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A B S T R A C T   

Magnetic and Mössbauer measurements were performed for Mn1-xFexNiGe solid solutions. The Mössbauer data 
obtained suggest that the iron atoms at small concentrations x < 0.20 prefer to fill trigonal bipyramidal positions 
substituting the nickel atoms and thus do not participate in magnetic interactions. This is consistent with a 
decrease of magnetization in the x < 0.20 samples, evident from the magnetic measurements data. As the 
concentration increases above x > 0.20 in Mn1-xFexNiGe, the iron atoms replace both the nickel atoms in trigonal 
bipyramidal and the manganese atoms in octahedral positions.   

1. Introduction 

Persistent interest expressed by many researchers to the half-Heusler 
alloys based on MnNiGe has been associated with the existence of a wide 
variety of magnetic phases and the occurrence of structural and mag
netostructural phase transitions in these materials. These transitions are 
accompanied by significant magnetocaloric and magnetostrictive effects 
[1–7]. On one hand, the possibility of using the magnetocaloric effect 
and magnetostriction in the fabrication of effective magnetic re
frigerators and magnetostrictors makes the Mn1-xFexNiGe system 
attractive. On the other hand, the features of the mechanism of giant 
spontaneous magnetostriction accompanying magnetostructural phase 
transitions in the Mn1-xFexNiGe alloys is fundamental problem in the 
physics of magnetic phenomena. 

The purpose of the work is to study the features of crystal structure 
and magnetic properties of Mn1-xFexNiGe (0.05≤x ≤ 1.00) solid 
solutions. 

It was shown that the MnFeGe compound crystallizes into a hexag
onal structure of the Ni2In type (space group P63/mmc) over the entire 
temperature range [8]. The results of the neutron diffraction in
vestigations of Mn0.95Fe1.0Ge powder demonstrated that the magnetic 
moments of manganese atoms are antiferromagnetically ordered at 
temperatures below 240 K, whereas the magnetic moments of iron 
atoms are ferromagnetically ordered [9]. At the same time, the MnNiGe 

compound at room temperature has an orthorhombic structure of the 
TiNiSi type (space group Pnma) [10,11]. Below the Néel temperature 
(TN = 346 K), this compound is a helical antiferromagnet. At T = 528 K, 
the MnNiGe compound undergoes a first-order displacive phase transi
tion from the low-temperature orthorhombic structure of the TiNiSi type 
to the high-temperature hexagonal structure of the Ni2In type. Similar 
structural transitions are accompanied by a change in the period of the 
unit cell and are described by a softening of one of the phonon modes 
[12], which in MnNiGe, as in MnAs [13], can be stimulated by a strong 
electron–phonon interaction. 

In this work, we have investigated the magnetic and Mössbauer 
properties of Mn1-xFexNiGe solid solutions with the iron concentration 
range 0.05≤x ≤ 1.00 with the purpose to find out the mechanisms of the 
formation of magnetostructural phases. 

2. Experiment 

Polycrystalline solid solutions of Mn1-xFexNiGe were synthesized by 
the solid-phase reactions. Powders of the initial components, taken in 
appropriate weight ratios, interacted in evacuated quartz ampoules in a 
single-zone resistance furnace. The mixture was slowly heated to a 
temperature of 1323K, annealed for 3 days at a temperature of 1223K, 
followed by quenching in ice water. 

The powder XRD diffraction patterns were recorded at room 
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temperature using a PANalytical X’Pert Pro diffractometer equipped 
with a Cu Kα1 radiation source (λ = 1.54059 Å) operating in a standard 
θ–2θ geometry. The appropriate XRD patterns were presented in Fig. 1. 
The phase and structure analysis of the synthesized compositions was 
performed using the PANalytical X’Pert High Score Plus software with 
the ICDD PDF database. The lattice parameters for the analyzed solid 
solutions are collected in Table 1. The specific saturation magnetization 
and the parameters of the hysteresis loop of the specific magnetization 
were measured for the powder samples by the induction method on 
Vibrating sample magnetometer (VSM) from Cryogenic Limited. Results 
of these measurements, obtained in magnetic fields up to 10 T at tem
peratures of 4.2, 77, and 300 K are shown in Figs. 2-4, respectively. 

To clarify the nature of the distribution of metal atoms over sub
lattices, Mössbauer studies of Mn1-xFexNiGe (0.05≤x ≤ 1.00) solid so
lutions were carried out. The Mössbauer experiment was performed 
under ordinary transmission geometry and a constant acceleration 
regime. 57mFe/Rh was used as a resonance source, the sample temper
atures were ~5K, 77K (liquid nitrogen temperature) and 290K (room 
temperature), see Figs. 5-7. The hyperfine interactions parameters are 
listed in Table 2. Full width at half maximum - 0.242 ± 0.015 mm/s. 

3. Results and discussion 

It is known that the metalloid atoms (in our case, germanium atoms) 
form a hexagonally close-packed framework of the nickel arsenide 
structure, Fig. 8. There are two types of sites: 2a, octahedral (MeI) and 
2d, trigonal-bipyramidal (MeII). These two types of structurally 
nonequivalent positions are filled by relatively small atoms of 3d tran
sition metals; in our case, they are manganese, nickel, and iron. It is also 
known that NiAs-type structure is characterized by a high defectiveness, 
especially when the alloy is obtained by quenching (as in our case). 
Obviously, during quenching, a certain number of vacant structural 
positions are fixed in both sublattices. It is believed [8] that in such 
three-component solutions with two types of metal atoms (MnFeGe and 
MnNiGe), manganese atoms are localized at MeI positions, while nickel 
(or iron) atoms occupy only MeII positions. However, it is also known 
that for the structure of Ni2In, there is a possibility of mutual “mixing” of 
atoms in the MeI and MeII sublattices (up to 17 at. % in MnFeGe and 
MnNiGe) [14]. 

In our case of a four-component system, the distribution of Mn, Ni, 
and Fe atoms over the sublattices can be judged by comparing the data 
of magnetic and Mössbauer studies. According to the results of the 
magnetic measurements, all the studied solutions exhibit magnetic in
teractions at nitrogen temperature (Fig. 2). However, the Mössbauer 
data obtained on iron atoms at nitrogen temperature do not reveal 

magnetic interactions on Fe up to the iron content x = 0.20 (Fig. 6). This 
result can be explained assuming that at low iron concentrations x (up to 
0.2 at.%) in the Mn1-xFexNiGe system, Mn atoms are not replaced by iron 
atoms. Bearing in mind that the Mn atoms fill the octahedral sublattice 
MeI which determines the magnetic interactions in the alloy, and taking Fig. 1. XRD patterns of the Mn1-xFexNiGe samples measured at room 

temperature. 

Table 1 
The lattice parameters of the Ni2In type solid solutions.  

x a, nm с, nm с/a V, 10− 2 nm3 

0.05 0.408(1) 0.539(1) 1.32 7.777 
0.10 0.407(1) 0.536(1) 1.31 7.724 
0.15 0.407(1) 0.533(1) 1.31 7.679 
0.20 0.407(1) 0.530(1) 1.30 7.621 
0.25 0.407(1) 0.529(1) 1.30 7.606 
0.30 0.406(1) 0.527(1) 1.30 7.547 
0.40 0.407(1) 0.525(1) 1.29 7.557 
0.50 0.407(1) 0.521(1) 1.28 7.502 
0.60 0.406(1) 0.519(1) 1.28 7.434 
0.70 0.406(1) 0.516(1) 1.27 7.381 
0.80 0.403(1) 0.512(1) 1.27 7.249 
0.90 0.404(1) 0.510(1) 1.26 7.219 
1.00 0.402(1) 0.508(1) 1.26 7.133  

Fig. 2. Field dependences of the magnetization of Mn1-xFexNiGe samples 
at 77K. 

Fig. 3. Field dependences of the magnetization of Mn1-xFexNiGe samples at 5 К.  
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into account that the structure is highly defective hence formation of 
voids in the octa sublattice is very likely, we believe that up to the x =
0.20 composition, iron atoms enter the sublattice of nickel atoms (MeII), 
while the deficiency of manganese atoms in the MeI positions is 
compensated by vacancies. So the magnetic hyperfine interaction of iron 
atoms in the Me II sublattice is blocked by the local environment of 
nickel atoms. This assumption is reflected in Mössbauer spectrum shape, 
namely, in the absence of magnetic splitting of the spectra at T = 77K at 
such iron concentrations (see Fig. 6). This assumption is consistent with 
the literature data on the absence of magnetic moments on nickel atoms 
in the MeII sublattice [7,8]. A certain amount of magnetic iron and 
manganese atoms have passed into the MeII sublattice and stop the 
participation in the magnetic interactions, thereby somewhat reducing 
the overall magnetization of the alloy (see the figure for magnetic 
measurements for these concentrations). 

A further increase in the iron content leads to the entry of Fe atoms 
into the manganese atoms sublattice (MeI). The Mössbauer spectra of 
solid solutions with x > 0.20 at liquid nitrogen and liquid helium tem
peratures (Figs. 6–7) look like magnetically split lines, which is consis
tent with the magnetization measurement data. The magnetic splitting 
of the spectra on iron in the MeI positions means the appearance of 
hyperfine magnetic fields on the nuclei of Fe atoms. However, the 
smeared shape of the spectrum indicates a wide variety of local envi
ronments of iron atoms. The imperfection of the crystal structure leads 
to the fact that the electric field gradient is oriented relative to the 
magnetization direction in more than one way, which is reflected in a 
significant broadening of the lines of the Mössbauer subspectra. 

The magnetic and Mössbauer data obtained indicate that the iron 
atoms in Mn1-xFexNiGe at concentrations up to х~0.20 preferably fill the 
Me II positions replacing nickel atoms. With an increase in the iron 
content (at x > 0.20), iron replaces both the nickel atoms at MeII posi
tions and the manganese atoms at MeI positions. 

4. Conclusion 

All studied Mn1-xFexNiGe 0.05≤х≤1.00 alloys at T = 290 K are 
single-phase solid solutions with a hexagonal structure of the Ni2In type. 
It is shown that in quaternary solid solutions Mn1-xFexNiGe at x < 0.20, 
iron predominantly enters the sublattice of nickel atoms in MeII posi
tions and does not participate in magnetic interactions. This fact is re
flected in a magnetization decrease. As x in the Mn1-xFexNiGe increases, 
iron replaces both nickel atoms in the MeII positions and manganese 
atoms in the MeI positions. 

Fig. 4. Field dependences of the magnetization of Mn1-xFexNiGe samples at 
room temperature. 

Fig. 5. Mössbauer spectra of Mn1-xFexNiGe at room temperature.  
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Fig. 6. Mössbauer spectra of Mn1-xFexNiGe at 77 K.  Fig. 7. Mössbauer spectra of Mn1-xFexNiGe at 4 K.  
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Table 2 
Hyperfine interactions parameters derived from room temperature Mössbauer spectra of the Ni2In type solid solutions; IS- isomer shiftrelative to α-Fe, QS – quasrupole 
splitting, D – contribution, W-HFWHM, Full width at half maximum - 0.242 ± 0.015 mm/s.  

sample Subspectrum 1 Subspectrum 2 

IS, mm/s QS, mm/s D % W, mm/s IS, mm/s QS, mm/s D % W, mm/s 

Mn0.9Fe0.1NiGe 0.242(7) 1.010(6) 37 0.57 0.950(5) 0.893(8) 63 0.33 
Mn0.8Fe0.2NiGe 0.463(4) 0.992(4) 40 0.21 0.824(7) 0.896(5) 60 0.35 
Mn0.7Fe0.3NiGe 0.366(4) 0.767(3) 43 0.33 0.768(5) 0.924(7) 57 0.26 
Mn0.6Fe0.4NiGe 0.443(5) 1.007(3) 39 0.29 0.771(5) 0.921(6) 61 0.25 
Mn0.5Fe0.5NiGe 0.468(5) 1.034(5) 57 0.30 0.798(6) 0.940(4) 43 0.23 
Mn0.4Fe0.6NiGe 0.440(6) 0.950(3) 56 0.31 0.742(6) 0.905(5) 44 0.45 
Mn0.3Fe0.7NiGe 0.471(6) 0.938(5) 63 0.32 0.740(5) 0.904(4) 63 0.22 
Mn0.2Fe0.8NiGe 0.458(4) 0.933(4) 64 0.29 0.761(6 0.8765(5 36 0.23 
Mn0.1Fe0.9NiGe 0.382(5) 0.927(4) 71 0.28 0.724(5) 0.863(4) 29 0.30 
FeNiGe 0.433(3) 0.961(2) 69 0.28 0.708(4) 0.907(3) 31 0.21 

Unit Conversion: 1 mm/s = 11.6248 MHz. 

Fig. 8. Crystal structure of Ni2In.  
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