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Abstract 

We report on the thermoelectric properties of the Higher Manganese Silicide MnSi1.75 (HMS) 

synthesized by means of a one-step non-equilibrium method.  The ultrahigh cooling rate generated 

from the melt-spin technique is found to be effective in reducing second phases, which are 

inevitable during the traditional solid state diffusion processes. Aside from being detrimental to 

thermoelectric properties, second phases skew the revealing of the intrinsic properties of this class 

of materials, for example the optimal level of carrier concentration. With this melt-spin sample, 

we are able to formulate a simple model based on a single parabolic band that can well describe 

the carrier concentration dependence of the Seebeck coefficient and power factor of the data 

reported in the literature. An optimal carrier concentration around 5×1020 cm-3 at 300 K is 

predicted according to this model. The phase-pure melt-spin sample shows the largest power 
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factor at high temperature, resulting in the highest zT value among the three samples in this paper. 

And the maximum value is superior to those reported in the literatures.  

 

I. INTRODUCTION 

Higher manganese silicides (HMSs), with the formula MnSi1.75-x, exhibit a great potential for 

thermoelectric applications (p-type) because of earth-abundant constituent elements, high-

temperature oxidation resistance, environmental friendliness as well as a relatively large 

thermoelectric figure of merit, zT (zT ~ 0.7 around 800 K).[1-2]  HMSs are comprised of a series of 

different tetragonal phases, including Mn4Si7, Mn11Si19, Mn15Si26 and Mn27Si47,[3-7] which show 

comparable a lattice parameter, and unusually different c lattice parameters. It has a major 

challenge of obtaining single-phase HMS materials through traditional synthesis methods, such as 

direct solid state reaction and melt-water quenching methods due to the peritectic reaction and the 

slow diffusion rate of the Si atoms.[8-10] The secondary phases of MnSi and Si would result in a 

degraded thermoelectric performance, as previously-reported.[11] More importantly, second phases 

generally mask the intrinsic properties of this class of materials. One must minimize the presence 

of secondary phases in samples to gain better understanding of the nature of their electronic and 

phonon transport behavior, which is helpful for improving the thermoelectric performance of 

HMS based thermoelectric materials through chemical and structural tuning. 

There are various methods reported of synthesizing HMS materials.[1, 2, 9, 12-21]  In order to reduce 

the secondary phases, one of the most widely used approaches is the melting growth method 

followed by a quenching process, such as the arc-melting method.  The secondary phases are 

effectively suppressed due to an increased cooling rate from the liquid phase to the solid phase 



during the quenching process.  However, the cooling rate from water quenching of an arc melting 

method is not fast enough to suppress the phase separation into monosilicide and Si.  It has always 

been a significant challenge to separate the intrinsic physical property of HMS from composites 

behavior because the second phases do affect the electrical and thermal properties.  Thus, in order 

to study and further understand the electrical properties of this material, we developed a one-step 

melt-spin method (and proceeded directly from raw materials to HMS ribbons) in order to 

generate the ultrahigh cooling rates needed to obtain a virtually phase-pure sample (compared 

with traditional methods).  A single parabolic band model was applied to analyze the data from 

both of our experiment and the literature. This model allows us to predict the optimal carrier 

concentration of HMS, which is a key parameter for further property improvement.  

 

II. EXPERIMENTAL PROCEDURE 

High-purity elements Mn (99.5%, powder), Si (99.999%, powder) were used as the starting 

materials.  The powders were first prepared in the molar ratio Mn: Si = 1: 1.75, and then mixed 

and cold-pressed into several disks (10 mm in diameter and 10 mm in thickness).  For the melt-

spun sample (MS), the disks were embedded into a graphite crucible and then loaded into the 

quartz crucible with a 0.5 mm diameter nozzle, induction melted and ejected under a pressure of 

0.02 MPa of argon gas onto the high-speed rotating copper wheel with the linear speed of 38 m/s.  

The ribbon-shaped samples were collected and ground into fine powders.  For the comparison 

samples, a set of the raw materials disks were placed into the carbon coated quartz tubes and 

sealed in vacuum. The solid state reaction sample disk (SSR) was slowly heated up to 1373 K and 

kept for 5 days, followed by directly shutting down the power of the furnace. Then the mixture 



was ground into powder and cold-pressed again and annealed at 1373 K for another 5 days.  The 

third disk was melt-water quenching sample (MQ) which was first heated up to 1473 K and kept 

for 12 hours.  Then the mixture was quenched into water. Both of the ingots from SSR and MQ 

processes were ground into fine powders. Finally, all the powders obtained from different 

synthesis methods were sintered using spark plasma sintering (SPS 2040, Simitomo) at 1123 K for 

5 minutes under a 60MPa uniaxial pressure.  The densities of the samples were measured by using 

the Archimedes’ method and the result is listed in Table I. 

 

All samples were examined by powder X-ray diffraction (XRD), with a Philips 3100E 

diffractometer (Cu Kα radiation, λ = 0.15418 nm, 40 kV/30 mA).  The low and high temperature 

thermoelectric properties were measured separately.  The low temperature (5 K to room 

temperature) data was collected with a Physical Property Measurement System (PPMS, Quantum 

Design). The high temperature measurements were carried out from room temperature to 850K. 

The thermal conductivity was measured via a laser flash technique (NETZSCH LFA427).  The 

electrical conductivity, σ, was measured using a standard DC four-probe method.  The Seebeck 

coefficient, S, was determined from the slope of the thermoelectromotive force, ΔE, versus the 

temperature gradient (0< ΔT< 4K).  No anisotropy of the properties was observed during the 

measurements. The estimated measurement accuracies are listed below: 5% for electrical 

resistivity, 7% for Seebeck coefficient, 5% for thermal conductivity and 1% for density. The 

uncertainty of Hall measurement is 10 %. Thus the combined uncertainty for zT was about 20%. 

 

 



III. RESULT AND DISCUSSION 

Figure 1 shows the XRD patterns of the HMS samples prepared via different synthesis methods, 

indicating all the samples are mainly comprised of HMS phase.  The MS sample is virtually phase 

pure (below the x-ray machine’s detection limit), while the MQ and SSR samples contain 

significant impurity phases - MnSi and Si, as shown in Figure 1.  No trace of secondary phases 

found in the XRD pattern indicates that the vastly increased cooling rate is beneficial for 

eliminating the secondary phases.  In contrast, the SSR sample contains large amounts of 

secondary phases.  This is probably due to an incomplete reaction during the solid state reaction 

process. Further, materials density provides another piece of information that is crucial for 

assessing the sample quality. We found the density of the MS sample is almost at the theoretical 

value (>99%), which is much higher than those of the MQ (95.2 %) and the SSR (93.4 %) samples, 

as listed in Table I below.  As a matter of fact, the secondary phases are unfavorable for sintering 

and the Si elementary substance tends to lower the density appreciably.  
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FIG. 1. Powder X-ray diffraction patterns of MnSi1.75 samples using different synthesis methods. 

The symbols  show the peak of the HMS phase while the symbols  and  represent the 

second phases MnSi and Si, respectively. MS, MQ and SSR represent melt-spin, melt-water 



quenching and solid state reaction samples, respectively.  

 

The low-temperature electrical properties are summarized in Figure 2. The electrical resistivity 

increases with increasing temperature, indicating metallic conduction behavior.  The MS sample 

shows the lowest resistivity among three samples within the whole temperature range. This can be 

attributed to the fact that it has the largest carrier concentration and also a much higher density.  

Here, we used the Hall carrier concentration, pH, instead of the chemical carrier concentration, p, 

because of similar Seebeck coefficients, indicating very close electrochemical potentials for the 

three samples. The chemical carrier concentration and the Hall carrier concentration could be 

related via electrochemical potential through the expressions below:[22,23] 
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 Here, λ is the scattering parameter, which is related to the energy dependence of the carrier 

relaxation time, τ, such that 1/2
0

λτ τ ε −= ⋅  where the expression for τ0 depends on λ. x is the 

reduced carrier energy, and η  represents the reduced electrochemical potential. The value of η

could be obtained via analysis of the Seebeck coefficient, S, data through the equation below, 
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Here, kB and e are the Boltzmann constant and the electronic charge, respectively.  By assuming 

that the acoustic phonon scattering (the scattering mechanism will be discussed later and acoustic 



phonon scattering makes 0λ = ),[22,23] the Hr values can be calculated (listed in Table I). The Hall 

carrier concentration was calculated through 1/H Hp e R⋅ = by measuring the Hall coefficient RH. 

The Hr values at room temperature are slightly above 1.0 so that it is reasonable to take the Hall 

carrier concentration as the chemical carrier concentration in this paper directly. Thus, the 

chemical carrier concentration of the MS sample should be 1.34× 1021 cm-3, which is a quite high 

value compared with that of the state-of-the-art thermoelectric materials.   

 

 

FIG. 2. Temperature dependence of (a) electrical resistivity, ρ, (b) Seebeck coefficient, S, (c) Hall 

carrier concentration, pH and (d) Hall mobility, mH, for all the samples from 5 K to 300 K. The 

insert figure in (d) represents MS sample by comparing with the power law of T-1.5 (dashed line). 

 

By combining the resistivity and Hall carrier concentration data, we obtained the temperature 

dependence of the Hall mobility, as shown in Figure 2d.  The three samples exhibit very similar 



mobility value and temperature dependence. MS data was emphasized in the insert figure 

separately in order to investigate the scattering mechanism.  It is clear to see that the experimental 

data follows the power law of T-1.5 (the dashed line in the insert figure) quite well, indicating that 

the acoustic phonon scattering dominates in the MS sample at high temperature. The acoustic 

phonon scattering mechanism makes 0λ = , as we mentioned above, and equation (4) can be 

simplified to:[22, 23] 

1

0

2 ( )( )
( )

Bk FS
e F

η η
η

= − −                                                      (5) 

According to the Boltzmann transport equations (within the single parabolic band assumption), the 

Hall carrier concentration pH is given by: 
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where h and m* stand for Planck constant and the effective mass, respectively.  From equations (5) 

and (6) we obtain the S versus pH relationship under a single parabolic band model (SPB) by 

assuming acoustic phonon scattering and only one carrier type in the system. The data from the 

literature was also plotted in Figure 3 in order to make a comparison.  It is interesting to note that 

the single-phase HMS from Ref. 17 fits the SPB line quite well and so do the Ge-doped samples 

from Ref. 19 and Al-doped samples from Ref. 21.  We also notice that another batch of Al-doped 

samples from Ref. 16, which were also prepared via the melt-spin method, follow the theoretical 

line when the Al doping levels are low (the higher carrier concentration dots).  However, the data 

starts to deviate from the SPB line at higher Al content (lower carrier concentration dots), properly 

due to the extremely low solubility of the Al atoms in the system as reported. [16, 21]  And the 

formation of secondary phases may result in a reduced Seebeck in some cases. In addition, our 



MQ and SSR comparison samples are far below the theoretical line, which demonstrates again 

that the secondary phases are detrimental for the electrical properties.  
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FIG. 3. Hall carrier concentration dependence of Seebeck coefficient at room temperature. The 

solid line is generated from single parabolic band model (SPB) based on the MS sample’s data. All 

the other hollow dots are from the literatures. 
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FIG. 4. Hall carrier concentration dependence of power factor PF at room temperature. The 

calculated line is generated from single parabolic band model (SPB) based on the MS sample’s 



data. 

 

Table 1. Room temperature electrical performance of HMS samples. 

Properties MS MQ SSR 

Density 99.5 % 95.2 % 93.4 % 

ρ  (10
-5

 Ω-m) 1.95 2.14 2.30 

S (mVK
-1

) 119 112 110 

Power factor (mWcm
-1

K
-2

) 7.3 5.9 5.3 

pH (10
21

 cm
-3

) 1.24 0.89 1.04 

rH 1.081 1.076 1.075 

mH
 
(cm

2
V

-1
S

-1
) 2.5 3.1 2.6 

Effective mass (m*/me) 7.4 5.5 6.0 

 

 

The theoretical value of the power factor (PF) can be calculated under the SPB model to predict 

the electrical performance as a function of Hall carrier concentration.  Here, we again use the data 

from the MS sample to generate the theoretical curve and the PF could be expressed based on the 

following equations:[23, 24] 

2PF S σ= ,                                                                   (7) 

H Hp eσ m= ,                                                                 (8) 
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Here, 0m is the intrinsic mobility, related to the relaxation time τ0 by m0=eτ0/m*.[23] PF and η  is 

finally translated to Hp via Eq. 5.  Figure 4 shows the calculated Hall carrier concentration 

dependence of PF at 300 K.  Again, the data of Ge-doped samples from Ref. 19 and the data from 

the single crystal from Ref.17 fall on the theoretical curve very well.  In addition, the PF values of 



Al-doped samples from Ref. 21 are also found to be clustered around the theoretical line.  

However, Al-doped samples from Ref. 16 are rather unusual, exhibiting much higher PF than 

expected, due to the extremely low electrical resistivity even though the Seebeck is lower than 

theoretical expectation.  This behavior might be associated with the impurities in those samples.  

An optimal carrier concentration p* of approximately 5 × 1020 cm-3 is obtained as shown in Figure 

4. Furthermore, we can estimate that p* for the zT value is also around 5 × 1020 cm-3 because the 

thermal conductivity does not change much under different carrier concentrations according to the 

previous studies on the HMS. One can estimate the high temperature p* from room temperature 

value according to the rough relationship 3/2* ( * )p m T∝ proposed by Ioffe[25] under the 

assumption that only one type charge carrier contributes to the transport. If we consider the 

effective mass m* as a temperature-independent constant, the p* should increase with increasing 

temperature. A crude estimation of the p* at 600 K, which is well below the bipolar region of 

HMS system, is around 1.5 × 1021 cm-3. This value is comparable to the MS carrier concentration 

at room temperature. Due to the nearly flat carrier concentration of MS sample near room 

temperature region, it is reasonable to consider the temperature-independent behavior of carrier 

concentration at higher temperature region (above 300 K). This is also supported by the linearly 

enhanced Seebeck data below 600 K shown in Figure 5a. As a result, it is expected that our MS 

sample may reach the optimal electrical performance in a certain temperature region around 600 K.  

In principle, the higher the temperature, the larger the p* value, if we ignore the bipolar behavior 

at high temperatures.  In fact, an optimal carrier concentration of p*~ 2×1021 cm-3 at 832 K has 

been reported (Ref. 21).  Based on the Ioffe’s law, this optimal value agrees well with what we 

predicted from the data at room temperature in Figure 4. 
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FIG. 5. Temperature dependence of (a) electrical resistivity, σ, (b) Seebeck coefficient, S, (c)  

power factor, PF, (d) thermal conductivity, κ and (e) figure of merit zT of MS, MQ and SSR 

samples. The power factor and figure of merit zT from ref. 1 and ref. 19 are also plotted in FIG. 

5c and FIG. 5e for comparison.  

 

Figure 5 shows the high temperature thermoelectric properties of the MS, MQ and SSR samples.  

The MS sample shows the lowest electrical resistivity among the three samples. This is because 



that the secondary phases MnSi and Si affect the electrical resistivity not only by producing carrier 

scattering centers but also by lowering the density of the material. These secondary phases are 

detrimental to the electrical performance. The similar behavior has been reported in the recent 

study on the high purity HMS grown by Chemical Vapor Transport method.[26] A peak value of the 

Seebeck coefficient can be observed around 750 K, which corresponds to the onset of the up-turn 

of the thermal conductivity, attributed to the bipolar behavior at high temperatures. The band gap 

of the system can be estimated from the maximum value of the Seebeck coefficient according to 

the equation:[27] 

Eg = 2eSmaxT                                                                  (10) 

A band gap of 0.35 eV is obtained, a reasonable value consistent with the previous report.[28]  

As shown in Figure 5c, a much higher power factor can be achieved in the high temperature 

region for the MS sample, especially near 600 K, where an optimal carrier concentration is 

expected to be reached in our MS sample. The temperature dependence of thermal conductivity, 

which is plotted in Figure 5d, does not vary much under different concentrations of secondary 

phases. This result again is consistent with what has been reported in the previous studies.[21, 26] 

The high-temperature (above room temperature) figure of merit zT was calculated and presented 

in Figure 5e.  Due to the increased electrical performance, the improved zT was observed above 

500 K, which is the optimal temperature region as mentioned above. The zT value of undoped 

HMS reaches 0.42 at 800 K in the melt spin sample, which is higher than that of other samples 

made by traditional methods. And it is quite promising to further improve the thermoelectric 

property of the HMS system by decreasing the thermal conductivity through alloying or doping 

approaches.  We suggest future work should be focused on increasing the band-gap through 



doping methods in order to eliminate the bipolar effect or move the bipolar point beyond the 

temperature region of interest and at the same time, to tune the carrier concentration to an optimal 

level. 

IV. CONCLUSION 

Higher manganese silicides were synthesized through a one-step melt-spin process, as well as by 

other traditional processes of solid state reaction and melting followed by water quenching 

methods, respectively.  The MS sample shows pure HMS phase while MQ and SSR samples both 

contain secondary phases, MnSi and Si, according to XRD results. The secondary phases are 

detrimental to the electrical performance by lowering the density and the carrier mobility of the 

material. However, the thermal transport of HMS is not sensitive to the concentration of secondary 

phases.  By introducing the single parabolic band model, the optimal carrier concentration of HMS 

at room temperature was predicted to be 5×1020 cm-3. Based on this simple model, we calculated 

the optimal carrier concentrations at different temperatures, and that can well describe the general 

behavior of this class of materials.  In addition, we show that melt-spinning technique is a superior 

method for obtaining high quality manganese silicide samples with better electrical performance.  
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