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To the question of the thermal conductivity of metallic nanothreads and nanofilms

In recent years, attention has been growing in the study of the thermophysical properties of nanostructures,
which is due to the opportunities that open with the use of these structures in virtualy al fields of science,
technology, medicine, etc. Studies show that there are significant differences in the nature of heat transfer
within macroscopic bodies and in nanostructures. Another feature of this problem is the large variety of ob-
jects that require the development of special theoretical and experimental research methods. In this connec-
tion, the issues of heat transfer in solid-state nanostructures are currently an area of active research. As shown
by us in a number of papers, the equations (1)—(3) obtained have a universal character and are valid for the
dimensional dependence of many properties of nanostructures, including thermophysical ones. In the present
paper, this approach is used in considering the thermal conductivity and electrical conductivity of metallic
nanostructures and some typical problems of therma conductivity of thin films. It follows from the results
presented in the paper that for metal nanostructures the Fuchs-Sondheimer model works well when taking in-
to account the dimensional dependence of the mean free path of an electron. In &l the guidelines for calculat-
ing the thermal fields of thin coatings of space and aviation eguipment, we start with the classical hest con-
duction equations, where the thermal conductivity coefficient is assumed to be a constant value. In this paper,
we showed that when the thickness of ametal film isless than 50-100 nm, its physical properties are affected
by dimensional effects. The problem of the thermal field of an unlimited plate of small thickness is consid-
ered. It is shown that the heat field of a nanoplate depends both on the materia of the plate through the coef-
ficient of therma conductivity of a massive sample, and on the size factor. In the classical case, there is no
such dependence.
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Introduction

In recent years, attention has been growing in the study of the thermophysical properties of nanostruc-
tures, which is due to the opportunities that open with the use of these structuresin virtually al fields of sci-
ence, technology, medicine, etc.

Studies show that there are significant differences in the nature of heat transfer within macroscopic bod-
ies and in nanostructures. Another feature of this problem is the large variety of objects that require the de-
velopment of special theoretical and experimental research methods. In connection with this, the problems of
heat transfer in solid-state nanostructures are currently an area of active research [1-6].

Thereation £./L determines the character of heat transfer in solids of small dimensions. Here (., is the
mean free path of phonons in a macroscopic sample whose size L is much larger than £.,. When it comes to
nanostructures, the corresponding characteristic dimensions are considered as L. When the inequality
£.JL <107 is satisfied for all three measurements (for macroscopic bodies), classical diffusion heat transfer is
realized, the mechanism of which is determined by the Fourier law. Another limiting value of the ratio £../L
is of the order of 10? and corresponds to the so-called Casimir limit £../L >> 1, when practicaly all phonons
transfer heat between the boundaries of bodies without collisions inside a solid. This mechanism of heat
transfer is called ballistic. Between these limiting cases, the diffusion-ballistic regime is realized with a
change in £./L approximately in the range from 107 to 10. In the indicated range of variation (./L there aris-
es an unknown phenomenon in the framework of the classical theory — the dependence of the thermal con-
ductivity on the sample size. In this connection, the so-called effective thermal conductivity A« (L) is intro-
duced. This phenomenon can not be explained in the framework of the phenomenol ogical theory of diffusion
transport based on the Fourier law. Here we need a statistical theory of the thermal conductivity of solids,
laid down by the work of Peierls and Clemens|[7, 8].

The above reasoning refers to phonon thermal conductivity, which is realized in dielectrics and semi-
conductors. For metals, where the transfer of heat is carried out by electrons, the situation is noticeably dif-
ferent. However, in this case the relation €../L plays an important role. The thermal conductivity of metallic
nanostructures has been much less studied [9, 10]. In this paper we will analyze the thermal conductivity of
nanothreads and nanofilms.
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Dimensional effects in the thermal conductivity of metallic nanostructures

In[11, 12] and a number of others we obtained aformula that describes the dependence of the physical
property of asolid onitssizer:

A(r) = AO-(l—d?j. (1)

Here A is the physical property of a massive sample; A(r) is the physical property of athin film; disa
dimensional parameter. For the size parameter we obtained the formula[11, 12]:

26V
d=—r-. 2
RT @)
Here o is the surface tension of a massive sample; v isthe molar volume; R is the gas constant; T is the

temperature.

For r < d, the formula (1) loses its physical meaning (A(r)—«), so we extend the function A(r) in this
region so that the function A(r) vanishes at the point r = 0. This condition is satisfied when the function (1) is
representable in the form:

A(r) = A, -[1—%). ©)

Equations (1)—«3) have a universa character and are valid for the dimensiona dependence of many
properties of nanostructures, including thermophysical ones. Calculation of the coefficient of thermal con-
ductivity was carried out according to aformula analogous to (3):

d
A(r)=hy-|1-——|. 4
(=135 @

Here A, is the coefficient of thermal conductivity of a massive sample, the value of which is taken from
the reference book [13], d is the dimensional parameter, the value of which was obtained by usin[12] and is
givenin Table 1. Table 2 gives the value, and in Tables 3-5 the values of the coefficient of thermal conduc-
tivity of nanoparticles of pure metals with sizes 1, 10 and 50 nm are presented.

Table 1
Parameter d of some metals [12]

M d, nm M d, nm

Li 0.7 S 5.8
Na 15 Ba 6.2

d, nm M d, nm M d, nm M d, nm M d, nm

14 Cd 1.3 Fe 22 Gd 53 Ac 35
1.8 Hg 0.6 Co 2.0 Tb 53 Th 6.7
. . 1.3 Cr 2.7 Ni 1.9 Dy 53 U 29
Rb 29 Ga 0.6 Te 25 Mo 4.6 Ce 3.8 Ho 55 Np 1.8
Cs 3.6 In 11 Cu 1.6 W 5.8 Pr 4.2 Er 55 Pu 1.9
Be 1.3 T 1.9 Ag 22 Mn 2.0 Nd 4.5 Tm 52 Am 4.5
Mg 22 Si 34 Au 2.3 Tc 3.6 Sm 4.4 Yb 4.6 Bk 3.6
Ca 4.9 Ge 2.8 Zn 11 Re 4.6 Eu 5.8 Lu 5.7 - -

P|13% =

Table 2
Coefficient of thermal conductivity of pure massive metals (M) [13]
M | o, W/(MK) | M | Lo, W/(MK) | M | Ao, W/(MK) | M | Ao, W/(M-K) | M | Ao, W/(MK) | M | X, WH/(M-K)
Li 84,8 Sr - Sn 65 Cr 67 Ni 92 Ho 16
Na 142,0 Ba - Pb 35 Mo 162 Ce 11 Er 15
K 79,0 Al 207 Cu 395 W 130 Pr 13 Tm 17
Rb 58,2 Ga 33 Ag 418 Mn 8 Nd 17 Yb 35
Cs 35,9 In 88 Au 310 Tc 51 Sm 13 Lu 16
Be 182 Tl 47 Zn 111 Re 50 Eu 14
Mg 165 Si 167 Cd 93 Fe 75 Gd 11
Ca 98 Ge 60 Hg 8 Co 71 Dy 11
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Table 3
Coefficient of thermal conductivity of metal nanowires with a diameter of 1 nm
A(r), A(n), A(r), (), (), M),
M Wt/(mK) M Wt/(m-K) M Wt/(m-K) M Wt/(m-K) M Wt/(m-K) M Wt/((m-K)
Li 35.3 Sr - Sn 22 Cr 14 Ni 25 Ho 2
Na 45.8 Ba - Pb 10 Mo 22 Ce 2 Er 2
K 16.8 Al 65 Cu 120 w 14 Pr 2 m 2
Rb 11.2 Ga 17 Ag 102 Mn 2 Nd 2 Yb 5
Cs 5.8 In 34 Au 72 Tc 8 Sm 2 Lu 2
Be 65 Tl 14 Zn 44 Re 6 Eu 2
Mg 40 Si 28 Cd 32 Fe 18 Gd 1
Ca 12 Ge 12 Hg 4 Co 19 Dy 1
Table 4
Coefficient of thermal conductivity of metallic nanowires with a diameter of 10 nm
A(n), A(n), A(r), (), M), M),
M Wt/(mK) M Wt/(m-K) M Wt/(m-K) M Wt/(m-K) M Wt/(mK) M Wt/(m-K)
Li 29.3 S - Sn 57.0 Cr 52.8 Ni 77.3 Ho 10.3
Na 1235 Ba - Pb 29.6 Mo 111.0 Ce 8.0 Er 10.1
K 62.7 Al 180.0 Cu 340.5 W 82.3 Pr 9.2 Tm 11.2
Rb 45.1 Ga 31.1 Ag 342.6 Mn 6.7 Nd 11.7 Yb 24.0
Cs 26.4 In 79.3 Au 252.0 Tc 375 Sm 9.0 Lu 10.2
Be 161.1 Tl 39.5 Zn 100.0 Re 34.2 Eu 8.9 -
Mg 135.2 Si 124.6 Cd 82.3 Fe 61.5 Gd 7.2 -
Ca 65.8 Ge 46.9 Hg 7.5 Co 59.2 Dy 7.2 -
Table 5
Coefficient of thermal conductivity of metallic nanowires 50 nm in diameter
A(r), A(r), A(r), A(r), A(r), A(r),
M Wt/(mK) M Wt/(m-K) M Wt/(mK) M Wt/(mK) M Wt/(mK) M Wt/(mK)
Li 82.3 Sr - Sn 63 Cr 62 Ni 87 Ho 10
Na 136.3 Ba - Pb 33 Mo 143 Ce 10 Er 14
K 73.6 Al 198 Cu 378 w 111 Pr 12 ™m 14
Rb 53.7 Ga 32 Ag 394 Mn 8 Nd 15 Yb 14
Cs 325 In 85 Au 291 Tc 46 Sm 12 Lu 31
Be 176 Tl 45 Zn 108 Re 14 Eu 12
Mg 155 S 152 Cd 90 Fe 71 Gd 10
Ca 86 Ge 56 Hg 8 Co 67 Dy 10

It can be seen from the tables that the coefficients of thermal conductivity of metals with asize of 1 nm
decrease by afactor of 2 in comparison with bulk samples, and a dimensions of 50 nm they differ little from
the latter. Thisis significantly different from the dimensional dependence of the melting point. Here there is
achange of 2—3 orders of magnitude.

Wiedemann-Franz-Lorenz Law

The mechanism of heat transfer by heat conduction is based on the concept of energy transfer by gas
particles[14-16]. In metals, it is afree electron gas, in the insulators — a phonon gas. Kinetic theory consid-
ers the motion of electronsin metals in electric and magnetic fields created by the atoms of matter, and also
under the condition of imposing an external thermal field, i.e. in the presence of a temperature gradient. The
kinetic approach is based on the Boltzmann equation, taking into account the quantum statistics of the elec-
tron gas and various scattering mechanisms: phonons, structure defects, etc.
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Within the framework of the kinetic approach for the classical electron gas, a relation was obtained be-
tween the thermal conductivity coefficient A and the electrical conductivity of the metal o:

n? (kY

Here k is the Boltzmann constant; e is the electron charge; T is the temperature. The relation (5) is
called the Wiedemann-Franz law. In a more general form, thislaw iswritten in the form:

A=LoT (6)
and is caled the Wiedemann-Franz-L orentz |aw.

The universality of this notation is that al the unaccounted features of the behavior of an eectronin a
metal in deriving the relation (5) can be expressed by different values of the Lorentz number L, without
changing the form of the relation (6). It is easy to see that, knowing the electrical conductivity of ametal and
its temperature, it is also possible to calculate its thermal conductivity, since in the classica case (6) the Lo-
rentz number is constant. Experimental studies have made it possible to establish the validity of the
Wiedemann-Franz-Lorentz law in the form (6) for all metals and for many metalsin the form (5) [14-16]. In
this case, significant deviations from the expression (5) observed in some metals over the entire temperature
range were revealed, and in others only at certain temperatures. This is due to both the scattering processes
and the band structure of the metal.

In the case of elastic scattering of electrons and a parabolic zone, the Lorentz number can be represent-
ed by the following expressions:

—for astrongly degenerate electron gas:

|_=L0=%-(5) | ™

90

where r is the exponent in the dependence of the relaxation time on energy, which is—0.5 when the e ectron
is scattered by acoustic and optical lattice vibrations and 1.5 when scattered by impurity ions.

Dependencies (7) and (8) are applicable for most metals and semiconductors. Table 6 shows the values
of eectrical conductivity of pure metals, and in Tables 7-9 for metal nanowires with diameters of 1, 10 and
50 nm, calculated by the formula similar to (4), where the coefficient of thermal conductivity is replaced by
electrical conductivity.

As in the case of thermal conductivity, the electrical conductivity decreases significantly when the di-
ameter of the nanowires decreases. Table 10 lists Lorentz numbers for a massive sample of metal and nan-
owires.

Table 10 shows that the Lorentz numbers for a massive sample and nanowires coincide within the error
of the experiment. The main contribution to the measurement error is made by the error in determining the
coefficient of thermal conductivity, which even for massive samples reaches 10 %.

those, correspondsto (6);
—for a nondegenerate electron gas.

Table 6
Electrical conductivity of pure metals (M) [13]
Go, 1081 Go, 1081 Go, 1081 Go, 1081 Go, 1081 Go, 1081
M ommtm® |[M| ohmtm® [M| ohmtim? | M| ohmim? |M| ommim® | M| ohmtm?
Li 11.8 Sr 5.00 Sn 7.8 Cr 5.3 Ni 14.6 Ho 11
Na 23.8 Ba 2.00 Pb 49 Mo 19.8 Ce 1.3 Er 0.93
K 16.3 Al 37.2 Cu 59.8 w 18.2 Pr 15 Tm 1.3
Rb 8.62 Ga 7.3 Ag 68.0 Mn 0.14 Nd 1.6 Yb 3.7
Cs 4,76 In 12.2 Au 48.3 Tc — Sm 11 Lu 1.3
Be 36.0 Tl 5.7 Zn 16.9 Re 5.3 Eu 1.2
Mg 22.7 Si - Cd 135 Fe 10.3 Gd 0.71
Ca 24.4 Ge - Hg 1.04 Co 16.0 Dy 1.8
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Table 7
Electrical conductivity of metal nanowires with a diameter of 1 nm
o, 10°, o, 10°, o, 10°, o, 10°, o, 10°, o, 10°,
M1 ommtm® |[M| ohmtm® [M| omim?® | M| ohmim? |M| onmim® | M| ohmim?
Li 49 Sr 0.54 Sn 2.6 Cr 1.1 Ni 4.0 Ho 0.1
Na 7.7 Ba 0.2 Pb 1.4 Mo 2.6 Ce 0.2 Er 0.1
K 35 Al 11.6 Cu 18.1 W 1.9 Pr 0.2 m 0.2
Rb 1.7 Ga 3.8 Ag 16.5 Mn 0.04 Nd 0.2 Yb 0.5
Cs 0.8 In 4.7 Au 11.2 Tc - Sm 0.2 Lu 0.1
Be 12.9 Tl 1.7 Zn 6.8 Re 0.7 Eu 0.1
Mg 55 S — Cd 4.7 Fe 25 Gd 0.1
Ca 3.1 Ge — Hg 0.6 Co 4.2 Dy 0.2
Table 8
Electrical conductivity of metal nanowires with a diameter of 10 nm
o, 10°, o, 10°, o, 10°, o, 10°, o, 10°, s, 10°
M1 onmtm? [M] ommtm® | M| ohmtm® | M| onmtm? [M| obmtm® [ M| onmtm?
Li 104 Sr 2.7 Sn 6.5 Cr 3.8 Ni 115 Ho 0.6
Na 19.7 Ba 11 Pb 39 Mo 12.0 Ce 0.8 Er 0.5
K 11.9 Al 30.5 Cu 48.6 W 9.9 Pr 0.9 Tm 0.7
Rb 6.1 Ga 6.7 Ag 51.9 Mn 0.11 Nd 1.0 Yb 2.2
Cs 3.1 In 11.0 Au 36.3 Tc - Sm 0.7 Lu 0.7
Be 30.5 Tl 4.6 Zn 14.7 Re 3.1 Eu 0.7
Mg 17.3 S — Cd 11.3 Fe 7.9 Gd 0.4
Ca 14.4 Ge — Hg 0.9 Co 12.5 Dy 1.0
Table 9
Electrical conductivity of metal nanowires with a diameter of 50 nm
o, 10°, o, 10°, o, 10°, o, 10°, o, 10°, o, 10°,
M1 onmtm? [M] obmtm® | M| onmtm? | M| onmim? | M| obmtm® | M| ohmtm?
Li 11.5 Sr 4.3 Sn 7.5 Cr 49 Ni 13.0 Ho 1.0
Na 22.8 Ba 1.7 Pb 4.7 Mo 175 Ce 1.2 Er 0.8
K 15.2 Al 35.6 Cu 57.2 W 15.6 Pr 1.3 m 1.1
Rb 8.0 Ga 7.2 Ag 64.0 Mn 0.13 Nd 1.4 Yb 3.3
Cs 4.3 In 11.8 Au 45.3 Tc - Sm 1.0 Lu 1.1
Be 34.8 Tl 54 Zn 16.4 Re 4.6 Eu 10
Mg 214 S — Cd 13.0 Fe 9.7 Gd 0.6
Ca 21.4 Ge — Hg 1.0 Co 15.2 Dy 1.6
Table 10
Lorentz numbers of some metals
(Lo — bulk sample [13], L4, Lo — for nanowires with a diameter of 1 and 10 nm, respectively)
M Lo, 10°°, Lo, 10°°, Lo, 10°°, M Lo, 10°°, Lo, 10°°, Lo, 10°°,
Wt-Ohnm/K? Wt-Ohnm/K? Wt-Ohnm/K? Wt-Ohnm/K? Wt-Ohnm/K? Wt-Ohnm/K?
Li 2.22 2.40 2.40 Fe 2.61 2.40 2.40
Na 2.12 2.00 2.00 Zn 2.28 2.20 2.20
K 2.23 2.00 2.00 Cd 2.49 2.16 2.16
Rb 2.42 2.20 2.20 Al 2.14 2.00 2.00
Cu 2.20 2.21 2.21 In 2.58 241 241
Ag 2.31 2.06 2.10 TI 2.75 2.75 2.75
Au 2.32 2.14 2.14 Sn 2.48 2.82 2.82
Be 2.36 2.00 2.00 Pb 2.64 2.38 2.38
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The result obtained indicates that heat transfer in metallic nanostructures is accomplished by electrons
asin bulk samples.

The Fuchs-Sondheimer Model

The classical theory of the size effect in the electrical conductivity of thin films was formed in the mid-
dle of the twentieth century and was called the Fuchs-Sondheimer model [17]. The model is based on the
solution of the Boltzmann kinetic equation with alowance for the scattering on the walls of the film. For the
specific resistance p of athin film (or nanowire) with a thickness d and mean free path (oo, the following ex-
pressions are obtained:

pzpo(l+g€d—”), d>>7; 9

1
o= po(g%(lna—wj ] d<<r.. (10)

The relations obtained can be interpreted in terms of a decrease in the mean free path of electrons dur-
ing scattering on the walls of the film with a decrease in its thickness.

If the film thickness is commensurable with the electron de Broglie wavelength, a quantum size effect
can be realized. Its essence lies in the fact that the transverse motion of the electrons becomes quantized: the
projection of the guasmomentum of an electron on a small-size direction can take only a discrete set of val-
ues. In pure metas, the de Broglie wavelength of eectronsis of the order of 0.1 nm, which is an order of
magnitude larger than the smallest film size considered in our case. Thus, when considering dimensional ef-
fects in metallic nanostructures with a size of 1-50 nm, we remain within the framework of a classica or
semiclassical electron gas.

We estimate the mean free path of electronsin metals from Eq [17]:

3V n

8t/ en

Here e is the electron charge; h is the Planck constant; n, is the electron concentration: oy is the electrica
conductivity of the bulk sample from Table 5.

The corresponding estimates gave the following result: for Al € = 14.7 nm; for Au £ = 36.5 nm; for Cu
¢ =38.9 nm; for Ag £ = 56.3 nm. We now make an estimate of the conductivity of a gold film of thickness
d=1 nm by formula (10), taking into account that ¢ = 1/p. We get that ¢ = 3.8610° Q'm™ against
6=11.2.10° Q'm™ from Table 6.

As we can see, the calculated conductivity value by formula (11) differs from our value by about 3
times in the smaller direction. This is due to the fact that in formula (11) we take the mean free path in a
massive sample. If we take into account the dimensional dependence of the mean free path of an electron and
use (3) to calculate it, then after subgtituting this into formula (10), we obtain this value for a1 nm gold film
6 =9.810° Q'm*, whichisaready dightly different from the value given in Table 6.

From the above arguments it follows that for the metal nanostructures the Fuchs-Sondheimer model
works well when taking into account the dimensiona dependence of the mean free path of an electron in ac-
cordance with relation (5).

Taking into account the results given in Table 9, we can conclude that the Wiedemann-Franz-Lorentz
law in the form (6) is satisfied for al metal nanostructures up to 1 nm and for many metallic nanostructures
in the form (5). Thus, all the above results for the electrical conductivity of metallic nanostructures can also
be used for thermal conductivity.

The Landauer-Datt-Lundstrom model

The analysis of the modern theory of the transfer of electrons and heat of Landauer-Datta-L undstrom
(LDL) iscarried out in [18], which is applicable for 1D, 2D and 3D nanostructure and macroscale resistorsin
ballistic, quasi-ballistic and diffuson modes of linear response in the presence of voltage and temperature
drop at the ends of the device.

It is shown that the Landauer-Datt-Lundstrom principle, used to describe electron transfer, can be gen-
eralized for phonons. In both cases, the Landauer approach, the generalized and extended Data and
Lundstrom, gives a correct qualitative description of the transport processes for resistors of any size and
scale in the balistic, quasi-ballistic and diffusion modes of the linear response in the presence of a voltage
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drop and temperature at the ends of the device. It is shown [18] that lattice thermal conductivity can be writ-
ten in aform very close to electrical conductivity, but there are two important differences. The first differ-
ence between eectrons and phonons is the difference in the width of their dispersion bands. For electrons,
the dispersion is BW >> kT at room temperature, so only low-energy states are occupied. For phonons
BW =~ KT, therefore, all acoustic modes are occupied at room temperature throughout the Brillouin zone. Asa
result, the smple Debye approximation in the dispersion of acoustic phonons does not work, much like the
simple approximation of the effective mass with respect to the electron dispersion. The second difference
between e ectrons and phonons is that for electrons the mode populations are controlled by the conduction
window function, which depends on the position of the Fermi level and temperature. For phonons, the con-
duction window function depends only on temperature. As a result, when the position of the Fermi level
changes, the electrical conductivity changes by many orders of magnitude, and the lattice conductivity
changes by only severa orders of magnitude.

Thermal conductivity of nanowires taking into account the size effect

In al the guidelines for calculating the thermal fields of thin coatings of space and aviation equipment,
we start with the classical heat conduction equations, where the thermal conductivity coefficient is assumed
to be a constant value (see, for example [19]). As we showed above, when the thickness of a metal film is
less than 50-100 nm, its physical properties are affected by dimensional effects. Let us consider the problem
of the thermal field of an unbounded plate of thickness 6. For smplicity and comparison, we confine our-
selves to the stationary case. Then the heat equation will have the form:

s—x(xz—lj =0. (12)

In the classical case, A = const, and in our case A = Ao(1 —a/a + x). Unlike (3), here the size factor is
denoted by o, so as not to be confused with the sign of differentiation.
Taking into account the size effect, equation (12) reducesto the form:
x dT C,

—==1 (13
X+o dx 2,
Here C; istheintegration constant. The solution of equation (13) has the form:
T(x):%(x+a|nx)+C2. (14

0
If A =cong in (12), then we have the classical solution of the problem for an unbounded plate:
T(x)=Cx+C,. (15)

In contrast to the classical problem, a logarithmic term appears in equation (14). This leads to diver-
gence at the origin. Therefore, the boundary conditions must be specified not for x = 0, but for x = A,, — the
mean free path of the electrons. Only in this case the classica heat equation is meaningful.

It isalso essentia that, according to (14), the heat field of the nanoplate depends both on the material of
the plate through the thermal conductivity coefficient of the bulk sample A, and on the size factor «. In the
classical case, there is no such dependence.

For equation (13), the first boundary value problem will ook like this:

T(x)|X:M =%(xw +alni,)+C, =T;;
0

T(x)|x:h :%(h+a|nh)+C2 =T,. (16)
0
From the system of equations (16) it follows that:
T, = %(Xm +alni,)+C,;

0

T, :%(h+alnh)+C2.

0
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Subtracting the second from the first equation, we obtain:
T,-T,= %[(xw +alnd,)—(h+alnh)]=Cy /A
0

C, = (Tl_TZ)')\‘O;
Y
C2:Tl—(Tl_TZ)'(waralm“w). a7
The general solution of the problem will havetheforr? (o =d):
(=TTl o (4 g inyy 7, - =T (e 2 VINRL) (18)
The general solution of the classical problem has the form: k
T(x)=%x+ﬂ. (19)

Comparison of (18) and (19) shows that the thermal field of a plate of nanometer thickness differs sig-
nificantly from amassive sample.

Conclusion

The recent creation of complex devices based on nanoobjects (nanotransistors, nanoel ectromechanical
devices, nanothermoel ectric devices, etc.) requires a serious analysis of thermal processes in nanoobjects and
nanosystems. In addition to the rapid development of nanoelectronics, no less unexpected applications of
nanotechnology have appeared, in particular in power engineering, transport, rocket and space technology,
applied chemistry, etc.

In this paper it is shown that taking into account the size effects in the thermal conductivity of metal
nanostructures leads to significant differences in comparison with bulk samples.

The work was carried out under the program of the Ministry of Education and Science of the Republic
of Kazakhstan Grants No. 0118RK000063 and No. F.0780.
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MeTaJu1 HAHOKINTEPAIH KIHE HAHOKAOBIPIIAKTAPABIH
JKbLTYOTKI3TIIITITHIH Macesecine

CoHFBI KbUTIAapbl HAHOKYPBUIBIMAAP/IBIH TePMO(U3HKAIBIK KACHETTEPIH 3epTTeyre Ha3ap ayaapbulyna, Oyt
KYPBUIBIMJIAP/IbIH FBUIBIMHBIH, TCXHOJIOTHSHBIH, MEIMIMHA JKOHE Tarbl Oacka OapiiblK cajanapia
KOJIIaHBUTYBIMEH aIlBUIATBIH MYMKIHAIKTEpre OaillaHbICThL. 3epTTeyliep MaKpOCKOMUSIIBIK JCHEIEePe JKOHE
HAHOKYPBUIBIMIAp/a JKbUTYy Oepy CHIAThIHIA alTapIbIKTail alblpMAaIIbUIBIKTAp 6ap eKeHiH kepcerti. by
MOCeJIeHIH TaFbl Oip epeKuIeNniri — apHailbl TEOPUSUIBIK JKOHE TOKIPHOETK 3epTTey SficTepiH a3ipieymi
Ka)KeT eTeTiH KenTereH Huicaniap. OcbiFaH OaillIaHBICTBI KATThl KYHZEri HaHOKYPbUIbIMApHA KbUly Oepy
Maceneci GenceHi 3epTTey aiiMarsl 00Jbin TaObuTaabl. bipkarap skymbictapia, 6i3 KOpPCETKEeH/CH, albIHFaH
terzeynep (1)—(3) ombeban cumarka we XOHE HAHOKYPBUIBIMIAPIBIH, COHBIH ilIiHIE TEepMO(DH3HKAIBIK
KONTEereH KacHEeTTEePIiHIH eJIeM[l TOyelIuIiri YIIH kapamiasl. Makamaga MeTaal HaHOKYPBUIBIMIIApJIbIH
JKBUTYOTKI3TIIITIK JKOHE AJIEKTPOTKI3TIINTIr JKoHE KYyKa KaOBIpIIaKTapAblH >KbUIYOTKI3TIIITIriHIH THITIK
Macesenepi KapacThIpbUiFaH. Mertaal HaHOKYpbUIBIMIAap YiuiH Dykc-30HaxedmMep MoJeii 3JIeKTPOHHBIH
opTala epKiH KOJIBIHBIH OJIIIEeM Il TOYEeIIUIIriH eCKepe OTBIPHII, JKaKChl KYMBIC ICTEHTIHI Typaisl Makaaaga
KEeNTIPUITeH HOTIKEJICPJICH TYbIHAAWABL. FaphlUThIK XOHE aBHALMSAIBIK JKaOABIKTapAbIH JKYKa >KaObIH-
JApbIHBIH  OKBUIYJBIK ODICTEpiH ecenTeyre apHajfaH OapiblK HYCKAYJIBIKTapAa IKbLIyeTKIi3TiTiK
K03 HHUIHEHT] TYpaKThl MOH el CaHAJIAThIH KIACCHUKAJBIK XbUTy OTKI3TIIUTIK TEHAEYNepiHeH Oactanajpl.
Ocbl Makanmaga 0i3 MeTamn KabareiHbiH KanbiHAbFel 50—100 HM-HEeH a3 OosiFaHma, OHBIH (DU3UKAJIBIK
KacHeTTepi MOJIIIepIIiK acepiiepieH acep eTKeHiH kopceTTik. [IaFblH KaJabIHABIFBI MIEKCI3 IUTUTAHBIH JKBLTY
epiciHiH Moceneci 3eprrenni. HaHOTimIMIIEHIH JKBITy ©pici MAacCHBTIK YiTiJeri >KbUIyeOTKI3TIITIK
k03¢ GHUIUEHTI koHe emeM (GakTopsl OOUBIHINA TITIMIIEHIH MaTepHalbiHa Ja OainanblcTsl. Kitaccukaibik
JKaraiaa MyHIall ToyemIiIiK 5KOK.

Kinm co30ep: bUTyOTKI3TIIITIK, 2IEKTPOTKI3TIIITIK, HAHOXKIMN, HAHOKAOBIPIIAK, dCep MeJIIepi, KbUTy(pHU3nKa.

B.M. IOpos, I'.A. Panosa, C.A. I'yuenko, B.Y. Jlaypunac

K BOIIPOCY 0 TEIJIONIPOBOAHOCTU METAJTJITHIECCKUX HAHOHHMTEH M HAHOILIEHOK

B nocnenHue rojpl pacTeT BHUMaHHE K UCCIIEIOBAHUAM TEIUIO(PU3NUECKUX CBOMCTB HAHOCTPYKTYP, YTO CBS-
3aHO C BO3MOYKHOCTSIMH, KOTOpBIE OTKPBIBAIOTCS IPU HCHOJIb30BAHUH 3THX CTPYKTYp HPAKTHYECKH BO BCEX
001acTAX HAayKH, TEXHHKH, MEJIULIMHBI U T.I1. MccaenoBaHus MOKa3bIBAIOT HAJNYNE CYIIECTBEHHbBIX OTINYUN
B XapakTepe IepeHoca TelIa BHYTPHM MaKpOCKOIMYECKHX Tel W B HaHOCTPYKTypax. Jlpyras ocoGeHHOCTh
9TOH mpobIeMbl — OoJIbIIOe pa3sHOOOpa3ne 0OBEKTOB, TPEOYIOINX PA3BUTHS CIIEIMAIBHBIX TEOPETHUECKUX
M DKCHEPUMEHTAIBHBIX METOZOB MCCIIE0BaHNs. B CBA3M C THM BONIPOCHI IIepeHoca TeIIa B TBEPJOTEIBEHBIX
HaHOCTPYKTYpax SIBISIOTCS B HACTOsIIEe BpeMs 00JIacThIO0 aKTHBHBIX MccieqoBaHui. Kak mokazaHo HaMu B
psiae pabor, nonyuentbie ypasaenust (1)-(3) uMeroT yHHBEpCaIbHbINA XapakTep W CIpaBeJIuBBI I pa3mep-
HOW 3aBHCHUMOCTH MHOTHX CBOWCTB HAaHOCTPYKTYp, BKJIIOYas U Teriopusnueckue. B HacTosmelt pabore us-
JIO’KEHHBII TTOJIXO/ MCIIOIB30BaH IPHU PACCMOTPEHUH TEIUIONPOBOAHOCTH M 3IEKTPOIPOBOJIHOCTU METAILIN-
YeCKHX HaHOCTPYKTYP U HEKOTOPBIX THIHMYHBIX 3324 TEIIONPOBOJHOCTH TOHKHX IIEHOK. V13 npuBeIeHHBIX
B paboTe pe3ysIbTaTOB CIEIYeT, YTO M1 METALIHIECKHX HaHOCTPYKTYp Moxens dykca-3oHaxeiiMepa pado-
TaeT HeIJIOXO MPH ydeTe pa3MepHOH 3aBUCHMOCTH JUTHHEI CBOOOIHOTO Ipobera a1ekTpoHa. Bo Bcex pykoBo-
JICTBAxX IO PacueTy TEIUIOBBIX MOJIEH TOHKHUX IMOKPHITHI KOCMHYECKOH U aBHAIIMOHHOM TEXHUKH HCXOIAT U3
KJIACCHYECKUX yPaBHEHHH TEIUIONPOBOAHOCTH, A€ KOI(D(HIMEHT TEINIONPOBOAHOCTH CUUTACTCS ITIOCTOSH-
HOH BENMYUHOW. ABTOpaMH MMOKa3aHo, YTO MPH TONIINHE MeTautndeckoi mieHkn Mmenee 50-100 um B ee u-
3MYECKHX CBOWCTBAX HAUMHAIOT CKa3bIBaThCs pasMepHble 3¢ dekTsl. PaccMoTpeHa 3a/1a4a 0 TEIIOBOM I10JIe
HEOrpaHMYEHHOH MIIACTUHBI MaJIOH ToNMHBI. [T0Ka3aHO, YTO TEIIOBOE 110J1€ HAaHOIUIACTUHBI 3aBUCHT KaK OT
MaTepuaia IUIaCTHHBL Yepe3 KOA()(HUIHMEHT TeIUIONPOBOIHOCTH MAaCCHBHOrO 00paslia, Tak M OT Pa3MepHOro
(axropa. B xmaccnueckoMm cirydae Takoil 3aBHCHUMOCTH HET.

Kniouesvie cnosa: TEIIONPOBOMHOCTH, JIEKTPONPOBOJHOCTD, HAHOHUTH, HAHOIUIEHKA, Pa3MepHEIH dddexT,
TeINIO(PH3UKA.
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