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The question of the crowd behavior description in emergency situations has been considered. The review of studies devoted to the
description of real streams of people has been executed. Its main characteristics in normal and emergencies have been defined. The
comparative analysis of the models which used for computer calculation of crowd behavior in emergency situations has been made.
Advantages and disadvantages of the considered models have been defined. Steps on development of the computer models
describing crowd behavior have been offered.
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Y po0oTi pO3rNIAAacThCss MUTAHHS OMKCY MOBENIHKH CKYIMUEHb JIIOAEH y HAJ3BHYAHHUX CUTyamisXx. BUKOHAHO OIS JOCIiIKEHb
MIPHUCBSYEHNX OMHCY PEATHHUX IMOTOKIB Jfojel. Bu3HaueHO HOro OCHOBHI XapaKTEpPHCTHKH B HOPMAJIBHHX 1 aBapiifHUX yMOBax.
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B pabote paccmarpuBaeTcsi BONPOC OMHCAHHUS MOBEAEHUS CKOIJICHHH JIOAEH B UYpe3BbIUAMHBIX CUTyalusx. BeimomHeH 0030p
HCCIICAOBAHMI MOCBSIIEHHBIX OMUCAHUIO PeabHBIX MOTOKOB Jfozieil. OnpeaeneHbl ero OCHOBHbBIE XapaKTEPUCTHKH B HOPMAJIbHBIX U
ABAPUAHBIX YCIOBHSX. BBIMONHEH CPaBHUTEIbHBIN aHANM3 MOJENel HCIONB3yEeMBIX Ui KOMITBIOTEPHOTO pacdera MOBEICHHS
CKOIUICHUH JII0Iel B Upe3BhIUAHBIX cHTyaIusix. OnpeaeneHbl JOCTOMHCTBA U HEOCTATKUA PAaCCMOTPEHHBIX Mojenei. [IpemnokeHs
IIary MO Pa3BUTHIO KOMITBIOTEPHBIX MOJICIICH OMUCHIBAFOIIIX TTOBEICHHE CKOTUICHHS JTFOJICH.
KJIIOYOBI CJIOBA: KOMIIBIOTEpHBII pacueT, CKOIUICHHUE JIIOJIEH, TOTOK JII0/Ied, MOIEITH, Ype3BbluaiiHasi CUTyalHst

Now situations in which the many people perish, destroyed material values, harm of environment, are in most
cases associated with manifestation of uncontrolled fear at people.

The importance of studying the crowd behavior over time has not decreased. On the contrary, the reality around us
concrete examples proves that modern scientists have a need again and again to refer to the works of G. Le Bon, Freud
and others. It will allow understanding more clearly those mechanisms which erase identity of the person who got to
crowd and force it to work and make the decisions which aren't correlated with his true desires, requirements and
interests.

Systematic studying of the crowd in uncontrolled state of fear began in the second half of the XIX century. At that
time interest of European scientists concentrated on properties of crowd, mechanisms of collective aggression, etc.
Independently from each other two science schools were formed: German - Psychology of people (M. Lazarus,
G. Shteyntal, V. Vundt) and French-Italian - psychology of masses (G. Lebon, G. Tard, V. Pareto, Sh. Siegel) [1].

In Russia the researches devoted to a question of the mass phenomena were begun at the end of XIX — the
beginning of the XX century by M.G. Mikhaylovsky (subjective sociology) [2], and then continued by V.M. Behterev
(collective reflexology) [3] and A.L. Chizhevskij (heliopsychology) [4].
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In literature it is rather often possible to meet very general definitions of crowd in which the main focus is placed
on a big people congestion that are brought together in one place [5, 6]. However for more detailed studying of this
subject of such definition it isn't enough. In it a large number of details are missed, the most important of which
Gustave Lebon [7] listed in the work "Psychology of the people and masses" (1895), namely: anonymity, diffusion of
responsibility, impunity; distribution of emotions, opinions via the infection mechanism; suggestibility; impulsiveness,
aspiration to immediately realize their desires, variability of behavior; inability to consider, lack of a reasoning and
criticism; irritability, exaggerated sensitivity; moral certainty; reasonings of crowd are primitive, incoherent and are
most often based only on associations; crowd is capable to perceive only images, and, the image is brighter, the
perception is better; most awful things can be called by harmonious words (brotherhood, equality, democracy) which
are accepted with reverence; leader is necessary for crowd.

Besides in work [1] it is noted that crowd is a people congestion who aren't united by solidarity of purpose and
uniform organizational and role structure, but connected among themselves by the general center of attention and an
emotional state.

In extraordinary conditions the circular reaction (in literature the term "emotional whirling" is also used [8]) has
the greatest value. This is mutual infection. In other words, it is transmission of an emotional status at the
psychophysiological level of contact between organisms [1]. Such emotions as fear, rage, boredom, etc. can be
transferred.

At the person captured by emotional circling increased sensitivity to impulses which source is located inside
crowd and at the same time reduces sensitivity to impulses from outside. Barriers against any rational argument
amplify. Therefore at such moment attempt to influence crowd logical arguments can be untimely and simply
dangerous.

Depending on the emotions extended in crowd there can be such destructive phenomena as aggression or fear.
Experience shows that the crowd captured by fear is the most dangerous of all kinds of crowd [8].

In this state people cease to understand that it is necessary to do, refuse search of independent decisions and act
only under the influence of fear. Moreover, at fear people almost always exaggerate danger from which they seek to
leave [5, 6, 9].

Under the influence of a fear stability of the stream movement of people is broken, due to attempts of people to
overtake each other. Thereof strongly condensed streams on some path sites, especially in places of its narrowing (for
example, in the doorway) can form the "traffic jams" leading of people to death [10]. Therefore at buildings design,
especially public constructions, it is always necessary to consider possibility of emergencies.

On statistical data of the USA from 1897 for 1930 at the fires at theaters about 2.5 thousand people were lost [11].
From total number of the victims of 49.8% died in communication by evacuation of people from the building, including
because of discrepancy of ways of evacuation to the appointment and emergence of a fear — 46.5%. Though statistical
data belong to the past, presently, despite fire extinguishing development of technology, evacuation of people at the
fires continues to remain a burning issue. It is promoted by volumes increase of buildings.

Now, outdoor sports arenas are calculated on 100 and more thousands of spectators. Capacity of theaters reaches 2
thousand people and, apparently, will increase further. The closed sports constructions and concerthalls are calculated
on 10-50 thousand people [12].

Because crowd captured by fear is extreme danger it is necessary to pay much attention to the organization of the
people movement, not only in buildings, but also on the outdoor areas where can pass evacuation path. For this purpose
it is necessary to carry out simulation of all possible (or the most probable) scenarios of events.

Now, the crowd simulation is an evolving area of science. The developed models aren't universal. They have their
own internal constraints, simulation accuracy and application area. It can lead to difficulties at decision-making in a
model choice of people behavior in this or that situation.

Thus, carrying out the comparative analysis of crowd behavior models in emergency situations is rather actual task.

GOAL AND RESEARCH TASKS

The goal of this paper is carrying out comparative analysis of models for computer calculations of crowd behavior.
It will allow revealing advantages and disadvantages of existing models and making recommendations for developing
new models.

For achieve this goal it is necessary to solve the following tasks:

— perform an analysis of studies devoted to research of the real stream of people;

— execute a review of the main models describing behavior of the crowd and define their advantages and
disadvantages;

— carry out the comparative analysis of the main models of crowd behavior;

— formulate recommendations for development of new crowd behavior models.

THE REVIEW OF RESEARCHES OF THE REAL STREAM OF PEOPLE
For the first time researches of the streams movement of people were put on a serious scientific basis by the prof.
S.V. Beljaev [10]. In 1937 at Architecture institute of the All-Russian Arts Academy (ARAA) about 200 observations
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over the streams movement of people in public places were made. Results of these researches formed the basis of
standards for evacuation of people from buildings. The main scientific achievement of these researches should be
considered establishment of dependence between the speed of a stream and its density.

At the same time researches ARAA contain also serious disadvantages. It is necessary to carry rather small
number of natural observations which isn't allowing giving rather full process assessment; unsuccessfully chosen places
for observations — sidewalks of streets, tram where movement of people strongly differs from the movement in
buildings.

The main disadvantage of the ARAA work should be considered as acceptance of constant speeds values of the
streams movement of people that significantly differs from observed parameters actually.

Further researches in this field in the USSR were conducted at the Higher school of the USSR Ministry of Internal
Affairs by the prof. M.J. Roytman [9]. Unfortunately, they have not brought anything new in settlement data as were
based on S.V. Beljaev 's approach and were therefore not free from the disadvantages stated above.

In 1946 — 1948 at All-Union Scientific Research Institute of Fire Protection Defense by A.I. Milinskij researches
were conducted [13]. It differed from the previous researches in the wide scale and more perfect technique. More than
6000 natural observations in various public buildings were made. The physical people sizes, density and speed of the
movement streams of people and doorways capacity were studied and considered.

The horizontal projection form of person accepted an ellipse which diameters correspond to width and thickness of
the person (Fig. 1). Taking into account a variety of physical data and clothes the accepted assumption insignificantly
distorts the actual sizes and horizontal projection form.

S
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Fig. 1. Horizontal projection of the person in the ellipse form (a — width; ¢ — thickness; S — area of horizontal projections)

Natural observation of streams of people show that in many buildings, for example, in shops and at stations, most
of people forming stream (to 80%), have at itself a hand baggage (suitcases, backpacks, bags, briefcases, packages,
etc.). Often in a stream there are people with children on hands or leading them by the hand. The most probable
combinations of horizontal projections of people and baggage are given in work [9, 14].

In [13] was proposed to express stream density of people by number of people per unit area occupied by stream,
people/m*:

D=, 0
wl
where N — number of people in stream; w — stream width;1 — stream length.

Also in [13] was proposed to express stream density of people by areas sum of horizontal projections of people per

unit area occupied by stream, m*/m’:

S

where S — area of person horizontal projection in the stream.
Besides in literature, for example in [6], determination of stream density of people through the area per one person
also meets, m*/person:

wl
D= ~ 3

Expressions for stream density of people (1) and (3) are applicable only at uniform stream, for example, when it
consists only of adults in summer clothes or of adults in winter clothes. Expression (2) is applicable at any stream
structure.

The maximum stream density established in natural conditions is equal 0.92 m*/m? [13]. This value corresponds to
the assumption that the ellipse expressing a horizontal projection of the person isn't exposed to deformations during
stream compression. Though in reality as the human body elastic, at considerable compression changes a form and
decreases area of its horizontal projection. Therefore, the physical limit of density may exceed 0.92 m*/m”.
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Researches of streams of people with high density in natural conditions showed that in many cases, mainly in
apert%reszwide up to 1.2 m, density there were more than 0.92 m%m?. However the maximum value didn't exceed
1.0 m“/m".

In paper [15] when carrying out natural experiments it is established that the physical limit of stream density of
people which is formed during a crush is equal 1.15 m*/m”.

Also A.I. Milinskij [13] determined the most probable stream density of people in normal conditions on the
movement paths in various buildings.

In the industrial enterprises and educational institutions stream density of people from 0 to 0.25 m*/m?, and in
spectacular buildings — from 0 to 0.5 m*/m” are most probable. On ladders, as a rule, low stream density of people from
0 to (0.25 —0.35) m*/m’, and stream density of people close to maximum are observed very rare.

Average speeds of the people movement for various rooms on horizontal paths and ladders in public buildings of
different function are established: at theaters and educational institutions movement speed are (15 — 20) m/min, in
industrial buildings — (25 — 30) m/min more often, in buildings of transport appointment — (20 - 50) m/min, on ladders —
(20 — 25) m/min are most probable.

Further works in this field carried out V.M. Predtechenskij [9], Yu.V. Alekseev, R.M. Duvidzon, V.A. Kalindev,
V.V. Holshchevnikov, R.G. Grigoryants and V.S. Gvozdyakov [11]. Researches were conducted with use photo and
video equipment that allowed estimating not only quantitative, but also qualitative characteristics of process. Their
researches confirmed reliability of the results received by A.l. Milinskij [13].

In the 1950th years foreign authors, such as V. Sholts, K. Ranier and H. Schubert, were also conducted researches
on establishment of movement average stream speed of people, its density, etc. [9]. However experiments were made
with participation of artificially created streams of people which consisted of people about one age (students). Therefore
the speed values of the stream movement of people received under such artificial conditions are significantly
overestimated. In this regard these researches can represent only private interest.

Except researches directed at the quantitative indices identification of stream of people in literature also qualitative
characteristics of crowd behavior are described.

Observations show that stream of people usually an elongated cigar-shaped form (Fig. 2). Thus the head and
closing parts consist of a small number of people moving according to high or small speed, than majority of people in a
stream.

Moving direction
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Fig. 2. People stream scheme: 1 — head part; 2 — main part; 3 — closing part

Usually head part of stream leaves with greater speed forward and there is a so-called stream rearrangement by
spreading its head part. Therefore it is necessary to consider gradual change of stream density. Than stream density of
people is higher, then obstruction of evacuation paths is more probable. Therefore, the probability of accidents
increases.

Experience shows movement speed of people at the fire toward external exits isn't identical on length of an
evacuation path. It reaches the maximum in the area close to the seat of fire, and, in process of stream of people
removal from the center, rates of the movement gradually fade, coming nearer to the normal movement in a place where
is already not present, not only dangers, but also noticeable signs of the fire happening in the building. Other picture of
the evacuation movement should be expected in buildings at the time of an earthquake: in this case movement speed
remains high up to an exit of people from buildings and some removal from them.

Besides, people seek to go the shortest path to the target. They always choose such path even despite need of
overcoming of some obstacles and the difficulties associated with it.

In recent years new effects which can be watched in crowd, [14] were found. First of all, it is necessary to mark
effect of "herding behavior" which is watched in case of evacuation. This effect is shown that when people aren't sure
that it is necessary to do, they aim to imitate behavior of others.

Other interesting effect is formation of movement waves (Stop-and-Go Waves) [16]. It is watched when the crowd
with high density is formed. At some moment people throughout some time start moving step by step, then faster, then
slower. If the crowd density increases at the further movement, there can be an effect of turbulence of crowd. In more
detail about effects which arise in crowd with high density, it is considered in [14, 16].

For people evacuation process modeling it is necessary to use simulation and stochastic model of the stream
movement of people which most accurately reflects dynamics of process in various service conditions of buildings [12].
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THE ANALYSIS OF THE MAIN MODELS DESCRIBING CROWD BEHAVIOR
Graphic-analytical method and ADPLV model

In the absence of a computer the most accurate and visual teaching mathematical modeling method of crowd
behavior is the graphic-analytical method. It was for the first time proposed by A.l. Milinskij [13], and further was
improved by V.M. Predtechenskij [20].

The essence of this method can be represented as follows.

Consider the stream movement of people on a horizontal path. In Fig. 3a the floor plan is submitted. It has length
L and width W. It is a horizontal portion of the path that ends with the doorway. Moving direction is shown by an
arrow. The settlement scheme of the same path is given in the form of straight lines set on a coordinate grid (Fig. 3b):
on ordinate axis — path length L, and on abscissa axis — time t.
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Fig. 3. The analyzed part of the path:
a) floor plan; b) graphic-analytical representation of the stream movement of people

Let in an initial time (t=0) on a path of the movement there is a head part of stream of people. Through time t; all

people stream enters at path, including also its closing part. Stream of people consists of N people and has density D.
Order of movement diagram creation is following. Knowing stream density of people D the movement speed v,
corresponding to this density and traffic conditions (emergency, normal, comfortable) is determined by special tables
based on experimental data.
Time necessary for passing of this path is determined by the stream speed of people v and path length: t, =L/v .

Point B with coordinates (t,,L ) connects to the origin of coordinates by straight line AB. The straight line AB shows

the movement character of the head part stream of people at the path.
Through time t; all stream of people enters at the path. Considering that the stream movement speed of people

remains invariable, it is possible without preliminary calculations from the point C corresponding to the beginning of
path and time t; draw straight line CD, parallel AB, to ordinate, the corresponding length L. The straight line CD

expresses the movement of the stream closing part.

In more detail procedure of the stream movement analysis of people on other standard path under various
conditions is described in [20].

The advantage of this method is its relative simplicity, visibility and possibility of its application without
computer.

At the same time the method isn't devoid of disadvantages, which include: only average speed and average density
of stream can be estimated; possibility of its application only for standard path; impossibility to apply a method to
research of information distribution and moods in crowd; inapplicability for simulation of people behavior when they
have to execute a certain sequence of actions.

Stream simulation of people by a graphic-analytical method, despite the simplicity, is very labor-consuming.
Therefore, with the advent of computers were developed approaches to their use for the calculation of stream movement
of people in buildings [21, 22].

The ADPLV model was first time presented in V.V. Holshhevnikov's work [21]. It assumes setting of evacuation
path in advance and splitting them on "elementary" parts. Then simulation of stream movement of people, based on
procedure similar to a graphic-analytical method, is executed. The detailed presentation of the mathematical description
of the ADPLV model is presented in work [21].

Simulation model adequacy to real process of the stream movement of people was repeatedly checked by natural
observations. This model has high accuracy [21].

The disadvantages of this approach include the fact that it is impossible to define nature of the individual person
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movement in the crowd. Only probabilistic quantitative characteristics of groups, such as density, number of people,
speed are defined. Also this approach isn't suitable for heterogeneous crowds in which different groups of people have
various targets and characteristics. Besides, simulation is performed only for a predetermined path.

Consider models at which there is an essence of the individual person.

Models based on cellular automata

Cellular automata were first proposed in Von Neumann's work [23] and had fundamental importance for the whole
of science, and also diverse application. For behavior simulate of crowd the most widely used two-dimensional cellular
automata to the orthogonal grid which sets space for individuals movement. The size of each cell of grid is equal to the
average size of the individual and is defined at entry conditions of simulation and further doesn't change. Besides, each
cell can be in one of the following states [24]: it is occupied with stationary object (building, monument, etc.); it is
occupied with mobile object (person, car, etc.); movement is forbidden (prohibited zone, obstacle); movement isn't
desirable (determined by the rules movement restrictions); it is free. Considered state of cells change synchronously
through discrete time intervals according to beforehand set rules, depending on the state of the neighboring cells.

Each individual in the models constructed on the basis of the cellular automata can be characterized by rather
extensive list of characteristics, except the linear sizes which at all are identical.

Movement simulation of the person is carried out proceeding from movement probabilities P; — Pg in this or that
cell which is calculated according to the rules described in the model. The individual moves to that cell the movement
probability in which is maximal. In case on the path there are absolute obstacles or considerable congestions of people,
the individual is able to look through area round it on some distance and to choose that movement direction which has
the smallest number of people and obstacles [14, 25].

The advantages of this approach is the ease of implementation of cellular automata and simple setting of rules,
which is quite relevant for describing the crowd behavior, numbering hundreds or even tens of thousands of individuals.

The disadvantages of models based on cellular automata are a discrete behavior of individuals in the crowd, both
in time and in space. The horizontal person projection over the width and thickness has averaged the same value that
isn’t true. Besides, it is known that the existing models on cellular automata are weak for simulation of the intersecting
stream of people [22]. Considering that the cells size need to be set before simulating and that why results of such
models strongly depend on user qualification.

Now cellular automata are successfully used when behavior simulation of crowd: in the subway [26], at
evacuation from the room [27], building [28], taking into account various obstacles [29].

Models based on the equations of psychophysical interaction
Bases of crowd behavior simulation using the equations of psychophysical interaction were put by D. Helbing in
[30]. Then it approved on rather large number of examples [14, 31 — 36]. Under these models each i-th person in the
crowd is abstractly represented in the form of the vertical continuous uniform cylinder by radiusR;, and rules of

interaction between people are set by potential forces of a psychosocial and physical origin.
Consider a set from N person. Each has weight m;, where i=1,N. Let the behavior of each individual person be

) . - — . . . —want
characterized radius vector ri, actual movement speed Vi and speed with which the person would like to move Viw

Discrepancy of desirable speed and actual speed forms the main force initiating of the movement [30]:
B m (V)™ Vs, )

where t© — the parameter characterizing time of person involvement in the crowd, s.

Force initiating the movement (4) is arranged in such way that in case of excess of desirable speed over actual
speed then person is accelerated. If the person doesn't wish to move anywhere, his movement fades over time.

Besides force initiating the movement (4) the person is affected by other forces associated with person interaction
with other people and obstacles. Consider force acting on the person i from the person j [30]:

=p D1J - 7 X7\ 5)
EP = (Aexp—L-+ KH(D;)Dy)ni; + nH(D;)D; <(vj Vi) > Ty (

where Dj; =R; +R; —‘;i —;j‘ =R; +R; —\/(xi —xj)2 +(y; - yj)2 ; nTJ and a — normal and tangential unit vectors;

H - Hevisayd's function defining the interaction emergence moment; A, B, k, m — constants which set in the
empirical way (in [32] suggested A=430 H, B=0.085 m, k=50000 H/m, n = 55000 kg /(mxs)).

First term in (5) represents force, as well as in a formula (4), the psychosocial nature. It describes person
unwillingness to come into too close physical contact with other people. The value of this force is greater, than people

among themselves are closer and when the distance between persons becomes less than a sum of their radiuses, force of
pushing away becomes especially considerable. At long distances the contribution of this term is rather weak. The
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second and third terms in (5) have traditional view for molecular dynamics. One of them describes elastic pushing away
at any collision between persons, and the second — friction force at the tangent movement. Both interactions arise only
at positive value therefore these terms are multiplied by Hevisayd's function H(Dj;) .

Similarly (5) force of person interaction with an obstacle, for example with a wall is considered:

w
1Z

—w D
Fiz = (Aex
iz = (Aexp B

+kH(DY)D} )niy +nH(DY)D} (V; Tir )iz, (6)

where D} =R; —‘;i —1z|, 17 — radius vector from i-th person to the nearest point of a wall z . The values of other

variables and parameters as in (5).
Taking into account formulas (4 — 6) equations of the crowd dynamics can be written down in a look, usual for
mechanics:

miﬂ:ﬁ +Zl—3? +ZEVZJ,
dt i#] ! z
e (7
dri _
a v

Finally behavior simulation of the crowd is carried out by means of the decision of 4N differential equations
system.

Advantages of these models are opportunity to describe the people movement continuously in time, unlike cellular
automata. Forces which affect people and making some psychophysical sense are considered.

However, in the proposed equations describing the crowd dynamics present values aren't measured directly, so
researchers have to be assigned to the values of these parameters. Existence of such coefficients, generally speaking,
reduces results reliability, so and reduces the predictive force of models.

Also, psychological repulsion force equation, modeling the human reluctance to enter into close contact with other
people, is constructed in such a way that makes it impossible to simulate real crush in emergency situations when there
is a change or even a reduction in the horizontal projection profile of person [9]. Besides, this profile is described in
these models as a circle, but not an ellipse which most precisely corresponds to empirical measurements [9].

In [30, 32], it was noted that by using these models are reproduced typical for crowd phenomena such as
avalanche formation of a crush after the people speed exceeds 1.5 m/s (Fig. 4). The desirable speed is higher, the more
slowly the crowd leaves the room. In crowd as a result of a crush there are affected crowds obstructing the traffic.

t=15s,

Fig. 4. Simulation of crush formation arising in the crowd [32]

Models based on the hybrid multiagent architecture

The main attention of the models based on cellular automata and the equations of psychophysical interaction
concentrates on interaction simulation of people among themselves and obstacles. These approaches initially weren't
aimed at the description of information transfer mechanisms between people, ensuring the movement to any target or
following to some action plan. Any addition in them of these possibilities leads to subjectivism in the model which
doesn't have physical.

Multiagent approach, in which each person is considered as the intellectual agent, allowed raising crowd
simulation on new level [14, 36 — 38]. Thus, decentralized system isn’t functioning within global rules and laws, but on
the contrary, these global rules and laws are result of agent’s individual activity.
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Agent is essence which simulates of person behavior in processes of data collection and processing and
independently moves in information space in the direction of the target [37 — 40].

Now there are three main creation concepts of agent architecture [22, 37, 39]: deliberative (reasoning, logical
deduction); reactive (rules of action, reaction to events); hybrid (combining of the two previous).

Bases of strict formalization of knowledge and actions of the deliberative agent are put by K. Konolige in work
[41]. He proposed hierarchical meta-language for the description and a logical conclusion on knowledge and actions of
agents.

Each deliberative agent has library of plans (scenarios) defining options of possible actions which can be
undertaken by the agent for achievement of its intentions. Plans, thus, realize procedural agent knowledge. Each plan
contains some components. The trigger or conditions of a call define circumstances under which the plan has to be
considered as possible for application. The plan has the context or preconditions defining circumstances under which
implementation of the plan can begin. The plan also has a body which may contain the targets and primitive actions.

The advantage of deliberative architecture is application possibility of the strict formal methods and well fulfilled
technologies of traditional artificial intelligence allowing it is rather easy to represent knowledge in a symbolical form.
To do this we can be used languages of manipulation with formal representations, such as Prolog, JESS, etc. [22, 37,
42].

Solutions search of the problems arising when using classical methods of artificial intelligence in the agent-based
systems led to appearance of a new agent’s class based on reactive architecture. Considered to be the founder of this
direction is R. Brooks who so formulated key ideas of a behaviorist view of intelligence [39]: intellectual behavior can
be created without obvious symbolical representation of knowledge; intellectual behavior can be created without
obvious abstract logical conclusion; intelligence is suddenly arising property of some difficult systems.

In the real world the intelligence isn't expert system or inference engine, and the intellectual behavior arises as
interaction result of the agent with environment. Instead of world simulation and planning the reactive agents should
have a collection of simple behavioral schemes which react to changes in the environment in the "stimulus — response"
form.

Reactive agents, at least in several experiments, proved ability to solve limited number of simple problems in the
real world [22, 33]. However they face problems when performing tasks demanding knowledge of the world which are
obtained by logical deduction or from memory. Moreover, the reactive agents are often made "rigidly" and have no
abilities to training.

Recently, some researchers admit [39, 40] that the agent should have a high-level and low-level output reactive
abilities. It led to creation of hybrid agents.

When simulate of the crowd then the level describing reactive agent behavior is carried out, based on cellular
automata [22], or on the equations of psychophysical interaction [33, 34, 43, 44]. Deliberative level is usually described
by a predicate logic [34, 43, 45, 46].

Advantages of hybrid architecture are: agent’s possibility to simulate the difficult behavior based on long-term
planning of the actions and solutions of short-term tasks of movement in surrounding area; ability of communication
simulation between people in crowd; formations of groups; possibility of training. Unfortunately, the agent’s hybrid
architecture isn't deprived of the disadvantages peculiar to deliberative and reactive architecture; however the basic is
management complexity of interaction between different levels.

Models based on the potential scalar field

Currently the fastest models of large-scale crowd simulation (thousands people) are models based on potential
scalar fields [47]. It allows describing difficult crowd behavior in the closed room, on city streets, on the open areas
with a difficult terrain. They are plausibly to movement simulation of people in a single stream, and in crossing streams.
You can find more information about research of the crossed streams in [16].

Basic provisions of this approach were put in works [48, 49], and its rather complete description is presented in
A. Treuille's work [47]. Subsequently approach gained further development in R.V. Grebennikov's works [50, 51].

In models based on the potential scalar fields each agent submits to a number of assumptions [47]:

Hypothesis 1: Each person tries to achieve the geographical target g.

The target field is set by the potential decreasing in proportion to a distance between the current position of the

agent in a point x and the next target with coordinates x, [48]: g(x) = 1/ |x - xg|.

Hypothesis 2: The person moves with the greatest possible speed.

Environment influences the movement speed of the person by its reduction on rises and increases on descents.
Also maximum movement speed of the person depends on crowd density surrounding agent. Generally, such
dependence is expressed as follows:

dx -
—=f(x,q)n,,
" (x, g

where f — potential field of the maximum speed for the agent in a point x, moving in the target q,
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ﬁq = [cos(q),sin(q)]T — unit vector in target q.

The field of the maximum agent speed is described by the following expressions [48]:
p(x+ mq) ~Pmin

max — Pmin

Vh(x)ng =Spmin ](

f(X,q) =fT(Xaq)+[ J(fU(Xaq)_fT(Xaq))a

fmin - fmax )9
Smax ~ Smin

fr(X,q) = finax +£
fy(x,q) =u(x+mg)ng,

where p — crowd density; pi, and pp.x — threshold value of crowd density; fr — topographical speed; f,;, and
f

max — Minimal and maximal agent speed; s, and s;,, — minimal and maximal terrain slope; Vh(x)n, — terrain

slope in the point q; f|; — stream speed; u — average stream speed taken in the current position of the agent with shift r
aside q.

Hypothesis 3: In the process of moving a person tries to avoid collisions with other people, walls and other
obstacles.

For a description of this statement in [47] it was proposed to introduce an additional field of discomfort g(x).
According to it if all other things being equal then the crowd participant will prefer to be in a point x, than in a point x',
if g(x") > g(x). This idea can be realized by setting the linear combination of three following parameters: path length;
time spent for the movement; discomfort degree.

Hypothesis 4. Let IT— set of all possible path from a point x to the target g. The agent chooses such path P e I1
which corresponds to the minimum expression:

a[1ds+B[1dt+v] gdt 8)
P P P

where J.ds — integral on path length; Idt — integral on time; o,B,y — weight coefficients. Considering that

Ids = jvdt , where v —agent speed, write formula (8) in the form:

JCds,
p
C:ocv+[3+yg, ©)
v
1 g
oflds+p|—ds+y|=dt.
s ek

Proposed criterion (9) is used to calculate the optimal path. Let there is a function @ € R, on all the range of

definition equal to optimality criterion value. It is obvious that for simultaneous achievement of the target and
minimization of optimality criterion, the agent has to move aside, opposite to value of function gradient ¢ . This

potential function in a target point of path is zero, and on all other interval satisfies to Eykonal's equation [52]:
Vo) =C,

where Vo(x) — function gradient ¢(x) .
Thus, all people move to the opposite side from a gradient, which normalized on speed in this point:

dx Vo(x)
= = f(x, ,
T

In Fig. 5 visual display of the fields used when simulate crowd behavior is presented.

In paper [50] it was proposed to introduce an additional hypothesis according to which each agent has a limited
visibility distance out of which all fields are equal to zero. Besides, for search of an optimum path a number of methods
were analyzed and was chosen particle swarm optimization method [53]. It provides the acceptable results with the
minimum computing expenses (there is no need directly to calculate gradient value @(x)).

Thus, the proposed hypothesis leads to the basic movement equations of agents in a crowd stream for a two-
dimensional case [54]:
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%, 0 2,991, 0 20,199 | _
atJraX[pg(p)f (p)axj+ay(pg(p)f (p)ayj 0

D) = ! :

(25

where @ — time before the end of the movement; p— crowd density; f(p) — agents speed as function from density;

g(p) — discomfort as function from density; (x,y,t)— agent’s coordinates and current time.

e ]

B |k
|
a) b) ¢)

Fig. 5. Visual display of the field used when simulate crowd behavior [51]: a) global target; b) density; ¢) discomfort

The advantages of these models include the ability to describe the crowd as a dynamic system, and the ability to
perform a large crowd simulation in real time (Fig. 6).
The disadvantage of these models is its inapplicability to the crowd simulation with a high density, when there is

considerable friction between people [50].

COMPARATIVE ANALYSIS OF MODELS FOR COMPUTER CALCULATIONS OF CROWD BEHAVIOR

The review of the main crowd models showed that now there are many models, the main ones are:

— ADLPV model based on a graphic-analytical method and assuming splitting all evacuation path into standard
path and then stream simulation of people, using tabular movement speed values of people in these or those conditions
[21];

— models based on cellular automata [24 — 28]. In similar models the environment on which agents moves, is
presented as a set of cells forming a periodic grid with given rules of transition. These rules define the cell state in the
next time through state of the neighboring cells located on it at a certain distance at the current time;

— models based on the equations of psychophysical interaction [30 — 35]. In these models all social forces acting
on the agent in crowd are expressed as physical forces, and the agent movement is described on the basis of classical
mechanics laws;

— models based on multi-agent approach [37 — 46], in which the simulation of agents' behavior is described by a
rules set of movement and interaction of individual agents;

— models based on potential scalar fields [47, 50 — 54]. In such models for each agent it is set: a set of the potential
fields describing target location to which aspire the agents; movement speed; discomfort which is felt by the agent at
movement.

The review of the papers devoted to real crowd research allowed defined their main characteristics, concerning
which it is necessary to carry out the comparative analysis of crowd models: profile of person horizontal projection;
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simulation possibility of the crowd with a high density (more than 0.92 m*/m?); simulation possibility of heterogeneous
crowd; crowd behavior based on stream simulation of people in general or on individual behavior of each person;
evacuation path is known before simulation; implementation possibility of the actions scenario; floor plane in which
simulation is carried out.

Also it is necessary to consider of additional factors, such as: modeling accuracy; user qualification; computational
complexity.

The results of the comparison of crowd models on the above parameters are presented in Table.

Table.
Comparative analysis of models for computer calculations of crowd behavior
Parameter Model
1 2 3 4 5
Profile of person horizontal projection - Square Circle Circle Circle
Crowd simulation with high density Yes No No Yes No
Heterogeneous crowd No No Yes Yes Yes
Stream/person Stream Person Person Person Person
Evacuation path is known in advance Yes No Yes No No
Running of the action scenario No No No Yes No
Floor plane Typically Discrete Any Any Any
Accuracy High Low Middle High High
User qualification Low High High High Low
Computational complexity Low Low High High Low

1 — Model ADLPV, based on the graphic-analytical method; 2 — Models based on cellular automata; 3 — Models based
on the equations of psychophysical interaction; 4 — Models based on the hybrid multiagent architecture; 5 — Models
based on the potential scalar fields

The comparative analysis revealed general disadvantage of the modern models — the profile of a horizontal
projection isn't an ellipse as it is noted in the researches devoted to real crowds. It in turn can lead to distortion of
simulation results. Especially when trying to simulation of high-density crowd in which the crush is watched. From the
models considered, based on the description of the crowd behavior through the individual person behavior, only multi-
agent models allows to simulate plausible crush by setting specific rules of conduct.

Thus, it is necessary to propose the creation of new models describing the crowd’s behavior, the following
recommendations.

For the description difficult social and psychological behavior of people to use hybrid architecture of agents that
will allow not only simulate person response to environment, but also different actions scenarios, communication
between people, training, etc.

In model to consider opportunity to simulate a heterogeneous crowd in which crowd participants differ not only
the speed, physiological restrictions, targets, but also overall dimensions.

Base model on the horizontal projection profile of person in the ellipse form, which would correspond to the real
observations. Also to provide possibility setting of other profile configurations.

For plausibility of movement simulation of people in indoor and outdoor areas to use elements of the approach
based on potential scalar fields.

The developed model should be verified by the field observations results. For this purpose the ADLPV model
which has high accuracy in case of the stream description of crowd can be also used.

CONCLUSION

The conducted researches suggest the following conclusions:

1. Analysis of studies devoted to research of the real stream of people has been executed. It allowed defining the
main qualitative and quantitative crowd characteristics (horizontal projection profile of person, maximum density of
crowd, person speed in standard locations, etc.) in normal and emergencies.

2. The review of the main models describing the crowd’s behavior has been executed: model ADLPV, based on
the graphic-analytical method; models based on cellular automata; models based on the equations of psychophysical
interaction; models based on the hybrid multiagent architecture; models based on the potential scalar fields.

Advantages and disadvantages of the models have been defined.

3. The comparative analysis of the main models of crowd behavior has been executed.

4. Recommendations which need to be considered in case of new models creation have been formulated:

— use multi-agent hybrid architecture of agents that will allow describing difficult social and psychological agent’s
behavior in crowd besides reaction to environment;

— base model on horizontal projection profile of person in the ellipse form that will correspond to real
observations. Also to provide possibility to setting of other profile configurations;

— use for the description of agent interaction with environment elements of the approach based on potential scalar
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fields. It will allow is probable acting agent as indoors and on outdoor areas, and also to set influence areas of
dangerous factors;

— verify developed model using results of field observations. For this purpose the ADLPV model based on a

graphic-analytical method which has high accuracy in case of the stream description of crowd can be also used.
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The investigation results for the non-evaporable getter whith the chemical composition Zr (60) — Ni (40 wt.% ), that was prepared by
calciumthermic technology and comprised two phases: ZrNi and Zr,Ni are presented. The phase composition, microstructure and gas
release spectrum from the alloy sample are investigated. It has been concluded that the tested material can be used as a getter
component for hydrogen “traps” creation in the NPP's constructional materials and welds.

KEY WORDS: non-evaporable getter, alloy, phase composition, microstructure, gas emission

JOCJIIKEHHSA BJACTABOCTEM I'ETEPA, 11O HEBUIIAPOBYE€TbHCS1, HA OCHOBI CILJIABY CUCTEMU
Zr-Ni
C.[. Jlapunenko, M.M. IIuaunenko, I'.'M. AxkcboHoBa, A.Il. CBunapenko, }O.I1. Bo6pos, I.B. Kouoniii
Hayionanvnuii naykosuil yenmp « XapKiecvokuil Qizuko-mexHiunull iHCmumymy»
8yn. Axademiuna 1, m. Xapxie 61108, Vkpaina

HaBeneHo pe3yibTaTH MOCHIIKEHHS TETEpPHOrO Marepiaiy, XiMiudHoro criamy Zr (60) — Ni (40 mac.%), sKuii OTpHMaHO IIO
KaJblieTepMiuHii TexHoioril, 1 skuit mictuts ¢asm: ZrNi i Zrp,Ni. JdocnipkeHo (a3oBHi CKiIaa, MIKPOCTPYKTYpY Ta CIEKTP
ra30BUIUICHHS i3 3pa3ka CIulaBy. 3poOJICHO BHCHOBOK, IO IEH MaTepiaq MOXE PO3IIISJATHCS B SKOCTI TETEPHOTO TOAATKY IS
CTBOPCHHS “TIaCTOK” BOJHIO B KOHCTPYKLIITHUX MaTepiajiax Ta 3BapHHX 3'eiHaHHsX ycraTKkyBaHHs AEC.

KJIFOYOBI CJIOBA: retep, 1110 HEBUNIAPOBYETHCS, CIUIAB, (Pa30BHUI CKIIAJ, MIKPOCTPYKTYpa, Fa30BUALICHHS

HCCJEJIOBAHUE CBOMCTB HEPACIIBLISIEMOI'O TETTEPA HA OCHOBE CILIABA CUCTEMBI Zr-Ni
C.[. Jlappunenko, H.H. IInnunenxo, A.H. Akcenona, A.Il. CBunapenko, }O.I1. o6pos, U.B. Konoauii
Hayuonanvhvlii Hayuuvii yenmp «XapbKoscKuil (puzuKo-mexHuuecKutl UHCmumymy»
ya. Axaoemuueckas 1, e. Xapvros 61108, Yrpauna

B pabore mpexacTaBieHbl  pe3yJabTaThl  HCCIENOBAaHMM  TETTEPHOrO  MaTepuaia, MMEIOLIEro  XMMHYECKHH  CcocTaB
Zr (60) - Ni (40 mac.%), HOIy4eHHOrO MO KaJIbIHUETEPMHISCKON TEXHOIOTHH U comepikaiiero ¢assl: ZrNi u ZrNi. HccnenoBabl
(ha3oBBI cocTaB, MHKPOCTPYKTYpa M Ta3oBblA€NeHHE H3 00pasioB cruiaBa. ChemaH BBIBOJ, 4YTO 3TOT MaTepHal MOXKET
paccMaTpHBaThCS B KauecTBE TeTTEPHOI MOOaBKHM HPH CO3JaHHMU “TOBYIIEK BOAOPOAA B MaTepHanax M CBAPHBIX COETMHEHHUSIX
koHCTpyKImid ADC.

KJIFOUEBBIE CJIOBA: HepacnbUIsieMblii TeTTep, CIaB, (pa3oBEIi cOCTaB, MUKPOCTPYKTYpA, Ta30BhIIETICHIE

Improvement in quality of structural materials in construction of nuclear power stations (NPPs) is the most
important direction for the development of the nowadays material sciences.

Very tight specifications impose to quality of welds that in used structural materials broadly determine their
reliability and durability.

It has been established that, strength characteristics loss of welds depends significantly on hydrogen that contained
in weld zone and round about it. Hydrogen is a detrimental impurity because it deteriorates many characteristics of
welds. It causes to the embrittlement and the uncontrolled stabilization that hinders inelastic deformation under
mechanical metal-working of structural materials. It also adversely affects on long-term stress and thermal stability;
static and thermal fatigue, endurance, endurance strength and also, adversely affects on creep flow characteristics.

One of the ways to decrease this negative hydrogen influence is bondibg it in hydrogen “traps” which can be non-
evaporable getters, added in weld zone and round about it. Such “traps” blocks up hydrogen diffusion, absorb, collect
and hold down it effectively [1].

In the present paper as the hydrogen “trap” the alloy Zr (60) — Ni (40 wt.%), comprised two phases: ZrNi and
Z1)Ni, is provided. According to the earlier studies [2] ZrNi and Zr,Ni intermetallic compounds can absorb ~ 2 wt.%
hydrogen under ambient temperature and atmospheric presure. In spite of hydrogen ZrNi absorbs extensively CO, O,,
H,O. Intermetallide Zr,Ni absorbs extensively O,, H,O. These intermetallics also activate easy start with ~ 250 °C,
under 900 °C they activate during less than 1 min.

The elements of this alloy (Zr, Ni) have nuclear characteristics that correspond for nuclear chain reactor under
working conditions [3].

These alloys technology is well proven; they can be getting in right amounts. The alloys are crushed in grits or
powder in required dimensions. It is essential when the technologe adding them in weld zone and round about it and
also another construction material is developing.

© Lavrinenko S.D., Pylypenko M.M., Aksonova H.M., Svinarenko A.P., Bobrov Yu.P., Kolodiy 1.V., 2015
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The experiments in cooperation of hydrogen with the NPS construction materials, including studing of process gas
release spectrum from materials, can be use as an powerful method of materials nondestructive testing because make it
possible to determine of flow density, their changing under various impacts, output performances, demensions,
capacity, hydrogen occupation density. It can be effective contribution in materials quality improvement that
developing for consruction materials using in NPS building.

This present work aims at investigation the phase composition, microstructure and gas release spectrum from the
alloy sample whith the chemical composition Zr (60) — Ni (40 wt.% ), that was prepared by calciumthermic technology.

ALLOY TECHNOLOGY AND EXPEREMENTAL SETUP
The examination alloy was prepared by calciumthermic technology [4]. This technology has symply design,
energy-efficiency and provides high quality of alloys. For alloying chemical reactions are used:
ZrF4+ Ca+ Ni — Zr(Ni)| + CaF, 1 (1)
If is used nickel tetrafluoride, then
ZrF4 + Ca + NiF, — Zr(Ni)| + CaF, 1 2)
For present research the alloy was obtained by reaction (1).

The ingots of alloy are chemically homogeneous. The Ni content in the top and bootom parts can be different by less
than 3.5 wt.%.

The investigation of sorption characteristic

The investigation of hydrogen and other gas impurities sorption characteristics from tested alloy under heated in
the vacuum was examined on the setup that is shown in fig.1. The setup involves the vacuum chamber (1) that consists
of two parts, connected together by the vacuum seal (2). The tested sample (3) is desposed on the top, which falls under
experiment in the bottom of the heater (4) of the furnace (5). The temperature in the furnace (5) is measured of Pt-
Pt/Rd thermocouple (6) that connected to the isothermal temperature regulator (7). Pumpdown in the chamber (1) is
provided by the MX 7203 mass-spectrometer vacuum system through the nipple (8).

The investigation of sorption characteristic was hold within the temperature range from room to ~ 730 °C in the
first-ever experiment and to a maximum of ~ 900 °C in the next experiment.

\ 3

5 To the mass-
/_ spectrometr
= MX 7203

B 7
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Fig.1. Schematic of setup for sorption characteristics measurement:
1 - chamber, 2 - vacuum seal, 3 — tested sample, 4 — heater, 5 — furnace, 6 — Pt-Pt/Rd thermocouple, 7 — isothermal temperature
regulator, 8 — nipple

X-ray diffraction analysis
The x-ray diffraction analysis of sample alloys were taken on DRON-4-07 with copper radiation. Registered
profiles of the x-ray diffraction curves are digitize and printed on the computer screen. For the indexing of x-ray
photographs the PCPDF database [5] and the software applications for the x-ray structure analysis of the polycrystals
are used [6].

Metallographic analysis
Metallographic analyses were performed by optical microscopy MMR-4. The surfaces of the samples before
research were prepared by polishing on the abrasive papers then sanding on the diamond pastes with decrease grit size.
For alloy microstructure developing the chemical etching was made with nitrogen acid, fluoric acid and hydrogen
peroxide mixture. The most tailored composition was: nitrogen acid — 37.5 ml; fluoric acid — 25 ml; hydrogen peroxide
—37.5 ml. Time etching — 2 s.

RESEARCH RESULTS AND DISCUSSION
Fig. 2 shows the sections of the samples before chemical etching, which were cut out from different parts of the
alloy in the longitudinal section and cross-cut of the surface. It is impressive to see pores that have a right round figure
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overall and show distinct limits (dark spots on the polished section). Openness in the alloy that proposed as hydrogen
sorbent it is advantage because increases active surface of the sorbent and give absorbed gas plumb into bulk quickly.

7 2 -: x"?"
ﬁ,.%f% £

Fig. 2. The sections of the samples before chemical etching which were cut out from different parts of the alloy:
a longitudinal section of the surface, b cross-cut of the surface. Magnification x 80

Fig. 3,4 show the longitudinal and cross-cut of sections of the surface sample after chemical etching in
nonpolarized and polarized light.

Fig. 3. Longitudinal section of the surface sample after chemical etching:
a - nonpolarized light; b - polarized light.
Magnification % 300

Fig 4 Cross-cut of the surface sample after chemical etching:
a - nonpolarized light; b - polarized light. Magnification x 300

On the longitudinal and cross-cut sections of the samples after their chemical etching are clearly seen two phases
that are different own abundance ratio. Quantitative evaluations of presented phases that were examined visually show
the values ~ 80 % for the phase that submit on the cross-sections of the surface, as a big light area and the small
precipitations of the same color, ~ 10 % for the phase that submit as the small precipitations dark color. This proportion
agrees with Zr,Ni and ZrNi phase proportion which was calculated from view of the Zr-Ni phase diagram according to
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the segments rule. Thus we can interpret this phases as Zr,Ni and ZrNi.

Metallographic analyses are used in polarized light showed that observed phases cann’t be related to the cubic
system.

The x-ray data also showed presence two phases. Fig. 5 shows diffraction pattern of the examination alloy.
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Fig. 5.The diffraction pattern of the Zr-Ni alloy under examination

One phase is indexing in orthorhombic system with the lattice parameters: a =3.257 A; b=9.944 A; ¢ = 4.118 A;
another one is indexing in tetragonal system with the lattice parameters: a = 6.483 A; ¢ = 5.267 A. These dates in good
agreement with PCPDF databases for Zr,Ni and ZrNi intermetallic compounds.

Fig. 6 shows the gas release spectrum from the examination alloy which was held for a month in contact with
atmosphere only, underwent neither addition annealing nor hydrogenation. Observable peaks on the desorption curve on
the initial part of it up to ~ 140 °C are associated with gas release of easily volatile compounds of the carbon and
hydrogen (C,H,,) which contained in passive surface of the alloy. The sulfur and its oxides that also can be at the
surface of getters based on Zr weren’t spesified because the mass-spectrometer which is used in present work could
register gases with the mass number only up to 60 [7]. The gas release spectrum in the temperature interval from
~ 190 — 240 °C whith the maximum under ~ 210 °C is typical for the hydrogen release from Zr,Ni intermetallic
compound. The low-level spike amplitude depends on small equilibrium hydrogen pressure, which is equal to ~ 10 Pa
under the referred temperature [8].

Significant gas release appears in the temperature interval from ~ 370 — 710 °C. Sharp peaks in this temperature
interval can be associated with water release under ~ 400 — 450 °C and hydrogen release under ~ 450 — 710 °C mainly
from ZrNi and by a negligible margin from Zr,Ni intermetallic compounds. The first peak of hydrogen release with a
maximum under ~ 480 °C is defined as being it release from the surface of ZrNi intermetallic compound, the second
peak appearance with a maximum under ~ 570 °C is interpreted as hydrogen release from the bulk ZrNi intermetallic
compound. Desorption curve also shows small amount of hydrogen which is confined in the alloy under temperature
above ~ 700 °C.

Fig 7. shows the gas release spectrum from the examination alloy which was anneald additionally under 926 °C
during 1 min. and pressure was ~2-10~ Pa. Selected annealing cycle provides full surface activation of the non-
evaporable getter [9].
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Fig. 6. The gas release spectrum from the Zr-Ni alloy before Fig. 7. The gas release spectrum from the Zr-Ni alloy after
annealing annealing

Gas release curve begin with temperature ~ 350 °C and up to ~ 900 °C similar in curve configuration that was
presented in Fig.6. Secondary maximum of hydrogen release under temperature ~ 576 °C is much less by a magnitude
in comparisson with similar maximum in Fig. 6. This is due to on the one hand in the interior of the annealed sample in
the bulk of it the quantity of residual hydrogen is much less then in the non - annealed sample. On the other hand this
decrease of peak, uprise and location of it in general case depend on hydrogen bond energy in the intermetallid and
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hydrogen diffusion rate in the bulk of alloy. Even though the least hydrogen quantity in the bulk sample during heating
gets inside of bulk intermetallide (ZrNi) and after raise of temperature wherein bonds desintegration with intermetallide
happen it sets up second thermodeserption peak. This fact has been described in details previosly [10].

Curved line in the temperature interval from ~ 770 °C and above ~ 900 °C where is seen intensive release of
hydrogen corresponds with predict curved line in the context of phenomeno-logical theory of hydrogen diffusoin in
defective environments and has been confirmed in many experimental works [11, 12]. Irregular curve shape on this
temperature interval firstly may be due to hydrogen which risede in various kind positions in ZrNi lattice split a bonds
whith it, secondly hydrogen can be in lattice positions whith differing degrees of defect structure.

Irregular shapes of gas release curves, presented in Fig. 6,7 are typical not only for selected getter. Bimodal mode
of curves was predicted by hydrogen diffusion theory in defective mediums [13]. Similar curve shapes were found
experimentally and on other materials [14].

Examination alloy ability holds on small amount of hydrogen under temperature above ~ 700 °C is essential for
the getter which is proposed as hydrogen “traps”.

CONCLUSIONS

The phase composition, microstructure and gas release spectrun up to temperature above ~ 900 °C from the
sample of the alloy Zr(60) — Ni (40 wt.%) which prepared by calciumthermic technology were investigated. This alloy
can contain small hydrogen amounts up to temperature above ~ 900 °C, thus it may be regarded as a getter component
for hydrogen “traps” creation in the NPP's constructional materials and welds for their performance characteristics
improvement by decrease hydrogen detrimental effect. For the purposes of possibility this getter as hydrogen “traps” it
is necessary to develop the injection procedure of this hydrogen “traps” in the welds and field around it for the NPP's
constructional materials.
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Transition metal nitrides of Mo and Cr are characterized by a relatively low heat of formation. The possibilities of elemental and
structural engineering of vacuum-arc coatings based on Mo and Cr under the influence of the bias potential U; and the reaction gas
pressure Py have been studied. It was found that at a relatively small thickness of the layers of nanometer range, which provides
superhard state of the coatings, the supply of U with the value of above the critical leads to a drop in hardness, which can be
explained by mixing of layers at the interphase boundary.

KEYWORDS: vacuum-arc coatings, vacuum-arc, multilayered coatings, nanocomposite coatings

MEXAHHUYECKHUE CBOMCTBA MHOTIOKOMITOHEHTHBIX MMOKPBITHIA MoN/CrN, HOJTYYEHHBIX METOJIOM
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Hurpuner mepexonusix MeramioB Mo m Cr XapakTepH3yIOTCSl CPaBHUTENBHO HHM3KOH TeIoToil oOpa3oBaHUs. Bbumm m3ydeHEI
BO3MOJKHOCTH JJIEMEHTHOH M CTPYKTYPHON HWH)XEHEPHH BaKyyMHO-IYTOBBIX HOKPHITHH Ha ocHOoBe Mo m Cr mox BiIMsSHHEM
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Hitpunu nepexignnx metaiis Mo ta Cr XapakTepH3YIOThCs ITOPIBHSAHO HU3BKOIO TEIIOTOIO0 YTBOPEHHS. Bylo BUBYEHO MOIKIIMBOCTI
€JIEMEHTHOI Ta CTPYKTYPHOI iHKeHepiiBaKyyMHO-IyTOBHX IOKPHUTTIB Ha ocHOBI Mo Ta Cr mix BIJiMBOM moTeHIiany 3cyBy U Ta
THCKY peakuiiiHoro rasy Py. Byjo BusBIE€HO, 110 MpW MOPIBHSAHO HEBEIMKIN TOBINMHI IIApiB HAHOMETPOBOTO MOPSIKY, SKUH
3abe3medye HaATBEpAUHA CTAaH HMOKPHUTTIB, Mojgada Ug BEIMYHHOIO, IO IMEPEBHINyE KPHUTHIHE 3HAYEHHS, NPU3BOAUTH IO MANiHHS
TBEPJOCTI, IO MOKHA TOSICHUTH MEPEMIITyBaHHAM IIapiB Mi>k(azHOI TpaHuUIIi.

KJIFOYOBI CJIOBA: BakyyMHO-1yroBi IIOKPHUTTS, 0araTomaposi HOKPUTHS, HAHOKOMIO3UTHI TOKPHTTS

Using multilayer systems allows to carry out simulation during the deposition, not only for the structural state of each of the
layers individually, but also by adjusting the thickness, the type of material and the number of layers in a period; creation of artificial
structures with unique functional properties is also possible [1 - 5].

Structure and properties of the coatings based on MoN and CrN in monolayer state may vary in a wide range depending on the
potential applied to the substrate and the pressure of nitrogen atmosphere during the deposition process [6, 7]. In connection to this, we
can expect considerable sensitivity of structural states and properties of the coatings obtained by combining CrN and MoN as layers of
the multilayer system.

Thus, the greatest effects can be expected in the nanometer size of the layers, which is due to the high mechanical properties of
nitrides in this size range [8, 9].

Thus, the aim of this work was to obtain the coatings MoN/CrNc¢ with nanometer sizes of the layers by means of vacuum-arc
deposition and study of their physical and mechanical characteristics.

EXPERIMENTAL PART

The samples of multilayer coating were obtained by means of vacuum-arc method by means of the modernized "Bulat-6"
installation [10]. The pressure of working atmosphere (nitrogen) during the deposition was Py = (7...30) x 107 Torr, the deposition
speed was about 3 nm/s.

The deposition was implemented from two sources (Mo and Cr) with continuous rotation with a speed of 8 rpm of fixed samples
on the substrates, which allowed to obtain the layers with a thickness of about 10 nm, with a total amount of layers 960 (or 480 bilayer
periods) and total thickness of the coating of about 9 pum during one hour deposition. In the process of deposition the constant negative
potential with a value of Ug==-20 V, -70 V, -150 V and -300 V was applied to the substrates.

Phase and structural analysis was carried out by means of X-ray diffraction method in the emission of Cu-Ka. The separation of
profiles into components was carried out by means of the software package "New Profile". The elemental composition was
investigated by energy dispersive method by means of scanning electron microscope FEI Nova NanoSEM 450. The hardness of the
coatings was measured by means of durometer DM-8 by micro-Vickers method, at a load on indenter of 0.2 N.

RESULTS AND DISCUSSION

Fig. 1 shows the data of elemental analysis depending on the pressure Py and the applied negative bias potential Us. It can be
seen that the content of nitrogen as a light interstitial element in determining way depends on the magnitude of Py during the
deposition (Fig. 1a). The effect of U affects lesser (Fig. 1b) and appears in a relative decrease (due to selective secondary sputtering
from the growth surface) of the atomic concentration of nitrogen at high Us.

It should be noted, that the strengthening of connections between the deposited metal and the atmospheric nitrogen at high
pressure Py leads to stabilization of the coating composition to a substantially larger in magnitude U (Figure 1b, dependence 2).

Increasing the bias potential U leads to a significant increase in uniformity (reduction of dropping component) of the coatings
(microscopic image of the morphology on the left of fig. 1¢ for U =-20 V, and on the right for U;=-150 V).

It should be also noted, that using of pulsed beams to vaporize the material deposited on the substrate allows to eliminates the
presence of drop component [11, 12].

The change in the content of metal components of the coating (Mo and Cr) from the bias potential U are shown in Figure Ic,
which implies a significant change of Mo/Cr ratio depending on the U at low pressure. The cause of the observed effect is a higher
average energy of ions, bombarding the growing coating of the ions Mo and Cr, which is due to smaller losses of energy on collision at
low P N-

25 a 25 b 14
2 9 .
20 - // 204 "“‘“\.\ 2 137
e 7 o - =121
X 15 P S 15 ‘\ g /
5 > 5 i 3114 /
=101 < =710 — . = Lol | ,
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107 2107 31074107510 ¢ 50 100 150 200 250 300 050 100 150 200 250 300
1}\1, Torr -(-Bs' v -Uy, V
a c

Fig. 1. The changing the content of nitrogen in the coating depends on:
a — pressures during the deposition (Py) at a constant Us = -70 V; b — from Uy at a constant Py = 7-x 10~ Torr (curve 1) and Py =
3 x 107 Torr (curve 2); ¢ — dependence of the correlation of the atoms Mo/Cr from Uy at Py = 7x107* Torr (curve 1) and Py = 3x107°
Torr (curve 2).

For structural studies of the influence of the main technological parameters during the deposition (values of the negative bias
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potential and pressure) two series of coatings were obtained: series 1, formed at Py =7 x 10 Torr and Uy = 20 V, -70 V, -150 V and
series 2, formed at Py =3 x 107 Torr and U, =-20 V, -70 V, -150 V and -300 V. At low pressure of Py =7 x 107 Torr the formation of
lower nitrides B-Cr,N (hexagonal lattice, JCPDS 35-0803) u y-Mo,N (cubic fcc, JCPDS 25-1366) takes place, with the compliance of
interplane distances of the planes (111)B-Cr,N/(200)y-Mo,N and (110)B-Cr,N/(111)y-Mo,N. The presence of structures with the same
interplanar spacings in the contacting layers may indicate the correlated growth of these two structures. With the increase of bias
potential U predominant growth of (111)B-Cr,N/(200)y-Mo,N is observed.

At a pressure Py = 3 x 107 Torr, occurs the formation of cubic (structural type NaCl) lattice in both layers. At the same time, with
an increase of Uj, the transition from polycrystalline non-oriented state at Ug= -20 V to the preferred orientation of the growth of
crystallites during the deposition with the axis of the axial texture [100] at the bias potential U, which is greater than the absolute value
of -70 V. The appearance of this type of texture is apparently due to the relative decrease in the nitrogen content in the coating with the
increase in the absolute value of U, which is expressed by the appearance in of chromium nitride phase B-Cr, in the layers
at Ug=-300 V.

The obtained wide range of structural states of multilayer coatings defines the significant changes in its mechanical characteristics.
Thus, from the dependence of hardness on the bias potential U shown in Fig.2 it is seen, that the highest hardness value is achieved at
the lowest U and high pressure Py, providing stoichiometric nitrogen composition.

The reduction of hardness at lower pressure can be associated with the formation of vacancies in the nitrogen sublattice due to its
smaller content in the coating in comparison with the stoichiometric composition.

The reason of the decrease in hardness with increasing Us is the intensification of the mixing process in the border area, which
leads to the formation of a significant part of the solid solution with low hardness for relatively thin (about 10 nm) layers.

40 T T T T T T T

0 50 100 150 200 250 300
-US » v

Fig. 2. The dependence of hardness of the coatings of the applied negative bias potential during the deposition: 1 - Py =7 x
x 10 * Torr, 2 - Px=3x 10~ Torr

CONCLUSIONS

1. With the decrease of working pressure of nitrogen atmosphere from 3x10~ Torr to 7x10~* Torr, the depletion of the coating
MoN/CrN by the nitrogen compound takes place. On a phase and structural level this leads to transition from two alike cubic
structures y-Mo,N with a wide homogenity area in the layers of MoN and Cr,N in the layers of CrN, to formation of lower phase by
nitrogen B-Cr,N with hexagonal crystal lattice.

2. The hardness of the coatings corresponds to high hardness state reaching 38 GPa wich lowers with the decrease of pressure
during the deposition and applying of negative bias potential, which stimulates selective secondary spraying and depletion by light
nitrogen atoms.

This work has been implemented was a partial financial support of the Ministry of Education and Science of Ukraine in the frame
of scientific research topics 0113U001079. The part of research has been carried out on the scientific equipment of the Center for
collective use "Diagnostics of the structure and properties of nanomaterials" of Belgorod National Research University, under the
financial support of the Ministry of Education and Science of Russian Federation in the framework of a project No. 14.594.21.0010,
unique code RFMEFI159414X0010.
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The equations of particle motion were analytically solved using model Levy flight for the probability density of finding a particle in
the given interval, the average particle residence time in this interval, and the particle probability to leave this interval by the given
moment. The solution is presented in an arbitrary orthogonal system of functions. This representation provides additional
opportunities for studies of systems with anomalous diffusion in a variety of practical applications.
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PO PO3B'A30K OAHOI'O KJIACY PIBHSAHbD 3 TIPOBOBOIO TIPOCTOPOBOIO MOXIAHOIO
JI.B. Tanarapos, B.10O. I'onuap, A.I. Kipain
Hayionanvnuii Hayxoeuii Llenmp «Xapriecokuil ¢oizuxo-mexuiunuil iHcmumymy»

8yn. Axademiuna 1, m. Xapxie 61108, Vkpaina
VY Mozeni nonsoTiB JIeBi aHANITHYHO PO3B A3aHO PIBHSAHHS PyXY YaCTHHOK JUIS IUIBHOCTI HMOBIPHOCTI 3HAXO/PKEHHSI YaCTUHKH B
3a7aHOMY iHTEpBali, CepeTHbOro Yacy nepeOyBaHHs YaCTUHKHM B HBOMY Ta WMOBIPHOCTI MOKMHYTH IHTEpBajl 1O JAHOTO MOMEHTY.
PilieHHs HazaHO B TOBUNBHIM OPTOrOHANBHIH cucTteMi QyHKIIN. Take ysIBICHHs BiJKpUBA€E A0JATKOBI MOXJIMBOCTI JUIsl AOCTIKEHb
CHCTEM 3 aHOMAJILHOIO TU(Y3i€I0 B PI3HUX MPAKTUYHHUX T0JATKAX.
KJIFOYOBI CJIOBA: anomanbHa nudy3id, TeOpeTUYHA MOAENb, NONb0TH JIeBi, KiHIeBii [HTepBan, po3B s30K PiBHSAHB, APOoOOBa
MIPOCTOPOBA TOXiJHA, TOBIJIbHA OPTOTOHAIFHA CUCTeMa (DYHKIIH

O PENIEHUSX OTHOT'O KJIACCA YPABHEHMUI C JPOEHOM ITPOCTPAHCTBEHHOM ITPONU3BOTHOM
JI.B. TanaTtapos, B.1O. I'onuap, A.U. Kupaun
Hayuonanvnouil nayunwlii yenmp «Xapvkosckuil pusuko-mexHuyeckuil UHCmuniymy

ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna
B moznenu noneros JIeBH aHaMMTHYECKH PELIEHBI YPaBHEHHS ABMXKEHUS YACTHIL AT IUIOTHOCTH BEPOATHOCTH HAXO0XKJEHHS YaCTULIBI
B 3aJJaHHOM MHTEPBaJIe, CPEAHETO BPEMEHU NPEOBIBAHNS YACTHIBI B HEM M BEPOSTHOCTH MOKHHYTh HHTEPBAN K JAaHHOMY MOMEHTY.
Pemienne mpezactaBieHO B MPOU3BOJIBHON OPTOrOHANBHOM cucTeMe QyHKOuA. Takoe mpeacTaBleHHE OTKPHIBACT AOIOIHUTEIBHBIC
BO3MO>KHOCTH JJISI ICCIICIOBAHUH CHCTEM C aHOMalIbHOU 1uddy3ueil B pa3mTIHBIX MPAKTHIECKUX IPHI0KEHUSX.
K/JIIOUEBBIE CJIOBA: anomanbHas muddysus, TeopeTHdecKas MOJCHb, IOJeThl JIeBH, KOHEUHBI HHTEpBal, peIIeHHe
ypaBHEHUH, IpoOHast MPOCTPaHCTBEHHAS IIPONU3BO/IHAS, IIPOM3BOJIbHASL OPTOTOHAJIBHAS CHcTeMa (DYHKIHI

[Mpouecc ciyyaifHOrO ABMXKEHHUSI MaKpPOCKOINHMYECKOW dYacTHLbl B cpeae (OpOyHOBCKOTO JBMIKEHHS) JaBHO
SIBJISIETCSl OJTHOM W3 LIEHTPAIbHBIX TEM CTaTUCTHYECKOW (u3uku. B cBA3M C OTKpPBITHEM B TPHUPOJE CHCTEM C
aHOMaJIbHOU MUQQy3uell 1 HaCyIHOM MOTPEOHOCTHIO CO3JaHMUs TEOPETHYECKUX MOAENIEH JUIsl ONMHMCAHHs Takoro poja
CHCTEM, 3Ta TeMa IPOJ0IDKAET OCTaBaThCS aKTyaJlbHOW M B HacTosmee Bpems. OIHONW M3 TaKUX MOJENeil sBiseTcs
MoOJenb 1oyeToB JleBH, B KOTOpPOM MeXaHHM3M aHOMaIbHOW an(dy3nu peanusyercss MOjA AEHCTBHEM BHEIIHEH
CIlyJaliHOW CHJIBI C yCTOHYMBBIM 3aKOHOM pactpenenenus Jlesn [1]. DKkcrepuMeHTaIbHOE ETaNbHOE HCCIEI0BaHNE
nponecca cynepany3un OCYHMIECTBHTh HEMPOCTO, M YAAa4dHM CIIydaeTcss HedacTo. Kak IOJIOKHUTENBHBIN NpHuMep
oTMeTHM paboTy [2], B KOTOpOH AJIsl aHAJM3a MCIOIR30BaHA Mozenb moneroB Jlesn. Teopus anomamsHOU auddy3nu
OCHOBaHa Ha 0000uIeHMH ypaBHeHHH AuGQy3ud IMyTeM 3aMeHbl OOBIYHBIX OrnepaTopoB auddepeHunpoBanus
COOTBETCTBYIOIIMMH oOlepaTopamu JpoOHoro mopsiaka [3,4]. OObluHas cxema MOCTpoeHHs ypaBHeHHs anuddy3uu
cienyromias. JleBast ero 4acTh COJCPIKUT IPOU3BOIHYIO IO BPEMEHH OT IIOTHOCTH WJIM KOHIIEHTPAaLUK B OECKOHEYHO
MaJIoM IPOCTPaHCTBEHHOM HMHTEpBaJle PAacCMaTPUBAEMOIO BEIIECTBA, IPpaBas 4acTh — PAcXoi BEIIECTBA W3 ITOTO
o0beMa (MHTepBaja), paBHBIN Pa3HOCTH €ro I'PaJHeHTOB IUIOTHOCTH (KOHIIEHTpalMK) Ha 000MX KOHLAX MHTepBaja. B
cirydae oObrdHOM Muddy3un pacxon paBeH pazHHIE IUIOTHOCTH (KOHIEHTpaluu). B Gosee cloKHOM cilydae pacxo[
MIPOTIOPIIMOHAIIEH €ro JoJe, MAyIIel Ha MOCTPOSHHE HOBOTO BEIECTBA MM HAa JAPYroe B3aWMOJAEHCTBUE, TO €CTb,
CBEPTKE C HEKUM SAPOM, ONMCHIBAIOUIMM KOHKPETHBIH HpoIecc B3aMMOJCHCTBHS C paccMaTpHBAaeMbIM BEIECTBOM.
Ecnu ot cimydast mosryGecKOHETHOW TeOMETpHH 3a/1ada aHOMaNbHON An(dy3uu paccMOTpEHa JIOBOJIBHO MOAPOOHO, TO
penieHne ypaBHeHHsA cynepauddy3ur Ha KOHEYHOM HHTEpBajle C 3aJaHHBIMH T'PAHUYHBIMH YCIOBHAMH METOIIOM
paszeneHns IePEeMEHHBIX SIBISIETCS CYIIECTBEHHO 0O0JIee CIIOXKHBIM, M, HACKOIBKO HaM M3BECTHO, B OOIIEM BHIE TAaKOE
pemieHne moka He momydeHo. OtmernM, 4to B pabore [5] mpHBeIeHO pelieHHe APOOHO-ITWHEHHOTO ypaBHEHHUS
onHOMepHO# cynepauddy3un Ha KOHEYHOM HHTEepBaJle, HO, [0 HAIllEeMy MHEHHIO, OHO HE SIBJISETCS MaTeMaTH4YeCKH
KOPPEKTHBIM. DTH 0OCTOSATEIHCTBA U MOCTYKUJIN CTUMYJIOM JIJIsl IAHHOM paboThlI.
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Llenbto paboThl sIBJISETCS IOJIY4YE€HHE TOYHOIO PEIICHHs OIHOMepHOro ypaBHenus dokkepa-Ilnanka ¢ apoOHON
MIPOCTPaHCTBEHHOW MPOM3BOAHON /ISl OITyOECKOHEYHOr0 M KOHEYHOro MHTepBajia. HalineHHoe TouHOe pelieHue qaer
BO3MOXKHOCTH JIOCTOBEPHO BBIYHCIISITH (PM3MUYECKUE XapaKTEPUCTUKH TIpoliecca aHOMalbHOW An(dy3nu, B YaCTHOCTH,
TaKHe KaK IUIOTHOCTh BEPOSITHOCTH HAXOXKAEHHS YacTHIBI B JAHHOM MHTEpBale, CpeHee BpeMsl PeObIBAaHNS YaCTHIIBI
B 9TOM MHTEPBAJ€ U BEPOSITHOCTD JAJIS YACTHLbI HOKUHYTh UHTEPBAJl K JaHHOMY MOMEHTY BPEMEHHU.

PEIIEHHUE HA TOJTYBECKOHEYHOM UHTEPBAJIE
Peur Oyzner uaTu o penieHun ypaBHEHUNA THITA

aP x,t 82 K ' ’ ’
#):yjK(x—x)P(x,t)dx. (M

0

310 unTerpoarddepeHnanrHoe ypaBHEHUE, B KOTOPOM An( depeHIInaIbHbI 1 HHTETPAIbHBIN OIepaTopbl
NPUCYTCTBYIOT HE B BU/IE INHEHHOM KOMOMHAIIMY, a B BUJE Npou3BeieHus. [Ipexe Bcero, Tak Kak 3To
mddepeHnnansHOe ypaBHEHHE TIEPBOTO MOPSIIKA I10 BPEMEHH, HEOOX0ANMO 33/1aTh HA4alIbHOE YCIOBHE JJIsl NCKOMOM
(YHKIIMH pacrpeesieHns] IIIOTHOCTH BEIlecTBa:

P(x,1)|_, = B (x),
rae Po (x) - QyHKIMS, 3a/1aHHAs HA TIOJOKUTEIBHON MOIyoCH X > 0. Pemrenue ypaBHeHU (1) TakxKe HUIIEM Ha 3TOM

unTepBaie. Jloonpenenam nckomyro Gyrkmuto Hystem ipu X < 0. Toraa MokeM 3anucarh:

T K(x—x"P(x',t)dx'= ]EK(x —x")P(x',t)dx’.

3necy K(X), o npeanonoxenuio, yetHas GyHKIHS CBOEro apryMenTa. [1ockobKy mpaBasi 4acTh 3TOTO paBEHCTBA

MIPECTABISET COOOH CBEPTKY, €€ MOKHO MPEJCTaBUTh B BUJE:

j K(x—x")P(x',t)dx' = 2i j R(k)P(k,t)e ™ dk,
—© Tc—oo

TOT/Ia
o° 7 | B .
= j K(x—x")P(x',t)dx = —— J.sz(k)P(k,t)e"""dk.
ox” 2n Y
[oxcrasnsas B ypasaenue (1), 3anummem:

Py, 1 [ KR ()P, 0)e ™ dk =0, x>0.
ot 2z ¥,

[IpoBenem onaOCTOpOHHEE NMpeobdpa3zoBanue Jlamaca Mo BpeMeHH:
1%, ~ y
SP(x,8)+ -~ [ 2K (k) Pk, 5)e ™ dk = P (x).
7 —00

+ v v}
ITposenem 06061eHHOE Npeobpasopanue Pypre F'~ 0T 0benx yacteil paBeHcTBa Mo nepeMeHHOM X [6]. B pesynbrare
MOJTy4aeMm:

~ 1 % . o~ o~ L ~
sP(k,5)+—— j e ax j KK (KNP(K',s)e ™ dk' = P,(k). ?)

T 0 —o0
(DyHKLlI/II/I ﬁ(k,S), ﬁo(k) FOJ'IOMOp(i)HBI B BerHeﬁ NOJYIUIOCKOCTU KOMIUICKCHOTO MEPEMCHHOTO k,

CJIEAOBATEIIbHO, IIPEACTABUMBI B BUI€ MHTETPAJIOB Kormm:

~ 1 7dgP ~ 1 TdgP,
Pk,s)=— j—d" @5 py=—L1 j—d‘] oD ko, 3)
2mi ° q—k 2m . q—k
W3mennm nopsiiok nHTerpupoBanus B (2). CHauana npoBeeM UHTErPUPOBAHHUE 10 X :
1% o 1 1
—J.dxel(k_k )x =— ’ . (4)
27, 2mi k'—k

CootHomrenue (2), ¢ yaetom (3) u (4), MOKeM IiepenrcaTh B BUIE
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L[ HDY o s, )
2m Y q—k
rac
H(k)=[s +k*K(k)]P(k,s) - B, (k). (©)

Vcnosue (5), HEOOX0MMOE M 0CTaTOYHOE i Toro, 4To6bl Gpynkums H (k) 6bina ronmomopdna B HuKHEH

nonynnockoctu Im k < 0 [7]. dakTopusyeM MHOKHTETb Hepe] P(k ,8) [8]:

+

+ k2K (k)= —
s (k) N

®ynxums N romomopdra B Bepxueii monymiockoetn, a N - B HikHeit. [TogctaBiss B (6), monydaem:
N~ (k)H (k)= N"*(k)P(k,s)— B, (k)N" (k). %)
ITpencTaBuM MPOU3BEIEHUE 130(/{)N “(k) B Bume pasHOCTH MpenenbHBIX 3HAUYCHUH QYHKIMI TOTOMOPOHBIX B

BepXHeil M HIKHEH MOJTyIIIOCKOCTSX: fN)O (k)N (k)=S"-S", rzne

S*(k):L.TPO(C[)N_(Q)dq,Imk>O, S (k)= 1 IPO(")N_(Q)CZ‘],Imk<0.

2m =, q-k 2_711'_00 q-k

IojcTaBnss 3Ty pa3HOCTh B fN’O (k)N™ (k) Bypasuenue (7), monyuaem:

N (k)H(k)-S (k)= N+(k)ﬁ(k,s) -8"(k), Imk=0. (®)
Jleas u mpaBas uyacT paBeHCTBa (8) MNpPOJAOIKAIOT enuHyw ananuthdeckylo Qynkimio (k) uepes

JEHCTBUTENBHYIO OCh, TAaK KaK CJIeBa CTOMT (QYHKITUA roToMop(dHas B HIDKHEH, a ClIpaBa — B BEPXHEH MOIYIUIOCKOCTSIX,
TO €CTb,

N*(k)P(k,s)-S* (k)= O(k). ©
Ecin Qynkuus S + KK (k) umeer unnekc, pasHblil HymrO Ha neiictBuTeNbHOM ocH, To Gynkuus (k) , kotopas B

obIieM ciydae ABJISeTCS TMOJMHOMOM, CTENeHb KOTOPOTO 3aBHCHT OT HHJIEKCA, OKAa3bIBAETCS HE 3aBUcAlIel oT K.
Ionmpo6uee 06 3ToM cm. B [8]. 13 (9) monyyaem:

P(k,s)=[S"(k)+Q(k)]/ N* (k). (10)

Jlnst pyrxumic N, N~ monydaem BeIpakeHus:

0

N* (k)= exp[i j dq In(s +¢°K(q))], Imk >0, Imk = +0,
2ri ° qg—k

—00

o0

N (k)= exp[L I 9q In(s +¢°K(¢q))], Imk < 0, Imk = —0.
2ri° qg—k

—00

Opurunan gpynkimn  P(x, s) nonydaem no gpopmysie:
P(x,s)= 2L Idke_ikx[5+(k) +Q0(k)]/ N* (k).

Ecimn X <0, To KOHTYp MHTErpUpPOBaHHs MOXHO 3aMKHYTb MO Jyre 6ECKOHEYHO GOJIBLIOTO pajuyca B BEpXHeit
+ o o
TOJTyIJIOCKOCTH, M UHTErpasl Oy/IeT paBeH Hydo, nockoibky dynkuus N (k) ronomopdna u He umeer Hymneii B 9T0M

nosnymnockocty, a gyskmn S~ (k), Q(k) Taxxe ronmomopdub. Ecmu x> 0, To KOHTYp MOKHO 3aMKHYTB TIO JIyTe

0ECKOHEYHOT0 pajiiyca B HIKHEH MOJTYIUIOCKOCTH, HO MBI HE 3HAeM aHATUTHYECKOTO MPOJIOIDKCHUS OBIHTET PATbHOM
(GYyHKOMK B HIDKHIOKO TONYIDIOCKOCTh. OcTaeTcss OJHAa BO3MOXKHOCTB: YCTPEMHTh & K HYIIO W BOCIOJIB30BATHCS
dbopmynamu Coxonkoro [9] i mpeaeabHbIX 3HAYCHUH MOIBIHTETPAbHBIX (DYHKIIMN Ha JCHCTBUTCIHLHON OCH:

N* (k) =+/s +k*K (k) exp@L’f)} N (k)= (s +k*K (k)™ exp(%j,
V) V1)
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D(k)=VP j qu In(s +¢*K (), (11)

S (k)——N (k)P(k)+—j—kP(q)N (q), Imk > 0, Im k = +0,

S (k)= —EN (k)P(k)+—J—kP(q)N (¢), Imk <0, Imk = —0.

WnTerpansl mo nefiCTBUTENFHOW OCH TOHMMAIOTCS B CMBICIE TWaBHOTO 3HadeHus. B ¢dopmymny (10) Bxomut
dynxims Q. Mbl yke TOBOPWIH, UTO OT K OHa HE 3aBHCHT, TO €CTh, 3T0 (yHKIMs TOJNLKO S. [l ee omnpeseneHus
HEOOXOAMMO BHINIOJHUTH YCIIOBHE, BBITEKAIONIEE W3 IOCTAHOBKM 3a/laud. JTO MOXET OBbITh, HalpUMEp, YCIOBHE
obpamenus B Hyib wiothoctd P(x,¢) npu x =0 (ycnosue «npunmunanus» vactuipl). Ecin unaekc noauHoma V B
Gynkmun O otmden ot Hyns (cM. B [8]), TO MPOU3BOIBHBIMU QYHKIUAME S SBISIOTCS KO((HUIMEHTHI TTOITMHOMA
O(k,s), uncno xotopeix papuo V + 1.

VYpasuenue dokkepa-Ilnanka, onuceiBaromiee nonersl JleBu Ha Beeil ocu, 3anucsiBaoT B Buje [10]:

2 o
oP 138 IP(é,t)df
- 2 a-1"2
ot Kk Ox™ 7 |x_§|
W pemaroT ¢ momomsio mpeobpasoBanms @ypose. Pemenme 3to xopomo m3ectHO (cM. [10]). Ecim monetsr JleBn
MPOUCXOIAT TOJBKO HA IOJIOKUTENBHON IOJIyOCH, TO HIDKHUH IpEnesl HHTETPUPOBAHUS JIOTUYHO 3aMEHUTh Ha HYJIb.

Ecnu pemath 3TO ypaBHEHHE METOJOM HHTETPANbHBIX IPeoOpa3oBaHMid, TO HYKXHO JOONPENCIUTh (GYHKIUIO
pacnpenelieHus IIpU  OTPULIATENbHBIX 3HAYEHUsAX X. EcTecTBEHHO [oompelneinurh ee HyjleM. Eciou yactuna

= —2F(2—a)c0sa7ﬂ, l<a<2,

BIIPBICKUBACTCSA B TOUKY X = X, > 0 B HayaILHBI MOMEHT, TO HaYAIbHOE YCIOBHE: P(x,O) =0 (x —xo). B arom
clryJae

D ik 2 a

Bk)y=e", s+k’K(k)=s+|k".

Hac uHTEpecyeT BepOATHOCTh HaXOXKICHHS YaCTUIBI HA ITOJIOXKUTEIBHOH IMOITYyOCH B HPOU3BOJIBHBIH MOMEHT
BpEMEHH (BEpPOSATHOCTH BeDKMBaHU: ). OHA paBHA

[ P(x.0ydx = ?(k,t)‘
0 k=0
HJ'IOTHOCTI) BEPOATHOCTU TOI'O, UTO YaCTHULA NOKUHET MOJIOXKUTCIIbHYIO IIOJTYyOCh B MOMCHT BPEMCHU t .
d % oP(k,t
p)=- [ Plopde=-TE0
dtd ot

O6pa3 Jlamutaca (110 BpeMeHN) 3TOH (QyHKIUH:

I st GP(k )

p(S) dt = ﬁ(k’t)‘k:o =0 _Sﬁ(k’s)‘kzo

0 k=0
Ho ﬁ(k,t)‘kzo = [ P(x.0)dx =1, 10 ects, 5(s) =1—SIN’(k,s)‘k_0
b= 0 -

C nomousto (10), nonaras Q = 0, nonyuaewm:

(9)
Bk exp(-(k)/(2m) 1 T dg Ao 50)

P(k’s): a asi/2 2 —k 1/2 >
2s+k|)  (s+[K]) %, q (s+|gd*)
OTKyZa
p(s)—l+lj—dq sin[—1 db(qs”“)—qxos”“].
2 ﬂ'oq 1+q T

CosepiM 006paTHOE TTpeodpa3oBanHue, mepeias or S K [
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d o1
p(t) = J.dse”J.—qsm[—(I)(qs”“) —qx,s"“1.

27’ o 0 g1+ q“ 2z
Hockonsky @D(0) =0, BHyTpennuii unTerpan cxoaurcs. Ilepexoas K HOBOi TepeMeHHOH MHTerpupoBanus S/,
3aIUIIeM:

1 i 0 dq 1 Sl/a Sl/a

p(O)=—— | e'ds[——=—=sin[=—D(g=) —qx, ],
2ir’t - o gJ1+¢° 2z e 0 gl
l/a

(g 7z )=2VP. J’

11n(1+q'“ 9 g,

[Monp3ysice hopMyIol Ui CHHYCa pa3HOCTH, MOXKHO IIEpeNncaTh 3Ty GopMyJIy B BUJE:

l/a

1n(1+q”" g )] '[ e’ds cos(qxo —)—

p(t)zz'lzT dq sin[— VP_[

17Tt g1+q° . e
) Ve
- '1 5 j dq cos[—VPI ln(1+ wd” )] I e'ds sin(gx, SW)
217[ t 0 q\/1+q —joo

ITepBsIit mHTETpaN npu  —> o0 yOBIBaeT HE MEIJICHHEee deM [ -, OnennM nocienHee ciaaraeMoe. Bo-nepBbIx,
3aMEHUM KOCUHYC eJuHuIleH. byneM cHadana mHTerpupoBaTh 1o ¢, 3areM 1o s. Ilockonpky f —> 00, B HHTErpaie
o0

dq
0 g\1+4g"

/o
Sln(qx0 tlT] UTPAIOT poib Oombiime 3HadeHUs ¢q. Ho Torga MOXHO mox KOpHEM IpeHeOpedb
o e
—7. |- B crnpaBounuke [11] npusexeu

o (o4
CIVHUIICHU, TI0 CPABHCHUIO C (¢ , TO €CTh, BBIYUCIIATH j a2 sm(qxo P

0
HUHTCTpaI:

< I .
I “sinaxdx —(—’Lf)smﬂ.
0 a’ 2

Bocmnonas3oBaBmmch 9THUM, ITOJIy4aeM

o0 d ) 1/a al2 1/2
—J.Ti]/zsm qxoslT =T'(- a/2)sm0m %

) t 4 ¢

To ects,
e . S F(—a/Z)sin% "
al2 s 1/2
X = X e's ' “ds.

s g e e o

H3ornem KOHTYP MHTCTPUPOBAHMS HA IIJIOCKOCTH S BJICBO BOKPYT Hayaja KOOpJAMWHAT:

1 ' s 1/2 _ s 1/2 _ 1
2—721:1[06 S dS _2_721'-1.6 S dS = —m.

Taxum 06paszom, acumnroruka Gynkuuu  p(f) Takosa:

r(-a/2)sin®"

— 4 al2
p()= 3/2,3/2 Xo -
ar” "t
OTMeTnM, 9TO Takasi 3aBUCHMOCTH OT BPEMEHH COTJIACYeTCsl ¢ OOIIMM PE3yIbTaToM, IOJTYYeHHBIM B padote [12].
OTMeTHM, YTO MCTONL30BaHO yacTHoe pemnenue, cooterctytomee () =0. Ecmu ne monarats Q(s) =0, 1o Bee

-3/2

(12)

paBHo acumnrotuka p(t)~t¢"'°. JleiicTBuTeNbHO, GOMBIIMM [ COOTBETCTBYIOT Manble S. Eciu cymiecTByer
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limQ(s) =0(0) mpu s — 0, To, xak 370 cremyer u3 Buipakenus mis N u dopmyas (10), craraemoe B

BBIPAKCHUU UIS P(k,s)| nponopuuonansHoe (), OKa3bIBAaeTCs MPOTNOPIHOHATBHBIM /S, YTO COOTBETCTBYET

k=0’

-3/2

-5/2
t B Beipakennn mist pP(f). Cremyromue uieHbl PasioKeHHs M0 § JAalT [ U T.J. AcuMOTOTHYECKas

3aBHCUMOCTh t—s/z’ MO-BUJIMMOMY, CIIpaBeiuBa i Jiroboro sapa K, s xotoporo limsz(k,S)ZO npu

k—0.

Ecnmu B KkadecTBe AApa HWHTCTPAJIBbHOIO YpaBHCHUSA HCIOJIb30BaThb AHTUCUMMCTPHUYHYIO KOM6I/IHaL[I/IIO
1—

! ’
K(x,x" :|x—x

ypaBHeHHE MeToI0oM Bunepa-Xorda yxe HElb3sl.

a -
- |x +Xx | , TO yCJIOBHE P (x,t )|x_0 = () BBHIMONHSICTCS ABTOMATHUYCCKH. OnmHaxko, pemarb 3T0

Ecnu loonpesienuTh GyHKIMIO PaclpesielieHusl HEYETHBIM 00pa3oMm, T.e., nonoxuts P(—x,t) =—P(x,t), 1o B

YpaBHCHUUA (1) MOJKHO HIDKHUN npeaen MHTErpUpOBaHUS 3aMEHUThL Ha — OO, HpI/I 9TOM Ha4aJIbHOC YCJIOBUEC TAKXC
HYXHO CIACIaTb aHTUCUMMETPUYHBIM!

P(x,1)|_, = 6(x—x)) =5 (x+x,).
Hpu stom  P(x,t) = G(x,x,;t) — G(x,—x,;t), tne G - dynxums Ipuna ans seeit ocn. O6pas Jlamnaca-@ypbe

(YHKITH pacTpefeNIeHUs B 3TOM ClTydae paBeH

P(k,s)=2isinkx, - !

—_—
S+ |k|
Acumnroruka Gyrkiun  p(¢) npu GONTBIIMX BpEMEHAX HMEET BUIL:
2 X
~ 0
p(t) ~—F(1+1/a)—1+1/a , (13)
o t
T.C., €€ BpeMeHHOﬁ X0 3aBHUCUT OT BCIIMYHUHBI a. EOJ'H)HICFO ,Z[OBepI/Iﬂ 3aCHy)KI/IBaCT HOHy‘IeHHaﬂ BBIIIIC ACUMIITOTHKA,

-3/2
IpONOpLUUOHanbHas = ~.

CJIYYAN KOHEYHOI'O HTHTEPBAJIA
Nzyuenne moseroB JleBM Ha KOHEYHOM OTpe3Ke JCHCTBUTEIHLHOW OCH MPUBOAUT K HEOOXOIUMOCTH pellaTh

ypaBHEHHe U IoTHOCTH BepositHoctd  P(X,1) Buna
OP(x,t)  OP(x,t) _ 0"P(x,t 0“P_1 0 ¢ Pt
(), O _ [ 2PO) P12 PED .
ot ox ox ox K Ox 0|x—§

b

Cxopocts apeiipa U cuuraem HOCTOSHHOM. ITycTh B HayanbHBIH MOMEHT YaCTHIA BBOJAUTCA B TOYKE X = X, 4TO
MIPUBOANT K HAYAJIFHOMY YCIIOBHIO K ypaBHEHHIO (14):

P(x,0) =0(x—x,). (15)
[okazatens ¢ 3axmroueH B mpenenax wHTepBana (1,2). s omHO3HauHOTO pemeHus AudQepeHnnaTbHON 3a1aun

H€O6XOﬂI/IMO 3aaTb T'paHUYHBIC YCJIOBHSA Ha KOHLAX OTPC3Ka (0,1) Byz[eM CUNUTATb, YTO YCJOBHUEM IOTIJIOMICHUA
YaCTUIIbl Ha T'paHULIaX MHTCPBAJIa ABJIAKOTCA yCIOBUA:

P(0,) = P(L,t) =0. (16)
Ipexie Beero, mepeiiemM K Ge3pasMepHbIM mepeMeHHbIM, monoxus X =x/L,t' =1/ t,. XapakTepHoe Bpems
1, ompenenuM yCI0BHEM L = Dt,,. B GespasmepHbIX nepeMeHHbIX ypaBHeHue (14) mprobperaer Bua:
oP 0P 0°P oL
FF T =0, F=——.
ot ox'  oOx

B nanpreiimem mtpuxu MeI OyzeM omyckaTh. Ycimosue (15) coxpaHsieT cBoii Bun, a ycnosue (16) 3ammceiBaeTcs B
BUJIE:

amn

P(0,¢)= P(1,¢)=0. (18)
VYpaBuenue (14) Bemonasercss Tombko Ha uHTepBane (0,1), HO MBI OygeM cCYHWTaTh €TO CHpPaBEIUBBIM Ha Bcel
YHCIIOBOH OCH.
BoipasuM cpejHee Bpemsi I npeOblBaHus Onysxkaaronieit dactunsl B uaTeppane (0,1) B TepMUHAX MUIIOTHOCTH
BeposTHOCTH. PazoObem untepsan Bpemenn (0 <7 < 00) ma npomexytku amunoii Af, Torna
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1 1
T, = 2 41[ Px,t)dx— [ Px,,+ Atydx].
i 0 0

Ilpu At — 0 3Ta cymMa NepexoiuT B BHIPAKEHHE:

- fra P

19
Y 19
Beenem Benuunny p(f) - BeposTHOCTb yacTuie nokuHyTh uuTepBai (0,1) kK MoMenTy f. OYeBHHO, UTO
P
J‘@ (x, t) 20)
nnm
T= _[a’ttp(t). Q1)
0
ITpoBenst npeodpazoBanue ypre HasL 00EUMHU YaCTIMH ypaBHEHHS (25), HOIyduM:
OP(q.0) s n LT 00 PENAE
————igFP(q,t)—— | dxe" — = 22
KL 8x2'([|§_x| 1 ( )
1
jREnds
0 (&)
1 X
P(&,t)d Pt P(&,t)d
[PEDdE | PED_ FPEDE o )
) |€—x] 0 (x=9)" L (6—x)
_[ P(g’—t)ff, I<x<oo.
0 (x=2)
C ygetom (23) BEIpakeHHE
0 2 1
Idxeiqx 8 - J‘P(f,t):l_,?
X0 |§_x|
npuoOpeTaeT BU:
A@t)+ B(1)e" —|q|" P(q,1).
Ioacrasiss ero B (22), modydaeM ypaBHEHHE JUIs P (g,):
% —igFP(q,0)+|q|" P(q.t) = A(t)+€" B(?), (24)
C HA4aJIbHBIM yCIOBHEM
P(q,0)=e™". (25)
A(t), B(t) swipaxatotcs uepes P(x,t) cnemyrommm o6pasom:
P, t)d P, t)d
() =— I (&, )as‘]Z j (S, )alﬁ :
0 (E—0)] Cox |§ - |
(26)
P(&,t)d P(&,t)d
KB(1) = I (S, )a 15 J (S, )f
ox |x §| ox 0 (X=8)| .,

ITpoBoast mpeoOpazosanue Jlarutaca Hax ypaBHeHueM (24) m ucmons3ys (25), momydaem it obpasza Dypbe-
Jlannmaca BeIpakeHHE:
igxg iq
~ e + A(s)+ e B(s)
P(q,s)= P : 27)
s+|q| —iqF
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I'pannunsie ycnosus (16), mpeobpazoBanubie no Jlamnacy, npuHUMAIOT BHI:

_ 1 i — _ 1 T -iq p —
sy =5 j P(q.5)dg = P(x,5)| _, = EJ ¢ *P(g,5)dg = 0. (8)
Bocronb3yemes umu st onpesienienus HenssecTHbix Gynkuuiit A(s), B(s). Honyuaem cucteMy ypaBHeHUii 11st ITHX
BEJIMYMH:
Ay (5,0)+ B(s)y (s,]) = =y (s, x,), 29)
A@)y (s,=1)+ B(s)y (s5,0) = -y (s,~ 1+ x,),
e
Tdql(s+q”)cosgx— F sin gx
y/(s,x)zzj ql(s +4")cos gx —gF sin gx] 30)
(s+9%) +F’q
Omnpenenss A(s), B(s) u3z (29), nonyyaem:
A(s)+e"B(s) =[y (5,0) =y (s, (s,= D] [w (s, D (s,~ 1+ x,) — 1)
(5,00 (5.50) + € (0 (5~ D (5 50) — (50 5.1+ 3]
Moskuo nokazats, uto 14+ A(0) + B(0) = 0. Dro creayer u3 COOTHOLIEHNS JUTs MAIIBIX 3HAYECHHI §
. . . . _ iq
e + A(s)+ e B(s)=¢e"™ —l(l +e)+ Ize [x¢ —(1-x,)""]+
2 (32)

asinz/a
+ l /e
87

ecm monoxkuth Bem § =0, ¢g=0, F=0.

[B-e")(1-x)" +(1+e")(1+x57 )],

O6pas3 Jlaraca Gpyrxkimu p(f) npoauddepeHIHpyem Mo s U MOTYIUM:

_dp(s)
all j tp(t)dt =
Haiinem p(s) c nomompio (35).
. o © g% i
p(t )—— L SeS’dsI@(l—e_iq)e +A(Sa)+.B(s)e .
2m 2m 3, g s+|q| _iqF

Orcroma BUIHO, YTO

e + A(s) + B(s)e"

9

s [ dq —iq
p(s)z—z—m_jj(l—e )

s+ q|a —iglF
_dp(s)] _ 1 (1 o) e + 4+ Be"
ds $=0 2771 |q|a —qu
3necs A(0)= A, B(O) = B. Tonoxus F' =0, moxeM 3anucars:
1_2 =e 2smq/2 A+ Be =—1+2iBe"*sing/2.
i

JericTBUTENBHO,

1+ A+ Be" =1+ A+ B+ B(e’ -1), €“—1=2ie"""*sing/2.

Hanee
0 4 4+ Be"
c : € il singx, /2.
2i

B utore nonyuyaem:

4% ) ) . q(l-

Tz—j ‘fi sind . sin 220 gin 9( XO),
Ty q 2 2 2

Wik, 1MOCJIC UHTCTPUPOBAHNSA:
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T 1 [1- ¢ (1= x,)"].

2ol (@) sin%(a ~1)

1

J1n1s BeposATHOCTH MpelblBaHus YacTHIlbl Ha oTpeske (0,1) 1o momenta ¢t W () = I P(x,t)dx nonyuaem:
0

1 Tdg(l—e )5
W(t)=— yo= ,L dse jw TP(q,s),

rae P (q,s) ompeneneno dpopmymoit (27). s Gonsuux pemen P(q,S) onpenensercs ¢ noMouisio Gpopmyist (32).
Ilo onpenenenuto,

p(0) =

ioo ) g igxo iq
LAY L g A0 ¢ A0 B0 o

- 2 a .
dt 4r° 3, % 4 s+lg" —igF
Tlomoxnum F = 0. Kak YK€ TOBOPUJIIOCH, OOJIBIINM BpEMCHAM COOTBETCTBYIOT Ma/bIC S, IO3TOMY BOCHOJIb3YyEMCS

(32) m mpencTaBuUM NOABIHTETPATIBHOE BEIpaXkeHUE B (33) ciemyroniM oOpa3om:

S [F(q)+s “F(@l, Q=g
s+Q

o
b

l—e™ . 1+e9 1-€_ o
F(gq)= e - [y = (1=x)""1},
2 2
asinz/a i o i a-
Fz(Q)=T[(3—€q)(1—xo) "1+ e+ x0)]
IpoBeneM cHayana UHTErPUPOBAHKE TI0 S :
1 7, sds - _ 2-1
— | [F(q)+s “Fy(q)]=e{F(q)(-0) “-OF (q)}+
2m 5, s+Q

1 F(9) Tdssz—l/aes
2721 Qt3—l/a :

Ipu g >0 F, > const, F,~ q. Ouennm nepsbie 1Ba CllaraeMbix.

—io0

© o 2_l loo B 0 o 1 B Y
[e20 “dg==[e°0d0. [e?q0dQ=— —[e?0""d0.
0 t 0 0 t 0

(3-1/a) t—(3—1/a) " t—z

0

Kak BuauMm, HY)XHO CpaBHHBATh OBICTPOTY yObIBaHUS (yHKUMHA [ IMockonbky

2 (1420 -2
2>t ), 1 < o < 2, mennennee Beex yobiBaeT ! . DTO M €CTh HCKOMAsi ACUMITOTHKA.

Bepremcs k dopmyinie (26). Vike u3 ypaBHenus (14) ciemyer, uyTo mpaBbie yacTH (26) MPEICTaBISAIOT COOOMH
CKauKM MIoTHOCTH quddy3ronHoro notoka B Toukax X =0, x =1. ITokaxeM, 4To 5TH cKauku (X CAMHU IIIOTHOCTH)

KOHEYHBI TOJIbKO TIpH ycnoBusx (16) mwmm (17). IlpoBens npeoOpazosanue Jlamnaca 1mo BpeMeHH HaJl 00€MMHU 4acTsIMU
paBeHCTB (26), HOITydnM:

m<n=§]% ‘ij&s?ﬁ& ’
o (B0, axg e
‘- - x=+ (34)
KB =< [LEDE 2 [PEDE
ox %, |x—§| o x5 (x=¢) x=140

PaccMorpuM cnaraemble B TpaBOil yacTu mepBoil cTpoku. Bocmonb3yemcss @ypbe mpencraBieHreM (GYHKIUNA

- 1 o~ y
P(&s) =2 Plg,s)e " dg
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1 B 1-x
ij&% ZLJ.quB(q,S)i e*iqx J' %eﬂ‘qﬂ _
ox 4 (E—x) L 2m ox °nm
1 ~ o dn 1 e*iq
=—|\dqP(q,s)s —ige " e M+ -
27[ J- q (q ) q ’ ,rlot 1 (_x)a—l (1 _ x)(x—l
1 5 X i 1-x —i
P 1 ~ ) qm iq 1 )
O JPEIE = L[ Blg,sydgy-ige | [T [EET s e,
ox 5, |§—x| - 27 Rl 5 M X
|~
iJ-—P(&’S)dE J-P(é »8)dS :—quP(q,s) — 171 , x,x —0.
P ) (a_x)oc » ax ‘a % 1 p | |tx X'

!
31ech X, X CTpeMATCS K HyJIO HE3aBUCMMO JApYyr oT apyra. Jlns toro, uto6er A(S) ocraBanoch KoHeYHBIM

HEOOXO0IMMO, YTOOBI BBIOJNHAIOCH YCIOBHE IP (g,5)dg =0, wnu, uto To *e, npu P(x,t)|x_ o = 0. Ananormanbiv
obpasom noKkasbiBaeM, uto B(S) KOHeYHO TONBKO MpH ycIOBUH P()c,t)|x_1 =0, wm, 4r0 TO Xe, mpu
jP(q,s)e’qdq =0.

®opmyna s BpeMeHH npebbiBanus yacTulpbl Ha uHTeppane (0,1) nomyuyena npu ycnosuu F = 0. Ecnu 310 yenosue
HE BBIIIOJIHEHO, TO HE YAAeTCs MOJIY4UTh CTOJIb ITPO3PAavyHYI0 3aBUCHMOCTh JUIS 3TOM BeIM4YHMHBL. B npenensHOM ciydae
(F >>1)ana T nonyuaewm:

1-x,
i

O6mbsacHenye Takoi 3aBucuMoctu cienyiomee. Ilpu F >>1 nudpdysnonnoe craaraemoe, copepianiee JpoOHYIO
NPOU3BOJIHYIO, HE WIpaeT CYIIECTBEHHOH pOJH, U €ro, B HYJEBOM INPHOJIMKEHHH, MOXKHO OITyCTHUTB: «paboTaroT»
TOJILKO TEpBBIC MPOM3BOJHBIC. Torja mMogydYaeM BOJHOBOC YpPaBHCHHE IIEPBOTO TOPSIKA, PEIICHHEM KOTOPOTO

T ~

ABJSIETCS  BOJIHA, Oerymias BIPaBO co CKopocThio [, I'panndnoe ycnosue P(x,l)|x_1 =0 obecneunBaer
(MIPUITATIAHUEC) YaCTUIIbI K HpaBOﬁ TpaHune, rac oHa «rorudaer». BpeMﬂ CyII€CTBOBAaHUA €€ paBHO MJIMHE IMYTH,

paBHoii 1 — X, nenenHoii Ha ckopocts F. JlnddysnoHHOE caraeMoe IpoCcTo «Pa3MbIBACT» GETILYIO BOJIHY.

[IpuBeneHHoe paccyxaeHHe, KOHEYHO, HEJb3sl CYNTATh MaTeMaTH4ecKH CTporuM. BooOmie roBops, HEsCHO,
CYIIECTBYET JIM TOYHOE peIIeHHe 3amadn Jlupuxse Juis paccMaTpuBaeMoro ypaBHeHHMs Ha uHTepBaye (-1,1) mpm

F # 0. YroOs! BEIACHUTE 3TO, MONBITAEMCS el Pa3 PELIUTh Hallly 337a4y MeTOJOM pa3jieleHus epeMEeHHBIX.
3anumemM Haury 3anady B popme:
o _ 52
ot

if-F f, Fxn)

x==1 =0, f(x’t)L:o = f(x),

(35)

®yukuro f(X) cuuraem usBecTHOl. UieM pelieHue B BUIE CYNEPHIO3UIHH:
f(‘x’ t) = an (t)(Pn (x)9 (36)
n

rae @, (x) - monnas cucrema dynkuuii Ha unteppaie (-2,+2). [loacrapiss B ypapHenue (43), oqyyaeM Jisl KaskI0ro
n:

T .
£, 0,(x)| ox’ ox Ho. (37)

U3 ypasuenns (37) cnenyer, uro f, (t) = f,(0) eXp(— },lnt). 3necy £, (0) - xosdpduumentsr pasnoxenus

L0 _ 1 {az 0 (x)— 0 |

dyskumn  f(x) no momnnoit cucreme @, (x). Jua @, (X) BbImonHsETCS ypaBHEHHE:



36
EEJPVol.2 No.3 2015 L.V. Tanatarov, V.Yu. Gonchar, A.l. Kirdin

2

0
. — Lo, (x)- F@ 0,(x)+n1,0,(x)=0. (38)
pexcrasum @, (X) B Buge cymMmbl deTHOl n HewerHoii wactn: @, (x) =& (x)+1,(x). B arom kauectse mMoryt

2 1)
OBITH B3STHI fn( )Cosknx u f n( ) Slnknx, rjae 7\,’1 =n7/2. TockonbKy SApO HHTErPalbHOTO OIEpaTopa ecTh

yeTHas (QYHKIHS, OHO pacKJIabIBaeTcs o COS knx .

KQx|)=me COSA,x, b, =
m 0
[Mocnenuuit HHTETpaT MOKET OBITH BBIPAXKCH YePE3 BBIPOKICHHYIO TUIIEPTEOMETPHUCCKYIO (DYHKITHIO:

2-o
b

2

(39

Re{, F(2—o,3—a; 2k, )}

=
Torna

Lo, (x)= Zb Icosk (x—x)e, (x)+m, (x)x' =

-1

1 1
—Zb {Cosk X- J.cosk x"€, (x")dx"+sink, x - jsmk x"n,(x )dx}

—1 -1
Hoxcrasnsas B ypasHeHne (38), TmodydaeM 1Ba ypaBHEHWs: PaBEHCTBa Hymo Kod(QduumeHToB mpu COSA, X H

SINA, X i Kaxaoro m:

O, =22 b, )= Fr, [0 =0

kaf,,iz) + (Mm ) ngl) ~0. (40)
JUIsl HETPUBHAIBHOCTH PEIICHHS HEOOXOAUMO PABEHCTBO HYIIO ONPEIEIHTENS:
2
(w, —22b, ) +(F1, f =0. @)

W3 sT0r0 ypaBHeHHs HaXoauM L, . Il TOro, 4To0bl OHO OBIIO AEHCTBUTENBHBIM, HEOOXOAUMO YTOOBI F PaBHAIIOCH

nymo. Torma W, = =1 b 1, (@)= f,(00) eXp(— % bt ) U pellIeHHE, COOTBETCTBYIOIIEE HHIEKCY 71 .

m-m?

¥, (.0 = f, (), (x)= exp( kfnbmt)[ff) cosh,x+ £V sin kmx] (42)

(x)cosh, xdx, [ = (x)sinA, xdx. (43)

B

Ilpu uetHoM M oGpamaercs B Hyab SINA, X, a mpu HedeTHom - COSA, X mpu X =xl. Ilycts HauambHoe

o1
fn5)=ﬁjzf

pacnpenenenne f(X) = 8(x - X, ), Toraa f,gz) = %coskmxo, f”(ll) = %sin A, X,, W peleHne

JAEX: \/_Zexp( Ab t)cosk (x—x,) (44)

Io cyTtu, ato dhyukius ['prHa HEOAHOPOIHOTO YPABHEHHUS

o @
o o Y =g(x),

o !’
€Cld B Heli 3amenuTh { Ha [ — 1, a X Ha x'.

Ecm F#0, p, =Ab +iFA, u exp(- unt)zexp( Xb t) [cosh, Ft +sink, Ft]

n-n
OcraBnsieM BeHIECTBEHHYIO 4acTh. OHa MEPHOANYECKH BO BPEMEHH MEHSIET CBOM 3HAK M HENPUTOAHA AJS INIOTHOCTH
BeposTHOCTH. WTak, mycts /=0 .

Jlo cuX MOp Mbl HUI/IE HE MCIONb30BANM TPAHWYHbBIE YCIOBHS | ()C,IXY_+1 =(. B yacTHOCTH, OHO JOIKHO

Bemonusthes v npu £ =0, T.e., mia f(x)
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Z[fn(z) cosh, + £ Wsin Xn]

n

Z[fn(z) cosh, — £V sinkn]: 0,

n

0,

(45)

Wi Z P cosh, =0, Z FVgink, =0, o u3 (45) He CielyeT BHINOJHEHHE IPAHMUHBIX YCIOBHH MpH

n n

2
t # 0, mostroMy moTpeGyeM MX BBINOJNHEHUs NP KaXJIOM 7 © MPH YETHOM €ro 3HAYEHUH JIONKHO ObITh f n( ) = 0,

1
IIpu HCYCTHOM ( ) = O TloaTOMYy MOXXHO 3amucaTh PEIICHUE TaK:
n Y

£ (x,2 \/_Zexp[ (n+1/2Y 1%, ,t|f2) cos(n+1/2)mx +

(46)
+ —Zexp(— b, t)fy) sinnmx
Ecnu HavanbHas GpyHkius pacnpeneienus f(X) = S(x - xo) TO
JAEX: Zexp[ (n+1/2) 2b2,1+]t](:os (n+1/2)nx - cos(n +1/2)mx, +
n=0
(47)

I < . .
+ —Zexp(— nzﬂtzbznt)sm nmx - sin I’ZTDCO.
n=1

Temepsr 0 egMHCTBEHHOCTH pemeHus (46) Ha I/IHTCpBaJIe (-1,1). Kazamoce 681, uTo dopmyna (46) u ompenensiet
2
pelieHye, HO JeJ0 B TOM, YTO KO3 duumentsr f, °, f (2) onpenenstorcs uepes Gpynkuuto  f(X), u3BecTHYHO JHUIb

Ha uHTepBae (-1,1) mo ¢opmymam (45). Ha maTepBamax (-2,-1) u (1,2) ee HyxHO moompenenuThb. EcTecTBeHHO
JIOOTIPE/IENHUTH €€ HyJIEM, UTO MbI U cenaeM. Eciu oonpenenuts ee He HyneMm, T0 f (X) MOKHO MpENCTaBUTE B BUIIE

f(x)+ fi(x), tre f,(x)=0mpn xe(=11),a f(x)=0upn xe(-2,-1), xe(L,2).
Torga pewenue Gyzer pasHo Boipaxenuo (46) mpu x € (=L1) u  f,(x) mpn xe(-2,-1), xe(1,2),
TIOCKOJIbKY CBEPTKA C HyJIEM JaeT Hyllb, a POM3BOAHAS OT f, 10 BpEMeHH, B CWJIy ypaBHeHus (43), paBHa Hyo,

IIOCKOJIBK L :O TToatom emrenne (46) He 3aBUCHUT OT cCrocoba JoompeseeHus HKIIUH X).
y 1 y p p y

1
Koahpuumenrs f dmtls 2(n) OTIpeNIeNAI0TCs HHTErpajlaMy B Ipeaenax ot -1 go +1.

Ecrn navanbnas Gynxuus f(x) = S(x — x'), TO

f(x,t)= %iexp[— (n+1/2) nzbzmt]cos(n +1/2)mx -cos(n +1/2 ), +

| (48)
+ —Zexp(— nznzbZnt)sinnnx -sinnmx,.

v ! !
Ecnu 3amenuts B o1OM Qopmyne ¢ ma f—1f, a X, Ha X, To momyuuM ¢yHkuuio I'puHa HEomHOpPOIHOTO

ypaBHEHHUs, COOTBETCTBYIOIIEro 3a1aue J{upuxie. MoKHO ee Ha3BaTh «Ipoekuuei» GyHkimu ['prHa Ha IPOCTPaHCTBO
(YHKIMIHA, YOBIECTBOPSIOIINX JaHHBIM KPAeBbIM YCIIOBHUSIM.

Ione3ysacs popmyinoii (48) u BeIpakeHHEM I BpeMeHH [ mHpeObIBaHMA YacTULBI B mATEpBaIe (-1,1), MOXkeM
3aIHCaTh:

cosi(n + 1/2)x0
by (n+1/2)

T = [ p(tyedt = i(—l)"

Ecin orpaHYUTRCA TEPBBIM YICHOM psifia, TO

2 (2—a) X,

n31n20c+ 2
NMWh—a

Bocmonp3oBaBmcs (opmynoit (48) mns ¢yHknum [puHAa MOXHO TONYYHTh BBIPQKEHHE [UIS IUIOTHOCTH

T =
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BEPOATHOCTH p(x,r;xo) NEPBOTO MPOXOXKACHUA TOYKM X B MOMEHT T 4YaCTHULEH, BOPBICHYTOH B TOYKE X, B

moment T=0. Ecou G(X,t;x,) - dyuxkumus ['puna B Touke X B MOMEHT f, X, - TOYKA BIPBICKA B MOMEHT

t=0, To
G(x,t;x,) = Jdrp(x,r;xo) -G(x,t—1;x).
0

Cnpaga crout cBeptka. Jlenast npeoOpasoBanue Jlamnaca mo 7, momydaem:
G(x,s;x)) = p(x,8;x,) - G(x,5;x).

Ompenensiss p(X,S;X,) 1 coBepias 06paTHOE MPe0OGPA3OBAHME [0 S, MOTYydaeM:

1 % G(x,s:x 1% — G(x,is;x
p(x,‘l:;xo)z ‘ Idsest_ ( Liadt] O)Z_IRe els‘r_ ( ‘7 0) ,
2mi < G(x,s5x) my G(x,is;x)
. G(x,is;x G(x,is;x . G(x,is;x
Re o Glisix,) — 0) =cosst-Re—( - 0)—smst-Im—( - 0).
G(x,is;x) G(x,is;x) Gx,is; x)
_ COST n+5 X-COST n+5 Xo o . .
) sSin 7tz - Sin tax,
G(x,zs;xo)zz 5 +Z 2 2 —
n=0 n'n°b,, +is

. =1
| n+ | by, +is !
2

n+l

Bosspamasics k ciydaro [ # 0, crnemopano 661 yTOUHHTE YTBEDKIECHUE O TOM, YTO PEIlEHUe 3a1a4u J{upuxiie B
9TOM ClIydae He CYIIECTBYET, (ppa3oil: pemieHue He cymecTByeT npu Bcex [, [lpm moctaTodHo OGONBIIMX BpeMeHax

pEIlleHHE OMpPENENseTCs TEPBBIM CIaraeMbIM psaa Mo KocuHycam. OHO MPOMOPUMOHATBEHO COS—TF?, mostomy,

Korjga Ft CTaHOBUTCA MNOpAAKa C€IWMHHUIBLI, OHO CTAaHOBUTCA OTPULATCIILHBIM. HpI/I JOCTAaTOYHO OOJIBIINX F 9TO

o
BpEMCHaA IOopsaKa I/F I[OCTaTOLIHO 0OJIBIIHE F, 9TO TAaKHUE, [IPHU KOTOPBIX MOXKHO OIPaHUYUTHCA YJICHOM Fa— B
X

ypasrenuu juis [ . OGpaTHOe peoGpasoanmo Jlamnaca UMeeT B

f(x)= ﬁ Texp(xs) -(s)ds.

—10

[ycts O(x) nmeer npenen npu s —> 0, Torna

1 s
x)=——|dse’ -¢| — |,
&) 2nix-L ¢ x

2

Tdses‘(p 2= |(p(0)- 2sin Nx
’ x

[o3TOMY MOXHO YTBEPHkKIaTh, uto f (X) yObIBaeT ObicTpee yeM — mpu X —> 0. Cieys 3TOMY, MOKEM CKa3aTh, UTo

1

P(X,T;X,) ybbiBaeT ¢ pocToM T He MEJJICHHEl yeM —.
T

JInst HaXOXJIEHUs TPEJIENa (p(O) HeoOxoamMo mpocymmuposats pan wist G(X,is;x,) npu s = 0. Moxuo st

o0
3TOro BOCMONb30BaThes hopMynoii AGens-Tliana, M03BOJIAIOIIEH BRIPa3UTh CyMMY psa Z f(n) uepes xonTypHBIii
n=1
unrerpai ot pyukiuuu  f(Z) B komruiekcHoii miockoctu [13]. TTociie rpOMO3IKUX BBIKIATOK YOEKIAEMCS B TOM, 4TO
9TOT NpeEAEN OTINYEH OT HyJIs.
Ecmu Bce ke F' # (0, Ho Mas0, To MOKHO BOCIONB30BAThCS TeOpHeE BO3MYILEHUH, Hepenucas ypasHenue (35) B
BUJIC!
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0, o - 0,
S 9 g, 49)
ot Ox ox
rue f0 - pynkus ['puHa ypaBHEHHS
o 0
———|f,=0.
ot 0Ox

Benuunny ckopoctd apeiipa F cunraem mocrosmuoit. Ecin F Benuko, To B ypaBHeHuH s f  MOXHO

OCTaBHThH TOJIBKO IPEH(OBBINA WIIEH, MPU ITOM HAYAIBHOE PACIIPENENIEHHE MPOCTO MEPEHOCUTCS CO CKOPOCThIO [ .
Hocratouno Gonbluve [ - 3To Takue, IPH KOTOPBIX MOXHO OrPaHMYMTLCSA UWIEHOM C MEPBOH MPOM3BOJHON MO
KOOpJMHATE B ypaBHEHMH JUII MCKOMOHM (yHkumu. [Ipu stom ypaBHenue (17) mpeBpamaercsi B BOJIHOBOE ypaBHEHHE
NIEPBOro MOPSAIKA, PEIIEHUs KOTOPOIr'0 HUCCIIE0BaHbl B KHUTE [14].

3AK/IIOYEHUE

Kak yxe ycTaHOBIEHO, NpoOLECC ONHOMEPHONH aHOMambHOW AnGdy3uu mIs cirydas MOIyOSCKOHEYHOTO
MIPOCTPAHCTBA YAAETCS YCIEHIHO ONHUCATh APOOHO-THHEHHBIM ypaBHeHHEM. OTMETHM, OJHAKO, YTO JO HACTOSIIETO
BPEMEHH TIOKa HE CYIIECTBYET CTPOTOr0 JOKa3aTeIbCTBA, YTO TAKOE OMHCAHUE SIBIISIETCS] CIPABEIIMBBIM H IS CIIydast
KOHEYHOT'0 MHTEpBaJla C 33JlaHHBIMU TPaHUYHBIMU YCIOBUSMH. B Hacrosmeil paboTe B NpeANONI0KEHHH, YTO MOJIETHI
JleBu Ha KOHEYHOM HHTEpBAJIC, aJICKBATHO OIMMCHIBAIOTCS JPOOHO-TUHEHHBIM ypaBHCHUEM cyrnepauddy3uu, yaanoch
HOJIyYUTh €ro aHAINTHYecKoe peuienue. HalieHHoe pelieHre no3BoIsieT BEIYUCINTD Pl PU3NUECKUX XapaKTePHCTHK
rpoliecca aHOMalibHOW JU(dy3un, B YaCTHOCTH, CIEIYIOIIME: IJIOTHOCTh BEPOSTHOCTH HAXOXJCHUS YacTHIBI B
JTAHHOM MHTEpBajle, cpeHee BpeMs NpeObIBaHHs YacTHIBl B 9TOM MHTEPBaJe M BEPOATHOCTD JJISl YACTHULBI TIOKHHYThH
HWHTEpBAJI K JJAHHOMY MOMEHTY BpeMeHH. ClielyeT OTMETUTb, YTO pelleHHe ypaBHeHHs cynepauddys3nn Ha KOHEYHOM
UHTEpBAJIE SABSIETCS OUEHb HEMPOCTOH 3a7auel, KOPPEKTHOE PEIIEHUE KOTOPOH 0 HACTOSAIIEr0 BPEMEHU MOIY4YHUTh HE
yraBajmock. Ham momck permeHus ypaBHEHHs aHOManbHOH anp@Qy3nn Ha KOHEYHOM HHTEpBaJe B CHCTEME
COOCTBEHHBIX (DYHKLMH ONEpaTopoB HE INPHBEN K pPE3yJbTaTy, MMO3TOMY B HACTOSIIEH paboTe peaqn30BaH WHOH
monxoA. Pemenne ypaBHEHHsS yNamoch HMOJIYYHTh B TEPMHHAX IMPOM3BOJIBHON OPTOTOHANBHOW CHCTEMBI (DYHKITHIA.
Taxoe mpeacTaBiIeHUE PELICHUs, BO3MOXKHO, SIBIACTCSA yIAaYHbIM, TaK KaK OTKPBIBAET JONOJHUTEIbHBIE BO3MOKHOCTH
JUISL ICCIIEIOBAHUH CHCTEM C aHOMaIbHOW An(dy3nell B pa3INIHBIX MPAKTHUECKUX MPUIOKCHUSX.

ABTOpHI BEIpakatoT O1arogapHocTs A.B. Ueuknny 3a moje3Hoe 00CyXIeHUE CTaThH.
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General formulas are derived for the quasiparticle effective mass and the equation of state of the Fermi system with account of the
interparticle attraction at long distances and repulsion at short distances. Calculations are carried out of the equation of state and the
effective mass of the Fermi system at zero temperature with the use of the modified Morse potential. It is shown that pair repulsive
forces promote decrease of the effective mass, and attractive forces promote its increase. With certain choice of parameters of the
potential the dependence of the pressure on the density has a nonmonotonic character, which enables to describe the coexistence of
the liquid and gaseous phases. The influence of three-body interactions on the equation of state and the effective mass is considered.
The calculation results are compared with experimental data concerning the quasiparticle effective mass in the liquid *He.

KEY WORDS: normal Fermi liquid, effective mass, quasiparticle, equation of state, interaction

YPABHEHUE COCTOSTHUSI © MACCA KBA3SHYACTHIIHI B BBIPOKJIEHHON ®EPMU-CUCTEME C
3®PEKTABHBIM B3AUMOIENCTBUEM
10.M. [ToayrkTOB, A.A. Copoka
Hayuonanvnuuii nayunwlii yenmp “Xapoko6ckuil (puzuxo-mexnuyeckuii uncmumym”’
61108, Axaoemuueckas, 1, Xapvros, Yrpauna

IMonyuensr oOwme Qopmynsl st 3pGEeKTHBHOH Macchl KBa3HYaCTHIBI M yPaBHEHHSI COCTOSIHHS B (EPMHU-CUCTEME C YYETOM
MEXYaCTUYHOTO TMPUTHKEHUSI HA JAJICKUX M OTTAJIKUBAHMS HAa MAJbIX PACCTOSHUSX. BBIMOIHEHBI PAacyeThl YPaBHEHHSI COCTOSHHS U
3¢ QeKTHBHON Macchl Il PEepMHU-CHCTEMBI TIPU HYJICBOH TEMIIEpaType ¢ UCIIOIb30BaHUEM MOIM(UIIMPOBAaHHOTO MOTEHIMATa Mop3e.
IToka3aHo, YTO MapHble CHJIBI OTTAIKHBAHUS CIIOCOOCTBYIOT yMEHBIICHHIO S(P()EKTHBHON MacChl, a CHJIbl NPUTDKEHHS — ee
Bo3pactanuio. [Ipu OmpeseneHHOM BBIOOpE IMapaMeTpOB MOTEHIMANA 3aBHCHMOCTh JABIEHHsS OT IUIOTHOCTA MMEET HEeMOHOTOHHBIN
XapakTep, 9TO TT03BOJISIET OIHCATh COCYIIECTBOBAHHE JKUIKOH 1 ra3000pa3Hoii (a3. PaccMoTpeHo BIMsHNE Ha ypaBHEHHE COCTOSHUE U
3¢ }eKTUBHYIO MacCy TpeX4acTHYHBIX B3aMMOACHCTBUH. Pe3ysbTaThl pacueToB CPaBHUBAIOTCS C SKCIIEPHMEHTAIBHBIMU JAQHHBIMU 00
3dpheKTHBHOI MacCe KBA3HUACTHIIBI B JKHAKOM “He.

KJIFOYEBBIE CJIOBA: HopmanbHas (epMU-KHAKOCTb, d(Q(dEeKTHBHAs Macca, KBa3MYaCTHIIA, YPAaBHEHHE COCTOSHUS, IMOTEHIMAN
B3aMMOJICHCTBHSA

PIBHSIHHSI CTAHY I MACA KBA3IYACTUHKHA Y BUPOIKEHIA ®EPMI-CUCTEMI 3 EOEKTUBHOIO
B3AEMOJIEIO
HO.M. HoayekTtoB, O.0. Copoka
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunuil incmumym”’
61108, syn. Akademiuna, 1, Xapxie, Yrpaina

Otpumano 3aranbHi Qopmynn s epeKTHBHOI MacH KBa3i4aCTHHKHM 1 pIBHSHHS CTaHy B (epMi-cHCTeMi 3 ypaxyBaHHIM
MIDKYaCTHHKOBOTO TPUTATAHHS HA JAJEKUX 1 BIIIITOBXYBaHHS Ha Mayux BigcTaHsx. I[IpoBeaeHO po3paxyHKH DIBHSHHS CTaHy Ta
epexTrBHOI Macu a1 (hepMi-CHCTEMH TNpH HYJIbOBIM TemrepaTypi 3 BHUKOPHCTaHHAM MOAM(iKOBaHOTO NOTeHIiamy Mop3e.
Ioka3zaHo, 1110 MapHi CHIM BiALITOBXYBAHHS CIIPUSIOTH 3MEHIICHHIO e(EKTHBHOI MacH, a CWIM MpUTAraHHs — ii 3pocranHio. [Ipu
MEBHOMY BHOODI MapamMeTpiB MOTEHI[ay 3aJeKHICTh THCKY BiJ IIUIFHOCTI Ma€ HEMOHOTOHHHH XapakTep, IO J03BOJSIE ONMUCATH
CHiBiICHYBaHHS pifKkoi Ta ra3oBoi (a3. Po3risHyTO BIUIMB Ha PIBHSHHA CTaHY 1 €()EKTHBHY Macy TPbOXYACTHHKOBHX B3a€MOZIMH.
PesynbTaTy O3paxyHKIB OPIBHIOIOTHCS 3 EKCIEPHMEHTATBHIMI JAHIMH MO0 eheKTHBHOI MACH KBa3iaCTHHKH B pigkomy “He.
KJIFOYOBI CJIOBA: HOpManbHa depMi-cucTeMa, eheKTHBHA Maca, KBa3i4acTHHKA, PIBHSHHS CTaHy, IIOTEHIlia] B3aeMO/IiT

TepMosnHaMUUECKHE CBOWCTBA BBIPOKACHHOW (EPMU-KHIKOCTH ONPEASISIOTCS KBa3sMYacTHIAMH BOJIHM3U
roBepxHocT DepmHu, 3aKOH TUCTIEPCHH KOTOPHIX HMEET TaKOH ke BUJI, KaK Uy CBOOOJIHBIX YacTHIl, HO ¢ 3h(eKTHBHON
Maccoi, 3aBHCAIIEH OT TepMoauHamuyeckux BeinnuuH [1,2]. B ¢depmu-kuakocTHoM noaxozae 3¢pQeKkTuBHas Macca
BEIpaKaeTcst 4epe3 (eHOMEHOJIOTHYECKYI0 aMIUTUTYIy, OIHMCBHIBAIOIIYI0 B3aMMOJECHCTBHE KBaswdacTun. Ha
MHKpPOCKOIINYECKOM ypoBHE 3((eKTHBHAs Macca BBIYMCIUIACH Ul cabo HewmneanbHOro ¢epmu-raza [3]. OmHako
TaKMe pacdyeThl CIPaBEUIUBBI TONBKO JUIS PaspsHKEHHBIX CHCTEM, B MPEAINOI0KEHHH MPUMEHHMOCTH OOPHOBCKOTO
NpUOIKEHUS,, KOTZAa B3aWMOACHCTBHE MEXKAY YaCTHIAMH MOXKET OBITh OXapaKTEpPH30BaHO E€IMHCTBECHHBIM
rapamMeTpoM — JJIMHOW paccesHHs, KOTOpas MOXKET OBITh MO0 MOJOXKHUTEIBHOM, JINOO0 OTPHUILIATENBHOMN, KaK B CIydae
atomos “He.

IIpu Oosee peaqHCTUYECKOM ONHCAHWKA C TIOMOIIBI0 MOJENBHBIX ITOTEHIHAJIOB CIEAYyeT YYHTHIBATh, YTO
B3aUMO/ICHCTBIE MEK/Ty YaCTHLIAMH Ha MaJIbIX PACCTOSHHUSIX UMEET XapaKTep CHIIBHOTO OTTAJIKUBAHUS, a HA OOJIBIINX —
nputskeHus. IloaToMy B JOCTaTOYHO IUIOTHBIX CpeJaxX XapaKTepUCTUKH CHUCTEMBI CYIIECTBEHHO 3aBHCAT OT
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KOHKPETHOTO BHJa IMOTCHIMAJIA B3aHMOﬂeﬁCTBH§I qacTulg MU €ro mnapamMeTpoB, a TaKKE IIJIOTHOCTH. le/l Majiou
IUIOTHOCTH YHCJIA YACTHUI], KOTAA CPe/IHEe PACCTOSHNAE MEXK/Ly HUIMU CPABHUMO WJITH ITPEBOCXOAUT PaJIUyC ICHCTBHS CHIT
MIPUTSDKEHUS, CYIIECTBEHHYIO pPOJIb WIPAlOT HMMEHHO JaJbHOJCHCTBYIOIIAS COCTABISIOMIAss MEXYaCTUYHOTO
noreniyana. C yBeJMUEHHEM IIOTHOCTH M YMEHBIICHHEM CPEIHETO PAacCTOSHHS MEXAY 4YacTHUIaMH, Bce Ooublie
TIPOSIBISIFOTCST 3 GEKTHI CHIIBHOTO OTTAIIKUBAHUS MEXAY dacTHamHu. [Ipn ynpoimeHHOM ONMCaHWW B3aUMOAEHCTBUS C
TIOMOIIBIO €IMHCTBEHHOTO MapaMeTpa, IUIMHBI paccesHus, 3((EKTbl, CBSI3aHHbIE C BKIAJaMU JAJIbHOACHCTBYIOMIETO
MIPUTSDKEHUS] B KOPOTKOJEHCTBYIOIIETO OTTAIKUBAHMUS, €CTECTBEHHO, YUTECHBI OBITh HE MOTYT. OTMETHM TaKKe, YTO JUIs
pEaTMCTHYECKNX MOTEHINAIOB C OTTAJKMBAHMEM Ha MalbIX PACCTOSIHHUAX OOpHOBCKOE MPUOIMKEHHE, KaK IMPaBUIIO,
HETIPUMEHNUMO. I3BECTHO, UTO y4eT CHIIBHOTO OTTAJIKUBAHMS (KECTKasi CEpLIEBUHA) HA MAJIbIX PACCTOSIHUSAX MPUBOIANUT
K 3HAUUTEIbHBIM TPYAHOCTSIM IIPH pacdyeTax B MOJEIM caMocorjlacoBaHHoro moins [4,5]. B uyactHocTH, BKIag B
SHEPIHI0 CHUCTEMbI KOPOTKOICHCTBYIOIIMX CHJI OKAa3bIBA€TCS CYIICCTBCHHO 3aBBIIICHHBIM. YTOOBI 00OHTH 3Ty
TPYAHOCTh B IAHHOM paboTe Mpeiaraercsi UCrnoib30Barh dQ(GEKTHBHBIN MOTEHIMAN B3aUMOJICHCTBHSI MEXAY YaCTHLIAMH,
OTIIMYHBIH OT TOTEHIMaja B3aWMOJAEHCTBUSI CBOOOJIHBIX 4YacTHI, Kak O3TO IPHHATO B pacyeTax METOJ0OM
CaMOCOIJIACOBAaHHOTO MO B sjuepHON ¢usuke [6,7]. [Ipu 3TOM «KeCcTKas» CEepAIICBHHA 3aMEHSCTCS «MSTKONY,
BEJIMYMHA KOTOPOH SIBIISIETCSI ITOJJTOHOYHBIM HTAPaMETPOM.

Llenpto manHON paboThI siBIsieTcst pacdyeT 3(P(EKTHUBHONH MAacChl M HAXOXKICHUE ypaBHEHMS COCTOSIHUS (hepMu-
CHCTEMBI B MMKPOCKONHMYECKOM IIOAXOAE€ B paMKax BapHaHTa MOJEIM  CaMOCOIJAaCOBAaHHOTO  IIOJI,
chopMyIHpOBaHHOTO B paboTax [8,9], ¢ TOMOIIBIO TOTEHIINATIOB B3aMMOICHCTBHS, YIUTHIBAIOMINX KaK OTTaJKUBaHHE,
Tak W mpuTsHKeHns dactuin. [lomyuena oOmast gopmyna mmst 3¢pdeKTHBHON Macchl KBa3HUacTHIHI B (pepMmu-crucTeMe.
HccnenoBaHo BiMsiHUE KOPOTKOACHCTBYIOIIMX CHJI OTTAJIKMBAHUSA M JATbHOACHCTBYIOIIMX CHJI MEKYAaCTUYHOTO
NPUTSHKCHUS] Ha BEIMUMHY A(P(EKTHBHOM Macchl M ypaBHEHHE COCTOsHMA. [loKa3aHO, YTO CHIIBI OTTAJKUBAHUS
CIOCOOCTBYIOT YMEHBIICHUIO Y(P(EKTUBHON MAacChl, @ CHJIbI MPUTSDKEHUST — ee Bo3pacTaHHio. KOHKpEeTHbIE pacdeThl
3G (GEeKTUBHON Macchl W YpaBHEHHsI COCTOSHHSI IIPOBEIEHBI JUIs HYJIEBOM TEMIEpaTypbl C HCIIOJIb30BaHHUEM
MoudupoBanHoro mnoreHnuana Mop3se. Ilpu onpesneneHHOM BBIOOpE NapaMeTPOB IMOTEHIMANA 3aBHCUMOCTH
TIOJTHOTO JABJIEHHsI OT IJIOTHOCTH OKa3bIBaeTCsl HEMOHOTOHHOM, M YPaBHEHHE COCTOSIHHSI OIHMCBIBAET COCYILECTBOBAHHE
razoo00pasHoii u xunkor ¢az. C yBenHMueHnEM IIOTHOCTH BBIYHMCIIEHHAs S QEKTUBHAS Macca KBa3WYaCTHIb! yOBIBaeT,
9TO HE COOTBETCTBYET IKCIHEPMMEHTATLHBIM JIAHHBIM JUIS JKHIKOro “He. B paGoTe BHICKA3aHO MpPEJNONOKEHHE, UTO
BO3MO)XKHasI IPUYMHA HECOOTBETCTBUS CBsA3aHa C 3¢ PEeKTaMH TpeX4acTHUHBIX CHJI B (epMH-KuAKocTH. Paccmorpena
POJb TPEXYACTHIHBIX B3aMMOICHCTBUI M MOKa3aHO, YTO y4YeT TPEXYACTUYHBIX CHJI MPHUTSHKEHHUS CIIOCOOCTBYET POCTY
3¢ (eKTUBHOH MaCCHI.

IDPOEKTUBHASA MACCA 1 YPABHEHUE COCTOAHUSA B MOJAEJIN CAMOCOI'JTACOBAHHOI'O
noJs
B nanHOM pasnene momyunM obmue ¢hopmyiisl A 3¢ GEeKTHBHON Macchl KBa3HMYaCTHIBI U JIaBlieHNs. BomHoBas

(ynkupst KBasuyacTuLbl GepMU-CUCTEMBI ¢, (q) B paMKax MOJENIM CaMOCOTJIACOBAHHOTO TIOJIST B (hOPMYJIUPOBKE paboT

[8,9] HaxonmuTCs U3 ypaBHEHUS

[da'[H(a.q")+W (0.4)]¢,(4) =9, (a). ()
2
rne H (q,q'):—2h—mA5(q—q’)—y5(q—q'), m — Macca CBOOOJHOrO (epMHMOHA, 4 — XHMHYECKHH ITOTEHIHUAI,

g =(r,0) 0603HaYACT IPOCTPAHCTBEHHYIO KOOPJMHATY I M IIPOCKLMIO CiMHa o , j =(v,0'), rae v — nonHslii Habop
KBAHTOBBIX YHCECJI, ONHCBIBAIOINIUX COCTOAHUE 4YacCTUIlbl, 3a MCKIIOUYCHHUEM IMPOCKIWU CIIMHA O". Ilonaraem couH
s=1/2. B dopmyzne (1) camoCOrIacOBaHHbIH TTOTEHIMAT W(q,q') MMEeT CMBICI CPEIHETO IOJIs, JeHCTBYIOIIEro Ha

oTnenpHyl0 dactuiy [8,9]. B oTcyTCTBHME BHEMIHETO MOJS B MPOCTPAHCTBEHHO-OJHOPOIHBIX YCIOBHSX COCTOSIHHE
OTJCIILHON YaCTHIBI MOXKET OBITh OXapaKTEPHU30BAHO €€ BOJIHOBBIM BeKTOpoM K , a ee BONHOBast (YHKIIHS UMEET BUI
IUIOCKOM BOJIHBI:

ikr

O
#(a)="re" @
B otEX ycioBHsAX B mNpeHeOpeXeHMM MarHUTHBIMH 3((EeKTaMH CaMOCOIJIaCOBAHHBIN IOTEHIMANI HMEET BUJ
W(q.q')=6,,W(r-r'), rae

W (x) =W,6(x)+We (r). 3)
Bun nonei WO,WC(r), 00yCTIOBJICHHBIX TIPSIMBIM W OOMEHHBIM B3aMMOACWUCTBHSIMH, TIpHBENEH HIDke. B

MIPOCTPAHCTBEHHO-OJHOPOAHBIX YCIOBUAX U3 (1) ciexyeT BeIpaXKeHHe ATl SHEPTHH KBa3UYaCTUIIBI
Wk

2m

g, = —y+WO+47ﬂIdrrWC(r)sinkr. 4)
0

[Ipy HM3KMX, HO KOHEYHBIX TeMIIepaTypax IS BBIPOKICHHON CHCTEMBI BONHOBOe umciao Pepmu ompenennm
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COOTHOILICHHUEM
n’k; Ar
—u+W. +—\drrw.(r)sink,.r=0. 5
m H 0 K, .([ C( ) F ()

DTO COOTHOIIIEHWE YCTAaHABJIMBAET CBS3b XMMHUYECKOTO TMOTEHIMAla ¢ BOJHOBBIM uucioM Pepmu. C MOMOIIBIO
bopmysl (5), uckimoyast U3 (4) XUMHUYSCKUI MOTECHITHAT, UMEEM

Wk Rk K sinkr  sink,r
£, = - +4rx|drrw,.(r - F 6
Yoom 2m ! e(r) k k. ©)
Bommsn  mosepxHoctn  Depmu  k=k.+Ak, u >pdexTUBHAAT Macca  ONPEAENACTCS  COOTHOLICHHEM
" "
& =—k.Ak=—1k, (k - kF) . OHa MO>KeT OBbITh IIPE/ICTAaBICHA B BUJIE
m 2k,m
—=1+—L=7,
m, e (7
rae
2707, )
J=- e jdrr w. (r)]1 (kFr), (8)
F 0

Ji (x)z(sinx—xcosx)/x2 — chepudeckas ¢ynkumus beccens. B Takom Bume ¢opmyna ams dSQQGEKTHBHOR MAacChl
CIIpaBe[UINBAa IIPH KOHEYHOH TeMIepaType M IPOM3BOJIBHOM XapaKTepe MEeXYacTUYHOTO B3aUMOJCHCTBUA, U
HPUMEHNMA Kak JUlf IapHBIX, TaK M 11 MHOTOYACTHUYHBIX cmil. OTMeTuM, 4To ompesencHue 3bdeKTHBHON Macchl
MOJXeET OBITh JAHO HECKOJIBKO MHAYe, & MMEHHO m, =k, [v, , Tae v, =0¢,/ h6k| - [3], HO MpPUBOAUT K TOMY K€
pesynbtary (7).

INonHoe naBineHue B hepMU-CHCTEME B MOJEIH CaMOCOIJIACOBAHHOTO HOJIS ONPENEIIsIeTCS CyMMOR ABYX BKIAIOB
D = D + D, : IONOKUTENBHBIM JaBICHUEM Ta3a KBa3n4acTHIl ¢ d3QheKTHBHON Maccoit

2/3
2 2
()

=7 - p", 9)
Pr 5 "

s

W [aBJICHHEM, OOYCJIOBICHHBIM TapHBIM MEXKYaCTUYHBIM B3aWMOJCHCTBHEM, KOTOpPOE MOXET MMETh Kak
TOJIOKUTENbHBIN, TaK U OTPULIATENIbHBIN 3HAK:

p, = 47err r2U(r)(2p2(0)—p2(r)) = 27rn2jfdrr2 U(r)g(ker), (10)

2
9( Ji(ker)
ke.r
BE3[€ IMOJOKUTEIbHA, TO, KOPOTKOJEHCTBYIOIIAs TOJIOXKUTEIbHASA YacTh IMOTEHIMajda BHOCUT B J1aBJICHHE
MTOJIOKUTEBHBIN BKJIAJ, a NaJbHOAECHCTBYIOIAs YAaCTh — OTPULATEIbHBIN.

rae n — INIOTHOCTb Yucia dactul, g(k.r)=1- . Ilockonbky nmapHast koppensuuoHHas GyHKuus g(k.r)

3®PEKTUBHBIE IOTEHIIHUAJIBI MEXKYACTUYHOI'O B3AUMOJIENCTBUS
[MorenumanbHas dSHeprust cucrteMbl N  4YacTWl, OOJaJAIOIIMX BHYTPEHHEH CTPYKTYpOH, MOXET OBITh
IIPEICTaBJICHA B BUJIE CYMMBI IAPHBIX, TPOMHBIX U T.JI. B3aUMOACUCTBUN
U(rl,rz,...,rN) = ZU(FI.,FJ.)-F Z U(rl.,rj,rk)+... , (11)
i<j i<j<k
rne U (ri,r/.) =U (r/. ,rl.) , U (r,.,rj ,rk) — CHMMETpPHYHAs IO BCEM IIEPECTaHOBKaM KOOpauHAT (yHKIusa. Teopus
CaMOCOTJIACOBAHHOI'O MO 1M1l (epMH CHUCTEM C y4eTOM BKJIafa TPEeXYaCTUYHBIX B3aMMOJIEHCTBHH paccMOTpeHa B
pabore [9].

OOcyauM BOIIpPOC O BHIOOpPE MOTEHIHMAIOB MEXYaCTHYHOTO B3amMmojeicTBus. HauHem c aHanu3a mnapHbIX
MOTEHIMANOB. J[ng omucaHus B3aUMOAEUCTBHUS YaCTHUI] HCIOJNB3YIOTCS MOJICJIbHBIE IOTEHLUANBI, 3aBHUCSIINE B
MPOCTENIIEM CITydae TONBKO OT PACCTOSHUS MEX Ty yacTuiamu. IlpuMepoM Takux MOTEHIMATIOB MOXKET CIyKUTh 4acTO
ynotpeOisieMblid notennuan Jlennapa-/xonca

U, (r)=4s (Ej - (Ej , (12)

COZIepIKallMii [Ba MapaMeTpa: pPacCTOSHUE O U SHEpruio &. Ha MmanmbiX pacCTOSIHUSIX 3TOT MOTEHIHANn OBICTPO
cTpeMuTcs Kk 6eckoHeuHocTH. [Ipu 7, = 0 OH oOparraercs B HyJb, CTAHOBSICH TIPH 7 > 7, OTPHUIATeIBbHBIM. [ToTeHIIan
(12) m emy motoOHBIE MOYKHO 3amKCcaTh B 00IIEM BUIE
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Uc(r), r<rn,
ur), r>r,

u(r)=

rae U, (r) >0 — KOPOTKOJCHCTBYIOIas YacTh MOTEHIMANIA, Ul KOTOPOi BO MHOTHX ciydasix nonaraior U, (r)— o

(13)

mpu r—0, a U, (r) <0 — pJanpHOAEHCTBYIOINAsA 4YacTh IOTEHNHWana, Takai dro U, (r) -0 nmpu r—>oo.

Hcnonp3oBaHne B KBaHTOBO-MEXaHHYECKMX pacdeTax MOTCHIMAIIOB C TBEPIOW CEpALEBUHON, Kak W3BecTHO [4,5],
MIPUBOANT K 3HAYUTEIBHBIM TPYIHOCTSIM. J{J1s1 MOTEHIIHANOB ¢ OECKOHEYHOH CepALeBUHON OTCYTCTBYeT Dypre-00pas, n
CaMOCOIJIACOBaHHOE TOJI€ IMPH HCHOIB30BAHMM 3THUX MOTEHIMAJIOB oOpamraercss B OeckoHeYHOCTh. MHorma 3To
00CTOSATENLCTBO ~ UCIONB3YeTCST B KauyeCcTBe apryMeHTa B  IIOATBEP)KICHHE  HEIPUMEHUMOCTH  MOJEIHN
CaMOCOTJIACOBAHHOTO TOJII B TOM WJIM HHOM cCilydae, Hampumep ais omucaHus xugkoctd [10]. HMcmonms3zoBanue
MOTEHIIMAA, OBICTPO CTPEMSAIICTOCs K OCSCKOHEYHOCTH HAa MANbIX PACCTOSHHSAX, O3HAYACT, YTO aTOM WJIM JApyras
CJIOXHAas YacTHIla COXPAHSIET CBOIO MHAMBUAYAIBHOCTh MPHU KaK YTOJHO BBICOKUX JABICHUSIX. MEXIy TEM OYEBHUJIHO,
YTO JIOJDKHO CYIIECTBOBAaTh KPUTHUYCCKOE JaBJICHHWE, IPU KOTOPOM AaTOMBl COJHM3STCS HACTONBKO, 4TO OyIyT
«pa3maBlCHBD U TOTEPSIOT CBOIO MHAMBHIYAIBHOCTH. [103TOMY TpeOOBaHHE aOCONFOTHOW HEMPOHHUIIACMOCTH YacTHI]
MPH KaK YTOJHO OOJBIIHMX IaBICHUSX SBISCTCS HM3IUIIHE XXCCTKUM W HEe()UM3WYHBIM U, Ha Haml B3N, Oolee
MPaBUIIBLHO HCIIONE30BATh MMOTCHIMAIBI, CTPEMSAIINECS K KOHCYHOMY 3HAYCHHIO MIPH MANIBIX PacCTOSHILSIX. [Ipumepom
TaKOro NOTEHLMANA ABJIECTCS U3BECTHBIM MOTEHIHaI Mop3e

U, (r)= g{exp[—Z(r—ro )/a]—Zexp[—(r—ro )/a:|} , (14)

& — mapameTp pa3MEpPHOCTH PHEPIUH, 7, @ — XapaKTepHble paccTosHus. HeoOXonuMo Takke OTMETHTb, YTO KBAHTOBO-
XMMHUYECKHE pacueThl MPHBOAAT K TMOTEHIMANaM ¢ KOHEYHOM BEMMYMHOM sHepruu B Hyne [11,12]. Ora sHeprus
OKa3bIBACTCS JOBOJIBGHO OONBIION. Tak Il MOTEHIMANIA B3aUMOICHCTBIS TSIUI-TENNI OHa IMEET TOPSIOK 10°K .

Ho naxke mpu KOHEYHOH, HO OOJBIION SHEPrHMHM OTTAJKUBAaHUSA POJb 3G(HEKTOB, OOYCIOBICHHBIX TBEPIOH
CEPJILIEBUHOM, OKa3bIBACTCSl 3HAYMTENIHHO 3aBBIMNIEHHOW. DJTO CBSI3aHO C TEM, YTO €CIM JUIsl OMHCAHMS COCTOSHHUS
KBa3MUYACTHUIIBI, KAK 3TO OOBIYHO OBIBAET, UCIIOJIE30BATh BOJHOBYIO (DYHKIIMIO, MOAYJIb KOTOPOW MEJICHHO MCHSCTCS B
MPOCTPAHCTBE, TO TBEPJasl CEpILIEBUHA Ia€T CYIIECTBEHHO 3aBBINICHHBIN BKJIaJl B SHEPTUIO U JPYTUe XapaKTEPUCTUKU
CUCTEMBI, Ha YTO JaBHO OBLTO OOparieHo BHUMaHUE SIcTpoBbIM [4,5]. JIeHCTBUTENBHO, HATMYUE TBEPAOI CEpAIICBUHBI,
HE MO3BOJISICT YacTUIAM COJIDKAThCS Ha PACCTOSIHUS, MCHBIIC €€ pajJnyca, TaK YTO peajbHas BOJHOBAs (YHKIUS, B
OTJIIMYUE, HANPUMEpP, OT IUIOCKOW BOJHEI, JNOJDKHA OBICTPO yOBIBAaTH HA TaKWX pPACCTOSHHUSX. UTOOBI HCIpPaBUTH
OTMEYEHHBI HemoCTaToK, ScTpoBbeiM [4] ObIa Tpe[yioKeHa BOJMHOBAS (YHKIHSA, YYWUTHIBAIOMIAS JTAaHHOE
00CTOSATENBECTBO, OAHAKO HCITOIB30BATh TAKYIO (DYHKIIHIO B PacyeTax OKa3aioch BEChMa CI0KHO.

MO’KHO TIOTBITAaThCS HCIIPABHTH CHTYAlMIO APYTHM CIIOCOOOM, a MIMEHHO, COXpPaHHB OIMCAaHWE KBAa3WYACTHI] C
MTOMOIIBIO TUTOCKUX BOJIH, OTKA3aThCS OT HCIIONB30BAHMUSA «PEAJMCTUUYECKUX» IOTEHIHAJIOB, C IIOMOIIBIO KOTOPBIX
B3aMMOJICHCTBYIOT CBOOOJHBIE YACTHUIBL. BMeCTO <OKECTKHX» IOTCHLHAIOB C OOJBIINM 3HAYCHHWEM SHEpPruu
OTTAJIKMBAHUS HA MAaJIbIX PACCTOSHHUSIX MOXKHO HCIIOJIB30BAaTh «MSTKHE» 3()(EeKTUBHBIC MOTEHIHAIBI, Y KOTOPBIX
SHEpPrus Ha MAJbIX PACCTOSHHSAX SBIACTCS (HEHOMEHOIOTMYCCKMM IOATOHOYHBIM IIapaMETPOM, OMPEACIICMbIM W3
CpaBHEHMsI C JKCIICPUMEHTOM U KaKOH-THMO0 M3MepuMOl BelMWduHbL. VIMEHHO Takas WJesl IMOJIOKEHAa B OCHOBY
pacueToB METOJIOM CaMOCOTJIACOBAHHOrO TONss B sapax [6,7]. B Takux pacuerax, 4ToObI OOOWUTH MPOOIJIEMEI,
BO3HHKAIOMINE U3-3a CHIIHON OTTAJKHUBAIOMICH cepAreBHHBI [13], BBOIAT 3(PEKTUBHOE B3aUMOJICHCTBHEC BHE CBSI3U C
0a3MCHBIM B3aUMOJICHCTBAEM CBOOOIHBIX HYKIOHOB [6,7].

[poctetimum criocoboM MomubUKanuy MOTEHIHAIOB (13) MOXKET CIyXHTh 3aMeHa WX KOPOTKOIEHCTBYIOMICH
YaCTH MOCTOSIHHOW BEJIMYMHOM, TAaK YTO

r<r,

U(r): UL(r), r>r,, (as)
rae U, >0. B xadecTBe manbHOAEHCTBYIOLIEH 4acTU MOXKET OBITH BBIOpaH KAaKOW-IMOO U3 U3BECTHBIX MOJEIbHBIX
moreHIanoB. Tak it noternuana Cro3epreHaa

U, (r)=-¢(a/r)". (16)

Bonee PCATUCTUYHBIM SBJIACTCS NOTCHIHATT KI/IxapLI

o2 (2]

KOTOPBIN B cpaBHEHUH ¢ moTeHnmaioMm JlenHapa-/koHca comepXuT 106aBOYHBIN MapaMeTp pa3MEepHOCTH IIUHBI a U
nepexoaut B noteHnuan Jleanapa-/lxonca mpu a =0 (12).

[Ipu umcrneHHBIX pacueTax B JaHHOM paboTe MBI B KadecTBE NaJbHOJACHCTBYIOIIEH 4acTH OyaeM HCIOIh30BATh
noteHman Mopse (14). Xots norernuan Mop3e KOHEUEH IIPU BCEX PACCTOSHUAX, HO 3HAUCHUE SHEPTUH B HyJIe Y HETO
BCE eIle BEJMKO, TaK YTO ITOJIOKHUTENILHYIO YacTh ATOrO NMOTEHIMAla, B COOTBETCTBHM CO CKAa3aHHBIM BHIIE, OyaeM
3aMEHSTh ITOCTOSIHHOM BEIMYMHOHM, BBOAS TEM CaMbIM JOMNOJHUTENBHBIA IOATOHOUYHBIM IapamMeTp pa3MEpHOCTH
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SHEpIuu.

Uro kacaercs BbIOOpa MOTEHUHMANA JUIS TPEXYACTUYHBIX B3aUMOJEHCTBHI, TO O TaKMX IOTEHLMAaX HM3BECTHO
odeHb Mayo. OTMETHM, YTO HaxOXJICHHWE U3 MEPBBIX NPHHIUIIOB MOTCHIMANTa B3aUMOJCHUCTBUS TPEX aTOMOB Kak
0OCCCTPYKTYPHBIX SIAMHUIL SBISIETCS CIIOKHOW KBAaHTOBO-MeXaHHUYeckol 3aadeii [14]. O030p COBPEMEHHOTO COCTOSHUS
TPOOIIEMBI TPEXYACTUIHBIX CHJI TaH B padore [15].

B wacTHOCTH, TpEX4aCTHIHBIHN ITOTEHIIMAT MOXKET OBITh BEIOPAH B BUIIE, TIPEIOKEHHOM B [16]:

U(|r —r’|,|r —r”|) =u, exp[—(|r —r’| +|r —r”|)/r0J . (18)
Bo3MoxeH Takke BBIOOp IIOTEHIMANA B BHE IayCCOBOM (yHKIHK:
[(r—r’)2 +(r—r")2J
U= e =5 expy - ; - (19)
0

o

Taxoli BEIOOp XapakTepeH TeM, 4To B rpezene 7, —> 0 norennuain (19) nepexoaur B TpeX4aCTUYHbINA MOTEHIHAN HYJIEBOTO

panuyca, KOTOPBIH, Kak ToKa3aHo B pabote [9], He naeT BKJIaJ B CaMOCOIIaCOBaHHOE Toiie. B mpuHIuMme, BO3MOXeH
BBIOOP MOJIETIBHOTO TPEXYACTUIHOTO TIOTEHIINAINA, 3aBUCAIIETO OT TPEX PACCTOSHUI MEXIy TPEMsI YaCTULAMHU

’ " ’ "
U (r.r'x")=Us( -r')). (20)
B nmanHOit pabore B pacuerax OyaeM HCIONB30BaTh IIOTCHIMAT MMEHHO TaKOTO THIIA, B3ATOTO B BHJIE NOTCHLHAIA
«TIOITYTIPO3PAYHON ChEphI»:

U

3m>

r<n, r'<n, r'<n,

U, (r,r',r"):{ @2n

[otenmman (21) oTiM4eH OT HyJS TOIBKO B TOM CITydae, €CJIA PACCTOSHUE MEXIY KaXIOH Mapoil W3 TPOHKH YacTHIL
MEHBIIE 7 .

0, else.

B camocornacoBaHHblil noTeHuMan (3) AT BKIAJA KaK [apHbe, TaK M TPEXYacTHYHbIE B3aHMONEHCTBHS
Wy =W + W, w.(r)=w (r)+ W, (r). B ciyuae napusix cun

w? =nu,, wP=-U(r)p(r). (22)

3nece U (r) — MOTEHLMAll TapHOTo B3auMoaehcTeus, U, = IU (r)dr . OHOUacTHYHAs MaTPHIIA TUIOTHOCTA UMEET BUJL
1 % .
p(r) :m!dkksm(kr)f(gk), (23)

rie f (&, )=(expfe, +1) ", amiorHocts uncna sactui 7 = 2p(0).
Bxutag TpexdacTHYHBIX CHIT OTIPEIEIIIETCS] COOTHOIIEHUsIMH [9]:
=2b,~b,, W =a (r)-2p(r)a,(r). (24)
Jis TpexyacTHIHOTO HOTGHI_II/IaHa 3aBHCALIECTO OT PACCTOSHUMN Mex Iy dacturiamu (20):

4”2 21 l Uy s )p,(r r )p(r’)rrzd’"’a a, (1”)=47Tp(0)jl_]30 (F,F’)I"zdr'»
0

w o w (25)
b =167"p’ (0)jr2drjl£30 (r,r')r'zdr', b, = 16ﬂ2jr2drjg30 (r,r’)p2 (r')r'zdr'.
0 0 0 0
3nech
U, (r.rr—r)= i Uy ( (cos®),
(2[ 1 ” (26)
U, (r.r')= > IU3(r,r,\/r +7 —2rrx)3(x)dx,
p(r-r1)= Zp, (r,r") B (cos0),

(27)

2 +21 [ (&) di (k) jy (") K i

0 (r,r') =

YODOEKTUBHASI MACCA, YPABHEHUE COCTOSTHUE U XUMHWYECKHWN MOTEHIUAJ 115
MOINPUIINPOBAHHOI'O IOTEHIHHUAJIA MOP3E
B nmanHOM pasjiene NpHBEIEM pe3yJbTaThl pacueTa 3aBHCHMOCTeH 3(G(GEKTUBHONW Macchl, JaBICHHS U
XUMHYECKOTO IMOTEHI[Hala OT IUIOTHOCTH YHCIAa YacTUI[ MPH HyJIeBOH Temmeparype, it 3(p(eKTHBHOrO MapHOro
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noteHimana tuna (15), BeIOpaB B KauecTBE NaTbHOJCHCTRYOMICH yacTu nmoteHan Mop3se (14). Pe3ynbratsl pacueToB
6Oy/leM CpPaBHHBATh C SKCIIEPUMEHTANLHBIMU JaHHBIMK JUIsl XKuakoro “He [17,18] mpu Temneparype 6:1M3K0i K HYIIO.
3aMeTHM, YTO B JaHHOM paboTe paccmarpuBaeTrcss HOpMaibHas (epMHU-cHcTeMa, TOra Kak ~He Ipu HHU3KHX
TeMIlepaTypax MepexXoauT B cBepxTeKyudee cocTossHue [18]. OnHako, HOCKOIBKY TeMIepaTypa CBEpPXTEKydero nepexonaa
T, BecbMa HU3KA, MOPSIKA HECKONBKAX MHJIMKEIBBHHOB, M OHA MHOTO MeHbIIe TeMueparypsl Pepmu 7. ~ 1K , T pn

BBITIOJIHCHUU  yCJIOBUSL TC <T << TF C )IOCTaTO‘IHOﬁ TOYHOCTBIO MOXHO pacCMaTpuBaTb HOPMAJIbHYIO CHUCTEMY,

ToJiarasi, 9To OHa HaXOAWTCS MPU HYJIEBOH TeMIieparype.

BeI0op B KkauecTBe AAIBHONCHCTBYIOIICH YacTH MOTeHIMana Mop3e yIoOeH B YacTHOCTH, MOTOMY, YTO OH
JOIyCKaeT IIONy4YeHHE B HEKOTOPBIX CIyYasX aHAJIUTHYCCKHX BbIpaxeHWi. Tak wuHTerpan (8), ompenemnsromuii
a¢dextuBHYIO Maccy (7), B 3TOM cirydae gaercs GopMyItoit:

U, & 2y 4
J= m Bz(an)JrE I, an,—kFro -2e'1, kFr*,a ) 28)
31ech UCITOIL30BaHbI 0003HAYEHU:
B, (Z)Ej.yzjlz (y)dy’ I, (Z’a)EJ.eiayjf (y)yzdy, (29)
0 z

y=ry/a ur,[r,=1-1n2/y . C y4erom cBsi31 BOIHOBOTO 4rcia DEepMH C IIOTHOCTBIO 1 = k; / 37, hopmymsi (7), (8),

(28) ompenensroT 3aBUCUMOCTD (P (PEKTHBHOM Macchl OT IUIOTHOCTH, KOTOpas TMoka3aHa Ha puc. | (kpusas 1). Beibop
MTOJITOHOYHBIX ITapaMeTPOB B MApPHOM MoTeHnuane oocyaum Hmxke. Kak Buanm, apdexrruBHas Macca KBa3U4acTUIIBI TPH
MAJIBIX IUIOTHOCTSIX BO3PACTAaET C YBEIMUCHUEM IUIOTHOCTH, YTO HAXOJUTCSI B KAYECTBEHHOM COOTBETCTBHHU C PAaCYETOM
JUIsL paszpexeHHoro ¢gepmu-rasa [3], a 3aTeM C pOCTOM IUIOTHOCTH yObIBaeT. KadeCcTBEHHO 3TOT pe3yiabTaT MOXKHO
TIOHATH Ha OCHOBE o0mieit Gpopmynsl (7). Kak MOXHO yOenuThCs, TTOJOKHUTEIbHAS YaCTh MOTCHIINANIA, OMHCHIBAIOIIAS
OTTAJIKMBAHUE, NMPUBOIUT K YMEHBIICHNIO 3((EKTUBHON MacChl, a €ro MPUTATUBAIONIAs OTPUIIATENbHAS YacTh JAeT
BKJIaJ], yBennunBaromuii 3¢¢pexTuBHy0 Maccy. C yBelIW4eHHEM IUIOTHOCTH, CPEJHEE PACCTOSHHE MEXIY YacTUIAMHU
YMEHBIIAETCS W, CJIEIOBATENbHO, BO3PACTAECT POJb MEXKYACTHYHOTO OTTAJIKUBAHMSA, NMPHUBOJSIIETO K YMEHBIICHUIO
Macchl. [loydeHHbIH pe3ysibTaT He 0TBEYAaeT IKCICPUMEHTAIBHO HA0II01aeMOi 3aBUCUMOCTH 3((EKTHBHON MacChl OT
J@BNCHMs B KHAKOM ~He, KOTOpas BO3pacTaeT ¢ yBeiuueHueM jaapieHus [17,18]. BO3MOXHYIO TpHUHMHY
HECOOTBETCTBHSI 00CYIUM B CIIEIIYIOIIEM pasJiele.

2.5

m

*

20

1.5

1.0

0.0 . ] A 1 A ] . I 1 .
0.0 0.1 0.2 0.3 04 n 0.5 0.6

> L

n
Puc. 1. 3aBucumocty 3¢¢deKTHBHOH Macchl KBa3HM4acTHL (EPMU-KHUAKOCTU i, =m, /m OT Ge3pa3sMepHOH INIOTHOCTH 7i=n/n,,
rae n,=r," . Kpusas | paccuurana c sbdexTnBHBIM TapubiM notennuanoM Mopse u mnapamerpamu U, =46,55K, y =4,16.
3nauenne 71, =0,43 COOTBETCTBYET INIOTHOCTHU KUAKOTO *He mpu Hy/IEBOM IABICHHH U TEMIICpaType, m,(7,) =0,74. Kpussle 2 u

3 MOKa3bIBAIOT 3aBHCHMOCTHU 3(1)(1)GKTI/IBHOP‘I MacChl IIpU Y4YE€TE€ KaK MapHbIX, TaK U TPEXYAaCTUYHBIX CHJI I NapaMETpPOB: 2 —
U}m :_480’ n= 1’277'() 5 3 - USm :_450, n= 1,307’0.

Bknman B naBneHne, OOYCIIOBJICHHBIH B3aMMOJCHCTBHEM, IS MOIUQHIIMPOBAHHOTO NOTeHIMata Mopse
ompezaensiercs GopMmyon
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27n’ 2y ~ y
P = i U, dp (kp’l)"' g|e’l,, kpr*’_kpro —2¢'1, | kpre, kor, > (30)
rae
0 . 2
, 9 i (62)]

I (z2)= Ig(y)yzdy, Ly (za)=[e“g(y)y’dy,  g(y)= 1= 31

3aBUCHMOCTbH ITOJIHOTO AABJICHUSl p = p,. + p, OT IUNIOTHOCTU I1OKa3aHa Ha pHC. 2.

05
5ot 2
0.4 |
03}
1
02}
01}
0.0 —
L 1 " 1 ' I I 1 E L | "
0.0 0.1 0.2 03 _ 047 05 06
n L

Puc. 2. 3aBHCHMOCTH MONHOTO naBieHus p=p/ p, (p,=h"/mr,’) or mnotoctu 7i=n/n,, rae n,=r, . Kpusas I oreeuaer

bepMu-xuaKocTH ¢ 3bdEeKTHBHBIM NapHbIM HoTeHnuanoM Mopse (U, =46,55K, y =4,16) , a kxpuBas 2 — ucabHOMy (epMu-rasy.

Kax Bugum, yueT B3aUMOAEHCTBHS MEXIy aTOMaMHU NPUBOJUT K KaueCTBEHHOMY W3MEHEHHIO 3aBHCHUMOCTU
JIaBJICHUS] OT IUIOTHOCTH B CpaBHEHHMH C (hepMu-ra3oM. IIpu BBIOpaHHBIX MapameTpax MOTEHIHala MEKYaCTHUYHOTO
B3aUMOJEHCTBUS JaBICHHE OKa3bIBA€TCS HEMOHOTOHHOW (yHKIMeH IutoTHOCTH. MMeercs MHTEpBaI HaBICHUH, B
KOTOPOM Ka)KAOMY 3HAYEHHIO JABJICHHUSI COOTBETCTBYET JBE IUIOTHOCTH, OONBIIAsl M3 KOTOPBIX OTBEYAET JKMUAKOCTH, a
MeHbIIas — razy. i1 Haxo)KIeHUs yCIOBUS paBHOBecHs Mexny (azamu, 3 GopMmyisl (5) paccuuTaeM XMMHYECKHH
MIOTEHIIMAN, KOTOPBIH U1l MOAM(HUIMPOBAHHOTO MOTeHIMana Mop3e uMeeT BUI

mk: AU 9

4 2 3 2 8 (32)
e | 1| kyr, =L Lol koL -2 | 1| hpr, L

ut| MEheo P * “
T kpr, ) 2 k.1, 3z

311ech UCIIOIB30BaHBl 0003HAYCHUS

© ©

1,(z,a)= Je’“—"yzdy, 1,(z)= Jj] (y)sin(y)dy, 1,(z.a)= je””j, (y)sin(y)dy. (33)

z z

3aBUCHMOCTh XUMHUYECKOT'0 TIOTEHIMANa OT INIOTHOCTH T0Ka3aHa Ha puc. 3. B uaeansHOM Qepmu-rase mnpu HyjeBou
TeMrnepaTrype XMMHUYECKUN MOTEeHLHAJl TMOJIOKUTENEH W coBnajnaer ¢ sHepruedl depmu. Hammuume B3anmonencTBust
MEXIy 4YacTULIAMH, B YaCTHOCTH, NPUTSHKEHUS Ha JAJIEKUX PACCTOSHUAX, NIPUBOAMUT K CYIIECTBEHHOMY H3MEHEHUIO
3aBUCUMOCTH XHMHUYECKOTO MOTEHIIMaIa OT TUIOTHOCTH YMCJa YacTUIl B CPAaBHEHHUH CO CIIy4aeM ujaeaibHoro rasza. Kak
BuauM (puc. 3), 3Ta 3aBUCHUMOCTh MOXCET OKa3aThCsi HEMOHOTOHHOM, a 3HAaK XUMHYCCKOTO IIOTCHIIMANIA
OTpPULIATEIIbHBIM.

O6cyauM Bompoc 0 BEIOOpE mapaMeTpoB 3P PeKTUBHOTO MOTeHIHANA. PaccTosHIE 10 MUHUMYMAa U TITyOWHA MBI

0
CTAaHJAPTHBIX MOJENBHBIX IOTEHLHUaNoB u3BecTHBI [19]. [us remus onu pasubl ¢ =10,7 K, r, =2,97 A. Boobuie

TOBOpsI, TIPH HCIIONIB30BaHNH 3(()EeKTHBHOrO MOTEHIWANa, HET OCHOBAaHWH BBHIOMPATh 3HAYEHHS A3THUX IAPAMETPOB
PaBHBIMHU TTapaMeTpaM MOTEHIMAa B3aUMOACHCTBUS CBOOOAHBIX YacTHIl. TeM He MeHee, IPH YUCICHHBIX PacueTax B
JaHHOW paboTe MpeAIoNaraeM, 4ro &, 7, He OTJIMYAIOTCA CYLIECTBEHHO OT IPHUBEICHHBIX BbIIIE 3HaueHUH. OcTarorcs

JiBa OATOHOYHBIX MTapamerpa ¥ =r,/a u U, , KOTOpble HEOOXOAUMO BBIOPATh U3 JONOIHHTEIbHBIX COOOPAKEHHUIA.

m



47

The equation of state and the quasiparticle mass in the degenerate Fermi system... EEJPVoI.2 N0.32015
3.0
L 2
M
25
20
15 |
10 |
[ i
05 -
0.0 ———e
! | ! | ! 1 ! 1 : ! 1 " 1
0.0 0.1 0.2 03 _ 04 05 0.6
n L

Puc. 3. 3aBUCHMOCTH XMMUHYECKOTO TIOTEHIMANA i = it/ &, (g, =h" / mr,”) or nnotHoctu /i =n/n,,tae n, =1, . Kpusas I oTBeuaer

bepmu-xuaKocTy ¢ 3G PEeKTUBHBIM NapHbIM noTeHuuanoM Mopse (U, =46,55K, y =4,16) , a kpuas 2 — uneansHoMy (epMu-rasy.

XapakTep 3aBUCUMOCTHU TOJIHOTO JaBJIECHUS OT IUIOTHOCTH 3aBHCUT OT BbIOOpa mapamerpa y . [Ipu nocraTtodHo
0O0JIBIIOM 3HAYEHHH TOTO MapaMeTpa AaBICHHE MOHOTOHHO BO3PACTAET C YBEIWYEHHEM IUIOTHOCTH. C yMEHBIICHHEM
YKa3aHHOTO Tapamerpa 3aBHCHUMOCTb p = p(n) CTaHOBUTCS HEMOHOTOHHOM Kak IIOKa3aHO Ha pHC. 2.

TepMOAMHAMUYECKH YCTOMYMBBIMU SBISIOTCS YYaCTKU, HAa KOTOPbIX Op/on >0 . CymectByer 00nacTh JaBieHHuii,

KOTOpOW OTBeyaeT /Ba 3HAYECHUs IUIOTHOCTH, MEHbINAs IUIOTHOCTh OTBEYAET Mapy, a Oomblmas — >KuakocTd. U3
SKCIEPHMEHTA M3BECTHO [17], UTO JaBjeHME HACHIIIEHHBIX MapoB “He CTPEMHUTCA K HYJIIO CO CTPEMICHHEM K HYIIO
teMnepaTypsl. [losToMy ONHMM W3 YCIOBHH, KOTOPOE IOJDKHO YAOBJIETBOPATHCS MPH BBIOOpPE IOITOHOYHBIX
napaMeTpoB sIBJsieTCs TpeboBaHUe, 4TOOBI O0JIbLIAs, OTIIMYHAS OT HyJIS IDIOTHOCTB, IPH HYJIEBOM JaBJICHHHU COBIaaja
¢ Ha0JII01aeMO TUTOTHOCTBEO YKUJIKOTO T'eIIHSI.

INockoneKy ycnoBueM paBHOBecus (a3 sIBISAETCS PaBEHCTBO MX XUMHYECKHX MOTEHIHMAJIOB, TO BTOPOE YCIOBHUE,
KOTOpPOE CIIeyeT YIOBIETBOPUTH — 3TO PABEHCTBO HYJII0O XUMHYECKOTO MOTEHINANA KUAKOCTH, PABHOI'O XUMHUYECKOMY
MNOTCHIMALy TIapa IIpU CTPEMJIICHUHU €TI0 IIJIOTHOCTH K HYJIIO. Taxum o6pa30M, JIBa TIOATIOHOYHBIX IIapaMeTpa
3 PEeKTUBHOTO MOTEHIMAIA OMPEACIAIOTCS U3 YCIOBUN

u(n;y,U,)=0, p(n;y,U,)=0. (34)

C y4eToM TOro, 4TO IUIOTHOCTh XMAKOrO ~He BONM3M HYJIEBOH TeMIepaTypbl 71 , =1,635x10% cm™, maxonum
y=4,16,U, =46,55K . 3aBucumocty 3¢PeKTUBHOI Macchl, AaBJIE€HUS U XUMUUECKOrO OTEHIMAla OT IJIOTHOCTU Ha

puc. 1-3 paccunmTaHBl ¢ TAKHMH 3HAYEHHAMHI STHX mapameTpoB. CJelyeT OTMETHTB, YTO BEITMYHHA MOATOHOYHOTO
napamerpa U, CylIECTBEHHO MEHbIIE 3HaYeHUs noTeHumana Mopse (14) B uyne U,, (0) = 4-10°K.

n
PaccunTaHHas ¢ YKa3aHHBIMM 3HAQYCHHSAMH mapamerpoB oSddextuBHas Macca m,/m~0,74 okasbBaeTCs

IPUMEPHO B YETHIPE Pa3a MEHbIIE, ueM (pPEKTHBHAS Macca KBA3UUACTHIB! B XKUAKOM “He M, Kak MOKa3aHo Ha puc. 1,
yOBIBAeT C YBEJIMYEHHEM IFIOTHOCTH. DTO HE COOTBETCTBYET HAOJI0AaeMOi 3aBUCMOCTH pOCTa 3 PEKTUBHON MacChl ¢
nasnenueM [17,18]. OTmeueHHOE 0OCTOSTENBCTBO, MO-BUIMMOMY, HE CBA3aHO C BHIOOPOM KOHKPETHOTO 3(h(hEeKTHBHOTO
MOTCHIIMANA, MTOCKOJIbKY KadeCTBEHHO ITOJI0OHBIE 3aBHCHMOCTH IOJYYarOTCS M MPH HCIOJIB30BAaHUU 3(P(PEKTUBHBIX
MOTCHIIMAJIOB, OTIMYHBIX OT HMCIOJIb30BAHHOTO B JaHHOW pabore moreHnuana Mopse. MOXHO IPENNoNoXKUTh, Y9TO
OTMEUYEHHOE HECOOTBETCTBUE CBA3aHO C BKJIAZOM TPEXUACTUUHBIX CHJI, POJb KOTOPBIX PAacCMOTPUM B CIEIYIOIIEM
pasznerne.

BKJIAZL TPEXYACTUYHBIX CUJI
B kauecTBe BO3MOKHOI HPUYUHBI OOBSCHEHHs BO3pacTaHus d3QQEeKTUBHON MACCHI C yBEJIMYCHUEM JIABJICHHUS a,
CIIEJIOBAaTENIbHO, M IUIOTHOCTH, PAacCMOTPUM BKJIAJ TPEXUaCTHUHBIX B3auMmojeiictBuil [15]. Ponp TpexyacTH4HBIX
B3aMOJICHCTBUH B (hepMH-cHCTEME TEOPETHIECKH paccMaTpHuBajiack B pabore [9], rie, B 4acTHOCTH, OBLIO MOKa3aHO, YTO
TpPeX4YacTHUYHbIE CHJIBI JAIOT BKJIAJ B CaMOCOIVIACOBAHHBIA MOTEHLMAN TOJIBKO NPU Yy4eTe HMX HeNOKadbHOCTU. Bkman
TPEXYaCTUYHBIX CHJI B CAaMOCOITIACOBAaHHBIA TMOTEHIMAN jaaercss oommmu opmyiamu (24-27). Tak, juid moreHnuana
B3aUMO/ICHCTBUSI TUIA «IIOIYTIPO3paYHOM cepb» (21), mmeem:
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1 1
Uy, (r.r")=U,,0(r,—r)0(r, =) (20+1)| 6(r, —r=1") 8,y + O (r+r' —Q)zfﬁ(x)dx , (35)
e x, = (r2 +r7 -7 )/er'. Ilpn Hynesoi remneparype f; =6(k, —k) n
kS n_ k; , 21+1 )
Py =Eiln), O == py(rr)= j dk K j, (k) j, (k" (36)
C y4eToM MOCJIeTHUX COOTHONIEHHH, HAXOIUM
k3 1 ks

a, (r) = U3m9(r3 - )

Jo(k ﬁ)_jo(kﬁ’ﬁ)jo(kﬁ(’%_r))"' J. jO(kFr_y)jl(y)dy >

—kp (r3 —r)

27zk

3

(o Y O(r—r)| | = | —12] = [+16,

a,(r)=

n2r n n (37)
b =T P (0) Uit == U, (kyr,) =0,0023-U,, (k. )
1 6 3m'3 21672’2 3m F'3 > 3m F'3 >
U, 2 3
= By (ks ) =120k, ) B, (ks ) +16 (k) By (Ker)
rae B I y" ]l )dy. PaccuntanHple 1O TNpHBENEHHBIM (QOpMyJiaM 3aBUCHMOCTH 3((EKTHBHOM Macchl OT

TUTOTHOCTH YHCJIa YaCTHIl C YIETOM TPEXUACTUYHBIX CHJI ITOKa3aHbl Ha pHc. | (kpuBble 2, 3). YUeT TpexuacTUUHBIX CHII
C OTpHULATENbHOH IOCTOSHHOM B3aumogeidcrsua U, <0 mpuBOAMT K Bo3pacTaHuio 3(QQeKTUBHOH Macchl NpU

YBEIMYEHUH IUIOTHOCTH, YTO HAXOAMTCS B KaueCTBEHHOM COOTBETCTBUH C O3KCIIEPUMEHTAIbHO HaOIr0gacMon
3aBHCHMOCTBIO 3((eKTHBHOM Macchl oT napienns B “He [17,18]. 3aMeTHM, OJHAKO, YTO MPH TOM yMEHHIIACTCS
CKOPOCTh pOCTa JaBJICHHs C yBEIMYEHHUEM IUIOTHOCTH. XOTsI y4eT TPEXUacTUUHBIX CHJI HPUTKEHUS JaeT Oolee
ONM3KYI0 K DKCIIEPUMEHTY 3aBUCHMOCTHb 3(p()eKTHMBHOW Macchl OT IUIOTHOCTH, TEM HE MeEHee, 3a/1ada OOBSICHEHUS
HaOIr01aeMOl 3aBHCUMOCTH Ha MUKPOCKOITMYECKOM YPOBHE OCTAETCsl aKTyaJIbHOH.

3AKJIFIOYEHUE

B nmamHOW paboTe Ha OCHOBE BapHaHTa TEOPHM CaMOCOIVIACOBAHHOTO TMOMs JUIs  (pepMu-cucreMm,
chopmymupoBanHoTo B [8,9], momydensl obmme (opmymsr st 3h(EeKTHBHOW MacChl W YpaBHEHHS COCTOSIHUS.
Ob6cyxnaercss Bompoc 00 yd4eTe BIUSHHUS CHIBHOTO OTTANKMBAHWS YAacTUI[ HAa MAallbIX PACCTOSHUSX (MKECTKOI
CEpALICBUHBI) INIPU pacyeTaXx B MOJEIN CaMOCOTIaCOBaHHOTO MOiA. B cmily TOro, 4ro pacueTrsl ¢ BOJIHOBBIMH
(GYHKIMSAMH BUJIA TUIOCKOH BOJIHBI HE YYUTBHIBAIOT HEBO3ZMOKHOCTh COJIMDKEHHS YacTHIl HA PACCTOSHHUE MEHBILE pa3Mepa
JKECTKOH CCpAUCBUHBI, BKJIaJ] OTTAJKHBAHWA BO BCC€ BCJIMYMHBI B TaKHUX pacy€Tax OKa3bIBACTCA CYIIECCTBECHHO
3aBbIIICHHBIM [4]. UTOOBI 000WTH yKa3aHHYIO TPYAHOCTh, B JAHHOW paboTe Mpeaaraercs MpH pacyerax UCIOoNb30BaTh
3¢ {eKTHBHBIC MOTEHIMANIBI, OTJIMYHBIC OT IMOTCHIAIOB B3aUMOJICHCTBHS CBOOOIHBIX aTOMOB, aHAJIIOTHYHO TOMY, Kak
9TO JeNaeTCs MPU CaMOCOTTIACOBAHHBIX pacyeTax aTOMHBIX siep [6,7]. JameHonelcTByromas 4acth 3(h(HEeKTUBHOTO
MOTEHIMaja, ONUCHIBAIONIAs MPUTSDKEHNE, BBHIOMPAETCSl TaKOHM Jke, KaK M B OOBIYHBIX MOJEIBHBIX MOTEHIHANaX, a
SHEPrusl OTTAJKMBAHUS  SIBISETCS  IOJTOHOYHBIM  IIAPaMeTpoM, KOTOPBI HAaXOAWTCS M3 CPaBHEHUS C
9KCTIEPUMEHTAIBHBIMU BETMIHMHAMH.

Yucnennsle pacyeTsl 3 (GEeKTUBHON MacChl KBa3UYACTHUIIBI, JABJICHUS U XUMHYECKOTO MOTEHIMANa IIPH HYJIECBOH
TeMIIepaType BBIIOJIHEHBI I 3G QEKTUBHOTO ITOTEHIMANA C JaTbHOAEHCTBYIOIIEH YacThi0 B BU/E NMOTeHIMaIa Mop3e.
ITokazaHo, YTO CHJIBI OTTAJIKHBAHUS CIHOCOOCTBYIOT YMEHBIICHHIO 3(p(hEeKTHBHONW MacChl, a CHIbI MPUTSDKCHUSA — €e
Bo3pacTtaHuio. IIpu ompeneneHHOM BbIOOpE MapaMeTpOB MOTEHNHANa 3aBUCHUMOCTh AABIEHHS OT IUIOTHOCTH HMEET
HEMOHOTOHHBIN XapakTep, 4YTO IO3BOJIAET OIKUCAaTh COCYILECTBOBAHHE JKUAKOW M ra3oBoil (a3. Paccumrannas
3¢)¢)CKTI/IBHaﬂ Macca KBasH4yaCTHIIbI y6I)IBaeT C YBCIMYCHHUEM IIJIOTHOCTH, YTO HE COOTBETCTBYCT OSKCIICPUMCHTAIILHO
HA6JTI0/IaeMOM 3aBUCHMOCTH B KHIKoM ~“He. Bbicka3aHo HIPEAINIOJIOKEHHE, YTO NIPUYMHON OTMEUYEHHOI'O PACXOKICHUS
MOTYT SIBIISITBCSL 9P QEKTHI, 00YCIOBICHHBIE IEHCTBHEM TPEXYaCTHYHBIX CHJ. PaccMOTpEHO BIMSHHE TpeX4acTHYHBIX
B3aUMOJCHCTBUII Ha YypaBHEHHE COCTOsIHME M J(P(EeKTHBHYI0O MacCy W IOKa3aHO, YTO B CIly4ae IPUTSDKCHUS
TpeX4JacTUYHBIE CHIIBI IIPUBOAT K POCTY 3 PEKTUBHOIN MacChl.
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The Large Hadron Collider startup took place on November 2009 in CERN, at center-of-mass energies of 900 GeV for the colliding
protons. The results of processing the first data accumulated by CMS experiment are presented. For processing and analyzing the
track collections as well as the collection of identified particles have been used. The distributions of charged pions over their
transverse momentum and pseudorapidity are built. K’.—meson mass is reconstructed in channel of K’ decay to two charged pions.
Comparison with results of computer simulation of proton-proton interactions in CMS detector is also done. It is shown that
reconstruction of events is adequate.

KEYWORDS: Large Hadron Collider, track collection, collection of identified particles, distributions of charged pions, K’,—meson
mass

PEKOHCTPYKIMA K’s—ME30HA U3 IIEPBBIX JAHHBIX SKCIIEPUMEHTA CMS
C.T. JlykpsiHeHKO
Hayuonanenuuii nayunwvlii yenmp “Xapvkosckuil hpuzuxo-mexnuyeckuii uncmumym”’
61108, yn. Axaoemuueckas, 1, Xapvros, Ykpauna

B nos6pe 2009 roma B CERN cocrosiics 3amyck bonbmioro aipoHHOro Koiutaiiiepa MpU PHEPrHH B CHCTEME IEHTpa Macc
crankuBaronmxcst mporoHoB 900 IB. IlpencraBineHsl pe3ynsTaThl 00pabOTKH IEPBBIX JAHHBIX, HAKOIIEHHBIX B HKCIIEPHMEHTE
CMS. [lnst 06pabOTKH ¥ aHaIM3a UCHONB30BAINCH KaK TPEKOBasi KOJUIEKIHS, TaK U KOJUICKIUS YK€ MICHTH(OUIMPOBAHHBIX YaCTHII.
IonyueHsl pacmpeeleH s 3apAKEHHBIX ITHOHOB [0 X MOIEPEUHOMY HMITYJIbCY M ICEBIOOBICTPOTE, BOCCTaHOBNeHa Macca Kl
Me30Ha B KaHaJe €ro pachajga Ha [Ba 3apsDKCHHBIX ITHOHA. TakKe NMPUBEICHO CPaBHEHHE C pe3yJIbTaTaMd KOMITBIOTEPHOTO
MOJICJIUPOBAHUST TIPOTOH-NIPOTOHHBIX CTOJKHOBeHMH B nerekTope CMS. Iloka3aHo, YTO PEKOHCTPYKLHs COOBITHH SIBIISICTCS
aJICKBaTHOM.

KJIFOYEBBIE CJIOBA: Boipmioii ampoHHBIH KoJUTaliiep, TPEKOBas KOJJICKIHMS, KOJUICKIHS HIACHTH()UIMPOBAHHBIX YaCTHIL,
pacnpe/ieNeH s 3apsUKEHHBIX THOHOB, Macca K'-Me30ma

PEKOHCTPYKIIA K's—-ME30HA 3 IEPINUX JTAHAX SKCIIEPUMEHTY CMS
C.T. JIyk’sitHeHKO
Hayionanenuii naykosuti yenmp “Xapriecokuil (pizuxo-mexuiunuil incmumym’
61108, syn. Akademiuna, 1, Xapxie, Yrpaina
V mucronani 2009 poxy B CERN BinOyscst 3amyck Benukoro axponHoro komnaiiaepa 3 enepriero 900 ['eB B cucremi LeHTpY mac
MPOTOHIB, sKi 3iMITOBXyIOThCs. [IpencraBieHi pe3ynbTaTd OOpOOKM MEpIINX AaHHUX, HakomuueHuX B ekcrepumenti CMS. [lns
00poOKHM Ta aHallizy BHKOPUCTOBYBAIUCS SIK TPEKOBA KOJEKIis, TaK 1 KOJEKIs BXKe iJeHTH(IKOBaHHX dYacTUHOK. OTprMaHO
PO3MOITH 3apsKEHIX TOHIB 10 iX TMONEPEIHOMY IMITYJTbCY Ta IICEeBIOOKMCTPOTI, peKoHCTpyiioBana Maca K’-Me30Ha B KaHaui #oro
posmagy Ha JBa 3aps/DKEHHMX IOHA. Takok HaBeAEHO MOPIBHSAHHS 3 pe3yjIbTaTaMHd KOMI'IOTEPHOTO MOJIETIOBAHHS HPOTOH-
MPOTOHHHUX 3iTKHEHb B ieTekTopi CMS. [TokazaHo, 110 peKOHCTPYKILiS MOJIiH € aJIeKBaTHOO.
KJIIOUOBI CJIOBA: Benukuii anpoHHWH Konmaiigep, TpekoBa KOJEKIis, KOJNEKI[s ieHTH(IKOBAaHHX YACTHHOK, PO3IOIUIN
3apsypKeHnx mioHis, Maca K -Me3ona

>

IlepBble naHHbIE O B3aMMOJIEHCTBUH MTPOTOHOB MPHU \/; =900 I'>B 6butH 3anucanbl gerekropoM CMS [1] B KoHIIE
HOs10pst 2009 Toxa. HakoruieHHass WHTETpaiibHasi CBETUMOCTB TIepe]] IIEpBO 3aruTaHupoBaHHO# octanoBkoi LHC u ero
SHEeprus He JaBajd BO3MOXKHOCTH HPOBOIWTH OOpPaOOTKY M aHANHM3 NAHHBIX C IENBI0 MOWCKA IMPOSBICHUIN ‘‘HOBOU
¢uzukn”. IloaToMy B 3TOT TIepHO]] HaIlIel TIaBHOI 3a1adeii Ob1a anpodanus mporpaMM oOpabOTKH U aHATTN3a TaHHBIX,
a TaKKe OCBOCHHE METOJOB MporpamMMHOro obecmeueHus skcmepumeHTa CMS (CMSSW) [2], HEOOXOTUMBIX IS
JaTbHEHIINX HCCIIEA0BAHUM, HAIPSIMYIO CBSI3aHHBIX C BO3MOKHOCTBIO OOHAPY>KEHHs HOBBIX 00BEKTOB: 6030Ha XWUrTCa,
SUSY-gactuil, 3K30THUECKUX YACTHUI U JIP.

OcHOBO# 11 00pa0OTKM M aHaju3a [aHHBIX SBISIFOTCS HAOOpbI (T. H. “KOJUIEKIMHU’) BOCCTaHOBJIEHHBIX
¢usnueckux 00bekToB. [0 BoCCTaHOBIEHHBIMU 00BEKTaMH T10/IPa3yMEBAIOTCS WACHTU(UINPOBAHHbBIE 3apSHKEHHBIE U
HEHTpaJbHBIE YacCTHIBl (C COOTBETCTBYIOIIMMH KHHEMAaTHYECKHMH XapaKTePHCTHKAaMH), aApPOHHBIE CTPYyH H
TIOTEPSTHHBIN TOTIEpeYHbIi UMITYJIbC B cOOBITHH. BaskHo# siBisiercst koyutekius Particle Flow (PF). Ona Bkirouaer B
ce0s1 Bce BOCCTAHOBJICHHBIE YacTHIIBI, OOpa3yromiyecss B IMPOTOH-IPOTOHHBIX CTOJKHOBEHUSIX M HEIOCPEICTBEHHO
perucrpupyemsle nerektopom CMS, T.e. 31eKTpOHBI, (OTOHBI, MIOOHBI M 3apshDKeHHble NHOHBL. EE peanmzamms
BO3MOXKHa OJylaroyapsi CHJIBHOMY MAarHHTHOMY TIOJIIO JETEKTOpa, BBICOKOMY IPOCTPAHCTBEHHOMY pa3peIICHHIO
BHYTPEHHETO TPEKOBOTO IECTEKTOpa M XOpPOIIEH IONEepedyHONH CEerMEHTalluy 3JIEKTPOMArHUTHOTO KaJOpHMETpa B
nerekrope CMS. Opnnoit m3 0a30BBIX AJS MOJMYYCHHS YHOMSHYTHIX HaOOpOB SBISIETCS TpekoBas Koywiekmws. OnHa
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COJIEPKUT BOCCTAHOBJIEHHBIE TPEKHU BCEX 3apsSKEHHBIX YaCTHUIL.

UroObI ampobanus mporpaMm ananu3a u MeTofoB CMSSW He Obuta caMoresbio, ObLIO MPUHSITO PEIICHUE O
BBIICJICHUHN COOBITHI C POIKIEHHEM XOpouIo u3yueHHbIX K'-Me30HOB, Tak Kak aHAIH3 pacrpeielIeH s TaKiX COOBITHil,
B YAaCTHOCTH, 110 HHBAPMAHTHOM Macce IpoaykToB pacrana K'-Me30Ha, 1acT BO3MOXKHOCTD OLIEHHTh KA4ecTBO PaGOoThI
nerektopa CMS © MeTomoB BOCCTaHOBIEHHUS (u3ndeckux o0bekToB. bomee Toro, B CMSSW  anroputms
PEKOHCTPYKIMN O0OBEKTOB ISl KOJuleKK PF cranmn nmpuMeHATCST OTHOCHTENBHO HEaBHO U K MOMeHTy 3amycka LHC
OBUTH HENOCTATOYHO CEPTHMUIMPOBAHBL 1103TOMy MMEET CMBICI CPAaBHHTH PE3yJbTaThl ABYX pekoHctpykmmii K's-
ME30HOB, O/IHA M3 KOTOPHIX pealn30BaHAa Ha OCHOBE OOBEKTOB Koyutekuuu PF, a npyras - Ha OCHOBE OOBEKTOB
TPEKOBOM KOJUICKIMHU. [Ipy KOPPEKTHOCTH METOAMK, OTBETCTBEHHBIX 32 PEKOHCTPYKIHIO, W YETKOM MOHHUMAaHHUU
paboTBl JEeTEeKTOpa pe3yJbTaThl JOIKHBI COBIAJaTh. YUHUTBIBAs, YTO T-ME30HBI SABJIAIOTCS 3JIEMEHTaMH 00eux
KOJUTEKIIiA, MbI OCTAaHOBHIINCH Ha naenTudukamun K’-Me30Ha no kaunanmy ero pacmaga K'—n'n. Creyer oTMeTHTb,
4TO Npu padoTe ¢ TPEKOBOH KOJUIEKIMEW MpUMEHsIach Npoleaypa T. H. “TpeKkoBoil ouuctku”. B crathe nmpuBosTCcs
OCHOBHbIC [APAMETPhI TAKO OUMCTKH, H MOKa3bIBACTCS & HEOOXOMMOCTh Ha HpUMepe BoccTaHoBIeHHs Macchl K-
Me30Ha. Hakonen, cpaBHEHHE pe3yNbTaTOB OOpPAaOOTKM OKCIEPUMEHTAIBHBIX JAaHHBIX C KOMITBIOTEPHBIM
MozenupoBanueM coObrtuit poxaenns K’i-Me3oHoB B gerekTope CMS MO3BOTHT OLEHMTH TOYHOCTb OMHCAHHS
TEOMETPHUH JETEKTOpa U MPOLECCOB B3aMMOAEHUCTBHSI YaCTHUI] C €r0 BELECTBOM B COOTBETCTBYIOMUX naketax CMSSW.

Llembio paboTHI sABIsETCA peKOHCTpyKIms Macchl K'-Me30Ha M3 mepBbIX JaHHBIX dKkcrepuMenta CMS U omeHka
Ka4ecTBa TAaKOW PEKOHCTPYKIMH, KOTOpasi BHIIIOJHEHA OTJEIBHO AJIS ABYX Pa3HBIX KOJUIEKIMHA (pH3NIEeCKUX 0OBEKTOB,
a TaKKe CPaBHEHHE PE3yJbTATOB aHAIN3a PEATBHBIX M IICEBA0IKCIEPHMEHTAIBHBIX JAHHBIX, HOJyYCHHBIX METOJOM
Momnre-Kapro.

PaGora BemosHeHa B CMS-rpynmne XapbKOBCKOTO (PU3MKO-TEXHHYECKOTO HMHCTUTYTA, KOTOpas SBISETCS
yuacTHHKOM 3kcriepumerTa CMS na LHC. Co3naHHBIH €10 BRIYHCIUTEIBHBIN KOMIUIEKC, MHTErpupoBaHHbI B GRID-
unppactpykrypy WLCG [3], y’ke HECKOJIbKO JIET aKTHBHO UCIIOJIB3YETCS JJIsl XpaHeHHsl, 00pabOTKU M aHaIn3a JaHHBIX
skcriepumerta CMS. menHo Ha HEM ¢ momonisto CMSSW Obuin ipoBeieHbl He00X0IUMbIE BEIYUCIICHHS U TTOTYYEHBI
pe3ysbTaThl, TpeJICTaBIeHHbIE B CTaThe. Pa3paboTaHHBII Ha OCHOBE S3BIKOB NporpammupoBanus C++ um Python,
kommieke CMSSW  naér rubkue MexaHW3Mbl /Uil MMIUIEMEHTallMM B €ro CTPYKTYpPY COOCTBEHHBIX II€JIEBBIX
MIPOTPaMMHBIX KOZOB. HECOMHEHHBIM €ro IpEeMMYIECTBOM SBIISETCS TAaKKe BO3MOXKHOCTH pabOTBI C HM3BECTHBIM
rakeToM o0paboTku u xpanenus faHaex ROOT.

HUCITIOJIb3YEMBIE BBIBOPKH

Bce pe3ynbTathl, IpEACTaBICHHBIE B CTAaThe, MOMYYEHBl Ha OCHOBE 00pabOTKM Habopa JaHHBIX 3KCIEPHUMEHTa
CMS  /MinimumBias/BeamCommissioning09-BSCNOBEAMHALO-Dec19thSkim 336p3 v1/RAW-RECO. On
c(hOpMHPOBaH U3 MEPBUYHOTO HAOOPA “CHIPBIX’ MAHHBIX MyTEM OTCEUKH COOBITHH, HE CBS3aHHBIX CO CTOJIKHOBCHHEM
MPOTOHOB, M COAEPXKUT T. H. “Minimum Bias” (MB) co0Obitusi. “Ceipble” naHHBIE NPENCTaBIAIOT cOOOW MaccuB
3aIllMCaHHbIX CUTHAJIOB OT Pa3jIMYHBIX MoacucteM aerektopa CMS. AHanmu3 UX aMIUDIMTYZ, AJIUTeNbHOCTEl U dopm, a
TaKKe pazOpOCOB BO BPEMEHH, ITO3BOJISIET BOCCTAHOBUTH (pusnueckue oObekThl. [Tog MB monumarorcst coObiTHs, U3
KOTOPBIX HCKJIIOYEHBI JIMIIb YIPYTHe B3aUMOJCHCTBUS MPOTOHOB. [Ipy 3TOM OCHOBHOI BKJaJ] MaroT AU(pPaKIHOHHbIC
TIPOILIECCHl M KBAHTOBO-XPOMOIMHAMHYECKHE ITPOIIECCH] ¢ MaJIBIM IIepelaHHBIM HMITyJIbcoM. X oTOop obecneunBaics
TPUITEPOM, OCHOBY KOTOPOTO COCTaBISIOT JBa CHMHTHULIIMOHHBIX Jerektopa BSC (beam scintillator counter),
paboTaroriie B pekUMe COBMAJICHHUS C JETEKTOpaMH BpeMeHH mponéra Oanueil myuka BPTX (beam pick-up timing
detector). Hamu oOpabaTpIiBannce naHHBIE, aKKyMYJTHPOBAHHBIE B ABYX ‘‘30J0THIX” ceaHcax Nel23596 m Nel24020,
KOTOPBIE MUMEN OTHOCUTEIHFHO HEOOIBIIOE KOMTHIECTBO “IUIOXUX MOICEAHCOB (T.H. JIIOMUCEKIIHA) U JOCTATOYHOE IS
CTaTHCTHUYECKOM 00ECIIEUeHHOCTH PE3yJIbTaTa YHCIO0 NPOTOH-NPOTOHHBIX CTOJIKHOBEHHH.

MB-co0bITHS OBLIH TaKKe CTEHEPUPOBAHBI C TIOMOINBIO TeHEpaTopa MPOTOH-TIPOTOHHBIX cToyikHOBeHn PYTHIA
6.4 [4] npu SHepruu B cucTeMe IeHTpa Macc cTaykuBatonuxcs nporoHoB 900 [B. T'eneparop PYTHIA npencrasisier
co00i1 KOMITBIOTEPHYIO pEAIM3alMI0 TaKMX CTOJKHOBEHHWH B paMKax KBapK-NApPTOHHOW MOJAENH aJpOHOB C
WCIIOJIb30BAaHMEM MOJEJIM CTPYHHOH (parMeHTauuu M ¢ y4€TOM NapTOHHBIX JUBHEH. J[ist 00paboTKM JaHHBIX U
MOJENHUpOBaHus oTKIMKa AetekTopa CMS merogom MonTe-Kapino npumeHsics yke YHNOMSHYTHIM IMpOrpaMMHBIN
komiuieke CMSSW, oOecrieunBarommii Takyke peKOHCTPYKIUIO COOBITHHA. BakHO OTMETHTH, 4TO B MOJIETUPOBAHUN
HCIIOJIB30BAINCH MapamMeTpbl JetekTopa CMS, KOTOpble 0TBEYaIN YCIIOBHSM €ro paboThl BO BPEMSI IIEPBBIX IPOTOHHBIX
crosnkHoBeHui Ha LHC.

AHAJIN3 JTAHHBIX HA OCHOBE KOJUVIEKIIUU PF

Komnexmuro PF M0)xHO HCIIONBR30BaTh AJIS PEKOHCTPYKIIMH MPOMEKYTOYHBIX O0BEKTOB, HAIIPUMED, OTHOCUTEIHHO
JOJTOKMBYIIMX 4acTHI. B kauecTe 00bekTa pekoHcTpyKimi BoioepeM K -Me30H. OCHOBHBIM KaHAJIOM €ro pacraja
seistercst Kanan K—7'm [5]. Tak kKak OCHOBHas OIS MHOHOB POXKAACTCS HEMOCPEACTBEHHO B TOUYKE CTOIKHOBEHHS
poTOHOB, a Tpober K’,-Me30Ha COCTABIIAET, 10 MEHBIICH Mepe, HECKOIbKO CAHTHMETPOB, TO JUIS MOAABICHHS (hOHA
OyzneM oTOUpaTh COOBITHS, B KOTOPBIX PACCTOSHUE OT BEPIUIMHBI MMOHHBIX TPEKOB 10 HOMUHAIBHOMN JIMHUK MPOTOHHBIX
ny4ykoB (ocu Oz) mpesbimaer 0,4 cM. [ HaKOIJIEHHBIX JNETEKTOPOM JAHHBIX M JIAHHBIX, MOJYYEHHBIX METOJIOM
Monre-Kapito, MbI TOCTpOWIN pacmpeieNieHHs! MO MOIIEPEYHOMY UMITYJILCY W TICEBIOOBICTPOTE 3apsKEHHBIX THOHOB B
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Takux coobITHsX (puc. 1,2). Pacnpenenenus uis coObITHIA, CreHEpUPOBaHHBIX MeToioM MonTe-Kapio, HopMupoBaHsl
Ha KOJIMYECTBO 3apsDKEHHBIX ITHOHOB B 3apereCTpupoBaHHBIX jaeTekropoM CMS  coObitusx. Pesynbrarsi
KOMIIBIOTEPHOTO MOJIENUPOBAHUS  yJOBJICTBOPUTENBHO COTJIACYIOTCS € OSKCHEPUMEHTANbHBIMU JAaHHBIMH U C

pe3yibpTaTaMu, MOMYYSHHBIMU KoJutabopanueii CMS u ormyOrKoBaHHBEIME B padote [6].
=0’

4+ T 10"
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Puc. 1. Pacmpenenenuss 1O  momepeyHOMY — HMITyabcy Puc. 2. PacnpemeneHuss mo T1ceBIOOBICTPOTE 3apsHKEHHBIX
3apsOKeHHbIX NUOHOB M3 koutekuun PF. Data — ngannble nuwonoB u3 komiekuumu PF. Data — panHble skcnepuMeHTa
skcriepumenta CMS, Monte Carlo — nanmble kommbeiorepHoro CMS, Monte  Carlo —  maHHBIE  KOMIIBIOTEPHOTO
MOJICJIUPOBAHUS MOJICTUPOBAHUS

3ateM MBI C(OPMHPOBATH COOCTBEHHYIO KOJICKIMIO K’¢-ME30HHBIX KAHIMAATOB M3 Nap MPOTHBOMONOXKHO
3apsDKEHHBIX M HaXOIIIMXCsl B Koyutekuuu PF mnoHOB, paccTosiHME Meay BEpIIMHAMHU TPEKOB KOTOPHIX He Ooiee
1 cm. Puc. 3 mokaspiBaeT, 4TO AaXke TakWe MPOCTbIE KPUTEPHH OTOOpA IO3BOJSIOT BBEIIETUTH B PacHpe/iesICHUH
MHBAPHAHTHON MacChl MMOHHOM mapbl muk mpu M(m'm)=500 M>B/c> i TeM caMbIM HACHTHOHUIMPOBATH COOBITHSA C
pOXIeHUuEM KOS-MGSOHOB.
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Puc. 3. PacnipeneneHue no MHBAPUAHTHON MAcce Mapbl MPOTHBOINOJNOKHO 3apsSyKEHHBIX NHMOHOB M3 Komnekuuu PF. Ha stom u
mocTe Ay omuX prcyHKax Entries o603HauaeT konuuecTBo K'-ME30HHBIX KAHINAATOR B OAHOM GHHE THCTOrPAMMEL.

VYMeHbIIICHNE PAcCTOSHHUA MEXAY BEPIIMHAMH JBYX INPOTHBOIIOJIOXHO 3apSDKEHHBIX MHOHHBIX TPEKOB BMECTO
OXXKMJAEMOT0 YJYYIICHUsS paspelleHHuss MUKa M JalbHEHIIeH TUCKpUMUHAUUK (OoHA NPUBOJUT K 0OpaTHOMY
pe3ynbrary. Takoe TOBelneHHE MOXET OBITh OOYCIOBJIIEHO JBYMSI INpUYMHAMH. BoO-NIepBBIX, BOCCTAaHOBIJICHHBIC
Meronamu CMSSW BepuivHbI MUOHHBIX TPEKOB B Koyulekuuu PF (kak M apyrux ¢u3ndeckux oOBEKTOB) OTBEYAIOT
“nepuredHpIM” (OmrkalimmM) K ocd Oz TOYKaM NHOHHBIX TPEKOB. BO-BTOPBIX, OYHCTKAa TPEKOB MOXET OKazaThCs
HETOJIHOM, 160 BOOGIIE OTCYTCTBOBATH. [{Is KauecTBeHHOH pexoHCTpyKimHu K'-Me30Ha HEOGXOIMMO HCIIONB30BATh
HETIOCPEICTBEHHO KOJIIEKIIMIO BOCCTAHOBJICHHBIX MTHOHHBIX TPEKOB (CM. HIXKE).

OBPABOTKA JJAHHBIX HA OCHOBE TPEKOBOM KOJIEKIIUM 1 TPEKOBASI OUMCTKA
Kostekiust TpekoB COZIEPKUT BCE TPEKH, KOTOPbIE BOCCTAHOBIIEHBI C IIOMOIIBIO METOAa KOMOMHATOPHOTO TIOMCKa

CXL)

tpexoB (CTF) w3 Habopa “nomamanumii” (“hits”) BO BHyTpeHHeM TpekoBoM perekrope [7]. KauectBo Tpeka
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XapakTepu3yeTcs CIEAYIOUMMH OCHOBHBIMH  BEIMYMHAMHU: KOJIWYECTBOM  “TIOMAaJaHMN”, JOCTOBEPHOCTHIO
(DUTHPOBAHMS PEKOHCTPYHPOBAHHOIO Tpeka ¥ /ndf, MONepeYHbIM M HPOIOIBHBIM MPHUIETBHBIME MAPAMETPAMH M HX
3HAYUMOCTSAMH (3HAYMMOCH OIPEEISeTCS KaKk OTHOLICHWE W3MEPEHHOM BENWYMHBI K ommoOke e€ m3mepeHus). Ecnn
BOCCTaHOBJICHHBIE TPEKH YJOBJIETBOPSIOT JOCTATOYHO >KECTKMM OrpaHMYCHUSIM Ha YKa3aHHBIE BEJIMYHMHBI, TO OHH
MapKUpyIOTCsl Kak Tpeku “Bbicokoi umctotel” (“HighPurity” tpexm) [8]. Mertoamky orOopa TpEKOB “BBICOKON
YUCTOTHI” YacTO Ha3bIBAIOT TPEKOBOM OYMCTKOM, M B HalIeM CIy4dae OHa SIBISIETCS HEOOXOIUMBIM yCIOBHEM
KOPPEKTHOTO aHanmu3a (cM. Hike). VIMeHHO Takne TpekH (opMUpyeTCsl HAMH Ha IIEpPBOM 3Talle aHaJIN3a, YTO TTO3BOJISIET
HCKJIIOYHTh U3 PACCMOTPEHHS JIOKHBIE TpeKH. Jlanee CTpOMM KOJUIEKLUIO Map MPOTHBOIOIOXKHO 3apSHKEHHBIX TPEKOB
(IMTPEKOB), YIOBIETBOPSIONIMX SIS Golee KECTKUM KpuTepHaM: x/ndf<5, kak MUHUMYM 6 “IIONAajJaHMil” B TPEKOBOM
JETEKTOpEe, 3HAYUMOCTh IIONEPEYHOr0 MPUIEIBHOIO MapaMeTpa IO OTHOMICHHIO K JEHCTBUTEIBHOM TOUYKE
B3aUMOJICHCTBUSI MPOTOHOB HEe MeHee 2. DTH OrpaHHyYeHHs] 00ecredynBarOT OTOOp TPEKOB C MEHBIIEH OIMHOKOM
BBIYKCIICHHS BEIWYMHBI UMITyJibca Tpeka. MeToabl skcrpanossiiud B CMSSW 1no3BossioT BOCCTaHOBHUTH HapaMeTphbl
TpeKa Io Bceil ero AJIMHE U MOJYYUTh T. H. “TPaH3UTHBIN’ Tpek. VIMEHHO TpaH3UTHBIE AUTPEKU IEpPENaloTCs Ha BXOA
¢unbTpa Kanbemana [9]. OH oOecrieunBaeT peKOHCTPYKLMIO BEPILUHBI, OOILEH Ui BBIOpaHHOW Tpynmbl TpekoB. [Ipu
9TOM MBI OTOMpaeM COOBITHSI, B KOTODPBIX JIOCTOBEPHOCTh (PUTHPOBAHMS PEKOHCTPYWPOBAHHON KaJlbMaHOBCKOW
BepuHbl x/ndf<7. OcTaTouHblii TPeKOBbI (OH MOJABIAETCS YCIOBHEM: PEKOHCTPYHPOBAHHAs BEPUIMHA JOJIKHA
HaXOJHUThCSl He Ommke 156 K pealbHONW JIMHUM IYYKOB (G - HEONPEJEIEHHOCTh B BBIYMCICHHH PACCTOSHHS), YTO
COOTBeTCTBYeT npuoim3utensHo 0,35 cM. 3amMeTuM, 4TO peanbHas JIMHUS B3aUMOJICHCTBHS MPOTOHHBIX ITYYKOB MOXKET
HE COBMAATh C HOMUHaIbHOW. Ha mepBrix stamax padorst LHC cooTBeTcTBYyIOmEe cMeneHne ObIII0 CYIeCTBEHHBIM U
W3MCHAJIOCh BO BPEMEHH, IMOATOMY JKENATEJbHO OIPEAETATh PACCTOSHHE MEXKAY KaJbMaHOBCKOW BEpIIMHON H
peanbHON NMHUEH MydkoB. HakoHel, WHBApHaHTHYIO Maccy OTOOpPAHHBIX JUTPEKOB BBIYMCISEM W3 MPEATIONOKEHHUS,
YTO TPEKU COOTBETCTBYIOT 3apsHKEHHBIM IIHOHAM.

Pacnpenienenne coGbiTuii ¢ poxaerneM K’ -Me30HOB M0 HMHBAPHAHTHONW MACCE MTPEKOB, OTOOPAHHBIX C
MIOMOIIIBIO BBIICYTOMSIHYTOH MpOLIEAYPHI, MOKa3aHO Ha puc. 4, TIe HaOJIoAaeTcs YIOBIECTBOPUTEIBHOE COTJIacHE C
Pe3yJIbTaTOM KOMITBIOTEPHOT'O MOJICIIMPOBAHUSL.

% 220 © [ "
2 200/ X?/ndf  18.28/10 3 0 X°/ndf  14.59/10
~ oF CMSdata + ~ “°F  CMSMCdata Mean 0.499+0.001
< 180F Mean 0.498+0.0 2
-g 160F- \'s=900 GeV Sigma 0.007+0.0 g T \'s=900 GeV Sigma 0.005+0.0
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Puc. 4. [lomydeHHbIe ¢ TOMOIIBIO TPEKOBOM OYMCTKHU paclpeeseHus: COOBITHI ¢ pOXKACHHEM K’-ME30HHBIX KAHIHIATOB IO
MHBapUAHTHON Macce MPOTUBOIOIOKHO 3apPsKEHHBIX MMOHOB U3 TPEKOBOH KOJUIEKIIUH M X MOJTOHKA B TIMKE I'ayCCHAHOM.
a) - pe3yibTar 06paGoTKH JaHHBIX dKcepuMenta CMS, 6) - pesy/bTaT KOMIIBIOTEPHOro MoaenupoBanus. O6o3nauenus: x>/ndf —
JOCTOBEPHOCTH (puTHpOBaHMs, Mean — rimaBHOE 3HaYEHHE TayccHaHa, Sigma — ero CTaHJapTHOE OTKIOHEHHE.
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Puc. 5. Toxe, 4To 1 Ha puc. 4a, HO ¢ MEHBILEH CTATUCTUKON U 6e3 MPOoLeTypPhl TPEKOBOH OYHCTKH.
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TMojroHka pacnpe/iesienusi coObITHII TaycCHaHOM JaéT 3HaueHne Macchl K'-Me30Ha, coBmanaromiee B mpejenax
OmMOKK ¢ Tabnu4HbIM 3HaueHueM (puc. 4). lllupuHa nHKa onpeesnsieTcst MpeXx/ie BCero pa3pelieHueM BHYTPEHHEro
TpekoBoro nerektopa. OTtHomenne (curHan+doH)/(poH B NMHUKE YBEIMYHMIOCH MO CPAaBHEHHUIO C IIOJYYEHHBIM IIpH
obpaborke komtekuuu PF: ¢ 3 1o 10. OgHako oHO oOKa3ajoch NPUOIM3UTENHHO B 2 pa3a MEHbIIE 3HAYCHWS,
mpuBeIeHHOTO B paborax [8,10], omybmmkoBaHHBIX Koimtabopammeirt CMS. Jlyumee momaBieHue (GoHa MOTIO OBITH
JOCTHUTHYTO 3a CUYET JOTOJHUTEILHON TPEKOBOW OYHMCTKH [6].

B craThe MBI He 0OCY’ /A€M CTeNleHb BIMAHUSA Ha KAuecTBO BOCCTAaHOBJIEHHA Macchl K;-Me30Ha KaxIoro aTama
pexorcTpykinu. CpaBHeHHE puc. 4,5 TeMOHCTPHPYET HEOOXOIUMOCTh TPEKOBOI OYHCTKH, 6€3 KOTOPOH MOCIEAYIONIIE
3Tarbl BOCCTAHOBIICHHUS, H HE TOIBKO B CiIyuae uaeHTdukamm K':-Me30HOB, MOTyT 0Ka3aThcsl He 3 (BEKTHBHBIMA.

BbIBO/IbI
AnpoGHpOBaHa METOIMKA PEKOHCTPYKIMHK coObITHil ¢ poxaeHneM K ;-Me30HOB B EpBBIX JaHHBIX SKCIIEPHMEHTA

CMS (B mepBbIX NPOTOH-NPOTOHHBIX cTONKHOBeHHsX Ha LHC mpu Js =900 T 5B). Ha ocHOBe KOJIEKIIMH TPEKOB
BoccTaHoByeHa Macca K'-Me30Ha ¢ yI0BIETBOPHUTENBHOM TouHOCTHI0. [IIMpHHa THKA B PACHPENEICHAN COOBITHIA 110
MHBAapUaHTHOM Macce IMUOHHOTO IWTPEKa ONpEAENsIeTcs, NMPEKAE BCEro, paspelleHHEM BHYTPEHHETO TPEKOBOTO
JIETEKTOpa. Ba)kKHBIM 3JIEMEHTOM METOIUKH SIBJIIETCS TPEKOBas OYMCTKA. PaCCMOTpPEHHYIO MpOLEnypy C HEKOTOPBIMH
U3MCHCHHUAMU MOXKHO HMCIIOJIB30BATh I PEKOHCTPYKIUH APYTUX OTHOCHUTEIIBHO AOJTOXHUBYIIHUX YaCTHUL, HAIPHUMED
AO, Y-THIIEPOHOB, a TAKXKE /TS IOMCKA THIIOTETHYCCKUX OOBEKTOB “HOBOM (PHU3UKH.

PesynbraThl MonenupoBaHMA PpP-CTONKHOBeHHH B aerekrope CMS, BeimomHeHHOro meronoM Monte-Kapio,
YIOBJIETBOPUTEIBHO COINACYIOTCS C JAHHBIMHU 3KCHEPUMEHTA. DTO yKa3blBaeT HA JOCTAaTOYHYI TOYHOCTh ONUCAHUS B
cooTBeTcTByromUX nakerax CMSSW kak reoMmerpuu AeTeKTOpa, Tak U MPOIECCOB B3aUMOJEUCTBUS YaCTHIl C €ro
MaTepualioM, YTO MPUBOJIUT K aJIeKBATHOMY BOCCTAHOBJIEHHIO (PU3NUECKUX OOBEKTOB.
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This scientific paper studies the abnormal diffusion of particles in spatially periodic structures exposed to the action of time —periodic
rectangular fields. A choice of such a type of the field is related to the need of finding out physical reasons for an increase in the
diffusion coefficient at different field amplitudes. As for the impact on the diffusion coefficient the entire eventual amplitude range
was divided into three domains whose functional behavior of the diffusion coefficient differs with a change in temperature. It has
been shown that the maximum increase in the diffusion can be reached only in the narrow amplitude range of the external periodic
force defined by system dissipative properties. This range shows abnormal temperature relationship of the diffusion coefficient, in
particular its exponential growth with a drop in temperature. A physical reason for such an abnormal increase in diffusion can be the
availability of two populations of particles: “localized” and “running”. An optimal choice of the amplitude of the external field
provides long jumps of running particles in comparison with localized ones. The amplification ratio of the diffusion can significantly
be changed through the variation of the frequency and amplitude of the external field. This offers the challenge for new technological
applications of studied effects.

KEY WORDS: diffusion, computer simulation, periodic structures, Langevin equation, time-periodic fields

YCKOPEHUE JUO®DPY3UN YACTHUL B MIPOCTPAHCTBEHHO-IEPUOJUYECKUX CTPYKTYPAX IIOJ]
BO3JECTBAEM MPSIMOYT'OJIBHOIO MEPHOJAYECKOI'O BO BPEMEHH ITOJIS
n.r. Mapqemcol’z, Uu.n. Map!lemco3
! Hayuonansnuii nayunvlii yenmp «XapoKoeckuii (pusuko-mexnuueckuii uHCmunym
ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna
2Xapwrosckuii nayuonansisii yuusepcumem umenu B.H. Kapasuna
n1. Ceoboowl 4, 2. Xapvkos, 61077, Vkpauna
SHTY «Xapvroseckuti NOIUMexHU4ecKutl UHCMumym
ya. Ppynze 21, 2. Xapvroe 61145, YVkpauna

B pabore wuccnenoBana aHoMaibHas IUGQY3US YACTHI B IPOCTPAHCTBEHHO-NEPHOIMUYECKUX CTPYKTypax IO BO3AEHCTBHEM
MEPHOIMYECKOT0 BO BPEMEHH IMPSIMOYTOJBHOrO Mouisi. Takoil BBIOOp MONS CBsI3aH C HEOOXOMMMOCTBIO BBISICHEHHS (DH3MYECKHX
npuurH ycuneHus: koddunnenta nuddy3nuu npu pa3audHBIX aMIUIMTyAax nois. [lo BosaelicTeuio Ha kodpduimeHT auddy3un
BECh BO3MOXKHBIH JMAaNa3oH aMIUIUTyJ pa3OMBaeTcs Ha TPU OONAcTH, pasnuyaolnmecs (yHKIMOHAIBHBIM IOBEACHUEM
kodddurmenta quddysun ¢ remmeparypoii. [lokazaHo, 4TO MakCUMaIbHOTO ycrieHUs Ou(dy3un MOKHO JOCTHYD JHIIb B Y3KOM
JIMaTa30He aMILTUTY/] BHEIIHEH MepHOIMIECKON CHIIBI, ONPEAEIIeMOM IICCHIIAaTHUBHBIME CBOMCTBAMH CHCTEMBI. B 3ToM nmamazone
Ha0JIoKaeTcsl aHoManbHasl TeMIIepaTypHasi 3aBUCHMOCTh Kodddunnenta audy3un: ero 3KCHOHEHINAIBHBIA POCT C MOHIKEHHEM
Temneparypbl. Ou3nueckoidl MPUYMHOW TaKOTO0 aHOMAIBHOTO pOCcTa AUGQY3UM SBISETCS ONHOBPEMEHHOE CYNIECTBOBAHHE ABYX
TIOMYJSIMN YacTHIL “JIOKaJIM30BaHHBIX” W “Oerymux”’. IIpu onTHManbHOM BEIOOpE aMIUTMTYZbI BHELTHETO MOJISI OCYIIECTBIISIOTCS
JUTMHHBIE TPBDKKU OETYIIUX YacTHI[ OTHOCHTENIBHO JIOKaJIM30BaHHBIX. CTeneHb ycuineHus qudGy3ur MOXKET OBITh CYIIIECTBEHHBIM
0o0pa3oM M3MEHEeHa BapHaliell aMIUIUTYIbl U YacTOThl BHEIIHETO IMOJA. DTO OTKPHIBAET MEPCHEKTHBBI HOBBIX TEXHOJIOTMYECKHX
MIPUMEHEHHH HCCIIeIOBAHHOTO SBJICHHUS.

KJIFOYEBBIE CJIOBA: nmuddysus, KOMIOBIOTEPHOE MOJECTUPOBAHUE, NEPUOAMUYECKUE CTPYKTYpHI, ypaBHeHus JlaHkeBeHa,
TIEPHOIMIECKUE TOJIS
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VY poboti mocmimpkeHa aHoMajbHa JU(Y3is YaCTUHOK y NMPOCTOPOBO-NEPHOJUYHUX CTPYKTypax IiJ Ai€0 MEpHOTUYHOrO y 4aci
MPSIMOKYTHOTO 10151, Takuii BUOip moJist MOB'sI3aHUi 3 HEOOXiJHICTIO BUBYCHHS (i3HYHUX MPUYUH MOCHICHHS KoedilieHTy audysii
npu pizHEX amiritynax mois. Ilo gmii Ha koediuieHT nudy3ii Bech Aiama3oH aMIUITYA MOKHA MOAUIMTH Ha TpH objacTi, sKi
BIIPI3HAIOThCA (DYHKLIOHAIBHOIO MOBEAIHKOIO KoedilmieHTy audysii i3 temmeparyporo. [lokasaHo, M0 MakCHMaJbHE MOCHIICHHS
mudy3ii MOXKHa OYIKYyBAaTH TUIBKH Yy BY3bKOMY [iala3oHi 30BHIIIHIX NEPIOAWYHHX CHII, SKAH BU3HAYAETHCA TUCHIATHBHIMHU
BIIACTUBOCTSAMH CHCTEMH. Y IIbOMY Iialla30Hi CIIOCTEPIraeThcsl aHOMaJbHA TEMIIEpaTypHa 3aJISKHICTh KoedimieHTy mudysii: Horo
SKCIIOHEHITiaJIbHe 3pOCTaHHs i3 MagiHHAM TeMneparypu. PIi3MYHOI0 MPUYMHOIO TAaKOTO aHOMAJIBHOTO POCTY IUdy3ii € oqHOYacHe
ICHyBaHHsI JIBOX NMOMYJILIHA YaCTHHOK: “JIOKanizoBaHMX~ Ta “pyxarommxcs”. Ilpu onTHMaibHOMY BHOOpI aMIUTITYIM 30BHIIIHBOTO
oIS “pyXaroniixcs’ YaCTHHKH 3IHCHIOIOTH HOBri CTPHOKH BiTHOCHO “nokamizoBaHux”’. CTyneHb MifcHiIeHHs Audy3ii Moxe OyTH
ICTOTHO 3MiHEHa 3a PaXyHOK Bapiamii aMIUTITY/IM Ta 9YaCTOTH 30BHILIHBOTO 1oJs. L{e BigKpUBa€e MepCrneKTHBH HOBHX TEXHOJIOTIUYHHX
3aCTOCYBaHb 1IbOTO SBUILA.

KJIFOYOBI CJIOBA: mudys3is, KoM I0TepHE MOJETIOBaHHS, IEPIOANYH] CTPYKTYpH, piBHIHHS JlamkeBeHa, NepiognyHi MO

Juddysus u TpaHCIOPT HacTHIl B MPOCTPAHCTBEHHO-TIEPUOJMUYECKAX MOTEHIMAIaX WHTCHCHBHO H3y4aroTCs B
rocnenaue aecatuneTus [1-4]. UaTepec K 3THM mporieccaM CBS3aH C IMTUPOKUM KPYTroM (QU3NIECKUX CHCTEM, KOTOpPBIE
MOTYT OBITH ONHCAHBI KaK JBIKCHHE YACTHI] B HAKJIOHHBIX IEPHOAMYECKHX MoTeHImanax (washboard potentials). K
TaKMM CHCTEMaM OTHOCSTCS KOHTaKThl Jlxo3edcoHa, CymepHOHHBIE NPOBOAHHMKH, BOJIHBI 3apsiOBOIM ILIOTHOCTH,
cucTeMbl ()a30BOI aBTOMOJCTPONKN 4acTOTHl U mp. [5]. McciienoBanne 0COOEHHOCTEN TpaHCTIOPTa aTOMOB, TOYEYHBIX
U JIMHEUHBIX )Ie(beKTOB KpHCTaHHH‘IeCKOﬁ PCHICTKM BO BHCHIHUX IIOJIAX TaK XK€ IMPCACTABIIAIOTCA L[pe"’;BI)I‘-IaI\/'IHO
Ba)XHBIMU JI1 Pa3BUTHA HOBBIX TEXHOJIOTHH B (bmyu(e TBEpAOTO TCa.

B pabote [6] OBUIO TOKa3aHO, YTO BO3JICHCTBHEM BHEIIHETO MEPUOMUYECKOTO BO BPEMCHH MOJIT MOXKHO
3HAQUUTEIBHO YCHINTh AU(GQY3UI0 dYacTWI[ B IPOCTPAHCTBEHHO-TIEPUOJMYECKUX CTPYKTypax. bomee Ttoro, B
OIIpeZIeJICHHOM HWHTEpBalieé 4acTOoT HaOmojajack aHOMallbHAs TEMIIEpaTypHas 3aBUCHUMOCTh AUGQY3UHd — PpocT
koopummenta muddysun ¢ TOHWKEHHEM TEMIIepaTypbl. OTO HCCIEAOBaHWE MPOBOAWIOCH JUIS  OJHOTO
(PMKCHPOBAaHHOTO 3HAYCHWS aMIUITUTYIbl BHEUIHEro mois. Bmecre ¢ Tem B pabore [7] , mccienys nuddysuio B
HAaKJIOHHBIX MEPHOANYECKUX MOTECHIMANaX, ObBUIO yCTAaHOBICHO, YTO B 3aBHCHMOCTH OT BEIMYHMHBI BHEIIHETO ITOJIS
CYIIECTBYIOT 00J1aCTH KaK OOBIYHOM, TaK 1 aHOMAIBHOM TEMIIepaTypHOU 3aBUCUMOCTH Ko dunmerTa nuddy3um.

Lemnbro naHHO# pabOTHI SBISUIOCH AECTABHOE UCCIEIOBAHIE aMIDIUTYIHOW W YaCTOTHOM 3aBUCHMOCTEH yCHIICHHUS
mupdy3nn B TEPHOAMYECKHX IONAX, a TaK e YCTAaHOBJIEHHE (HU3UUECKUX IPHYMH, OOYCIaBIMBAIOIINX €e
aHOMAJIbHYIO TEMIIEPATYPHYIO 3aBUCHMOCTb.

METOAUKA MOJAEJIUPOBAHUSA
JIBI)KEHNEe 4acTUIIBI Ha OZHOMEPHOH pelleTke I0J JeHCTBHEM BHEIIHeHW CHibl [, ONHMCHIBAJIOCH ypaBHEHHEM

JlamxkeBena:
mx == U - yxt F(0)+£0), ()
ox

rne - BpeMs, X— KOOpJAWHATa YacTUIBI B OJHOMEPHOH pelleTke, M - ee Macca, ) - KodpuuueHt Tpenus. Touka
cBepxy o3Hauaer uddepeHiupoBanne 1o Bpemenu. Unen &(¢) ommchiBaeT TepMHUecKHe  (DIYKTYalHH.

[Ipeanonaraercsi, YTO INyM SIBJISETCS TayCCOBBIM O€NBIM W COOTBETCTBEHHO [UI TEPMHYECKHUX (QIyKTyarui
BBIIIOJIHAETCS. COOTHOLICHHUE:

(EWEW))=2/kTS(t—1"), )
rae k - mocrosuuas Bonbumana, T’ - Temneparypa.

B mpocreiiniiem ciydyae moTeHIMaNbHas dHeprus 4actuibl U B MOJIe KPUCTAIMYECKOH PEIIETKH MOXET ObITh
3arrcaHa CIIeAyIONIIM 00pa3oM :

U 2
U(x)=——Lcos| —x |,
(x) 5 Y 3)

rlie a - IOCTOSIHHAS peleTky, a U - BBICOTa IOTEHIHAIBHOro 0apbepa.

Ha nBrokymiyrocs 4acTHIly IEHCTBYeT HEPHOAMYECKAs CUIA CO CTOPOHBI KPUCTATUYECKOM penteTku [, :

v _ F, sin(z—ﬂ x} @)

ox a

FLar -

4 . o N o
Benuunna Fcr =7U0 , Ha3bIBa€Masi KpUTUYCCKOU CUJIOU [8] U COOTBCTCTBYCT MHUHUMAJIBHOU ACUCTBYIOLICU CHUIJIC,
a

HEOOXOAMMOM ISl IPEOIOJICHUS B BA3KOM Cpejie SHEPreTUIeCKOro 0apbepa, pasaessIFoLero Ba COCEAHUX MOI0KEHHUS
YacTHIBI Ha OJHOMEpHO# pemieTke. [lapamMeTpbl HCIOIB3YeMOrO IMPOCTPAHCTBEHHO-NEPUOIMYESCKOTO MMOTEHIIMAA
ObUTH TeMU JKe, 9TO U B paborax [6,7].

B pabote ucciieoBanaoch BHENIHEE MEPUOJMUYECKOE MOJIE CIEYIOIEro BUa:
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F,(t) = Fysignisin(et)}, (5)
rJe @ - yrJIoBas 4acToTa BHEIIHeH cuibl, a Fy - ee ammuuTyaa. Ero Bua n3obpaxeH Ha puc. | CIUIOLIHO#M IMHUEH.

Croxactuueckue ypaBHeHus (1)-(2) mist Kax a0l 4acTUIIBI Pellaiich YUCISHHO METOI0M JDiinepa [9] ¢ marom mo
BpeMeHH cocraBistominm MeHee 0,01 mepuona coOCTBEHHBIX MallblX KoseOaHuid. CTaTHCTHUECKOEe YCpeIHEeHHe

MIPOBOJIMIIOCH IO aHCAMOJIO ¢ KOJIMYECTBOM YAaCTHIl HE MeHee N = 5-10*. Jus MIPOBEPKH MOTYYCHHBIX PE3yJIbTATOB

6
OT/eNbHBIe BbIUMCIeHnsT npoBoanwanck ¢ N =5-10". HavanbHble ycloBHS 3aJaBalvCh CIEAYIOLIUM 00pa3oM.
Yactuma momemniajach B Hadajle KOOpPAWHAT W € ciaydaiiHeIM 00pa3oM cooOmmanxack CKOpPOCTh, HMEIOMIast

4
MakcBeIIOBCKOE pacIpe/ie/ieHHe TI0 TeMIepaType. 3areM TPOBOAMIACHE TepMajiu3alus chucteMbl B Tedenne 10
BpeMEHHBIX maroB. [Tocie yero gacturia ¢ IMeEIOIIEHcsS CKOPOCTHIO IIepeMentanach B EPBYIO 3JIEMEHTApHYIO SUCHKY.

1.0 [N /N VAR
’ : / \ ’ \
! \ ! \ 1 \
0.5 ! \ 1 \ ] \
! \ 1 \ ! \
o ' \ ! \ 1 \
= ) \ ! \ 1 \
= 0.0 \
= \ \
m \ 1 \ 1
\ ! \ !
-0.5 \ ! \ !
\ d \ {}
\ / \ !
v 4 7
-1.0 £ £
T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

t/t

Puc. 1. Bun BHemHero nepmoaMdeckoro BO BPEMEHH IIOJS HCIIOIBb3YEMOTO B
JAHHOM HCCJIENOBAHHUM: CIUIONIHAS JIMHUS — IIepHOJMYEecKast CTyIeHdYaTas
(yHKIHMS, ITPUXOBAst — CHHYCOMHAIIbHAS (YHKIHSL.

'
[Ipn ananuse pe3ysbTaTOB MOAEIHMPOBAHUS yIOOHO mepeiiTu Kk Ge3pa3MepHBIM BEIUYHMHAM BPEMEHH [ U PACcCTOSHHSA

1

x [4,8]:
v 1 U,
. X
t=t— s X =5 (6)
a m a
Jns comocTaBieHMs IaHHBIX IONYyYEHHBIX B JAHHOW paboTe € MJaHHBIMU JPYTUX aBTOPOB MCIIOJIB30BAIHChH
Oe3pa3MepHbIc BeIUIHHBI Temreparypsl 1 u tpenus ¥ [4,10].
Tk ya
r U T (M
0 (mU 0)
B pabGore wu3ydasoch HemoAeMI(UPOBAHHOE [IBIDKEHHE UACTHIl. 3HaueHHe Kod(pHUIHEeHTa TPEeHUS

¥ = 0,14 cooTBETCTBOBAJIO MCIIOIH30BAHHOMY B paHee IIPOBEICHHBIX UCCIEAOBaHUSX [7].

2
Koa¢ppuunent auddy3nu BHIYUCISUICS 110 TUCTIEPCUH O~ B PacHpe/ie/IeHUH aHCcaMOIIsl ABHKYIIUXCS YaCTHIL ITPH
CTPEMJICHHH BPEMEHHU K OECKOHEYHOCTH:

<.X— X 2> 0_2
D=limD,(f)=lim— " =1lim 7 - ®

{0 =0 2t t—wo 2t
rJie CKOOKHU <> 0003HaYaIOT YCpETHEHHE 110 AaHCAMOJTIO.
Ipu xaxaoM pacdere koddduumenta guddy3un ONpeeIsocs Bpems ¢, AOCTIKCHUS JIMHSHHON 3aBHCUMOCTH

mucniepenn ot Bpemenn. Koadouuuent quddysnn onpenemsuics npu spemenn ¢ > 1007, .

PE3YJIbTATBI U OBCYKIEHUE
Panee B pabore [6] OBLIO MOKa3aHO, YTO IpPU BO3ACHCTBMM HA YaCTHIIBI MMOCTOSHHOW BHEINHEH CHIIBI, B
3aBUCHMOCTH OT €€ BEJIMYMHBI, MOTYT PEaM30BbIBAThCS (PYHKIMOHAIBHO Pa3lIMYHbIC TEMIEpaTypHbIe 3aBUCUMOCTH
koapdunuenta muddys3un. Pe3ynbTaThl 3THX HCCICIOBAHWUN NpUBEACHBI HAa pHC. 2. M3 puCyHKAa BHIHO, YTO
cymectByer tpu obnactu (I- III) pasmuuarommxcs moBenennem koddduuuenra nupdysun D ¢ temmeparypoii. B
mepBoit oomactu TudQy3ns yCHIMBAETCS C POCTOM IPHIIOKEHHON ciutbl, a B oonmactu 111 — mamaer. OqHaKo, B TO BpeMs
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kak B obnactsx | u Il xoadpdunuent nmuddysun Bozpacraer ¢ pocroMm Temneparypsl, B odsactu I (Ha pucynke
BbIJIEJICHa IITPUXOBKOM) OH PacTeT C MOHMKEHHUEM Temneparypbl. IIpuuem 3TOT aHOMaibHBIH pocT Ko3(h¢uuneHra
TG PYy3Un UMEeT IKCIIOHCHITMAFHYIO 3aBHCUMOCTE [6]. B To ke Bpemst B pabore [7], ObUIO YCTaHOBIICHO, YTO HpPU
BO3JICHCTBUU Ha YACTHIly IMEPHOJANYCCKON BO BPEMCHH CHJIBI TaK JK€ HAOIIOMaeTCs aHOMAalbHAs TeMIIepaTypHas
3apucuMocTh. OIHAKO TakKas 3aBHCHMOCTH HaOIIOJaliach TOJIBKO B ONpEAETICHHOM HHTEpBalie 4acToT. B pabote [7]
HCCIIeJOBaHUs IIPOBOIMIINCH IIPU aMILINTYAe BHemHel cuibl Fy = 0,15F,, . To ectb ammuutyna [y, nexana B obnactu

111, B KOTOPO¥1 MPH BO3CHCTBUH MOCTOSIHHOM CHIIBI aHOMAJTbHAS TeMITEpaTypHas 3aBUCUMOCTh HE HaOJIF0TaNIach.

Puc. 2. 3aBucumocts Ge3pazmepHOro kodddunueHTa 1uGQPy3uu OT BETHYHHBI IEHCTBYIOUICH CHIIBI IS PA3IMYHBIX TEMIICpaTyp.

O61acTh aHOMaJLHOM TeMrepaTypHoii 3aBrucumoctH (1) 3amTpuxosana. Kosppumment tpenus y'=0,141. 1- T=90K (T’ ‘ =0,097),

2 - T=120K (T =0,129), 3 - T=180K (T =0,194), 4 - T=360K (T =0,388), 5 - T=540K (T =0,582), 6 - T=720K (T =0,776),
7-T=900K (T =0,969).

Jnst BbisicHeHUs1 (PU3MYECKMX INPUYMH aHOMAJIBHOM TeMIepaTypHOH 3aBUCUMOCTH IUPQY3UH B ITHX JBYX
pPa3IMYHBIX CIy4yasX pacCMOTPHM JABWXKEHHE YacTHUI[ IOJl BO3JEHCTBHEM BHEIIHEro mepuoauuyeckoro moud. Ilpu
NIPSIMOYTOJIBHON (hOpMe BpPEMEHHOI 3aBHCHMMOCTH BHEIIHEro nous (puc.l), MOKHO Ha MHTEpBaJle, COOTBETCTBYIOLIEM
MOJYIEPHOly KOJIeOaHMH, MCIIOIb30BaTh IOJIyYEHHbIE paHee JaHHBIE MO OCOOCHHOCTAM AU((y3uH B MOCTOSHHOM
CHJIOBOM Tiosie. BpiOepem aMIuIUTyIbl, OTHOCSAIINECS K PAa3IMYHBIM OOJIACTSM JHarpaMMbl, IPUBEJCHHON Ha puC.2, U
uccienyeM usmenenne AU(GGY3Un ¢ MOHWKEHHEM 9acTOThl. VIHTYHTHBHO MOHATHO, 4To mpu @ —> () pemiexne mis
MIEPUOANYECKOTO TOJIS JOJKHO COBIAAATh CO CIy4aeM IMOCTOSHHOIO BO BPEMEHU IOJIS.

Ha puc. 3 B gBoitHOM norapudmMuueckomM macuirabe Moka3aHo M3MEHEHHE AWUCIIEPCHH YacTHI[ BO BPEMEHHU IpH
BO3/ICHCTBUH BHEIIHETO TOJIS C aMIUINTYAOM, Jexamiel B obactu | quarpamMmbl. Pa3nmudHbBIM KPUBBIM COOTBETCTBYIOT
pasnmuHble YacToThl. KpuBast 4 Ha pHCyHKE OTBEYaeT AAHHBIM IOJIYYECHHBIM IIPH BO3JICHCTBHM IOCTOSHHOW CHIIE.

-3 o Y
BI/IHHO, YTO IpH 4YaCTOTC @ = 10 KpuBasi BU3yaJIbHO CJIMBACTCA C I’pa(I)I/IKOM JJIg ¢iiyvdad NOCTOSIHHO ACHUCTBYIOLICU
cuiibl. B TO ke BpEMs, B 00J1aCTH BBICOKHX qacToT, PE3YJIbTAThl PA3JINYAOTCA, U JIMHEHHAs 3aBUCUMOCTh JUCIIEPCUMN OT
BPEMCHHU HACTYyNacT Ha 3HAYUTCIIbHO MEHBIINX BPEMEHAX, YEM JJIA ClIyvasd BO3JICHCTBHS MOCTOSHHOM CHUJIIBI.

10°4

T T T 1

10° 10

4

Puc. 3. 3aBucumocTh 6e3pa3MepHOI AUCTIEPCHH YAaCTHI] OT BpeMeHH B obstacTy I [uts pa3IMyHbIX YacTOT IPH BHEIIHEM
BO3JIEHCTBUH NEPHOIUIESCKON CTYIEHUaTON (QyHKIIH.

Avmmaryna momst £y / F,. = 0,06, T=180 (T' =0,194)

1- a)=10_1,2- 0)210_2,3- a):10_3,4- o =0 (mocrosiHAAs cua).
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W3BecTHO, 4YTO B cCHCTEMax, XapakTepU3YIOIIMXCS HHU3KMM YPOBHEM JIMCCUNALMM OSHEPTUH, BO3MOXKHO
BO3HMKHOBEHHE OCOOBIX pexuMoB Iuddys3un: Tak HazpiBaeMol cyOandpdysuu, cynepanddysun n runepauddysun
[11,12]. OObrynas muddysust xapakrepusyercs JHMHEHHOH 3aBHCHUMOCTBIO CPEJHEKBAJAPATUYHOTO OTKIOHCHHMS

KOOPpAUHATBI 4aCTHUIL] X OT BPEMCHU t:
2 9
<(x—<x>) >oct. ©)

B ciryqae peanmzarim 0coOBIX pexXHMOB AU (Gy3UH 3Ta 3aBUCUMOCTD H3MEHSETCA:
2 10
<(x—<x>) >oct”. (10)

Ipu 7 <1 roopsT o cy6mauddysuu, npu 1 <n <2 - o cynmepanddysun, a ipu 1 > 2 - o runepanddysuun [11].
Ciy4aii 7 =2 HOCHT Ha3BaHHE GAJUTMCTHYECKOM TUDDy3HH.

o o 2
U3 puc. 3 BUIHO, UTO [OJ] BO3ACHCTBHEM ITOCTOSIHHOM CHIIBI Ha HadainbHOM aTtare (1o ¢ =107 ) gucmepenst pacrer

HemuHeiHO Kak O> o 72, To ecTh B OTPaHWYCHHOM HHTEpBaJie BPEMEHHM HAONIONAeTCs PEXUM OaUTMCTHUECKON
mipdysmn. Kak mnokazanm mpeablgylipe  MCCIEAOBaHWS, 110 OKOHYaHWIO (a3bl  ycKopeHHoH muddysun
yCTaHABJIMBACTCS CTAIIMOHAPHOE pACIpEIeICHHE YaCTHI[ TI0 CKOPOCTSIM, KOTOpOe B HdalbHEWIeM He m3MeHseTcsa. Kak
XOPOIIIO BHIHO W3 PHCYHKA, IO MPOIIECTBUH 3TOTO BPEMEHH MPOCTPAHCTBEHHAS AUCIEPCHS B PaCIpeeTICHHN YaCTHIL

OITMCHIBAETCS CTaHAAPTHBIM BEIpayKEHUEM ol ct.

Kpussie 1-3 Ha puc.3 COOTBETCTBYIOT pa3IHMYHBIM YacTOTaM BO3JeHCTBHA BHemHero mnomst. Kpusas 1
COOTBETCTBYET CaMOW BBICOKOW MpEJICTABIICHHON Ha pUCYHKe 4acToTe. M Kak BUJIHO U3 PUCYHKa, COOTBETCTBYIOIIUI
kodpdunueHt nuddy3un — cambiii HU3KHA. [lOHMKCHHE YacTOThI MPHBOIAWT K BO3pacTaHuio Koddduiuenra
muddysun. U3 puc. 3 BuaHO, 4TO 4eM OoJIblle epHo KoyiebaHui, TeM OoJbllee BpeMsl 4acTUIla MPOBOJHUT B PEIKHME
cynepanddysuu. Y cooTBETCTBEHHO TeM BhIlIe KO3PGHUINEHT TUPPY3UH.

Kak crnemyer u3 puc. 3 nuHeiiHash 3aBUCHMOCTb, XapakTepHas Uit OObIYHON an(dy3nu, ycTaHAaBIMBACTCSA MO
MIPOIIECTBUM BPEMEHU COOTBETCTBYIOILETO JBYM IlepuojaM KojebaHuii BHemHero mnoisd. [Ipuy 3ToM KpuBEIE,
COOTBETCTBYIOIINE DA3IMYHBIM YacTOTaM, JI0 3TOT0O MOMEHTa BPEMEHH COBIAJAalOT C Tpa)MKOM IPH ITOCTOSHHO

. o o 2
neiictBytomieit cwie. OpHaKoO, HayWHAs C JOCTHUTHYTOTO HAa CTaJUU YCKOPEHHOW nu(Qy3ud 3HaYeHUI O,

ycraHaBiuBaeTcs Gpaza oObIaHOHN n1uddy3un, XapakTepHu3yroleecs: 3aBUCUMOCTBIO o? o t. Korna nepuoa KoneGaHui
T CpaBHUBAETCS C JJIUTEIBHOCTHIO (pa3pl OaymucTuueckoi auddys3uu, ganpHeilnee yBeInueHne 7 Majo BIUSET Ha
BenmunHy D. TakuMm 06pa3oM, MakCHMaJbHO IOCTIDKMMBIM Kod(pduiment nupdysnn B obmactu I coorBercTByeT
3HAYCHUIO D U1 MOCTOSHHOTO MOJIA. DTOT BBIBOJ XOPOLIO JEMOHCTPUPYET pHC. 4.

4 *..
0 AN —@— T=180
10" 5 N —A—T=120
A—A—AhA--x g - -~ 0\
1 A \
L o
10" 5 AR
E A O
, ] \ No. e
a b o
" N )
107 F/F,=0.06 \
10-3 L Rl | LR SR | LI IR B2 | LS R | LA """IM_M
10° 10" 10° 10° 10" 10’

(:)/co0

Puc. 4. 3aBucumoctb kodpPuumenta auddysun D 0T 4acTOTHl BHEIIHETO MOJISA IS Pa3IMYHbIX TEMIIEPATYp MPH (PUKCHPOBAHHOM
ammuntyzne BHemHero nomst Fy / F,. = 0,06 (o6macts I). 1 — T=120K (7 =0,13), 2-T=180K (7 =0,194). Iltpuxosoii n
MYHKTHPHOHN JTHHUCH OTMEUCHO 3HAYCHUS Kod(duitneHTa quddy3un mpu MOCTOSIHHO ACHCTBYIOIICH CHITe.

Ha pucyHke nmpHBeIEHB! YacTOTHEIE 3aBUCUMOCTH Kod(uumenta D(w) s nsyx temneparyp. IltpuxoBoi u

ITyHKTHPHOM JIMHUAMH TIOKa3aHbl 3Ha4YeHUs Kod¢pdunuenta anddy3nu A ciydas MOCTOSHHO ACHCTBYIOUIEH CHIIBL
Bunno, uro mpm Hu3KKX "acToTax KodddummeHnt muddy3un BBIXOIUT Ha IUIATO, BBHICOTA KOTOPOTO COOTBETCTBYET
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3HAYEHHIO TP MOCTOSIHHO JieiicTBytomel cuie. [Ipyu BBICOKMX K€ 4acToTaX OH CTEHNEHHBIM 00pa3oM yMEHbIIAaeTcs ¢
MOBBIIICHUEM 4YacTOThl. B 00JIacTH YacTOT, COOTBETCTBYIOIICH COOCTBEHHOW YacTOTe KojeOaHW, HaOIIoJacTCs
HeOOJIbIIIOe PE30HaHCHOE TOBBIIIeHHE KoddduirenTa auddysun. 13 puc. 4 BuaHo, uro B obnactu I auarpammsl s
MIEPEMEHHOT0 IOJIsI, TaK K€ KaKk M JJIsl Cilydasl MOCTOSHHOIO IIOJIS, BO BCEM JHalla30HEe 4acTOT Oojiee BBICOKOH
TEeMIIepaType COOTBETCTBYeT OoJjbplnee 3HaueHHe Kodpourmenta mupdysun. To ects HaOmromaeTcss OOBIYHAS
TeMIepaTypHas 3aBUCIMOCTh TP Py3nn.

10°3 [—T=90
- - -T=120
105_ ---- T=180 ~t 4 e
—-—-T=360 T aET et
10" ' et
103‘ Nb
“b ) '
100y~
10' 4
10°+
10-I T LIRS § LAL] | T
10' 10° 10° 10*
t/it
0
Puc. 5. 3aBucumocts Ge3pa3MepHOii TUCTIEPCUH YaCTHIL OT Puc. 6. 3aBucumocTh Oe3pa3MepHON IUCIEPCHH YaCTHIl OT
BPEMEHHU B ITOCTOSIHHOM I10J1€ ( w= 0) JIIIs pa3iIudHbIX BPEMCHH B IOCTOAHHOM IIOJI€ MJIA PA3JIMYHBIX TEMIIEPATYP.

Temmeparyp. Ammutyaa nons Fy / F,,. =0,06 (o6macts I). Ammmaryna nons Fy / K, = 0,095 (o6nacs II).

1-T=90 (T =0,097),2 - T=120 (T =0,129),3 - T=180 1 — T=90 (T =0,097), 2 - T=120 (T =0,129), 3 - T=180
(T =0,194), 4- T=360 (T =0,388). (T =0,194), 4 - T=360 (T" =0,388).
Ha prc. 5 nmpuBeaeHBl 3aBHCHMOCTH c? (¢) B obmactu I qus pasmuunbix Temneparyp npu @ = 0. Kak cnexyer

W3 PUCYHKA, BO BCEM PAacCMOTPEHHOM TEMIICPaTypHOM Auana3oHe, 0ojiee BBICOKMM TEMIIEpaTypaM COOTBETCTBYET
Oonpmiee 3HaYeHNE KOAGGuUIIeHTa Tuddy3um.

Opnako B obmactu Il cuTyamws H3MEHAETCS. DTO XOPOIIO BHIHO W3 pHC. 6. 31ech MEHBIIUM 3HAYCHUSAM
TeMIIepaTypbl COOTBETCTBYyeT Oounblnee 3HaueHHe Kodpduimenta nupdysun. V3 pucyHKa BUIHO, YTO 4YeM HIDKE
TemIeparypa, TeM OoJjbliee BpeMsi TpeOyercsl IJisi BbIXOJa NUCIEPCHH Ha JIMHEWHYI0 3aBHCHMMOCTh. BozieiicTBue
BHEITHUM TIEPHOJIMUECKUM TosieM B obnactu Il auarpaMMebl, Tak e Kak U Uit o0sactd I NPUBOAMT K OrPaHUYSHUIO
¢a3sl runepandy3ur BO BpEMEHH, U, COOTBETCTBEHHO, K YMEHBIICHHIO Kod(hduunenta aupdy3un. Ita TeHISHIUI
XOpOIIIO BUAHA Ha pHC. 7. AHAJIOTMYHO C MOBEACHHEM AWcIepcud B obmactu I, yMeHbIIeHne 4acToTel B obxactu 11
MIPUBOJUT K BO3pacTaHuio koaddurnmenra nudpdysun. OnHaKO B OTIMYHME OT CiIydas MaJIbIX aMIUIMTY[ KoyieOaHWH
BHEIITHETO IT0JIS1, B 3TOW 00J1acTH HaOJIIOAaeTCsl aHOMaJIbHAst TeMIlepaTypHast 3aBHCUMOCTb.

Kak cnemyer m3 rpadukoB, Tak ke kKak U B obmactu I, B obmactu Il koadunueHT muddy3un Ha OONBIIINX
BpEMEHax CTpeMHTCA K KodpduuueHty muddy3nd ais MOCTOSHHON cHibl. [Ipu BO3IEHCTBUM MOCTOSHHOTO MOJS B
9TOM HMHTEpBaJle aMIUIMTYJ peajnu3yeTcs aHoMajbHas TemmepaTypHas Iud@ysus, cBs3aHHAs ¢ SKCIOHECHLIHAIbHBIM
pOCTOM BpEeMEHH KOPPEIALNH C MOHKEHHEM Temmepatypsl [6]. IloaTromy npu meprone KoiebaHHi IMPEBHIIAIONIEM
Bpemst Qasel runepauddysun, kodpdumpent D(@) IKCIOHEHIUATBLHO PACTET C I[OHMKEHUEM TEMIIEPATYPHL.

®uznyeckoll MPUYMHOW TAaKOrO pOCTa SBISETCS TO, YTO YAaCTHIBI COBEpIIAIOT Bce Oojiee JIMHHBIE CKAayKH C
TIOHIDKCHWEM TemrepaTypel. [ mepexoma “Oerymmx” 4YacTHII B JIOKQJM30BaHHOE COCTOSIHHE HEOO0X0quMa
(uyKTyanust SHEpPruM JOCTaToOYHas AIsl yMEHBUICHUS CKOPOCTH HI)KE KpUTHYecKoro 3HadeHus. C mageHuem
TEMIIEpaTypbl BEPOSATHOCTH TAKOTO IMpoOLecca IafaeT U COOTBETCTBEHHO YacTHIIA IPOXOAUT BCe OOIbIIEE pacCTOSHHE
CO CKOPOCTBIO CTAllMOHAPHOTO JBUKEHMSI B BSI3KOU CpeJie MO/ IEHCTBUEM OCTOSIHHOM CHUIIBIL.

Ha puc. 8 mpuBenens! rpaduku 3aBucHUMOCTH K03 durmenta auddy3nn OT YacTOTHI AN ABYX Pa3INIHBIX
temmepatyp — 120 u 180 K. Tax ke kak u 1l ciay4asi, puBeieHHOro Ha puc. 4, koaddunuent quddy3un BEIXOAUT Ha
HACBHIIICHHUE U COOTBETCTBYET 3HAYCHHUIO D JJIsl HOCTOSHHO neiicTByomIei cmibl. OHAKO, B OTIHMYKE OT obyacTu I, B

3 o
obnacru II npu gactorax @ <10~ @, Gonee HU3KUM TeMIEpaTypaM COOTBETCTBYET Ooiee BBICOKHI kOd(hdHIMEHT

mpoy3un. Takum o0pa3oM, NpH HHU3KMX 4YacTOTax HaOJIogaeTcs aHOMajbHas TeMIlepaTypHas 3aBHCHMOCTD
ko3¢ duunenra quddysun.

B oOmactu e BBICOKMX YacTOT IO-TIPeXHEMY OoJiee BBICOKOW TeMIepaType COOTBETCTBYET M OOJbLIMA
koa(pdunmeHt auddysuu. [Ipu 3TOM yBeNUYCHHE YaCTOTHI IPUBOIUT K ociadienuio nuddysuu. [Ipu yacToTax BbIIIe
COOCTBEHHOH 4YacToThl KonebaHui Kodpduuuent auddy3un craHoBUTCS paBHBIM Ko duuneHty anddy3nu
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CBO60[[H]>IX qJacTul B NIEPUOJUICCKOM MMOTCHIUAJIC.

8 5 R
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Puc. 7. 3aBucuMocCTb 6€3pa3MepHON TUCTIEPCHH JACTHUI] Puc. 8. 3aBucumocts kodpunuenta audQy3un OT 4aCTOTH BHELIHETO
OT BPEMEHHU. moJist JUTsl Pa3NIMYHBIX TEeMIeparyp HpH (QHUKCHPOBAHHOH aMILIUTY/Ie
l-w=10" 2-w=1023-w=1073_4- BHemsero noist Fy / F,, = 0,095 (o6xacts IT)
w=10"* ,5- @ =0 (nocrosHuas cuna). 1 - T=120K (T =0,129), 2 — T=180K (T =0,194). llItpuxoroii u

IITPUX-IyHKTUPHOW JIMHUEH OTMeYeHO 3Ha4deHHs Kod(duuneHTo
muddy3ur TpH TOCTOSHHO JSHCTBYIONIEH cuile, a ITyHKTHPHOW —
' o

T=180K (T =0,194). 3HaYEHHE B OTCYTCTBHE BHEITHEH CHITBI.

Avmmaryna momst Fyy / F,. = 0,095 (o6macts II).

Takum 00pa3oM, aHOMaJIbHAs TEMIIEpaTypHas 3aBUCUMOCTh AU (Hy3ur HaOIIOJACTCA TOIBKO B 00aCTH HHU3KHX
yacToT. [Ipu 3TOM npu (PUKCHPOBAHHOW TeMIIEpaType C yMEHbLICHHEM 4YacTOThl BEJMMYMHA D cTpeMuTcs K cBOEMYy
MaKCHMaJIbHOMY 3Ha4eHUI0. B To ke Bpemsi kak ObUIO Moka3aHo paHee B [7,13] ans CHMHYCOMIATBHOTO BHEIIHETO
Bo3zeiicteus B obsmactu Il wacTtoTHas 3aBUCHMOCTh MMeEET MakCMMyM. Takas ke 3aBHCUMOCTb IOJIyYeHa B JJAHHOU
paboTe ¥ JyIsl CTYNEHYaTOro IMepHoJMYecKoro BHEIIHETo Bo3/ieiicTBus. Ha puc. 9 npuBeseHb! 4acTOTHBIE 3aBHCUMOCTH
koo dunmenra muddy3un A pasIHMYHBIX TeMIepaTyp. Bce KpuBele Ha pHCyHKe MMEIOT MakcuMyM. I[lpumuem c
TIOHIKEHUEM TEMIIEPaTypbl 3TOT MaKCHUMyM CMEIIaeTcss B 00JlacTh HM3KMX TeMIleparyp. BumgHo, 4to yem MeHsbIe
TeMIepaTypa, TeM Oomblnoe 3HaueHWe koddduiment nuddysmn mMeer B MakcumyMme. IIpu 3ToM CylnecTByeT
YaCTOTHBIM MHTEPBaJ aHOMAJIBHON TemreparypHoi 3aBucuMoctd auddysuu. Kak ciaemyer n3 puc. 9 mpu gactoTtax
Bhie @~ 2-107 @, HabmrofgaeTcs oObIYHAs TeMIepaTypHas 3aBUCHMOCTb. B TO ke BpeMs IpU JOCTATOYHO HHU3KHX
gacroTrax kodpduuueHT nquddysuu, Tak ke kak u B odmactsax I u Il, Beixomut Ha 3HadeHHWe D as cucTeMBl YacTHI
ITOJIBEPTAIOIIEHCS BO3EHCTBUIO TIOCTOSHHOM CHJIBI. DTO XOPOIIO BUAHO U3 Tpaduka miss T=480.

Jnst monnManus Gpu3nyeckoi TPUYMHBI BOSHUKHOBEHHS MakCHMyMa I10 4acToTe B obiactu cytu III oOpaTumes K
puc. 10. Ha pucyHke (aHamoru4Ho puc. 3,7) NPUBEACHBI 3aBUCIMOCTH TUCIIEPCHUU OT BPEMEHU ISl Pa3IMYHBIX YaCTOT
konebannii. Kak cienyer w3 pucyHKa, JIMHEHHas 3aBUCHMOCTb, XapakTepHas Juisi oOblyHOW audysum,
yCTaHaBJIMBAETCS MO MPOIIECTBUM BPEMEHU COOTBETCTBYIOIIETO JABYM IIepHojaM KosebaHuii mossi. [Ipu 3ToM KpuBEIe,
COOTBETCTBYIOIINE Pa3IMYHBIM YacTOTaM, JO 3TOTO MOMEHTa BPEMEHH COBIAJAIOT C TpadUKOM IPH IOCTOSHHO

nercreyromeii cuite. OaHako, QyHKIMOHAIbHAS 3aBUCHMOCTb o? (t) B ob6nactu III oTiMyaeTcst OT pacCMOTPEHHBIX B

obmactax I u IL. ITox Bo3aeiicTBHEM MOCTOSTHHOMN CHJIBI AUCIICPCHUS o? Ha HaYaNBHOM dTare pacrer Kak o2 o’ Daza

2
runepauddys3un npopomkaercs 10 BpeMeHH ¢ =~2-10°7,. [lo ero OxoHUaHUIO YCTaHABIUBAETCA CTALMOHAPHOE

pacrpeeneHye YacThIl 10 CKOPOCTSIM, KOTOpOE B JAJIbHEHIIEM He U3MeHseTcs. B To e BpeMs pacripezeneHie 4acTHIl
10 KOOpAWHATAM — CHIIBHO HepaBHOBecHOe. OHO MMeeT SKCIIOHEHINAIbHEIN BU [§].

VYcraHOBIEHHE CTALIOHAPHOTO BHIA pACHpEeNeNeHUs YacTHIl 110 KOOPIMHATAM XapaKTEepU3yeTcsl MOYTH
HEM3MEHHOI BO BpeMeHH mucrepcuedl. JTo Tak HaspiBaeMas ‘‘dispersionless” ¢aza [8]. Ilocme ee 3aBeprieHus
(dopmMupyeTcs CTaMOHAPHBIM BHI (GYHKIMHM paclpeleleHHs YacTHI[ [0 KOOpAWHATaM, MMEIOIIMI CTaHIapTHBIH

o 2 o
rayccoB BUA. B manpHeHIeM ycTaHABIUBACTCS 3aBUCHMOCTE O~ oC ¢ XapaKTepHas A oO0braHoM quddysuu.
[Ipu mputoKeHUH BHEIIHETO MEPHOAMYCSCKOrO IMOJII YACTOTHBIC KPHUBBIC “CIIEAYIOT’ TpauKy MPH MOCTOSHHOU

2
CWJI€ N0 BPpEMEHU OHOI'O I€puoaa KOHC6aHI/IH, a 3aTeM, Ha4YMHasA C JOCTUTHYTOI'O 3HAYCHUA O , YCTAaHABJIIUBACTCA

., 2
(da3a oObruHON AuD(y3uH, XapaKTEPU3YIOIMAACS 3aBUCUMOCThIO O~ oc f. Kak ciemyer u3 rpadukoB, Ha OOJBIIHX
BpeMeHaX KodppuuueHT qudy3un ctpeMutcs K kodhdurmenty 1udy3uu 11l TOCTOSTHHON CHITEL.
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Puc. 9. 3aBucumocts kodddunnenrta aupdysun ot Puc. 10. 3aBucumocTs 6e3pa3MepHON JUCIIEPCUH YacTUIL] OT BPEMEHH.

YACTOTEI BHEIIHETO MOJIS /1S PAsTMHBIX TEMIEPATYp MpH Amnauryza nons Fy / F,, = 0,25 (o6aacrs III), T=180 (T' ~0.194)
(hMKCUPOBAHHON AMITIMTY/E BHEITHETO MOJIS

Fy / F,., = 0,25 (o6nacts III). 1-0=10""2- ©=102.3- 0=10",4- 0=10"*,5-

1 - T=120K (T =0,129), 2 - T=240K (T =0,258),3- @ =0 (nocrostnsias cira).

T=480K (T =0,516).

Takum oOpaszom, poct koddpdunmenta auddy3un ¢ yBeTMUEHHEM IEPHOAA BHEIIHMX KOJIEOAHWH CBs3aH C
3¢ pekTUBHBIM Hcnonb3oBanueM (asbl runepauddysun. [loatoMmy ¢ ymeHblenneM 4actotsl ko3hdunneHt quddysun
pacTer, Tak Kak 4acTHIbl OoJjbliee BpeMs HaxoasTcs B pexxume runepauddysun. Makcumym Habironaercs, Kornaa
nepro/1 KojebaHuii OJIM30K K MPOTSHKEHHOCTH BO BpEMEHH peskuMa runepandysuu. OnHako naipHellee yBeaIndeHus
nepuoza KoyiebaHUH NPUBOAMT K TOMY, YTO YaCTHIBI OoJblIee BpeMs OyayT y’Ke OKa3bIBaThCs B pexxume cyoanpdysu
C MPaKTUYECKH HEU3MEHHOW BO BpeMmeHH aucrepcueil. COOTBETCTBEHHO C YMEHBIIEHHEM YacTOTHI OyAeT IMajaTh U
koo dunment mudpdysun. 1 Hakonen, Ha OOJBIIMX BpeMeHaX KoJeOaHUH ycTaHaBIUBaeTcs KodppuuueHt muddysun
XapaKTEPHBIH JUISl TIOCTOSIHHO JICHCTBYIOIIETO OIS,

Kak cnenyer W3 NpPUBEICHHOTO BBINIE PACCMOTPEHHS, MaKCHMAIBHBIH KoOd(QduimeHt audpdysun Oyner
HaOJIIOIATECS TIPH YacTOTe, MEPHOJ KoJeOaHUs KOTOPOH COOTBETCTBYET IIHTENbHOCTH (ha3bl runepauddysun. [Ipu
@ — Oxosddunment nuddysuu cITpeMHUTCS K €ro 3HAUCHUIO IPU IOCTOSHHO AcicTByromeil cmie. Ilpuw > @

yCTaHaBJIMBaeTcs 3HaueHue kodhuunenrta quddysun 4acTuil B OTCYTCTBUHM BHEIIIHETO BO3ACHCTBUSI.

[MoapiToxxuBas paccMoTpeHre IUGQy3ur YacTUI] B MPOCTPAHCTBEHHO-NIEPUOANYECKUX CTPYKTypax IpH
BO3JICHCTBIM Ha HHX IEPUOJMYECKOTO BO BPEMEHHM CHIJIOBOTO IIOJIsi, MOKHO CKa3aTh, YTO OCHOBHBIM (akTOpoM
yewnenus quddysun sBiIseTcs aMIunTy1a BHelHero Bo3aeiictus. Koaddunmenr nuddysun moxer HeorpaHUYEHHO
BO3pacTaTh C IOHM)KEHHEM TEeMIICpaTypbl NMPH MPWIOKEHUN NEPUOANYECKON CHIIBI, aMIUIMTYyJa KOTOPOH JISKUT B
JOCTaTOYHO Y3KOM HHTEpBaje 3HaueHWH. BennunHa Takod aMIUIMTYIsl M IIMPHHA HWHTEpBAIA ONpENesieTcs
0e3pa3MepHON BEIMYMHOM, XapaKTepU3yIOleH CTENeHb AWCCHIAIMKM SHEpTuu B cucrteMe. IIpm HM3KHMX HacToTax
BenmnurHa Kod(unuenta Iuddy3un s MEepUOANYECKOTO IOJIS COBMAZAeT C TAKOBOM Ul CIydas BO3JCHCTBHSA
MTOCTOSTHHOM cwibl. [1py BEICOKMX dYacTOTax HAOIIOZAaeTcs CTeTeHHoe majgeHue koddduimenta quddy3nn ¢ 4acTOTOM.
W mpum yacToTax MPEBHIMIAIONIMX YacTOTY COOCTBEHHBIX KoleOaHWi kodpduuueHT muddy3nun paBeH TaKOBOMY B
OTCYTCTBHE BHEIIIHETO BO3JCHCTBHS.

Ousnyeckold NpUYMHOW  ycwiieHus JAuGQy3uu  ABISETCS  CyNIECTBOBAHME JBYX IIOMYJISIMHA  YaCTHIIL:
“noxanu3oBaHHbIX” U “Oerymunx” [5,14]. IIpu onTuManbHOM BBEIOOPE aMIUIUTY/Ibl OCYILECTBISIOTCS JJIMHHBIE MPBDKKA
OeryImx 4YacTUI[ OTHOCHUTEIBHO JIOKAIM30BAHHBIX. YMEHBIICHHWE TEMIIEPaTypbl IMPUBOAUT K YUITMHEHHIO TaKHX
peDKKOB. COOTBETCTBEHHO Bo3pacTaeT u ko3 duiuent auddysuu.

TakuM 00pa3oM, MaKCHMaJIbHOE YBEIHUYCHHUE D MIPOMCXOAUT, KOTJa MEpPHOJA KONeOaHWH BHEIIHETro MOJIs
COBMNAJIACT C JUIMTEIBHOCTBIO (ha30il yckopeHHO# muddysun (OamaucTuyeckoid, cynep- wnu runepanddysun) [pu
aMIUIMTYZax Touis Jexamux B obnactu 1l nanpHeiinee yBenmueHne nepuoaa KojaeOaHuil NPUBOANUT K yMEHbBIICHUIO
ko3¢ ¢uunenrta nudpdysun, a B odaactsx 1 u Il — x BbIX0o1y Ha MOCTOSIHHOE 3HAYEHUE, HE 3aBUCsLIee OT 4acToThl. Camo
pa3buenune neiictBytomeil cwiel Ha obmactu I- III 3aBucut ot koaddunmenra tpenus. Panee B pabore [14] ObuI0
M0Ka3aHO, YTO JBW)XKEHHE aHcaMmONs YacTHI[ TOJ AEHCTBHEM ITOCTOSHHOM CHJIBI MOXET OBITh CBEAEHO K 3ajade
JBIDKEHUS! 4acTHLl B 3(P(EKTHBHOM TIOTEHIMANE CKOpOCTEeH W(V). Bun morennmana 3aBuCHT OT Ko3(h¢uuneHra

TPEeHUs, Macchl YacTHIl W JeicTByromeil cuibl. ['panuma obmactu /Il cooTBeTcTByeT cumie, mpu KOTOpOH B
[POCTPAHCTBE CKOPOCTEN BMECTO OMHOSIMHOIO MNOTEHIHMana ¢ MUHAMYyMOM Ipu V =0, BO3HHMKAeT IBYyXbAMHbIN
MOTEHIMAI C JOMOJHUTENBHBIM MUHUMYMOM Tipu V = F'/ y . T'panuna o6aactu II/III BO3HUKAET NpK 3HAYEHUH CHJIbI,
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IPU KOTOPO# IBYXBSMHBIH MMOTEHLIMAT TPAHC(HOPMHUPYETCS B OJHOSIMHBIH, 33 CUET UCUE3HOBEHHSI BETBH C MUHUMYMOM
npu V' =0 . 3HayeHus: COOTBETCTBYIOIIUX KPUTHIECKUX CHII, [IPH KOTOPBIX IPOUCXOAUT TPaHC(HOPMAIHsI TOTCHIHAIA,
MOTYT OBITh pAaCCUMTAHBI IO AJITOPUTMAM TPEIIOKEHHBIM B pabote [14].

Hccnenyemble 3G ¢eKTbl IOMYCKAIOT NPOCTYI0 3KCIEPUMEHTANbHYI0 MpoBepKy. CaMbIM IPSIMBIM METOJIOM
MIPOBEPKH SIBIISIETCS MCCleAoBaHue IUPQY3Ur M0 MOBEPXHOCTU TBEPAOro Tejla. Takhe CHUCTEMBI XapaKTepH3YIOTCs
HU3KUM ypoBHeM auccumanuu [15,16]. Uccnenys muddy3uro MarHUTHBIX YacTHI[ HAa HEMarHUTHOHM ITOJUIOKKE ITO0J
BO3/ICHICTBHEM 3JIEKTPOMArHUTHBIX ITOJIEH MOXKHO YCTaHOBHTH aHOMAJbHBIN XapaKTep TEMIEpPaTypHOH 3aBHCHMOCTH
maddysun. [IpsiMbIM oATBepKIeHNEM aHOMaIbHOW AU (y3un cTam Obl YCHIEHHBIH POCT OCTPOBKOBBIX 3apOABIIICH
HOBOM (ha3bl C HOHIKEHUEM TEMIIEPATyPHI.

Byaydan bsKcHepMMEHTAbHO YCTaHOBIICHHBIM, S5()()EKT aHOMANBHOTO YCHICHHS ITUPPY3UH MOXKET OBITh
HCIIONIB30BAaH B IIEJIOM psifie TEXHOJOTUH CBA3aHHBIX ¢ (PM3UKOM TBEPAOTO TEa.

BbIBO/bI

B pabore uccrnenoBana aHomanbHas AUGQY3UsT 4aCTHUI[ B MPOCTPAHCTBEHHO-NIEPHOANYECKUX CTPYKTYpax IO
BO3JICHCTBMEM IIEPHOIUYECKMX BO BpEMEHM Tousieil. V3ydeHO BIHMSHHE CTYNEHYAaTOro IEPHOIUYECKOTo IIOJIs.
[lokazaHOo, YTO NpUM HU3KHUX YacTOTaX OJKCIIOHEHIHAIBHOE yCWIeHHE IU(PPY3UH C YMEHBIICHHEM TEeMIepaTyphl
BO3MOXKHO TOJIBKO B Y3KOM HHTEpBaJle aMILIUTY/] IPUIIOKEHHOTo noist. KoHKpeTHOe 3HaueHHe aMIUTUTY bl U IIHPHHA
TOT'O MHTEpBaJla 3aBUCHT OT JUCCHIIATHBHBIX CBOWCTB crcTeMbl. Du3nueckoit npuanHol ycuineHus tuddysun sisercs
CYIICCTBOBAHUE JIBYX MOIMYJISAIMA YaCTHII: “JOKATM30BAaHHBIX ¥ “Oerymmmx”. I[Ipu onTUMambHOM BRIOOPE aMILTUTYIEI
OCYIUICCTBIISIIOTCA JUIMHHBIE yCEYEHHbIE MpbDKKM JIeBM Oerymmx YacTWI[ OTHOCHTENBHO JIOKAIN30BAHHBIX.
YMeHbIICHHEe TeMIepaTypsl NPHUBOANT K YAJIMHEHHWIO TaKWX MPBDKKOB. COOTBETCTBEHHO BO3pacTaeT KO3(h(HIHEHT

T py3un.

B Hu3kouacToTHOH oOsacTH Bechb BO3MOXKHBIM JAWana3’oH aMIUIMTYX pa3OuBaeTcsi Ha TpU oOJIacTH,
pasnunyamonecs (QyHKIHOHAIBHBIM IOBeaeHHeM Koddduimenta nuddysun ¢ Ttemmeparypoil. Ilokasano uto,
ko3¢ ¢unneHt nuddy3un MOXKeT Bo3pacTaTh HAa MHOTHE HOPSIKH TPU NPUIOKEHWH BHeuiHero nons. CreneHb
ycuneHust A Qy3un CylnIeCTBEHHBIM 00pa30M 3aBHCHT OT TEMIIEPATYPhI, AMILTHTY/bI X YaCTOTHI BHEIITHETO MOJIS.

HUccnenoBanuit 3 HeKT MOKeT HAlTH MPaKTHYECKOE PUMEHEHUE B IKMPOKOM KPyre (PH3HUCCKUX CUCTEM.
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SPECTRA OF ZnO SUPERDISPERSED PARTICLES POLARIZED IN AN ELECTRIC
FIELD
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This paper discusses the spectra of photo - and ion-luminescence (PL and IL) of ultrafine crystals (UDC) ZnO deposited on the
substrate in an electric field. UDC ZnO was obtained by separation in a water emulsion industrial phosphor (K-56). The fluorescence
spectra for initial sample have a relatively intense broad band in the visible region, which during the deposition of the initial sample
in electric field becomes less intense. PL spectra for ZnO UDC have weak intensity bands in the visible region. And UDC PL spectra
for ZnO deposited in an electric field, and do not have this band. While this exciton band with A,,,=401nm for all the samples
remains almost unchanged. When exposed to samples of oxygen ions spectra were obtained ionoluminescence, which differ from the
fluorescence spectra. The analysis of the spectral characteristics obtained under the influence of ions sour-kind of the ZnO crystals
shows that the intensity of the broad band in the visible region responsible for the defects formed by oxygen ions.

KEYWORDS: spectrum, photoluminescence, ionoluminescence, electric field, and ultrafine crystals

CIIEKTPBI YIbTPAJUCHEPCHBIX YACTHI] ZnO MOJISIPU30BAHHBIX B JIEKTPUYECKOM IOJIE
TwTtonHukoB B.U.
Ipuazosckuil 20cy0apcmeeHHbLl MeXHUYECKUIl YHUsepcument
2. Mapuynony, yn. Yuusepcumemckas, 7, 87500, Yxpauna

B manHo#1 paboTe paccMaTpuBarOTCs CeKTphl GoTo- U noHo-momuHecteHuun (PJI u UJI) ynsrpanucnepcHsix kpuctamios (Y AK)
ZnO, ocakAEHHBIX Ha MOAJIOXKKY B anekTpuueckoM none. Y /1K ZnO nomyyanu myTém pasaeneHus Ha Gppakuuy B BOIHOH 3MYJIbCHU
npombIuieHHOTo itomMuHO(opa (K-56). Criextper GJI ams mcxognoro odpasna UMEIOT JOBOJIBHO HHTCHCHBHYIO IIUPOKYIO MOJIOCY B
BUAUMOM 00JIaCTH, KOTOpas IPH OCAKIEHHH HCXOMHOTO 00pasma B JIEKTPUYECKOM II0Je, CTAaHOBHUTCS MEHEe WHTCHCHBHOM.
Crnextpel @JI mis YAK ZnO umeroT cinadyr WHTEHCHBHOCTH IMOJOCHI B BHmuMoil obmactu. A cmnekrpel @JI mms YK ZnO,
OCXAEHHBIX B 3JIEKTPHUYECKOM II0JIE, IPAKTHYECKH HE UMEIOT TOH 1mojockl. [Ipy 3TOM 3KCHUTOHHAS MOIOCA C Ay =401HM uIs BCex
0o0pa3ioB ocTaéTcsi MpakTHYecKH Hen3MmeHHOW. [Ipu Bo3nmelcTBMM Ha 00paslbl HOHAMH KUCIOpOJa OBUIM IOJYYEHBI CIIEKTPHI
MOHOJIIOMUHECIICHIINH, KOTOpble OTiau4alTcs oT crektpoB PJI. AHamu3 CHEKTpalbHBIX XapaKTEPHCTHK, IOJIyYEHHBIX IIPH
BO3JEHCTBUHM MOHAMH KHCIOPOJa Ha KpHCTamiabl ZnO MOKa3bIBAET, YTO 32 HMHTEHCHBHOCTh IMHPOKOHN MOJIOCH B BUAUMON 001acTH
OTBETCTBEHHBI A€(EKTHI, 00pPa30BaHHBIE HOHAMH KHCIOPOA.

KJIIFOYEBBIE CJIOBA: cnektp, (OTOMOMUHECICHINS, HOHOJIOMUHECIICHIHS, D3JCKTPHYECKOE TI0JNe, YIBTPaAuCIIEPCHBIC
KPHCTAJLIBI

CIIEKTPHU YJIbTPAJUCIIEPCHUX YACTUHOK ZnO MMOJSAPU30BAHUX B EJIEKTPUYHOMY I10JII
Trotonnukos B.U.
Tpuazoscokuil deporcasHuil mexHiunHull yHisepcumen
M. Mapiynons, yn. Yuisepcumemcoka, 7, 87500, Yrpaina

B nawiii poboTi posrimspatotecs crektpu (orto - ta ionHomominecueniii (OJI ta IT) ynerpagucnepcuux kpucranis (YIK) ZnO,
0CaPKEHHX Ha OCHOBY B elekTpuyHoMy nomi. Y/IK ZnO oTpuMyBany OUIIXOM MOAUTY Ha (pakiii B BOAHOI eMyJIbCii IPOMHCIOBOTO
mominogopa (K-56). Crexrpu ®PJI mis BUXiZHOTO 3pa3ka MalOTh JOCHTH TaKW IHTCHCHUBHY LIMPOKY CMYTY y BHAUMIHM o0nacTi, ska
IIPU OCa/PKCHHI BHXITHOTO 3pa3Ka B €IEKTPHIHOMY Ioii, crae MeHI iHTeHcuBHOMO. Crextpu @JI s VK ZnO marots ciabky
IHTEHCHUBHICTE cMyTH y BuanMii obnacti. A criexrpu OJI mns YK ZnO, ocamkeHNX B eIeKTPUIHOMY IOJi, MPAKTHYHO HE MAIOTh
niei cmyru. IIpy 11boMy €KCHTOHA cMyTa 3 Ay =401HM JUIs BCIiX 3pa3KiB 3aluIIAeThCsl MPAKTHYHO He3MiHHOW. [Ipu aii Ha 3pasku
iOHAMH KHCHIO OyJNM OTpHMaHi CIIEKTPH HMOHOJIOMHHECLEHIMH, sKi Bifpi3HsaioThes Bin crekTpiB PJI. AHami3 chnekTpanbHHX
XapaKTepHUCTHK, OTPUMAHUX MPHU BIUIMBI i0HaMH KUCHIO Ha KpucTany ZnO 1oKasye, 1o 3a IHTEHCUBHICTh IIHUPOKOi CMYTH Y BUIUMIil
obGuacTi BiAmoBigasbHi qedeKTH, yTBOPEHi i0OHaMU KHCHIO.

KJIFOYOBI CJIOBA: ciektp, GOTOTIOMIHECTIEHITIS, HOHOTIOMUHECICHIU, EIEKTPUYHE 0TI, YABTPAIUCIICPCHI KPUCTAIN

Ha mnporsskeHMM TIOCIEOHHWX JIET BHHMAaHHE pPAa3IMYHBIX WCCICIOBATENBCKAX TPYHII COCPEIOTOYEHO Ha
HCCICIOBAHUN  YIIBTPAJUCIICPCHBIX CTPYKTYp Ha ocHoBe ZnO [1-4]. Okcuna HOHMHKA SBISETCS IIHPOKO30HHBIM
TOJIYIIPOBOJTHUKOM C IITUPHUHOHN 3amperieHHoi 3oHbI 3,37 9B. U3 [5] cimeayer, 4To ImMpHHA 3ampeniéHHON 30HBI
HaHodacTul] ZnO 3aBHCHUT W OT WX BEIMYMHBI. DHEPTHUS CBs3M dKcHTOHA B ZnO paBHA 63 MAB, 3TO 3HAYUTENLHO BBIIIIE,
YeM y IIUPOKO H3BECTHOro mojiympoBogauka GaN (26M3B). PekomMOuHaiMs SKCUTOHOB B OKCHIC IIMHKA MpU
KOMHATHOU TeMIlepaType OOYCIOBIUBACT yJabTpadHOICTOBOE H3IyueHHe ¢ AuHON BosiHbl 380—390 HM. [6,7]. Takum
00pa3oM, MOBBINICHHBIA UHTEPEC K OKCHIY LIMHKA CBSI3aH C BO3MOXKHOCTHIO CO3J[aHUS CBETOU3IYYAOUINX YCTPOMCTB,
paboTaronmx B OJImKHEM yIbTpadUuOICTOBOM auamnas3oHe [7-9].

© Tyutyunnikov V.1., 2015
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B Hacrosimee BpeMsi pa3pa00TaHO MHOXKECTBO METOZOB MOJIYYEHHs HAHOYACTHIl, KaK B paMKaxX TPaJAUL[MOHHOU
JUIS MUKPORJIEKTPOHUKH TE€XHOJOTHH (3JIEKTPOXUMHUUECKOE TPABICHUE, METOJl TOHKO PEryIupyeMoil KOHAEHCAlluU U3
ra3oBoi (asbl), TaK M CO37[aHUE HOBBIX TEXHOJIOTHYECKHX MPUEMOB (JIE€TOHAMOHHBIH CHHTE3, 30Jb-T€Ib TEXHOJIOTHS,
MexaHocuHTe3 u apyrue) [10,11]. B atux paborax mogadépkuBaeTcs, 4TO METO/] OJIYUIEHUs! yIbTPAIUCIICPCHBIX CHCTEM
(YAC) mmMeer 3HaUMTENBbHO OOJblIee BIMSHME HAa MX CBOWCTBA, YE€M B CIIydyae MaKpOCKONMYECKHX MaTephajoB. B
JONIOJTHEHNE K (DU3MYECKMM XapaKTEepPUCTHKAM MaKpocKomudeckoro odwvekta YJIC xapakrepusyercst Iucrepchen
YaCTHIl IO pa3MepaM M KadeCTBOM ITOBEPXHOCTH, a 3TH MapaMeTpbl, B 3HAUNTEIBHOW Mepe Omnpenessiomue Gpu3nko-
XMMHYECKHE CBONCTBA TAKOH CHCTEMBI, 3aBUCST B CHIIBHOI CTETIEHH OT METOAA MOITyYeHHA. DTO MPUBOAUT K OOIBIINM
BapuamusM IKCIIEPUMCHTAIBHBIX [aHHBIX, ITOJNy4aeMbIX pa3IMYHBIMH HcciegoBaTeasiMu. IloaTomy mpeacTaBisieT
MHTEPEC MCCIIEN0BaTh 00pa3libl, MOMyYEHHBIC ONPENCICHHBIM MeTonoM. MccnenoBanue CBOWCTB MENIKOIUCIIEPCHBIX
KpHucTamioB ZnO, MOIy4eHHBIX ¢ TOMOIIBIO PA3IMUHBIX METOIOB, OTKPHIBAIOT HOBBIE NTEPCIIEKTUBH IPUMEHEHHUS ITOTO
BEILECTBA.

IToMuMo BBIIIE YHOMSHYTBHIX CBOMCTB y ZnO ecThb Takue MpeuMyIIecTBa Mepes] MPOUYUMH IIHPOKO 30HHBIMU
MaTepuallaMH, KaK paJualoOHHas CTOMKocTh. Takxke, TexHoJorus mosydeHus ZnO ropasgo Ipolle, YTo sBJSETCS
3aJI0TOM HHU3KOHl CTOMMOCTH YCTPOWCTB Ha €ro OCHOBE. AKTyaJbHOW Ha CErOAHAIIHUN JAEHb SBISETCA OJHA U3
BaOXHEHIIMX TpOoOJeM KpHCTAUIM3alMK 53TO MOJyYeHHE OPHEHTHPOBAHHBIX MEJIKOJUCIIEPCHBIX CHCTEM Ha He
OPUCHTHPYIOMINX MOUTOKKax [12-14].

Ilens nmaHHOW pa0OTBHI 3aKIIOYAETCS B HCCICIOBAHMM ONTHYECKUX CBOMCTB MENKOAMCIIEPCHBIX CHCTEM
OCaXAEHHBIX HA HE OPHEHTHPOBAHHYIO TOIOXKKY B DJIEKTPHUECKOM MOJIE.

SKCIIEPUMEHT

CrieKTpayibHbIe XapaKTepPUCTHKU HUCCIIEIOBAINCH HAa YCTAaHOBKE, MPEICTABICHHONW Ha pUc. 1. DKCIepuMeHTalIbHAas
yCTaHOBKA I03BOJISIET U3y4aTh crieKTpbl noHoiaromuHecuenuu (UJ1) u doromomunecuennun (OJI). BakyymHuas gacts
YCTAaHOBKM COCTOMT W3 pabouedd kamepwl (1) m cucrembl orkauku. IIpenBapuTenbHasi OTKauyka OCYIIECTBISIACh
¢dopBakyymubM (6) u muddy3uonHHEM (5) HacocamMu. Bakyym KOHTPOIHPOBaiCS TEPMOIAPHONH W MOHU3AIMOHHOMN
namnamu (11,12). Macnsaeie noBymky (8,9) 3aaMBanuch >KUIKAM a30TOM, HPU 3TOM Hapbl U3 JTUPQPY3HOHHOTO U
(hopBaKyyMHOTO HaCOCOB KOHJICHCHPOBAIMCH HA CTEHKAX JIOBYIIEK, YTO MPEIOTBPAILAIO ITONaaHie Macia B pabodyio
kamepy. IIpu mocTikennn Bakyyma B cucteme 10°Ila, dopsakyymublii # 1uddy3HOHHBIH HACOCH OTCEKAINCh OT
paboueit kameprl. bomee ryOokmit Oe3MacisgHBI BaKyyM JIOCTHTAJICS OKOHYATEIIEHOW OTKAdKOW OJIOKOM
MarauTopaspsanaeix Hacocos (HM10-0.4 w HMJ10-0.25) (7), obmieit mponsBoauTtensHocThI0 1050 11/C, 9TO O3BOIISIIO
nonyunts B paboueil kamepe BakyyM He xysxke 107 ITa. JlaBieHue B paboueii kamMepe KOHTPOIHPOBANOCH TIPH MOMOLLH
BakyymmeTpa BMBb-14 ¢ marauronmoHm3annoHHbIM gataukoM [IMM-32-1 (17), a macc-cnektpomerp MX-7304 (16)
MO3BOJISIET KOHTPOJIMPOBATh COCTaB ra3a B paboueil kamepe. Mccneayemsbrii obpasert (3) HaHOCHIICS Ha MOMIOXKKY (2).
HarpeBaTesnbHbIi 37eMeHT (4) TMO3BOJISIET peryjupoBaTh Temieparypy obOpasua ot komuatHoi g0 800 K, a mennas
[IMHA, COSUHSIOIAs MOJIOKKY C KPHOCTATOM, €T BOZMOXHOCTB MOHIDKATh TEMIIEpaTypy o0Opasia jKUAKAM a30TOM
no 80 K. CrekTpbl 3amuChIBAIMCh C HOMOIIBI0 MoHOXpomaropa 3MP-3 (oOparnast naucniepcus B cuHel oOnactu
crekrpa 0,5 aM/MM) (21). B kadecTBe perucTpupyromero ycrpoicrsa ucnonbzoBanun OV 84-3 (22). Curnan ¢ Y
yemmuBaiics yeunutenem Y-5-11 (25) u 3ammceBancs va KCII-4 (26). Monnas mymka (18) obecneunBaia mIOTHOCTh
MOHHOTO TOKa 10 3 MKA/cM > 1 Hepruio noHoB ot 0,5 10 3,0 koB s Bo30y»xkaerus ML, Jluccoluarus MOIEKyJ1 rasa B
noHHOH mymke (18) mpoucxoania B mose BeICOKoYacToTHOTO paspsana (40 MI'm), cozgaBaemoro reaepatopom YBY-66
(19). Ons Bo3Oyxmenuss PJI mcmomp3oBamack JWHUS 365HM, KOTOpas BBIAEIIACH CBeTOQMIbTpoM YDC-2 m3
cBeToBOrO MmoToka Jamnsl JIPIII-250 (23).

Muxpogororpadun 06pa3IoB MoIydaid Ha JIEKTPOHHOM MHKpockone- JSM-6390LV.

3mC-111

Puc.1. OcHoBHBIE y311BI paboueil ycTaHOBKU
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MernkoaucnepcHble KpucTamibl ZnO-Zn mojydyanud myTéM pasjeiicHus Ha (pakiud B KOJUIOUIHOM pacTBOpE
npoMbinuieHHoro JroMuHopopa K-56. KommounHslit pacTBop BIIEp)KUBAJICS B NPOOMPKE HE MEHEE OJTHOTO MEcsIa.
[locne ororo pns wuccnenoBaHMK Wcnonb3oBajack 1/3  pacTBopa M3 BepxXHEH dacTh TNpoOWpkH. AHaW3
MHUKpodoTOorpaduu MPOMBIIUICHHOTO JIOMUHO(GOpPA MOKA3bIBAET, YTO pa3Mepbl KPHUCTALIOB HAXOJSITCS B Ipeleiax
500-10aM. OOpa3ubl A UCCISIOBAaHUA HAHOCWIHNCH Ha IMOMJIOXKKY M3 HEp)KaBEIIIeH cTand B BuAe dMylscuu ZnO
BOJHOTO pacTBOpa, 3aTeM BoJa yJaisulach MyTEM BblmapuBaHus. VccnenmoBammch oOpasisl ZnO, HaHECEHHBIE Ha
TIOJUTOXKKY, KaK OOBITHBIM CITIOCOOOM, TaK ¥ B 3JIEKTPHIECKOM Tosie. Hanpspk€HHOCTh 3IEKTPHUYECKOTo MOJIsl COCTaBIIsUIa
10° B/m. Tocne yero obpaser moMemancs B pabouyio Kamepy. 3aluch CIEKTPOB IPOM3BOIMIACH TIPH KOMHATHOI
temrepatype. [l cpaBHEHHs 3amuchiBaIuCh creKTpsl PJI m CreKTpsl MOHOIIOMUHECIECHINH, TIOJNyYEHHBIX IPU
BO3JIEHCTBUY MOHAMU Kuciaopoja Ha oopaser, (MJ1,) mpomeimmerHoro obpasmna K-56.

PE3YJIBTATBI U UX OBCYKIEHUE
Hepaspymatonme metoasr uccnenoBanus (DJI u HuzkosHeprermueckas WJI,) sBusiorcst BecbMa HH(OpMa-
TUBHBIMU U IIHPOKO HCIOJB3YIOTCA AN U3yUeHHsl yIbTpaaucnepcHuIx cucrteM. Ha puc.2 npencrasinens! criekTpsl DJI
00pa3uoB ucxoaHoro momuHopopa K-56

Ifoth.en.) lom.ea) 10
1.0 s :

l{oth.en.)
I Ea

0.5 05t 05T E
& | Es
| E1 |
Ee |

E1 |

-

200 500 600 Aum 400 500 600 Anm 400 500 600 Anw
a) 0) B)

Puc.2. Crnextper ®@JI npomeinuienHoro aomuHodopa K-56 (ZnO)
a) HaHECEHHE Ha TO/IOXKKY OOBIMHBIM CIIOCOO0M, 6) HAHECEHHE Ha TOUI0KKY B IEKTPHICCKOM T10J1¢ HAIPsHKEHHOCTRIO 10° B/M
B) HAHECEHHE Ha MOUIOKKY B HIEKTPUUYECKOM I0J1¢ HAIPSKEHHOCTHI0 10° B/M mocie BO3IEHCTBUS HOHAME KHCIOpoa (3Hepruei
3K»B)B Teuenne 20 MUHYT.

ITpn oOpabotke mromuHodopa K-56 monamu kucnopoma (3Heprus 3k3B) ObuM TONydYEHBI CHEKTPHI, OTIIH-
yaroruecst ot criekTpoB OJI puc. 3. OCOOEHHOCTH 3THX CHEKTPOB pacCMaTPHUBAIOTCS HIXKE.

l(oh.ea.)
10 E1

100 500 600  hHm
6)
Puc.3. Cnexrpsl Ul npomeinuiensoro somuHopopa K-56 (ZnO)
a) HAHECEHHE HA TOUTOXKKY OOBIYHBIM CIIOCOGOM, §) HAHECEHHE HA TIOUIOXKKY B 3IEKTPUUECKOM MOJe HAMPSKEHHOCTBI0 10° B/M,
B) MuKpodoTorpadus ucxognoro odpasua ZnO.

Crextper @JI must ymeTpaaucnepcHbix dacTun ZnO, HaHECEHHBIX Ha IIOAJIOKKY OOBIYHBIM CIOCOOOM H B
3NEKTPHUYECKOM TI0JIe HanpskEHHOCThI0 10° B/M, IIpeicTaBieHbl Ha puc. 4.

l{otn.en.) | (ot en.)
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Puc. 4. Cnextpst @JI ynprpanucnepcHsix yactun ZnO
a) HAHECEHUE Ha MOJIOKKY OGBIYHBIM CIIOCO6OM, 6) HAHECEHHE HA TIOJUTOXKKY B MIEKTPHUECKOM TI0JIE HanpskEHHOCTHIO 10° B/,
B) MUKpOGoTOrpadusi MEIKOIUCIIEPCHBIX KpUCTAILIOB ZnO.

Cnektper W, ynpTpagucnepcHbix uactull ZnO, modydeHHbIE UIsi 00pa3iioB, HAHECEHHBIX Ha MOJIOXKKY
OOBIYHBIM CIOCOGOM H B HIEKTPHUECKOM MOJIE HAPKEHHOCTBIO 10° B/M. Takke MMENH CBOM 0COOEHHOCTH PHC. 5.
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Puc.5. Cnexrper M1, ynpTpanucnepcHsix yactun ZnO
a) HAHECEHHE Ha TOJIOKKY OOBIUHBIM CIIOCOGOM, 6) HAHECEHHE HA TIOIIOKKY B SIEKTPHUECKOM T0JIe HATPHKSHHOCTHI0 10° B/,
B) HAaHECEHUE Ha MOJUIOXKKY B DJIEKTPHUUECKOM I10JIe HANPSHKEHHOCTHIO 10° B/M: riocite Bo3aeiicTBIS MOHAME kuciaopona 30 MuH —
IIYHKTHpHas JIMHKUA U 1tocie nporpesa 1o 700 K ¢ noceayromum oxyiaxIeHueM 10 KOMHaTHOH TeMIepaTyphl - CIUIOLIHAS IUHUA

[TonydeHHble B JaHHOW paboOTe CHEKTPhI HpOMBIINLICEHHOTO JromuHOpopa ZnO (K-56) mpencramieHsl psmoM
JUHUNA ¢ JUiMHAMH BOJH B MakcumyMme: Ej(M=379,68M), E;(Ayax=388HM), E;(M2x=395,58M), E;(Ayax=401HM),
Es(Amax= 426,8uM) 1 mmpokoii nonocoi B BuanmMon oomactu Eg(A,.x=510-540uM) u oxBarbiBatomieii nuamnaszon ot 401
mo 650 M. HaOmromaercst pasnmuume Mexnay crnekrpamu DJI mns oOpas3loB HAaHECEHHBIX Ha MOJUIOKKY OOBIYHBIM
crocoboM (puc. 2a) U HaHECEHHBIX B 3JIEKTpOCTaTHYECKOM moiie (puc. 20). V3 aHann3a CHeKTpoB BHUAHO,4TO JIMHUU
CTeKTpa B (hHOJICTOBOM 00IaCTH MMMEIOT OJIM3KME MapaMeTpsl (A7l caMOil MHTEHCHUBHOW JIMHUU C Ay,x=401HM nmeem
nonymupury AA=3um). MHTeHCHBHOCTH monochkl E¢ mms 00pasnoB, OCaKAEHHBIX B JIICKTPOCTATHYECKOM IIOJIE,
MEHBIIIE, YeM JUIsI 00pa3loB, OCAXKIEHHBIX OOBYHBIM crocoboMm (puc. 2a,0). He 3HaunmTenbHOe W3MEHEHHE
WHTEHCUBHOCTH ToNIockl E¢ (puc. 20) BHOMMO CBSI3aHO ¢ YacTHYHOW monspu3anuedt yactun ZnO. Ha momspuzanmio
HAHOYACTHI] B 3JICKTPUIECKOM TI0JI€ yKa3biBaeTca U B paborax [13-16]. [lo HacTosmero BpeMeH! OCTa&TCsl OTKPBITHIM
BOIIPOC O TIPHPOZE LIEHTPOB, OTBETCTBEHHBIX 3a IIOJIOCY, OXBATBHIBAIOIIEH 3€IEHYI0O M KPAacHYI 00JIacTh, B HaIIEM
ciydae monoca Eg (AMHA BONHBI B MaKCUMYME Aya~510-540HM.). OZHM HCTOYHHMKH CBS3BIBAIOT 3Ty IMOJIOCY C
OJTHOKPATHO 3apsDKEHHBIMH BaKaHCHSIMHU Kuciopona [1,6], Apyrue ¢ HekoHTpoiupyemoil mpumechio meau [17]. B
pabote [17] mpoBemeHO JIETUPOBAHHE MEIbI0 MOHOKPUCTAIUIMYCCKHX IUIEHOK ZnO BBICOKOTO KAauecTBa MyTEM
TepMUYeCKOH IUQQY3ur, W HUCCICIOBAHBI HMX JIIOMUHECICHTHBIE CBOWCTBA METOAOM KaTOJOJIIOMUHECICHIIHH.
OTMedaercsi, YTO JIETMPOBAaHWE MEABIO MPUBOJUT K YBEIMYCHUIO HMHTEHCHUBHOCTH 3€JIEHOM IOJIOCH CIIEKTpa
KaTOJOJIIOMUHECIICHIINY, TIONOKEHHE MakCHMMyMa, InmupuHa M ¢opma koropoil mpu 78 um 300K ocrarorcs
Hen3MeHHbIMU. B paborax [1,6] roBopuTcs, 4TO 32 JIOMUHECHECHIIMIO B 3€JIEHONW W KpacHOW O0ONAacTH OTBETCTBEHBI
nedekTsl, 00pazoBaHHBIE BaKaHCHSMH KHciIoponga. B maHHON paborte oOpasen mcxomHoro ZnO (IIPOMBIIUICHHOTO
momuHo(popa K-56) oOpabartbiBanicsi HOHaMHU KHCIIOpoaa ¢ dHepruei 3kB, B Te4eHWHM IABANIATH MHUHYT, ITOCIE YEro
nHTeHCcHBHOCTE monockl @JI (E¢) B BuamMoil o0nacTi 3HaunTeNbHO yBenmuumiack (puc. 2B). [locne mporpesa obOpasma
mo 700K B Bakyyme (C MOCIEIYIOIIUM OXJIAXKICHHEM OO0 KOMHATHOHM TemmepaTypsl) cuektp @JI ZnO mpunumaer
NepBOHAYAIBHBINA BUA (PHUC. 2a), YTO TOBOPUT O TOM, YTO AC(EKTHI, OTBETCTBEHHBIC 3a JMHUIO B BUIMMOMN 001acTH
CIIEKTpa, CO3/IAI0TCSI HOHAMHU KHUCIIOPOJIA.

Cnextp WJI ncxomuoro oOpasia, npu BO3/AEHCTBUM MOHAMH KUCIOpoja ¢ dHeprued 3k3B, mMeer coBepLIeHHO
uHOM Bua (puc.3a,0). B QuoneroBoil obmacTu BO3HHMKaeT WHTEHCHUBHas moyoca E; ¢ A,,=382,5am (1,0) n
noymupuHoit AA=16aM. B cuneit obnactu nomnoca Es ¢ A,,=426,8aM(0,32) u momymmpuHoit AA=16HM 10 cBoei
WHTEHCHBHOCTH MMeEeT OJIM3KHE IapaMeTpbl K WHTEHCHBHOCTH IOJOCHI B BHAMMOW obOmacté Eg ¢ Ay=512HM n
AN ~130HM. DTH AaHHBIC MOKA3bIBAIOT, YTO BO3JCHCTBHE HWOHOB KHUCIOPOAa Ha KpUCTALTBI ZnO, BIHMAIOT HA BHJ
CIIEKTPOB. JTO BHIMMO CBS3aHO C M30BITKOM KHCIIOPOJA OT CTEXMOMETPHUYECKOTO COCTaBa Marepuaia. Hemp3s Taxoke
UCKJIIOYAaTh W BIWSHHE aJCOpPOMPOBAHHOIO KHCIOPOJa HA IIOBEPXHOCTH KpPHUCTALIOB. He MeHee HWHTEpEcHbIE
pe3ynpTaTel ObuTH ToOdydeHbl npu ucciepoBanmu YJC ZnO. Kak Bumno u3 crektpoB @JI, momyuennsie Y/IC
001aar0T BEICOKOH MHTEHCHBHOCTHIO IMHIH E4 B ynbTpadmoneToBoii 001acTH CIeKTpa C ITHHOW BONHBI Ayay= 401HM,
U HHU3KOM MHTEHCHBHOCTBHIO B BHAMMOHN obnactu (puc. 4a). IIpu 3TOoM, MIsi 00pa3IoB MOIYYEHHBIX OCAXICHHEM B
AJIEKTPUUECKOM T10JI€, HHTEHCHUBHOCTb I10JIOCHI B BUMMOMW 00JIaCTH CIIeKTpa He3HaunTenbHa (puc. 40). Takue crieKTps
COOTBETCTBYIOT BHICOKOMY CTPYKTYPHOMY M ONTHYECKOMY KayeCTBY KPHCTaLIOB [6-8]. DTOMy, BUIMMO, CIIOCOOCTBYET
HaIpaBJIEHHAs] OPUEHTAIMs] KPUCTAJIOB B 2JEKTPUUECKOM I10JIe. Y POBEHb MOJIPU3ALUU KPUCTAJIOB B IaHHOM ClIydae
BBIIIE, TaK KaK COIJIACHO MHKpodoTorpaguu pasmMepbl KpHCTaUIOB Haxoasarcst B mpenenax 10-40um (puc. 4a). [Ipn
BO3/1eiicTBUM HOHamMK Kuciaopona Ha YK ZnO, nomydyeHHbIi CIeKTp B ()HOJICTOBOM JAWAIIa30HE HMEET CIIEKTPAIBHYIO
muanto E, cmaboit maTtencuBHOCTH (0,1) ¢ Ay0x=389HM m momymmpuHON AA=14,0aM. B cuHelt obmacti mmeeM
WHTCHCUBHYIO JHHUIO Es ¢ Ay =423,5HM 1 momymmpuHoit AA=16,0aM. (puc. 5a,0). THTEHCHBHOCTH TOJOCH B BUIUMON
obmactin cmabas (~0,1). Ha pwuc. 5B mpencraBmensl crektpel WJI, oOpasma, HaHeCEHHOTO Ha TMOMJIOXKKY B
UIEKTPUUECKOM II0JI€ MOCJIE BO3ACHCTBUSA MOHaMH Kuciopopa 30 MHH — HMyHKTHpHAs JIMHUS W IIOCIE MpPOrpeBa 10
700K, ¢ mocnemyromuM OXJIaXAeHHeM - cruionrHas JuHusA. [lonoxenne muHUA E) (Aya=389HM) U Es (Aya=423,5HM)
OCTaJIOCh HEM3MEHHBIM, a U3MEHEHHE MHTCHCHUBHOCTH MOJIOCHI E4 MOKasano, YTO Ha MHTCHCUBHOCTb ATOW IMOJOCHI
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BIMSAIOT Ae(eKThl, 00pa3oBaHHBIC HOHAMH KHCIIOpoja. B Tabnuile MpeacTaBiICHBI BCE OCHOBHBIC CIEKTPaJIbHBIC
MapaMeTPhl, TOTYICHHBIC JIJIS HCCIICAYEMBIX 00pa3IioB.

Tabnnna
HapaMeTpLI CIICKTPOB, MMOJYYCHHBIC ITPU UCCICAOBAHUUN J'IIOMI/IHO(l)Opa /n0O
E; (am) E, (1m) E; (am) E, (am) E; (am) E (M)
DJT yex 379,6 (0,13) 388 (0,41) 395,5(0,12) 401 (1,00) - 510 (0,14)
AN=2.8 AX=4,0
DJI yex 379,6 (0,06) 388 (0,28) 395,5 (0,06) 401 (1,00) - 514 (0,10)
(KOHJI) A)\,=2,7 AN=3 . 1
DJI yex 379,6 (0,18) 388 (0,33) 395,5 (0,10) 401 (1,00) — 514 (0,25)
(KOHJT) nocse WJI AA=3,0 AA=3,6
W yex 382,5 (1,0) - — — 426,8 (0,32) 512 (0,36)
AA=16,0 AN=16,0
WIT yex 385,5(1,0) - — — 426,8 (0,37) 512 (0,34)
(KOHJT) A}u:17,0 A)\,:17,0
DJI yyx 379, (0,20) 388 (0,44) 395,5 (0,15) 401 (1,00) — —
AA=6,0 AA=3,0 AN=3,5
DJI yyx 378 (0,23) 387,7 (0,33) 395,5(0,07) 400,5 (1,00) — —
(KOH/T) A}\,ZS,O AN=2.5 A)L:3,0
Wy - 389 (0,09) — — 423,5 (1,00) 547 (0,13)
AX=14,0 AX=16,0
W ypx (xonm - 389 (0,1) - - 423,5 (1,00) 550 (0,1)
AN=13,5 AA=15,0

B croOkax () ykazaHa OTHOCHTENIbHAS! HHTEHCUBHOCTH I10JIOC,

OJIncX. (xony) mocne Nl — doTomomuHeceHIMs TpoMbInuIeHHOro obpasma K-56, ocaxxaéHHOro Ha MOIOKKY B
3NMEKTPHYCCKOM MOJIe HANpPsKEHHOCTBI0 10° B/M, TIoC/e BO3AEHCTBHSA HOHAME KHCIOPOAa Ha 0Opasert

WJlucx(koHA) — WOHOJIOMHMHECLUEHIMA MpPOMBIIUIEHHOr0 obpasua K-56, ocakxaéHHOro Ha TMOMIOXKKY B
3NEKTPHYECKOM I0JIe HanpskEHHOCTBIO 10° B/M,.

QI yux  ®oum— POTOMIOMUHECHEHIUS —YIbTPAAUCHEPCHBIX ~KPHCTAIIOB,
3IIEKTPHYECKOM I0JIe HAIPSAKEHHOCTEI0 10° B/M.

WJlo vk (komy) — HOHOIIOMUHECIEHIUS  yIbTPAIUCIEPCHBIX KPUCTAILIOB, OCAXKIEHHBIX HA OJJIOKKY B
3NEKTPHYECKOM IOJIe HanpskEHHOCTBI0 10° B/M.

OCAXKIEHHBIX Ha IOVIOXKKY B

B nanHO# paboTe ObUIO YCTaHOBJIEHO, YTO OCAXIEHHBIE B JJEKTPUUECKOM Iojie KpHcTauisl ZnO yibTpamuc-
MEPCHBIX Pa3MEpOB 3HAYUTENBHO YIYYIIAOT CBOU CHEKTPAlbHBIE CBOIICTBA. DTH CHEKTPBl aHAJIOTUYHBI CIIEKTPAM,
KOTOpbIE MOIYYalOT MpPH MCIOJIb30BAHHU CBEPXUUCTBIX KPHUCTAJUIOB C HAECATbHON KPHUCTAIIMYECKON PEIETKON
[1,8,10,18,19]. B pabore [18] ormeuaercs, uro yinprpaduoneroBoe (UV) u3mydeHHe NpOSBISIETCS B JOCTATOYHO
COBEPIICHHBIX CTPYKTYpPaX ¢ MHHHMAJIbHBIM KOJIMYECTBOM Je(EKTOB, KOTOPHIE MOTYT CO3[aBaTh KOHKYPHPYIOIINE
KaHaJbl W3TydaTeNbHOW WiH Oe3m3imydarenbHOd pexoMOmHarmu. [losromy cootHomenne wHTeHCHBHOcTeW UV n
BHAMMOTO U3Iy4deHus PL Moxer cimyxuth Mepoit kadectBa kpuctamioB ZnO. [Ipruém B HacTosmieii padoTte s STOro
UCIIONIB30BAaCh HE CHENWAIbHO IOJATOTOBICHHAs MOMJIOXKKA. AHAIN3 CIHCKTPOB HOHOJNIOMHHECHEHINH U
(GOTOMOMUHECIIEHIIMK  [I0Ka3aJ, 4YTO 3a CIEKTP B BHAWMOM 0OJIaCTH CHEKTpa OTBETCTBEHHBI TakkKe Ne(EeKTHI,
0o0pa3oBaHHbIC HOHAMH KHCIopoaa. B padore [19] Takke mogu€pkuBaeTcsi, 4TO BUAUMYIO JTFOMHHECICHIINIO ZnO (MK
550 HM) CBA3BIBAIOT C HAIMYHMEM TIIYOOKUX He()EeKTOB, OOBIYHO KHCIOPOIHBIX BaKAHCHHA M MEXKIOY3CIbHBIX aTOMOB
nuHKa. Pe3ynbpraTel paboThl OKA3bIBAIOT, YTO HA HEOPUEHTHPOBAHHOW IOJUIOKKE TOXKE MOKHO IOJIy4aTh 00pasibl CO
CHEKTPAJIbHBIMH MapaMeTpamMH OJM3KMMH K IIapaMeTpaM JUIsl KpPUCTAJIOB BBICOKOW YHCTOTHI W HJCaIbHOU
KPUCTANINIECKON PEMETKOM.

3AK/IIOYEHUE

Homyuens! ciektpst ©JI u NJI, mnis ynerpaaucnepeHbix cuctem ZnO (K-56), koTopeie yka3sIBaloOT Ha TO, YTO TIPH
YMEHBIICHUH Pa3MEPHOCTH KPUCTAUIOB A0 HAHO-PAa3MEPHBIX BEJMYMH HMX CTPYKTYPHBIE M OINTHYECKHE CBOMCTBA
yiyqmarorces. OcaxIeHne yIbTpaJiCIePCHBIX KPUCTAUIOB HA TOUIOKKY B 3JIEKTPUYECKOM IIONIE TaKkKe BEAET K
3HAUMTENPHOMY YIIYUIICHHUIO ONTHYECKUX TMapamMeTpoB. DTO, BUAMMO, CBS3aHO C ONPEACIEHHOW OpHUEHTAIUei
ONTHYECKON OCH MEIKOAUCIEPCHBIX KPUCTAUIOB ZnO MHpH OCAXIEHHH MX B JIEKTpUUECKOM Ioje. V3MeHeHune Buia
CIEKTPOB MPH BO3JEHCTBMHM HOHAMH KHCIIOpOJa Ha KpuCTaulbl ZnO MOKa3ano, YTO 3a MHTEHCHUBHOCTH HIMPOKOI
HOJIOCHI B BHIMMOW 00JacTH OTBETCTBEHHBI NedekThl, 00pa3oBaHHbIE HOHaMu Kuciopoaa. [lokazaHo, 4ro mnpu
OCaX/IEHUM YJIbTPAAUCHEPCHBIX KPUCTAUIOB B JJIEKTPUUYECKOM Mone MoxHO mnonyduTs YJIC ¢ onrudeckumu
napaMeTpaMH He XyKe, UeM JJIsl CBEPXUHUCTBIX KPUCTAJUIOB C UAEANBbHON KPUCTAIINUYECKON PEIETKOM.
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THE FORMATION OF ONE DIMENSIONAL STRUCTURE IN MONOATOMIC LAYER
ON GRAPHITE SURFACE

V.G. Kirichenko, A.A. Yampolskiy
V.N. Karazin Kharkiv National University
4 Svobody Sq., Kharkiv, 61022, Ukraine

E-mail: val_kir4dS8@mail.ru
Received September 5, 2015

On the basis of experimental data on the assumption that the collective nature of the formation of atomically smooth surface of
graphite simulated linear dimensional chains in the surface monolayer of graphite. In the transition from linear chains of short to
longer transition from the formation of double bonds between the carbon atoms to alternating single and triple bonds. The simulation
results of single and triple bonds are confirmed by experimental data for the long chains resulting carbyne, which also is an
alternation of single and triple carbon-carbon bonds. There is formation of groups or clusters of carbon atoms along the chain axis of
asymmetry due to single and triple bonds between carbon atoms in long chains.

KEY WORDS: graphite, surface, carbyne, structure

®OPMYBAHHSA OJHOMIPHUX CTPYKTYP Y MOHOATOMHOMY IIAPI HA TIOBEPXHI 'PA®ITY
B.I'. Kipiuenko, O.0. SIMnoJibcbkmii
Xapxiecvruil Hayionanvuuil ynieepcumem imeni B.H. Kapaszina
61022, Xapxis, m. Ceo600u, 4

Ha 0CHOBI eKCIIEpUMEHTAJIbHHUX TaHUX B IPUIIYLIEHHI PO KOJEKTHBHY MPUPOAY (GOpMyBaHHS aTOMAapHO IJ1aJIKOi MOBEpXHi rpadity
NIPOBEAECHO MOJEIIOBAHHS JIHIHNX OJHOBHMIPHHX JAHIIOXKKIB B ITOBEPXHEBOMY MOHOCIOI rpadirty. IIpu mepexoni Bix KOPOTKHX
JHIHHAX JIAHIFOXKKIB 10 OUTBII JOBIHX BiOYBAa€THCS Mepexia BiJ (GOpMyBaHHS IOJBIHHIX 3B'I3KiB MiXK aTOMaMH BYIJIELIO JIO OJH-
HapHUX 1 HOTPIHHUX 3B'A3KiB.. Pe3ynpTaTn MOJeNIOBaHHS OJMHAPHUX 1 MOTPIMHUX 3B'SI3KIB MiATBEPKYETHCS €KCIEPUMEHTATBHIMHI
JaHUMHU JUIS JIOBIUX JIQHLIOXKKIB OTPHMAaHOro KapOiHa, B SKMX TaKOX BiAOyBaeTbCsl YepryBaHHS MOTPIHHMX 1 oxUHAp-
HUX 3B'A3KiB ByIJelb-Byriens. Crocrepiraetbesi popmyBaHHs Tpyn abo KilacTepiB aTOMIB BYIJICLIO Y3[JOBX OCi JIaHIIOXKKIB 3a pa-
XYHOK acCUMeTpii OAWHAPHUX 1 MOTPIHHKX 3B'SI3KiB MK aTOMaMH BYTJIEIIO B JOBI'HUX JAHIIOTaX.

KJIFOYOBI CJIOBA: rpa¢it, noBepxHs, KapOiH, CTPYKTypa

D®OPMUPOBAHUE OJHOMEPHbBIX CTPYKTYP B MOHOATOMHOM CJIOE HA NIOBEPXHOCTU I'PA®UTA
B.I'. Kupuuenko, A.A. AAMnoabckuii
Xapvroeckuii Hayuonanonulil ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapvros, ni. Ceo600wi, 4

Ha ocHOBe 3KCHepHMEHTANBHBIX JaHHBIX B MPEAIIONIOKEHUH O KOJUICKTUBHOW MpUpoAe GOPMHPOBAHUS ATOMAPHO IIaJKON MOBEpX-
HOCTH rpaduTa MPOBEICHO MOACITUPOBAaHNE TMHEWHBIX OJHOMEPHBIX LIEMOYeK B IIOBEPXHOCTHOM MOHOCOe rpadura. [Ipu nepexone
OT KOPOTKHX JIMHEWHBIX IIENOYeK K Ooyiee ATMHHBIM HNPOHUCXOIUT MEpexolx OT (GOpMHUpPOBaHUS IBOWHBIX CBS3EH MEXIY aTOMaMu
yriaepoia K 4epelyomnuMcs OIHHAPHBIM U TPOWHBIM CBS3SM. Pe3ynbpTaThl MOJAETHPOBAaHHUS OAWHAPHBIX W TPOMHBIX CBS3EH MOA-
TBEPXKIACTCS IKCTICPHUMEHTAITBHBIMU JTAHHBIMY JIJIS JTTHHHBIX IIETIOYEK [MOTYYCHHOTO KapOrHa, B KOTOPBIX TaKXKE MIPOMCXOAUT Yepe-
JIOBaHHE TPOWHBIX M OJMHAPHBIX CBs3el yriiepon-yriaepos. Habmonaercst hopMupoBaHue TPYII HIH KIACTEPOB aTOMOB yIJIepoja
BJIOJIb OCH IICTIOYCK 33 CUET ACHMMETPHH OJJMHAPHBIX U TPOMHBIX CBSI3CH MEKy aTOMaMH YTIIEpo/ia B JUIMHHBIX [ETISX.
KJIFOYEBBIE CJIOBA: rpadut, moBepXHOCTb, KapOWH, CTPYKTypa

Jlo 60-x rogoB 20-0ro BeKa CUMTAJIOCh, YTO CYIIECTBYIOT TOJBKO JBE KpUCTAIIMUECKHe (QOpMBbI yriepoja, a
UMEHHO TpeX- W JBYMEpHBIE CTPYKTYpbl — anMa3 U rpadur, COOTBETCTBEHHO. OJJTHOMEPHBIN YIiIepos OblI OTKPHIT B
1960 r A.M. C1agKkoBBIM C COTPYAHUKAMH — KapOWH — Ha OCHOBE CTPYKTYpPHI JHHEHHoro yriepoaa [1]. B 1985r. 6su10
OTKPBITO CEMEHCTBO c(hepooOpasHbIX YIIIEPOAHBIX MOJIEKYJ — (yuiepeHoB [2]. DTo aano HOBBIH CHIIbHBIA TOIYOK HC-
CJIC/IOBaHUSIM B 00JIaCTH yIiieposa U ero ajuioTponHsix Gopm. I'paden — HenaBHO OTKpbITask (hopma yriepona, cocTos-
asi U3 OJJHOTO TPa(h)UTOBOTO MOHOCIIOS, KOTOpasi 00JIajaeT psiioM HEOOBIYHBIX CBOMCTB, — XOPOIIEH AJIEKTPOIIPOBOA-
HOCTBIO, TIPO3PaYHOCTHI0, BEICOKAMH MEXaHWICCKHMHU CBOWCTBAMH, BEICOKOW ITOJBIKHOCTBHIO HOCHTENIEH 3apsna Ipu
KOMHATHOW TeMIlepaType, BO3MOKHOCTBIO KBAHTOBOW MPOBOAMMOCTH M MMUTAKCHAIHHOTO HaclauBaHui [3]. Yriepoa-
HBIC HAHOTPYOKH YACTO MPHUBOIAT KaK MPHUMEP OTHOMEpHOro MaTepuana. Ho 3To He coBceM KOPpPEKTHO, Tak Kak OHU
MMEIOT BHYTPEHHIOIO U BHEIIHIOI MOBEPXHOCTH. TeM He MeHee, YIiepo.l NeHCTBUTEIEHO MOXET CYIIeCTBOBATh B OJI-
HOMEPHOM BHIe. JTO, KaK yKa3aHO BhIIIE — KapOWH, COCTOSIINI U3 IETI0YEeK aTOMOB, CBSI3aHHBIX JBOWHBIMH U depe-
JYIOIIMMHUCS] OJIMHAPHBIMU U TPOMHBIMU aTOMHBIMHU CBs3IMHU. OTHOMEPHBIH Yriiepo]] HaXOUIH B CKAaToM rpadure, B
ME)K3BE3IHOM TBUTH, U, B HEOOJIBIINX KOJIMYECTBAX, €r0 CHHTE3UPOBAIIN SKCIIEPHUMEHTATOPBI.

KapOuH obnanaet yHUKaJIbHBIMU cBoWcTBaMU. COTNIaCHO JJAHHBIM YHCIEHHOTO MOZIEIMPOBaHUs, KapOrH o0aaer
HAUBBICIINM IIPENIeNIoM IIPOYHOCTU CPEIU BCEX M3BECTHBIX MAaTEpUANIOB, BIBOE NMPEBOCXOAS 0 3TOMY HapaMeTpy rpa-
(eH u yriuepoaHble HAaHOTPYOKH, M BTpOE — anMa3z. DTOT HabOop CBOWCTB JUIsl LIEIOYKH aTOMOB yIJiepoja JejlaeT KapOouH
MOJIE3HBIM /711 HAHOMEXAHUYECKUX CUCTEM, CIIMHTPOHHBIX YCTPOMCTB, CEHCOPOB.

©Kirichenko V.G., Yampolskiy A.A., 2015
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Lenbio HacTOsIILEH pabOTHI SABJISIETCS aHAIU3 IKCIIEPUMEHTAJIbHBIX JaHHBIX O peajJbHOW aTOMHOH IOBEPXHOCTH
BBICOKO OPHEHTHPOBAHHOTO rpaduTa, MOJyYeHHBIX C IPUMEHEHHEM CKaHUPYIOLIEH TyHHEIbHOH MUKPOCKOIIMU U KOM-
MIBIOTEPHOE MOJIEIMPOBaHNe 00pa30BaHus OTHOMEPHBIX CTPYKTYp THIa KapOWHa Ha MOBEPXHOCTHU rpadura.

METOJMKA SKCIIEPUMEHTAJIBHBIX HCCJEJOBAHUM

B kadecTBe 00bEKTa UCCIICAOBAHUS HCIIOIB30BAIICS BBHICOKO OPUCHTHPOBAHHBIN KprcTawl rpadura. O4uCTKy Mo-
BEPXHOCTH TpaduTa U OJHOBPEMEHHO 00pa30BaHUE PeabHON ATOMHOW MOBEPXHOCTH KPUCTAJIA CIOUCTOTO THIA MPO-
M3BOJIUITN CKaJIbIBAHHEM BEPXHETO CJIOsi KPHCTa/LIa HEMOCPEACTBEHHO Hepe u3MepeHueM. VccnenoBanue MoBEpXHO-
cTH rpaduTa METOIOM CKaHHUPYIOIEH TYHHEIbHOW MHKPOCKOIUH MPOBOAMIM MPU HOPMAaJbHBIX YCIOBUSX HA CKaHH-
pyroieM TyHHenabHOM Mukpockone CTM — 1. Paspenienue B ropusoHTaibHOi miockocTy xy Mensine 1,4 A, a no sep-
tukanu — 0,7A [5]. TomydeHHble SKCHEpUMEHTATbHBIE TaHHbIE ObLTM MCTIONb30BaHbl MPH MOCTPOESHUH TPEXMEPHBIX
JarpaMM MOHOQTOMHOTIO cJiosi Tpaduta ¢ momouipio nporpammbl Harvard Chart XL 2,0, orpaxkaroimuyx cTpoeHue 1ep-
BOT'0 ITOBEPXHOCTHOTO CJIOS rpayuTa U CBSI3b €r0 CO BTOPHIM ITOBEPXHOCTHBIM CIIOEM.

PE3YJIbTATBI 1 OBCYXJIEHHNE

Ha puc.1 npencrasieHo pacnpeleneHne 3JIeKTPOHHON INIOTHOCTH Ha MOBEPXHOCTH rpaduTa: 1Mo pedpy sineMeH-
TapHOH SYEHKH a Ha OCHOBE TOMOTPaHYeCKOro U300pakeHMs y4acTKa BBICOKO OPHEHTHPOBAHHOTO rpaduT MpH Mak-
CHMaJIbHOM YBEIIMYCHHUH, MONyYeHHOEe CKaHHPOBAaHHEM B PEXXHME CTaOWIM3alllK TYHHENBHOro Toka. Halbmromarorcs
YIIOPSIIOYCHHBIE PSAABI TeKCArOHAJIBHON CTPYKTYpHI Ipadurta: 3JIeMEeHTapHas suelika B BUJE IIECTHYTOJBHUKA COCTOUT
U3 aTOMOB C Pa3HBIM YPOBHEM JIOKAJIbHON 3JIEKTPOHHOU INIOTHOCTH COCTOSTHMI. OTMETHM, YTO MapaMeTphl dJIeMEHTap-
HOW SYeHKH coriacyroTcs ¢ JaHHbIMHU [6]. HaGmromatoTest ynopsiioueHHbIe PSB! TeKCarOHAIBHOW CTPYKTYPHI Tpadura:
JJIEMEHTapHas sueiika B BUJIE IIECTUYTONbHIKA COCTOUT U3 aTOMOB C Pa3HBIM YPOBHEM JIOKaJIbHOM AIIEKTPOHHO# MI0T-
HOCTH COCTOsIHMH. [lapameTpbl 211eMeHTapHO# SIUEHKH COTTIacyIOTCs C IJaHHBIMH, NTPEJICTaBICHHBIMU B paboTax Ipyrux
aBTOpOB. CEeKIIMOHNPOBAHNE IKCIIEPUMEHTAIBHBIX JaHHBIX (PUC. 2) MPOBOANIOCH BO BCEX BO3MOXHBIX HAIPaBICHUSIX
a: a;=1,4A, BaHbIM B MOJYYEHHBIX SKCIIEPUMEHTAIBHBIX JAHHBIX MO 3JEKTPOHHOM MIOTHOCTH Ha MOBEPXHOCTH Tpa-
¢ura (puc. 3) sBsercs HakT HATHIHS MOIYJSIHA BEPTUKAIBHOM COCTaBIIIONICH, 10 pedpaM (@) MPUMHUTHBHON S4YeH-
K1 1 pebpam (b) aneMeHTapHOH SYEHKH CTPYKTYPBI, 4TO 0TOOpakaeT MOIYJISIIUIO AJIEKTPOHHOM IIIOTHOCTH aTOMOB Ha
MoBepxHOCTH Tpadura. OTMEUAIOTCS 3HAYNTEIbHBIE IEPHOANIECKHE OTKIOHEHHS B BHICOTE N300paKEHHS JIBYX COCEI-
HHUX aTOMOB (TOYHEE — IOJIOKEHHH JIOKAJIbHBIX MaKCHMYMOB 3JIEKTpOHHOU mioTHOCTH). CTM mo3Bosisier HaOnM0aTh
pacupeneseHre B IPOCTPAHCTBE BOKPYT aTOMOB 3JIEKTPOHHOU IUIOTHOCTH, BHIPOKCHHOH B 3HAUCHUSX KOOPAUHATHI Z.

p(r), mpouss.exn.
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Puc. 1. Pacnipegenenue anek- Puc. 2. binxaiiniue aToMbl B OKPY>KEHUH Puc 3. DnexkTpoHHas IIIOTHOCT B 3JIEMEHTAp-
TPOHHOM IUIOTHOCTH Ha I10- y3na (A) rekcaroHajabHOH penieTku. IlepBrie HOU stueiike
BEPXHOCTHU rpaduta 1o ped- Onmkaiiiue cocenu atoMel B, BTopsie coce-
Py dJIeMEHTapHOM s4eliku a 11 0003Ha4YeHsb! Kak (A), TpeTbu Kak u C

C nomouipto nporpammbl Harvard Chart XL 2,0 Beigensiin BepXHHH MOHO aTOMHBIH CJIOi ITOBEPXHOCTH rpadura.
Jlyist ipeicTaBIeHUs SKCIIEPUMEHTAIBHBIX JaHHBIX HCIOJIB30BaIach TeKcaroHajabHasl Iiockas cetka (puc.2). Boioupa-
JIMCh JJAHHBIC 0 pajMalibHOM 3JIEKTPOHHOW IIOTHOCTH (puc. 1) B HampaBieHWH pedpa a TeKcaroHaJbHOHW TUIOCKOW
siyeikyu. B peanbHOM MOHO aTOMHOM cioe Kpuctaiuia rpadura HaOMNIOaloTCsl OTKIOHEHHS aTOMOB OT PaBHOBECHOU
SIEKTPOHHON IUIOTHOCTH, MPEJCTABIEHHOM OTHOCHUTEIBHO HEKOTOPOW CPEIHEB3BEIICHHON IIOCKOCTH, MPUYEM TpU
OmpKalX cocesia IEHTPAIFHOTO aTOMOB YIJIEpOJa OTKJIOHSIOTCS B MPOTHUBOIOJIOXHYIO cTopoHy. Ha puc. 3 npen-
CTaBJIEHO pacIpee/IEHUE JIIEKTPOHHOM! INIOTHOCTU B 2JIEMEHTapHOMU sUeHKe.

Ha ocHOBe 5THX JaHHBIX HPOBOIWIN MOJEIUPOBAHME JIMHEWHBIX OJHOMEPHBIX Liernouek. [IpuBenem pe3ynbTaTsl
KOMIBIOTEPHOTO MOJAEITUPOBAHUS PACIPENEIECHUS dIEKTPOHHOW IUIOTHOCTH B JIMHEHWHBIX OJHOMEPHBIX IETIOYKAX HA
OCHOBE MOHOATOMHOTO CJIOsI TpauTa, COCTOSIIIMX M3 PA3IMIHOrO YHCiIa aToMoB yriepoga. Ha puc. 4,5 npuseneHs!
IUarpaMMBbl pacipeneNeHHs AIEKTPOHHOHN INIOTHOCTH B IMHEHHOM OTHOMEPHOI 1enoyke u3 3-X aToMoB yriaepona. s
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TpPEeXaTOMHOI JTMHEHHON LEMOYKN XapaKTEePHbI MUKU 3JIEKTPOHHON MJIOTHOCTH OJMHAKOBOI BBICOTHI paBHOYIATE€HHBIE
ApyT oT Apyra. Paccrosnus mMexay cocemuumu atomamu (1,4 A) cormacyrotes ¢ nanubiMu puc. 3. Bo3sMoxkHO, 9TH Xa-

PAKTCPUCTHKH PACIpEICIICHHs CBsI3aHBI C (OpMUPOBAHHEM JBOIHBIX CBS3CH MEX/y aTOMaMU YTIIEpOoJia B IIEMOYKE.
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Puc.5. DnexkrpoHHas MIOTHOCTh B JIMHEHHOM IEMOYKe U3 5
aTOMOB

aTOMOB ¢ OOKOBBIMH CBSI3SIMHU

B [6] moka3aHO, 9YTO BO3MOXHA CTPYKTYpHass HEYCTOHYMUBOCTH OJHOMEPHOM CHCTEMBI, BRIPAXKAIOIIASCS B HEYyC-
TOWYMBOCTH OTHOCHUTENIFHO MEPECTPOHKU PEIIeTKH C U3MEHEHHEM Ieprojia. JTO MPEATONIOKEHHE TMOATBEP)KIaeTCs
pe3ysbraTaMy MOJEIMPOBAHMUS OJHOMEPHBIX IIETIOYeK ¢ 5 u OoJiee aToMaMH yriiepoja.
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Puc. 6. DnexTpoHHas IOTHOCTH B IMHEHHOH LEMOYKe Puc. 7. DnekTpoHHas MIIOTHOCTH B TMHEHHOI 1emouke u3 24 aToMoB

nu3 12 atToMoB

Ha puc. 6 npuseneHo pachpeneneHue AIEKTPOHHON MIOTHOCTH B JIMHEWHOH nemouke u3 12 atomos. s 12-
ATOMHOMW JINHEHHOHN LENOYKH XapaKTEPHbI MMUKH JICKTPOHHOH IUIOTHOCTH PA3JIMYHOM BBICOTHI PaBHOYIAJICHHBIC OPYT
ot npyra. [Tuk ¢ Gonee HM3KOHM AMEKTPOHHOM IUIOTHOCTHIO MOKA3bIBAECT, YTO BMECTO JBOMHOM CBs3M (hOpMHpYyeTCs
TPOWHAas! CBSI3b MEX/y aTOMaMH yTJIeposa. ITO 3HAYMT, YTO MPOUCXOANUT YEePEIOBAHNE TPOWHBIX U OJMHAPHBIX CBSI3EH
yraepoa-yraepon. Ha puc. 7 mpuBeneHo pacupeaeneHne JIeKTPOHHOH INIOTHOCTH B TMHEHHON HenoYKe U3 24 aTOMOB.
B »stOoM ciydae, kpome 0OHApYKEHHOTO /IS MIATHATOMHOM IIETIOYKH YepeOBaHUS ONMHAPHBIX M TPOMHBIX CBS3eH Ha-
YHUHACT MPOABIATHCA OG'be]lI/IHeHI/Ie ATOMOB YIJICPO/Jia B I'PYIIIbI, I KIIACTCPHI.

Ha puc. 8 npuBeneHo pacnpeeneHue dJIeKTPOHHOM IUIOTHOCTH B JIMHEHHOM 1ienovke u3 44 aromoB. HaGmonaer-
Csl IIECTh TPYIIIT MM KJIACTEPOB aTOMOB YIJIEPOJa, YTO BO3MOXHO CBSI3aHO C MpPEAJIOKEHHOH paHee [1] 3uraroobpas-
HOW Mozenbto kapOouHa. B [8] onmcano momydyenue kapOMHOBOHM LENOYKH, cozaepxaiiel 44 atoma yriepona (mpeabl-
YU peKops cocTaBisll 28 aTOMOB yriiepona). B momyueHHOM KapOWHE POUCXOANT YepeOBaHHE TPOHHBIX U OJIH-
HapHBIX CBsI3eH yriepoa-yriepos. Panee nmpexanonaraiy, 4To B MOJIMUHAX IPOUCXOAMT YEpEJOBaHUE CBS3EH, OJHAKO
9KCIIEPUMEHTAIBHO 3TO OBUIO MOATBEPXKACHO JIMIIG B [8], 4TO MpenocTaBisieT HOBBIE BO3MOXHOCTH T10 SKCIIEPHMEH-

TAIEHOMY HCCIICIOBAHUIO BIUSHHS CONMPSKCHUS Ha paclpe/elicHHe SHePreTHYSCKH YPOBHEH B JUIMHHBIX YTIIEPOIHBIX
LEMAX.
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Puc. 8. DnexTpoHHas MIOTHOCTH B IMHEHHOH Lenouke U3 Puc. 9. DineKTpoHHAs IIOTHOCTD B IMHEHHOH 1enovke u3 96 aToMoB
44 atomoB

B nemouke u3 44 aToMOB Tarke HaOMIOJaeTCs KIIaCTepU3aIisl aTOMOB yIiiepoa BIOIb OCH mernodku (puc. 8). B
Oonee QMUHHON 1emouke U3 96 aromoB (puc. 9) KiacTepu3anus MPOAOIDKAETCs, ¢ (PopMHUpOBaHHEM KiacTepoB U3 12
aToMOB. YHKCII0 aTOMOB B KJIacTepax MpUBEICHO B TaOJIHIIE.

Tabnmma.
Uncio aToMOB B KJIacTepe 3aBUCUMOCTH OT JUIMHBI IETTOUYKH
JnHa 1ienoyku (aTOMBI) 3 5 6 12 44 96
Yucao aToMOB B KJ1acTepe 1 1 1,5 2 11 12

ITony4eHHble pe3yabTaThl MOACIUPOBAHNS — YEPEIOBAHUE OJMHAPHBIX U TPOMHBIX CBA3EH, KlacTepusauus - yIo-
BJICTBOPUTEJIBHO COINIACYIOTCA C MOAEISMHM, NpuBeAeHHbIMU B [9]. Ilo 3TUM MoaensM CTPYKTypHOH HEyCTOHYHMBOCTU
OJTHOMEPHBIX CHCTEM IIPH CMEILIEHHH aTOMOB 00pa3ylOTCsI aTOMHBIE KJIaCTEPhl MM MOJIEKYJIbl. CTPYKTypHOH 0coOeH-
HOCTBIO MOJIEKYJISIPHBIX OJTHOMEPHBIX CHCTEM SIBIISIETCS] KOMILIAHAPHOCTHh MOJIEKYJISIPHBIX Ipymil. Beixox u3 miockoctn
CHCTEMBI MOXKET NPOMCXOANTH 3a CYET HOBOPOTAa BOKPYT OJMHAPHOHN CBSI3M M yMEHBIIEHHEM OOMEHHOI'O MHTETpaja.
Jnst yriaepoaHbIX MOJIEKYIT SHEPTHSI COXpaHEHHs KOMITTaHapHOCTH He Oostee 10 Kkan/Moib, JHEPTHS OJJMHOYHOH CBA3H
63 KKaj/MoIb, IBOHHOMN cBs3U — okoJo 101 kkan/mMons. Kpome Toro, mpu opMUpOBaHWN IIMHHBIX IETIOYEK B MUKPO-
KpHUCTaUIaXx KapOnHa MmagaeT SMUCCHS IIEKTPOHOB ¢ moBepxHOCTH [10].
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ABOUT MECHANISM OF NEGATIVE MAGNETORESISTANCE FOR La;CuOy43
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We measured resistive and magnetoresistive properties of antiferromagnetic cuprate La,CuQO,.5 with the Neel temperature 7= 265.5
K, synthesized by the method of solid phase reaction. It is shown that for this compound in the temperature range T = 20 + 250 K the
Mott law of variable range hopping conductivity is fulfilled. The localization length for the charge carriers is L. = 0.4 nm. In the tem-
perature range 7= 17.95 + 99.93 K in magnetic fields up to 1.75 T a quadratic with field negative magnetoresistance was discovered.
We suggest that the known interference model of negative magnetoresistance in which the magnetic field influences the localized
electron spins can be used to explain the found magnetoresistive effects.

KEY WORDS: high-temperature superconductors, antiferromagnetic insulator, hopping conductivity, negative magnetoresistance,
phase separation

O MEXAHU3ME OTPHLHATEJIBHOI'O MATHETOCONNPOTUBJIEHUA MOHOKPUCTAJIJIA La,CuOy5 B
PEXKUME MOTTOBCKOI'O U30JISITOPA
H.B. lanakoBa
Dusuxo-mexnudeckull uncmumym Huzkux memnepamyp um. b 4. Bepxuna HAH Yxpaunwr
np. Jlenuna 47, Xapvkos, 61103, YVkpauna

V3mepeHb! pe3uCTHBHBIE U MarHUTOPE3UCTUBHBIC CBOMCTBA IIOJIyYEHHOTO METOZOM TBEPAO(a3HOr0 CHHTE3a aHTH(EPPOMATrHUTHOTO
kynpara La,CuO45 c¢ Temmeparypoil Heens Ty = 265,5 K. Iloka3aHo, 4To A1l JaHHOrO KyIpaTa B HMHTepBalle TeMIEpaTyp
20250 K BeimonHsercs 3akoH MoTTa IpbKKOBOH IPOBOAUMOCTH C EPEMEHHON AMMHON MpbKKa. /JIMHA JOKanu3aluy HOCUTENen
toka L, cocrapmsiia 0,4 um. B unrepsane temneparyp 7= 17,95 + 99,93 K B nomsix 1o 1,75 T Obu10 06HApYKEHO KBaJpAaTHIHOE
IO TIOJTI0 OTPUIATENIbHOE MAarHUTOCONIPOTUBIICHNE. BBICKa3aHO NMPEATION0KEHNE O BIUSHUM MAaTHUTHOTO TIOJISI HA CIIMHBI JIOKAIU30-
BaHHBIX 3JIEKTPOHOB U O BO3MOXKHOCTH INPHMEHEHHS N3BECTHOH MHTEP(HEPEHIIMOHHOI MOEIN OTPULIATEIFHOTO MaTHATOCOIPOTHB-
JIeHUSI 171 OOBsICHEHNS! 0OHAPY>KeHHBIX MaTHUTOPE3UCTHBHBIX d(P(heKTOoB.
KJIIOUEBBIE CJIOBA: BeIcOKOTEMIIEpaTypHBIE CBEPXIIPOBOAHHUKH, aHTU()EPPOMArHUTHBIA AUAIEKTPHUK, MPBDKKOBAsT MPOBOIH-
MOCTb, OTPULIATEIBHOE MArHUTOCOIIPOTHBIIEHUE, (ha30Boe pa3ieneHue

PO MEXAHI3M HEI'ATUBHOI'O MAT'HITOOIIOPY MOHOKPUCTAUJIA La,CuO,s B PEXXUMI MOTTIBCBKOI'O

I30JISITOPA

H.B. lanakoBa

Dizuko-mexHiunuil incmumym Husokux memnepamyp im. 5.1 Bepxina HAH Yxpainu
np. Jlenina 47, 61103, m. Xapxie, Yrpaina

BuMipsHi pe3uCTHBHI i MATHUTOPE3UCTHUBHI BIACTHBOCTI OTPUMAHOTO METOIOM TBEPA0(}a3HOTO CHHTE3y aHTH()EPOMArHiTHOTO KyII-
para La.,CuQOg.; 3 Temneparyporo Heens 7 = 265,5 K. IToka3aHo, mo s 1aHOTO Kymparta B iHTepBaii Temmepatyp 20+250 K Bu-
KOHYETBCSI 3aKOH MOTTa CTPHOKOBOI IIPOBIAHOCTI 3 3MiHHOIO JOBXKHHOIO cTpuOKa. JloBKMHA JTOKami3awii HOCIiB ctpymy L, cTaHo-
Buna 0.4 M. B inTepBani Temnepatyp 7 = 17,95 + 99,93 K i B nomsix go 1,75 Tn OyB BusIBICHUI KBaJpaTHYHUI IO MOJIIO Bil'€MHUIMA
MarHitoonip. BHCIOBIEHO NPHITYIIEHHS NPO BIUIMB MArHiTHOTO MOJIS Ha CIMHH JIOKQJI30BaHMX €JNEKTPOHIB Ta MPO MOMKIMBOCTI
3aCTOCYBaHHS BiIoMoi iHTepdepeHiitHol MOoaeNi BiI'€eMHOTO MarHiTOONOPY /ISl TIOSICHEHHS BHSBICHUX MAarHUTOPE3UCTHBHBIX ede-
KTiB.
KJIIOYOBI CJIOBA: BucokoTeMmepaTypHi HaANpPOBITHUKH, aHTH(EPOMATHITHUHA HieNeKTPHK, CTPUOKOBA IIPOBIIHICTD, HEraTHB-
HUH MarHiToOMip, ()a3oBe PO3IiICHHS

3a mocnennue 30 yer ObUT NOCTUTHYT 3HAYMTENBHBIA MMPOTpPEecC B MOHMMAHHU CBOMCTB BBICOKOTEMIIEPATypPHBIX
ceepxnpoBoaHukoB (BTCII). Onnako Bce elie HEIOCTaTOYHO HCCIEIOBAHHBIM OCTAeTCSd MEXaHU3M Iepexoaa ITHX
COCAMHEHUI U3 AMAIICKTPUUECKOTO B MPOBOASIIEE U B CBEPXIIPOBOISIIEE COCTOSHUS. B TO ke BpeMsi yCTaHOBJICHHBIM
(axToM cunTaercs cBsi3b npoBoAux cBoiicTB BTCII ¢ MarHUTHBIM COCTOSIHHMEM 3THX CHCTEM. B wacTtHOCTH, ¢ MO-
meHTa oTKpbIThsi BTCII Bo MHOTHX paboTax oTMedaeTcsi KOppesHs TPAHCTIOPTHBIX M MAarHUTHBIX CBOMCTB KYITPaTOB
JAHTaHA, POAUTENBCKAM COSAMHEHNEM KOTOPBIX SBISIETCS KYTIpaT CTeXHOMeTpudeckoro cocrtaBa La,CuOy4 (6 =0) [1,2].
B 3HaunTENHHON CTENEHN CBSI3b MPOBOASAIINX CBOWCTB M MArHUTHOTO COCTOSTHHS CHCTEMBI 00YCIIOBIICHA YHUKAIBHBIMA
OCOOCHHOCTSIMH KPHCTAJUIMYECKOH M MAarHUTHOH CTPYKTYpbl AAaHHOTO coequHeHHsA. CTEeXHOMETPUYECKHH OKHCEN
La,CuO, sBnserca antudeppomarautHeiM (AD) mzomsropom ¢ temmneparypoit Heens Ty~ 320 K. AD cocrosiHue

HETOCPEACTBEHHO CBS3aHO C OCOOCHHOCTSIMH IEPOBCKUTOIIOIO0HON PEIIECTKH 3TOTO COSAMHEHIsI, 00pa30BaHHOM uepe-
© DalakovaN.V., 2015




75
About mechanism of negative magnetoresistance for La,CuO, . single crystal... EEJP Vol.2 No.3 2015

nosanueM cioeB CuO, u La,0, [1]. Hmwxe 530 K pererka siBisiercsi opropoMOn4eckoi. B mpocTpaHcTBEHHOM TpyIine
cummeTprd Bmab cion CuO, opreHTHPOBaHBI IEPIICHANKYIIAPHO OCH ¢ MapajuleNibHO 6a3ucHOu mockoct (ab) [1].
MarsuTHOE COCTOSHHE Ompejensercs cruHamu uoHoB Mean d’Cu®’ (S=0,5). MarHuTHas CTPYKTypa B IUIOCKOCTAX
CuO, xapakrepusyercsi MpocTbIM ABYMEPHBIM A®D MOPSIKOM € NMPOTHBOMOJIOXHBIM HANpPaBICHUEM MarHUTHBIX MO-
MEHTOB Ha cocemnux ys3nax [3]. M3-3a maknona okrasapoB CuOg cnmHbl uMmeroT Hebonbmoi ckoc (~ 0,17°) orHocu-

TeapHO ocu b [3,4] B miockoctu (bc) . DTO co3maer B KaxIoM cioe ciaalwiid ¢peppoMarHuTHEI (PM) MOMeHT, mep-
NeHIUKYIApHBIN mockoctu CuO,. OxHako B 1ienom cuctema umeer 3D A®D ynopspodenue [4]. [loctaTouHo CHIIbBHOE
MarHuTHoe none H ||¢ mpuBogut K nepexoay B ciabodpeppomarautHoe (CD) cocTosiHEE, B KOTOPOM BCE MAarHUTHBIE

MOMEHTHI HalpaBJIE€HBI MO MO0 [4].
Hacpimenne auanexrpudeckoro La,CuO4 H30bITOYHBIM KHCIOpoaoM (8 > 0) MpUBOIUT K BO3HUKHOBEHUIO HOCH-
Tenel 3apana (KHCIOpOIHBIX ABIPOoK) 1 noaasineHnio AD nopsaka (mormxenuo 7 ). B xynpatax mean A® nopsiiok n

HOCHUTEIH 3apsAaa (IbIPKU) aHTarOHUCTUYHBI ApyT Apyry. C omgHo# cTopoHsl, npu I’ < Ty IBIPKH JII0OOT0 poja, IOMU-
MO PEIIETOYHBIX NCK)KEHUH W CBS3aHHBIX C 3TUM HOJIIPOHHBIX 3P (EeKTOB, BHOCAT 3HaUUTENbHOE nckakenne A®D mo-

psanka [5]. JIpipka MoxeT o0JiajaTh CIMHOM M JBIDKeHHE ee elle Oonee ycyryOuser Hapyuienuss AD mopsjka
(frustration effect) [5]. C npyroii cropons!, AD nopsaaoK 3aTpyAHSET ABMKEHHE ABIPOK. Boime 7 MPOMCXOIUT pas-

pyumenue nansHero A® mopsaka, xota 2D A®D xoppensamun B miockocTsx CuO, MOTyT HpoJoiDKaTh CYIIECTBOBATh
Jaxe IpU TeMIlepaTypax, AOBOJIbHO CuibHO mpesbimaromux I [1,3]. Takum oOpa3zoM, ACHO, 4TO NPOBOAUMOCTD
La,CuO4:5 OUCHb YyBCTBUTEIbHA K MATHUTHOMY YIOPSIIO4YeHHIO criiHOB Memu (d°Cu’). B cBsI3M ¢ 3THM, B H3yYCHHH
Ipo0JIEMBI BBICOKOTEMIIEPATYPHOH CBEPXIIPOBOAMMOCTH BaXKHASI POJIb OTBOAUTCS M3YUEHHIO NTOBEACHHS MAarHUTOPE3H-
CTUBHBIX CBOMCTB 3TOTO KyIlpaTa, B YaCTHOCTH, B 00JIACTH MPBDKKOBOHM MPOBOAUMOCTH. Takue Mcclea0BaHus C OJHOM
CTOPOHBI OOHAPYKUBAIOT HEMOCPEACTBEHHOE BIIMSHUE MAarHUTHOT'O TI0JIS1 HA BOJIHOBBIE (DYHKLIMH M TPAHCIIOPT HOCUTE-
Jiel 3apsaa, a ¢ APYro CTOPOHBI OHH MOTYT JaTh WH(GOPMAIIMIO O B3aMMOJCHCTBHM HOCUTEIICH 3apsaa ¢ MarHUTHOM
MTOJICUCTEMOM.

Jiist OONBIIMHCTBA UCCIIEJOBAaHHBIX HAMH paHee MOHOKpPHCTAILIOB [6-8], Haxopsuuxcst B AD cOCTOSHHUU C TemIie-
patypoit Heenst 180290 K, B untepBane temneparyp 20200 K ¢ goctarouHo xopomeil TOYHOCTBIO BBIIOJIHSIICS 3a-
KoH Morra:

R(T) o exp|(Ty /7)), (1)

rae Ty — xapakrepucTtuieckas remneparypa Motra. OHa nmpeacTaBisieT co00i BEIPaKECHHYIO B €ANHHULIAX TEMIIEPATyphl
CYMMAapHYO HEPTHIO BCEX BO3MOXKHBIX COCTOSIHUH 3JICKTPOHA B 00J1aCTH €ro JIOKaIU3aIiu. 3aBUCUMOCTh (1) COOTBET-
CTBYET IPBDKKOBOM IMPOBOJUMOCTH ¢ epeMeHHoM JyuHon mpepkka (IITITI/IIT), a 3HaueHne moka3zaTesns SKCIIOHEHTHI Y4
B (1) oTBeuaer moseneHuo 3D cuCTEMBI.

Brnusiane cnimHOBOro ymopsiiodeHust Ha npoBoauMocTh La,CuOgi; OTYETIMBO IPOSIBISETCS B CPaBHUTENHHO
CHJIbHBIX MarHUTHBIX moyisix H . Hanpumep, mpu opueHTalMM MarHUTHOTO MOJSI MEpHeHAuKyJsipHo ciosim CuO, B
HEKOTOPOM KpUTHYECKOM mosne H_ > 5 Ti mporcxoanT OAHOBPEMEHHO CKa4OK MPOBOAMMOCTH M HAMarHMYEHHOCTH. B
pesyabraTe npu H > H, uMeeT MecTo oTpularenabHoe MarautoconporusieHre (MC), 00ycIoBICHHOE IEPEX0JoM U3
antudeppomarautHoro (A®) B cnabodeppomarantoe (CP) cocrosuue [4,9]. Ilpu opueHTanmy Mojst B IUNIOCKOCTH

CuO, B10aH OPTOPOMOUYECKOH OCH b B JIOCTaTOYHO CHIILHBIX TOsix H >10 Tt Ha KPUBBIX MarHUTOIIOJICBOW 3aBHCH-
MocTH oTpuniatesibioro MC Habmo1a10TCesl TOIBKO u31oMbI [10].

CHOUHOBBI MEXaHM3M MAarHUTOCONPOTHBIICHUS HE HCYEPIBIBAET BO3MOXKHOE BIUSHUE MAarHUTHOTO TOJS Ha
Tpa"cnopT Hocutenel 3apsna B La,CuQy,;. eilicTBurensHo, coryiacHo [11] mpu opueHTanuu mossi NepreHInKyspHO

cnosim CuO, (H || ¢ ) B monsix H < H, CONPOTHBICHUE HE HODKHO 3aBUCETH OT MOJsi, TO ecTh MC J0MIKHO OTCYTCTBO-

BaTh. B mpeanpHOM cityuae AP-CO mepexona B Touke H = H, CONPOTHBIICHHE WCHBITBIBAET CKAauyOK B CTOPOHY

yMeHbllleHust u npu H > H_ cHOBa He 3aBUCHUT OT nomd. [Ipu opueHTanuu moms H |la compoTuBneHue Takxe HE
JOJDKHO 3aBUCETh OT MO, Mockoibky A® mMomeHTsl Meau B La,CuQ,4 opueHTHpOBaHBI B mIockocTd (bc). B To xe
BpeMs, B OKCIICPUMEHTANBHBIX uccienoBanusix AD—CD nepexoma B oopaszuax ¢ Ty = 188 K npu H || ¢ B oGmactu ma-
JIBIX TIOJIEH HIDKE KPUTHYECKOro MojId nepexona /4, Mbl Habmonanu 3aMeTHoe oTpuuarensnoe MC [12]. Otor Bkiaf B
MC He mMen THCTepe3nca, XapaKTepHOTo Ul MarHUTHOTo (hazoBoro mepexona. Takoro tuma Bknag B MC yBemnun-
BaJICSI C TMTOHIKCHNEM TEMIIEpaTyphl U IMPOSIBIUICA MPH BeeX TemmepaTypax B uaTepBaie 5 +100 K. B momsax H la mas
obpasuoB ¢ Ty =232 K Tarke Habmonanock orpuiarensnoe MC B obnactu temneparyp I' < 40 K [6]. st 3tux 06-

pasnoB orpunarenbHoe MC OblIo 0OHapy>KeHO B OONAacTH OTKIOHEHHsS OT 3akoHa Motra (1) mpu Temmeparypax
T <20 K. OHO He ObUTO CBSI3aHO C (Pa30BHIMH MAarHUTHBIMH IIEPEXOAAMH, TOCKOJIBKY MPOSIBIISUIOCH B TTOJISIX, MEHBIINX
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kputHdeckoro noius nepexoga AO-Co (H <H,). 310 MC 0bL10 00bICHEHO U3BECTHBIMU 3()(heKTaMU KOHKYPEHLIUH
JIOKAITM3AINH U CBEPXIIPOBOJMMOCTH, XapaKTepHBIMH JJIS1 HEOTHOPOIHBIX CHCTEM C (ha30BBIM pasneneHueM [6]. Mexa-
HU3M nogo6HoTO0 poma MC moapobHO obcyxmancs B paboTax [6,7]. OgHako HEOOXOOMMO OTMETUTH, YTO B MCCIEIO-
BaHHBIX paHee oOpasnax orpurarensHoe MC HabIr0manoch HE TOJMBKO MpH HU3KHMX TemmnepaTtypax 7 < 20 K, Ho u B
obmacty BeIMoNHEHUS 3akoHa Motta (B pexkume [TIIITJIIT). Mexanmsm sToro BKiIaga B orpumarensHoe MC panee He
obcysxmancs.

ens aT0i paboTs — paccmoTpeTh moBeaeHrue MC kynpata nantana La,CuQOgy.s mpu 7> 20 K B peskume TTTITIITL.

OBPA3IIbI

Iposomumocts La,CuOyis B MarauTHOM mosie B pexkume [IIITJIIT BooOIme mM3yueHa HEAOCTATOYHO M TPEOyeT
JajbHEHIero paccMoTpeHust. UToObl HCKITIOYHTh BO3MOXKHOE BIIMSHHE CBEPXIPOBOISIINX BKIIOUEHUI HA TPAHCIOPT
3apsiaa, ObUTH nCCIeJOBAaHbI 00pa3ibl ¢ 0oJee HU3KOI KOHIEHTpalue HOCUTEINeH, 9eM B HaIlliX MpeabLIyIX paboTax
[6-8]. Kpome Toro, m3mepenus MC Mbl IpoBoamiIM B Oosiee IMIMPOKOH O0ONACTH TEMIEpaTyp, 4YeM OOBIYHO
(~ (20 +430) K).

B nacrosimeit paboTe mpencTaBieHbl pe3yibTaThl MCCIENOBAHMS BIMSHUS MarHUTHOTO IO HA MarHUTOPE3H-
ctuBHBIE cBoiicTBa AD MoHOKpucTamta La,CuOq 5 ¢ Temneparypoit Heens Ty = 265,5 K. OGpazer Obl1 IpUroTOBICH
B uHCTUTYTe PU3MKH TBepaoro tena u noxynpooaHnkoB HAH benapycu. Temnepatypa A® mepexoaa u3MepeHHOTO
o0pa3sia ObuIa Ompe/ieNeHa Mo MOJ0KEHHIO MHKa Ha KPUBOM TeMIIepaTypHOH 3aBUCHMOCTH MarHUTHON BOCTIPUMMYHBO-
ctu y (T) mpu OpHEHTaLUK MAarHUTHOTO MOJIS BAOJb OcH ¢ (puc.l). s 3TOro HampaBieHHUs HOJISl TOYHOCTh OIpejie-

nenust remrepatypbl Heens Boiie, yem npu H || (ab) . B ciaydae H || ¢ MarHUTHOE MOJie HATPABICHO MEPIICHIUKYIISAP-

HO ocH aHTH(eppoMarHeT3Ma b , ¥ OTKIIMK CHCTEMbI Ha BO3/ICHCTBUE BHEIIHEr0 MarHUTHOTO mojisi MakcumaineH. Co-
OTBETCTBCHHO, MBI Ha0IIt0JaeM OoJiee OCTphIil MUk Ha KpuBou 3aBucumoctu ¥ (7). B cnyuae H || (ab) B cmity ocobeH-
HOCTEH JOMEHHOH CTPYKTYpHI B IutockocTd CuO, moiie Beerya HalmpaBIeHO O HEKOTOPBIM YIJIOM K OCH b , IO3TOMY

CHUTHAaJI CYIIIECTBEHHO ciabee.
K coxaneHuio, TOUHYIO BEIMYMHY IIapaMeTpa 0 OLEHUTh TPYAHO, OJHAKO M3BECTHO, 4TO 3HaueHHIo T = 230 K

cootBercTByeT O ~ 0,005 [6]. OTclona cnemyer, 4TO AJIs HAIIEro odpasua coepKaHue H30BITOYHOTO KUCIOPO/Ia TOIIK-
HO ObITh cymecTBeHHO Menble 0,005.
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Puc.1. TemneparypHasi 3aBUCUMOCTb MarHUTHOW BOCIIPHUM-
YHBOCTH H3MEPEHHOro obOpa3na INpH ABYX HaIpaBICHHIX
MarHuTHOTO TOJIS.

N3mepenuss MC Obutn BeImoHEHH! B oyisx H < 1,75 Ti ¢ ucnonb30BaHreM Bpalaromerocss Maruuta Kamnuip.
CpaBHHUTEIBHO HU3KHE TOJIS UCKIIIOYAIOT BO3MOYKHOE BJIMSHHE MAarHUTHBIX (ha30BBIX Nepexoa0B. UToObI BBIOpATh HE-
00XOJMMBIHA PEKUM H3MEPEHHIA, CHaYalla ObUIA UCCIICIOBAHBI BOJHTAMIICPHBIC XapaKTCPUCTUKH B IIUPOKOU 001acTH
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temriepatyp ~ (4+430) K. B nanpHeliemM u3MepuTeNbHbIH TOK KOHTPOJIMPOBAICS TaKUM 00pa3oM, 4TOObI BO Beeil 00-
JIACTH TEMIIepaTyp NpH M3MEPEHUSAX TEMIIepaTypHBIX 3aBHCHMOCTEH CONMPOTHUBICHUS M MarHUTOCONPOTHUBIICHHUS OT-
KJIOHEHUs OT 3akoHa OMa ObuUIM MUHHMMaIbHBI. TakuM 00pa3oM, MBI M0JaraeM, 4TO Mbl UCKITIOUWIN U3 PACCMOTPEHHUS
3¢ PEKTH HEOMUYHOCTH U TIEPErpeBa.

Kpucramnorpaguyeckas opreHTalys odpasiia onpeaesiiach METOI0M PEHTTeHOBCKOM audpakiun. Ha nudpax-
LIMOHHOM KapTHHE ObLIO 0OHApYXEHO HAaJM4HE ABOWHUKOB, KOTOPhIE HEM30EKHO MOSBIIOTCS MPH OXJIAXICHUU KpH-
CTaJula HIKEe TOYKH CTPYKTypHOTO (ha3zosoro mepexona (7 =~ 530 K) u3 TerparoHanbHON (a3sl B OPTOPOMOUIECKYIO
[1]. B pesyibrare obpasyercst cBoeobOpasHas JoMeHHas cTpykTypa. OpHUeHTaIMs OCH ¢ HEM3MEHHA B KaXIOM JIOMEHE,

HO OPUEHTAIMU OCeil d W b Npu NepecevYeHrr [BOMHUKOBBIX TPAHUI] «IEPEKTFOUYAOTCSI» MEXIY JIBYMS BO3MOKHBIMU
nosiokeHussiMu. [loaToMy nanee Mbl OyJieM TOBOPUTH O HAIIPABJICHUU TOKA B TWIOCKOCTH ( ab ). 3HaUeHHE COMPOTHUBIIE-
Hus B m1ockocty CuO; cremyeT paccMaTpuBaTh Kak HEKOE YCPETHEHHOE MEXAy 3HAUCHUSIMU P, U P, . Pa3mepsr 00-

pasiia COCTABIISUIH IPUMEPHO 4x4x3,3 M. JIJIsl H3rOTOBJICHNS TOKOBBIX U TIOTEHIMANBHBIX KOHTAKTOB HA KOHTAKTHBIE
IUIOIIA/IKU OCAXIaH cepedpo, MOCiIe Yero ¢ IOMOLIbI0 cepeOpsIHON IAacThl K HUM MPUKJISHBAIN TOHKHE 30J0ThIe IPO-
BosioukH. M3mepenust 3aBucumocteli R (7)) B HyneBoM MarHUTHOM mojie ( H = 0) MpoBOAMINCH MOCPEACTBOM YEThI-

PEX30HAOBOro METOAA B PCIKUME NOCTOSHHOT'O HAIIPSIKCHUA U=2B.

PE3YJIBTATBI
TemneparypHasi 3aBUCHMOCTb COTIPOTHBJICHUSI, IPH OPHUEHTAIMM TOKA BJOJb MPOBOIANIMX IuockocTel CuO,,
npezcTaBieHa Ha puc. 2. BunHo, uto B mmpokoMm uHTepBaie Temmneparyp 20+250 K ¢ mocratodno xopoiiei TOUHO-
CTbIO BhINONHAETCA 3akoH Motta (1). Habmomaemoe Ha puc. 2 oTkinoHeHue 3aBucumoctd p(7) ot 3akoHa MotTa B

CTOpOHY yMeHblleHusl conpoTtusieHus npu 7' < 20 K spuserca tunuunsM uig kynpata La,CuO4 B AD coctrostHuu ¢
HU3KUM YPOBHEM JONHpoBaHus. Takoe MoBeAeHNE OTpaskacT HeMMHEHHbIE 3()(EeKThl IPOBOIMMOCTH M COIPOBOKAACT-
Csl OTKJIIOHEHHEM OT 3akoHa OMa, a Taxke — HennHeHHbIMH 3 dexTaM BAX n mepexooM K pekuMy OTPUIATEIFHOTO
QG epeHIHATEHOTO COMPOTHBICHHUS TPH MOHIDKEHUH TEMITEPaTyphl U (WIH) JOCTATOYHOM yBeNWYeHUH Toka. OqHON
13 BEPOSITHBIX IPUYUH HEIMHEHHOTO MOBEACHHS MOXKET OBITh 3NICKTPOHHBIN MEPErpeB NPH AOCTATOYHO CHIIBHOM TOKE
npu GUKCUPOBaHHOI Temmeparype. TeMiepaTypa HOCHTeNEH 3apsia CTAHOBHUTCA BBILIE TEMIICpaTypbl (JOHOHOB, €CIH
HOCHTEJIH HE yCIEBAIOT JOCTATOYHO OBICTPO OTIATh pelIeTKe MPHOOpeTaeMyro OT HOJIs SHEepruio. B sTom ciydae paso-
IpeB HOCUTEEeH MPUBOAUT K U3MEHEHHIO MOABMXHOCTH, YTO U O0YCIOBIMBaeT HapylleHHe 3akoHa OMa (TOHMKeHHe
conpoTtuBiieHHs1). UTOOBI N30eKaTh BIUSHHS OAOOHBIX 3 PEKTOB Ha MOBEJCHUE MArHUTOCOTIPOTHBIICHHSI, Mbl B CBOMX
UCCNIE/IOBaHUSX MPOBOANIM 3MepeHust MC B obnacTu BeINonHeHus 3akoHa MotTa ipu 7> 20 K.
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Puc.2. TemnepaTypHas 3aBHCUMOCTb COIIPOTHUBJICHUS MOHO-
kpuctamia La,CuOyy ¢ Temneparypoit Heemst Ty =265,5

K npu opuenranmm Toka B uiockoctu ab (J || ab).

XapakrtepHas Temneparypa 1, B o0iacTH BBIIOJHEHUs 3akoHa Motta (1) cocraBisieT 7,48x10° K. U3 BBIpaXKe-
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Hus: kT,~16/[ N (Ep )Lz, 1[13,14], roe N(EF) — IUIOTHOCTh COCTOSIHUW HOCHUTEIEe! 3apsia Ha ypoBHE DepMu, MOXK-

HO OLEHUTb JUIMHY Jokanusauuu L,. Hcnone3dys s3HaueHue N (Ep) = 2,8:10% Jix''m [15], bl MOy YHIIN

L.=0,4 um (J || CuO,). OTa BenurHa HECKOJIBKO OOJIBILE MEKATOMHOIO paccTosHus B mi1ockocTd CuO,, HO MEHb-
nle mapaMeTpoB opropoMmOudeckoil pemerkd, a =b~ 0,54 HM. 3Hauenue L, =0,4 HM CBUIETEIBLCTBYET O TOM, YTO

JBIPKH JIOKAITH30BaHBl B HEKOTOPOM 00BbeMe co cpeHuM muamerpoM 0,4 HM BOJNM3M MPUMECH WM y3Jia pemeTku. Pa-
HEe Mbl UcclleoBald 00pasibl ¢ AuuHOH sokamusauud L, = 1 uM (T =232 K) [6] u L, = 2um (T = 180 K) [8].

Taxum 06pa3oM, MOXHO T0OJaraTh, YTO MCCIEAYEMBIH B JaHHOW paboTe oOpaserl ABISIETCS Topazao 0ojee pe3rCTHUB-
HBIM, YeM B Ipeslaymux paboTax. B maHHOM cityyae BeposATHOCTh NposiBIeHHS 3((EKTOB KOHKYPEHIUHU JIOKaIu3a-
U U CBEPXIIPOBOAUMOCTH OUCHb MaJia. D10 JAacT HaM BO3MOKHOCTb PaCCMOTPETH BIIMAHUC MAariHuTHOT'O IOJISA Ha ITPO-
BOJIUMOCTH HenocpeacTBeHHO B pexkume TITTTIATI.

Ipu n3mepernn MC MarHATHOE 10j1e GBUIO OPUEHTHPOBAHO KAK NMApa/LIeNbHO TpancnopTHoMy Toky ( H || CuO,),
TaK M IEepIEHANKY/IAPHO TpaHCIOpTHOMY Toky (H ||¢ ). Benmumna Toka npu m3mepenun MC cOCTaBIsuIa OKONIO
100 mMxA. Uzmepenus MC npoBoamirck B nHTepBase Temmuepatyp ~ (20+430) K. Oxnako mpu 7 > 100 K B momsx mo
1,75 Ta MC oka3zanocs oueHb ManbM (AR(H)/ Ry < 107). D10 He MO3BONMIO ONPENETHTh XAPAKTEP BIMSHHS Mar-
HUTHOTO TIOJIST HA TIPOBOIUMOCTE B MHTEpecyromeii Hac obmactu Temreparyp Boime 100 K. I[Tpumepsr mamepenus MC
U cITydast H I (ab) (FI I J ) mpencraBieHsl Ha puc. 3a. g cioydas TOMEpEeYHOro MO H || ¢ (H 1J ) — Ha
puc. 3b. Ha puc. 4 mokaszana TemreparypHasi 3aBUCHMOCTb OTHOCHTEIbHOTO MC i IBYX OpPHEHTAIMi MarHUTHOTO
noms: H | (ab) u H | ¢ . V3 mpeacTaBieHHBIX JaHHBIX BUAHO cieaytomiee. B untepsane temmeparyp ~ (18+100) K,

TO €CTh B 00JIaCTH BBINOJIHEHUS 3aKkoHa MoTTa, mMeeT MecTo orpularesisHoe MC, B epBoM NpUOIMKEHUH KBajpa-
TUYHOE N0 momo. Bennuuua otpunarensHoro MC pacTeT ¢ MOHIKEHHEM TEMIIEpaTyphl, a TeMIepaTypHas 3aBUCH-
mocth MC umeer HenuHeHHBINH xapakrep. M3 puc. 4 BuaHo, uTo oTHOCUTENbHOEe MC cyniecTBeHHO OoJblie B Cirydae,
KOT/Ia IToJie HampaBlieHO Ba0Jb cioeB CuO, mapamiensHo ToKy. OOpariaer Ha ce0si BHUMaHne Takxke 0ojee pe3Koe u3-
MeHerne MC ¢ Temneparypoii npu 7 <25 K.
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Puc. 3. MarauTonosessie 3aBucuMmoctd MC mpu pas3HbIx Temneparypax 7:  Puc.4. TemmepaTypHas 3aBUCMMOCTb OTHOCHTEJIBHOTO
17,95 K (1), 22,32 K (2), 24,20 K (3), 36,23 K (4), 41,19 K (5), 51,23 K MC B none H = 1,75 Tn ans aByx HamnpaBlIeHHH Mar-
(6), 62 K (7), 70,17 K (8), 99,93 K (9). I3smepurensHbIil TOK J HAPaBI€H HUTHOTO MOJIS

napasuensto cinosim CuO,: a — mone H I J,b—HLJ.

OBCYXJIEHUE PE3YJIBTATOB
Mexanu3m BiaugHUs MarHuTHoro nojs Ha IIIII/II nmpruMecHBIX MOITYNPOBOAHUKOB, K KOTOPBIM OTHOCHUTCA U
La,CuQOyys, uzyuen negocratouno. Jus ITITIAIT cnenyer oxunats nonoxurensHoro MC [14]. OgHako B OTHEIBHBIX
paboTax, yka3plBaeTcs Ha Hamuuue oTpurarenbHoro MC B pexuMe IPBDKKOBOH mpoBoauMocTH. Hampumep, B paboTte
[16], rne paccmaTpuBaeTcss CONPOTUBICHUE B MATHUTHOM IIOJI€ MAarHUTHOTO MONXyHpoBOAHHMKA EuggsLages. Oaun u3
BO3MOXKHBIX MexaHm3MoB MC B pexxume ITIITTJIIT 6511 paccmoTpen Takxe B [17]. B atoit pabore otpunarensaoe MC
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CBA3BIBACTCA C BJIUAHUEM MArHUTHOI'O I10JI Ha CIIMHBI JIOKAJIM30BAHHBIX 3JICKTPOHOB. Kak nmoka3zano B [17], MarHuTHOC
1oJIC MCHACT BCPOATHOCTH PA3JIMYHBIX CIMHOBBIX KOH(lJI/IpraI_II/Iﬁ ", TaKUM 06p330M, BJIMACT Ha BEPOATHOCTL ITPBIK-
KOB. YUeT CIIMHOBBIX PIHTCp(i)epeHIII/IOHHI)IX 3(1)(1)€KTOB MNPUBOJUT K 3aBUCUMOCTU paauycCa BHCKTpOHHOﬁ JIOKaJIn3alun
OT MarHUTHOTO 1o, Ecim paanycC JOKaJInU3alnunu Lc PacTeT C YBCINYCHUCM MAaruiiuTHOTO IIOJIA, 3TO MPUBOAUT K OTPHU-

natensHOMY MC. Pasnmuunbie naTepdepenuonnsie Mmoaeny [18-20] mupoko nenoiap3yroTes Uit 0OBICHEHNS OTPHUIIa-
tensHOoro MC B pexxume ITITIATT. MoxkHo monarate, 4To cnrHOBasi nHTEepdepeHunonHas Mojens MC — ouH U3 Be-
POATHBIX clieHapueB nosiBieHust orpunatensHoro MC B pesxume TTTITIATT g La,CuOygys.

Crenyer OTMETHTB, OJTHAKO, YTO MOJYYEHHBIX B HACTOsIIEH paboTe NaHHBIX HEJOCTATOYHO JJISl TOrO, YTOOBI Of-
HO3HAYHO CYJUTH O MPHUMEHUMOCTH CIIMHOBOr0o MexaHm3Ma orpuuartensHoro MC k La,CuOg4s. Hanpumep, nomyuen-
HbIEe JJaHHBIE HE IO3BOJIAIOT TOYHO ONPENENUTh XapakTep TeMmnepaTypHoil 3aBucumoctu MC. Ilpencrasiser uHTepec
TaKXe BBIICHUTH BiUstHUE Toka HAa MC B obnactu TITIIT/II, mockoabKy 3JIEKTPOHHBIA Pa3orpeB MOXKET BIUSTH Ha CITH-
HOBOE YIOPAJOYCHUE W TEM CaMbIM — Ha BEPOSATHOCTH IMPBDKKOB Hocutened. [lomydeHrne HOBBIX NaHHBIX, ITOITBEP-
KIAIOMINX CIHHOBYIO nprpoay oTpunarenbHoro MC B Lay,CuQy.; 6€3ycIoBHO, IPENCTABIAET HHTEPEC C TOUKH 3PCHUS
BO3MO>KHOTO BIIHSIHUS CIIMHOBOH ITOJICUCTEMBI Ha TPAHCIIOPT HOCUTENEH 3apsiaa B OKCHIAAX MEIH.

Takum 00pa3zoM, MOSy4YCHHBIC B JAaHHOW pabOTe Pe3yNbTaThl, MOKA3bIBAIOT, YTO MPOJOJKCHHE HCCIIEeIOBAHUN
npoBogumoctd BTCII B marautHOM m011e B peskume [ITITI/IIT sBisercst menecooOpasHpiM. B manmpHeieM Mbl aHu-
pyem uccnenoBars noseneaue MC A®M kymnpata La,CuQOg4,5 B 067aCTH BBINMONHEHUS 3aK0HAa MOTTa MpH pa3HBIX 3HA-
YEeHHSIX TOKa, a Takxke uccienoparh nmoseaeHrne MC poacteerHoi cuctemsl La; Sr,CO,4 ¢ pa3HbIM YPOBHEM TOTIMPOBA-
HUS CTPOHIIMEM.
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