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Structural phase transition in surface layer of metals

In the article a review of various phenomena on the surface of pure metals is given: the occurrence of the sur-
face states of Tamm and Shockley; quantum size effects; electric double layer, the work function of electrons
from a metal. According to modern concepts, the surface layer is a very thin phase that is in thermodynamic
equilibrium with volume. A new model of the surface layer of metals has been proposed. The main attention
is paid to the structural phase transition in the surface layer. This question is raised by us for the first time. In
order to describe phase transitions in nanostructures, various models have been proposed, among which we
can mention the Landau mean field method, in which the order parameter is used. We will use the Landau
theory, replacing the temperature T with the coordinate h. It was experimentally shown that the heat capacity
jumps ACp =0, d = 1.15 (J/molK). The molecular dynamics calculations for the heat capacity of gold with
particle sizes from 1.5 to 5.5 nm showed that ACp = 1.65 (J/mol*K). This is close to our result, given the
proximity of computer calculations. The lattice parameter of gold is a = 0.4 nm. So the d (I) layer contains
about 3 monolayers of atoms of gold and d (II) — about 6 monolayers of gold.
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Introduction

The study of the physical properties of various substances shows that these properties substantially de-
pend on the size of the sample, starting from its certain critical value. This is explained by the difference in
the properties of substances in the local near-surface layers and in the bulk. With a decrease in the sample
size (for example, film thickness), the contribution of the surface layers to the total sample characteristic in-
creases and the averaged characteristics of the substance change. This phenomenon is called a size effect and
is fundamental in the nanoworld (nanophysics, nanochemistry, nanogeology, etc.) [1-10].

According to modern concepts, the surface layer.is a very thin phase that is in thermodynamic
equilibrium with volume [11]. Regarding the thickness of the surface layer, there are various approaches.
Thus, in [12], the concept of a natural surface layer of a metal is introduced, which differs from the main
volume of the metal by mechanical, physical, and sometimes chemical properties. Large stresses occur in
this layer due to the following technological operations:

— heat treatment (for example, quenching, tempering, annealing);

— chemical treatment (for example, carbonization, nitriding);

— electrochemical treatment (for example, electrolytic coating);

— physical treatment (for example, ion implantation).

The study of such surface layers, the main characteristic of which is the surface roughness, led to the
creation of a scientific direction — surface engineering [13—15]. This branch of knowledge pays special at-
tention to the issues of metal corrosion, tribology, the processes of material wear and destruction. Let's call
this metaldayer a technological layer the thickness of which can range from fractions to hundreds of microns.

When splitting single crystals in vacuum, three types of surfaces can form along the cleavage plane:
singular (atomically smooth), vicinal (stepped), non-singular (diffuse) surfaces (Fig. 1) [16—18]. The study of
such-surfaces became possible after the development of ultrahigh-vacuum technology, atomic force and tun-
neling spectroscopy [19-22].

1 — singular (atomic-smooth); 2 — vicinal (stepped); 3 — non-singular (diffuse) surfaces
Figure 1. Three types of surfaces
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We will consider mainly atomic-smooth surfaces, although we will illuminate some moments of other
types of surfaces [23-31].

This paper provides an overview of various phenomena on the surface of pure metals. A new model of
the surface layer of metals has been proposed. The main attention is paid to the structural phase transition in
the surface layer. This question is raised by us for the first time.

Surface levels in metals

As early as 1932, LE. Tamm [32] predicted the existence of surface levels, which subsequently received
his name. Later, Tamm levels were experimentally detected on an atomically clean surface of germanium.

The surface Tamm levels are due to the fact that the potential barrier of a surface atom differs from the
potential barrier of a deep-seated atom (Fig. 2). The solution of the Schrédinger equation for surface strongly
and weakly bound electrons leads to the conclusion that, in addition to the usual energy bands, there are sur-
face energy states of electrons. The concentration of such levels is proportional to the surface concentration
of atoms and can reach 1019 m-3. With such a high concentration of Tamm levels, their splitting into the
energy zone is possible.

The Shockley surface levels [33] are formed as a result of the breaking of a part of the chemical bonds
of surface atoms. Uncompensated valence bonds are capable of accepting and fixing charge carriers.

An analysis of the Shockley model as applied to a one-dimensional atomic chain showed that two ener-
gy levels are formed in the forbidden band, one of which differs from.the valence band and the other from
the conduction band. Shockley levels, like the Tamm levels, can exist only. on-an-ideal surface.

Sources of surface states can also be:

— adsorbed foreign atoms, both donors and acceptors;

— steps, dislocations, mechanical stresses;

— the distribution of its own metal atoms or semiconductor in the surface layer, which is different from
the bulk one;

— boundaries between uniformly oriented domains on the surface.

Usually, as a result of the joint action of these sources, the density of surface states is less than that of
Tamm.
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Figure 2. Potential crystal relief (a), bulk (b) and surface (c) states

Cepusa «dusmka». Ne 1(93)/2019 51



V.M. Yurov, S.A. Guchenko et al.

Quantum-size effects in metals

Quantum-dimensional structures [34, 35], in which only one quantum level is filled, are called two-
dimensional electronic structures. If the movement of carriers is limited not in one, but in two directions,
then in this case the carriers can move freely only in one direction, along the thread. In the cross sec-
tion (the yz plane) the energy is quantized and takes discrete values of E,, (like any two-dimensional motion,
it is described by two quantum numbers, m and n). The full spectrum is also discretely continuous, but with

only one continuous degree of freedom:
2

E=E, +% (1)
m

By analogy with film structures having a spectrum (1), these systems are called one-dimensional
electronic structures or quantum filaments.

Finally, there are structures resembling artificial atoms, where motion is restricted in all three direc-
tions. Here the energy spectrum no longer contains a continuous component, but is purely discrete.
As in the atom it is described by three discrete quantum numbers (not counting the spin) and.can be written
as E = Eum, and, as in the atom, the energy levels can be degenerate. Such systems are called zero-
dimensional electronic structures or quantum dots.

In order for quantization of the energy spectrum to manifest itself in any observable effects, the distance
between the energy levels E,.-E, must be sufficiently large. First of all, it should significantly exceed the
thermal energy of the carriers:

E

a—E, >kT, (2)
otherwise, the almost identical population of neighboring levels @nd frequent carrier transitions between
them make quantum effects unobservable.

If the electron gas is degenerated and characterized by the Fermi energy Ep, then in order to observe quan-

tum-size effects, the condition:
En+1 _En ZE'F (3)
In accordance with requirement (3), metal structures are not very suitable for observing quantum size

effects, since EF in typical metals is several electron volts, which is known to be greater than any distance
between levels. Semiconductor or semimetallic structures are clearly preferable here.

Metal surface reconstruction and relaxation

Consider the atomic structure of the surface of the sample, formed as a result of cleavage along a certain
crystallographic plane. Due to the fact that there are no atoms on one side, the nature of the interatomic
forces on the surface should change. As a result, the equilibrium structure of the upper atomic layer must
differ from the corresponding atomic plane in the bulk. There are two main types of atomic surface rear-
rangement [ 16—18]: relaxation;reconstruction.

The surface relaxation.is understood as the difference between the distances between the last crystallo-
graphic planes parallel to the plane of the boundary with vacuum, and the distances between the same planes
in the bulk. It is assumed that the arrangement of atoms in the last plane completely coincides with the ar-
rangement of atoms in all other planes parallel to it.

In turn, the relaxation is subdivided into normal and lateral (the latter is also called parallel or tangen-
tial). Normal relaxation corresponds to the case when the atomic structure of the upper layer is the same as in
the volume; but the distance between the upper and second layer differs from the distance between the planes
in the volume:In its pure form, normal relaxation is observed in metals.

With rare exceptions, the surface of most metals is unreconstructed and subject to relaxation. For low-
index planes, relaxation is, as a rule, purely normal. Some high index planes are characterized by a combina-
tion of normal and lateral relaxation.

The aluminum surface Al (110) is a typical example of relaxation of a low-index metal surface.

This is a purely normal relaxation (Fig. 3a). Like most metals, the first interlayer distance d;, is com-
pressed [36]. The magnitude of this compression, normalized to the interlayer distance in the crystal
volume, A, = (di2 — dpui)/dbuik, 1S -8.6 %. In general, for face-centered and bulk-centered metals this value is
in the range from zero to several tens of percent, and it is higher for surfaces with a low packing density of
atoms.
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Figure 3. Normal (a) and lateral (b) surface relaxation

Deviations of the interlayer distance from the bulk value decrease with depth, and often oscillatorily. In
particular, in the case of the A1 (110) surface, the second interlayer distance is stretched by + 5.0 %, and the
third is again compressed, albeit slightly, by -1, 6 %.

On the surfaces of some noble and semi-noble face-centered metals (for example, Au, Irand Pt), as
well as transition-centered metals (W and Mo), there are reconstructions.

Electric double layer in metals

The metal surface can be escaped only by conduction electrons.the energy' of which is sufficient to
overcome the potential barrier present on the surface [37, 38]. The removalrof an electron from the outer
layer of the ions of the lattice leads to the appearance in the place that left the electron an excessive positive
charge. Coulomb interaction with this charge causes an electron, the speed of which is not very large to re-
turn. As a result, the metal is surrounded by a thin cloud of electrons. Together with the outer layer of ions,
this cloud forms a double electric layer. The forces acting on an electron in such a layer are directed inside
the metal. The work done against these forces during the transfer of an electron from a metal to the outside,
goes to increase the potential energy of the electron. Due to the fact that the thickness of the double layer
coincides in order of magnitude with the size of the atom, the field strength in the layer reaches values of the
order of 108 V/cm, which makes it possible to balance the gigantic internal pressure of the electron gas.

The thickness of the space charge region is.determined by the concentration of free charge carriers ng in

the material: ¢, ~ 1/ \/Z . Thus, for example; in BaTiO5 ID ~ 2-107 c¢m, and the corresponding near-surface

concentration of charge carriers is ny ~5-10°" em?. When the electron density in the metal is n=10* cm™
£5=0.3 10" cm. The total electron energy in the metal is composed of the potential and kinetic energies. At
absolute zero, the values of the kinetic energy of the conduction electrons are in the range from zero to the
energy E... coinciding with the Fermi level. In Figure 4 energy levels of the conduction band are inscribed»
in the potential well.

p0

r

Figure 4. Diagram of the energy levels of the metal

To remove metal outside the metal, different electrons must be given dissimilar energy. Thus, an
electron located at the lowest level of the conduction band must be given energy ERO; for an electron located
at the Fermi level, the energy Epy — E,... = Epyp — Er is sufficient.
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The lowest energy that an electron needs to communicate in order to remove it from a solid or liquid
body into a vacuum is called the work function. The work output is usually denoted by e, where ¢ is a
quantity called the output potential. The electron work function of a metal is determined by the expression:

ep=E, —E,. 4)
The thickness of the surface layer of atomically smooth metals

In [39, 40] we obtained a formula that describes the dependence of the physical property of a solid on
its size:

d
A(h) = 4, -(1—;], (5)

here A4, is the physical property of the massive sample; A(h) is the physical property of a small particle or
thin film; d is a dimensional parameter.
For the size parameter, we have obtained the formula [39, 40]:

2oL
=R (©)
here o is the surface tension of the bulk sample; v is the molar volume; R is. the gas constant;
T temperature.
For h < d, formula (5) loses its physical meaning (A (h) — o)), so we will define the function A (h) in
this area so that at the point h = 0, the function A (h) turns to zero (Fig. 5). This condition is fulfilled when
the function (2) is rewritten as:

d
A(h) = 4, (l_ﬁ)' (7)
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Figure 5. Schematic representation of the surface layer

The values of the parameter d for some metals are given in Table. The experimental value for atomical-
ly-smooth surfaces of gold crystals, obtained in the geometry of sliding x-rays [41], is 2.4 nm. This almost
coincides with Table.

However, the size dependence of the physical properties of solids begins at h = 10d. We call it the
thickness of the nanostructure and denote (II).
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Table
The thickness of the surface layer (I) of some metals

Me d, nm Me d, nm Me d, nm Me d, nm Me d, nm Me d,nm

Li 0,7 Sr 5,8 Sn 1,4 Cd 1,3 Fe 2.2 Gd 53
Na 1,5 Ba 6,2 Pb 1,8 Hg 0,6 Co 2,0 Tb 5,3
K 2,6 Al 1,5 Se 1,3 Cr 2,7 Ni 1,9 Dy 5,3
Rb 2,9 Ga 0,6 Te 2,5 Mo 4,6 Ce 3,8 Ho 5,5
Cs 3,6 In L1 Cu 1,6 W 5,8 Pr 4,2 Er 5,5
Be 1,3 Tl 1,9 Ag 2,2 Mn 2,0 Nd 4,5 Tm 5,2
Mg 2,2 Si 34 Au 2,3 Tc 3,6 Sm 4,4 Yb 4,6
Ca 4,9 Ge 2,8 Zn 1,1 Re 4,6 Eu 5,8 Lu 5,7

In [39, 40] we showed that the surface tension with high accuracy is given by:

=0,7-10"T, (8)

m

where T}, is the melting point (K) of the bulk sample: o [J/m’].
If we substitute (8) into (6) at T = T,,, we obtain that the thickness of the surfacelayer (I) of an atomi-
cally smooth solid is equal to:

d=0,17-10"-u. )

For gold, v = 10.21 (cm’/mol) = 10.21 10 (m*/mol); d (Au) = 1,74 nm (at T,, = 1337 K). From the de-
pendence dzgp = Ti/d(Au)T3g0 follows: d3p0 = 2.23 nm. This value is slightly (3%) different from the value
given in Table.

Orientational phase transition.and Landau theory

It follows from Figure 5 that at h = d, an orientational phase transition of the A type occurs in the
nanostructure (Fig. 5), which is associated with surface reconstruction and relaxation processes [36]. There is
an opinion that size plays a role in temperature in nanostructures. When 4 = d, in particular, the Hall-Petch
law is changed to the opposite [42] and other phenomena.

In order to describe phase transitions in nanostructures, various models have been proposed, among
which we can mention the Landau mean field method, in which the order parameter is used [43]. We will use
the Landau theory, replacing the temperature 7 with the coordinate h.

In Landau's theory, the temperature-dependent order parameter is associated with crystal symmetry. In
this case, in one of the phases (as a rule, in the high-temperature phase), the system is not ordered and n = 0.
In the ordered phase (usually low-temperature) n=0.

According to Landau, the thermodynamic potential of the system is expanded in a row in the parameter n:

F(hn)=Fy(h)+ An+Bn’ +Cn’ +Dn* + En’ +---, (10)
where Fy(h) (T.=h) is the part of the free energy independent of 1, and the coefficients A, B, ... may depend
on h. From the condition of thermodynamic equilibrium of the existence of a phase, there should be a mini-
mum of its free energy, at which 0F/0n = 0. From here it is obvious that the coefficient for the first degree
should be zero: oF/on = 4 = 0 (all subsequent terms of the decomposition 0F/0n are equal to zero, since in
the unordered phase m = 0). In addition, in most cases, the disordered (high-temperature) phase is
centrosymmetric, so that the minimum F(n) in the vicinity of 1 = 0 should be symmetric. Therefore, the de-
composition 6°F/6"n must be characterized by an even series (polynomial). For this reason, all coefficients
with odd powers 1 in expression (10) must vanish. This gives grounds to rewrite the expression for the ther-
modynamic potential in the following form:

F(hm) = F,(h)+(1/20)m> +(1/4B)n" +(1/6y)n° +--, (11)
where o, 3 and y — are the coefficients of the decomposition of the thermodynamic potential with respect to
the order parameter: F(n). For them, new notation is used - instead of B, D, ..., and the coefficients Y%, Y, ...
are introduced only in order to simplify the expressions obtained by differentiating the thermodynamic po-
tential. When analyzing the expansion (11), we can conclude that the dependence of the coefficient o on h is
sharp (critical). The dependence of 3 and y on h is not critical, so that it can be neglected.
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By expanding the dependence au(h) in a series in a small (in the vicinity of the transition)

parameter (h-6) and limiting ourselves to the first member of this series, we have:
a=0,(h—0), (12)
where o is a coefficient independent of h.

In Landau's theory, the character of the FP (features of the second kind or the first kind) is determined
by the sign of the coefficient of the fourth power of the order parameter: n*. In the case of p > 0, we have a
second-order phase transition, and in this case, taking the coefficient at n°® (and at higher degrees of the order
parameter) becomes unnecessary, since the stability of the system is already provided by the condition of a
positive value of the parameter. Thus, for the thermodynamic description of the FP2 in the centrosymmetric
disordered phase, the expansion of ®(h,n) in the order parameter takes the form of a finite polynomial:

F(h,n) = Fy(h)+(1/20)n” +(1/4p)m", 13)
where a = oy(h—0) and > 0.

The specific form of the function (13) depends on the physical meaning of the order parameter.

According to microscopic changes in the structure, phase transitions are divided into displacement type
and order-disorder type transitions.

The order parameter for order-disorder phase transitions is described as follows. A change in the sym-
metry of a crystal can occur as a result of the redistribution of the probability that atems are located at
different equilibrium positions in the unit cell. Suppose that there are two such positions and they are «popu-
lated» respectively with a concentration of N; and N, atoms — the number of atoms located respectively in
positions 1 and 2. At sufficiently high temperatures, these positions are uniformly populated, the probability
of finding an atom in each of them is the same: N; = N,. Since on average (for example, on average over
time) the internal atom is in the center of the cell, the symmetry of the structure does not change. The phase
transition into an ordered phase with decreasing temperature manifests itself as the appearance of the
difference in the probabilities of finding a particle in different positions, that is, the difference in the number
of particles in these positions. At the phase transition point, the value becomes nonzero:

11=(N1—N2)/(N1+N2)- (14)

Structural phase transitions in which symmetry changes occur as a result of the redistribution of
particles over previously equally probable positions are called order-disorder transitions.

In order for the phase transition point to correspond to a steady state, the thermodynamic potential must
have a minimum at this point:

i 24n+4Cn’ =0;
on

(15)

2
OF 4 +12¢0 0.

=
From (15) it follows that:
h>d n=0 4,>0;

Ay (16)
2C,

The second postulate of the Landau theory is a linear dependence on h of the coefficient A near the
transition under the condition of constant pressure:

A(h) =0y (h=d), (17)

h<d n

where ay=(0Ay/0h),-q — const.
It'is assumed that Cy does not depend on h. Thus, the value of the order parameter 1 for 4 <d is:

— OLo(d_h)
n= /—2C0 . (18)

oF 04, >
g 0 19
o Py n (19)

Entropy near the phase transition point:

S =
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In the symmetric high-temperature phase, # = 0, S = Sy; with & <d:

2
S:SO_Fi%:SO_Fi(h_d). (20)
2C, oh 2C,

Note that the resulting function S (&) is continuous. Now you can find the values of heat capaci-

oS :
ty C,=h| — | in both phases with 4~ = d. In the low-temperature phaseC, =C + Od , in the high-
P ah , P Po 2C

0

oS, o . o
temperature phase C, = C, , where C, = h—L . Heat capacity jump during phase transition:

Oh

2
ac, =% 4. @1)
2C,

From Table and Figure 3 it follows that AC, = 0.5d = 1.15 (J/mol*K). In [44], the molecular dynamics
calculations of the heat capacity of gold with particle sizes from 1.5 to 5.5 nm were performed (Fig. 6). From
Figure 6 that AC, = 1.65 (J/mol*K), which is close to that obtained by us, given the proximity of computer
calculations.

The lattice parameter of gold is a = 0.4 nm. So the d(I) layer contains about 3 monolayers of atoms of
gold and d(II) — about 60 monolayers of gold.
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Figure 6. Gold Heat Capacity [44]

The above results can give a significant impetus to the research of atomically smooth metals and other
compounds.

The work was performed under the program of the MES RK Grants No. 0118PK000063 and
No. @.0780.
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B.M. IOpos, C.A. I'yuenxo, B.Y. Jlaypunac, O.H. 3aBaukas

MeTtanaapabiH 0eTKi Ka0aThIHIAFbI KYPBLUIBIMABIK (pa3aJIbIK 6Ty

Makanazma Ta3a meranmapAblH OeTiHzaeri Typii KyObuibicTapra moiy yceiHbuiraH: Tamwm xoHe Iloxmmaig
OerTik KyliepiHiH maiga OoMybl; KBAaHTTHIK eimeM 3ddekTinepi; smekTpii Koc KabaT, MeTaljaH
QNIEKTPOHIAPBIH LIBIFY JXKYMbIChl. Kasipri TykKbIpbiMaaManapra coiikec, OeTTik kabar — KejeM MeH
TEPMOTUHAMUKAIIBIK TEIe-TCHIIKTe OONaThIH oTe KyKa (aza. Merammap sl OeTKi KaOATHIHBIH JKaHa MOJICI
ycoHbUIFaH. BeTki KabaTTarsl KypsUIBIMIBIK (ha3ara eTyre Oaca Hazap aymapblIanbl. by moceneni 613 anrar
per ketepinm OThIpMbI3. HaHoKypbuibiMmapaarbl (a3ajiblK OTydepAi CHIATTay YLIiH QPTYpIi MOACNbIep
YCBHIHBUIBI, OJIAPABIH iMIiHAE PETTUIK MapaMeTpiH KojnaHaTeiH JlaHmayaplH opraiia epic 9HICiH aTall eTyre
Oonanel. Jlangay TteopuschiH naiigananein, T TemmeparypachlH h KOOPAMHATIEH ayBICTBHIPAMBI3.
OKCTIepIMEHT  KOPCETKeHIeH, IKBUTyCHIMBIMABUIBIFBIHBIH  cekipici AC,=0,d = 1,15 (Tx/Mons K).
XKyprizinren MonekynaablK TUHAMUKAIBIK ecenTeyiep OeuniekTepain emmremaepi 1;5-teH 5,5 HM neiiri
AITHIHHBIH KBLUTYCHIABIMABLIBIFE AC, = 1,65 (JIx/Mob-K) OONaThIHBIH KOPCETTi. AJITEIHHBIH TOP IapaMeTpi
a = 0,4 am kypainsl. Jlemek, D (I) kabaTs! anTelH aTOMIapbHEIH 3 MoHOKaOaTsHaH xkoHe D (II) — anTeHHBIH
6 MOHOKabaThIHAH TYPa/Ibl.

Kinm co30ep: 6eTki KabaT, HAHOKYPBUIBIM, (ha3aiblK oTy, JIan1ay TeopHsIChL, JKbUTY CHIHBIMIBUIBIFEL.

B.M. IOpos, C.A. I'yuenko, B.Y. Jlaypunac, O.H. 3aBankas

CTpykTypHbIii (ha30BbIii Iepexo/l B MIOBEPXHOCTHOM CJIO€ METAJLIIOB

B crarbe man 0630p pa3MHUHBIX SBICHUH HA MOBEPXHOCTH YHCTHIX METAJJIOB: BOSHUKHOBEHHE ITOBEPXHOCT-
HbIX coctossHui Tamma u Illoknu; xBaHTOBO-pa3MepHbIe Y(P(EKTH; TBOHHON IEKTpUIECKUi Clol, paboTa
BBIXOJA IEKTPOHOB M3 MeTaja. COMIacHO COBPEMEHHBIM IIPEICTABICHUSAM IMOBEPXHOCTHBIA CIIOH Ipea-
CTaBJIsIeT cO0O0M OUEHb TOHKYIO (pa3y, HAXOMAILYIOCS B TEPMOANHAMUYIECKOM paBHOBecHH ¢ oO0bemom. Ilpen-
JI0’)KEHa HOBasi MOJIEIb ITOBEPXHOCTHOTO CJI0si MeTaiuioB. OCHOBHOE BHUMaHHE YIEIEHO CTPYKTYpHOMY (a-
30BOMY II€pEXO/ly B HOBEPXHOCTHOM CJlIo€. DTOT BONPOC NMOAHUMACTCS HaMu Briepsble. s onucanus daso-
BBIX N1E€PEX0JI0B B HAHOCTPYKTYPaX MPEATOKEHBI Pa3IMIHbIE MOJIEIHU, CPEJH KOTOPBIX MOKHO OTMETHUTh Me-
ToA cpenHero nons Jlagnay, BrKOTOPOM HCIOJb3YeTcs apaMmerp nopsaxa. Mel Bocrionbs3yemes Teopuel Jlannay,
3ameHstst Temrieparypy T Ha koopAuHaTy h. DKcrepuMeHTanbHO MOKa3aHo, YTo ckadok Termnoemkoctd AC, = 0,d
= 1,15 (Jx/mons-K). [IpoBemeHHbIC pacdeTsl METOJOM MOJEKYJISIPHOH IMHAMHUKH TEIUIOEMKOCTH 30JI0Ta IIPH
pasmepax gacTull ot 1,5 1o 5,5 uM nokasany, 9ro AC, = 1,65 (Jlx/monb-K). D10 O113K0 K MOTy4eHHOMY Ha-
MH pe3ynbTaTy, yUuThiBas MPHOIMKEHHOCTh KOMIBIOTEPHBIX pacueToB. [lapamerp pemerku 3omota a = 0,4
uM. 3HauuT, caoii d (T) cogepxut oxono 3 monocnoeB aromoB 3osota U d (II) — okos10 6 MOHOCIIOEB 30J10Ta.

Kniouesvie  crosa: TOBEPXHOCTHBIN CJIOH, HAHOCTPYKTypa, (a3oBelii mepexon, Teopus Jlanmay, Teroem-
KOCTb.
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