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Introduction

Non-crystalline solids of systems As(Ge)-S(Se) are
very interesting objects with wide practical and
fundamental applications [1,2]. The fundamental
researches using ideas of synergetics for the self-
organizing processes and formation of self-organized
structures in them, also is extremely also important and
unigue [2]. In the region of low temperatures (T < 50 K),
the behavior of a number of thermal properties (the heat
capacity, the coefficient of thermal expansion, the velocity
of sound propagation) for non-crystalline solids is
different from the temperature characteristics of the
crystalline compounds. The low-temperature anomalies of
physical properties for non-crystalline solids are described
at present on the basis of representations of two-level
tunnel states and soft atomic configurations without a
single interpretation of their microscopic nature [3-5]. An
interesting application of such phenomena is also the Bose
& Einstein condensation, which is being studied
intensively studied over the past decades [6]. Processes of
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self-organization and a synergetic approach to low-
temperature anomalies can cardinally change the views
and methods of implementation without dissipative
dissemination of information through the realization of
fractal structures [7].

In order to explain the nature of the low-temperature
phenomena of non-crystalline materials of As(Ge)-
S(Se,Te) systems in a wide temperature range, it is
necessary to consider the behavior of physical-mechanical
properties in conjunction with the features of the structure
and factors that determine it. These factors include the
conditions for obtaining non-crystalline materials and the
effect of external fields (electromagnetic radiation,
external  noise).  Non-crystalline  materials  are
characterized by the presence of self-organized and fractal
structures [2, 7-10], whose parameters, due to influence on
the near and medium order, are largely determined by the
conditions of obtaining. For example, such factors include
the synthesis temperature, cooling rate, annealing regimes,
which determine the spatial fluctuations of structural
parameters. In addition, the self-consistent consideration
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of the dynamics of atomic oscillations, the reorganization
of local atomic potentials, and the spectrum of low-
frequency excitations of non-crystalline materials in terms
of conditions for their obtaining is of fundamental interest.
The nature of the transition to a non-crystalline state as a
self-organized process and low-temperature anomalies
also have much in common [7, 11]. From this perspective,
the study of the formation processes of orderly self-
organized structures in non-crystalline solids continues to
arouse constant interest in the synergetic approach and
their practical application in the creation of non-volatile
memory and technologies, the development of intelligent
non-crystalline materials of artificial intelligence [7]. The
above-mentioned approaches are discussed in this article.
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I. Model of system

Let's consider the relationship between the behavior
of physical properties (mean-square displacements and
frequency of oscillations of atoms, heat capacity and
thermal expansion) of non-crystalline solids in the region
of low temperatures T < 100 K with the conditions for
their obtaining. The fluctuations of the parameters of the
non-crystalline structure, which are described at the near-
order level by the dispersion of the interatomic distances
and angles between the bonds, cause the local
heterogeneity of the matrix and lead to the formation of
regions with different levels of ordering. The Hamiltonian

H of such a system can be given as follows

—#)ala) . (1)

Here U (7)) = Xf @ 0 (7, — 7r) s the single-particle potential, @, ./ (7, — 7) is the paired interaction potential, alfare
the local characteristic functions. Effective Hamiltonian H of two-level states (f = 1,2) the system has the look:
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Where A; = 1 — 62, A, = 6%, 0, + 0, = 1. Inthe future,
we will introduce the notation ¢ = g,. Configuration
g

entropy dS; = —kgln [Hf {N}T}:Nf)'}:l

associated with fractal regrouping the regions of soft-
atomic configurations inside the system, is determined for
this case by the number of distribution methods N, atoms
in f possible states with degrees of degeneracy g,. Degree
of degeneracy g, takes into account the splitting of the
corresponding energy level due to the influence of
neighbors, and gr > Ng. So, 92 > Nomax
(Nymax = (107* = 1072) - N)(is the density of possible
soft atomic configurations in non-crystalline material,
which is determined by its structure and conditions of
obtaining [11]) and g; = Nyper = N, which gives an
estimation g,/g; = 10™* + 1072, Since in the non-
crystalline material the proportion of atoms contained in
soft atomic configurations is significant
(0 =107* <+ 1072), and the displacement of the atoms
for the system near the order (10 + 30)% the interatomic
distances, then for the study of the temperature behavior
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of the non-crystalline system, it is necessary to involve
methods that take into account strongly non-harmonic
effects and structural rearrangements. We use the self-
consistent  pseudo-harmonic  approximation, which
enables us to determine the renormalization of the force
constants and local potentials as a result of the
anharmonicity of atomic oscillations [11-14].

Let's consider the solution of the variational problem
[11, 12] for the functional of energy

dF /0o = a, - (0 — 7,),

F=Y;F—T-dS, dS=ds;+ds,, 3)
a. = (0°F/da,). -

Where dS; > 0 is a flow of entropy within a non-

crystalline system, dSe < 0 is a flow of synentropy from

the external environment [7], o, is an equilibrium value o.
The variational problem leads to self-consistent equations:
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The system of equations with respect to renormalized power constants f(l) and mean-square displacements

'D’(l) — <{u(l) lu(o)}l

) in the approximation of the pair interaction of near neighbors Z, it is possible to investigate the

temperature behavior of the non-crystalline system and has the form

w(k) how (k)
T (z) 29 '

ZDf(l) = _Zk

(D) = Af [exp{ Dfa }(Df(rl -1 )] (5)

Describing the effective interaction of atoms with the Morse potential, we find for a self-consistent interaction
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potential:

W,(1) = AVosexpl{~0'} [exp{-2a(l - ap)}exp {2y} - zexp{~al ~ ap)}exp {y, 2} ©)

where a = ay+3Q*/2a is an averaged interatomic
distance taking into account the static disordering of
equilibrium positions characterized by a parameter
Q" = a?Q? y; =a?Ds(l) are given reduced mean-
square displacements of atoms; a and V,r are the
parameters of the potential. Thus, according to the
principle of the local quasi-equilibrium of non-crystalline
material in the presence of external applied pressure P, the
average inter atomic distance is equal

_ 3yf _ _ _Prexpy)
lf - 0[0 + 2a + 5f1 5f (3(1(1—60’22))'
Vozexp{y1—y2} « _ 6Paad
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is the reduced pressure, f = 2aV,rexp{—Q"} is the power
constant in a harmonic approximation, then the potential
energy and force constants in the region of low

‘T’f(lf) = —AfVOfexp{—Q*}exp {—yf},
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where Ap = Zhvorsor B, = 60(hso™
Sty = zfag(1 + T &TZ)/Zm is a sound speed in harmonic
=502

approximation, v, is a geometric structural factor
(0 < vy < 1). The system of equations (4) - (7) allows
us to investigate the behavior of the mean-square
displacements, the atomic fraction in soft atomic
configurations and a number of other physical properties
that are determined through y;(T) and o(T) in the

temperatures (6 « kpT,, where T, is a Debye's  temperature  range T <100°K. Because
temperature) are defined by expressions Ap®p = zNP,(1)/2, 0pA; = zNDp(1)/a?, Then equation
(4) using the relation (7) is rewritten in this way:
Vo2 (exp(-y2 b ez ) ~Voryn (L4 0) (exp(-y 1 ez ) +0In Fr—eap(Q*}+ e (0-02)
o= . ®)

Vorexp{-y1}-Vozexp{-y2}

In particular, taking into account (7), for T < 10°K we get

_ (a+prv* (ﬁzVoz _ B1Vo1 ) )
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From here we have o = y0, y* YIS
2

K 1, £=V01_V02.

Internal energy and volume
E‘ = (1 - 0-2)51 + 0-252 + O-/Iz + (1 - G)Al,

V=N(1-0)vy+0-v5), v =vpl3, (10)

there are functions o, y; , and given this way:

E~'=—exp{ Q" }x[ Vore™1 + a?(Vore ™1 — Ve ™1) + Vo3, (1 — 02 )( 4+ €U)+V02y2<72 (€_y2+
=) (11)
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Thus, the low-temperature thermal capacity and the coefficient of thermal expansion of the system are described by
the relations

((E+Pv))
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Cp T m aT T2m €
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_ _ P* 3
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+ P*(v, — 171)—+P* 6171 P*o%(vz —171)), (13)
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Here M_,is molar mass. Using (11), (12) for E and V in the temperature range T < 10°K we will get:
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The corresponding thermal capacity and thermal
expansion coefficient of the system will look like 0.12 + SR °
2 3 3 /./'/./.
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I1. Results and discussions

Solutions of the self-consistent system of equations
(8, 9) in the temperature region T <100 K calculated
numerically using the iterative method [11] (model
parameters for non-crystalline solids of As(Ge)-S(Se)
systems
(P*=0.1, e =10"*eV, f = (10* = 10° dynes/cm,
91/9> = 11 = 15, a - ay = 6). The parameter Q* is taken
into account based on the results of the study of inelastic
neutron scattering of chalcogenide glasses as the
magnitude of the amplitude of continuum disorder:
Q*=0.15+0.18 [10, 11 ]. Linear temperature dependence
of the fraction of atoms in soft atomic configurations at
T < 1°K which the temperature rises it becomes nonlinear
(6 =Tk k < 1), saturated
(Omax = 107% +1072) about T ~ 10 + 10% K (Fig. 1).
Anomalous temperature behavior of changes in the
fraction of atoms in soft atomic configurations do /0T
(Fig. 1) manifests itself in the temperature range (3+30) K
and correlates with the position of the frequency domain
of the boson peak vy, of chalcogenide glasses [3, 8, 15].
The presence of a boson peak confirms the formation of
nanoscale ordered structures in chalcogenide glasses [3,
15]. One of the variants of such an implementation is the
formation through the processes of self-organization of
soft atomic configurations of a fractal structure, which
precisely realizes the minimum of energy dissipation [7,
14].
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Fig. 1. Temperature dependence of the fraction of atoms
in soft atomic configurations o Q*=0.15 (black square),
Q"=0.18 (red circle).

Within the synergetic model, the structure of non-
crystalline solids can be described as a linear contribution
to thermodynamic functions C, and ar, caused by
fluctuation transitions of atoms or their groups between
soft atomic configurations, and cubic, due to phonons
(Fig. 2). Since the coefficient of the linear part of the
temperature dependence aq is negative (15), then in the
low temperature region a; of the system initially
decreases with heating, and then, due to the growth of the
contribution of phonons (= b,T3), begins to grow
(Fig. 2). The nature of the effect of temperature
compression of non-crystalline solids in the region
T < 1°K is as follows. Structural heterogeneity at the
level of the near and middle orders determines for the
heterogeneity of the phonon subsystem (the
anharmonicity of the atomic oscillations is most
pronounced for weak links). Accumulated in the local
areas of the non-crystalline system energy is stored in the
form of elastic deformations ~ P*exp(y,)/(1 — &a?).
With the growth of the fraction atoms in soft atomic
configurations, elastic deformations will also increase,
causing the sample to compress. At higher temperatures
(1+10) K cubic contribution to a; becomes decisive
(Fig. 2). The obtained result is consistent with the
experimental data [4] on the temperature dependence of
the Griineisen coefficient (G= — 1) for a number of non-
crystalline solids in the temperature range T < 10 K.
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Fig. 2. Low-temperature dependences of the heat capacity
C, (black square) and the coefficient of  thermal
expansion a; ( red circle) for non-crystalline As,S;, Q* =
0.18.

This model explains the quasilinear temperature
dependence of heat capacity C, ~ TS (6§ =0.1+0.4),
taking into account the self-consistent way along with the
contribution of purely phonon excitations, their
renormalization as a result of interaction with low-energy
structural states (Fig. 3). This contribution, due to the
interaction of phonons with soft configurations, has the
order a,-T? and is essential in the temperature range
T <(1+3) K. The temperature dependence of the heat
capacity, including not very low temperatures and
calculated in accordance with (14), is presented in Fig. 3.
In Fig. 3 shows experimental data of the dependence of
the heat capacity C, of glass As,S; in the temperature
range T =(0+12) K<<Tp=161K, where T, is the
Debye’s temperature, which is in good agreement with the
theoretically obtained ones (15). For T = (3+10) K this
dependence Cp/T3 have a wide maximum (“hump"),
which is due to the interaction of atoms in soft atomic
configurations with the matrix of the soft atomic state,
which leads to a self-consistent renormalization of the
force constants, the distribution of low-energy states and
its nonlinear temperature dependence.

We analyze the influence of the conditions of
obtaining on the nature of low temperature anomalies of
the thermal properties of non-crystalline solids. The
influence of technological regimes of obtaining (changes
in the temperature of synthesis 7p) was taken into account
as follows: an increase in the synthesis temperature causes
an increase in the continuum disorder of the
framework Q*, which is described by the dispersion of
distortion of the short order and causes the change in
atomic potentials (11), the frequency of oscillations of the
atoms and thermodynamic functions E,V (14). So, for
non-crystalline material As,S; obtained by cooling the
melt from the synthesis temperatures in the range
T =(870+1370) K (the boundaries are determined by the
minimum and maximum temperature of synthesis of this
composition at a rate q=1.8 K/s [1]), there is a change in
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the dispersion of interatomic distances, which is
coordinated in order of magnitude with experimental data
[11]. It should be noted that the variation of the conditions
of synthesis does not change the universal nature of low-
temperature anomalies C, and ar of non-crystalline
solids, but causes a change in the ratios of different
contributions and temperature intervals. The growth of the
dispersion of the fluctuations of the interatomic distances
of the material obtained at the synthesis temperature
T =1370 K, causes an increase in the atomic share in soft
atomic configurations and a shift in the temperature
interval of saturation to a region of lower values in
comparison with those for a material obtained at a
temperature T = 870 K. This result is consistent with the
results obtained by the authors [7] in studies of the growth
of the density of low-energy states with a decrease in the
transition temperature to a non-crystalline state (an
increase in the synthesis temperature at g = const for
As,S; causes a decrease in the temperature interval of
softening-glass transition). Correspondingly, the change
Q" affects the nature of the dependence Cp /T3 from T,
which qualitatively agrees with the experimental studies
on the influence of the conditions of obtaining As,S; to
low-temperature heat capacity in the temperature range
(2 + 10)°K [16].

4.0 —m— theory
—@— experiment
61 AN
\.\
- [ |
H'x 3.2 1 \
5 [ J
o
£ a N
- 2.8 \
€
?: a
O 24+
a
2.0 l/
0 2 4 6 8 10 12

temperature, K

Fig. 3. Low-temperature dependence of the heat capacity
of vitreous As,S;. Red circle — experiment [8], black
square — calculation according to (15), Q* = 0.18.

It should be noted that the correlation studies of low-
temperature anomalies of physical properties (mean-
square displacements, heat capacity, and coefficient of
thermal expansion) of non-crystalline solids with the
conditions of their obtaining indicate the common features
of the transition to state of the non-crystalline solids [10,
17]. The authors of [1, 5] established empirical relations
between the softening temperature and the density of soft
low-temperature states. In particular, it is shown that the
coefficient for the linear part of the temperature
dependence of the heat capacity is a function of the
softening temperature a; = f(T,). Since the softening
temperature depends on the conditions for obtaining in
particular the synthesis temperature, using (15) it will be
rewritten as follows:
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That is, the ratio (16) for the coefficient of thermal obtaining. The common features of the transition of the
dependence of the heat capacity allows us to obtain an system into a non-crystalline state and the realization of
empirical relation a; = f(T,), which describes the low-temperature anomalies as a manifestation of the

correlation between low-temperature anomalies and the ~ formation of self-organized structures are discussed.
transition to the state non-crystalline solids [15-18].
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HusbkoTemMnepaTypHi aHoMaJiii Ta HAHOPO3MipHI pPiBHI (popMyBaHHS
CaMOOPraHi30BaHHUX CTPYKTYP B HEKpHCTANIYHHX Tijax cucrem As(Ge)-S(Se)

Y Voiczopodcwvruii nayionanshuii ynisepcumem, Yoczopoo, Yipaina, mykhaylo.maryan@uzhnu.edu.ua
2[Ipawiscokuii ynisepcumem, Ipsuuis, Crosauyuna

JIMCKyTy€eTbCs B3a€EMO3B’SI30K  HU3BKOTEMIIEPATYpHHX aHOMalii (i3MKO-XiMIYHMX BIACTHBOCTEH Ta
(GOopMyBaHHS CaMOOPTaHi30BaHMX CTPYKTYp y Hekpucramiunux Ttinmax cucreM As(Ge)-S(Se). Orpumani
TEMIIepaTypHi 3aJeKHOCTI Ui HMUTOMOI TEIUIOEMHOCTI Ta Koe(illieHTa JiHIHHOrO pPO3LIMPEeHHs B 001acTi
temmeparyp T <100°K , siki JeTami3yloTh JiHIHHI Ta HENiHIWHI BKIaau. PO3IISHYTO BIJIMB yMOB OJEpKaHHS
HEKPHCTATIYHUX TUI Ha HHU3BKOTEMIEPAaTypHY TMOBEAIHKY (i3MKO-XIMIYHMX BJIACTHBOCTEH Ta 3MiHY
CHIBBIIHOUICHb DI3HUX BKJIAAiB 1 TeMIlepaTypHHUX iHTepBaiiB. OOrOBOPIOETHCS KOPENALis Ta CIUIBHI PHUCH
(hopMyBaHHS CaMOOPTaHI30BaHHX CTPYKTYpP HEKPUCTANIYHHX MaTepianiB B O0JAcTi HHU3BKHX TEMIepaTyp i
TEMIIEPaTyp PO3M'SKIICHHS, IO MPOSBIISETHCS Y HASBHOCTI HAHOPIBHIB CTPYKTYpyBaHHS.

Ki1i040Bi c10Ba: HU3BbKO-TEMIIEpPATYpHI aHOMANi{, HAHOPO3MIPHI €(EeKTH, HEKPHUCTATIUHI MaTepiaiu, M’ sKi
aToMHI KoH(irypauii, caMooOpraHizoBaHi CTPYKTYpH, CHHEPreTHKa, IBOPIBHEBI CTaHU.
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