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Aluminothermic synthesis of MnSi and MnSi1.73: thermoelectric and

magnetic properties
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The paper presents the results of an investigation into the synthesis of manganese silicides MnSi and MnSi1.73,

which was performed using the aluminothermic reduction of metal oxides. Thermoelectric and magnetic properties

of the obtained compounds have been studied. X-ray phase analysis showed that the alloy synthesized from

reaction mixture (MnO2+Si+Al) is a single-phase compound with monosilicide silicon detected in its composition.

However, the alloy synthesized from reaction mixture (MnO2+Si+Al) is not single-phase as it contains phases

such as MnSi1.735, Mn2Al5Si5 and a small amount of unreacted silicon. The alloys’ microstructure consists in a

homogeneous matrix with uniformly distributed pores. Thermoelectric measurements have revealed that the sample

prepared from mixture MnO2+Si+Al exhibits hole conductivity, Seebeck coefficient of S = 30µV/K at 400K, and

electrical resistance of ρ = 290 µ� · cm cm at 1050K. It was also shown that the alloys exhibit for MnSi (a) a

distinct ferromagnetic behavior with saturation magnetization σs corresponding to ∼ 0.5 µB (Bohr magneton) per

Mn atom.
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Intermetallic compounds based on manganese silicides

Mn−Si are attractive for research in the field of mag-

netism aimed at developing new rare-earth-free permanent

magnets and magnetic materials with good spin-electronic

properties [1]. The Mn elementary magnetic moment

is higher than that of Fe and Co, and Mn atoms are

prone to antiferromagnetic interactions which reduce the

total magnetization and Curie temperature (Tc ≈ 590K) [2].
Studies of thermoelectric properties of the manganese

silicide phases have shown that the best characteristics are

exhibited by those of higher manganese silicide MnSi1.73.

Manganese silicides MnSix with x = 1.71−1.75 (typically
denoted as MnSi1.73) have attracted increased attention

in view of developing optoelectronic and thermoelectric

materials [3]. Phases of higher manganese silicide MnSi1.73
and manganese monosilicide MnSi exist in a narrow range

of manganese concentrations in silicon and may coexist

in thermodynamic equilibrium due to an enlarged region

of the Mn−Si phase diagram. The Si solubility in β-Mn

at 1060 ◦C is 16.7 at.%, that in α-Mn at ∼ 635 ◦C is 6.0 at.%;

the solubility decreases with increasing temperature. Mn is

almost fully insoluble in Si [4]. The process dominating

during the formation of phases MnSi and MnSi1.73 is silicon

diffusion [5]. The high-temperature reaction first of all leads

to formation of MnSi (melting point of 1060−1285 ◦C,

density of 6.1 g/cm3). Further, along with enrichment with

silicon, phase MnSi1.73 is being formed.

In [6], compound MnSi1.73 was obtained by spark plasma

sintering. Self-propagating high-temperature synthesis is one

of the methods for obtaining refractory compounds such as

borides, nitrides, carbides, as well as silicides [7] of transition

metals Mo, Ti, Zr, Nb and Ta. Synthesis of transition-

metal silicides may also be performed in the combustion

mode based on the aluminothermic reduction of metal

oxides [8]. Specific features of the synthesis (directly in

the process of sintering) of higher manganese silicide from

nanopowders in a setup for electric-pulse plasma sintering

were considered in [6].
In this work, MnSi and MnSi1.73 were obtained by the

method of aluminothermic reduction of manganese (IV) ox-
ide. As components of the initial thermite-type exothermic

mixtures, powders of approximately equal dispersion were

used: manganese (IV) oxides (particle size d50 = 34 µm),

”
Pure“ silicon oxide (particle size d50 = 36µm), aluminum

ASD-1 (particle size d50 = 33µm) and silicon KR-0 (par-
ticle size d50 = 7µm). Reaction mixtures of the powders

were prepared in the proportions indicated in Table 1. Prior

to mixing, the initial powders were dried for 3 h. These

exothermic thermite-type mixtures were selected so as to

produce manganese silicides based on silicon and silicon

oxide through the following chemical reactions, respectively:

γ1MnO2 + γ2Si + γ3Al → γ4MnSix + γ5Al2O3, (1)

Table 1. Compositions of reaction mixtures and rated adiabatic

combustion temperatures Tad

Reaction mixture composition, mass%
Tad , K

MnO2 Al Si SiO2

62.9 11.0 26.1 − 3150

49.7 31.7 − 18.6 3080
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Figure 1. SEM microimages of the sample combustion products. a — general view, b — scaled-up fragment (indicated with the dashed

line in panel a) of reaction mixture MnO2+SiO2+Al; numbered rectangles indicate the regions where EDA spectra were measured.

γ6MnO2 + γ7SiO2 + γ8Al → γ9MnSix + γ10Al2O3, (2)

where γ1−γ10 are the stoichiometric coefficients, x is the

silicon percentage in manganese silicide.

Manganese silicides were synthesized from exothermic

thermite-type mixtures 100 g in mass in a reactor 3 l in

volume, 40mm in internal diameter and 70mm in height

at the bulk density of 0.87g/cm3 in argon with the initial

pressure of 5MPa. Ignition was performed by using a

tungsten coil. Preliminary thermodynamic calculations of

the adiabatic combustion temperatures for the exothermic

compositions under study via program code
”
Thermo“ [9]

are presented in Table 1.

After the combustion front passed through the reaction

mixture, the combustion products remained in the liquid

state in the form of a melt which, being cooled, was

photo-separated into the
”
oxide“ (ceramic) and

”
metallic“

layers. Characteristic dimensions of the metallic layer were

as follows: diameter of 30mm, thickness of 15mm. Upon

cooling, the samples were removed from the reactor, and

the
”
metallic“ layer was mechanically separated for further

study. Phase compositions of the combustion products

were analyzed using computer-aided X-ray diffractometer

DRON-3M (FeKα radiation). The synthesized alloy mi-

crostructures were studied with a Zeiss Ultra plus ultra-high-

resolution scanning electron microscope (SEM) based on

Ultra 55 with microanalysis system INCA Energy 350 XT

(Oxford Instruments). Temperature dependence of electri-

cal resistivity was measured in vacuum of 10−5 mm Hg in

the temperature range of 300−1100K by using the standard

DC four-point method. ThermoEMF was obtained using

a laboratory setup for measuring the Seebeck coefficient

in the temperature range of 300−800K. Magnetic charac-

teristics of the synthesized samples were determined using

vibrating magnetometer EG&G PAR M4500 in magnetic

fields up to 10 kOe.

The alloy synthesized from mixture MnO2+Si+Al

(Table 1) is single-phase and consists in the cubic-syngony

manganese monosilicide MnSi (PDF 65-5372) (space group
P213); its microstructure has the form of a dense matrix

with uniformly distributed spherical pores up to 50µm in

diameter. Pores get formed due to reduction reaction (1)
accompanied by release of the gaseous products, namely,

aluminum oxide (I) Al2O and Al. Data of energy dispersive

analysis (EDA) correlate with the results of X-ray phase

analysis and confirm formation of manganese monosilicide

MnSi.

Phase composition of the product synthesized from

reaction mixture MnO2+SiO2+Al (Table 1) is as

follows: the main tetragonal-syngony phase MnSi1.735
(PDF 01-0412), tetragonal-syngony solid solution

Mn2Al5Si5 (PDF 54-0360), and insignificant amount

of cubic-syngony Si (PDF 27-1402) (space group Fd3m)
(Fig. 1). Intensity of peaks corresponding to the Mn2Al5Si5
phase is low, which evidences for low concentration of

this phase in the sample under study. The MnSi structure

is the α derivative and crystallizes in the cubic space

group P213 [10]. The presence of a small amount of

Si indicates incompleteness of the oxides MnO2 and

SiO2 reduction ((see (2)) in the initial reaction mixture.

Microstructure of the sample synthesized from reaction

mixture MnO2+SiO2+Al also is a dense matrix with

spherical pores up to 50µm in size uniformly distributed

throughout the volume. EDA data show the presence

of 10.7 at.% of Al included in solid solution Mn2Al5Si5.

Fig. 1 demonstrates with high resolution a fragment of the

sample microstructure where all three phases are indicated:

MnSi1.735, Mn2Al5Si5 and Si; this complies with the X-ray

phase analysis data. The reduced silicon exists in the

intergranular space of MnSi1.735, Mn2Al5Si5 in the form of

individual inclusions up to 100 µm in size.

Fig. 2 presents the temperature dependence of electrical

resistivity ρ for the synthesized alloy in the heating-cooling

mode. Electrical resistivity was measured in the temperature

range of 300 to 1100 K. The room-temperature resistivity
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Figure 2. Electrical resistivity of the MnO2+Si+Al alloy versus

temperature in the heating-cooling cycle.

is 215µ� · cm. Over the entire temperature range under

consideration, the resistivity increases monotonically and

reaches its highest value 290µ� · cm at the maximum

temperature of 1100K. It is important to emphasize that

the results repeat in multiple heating-cooling thermal cycles,

which indicates the absence of phase transformations and

variations in the material structure within this temperature

range, and also confirms stability of the sample’s crystalline

structure.

Fig. 3 presents the temperature dependence of ther-

moelectromotive force (thermoEMF) for the synthesized

alloy in the temperature range of 300−800K. The Seebeck

coefficient dependence is nonlinear and is represented by

a curve with the maximum at 400K. Room-temperature S

is about 28µV/K; then maximum S = 30 µV/K is observed

at T = 400K after which S uniformly decreases to 23µV/K

at 800K. This factor remains positive over the entire temper-

ature range under study, which proves the predominance of
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Figure 3. Seebeck coefficient of synthesized alloy MnO2+Si+Al

versus temperature.

the hole-type conductivity of the alloy. Most likely, the type

of dependencies S(T ) is determined by the thermoEMF

diffusion component and is caused by specific features of the

band structure, as well as by the processes of charge carrier

scattering inherent to semi-metallic ferromagnets studied

in [11] where a similar dependence was observed.

Fig. 4 presents magnetization curves of the samples

synthesized from reaction mixtures MnO2+Si+Al and

MnO2+SiO2+Al at room temperature. Based on the

data of Table 2, it is possible to estimate that saturation

magnetization σs of the MnSi alloy (Fig. 4, a) matches

value ∼ 0.5µB (Bohr magneton) per Mn atom. This

shows [12] that nearly 10% of the Mn atoms participate

in the exchange coupling if each Mn atom has an isolated

Mn-atom magnetic moment of 5µB. MnSi possesses a very

complex magnetic phase diagram containing, along with

regions of helicoid ferromagnetic spirals and magnetic-field-

induced ferromagnetism, phases of skyrmion lattices and

fluctuations of these spirals [13], whereat the temperature

of the ferromagnet−paramagnet magnetic phase transition

at the atmospheric pressure is about 29K [14].

For the MnO2+SiO2+Al alloy, it is possible to as-

sume that in this case high-temperature ferromagnetism

is explained by formation of defects with local magnetic

moments [14] and also by their indirect exchange through

paramagnetic fluctuations of the hole spin density [15]. In

addition, there may take place separation of the material

phases, when Mn atoms are collected in nanoparticles

consisting of MnSi2−z with z ≈ 0.25−0.30, which are

embedded in the silicon matrix with low content of Mn.

Such a material may contain a certain number of magnetic

defects arising due to unbound Mn 3d-orbitals and be a

weak band ferromagnet in which significant spin fluctuations

exist well above its intrinsic Curie temperature, which leads

to a significant enhancement of exchange coupling between

local defect moments and increase in the temperature of oc-

currence of the long-range order among those moments [16].

Thus, in this study single-phase manganese monosilicide

MnSi and alloy containing the tetragonal-syngony main

phase MnSi1.735 (PDF 01-0412), tetragonal-syngony solid

solution Mn2Al5Si5 (PDF 54-0360) and insignificant amount

of cubic-syngony Si (PDF 27-1402) (space group Fd3m)
were synthesized for the first time by the method of

aluminothermic reduction of manganese (IV) oxide with

aluminum. The fact that the Seebeck coefficient remains

positive over the entire interval evidences that charge carri-

ers in this material are holes. Alloy MnO2+Si+Al exhibits

obvious ferromagnetic properties matching the value of

∼ 0.5 µB per Mn atom. However, alloy MnO2+SiO2+Al

exhibits high-temperature ferromagnetism associated with

formation of defects with local magnetic moments.
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Figure 4. a — magnetization curves of samples synthesized at room temperature from reaction mixtures MnO2+Si+Al (1) and

MnO2+SiO2+Al (2). b — scaled-up fragments.

Table 2. Saturation magnetization σs , residual magnetization σr

and coercivity Hc of the synthesized alloys

Initial composition σs , A ·m2/kg σr , A ·m2/kg Hc , kA/m

MnO2+Si+Al 0.042 0.0046 4.77

MnO2+SiO2+Al 1.13 0.048 7.40
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