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Abstract  

 Ｗe have investigated, the effect of heavy element (W) substitution on thermoelectric 

properties of higher manganese silicide (HMS). Samples were prepared by arc melting followed by liquid 

quenching, where the latter assisted in achieving higher solubility for tungsten. We observed that the 

Mn34.6W1.8Si63.6 was a p-type material, whereas simultaneous substitution of 12 at.% Fe makes higher 

manganese silicide a n-type material. The optimal carrier concentration was obtained by simultaneous 

substitution of Fe and W for Mn atoms. Although the samples were metastable, we have successfully 

obtained bulk samples by low temperature (970K), high pressure (>100MPa), and long duration sintering 

process. The lattice thermal conductivity has been effectively reduced by W substitution, and the ZT value 

was improved more than 0.5 for both n-type and p-type samples.   
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Introduction 

The non-renewable fossil fuels in the form of crude oil, coal, or natural gas are being used to fulfill the 

energy need of our modern society. The electrical energy comes with a cost for industrial as well as household 

usage. Considering the limited efficiency of energy generation and utilization, we need to utilize the waste heat 

that is currently given out to the atmosphere. Here, thermoelectric generators (TEG’s) are believed to play a key 

role to convert the waste form of heat energy into useful electrical energy.  

The performance of thermoelectric generator is measured by dimensionless figure of merit (ZT = S2σT/ 

(κe+κl)), because the efficiency of energy conversion in a thermoelectric generator is an increasing function of 

ZT. [1] Here, S, σ, κe, κl, and T represent Seebeck coefficient or thermopower, electrical conductivity, electron 

thermal conductivity, lattice thermal conductivity, and absolute temperature, respectively.  To obtain a high ZT 

value, we have to find out materials that possess high power factor S2σ together with the low magnitude of 

thermal conductivity, both from electron and lattice. Theoretically, all the physical quantities are closely coupled 

to one another, that makes it more challenging to obtain the most efficient thermoelectric material. [1-3] We 

have to mention, also that many of practical thermoelectric materials possessing high ZT contain expensive and 

toxic elements such as Lead, Selenium, Antimony, and Tellurium. These elements limit the access and usage of 

this technology for general applications.  

One of the most promising alternative material containing cheap and non-toxic elements, while 

possessing a large magnitude of ZT is higher manganese silicide stabilized at MnSiγ (1.73 ≤ γ ≤ 1.75). The 

thermal and mechanical stability of HMS at high temperature gives the capability to work in operational 

temperature range of 600 – 800 K. [1,4] The p-type HMS have shown large Seebeck coefficient ~ 220μVK-1, 

low electrical resistivity ~ 2x10-3Ωcm, and thermal conductivity ~ 2.5 WmK-1 with maximum ZT of ~0.5 at 800 

K. [5,6]  
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Unfortunately, the ZT-value is not competitive with the commercially available thermoelectric 

materials. The need to improve the performance of higher manganese silicide has drawn our attention to 

investigate a new technique that can enhance the ZT. Recently, Takeuchi et al. [7,8] have reported a guiding 

principle for increasing the performance of thermoelectric materials by reducing lattice thermal conductivity 

without altering electron transport properties. Here, the lattice thermal conductivity was greatly reduced by 

substitution of heavy elements especially when the material is consisting solely of light elements such as the 

present Mn-Si. While the electron transport properties are hardly affected by it, partly because of the system that 

stays in the strongest scattering limit have a very weak temperature dependence of electrical resistivity, provided 

that any impurity states are produced in the electronic structure near the chemical potential by the element 

substitution.  

It is also essential for the practical thermoelectric generator to have both n-type and p-type material of 

similar composition because of thermal expansion and mechanical properties. Both n-type and p-type HMS’s 

were reported to be successfully prepared, but, unfortunately, the value of ZT observed for an n-type sample was 

much smaller than that of p-type samples.[9] Therefore, we also need to develop n-type HMS for making 

practical thermoelectric generators. 

In this study, we focused on preparing cheapest and most efficient higher manganese silicide 

compound for the thermoelectric generator by introducing heavy tungsten atoms as the substitute for manganese 

atoms. We selected tungsten partly because it was used for the partial substitution for manganese in Si2Ti-type 

Al-Mn-Si, which has the similar local atomic arrangement with that of HMS, and partly because it is non-toxic 

and the cheapest element among the all 5d transition metal elements. Considering the negligibly small solubility 

of W in higher manganese silicide,[10] we have used rapid quenching technique to increase the solubility limit 

of W. Besides, to find out the optimal carrier concentration both for p-type and n-type, we have simultaneously 

employed Fe substitution for Mn.  
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Experimental procedure: 

Samples with Mn36.4-xWxSi63.6 (0  x  7.3) and Mn36.4-x-yWxFeySi63.6 (x = 1.8 or 3.6, 0  y  14.4) 

composition were obtained by mixing manganese (99.99%), silicon (99.99%), tungsten (99.99%), and iron 

(99.99%) powders by using mortar and pestle and compacted into pellets. The pellets are melted in arc furnace 

under pressurized argon atmosphere for several times to obtain a homogeneous ingot. We also employed single 

role liquid quenching technique, where the ingot was re-melted in the silica tube and injected on a copper wheel 

rotating at 4500 rpm in Argon atmosphere. The ribbon-shaped samples were obtained with 10~15 mm in length, 

0.5~0.1 mm in width, and 10~15 μm in thickness. The ribbons were grounded into powder by using mortar and 

pestle. The obtained powders were sintered in a graphite die (ϕ10 mm) by spark plasma sintering under ~100 

MPa at 950 K for 150 min in vacuum atmosphere.  

In this study, we have investigated the thermoelectric properties both for the liquid quenched ribbons and 

the bulk-sintered samples. The phases involved in the samples were identified by powder X-ray diffractometer 

of BRUKER D8 Advance with Cu-Kα radiation. Seebeck coefficient was measured by steady state method 

using Seebeck Measurement System manufactured by Micro-Miniature Refrigerator (MMR) Technologies, inc. 

Electrical resistivity was measured using four probe method. Thermal conductivity was calculated by formula 	 

= DρCV, thermal diffusivity (D) was measured by laser flash technique (LFA457, NETZSCH), heat capacity (CV) 

by using differential scanning calorimetry (DSC 8231, RIGAKU), and the density (ρ) of sintered samples by 

Archimedes method. 

Results 

The measured X-ray diffraction (XRD) patterns of Mn36.36-xWxSi63.64 (0  x  7.3) are plotted in Fig.1 (a) 

and Fig.1 (b) for arc-melted samples and liquid quenched samples, respectively. The XRD pattern of arc-melted 

samples clearly shows peaks of impurity phases (Si2W and MnSi) even with a very small amount of W, on the 

contrary, the impurity peaks disappears for x = 1.8 and x = 3.6 after liquid quenching. In Fig.1 (c), lattice 
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constant calculated from the XRD data of liquid quenched samples monotonically increases with increasing W 

concentration at x ≤ 3.6, but became almost constant at 3.6 ≤ x ≤ 7.3. These data clearly indicate the solubility 

limit is at least 3.6 at.%W in higher manganese silicide.  

After successfully obtaining the solid solution with W, the carrier concentration was controlled by 

additionally substituting Fe for Mn. The solubility limit of Fe in HMS was found to reach up to 15 at.%, which 

can be clearly confirmed from the XRD patterns shown in Fig. 2 (a) and (b). Miyazaki et al. reported that the 

solubility limit of Fe in HMS was less than 10 at.%.[9] The increase of Fe concentration would be caused in 

association with the simultaneously introduced W, this is similar to results obtained for the double doped (Al, 

Fe) HMS solid solution, where the solubility limit of Al was increased by Fe substitution.[11] The large amount 

of Fe in HMS naturally leads to a larger number of electron concentration, and which can be used as an n-type 

material. 

Thermoelectric properties of liquid quenched and bulk samples were investigated. Seebeck coefficient at 

room temperature is plotted as a function of Fe concentration in Fig. 3 (a). All the three series of samples, 

Mn34.6-yW1.8FeySi63.6 (0  y  14.4), Mn32.8-yW3.6FeySi63.6 (0  y  14.4), and Mn36.4-yFeySi63.6,[9] show similar 

behavior irrespective of different W content. This fact indicates that tungsten atom does not produce any 

impurity states near the chemical potential when it is located in Mn-site in HMS. The sign of Seebeck 

coefficient was positive at y ≤ 10 while it turned out to be negative at y ≥ 10. The magnitude of electrical 

resistivity divergently increased near the compositions where Seebeck coefficient had shown transition. These 

facts are well interpreted for the presence of energy gap between the valence and conduction bands together 

with the shift of Fermi energy by varying Fe concentration. Fig. 3 (c) shows composition dependence of power 

factor. The maximum power factor for p-type Mn34.56W1.8Si63.64 0.7mWm-1K-2 and for n-type 

Mn18.36W3.6Fe14.4Si63.6 0.46mWm-1K-2 was obtained at 300K. 

The ribbon samples prepared in this study were thermodynamically metastable and therefore investigated 
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the thermal stability by Differential Thermal Analysis (DTA).  As a typical example, we have shown the DTA 

curve observed for Mn32.76W3.6Si63.64 in Fig. 4 (a). A sharp exothermic peak was observed at around 1000 K, 

presumably indicating the phase transition from metastable HMS to a mixed phase of HMS and other. The Fig.4 

(b) shows XRD pattern of a sample heat treated above 1000K, which clearly shows secondary phases. The 

working temperature of HMS is supposed to be lower than 900 K because it possesses the largest value typically 

at around 800 K.[9] These facts let us firmly believe that the thermal stability of the metastable HMS containing 

a small amount of W is good enough for making bulk samples.  

The sintering temperature for HMS, however, was reported to be 1223 K, which is much higher than the 

decomposing temperature. Therefore, we tried to employ a high pressure (100 MPa), and long duration 

(150min) pulse current sintering process at 973K. As a consequence, the bulk samples having 90 % of 

theoretical density was successfully prepared for p-type Mn32.6W1.8Si63.6 and n-type Mn18.4W3.6Fe14.4Si63.6. In 

Fig.4 (b) the XRD pattern shows almost no phase separation for the sintered sample. Although the density was 

slightly smaller than the ordinary samples, we decided to study the thermoelectric properties of these slightly 

porous samples. 

Fig. 5 shows the temperature-dependent thermoelectric properties of prepared bulk samples. We should note 

that the Seebeck coefficient of the present p-type Mn32.56W1.8Si63.64 shows almost the same magnitude and 

temperature dependence with those of Mn36.36Si63.64 most likely due to the absence of impurity states near the 

chemical potential in association with tungsten atoms. The electrical resistivity of p-type Mn34.6W1.8Si63.6 shows 

slightly larger value than that of p-type Mn36.4Si63.6 mainly due to the lower density. The thermal conductivity of 

p-type Mn34.6W1.8Si63.6 also showed a lower value than that of Mn36.36Si63.64 due to the low density and phonon 

scattering effect of W. As a result, the magnitude of ZT was increased by 10 % for p-type Mn32.56W1.8Si63.64 from 

that of p-type Mn36.36Si63.64. The largest ZT value reached up to 0.5 at 700 K, and this value is supposed to 

increase at around 800 K although we did not confirm it because of the experimental limitation.  
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Notably, n-type Mn18.4W3.6Fe14.4Si63.6 also shows almost the same magnitude of ZT with that of p-type 

Mn32.6W1.8Si63.6, which is the largest value ever observed for n-type HMS. This result together with the non-

toxic, less-expensive characteristics strongly let us believe that the HMS could become practical thermoelectric 

material widely used for various applications. 

 

 

Discussion 

The magnitude of ZT observed for the present HMS containing a small amount of tungsten was much less 

than unity, and was presumably inappropriate for practical applications. We should comment, however, that we 

have still chance to increase the ZT-value by using other 5d transition metal elements. For example, we 

succeeded in increasing ZT of Si2Ti-type Al-Mn-Si alloys by employing Ru and Re substitutions for Mn. [12] 

This method with tungsten atoms was also applied for CrSi2-type Al-Mn-Si alloys. [13] The lattice thermal 

conductivity of these alloys was drastically decreased with increasing heavy element concentrations. The 

similarity in local atomic arrangements between Si2Ti-type structure, Cr2Si-type structure, and HMS suggests 

that by substituting 5d elements in HMS can effectively reduce lattice thermal conductivity. Recent reports on 

Re substitution for Mn in HMS confirms the reduction in lattice thermal conductivity. [14, 15]  

Another method to improve ZT-value is nanostructure formation. If we could prepare nanostructures, such 

as superlattice or quantum wells, the lattice thermal conductivity would be further reduced to increase the ZT-

value of HMS effectively.  

Recently, we have also tried to increase the ZT value of HMS by using energy filtering effect.[16] This 

effect was experimentally confirmed in association with the grain boundary scattering. The samples with very 

fine grains would lead to an increase of Seebeck coefficient and reduction of lattice thermal conductivity to 

increase ZT. 
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The methods mentioned above are now under investigation in our group, and the results will be presented in 

near future elsewhere. 

 

Conclusion 

In this study, we have tried to improve the performance of HMS by simultaneously substituting W and Fe 

for Mn. The rapid cooling by single role liquid quenching technique effectively increased the solubility limit of 

W in HMS up to 3.6 at%. The simultaneous substitution of Fe and W for Mn has helped in obtaining both n-type 

and p-type samples. We have successfully prepared bulk samples by using low temperature (950 K), high 

pressure (100 MPa) and long sintering (150 min.) technique below phase transition temperature, which was not 

possible by using conventional sintering parameter used for HMS. The W substitution has effectively reduced 

the thermal conductivity without affecting the electronic structure, which leads to improvement in the magnitude 

of ZT.  The maximum ZT value obtained for both n- and p-type samples was 0.5 at 700K.  
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Figure captions 

 

Figure 1 XRD data plotted of (a) arc-melted and (b) Liquid-quenched Mn36.4-xWxSi63.6. Lattice constant a is 

plotted as a function of W concentration in (c). 

 

Figure 2 XRD data plotted of liquid-quenched (a) Mn34.6-yW1.8FeySi63.6 and (b) Mn32.8-yW3.6FeySi63.6 Lattice 

constants a and c are plotted as a function of W concentration in (c) and (d) for Mn34.6-

yW1.8FeySi63.6 and Mn32.8-yW3.6FeySi63.6, respectively. 

 

Figure 3 (a) Electrical resistivity, (b) electrical resistivity, and (c) of Mn36.6-yFeySi63.4,[REF9] Mn34.6-

yW1.8FeySi63.6, and Mn32.8-yW3.6FeySi63.6 plotted as a function of Fe concentration. 

 

Figure 4 (a) DTA curve of liquid quenched Mn32.8W3.6Si63.4 and (b) XRD patterns measured after 

liquid-quenching, heat treatment at 1100 K and sintering at 973K. 

 

Figure 5 (a) Seebeck coefficient, (b) electrical resistivity, (c) thermal conductivity, and (d) 

dimensionless figure of merit observed for p-type Mn34.6W1.8Si63.6 and n-type 

Mn18.4W3.6Fe14.4Si63.6 bulk samples.  
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Figure 1  Ghodke et al. 

  

 

 

Figure 1 XRD data plotted of (a) arc-melted and (b) Liquid-quenched Mn36.4-xWxSi63.6. Lattice constant 

a is plotted as a function of W concentration in (c). 
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Figure 2 XRD data plotted of liquid-quenched (a) Mn34.6-yW1.8FeySi63.6 and (b) Mn32.8-yW3.6FeySi63.6 Lattice 

constants a and c are plotted as a function of W concentration in (c) and (d) for Mn34.6-

yW1.8FeySi63.6 and Mn32.8-yW3.6FeySi63.6, respectively. 

 

 

 

 

Figure 2  Ghodke et al. 
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Figure 3  Ghodke et al. 

  

 

Figure 3 (a) Electrical resistivity, (b) electrical resistivity, and (c) of Mn36.6-yFeySi63.4,[REF9] 

Mn34.6-yW1.8FeySi63.6, and Mn32.8-yW3.6FeySi63.6 plotted as a function of Fe concentration. 
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Figure 4  Ghodke et al. 

  

   

Figure 4 (a) DTA curve of liquid quenched Mn32.8W3.6Si63.4 and (b) XRD patterns measured after 

liquid -quenching, heat treatment at 1100 K and sintering at 973K.  
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Figure 5  Ghodke et al. 

 

 

 

 

 

 

 

Figure 5 (a) Seebeck coefficient, (b) electrical resistivity, (c) thermal conductivity, and (d) 

dimensionless figure of merit observed for p-type Mn34.6W1.8Si63.6 and n-type 

Mn18.4W3.6Fe14.4Si63.6 bulk samples.  
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