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About the temperature of melting of metallic nanoparticles

Different approaches to the determination of temperature are considered. Thermodynamic consideration of
clusters takes into account not only the energy of thermal motion of atoms, but also the potential energy of
interaction of atoms in the cluster, including the energy of configuration excitation. The thermodynamic
determination of the temperature of clusters is more complete and accurate. Thermodynamic consideration of
clusters, taking into account their total internal energy and entropy, allows us to describe many processes
occurring during structural transitions, and gives a deeper and more detailed understanding of the physics of
phase transitions in clusters. In this paper we review various models of the melting temperature of
nanoparticles and propose a quantum-statistical analysis of the melting of nanoparticles. To explain the
change in the melting temperature of nanoobjects, the most widely used thermodynamic approach is based on
taking into account the increasing role of surface energy with a decrease in the characteristic size. The
dependence of the melting temperature of metal nanoparticles on size is also explained on the basis of the
criteria proposed by Lindemann. According to Lindemann's ideas, the crystal melts when the root-mean-
square displacement of atoms in the crystal becomes larger than the fraction of intraatomic distances. The
molecular dynamics method allows one to study structural transitions, thermodynamic parameters, transport
properties, and electronic states in complex systems. The increasing computing power of computers
constantly expands the range of possible applications of the molecular dynamics method. At present, the
behavior of quite complex systems containing tens of thousands of atoms is successfully modeled. With the
help of nonequilibrium statistical thermodynamics, a connection was. found between the microscopic
(quantum) processes of interaction of primary fields (the parameters of which can be controlled and varied
over a wide range) with the macroscopic characteristics of the physical object. In all cases, the size
dependence of the melting temperature of nanoparticles is determined.
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Introduction

In the molecular-kinetic theory of an.ideal gas, the concept of temperature is closely related to the con-
cept of thermal equilibrium. Bodies that are in contact with each other can exchange energy. The energy
transferred by one body to another during thermal contact is called the amount of heat. Thermal equilibrium
is a state of a system of bodies in thermal contact, in which no heat transfer occurs from one body to another,
and all macroscopic parameters of the bodies remain unchanged. Temperature is a physical parameter, the
same for all bodies in thermal equilibrium. The possibility of introducing the concept of temperature follows
from experience and is called the zero law of thermodynamics.

The cluster temperature (nanoparticles) is determined by the energy of the random movement of the
constituent atoms or molecules relative to its center of mass. If the rotational and translational degrees of
freedom of the cluster are.«frozeny, then the internal temperature of the cluster T, is determined by the rela-

tion [1]:

3N X m, (v, —v,)
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2 B~ cl <; 2 ( )

where m; and v; are the mass and velocity of the constituent atoms (molecules), v, is the velocity of the clus-
ter's.center of mass, N is the number of particles in the cluster, and kg is the Boltzmann constant.

Relation (1) is the kinetic determination of the cluster temperature. The cluster temperature can also be

defined as a thermodynamic quantity:
dE
T,=—, 2

cl d S ( )

where £ and S are respectively the total internal energy and entropy of the cluster. The temperatures deter-

mined by the relations (1) and (2) are in general different quantities, and their difference can lead to funda-

mental consequences (see, for example, refs. 2 and 3 and references therein). Thermodynamic consideration

of clusters takes into account not only the energy of thermal motion of atoms, but also the potential energy of
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interaction of atoms in the cluster, including the energy of configuration excitation. Thus, for a cluster con-
sisting of N atoms with pair interaction:

2
E=U+K=Zu(nj)+ﬂ2[%j. 3)
r 2 5\ dt

Here, U is the total potential energy, K is the total kinetic energy of the atoms, and u (7;) is the interaction
potential of two atoms at a distance between them r;; = r;-1j, where 1, 1j are the coordinates of the atoms, and
m is the atomic mass. For the entropy of a cluster, in this case we can take the general expression for entro-
py [4]:

S=-(nP)=-) PP, 4)

where the subscript i characterizes the state of the cluster and P; is the probability of findinga cluster in this

state (ZR = 1) . By configurational excitation we mean transitions from the ground state of the cluster to

local minima of the multidimensional space of the potential energy surface. In particular,, it is the
configurational excitations that lead to a change in the structure and aggregate state of the clusters [2—6].

The thermodynamic determination of the temperature of clusters is more complete and-accurate. Ther-
modynamic consideration of clusters, taking into account their total internal energy and entropy, allows de-
scribing many processes occurring during structural transitions, and provides a deeper and more detailed un-
derstanding of the physics of phase transitions in clusters [2—6]. Thus, on the basis of thermodynamic con-
siderations, it was predicted, for example, the possibility of the existence of a negative heat capacity of the
cluster near the melting point [7-10].

The most important results of the solid-liquid phase transition studies in clusters and nanoparticles are:
1) the coexistence of two phases in a certain temperature range in the vicinity of the thermodynamic equilib-
rium temperature; 2) representation of the solid-liquid phase transition in clusters as configurational excita-
tion; and 3) the possibility of the negative heat capacity of the cluster near the melting point.

In this paper we review various models of the melting temperature of nanoparticles and propose a quan-
tum-statistical analysis of the melting of nanoparticles.

Thermodynamic approach

To explain the change in the melting temperature of nanoobjects, the most widely used thermodynamic
approach, which goes back to Pavlov's work [11],7s based on taking into account the increasing role of sur-
face energy with a decrease in the characteristic size.

Strictly speaking, the concept of a phase transition for small particles makes sense only as an approxi-
mation, since true phase transitions can occur only in infinitely large systems. It is in this context that Pav-
lov's statement [11] needs to be understood that, as the particle size decreases, the melting temperature Tm
decreases. The corresponding result is easily obtained by equating to each other the chemical potentials of
the solid and liquid phases for which expression (5) with the appropriate parameters is used, and decomposi-
tion of these potentials by temperature and pressure near the melting point of a bulk sample:

SF /8N = Wy(p, + ;) =My () =0. )
Then, using the thermodynamic relations
s, =0, /0T, n '=0ou, /dp,
where s; is the entropy per atom in the i-th phase, we obtain:

L 2218 9| ©6)
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where 7, is the heat of fusion of the bulk sample. The surface tension o, for a liquid is much lower than for

a crystal o, but the densities of both phases are close to each other, from which Pavlov's assertion follows.

On the basis of Pavlov's approach, the simplest types of phase diagrams for nanoobjects are considered
in [12] and it is shown that in the general case for small samples the relative change in the temperature of the
phase transformation is determined by expression:
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where £ is the shape factor equal to 6, 4 and 2 for a particle, a thin filament and a film respectively, A is the
heat of conversion, AQ is the change in the specific surface energy for the phase transformation of a small
object with a characteristic dimension d (particle diameter or fine filament, films).

Various modifications of this approach are presented in [13-26].

A completely different physical picture of the melting of small particles was proposed in [27]. It con-
sists in that clusters with a given number of atoms in them exhibit a sharp lower temperature limit for the
thermodynamic stability of the liquid form and a sharp upper limit T,, for the stability of the solid form. The
set of identical clusters behaves like a statistical ensemble, which within a certain temperature and.pressure
region consists of two types of clusters: solid and liquid. The ratio of their numbers in thermal equilibrium is
equal to the difference of free energies in the solid and liquid states. But this equilibrium is dynamic, each
individual cluster changes the form in which it is located. However, the frequency of the transition between
these phases is sufficiently low, and equilibrium properties can be established for each phase. The results of
[27] were obtained analytically by analyzing the density of cluster states.

The phonon model

The dependence of the melting temperature of metal nanoparticles on the size is also explained on the
basis of the criteria proposed by Lindemann [28]. According to Lindemann's ideas, the crystal melts when

the root-mean-square displacement<u> of atoms in the crystal becomes larger than the fraction of intraatomic

distances. An increase in temperature leads to an increase in the amplitude of the oscillations. At a certain
temperature they become sufficiently large, they destroy the crystal lattice, and the solid begins to melt. At-
oms of the surface are less strongly bound, and under real conditions this can lead to large oscillation ampli-
tudes at the same temperature as for the atoms in the bulk of the particle. This effect can be described as the

mean square displacement of atoms on the surface of a particle <u§> and <u,§> inside it. The fraction of sur-

face atoms in spherical nanoparticles measuring 3.nm reaches about 50%, and their oscillations strongly in-
fluence the Lindemann criterion. This circumstance was used to describe the dependence of the melting tem-
perature of nanoparticles on their size without using the concepts of thermodynamics. The phonon model,
which considers the decrease in the temperature of nanoparticles with a decrease in their size, is developed
in [29]. To describe the properties of nanoparticles

T (r) r B

-~ —exp| (a-1)| —-1| |, 8

7, p{( ) ®
where T,(r) and T,,() are the melting points (K) of a nanocrystal and a compact metal, respectively; d is the
height of the monolayer of atoms in the crystal structure; r is the radius of the particle, a is the ratio of the

root-mean-square displacements‘at the surface and in the volume of the nanoparticle (the value of a varies in
most cases from 2 to 4).

Nanothermodynamics

The foundations of nanothermodynamics were laid by T. Hill [30]. The fundamental equations have the
form:

dE =1dS — pdV +pdN; )

E=1S-pV+uN+Ww, (10)

In nanothermodynamics, in contrast to classical thermodynamics, there are two chemical potentials,
«integral» [ and «differential» p , for which:

G=Ny; (11)
oG
N|=—| =Npn 12
(aN)p’T u (12)

where G is the free Gibbs energy, N is the number of molecules in the nanoparticle. The difference between
the potentials [l and p is related to the nonzero value W:
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1
HL—p=—W. 13
Rop=— (13)
When the number of molecules is N — oo, the chemical potentials [l and p tend to one limit p, . It is
shown in [31] that the chemical potentials for a fixed mass of a particle satisfy the following equations:

_ _my 30

U=l = 5 (14)
p r
my,(2c 0o
H=Hy=—"|—"*+—) (15)
p\Lr or

where my is the mass of the molecule, p is the density of the nanoparticle, ¢ is the surface tension;.r is the
radius of the equimolecular surface.
Formulas (14)—(15) can be used both in liquid and in solid states; it should be taken, w, describing the

corresponding macroscopic phase. For nanoparticles that are capable of solidifying or, on the contrary, melt-
ing, there are four chemical potentials: two «differential» chemical potentials p and two «integraly» chemical
potentials [ . Further, the indices s and 1 correspond to the solid state and the liquid state.

Hill [30] showed that the phase transition occurs when the «integral» chemical potentials coincide:

ﬁ s = ﬁl . (16)
According to Hill, the melting point of the nanoparticle is:
N—1/3A
T,=T,+ As“, (17)

0
where Ty, is the melting point of the nanoparticle, T, is the melting point of the macroscopic (large) crystal,
AS, is the change in the specific entropy upon melting of theerystal (per molecule), N is the number of mol-
ecules in the nanoparticle:
Aa=N7"(c,4 ~64;). (18)
o) and og are the surface tension of liquid and solid'particles of the same mass, and A is the surface area of
the particle. In this case, the quantity Aa <0.

Computer Models

The regularities and mechanisms of melting=crystallization hysteresis in transition metal nanoparticles
(gold, nickel, silver, and copper) were studied in papers [32—40] using molecular dynamics (MD) and the
strong-coupling potential. MD allows us to study structural transitions, thermodynamic parameters, transport
properties, as well as electronic states in complex systems. The increasing computing power of computers
constantly expands the range of possible applications of the MD method. At present, the behavior of quite
complex systems containing tens of thousands of atoms is successfully modeled.

The MD method calculates.in the phase space the trajectories of a set of molecules, each of which obeys
the classical laws of motion. Usually the MD method uses Newton's equations:

dr,

i (19)
dv, 1
— L =ai =—F;, 20
dt m. (20)

where1; are the coordinates of the i-th particle, v; is the velocity, m; is the mass, a; is the acceleration, F; is the
foree acting on the particle i from the side of all other particles.

The forces acting in the system are determined through the potential energy of the interaction of the par-
ticles V:

oV
F=—-. 21
o 21
To calculate the trajectory of molecules it is necessary:
1) choose a numerical scheme for approximating the equations of motion;
2) define the potential of interparticle interaction;

3) define the boundary and initial conditions.
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For the numerical solution of the equations of motion (19, 20), the derivatives are replaced by finite dif-
ferences. Usually, numerical schemes based on the expansion of the coordinates and velocities in the Taylor
series with respect to the time step At are used for this purpose. The preservation in the Taylor series of terms
containing the first power At leads to the Euler method. The accuracy of Euler's method is not high. Its local
error (error in step) has the value O [(At)*], but the accumulation of error from step to step leads to a global
error of the order O (At).

Another widely used numerical scheme is the Verlette velocity algorithm (Verlet algorithm):

1
" =" oA+ —a" - (A1)
2 (22)

1

1
v =0 + —(ar" +a" V) Az
2

The circuit (22) is self-starting and has the third order of global error in coordinate and second in speed.

The correct choice of the interaction potential is the most important condition for an adequate simula-
tion of the properties of the system under study. There are two basic approaches to the deseription of the mo-
lecular dynamic model of a physical system: classical and quantum mechanical. The classical approach treats
atoms as material points, which have mass and charge, without taking into account-the complex structure of
atoms. The interaction between atoms and molecules is described by formulas that have an empirical charac-
ter and contain a number of adjustable parameters. This approach makes it possible to determine stable con-
figurations of the simulated system, to study the kinetics of the course of phase transitions. The quantum-
mechanical approach takes into account the electronic subsystem of atoms and allows calculating the energy
levels of the simulated system, the configuration of electronic orbitals, absorption spectra, etc.

It is known that a lot of methods are used to produce nanoparticles; but the problem of preparing clusters
with a certain size, shape, structure and physical properties has not been solved yet. Some of the methods for
producing nanoparticles are amenable to direct computer modeling and, in particular, the synthesis of
nanoclusters from the gas phase by condensation.

There are many different approximations that differ both in the level of complexity of the mathematical
apparatus and in the degree to which the interaction features are taken into account. The theoretical founda-
tions for constructing the most effective interatomic interaction potentials used in MD modeling (Lennard-
Jones, effective medium methods, immersed atom and strong coupling) are laid. Successful use of the modi-
fied strong-coupling potential (TB-SMA) with a fixed cut-off radius corresponding to the fifth coordination
sphere inclusive [41]. These potentials are widely used in computer modeling, both macroscopic bodies and
clusters. In this case, there is a positive experience of their use even in the analysis of very small 13-atom
clusters, for example, Ni-Al alloy. This potential is able to carefully consider the processes of particle for-
mation and structure on time scales ‘characteristic for nucleation and further particle growth processes and
take into account the main features of the interatomic interaction in nickel and copper. In addition, the poten-
tials developed by Clery and Rosato are very well proven in the modeling of systems in the crystalline state
and have undergone a detailed successful verification [41] in many respects. In particular, a number of pa-
rameters of point defects (vacancies, interstices and their small complexes) were compared with experi-
mental data, a number of thermodynamic properties of metals (melting point, heat of transition, heat capaci-
ty, thermal expansion coefficient, Griineisen constant, etc.), and the same phonon spectra.

Nonequilibrium quantum thermodynamics

To measure any physical property of the object under investigation, it is necessary to act on it by some
primary field (magnetic, electrical, etc.) and measure the secondary field (the response of the system), the
value of which carries information about the object. Since the process of interaction of the object with the
field usually proceeds rather quickly (the time of single-particle relaxation is = 10-12 s), it is clear that this
process is far from equilibrium.

On the other hand, the characteristics of the secondary field carry information about an object that is in
certain thermodynamic conditions and possesses thermodynamic parameters that are directly related to its
structural, chemical and physical properties.

Thus, using nonequilibrium statistical thermodynamics, one can find the connection between the micro-
scopic (quantum) processes of interaction of primary fields (the parameters of which can be controlled and
varied over a wide range) with the macroscopic characteristics of the physical object.
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Consider defects (elementary excitations), as a system of non-interacting particles, immersed in a ther-
mostat. Quantum transitions due to the interaction of defects with a thermostat will be dissipative (with prob-
ability P), in contrast to interaction with an external field (with probability). Dissipative processes lead to the
fact that the secondary field Z2 is always smaller than the primary Z1.

Since the subsystem of defects exchanges only the energy with the thermostat, the ensemble of particles
corresponding to them will be canonical [4]. Then the expression for the statistical entropy has the form:

S=-kY finf, (23)

where f; is the distribution function; k is the Boltzmann constant.
Differentiating (23) with respect to time and transforming, we obtain:

s k
— =5 2\ = f) (RS =Buf)) @4)
LJ
where Pj; is the transition probability from the initial i (with energy E;) to the excited state j (with energy E;).
For dissipative processes, the principle of detailed equilibrium has the form:

P Lh
—gg‘P‘f _e AT, (25)
Il
where g; and g; are the statistical weights for the levels E; and E;.
Then (24) takes the form:
ds k g .
Z:E}jy(lnﬁ—lnf/)[fi—g—f/e o, (26)
j
The canonical distribution function [4]:
1 ~E; JkT
fy=—e @7)
where the partition function:
Z=c T, (28)

where G is the potential (free energy) of the Gibbs system of thermostat + system.
Let us assume that the nonconfigurational part of the Gibbs potential depends linearly on the concentra-
tion of N defects:

e =" h(N), (29)

h(N)= o(N)-¢*; (30)
where o (N) is the statistical weight.
After cumbersome but'simple calculations, it can be shown that the function h (N) is the Gaussian dis-
tribution near the equilibrium value with a small variance, i.e.

h(N)=h(N)e ™IV 31)
Substituting (31).4nto.(29), we have:
e T = p(N)S e VIV (32)
AN

To estimate the sum in (32), we replace it by the integral:

Ze’mz/ﬁ = Te”‘z/ﬁdx = \/E
AN

—00

Then (32) takes the form:
e M = B(N)(nN)". (33)
Using (29) and taking the logarithm from (33), we find:

G/kT = —1nm(N)+@+11n(nN) (34)
KT 2 ’

where G(N ) is part of the total Gibbs potential associated with the concentration of magnetic dipoles. From

the estimate of the first logarithmic term:
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_ N) —-. N+N
Ino(N)=NIn|1+— |+ Nln . 35
o(N) ( Nj N (35)

Approximating the logarithm in the first term on the right-hand side of (35) by the first term of its series
expansion, and the second term, expressing in terms of the Gibbs potential of the system of magnetic dipoles
G', we obtain:

Ino(N)=N + NG’ [kT . (36)
Substituting (36) into (34) and neglecting the term 1/2 hl(TCN ) in comparison with N , we obtain:
G =G(N)- NG’ — NkT. (37
As above, assuming that the thermodynamic potential G(N) depends on the equilibriumfiumber of de-
fects C'in a linear fashion, i.e:

G=G"+NG’, (38)
where G is the thermodynamic potential of the thermostat, we find:
G=G"—NiT. (39)
With the aid of (38), expression (28) is transformed to the form:
Z=e NN, (40)
Substituting (40) into (26), we find:
E~E;
B _Es p ooty gt Eb & | (41)
e 247 kT g;

Neglecting the small terms and replacing the sum in (41) by an integral (as is true for a continuous spec-
trum of values of the energy of defects), we obtain:
0
p=288 o] By G"/N , )
kt kT
where AS is the entropy change in the dissipative process; Em is the mean value of the ground-state energy

of the defects; 7 is the relaxation time.
The response function of the system to the external action is:

F
V. , 43
F+P )
where F = 1/1.
Equation (43) can be reduced to a linear form and written down:

d
Qr)=Q, (1 ——j, (44)

r

where d = 26v/RT, o is the surface tension, v is the atomic volume, R is the gas constant, and T is the tem-
perature.
If we take the melting temperature T, as the response function in (44), we obtain:

T (r)= 7;(1—%), (45)

Ty is the temperature of a massive sample.
Equation (45) coincides with the Tolman equation [42], but the parameter d has a different physical meaning
and coincides with the thickness of the surface layer.

In recent years, studies of multi-element (highly entropic) alloys and coatings based on them have be-
gun to develop intensively in a number of countries (see, for example, reviews [43—47]). This is due to their
unique physical properties and opens the prospect of obtaining new construction materials for the needs of
various industries.

We also started work on the synthesis of multi-element (high-entropy) coatings and obtained good re-
sults on hardening, anticorrosive, thermally and radiation-resistant coatings [48-54].

The following results were obtained:

— a relationship between the surface energy and the melting point of a metal and its compounds was ob-
tained [55], as well as the universal dimensional dependence of the physical properties of nanomaterials [56];
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—a method for determining the surface tension of deposited coatings was first proposed [57, 58];

— on the basis of our studies [55-58], it was possible to predict for the first time the physical properties
of nanocrystalline and functional coatings [59, 60].

The novelty of the proposed technology is as follows:

— using the results of our studies [61, 62], we select nanoparticles of pure metals or their compounds of
such dimensions, whose melting point is practically the same, but almost 1000 °C below the melting point of
bulk samples [63];

— when melting such a mixture of nanoparticles, a single-phase structure with unique physical proper-
ties should be obtained [43—45];

— from such an alloy cathodes and targets for the application of high-entropy coatings.

Conclusion

In Kazakhstan, special steels are not produced for the manufacture of most parts of machinery and ma-
chinery of industrial enterprises. The proposed technology for applying high-entropy coatings gives products
from simple steel grades that are produced in Kazakhstan, performance characteristics that are not inferior to
products made from special steels. This leads to a decrease in the cost of production by about 5-12 times.

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. @.0780.
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Metann HaHOOeJIIIEKTEPAIH DaJKy TeMIlepaTypachl TypPabl

TemnepaTypansl aHBIKTAayIbIH _SpTYpNi Tocinaepi 3eprrennmi. KiactepnepiaiH TepMOAMHAMHKAIBIK
KapacThIPbUTYbIH/IA aTOMAAP/BIH JKbUTY KO3FAJBICBIHBIH 3HEPrHsACHl FaHa eMec, KJIacTepAeri aToMIap.blH
©3apa OPEKETTECYiHiH ONeyeTTi SHEPIMACH, COHBIMEH KaTap KOH(DUIypalUsANbIK KO3ABIPY SHEPTHACH 1a
eckepinui. KnacrepiepaiH TeMnepaTypachblH TEpMOJMHAMMKAJIBIK AHBIKTAY HEFYPJIBIM TOJIBIK JKOHE I
Gonbin  TaObutagpl.  KitacTeprepAiH TepMOAMHAMUKAIIBIK KapacThIPHUTYBIHAA ONApIBIH IKANIbl  iIIKi
SHEPTHUSCHIH KOHE SHTPOMMSCBIH €CKEPE OTBIPBII, KYPHUIBIMIBIK aybICyJap Ke3iHJEe OpBIH allFaH KONTereH
TIponecTepAi cumarrtayra MyMKIHAIK Oepeai oHe KiacTepiepieri ¢Ga3anblk ayblcy (U3UKAachIHA TepeHIpeK
JKOHE TOJBIK TYCiHIK Oepeni. Makamama HaHoOemIeKTepAiH OaaKy TeMIIepaTypachlHBIH OPTYpIl YiTinepi
KapacThIPbUIFaH JKOHE | HAaHOOOJIIEKTEPAiH OalKybIHBIH KBaHTTHIK-CTATHCTHKAIBIK TalJaybl YCBHIHBUIFaH.
HanooOBexTiiepiH OanKy TemrepaTypachlHbIH ©3repyiH TYCIHOIpY YVIOiH, CHMaTThl MeJIIepiHiH
a3aiTBUIYbIMEH O€TTIK KyaTThIH PpOJiHIH ©CyiH ecKepe OTBIPBIN, TePMOIUHAMUKAIBIK oIiC KEHiHeH
naigananeiagpl.  Metamur  HaHOOONIIGKTEPiHIH OalKy TeMIlepaTypachiHbIH MOIIIEpiHe TOYeNaiiri
JlvHieMaHH YCBIHFAH KpUTEpHUiliepiaiH HeridiHme ne Tyciugipineni. JIMHIeMaHHBIH HIEsACHIHA COHKecC,
KpHCTaJJarbl aTOM/IAp/IbIH OpTallla-KBaPATThIK KbUDKYHI IIIKi aTOM/IBIK KAIIBIKTBIKTAP/IBIH YICCIHEH YIIKeH
OonFaH  Kke3ne KpUCTAUT epuai. MOJEKYISApIbIK JIMHAMHKA ofici KYPBUIBIMABIK  aybICYJIap.pl,
TEPMOJNHAMHUKAIBIK TTapaMeTpiepai, KOLipy KaCHeTTepiH jKoHe KypJesi Kyhelepaeri SMeKTPOHABIK KyHai
OKBIN YifpeHyre MyMKiHAIK Oepeni. KoMmbroTeprepaiH apTyIIbl ecenTeyiml KyaTsl MOJEKYJIabIK JHHAMUKA
SMICTEpiHIH BIKTUMaJ KOCBIMINANApP CHEKTPiH YHeMi keHeWTenmi. Kasipri yakpITTa OH MBIHOaraH aTOMIbI
KaMTUTBIH ©Te KypAeni OkyilenepaiH TopTibi TabbICThl yirieHyae. AWHBIManbl CTaTUCTHUKAJIBIK
TEepPMOIMHAMUKAHBIH KOMETriMeH (H3HKAIBIK OOBEKTIHIH MaKPOCKOMMSIIBIK CHIATTamManapsl 6ap GacTamksl
JIMaTa30HIap/IbIH ©3apa OPEKETTECYiHIH MUKPOCKOMHSIIBIK (KBAHTTHIK) MpoliecTepi (0JapablH mapaMeTpiaepin
KeH ayKbIMIa OaKpliayFa jkoHe esrepyre 6oiajipl) apacklHaa GailiaHbIC aHBIKTanFaH. bapIblk xKaraitnapaa
HaHOOOJIIIEKTEP/IiH OalIKy TeMIIepaTypachIHbIH OipKeNKi TOyeNIiIiri aHBIKTaIIbL.

Kinm ce30ep: tepmonnHamuiKa, OalKy TeMIIEpaTypachl, aToM, KIacTep, HAHOOOIIIEK, MOJEKYISIPIIBIK
IMHAMUKA dMicCl.
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(0] TEMIIEPATYPE IJIABJICHUA METAVINICCKUX HAHOYACTHI

B cTarbe paccMOTpeHsI pa3nnuHbIe TOIXOABI K ONPEAENIeHNI0 TeMIreparypsl. [Ipu TepMoanHaMuaeckoM pac-
CMOTPEHHH KJIACTEPOB YUHUTHIBACTCS HE TOJIBKO SHEPTHs TEIUIOBOTO JABM)KEHHUSI aTOMOB, HO W MOTEHINAIBHAS
SHEprus B3aMMOJAEHCTBHS aTOMOB B KJIacTepe, B TOM UHCIIE SHEPIHs KOH(UTYpaI[MOHHOTO BO30Y)KIEHHS.
TepMoanHaMIgeckoe ONpeneNIeHNe TeMITepaTyphl KJIaCTepOB SBIISIETCS 00JIee TOJHBIM U TOUHBIM. TepMoan-
HAMHYECKOE PAaCCMOTPEHHE KJIACTEPOB C YYETOM MX MOJHOHW BHYTPEHHEIl SHEPTMM W SHTPONMH IMO3BOJISAET
OIIMCHIBATh MHOTHE IIPOLIECCHI, IPOMCXOAAIIME INPU CTPYKTYPHBIX Iiepexonax, W naér Oonee rirybokoe
U JetanbHOe MoHnMaHue Gu3uku (a30BBIX MEPEXOI0B B KiacTepax. B Hacrosmieil pabore maH 0630p pas-
JIMYHBIX MOZENIEH TeMIepaTypbl IUIABICHNS HAHOYACTHI] M TIPEAIOKEHO KBaHTOBO-CTAaTUCTHYECKOE PACCMOT=
peHHe TUIaBiIeHusT HaHOYacTuIl. J{isi 0OBsICHEHUs] N3MEHEHUs TeMIepaTyphl IUIaBJIeHUsT HAHOOObEKTOB HaH-
GoJiee MMPOKO UCIIOIB3YETCSl TEPMOANHAMUIECKHH IT0IX0]l, OCHOBAHHBIII Ha yueTe BO3PACTAIONIEH POIIH I10-
BEPXHOCTHOH HEPTHH C YMEHBIICHHEM XapaKTEepHOTO pa3Mepa. 3aBHCHMOCTb TEMIIEpaTyphl IUIABICHUS Ha-
HOYACTHI] METAJUIOB OT pa3Mepa OOBSCHSAETCS TakKe HAa OCHOBE KPUTEPHUEB, NPEIOKEHHBIX JIMHIeMaHOM.
CornacHo npencrasieHusM JInHIeMaHa, KPUCTAILT IIABUTCS, KOT/la CPEIHEKBAIPAaTHYHOE CMEILEHUE aTOMOB
B KpUCTAJUIE CTAHOBUTCS GOJIBIIE JJOJIM BHYTPUATOMHBIX PACCTOSIHUN. MeTo MONeKyISpHOM ANHAMHKH T10-
3BOJIET U3Yy4aTh CTPYKTYPHBIC NEPEXO0JIbl, TEPMOANHAMUYECKHE IapaMeTphl, CBOMCTBA IEPEeHOca, a TaKKe
9NIEKTPOHHBIE COCTOSIHHA B CIIOXKHBIX CHCTeMaX. Bo3pacraronasi BEIYMCINTENIbHAS MOIIHOCTh KOMITBIOTEPOB
TIOCTOSIHHO PACIIMPSeT CHEKTP BO3MOXHBIX NMPHJIOKEHHH METOo/a MOJEKYJSIpHON NuHaMuku. B mactosmee
BpeMsI YCIICIITHO MOJIETMPYETCs MOBEICHNE JOCTaTOYHO CIOXKHBIX CHCTEM, COAEPIKAIINX JAECSITKH THICSY aTo-
MoB. C ITOMOIIBI0 HEPAaBHOBECHOW CTATHCTHYECKON TEPMOJMHAMUKH HaiileHa CBSI3b MEXJIY MHUKPOCKOIHYe-
CKMMH (KBaHTOBBIMH) IIPOIIECCAMH B3aHMMOMAEHCTBHS MEPBUYHBIX MOJIEH (ITapaMeTphl KOTOPBIX MOXHO KOH-
TPOJIMPOBATh U M3MEHATH B IIMPOKUX Ipeesax) ¢ MaKPOCKONMMYECKMMH XapaKTePUCTHUKAMH (HU3UYECKOTO
obbekTa. Bo Bex ciy4asx onpezenieHa pa3MepHast 3aBUCUMOCTb TeMITepaTyphl IJIaBICHHST HAHOYACTHIL.

Kniouesvie cnosa: TepMoauHaMuKa, TeMIIEpaTypa IUIABICHNS, aTOM, KJacTep, HAHOYACTHLA, METOJl MOJIEKY-
JIIPHON AMHAMUKH.
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