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Graphical abstract:

The ternary AB; 5Te; s phases adopt a skutterudite-related structure, containing
diamond-shape B,Te; rings, in which the B and Te atoms are ordered trans to each

other.



Abstract

X-ray resonant scattering has been exploited to investigate the crystal structure of the
AB;5Te;s phases (A = Co, Rh, Ir; B = Ge, Sn). Analysis of the diffraction data
reveals that CoGe;sTe;s and ASn;sTe;s adopt a rhombohedral skutterudite-related
structure, containing diamond-shape B,Te, rings, in which the B and Te atoms are
ordered and trans to each other. Anion ordering is however incomplete, and with
increasing the size of both cations and anions, the degree of anion ordering decreases.
By contrast, the diffraction data of IrGe; sTe; s are consistent with an almost statistical
distribution of the anions over the available sites, although some ordered domains
may be present. The thermoelectric properties of these materials are discussed in the

light of these results.



Introduction

The skutterudite structure (space group Im3), which is adopted by binary compounds
with the general formula MX3 (M = Co, Rh or Ir and X = P, As or Sh), can be
described as a distorted ReOj structure, in which the cations retain their octahedral
coordination while the anions form four-membered rings (Figures 1(a) and 1(b)).}
There are two large cages per unit cell, which can be filled to varying degrees by up to
one atom per formula unit according to GxM4X12, where the guest ion G can be a rare-
earth, actinide, alkaline-earth, alkali metal or thallium cation.? By replacing M or X
with electron-deficient elements, complete filling of the cages (x=1) can be achieved.
Very recently, a family of superconducting filled skutterudites GPt;Ge;, (G = rare-
earth or alkaline-earth metal), in which the pnictogen has been replaced by
germanium, has been reported.

Many binary skutterudites exhibit high mobilities and Seebeck coefficients, whilst
low thermal conductivities are found upon insertion of filler atoms. As a consequence,
skutterudites offer great potential for thermoelectric applications at elevated
temperatures, and in recent years, the thermoelectric properties of filled antimony-
based skutterudites have been extensively investigated.? The range of available
skutterudite compositions can be however expanded quite considerably by preparing
ternary unfilled phases. Ternary unfilled skutterudites can be obtained by substitution
at the anion or the cation site. Isoelectronic substitution at the cation site, by a pair of
elements from groups 8 and 10, results in the formation of phases such as
FeosNigsShs* and RugsPdosShs,® whilst isoelectronic substitution at the anion site
results in the family of materials with general formula AB15Q15 (A =Co, Rh, Ir; B =
Ge, Sn; Q = S, Se, Te).® Simultaneous substitution at both the anion and the cation
sites is also possible, as exemplified by the compound FeSh,Te.%© Much of our recent

work has centered on the structural characterisation and the thermoelectric properties



of the family of ternary skutterudites AB;s5Q:s. In contrast with the ternary
skutterudites formed by cation substitution, which are isostructural to the binary
phases,*® our structural studies, carried out using high-resolution powder neutron

diffraction, reveal that CoGeysTey s’ and AGe;5S15 (A = Co, Rh, Ir)® adopt an ordered

variant of the skutterudite structure (space group R3), in which the anions are
ordered in layers perpendicular to the [111] direction of the skutterudite unit cell
(Figures 1(c) and 1(d)). Recent reports of the existence of the phases GxCo0,GesQ4 (G
= Ce, Yb; Q = Se, Te),>* indicate that these ternary skutterudites may also be filled.

Since the unit cells of many of the AB;5Q15 phases are metrically cubic, and their
structures contain neighbouring elements (e.g. Ge/Se, Sn/Te), investigation of anion
ordering using conventional powder X-ray diffraction is difficult, and reported
structures are based on heavily constrained refinements.** In an effort to elucidate the
detailed crystal structure of the tellurium-containing skutterudites AB1.sTe; s, we have
carried out a high-resolution synchrotron powder X-ray diffraction experiment. In
order to increase the contrast between the anions, we have exploited X-ray resonant
scattering, using data collected at different wavelengths, near to and far from the Sn
and Te edges. The transport properties of the AB;sTe;s phases were previously

reported by us.*

Experimental

Synthesis

The compounds CoGe;sTers, CoSnysTers, RhSnisTesrs, IrGeisTers and 1IrSnysTess
were prepared from appropriate stoichiometric mixtures of the elements cobalt
(Aldrich, 99.9%), rhodium (Goodfellow, 99.9%), iridium (Aldrich, 99.9%),

germanium (Aldrich, 99.99%), tin (Johnson Matthey, 99.9%) and tellurium (Aldrich



99.997%). Prior to use, Ge powder was reduced in a stream of H,/Ar at 500°C to
remove GeO,. Each ternary mixture was ground in an agate mortar prior to sealing
into an evacuated (<10 Torr) silica tube. The inner wall of the silica tube was coated
with a thin layer of carbon by pyrolysis of acetone. Each reaction mixture was heated
at 430°C for 2 days, followed by 2 additional days at 580°C. Samples were cooled to
room temperature at 0.1°C min™, prior to removal from the furnace. Following re-
grinding, samples were sealed into a second carbon-coated silica tube and refired at
580°C for 2 days, followed by cooling to room temperature at 0.1°C min™. The
progress of the reactions was monitored by powder X-ray diffraction, using a Philips
PA2000 diffractometer with nickel-filtered Cu-Ka radiation (A = 1.5418 A). For the
tin-containing samples, one or two additional firings at 580°C were required to ensure

complete reaction.

Diffraction data collection and analysis

High-resolution powder X-ray diffraction data were collected at the European
Synchrotron Radiation Facility, beam line 1D31, at room temperature. The samples
were loaded into borosilicate glass capillaries, mounted on the diffractometer and
spun at 50 Hz during measurements in order to improve powder randomisation. Two
datasets, far from an adsorption edge (0.42704(1) A) and close to it, were collected for
each sample. Wavelengths of 0.38970(6) A and 0.4249(1) A, close to the tellurium
and tin K-edges were used for the germanium and tin-containing samples
respectively. X-ray fluorescence spectra were collected near the K-edges of tin and
tellurium, and used as input for the program Chooch,*® in order to determine the
resonant scattering factors. For each sample, two datasets were simultaneously used in

Rietveld refinements, which were performed using the GSAS package.™



Results

Conventional powder X-ray diffraction data collected on bulk samples of composition
CoGe;sTes, IrGepsTers and ASnisTers (A = Co, Rh, Ir) are consistent with the
formation of skutterudite-type phases. Data could be indexed on the basis of a pseudo-
cubic unit cell with a ~ 8.7-9.3 A. However, attempts to prepare “RhGejsTe;s”
resulted always in samples containing a mixture of GeTe and RhTe, and a ternary
phase subsequently identified by us as RhGeTe.® Examination of the synchrotron
diffraction data for the AB;sTe;s phases under investigation, indicated that all
prepared materials contain trace amounts of binary tellurides, as well as binary oxides
in some cases, while the RhSn;5Te; s sample contains a significant amount of RhTe,
(ca. 14 wt%). The binary phases contained in each sample are listed in Table 1.

For several skutterudite-related phases of the type AB1sQ1s, it has been observed®®
that the powder diffraction patterns contain weak reflections which violate the body-
centring condition h+k+1 = 2n of the ideal skutterudite structure (see ESI®). These
additional reflections can be indexed on the basis of the previously reported ordered
skutterudite structure.”® Examination of the synchrotron powder diffraction data
reveals that these reflections are clearly present in CoGe;sTe; s as well as in the three
ASn;sTe; s phases, and therefore the atomic coordinates of the ordered skutterudite
structure”® were used for the initial structural model in the Rietveld refinements.
Whilst in the ideal cubic skutterudite structure the B and Te atoms are statistically
distributed over the 24(g) site, in the ordered skutterudite structure there are four
crystallographically distinct anion sites. The use of resonant X-ray scattering enabled
us to investigate the distribution of the B and Te atoms over these four anion sites. In
addition to the refinement of background terms, peak shape parameters, phase
fractions, lattice parameters, thermal parameters and atomic parameters, anion site

occupancy factors were introduced as variables into the refinements, with the



constraint that the overall stoichiometry was maintained. The final refined parameters
are presented in Table 1, while observed, calculated and difference profiles for the
diffraction data are shown in Figure 2. Selected distances and angles are given in
Table 2.

In the powder diffraction pattern of IrGe;sTe; s there are a small number of weak and
broad features which violate the body-centering condition of the ideal skutterudite
structure but could be indexed using the ordered skutterudite unit cell. The full width
at half maximum of these broad features is ca. 0.2-0.3°, considerably larger than that
of the intense reflections (ca. 0.02°). This anisotropic broadening of powder X-ray
diffraction peaks could be ascribed to anionic disorder. For this reason, Rietveld

refinements using the ideal skutterudite (space group Im3) and the ordered

skutterudite (space group R3) models were attempted. The refinement in R3 did not
result in a significantly better agreement between observed and calculated data,
despite the larger number of refined parameters, and the inclusion of anisotropic
broadening parameters for the peak shape description. The refined parameters for
IrGe;sTess in the ideal skutterudite structure are presented in Table 3, while selected
distances and angles are given in Table 4. Final observed, calculated and difference
profiles are shown in Figure 3.

Given the difficulties involved in discriminating between neighbouring elements
using conventional powder X-ray diffraction, the distribution of B and Q atoms over
the four available anion sites in the ordered skutterudite structure has only been
investigated previously for the AGe; 5S; 5 phases, using powder neutron diffraction (as
Ge and S have markedly different neutron scattering cross sections of 8.42 and 1.02
barns, respectively). Almost complete ordering of the anions was found, with only a

small percentage (ca. 5% or less, depending on the nature of A) of Ge atoms residing



at the S atom sites.? By contrast, for the tellurium-containing phases reported here, the
percentage of B atoms residing on Te sites varies over the range 12-30% depending
upon chemical composition. A clear trend can be observed in the anion distribution
(Table 1); with increasing size of both cations and anions, the degree of disorder
increases. For instance, whilst in CoGe;sTe;s only 12% of Ge atoms reside on Te
sites, in IrGeysTe;s there is an almost statistical distribution of Ge and Te atoms,
although some short-range ordering may occur. In the fully ordered skutterudite
structure, there is a strict alternation of B and Te layers, perpendicular to the [111]
direction. Given the recently reported skutterudites containing Ge, rings,® we may
speculate that the anion disorder found in the AB;5Q15 phases might be related to
stacking faults in the sequence of B and Te layers. This may explain the anisotropic
broadening of peaks observed in IrGe;sTe s.

In the fully ordered skutterudite structure, each transition metal is octahedrally
coordinated by three B and three tellurium atoms, arranged in a facial configuration.
A similar octahedral arrangement, with each type of anion defining a face of the
octahedron, has been found in the ternary AGeTe phases (A = Co, Rh).™ Instead of
the rectangular anion rings characteristic of binary skutterudites,™® the structure of the
ordered skutterudites investigated here contains two crystallographically-independent
diamond-shape B,Te; rings, in which the B and Te atoms are trans to each other
(Figure 4). The Te-B-Te angles within the rings for the ordered skutterudites
described here are in the range 82.12-87.15(13)° (Table 2), whilst the B-Te-B angles
are always greater than 90°. As the size of the anion or the cation increases, these

angles tend towards the ideal value (90°) found in MX;-type skutterudites.



Discussion

Skutterudites are sometimes described as Zintl phases,'’ and use of the Zintl
formalism for the ABysTeys phases investigated here results in formal charges of B*
and Te® for the anions. This would result in a formulation A**4[B,Te,]*s, in which the
transition-metal cation has a d® configuration. A d'° configuration of the transition
metal would also be consistent with the diamagnetic behaviour of ternary
skutterudites.’® Classical Zintl phases consist of electropositive cations and complex
anionic units, which can be isolated clusters or extended units. However, in the
AB;5Te; 5 phases, the electronegativities of all elements are comparable, and Ge and
Sn are the least electronegative elements when A is Rh or Ir (Pauling
electronegativities: Ge, 2.01; Sn, 1.96; Co, 1.88; Rh, 2.28; Ir, 2.2; Te, 2.1)."® This
suggests that an electron counting scheme based on the Zintl formalism is not valid, a
view which is supported by electronic structure calculations on CoSn;sTe;s which
indicate that cobalt is negatively charged.™®

The electrical and thermal transport properties of the ABisTeis phases are
summarised in Table 5. It has been previously reported that the thermal conductivity
of a number of ternary skutterudites is greatly reduced when compared with that of

the binary phases.%© 2

Our own thermal conductivity measurements yield values (at
325 K) of 3.0, 2.3 and 1.3 Wm™K™ for CoGe;5S15, CoGe;sTers and CoSnysTess
respectively.?! These are significantly lower than that of CoSbs (10.5 Wm™K™).2
Anion ordering will have a major effect on the phonon dispersion curves and the
corresponding phonon density of states (DOS), as a consequence of the lower crystal
symmetry of the ordered skutterudite when compared with the ideal skutterudite
structure (R3 vs.Im3). Comparison of the reported infrared spectra of CoAsz with

those of the ternary skutterudites AGe; Q1 5% provides evidence of a marked increase

in the number of lattice vibrations. Calculations of phonon dispersion curves, which
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are being currently carried out by M. Fornari and co-workers, are expected to shed
some light on this aspect.® Our analysis of the synchrotron diffraction data for
AB; sTe; 5 phases indicates that, in addition to a lowering of crystal symmetry, there is
a degree of disorder in the anion rings. This will result in an increase in point-defect
scattering, and therefore in reduced thermal conductivities. A similar reduction in
thermal conductivity upon introduction of disorder in the pnictogen rings has been
observed in the filled skutterudite Lalr,Ges;She?* Other types of structural disorder,
such as the combination of vacancies and interstitial Zn atoms found in B-Zn4Sb3,25
also result in reduced thermal conductivities.

The reduction in thermal conductivity found in the AB;sTe; s phases is accompanied
by a significant increase in their electrical resistivity'? from that of the binary phases.
Indeed, it has been generally found that substitution in the pnictogen rings of
skutterudites has a deleterious effect on the electronic properties.? In the case of the
materials reported here, such large electrical resistivities may be associated with the
increased ionicity of the bonding,?® particularly within the B,Q, rings. Extended

Hiickel tight-binding calculations®®?’

on MXjs phases indicate that the top of the
valence band is formed by =n-type X4 orbitals, which are strongly mixed with the d
orbitals of the transition metal.?® Bonding within homonuclear X, rings is purely
covalent. However, owing to the different electronegativities of B and Q, in the
heteronuclear B,Q; rings, changes in the electron distribution within the available =-
type orbitals of the rings occur,?® together with changes in the band dispersion at the
top of the valence band.?

Tight-binding calculations for CoGe;5Q15 (Q = S, Se) suggest that dn-pn bonding

between Ge and Co atoms is responsible for the diamond-shape distortion of the

Ge,Q, rings.?® For the ternary phases described here, dr-pn bonding may account for

11



the distortion of the B,Q, rings, as well as for the larger A-B-A angles when
compared to A-Q-A angles. However, such = bonding is likely to be weaker for
materials containing elements from later periods, and therefore both the distortion of
the B,Q- rings and the degree of anion ordering may be related to the d=-p= bonding
strength. This is consistent with the observed trends: with increasing size of both
cations and anions the B,Q, geometry tends towards the rectangular geometry of the
ideal skutterudite structure, and the degree of anion disorder increases. Structural
trends as well as the electronic behaviour of a number of intermetallic compounds

have also been found to be dependent on the strength of dr-px bonding.*

Conclusions

Although the AB;sTes s phases adopt an ordered skutterudite structure, analysis of X-
ray resonant diffraction data reveals that anion ordering is not complete. This
structural disorder is likely to be a contributory factor in the low thermal
conductivities found for these phases, whilst their larger electrical resistivities may
arise as a result of the increased ionicity within the B,Q; rings when compared to the

homonuclear pnictogen rings of binary skutterudites.
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Figure Captions

Figure 1

Comparison of the ideal skutterudite (MX3) and the ordered skutterudite
(AB15Q15) structures (a) Polyhedral representation of MX3 structure. (b)
Ball and stick representation of MXj; structure, showing the planar
rectangular four-membered X, rings. (c) Polyhedral representation of
AB;5Q15 structure. (d) Ball and stick representation of AB15Qis
structure. Key: M, open circles; X, black circles; A, open circles; B, black

circles; Q, grey circles.

Figure 2

Final observed (crosses), calculated (full line) and difference (lower full
line) diffraction profiles for (a) CoGe;sTess (upper plot: A = 0.42704(1)
A, lower plot: A = 0.38970(6) A) (b) CoSn;sTeis (upper plot: A =
0.42704(1) A, lower plot: A = 0.4249(1) A) (c) RhSnysTeys (upper plot: A
= 0.42704(1) A, lower plot: & = 0.4249(1) A), and (d) IrSnysTers (upper
plot: & = 0.42704(1) A, lower plot: A = 0.4249(1) A). Reflection positions
are marked: the lower markers refer to the skutterudite phase and the
upper markers to the impurity phases listed in Table 1.

Figure 3

Observed (crosses), calculated (upper full line) and difference (lower full
line) profiles for IrGeisTe;s, collected on the 1D31 beamline at room
temperature: (a) A = 0.42704(1) A and (b) A = 0.38970(6) A. The insets
show reflections at shorter d-spacings. Reflection positions are marked:
the lower markers refer to IrGes s Te; 5, middle markers to Ir and the upper
markers to GeO,.

Figure 4

The four-membered rings in CoSnysTe;s. Key: Sn, black circles; Te, grey

circles.
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Table 1

Final refined parameters for materials with the ordered skutterudite structure (space group

R3). All atoms on 18(f): (x,y,z), except for A(1) on 6(c): (0,0,z). The weight percentages of

other phases included in the refinements are shown.

COGe]_.5Te]_.5 COSn1,5T81,5 RhSn1,5T61,5 |rSn1.5Te1,5
alA 12.33239(3) 12.90916(2) 13.16485(6) 13.19386(4)
o A 15.10650(7) 15.78585(4) 16.1241(1) 16.1672(1)
A1) z 0.2462(8) 0.2522(3) 0.2499(5) 0.2506(3)
B/A? 0.258(9) 0.225(9) 0.330(7) 0.283(3)
A(2) X 0.6681(8) 0.6680(4) 0.6665(5) 0.6666(3)
y 0.8329(5) 0.8358(2) 0.8338(3) 0.8335(1)
z 0.5812(3) 0.5871(1) 0.5854(2) 0.5845(1)
B/A? 0.258(9) 0.225(9) 0.330(7) 0.283(3)
B(1) SOF Ge/Sn 0.880(2) 0.850(4) 0.820(7) 0.695(11)
SOF Te 0.120(2) 0.150(4) 0.180(7) 0.305(11)
X 0.8359(3) 0.8371(1) 0.8356(5) 0.8361(5)
y 0.9941(2) 0.9976(1) 0.0001(4) 0.0072(4)
z 0.1603(2) 0.16051(8) 0.1623(4) 0.1630(3)
B/A? 0.599(3) 0.589(3) 0.585(5) 0.681(6)
B(2) SOF Ge/Sn 0.880(2) 0.850(4) 0.820(7) 0.695(11)
SOF Te 0.120(2) 0.150(4) 0.180(7) 0.305(11)
X 0.9451(2) 0.9475(1) 0.9432(5) 0.9441(3)
y 0.2163(4) 0.2167(2) 0.2128(5) 0.2136(4)
z 0.5557(1) 0.55291(6) 0.5573(3) 0.5559(2)
B/IA? 0.599(3) 0.589(3) 0.585(5) 0.681(6)
Q1) SOF Ge/Sn 0.120(2) 0.150(4) 0.180(7) 0.305(11)
SOF Te 0.880(2) 0.850(4) 0.820(7) 0.695(11)
X 0.9345(2) 0.9380(1) 0.9355(4) 0.9358(3)
y 0.2136(3) 0.2166(1) 0.2167(4) 0.2146(4)
z 0.0657(1) 0.06214(5) 0.0647(3) 0.0649(2)
B/A? 0.599(3) 0.589(3) 0.585(5) 0.681(6)
Q(2) SOF Ge/Sn 0.120(2) 0.150(4) 0.180(7) 0.305(11)
SOF Te 0.880(2) 0.850(4) 0.820(7) 0.695(11)
X 0.8382(2) 0.8373(1) 0.8357(4) 0.8356(4)
y 0.0174(2) 0.01169(8) 0.0151(4) 0.0133(3)
z 0.6657(2) 0.66618(7) 0.6658(3) 0.6654(3)
B/A? 0.599(3) 0.589(3) 0.585(5) 0.681(6)
Weight Percentage/% CoTe, 4.45(4) SnTe 2.31(3) RhTe, 14.33(5) SnTe 2.47(5)
CopesTe 281(3) Ir;Teg 515(4)
Ir 0.6(1)
Rwp/% | Histogram 1° 6.79 7.03 7.73 8.37
Histogram 2° 5.77 5.74 6.72 6.96

? Data collected at A = 0.42704(1) A.
® Data collected at % = 0.38970(6) A for CoGe;sTe;s and at A = 0.4249(1) A for the remaining samples.
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Table 2

Selected bond distances (A) and angles (°) for the ordered skutterudites AB15Tey s.

COGel_sTeLs COSH1,5T61_5 RhSn1,5Te1_5 IrSn1,5Te1,5
A(1)-B(1) 2.375(7) x 3 2.541(3) x 3 2.585(7) x 3 2.627(5) x 3
A(1D-Q(2) 2.496(7) x 3 2.532(2) x 3 2.645(7) x 3 2.638(5) x 3
B(1)-A(1)-B(1) | 93.0(4)x3 | 90.76(12) x3 | 93.00(27) x3 | 93.63(17) x 3
B(1)-A(1)-Q(2) 90.75(8) x 3 88.95(4) x 3 88.25(16) x 3 | 86.32(13) x 3
82.32(9) x 3 83.82(3) x 3 82.84(17) x 3 | 84.16(13) x 3
Q(2)-A(1)-Q(2) | 94.23(34) x3 | 96.41(11) x 3 | 95.96(24) x 3 | 95.88(17) x 3
A(2)-B(1) 2.336(6) 2.532(4) 2.568(6) 2.615(5)
A(2)-B(2) 2.379(5) 2.523(4) 2.597(6) 2.591(5)
2.391(6) 2.541(3) 2.620(7) 2.599(4)
A(2)-Q(1) 2.525(6) 2.537(2) 2.628(6) 2.651(4)
2.518(5) 2.559(3) 2.642(6) 2.650(5)
A(2)-Q(2) 2.537(5) 2.555(4) 2.651(6) 2.650(5)
B(1)-A(2)-B(2) 89.67(11) 86.33(6) 85.79(18) 85.83(12)
87.73(12) 86.47(7) 87.47(17) 87.25(14)
B(1)-A(2)-Q(1) 96.47(29) 95.27(13) 97.10(19) 96.02(15)
89.59(23) 90.79(15) 92.26(19) 93.39(17)
B(2)-A(2)-B(2) 94.20(28) 90.68(13) 91.30(21) 91.54(14)
B(2)-A(2)-Q(1) 88.28(12) 88.84(8) 87.53(21) 88.42(13)
83.31(13) 83.63(7) 83.94(19) 84.01(12)
B(2)-A(2)-Q(2) 96.65(25) 96.29(16) 95.65(20) 95.54(16)
92.11(26) 91.84(12) 92.32(20) 92.11(14)
Q(1)-A(2)-Q(1) 94.26(25) 96.92(13) 97.21(21) 96.06(16)
Q(1)-A(2)-Q(2) 83.44(11) 86.44(7) 84.86(18) 84.63(14)
84.11(9) 86.43(6) 84.48(15) 85.20(12)
B(1)-Q(2) 2.748(4) 2.9019(14) 2.931(5) 2.852(6)
2.941(4) 3.0865(20) 3.049(7) 3.007(5)
Q(1)-B(1)-Q(1) 82.12(10) 84.95(4) 84.74(19) 87.15(13)
B(1)-Q(1)-B(1) 97.88(10) 95.05(4) 95.26(19) 92.85(13)
B(2)-Q(2) 2.698(4) 2.9087(15) 2.856(5) 2.896(6)
2.864(4) 3.0789(20) 3.052(7) 3.094(5)
Q(2)-B(2)-Q(2) 84.50(10) 85.16(4) 85.75(21) 85.73(12)
B(2)-Q(2)-B(2) 95.50(10) 94.84(4) 94.25(21) 94.27(12)
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Table 3
Final refined parameters for IrGe; sTe; s (space group Im3, a = 8.95621(4) A, Ryp = 9.63 and
6.97% for data collected at A = 0.42704(1) A and A = 0.38970(6) A respectively). The site
occupancy factors of Ge and Te, located on the 24(g) site, were fixed at 50%. Ir (0.87(2)wt%)
and GeO, (0.25(2)wt%) were included in the refinement.

Atom Site X y z B/A?
Ir 8(c) 1/4 1/4 1/4 0.469(6)
GelTe 24(g) 0 0.85098(9) | 0.65844(9) | 1.01(1)
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Table 4

Selected bond distances (A) and angles (°) for IrGe;sTeys.

Ir-GelTe 2.5502(3) x 6
B-Ir-B 94.88(3) x 6
85.13(3) x 6
B-B 2.833(2)
2.669(2)
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Table 5
Electrical resistivity (p), Seebeck coefficient (S) and thermal conductivity (i), at room
temperature, for the AB;5Te; 5 phases.

Formula p/Qcm S/uvK* W/Wm'K*!
CoGejsTers 51 -713 2.3%
IrGe;sTe;s 7.6 243 -
CoSnisTers 59 -309 1.32
RhSnisTe; s’ 0.01 53 -
IrSnysTe; s 0.3 125 -

% Value measured at 325 K. ® Sample contains ca. 14% RhTes.
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