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Abstract
The phase equilibria in the MnGa2Tе4-MnIn2Tе4 system were experimentally investigated by means of differential ther-
mal analysis and powder X-ray diffraction technique. It was found that this system is quasi-binary and characterized by 
dystectic and eutectic equilibria and the formation of a wide area of solid solutions based on the starting compounds. The 
crystal structures of the MnGaInTe4 and MnIn2Tе4 were refined by the Rietveld method using powder X-ray diffraction 
data. It was established, that both phases crystallize in the tetragonal system (Space group I-42m). Electron paramagnetic 
resonance and Raman spectra, as well as the temperature dependences of the electrical conductivity and the Hall effect 
for the MnGaInTe4 crystal, were studied.
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1. Introduction
Complex metal chalcogenides are essential function-

al materials possessing optical, photoelectric, thermoelec-
tric, magnetic and other properties.1–7 Recent studies have 
shown that some of these phases are topological insulators 
and are considered promising for use in spintronics and 
quantum computing.8–11 Among the chalcogenide materi-
als, magnetic semiconductors of the type MB2X4 (where M 
– Mn, Fe, Co, Ni; B – Ga, In; X – S, Se, Te) and phases on 
their basis are very promising for use in the manufacture 
of lasers, light modulators, photodetectors and other elec-
tronic devices controlled by a magnetic field.12–17

Search and development of methods for the directed 
synthesis of new multicomponent phases and materials re-
quires the study of phase equilibria in the relevant sys-
tems.18,19 For this case, the systems including compounds 
which are structural or formula analogs are the greatest 
interest since the formation of broad areas of substitution-
al solid solutions can be expected in them.20–24

Herein, the phase equilibria in the MnGa2Tе4-Mn-
In2Tе4 system are studied, the crystal structures of the 
MnGaInTe4 and MnIn2Te4 are refined, as well as the EPR 
and Raman spectra for the MnGaInTe4 crystals are mea-
sured, and the temperature dependences of the electrical 
conductivity and the Hall Effect of the MnGaInTe4 are in-
vestigated.

The starting compounds MnGa2Tе4 and MnIn2Tе4 
were studied in detail. According to authors,25 the Mn-
Ga2Tе4 compound melts congruently at 1118 K (at 
1093±10 K,26) and has a homogeneity region of 49.8–50.2 
mol% MnTe over the MnTe-Ga2Tе3 section. The MnIn2Tе4 
compound also melts congruently at 1013 K,27 (at 1040 K 
according to reference,28).

The crystal structure of the MnGa2Tе4 was studied in 
a number papers.26, 29, 30 The authors,29 showed that this 
compound has a pseudo-tetragonal monoclinic unit cell 
with parameters: a = b = 0.847 nm; c = 4.83 nm; α = β=γ ~ 
90°; Z = 16. Close parameters were obtained: a = b = 0.8486 
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nm; c = 4.840 nm; α = β = γ ~ 90°; Z = 16.26 The crystal 
structure of MnGa2Tе4 was studied by the Laue method.30 
It was shown that this compound crystallizes in the mono-
clinic structure (Sp. gr. C2/c) with parameters: a = 
1.1999(3); b = 1.1999(3); c = 2.4922(6) nm; β = 104.01(2)°; 
Z = 16.

The MnIn2Tе4 compound crystallizes in a tetragonal 
structure (Sp. Group I  –4  2m) with the parameters: a = 
0.6191(2) nm; c = 1.2382(3) nm; Z = 2.31

Mn-00003

2. The Experimental Part
2. 1. Synthesis

For research ternary compounds MnGa2Te4 and Mn-
In2Te4 were synthesized. Simple substances from the com-
pany EVOCHEM ADVANCED MATERIALS GMBH 
(Germany) of high purity were used for the synthesis: galli-
um ingots (Ga-00009; 99.999%), indium in granules (In-
00005; 99.999%), manganese pieces (Mn-00003; 99.98%), 
tellurium pieces (Te-00005; 99.9999%). The synthesis was 
carried out by melting of elemental components in stoichio-
metric ratios in evacuated to about 10–2 Pa quartz ampoules 
at temperatures ~50 K higher than their melting points fol-
lowed by slow cooling in the furnace off mode to room tem-
perature. In order to prevent the interaction of quartz with 
manganese, the synthesis of compounds and alloys of the 
studied system was carried out in graphitized ampoules.

The individuality of the synthesized compounds was 
controlled by differential-thermal analysis (DTA) and 
powder X-ray diffraction technique (PXRD). According 
to the DTA data, the MnGa2Tе4 and MnIn2Tе4 com-
pounds melt congruently correspondingly at 1075 ± 3 K 
and 1021 ± 3 K, which is somewhat different from the lit-
erature data.25–28 Analysis of the powder X-ray diffraction 
patterns confirmed the single-phase of both compounds.

The MnGa2Te4-MnIn2Te4 alloys were prepared from 
the starting ternary compounds also by vacuum alloying 
in graphitized quartz ampoules. All alloys were subjected 
to thermal annealing at 900 K for 500 hours in order to 
achieve complete homogenization and then slowly cooled 
in the furnace off.

2. 2. Methods
Phase equilibria in the MnGa2Te4-MnIn2Te4 system 

were investigated by means of DTA and PXRD methods.
DTA of the equilibrated alloys was carried out using 

a NETZSCH 404 F1 Pegasus system. The measurement was 
performed between room temperature and ~1300 K with a 
heating and cooling rate of 5 K . min–1 under the inert gas 
(Ar) flow. Temperatures of thermal effects were determined 
from the heating curves with an accuracy of ± 2 K. 
NETZSCH Proteus Software was used for measuring and 
evaluating data.

Scanning Electron Microscopy combined with Ener-
gy-Dispersive X-ray spectroscopy (SEM/EDXS) was used 
for elemental analysis of samples. SEM/EDXS was per-
formed using a JEOL JSM 6610-LV Scanning Electron Mi-
croscope.

The PXRD analysis was performed using a “D2 
Phaser” diffractometer with CuKα1 radiation (5°≤2-the-
ta≤120°). The solution and refinement of the crystal struc-
ture were done by the Rietveld method using the TO-
PAS-4.2 Software (Bruker).

Electron Paramagnetic Resonance (EPR) spectros-
copy of MnGaInTe4 crystals was carried out with the EL-
EXSYS E 580 spectrometer (Bruker), and the Raman spec-
tra were obtained using the “Nanofinder 30” 3D Laser 
Raman Microspectroscopy System (Tokyo Instruments).

The temperature dependences of the electrical con-
ductivity and the Hall effect for the MnGaInTe4 were stud-
ied in the temperature range 100–400 K on the “HL5500 
PC-Hall effect measurement system” (Nanometric).

3. Results and Discussion
3. 1. �Phase equilibria in the MnGa2Te4-

MnIn2Te4 system

From the DTA data (Table 1) and PXRD studying of 
annealed MnGa2Te4-MnIn2Te4 alloys, it is established that 
this system is characterized by the dystectic (D) and eutec-
tic (e) equilibria (Fig. 1a). The β-phase of the MnGaInTe4 
composition melts with an open maximum at 1028 K. The 
eutectic has a composition of 30 mol% MnIn2Te4 and crys-
tallizes at 1012 K. Wide regions of solid substitutional 
solutions based on starting compounds are formed. At the 

Table 1. Experimental DTA and PXRD data for the MnGa2Te4-Mn-
In2Te4 system 

Composition,	 The thermal 	                Parameters of the 
mol% MnIn2Te4	 effect, K	                 tetragonal lattice, nm
		  a	 c

0 (MnGa2Te4)	 1083		
10	 1030–1062		
15	 1013–1050		
20	 1012–1034	 0.60816(3)	 1.21308(8)
25	 1012		
30	 1011–1016	 0.60812(3)	 1.21310(8)
35	 1013–1020		
40	 1018–1024	 0.60852(3)	 1.21403(8)
45	 1026		
50	 1030	 0.610293 (7) 	 1.21766(2)
60	 1013–1023	 0.61207(3)	 1.22232(7)
70	 1004–1011		
80	 1000	 0.61553(3)	 1.23026(7)
90	 1005–1012		
100 (MnIn2Te4)	 1022	 0.61949(5)	 1.23956(2)
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eutectic temperature the solubility based on MnGa2Te4 
(α-phase) is 15 mol%, and on the basis of MnIn2Te4 is 65 
mol% (β-phase). On the liquidus and solidus curves of the 
β-phase there is a minimum point (M) at 1000 K. The con-
gruent melting of both starting compounds, the presence 
of the invariant three-phase eutectic equilibrium L ↔ α + 
β and the extreme points D and M, as well as the absence 
of multiphase areas on the phase diagram, show the qua-
si-binary nature of this system.

PXRD results confirmed the formation of broad ar-
eas of solid solutions in the system. Figure 2 shows that 
powder diffraction images of the alloys from 40–100 
mol% MnIn2Te4 composition area are qualitatively iden-
tical with the diffraction pattern for pure MnIn2Te4 and 
characterized by a certain shift of reflection lines with 
composition changing. The PXRD pattern of the alloy 
with composition 20 mol% MnIn2Te4 consists of reflec-
tion lines of both phases MnGa2Te4 (α-phase) and MnIn-
2Te4 (β-phase).

The concentration dependence of the parameters of 
the crystal lattice (Table 1, Fig. 1b) of the β-phase has lin-
ear character and allows refining the region of its homoge-
neity at room temperature (38 mol% MnIn2Te4).

3. 2. �Crystal structure of MnIn2Tе4  
and MnGaInTe4

Based on the PXRD data, we determined the crystal-
lographic characteristics of the MnIn2Te4 and MnGaInTe4 
samples (Table 2). PXRD patterns for MnIn2Te4 and Mn-
GaInTe4 and the intensities differences between the exper-
imental and calculated by Rietveld method data are shown 
in Fig.3. The obtained results show good agreement of 
symmetry and cell parameters of these samples with the 
corresponding characteristics.31 The indexing of the dif-
fraction patterns based on obtained crystallographic pa-
rameters showed that the studied samples are single-phase. 
Comparison of the unit cell parameters of MnIn2Te4 and 
MnGaInTe4 shows a noticeable difference in their values ​​
(Δa ~ 0.0092 nm; Δc ~ 0.0219 nm), which exceeds the val-
ue of errors many times. This clearly confirms the entry of 
Ga atoms into the structure. Despite solving the crystal 
structure of MnIn2Te4 on the basis of single crystals data,31 

we also used their results to refine the structure of this 
compound, but on the basis of powder data and the Riet-
veld method. The above results were also used to refine the 
structure of the compound MnGaInTe4 by the Rietveld 
method. The Mn and In atoms in the structure are located 
in identical positions statistically, where the ratio of the 
number of Mn atoms to In is 1:2.31 This structure belongs 
to the defective type of chalcopyrite and all metals are lo-
cated in the tetrahedron of tellurium atoms. In order to 
refine the crystal structures of MnIn2Te4 and MnGaInTe4, 
first, for both compounds, the Lebail and Pawley methods 
were used to approximate the profiles of the diffraction 
peaks and to refine the unit cell parameters. For both 
methods, the obtained results turned out to be almost 
identical. Later, on the basis of the obtained diffraction 
data, the crystal structures of the noted compounds were 
refined. The final results are presented in Tables 2-4. Figure 
4 shows a three-dimensional presentation of the crystal 
structure of these phases.

Fig. 1. The phase diagram of the MnGa2Te4-MnIn2Te4 system and 
the concentration dependences of the crystal lattice parameters of 
the β-phase

Fig. 2. PXRD patterns for some alloys of the MnGa2Te4-MnIn2Te4 
system

Table 2. Refined structure parameters for MnIn2Te4 and Mn-
GaInTe4

	Structure parameters	 MnIn2Te4	 MnGaInTe4

	 Space group	 I-42m	 I-42m
	Cell parameters: a (nm)	 0.619490(5)	 0.610293 (7)
	                              c (nm)	 1.23956(2)	 1.21766(2)
	The cell volume (nm3)	 0.47583(3)	 0.453528(13)
	 Density (g/cm3)	 5.56 (2)	 5.50 (2)
	 R-LeBail (%)	 0.406	 0.155
	 R-Pawley (%)	 0.435	 0.171
	 R-Bragg  (%)	 1.898	 0.235
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The results of the elemental analysis (Table 5) and 
X-ray fluorescence spectrum of MnGaInTe4 crystals (Fig. 
5) are in good agreement with the chemical formula.

Table 4. Atomic positional parameters in the MnGaInTe4 crystal

Atoms	 Multiplicity				    Atom type	 Beq, (nm2)
	 and Wyckoff				    and relative
	 letter	 x	 y	 z	 occupation

Ga	 2a	 0	 0	 0	 Ga3+  1.018(26)	 0.006(3)
М(In+Mn)	 4d	 0	 0.5	 0.25	 In3+   0.495(22)	 0.007(1)
					      Mn2+  0.505(22)	 0.007(1)
Te	 8i	 0.2651(4)	 0.2651(4)            	0.1129(2)         Te                    1	 0.008(1)
Interatomic   
distances (nm)	                   	Ga – Te =0.2669(3)                          M(In, Mn) – Te = 0.2731(1)

Fig. 3. PXRD patterns of MnIn2Te4 and MnGaInTe4. The differ-
ence between the experimentally obtained and calculated by the 
Rietveld method intensities is given under the X-ray diffraction 
spectrum

Fig. 4. Occupancy of metal positions in MnIn2Te4 and MnGaInTe4 
crystal structures

Table 3. Atomic positional parameters in the MnIn2Te4 crystal

Atoms	 Multiplicity				    Atom type	 Beq, (nm2)
	 and Wyckoff				    and relative
	 letter	 x	 y	 z	 occupation

M1(In+Mn)	 2a	 0	 0	 0	 Mn+2  0.33(1)	 0.005 (1)
In+3   0.67(1)						      0.005 (1)
M2(In+Mn)	 4d	 0	 0.5	 0.25	 Mn+2  0.33(1)	 0.009 (1)
					     In+3      0.67(1)	 0.009 (1)
Te	 8i	 0.2756(2)	 0.2756(2)	            0.1142(1)          Te                1 	 1.001(1)
Interatomic 	           	M1(In1, Mn1) – Te = 0.2772(1)                   M2(In2,Mn2) – Te = 0.2800(1)distances (nm)	

Table 5. Elemental analysis results for MnGaInTe4

	 Element	 Weight %	 Atomic %

	 Mn K	   7.03	 13.76
	 Ga K	   9.26	 14.27
	 In L	 15.74	 14.73
	 Te L	 67.97	 57.24

	 Total	 100.00	 100.0

Fig. 5. The XRF spectrum for the MnGaInTe4 crystal
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As can be seen from Tables 3 and 4, and also from 
Fig. 4, the crystal lattices of MnIn2Te4 and MnGaInTe4 dif-
fer significantly in the occupancy of crystallographic posi-
tions. In the MnIn2Te4 structure, the 2a and 4d positions 
are occupied in ratio 1:2 by the Mn and In atoms. In the 
structure, positions 2a are completely occupied by gallium 
atoms, and the Mn and In atoms are statistically located in 
4d positions with a 1:1 ratio. The localization of Ga atoms 
in position 2a in MnGaInTe4 is apparently due to the fact 
that the ionic radius of Ga3+ is noticeably smaller (~ 0.018 
nm) of the ionic radius of In3+. Such occupancy of crystal-
lographic positions in the MnGaInTe4 phase allows us to 
characterize it as an ordered solid solution based on the 
MnIn2Te4 compound. This is in good agreement with the 
phase diagram (Fig. 1a), according to which the stoichio-
metric composition of MnGaInTe4 corresponds to the dys-
tectic point D.

3. 3. Physical Properties of the MnGaInTe4

3. 3. 1. EPR Spectrum of MnGaInTe4 Crystal
In fig. 6 showing the EPR spectrum of MnGaInTe4 

crystals, where only one broad peak is observed. Based 
on the composition of this phase, it is clear that this peak 
refers to the resonant frequencies of manganese. If in the 
structure the smallest distances between Mn atoms are 

3. 3. 2. Raman Spectrum of MnGaInTe4 Crystal
The Raman spectrum for the MnGaInTe4 crystal was 

represented in Fig.7. As can be seen three peaks at 96, 119 
and 139 cm–1 are observed in the low-frequency region of 
the spectrum. Raman spectra of CdIn2Te4, ZnIn2Te4, and 
MnIn2Te4 were studied by authors of,.33 All these com-
pounds crystallize in the tetragonal system and their struc-
tures such as MnGaInTe4 belong to the defective type of 
chalcopyrite.34 This closeness is well reflected in their Ra-
man spectra (Table 6). As is seen from Table 6 the overall 
characteristics of the spectra of MnGaInTe4 are the same as 
its ternary analogs. Some distinction between the frequen-
cies of the Raman-active modes of these materials is due to 
the difference in their chemical composition.

Fig. 6. EPR spectrum for the MnGaInTe4 crystal

more than 1 nm, then their EPR spectra are character-
ized by a fine structure consisting of six nearby lines. 
However, the decrease in the distances between these 
paramagnetic ions leads to the merging of these fine lines 
to a single broad peak.32 In our case, the distance be-
tween the Mn atoms is equal to the translational param-
eter of the cell a (a = 0.610293 nm), which is significant-
ly less than 1 nm. Consequently, the EPR spectrum 
should consist of one broad peak, which was confirmed 
experimentally.

Table 6. Raman spectra data for MnGaInTe4 and some of its struc-
tural analogs

	 Phase		  Raman peaks, (cm–1)

	 MnGaInTe4	 96	 119	 139
	 MnIn2Te4 

33	 97	 123	 153
 	CdIn2Te4 

33	 102	 128	 159
	 ZnIn2Te4 

33	 100	 123	 143; 155

3. 3. 3. �Conductivity and Hall Effect of the 
MnGaInTe4 Crystal

The temperature dependences of the electrical con-
ductivity (Fig. 8a) and the Hall effect (Fig. 8b) for the Mn-
GaInTe4 in the temperature range 100–400 K were studied. 
The value of electrical conductivity increases with increas-
ing temperature. However, above 300 K, the electrical con-
ductivity begins to increase more sharply. The sign of the 

Fig. 7. Raman spectrum for the MnGaInTe4 crystal
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Hall coefficient indicates the hole type of conductivity in 
the entire range of temperatures of 100-400 K. The hole 
concentration at room temperature calculated from mea-
surements of the Hall coefficient is p = 1.25 ∙ 1015 cm–3. The 
dependence RHall (T) passes through a maximum at the 
140 K and then decreases with increasing temperature 
(Fig. 8b).

In the literature, we did not find any information 
about the electrical conductivity and Hall Effect in Mn-
Ga2Te4 and MnGaInTe4 compounds. Only,35 reports the 
energy gap width of MnGa2Te4 Eg is 1.52 eV at 300K, 
which is determined from optical measurements. The de-
termination of Eg for MnGaInTe4 compounds from our 
measurements is impossible since its expected tempera-
ture region of intrinsic conductivity is much higher than 
400 K. The presence of a maximum on the temperature 
dependence of the Hall coefficient for MnGaInTe4 may be 
explained by the impurity band existence. At temperatures 
above Tmax, charge transfer is performed by holes in the 
valence band. Below the maximum temperature, the trans-
fer is carried primarily by thermally activated jumps be-
tween the acceptors.

The decrease in the value of the Hall coefficient 
above Tmax with increasing temperature indicates an in-
crease in the concentration of charge carriers. As a result, 
an increase in the value of electrical conductivity is ob-
served (Fiq.8a). With increasing temperature, the activat-
ed electrons from the valence band are captured at these 
levels and become increasing of concentration of holes. 
The activation energy Ea has estimated from the tempera-
ture dependences of electrical conductivity was about 28 
meV.

4. Conclusion
The MnGa2Te4-MnIn2Te4 quasi-binary system is 

characterized by a phase diagram with dystectic and eutec-
tic equilibria and the formation of broad regions of solid 
solutions with a monoclinic structure (0-12 mol% MnIn-

2Te4) and a defect structure of chalcopyrite (38-100 mol% 
MnIn2Te4). Using powder X-ray diffraction data by means 
of the Rietveld method the crystal structures of the Mn-
GaInTe4 and MnIn2Tе4 were refined. It was established, 
that both phases crystallize in the tetragonal system (Space 
group I-42m), but they differ significantly in the occupan-
cy of the crystallographic positions. This allows character-
izing MnGaInTe4 as an individual chemical compound, 
which is in accordance with the phase diagram. Compari-
son of Raman peaks of MnGaInTe4 with isostructural 
compounds MIn2Te4 (M = Zn, Mn, Cd) showed that the 
overall characteristics of the spectra are the same and dif-
fer only in values of the peaks frequencies. The observed 
EPR signal for MnGaInTe4, consisting of one broad peak, 
indicates the presence of long-range ordering in the ar-
rangement of Mn atoms, which is in accordance with the 
crystallographic data. The Hall effect study was used to de-
termine the type of conductivity and the concentration of 
holes in MnGaInTe4 crystals.
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Povzetek
Fazno ravnotežje v sistemu MnGa2Tе4-MnIn2Tе4 smo eksperimentalno raziskali s pomočjo diferencialne termične ana-
lize in rentgenske praškovne difrakcije. Ugotovili smo, da je ta sistem kvazi-binaren in ima karakteristična distetična 
in evtektična ravnotežja ter široka območja trdnih raztopin na osnovi izhodnih spojin. Kristalni strukturi MnGaInTe4 
in MnIn2Tе4 smo določili z Rietveldovo metodo z uporabo podatkov rentgenske praškovne difrakcije. Ugotovili smo, 
da obe fazi kristalizirata v tetragonalnem kristalnem sistemu (prostorska skupina I-42m). Kristale MnGaInTe4 smo 
preučevali tudi z elektronsko paramagnetno resonanco (EPR), ramansko spektroskopijo in meritvami električne pre-
vodnosti v odvisnosti od temperature.
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