustic phonons.

The behaviors of the temperature dependences of the Hall
mobility taken between 4 and 300 K are close to those ob-
served in skutterudites partially filled with Ba.'® The only
noticeable differences are the higher values for Ba-filled
skutterudites that are 5 times enhanced at 300 K and more
than one order of magnitude at 5 K.

Down to 5 K, the magnetoresistance of all the Ca,Co,Sb,
compounds is positive whatever the magnetic field is. More-
over, the magnetoresistance varies in an almost linear man-
ner with the square of the magnetic field, indicating a con-
ventional behavior that can be attributed to the Lorentz
strength.

B. Electronic structure
1. A,Co4Sby, (A=Mg, Ca, Sr, Ba)

The electronic structure of pure CoSb; was calculated us-
ing various band structure methods within the LDA
framework.31:33:38:39.4445 Tt i5 well established that CoSbs is a
narrow-band-gap semiconductor with the characteristic quasi
linear behavior of one valence band.*® It was also shown that
the computed energy gap E, strongly depends on the choice
of the Sb positional parameters as well as on the lattice pa-
rameter, E, varying from 0.07 eV to 0.22 eV in the different
theoretical studies. The spin-orbit interactions appearing at
the I point are quite weak [23 meV (Ref. 45)] in CoSb;, and
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densities of states in CoSbs. The Fermi energy is at zero (a vertical
line) and s, p and d contributions to Co and Sb are plotted by
dotted, dashed and solid lines, respectively.

they were neglected in the present KKR-CPA calculations
(see Fig. 6). These KKR calculations confirm the semicon-
ducting ground state of the binary CoSb; skutterudite.’

Our analysis starts from considering the electronic states
of various elements A (Mg, Ca, Sr, Ba) in A,Co,Sb;, (x
=0.01). As we can see from the DOS plotted in Fig. 7, the
self-consistent crystal potential is noticeably different for
each element, despite the same number of valence electrons.
For the light elements (Mg and Ca), the electronic states are
dominated by the s-DOS which are confined in a sharp peak.
This peak is located either inside the valley between the va-
lence and conduction bands (Mg) or at the conduction band
edge (Ca). For heavier elements (Sr and Ba), the s states are
found inside the conduction band and form a broad peak due
to the important hybridization with the host electronic struc-
ture (mainly d-Co states with admixture of p-Sb states). Es-
pecially in the case of Ba, the s-DOS is pushed up to the
higher energy and the main contribution near the conduction
band edge is attributed to d-symmetry states (found also be-
low the energy gap). It is completely different from Ca-

PHYSICAL REVIEW B 73, 035126 (2006)

containing skutterudites for which the s states visibly domi-
nate (Fig. 7). Noteworthy, the trend of the s states shifting
towards higher energy with the increase of the total number
of electrons Z along the alkaline-earth metal series is in line
with the increase of the ns atomic energy level in the peri-
odic table (the lowest energy of the 3s? level in the Mg atom
and the highest energy of 65 level in the Ba atom).

From the comparison of the electronic structures of the
different A,Co,Sb, skutterudites, one can see that the Ca-
DOS is rather uncommon to other A elements due to the
presence of a large s-DOS peak at the conduction band edge.
Indeed, this peculiar electronic structure behavior has an im-
portant effect on the electron transport properties, particu-
larly at low temperatures.

2. CaxC04Sb12

Figure 8 shows the total density of states in Ca,Co,Sb;,
for x=0.02, 0.05, 0.10, and 0.20. At a first glance, one no-
tices that the total DOS strongly increases with Ca content.
Comparing site-composed DOS on all atom sites (Fig. 8), the
largest DOS value is found on calcium for intermediate con-
centrations (x=0.05 and 0.10), but this effect can be seen
only a little on the total DOS (perhaps except for x=0.05)
due to low Ca content. Inspecting the DOS on the Ca site
(Fig. 9), one observes that at very low content (1%-2% Ca),
the Fermi level is detected just below the large s-DOS peak
from Ca and Ej starts to fall into this large peak for about
x=0.05. The Fermi level resides inside this peak for higher x
concentrations, but the s states begin to broaden due to the
increasing hybridization with the conduction band states
(mainly d states of Co). So in view of the KKR-CPA results,
one can suggest that in the range of 5%—-10% Ca content, the
electrical conductivity should be essentially attributed to the
filler carriers which are expected to have quite heavy elec-
tron masses (the Fermi level is located in the sharp Ca
s-DOS). This is in qualitative agreement with the increase of
the carrier masses from 1.4m, for x=0.03 to 3.2m, for x
=0.08 and also with the carrier mobility maximum as ob-
served experimentally in Fig. 5. In the same time, the DOS at
Ep rapidly increases with x content, indicating a transition
from a semiconducting-like to a more metallic-like state.
This electronic structure behavior is also in line with the
detected experimentally increase of the carrier concentration
with Ca content. To support our suggestion of the conductiv-
ity mechanism (at least at 5%-10% Ca contents), the elec-
tron concentrations have been estimated assuming that the
available electron carriers are only due to inserted Ca. Since
the electronic structure calculations showed that each Ca

FIG. 7. Partial DOS of diluted
alkaline-earth element A (A=Mg,

Mg Ca Sr Ba
30 L T 30 T T 30 T T 30 T T
251 g T— - 251 i \JZ 251 4 25 4
20 1 20} ; 4 20} 4 20

151 1 15| 4 151 4 15
| 4 1ol 4 1o 10

DOS (states/Ry/atom)

Ca, Sr, Ba) in A,Co,Sby,. The
Fermi energy is at zero (a vertical
line) and s, p, and d contributions
b are plotted by dotted, dashed, and

- ] L et e solid lines, respectively.
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DOS (states/Ry)

FIG. 8. Total DOS variation versus Ca con-
tent in Ca,Co4Sby, (x=0.02, 0.05, 0.10, 0.20).
The Fermi energy is at zero (a vertical line).

0.04 0 0.04
Energy (Ry)

004 0 0.04
Energy (Ry)

004 0 0.04
Energy (Ry)

atom acts as two electrons donors (essentially of s-like sym-
metry), the electron concentration n=4.3 X 102/cm? ob-
tained for x=0.08 is in reasonable agreement with the mea-
sured value of n=3.2X10?°/cm’. For higher Ca contents
(x=0.20, Fig. 9), the DOS at E becomes more related to the
electronic states of the host atoms (mainly d-Co) and the
electrical conductivity seems to be driven by different chan-
nels. Following the DOS variation near E in Cag,,C04Sby,,
the conduction electrons are expected to possess lighter mass
than in samples with x=0.05 and 0.08. This behavior seems
to be supported by the experimental observations, since the
refined effective mass again slightly decreases with Ca con-
tent increase (about 2.4my in x=0.20 sample versus 3.2m, in
x=0.10). On the other hand, it is not evident to explain from
the KKR-CPA calculations the decrease of the carrier con-
centration observed from Hall measurements in both
samples. In this case, the experimental carrier concentration
should be corrected by the Hall factor expected to be differ-
ent from unity.

Figure 10 presents the variation of the total and site-
decomposed DOS at Ej versus Ca content. The KKR-CPA
total density of states at the Fermi level, N(Ey), is as large as
44.4, 67.5, and 98.8 states/Ry per Ca,Co,Sb;, for x=0.05,
0.10, and 0.20, respectively (see the discussion of the spe-
cific heat data, Sec III D).

Let us try to roughly estimate the electron transport char-
acteristics based on the calculated DOS in Ca,Co,Sb;, com-
pounds. The differential electrical conductivity o(E) can be
regarded as proportional to the total density of states N(E)
and the carrier mobility u(E)—i.e., o(E) ~N(E)u(E). As-
suming that the carrier mobility u(E) varies slowly with en-
ergy near the Fermi level, one can relate the variation of the
electrical conductivity to the variation of N(E) in the vicinity
of Er. Thermopower can be expanded in powers of tempera-

ture T
o(T)=AT+BT* + -+, (6)

where the linear term denotes the contribution from the elec-
tron scattering (presumably dominating at low temperatures),

-0.04 0 0.04

Energy (Ry)

whereas the second term represents the so-called “phonon-
drag” contribution (expected to be small at low T in these
samples; see above Sec. III A). Hence the coefficient A
=a/T can be deduced employing the well-known Mott for-
mula

a
— 7
T 3e oE ™

#ké( d1n (7(E)>
E=E

In fact, as already mentioned, we look the DOS variation
and then a/T=-7k;/3e dInN,o(E)/dE at E=Ey. The suffi-
ciently dense energy mesh in the vicinity of E has been used
to allow for accurate numerical derivation of dInN,y(E)/dE.
If N (E) is the total density of states given in states/Ry, the
/T ratio in currently used units of thermopower (uV/K?)
can be obtained from the relation a/T (uV/K?)=0.2877
%X 1072 dInN,o(E)/dE (1/Ry). Numerical derivation of
KKR-CPA DOS in Ca,Co,Sby, compounds yielded the fol-
lowing values of the a/T slope (in uV/K?): —1.14, -0.71,
and —0.31 for x=0.05, 0.10, and 0.20, respectively. Bearing
in mind that the thermopower values deduced from this sim-
plified analysis should be taken with care (rather qualita-
tively than quantitively), the obtained theoretical values re-
flect quite well the trends observed from the low-temperature
thermopower data. For example, at 7=100 K, the computed
values are (in wV/K) —114, =71, and -31 versus the experi-
mental data —74, —60, and -55, for x=0.05, 0.08, and 0.20
samples, respectively.

C. Magnetic properties

The magnetic behavior of the Ca,Co,Sb;, skutterudites,
which consists of nonmagnetic Ca, Co, and Sb atoms without
local magnetic moments associated with unpaired valence
electrons (Co is in the diamagnetic low spin state), should be
controlled by a subtle balance between the temperature
weakly dependent core and Langevin diamagnetism and
Pauli and Van Vleck paramagnetism.'#¢ In this respect, and
consistently with the calculated electronic structure we do

x=0.02 x=0.05 x=0.10 X=0.20
40 T T 40 T T 40 T T T
Z sor 30 | 4 80 3
% ; : FIG. 9. Evolution of the partial DOS of Ca in
8 20t : H20 - : 420t 3 . .
2 : : Ca,Co,Sby, versus x concentration. The Fermi
w0 i i . . .
S 1ol JioL 40tk : L energy is at zero (a vertical line).
0.04 0 0.04 -0.04 0 004 004 0 004 0.04 0 004
Energy (Ry) Energy (Ry) Energy (Ry) Energy (Ry)
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CaxCo4Sb12

DOS (states/Ry)

Ca content, x

FIG. 10. Variation of the total and site-decomposed DOS at the
Fermi level in Ca,Co,Sb;, skutterudites.

not tend to associate the temperature-dependent Curie-Weiss
paramagnetism, if observed, with local moment Co atoms in
skutterudite lattice, as stipulated, e.g., by Chen et al. for
Ba,Co,Sb,.!> Contrary to that, we propose to ascribe the
Curie-Weiss paramagnetism to paramagnetic impurities,
which are known to be difficult to eliminate during the skut-
terudite synthesis (for example, CoSb,).*

In order to isolate the intrinsic susceptibility X;puinsic Of the
Ca,Co,Sb;, phases from the raw magnetic data, we have
measured and analyzed the isothermal magnetization curves
for all the Ca,Co,Sb;, samples, shown in Fig. 11. Here the
most important task prior the analysis of Xipyinsic 1S t0 sub-
tract the “parasitic” magnetization arising from magnetic im-
purities. These can easily mask or even dominate the intrin-
sic magnetization, in particular ferromagnetic impurities at
low magnetic fields and paramagnetic impurities of Curie
character at low temperatures. Consequently, the magnetiza-
tion data are analyzed by taking into account the (i) parasitic
ferromagnetic component, which saturates at small fields, (ii)
parasitic paramagnetic temperature-dependent Curie-Weiss
component, evidenced by typical Brillouin magnetization
curve at low temperatures, and, finally, (iii) “intrinsic” linear
magnetization M yinsic associated with X;i,insic With dominat-
ing diamagnetism. The small and temperature-independent
ferromagnetic component differs for the different samples
and is likely linked with parasitic ferromagnetic impurities.
The paramagnetic component is more difficult to analyze and
hence is exemplified separately in Fig. 12. The curves at 5 K
were obtained by subtracting the diamagnetism and residual
ferromagnetism at 300 K. Performing the Brillouin fit of the
Curie-Weiss low-temperature magnetization curves, we were
able to roughly estimate the concentration of the paramag-
netic impurities. Supposing CoSb, as the most likely para-
magnetic precipitates, their concentration in the prepared
materials was found to vary between 60 and 850 ppm where
the lowest is for x=0.2 and the highest for x=0.08. Similarly,
considering the Co precipitates as ferromagnetic impurities,
their concentration was estimated between 1 and 7 ppm with
the lowest value for x=0.08 and the highest for x=0.2. After
these corrections, we were able to isolate the mass intrinsic
susceptibility at 300 K, which is together with other charac-
teristics given in Table II.
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FIG. 11. (Color online) Magnetization data for Ca,Co,Sb;, skut-
terudites. The extrapolated ferromagnetic impurity contributions at
300 K are represented by the dashed line.

The intrinsic Ca,Co,Sb;, susceptibility can be further
written using the formula

Xintrinsic = Xlatt + XPauli- (8)

The first term yj, is the lattice susceptibility, composed of
core electron diamagnetism, Langevin-type diamagnetism of
valence electrons, and a Van Vleck paramagnetic component
reflecting the character of the chemical bond and asymmetry
of the valence electrons. The second term yp,,; is the sus-
ceptibility of the charge carrier subsystem. With respect to
the fact that skutterudites are studied due to their outstanding
transport properties, the important task represents the evalu-

(Mpara=M5 K-Mlerro SOOK-MdiasooK) /\/A
0.04 f—0— x=0.0 P 1
= AN
"m —O0— x=0.05 /A/
5 O 03 | —A— x=0.08 /,/\_ O/O/O .
g —v— x=0.20 A o
) N o
~a 4 o°
& 0.02F L\/ O/O/ T=5K 1
s /A/ O/o/
0.01F /s/ % o -o-o-0-0-00
&° o-0-o
0.00 @:g:v—V'V'V'V—Y—V_Y—V—Y-V—Y
0O 1 2 3 4 5 6 7 8
B (M)

FIG. 12. (Color online) The Curie-Weiss paramagnetic contri-
bution at 5 K for Ca,Co,Sb;, skutterudites.

035126-8



ELECTRONIC, TRANSPORT, AND MAGNETIC...

PHYSICAL REVIEW B 73, 035126 (2006)

TABLE II. Magnetic and electronic properties of Ca,Co,Sby, skutterudites at 300 K. Susceptibilities
Xinwinsic a0d Xpaui are evaluated using experimental data; other characteristics are evaluated using electronic

structure calculations.

Xintrinsic XLDA XPauli
(emu/g) N(EF) (emu/mol) (emu/mol)
Compound X107 X (states/Ry/mol) X 1076 X107 m"Im
C04Sby224 224 0 0 68
Ca 0sC04Sb12 43 -0.95 44 104 288 3
Cag 0gC04Sbs 45 -0.78 68 160 316 23
Ca0C04Sbya 47 -1.6 99 232 180 14

ation of this quantity. The Pauli susceptibility xp,,; can be
written in the form*®

m" 1myg
XPauli = <_ - __*>X;DA7 )
my 3m

where X],;DA stands for the paramagnetic term deduced from
the LDA calculations using the free-electron formula

x> emu mol™'] = NuzN(Ep) = 2.376 X N(Ef), (10)

with N the number of electrons per one mole of formula unit,
wmp the Bohr magneton, and N(E) the calculated DOS ex-
pressed in states/Ry per formula unit. Here the evaluated
DOS, in confrontation, e.g., with experimentally determined
Sommerfeld coefficient y (using low-temperature specific
heat data) or theoretically calculated value can bring useful
information on the character of the charge carriers close to
the Fermi level.

Taking into account the difficulties with paramagnetic im-
purities, we deduced the Pauli susceptibility xp,,; from
Xintrinsic 4t room temperature as their role is minimized. As
there are no magnetic dopants in the Ca,Co,Sb;, skutteru-
dites, the only task, however very delicate, in evaluation of
the xp,u; represents the correct subtraction of the lattice sus-
ceptibility x, [see Eq. (8)]. Let us comment on this point.
Supposing a “purely” ionic bonding with spherical electron
orbits, one can simply evaluate y;., by “adding up” the total
number of electrons in the formula. For Co,Sb, this simple
assumption leads to yon¢~=720% 107 emu mol~!. How-
ever, in the case of compounds with covalent bonding and/or
valence electrons with other than s symmetry, this value
must be corrected to the orbital contribution reflecting the
character of the bonding-orbital occupations and their mag-
netic spectroscopy. The exact evaluation of this correction,
known mostly as Van Vleck paramagnetic component ( Xl\;t\t/),
is not a simple task and exceeds the frame of this work. So
we propose, as the most appropriate approximation, to esti-
mate the correct core susceptibility using the tabulated val-
ues for “core” susceptibilities of Sb and Co ions with “clos-
est” bonding characteristics as that in Co,Sby,. As only
available, we have found the susceptibilities for SbH; (Ref.
46) and isolated Co* ions which yields y{ov™™~—448
X 107® emu mol~'. This value, confronted with overesti-

mated “purely ionic” 1o~ —~720X 10~ emu mol~!, insinu-

ates the “reasonable” value of x,\ ~ +280X 10-%emu mol™!
and thus was used for the evaluation of Pauli’s susceptibility.

Using Eq. (9), we can compare the values x;pa provided
by the LDA theoretical calculation and that of experimen-
tally deduced xp,,; and evaluate the effective mass. As can
be seen in Table II, very reasonable values are observed tak-
ing into account the fact that the experimental values of xp,u;
are affected by a large uncertainty due to both experimental
error and the approximation used in the determination of the
lattice susceptibility. Nonetheless, we underline that a very
good agreement with values presumed from the literature for
n-type Co skutterudites as well as that determined on a base
of magnetotransport data (Table I) is observed and confirms
independently the enhancement of the high effective mass of
the conducting electrons. Moreover, a small value of Xp,u;
observed for x=0 insinuates the presence of free charge car-
ries. This observation is absolutely consistent with transport
data revealing a high carrier density and high electrical con-
ductivity at 300 K. A more detailed analysis of this contribu-
tion is, however, doubtful, taking into account the large ex-
perimental error and, notably, the presumed low effective
mass of holelike carriers, which significantly enhances their
Langevin diamagnetism competing with Pauli paramagnet-
ism [see Eq. (9)].

D. Electronic specific heat

As the specific heat, Cp, data can provide useful informa-
tion about both the charge carrier and the lattice dynamics,
we have performed comparative measurements of the spe-
cific heat for Ca-free and Ca-rich x=0.20 samples. In order
to evidence simultaneously the low-temperature electronic
contribution and the large effect of the Ca filler above the 15
K, the experimental data of both compounds were compared
and are plotted in Fig. 13 in a usual way as C,/T=y+ BT?
(v and B are the electron and phonon contributions, respec-
tively). We see that the difference between the two com-
pounds x=0 and x=0.20 at low temperatures tends to the
Sommerfeld coefficient y~28 mJ mol~! K2, which con-
firms the existence of the finite DOS at Ey. Here, similarly to
the case of the previously discussed Pauli susceptibility, an
alternative method to evaluate m" exists via a comparison of
the Sommerfeld coefficient y with that obtained from LDA
band calculations, 7/LDA.

Using the N(Ey) obtained by the LDA band calculations,
we can deduce the value of the electronic specific heat coef-
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FIG. 13. The low-temperature specific heat for Caj,7Co4Sb,
(@) and Co,Sby, (). The anharmonic contribution to the specific
heat of Co,Sby, proportional to 8,77 is evidenced by shaded area
above the dashed line.

ficient P4 in the noninteracting limit. Applying the simple
equation

YDA = ?kézv(m, (11)

then
YPA [mJ/(mol K?)]=0.173N(Ey). (12)

The KKR-CPA density of states at the Fermi level obtained
in Ca-containing skutterudites (Fig. 10) results in the follow-
ing *PA values: 8, 12, and 17 mJ mol™' K2 for x=0.05,
0.10, and 0.20, respectively. In the case of x=0.20 the theo-
retical result can be directly compared to the experimental
data, which also allows one to estimate the effective mass
from the ratio y/ ¥*PA=m"/my=1.6. This value is in surpris-
ingly good agreement with that of experimentally determined
on the basis of Pauli susceptibility and thermopower analy-
sis, respectively (Tables I and IT). Moreover, the ratio

(o (22

does not deviate significantly from unity (for x=0.20) and
points to a classical noninteracting electron system without
strong electron correlations the enhancement of which
over unity is characteristic for systems with electron
correlations.*® In other words, it is appropriate to assume
roughly a one-to-one correspondence between the quasipar-
ticle excitations in Cag,,Co4Sb;, and those of a free-electron
gas.

In order to evidence the large effect of the Ca filler above
the 15 K the experimental data of the CoSb; (4X) were
subtracted from that of Ca,,,C0,Sb;, and the difference is
plotted in usual way in Fig. 14. The data are, however, bur-
dened by a huge experimental error, understandable consid-
ering the experimental uncertainty making the subtraction of
the data delicate. Despite this ambiguity, the additive specific
heat of Caj,y,Co,Sb;, with respect to CoSb; is evident and
enabled us to perform the fit of the dissipative Einstein mode
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FIG. 14. The difference between Cag,,Co4Sby, and Co4Sb,
specific heats plotted up to 60 K.

associated with Ca atoms. The attempt to fit both the Ca
concentration and the characteristic temperature yielded rea-
sonable values of the Einstein temperature O~ 140 K and
concentration x~0.4+0.2, which matches fairly well with
chemical analysis providing x=0.20. A strong anharmonicity
of skutterudite structure lattice dynamics itself is also evident
from the low-temperature data of CoSbs presented in Fig. 13.
The typical assumption of the linear C,/T= BT? dependence
is valid only below T~6 K when at higher temperatures a
reasonable fit supposing C,= BT+ 3,T° can be made. Such
an approximation provides a relatively high Debye tempera-
ture Op~380 K, which is, however, consistent with a
strongly covalent character of CoSb; bonding. The anharmo-
nicity of the lattice dynamics for “pure” CoSb; was experi-
mentally observed by Feldman et al.*; however, the data
were not explicitly commented on. Nonetheless, the theoret-
ical analysis permits us to explain this unusual feature by the
peculiar bonding of antimony where, namely, the intersquare
Sb force constants insinuate possible intrinsic anharmonicity.

IV. SUMMARY AND CONCLUSIONS

We have presented comprehensive experimental and the-
oretical investigations of low-temperature electronic, trans-
port, and magnetic properties in partially filled Ca,Co,Sb,
skutterudites using electrical resistivity, thermopower, Hall
coefficient, susceptibility, and specific heat measurements as
well as the KKR-CPA electronic structure calculations.

The thermopower of Ca,Co,Sby, is quite large and de-
creases (in absolute value) regularly with increasing Ca con-
tent. The sign of the thermopower is consistent with a nega-
tive value of measured Ry. It was found that the change of
the Seebeck coefficient slope a/T versus Ca concentration
can be tentatively related to the variation of the calculated
DOS at the Fermi level.

On the other hand, the electrical conductivity in
Ca,Co,Sb;,, being more sensitive to the impurity electronic
states, varies in complex way with x concentration. This be-
havior was attributed to the presence of the large s-DOS
peak from Ca at the conduction band. This theoretical result
is well supported by measured low value of the Hall carrier
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mobility as well as the important value of electron effective
mass as derived from the thermopower curves. The carrier
scattering mechanism elucidated from the electronic struc-
ture features (at least in the range of 5%-10% Ca content)
seems to be consistent with the observed Mott-like character
of the resistivity curves. The KKR-CPA computations also
showed that Ca inserted into the void of CoSb; behaves as a
double-electron donor, which is in line with the experimental
carrier concentration detected in Cag3Co,Sb;,. Conversely,
the decrease of the electron concentration observed for x
=0.20 indicates a different conductivity mechanism that
could be attributed to modifications of the Fermi-surface
properties (well supported by increasing the hybridization of
Ca s states with the electronic states of the host material).
Moreover, the electronic specific heat measured in
Cay ,,Co,Sb, (with respect to the binary parent CoSbs) fa-
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vorably fits with the computed DOS value at Ep.

On the whole, the KKR-CPA computations along the
alkaline-earth series A,Co,Sb;, (A=Mg, Ca, Sr, Ba) showed
that Ca is a unique case due to the unusual electronic struc-
ture. It would be then interesting to compare the low-
temperature physical properties of Ca,Co,Sb, to those of
Ba,Co,Sby, and Sr,Co,Sb,, since the calculations predict
more “rigidlike” behavior of the electronic structure in these
latter.
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