Bicnux Yepracerozo yHigepcumemy. Bunyck 185

Summary. T. V. Zaporozhets. Modeling of SHS-reaction steady state regime in the nanofoils
(phenomenologic model). Double-stage reaction. Within the framework of the reactive phase growth
kinetics in thin films at unisothermal regime the self-consistent temperature profile model of self-
propagating high temperature synthesis (SHS) reaction as a result of two successive phases formation
in the multilayered nanostructure is suggested. The influence of intermediate reaction on SHS-front
parameters is investigated. It is shown that the order of phase formation has strong effect on the front
parameters of SHS-reaction.
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NUCLEATION IN OPEN NANOSYSTEMS —
RECENT HISTORY AND PERSPECTIVES

Solid state reactions start from nucleation of the reaction product phase in the open nano-sized
region. Nucleation in the open nanosystem is influenced not only by size dependence of Gibbs free
energy but as well by the divergence of external fluxes in the nucleation place. This influence can be
formulated as an additional term in the effective nucleation barrier proportional to the flux
divergence magnitude and the fifth or fourth power of linear size depending on the nucleation
controlling stage (diffusion or interface kinetics).
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I. Introduction

Numerous modern technologies (micro- and nano-electronics, photonics, high-
temperature superconductivity etc.) are based on the materials and their combinations
obtained by solid state reactions. Moreover, solid state reactions often determine the mean
time to failure (MTF) of the working schemes. Therefore, investigation of
all stages of solid state reactions in all kinds of times, temperatures and external forces is
extremely important [1].

Physicists prefer to treat solid state reactions (SSRs) with formation of intermetallic
compounds (IMCs) as the first-order phase transitions proceeding in sharply inhomogeneous
open system (contact zone) under gradients of thermodynamic driving forces and under
continuing incoming and outcoming fluxes of matter. Since common first-order phase
transition in initially homogeneous system includes 3 main stages (nucleation, precipitation —
independent growth of the just born nuclei, and coarsening), one might also expect 3
corresponding stages of SSR: flux-driven nucleation in the concentration gradient, flux-driven
individual growth and flux-driven coarsening. Theories of flux-driven coarsening (FDR(Flux-
Driven Ripening) and FDGG (Flux-Driven Grain Growth)) had been suggested by one of
present authors (AMGQG) jointly with King Ning Tu [2-4]. Models of “flux-driven individual
growth” (DIGM-like growth of IMC precipitates due to lateral diffusion along moving
interphase interfaces) were proposed in [5-7] and will not be discussed here.

History of nucleation models is more complicated. Here we will distinguish
thermodynamics and kinetcs of nucleation in the contact zone of two reagents.
Thermodynamics of nucleation in the sharp concentration gradient (under full solubility in the
metastable solid solution) was first published in [8]. Main idea was: if, prior to intermediate
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phase formation, narrow layer of metastable solid solution or amorphous alloy had been
formed at the base of initial interface, the sharp concentration gradient inside this layer
provides decrease of the total bulk driving force of nucleation, and corresponding increase of
nucleation barrier. Nuclei were taken to be spheres, appearing in the strongly inhomogeneous
concentration profile of the parent phase, so that local driving force of transformation could
change significantly from the left to the right along the diameter of nucleus. This effect
appeared to be non-negligible, since usually the intermediate phases have very strong
concentration dependence of the Gibbs energy. Main result was the new size dependence of
the Gibbs energy — it contained, in addition to the terms of second order (surface energy,
positive) and third order (bulk driving force, negative), the new term proportional to the 5-th
power of size and the squared concentration gradient:

AG(R) = aR* - BR® +y(VC)Y R’ (1)
y being positive and proportional to the second derivative of the new phase Gibbs energy

over concentration. Expression (1) means that for large enough gradient vC > vC" (typically
vC™ «10°m™") the dependence AG(R)becomes monotonically increasing (infinitely high

nucleation barrier) meaning thermodynamic suppression of nucleation by the very sharp
concentration gradients. Thus, according to our model, at the very initial stage of reactive
diffusion the nucleation can be suppressed even without diffusive competition, just due to too
narrow space region, favorable for transformation.

Independently similar results were published by P.Desre et al in [9,10]. This approach
had been applied to description of solid state amorphizing reactions, explaining why do the
stable intermetallics appear in diffusion zone only after amorphous layer exceeds some
critical thickness.

In spite of similar results, the mentioned models of nucleation in the sharp concentration
gradient treated quite different possible mechanisms (nucleation modes). In [8] a
polymorphous mode has been suggested according to the following picture: Initial diffusion
leads to formation and growth of metastable parent solution with sharp concentration profile.
When this profile becomes smooth enough to provide sufficient space for compositions
favorable for new intermediate phase, this very phase nucleates just by reconstruction of
atomic order, without changing immediately the concentration profile (at "frozen" diffusion) -
polymorphic transformation. P.Desre [9] suggested the fransversal nucleation mode bearing
in mind the following picture: Each thin slice of the new-formed nucleus, perpendicular to
direction of concentration gradient, is considered as a result of decomposition in
corresponding thin infinite slice of parent solution, leading, of course, to redistribution of
atoms among new and old phases. In this transversal mode, the redistribution proceeds within
each slice, independently on others.

In 1996 one more mechanism has been suggested by F.Hodaj [11] - fotal mixing
(longitudinal) nucleaétion mode, when the redistribution of atoms proceeds during nucleation,
but only inside the new forming nucleus. Contrary to two previous modes, in this case the
concentration gradient assists the nucleation — in expression (1) coefficient y is negative.

Effect of shape optimization was discussed in [12]. Interference of different nucleation modes
was suggested in [13]

A new possible explanation for sequential phase growth in thin films was proposed in
2004 [14] by modifying the context of the ‘nucleation in concentration gradient’ approach.
Namely, if at least one phase with narrow homogeneity range is already growing, the sharp
chemical potential gradient in it strongly influences the nucleation barrier for the next phase
to appear. In the expression of Gibbs free energy change, the additional term, due to gradient
concentration, appears to be proportional to the fourth power of size instead of the fifth power
in previous models (developed for the case of a broad range of parent phase concentration).
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As a result, thermodynamic suppression of the new phase nucleation (in addition to kinetic
suppression) may be effective as long as the thickness of the ‘suppressing’ phase remains less
than a few tens or even hundreds of nanometers. Thus, the ‘gradient term effect’ may well
lead to the total absence of suppressed phases prior to consumption of the thin film by the
‘suppressing’ growing phase. Comparison with available experimental data demonstrated [14]
that the approach presented was at least reasonable. Special experiments on first phase
nucleation in Al-Co couple by 3D atomprobe demonstrated polymorphic nucleation mode as
preferable one [15].

Recent discovery of point contact reactions between metals and silicon nanowires
demonstrate that the existing theoretical scheme needs further development. First, silicide
nucleation proceeds outside the contact zone. Namely, in case of one point contact between
silicon nanowire and nickel nanowire or nanodot, the first nuclei of silicide appear near the tip
of silicon nanowire, instead of contact place. In case of multiple point contacts of silicon
nanowire with metallic nanodots, silicide tends to nucleate between two point contacts with
two nanodots [16-18]. Second, the first nucleated phase differs from that in thin film case. For
example, in case of point contact with nickel nanowire the first nucleated phase is nickel
monosilicide instead of Ni2Sil, typical for thin film couples. Third, all abovementioned
features happen if the silicon nanowire is covered by natural amorphous silicon dioxide of 1-2
nm thickness. If by special measures the direct contact is realized of metal with unoxidized
silicon nanowire, the nucleation proceeds at the contact and the first nucleated phase is the
same as in thin film couple. Fourth, the nucleated silicide used to exibit jerky growth,
consisting of waiting period of 2D island nucleation at the epitaxial interface silicide/silicon
and fast lateral growth of each new atomic layer. Rigorous theory of this phenomenon is still
under construction. Yet, intuitively it seems clear that nucleation at the tip instead of contact
place should be caused by interplay of the following factors:

1. The contact place is a narrow channel of nickel penetration via nanometric Si02
diffusion barrier enveloping the silicon wire. Flux through this channel is small.

2. Nickel atoms diffuse interstitially in silicon, so that large diffusivity prevents the
accumulation of nickel in the vicinity of contact place.

3. Nucleation at the spherical tip of nanowire corresponds to lower nucleation barrier
than that at the cylindrical surface.

4. Frequently the tip is actually a result of cutting the nanowire, providing the site of
heterogeneous nucleation.

All these factors remain if the silicon nanowire has two or more point contacts with Ni,
instead of one. Yet, in this case silicide forms and grows from the place somewhere
inbetween two contacts.

What additional factor could cause the change of nucleation place? According to
standard Gibbs nucleation theory, it could be (A) change of bulk driving force, (B) change of
surface energy term due to some heterogeneous sites. Let us analyze shortly both possibilities:

(A) Change of bulk driving force in our case means the change of supersaturation in
respect to silicide phase. So, preferential nucleation between contacts could happen if there is
a local maximum of concentration in the middle. On the other hand, prior to the first
successful nucleation event, the diffusion of nickel should obey common Fick's law, we can
not find any reason for local spikes of concentration leading to preferential nucleation. The
expected concentration profile at each time moment in, say, right half of the silicon wire,
should have the form of non-symmetrical wings with left wing shorter and higher. So,
concentration of nickel in the middle is higher than at the tip. Yet, both of them are lower than
concentration near the contact place. According to this argumentation, the maximal driving
force corresponds to vicinity of the contact place.
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(B) Wire surface in the middle is the same as near contact place - so, surface term does
not help nucleation in the middle. (Moreover, in the contact place we can expect some defects
or stresses helping nucleation, in the middle there is no additional defects)

The just mentioned paradoxal situation shows necessity of looking for kinetic factors, in
addition to thermodynamic.

Notice, that nucleation proceeds in nonstationary conditions, in the field of diffusion
fluxes with non-zero divergence. Aim of this paper is develop a first version of new theory —
Theory of FAN (Flux Assisted Nucleation). We will demonstrate below that external fluxes
may assist nucleation if divergence is negative, and may suppress nucleation if divergence is
positive. Qualititavely, it looks almost obvious. Divergence means disbalance of outcoming
and incoming fluxes at the surface of some elemental volume divided by the value of this
volume.

external

dn

dt

If divergence is negative, incoming flux is larger than outcoming one. So, in this case

the flux divergence should help the growth of even subcritical embryon. So, one may expect

that, under other equal conditions, nucleation should happen first in the place with maximal

(by absolute value) negative flux divergence, meaning, in case of Fick's law, the maximal
positive second spatial derivative of concentration.

= —div(J 7 )* (nQ) )

I1. Classical nucleation in terms of attachment and detachment frequencies

Let's consider at first a nucleation of silicide spherical nucleus in initially (prior to
nucleation) homogeneous supersaturated solution of nickel in silicon, in terms of classical
nucleation theory (Gibbs-Folmer-Zeldovich). Dependence of system's Gibbs potential change
on the number of atoms in the embryo/nucleus is

3Q 2/3
AG(n)=—-nAg+y- 47[[@} n, (3)

Where bulk driving force per atom

C
Ag:lenE. (4)

Ni
Critical size and nucleation barrier, as usual, are found from extremum condition

2/3
OAG(n)/on=0=—-Ag + 7/§7r[£j n'",
3 \4r

2/3
82AG(n)/8n2:—7/§7z'[§j n?, (5)
30V (87y) 32 ’
()=
4r ) \3Ag 3 \Ag
3Q 2/3
G*:y-(47z/3)(5j n,>"” (7)

Overcoming of nucleation barrier is a stochastic process consisting of random
attachments and detachments of atoms, v, ,v being the frequencies of these events. In

nucleation theory one uses the following combinations of the attachment and detachment
frequencies:
v=W, +v )2, Av=v, -v_ .
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The first combination is actually a diffusivity of clusters in the size space (rate of
random walk), the second combination gives a drift of clusters: for subcritical clusters
Av <0, for overcritical nucleis Av > 0. The flux of clusters in the size space is given by
combination of the mentioned diffusion and drift terms:

Jo) =Av-f - f ®)

with f being a number of clusters with size n per unit Volume of the system. In equilibrium
case this flux is zero, and distribution f is an equilibrium Boltzmann distribution
., (1) = const - exp(— AG(n)/ kT). 9)
Substituting equilibrium distribution into zero flux condition, one gets interrelation
between the drift and diffusion terms in size space which is identicakl with Nernst-Einstein
relation between mobility and diffusivity in usual space:
Av(n)= - vin) G . (10)
kT on
For overcritical nuclei (far beyond critical size) the diffusive term is no more important,
and precipitate evolution is governed by deterministic equation

%: Av(n) (11)

On the other hand, from phenomenology we know that
dn 4w dr _4m® D Ac-alr

—= —= (12)
dt Q dt Q ¢ —c, r
With a =c, @,Ac:c— ,=alr,c <<l
kT
1/3
Thus, @E@(I”AC—CZ)Z dda|( 1 -1 (13)
dt  ¢Q cQ (\n,

Comparing eqs (12) and (13), and limiting ourselves to the vicinity of critical sizes,
n=n, +on, we obtain linearized relation for drift in the vicinity of critical sizes for the case

when globally system is uniform (local fluxes appear only after nucleation):

AVinternal = 47d)a é‘n (14)
301 anr
Substituting eq. (11) and eq. (5) into eq. (10), one can find expression for diffusivity in
the size space as a function of size:

47D 47D 279
() Av(n) . 3ch§n 3ch KT elD (15)
vin)=- = = n
OAG (- AG” )571 2,413 ety
on

1/3
(Here r, = [QJ )
4

II1. Account of external flux divergence
If the arising nucleus is situated in the field of external fluxes with nonzero divergence,
it changes the drift term in the size space:

total int ernal dn eternet
AV = Ay +— (16)
dt
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Here the second term is a result of disbalance of global diffusion fluxes (additional to
local fluxes arising with nucleation):

external
dn

=iy () 17)

Actually, the superposition law (16) is an assumption since the presence of just
appeared nucleus may distort the flux distribution. The same assumption has been made in the
elementary Huntigton-Fiks theory of electron wind, when one neglects the distortion of
electric current density due to scattering of electrons at the defect. Like in electromigration
story, one may expect that the distortion is weak if nucleus is close to critical one.

Substituting internal shift velocity in the size space from eq. (14) and divergence of
diffusion fluxes in usual space from Fick’s law, one obtains the resulting drift velocity in the
size space not far from critical size:

2
AVlolal =~ 47d)a é‘n_i_szchEﬂé‘n_i_Da—fn (18)
3¢,0n,, Q 3¢,Qn 0z

cr

From kinetic point of view ability of precipitate to grow or to shrink (to be overcritical
or subcritical) is determined by the sign of drift velocity. In case of uniform system
thermodynamic and kinetic approaches give the same result, as follows from eq. (10) — zero
of drift corresponds to zero of Gibbs potential derivative. In our case, when the system has a
global distribution of fluxes, thermodynamic and kinetic approaches give different results:
thermodynamically unstable embryon may survive and grow if the second term in eq (16) is

positive and larger than the absolute value of negative first term.

If the second term is positive and small (so that 7" is not so far from n”“ ™), it

means that the true (kinetic) critical size (for which Av = 0) should shift “to the left”:
2 2
_ 301anr a_f (19)
dra Oz

Corresponding nucleation barrier should decrease respectively. Before calculating a
new nucleation barrier, it seems reasonable to introduce the effective Gibbs potential change
taking into account the additional “external” shift term.

Indeed, in the absence of external flux divergence in usual space the equilibrium
distribution of clusters in size space is given by eq. (9) and it corresponds to zero flux in the
size space. If the flux divergence in usual space is not zero, then a condition of zero flux in
size space leads to another size distribution f, (n) = £, (1), so that

Av _ dln f,

on=

) 20a
v on (20a)
int ernal a ln
Ay ol g (20b)
% on
Combining eqs(20a,b) one gets
aln(fo /feq) B Avlolal i AVinternal B Avexlernal B DVZC ‘n (21)

on v v vn)
Taking into account that the external drift term is proportional to the size n of cluster,
one can conclude that external influence for n tending to zero, should be negligible, so that

limnao(fo /feq): Llim, ln(fo /feq): 0.

Therefore we can integrate eq. (21) from zero to n with zero boundary condition:

’

in(f,/£,)= DVZC-I‘%dn'. (22)

0
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Now we’ll use an explicit size dependence (15) of diffusivity in the size space for taking
integral in eq. (22):

n 2
o (n) = feq (n)exp DVic- J‘nidn' = feq (n)exp ﬂvz < n’'? (23)
0 3 cqu n1/3 5 ceq
2
clro
Taking into account eq. (10), we can represent zero-flux distribution as
£, (n) = const - exp(= AG*" (n)/ kT) (24)
with effective Gibbs potential change

Ceq

2
AG* (n) = AG(n)- kT%vz[i}qm =

(25)
2
=—nAg +y- 4’0’ — kT S |y
5 Coy
It is interesting to note that expression (25) is rather similar to modified Gibbs energy
for thermodynamics of nucleation in the sharp concentration gradient [8-13]. It also contains

linear size in the powers of 3, 2 and 5. Yet, instead of squared gradient in thermodynamics,

now we obtained laplacian (second derivatives) of the ratio ‘.
C,

Obviously, maximum of effective Gibbs potential change corresponds to zero drift
(with account of external flux divergence) — unstable equilibrium, and should be treated as the
effective nucleation barrier.

Predicting the place of most probable nucleation, in rough approximation, may be
reduced to finding the place of lowest effective barrier. For this, first of all, one should solve
the boundary diffusion problem with flux balance boundary conditions at the point contacts. It
gives us dependence c(t,z) along the nanowire. We know the concentration dependence of the
bulk driving force in supersaturated (in respect to silicide) solution of Ni in silicon. At each t
(after reaching the equilibrium, with silicide, concentration) for each z one should find the
effective nucleation barrier from eq. (20). The place z with minimal effective barrier is a place
of most probable nucleation. Yet, the barriers change in the process of diffusion. So, first, we
should modify standard Zeldovich theory for the case of external flux divergence, Second, we
should modity Zeldovich theory taking into account nonstationarity of the process.

IV. Modification of Zeldovich theory for the case of external flux divergence
Modification is almost trivial and gives the following expression for steady state flux of

viable nuclei in the size space:
, oAV [ on _
JE =) (26)
2rv

where n_, 1s found from extremum condition of dependence (25).
Explicitly,

J :\/ 1 ( D +DV2cj(3 o ”cr”jfo (n,.) @7

27 3¢, Qn, c

170
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V. Case of interface-controlled nucleation
Evidently, in this case, instead of being proportional to the linear size of nucleus in eq.
(15), the mean attachment/detachment frequency should be proportional to the interface area,

n!
vV (n')
Thus the additional term in the effective nucleation barrier will be proportional to the fourth
power of size.

This case 1s formally similar to nucleation in concentration gradient under limited

mutual solubility, investigated by us in [14]. Here we do not discuss the problems of nucleus
shape optimization which can modify the results.

. . . . f , e,
that is, to the squared linear size, or #°"> . Then the integral I dn' o Imdn o n*?.
n
0 0

VI. Conclusions

1. Discovery of point contact reactions between silicon nanowire and metallic nanowire
or nanodots proves that the nucleation theory for open nanosystems should be substantially
developed. Development suggested in this paper may well be not enough for explanation of
point contact reactions but it seems to have a general interest for nucleation theory.

2. Drift of the nucleus in size space is determined by superposition of two factors — (1)
by common thermodynamic size dependence of the Gibbs free energy, (2) by the divergence
of external flux of atoms necessary for nucleus growth.

3. The mentioned superposition can be formally taken into account by introducing the
“effective Gibbs free energy barrier”

AG (n)= AG(n) - kIDV e - [ ——

7o)

4. In case of diffusion-controlled nucleation the explicit form of effective nucleation
barrier includes a third term with 5-th power of size:

dn' = AG(n)+ kTdiv(Cu))- [——dn'.
0

2
AGY (n)=—nAg +y - 4min*" - kT%Vz[cijnw
eq
5. In case of interface-controlled nucleation the explicit form of effective nucleation
barrier includes a third term with 4-th power of size:
AG? (n)— AG(n) oc n*>
6. In principle, the nucleation itself changes the local flux divergence. This fact should
modify the just suggested theory and will be discussed elsewhere. Naive account of this fact
was made by Gurov and Gusak in 1982 in the frame of phase competition theory [1(chapter

3), 19].
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BILIMB JUKEPEJI TA CTOKIB BAKAHngI Y MATEIS'I/IHCBKII?'I DA3I HA
KIHETUKY PEAKINIMHOI IU® Y31l ¥ BFIHAPHIN CUCTEMI

Poszenanymo ma npoananizoeano eénaue oxcepen i CHOKI8 GaKaHciti 6 00 'emi mamepunHcokol
Qasu Ha KiHemuky peaxyitinol oughysii y GiHApHITi cucmemi 3d HAABHOCHI HEPIBHOBUNCHUX BAKAHCIIL.
THoxasano, wo y ougysiiiniii cucmemi picm moeuunu Qaszu i00yeaemvcsa 3 GiIbULOI0 UBUOKICHIO,
KOAU Oxcepend ma CMOKU 8AKAHCIT Oitomb He auuLe Ha MidCAsHUx epanuysx, aie i 6 00 emi 0OHi€el 3
MAMEPUHCOKUX a3,

Karouosi cjosa: peakuifina audysis, HCPIBHOBa)KHI BaKaHCIi, MKEPEIA/CTOKH BaKaHCIH,
GiHapHa cHCTEMA.

1. Beryn

Pict npomiknoi azu npu peakuiitHii qudysii, K CBIIIATH YUCICHH] €KCIIEPUMEHTH, Y
GinbLIoCTi BUMAAKIB BiIOYBaeThCs 3a mapaGoiuHuM 3akoHoM ( Ax ~~/f ) [1-3]. Ane Hepinko
MOYaTKOBA CTaIlsl IbOTO MPOLECY MPOXOIUTH 3a JIHIHHUM 3aKOHOM ( Ax ~7)[4-8]. HasiBHICTB
JIHIHHOI cTafll 3a3BUYail MOSCHIOITH peakmicro Ha MikdasHili rpanuui [9-11]. 3 iHIOrO
Ooky, y pobdotax A M. I'ycaka Oyjo moka3aHo, IIO JHIHHA CTadis POCTy MOXke OyTu
0o0yMOBJIEHA CKIHYEHHOIO MIBHIKICTIO peJlakcalii HEepiBHOBAXHUX BakKaHCIA Oursg IHXx
rpannnb [12, 13]. Taka curyamiss MOke BHHHKHYTH BHACIIOK 3HAYHOIO BAaKaHCIHHOTO
NOTOKY, OOYMOBIJIEHOTO CYTTEBOKO pI3HULEID MNapumiajbHUX KoedilmieHTiB  audysii
KOMIOHEHTIB. EKCrepuMeHTaNbHUM TMIATBEPAKEHHSM 1li€i MOAENl MOXKe CIyryBaTH
BUHUKHEHHSI 1 pICT mop Ha Mik¢asHil rpanuni y ¢asi, mo pocte. [Ipore, mpu peaxiiiHii
ady3ii MOPOYTBOPEHHS! CIIOCTEPIrat0Th TAKOXK 132 MexXaMH (pasu, 10 POCTE, a LIe BXKE MOXKE
CBIIYUTH PO T€, IO CTOKH//KEpena BAaKaHCIH MIFOTh TAKOXK 1 B 00’€MI MaTepUHCBHKUX (a3
nudysiitHoi mapu [14, 15]. Otxe, meToro naHoi podOTH € TOCIIIKEHHS BIUTUBY i1 JIKEpes Ta
CTOKIB BakaHCil B 00’eMi MaTepuHCHKOI (pa3u Ha KIHETHKY peakuiiHol nudys3ii.

2. Onuc moaeJi

B sikocTi MOAeNnbHOT crucTeMu  pO3riIsiHeMO OiHapHY AuQy31iHY mapy, Mo CKIaTAETHCS 3
YUCTUX, c1ab0 pO3YMHHUX (200 B3a€MHO HEPO3UMHHHMX) KOMIOHEHTIB A 1 B, siki 3rigHO 3
aiarpaMor0 CTaHiB (AJsl TeMmmeparypu, NpHU sAKiH 3AIACHIOETbCA TUQY3IHHUN MpoLec)
YTBOPIOIOTb OXHY NpoMiXKHY ¢a3zy — o. Ilpu i30TepMiuHOMY BIiAMATIOBaHHI y TaKii
mudysitiHiil mapi Ha rpaHuni A-B pocte mpomikHa ¢asza o. Hexali KOMIIOHEHT A pyXJIUBIIIHH
3a koMnoHeHT B (D, > D, ), Toni pe3yJbTyOunii MOTIK peYOBHHU Oyne CIPsIMOBAHUIA MO OCl
OX, a pe3ynbTyrouuii MOTIK BaKaHCIH — y MPOTHIIEKHY CTOPOHY. PosristHeMo 1ieit npouec 3a
HAsIBHOCTI y CHCTEMI HEPIBHOBKHHUX BaKaHCIH sik y (asi o, Tak 1y ¢asi A (puc.1).
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