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SELF-ORGANIZATION AND DISSIPATIVE STRUCTURE FORMATION IN
NON-CRYSTALLINE MATERIALS

M.I. Mar’yan
Uzhgorod State University , 294000,Uzhgorod, Voloshin str., 54

A model is proposed to describe dissipative structures formation in non-
crystalline materials. To investigate temperature dependencies of the share of atoms
in liguid-like states and mean-square atomic displacements. 11 is shown that system
transits into not-equilibrium state when the melt freezing rate increases which cor-
responding of dissipative structures formation in non-crystalline materials

Introduction

Non-crystalline state of matter represents
peculiar self-organizing system with certain
degree of ordering and life time, which are
determined by external control parameters
(temperature, pressure, electromagnetic radia-
tion), and includes sufficiently wide range of
materials from glassy matters with organic and
non-organic origin to bio-object [1,2,3]. It
provides broad range of their properties and
character of interaction with external fields.

Example of self-organizing systems is
dissipative structures formation, when freezing
the melt, for which all above enumerated re-
quirements are fulfilled (technology of freez-
ing process causes presence of open system;
feedback is provided by interaction of field of
dynamic displacements, viscosity and force
constants; transition realizes under certain rate
of external conditions change). Solution of this
problem is connected with investigation of
structure and properties of equilibrium (crys-
talline, quasicrystalline, liquid) and strongly
non-equilibrium (non-crystalline) materials in
the vicinity of phase transition.

Model of system

Crystallization of the melt takes place
during equilibrium liguid-crystal phase transi-
tion, as temperature lowers under thermody-
namic equilibrium. Transition model must take
into account anharmonicity of atomic oscilla-
tions, what is provided by use of self-
consistent phonons theory (SCPT) [4] so long
as classic harmonic and quasi-harmonic ap-
proximations for system in transforming tem-
perature Tegion are not applicable. When
heating, as amplitude of heat cscillations in-
creases, quantity of defects goes up, what
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leads to their uniting. In phase transition vi-
cinity concentration of such fluctuation essen-
tially rises and as homogeneous atomic heat
oscillations has considerable influence on the
physical properties of the system [5].

As we approach the temperature T of the
solid to the melting temperature T, . the

concentration of the point defects (the
internodal  atom  (vacancy) type) or the
extended defects (the dislocation type)

increases sufficiently. Such defects taken
separately are not the disordered phase nuclei.
However, if they are accumulated within a
certain macroscopic domain, then such area of
disordering corresponds to the structure
inherent to the liquid-like (soft) states, i.e. it
has a shearing instability, a high level of
dynamic displacements and the instability
related to the defect formation. Hence, within

the phase transformation interval along with

the homogeneous fluctuations (i.e. the thermal
displacements

The soft states are the specific structural
states with the additional degree of freedom in
the configurational space. These states are due
to the spatial fluctuations of the short-range
order parameters (the numder and the length of
the bonds, the interbond angles) around their
average value and the formation of the defect
states in the highly non-equilibrium conditions
and are intrinsic in the non-crystalline solids.
Atoms in the soft states process a considerable
bewel of  static displacements and,
consequently, the wvibrational anharmonism
and the lability to the spatial rearrangements.
The bonding topology and the configurational
parameters which describe the soft states are
accounted for and detailed in terms of certain
structural models. We shall analyse the general
tendencies of the formation of macroscopically
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ordered structures in non-crystalline solids
away from the equilibrium state, therefore, we
shall use the universal characteristics of the
soft states.

Consider the system of & similar atoms
of mass A, the portion &, of which being in
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two sets of locally observed microscopic
states:

the solid-like state and the portion N, =N -},
being in the liquid-like state. The Hamiltonian
of the system can be presented within the
binary atom interaction approximation in 2
following form:
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{{} _ |4, ifthe atom / is in the state f;
TS0, if the atom {is not in the state £,

The possibility of the formation of the
liguid-like states in the solid is, consequently,
op = {::rJr I} J/ Let us introduce the

effective Hamiltonian of the system:
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whose model parameters, i.e. the fraction of
atoms in the liquid- like states o ,, the force
e (L1")

d1splac{,mcnt$ of

constants and the mean-square
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entropy, g, is a statistical weight of the state
F,n=R+u+ v,y and v are the dynamic
and the static displacements of atoms,

yﬂﬁ{!,!']:(u"{f,f']l u"}{f,f']l) are calculated on

the basis of the variational principle for the
free energy functional:
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displacements,  v,(ifm) are the static

displacements of the atom ! when the atom
is in the liquid-like state, ©@=k7. The
variation of £ over the parameters o(o=s,),
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allows one to determine their temperature
dependence for the equilibrium {8 =0} and

non-equilibrium (4F = 0) transformations. Let
us find the functional equations to determine

the probability of the formation of the liguid-
like states, force constants and mean-squars
displacement of atoms. Using equations (2)
and (3) for & we find:
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In the non-equilibrium non-crystalline
state, (éF=0). Expanding F into a power
series in the system deviation from the
equilibrium state and restricting ourselves to
the first terms of the expansion, we have:

! £
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to the

(the subscript e
equilibrium state).
To describe the kinetics of the order
parameter variation we shall use the Landau-
Khalatnikov ~ regression  equation  [7]

L -7 [g] which allows one in relations
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The expansion coefficients are the
functions of the temperature, pressure and
control parameter, i.e. the cooling rate is:

a :3]
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(8) to obtain the following system of non-
linear kinetic equations:
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The first terms in these equations
describe the energy dizsipation with relaxation

time of 7, = a{j’ . while the second terms define

the collective mode interaction.

Let us draw ot the Prigogine principle of
mode subordination which holds for highly
non-equilibrivm systems [8]. According to this

principle:
-l'.':"ﬁ_-, ‘?‘?m
TR

Thig allows one to reduce the number of
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and rewrite (9) in the fo!” ving form:

(10}

ay = ay(T,P,q). Since in the equilibrium state:
8F =0, 8*F >0 and 5=0, then, to ensure this,
aq(T, P.g) must be a positively defined matrix,
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1.e. @[T, Pg)=0. In the non-equilibrium state
a0, n=0. To provide the formation of the
stationary  states  with non-zero  order
parameter, it is essential that a,{T,P.q)<0.

Thus, at the transition to the non-equilibrium
state with non-zero order parameter:

~2etJde? —dayh :

ﬂ:ac .52; EL, and the expansion
coefficient is  a(7.,P.q.)=0. Here the
following conditions must hold:
p{ﬂ.ﬂ,gﬂ}:{}, b{?},;;,gf}::-ﬂ._, since, with the
approach to the poimt 7,.P,5 from the
equilibrium state side, an even derivative
should be positive. Thus, in the process of melt
cooling and at the transition to the non-
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Fyy)=

A

20N Z a,{;c} 2@ 4 7

Fi2)= %((vﬁ.v{;’, @, (7))o? - B (1))~ Zo.
o

This system allows the temperature
properties of the system to be studied both at
the equilibrium (»=0} and highly non-
equilibrium (= 0) transformations.

Self-consistent description of non-
equilibrium systems

Consider the application of the abowve
concepts to the studies of the stability and
metastable states formation in the certain
solid-state  model in the high-temperature
region (9> he, @, is a maximum frequency
of vibrations), Let us describe the interatomic
interaction through the effective pair potential
of the following type ri=dyr) +
dh(r), where its short-range component @,(r}
can be approximated by the hard-sphere
potential (@{rj=; at r<a or @fr)=0 at
r>a) and the long-range one &(r) can be
presented in the form of a sum of the central
Morse-like potential:

[‘P{r] - Vr{gxp{— P } - zm{h G%H] and
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approximated by:
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which is transformed to a7, B,q.)=—af

g==il.

Thus, started from expressions (3)-{10),
we arrive at the following self-consisten
system of equations with respect to the relative
fraction of atoms s in the liquid-like states, the
mean-square atomic displacements y {0

and force constants &% (1,1'):
Fa)=0, F(y)=0, F{@)=0 . an

Here:
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the non-central potentisl
: / 5}" ' : :
[Gl[-:':‘} =-G, #xp{— 4{; B , where & s the

deflection of the atom in the plane normal t
the direction of the bond, ¢, and ¥, are the

potential parameters.
Solition results of self-consistent system
{12) in equilibrium and non-equilibrium states
with the use of the iteraction procedure ame
shown in Fig.1. In temperature dependencies
(1=0/Vy is a reduced temperature) of share of
atoms in liguid-like states we can mark out
five distinctive parts which correspond to dif
ferent system states:
= stable: part a-b - crystalline ordered state,
part e-f - liquid disordered state;
s metastable: part b-c — super-heated crystil,
part d-c — super-cooled liquid;
e virtual system state: part ¢-d - state i
thermodynamically unstable.
During increase of the melt freezing rate,
the nparrowing of temperature range of
metastable  regions existence and  phase
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Fig, 1. Temperature dependence of the share of atoms in liguid-like states.

transition point shift to lower temperatures
area are observed. When g reaches certain
critic value metastable regions completely
vanish and system transits into non-
equilibrium state. The degree of the system
deviation from equilibrium is defined by

deviation of order parameter from its
equilibrium value { Fig.1).
MNon-crystalline  materials  formation

needs considerable svstem deviation from
equilibrium state when phase transition takes
place. Deviation value is defined by external
control parameter-freezing rate. As freezing
rate is higher than critic to represent transition
character we must take into account occurred
in the system bifurcations, which lead to dissi-
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CANMOOPIAHI3ALUIA TA ®OPMYBAHHA OUCUNATUBHUX CTPYKTYP
B HEKPUCTAMIYMHKUX MATEPIANAX

ML.I. Map’au

YVaxropoAckKHi nepoxkannnii yHisepentet, 294000, Yaropoa, syn. Bonomna, 54

Poarmawyre  mojens  QopMyBaHHN  JHCHOATHBHMK — CTPYKTYR B
HexpucTanivHix marepianax, Jocnlmxeno TteMneparypHy sademHicrs mon
aToMiz B PIZKOTIOMIOHMX CTAHEX, CePenHLOKBAIPATHUHIN IMIIEHE aTOMIB.
[Toxazano, [0 B JATEKHOCT] Bl WBHAKOCTI OXOJOMDREHHS BiIOyBacTncs
MepExis  CHOTeMH B HepiRHOBAWHHH  CoTaH, 4xHE  CYHPOBRDAMYETRIA
POpMYRAHNAM JHCHITATHEHHX CIPYKTYP.
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