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Abstract

The effect of chemical substitution on the electrical resistivity and Seebeck
coefficients of Ru,Ges is reported, with a particular emphasis on enhancing the
properties relevant to thermoelectric behaviour. The properties of Ru,Ges itself
are shown to be strongly dependent on quenching temperature. The effects of
metal doping for Ru and metalloid substitution (Sn and Si) for Ge are reported.
It is shown that doping of both ruthenium and germanium sites is required
to reduce the high resistivity of Ru,Ges (~280 m2 cm at 300 K) to a value
of 1.5 mQ cm, for Ru; gsMng 5Ge, 4Snpe while maintaining high Seebeck
coefficients. This latter composition has the highest thermoelectric figure of
merit observed in this system: ZTzpo g = 1 X 1072 Unfortunately this value
is too small to be competitive with existing materials.

1. Introduction

The difficulty in preparing efficient thermoelectric materials is characterized by the need to
minimize the thermal conductivity of candidate materials, while maximizing their electronic
conductivity. The traditional strategy to optimize these conflicting parameters involves
selecting semiconducting compounds containing heavy elements and then reducing their
thermal conductivity by introducing crystallographic disorder. The introduction of the concept
of a phonon-glass—electron-crystal (PGEC) material, most notably by Slack [1], provides an
alternative strategy. The PGEC concept describes a material which has an open semiconducting
or semimetallic framework (electron crystal) containing loosely bound guest atoms (phonon
glass). These guest atoms rattle within the framework producing low frequency anharmonic
modes, which strongly scatter the heat carrying acoustic modes of the material, thus reducing
the thermal conductivity to glass-like values without serious detriment to the electronic
conductivity. Thus one could produce efficient thermoelectric materials by optimizing the
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electronic properties of such a PGEC material by utilizing the already low thermal conductivity
of such a phase.

A material worthy of such attention is the Nowotny chimney-ladder phase Ru,Ges. The
combination of a two-component structure, low thermal conductivity and semiconducting
transport behaviour [2] make it a good candidate for the optimization of thermoelectric
properties by elemental substitution. Here we report a study of the electronic properties of
Ru,Ges that are the result of such substitutions. The resistivity of these materials is particularly
sensitive to substitution and the exact preparative conditions employed.

2. Experimental details

In order to investigate the effect of elemental substitution on the electronic properties of Ru,Ges,
relevant to thermoelectricity, a large number of samples of the composition Ru,_A,Ges_,B,
were prepared. Samples of approximate mass 0.5 g were prepared by arc melting appropriate
amounts of the constituent elements, three times under argon. The melted buttons were then
individually wrapped in Ta foil, sealed in evacuated quartz ampoules and annealed for 7 days
at 950°C. The ampoules were then quenched to room temperature in water. A number of
samples were annealed and subsequently quenched from lower temperatures, as described
in the text, in order to determine the effect of annealing temperature on sample properties.
Samples were weighed prior to and after annealing to confirm that no material was lost during
sample preparation (maximum observed mass loss: 0.3%).

The phase purity of the annealed samples was assessed by x-ray powder diffraction
(Rigaku Miniflex, Cu Ko radiation). The annealed buttons were cut into bars (approximate
dimensions: 1 mm x 1 mm x 4 mm) which were employed in resistivity and Seebeck
coefficient measurements. Resistivity measurements were performed using a standard four-
point ac method utilizing a Quantum Design PPMS instrument. The Seebeck coefficients of
samples were measured using commercially available apparatus (MMR technologies). ZT
measurements were made using Harman’s method [3].

3. Results

3.1. Quenching temperature

Ru,Ge;s is reported to undergo a continuous diffusionless phase transition below ~500 °C [4].
This transition involves displacement of the germanium atoms within the quasi-static ruthenium
lattice, resulting in a change of crystallographic symmetry from a high temperature tetragonal
form (P42¢) to a low temperature orthorhombic form (Pbcn). Stoichiometric samples of
Ru,Ges which were annealed at 950 °C and then for one week at lower temperatures (7 = 700,
575 and 450°C) before quenching in water, produced single-phase samples. X-ray powder
diffraction data collected from all samples could only be indexed using the low temperature
orthorhombic cell reported for Ru,Ges (@ = 11.436 A, b = 9.238 A, ¢ = 5.716 A [5]). There
is no crystallographic evidence in any of the samples for the existence of a tetragonal form of
Ru,Ges. This suggests that it is not possible to quench the tetragonal form.

Figure 1(a) shows the effect of quenching temperature on the resistivity and Seebeck
coefficients (figure 1(b)) of Ru,Ges. Both data sets show a clear discontinuity between samples
quenched at 575 and 450 °C consistent with the reported crystallographic phase transition. The
resistivity of Ru,Ges; has little dependence on the quenching temperature in samples quenched
from 7' > 700 °C, prior to a sharp increase in resistivity as the phase transition is approached.
Figure 2(a) shows that the Seebeck coefficients of the samples decrease steadily with decreasing
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Figure 1. Effect of quenching temperature on (a) resistivity and (b) Seebeck coefficient of Ru, Ges.

quenching temperature prior to a sharp increase between samples quenched at 575 and 450 °C.
Combining both data sets allows us to calculate the thermoelectric ‘power factor’, $2/p,
often used as a measure of the electronic factors that contribute to optimal thermoelectric
performance [6]. Figure 2(b) shows that samples quenched from high temperature have
significantly higher power factors than those annealed at low temperatures. Therefore all
subsequent samples were quenched from 950 °C.

3.2. Ru-site doping

Figure 1 shows that the best room temperature resistivities attained for undoped Ru,Ge;
are ~200 m2 cm. This is approximately two orders of magnitude larger than those of
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Figure 2. Plot of (a) Seebeck coefficient at 300 K and (b) power factor at 300 K as a function of
quenching temperature for RuyGes.

good thermoelectric materials. In order to lower this value, elemental substitution for
ruthenium was performed. Figure 3 shows the temperature dependence of the resistivity
of samples of composition Ruj 9sMg05Ge; (M = Ni, Pt, Mn, Co, Fe). The data in figure 3
show that the resistivity of the doped samples is slightly reduced with respect to undoped
Ru,Ges; however, all samples still have resistivities too large to make effective thermoelectric
materials (o300 x > 100 m2 cm). In addition the data show that with the exception of
the cobalt-doped sample, the resistivities of all the doped materials display the same weak
temperature dependence exhibited by Ru,Ges. This behaviour is characteristic of materials
in which impurity bands dominate the electronic transport, as is the case with undoped



The effect of elemental substitution on the electronic properties of Ru, Ges 6547

T T | I | I
100 3 :
: Ru; 9sMj osGe; :
10 __
g - ]
i Ni B
: - ]
N
" ]
1 __
E Pt E
T Undoped-
T Mn 4
Co
N Fe
0 50 100 150 200 250 300 0

T (K)

Figure 3. Plot of the temperature dependence of the resistivity of doped Ruy Ges samples of formula
Ruy.95Mo.05Ges.

Ru,Ges. The resistivity data collected from the cobalt-doped sample do have the temperature
dependence characteristic of activated behaviour. Extracting the apparent bandgap from the
slope of a plot of —Ino against 1/2kgT yields a value of 0.04 eV. This is much smaller than
the high temperature value reported for Ru,Ges (0.34 eV [2]) suggesting that the observed
gap involves a band of impurity states, which lies between the valence and conduction bands.
The involvement of impurity states in the transport behaviour of all samples suggests that it
will not be possible to significantly reduce the resistivity of Ru,Ges by simple substitution for
ruthenium, as this does not overcome the inherent problem of the observed low carrier mobility
of these impurity states.

3.3. Ge-site doping

An alternative method of reducing the resistivity of Ru,Gejs is by elemental substitution on the
germanium site. Susz et al [2] report that Ru,Si; and to a limited extent Ru,Sns are soluble
in Ru,Ge;. Investigation of the electronic properties of these materials reveals a decease in
the electronic bandgap from Ru,Sis (0.7 eV) to Ru,Ge; (0.34 eV) to Ru,Sn; (metallic) [2].
Such a trend should in principle allow the tuning of the electronic bandgap to optimize the
thermoelectric properties of this system. X-ray powder diffraction data collected for samples
of stoichiometry Ru,Ges_, Si, (x = 0, 1, 2, 3) showed that all samples reacted to form single-
phase materials with structures and lattice parameters consistent with a solid solution between
the reported structures of Ru,Ge; and Ru,Siz. Conversely there is a solubility limit in the
substitution of germanium with tin in Ru,Ges. For values of x > 0.6 the samples of initial
stoichiometry Ru,Ge;_, Sn, displayed diffraction peaks due the phase RuszSn;. This impurity
phase could not be removed, even with annealing times in excess of 7 days. Therefore only
the physical properties of Ru,Ges_,Sn, samples with x < 0.6 were measured.

Figure 4 shows the resistivity and Seebeck coefficients of samples of composition
Ru,Ges_ .M, (M = Si, Sn) plotted against temperature. The observed trend that the resistivity
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Figure 4. Plot of the temperature dependence of (a) the resistivity and (b) the Seebeck coefficients
of doped RuyGes samples of formula Ru,Ge;_ M, (M = Si, Sn). The inset to (b) shows the
power factor of samples at 300 K as a function of composition.

reduces from Ru,Si3; > Ru,Ges; > Ru,Snj is in agreement with the data previously reported
and can be rationalized by observing that the electronic bandgaps of the materials follow
the same trend [2]. The temperature dependence of the resistivity evolves from that of
Ru,Si3 and Ru,GeSi,, which display thermally activated behaviour in the temperature range
100 < T (K) < 300, to the tin-doped samples that, in common with Ru,Ges, have only a weak
variation with temperature. The apparent bandgaps extracted for Ru, Siz and Ru,GeSi,, 0.074
and 0.065 eV respectively, show that in common with all the samples in this series impurity
states have a dominant effect on the transport behaviour in the temperature range studied.
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Figure 5. Plot of the temperature dependence of (a) the resistivity and (b) the Seebeck coefficients
of samples of formula Ruy_, Mn, Ge; 4Sng 6.

Figure 4(b) shows the Seebeck coefficients for the Ru,Ge;_ M, (M = Si, Sn) series. It
can be seen that Seebeck coefficients of all the samples increase smoothly and continuously
with temperature in the range measured. In the series Ru,Ge;_,Si, the Seebeck coefficients
of samples increase with increasing x from S3po x = 317 uV K~! for Ru,Ges to Sy x =
401 uV K~! for Ru,Sis. Such an increase is consistent with the reported increase in the
electronic bandgap which would lead to a reduction in the number of charge carriers and
the observed increase in both the Seebeck coefficient and electronic resistivity with increased

silicon content.
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Figure 6. Plot of the temperature dependence of (a) the resistivity and (b) the Seebeck coefficients
of samples of formula Ruy_, Co, Ge; 4Sng 6.

The substitution of small amounts of tin for germanium leads to a change of sign of the
Seebeck coefficient. This indicates a change in the dominant charge carriers from holes to
electrons. Associated with this change in carrier type is a reduction in the absolute magnitude
of the Seebeck coefficient. The net effect of Ge site doping can be seen in the inset to figure 4(b)
which plots the power factor, S?/p, against composition. This clearly shows that after a local
maximum at undoped Ru,Ges, the power factor increases with Sn content. Despite this trend
Ru,Ges 4Sng ¢ (the maximum Sn content soluble in Ru,Ge3) is not an effective thermoelectric
material (ZT300 k ~ 2.3 x 1073 estimated by Harman’s method [3]) as the electronic resistivity
is still restrictively large.
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Figure 7. Plot of the power factor at 300 K as a function of composition in samples of formula
Ruy_ M, Gey 4Sng ¢ (M = Mn, Co).

3.4. Double-site doping

In order to complete the characterization of the resistivity and Seebeck coefficients in this
system, samples doped on both the Ru and Ge sites were prepared based on the maximal
power factor of Ru,Ge; 4Snge. Figures 5 and 6 show the temperature dependence of the
resistivity and Seebeck coefficients of samples of composition Ru,_ M, Ge; 4Sng ¢ (M = Mn,
Co, 0 < x < 0.25). It can be seen that in both the Mn- and Co-doped samples low levels of
substitution for ruthenium lead to a rapid drop in resistivity to values of the order of 1 m2 cm at
300 K. Substitution with cobalt (figure 5(a)) lowers the resistivity in a continuous manner with
increasing cobalt concentration leading to a steady reduction in sample resistivity. Conversely
doping samples with Mn (figure 6(a)) initially leads to a drop in resistivity, with a local
minimum around x = 0.15, before rising sharply at higher Mn concentrations. The Seebeck
coefficients of the Mn- and Co-doped samples (figures 5(b) and 6(b)) both show the same
type of behaviour. Small dopant concentrations lead to a rise in the absolute magnitude of the
Seebeck coefficients of both sets of samples, reaching local maxima at x = 0.05 and 0.1 for
the Co- and Mn-doped samples respectively. At higher doping levels the Seebeck coefficients
of both sets of samples drop to around 20 'V K~! at 300 K. It should be noted that despite
Mn being a formal hole dopant and Co being a formal electron dopant, both materials give
large negative Seebeck coefficients indicating negative charge carriers dominate the transport
in both sets of materials.

Figure 7 plots the power factors of the Ru,_,M,Ge; 4Sng ¢ samples against the number of
holes or electrons chemically doped into the sample per formula unit (Mn can be considered a
formal hole dopant, Co a formal electron dopant). It can clearly be seen that the largest power
factors are achieved when small numbers of holes or electrons are doped into Ru,Ge; 4Sng ¢,
with the local maxima located at Mng ; and Coyg o5 respectively.

Utilizing Harman’s method to estimate the value of ZT at room temperature, values of
1 x 1072 and 8.51 x 1073 are evaluated for the Mng; and Cog s materials respectively.
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These values mirror the power factors shown in figure 7. Harman’s method measures the overall
figure of merit, ZT = TpS?/k, and so the scaling of ZT with power factor suggests that the
materials have similar thermal conductivities which we deduce to be 300 ~ 0.065 WK cm™!,

4. Conclusion

We have reported the effects of elemental substitution on the electronic properties of Ru,Ges,
relevant to its potential as a thermoelectric material. It has been possible, by substituting on both
the Ru and Ge sites, to reduce the electrical resistivity of Ru,Ges by two orders of magnitude,
from 280 m€2 cm at 300 K in undoped Ru,Ges to 1.5 m€2 cm at 300 Kin Ru; gsMng, 15Ges 4Sng .
However, despite this dramatic reduction in resistivity the thermoelectric figure of merit, ZT,
has only been increased to 1 x 1072 at 300 K (from 3.2 x 1073) making this material
non-competitive as a thermoelectric at room temperature, in spite of an initially promising
combination of properties. Future studies of the magnetic properties of these materials may
be of interest, as the metal dopants appear to have largely created distinct primary localized
states in the semiconductor host.
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