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CALCULATION OF THE PHASES COEXISTENCE SPACES
IN THE SYSTEM Hg-Mn-Te-Se

A.l. Kasaxos, /[.B. Bypmnui, I'B. llanosanos. Po3paxyHok oGmacreii cniBicHyBannsi ¢a3 B cuctemi Hg-Mn-Te-Se. Ha ocHosi
MOJIEN PEryJIIPHOTO PO3YMHY i CTAaHIAPTHUX TEPMOAMHAMIYHUX (YHKIIiH, BAKOPHCTAHUX UL OINCY BIACTUBOCTEH OiHApHMX CTaHIB 1 B3ae-
MOl aTOMiB B YOTHPHOXKOMITOHEHTHHUX TBEPAUX PO3UMHAX, PO3PAXOBaHI BHILI IOXiJHI BUIbHOI €HEpPrii TOMOTeHHOTO TBEPIOrO PO3YHHY
Hg1 «MnyTe; ,Sey 3i 3MimaHHAM B BOX MiATPaTKax 3 JPYroi Mo BOCEMY BKIJIFOYHO. AHAIIITHYHI BUPa3H JUIS MOXiTHHUX, YACETbHI PO3PAXyHKN
i BU3HAYCHHS HYJIbOBUX KOHTYDIB BHIIUX MOXiTHUX MPOBOJHINCS HA OCHOBI qu(hepeHIiaIbHOr0 TOMOJIOT YHOrO MiAX0AY 3 BHKOPHCTAHHIM
CHCTeMM KOMIT'IOTEpHOI MaTeMaTnku Maxima. Po3paxoBani nepernHn (a3oBoi miarpamu TBepjoro posumHy Hgi xMn,Tey ySey, kputiyni
IPOCTOPH 1 IpOCTOpY criBicHyBaHHS (a3 it pi3HUX Temiepatyp. OTpHMaHi pe3ybTaTH MOIENIOBAHHS ITOKa3yI0Th MOKIIUBICT YTBOPEHHS
obnacreii criBicHyBaHHs (a3 APyroro MOpsAKy B TBepAUX poszunHax Hgi xMn,Tey ,Sey.

Kmiouosi cnosa: TBepAi pO3UUHH, TIPOCTOPH CHIBICHYBaHHS (ha3, 6araTOKOMITOHEHTHI CHCTEMH, KOMITIOTEPHE MOJIEITIOBAHHSI, BUIL MOX1THI

A. Kazakov, D. Burtnyi, H. Shapovalov. Calculation of the phases coexistence spaces in the system Hg-Mn-Te-Se. Based on the
regular solution model and the standard thermodynamic functions used to describe the properties of binary states and the interaction of atoms
in four-component solid solutions, the higher derivatives of the free energy of the homogeneous solid solution Hg, xMn,Te; ,Se, from the
second through the eighth inclusive were calculated. Analytical expressions for the derivatives, numerical calculations and determination of
the zero contours of higher derivatives were carried out on the basis of a differential topological approach using the computer mathematics
system of Maxima. The sections of the phase diagram of the solid solution Hg..Mn,Te;,Se,, the critical spaces and the coexistence spaces
of phases for different temperatures were calculated. The obtained simulation results show the possibility of formation the coexistence of
second-order phases regions in solid solutions Hgy xMn,Te; ,Se,.

Keywords: solid solutions, coexistence spaces of phases, multicomponent systems, computer simulation, higher derivatives, free
Gibbs energy

Introduction. Four-component solid solutions based on compounds of the A,B¢ type are a good
choice for creating optoelectronic devices, since they operate in a wide spectral range. But there is a
possibility of loss of thermodynamic stability in solid phases in 1l1-1V semiconductor four-component
systems, which can lead to the appearance of unstable states of solid solutions. As a result, critical
phenomena may exist in unstable solid phases, which lead to degradation of the properties of optoelec-
tronic devices [1 - 5].

An important stage in the development of electronic technologies and solving problems related to
the behavior of multicomponent systems was the introduction of modern methods of computer model-
ing into this field. This allows us to analyze thermodynamic models of multicomponent systems and
predict their behavior.

In particular, computer modeling makes it possible to calculate and construct the phase diagrams
necessary for the analysis of the processes of obtaining self-organized formed nanostructures, and also
takes into account the possibility of the existence of bifurcation spaces and spaces of coexistence of
phases of various orders.
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Objective. The aim of the paper is to calculate, on the basis of the differential topological ap-
proach [6, 7], the higher free energy derivatives of the system from the second through the eighth in-
clusive in four concentration parameters for analyzing the four-component solid solution
Hg. «Mn,Te,_,Se, for the existence of second-order phase coexistence spaces.

Thermodynamic modeling of critical phenomena in the system Hg-Mn-Te-Se.

When analyzing the four-component solid solution Hg, ,Mn,Te; ,Se, as a system in which
several phases are assumed, the condition for the existence of two phases that are in equilibrium is
used [6, 7], by means of which the existence of second-order phase coexistence spaces is verified:

d?G _d3G _ .. d‘G
= =0; >
dxz  dx® dx*
For the analysis of a multicomponent system, a thermodynamic model was used in which the free

Gibbs energy for a four-component solution was considered as a mixture of four hypothetical binary
compounds in the form [6]:

0. 1)

G:G(XAC XBC XAD XBD)! (2)

where G — free energy of the system, Xj; — the concentration of binary components.

The state functions of such a solid solution can be described using the indicated concentrations Xj;.
The basis of the regular solution model is the assumption of the random distribution of heterogeneous
atoms that form a solid substitutional solution along the sites of the corresponding sublattices.
Accordingly, the expression for the concentrations of the binary components takes the form:

Xac =@=X)1=Y), Xgc =XA=Y), Xpp =(L=X)Y, Xgp =Xy, 3)
where x and y — concentration parameters.

To assess the possibility of the emergence of critical spaces and coexistence spaces in the solid
solution under consideration, analytical expressions for higher derivatives of the potential energy of
the system are obtained and investigated.

The higher derivatives for the free Gibbs energy of the solid solution Hg, Mn,Te, ,Se, by the
concentration parameters are calculated by matrix-vector differentiation of multidimensional systems.
To obtain matrices of higher derivatives, the method of direct sums was used [8].

The higher derivatives of the free energy of the system under consideration were obtained by the
following algorithm. In the framework of the regular solution model [6, 7], the second derivatives of
the free Gibbs free energy p;; of the solid solution Hg, Mn,Te; ,Se, were obtained, of which an A,
matrix of 4x4 dimensions was formed:

Mz Mz Mz Mg

—|H2n Mz Mz Hog (4)
M3 M3z Haz  Hag
Mar Hap Haz My

Further, the matrix A, was differentiated in four corresponding concentrations Xj;. As a result of
differentiation, four fourth-order partial derivatives of the third order of 4x4 were obtained. Then, us-
ing the method of direct sums, the block-diagonal matrix of the total third derivative of the free energy
of the system under investigation was formed:

dA, 0 0 0
0 0 0
A3 = dX AD dA ’ (5)
0 2
0 0 0 dA,
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The determinant of the obtained matrix A; is defined as the sum of the determinants of the matri-
ces of partial derivatives located on the main diagonal:

det A; =det A; + det Ay, +det A, +det A3, (6)
where
dA, dA, dA, dA,
As X, Ay X 0 Ag, X o0 Ay dX o0 (7)

Preparation of higher order system free energy derived from the fourth to the eighth, and the related
determinants detA;, where i is the order of the derivative was performed using the same algorithm. Ana-
lytical expressions of higher derivatives were obtained using Maxima computer mathematics [9].

After obtaining analytical expressions for the determinants of the matrices of the free energy de-
rivatives of the system under consideration, the positions of the zero contours of the considered deriva-
tives were calculated.

For this, the values of the concentration parameters x and y in the range from 0 to 1 in 0.1 increments
were substituted into the expressions for the corresponding determinants, after which the condition detA=0
was checked. Further, the areas in which the values of the corresponding determinants take positive and
negative values were determined. Positive values were marked by light areas, negative values — darker.

Results. By calculating the positions of the zero contours, the analytical expressions for the total
derivatives of the Gibbs free energy of the four-component solid solution Hg, \Mn,Te, ,Se,, the phase
diagrams of the studied system of the position of the areas of coexistence of the derivatives with al-
lowance for (1) are numerically determined and plotted. Also their zero contours from the second to
the eighth derivative inclusive for the temperature range of 800...1000 K were determinated.

In the simulation, the values of the quasibinary interaction parameters in solid solutions and crys-
tal-physical parameters of binary systems were used (Table):

Parameters of the interaction in the solid phase for quasibinary systems

Solid solution Interaction Parameters Parameter value a_y , J/mole
0l13=OlHgSe-MnSe 16000[8]
0124=OlHgTe-MnTe 14200[8]
Hg: «Mn,Te, ,Se
G TELy=Ey 0l12=OlmnTe-MnSe 900[8]
0. 34=OlHgTe-HgSe 2933[8]

In Fig. 1 — 4 are graphical representations of the positions of the zero contours of the derivatives
of the free Gibbs energy in the Hg, \Mn,Te, ,Se, system in terms of the concentration parameters,
starting with the second derivative and the eighth derivative inclusive for the 800 K temperature and
the second-order phase coexistence spaces (Fig. 4, b) The area of positive values of the derivative is
shown in dark color and, accordingly, the lighter one is the area of negative values.
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Fig. 1. Graphical representations of the positions of the zero contours of the second derivative (a) and the third
derivative (b) of the free energy in the Hg-Mn-Te-Se system at the cross section for the existence of solid
solutions of the phase diagram
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Fig. 2. Graphical images of the positions of the zero contours of the fourth derivative (a) and the fifth derivative
(b) of free energy in the Hg-Mn-Te-Se system at the cross section for the existence of solid solutions of the phase

diagram
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Fig. 3. Graphical representations of the positions of the zero contours of the sixth derivative (a) and the seventh
derivative (b) of the free energy in the Hg-Mn-Te-Se system on the cross section for the existence of solid
solutions of the phase diagram
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Fig. 4. Graphical representations of the positions of the zero contours of the eighth derivative (a) of free energy
in the Hg-Mn-Te-Se system on the cross section for the existence of solid solutions of the phase diagram and
second-order phase coexistence spaces (b, shown in a lighter color)

Conclusion. The considered procedure for calculating of higher derivatives of free energy with
respect to four concentration parameters makes it possible to correctly estimate the position of the sec-
ond-order phase coexistence spaces in multicomponent solid solutions. The constructed thermodynam-
ic model of the solid solution Hg, .Mn,Te;_,Se, can also be used to predict the formation and coexist-
ence of three and four different phases in the solid solution considered.
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