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To improve the thermoelectric (TE) properties of melt-grown higher man-
ganese silicides MnSi,, dissipation of MnSi precipitates that deteriorate the
electrical conductivity is required. We have investigated the effects of light
cobalt (Co) substitution on TE properties and MnSi precipitates of MnSi,. A
4% substitution of Mn with Co is an effective approach to eliminate MnSi
precipitates from melt-grown MnSi,, which is confirmed by powder x-ray
diffraction and energy-dispersive spectroscopy measurements. Furthermore,
this light Co substitution leads to increase of the hole carrier concentration,
resulting in a great increase in the electrical conductivity from 24 x 10° S/m to
54 x 10° S/m at 700 K. The resulting power factor exhibits 1.9 x 10~2 W/mK?
around 700 K. Moreover, the lattice thermal conductivity is greatly decreased by
partial Co substitution compared with that of Co-free MnSi,. Consequently, the
dimensionless figure-of-merit 21" of (Mn;_,Co,)Si, samples increases from 0.27 for

x =0 to 0.50 for x = 0.04 in the vicinity of 800 K.

Key words: Higher manganese silicides, valence electron counts,
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INTRODUCTION

Higher manganese silicides (HMSs), such as
MnSi,, have attracted much interest as good candi-
dates for thermoelectric (TE) materials because of
their reasonable chemical stability at high temper-
ature,! low toxicity, and the natural abundance of
their constituents. This is also true of other silicides,
for example, Mg,Si** and p-FeSiy.”" Although
crystal structures of MnSi, have been reported as
Mn4Si7,8 MnuSilg,g’lO Mn158i26,11 and Mn27Si47,12
it was pointed out that these compounds can be
described as a single-compound MnSii, using the
(3 + 1)-dimensional super-space group.'® Based on
this description, MnSi, possesses two tetragonal
subsystems of [Mn] and [Si]. These subsystems have
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the same a-axis length and an irrational c-axis
parameter y = cym/cs; of ~ 1.74.13 This y value also
represents the compositional ratio of Mn and Si,
which is characteristic of a Nowotny chimney ladder
phase. As understood from the characteristic crystal
structure of MnSi,, this compound has large aniso-
tropic physical properties. It has been reported that
MnSi, at room temperature exhibits, along the c
axis, an electrical conductivity of ~ 10 x 10° S/m, a
Seebeck coefficient of ~ 200 yV/K, and a thermal
conductivity of ~ 2 W/mK.'* In contrast, at room
temperature, MnSi, exhibits a higher electrical
conductivity (~ 70 x 10° S/m), a lower Seebeck
coefficient (~ 100 uV/K), and a higher thermal
conductivity (~ 3 W/mK) perpendicular to the c¢
axis, i.e., in the ab plane.

The performance of TE materials is generally
evaluated by the dimensionless figure-of-merit zT'
(= S%26T/x, where S is the Seebeck coefficient, o is
the electrical conductivity, T' is the absolute tem-
perature, and x is the thermal conductivity). To
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date, many attempts to improve the zT' of MnSi,
have been reported.'®?® For example, Yamamoto
et al.’® succeeded in the preparation of a sample
with zT' > 1 by heavy Re substitution using a melt-
spinning method. Miyazaki et al.?*?! reported a power
factor (PF; = S%) exceeding 2.3 x 102 W/mK? by
preparing slightly V-substituted melt-grown samples.
Moreover, Miyazaki et al. discovered how to completely
eliminate MnSi precipitates from the melt-grown
samples. When MnSi, is prepared in a liquid phase
by means such as the Bridgman method, MnSi
precipitates are always linearly formed as a primary
crystal and run along the direction perpendicular to
the ¢ axis of MnSiﬂ,.24 These precipitates scatter carriers
at the boundary, resulting in the deterioration of the
electrical conductivity. It has been reported that
several kinds of elemental substitution are effective
in suppressing MnSi precipitates. By V substitution of
Mn sites?®*' (as mentioned above) and Ge substitu-
tion of Si sites,'>'%?! these linear precipitates become
thin or completely dissipate. Miyazaki et al?' sug-
gested that a reason for the formation of MnSi
precipitates is the difference in the coefficient of
thermal expansion between [Mn] and [Si] subsystems,
and they predicted that the y value of ~ 1.72 is
suitable for suppression of the precipitates. Indeed,
the reported y values of Ge- and V-substituted
samples were approximately 1.73 and 1.725, respec-
tively, which are lower than that of the sample
without elemental substitution.?! Hence, reduction of
y should be an effective approach to eliminate MnSi
precipitates.

Another element that decreases the y value is
cobalt (Co), which can substitute at the Mn site.”
Polycrystalline (Mn;_,Co,)Si, (x =0, 0.05, 0.08,
0.10, 0.15, and 0.20) samples were prepared using
arc melting and spark plasma sintering. According
to the aforementioned report, the y value decreased
from ~ 1.73 to ~ 1.715 with an increase in Co
content up to x = 0.10. This y value is smaller than
those of Ge- or V-substituted samples.?! Therefore,
it is expected that MnSi precipitates in the melt-
grown samples are eliminated by Co substitution.
Furthermore, the reduction of y effectively works as
hole carrier doping. The electrical transport prop-
erties of MnSi, can be evaluated using the valence
electron count (VEC) expressed as VEC = 7 + 4y,
where the 7 and 4 are the number of valence
electrons of Mn and Si, respectively. The VEC for
pure MnSi, with y = 1.74 is 13.96. Because the VEC
of MnSi, is less than 14, MnSi, exhibits p-type
conduction. The decrease in VEC corresponds to the
increase in hole carrier concentration. In
(Mn;_,Co,)Si, solid solution, the VEC can be repre-
sented by the formula VEC = 7(1 — x) + 9x + 47,
where the 9 is the number of valence electrons of
Co. Now, rewritten for simpler consideration, the
above formula can be represented as VEC = 7 + 2
x + 4y. Co substitution leads to a decrease in .
However, the increase in x should also be taken into
account for describing the change in VEC.

Therefore, it might be difficult to expect that VEC
decreases with an increase in Co content. According
to Ref. 17, the experimentally obtained VEC of
Co-substituted samples increased with an increase
in Co content. Their electrical conductivity and
Seebeck coefficient increased and decreased, respec-
tively. However, the relationship between VEC and
Co content for x < 0.05, and their microstructure,
has not been reported to date.

In this study, we report on the crystal structure,
microstructure, and TE properties of lightly Co-
substituted melt-grown MnSi,, (Mn;_,Co,)Si,
(x £0.08). In particular, the effects of Co substitu-
tion on MnSi precipitates and VEC were
investigated.

EXPERIMENTAL

Samples with nominal compositions of
(Mn;_,Co,)Si, (x =0-0.08) were prepared. First,
we prepared all Co-substituted samples with a Si
nominal composition of 1.74. However, the obtained
samples possessed a considerable amount of a
secondary phase of CoSi,. Hence, to reduce the
amount of secondary phase, their Si nominal com-
positions were adjusted using a refined y value
(refined by Rietveld analysis, which will be
described later). Granular Mn (99.99%), Co
(99.9%), and Si (99.999%) were melted in an arc-
melting furnace (G.E.S., GMAC-1100). The obtained
ingots were crushed into small pieces and remelted
in evacuated quartz tubes at 1473 K for 8 h. The
tubes were then slowly cooled to 1373 K for 100 h to
obtain samples possessing large grains like a single
crystal.

The phases of the samples after the melt-grown
process were identified by powder x-ray diffraction
(XRD; Bruker, D8 ADVANCE) using CuK, radia-
tion at room temperature. The lattice parameters of
the samples were refined based on the (3 + 1)-
dimensional superspace group by Rietveld analysis
using the Jana2006 software package.?” The
backscattering electron images and elemental dis-
tribution maps were observed by scanning electron
microscopy (SEM; JEOL, JSM-IT100) with energy-
dispersive spectroscopy (EDS). From the EDS anal-
ysis, it was confirmed that the compositional ratio of
Mn and Co for each melt-grown sample was slightly
smaller than their nominal composition. However,
because the difference is less than 1%, the nominal
composition is hereafter used when we refer to
samples.

The electrical conductivity and the Seebeck coef-
ficient were measured by a commercial thermoelec-
tric tester (ADVANCE RIKO, ZEM-3) in He
atmosphere over the range of room temperature to
1000 K. The thermal conductivity was measured by
a laser flash thermal constants analyzer
(ADVANCE RIKO, TC-7000) in vacuum. The carrier
concentration was evaluated using a physical prop-
erties measurement system (PPMS; Quantum
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Design) at room temperature. Several cracks were
observed in slightly Co-substituted samples
(0 < x < 0.04). Hence, we measured the TE proper-
ties for the x =0 and 0.04 samples, and their
relative densities were above 92%. The crystallo-
graphic orientation of the samples for evaluating
the TE properties was determined by Laue diffrac-
tion and was evaluated by field-emission SEM with
electron backscattering diffraction (FE-SEM/EBSD;
JEOL, JSM-7100F). All TE properties were mea-
sured along the ¢, direction (perpendicular to the ¢
axis).

RESULTS AND DISCUSSION

Figure 1a shows powder XRD patterns of the
studied (Mn;_,Co,)Si, samples after the melt-grown
process. Although Nowotny chimney ladder phases
were obtained as a main phase, several kinds of
secondary phases were observed in the samples. In
the range of 0<x<0.02, a MnSi phase was
detected at 20 ~ 44.4°. This MnSi phase was not
observed in the range of x > 0.02, but small
amounts of Si and CoSiy phases were detected
around 20 ~ 29°. In addition, as shown in Fig. 1b, a
split in the 1101 peak derived from the [Si] subsys-
tem was observed, and the 1101 peak shifted to the
lower angle side with an increase in Co content x.
This has also been reported for V-substituted
samples.?%?!

Figure 2a—d shows the Co content x dependence
of the a-axis and c-axis lengths for Mn- and Si-
subsystems and c-axis parameter 7y = cy/cs; of
(Mn;_,Co,)Si, samples refined by Rietveld analysis.
The a- and cp,-axis lengths of Co-free MnSi, were
a = 5.5282(1) A and ¢y, = 4.3666(1) A, respectively,
which are in good agreement with previous litera-
ture values.?®?! Both the a- and cyp-axis lengths
decreased with an increase in Co content x up to
x ~ 0.04, which suggests that Mn was partially
substituted by Co because the atomic radius of
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Co, rco =1.35 A,% is smaller than that of Mn,
ruvn = 1.40 A.%6 From this result, it can be concluded
that the solubility limit of Co into MnSi, is ~ 0.04.
However, this solubility limit is not in agreement
with that of polycrystalline (Mn;_,Co,)Si, samples
prepared by spark plasma sintering (solubility limit
~ 10%'7), even though our samples have similar
lattice parameters to the report; e.g., a-axis lengths
of 5.5154(1) A at x = 0.04 (this work) and ~ 5.515 A
at x = 0.10 (from Ref. 17). The difference in the
solubility limit between the melt-grown samples
and sintered samples resulted from the difference in
preparation methods and the adjustment of the Si
nominal composition, as shown in Fig. 2d, for the
reduction in the secondary phase of CoSis. The a-
and cyp-lengths of Co-substituted samples with the
constant nominal composition of Si (y = 1.74) grad-
ually decreased by increasing x up to x ~ 0.10,
which is similar behavior to that reported
previously.'”

The a- and c-axis lengths exhibited characteristic
behavior, which is to say that they did not obey
Vegard’s law. By increasing x up to x = 0.01, the a-
axis length slightly decreased, and then it drasti-
cally decreased at x = 0.02 before gradually decreas-
ing over the range 0.02 < x < 0.04. However, cg;
slightly increased with an increase in x up to
x=0.01, and then it drastically increased at
x = 0.02 before it gradually increased over the range
0.02 < x < 0.04. These unusual changes in lattice
parameters come from the split of the 1101 peak
shown in Fig. 1b. Consequently, the c-axis param-
eter y = emp/cs; significantly decreased at x = 0.02
because of the split of the 1101 peak. y gradually
decreased to 1.7171(1), which is close to the value
reported in Ref. 17 (y ~ 1.715 at x = 0.10).

As shown in Fig. 2e, the calculated VEC of
(Mn;_,Co,)Si, increased from 13.968 to 13.978 with
x up to x = 0.01, and then it dropped to 13.927 at
x = 0.02 because of the significant decrease in .

(a)

L1010

Intensity (a.u.)

| | |

Intensity (a.u.)

20 30 40 50
260 (deg. CuK,)

260(deg. CuK))

Fig. 1. XRD patterns of (Mn;_,Co,)Si, with a 20 range of (a) 20°-60° and (b) 41°-45°.



Effects of Cobalt Substitution on Crystal Structure and Thermoelectric Properties of Melt- 1905

Grown Higher Manganese Silicides

5.56 171 1 T 1 T 1 T T T
| (a) i
554 - ]
~ .—. T
L 552t o9 8
3 | 0090- — - o~ — -0
550 - .
5.48 Lt ! ! ! !
0 0.02 0.04 0.06 0.08

X
2.56 11 t T t T t T t T
- () o N
2.54 [ ._...-.'O """""" N
) | J
~ 2521 .
$ './. B
250 .
2.48 -| ! ! ! |-
0 0.02 0.04 0.06 0.08

X
14.2 |( )' T T = T T T T
L e I -
141 F N
L ! Solubility limit]
=JREN Y RN i -
> i \.- -.-.-? ]
139 17 I ]
| ! J
13.8 1 L 1 L] 1 L 1
(1} 0.02 0.04 0.06 0.08

X

4.40 11 t 1 1 1 1 1 t 1
- (b) T
438 - b
~~ —.§ _ -1
S | ®e0ese__ o -0
E | -
(S)
434 - b
432 | ! | ! | ! | ! |
0 0.02 0.04 0.06 0.08
X
1.78 1 t T T T f T f f
~ @ .. Si nominal composition |
> 176 | 1
& | 4
=
® -
S 174 (90
[ TS 1
S 1721 ..\0_...____.____.‘
1.70 | ! | ! | ! | ! |

0 0.02 0.04 0.06 0.08
X

Fig. 2. Co content x dependence of (a) &, (b) cun, (¢) csi, (d) 7, and (e) VEC for (Mn;_,Co,)Si,. The Si nominal composition determined based on
the refinement is shown in (d) as a green dashed line (Color figure online).

Finally, the VEC gradually increased up to 13.948
for x = 0.04, which is lower than that for x = 0.
Hence, Co substitution increases the hole carrier
concentration in the range of 0.02 < x < 0.04, but
not the electron carrier concentration. According to
the results of Hall measurements, the carrier
concentration at room temperature increased from
8.3(4) x 10*°cm™® for the x=0 sample to
3.2(3) x 10%! cm 2 for the x = 0.04 sample. We can
conclude that Co substitution of Mn sites in MnSi,
works as hole carrier doping, although valence
electrons of Co are larger than those of Mn.
Moreover, we have to consider not only the valence
of the elements but also the change in the y value to
optimize the carrier concentration by elemental
substitution in Mn§Si,.

Figure 3a—i shows SEM images and EDS maps of
the studied (Mn;_,Co,)Si, samples. In the x =0
sample, white lines were observed which can be
identified as MnSi precipitates based on the EDS
maps (see Fig. 3b and ¢). The number of these lines
increased with an increase in Co content x, whereas
the thickness of the lines decreased. Similar behav-
ior has been reported in the case of V?*?! or
Gel®1621 gubstitution. In addition, the increase in

the number of precipitates increases the number of
the interfaces between precipitates and matrix.
Hence, because of the difference in the coefficient
of thermal expansion between them, several cracks
were observed in the samples with x between 0 and
0.04 as mentioned in the experimental section. Fi-
nally, these precipitates completely disappeared
when x > 0.02, which is consistent with the XRD
results.

Figure 4a—c shows the temperature dependence
of the electrical conductivity, Seebeck coefficient,
and PF of Co-free and Co-substituted samples. The
room-temperature electrical conductivity and See-
beck coefficient along ¢, of the Co-free sample were
67 x 10° S/m and 120 uV/K, respectively, which
correspond to those of Ref. 14. By Co substitution,
the electrical conductivity and Seebeck coefficient
over the temperature range increased and
decreased, respectively, reflecting the increase in
the hole carrier concentration as mentioned above.
Compared with a V-substituted sample,?! the Co-
substituted sample exhibited low electrical conduc-
tivity and a higher Seebeck coefficient. This is
because the Co-substituted sample possesses a
larger VEC, i.e., lower hole carrier concentration,
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(b) x=0(Mn)
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() x=0.04(Si)

30 um
—

Fig. 3. (a, d—g) SEM images of (Mn,_,Co,)Si,. EDS maps for (b, h) Mn and (c, i) Si of x = 0 and x = 0.04 samples, respectively.
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Fig. 4. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor (PF) along ¢, for (Mn;_,Co,)Si,. The
inset in (c) shows the relationship between PF at 700 K and VEC.

compared with the V-substituted sample. Conse- free sample. Moreover, compared with a polycrys-
quently, as shown in Fig. 4c, the Co-substituted talline sample,'”?” the Co-substituted melt-grown
sample exhibited a significantly higher PF sample exhibited a higher PF due to the high
(1.9 x 1072 W/mK?) compared with that of the Co- electrical conductivity. However, this PF is still low
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compared with that of the V-substituted sample
(2.3 x 102 W/mK??") because of the larger VEC, as
shown in the inset of Fig. 4c. This result shows that
the PF of Co-substituted samples has room for
improvement if the VEC is further decreased by
double substitution.

Figure 5a shows the temperature dependence of
the total thermal conductivity (filled circles) of
(Mn;_,Co,)Si, samples along c,. The total thermal
conductivity of the Co-free sample at room temper-
ature was 3.1 W/mK, which is in good agreement
with the previous report.'* The carrier contribution,
Kearrier, 18 also shown in Fig. 5a as open circles,
which is calculated based on the Wiedemann—Franz
law: Kearrier = LoT, where L is the Lorenz number
(2.44 x 1078 WQ/K?) for a degenerate semiconduc-
tor. The calculated xcamier for the Co-free sample
was 0.51 W/mK at room temperature, and it was
increased over the temperature range by Co substi-
tution due to the increase in electrical conductivity.
The Co-substituted sample exhibited a lower Kearrier
compared with the V-substituted sample with high
electrical conductivity. The Kiotal — Kearrier 1S
described as the lattice thermal conductivity xiaitice
in Fig. 5b. The .. greatly decreased at room
temperature from 2.5 W/mK (x = 0) to 2.0 W/mK
(x = 0.04). Consequently, kiya1 of the Co-substituted
sample slightly decreased compared with that of the
Co-free sample over the temperature range because
the xpattice Was greatly decreased by partial Co
substitution. Moreover, it is found that Co substi-
tution is more effective in reducing i, compared
with V substitution because the Co-substituted
sample exhibits a lower kcurrier value than the V-
substituted sample, although the two samples pos-
sess comparable kjaiice Values.

Figure 6 shows the temperature dependence of zT
of (Mn;_,Co,)Si, samples along c,. The 2T value of
the Co-free sample increased with an increase in

0.8 T T T T T T T T T
®x=0 —— (Mg g5V,02)Si, [21]
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0.6 T~ T
/A/A_A\
A
S 04r .
P =
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Fig. 6. Temperature dependence of dimensionless figure-of-merit
zT along ¢, for (Mn;_,Co,)Si,.

temperature and exhibited the maximum, z7T',.y,
around 700 K with zT" = 0.27. Although the zT',,, of
the Co-substituted samples was lower than that of
the V-substituted sample, the zT,.x was enhanced
from 0.27 (x = 0) to 0.50 (x = 0.04) around 800 K due
to the increase in the PF by Co substitution which
leads to the decrease in y and VEC.

CONCLUSIONS

We investigated the effects of Co substitution on
the crystal structure, microstructure, and TE prop-
erties of melt-grown MnSi, From obtained XRD
patterns and EDS analysis, it was confirmed that
MnSi precipitates were dissipated by Co substitu-
tion of 3-4%. The refined c-axis parameter, 7,
dropped at x = 0.02, resulting in a smaller VEC for
the Co-substituted sample compared with the Co-
free sample. The electrical conductivity and Seebeck
coefficient increased and decreased, respectively, by
Co substitution, resulting from the increase in
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carrier concentration. This result suggests that the
carrier concentration can be controlled by the
number of valence electrons of the elements and
by the y value. The lattice thermal conductivity of
the Co-substituted sample greatly decreased com-
pared with the Co-free sample. Consequently, zT
was enhanced from ~ 0.3 for x =0 to ~ 0.5 for
x = 0.04 around 800 K.
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