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Abstract

The skutterudite-related material CoGe; sTe; s has been synthesised and structurally characterised by powder neutron diffraction.
Analysis of the high-resolution powder neutron diffraction data indicates that the structure of CoGe, sTe; s retains the a*a"a" tilt system
of the ideal skutterudite structure, while the anions are ordered in layers perpendicular to the [111] direction of the skutterudite unit cell.
This anion ordering results in a lowering of the symmetry from cubic to rhombohedral (space group R3, a = 12.3270(5) and
¢ =15.102(1) A at 293 K). The electrical transport properties have been investigated using four-probe resistivity and Seebeck coefficient

measurements. The temperature dependence of the electrical resistivity and the magnitude of the Seebeck coefficient indicate that

CoGe sTeq 5 is an n-type semiconductor.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Thermoelectric devices can be used for cooling applica-
tions or for power generation from a heat source. Although
such devices offer considerable advantages over conven-
tional systems, their use to date has been limited by their
low efficiencies, which are determined by the performance
of their constituent materials. The usefulness of a material
for thermoelectric applications at a given temperature (7),
is a function of its Seebeck coefficient (S), electrical
resistivity (p), and thermal conductivity (x), and can be
evaluated using the figure of merit, Z7 = S* T/px [1]. The
difficulties in finding good thermoelectric materials arise
from the fact that the materials are required to exhibit an
unusual combination of low thermal conductivity, low
electrical resistivity and high Seebeck coefficient. Recent
experimental results on materials with the skutterudite
structure demonstrate that these compounds possess
attractive thermal and electrical transport properties for
thermoelectric applications [2].
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The ideal skutterudite structure (space group Im3) can be
described as a severe distortion of the ReO; structure by
octahedron tilting (tilt system aa*a™) [3], in which the
cations retain sixfold coordination while the anions form
four-membered rings (Fig. 1). Binary skutterudites, which
are compounds with composition MX; (M = Co, Rh or Ir
and X = P, As or Sb) [4] have been widely investigated [2].
Our recent efforts have centred on the preparation and
characterisation of ternary skutterudites, that are isoelec-
tronic to the binary skutterudites. Ternary skutterudites
can be obtained cither by substitution at the anion site, X,
by a pair of elements from groups 14 and 16 (e.g.
CoGe;5S;5) [5], or by isoelectronic substitution at the
cation site, M, by a pair of elements from groups 8 and 10
(e.g. FegsNigsSbs) [6]. Although a number of ternary
skutterudites have been reported [5-10], there has been
little work to date on the structural and physical properties
of these materials. While ternary skutterudites formed by
cation substitution appear to be isostructural to the binary
skutterudites [6,9], structural studies carried out on two
materials prepared by anion substitution, CoGe; sS; s and
CoGe; 5Se; 5 [5,11], suggest that these compounds crystal-
lise in a modification of the skutterudite structure.
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Fig. 1. Two representations of the skutterudite structure of MXj: (a)
polyhedral representation, showing the corner sharing M Xy octahedra. (b)
Ball and stick representation, showing the planar rectangular four-
membered X, rings. Key: M, open circles; X, black circles.

Korestein et al. [5] reported that the structure of
CoGe; 5S;5 could be described by taking into account
short-range ordering of the anions, whilst Partik et al. [11]
carried out a single crystal study on twinned crystals of
CoGe; 5015 (Q =S, Se) and reported that the Ge and Q

Table 1
Known ternary skutterudites obtained by substitution at the anion site,
and their lattice parameters calculated on the basis of a primitive cubic
unit cell

Material Lattice parameter (A) Literature ref.
C0G61,5S1,5 8.017 [5]
CoGe, sSe; 5 8.299 [5]
CoGe; 5Te; s 8.7270 [10]
CoSn, sSe; 5 8.7959 [10]
CoSn, sTe; 5 9.1284 [10]
RhGel_5S1'5 8.2746 [7]
RhGe, 5Se; 5 8.546 [8]
IrGe, sS; 5 8.2970 [7]
IrGe, sSe; 5 8.5591 [7]
II'SI11_5S|_51d 8.7059 [7]
IrSn1.SSel.5 8.9674 [10]
IrSn; sTe; 5 9.3320 [10]

#Material prepared at high pressures (40 kbar).

atoms exhibit long-range ordering, which results in a
lowering of the symmetry from cubic to rhombohedral.
This conclusion is supported by infra-red spectra of the
ternary skutterudites MGe; sQ, 5 (M = Co, Ir, Q =S, Se),
which exhibit a large number of lattice vibration modes
when compared with binary skutterudites, consistent with
a lowering of the cubic symmetry [8]. Table 1 summarises
the known ternary skutterudites obtained by isoelectronic
substitution at the anion site. To our knowledge, the only
available structural studies on ternary skutterudites are
those described above [5,11], and the structure of the
remaining materials has not been investigated.

In this work, we present a detailed structural study on
the ternary skutterudite CoGe; sTe; 5 using high-resolution
powder neutron diffraction, together with measurements of
the transport properties over the temperature range
77< T(K)<300.

2. Experimental

A mixture of cobalt (Aldrich, 99.9%), germanium
(Aldrich, 99.99%) and tellurium (Aldrich, 99.997%)
powders corresponding to the stoichiometry CoGe, sTe; 5
was ground in an agate mortar prior to sealing into an
evacuated (<107 *Torr) silica tube. The mixture was
heated at 1°Cmin~" to 500 °C for 24 h, 600 °C for 4 days
and then cooled to room temperature at 0.5°C min~" prior
to removal from the furnace. Following re-grinding, the
material was sealed into a second silica tube and refired at
600 °C for 3 days, and cooled to room temperature at
0.1°Cmin~". The sample was initially characterised using
powder X-ray diffraction, collected on a Philips PA2000
diffractometer with nickel-filtered CuKo radiation
(4= 1.5418A). For transport property measurements,
pellets of CoGe; sTe; s were cold pressed, sealed into an
evacuated silica tube, heated at 600 °C for 1 day and then
cooled to room temperature at 0.1°Cmin~'. Analytical
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electron microscopy on the powdered sample was per-
formed using a Philips XL30CP scanning microscope,
equipped with an EDAX PGT Spirit detection system. The
experimentally determined Co:Ge and Te:Ge ratios are
0.67(4) and 1.39(7), which result in a composition
Coi 00Gej 48Tes o7. While there is a very good agreement
in the Co:Ge ratio, there are significant deviations in the
Te:Ge ratio, arising as a consequence of small grain sizes
(<5um), which can introduce large deviations in the
relative intensities measured by EDAX when analysing
elements with significantly different atomic numbers [12].

Time-of-flight powder neutron diffraction data were
collected on the HRPD diffractometer at ISIS, Rutherford
Appleton Laboratory. The sample was contained in a
vanadium can, and data were collected at 4.2 and 293 K.
Initial data manipulation and reduction was carried out
using Genie [13] spectrum manipulation software. Neutron
diffraction data from the backscattering and 90° detector
banks were summed, normalised and used simultaneously
in Rietveld refinements, which were performed using the
GSAS package [14].

The electrical resistance of the sample as a function of
temperature was measured using the four-probe DC
technique. An ingot (~6x 3 x I mm) was cut from a
sintered pellet, four 50 pm silver wires were attached using
colloidal silver paint and connexions were made to a
HP34401A multimeter. The sample was mounted in an
Oxford Instruments CF1200 cryostat connected to an
ITC502 temperature controller. Measurements were car-
ried out over the temperature range 77 < T(K)<300. For
Seebeck measurements, an ingot (~10 x 4 x  mm) was cut
from a sintered pellet. This was then mounted on a sample
stick designed and built in-house, which includes a small
heater located close to one end of the sample, thus allowing
a temperature gradient to be applied to the sample. Two
50 um copper wires were attached to the ends of the
sample, and connexions made to a Keithley 2182 nano-
voltmeter. Two Au:0.07%Fe vs. chromel thermocouples
were placed in contact with the sample at the hot and cold
ends, and connected to an ITC503 temperature controller
(Oxford Instruments). The sample stick was placed in an
Oxford Instruments CF1200 cryostat connected to an
ITC502 temperature controller. The Seebeck coefficient, at
a given temperature, was determined by sweeping a
temperature gradient, A7, and measuring the correspond-
ing thermal voltage, AV [15]. In this manner, the slope of
the line, AV/AT, can be used to determine the Seebeck
coefficient, rendering offset voltages due to instrumenta-
tion inconsequential. Measurements were carried out over
the temperature range 77 < 7T(K)< 300, in 5K steps.

3. Results and discussion
3.1. Structure of CoGe; sTe; s

With the exception of a small number of weak features
attributable to CoTe, (ca. 4%) and GeO, (ca. 1%)

impurity phases, the powder neutron diffraction patterns
of CoGe; sTe; 5 can be indexed on the basis of a primitive
cubic unit cell, with the intense reflections corresponding to
the skutterudite body-centred condition h+k+/ = 2n. There
are a number of weaker reflections present in the patterns,
which violate the body-centred reflection condition of the
skutterudite (space group Im3), while the absence of peak
splittings suggests that a cubic unit cell is retained.
However structural models for the skutterudite phase
based on cubic subgroups of Im3 (such as Pm3 or P23)
failed to reproduce adequately the observed intensities.
While the structure of CoGe; sTe; 5 is metrically cubic, like
the analogous CoGe;50;5 (Q =S, Se) [5,11], the lattice
parameters of ternary skutterudites containing heavier
transition metals, such as RhGe; 505 (Q = S, Se) [8], have
been reported to exhibit small deviations from the pseudo-
cubic unit cell. Since metric symmetry in perovskite-related
structures is sometimes higher than that of the space group,
Rietveld refinements using the model of anion ordering
proposed by Partik et al. [11] for CoGe; 5Se; 5 (space group
R3), were carried out. Although these refinements resulted
in a good agreement between observed and calculated
intensities, they failed to reach convergence. Use of Platon/
Addsym to identify missing symmetry clements [16,17],
both in the reported structure of CoGe; sSe; s [11] and in
our refined model for CoGe;sTe;s (space group R3),
indicated clearly that there was a centre of inversion
missing, and that therefore the structure of these materials
should be better described in the centrosymmetric space
group R3. The relationship between the parent space group
(Im3) and R3 and R3 was explored by means of a group-
theoretical analysis, performed using isotropy [18]. This
resulted in the identification of the isotropy subgroups of
Im3, each of which consists of all space-group elements of
the parent group which leave the order parameter invariant
for a given distortion. This analysis indicated that, for units
cells of the same size than the original cell, R3 is not an
isotropy subgroup of Im3, while R3 is one of the isotropy
subgroups for the irreducible representation Hj
(k = (1,1,1)) which can be associated with anion ordering
along the [111] direction of the original unit cell.
Furthermore, R3 is the only one of the isotropy subgroups
which shows the full symmetry (¢, @, a) of the anion
ordering. This analysis confirms our findings using Platon
and let us to conclude that the structure of CoGe; sTe; 5 is
correctly described in the space group R3. The refined
parameters for the structure of CoGe; sTe; s in the space
group R3 are presented in Table 2 and final observed,
calculated and difference profiles for the neutron data at
4.2K are shown in Fig. 2. Selected distances and angles are
given in Table 3. Refinements were carried out using an
overall thermal parameter. Refinement of all the atom
coordinates using the data collected at 4.2 K indicated that
while the anion sublattice is distorted when compared with
the skutterudite structure, the cation coordinates do not
deviate significantly from their ideal positions. Therefore,
in the refinement using the 293 K data, for which a shorter
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Table 2

Refined parameters for CoGe,; sTe; 5 determined from data collected at 4.2

and 293 K on HRPD (space group R3)

Temperature (K)

42 293
aA) 12.3009(3)  12.3270(5)
cA) 15.0678(8)  15.102(1)
B (A? 0.099(2)*  0.186(5)"
Co(1) X 0 0

¥y 0 0
z 0.247(6)  1/4(—)°
Co(2) x 0.668(6)  2/3(—)°
y 0.832(4)  5/6(—)°
z 0.581(2)  7/12(—)°
Ge(1) X 0.835(1)  0.835(2)
y 0.9935(8)  0.993(1)
z 0.1599(8)  0.161(1)
Ge(2) X 0.946(1)  0.946(2)
y 02172)  0.2172)
z 0.5550(5)  0.5557(8)
Te(1) X 0.934(1)  0.9352)
y 0.2132)  0.212(3)
z 0.0668(8)  0.065(1)
Te(2) X 0.836(2)  0.837(3)
y 0.013(1)  0.0142)
z 0.665(1)  0.667(2)
Ry, (backscattering bank) (%) 2.4 6.9
Ryp (90° bank) (%) 1.9 6.1
7 4.7 2.1

All atoms on 18(f): (x,y,z), except for Co(1) on 6(c): (0,0,z).
“Thermal parameters were constrained to be equal for all the atoms.
®Non-refined variables (see text).

collection time was employed, the cation coordinates were
fixed at their ideal positions.

The structure of CoGe; sTe; s can be described as an
infinite array of distorted and tilted octahedra, with each
octahedron sharing corners with six neighbouring octahe-
dra. This structure retains the a*a’a’ tilt system of the
parent skutterudite structure, while the anions are ordered
in layers perpendicular to the [111] direction of the
skutterudite unit cell. This corresponds to the c-axis of
the R3 cell in the hexagonal setting. Each cobalt cation is
octahedrally coordinated by three germanium and three
tellurium anions, with average Co—Ge and Co—Te distances
of 2.39 and 2.48 A (at 293 K), respectively, comparable to
those observed in binary cobalt germanides [19] and
tellurides [20]. X—=M—X angles in CoGe, sTe; 5, which lie
in the range 82.4(6)-97.1(8), show significant deviations
from ideal octahedral geometry. When compared with
binary skutterudites such as CoSbs [21], in which all the
M-X distances are identical (but X—M—X angles deviate
from 90°), the octahedra in the CoGe, sTe; 5 structure are
more distorted. Owing to the tilting of the octahedra, the
anions form two-crystallographically distinct four-mem-
bered rings, with stoichiometry [Ge,Te,]*", in which the
germanium and tellurium atoms are trans to each other
(Fig. 3). In binary skutterudites such as CoSbs, there is
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Fig. 2. Final observed (crosses), calculated (full line) and difference (lower
full line) neutron profiles for CoGe; sTe; s collected on the HRPD
diffractometer at 4.2K. Reflection positions are marked: the lower
markers refer to CoGe; sTe; s and the upper markers to CoTe,.

only one crystallographically distinct Sbj~ ring, of
rectangular shape, in which short and long Sb—Sb distances
alternate (Fig. 4(a)). This contrasts with the [Ge,Te,]*™
rings in CoGe; sTe; s, in which short and long Ge-Te
distances alternate but the angles deviate from 90°
(Fig. 4(b)). In_addition to the short intraring Ge-Te
distances (< 3 A), each atom of a [Ge,Te,]*™ ring has two
contacts (ca. 3.3 A) with every adjacent ring, at distances
substantially shorter than the sum of the van der Waals’
radii [22]. Band structure calculations on binary skutter-
udites indicate that the contribution of these interring
contacts to the density of states is significant [23].

Other ternary skutterudites prepared by anion substitu-
tion might also exhibit an ordered skutterudite structure,
involving anion ordering and distortion of the square
planar rings, and this might account for their typically low
thermal conductivities when compared with binary skut-
terudites.

3.2. Transport properties of CoGe; sTe; s

The electrical resistivity of CoGe; sTe; 5 increases with
decreasing temperature, indicating that this material is a
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Table 3 .
Selected bond distances (A) and angles (°) for CoGe,; sTe; 5

Temperature (K)

4.2 293
Bond
Co(1)-Ge(1) 3 x2.39(5) 3 x 2.40(2)
Co(1)-Te(2) 3 x2.48(5) 3 x2.45(3)
Co(2)-Ge(1) 2.31(5) 2.35(1)
Co(2)-Ge(2) 2.36(4) 2.39(2)
Co(2)-Ge(2) 2.39(4) 2.42(1)
Mean Co(2)-Ge 2.35(4) 2.39(1)
Co(2)-Te(1) 2.52(4) 2.50(2)
Co(2)-Te(1) 2.53(4) 2.49(3)
Co(2)-Te(2) 2.49(4) 2.51(3)
Mean Co(2)-Te 2.51(4) 2.50(2)
Angle
Ge(1)-Co(1)-Ge(1) 3x92.53) 3x91.8(7)
Te(2)-Co(1)-Te(2) 3x94.2(3) 3x96.0(8)
Ge(1)-Co(1)-Te(2) 3 x90.3(6) 3% 89.9(7)
Ge(1)-Co(1)-Te(2) 3 x83.2(4) 3 x 82.4(6)
Ge(1)-Co(2)-Ge(2) 89.5(6) 88.9(5)
Ge(1)-Co(2)-Ge(2) 87.9(9) 86.7(4)
Ge(2)-Co(2)-Ge(2) 94.3(2) 92.9(8)
Te(1)-Co(2)-Te(1) 94.4(2) 94.9(1)
Te(1)-Co(2)-Te(2) 82.8(8) 83.8(8)
Te(1)-Co(2)-Te(2) 84.6(6) 85.6(6)
Ge(1)-Co(2)-Te(1) 97.1(2) 97.1(8)
Ge(1)-Co(2)-Te(1) 89.5(2) 89.5(6)
Te(1)-Co(2)-Ge(2) 89.0(8) 88.8(7)
Te(2)-Co(2)-Ge(2) 96.4(2) 83.5(7)
Te(2)-Co(2)-Ge(2) 94.3(2) 95.8(8)
Te(2)-Co(2)-Ge(2) 91.8(2) 92.3(7)
N
i O X
0 O

A

@

Fig. 3. Representation of the structure of the skutterudite-related
CoGe, 5sTe; 5 showing the anion ordering. For comparison purposes with
Fig. 1, the rhombohedral setting of CoGe; sTe; s has been used. Key:
cobalt, open circles; tellurium, black circles and germanium, grey circles.
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Fig. 4. The four-membered rings in: (a) CoSb; [21] and (b) CoGe; sTe; 5.

semiconductor (Fig. 5(a)). The activation energy over the
temperature range 140< 7(K)<300, determined using an
Arrhenius law, is 0.16(1) eV, comparable to that reported
by Navratil et al. [24]. This value is similar to the activation
energies determined for the ternary skutterudites
IrGe; 5S15 (0.11eV) [7], IrGe;sSe; s (0.076eV) [7] and
CoGe;5Se; 5 (0.17eV) [25] over comparable temperature
ranges. It has been suggested that this energy represents the
activation energy of the extrinsic charge carriers, and
therefore measurements at elevated temperatures may be
required to determine the intrinsic band gap. Over the
entire temperature range, CoGe; sTe; s has a markedly
higher electrical resistivity (p = 5.1 Qcm at room tempera-
ture) than binary skutterudites such as CoSbs
(p=19x107>Qcm) [26]. This is consistent with the
higher electrical resistivities observed for other ternary
skutterudites, such as CoGe; sSe; s [25] or CoSn;sTe; s
[27]. Although the higher resistivity has been attributed to
lower charge-carrier mobilities, the charge-carrier density
will also play a key role in determining the magnitude of
the resistivity: further studies are required to establish the
optimum doping level. The lower charge-carrier mobility
might be related to the larger electronegativity differences
between the constituent elements in ternary skutterudites,
when compared with binary skutterudite antimonides. It
has been argued that while in purely covalent lattices
carrier mobility is high, in materials containing elements
with different electronegativities, charge fluctuations from
atom to atom increase the charge-carrier scattering and
therefore decrease the mobility [28].

The magnitude of the Seebeck coefficient of
CoGe, 5sTe; 5 is consistent with semiconducting behaviour
(S=—697pVK™" at 273K), and its negative values
indicate that the majority of the charge carriers are
electrons (Fig. 5(b)). The temperature dependence of the
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Fig. 5. Temperature dependence of: (a) the electrical resistivity; (b) the
Seebeck coefficient and (c) the power factor of CoGe; sTe;s. The inset
shows Inp vs. the inverse of temperature over the temperature range
140 < T(K) < 300.

Seebeck coefficient is similar to that observed for n-type
CoGe sSe; s, except that the temperature at which the
Seebeck coefficient reaches a minimum value is 115K for
CoGe; sTe; s and ca. 150K for CoGe; 5Se; 5 [25]. It has
been suggested that at low carrier concentration levels,
impurity band conduction may play an important role in
the electrical transport at low temperatures, and in lightly
doped CoSbs samples, the temperature dependence of the
Seebeck coefficient has been accounted for using a two-
band model consisting of the conduction band and an
impurity band [29].

The power factor of CoGe;sTe;s as a function of
temperature is shown in Fig. 5(c). In the studied
temperature range, the power factor increases with
increasing temperature, reaching a value of ca.
1x10°Wm 'K~ at 300K. This value is comparable
to that reported for other ternary skutterudites [25,27], but
significantly lower than the power factors found in state-of-
the-art thermoelectric materials. However, the large
Seebeck coefficient of CoGe; sTe; s makes it interesting
for further investigation, which will include doping to
optimise the number of charge carriers and void filling to
decrease the thermal conductivity. This might result in
improved thermoelectric properties.
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