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Abstract. The features of fusion and growth of Cd,;_Mn,Te (0.02< x < 0.55) solid solution
crystals as well as the dependence of their microhardness on the composition have been
studied. Local maxima of the microhardness at x = 0.14 and 0.46 have been experimentally
found. Thermodynamics of Cd,_,Mn,Te formation in the delta-lattice parameter model has
been considered, and the phase diagram of spinodal decomposition in these solid solutions
has been found. The empirical pseudopotential method was used to analyze the distribution
of the valence charge density during formation of the Cd,_,Mn,Te solid solution and its
effect on the rearrangement of chemical bonds. It has been shown that the stability of the
solid solutions is defined not only by the difference in the lattice constants of the CdTe and
MnTe binary compounds but also by the charge exchange between bonds with the different
degree of ionicity and the change in the nature of chemical bonds.
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1. Introduction

The study of Cd,,Mn,Te crystals has attracted
considerable interest in recent years due to the prospects
for their use in electronics as light filters, Faraday cells in
optical isolators, the base material for manufacturing
radiation sensors, etc [1-3]. For these purposes, homo-
geneous and structurally perfect crystals are needed.
However, the growth of high-quality Cd,,Mn,Te
material is difficult because of the features inherent to
physical-and-chemical properties of these solid solutions.

Data on the nature of physical-and-chemical
interaction in the CdTe-MnTe-Te system are currently
available [4]. With account of known parameters of the
phase equilibrium in the system, integral values of the
Gibbs energy, enthalpy and formation entropy of MnTe,,
MnTe can be calculated. XRD was used to triangulate the
CdTe-MnTe-Te system at 643 K [4, 5]. Particular
attention was drawn to the CdTe-MnTe cross section,
since solid solutions on the basis of these binary
compounds can be formed: from the CdTe side up
to 77 mol.% of MnTe [6, 7] and up to 71.4 mol.%
of MnTe according to [8], as well as from the MnTe
side (a-modification) up to 0.3 mol.% of CdTe [8].
The presence of two compounds (MnTe, and MnTe)
in the Mn-Te system [9] with four high-temperature

polymorphic transformations complicates the possibility
of obtaining a single-phase, homogeneous, structurally
perfect material.

The aim of this work was to study the features of
the Cdi_Mn,Te solid solution microhardness. In
addition, a series of experiments was carried out to
clarify the effect of synthesis time on the distribution of
the manganese over the volume and length of the ingot,
as well as quality of the obtained ingots. The lattice
constant and microhardness of the obtained crystalline
solid solutions were measured, and also the
thermodynamic stability and nature of the chemical bond
in this material were studied.

2. Experimental

The Cdy,Mn,Te solid solution alloys were obtained
using direct alloying of stoichiometric quantities of initial
components with the purity class not lower than N6. The
synthesis of the Cd,,Mn,Te alloys is sometimes accom-
panied by interaction of the charge with the material of
the graphitized silica container. This especially often
occurs at high concentrations of manganese. The main
factor that causes interaction of the charge with the
material of container is the presence of oxides, which
are introduced with the source of manganese. The latter
is a chemically active component and is highly oxidized
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in air. In this case, the synthesis of alloys in a hydrogen
atmosphere is not a solution, since hydrogen does not
reduce manganese oxides. Therefore, the source of Mn
was constantly stored in vacuum, and the fusion
container was covered with a dense layer of pyrolytic

graphite.
The crystals were grown from the alloys by the
Bridgman method (temperature gradient at the

crystallization was 10...15 K/cm, growth rate — 2 mm/h).
We used two types of setups. In the first case, being fixed
on the rod ampoule the material was located in the
temperature field of the fixed heater. In this setup, it is
impossible to get rid of vibration, microswinging, and
other disturbances in the smoothness of the ampoule
movement, which has a bad effect on the structure of the
grown crystal. In the second case, the heater moved
relatively to the fixed ampoule. To stabilize the move-
ment, the weight of the heater was balanced by two
massive counterweights. To prevent rocking, the heater
was connected by a system of rollers to a fixed rail.
In this case, the violation of the smoothness of the
movement was eliminated due to the high mass of the
heater and the damping effect of the rollers. Quality of
the resulting monocrystalline blocks depends on the
uniformity of the components distribution in the solid
solution as well as duration of the synthesis and growth.
To determine the optimal parameters of the technological
process, we carried out experiments to study the effect of
synthesis and growth time on the distribution of the
manganese over the volume of ingot as well as on the
structure of obtained ingots. Technological modes were
corrected being based on the results of studying the distri-
bution of manganese in the Cd,_,Mn,Te by measuring the
microhardness and using the radioisotope method.

The study of microhardness in the prepared
Cdy_Mn,Te crystalline samples was carried out using the
PMT-3 device. Since the surface state affects the results
of microhardness measurements, the damaged surface
layer was removed by mechanical grinding, polishing
and treatment in the bromine-methanol etchant. At least
10 pricks were made on each sample and the average
value was determined. In this case, the error in
determining the microhardness did not exceed 2-3%. As
a reference material, the NaCl single crystal was used.
The microhardness of Cd;_Mn,Te solid solutions at low
loads on the indenter (5...20 g) monotonically increased
with increasing load, and within the range 20...100 g
practically did not depend on the value of the load.
Therefore, the optimal value of the load on the indenter
was 50 g. For X-ray studies, the single crystal samples
were oriented along the (111) or (110) crystallographic
planes. To reduce distortion of the crystal lattice by the
damaged surface layer, the surface of the samples was
treated in a polishing etchant after grinding with abrasive
powders and polishing with diamond pastes. The
structural perfection of the crystals was studied using the
Berg—Barrett topographical method as well as the
double-crystal spectrometer method. The lattice constant
was measured using the Bond method with an accuracy

of 5-10*A. The radioisotope analysis was used to study
distribution of Mn in the Cdi,Mn,Te crystals. The
MnClI, solution labeled with the radioactive isotope **Mn
was added to graphitized silica ampoules and the solution
was dried at the temperatures of 320...330 K. Then the
calculated mass of constituent components was loaded
and the mixing, fusion, and crystal growth were carried
out. Introduction of the above amount of radioactive
manganese provided activity of the crystalline washers of
17 Bg. The resulting ingots were cut into 2...3 mm thick
washers perpendicular to the growth axis. The activity of
samples was measured using the UMR-1500 setup. By
comparing the activity of samples and standards, the
concentration of Mn in each washer was determined.

3. Results and discussion

We have obtained 11 samples of the Cd,_Mn,Te crystals,
the manganese content of which varied from x = 0.02 to
X = 0.55. The studies showed that the inhomogeneity of
the manganese distribution in the volume of ingot is
observed when the duration of synthesis process is less
than 70 hours. X-ray measurements revealed a chaotic
dependence of the lattice constant (a) along the axis of
the Cd,_Mn,Te ingot. The inhomogeneity of manganese
distribution increased with an increase in the content of
manganese, since in such alloys its distribution in the
melt is significantly affected by the formation and
dissolution times of MnTe as the most refractory
component. The crystals with the uniform distribution of
the components over the ingot were obtained after a long
synthesis (more than 70 hours). The lattice constant of
the Cdy_Mn,Te solid solution did not change along the
ingot, its dependence on the composition was linear
(Fig. 1). X-ray studies showed that the Cdi,Mn,Te
crystals up to x = 0.15 have a perfect crystalline structure,
and at x > 0.15 a lot of crystalline twins appear, the
atomic planes are curved and exact determination of the
distance between them (with an accuracy of 10°* i\)
becomes difficult. Determination of the manganese
distribution by using the radioisotope method in the
crystals grown using the optimized technology was
performed both along the length and diameter of the
ingot. It was found that the distribution of manganese
along the length and diameter of the ingot is almost
uniform for all compositions. The deviation from the
loading composition of manganese was within the
experimental errors. So, we can conclude that for the
Cd; «Mn,Te solid solution the value of Mn segregation
coefficient (k;) is close to unity.

Formation of a solid solution, as a rule, is accom-
panied by an increase in hardness Hy, and in the case of a
continuous series of solid solutions, the compositional
dependence of Hy is described by a smooth curve with a
maximum [10]. In the case of limited solubility in the
solid state, the microhardness of solid solution changes
depending on the composition within the homogeneity
region up to saturation at a given temperature, and
remains constant upon transition to the two-phase region.
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Fig. 1. The value of lattice constant a along the length
of Cdy ,Mn,Te ingots at different synthesis durations: 18 (1),
24 (2), 30 (3), and 70 (4) hours.
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Fig. 2. Microhardness of the Cd,,Mn,Te solid solutions:
X1 — spinodal decomposition, x, — redistribution of the electron
density due to the local deformations.

The obtained dependence of Hy on the content of the
manganese (x) in the Cd,_4Mn,Te solid solution is shown
in Fig. 2. In general, the microhardness of this solution is
higher than that of CdTe. However, the dependence
Hy(x) is nonmonotonic with two maxima at the
manganese content x = 0.14 and 0.46. The explanation of
the CdyMn,Te microhardness dependence on the
composition x requires a more detailed study of chemical
bond nature in the alloys.

Let us consider in more detail the thermodynamics
of spinodal decomposition in the Cd.,Mn,Te solid
solution. At the moment, the issue of thermodynamic
stability of the A"BY' solid solutions has not been
sufficiently studied [12-14]. In addition to the analysis of
the band gap and lattice constant dependences on the
composition of solid solution, it is necessary to take into
account the fact that most of solid solutions are unstable
in a certain range of compositions. The lattice constant
decreases monotonically with increasing x throughout the
concentration range under study [8, 15]. The solid
solution in the region of instability tends to reduce
the free energy as a result of decomposition, i.e.
phase transformation, which leads to a violation of
the macroscopic homogeneity of the crystals and
formation of a mixture of different composition phases.

Decomposition that proceeds without formation of
new phases is called spinodal, and the corresponding
curve in the state diagram, which separates the region of
solid solutions compositions that are unstable even at
infinitely small fluctuations of the composition, is called
spinodal [16]. Disordered semiconductor alloys have a
positive enthalpy of mixing, which leads to their
decomposition, counteracting the stabilizing effect of
internal stresses.

For thermodynamic description of the Cd,_,Mn,Te
(A1_xB,C) solid solution formation process, we consider
the Gibbs free energy of mixing (AG) per mol:

AG = AH —TAS, (1)

where AH is the enthalpy of mixing, T is the absolute
temperature. AS is the entropy of mixing, which can be
written as

AS =—RT {Inx+(1-x)In(l—x)}, )
where R is the universal gas constant.

To describe the enthalpy of mixing, two models are
often used: the model of a regular solution [16] and the
model of lattice “8-parameter” [12]. The regular solution
model describes well the thermodynamic properties of
the liquid phase and has limitations for the case of the
solid phase since the interaction parameters in the regular
solution model depend on the composition (x). In the
model of lattice “d-parameter”, the enthalpy of mixing
AH of the A;_«B,C solid solution can be written in the
form [14]:

AH = E(alloy) - xE(BC) - (1- x)E(AC) =
5~ (1-0)ax2’ |

where a,0y is the lattice constant of the solid solution;
E(alloy), E(AC), E(BC) are the formation energies of the
solid solution and compounds; K is the parameter of this

model. The following parameters were chosen for the
calculations [6-9]:

Baii0f(X) = 6.481(1— X) +6.338x (R), K =181,

®)

-25
=K {aa,my— xa

elastic constants:
Cu(x) =5.3(1—x)+4.818x (10", dyn/icm?),

Cp () =3.7(1-%)+3.218x (10", dyn/cm?).

The solid solution will decompose spinodally under
condition that the curve of the compositional dependence
of the free energy G(x) has an inflection point. The
stability condition for pseudobinary alloys can be written
in the form 6°G/ox?> 0. The instability region is defined
as the locus of points, for which the condition 6°G/ox*= 0
is satisfied. For a bulk solid solution, in addition to the
chemical part of the free energy, it is also necessary to
take into account the elastic component, which arises
from the requirement of a coherent phase conjugation
due to anisotropy of the crystal. The elastic strain energy
Es per unit volume can be written as follows [18]:
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Ee?
Bo=1 o (4)
— Cll , (5)
Ci+Cp
_Cu+2C, _
E= e, (Cu-Cp) (6)

where ¢ is the elastic deformation coefficient, E is the
Young modulus, v is the Poisson ratio. The relative
deformation of crystal can be represented as

8(X): (aalloy (X)—ay )/ao : (7)

Thus, the total Gibbs free energy of the system per unit
volume is the sum of the chemical energy AG and the
elastic energy Eq:

Gyt = NJAG +Eg, (8)
where N, is the number of moles per unit volume of a
homogeneous solid solution before decomposition. The
phase diagram of Cd;,Mn,Te solid solution spinodal
decomposition calculated as the locus of points satis-
fying the condition 6°G/éx® = 0 is presented in Fig. 3. The
calculated critical temperature is T, = 530 K at x. = 0.48
(see Fig. 3). The internal local deformations arising from
the mixing of two components CdTe and MnTe with
mismatched lattice constants lead to asymmetry of the
spinodal decomposition curves. An increase in the Mn
content leads to a strong deformation of the
compositional dependence of the Gibbs free energy.
This, in turn, affects the spinodal decomposition curve
(Fig. 3). It is possible that the presence of several
polymorphic modifications of MnTe and their transition
from one to another also have a certain effect [9].
A decrease in the microhardness of the Cd;_.Mn,Te
solid solutions at x> 0.15 can be initiated by spinodal
decomposition, which, in turn, causes continuous
twinning. The change in microhardness observed near the
boundaries of twinning Cd; Mn,Te solid solution is
explained by a large number of vacancies and an
increased value of the isobaric-isothermal potential.

0.8
MnTe

Fig. 3. Phase diagram of the Cd,,Mn,Te solid solutions
spinodal decomposition.

Information on stability of solid solutions can be
obtained from the first principles calculations of the total
energy [19]. However, these calculations are quite
laborious, especially for irregular solid solutions, which
are modeled using the supercells with a large number of
atoms. It is also possible to study instability of solid
solutions at the microscopic level on the basis of
analyzing the charge density distribution of wvalence
electrons, since the total energy is closely related to it.

An analysis of the charge density distribution by
using the empirical pseudopotential method showed that
stability of the solid solution is defined by the ratio of the
destabilizing contribution of deformations associated
with the lattice constant mismatch and the stabilizing
charge exchange between different chemical bonds. It
was proposed to use the degree of asymmetry of the
spatial distribution of valence charge as a parameter that
characterizes the ionicity of the bond [20]. Evolution of
the charge density of upper valence bands, polarity, and
transverse effective charge with changes in the solid
solution composition can give a real picture of the
influence of various alloying effects on the nature of
chemical bond. The electron band structure of binary
CdTe and MnTe was calculated using the empirical
pseudopotential method in the plane wave basis with
account of spin-orbit coupling. Solid solutions were
modeled in the modified virtual crystal approximation.

The total charge density of the valence electrons
p(F) was calculated by summation over Brillouin zone

by using special points [21]:

ocC

plF)=2¢ 3 |w, ()

‘2

, )

where v R(F) is the electron wave functions obtained

from the solution of secular equation, n is the zone

number, k is the wave vector. According to [20], the
charge density can be separated into symmetric and
asymmetric components:

ps ()= [p(F)+p ()], (1)

palF)=2o(F)-p(-7)] an

Expanding the density into the Fourier series

p(F)= Zp(é)e‘éF , (12)
G

it is possible to determine the charge asymmetry
coefficient in the following way:

(13)
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(14)

8= | ps(6)] == [p2 (Flar

Sa= Z‘ PA(G)‘Z :éjpi(?)df '

where Q is the unit cell volume.
The charge density distribution p(F) of the CdTe

and MnTe compounds is presented in Fig.4. The
maximum of the CdTe charge density is higher than that
of MnTe and is closer to the anion, which indicates its
higher degree of ionicity.

Theoretically, the process of solid solution
formation in this approach can be separated into several
stages. The first stage in modeling is fitting the binary
compounds to the lattice constants of resulting solid
solution, in this case, compression of CdTe and tension
of MnTe take place. At the second stage, we combine
MnTe and CdTe into a solid solution without relaxation
of bond lengths and angles. Since the Mn-Te and Cd-Te
bonds have different electronegativity, there will be a
charge exchange between them. The charge is
redistributed from the less ionic Mn—Te bond to the more
ionic Cd-Te ones, which leads to a decrease in the
difference in the charge distribution along with them.
Relaxation of bond lengths at the last stage leads to
displacement of atoms from the ideal positions specified
by Vegard’s rule [22], and also causes redistribution of
the charge on the bonds due to resulting deformations.

Thus, the joint impact of all the considered effects
leads to smoothing the charge distribution along various
bonds and approaching the real solid solution to the
“virtual crystal” model. In the solid solution model,
the strain fields due to the lattice distortion around sub-
stituted atoms pin the dislocations and thus slow down
their motion. Therefore, formation of the solid solution is

(15)
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Fig. 4. Charge density distribution between different bonds
during formation of the Cd;_Mn,Te solid solutions: thick
curves — in the CdTe (1) and MnTe (2) compounds; thin curves
— in the Cdg54Mnq4sTe solid solution; solid curves — along the
Mn-Te bond (3); dashed curves — along the Cd-Te bond (4).
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Fig. 5. Compositional dependence of the charge asymmetry
coefficient g(x): g(MnTe) = 0.56, g(CdTe) = 0.66.

accompanied by the increase in the microhardness from
0.50 up to 0.67 GPa with an increase of x within the
range 0..0.15. Spinodal decomposition that begins at
X = 0.14 leads to a violation of the macroscopic
homogeneity of the solid solution and, as a consequence,
to a decrease in the microhardness. The second
maximum in the composition dependence Hy(x) can be
explained by the change in the nature of the chemical
bond near x = 0.46. The total change in the charge
density along with the bond during the transition from
the binary compound to the triple solid solution is shown
in Fig. 5. Charge transfer from the strong to weak bond
leads to the destabilization of the system, which explains
the second maximum X, on the composition dependence
of the microhardness (Fig. 2).

In addition, the calculated asymmetry factor for the
solid solution under study (Fig. 5) decreases monotoni-
cally to x, = 0.46 with increasing Mn content. The further
increase in concentration x leads to the nonmonotonic
dependence of g(x), which results in formation of the
local minimum in the compositional dependence of the
asymmetry factor. The change in the nature of the chemi-
cal bond in Cd,_,Mn,Te at X, = 0.46 explains the nonmo-
notonic character of the microhardness dependence on x
near the indicated manganese concentration.

4. Conclusions

The experimentally obtained compositional dependence
of the Cd,_,Mn,Te solid solutions (0.02 <x<0.55)
microhardness is substantially nonmonotonic. The
analysis of thermodynamic stability and redistribution of
the charge density along various bonds in the solid
solution enabled to clarify the processes leading to
formation of the Cd;_Mn,Te solid solutions. Two
mechanisms have been considered, which made it
possible to explain the maxima of the microhardness at
x =0.14 and 0.46. It has been found that stability of the
solid solution is defined not only by the difference in the
lattice constants of binary CdTe and MnTe compounds
but also by the charge exchange between bonds with
different degrees of ionicity and the change in the nature
of chemical bonds in Cd,_ Mn,Te.
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Oco6uBoCTi MiKPOTBEPAOCTi Ta TePMOIUHAMIYHA CTiliKicTh TBepaANX po3uunie Cdy_,Mn,Te
K.C. dpemaioxkenko, I.H. ¥Opiituyk, 3.1. 3axapyk, B.I'. [leiidyx

AHoTanis. JlocmimkeHo OCOOJIMBOCTI IUIABICHHS Ta BHPOIIYBaHHS KpuCTamiB TBepaux posumuiB Cdi ,Mn,Te
(0.02 < x < 0.55), a Takox 3aNEKHICTH X MIKPOTBEPAOCTI Bix ckiany. ExCIepUMEHTATbHO BHUSBICHO JOKAIbHI
MakcUMyMHu MikpotBepaocti mpu x = 0.14 ta 0.46. PosrmsiHyTo TepmoamHamiky ytBopenus Cdy ,Mn,Te y mozmeni
JieNbTa-IapaMeTpa IpaTky, a TaKoXK 1Mo0yaoBaHO (a30By Aiarpamy CHiHOAAILHOTO PO3Majay JAaHUX TBEPAUX PO3YHHIB.
MerogoM eMIIpHYHOTO MCEBJONOTEHIialy ITPOBEAECHO aHalli3 pPO3MOALLY TYCTHMHH BaJEHTHOTO 3apsiay IIpu
dopmyBanni Cd; xMn,Te Ta #oro BruMBY Ha nepeOynoBy XiMmiuHOro 3B’si3ky. CTaOinbHICTH TBEpIUX PO3YHHIB
BU3HAYA€ThCS HE JIMIIE PI3HUIEI0 TMOCTIHHMX IpaTku OiHapHuX cronyk CdTe ta MnTe, a i oOMiHOM 3apsimy Mix
3B’SI3KaMH 3 PI3HUM CTYIICHEM iOHHOCTI Ta 3MiHOIO XapaKTepy XiMId4HOTO 3B’SI3KY.

KirouoBi cnoBa: MiKpOTBEpHAiCTh, HAMIBIPOBIIHUK, TBEPAWH pPO3YMH, TEPMOAMHAMIUHA CTIHKICTh, CIIHOATBHHUHA
posman.
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