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Abstract 

We present the results of mechanical, electrical, optical and magnetic 
characterizations of quaternary solid solutions Hg1-x-yMgxMnyTe for the 
temperature range of 77–300 K. It is shown that introduction of Mn and Mg 
atoms into the crystalline lattice of HgTe increases microhardness of the alloy. 
Optimal thermal treatment procedures in the constituent vapours are determined, 
enabling to control the concentration of active defects and, consecutively, to 
obtain the materials with different conductivity types and predictable 
concentrations of carriers. Functional dependences of the band gap and the 
intrinsic carrier concentration for Hg1-x-yMgxMnyTe on the composition and 
temperature are obtained. 
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Introduction 

Solid solutions based on mercury telluride attract a significant interest in semiconductor 
material science. They allow significant band gap variations by governing the material 
composition. The latter property offers very promising prospects of applications in IR 
devices, UHF electronics and sensor systems [1–4]. Throughout studies have been 
performed of the technology of CdHgTe compound, which has become nowadays one of 
the basic materials for the optoelectronics of infrared spectral range. Although a proper 
technological optimization has led to creation of high-quality devices, an important 
question still remains to be solved. It concerns the improvement of reproducibility and 
stability of material parameters, since due to weak bonds between its components many 
properties of the crystals, including the concentration of carriers, the conductivity type 
and the state of defect subsystem degrade with time. In particular, mercury can form a 
large number of vacancies or diffuse towards the surface of samples and evaporate. The 
consequences of these processes include degradation of different parameters of the bulk 
material, together with instability of the surface and junction characteristics for the 
semiconductor structures. 
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The need in improved stability of crystalline lattice with respect to the problem of 

defect formation triggers a search for new technological approaches. It is predicted that 

one of the possible ways for solving the problem may consist in introduction of other 

elements into HgTe lattice, in addition to cadmium (or even into positions of cadmium). 

This should strengthen the chemical bonds in the solid solution, improve their mechanical 

properties and give rise to higher stability of the operating characteristics of numerous 

devices based on this material. Moreover, this approach would also result in synthesis of 

new materials, which could potentially become an alternative to canonical CdHgTe. 

Among them, one should consider first of all quaternary solid solutions HgCdZnTe and 

HgCdMnTe [5]. 

The functional properties of four-component solutions are much wider than those of 

the ternary ones, because the material parameters can be more accurately fine-tuned by 

introduction of appropriate impurities. Using the elements with incomplete 3d- or 4f- 

shells, it is possible to make the impurity contributing to a non-compensated magnetic 

moment of the material. This leads to some unusual properties, if compare with those of 

the common diamagnetic materials, thus opening new possibilities for the applications of 

spintronic devices [6]. However, an increase in the number of components involved in the 

solid solution causes certain technological difficulties for obtaining homogeneous 

crystals, complicates determination of their exact composition and, moreover, requires a 

careful approach to interpretation of the experimental results.  

In this work we present the results of complex studies for various properties of new 

quaternary solutions Hg1-x-yMgxMnyTe (0 < x < 0.1 and 0 < y < 0.1) which, in a longer-

term outlook, may become an alternative to the solid solutions Cd-Hg-Te, due to better 

and more stable parameters improving reliability of the corresponding devices. 

Samples and investigation methods 

In order to synthesize the desired alloys, we used the following initial components: P·10–6 

mercury, magnesium and manganese (with the initial purity 99.998; purified additionally 

by a three-cycle vacuum distillation), and a band-purified tellurium (p77K ≤ 1014 cm–3). 

The charge was prepared by melting the components together in the pumped-out and 

sealed quartz containers, the inner surface of which was covered by pyrolithic carbon. 

The melting temperature of the alloy was determined from differential thermal analysis. 

Monocrystallization of the alloy was performed by the Bridgman method under the 

temperature gradients about 25–30 K/cm at the crystallization edge. The samples for 

studies of mechanical, electrical, optical and magnetic properties were made of the plates 

cut from different parts of the ingot transversally to its growth axis. A defect layer formed 

upon cutting and preliminary coarse polishing was removed by fine polishing with a 

diamond paste and further etching of the samples in the solution of bromine in 

dymethilformamide. The composition and homogeneity of the component distribution 

was inspected while studying the density (by hydrostatic weighting) and magnetic 
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susceptibility χ, which was measured with the Faraday method in the temperature range 

of 77–300 K under the magnetic fields 0.05–0.90 T.  

Microhardness of Hg1-x-yMgxMnyTe samples was investigated using a standard 
Vickers hardness test on PMT-3 equipment under the load of 50 g, corresponding to 
microhardness plateau for all the samples. The pressure was applied for 5 s and the values 
of microhardness obtained were averaged over 10–15 measurements. Galvanomagnetic 
effects were studied for the both virgin and annealed samples for the temperatures  
77–300 K and the magnetic fields up to 1.2 T. The samples had a standard Hall 
configuration and the ohmicity of the contacts was verified with the aid of measurements 
of their current-voltage curves. Finally, the optical properties of the samples were derived 
using spectrometer IKS-31 in the temperature range of 80–300 K. 

Measurement results and their analysis 

The differences in the properties of HgTe, MnTe and especially MgTe allow tracking the 
density changes for the multi-component solid solution as a function of its composition. It 
has been proved with significant precision that, in the composition range under study, this 
dependence is linear for the both Hg1-xMgxTe and Hg1-yMnyTe compounds. To determine 
the parameters of the quaternary solid solutions, we have made use of the known 
parameters for the ternary systems [7], which enables one to obtain the following relation 
for the density of Hg1-x-yMgxMnyTe: 

( ) yxyx 222.3285.408.8, −−=ρ .     (1) 

Eq. (1) has been used to estimate the magnesium content in the samples for the given 
fraction of manganese obtained from the magnetic susceptibility studies. 

Studies of magnetic susceptibility have shown that all of Hg1-x-yMgxMnyTe samples 
are featured by the increase of paramagnetism under either higher Mn concentration or 
lower temperatures, which is caused by orientation of non-compensated magnetic 
moments of Mn ions in the magnetic field. In the temperature range under test, χMn(Т) 
obeys well the Curie-Weiss law: 
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where g = 2 is the Landé g-factor, µВ the Bohr magneton, S = 5/2 the spin of Мn ions, NA 
the Avogadro’s number, М the molecular mass of Hg1-x-yMgxMnyTe, y the contents of 
manganese ions, k the Boltzman constant and Θ the paramagnetic Curie-Weiss 
temperature. The absence of any peculiarities on the χMn(T) and χMn(H) curves for the 
temperature and composition ranges studied by us proves a single-phase nature of the 
samples on a macroscopic level. The experimental results have been processed using the 
methodology described in the work [8] and employed to study the temperature 
dependence of magnetic susceptibility for Hg1-x-MnхTe and to determine the manganese 
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concentration in those samples. The main parameters of the materials obtained by us are 
presented in Table 1. 

Table 1. Parameters of Hg1-x-yMgxMnyTe samples 

# ρ, g/cm3 χ, 10-6 cm3/g |Θ|, K x y 

1 7.74 0.51 10 0.065 0.018 

2 7.67 1.20 18 0.071 0.034 

3 7.57 1.92 28 0.080 0.051 

4 7.53 2.40 34 0.080 0.063 

5 7.42 3.17 44 0.092 0.082 

 
Replacement of mercury atoms by the other elements in HgTe lattice modifies the 

length of R(А-В) bond. It has been supposed that shorter bonds in Mg-Te (2.717 Å) and 
Mn-Te (2.746 Å), if compare with those in Cd-Te (2.806 Å), should stabilize the solid 
solutions Hg1-x-yMgxMnyTe and therefore increase the hardness of the material. In its turn, 
this should decelerate formation and movement of dislocation loops and improve 
structural perfection of the crystal [9, 10]. 

Fig. 1 presents the dependence of microhardness H on the band gap for the samples 
Hg1-x-yMgxMnyTe of different compositions. For the sake of comparison, the same figure 
also presents the curves of Н(Еg) obtained for Hg1-xCdxTe [4]. As one can see from Fig. 1, 
the microhardness of samples increases for higher values of Mg content, which is 
characteristic of single-phase solid solutions in their homogeneity region. The 
microhardness of Hg1-xMgxTe is larger than that of Hg1-xCdxTe, which has the same band 
gap, and increases upon introduction of manganese. This can prove strengthening of the 
crystalline lattice bonds for Hg1-x-yMgxMnyTe and deceleration of movement of 
dislocations, thus improving the structural perfection of the material and so leading to a 
better quality of the structures created on this basis. 

 

Fig. 1. Microhardness of 
HgTe-based solid solution 
crystals as a function of 
band gap. 
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Typical dependence of the Hall coefficient for Hg1-x-yMgxMnyTe crystals versus the 
reciprocal temperature is shown in Fig. 2. The curves suggest a presence of several types 
of carriers with different mobilities, which contribute to the transport of charge carriers. 
For the samples 1 and 2 one can observe the intrinsic conductivity occurring in a wide 
range. Introduction of manganese leads to the sign inversion for the Hall coefficient 
(sample 5). To decrease the concentration of defects and obtain materials with a minimal 
carrier concentration, we have annealed the samples in mercury vapour. We have 
adjusted the annealing temperature and the elasticity of Hg vapour, taking into account 
our previous knowledge deduced from optimization of technology for the ternary 
systems. With the increase of Mg content (and, in particular, for higher Mn content), we 
have been forced to increase the annealing time in order to achieve the inversion of 
conductivity type. The minimal concentration of carriers (n77K = 8.3·1014 cm-3) with the 
maximum mobility (µ = 2.6·105 cm2/V·s) is recorded for the solid solution of 
Hg0.90Mg0.04Mn0.06Te.  

Fig. 2. Temperature depen-
dence of Hall coefficient for 
the solid Hg1-x-yMgxMnyTe 
solutions. Curves are 
numbered according to 
sample numbers given in 
Table 1. 

 
 

Fig. 3. Optical absorption 
spectra for the  
Hg1-x-yMgxMnyTe solid 
solution measured at 
T = 300 K. Curves are 
numbered according to 
sample numbers given in 
Table 1 
 

 
. 
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In order to determine the band gap Eg of our compounds and find its dependence on 
the composition, we have studied the fundamental absorption edge for the  
Hg1-x-yMgxMnyTe crystals. Depending on the composition, the optical transmission 
coefficient falls into the region of 1–30%. The absorption edge for the materials under 
test is steep enough to allow estimation of the band gap (Fig. 3). With increasing Mg and 
Mn concentrations in the samples, the absorption edge becomes blue-shifted due to a 
band gap increase. The experimental results have yielded the following expressions 
describing the band gap and the concentration of intrinsic carriers in the Hg1-x-yMgxMnyTe 
solid solutions depending on their composition and the temperature:  

( ) TyxTyxEg
44 105.25503.1610036.5649.3918.33.0 −− ⋅+−⋅+++−= ,       (3) 

( )[ ] 
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Eqs. (3) and (4) describe successfully the band gap for the solid solutions  
Hg1-x-yMgxMnyTe and the carrier concentration in the intrinsic conductivity range as 
functions of the temperature and molar content. However, the agreement of ni(T) with the 
experiment becomes worse (see Fig. 4) for the lower temperatures, where the system has 
impurity conduction.  

Conclusions 

Therefore, introduction of Mg and Mn atoms into the lattice of HgTe, as well as 
formation of solid solutions Hg1-x-yMgxMnyTe, performed with the aid of replacement 
techniques, improves microhardness of the resulting material, strengthens its chemical 
bonds and, consequently, influences positively its structure perfection. Using the 
controlled annealing, we have succeeded in modifying the defect subsystem, right up to 
changing the conductivity type of the materials under study. We have shown that the 
absorption edge of Hg1-x-yMgxMnyTe can be shifted towards higher energies by variation 

 

Fig. 4. Temperature depen-
dence of intrinsic carrier 
concentrations for the  
Hg1-x-yMgxMnyTe solid 
solution: experiment (data 
points) and calculation 
(curves). Curves are 
numbered according to 
sample numbers given in 
Table 1. 
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of the Mg and Mn concentrations. The empirical formulae derived by us describe fairly 
well the dependence of the band gap of the solid solutions and the carrier concentration in 
the intrinsic conductivity range as functions of the temperature and molar content. The 
crystals of quaternary solid solutions Hg1-x-yMgxMnyTe suggest wide possibilities for 
changing their properties based on variations of their composition and temperature. After 
a proper improvement of their technology, these materials can become a real alternative 
to the currently used multi-component solid solutions based on the mercury telluride. 
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