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Abstract

Phase relationships of manganese-substituted ruthenium sesquisilicide alloys have
been investigated by using x-ray powder diffraction, scanning and transmission electron
microscopy. A series of chimney-ladder phases Ru;..Mn,Si, (0.14 <x <0.97, 1.584 <y <
1.741) are formed over a wide compositional range between Ru,Si; and Mn4Si;. The
compositions of these actually formed chimney-ladder compounds are deviated slightly from
the composition line connecting Ru,Si; and MnySi;, which corresponds to the ideal
composition line satisfying the VEC (valence electron counting)=14 rule. The occurrence of
the compositional deviation is discussed in terms of the VEC rule and the atomic packing.
The thermoelectric properties of the directionally solidified Ru;Mn,Si, alloys (0.55 < x <
0.90) have also been investigated as a function of the Mn content and temperature. The
dimensionless figure-of-merit (Z7) for the alloys with high Mn contents (x > 0.75) increases
with the increase in the Mn content. The Z7T value for the crystal with x = 0.90 is as high as

0.76 at 874 K.
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1. Introduction

Semiconducting ruthenium sesquisilicide (Ru,Si3) has two allotropic phases separated
by a reversible and diffusionless phase transformation approximately at 1300K [1,2]. The
high-temperature (HT) phase possesses the tetragonal Ru,Sns-type structure, which is known
as one of the chimney-ladder structures, whereas the low-temperature (LT) phase possesses
the orthorhombic Ru,Sis-type structure [1,3]. Some of the family of compounds with the
chimney-ladder structures, including high manganese silicides (Mn4Si; [4], Mn;;Sij9 [5],
Mn;5Siye [6] and so forth), are known to exhibit a high Seebeck coefficient and low thermal
conductivity simultaneously so that they have been investigated as a candidate for
thermoelectric materials [7-10] because the thermoelectric performance is evaluated with the
dimensionless figure-of-merit, Z7' = ’T/p-A), where a, p, A and T stand for Seebeck
coefficient, electrical resistivity, thermal conductivity and temperature, respectively. The
chimney-ladder compounds expressed with the general chemical formula of M,X5,.,, (M:
transition metal element, X: group 13 or 14 element, n, m: integers) possess a particular
tetragonal crystal structure, in which the unit cell consists of M (Ru) subcell with the atomic
arrangement of the 3-Sn type (chimney) and X (Si) sucell with the atomic arrangement of a
coupled helices (ladders) with both the chimney and ladder being aligned along the c-axis of

the tetragonal unit cell (Fig. 1) [1,11,12]. Therefore, the c-axis dimension (c) of the unit cell

of the chimney-ladder structure composed of nM subcells and mX subcells is in general
expressed with the least common multiple of the c-axis dimensions (cy and cx) of these two
subcells; ¢ = ney = mex. HT Ru,Sis possesses the simplest type of the chimney-ladder
structure with the unit cell (with n = 2 and m = 1) expressed with ¢ = 2¢y = cx. Then, the
X/M atomic ratio of the chimney-ladder compound M, X, 1s related with the cx/cy ratio, as

follows [11,13];
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Since the chimney-ladder compounds are known to be electron compounds following an
valence electron counting (VEC) rule [11,14-16], the X/M ratio of a particular binary
chimney-ladder compound such as Ru,Si3 is expected to be controlled by substituting some
of M atoms with another transition metal element whose number of valence electrons is
different from that for M atoms. For example, if some of Ru atoms belonging to group 8 of
the periodic table (the group numbers in the present paper are all referred to the convention of
International Union of Pure and Applied Chemistry (IUPAC)) in Ru,Si; is substituted with Re
atoms belonging to group 7, the Si/(Ru+Re) ratio should change from 3/2 to stabilize the
crystal structure, i.e., it should increase to compensate the decreased valence electrons.

In fact, we have recently found out that substitutions of Ru in Ru,Si; with Re stabilize
the HT phase with the chimney-ladder structure to appear at low temperatures so that a series
of chimney-ladder phases, Ru;.Re,Si, are formed over a wide composition range [13,17]. Of
interest to note is that the X/M values for these chimney-ladder phases deviate from the ideal
values expected from the VEC=14 rule. The X/M values for alloys with low Re contents (x <
0.5) is larger than the ideal values (i.e., VEC > 14) while those for alloys with high Re
contents (x > 0.5) is smaller than the ideal values (i.e., VEC < 14), with the interception
occurring at about x = 0.5. Hence, these alloys exhibit n- and p-type semiconducting
behaviors at low and high Re concentrations, respectively. Since the extent of compositional
deviation from the ideal VEC=14 values is considered to correspond to the carrier
concentration, the absolute values of both Seebeck coefficient and electrical resistivity

increase as the extent of the deviation from the VEC=14 rule increases, i.e., as the alloy

composition deviates from that corresponding to the p-n transition (x = 0.5) [18]. The



occurrence of the compositional deviation from the ideal values satisfying the VEC=14 rule
is considered to be closely related to the changes in atomic packing caused by the difference
in atomic radius between Ru (0.134 nm) and Re (0.138 nm) [18]. These chimney-ladder
phases can exist when the values of atomic packing factor are in a certain range and that these
phases are destabilized once atomic packing becomes out of the range. Then, these
chimney-ladder phases tend to take X/M ratios within the range of atomic packing factor,
which is different from that the VEC=14 rule dictates. Thus, the compositional deviation
from the ideal values satisfying the VEC=14 rule is considered to be controlled by alloying
additions not only through the difference in the number of valence electrons between Ru and
the substitutional element but also through the difference in atomic radius between the two.
In this perspective, it is very interesting to investigate how the compositional deviation from
the ideal values occurs when some of Ru in Ru,Sij; is substituted with Mn, since Mn belongs
to group 7 as Re does and the atomic radius of Mn (0.126 nm) is considerably smaller than
that of Ru. In the case of Mn substitutions, the composition range in which a series of
chimney-ladder phases, Ru;..Mn,Si, are formed is expected to be very large (almost in the
entire pseudobinary composition range) because of the existence of Mny4Si;, which is known
to possess the chimney-ladder structure withn =4 and m =1 [12].

In the present study, we investigate the phase relationships and crystal structures in
Mn-substituted ruthenium sesquisilicide alloys by x-ray powder diffraction, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). We also investigate the
thermoelectric properties of directionally solidified crystals of the chimney-ladder
compounds in the Ru-Mn-Si system as a function of the Mn content and temperature with an

expectation of further enhancing the thermoelectric properties.



2. Experimental procedures

Polycrystalline specimens with nominal compositions of Ru;.,Mn,Si; s (x =0.05, 0.20,
0.40, 0.60, and 0.80) and Ru;Mn,Si; 75 (x = 0.20, 0.40, 0.60, and 0.80) were prepared by
arc-melting elemental Ru (3N-grade), Mn (4N-grade), semiconductor-grade Si under an Ar
gas flow. Microstructures of the as-grown samples were examined by SEM and TEM.
Chemical compositions for selected regions of interest were estimated by energy dispersive
x-ray spectroscopy (EDS) in both SEM and TEM. Samples for TEM observations were
prepared by mechanical polishing, dimple grinding and finally Ar-ion milling for electron
transparency. After determining the stable composition range for the chimney-ladder phases
in the Ru-Mn-Si system with the use of arc-melted alloys, In order to produce specimens for
measurements of thermoelectric properties, directional solidification was made for some
Ru;..Mn,Si, alloys (x = 0.50, 0.55, 0.75, 0.85 and 0.90; the value of y is determined based on
investigation of the phase relationship as described in the Section 3.1) by the Czochralski
method (x = 0.50, 0.55 and 0.75) and by the optical floating zone method (x = 0.85 and 0.90)
at a growth rate of 5 mm/h under an Ar gas flow.

Specimens with a rectangular parallelepiped shape having approximate dimensions of
2x2x7 mm’ were cut from these directionally solidified ingots by electric discharge
machining and were used for measurements of Seebeck coefficient and electrical resistivity.
Seebeck coefficient and electrical resistivity were measured in the temperature range from
323 to 1023 K by the static dc and four-probe methods, respectively, with our ZEM-2
apparatus (ULVAC, Japan). Thermal conductivity was estimated from the values of thermal
diffusivity and specific heat measured for thin-disc samples with a diameter of 8 mm and a
thickness of 1 mm in the temperature range from room temperature to 1073 K by the laser

flash method with our TC-7000 apparatus (ULVAC, Japan).



3. Results
3.1 Phase equilibria and structural variation in the chimney-ladder phases
3.1.1. SEM microstructures

Figs. 2(a)-(d) and Figs. 2(f)-(i) show SEM backscattered electron images (BEIs) of
as-arcmelted samples with nominal alloy compositions of Ru;_,Mn,Si,; 5 and Ru; Mn,Si; 75 (x
=0.20, 0.40, 0.60, and 0.80), respectively. Two phases are identified for all the samples with
the major phase being the (Ru,Mn)Si, sesquisilicide phase. While the second phase observed
for Ru;.,Mn,Si; s alloys is the (Ru,Mn)Si monosilicide phase (as indicated by white arrows in
Figs. 2(a)-(d)), it is the Si phase for Ru;,Mn,Si; 75 alloys (as indicated by black arrows in
Figs. 2(f)-(i)). The volume fraction of the (Ru,Mn)Si monosilicide second phase increases as
the Mn content in Ru;,Mn,Si; 5 alloys increases, while the opposite is true for the Si second
phase in Ru;.,Mn,Si; ;s alloys, indicating that the Si content in the sesquisilicide phase
increases as the Mn content increases. The major (Ru,Mn)Si, sesquisilicide phase is always
accompanied by contrast variation within the region. EDS analysis in a SEM has revealed
that the contrast variation corresponds to compositional variation in the (Ru,Mn)Si,
sesquisilicide phase, as observed previously for the chimney-ladder phases in the Ru-Re-Si
ternary system [13,17,18]. Thus, a range of composition is indicated for the (Ru,Mn)Si,
sesquisilicide phase in the ternary phase diagrams of Figs. 2(e) and (j) for each of
Ru;.,Mn,Si; s and Ru;,Mn,Si; 75 alloys, respectively. The extent of the compositional
variation in the (Ru,Mn)Si, sesquisilicide phase is much larger than that previously observed
in the (Ru,Re)Si, sesquisilicide phase [13,17,18] and is hardly changed significantly by

annealing at 1373 K for 96 h.



3.1.2. X-ray diffraction analysis

X-ray diffraction patterns obtained for Ru; ,Mn,Si; 5 alloys with x = 0.05, 0.20, 0.40,
0.60 and 0.80 are shown in Fig. 3 in the 26 range from 20 to 80 degrees, together with those
calculated for HT-Ru,Si3 [19] and B20-type RuSi monosilicide [20]. While the (Ru,Mn)Si,
sesquisilicide phase is exclusively observed in the specimen with x = 0.05, both the
(Ru,Mn)Si, sesquisilicide and monosilicide phases observed for other specimens. When
judged from the relative intensities, the volume fraction of the monosilicide phase increases
with the increase in the Mn content, being consistent with the SEM-EDX results described in
the previous section.

The values of lattice constants (of the metal subcell) ay and ¢y of the tetragonal
(Ru,Mn)Si, sesquisilicide are estimated from the X-ray diffraction data (Fig. 3) and are
plotted in Fig. 4(a) as a function of the nominal Mn content, together with those for Mny4Si;
[21]. The value of ¢y monotonically decreases with the increase in the Mn content, while that
of ay increases with the increase in the Mn content for smaller Mn contents, followed by the
decrease for larger Mn contents. As a result, the cell volume of the M subcell vy (=aM2XcM)

decreases with the increase in the Mn content, as shown in Fig. 4(b).

3.1.3. TEM analysis

Fig. 5(a) shows a TEM bright-field image of a sample with the nominal composition
of Rug40Mng 60S1; 75. A grain of the (Ru,Mn)Si, sesquisilicide phase is located next to a grain
of the Si phase. TEM-EDX analysis revealed that the Mn content in the sesquisilicide phase
decreases as the distance from the Si grain increases, being consistent with the SEM-EDX
analysis shown in Figs. 2(h) and (j). Selected-area electron diffraction (SAED) patterns (Figs.

5(b)-(d)) taken from the positions in the sesquisilicide phase denoted ‘b’, ‘c’ and ‘d’ in Fig.



5(a) all exhibit characteristics of the chimney-ladder structure consisting of diffraction spots
from the M subcell and those from the Si subcell. This indicates that the HT-phase of Ru,Si;
with the chimney-ladder structure is stabilized by the substitution of Ru with Mn so as to
appear even at low temperatures. All the SAED patterns of Fig. 5 are indexed as those with
the [120]y incidence when referred to the M subcell but the spacing of satellite spots from the
Si subcell in the 00/ systematic row increases as the Mn content decreases, i.e., as the
distance from the Si grain increases. This indicates that some different chimney-ladder phases
with different Si subcell sizes along the c-axis are formed within a grain of the sesquisilicide
phase, preserving the crystal orientation, which is basically determined by that of the M
subcell. Typical examples of the 00/ systematic row in the SAED pattern taken along the
[120] direction of chimney-ladder phases from various specimens of Ru;..Mn,Si;s and
Ru;.,Mn,Si, 75 alloys (with 0.20 < x < 0.80) are shown in Fig. 6 in the increasing order of the
Mn/M ratio, which is estimated by TEM-EDX analysis. The csi/cm ratios of these

chimney-ladder phases are determined from the SAED patterns with the following equation,

Cs _ Ry ’ )
Cu 2(R001Si)

where Rooom and Rgoisi are the distances between the transmitted spot and 002y, and 001g;
diffraction spots, respectively (Fig. 6) [12,13]. Then, the Si/M atomic ratios in the
corresponding chimney-ladder phases are determined with Eq. (1). The csi/cm and Si/M ratios
determined from these SAED patterns with Egs. (1) and (2) are shown in Fig. 6 together with
the Mn/M ratio determined by TEM-EDX analysis. The value of the Si/M ratio increases as
the value of the Mn/M ratio increases, being consistent with the results of SEM-EDX analysis
(Fig. 2). Chimney-ladder phases are thus confirmed to exist in a wide composition range of
0.14 < x <097 and 1.584 < y < 1.741 when expressed in the form of Ru;. . Mn,Si,. The

sesquisiliside phase with the Mn content less than x = 0.14 possesses an additional



superstructure along the a-axis of a chimney-ladder structure. The details of crystal structure
refinement for the phase appearing for alloys with less Mn contents will be published
elsewhere [22].

The values of the Si/M ratio (y) thus obtained for chimney-ladder phases are plotted in
Fig. 7 as a function of the Mn content (x in the formula of Ru,..Mn,Siy), together with the
similar plot previously obtained for chimney-ladder phases in the Ru-Re-Si ternary system
[13,18]. The values of the Si/M ratio for most chimney-ladder phases in the Ru-Mn-Si system
are larger than those expected from the VEC=14 rule, and they become identical to or a little
smaller than those expected from the VEC=14 rule only at the high Mn contents (x > ~0.9).
This is in contrast to what is observed for chimney-ladder phases in the Ru-Re-Si ternary
system, in which the interception of the two occurs at an intermediate Re content around
x=0.5. The reasons for this will be discussed later.

Phase relationships among sesquisilicide, monosilicide and Si phases are described in
Fig. 8 based on the results obtained in the present study. A series of chimney-ladder phase
exist as the sesquisilicide phase in a wide range of the Mn content (0.14 < x < 0.97).
Sesquisilicide-monosilicide as well as sesquisilicide-Si two-phase regions are observed in

wide composition ranges.

3.2. Microstructure and thermoelectric properties of directionally solidified alloys
3.2.1. Microstructures

Five different nominal compositions as tabulated in Table 1 were selected for crystal
growth by directional solidification based on the result described in the previous section (Fig.
8). Contrary to the case of chimney-ladder compounds in the Ru-Re-Si system [18], it was

impossible to obtain single crystals of chimney-ladder compounds in the Ru-Mn-Si system.
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However, crystal orientation analysis by the x-ray back reflection Laue method has revealed
that crystals grow preferentially along the c-axis of the tetragonal chimney-ladder phases.
Microstructures observed in longitudinal sections of the grown crystals are depicted in Fig. 9,
in which the growth direction is set in parallel to the horizontal edge of figures. All the
crystals exhibit virtually a sesquisilicide single-phase microstructure. The sesquisilicide phase
in directionally solidified alloys also exhibits compositional variation due to the formation of
many different chimney-ladder phases, as observed in the as-arcmelted samples (Fig. 2). The
compositional variations observed in these directionally solidified alloys are described with
the intensity histograms in the right-hand side of Fig. 9, which are constructed from the
corresponding grey-scale SEM-BEIs on the assumption that the intensity decreases linearly
with the increase in the Mn content. Although the compositional ranges for the sesquisilicide
phase of the different alloys overlap with each other, the peak Mn content increases with the

increase in the nominal Mn content.

3.2.2. Thermoelectric properties

Thermoelectric properties of the directionally solidified Ru;.,Mn,Si, alloys were
evaluated along the growth direction. Values of Seebeck coefficient for these alloys are
plotted in Fig. 10(a) as a function of temperature. The alloys with x = 0.50 and 0.55 exhibit
negative values in the whole temperature range investigated whereas those with x = 0.75,
0.85 and 0.90 exhibit positive values. The absolute values of Seebeck coefficient for the alloy
with x = 0.55 are considerably smaller than those for the alloy with x = 0.50. The value for
the alloy with x = 0.75 is slightly smaller than those with x = 0.85 and 0.90 at room
temperature, and the difference in the values increases with the increase in temperature.

Values of electrical resistivity for directionally solidified alloys are plotted in Fig. 10(b) as a

11



function of temperature. While the values of electrical resistivity for the alloy with x = 0.75
decrease with the increase in temperature, those for the alloys with x = 0.50, 0.85 and 0.90
increase with increasing temperature, which is a characteristic of degenerated semiconductors.
For the alloy with x = 0.55, the values of electrical resistivity slightly increase with the
increase in temperature up to 600 K, followed by a decrease at higher temperatures. The
values of electrical resistivity for the alloys with x = 0.50, 0.85 and 0.90 are smaller than
those with x = 0.55 and 0.75 by an order of magnitude. Values of thermal conductivity for
directionally solidified alloys with x = 0.85 and 0.90 are plotted in Fig. 10(c) as a function of
temperature. The values of thermal conductivity for both alloys increase with the increase in
temperature, in particular at high temperatures above 800 K.

Values of thermoelectric power factor and dimensionless figure of merit (Z7)
calculated with the obtained values of electrical resistivity, Seebeck coefficient and thermal
conductivity are plotted respectively in Figs. 10(d) and (e) as a function of temperature,
together with the similar plots for the best alloy in the Ru-Re-Si ternary system [18]. Whereas
the values of power factor for the alloys with x = 0.55 and 0.75 are considerably low, those
for the alloys with x = 0.50, 0.85 and 0.90 are relatively high. The highest value of power
factor (1.5%10° W/mK?) is obtained for the alloy with x = 0.90 at 780 K. The ZT values for
the alloys with x = 0.85 and 0.90 increase with the increase in temperature up to 850 K,
followed by a rather rapid decrease at high temperatures. The highest ZT value for the alloy
with x = 0.90 is as high as 0.76 at 874 K, which is much higher than that obtained for the

RuO_4oReo_6oSi1_663 alloy (ZT:0.56 at 973 K) [18]

4. Discussion

4.1. Crystal structure: VEC=14 rule and atomic packing

12



As described above, chimney-ladder compounds in the Ru-Mn-Si system also behave
as electronic compounds, following the VEC=14 rule [11,14-16]. However, these
chimney-ladder compounds in the Ru-Mn-Si system do not precisely obey the VEC=14 rule,
as shown in Fig. 11(a) where the VEC values of the experimentally observed chimney-ladder
phases are plotted as a function of the Mn content. The VEC values for the chimney-ladder
phases with compositions close to MnySi7 (~0.9 < x < 0.97) are slightly smaller than 14. This
is reasonable in view of the fact that the chimney-ladder phase in the Mn-Si binary system is
reported to have a solid solubility range from Mn4Si; (Si/M=1.75) to Mn;;Sij9 (Si/M=1.727)
so as to form a series of compounds with VEC<14 [5,21]. On the other hand, the VEC values
for the chimney-ladder compounds with compositions of 0.14 < x < ~0.9 are larger than 14.
Upon alloying Mn4Si; with Ru, the value of the Si/M ratio should decrease with the increase
in the Ru content so as to maintain VEC=14. The larger VEC values of these chimney-ladder
compounds indicate that Si atoms exist in their lattices in excess of what is expected from the
VEC rule. The amount of excess Si atoms (i.e., the VEC value) in (Ru,Mn)Si, compounds
increases with the increase in the Ru content up to x = ~0.5 (Fig. 11(a)). Of interest to note is
that the cell volume of the M subcell vy (=aM2XcM) increases with the increase in the Ru
content also up to x = ~0.5 (Fig. 4(b)). These indicate that these excess Si atoms are
introduced to maintain the atomic packing (defined as the ratio of the volume of atoms
located in the unit metal subcell to the volume of the unit metal subcell) of the
chimney-ladder structure, as observed in the Ru-Re-Si system [18]. The values of the atomic
packing factor calculated for actual compositions of the experimentally observed
chimney-ladder phases are plotted as a function of the Mn content, together with those
estimated for the corresponding VEC=14 compositions. Goldschmidt radii (0.134, 0.126 and

0.117 nm respectively for Ru, Mn and Si) are used in the calculation. Indeed, the values of
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the atomic packing factor for the experimentally determined compositions vary with the
composition less significantly than those estimated for the corresponding VEC=14
compositions, indicating that the chimney-ladder phases are stabilized by maintaining the
atomic packing factor in a certain range. Thus, the VEC value of (Ru,Mn)Si, chimney-ladder
compounds increases with the increase in the Ru content (up to x =~0.5) due to the increased
amount of excess Si atoms, which are introduced in the lattice to maintain the atomic packing
factor in a certain range in the circumstance of the increase in the cell volume of the M
subcell.

Upon further alloying Mn4Si; with Ru (0.14 < x < ~0.5), the VEC values of the
experimentally observed chimney-ladder phases do not significantly change with the Ru
content. In the alloy composition range, the change in the cell volume of the M subcell is not
so significant when compared to that in the alloy composition range of ~0.5 < x < 1) (Fig.
4(b)). This indicates that the amount of excess Si atoms to be introduced to maintain the
atomic packing factor may not be so large in the alloy composition range. These may be due
to the fact that the deviation of VEC values of these chimney-ladder compounds from the
ideal value (VEC=14) are in their upper limit and that the introduction of more excess Si

atoms in their lattices may destabilize the chimney-ladder crystal structure.

4.2. Thermoelectric properties and deviation from VEC=14

For the chimney-ladder compounds (Ru;..Re,Si,) in the Ru-Re-Si system, the Si/M
ratio also deviates from that expected from the VEC=14 rules, as shown in Fig. 7 [13,18].
The Si/M values are larger than those expected from the VEC=14 rule for smaller x values
(smaller Re contents), while the opposite is true for larger x values (larger Re contents) with

the interception occurring at the x value around 0.5. This Re content observed for the
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interception (x~0.5) coincides with that at which the n-p transition in the conduction type is
observed (n-type for VEC>14 and p-type for VEC<I14). If this is true also for the
chimney-ladder compounds (Ru;.,Mn,Si,) in the Ru-Mn-Si system, the n-p transition should
occur at the x value around 0.9 (Figs. 7 and 11(a)). However, the measurements of Seebeck
coefficient have revealed that the n-p transition for Ru;Mn,Si, occurs a composition
between x = 0.55 and 0.75 in Ru;Mn,Si,, as shown in Fig. 10(a). We suspect that this
inconsistency in the Mn content in Ru;..Mn,Si, compounds may come from a combined
effect from their electronic structure and compositional variation. The band calculation of the
electron structures for HT-Ru,Si; and Mn4Si; has indicated that the curvature of the highest
valence band is much larger than that of the lowest conduction band at the gamma point in
the Brillouin zone, suggesting that the carrier mobility for holes is much larger than that for
electrons [19,23]. Then, if a specimen contains both p- (Mn-rich) and n-type (Mn-poor)
chimney-ladder phases, the sign of Seebeck coefficient would be positive because of the

dominance of the hole contribution as indicated below [24].

o= ahnh:uh + aene:ue , (3)
n, i, + N,

where n and u stand for the carrier concentration and carrier mobility, respectively, and
subscripts /4 and e denote hole and electron, respectively. As described in 3.1.1 section, the
extent of the compositional variation observed in each specimen consisting of a series of
chimney-ladder compounds is much larger in (Ru,Mn)Si, alloys than in (Ru,Re)Si, alloys.
This indicates that there is a high chance for many of (Ru,Mn)Si, alloys (especially in the
Mn-rich compositions) to contain some chimney-ladder compounds of the p-type so as to
exhibit a p-type behavior, even though the major volume fraction is occupied by those of the
n-type. Then, it is reasonable that the Mn content at which the p-n transition is observed is

apparently shifted towards the lower Mn content from that expected from the Si/M relation
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corresponding to the interception.

The considerably small values and of Seebeck coefficient and power factor for the
alloy with x = 0.55 and 0.75 are then reasonably considered to be due to the cancelling out of
the contributions from the n- and p-type compounds. On the other hand, once an alloy
consists of either of n- or p-type compounds, the values of power factor become high as
observed in alloys with x = 0.50 (n-type) and x = 0.85 and 0.90 (p-type). The alloy with x =
0.90 exhibits the highest value of power factor (1.5x10~ W/mK?), which is even higher than
the highest value obtained for the chimney-ladder compound in the Ru-Re-Si system
(Rug27Reo 73811 671: 0.9%x107 W/mK?) [18]. The ZT value (0.76 at 874 K) for the alloy with x =
0.90 is also higher than the highest value (0.49 at 950 K) obtained for the chimney-ladder

compound in the Ru-Re-Si system (Rug40Re0.60S11.663) [18].

5. Conclusions

(1) The HT-Ru,Si3 phase with the chimney-ladder structure is stabilized to appear at low
temperatures by the substitution of Ru with Mn to form a series of chimney-ladder
compounds Ru;_,Mn,Si, over a wide composition range between Ru,Siz and Mn4Si;.

(2) The compositions of these actually formed chimney-ladder compounds are deviated
slightly from the composition line connecting Ru,Si3 and Mny4Si;, which corresponds to the
ideal composition line satisfying the VEC=14 rule.

(3) The occurrence of the compositional deviation is explained in terms of the valence
electron counting rule and atomic packing. The VEC value of (Ru,Mn)Si, chimney-ladder
compounds increases with the increase in the Ru content (up to x = ~0.5) due to the increased
amount of excess Si atoms, which are introduced in the lattice to maintain the atomic packing

factor in a certain range in the circumstance of the increase in the cell volume of the M
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subcell. On the other hand, the VEC values do not significantly change with the Ru content
(0.14 <x <~0.5) because of the less significant change in the cell volume of the M subcell.
(4) The Ru;..Mn,Si, chimney-ladder phases exhibit n- and p-type semiconducting behaviors
respectively at low and high Mn concentrations, at which the X/M values are respectively
larger and smaller than those expected from the VEC=14 rule. The carrier mobility for holes
is expected to be much larger than that for electrons when judged from the occurrence of the
p-n transition at a composition between x = 0.55 and 0.75.

(5) The values of thermoelectric power factor and Z7T for the alloys with high Mn contents (x
> (.75) increase with the increase in the Mn content. The Z7 value for the alloy with x = 0.90
is as high as 0.76 at 880 K, which is higher than the highest value obtained for the ternary

alloys in the Ru-Re-Si system.
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Table 1. Nominal compositions of the directionally solidified samples Ru;_.,Mn,Si,.

x y
0.50 1.650
0.55 1.660
0.75 1.710
0.85 1.725
0.90 1.732
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Figure captions

Fig. 1.

Fig. 2.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

(Color online) (a) Unit cell of Ru,Sis. (b) Projection of the unit cell of Ru,Si; along
the c-axis.

(Color online) SEM-BEIs of as-arcmelted samples with nominal alloy
compositions of (a)-(d) Ru;.Mn,Si; 5 and (f)-(i1) Ru;.,Mn,Si; 75 (x = 0.20, 0.40, 0.60,
and 0.80). Below the BEIs are chemical compositions measured by SEM-EDS for
(e) Ru;_,Mn,Si; 5 and (j) Ru;..Mn,Si; ;5 alloys.

(Color online) Powder x-ray diffraction patterns from Ru;_,Mn,Si, 5 alloys with x =
0.05, 0.20, 0.40, 0.60, and 0.80.

Compositional dependence of (a) the lattice constants and (b) the cell volume of
the M subcell of the chimney-ladder phase in Ru;.,Mn,Si; 5 alloys with x = 0.05,
0.20, 0.40, 0.60, and 0.80 and Mn4Si; [21].

(a) Microstructure of a Ru;,Mn,Si; 75 alloy with x = 0.60 and (b)-(d) SAED
patterns of the [120]y incidence taken from the regions marked ‘b’, ‘c’ and ‘d’ in
(a).

Variation of the 00/ systematic rows of SAED patterns of the [120]y incidence.
The Mn/M, csi/cm and Si/M ratios determined by TEM-EDS analysis and Egs. (1)
and (2) are also indicated.

Si/M ratios of the chimney-ladder phases in the Ru-Mn-Si system (Ru-Re-Si)
plotted against the Mn (Re) content [13].

Phase relationships among silicon, (Ru,Mn)Si, sesquisilicide and (Ru,Mn)Si
monosilicide phases.

(Color online) SEM-BEIs and compositional distributions of directionally

solidified alloys with nominal compositions of Ru;..Mn,Si, (x = 0.50, 0.55, 0.75,
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Fig. 10.

Fig. 11.

0.85 and 0.90).

(Color online) Temperature dependence of thermoelectric properties of
directionally solidified alloys Ru;.,Mn,Si,. (a) Seebeck coefficient, (b) electrical
resistivity, (¢) thermal conductivity, (d) power factor and (e) dimensionless figure
of merit (Z7). The highest values of power factor and Z7T obtained among the
Ru-Re-Si chimney-ladder compounds are also indicated in (d) and (e), respectively
[18].

(a) VEC values per M atom for the Ru;Mn,Si, chimney-ladder phases plotted
against the Mn content. (b) Atomic packing factors of the Ru; ,Mn,Si; 5 samples (x

=0.20, 0.40, 0.60, and 0.80) and Mn4Si7 [21].
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