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ВВЕДЕНИЕ 

Сборник содержит материалы докладов участников 24 Международной конфе-
ренции по релаксационным явлениям в твердых телах (RPS - 24). Организаторами кон-
ференции являются Российская академия наук и Воронежский государственный техни-
ческий университет. 

Представленные материалы отражают полученные за последние четыре года ос-
новные результаты теоретических и экспериментальных исследований механизмов ре-
лаксационных процессов в металлах, полупроводниках, сегнетоэлектриках, магнети-
ках, полимерных материалах и гетероструктурах. В работе конференции заявлено уча-
стие представителей российских образовательных и научных организаций из Белгоро-
да, Благовещенска, Волгограда, Волжска, Воронежа, Екатеринбурга, Иркутска, Крас-
ноярска, Курска, Махачкалы, Москвы, Ростова-на-Дону, С. Петербурга, Таганрога, 
Тамбова, Твери, Томска, Череповца, Черноголовки и др. городов Российской федера-
ции, а также ученые зарубежных стран — Азербайджана, Польши, Украины, Германии, 
Китая, Франции, Египта и др. стран. 

Наряду с механической релаксацией, результаты исследований которой обсуждают-
ся традиционно подробно, на данной конференции в значительном объеме представле-
ны работы, посвященные анализу механизмов, диэлектрической и магнитной релакса-
ции, а также акустической спектроскопии. Особое внимание уделено релаксационным 
процессам в неоднородных и наноразмерных системах. 

Предлагаемое вниманию читателей издание содержит материалы, показывающие 
состояние вопроса и перспективы развития одного из актуальных разделов физики 
твердого тела — теории и экспериментального изучения механизмов механической, 
диэлектрической и магнитной релаксации. Полученные результаты весьма важны для 
современного материаловедения, поскольку позволяют прогнозировать поведение ма-
териалов при различных температурно-силовых условиях эксплуатации, при воздей-
ствии различных сред, а также анализировать, происходящие в них структурные изме-
нения. 

Сборник публикуемых статей включает следующие разделы: I. Вопросы теории ре-
лаксационных явлений; II. Механическая релаксация; III. Диэлектрическая релаксация; 
IV. Магнитная релаксация. V. Релаксация в наносистемах. VI. Разное. VII. Акустиче-
ская спектроскопия и ее приложения.
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STRESS-RELIEF CONCEPTS AND HETEROPHASE STRUCTURES 
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In the present review, results of the study on heterophase ferroelectric solid solutions with the 

perovskite-type structure are described and systematised. ‘Unit-cell parameters – domain structures –
heterophase structures’ relations are discussed in the context of stress-relief conditions for various

regions where either two or three phases coexist. 

Keywords: ferroelectric solid solution, domain structure, heterophase structure, stress relief, 

interface.  

Ferroelectric solid solutions with the perovskite-type structure are of great interest as 

materials that undergo structural phase transitions (polymorphic, field-induced or mor-

photropic, mainly the first-order phase transitions) and have complicated non-180 domain (or

twin) and heterophase structures, important physical properties etc. [1]. These materials are 

also regarded as modern active materials, and their properties can be analysed within the 

framework of the well-known ‘composition
 – 

structure
 – properties’ triangle. The perovskite-

type solid solutions are of interest due to the vast isomorphism of their crystal structure and 

due to a considerable dependence of the physical properties on modifying ions, domain and 

phase contents, domain-wall mobility, and so on. Studies on the perovskite-type solid solu-

tions show that jumps of the spontaneous polarisation and unit-cell parameters at the first-

order phase transition lead to internal mechanical stress fields that influence phase coexist-

ence to a large extent [1], and a stress-relief path may shed light on the phase-transition kinet-

ics and physical properties in polydomain/heterophase samples. The present review report is 

devoted to various heterophase states and related structures in the perovskite-type ferroelectric 

solid solutions and to stress-relief conditions that are considered in some temperature and mo-

lar-concentration ranges. 

The crystallographic algorithm and matrix approach are developed and applied to in-

terpret experimental data on the complicated heterophase structures and phase contents in 

terms of unit-cell distortions of domain types in the coexisting phases [1]. Orientations of pla-

nar stress-free interfaces between the polydomain (twinned) phases at their elastic matching 

are found by taking into account conditions for the complete stress relief at every interface 

such as a non-charged domain wall, a domain boundary that separates polydomain regions, 

and an interphase boundary.  

Specifics of the unit-cell behaviour in the phase-transition region and non-180 do-

main types (mechanical twins) in the coexisting ferroelectric phases are described within the 

framework of the matrix approach [1] that is suitable for various polydomain/heterophase 

samples and for coexisting ferroelectric phases from various symmetry classes. This matrix 

approach is applied, for instance, when analysing a link between the unit-cell parameters and 

heterophase structures in wide temperature and/or molar-concentration ranges. ‘Domain vol-

ume fractions
 – phase contents’ diagrams are put forward to interpret the heterophase states

and role of several domain types in forming the heterophase structures and phase contents un-

der the stress-relief conditions, especially near the morphotropic phase boundary [1].  

Our study is concerned with both lead-containing (group 1) and lead-free ferroelectric 

solid solutions (group 2), and the most important representatives are  

(i) Pb(Zr1-xTix)O3, (1
 – 

y)Pb(A1/3Nb2/3)O3
 – 

yPbTiO3, where A = Mg or Zn (group 1),

and 
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(ii) (1
 – 

w)(Na1/2Bi1/2)TiO3
 – 

wBaTiO3 and Ba(Ti1-zMz)TiO3, where M = Ce, Hf, Sn, or

Zr (group 2). 

It is shown that the complete stress relief is achieved in the overwhelming majority of 

the aforementioned ferroelectric solid solutions with compositions chosen near the 

morphotropic phase boundaries. Reasons for the incomplete stress relief are analysed for a 

few specific cases of the phase coexistence and non-180 domain structures in the adjacent

ferroelectric phases.  

Of independent interest are three-phase states near the morphotropic phase boundary. 

For these three-phase states, model concepts are put forward, and related stress-relief 

conditions are analysed for adjacent polydomain/heterophase regions. Hereby the active role 

of an intermediate phase in the stress relief is analysed by taking into account specifics of the 

perovskite unit-cell behaviour in the coexisting phases [1]. 

Results of the present study on the heterophase states, domain structures and phase 

contents are consistent with known experimental data on the ferroelectric solid solutions from 

the groups 1 and 2.  
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ɂɧɫɬɢɬɭɬ ɨɛɳɟɣ ɮɢɡɢɤɢ ɊȺɇ ɢɦɟɧɢ Ⱥ.Ɇ. ɉɪɨɯɨɪɨɜɚ, Ɇɨɫɤɜɚ

ɉɪɢɫɭɳɢɦ ɠɢɞɤɨɣ ɜɨɞɟ ɢ ɥɶɞɭ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɦ ɫɜɨɣɫɬɜɨɦ ɹɜɥɹɟɬɫɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ 
ɞɟɛɚɟɜɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ. ȼ ɠɢɞɤɨɣ ɜɨɞɟ ɨɧɚ ɨɬɜɟɬɫɬɜɟɧɧɚ ɡɚ ɋȼɑ-ɧɚɝɪɟɜ ɢ ɜɵɫɨɤɨɟ ɡɧɚɱɟɧɢɟ 
ɫɬɚɬɢɱɟɫɤɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ (İ ~ 80). ɉɪɨɢɫɯɨɠɞɟɧɢɟ ɞɟɛɚɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɫ 
ɬɨɱɧɨɫɬɶɸ ɧɟ ɨɩɪɟɞɟɥɟɧɨ - ɜ ɜɨɞɟ ɟё ɫɜɹɡɵɜɚɸɬ ɫ ɩɟɪɟɨɪɢɟɧɬɚɰɢɟɣ ɞɢɩɨɥɶɧɵɯ ɦɨɥɟɤɭɥ ɇ2Ɉ, ɚ 
ɜɨ ɥɶɞɭ – ɫ ɞɢɧɚɦɢɤɨɣ ɪɟɲɟɬɨɱɧɵɯ ɞɟɮɟɤɬɨɜ. ɇɚɦɢ ɩɪɟɞɥɚɝɚɟɬɫɹ ɨɛɳɢɣ ɞɥɹ ɜɨɞɵ ɢ ɥɶɞɚ 
ɦɟɯɚɧɢɡɦ ɞɟɛɚɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ, ɫɨɫɬɨɹɳɢɣ ɜ ɛɢɩɨɥɹɪɧɨɣ ɞɢɮɮɭɡɢɢ ɢɨɧɨɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɠɢɞɤɚɹ ɜɨɞɚ, ɥёɞ, ɞɟɛɚɟɜɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ, ɫɩɟɤɬɪ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɩɨɬɟɪɶ, ɞɢɚɥɟɤɬɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ, ɞɢɧɚɦɢɱɟɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ.

ȼɨɞɚ ɢ ɥёɞ ɢɦɟɟɬ ɫɩɟɰɢɮɢɱɟɫɤɭɸ ɪɟɥɚɤɫɚɰɢɨɧɧɨ-ɪɟɡɨɧɚɧɫɧɭɸ ɮɨɪɦɭ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ [1]. Ɋɟɥɚɤɫɚɰɢɢ ɢ ɪɟɡɨɧɚɧɫɵ ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɹɜɥɹɸɬɫɹ ɦɟɯɚɧɢɡɦɚ-
ɦɢ ɪɚɡɧɵɯ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɜɪɟɦɟɧɧɵɯ ɦɚɫɲɬɚɛɨɜ. ȼ ɲɢɪɨɤɨɞɢɚɩɚɡɨɧɧɵɯ ɞɢɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ ɫɩɟɤɬɪɚɯ (ɩɚɧɨɪɚɦɚɯ) ɨɧɢ ɞɚɥɟɤɨ ɪɚɡɧɟɫɟɧɵ ɩɨ ɱɚɫɬɨɬɟ. ɉɨ ɷɬɨɣ ɩɪɢɱɢɧɟ ɩɨɧɢ-
ɦɚɧɢɟ ɜɡɚɢɦɨɫɜɹɡɢ ɦɟɠɞɭ ɪɟɥɚɤɫɚɰɢɨɧɧɵɦɢ ɢ ɨɫɰɢɥɥɹɬɨɪɚɦɢ ɦɟɯɚɧɢɡɦɚɦɢ ɩɨɥɹɪɢɡɚ-
ɰɢɢ ɡɚɬɪɭɞɧɟɧɨ. 

ȼɨɞɚ ɢ ɥёɞ ɹɜɥɹɸɬɫɹ ɤɥɚɫɫɢɱɟɫɤɢɦɢ ɷɥɟɤɬɪɨɧɧɵɦɢ ɞɢɷɥɟɤɬɪɢɤɚɦɢ ɫ ɲɢɪɢɧɨɣ 
ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ~5 ɷȼ [2]. Ɉɩɢɫɚɧɢɟ ɢɯ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ ɬɪɚɞɢɰɢɨɧɧɨ ɩɪɨɜɨɞɢɬɫɹ 
ɧɚ ɹɡɵɤɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ, İ*(ω). ȼ ɷɬɨɦ ɩɪɟɞɫɬɚɜɥɟɧɢɢ ɞɨɦɢɧɢɪɭɸɳɚɹ 
ɪɨɥɶ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɚɧɨɪɚɦɟ ɩɪɢɧɚɞɥɟɠɢɬ ɦɨɳɧɨɣ ɩɨɥɨɫɟ ɩɨɝɥɨɳɟɧɢɹ, ɬ.ɧ. ɞɟɛɚ-
ɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ. Ɉɧɚ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɜ ɫɩɟɤɬɪɚɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɜ ɪɚɣɨɧɟ 
10 ȽȽɰ ɭ ɜɨɞɵ ɢ 4·10 ɤȽɰ ɭ ɥɶɞɚ. Ⱦɟɛɚɟɜɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ ɜɧɨɫɢɬ 90%-ɧɵɣ ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɢɣ ɜɤɥɚɞ ɜ ɫɬɚɬɢɱɟɫɤɭɸ ɞɢɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɧɢɰɚɟɦɨɫɬɶ. ɇɚ ɷɬɨɦ ɮɨɧɟ ɜɤɥɚɞɵ ɞɪɭ-
ɝɢɯ ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɯ ɦɟɯɚɧɢɡɦɨɜ ɧɢɱɬɨɠɧɵ. 

Ⱦɟɛɚɟɜɫɤɭɸ ɪɟɥɚɤɫɚɰɢɸ ɜ ɠɢɞɤɨɣ ɜɨɞɟ ɧɟɢɡɦɟɧɧɨ ɫɜɹɡɵɜɚɸɬ ɫ ɜɪɚɳɟɧɢɟɦ ɦɨ-
ɥɟɤɭɥɹɪɧɵɯ ɞɢɩɨɥɟɣ. ȼɪɚɳɚɬɟɥɶɧɵɣ ɦɟɯɚɧɢɡɦ ɜɫɟɝɞɚ ɪɚɫɫɦɚɬɪɢɜɚɥɫɹ ɜ ɱɢɫɥɟ ɝɥɚɜɧɵɯ. 
Ƚɢɩɟɪɬɪɨɮɢɪɨɜɚɧɧɵɣ ɫɩɟɤɬɪɚɥɶɧɵɣ ɜɢɞ ɞɟɛɚɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɫɨɡɧɚɧɢɢ ɰɟɥɵɯ ɩɨ-
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ɤɨɥɟɧɢɣ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɝɢɩɟɪɬɪɨɮɢɪɨɜɚɥ ɨɪɢɟɧɬɚɰɢɨɧɧɨɟ ɞɜɢɠɟɧɢɟ ɦɨɥɟɤɭɥ ɇ2Ɉ [3]. 
ȼ 1988 ɝ Ⱥ. Xɢɩɩɟɥɟɦ ɫɮɨɪɦɭɥɢɪɨɜɚɧ ɜɵɜɨɞ, ɤɨɬɨɪɵɣ ɚɤɬɭɚɥɟɧ ɩɨ ɫɟɣ ɞɟɧɶ: «we have a 
sequence of ingenious and illuminating concepts but no valid theory at the present time, 

neither for the static permittivity nor for the relaxation time» (ɭ ɧɚc ɟɫɬɶ ɩɨɞɪɨɛɧɵɟ ɢ ɹɫɧɵɟ 
ɩɪɟɞɫɬɚɜɥɟɧɢɹ, ɧɨ ɧɟɬ ɪɚɛɨɱɟɣ ɬɟɨɪɢɢ ɧɢ ɞɥɹ ɫɬɚɬɢɱɟɫɤɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟ-
ɦɨɫɬɢ, ɧɢ ɞɥɹ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ) [1]. Ⱦɪɭɝɢɦɢ ɫɥɨɜɚɦɢ, ɤɚɤ ɧɟ ɛɵɥɨ, ɬɚɤ ɢ ɧɟɬ ɩɨɧɢ-
ɦɚɧɢɹ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɚɧɨɦɚɥɶɧɨ ɜɵɫɨɤɨɣ ɫɬɚɬɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ (0) 
~ 80 ɜɨɞɵ ɢ ɦɨɳɧɨɝɨ Cȼɑ-ɩɨɝɥɨɳɟɧɢɹ ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ ~ 1–10 cɦ-1

.

Ⱦɟɛɚɟɜɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ ɥɶɞɚ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɩɟɤɬɪɚɯ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɜ ɧɚ ɫɟɦɶ 
ɩɨɪɹɞɤɨɜ ɩɨ ɱɚɫɬɨɬɟ ɧɢɠɟ ɜɨɞɹɧɨɣ. ɉɪɢ ɷɬɨɦ ɟё ɜɤɥɚɞ ɜ ɫɬɚɬɢɱɟɫɤɭɸ ɞɢɷɥɟɤɬɪɢɱɟɫɤɭɸ 
ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɜɨɞɹɧɨɝɨ ɫɨɜɫɟɦ ɦɚɥɨ, ɧɚ 10 %: İ (0) ~ 90. ɂɡɭɱɟɧɢɟ ɞɟɛɚ-
ɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜɨ ɥɶɞɭ ɪɚɡɜɢɜɚɟɬɫɹ ɩɨ ɫɨɛɫɬɜɟɧɧɨɣ ɬɪɚɟɤɬɨɪɢɢ ɱɟɪɟɡ ɪɚɫɫɦɨɬɪɟɧɢɟ 
ɫɥɨɠɧɨɣ ɞɢɧɚɦɢɤɢ ɞɟɮɟɤɬɨɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ [1, 4]. 

ȼ ɪɚɛɨɬɟ [5] ɦɵ ɨɛɪɚɬɢɥɢ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɞɟɛɚɟɜɫɤɨɝɨ ɜɢɞɚ ɪɟɥɚɤɫɚɰɢɸ ɜ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɨɬɤɥɢɤɟ ɜɟɳɟɫɬɜɚ ɞɚɟɬ ɞɢɮɮɭɡɧɨɟ ɞɜɢɠɟɧɢɟ ɡɚɪɹɠɟɧɧɨɣ ɱɚɫɬɢɰɵ ɜ 
ɩɚɪɚɛɨɥɢɱɟɫɤɨɦ ɩɨɬɟɧɰɢɚɥɟ. ɑɚɫɬɢɰɟɣ ɫɨɡɞɚɟɬɫɹ ɬɨɤ, ɢ ɟɝɨ ɨɩɢɫɚɧɢɟ ɛɨɥɟɟ ɭɞɨɛɧɨ ɜ 
ɬɟɪɦɢɧɚɯ ɩɪɨɜɨɞɢɦɨɫɬɢ, ı*(ω). Ɍɟɪɦɢɧɨɥɨɝɢɱɟɫɤɢ ɹɡɵɤ ɩɪɨɜɨɞɢɦɨɫɬɢ ɱɭɠɞ ɜɨɞɟ ɤɚɤ 
ɞɢɷɥɟɤɬɪɢɤɭ, ɧɨ, ɩɨ ɫɭɬɢ, ɹɡɵɤɢ İ*(ω) ɢ ı*(ω) ɷɤɜɢɜɚɥɟɧɬɧɵ. ɋɩɟɤɬɪ ı*(ω) ɩɨɥɭɱɚɟɬɫɹ 
ɩɪɨɫɬɵɦ ɭɦɧɨɠɟɧɢɟɦ İ*(ω) ɧɚ ɱɚɫɬɨɬɭ, ɱɬɨ ɦɧɨɝɨɤɪɚɬɧɨ ɭɜɟɥɢɱɢɜɚɟɬ ɜɟɫ ɜɵɫɨɤɨɱɚ-
ɫɬɨɬɧɨɣ, ɪɟɡɨɧɚɧɫɧɨɣ, ɱɚɫɬɢ ɫɩɟɤɬɪɚ ɢ ɞɟɥɚɟɬ ɟё ɧɚɛɥɸɞɚɟɦɨɣ ɧɚɪɚɜɧɟ ɫ ɛɨɥɟɟ ɧɢɡɤɨɱɚ-
ɫɬɨɬɧɨɣ, ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ. Ⱦɥɹ ɜɨɞɵ ɢ ɥɶɞɚ ɩɨɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɧɚɩɪɹɦɭɸ ɜɢɞɟɬɶ 
ɫɜɹɡɶ ɞɢɮɮɭɡɢɢ ɱɚɫɬɢɰ ɫ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɦɢ ɨɫɰɢɥɥɹɰɢɹɦɢ. 

ɉɟɪɟɯɨɞ ɤ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɟ ɨɡɧɚɱɚɟɬ ɩɟɪɟɯɨɞ ɤ ɧɨɜɨɣ ɮɢɡɢɤɟ, ɧɨ ɨɬɤɪɵɜɚɟɬ ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɩɨɫɬɪɨɟɧɢɹ ɞɥɹ ɜɨɞɵ ɢ ɥɶɞɚ ɟɞɢɧɨɣ ɦɨɞɟɥɢ, ɜɤɥɸɱɚɸɳɟɣ ɤɚɤ ɜɚɠɧɵɣ ɤɨɦ-
ɩɨɧɟɧɬ ɩɟɪɟɦɟɳɟɧɢɟ ɢɨɧɨɜ. Ɍɚɤɚɹ ɦɨɞɟɥɶ ɪɚɡɜɢɬɚ ɧɚɦɢ ɜ ɪɚɛɨɬɟ [6]. Ɉɬ ɫɭɳɟɫɬɜɭɸɳɢɯ 
ɨɧɚ ɨɬɥɢɱɚɟɬɫɹ ɤɨɧɰɟɩɬɭɚɥɶɧɨ ɜɚɠɧɵɦ ɜɵɜɨɞɨɦ ɨ ɬɨɦ, ɱɬɨ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɭ ɜɨɞɵ 
ɨɩɪɟɞɟɥɹɟɬ ɞɢɧɚɦɢɤɚ ɜɡɚɢɦɨɩɪɟɜɪɚɳɟɧɢɣ ɦɨɥɟɤɭɥ ɢ ɢɨɧɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɬɟɩɥɨɜɨɦ 
ɫɬɨɥɤɧɨɜɢɬɟɥɶɧɨɦ ɞɜɢɠɟɧɢɢ ɜ ɫɨɫɬɨɹɧɢɢ ɛɢɩɨɥɹɪɧɨɣ ɞɢɮɮɭɡɢɢ. ɂɨɧɵ - ɤɨɪɨɬɤɨɠɢ-
ɜɭɳɢɟ, ɨɛɪɚɡɭɸɬɫɹ ɧɚ ɜɪɟɦɟɧɚ ~ 2.5 ɩɫ ɢ ɩɪɢɫɭɬɫɬɜɭɸɬ ɜ ɜɨɞɟ ɜ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɚ 7 ɩɨ-
ɪɹɞɤɨɜ ɩɪɟɜɵɲɚɸɳɟɣ ɩɪɢɧɹɬɭɸ. Ɉɧɢ ɡɚɦɟɳɚɸɬ ɫɨɛɨɣ ɬɪɚɞɢɰɢɨɧɧɵɟ ɜɨɞɨɪɨɞɧɵɟ ɫɜɹ-
ɡɢ ɜ ɤɚɱɟɫɬɜɟ ɫɜɹɡɭɸɳɟɝɨ ɫɪɟɞɭ ɮɚɤɬɨɪɚ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɊɎɎɂ - 19-02-00446 Ⱥ.
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ɎȽȻɍɇ «ɂɧɫɬɢɬɭɬ ɨɛɳɟɣ ɢ ɧɟɨɪɝɚɧɢɱɟɫɤɨɣ ɯɢɦɢɢ ɢɦ. ɇ.ɋ. Ʉɭɪɧɚɤɨɜɚ ɊȺɇ»

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɞɚɧɧɵɟ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɦɟɞɥɟɧɧɨɣ ɦɚɝɧɢɬɧɨɣ ɪɟɥɚɤɫɚɰɢɢ 
ɤɨɦɩɥɟɤɫɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɥɚɧɬɚɧɢɞɨɜ. Ɉɛɫɭɠɞɚɸɬɫɹ ɩɪɢɱɢɧɵ ɩɨɹɜɥɟɧɢɹ ɫɜɨɣɫɬɜ 
ɦɨɥɟɤɭɥɹɪɧɵɯ ɦɚɝɧɟɬɢɤɨɜ ɜ ɬɚɤɢɯ ɫɨɟɞɢɧɟɧɢɹɯ, ɦɟɬɨɞɵ ɨɩɪɟɞɟɥɟɧɢɹ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ, ɢ 
ɫɨɜɪɟɦɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɞɚɧɧɨɣ ɨɛɥɚɫɬɢ ɡɧɚɧɢɣ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɨɥɟɤɭɥɹɪɧɵɟ ɦɚɝɧɟɬɢɤɢ, ɥɚɧɬɚɧɢɞɵ, ɦɚɝɧɢɬɧɚɹ ɪɟɥɚɤɫɚɰɢɹ.

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ, ɢɫɫɥɟɞɨɜɚɧɢɟ ɤɨɦɩɥɟɤɫɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɥɚɧɬɚɧɢɞɨɜ ɨɛɪɚɳɚ-
ɟɬ ɧɚ ɫɟɛɹ ɜɧɢɦɚɧɢɟ ɜ ɫɜɹɡɢ ɫ ɩɨɢɫɤɨɦ ɧɨɜɵɯ ɦɨɥɟɤɭɥɹɪɧɵɯ ɦɚɝɧɟɬɢɤɨɜ (single-

molecule magnets, SMMs). Ɍɚɤɢɟ ɫɨɟɞɢɧɟɧɢɹ ɫɩɨɫɨɛɧɵ ɫɨɯɪɚɧɹɬɶ ɨɫɬɚɬɨɱɧɭɸ ɧɚɦɚɝɧɢ-
ɱɟɧɧɨɫɬɶ ɜ ɬɟɱɟɧɢɟ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɜɪɟɦɟɧɢ ɜ ɨɬɫɭɬɫɬɜɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 
(ɦɟɞɥɟɧɧɚɹ ɦɚɝɧɢɬɧɚɹ ɪɟɥɚɤɫɚɰɢɹ) [1]. ɉɨɬɟɧɰɢɚɥɶɧɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɨ-
ɞɨɛɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɜ ɤɚɱɟɫɬɜɟ ɚɥɶɬɟɪɧɚɬɢɜɵ ɤɥɚɫɫɢɱɟɫɤɢɦ ɦɚɝɧɢɬɧɵɦ ɦɚɬɟɪɢɚɥɚɦ 
ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɢɧɬɟɪɟɫ ɭɱɟɧɵɯ ɤ ɩɨɥɭɱɟɧɢɸ ɢ ɢɫɫɥɟɞɨɜɚɧɢɸ ɧɨɜɵɯ ɷɮɮɟɤɬɢɜɧɵɯ 
SMMs. ɗɬɢ ɫɨɟɞɢɧɟɧɢɹ ɦɨɝɭɬ ɹɜɥɹɬɶɫɹ ɨɫɧɨɜɨɣ ɷɥɟɦɟɧɬɨɜ ɦɚɝɧɢɬɧɨɣ ɩɚɦɹɬɢ, ɡɚɩɢɫɢ ɢ 
ɯɪɚɧɟɧɢɹ ɢɧɮɨɪɦɚɰɢɢ, ɚ ɬɚɤɠɟ – ɥɨɝɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɤɜɚɧɬɨɜɵɯ ɤɨɦɩɶɸɬɟɪɨɜ [2].

Ʉ ɱɢɫɥɭ ɜɚɠɧɟɣɲɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɧɞɢɜɢɞɭɚɥɶɧɨɝɨ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɦɚɝɧɟɬɢɤɚ 
ɨɬɧɨɫɹɬɫɹ ɜɟɥɢɱɢɧɵ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɪɶɟɪɚ ɩɟɪɟɦɚɝɧɢɱɢɜɚɧɢɹ (Δeff/kB) ɢ ɜɪɟɦɟɧɢ 
ɧɚɢɫɤɨɪɟɣɲɟɣ ɪɟɥɚɤɫɚɰɢɢ (Ĳ0), ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɣ 
ɢ ɤɢɧɟɬɢɱɟɫɤɢɟ ɚɫɩɟɤɬɵ ɩɪɨɰɟɫɫɚ ɪɟɥɚɤɫɚɰɢɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɛɨɥɶ-
ɲɢɧɫɬɜɨ ɫɨɜɪɟɦɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɧɚ ɭɜɟɥɢɱɟɧɢɟ 
ɜɵɫɨɬɵ ɛɚɪɶɟɪɚ ɩɟɪɟɦɚɝɧɢɱɢɜɚɧɢɹ. ɉɪɨɜɟɞɟɧɧɵɟ ɤɚɤ ɬɟɨɪɟɬɢɱɟɫɤɢɟ [3], ɬɚɤ ɢ ɷɤɫɩɟɪɢ-
ɦɟɧɬɚɥɶɧɵɟ [4] ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨɛ ɨɩɪɟɞɟɥɹɸɳɟɦ ɜɥɢɹɧɢɢ ɧɚ SMM 
ɫɜɨɣɫɬɜɚ ɤɨɧɤɪɟɬɧɨɝɨ ɤɨɦɩɥɟɤɫɚ ɝɟɨɦɟɬɪɢɢ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɝɨ ɨɤɪɭɠɟɧɢɹ ɰɟɧɬɪɚɥɶɧɨ-
ɝɨ ɚɬɨɦɚ ɢ, ɜ ɛɨɥɶɲɟɣ ɫɬɟɩɟɧɢ, ɫɢɦɦɟɬɪɢɢ ɩɨɥɹ ɥɢɝɚɧɞɨɜ. ȼ ɫɜɨɸ ɨɱɟɪɟɞɶ, ɩɨɫɥɟɞɧɹɹ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɪɢɪɨɞɨɣ ɢ ɜɡɚɢɦɧɵɦ ɪɚɫɩɨɥɨɠɟɧɢɟɦ ɥɢɝɚɧɞɨɜ. Ⱦɨɫɬɚɬɨɱɧɨ ɜɚɠɧɨɣ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɨɣ ɤɨɧɤɪɟɬɧɨɝɨ SMM ɹɜɥɹɟɬɫɹ ɬɚɤɠɟ ɟɝɨ ɭɫɬɨɣɱɢɜɨɫɬɶ (ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, 
ɯɢɦɢɱɟɫɤɚɹ ɢ ɬɟɪɦɢɱɟɫɤɚɹ), ɬ.ɤ. ɢɦɟɧɧɨ ɨɧɚ ɨɩɪɟɞɟɥɹɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɞɚɥɶɧɟɣɲɟɝɨ 
ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɷɬɨɝɨ ɫɨɟɞɢɧɟɧɢɹ. ɇɚɩɪɢɦɟɪ, ɫɚɦɵɟ ɷɮɮɟɤɬɢɜɧɵɟ ɦɨɥɟ-
ɤɭɥɹɪɧɵɟ ɦɚɝɧɟɬɢɤɢ [5-7], ɢɡɜɟɫɬɧɵɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ, ɯɨɬɶ ɢ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɜɩɟ-
ɱɚɬɥɹɸɳɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ SMM, ɹɜɥɹɸɬɫɹ ɯɢɦɢɱɟɫɤɢ ɧɟɭɫɬɨɣɱɢɜɵɦɢ ɫɨɟɞɢɧɟɧɢɹɦɢ.

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɚɥɶɧɟɣɲɟɟ ɪɚɡɜɢɬɢɟ ɩɨɞɯɨɞɨɜ ɤ ɧɚɩɪɚɜɥɟɧɧɨɦɭ ɜɚɪɶɢɪɨɜɚɧɢɸ 
ɤɚɱɟɫɬɜɟɧɧɨɝɨ ɢ ɤɨɥɢɱɟɫɬɜɟɧɧɨɝɨ ɫɨɫɬɚɜɚ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɝɨ ɨɤɪɭɠɟɧɢɹ ɞɥɹ ɤɚɠɞɨɝɨ 
ɫɟɦɟɣɫɬɜɚ ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ – ɚ ɬɚɤɠɟ ɩɨɥɭɱɟɧɢɟ ɫɬɚɛɢɥɶɧɵɯ ɫɨɟɞɢɧɟɧɢɣ 
– ɩɪɟɞɫɬɚɜɥɹɸɬ ɧɟɫɨɦɧɟɧɧɵɣ ɢɧɬɟɪɟɫ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɦɨɞɢɮɢɤɚɰɢɢ ɢɯ SMM ɫɜɨɣɫɬɜ.

ȼ ɞɨɤɥɚɞɟ ɨɛɫɭɠɞɚɸɬɫɹ ɩɪɢɱɢɧɵ ɩɪɨɹɜɥɟɧɢɹ ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɦɢ ɫɨɟɞɢɧɟɧɢɹɦɢ 
ɥɚɧɬɚɧɢɞɨɜ ɫɜɨɣɫɬɜ SMM. ɉɪɨɜɟɞɟɧ ɫɪɚɜɧɢɬɟɥɶɧɵɣ ɨɛɡɨɪ ɫɨɜɪɟɦɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ ɜ ɨɛɥɚɫɬɢ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɦɚɝɧɟɬɢɡɦɚ ɤɨɦɩɥɟɤɫɨɜ Ln. Ɉɛɫɭɠɞɚɟɬɫɹ ɜɥɢɹɧɢɟ 
ɧɚ ɫɜɨɣɫɬɜɚ SMM ɩɪɢɪɨɞɵ Ln3+

 ɢ ɜɚɠɧɟɣɲɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɨɫɨɛɟɧɧɨɫɬɟɣ (ɫɬɪɨɟɧɢɟ ɦɟ-
ɬɚɥɥɨɨɫɬɨɜɚ, ɤɨɧɮɢɝɭɪɚɰɢɢ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɝɨ ɨɤɪɭɠɟɧɢɹ).

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɊɎɎɂ № 18-33-20155.
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This paper is devoted to Brillouin study of the influence of different regimes of electric field 

application on the temperature behavior of a quasi-longitudinal acoustic phonon and quasielastic light 

scattering in the temperature range from 77 to 300 K in  PbMg1/3Nb2/3O3  (PMN) crystal. 

Keywords: relaxor ferroelectrics, acoustic phonon, quasielastic light scattering, phase transi-

tion. 

PbMg1/3Nb2/3O3 (PMN) is a model compound for studies of properties of a large fami-

ly of relaxor ferroelectrics with the general formula ABƍBƎO3. The PMN crystal lattice dy-

namics is characterized by a frequency-dependent anomaly of the dielectric response extended 

for hundreds of degrees which is not related to a structural phase transition. The crystal sym-

metry remains cubic up to helium temperatures. The electric field application leads to a 

change in the dynamics of phase transformations, i.e., a ferroelectric structural phase transi-

tion occurs in PMN. The results of PMN investigations under an applied electric field are 

clearly visualized in phase diagrams [1]. It is well known that relaxor properties depend on 

the applied field regimes. For example, Brillouin light scattering studies of the PMN proper-

ties in E ≠ 0 revealed the electroacoustic effect which manifested itself in the dependence of 
the behavior of the quasi-longitudinal acoustic (QLA) phonon velocity on the magnitude and 

direction of the applied field ȿ [2].  

The goal of our studies reported here was to understand how the applied electric field 

regimes (E = 5 kV/cm) affect the behaviors of the QLA phonon with a wave vector q||[110] 

and quasielastic light scattering in the temperature range from 77 to 300 K. The following re-

gimes of electric field application were used: (i) Cooling in E = 0 (ZFC), the field application 

at the liquid nitrogen temperature, and then heating in the field (FH); (ii) Cooling (FC) and 

heating in the field (FH); and (iii) Cooling in the field (FC), removal of the field at the liquid 

nitrogen temperature and then heating in E = 0 (ZFH). The objects of the experiments were 

PMN samples 5x3x1 mm
3
 in size with the largest faces on which electrodes were deposited

perpendicular to the crystallographic [111], [110] and [100] directions. The measurements 

were carried out by Fabry-Perot tandem interferometer in a 180-degree scattering geometry. 

The light source was a laser with a wavelength of 514.5 nm. It was found that the behaviors of 

the QLA phonon and quasielastic light scattering exhibited anomalies that depended on the 
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applied field regimes and direction of applied field. The results are discussed within the 

framework of existing phase E-T diagrams and modern concepts of the physics of relaxor fer-

roelectrics. 
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Ƚɍ «Ⱦɨɧɟɰɤɢɣ ɮɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɦ. Ⱥ.Ⱥ. Ƚɚɥɤɢɧɚ», Ⱦɨɧɟɰɤ 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɚɧɚɥɢɡɚ ɩɚɪɚɦɟɬɪɨɜ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɝɟɬɟɪɨɞɢɮɮɭɡɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɢ ɠɢɞɤɢɯ ɮɚɡɚɯ ɫɩɥɚɜɨɜ ɧɚ ɨɫɧɨɜɟ Fe ɢ Al 

ɢ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ, ɤɨɧɬɪɨɥɢɪɭɸɳɢɯ ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ ɫɬɟɤɨɥ ɧɚ ɢɯ 
ɨɫɧɨɜɟ, ɜ ɫɜɹɡɢ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɞɢɮɮɭɡɢɨɧɧɵɦɢ ɦɟɯɚɧɢɡɦɚɦɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɫɬɟɤɥɚ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɷɮɮɟɤɬɢɜɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɞɢɮɮɭɡɢɢ, ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɟ ɦɧɨɠɢɬɟɥɢ, ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ, ɦɟɯɚɧɢɡɦɵ ɞɢɮɮɭɡɢɢ. 

ɐɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɥɫɹ ɚɧɚɥɢɡ ɩɚɪɚɦɟɬɪɨɜ ɚɪɪɟɧɢɭɫɨɜɫɤɢɯ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢ-
ɫɢɦɨɫɬɟɣ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ, ɤɨɧɬɪɨɥɢɪɭɸɳɟɣ ɡɚɪɨɠɞɟɧɢɟ ɢ ɪɨɫɬ 
ɤɪɢɫɬɚɥɥɨɜ ɜ ɚɦɨɪɮɧɵɯ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɩɥɚɜɚɯ ɧɚ ɨɫɧɨɜɟ ɠɟɥɟɡɚ ɢ ɚɥɸɦɢɧɢɹ. ɗɮɮɟɤ-
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ɬɢɜɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɞɢɮɮɭɡɢɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɩɭɬɟɦ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɵɯ ɞɚɧɧɵɯ ɩɨ ɫɬɪɭɤɬɭɪɟ ɤɪɢɫɬɚɥɥɢɡɭɸɳɢɯɫɹ ɫɬɟɤɨɥ ɢ ɤɢɧɟɬɢɤɟ ɷɬɨɝɨ ɩɪɨɰɟɫɫɚ ɫ ɡɚɜɢ-
ɫɢɦɨɫɬɹɦɢ, ɪɚɫɫɱɢɬɚɧɧɵɦɢ ɜ ɪɚɦɤɚɯ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ [1]. Ⱥɧɚɥɢɡ ɩɪɨɜɨɞɢɥɫɹ ɜ 
ɪɚɦɤɚɯ ɩɪɟɞɥɨɠɟɧɧɨɝɨ Ɏɟɞɨɪɨɜɵɦ [2] ɭɪɚɜɧɟɧɢɹ  0 exp /D A Q B , ɫɜɹɡɵɜɚɸɳɟɝɨ
ɡɧɚɱɟɧɢɹ ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɯ ɦɧɨɠɢɬɟɥɟɣ D0 ɢ ɷɧɟɪɝɢɣ ɚɤɬɢɜɚɰɢɢ ɝɟɬɟɪɨ- ɢ ɫɚɦɨ-
ɞɢɮɮɭɡɢɢ ɞɢɮɮɭɡɢɢ Q. ɉɨɡɞɧɟɟ ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ [3], ɱɬɨ ɭɪɚɜɧɟɧɢɟ Ɏɟɞɨɪɨɜɚ, ɩɪɟɞ-
ɫɬɚɜɥɹɸɳɟɟ ɫɨɛɨɣ ɱɚɫɬɧɵɣ ɫɥɭɱɚɣ ɤɨɦɩɟɧɫɚɰɢɨɧɧɨɝɨ ɡɚɤɨɧɚ, ɜɵɩɨɥɧɹɟɬɫɹ ɞɥɹ ɤɨɷɮ-
ɮɢɰɢɟɧɬɨɜ ɝɟɬɟɪɨɞɢɮɮɭɡɢɢ ɜɨ ɜɫɟɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɫɩɥɚɜɚɯ ɫ ɟɞɢɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ 
A = 10

–7
 ɦ2/ɫ and B = 0,39 ɷȼ ɢ ɜɫɟɯ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɚɯ ɫ ɩɚɪɚɦɟɬɪɚɦɢ A = 10

–20–10
–19

ɦ2/ɫ and B = 0,054–0,056 ɷȼ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɚ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɨɬɪɚɠɚɸɬ ɦɟɯɚɧɢɡ-
ɦɵ ɞɢɮɮɭɡɢɢ.  

Ⱥɧɚɥɢɡ, ɩɪɨɜɟɞɟɧɧɵɣ ɞɥɹ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢ-
ɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ, ɤɨɧɬɪɨɥɢɪɭɸɳɟɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ ɚɦɨɪɮɧɵɯ ɮɚɡ ɜ ɫɩɥɚɜɚɯ ɧɚ ɨɫ-
ɧɨɜɟ Fe ɢ Al ɩɨ ɩɟɪɜɢɱɧɵɦ ɢ ɷɜɬɟɤɬɢɱɟɫɤɢɦ ɦɟɯɚɧɢɡɦɚɦ, ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɝɟɬɟɪɨɞɢɮɮɭ-
ɡɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɢ ɠɢɞɤɢɯ ɫɩɥɚɜɚɯ ɧɚ ɨɫɧɨɜɟ Fe ɢ Al ɢ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ 
ɞɚɧɧɵɯ ɫ ɨɛɨɛɳɟɧɧɵɦɢ ɤɨɪɪɟɥɹɰɢɹɦɢ log(D0)–Q ɞɥɹ ɞɢɮɮɭɡɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 
ɫɩɥɚɜɚɯ ɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɤɨɥ [3], ɩɨɡɜɨɥɢɥ ɭɫɬɚɧɨɜɢɬɶ ɫɥɟɞɭɸɳɢɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ: 
– ɤɨɪɪɟɥɹɰɢɢ log(D0)–Q ɞɥɹ ɷɮɮɟɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ, ɤɨɧɬɪɨɥɢɪɭɸɳɟɣ
ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ ɫɬɟɤɨɥ ɧɚ ɨɫɧɨɜɟ Fe ɢ Al ɯɨɪɨɲɨ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫɹ ɥɢɧɟɣɧɵɦɢ ɡɚɜɢ-
ɫɢɦɨɫɬɹɦɢ, ɨɞɧɚɤɨ ɫ ɪɚɡɥɢɱɧɵɦɢ A ((3.7±0.7)10

–18
 ɢ (1.7 ± 0.5)10

–19
 ɦ2/ɫ) ɢ B (0.064 ±

0.005 ɢ 0.041 ±0.006 ɷȼ) ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ;
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Ɋɢɫɭɧɨɤ. Ʉɨɪɪɟɥɹɰɢɢ ɦɟɠɞɭ ɡɧɚɱɟɧɢɹɦɢ ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɯ ɦɧɨɠɢɬɟɥɟɣ ɢ ɷɧɟɪɝɢɣ  

ɚɤɬɢɜɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ ɜ ɫɩɥɚɜɚɯ ɧɚ ɨɫɧɨɜɟ Fe (ɚ)  
ɢ Al (ɛ): 1 ɢ 2 – ɤɨɷɮɮɢɰɢɟɧɬɵ ɝɟɬɟɪɨɞɢɮɮɭɡɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ [4] ɢ ɠɢɞɤɢɯ [4, 5] ɫɩɥɚɜɚɯ 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, 3 – ɷɮɮɟɤɬɢɜɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɞɢɮɮɭɡɢɢ, ɤɨɧɬɪɨɥɢɪɭɸɳɟɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ 

ɚɦɨɪɮɧɵɯ ɮɚɡ, ɲɬɪɢɯɨɜɵɟ ɥɢɧɢɢ – ɨɛɨɛɳɟɧɧɵɟ ɞɚɧɧɵɟ ɩɨ ɤɨɷɮɮɢɰɢɟɧɬɚɦ ɝɟɬɟɪɨɞɢɮɮɭɡɢɢ  
ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɢ ɚɦɨɪɮɧɵɯ ɮɚɡɚɯ [3] 

– ɩɚɪɚɦɟɬɪɵ ɤɨɪɪɟɥɹɰɢɣ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɝɟɬɟɪɨɞɢɮɮɭɡɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɫɩɥɚ-
ɜɚɯ ɧɚ ɨɫɧɨɜɟ Al ɢ Fe, ɩɨɫɬɪɨɟɧɧɵɟ ɩɨ ɞɚɧɧɵɦ ɪɚɛɨɬ [2, 4], ɨɤɚɡɚɥɢɫɶ ɪɚɡɥɢɱɧɵɦɢ: A

((2.0 ± 0.3)10
–12

 ɢ (4.8 ± 0.3)10
–9

 ɦ2/ɫ) ɢ B (0.161 ± 0.010 ɢ 0.144 ± 0.008 ɷȼ);

– ɤɨɪɪɟɥɹɰɢɢ ɦɟɠɞɭ ɡɧɚɱɟɧɢɹɦɢ ɩɪɟɞɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɯ ɦɧɨɠɢɬɟɥɟɣ ɢ ɷɧɟɪɝɢɣ ɚɤɬɢ-
ɜɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ ɜ ɪɚɫɩɥɚɜɚɯ ɧɚ ɨɫɧɨɜɟ Fe

ɢ Al ɢɦɟɸɬ ɩɚɪɚɦɟɬɪɵ A ((4.9 ± 0.1)10
–9

 ɢ (2.2±0.1)10
–9

 ɦ2/ɫ) ɢ B (0.126 ± 0.016 ɢ
0.071 ± 0.005 ɷȼ) ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ;

– ɜ ɪɚɦɤɚɯ ɩɪɟɞɩɨɥɨɠɟɧɢɹ [2,3], ɱɬɨ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ B ɨɬɪɚɠɚɸɬ ɦɟɯɚɧɢɡɦ ɞɢɮɮɭ-
ɡɢɢ, ɫɞɟɥɚɧ ɜɵɜɨɞ ɨ ɧɚɥɢɱɢɢ ɜɤɥɚɞɚ ɤɨɨɩɟɪɚɬɢɜɧɵɯ ɫɦɟɳɟɧɢɣ ɜ ɞɢɮɮɭɡɢɸ ɧɚ ɝɪɚɧɢɰɟ
ɪɚɡɞɟɥɚ ɠɢɞɤɨɣ ɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡ.
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Current literature presents quite a few facts evidencing that the energy barriers, which 

control various relaxation processes in metallic glasses, are determined by the unrelaxed shear 

modulus. This idea is put into the basis of the Interstitialcy theory of condensed matter states 

assuming that relaxation phenomena in metallic glasses are governed by structural “defects”, 
which by their properties are similar to dumbbell interstitials in crystalline metals. The for-

mation enthalpy of these defects is proportional to the shear modulus while the latter deter-

mines their concentration. Thus, precision measurements of the shear modulus allow monitor-

ing the defect concentration, which reflects the kinetics of relaxation phenomena in metallic 

glasses.  

This approach is being developed by the present authors during a few past years and 

found to be quite fruitful. It was shown that various relaxation phenomena occurring upon 

structural relaxation and crystallization of metallic glasses can be quantitatively explained 

within the framework of this approach. This applies first of all to numerous examples of the 

interrelationship between the relaxation of the shear elasticity and the heat effects (heat re-

lease or heat absorption). It was found that the excess internal energy of the non-crystalline 

state with respect to the maternal crystalline state is mostly determined by the elastic energy 

of the interstitial-type defects frozen-in upon glass production. This energy dissipates as heat 

upon crystallization of glass so that the heat of crystallization approximately equals to the 

elastic energy of these defects, which is controlled by the macroscopic shear modulus. The 

same approach allowed explanation of the relationship between the enthalpies of structural 

relaxation and crystallization of metallic glass with the melting enthalpy of the maternal crys-

tal. It was found that the excess enthalpy of metallic glass determined by the macroscopic 

shear modulus also controls the height of the low temperature boson heat capacity peak of 

metallic glasses. 

This presentation is devoted to a review of the above approach, which clearly demon-

strates a genetic relationship of the relaxation of the shear elasticity with various relaxation 

phenomena in metallic glasses. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɋɚɫɫɦɨɬɪɟɧɵ ɜɨɩɪɨɫɵ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɜ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɷɥɟɤɬɪɨɞ 
– ɷɥɟɤɬɪɨɥɢɬ ɜ ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɷɥɟɤɬɪɨɥɢɡɚ.  ɉɨɤɚɡɚɧɵ ɨɫɧɨɜɧɵɟ ɚɫɩɟɤɬɵ ɜɪɟɦɟɧɧɨɣ ɪɟ-
ɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɪɚɡɥɢɱɧɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ, ɚ ɢɦɟɧɧɨ ɷɥɟɤɬɪɨɥɢɬɨɜ ɯɪɨɦɢɪɨɜɚɧɢɹ
ɧɚ ɨɫɧɨɜɟ ɫɭɥɶɮɚɬɚ ɯɪɨɦɚ ɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɧɢɤɟɥɢɪɨɜɚɧɢɹ ɧɚ ɨɫɧɨɜɟ ɫɭɥɶɮɚɦɚɬɚ ɧɢɤɟɥɹ ɫ ɛɟɡɭɝ-
ɥɟɪɨɞɧɨɣ ɛɨɪɫɨɞɟɪɠɚɳɟɣ ɞɨɛɚɜɤɨɣ ɤɥɚɫɫɚ ɩɨɥɢɷɞɪɢɱɟɫɤɢɟ ɛɨɪɚɬɵ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɪɟɦɟɧ-
ɧɚɹ ɪɟɥɚɤɫɚɰɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤɨɦɩɥɟɤɫɨɜ, ɨɛɪɚɡɭɸɳɢɯ ɷɬɢ ɫɨɟɞɢɧɟɧɢɹ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɧɭɬɪɟɧɧɟ ɬɪɟɧɢɟ, ɢɦɩɭɥɶɫɧɵɣ ɷɥɟɤɬɪɨɥɢɡ, ɞɟɮɟɤɬɵ ɫɬɪɭɤɬɭɪɵ. 

ɉɟɪɜɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɭɳɟɫɬɜɢɥ ɩɪɨɮɟɫɫɨɪ ɏɚɪɶɤɨɜɫɤɨɝɨ 
ɍɧɢɜɟɪɫɢɬɟɬɚ ɇ.ɇ. Ȼɟɤɟɬɨɜ, ɤɨɬɨɪɵɣ ɢɡɭɱɚɥ ɷɮɮɟɤɬɵ ɬɟɩɥɨɜɵɞɟɥɟɧɢɹ ɧɚ ɷɥɟɤɬɪɨɞɚɯ 
ɩɪɢ ɨɫɭɳɟɫɬɜɥɟɧɢɢ ɨɤɢɫɥɢɬɟɥɶɧɨ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɶɧɵɯ ɪɟɚɤɰɢɣ ɜ ɩɪɨɰɟɫɫɟ ɷɥɟɤɬɪɨɥɢɡɚ. 
ɉɟɪɜɨɩɪɢɱɢɧɨɣ ɷɬɢɯ ɹɜɥɟɧɢɣ ɨɧ ɫɱɢɬɚɥ ɢɡɦɟɧɟɧɢɟ ɩɪɢɪɨɞɵ ɜɟɳɟɫɬɜ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɜ 
ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ. ȼɩɨɫɥɟɞɫɬɜɢɢ, ɷɬɢ ɪɚɛɨɬɵ ɛɵɥɢ ɩɪɨɞɨɥɠɟɧɵ ɧɚ ɤɚɮɟɞɪɟ 
ɮɢɡɢɱɟɫɤɨɣ ɯɢɦɢɢ ɬɨɝɨ ɠɟ ɭɧɢɜɟɪɫɢɬɟɬɚ ɩɪɨɮɟɫɫɨɪɨɦ Ⱦ.ɇ. Ƚɪɢɰɚɧɨɦ ɫ ɫɨɬɪɭɞɧɢɤɚɦɢ. 
ɉɨɞɨɛɧɨɝɨ ɪɨɞɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɬɚɤɠɟ ɧɚ ɤɚɮɟɞɪɟ ɨɛɳɟɣ ɯɢɦɢɢ ȼɨɪɨɧɟɠ-
ɫɤɨɝɨ ɩɨɥɢɬɟɯɧɢɱɟɫɤɨɝɨ ɢɧɫɬɢɬɭɬɚ ɩɨɞ ɪɭɤɨɜɨɞɫɬɜɨɦ ɩɪɨɮɟɫɫɨɪɚ Ⱥ.ɂ. Ɏɚɥɢɱɟɜɨɣ. ɇɚ 
V ȼɫɟɫɨɸɡɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɩɨ ɷɥɟɤɬɪɨɯɢɦɢɢ ɱɥɟɧɨɦ ɤɨɪɪɟɫɩɨɧɞɟɧɬɨɦ Ⱥɇ ɋɋɋɊ 
Ɂ.Ƚ. Ʌɟɜɢɱɟɜɵɦ ɛɵɥɚ ɨɬɦɟɱɟɧɚ ɩɟɪɫɩɟɤɬɢɜɧɨɫɬɶ ɷɬɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɢɣ [1-3]. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɯɚɪɚɤɬɟɪ ɢɡɦɟɧɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɥɢɲɶ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ 
ɨɬɪɚɠɚɟɬ ɫɭɬɶ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɩɪɨɬɟɤɚɸɳɢɯ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɪɟɚɤɰɢɣ. ɋɭɳɟ-
ɫɬɜɭɸɳɢɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɦɟɬɨɞɢɤɢ ɧɟ ɩɨɡɜɨɥɹɸɬ ɞɚɠɟ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɨɩɪɟɞɟɥɹɬɶ 
ɬɟɦɩɟɪɚɬɭɪɭ ɜ ɡɨɧɟ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ (ɜ ɨɛɥɚɫɬɢ ɞɜɨɣɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɫɥɨɹ). Ɉɫɧɨɜɧɵɟ ɡɚɬɪɭɞɧɟɧɢɹ ɫɜɹɡɚɧɵ ɫ ɛɨɥɶɲɢɦ ɱɢɫɥɨɦ ɢ ɪɚɡɧɨɨɛɪɚɡɢɟɦ ɬɟɩɥɨɜɵɯ 
ɷɮɮɟɤɬɨɜ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɨɬɥɢɱɚɬɶɫɹ ɧɟ ɬɨɥɶɤɨ ɜɟɥɢɱɢɧɨɣ ɢɯ ɜɤɥɚɞɚ, ɧɨ ɢ ɡɧɚɤɨɦ. 
ɂɦɟɧɧɨ ɷɬɚ ɩɪɢɱɢɧɚ ɡɚɫɬɚɜɢɥɚ ɧɚɫ ɢɫɤɚɬɶ ɧɟ ɩɪɹɦɵɟ, ɚ ɤɨɫɜɟɧɧɵɟ ɩɭɬɢ ɨɩɪɟɞɟɥɟɧɢɹ 
ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɡɨɧɟ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ. Ɍɨɬ ɮɚɤɬ, ɱɬɨ ɩɪɢ ɝɚɥɶɜɚɧɢɱɟɫɤɨɦ 
ɫɩɨɫɨɛɟ ɩɨɥɭɱɟɧɢɹ ɦɟɬɚɥɥɚ ɢɡ ɜɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ ɷɥɟɤɬɪɨɥɢɬɚ ɮɨɪɦɢɪɭɟɦɚɹ ɚɬɨɦɧɚɹ 
ɫɬɪɭɤɬɭɪɚ ɦɚɥɨ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɚɧɚɥɨɝɢɱɧɨɝɨ ɦɟɬɚɥɥɚ ɩɨɥɭɱɚɟɦɨɝɨ ɦɟɬɨɞɨɦ ɩɥɚɜɥɟɧɢɹ,  
ɧɚɜɨɞɢɬ ɧɚ ɦɵɫɥɶ ɨ ɬɨɦ, ɱɬɨ ɜ ɡɨɧɟ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɮɨɪɦɢɪɨɜɚɧɢɹ ɤɥɚɫɬɟɪɚ ɦɟɬɚɥɥɚ 
ɪɟɚɥɢɡɭɟɬɫɹ «ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɫɤɚɱɟɤ» ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɝɨ ɧɚ ɩɨɪɹɞɨɤ ɨɬɥɢɱɚɟɬɫɹ ɨɬ 
ɫɪɟɞɧɟɣ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɨɛɴɟɦɟ ɷɥɟɤɬɪɨɥɢɡɟɪɚ. 

ɚ ɛ ɜ 
Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢɷɥɟɤɬɪɨɞɧɨɝɨ (ɤɚɬɨɞɧɨɝɨ) ɫɥɨɹ ɷɥɟɤɬɪɨɥɢɬɚ 

ɨɬ ɜɪɟɦɟɧɢ ɷɥɟɤɬɪɨɥɢɡɚ ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɡɧɚɱɟɧɢɹɯ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ 
ɞɥɹ ɷɥɟɤɬɪɨɥɢɬɨɜ ɯɪɨɦɢɪɨɜɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɯɢɦɢɱɟɫɤɢɯ ɫɨɫɬɚɜɨɜ:  

ɚ) ɫɟɪɧɨɤɢɫɥɨɝɨ, ɛ) ɯɪɨɦɫɭɥɶɮɚɬɧɨɝɨ, ɜ) ɩɟɪɯɥɨɪɚɬɧɨɝɨ 
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ɉɨ ɫɭɳɟɫɬɜɭ, ɜɨɡɧɢɤɚɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɜɟɞɟɧɢɹ ɜɟɳɟɫɬɜɚ ɩɪɢ 
ɩɪɨɯɨɠɞɟɧɢɢ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ. ɉɪɢ ɷɬɨɦ, ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɥɹ ɷɬɢɯ ɰɟɥɟɣ ɫɥɟ-
ɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɤɚɤ ɫɬɪɭɤɬɭɪɧɨ ɱɭɜɫɬɜɢɬɟɥɶɧɵɣ ɦɟɬɨɞ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ, ɭɫɩɟɲɧɨ 
ɩɪɢɦɟɧɹɸɳɢɣɫɹ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɨɜ ɜ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɵɯ ɫɪɟɞɚɯ ɜ 
ɫɨɜɨɤɭɩɧɨɫɬɢ ɫ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɦɢ ɢ ɦɚɝɧɟɬɨɯɢɦɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ. ɇɚɲɢ ɩɪɟɞ-
ɫɬɚɜɥɟɧɢɹ ɨ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɭɫɥɨɜɢɹɯ ɮɚɡɨɜɨɝɨ ɩɟɪɟ-
ɯɨɞɚ, ɩɨ ɦɟɧɶɲɟɣ ɦɟɪɟ, ɞɨɥɠɧɵ ɛɵɬɶ ɩɟɪɟɫɦɨɬɪɟɧɵ. ɗɬɨ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɧɟɤɨɬɨɪɨɦɭ 
ɭɫɥɨɠɧɟɧɢɸ ɪɚɫɱɟɬɧɵɯ ɮɨɪɦɭɥ ɡɚɬɨ ɞɚɫɬ ɨɬɜɟɬ ɧɚ ɦɧɨɝɢɟ ɜɨɩɪɨɫɵ ɫɜɹɡɚɧɧɵɟ ɫ ɦɨɥɟ-
ɤɭɥɹɪɧɵɦ ɩɟɪɟɧɨɫɨɦ ɜɟɳɟɫɬɜɚ. 
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(1) 

ȼɵɪɚɠɟɧɢɟ (1) ɨɩɪɟɞɟɥɹɟɬ ɢɡɦɟɧɟɧɢɟ ɢɦɩɭɥɶɫɚ ɷɧɬɚɥɶɩɢɢ ɡɚ ɫɱɟɬ ɬɪɟɯ ɫɨɫɬɚɜ-
ɥɹɸɳɢɯ (ɢɡɥɭɱɟɧɢɹ, ɤɨɧɜɟɤɬɢɜɧɨɝɨ ɩɟɪɟɧɨɫɚ ɢ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɮɮɭɡɢɢ). ɉɪɢ ɷɬɨɦ 
ɨɛɳɢɣ ɜɢɞ ɭɪɚɜɧɟɧɢɹ ɩɨ ɮɨɪɦɟ ɨɫɬɚɟɬɫɹ ɩɪɟɠɧɢɦ, ɚ ɡɧɚɱɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪ ɩɟɪɟɯɨɞɹɬ ɜ 
ɮɭɧɤɰɢɨɧɚɥɶɧɨ-ɡɚɜɢɫɢɦɵɟ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜɟɳɟɫɬɜ ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɨɤɢɫɥɟɧɧɨɣ ɢ ɜɨɫ-
ɫɬɚɧɨɜɥɟɧɧɨɣ ɮɨɪɦ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɚ ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɡɨɧɟ ɪɟɚɤɰɢɢ 
ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɭɪɚɜɧɟɧɢɹ ɇɟɪɧɫɬɚ-ɉɟɬɟɪɫɨɧɚ ɞɥɹ ɨɤɢɫɥɢɬɟɥɶɧɨ-

ɜɨɫɫɬɚɧɨɜɢɬɟɥɶɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ, ɩɨɫɤɨɥɶɤɭ ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɤɢɫɥɟɧɧɨɣ ɢ ɜɨɫɫɬɚɧɨɜɥɟɧ-
ɧɨɣ ɮɨɪɦ ɜɟɳɟɫɬɜɚ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ. ɂɫɩɨɥɶɡɭɹ ɬɚɤɨɣ ɩɨɞɯɨɞ 
ɤ ɪɟɲɟɧɢɸ ɡɚɞɚɱɢ, ɧɚɦ ɭɞɚɥɨɫɶ ɭɫɬɚɧɨɜɢɬɶ ɢɫɬɢɧɭ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɦɟɯɚɧɢɡɦɚ ɚɧɨɞɧɨɝɨ 
ɨɤɢɫɥɟɧɢɹ ɚɥɸɦɢɧɢɹ ɜ ɪɚɫɬɜɨɪɟ ɯɥɨɪɢɞɚ ɧɚɬɪɢɹ. 
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ɎȽȺɈɍ ȼɈ «ɍɪɎɍ ɢɦɟɧɢ ɩɟɪɜɨɝɨ ɉɪɟɡɢɞɟɧɬɚ Ɋɨɫɫɢɢ Ȼ.ɇ. ȿɥɶɰɢɧɚ», ȿɤɚɬɟɪɢɧɛɭɪɝ 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɟɧɞɪɢɬɧɨɣ ɞɨɦɟɧɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɜ ɨɞɧɨɨɫɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɯ ɢ ɫɜɟɪɯɛɵɫɬɪɨɝɨ ɩɪɟɜɪɚɳɟɧɢɹ ɞɨɦɟɧɨɜ ɜ ɮɨɪɦɟ ɜɨ-
ɝɧɭɬɵɯ ɦɧɨɝɨɭɝɨɥɶɧɢɤɨɜ ɜ ɜɵɩɭɤɥɵɟ. ȼɵɹɜɥɟɧɧɵɟ ɷɮɮɟɤɬɵ ɨɛɴɹɫɧɟɧɵ ɜ ɪɚɦɤɚɯ ɤɢɧɟɬɢɱɟɫɤɨ-
ɝɨ ɩɨɞɯɨɞɚ, ɢɫɩɨɥɶɡɭɸɳɟɝɨ ɚɧɚɥɨɝɢɸ ɦɟɠɞɭ ɤɢɧɟɬɢɤɨɣ ɞɨɦɟɧɨɜ ɢ ɪɨɫɬɨɦ ɤɪɢɫɬɚɥɥɨɜ. ɉɨɤɚɡɚ-
ɧɨ, ɱɬɨ ɡɚɩɚɡɞɵɜɚɧɢɟ  ɨɛɴɟɦɧɨɝɨ ɷɤɪɚɧɢɪɨɜɚɧɢɹ ɞɟɩɨɥɹɪɢɡɭɸɳɟɝɨ ɩɨɥɹ ɢɝɪɚɟɬ ɨɩɪɟɞɟɥɹɸɳɭɸ 
ɪɨɥɶ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɟɧɞɪɢɬɵ, ɧɢɨɛɚɬ ɥɢɬɢɹ, ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɞɨɦɟɧɧɵɟ ɫɬɟɧɤɢ, ɮɨɪ-
ɦɚ ɞɨɦɟɧɨɜ. 

ɂɫɫɥɟɞɨɜɚɧɨ ɢɡɦɟɧɟɧɢɟ ɮɨɪɦɵ ɢɡɨɥɢɪɨɜɚɧɧɵɯ ɞɨɦɟɧɨɜ ɩɪɢ ɩɟɪɟɤɥɸɱɟɧɢɢ ɩɨ-
ɥɹɪɢɡɚɰɢɢ ɜ ɨɞɧɨɪɨɞɧɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɩɨɥɟ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɤɨɧɝɪɭɷɧɬɧɨɝɨ ɧɢɨɛɚɬɚ 
ɥɢɬɢɹ LiNbO3 (CLN) ɫ ɩɨɦɨɳɶɸ ɨɩɬɢɱɟɫɤɨɣ ɜɢɡɭɚɥɢɡɚɰɢɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜ ɩɪɨɰɟɫɫɟ 

mailto:vladimir.shur@urfu.ru
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ɩɟɪɟɤɥɸɱɟɧɢɹ ɫ ɜɵɫɨɤɢɦ ɪɚɡɪɟɲɟɧɢɟɦ ɩɨ ɜɪɟɦɟɧɢ. Ⱦɨɩɨɥɧɢɬɟɥɶɧɨ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ 
ɢɡɨɛɪɚɠɟɧɢɹ ɫɬɚɬɢɱɟɫɤɨɣ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɩɨɥɭɱɟɧɧɵɟ: ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ - ɫ ɩɨɦɨ-
ɳɶɸ ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ, ɜ ɨɛɴɟɦɟ – ɫ ɩɨɦɨɳɶɸ ɤɨɧɮɨɤɚɥɶɧɨɣ 
ɦɢɤɪɨɫɤɨɩɢɢ ɤɨɦɛɢɧɚɰɢɨɧɧɨɝɨ ɪɚɫɫɟɹɧɢɹ (confocal Raman microscopy) ɢ ɝɟɧɟɪɚɰɢɢ 
ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ (Cherenkov-type second harmonic generation). 

ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɩɟɪɟɤɥɸɱɟɧɢɢ ɩɨɥɹɪɢɡɚɰɢɢ ɜ CLN ɩɪɢ ɩɨɜɵɲɟɧɧɨɣ ɬɟɦɩɟɪɚ-
ɬɭɪɟ ɧɚɛɥɸɞɚɟɬɫɹ ɬɨɩɨɥɨɝɢɱɟɫɤɚɹ ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɮɨɪɦɵ ɢ ɮɨɪɦɢɪɭɸɬɫɹ ɞɟɧɞɪɢɬɧɵɟ 
ɞɨɦɟɧɵ [1,2]. Ɋɨɫɬ ɞɟɧɞɪɢɬɧɵɯ ɞɨɦɟɧɨɜ ɧɚɛɥɸɞɚɥɫɹ ɜ ɩɥɚɫɬɢɧɚɯ ɫ ɢɫɤɭɫɫɬɜɟɧɧɵɦɢ ɩɨ-
ɜɟɪɯɧɨɫɬɧɵɦɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɥɨɹɦɢ, ɤɨɬɨɪɵɟ ɭɜɟɥɢɱɢɜɚɥɢ ɪɨɥɶ ɦɟɞɥɟɧɧɨɝɨ ɨɛɴ-
ɟɦɧɨɝɨ ɷɤɪɚɧɢɪɨɜɚɧɢɹ [3]. ɂɡɦɟɪɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɮɨɪɦɵ ɫɧɟɠɢɧɨɤ (dendrite envelope) 

ɨɬ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɩɪɢɥɨɠɟɧɧɨɝɨ ɩɨɥɹ. Ⱦɥɹ ɨɛɴɹɫɧɟɧɢɹ ɮɨɪɦɵ ɢɡɨɥɢɪɨɜɚɧɧɵɯ ɞɨɦɟɧɨɜ 
ɢɫɩɨɥɶɡɨɜɚɧ ɤɢɧɟɬɢɱɟɫɤɢɣ ɩɨɞɯɨɞ ɤ ɪɨɫɬɭ ɞɨɦɟɧɨɜ ɡɚ ɫɱɟɬ ɝɟɧɟɪɚɰɢɢ ɫɬɭɩɟɧɟɣ (ɩɚɪɵ 
ɤɢɧɤɨɜ) ɢ ɞɜɢɠɟɧɢɹ ɤɢɧɤɨɜ ɜɞɨɥɶ ɞɨɦɟɧɧɵɯ ɫɬɟɧɨɤ [4]. ɋɤɨɪɨɫɬɢ ɝɟɧɟɪɚɰɢɢ ɫɬɭɩɟɧɟɣ ɢ 
ɞɜɢɠɟɧɢɹ ɤɢɧɤɨɜ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵ ɩɪɟɜɵɲɟɧɢɸ ɧɚɞ ɩɨɪɨɝɨɦ ɥɨɤɚɥɶɧɨɣ ɜɟɥɢɱɢɧɵ 
ɫɭɦɦɵ ɩɪɢɥɨɠɟɧɧɨɝɨ ɩɨɥɹ ɢ ɨɫɬɚɬɨɱɧɨɝɨ ɞɟɩɨɥɹɪɢɡɭɸɳɟɝɨ ɩɨɥɹ. 

ɂɡɦɟɧɟɧɢɟ ɮɨɪɦɵ ɞɨɦɟɧɨɜ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɲɥɟɣɮɚ ɨɫɬɚɬɨɱɧɵɯ 
ɡɚɪɹɞɨɜ ɩɪɢ ɧɟɷɮɮɟɤɬɢɜɧɨɦ ɷɤɪɚɧɢɪɨɜɚɧɢɢ (ɦɟɞɥɟɧɧɨɣ ɪɟɥɚɤɫɚɰɢɢ) ɢɫɫɥɟɞɨɜɚɧɨ ɷɤɫ-
ɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢ ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ [4]. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɪɨɫɬ ɦɧɨɝɨɭɝɨɥɶɧɵɯ ɞɨɦɟɧɨɜ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɟ ɦɟɧɟɟ 200Ɉ

C ɨɛɭɫɥɨɜɥɟɧ ɞɟɬɟɪɦɢɧɢɪɨɜɚɧɧɵɦ ɨɛɪɚɡɨɜɚɧɢɟɦ ɫɬɭɩɟɧɟɣ ɧɚ
ɜɟɪɲɢɧɚɯ ɢ ɚɧɢɡɨɬɪɨɩɧɵɦ ɞɜɢɠɟɧɢɟɦ ɤɢɧɤɨɜ. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɜɵɩɭɤɥɵɯ ɝɟɤɫɚɝɨɧɚɥɶ-
ɧɵɯ ɞɨɦɟɧɨɜ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɫɢɦɦɟɬɪɢɢ CLN, ɧɚɛɥɸɞɚɥɨɫɶ ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɦ ɷɤɪɚ-
ɧɢɪɨɜɚɧɢɢ ɞɟɩɨɥɹɪɢɡɭɸɳɟɝɨ ɩɨɥɹ, ɚ ɩɪɢ ɡɚɞɟɪɠɤɟ ɷɤɪɚɧɢɪɨɜɚɧɢɹ ɪɨɫɬɭ ɧɟɩɪɚɜɢɥɶɧɵɯ 
ɦɧɨɝɨɭɝɨɥɶɧɢɤɨɜ ɢ ɡɜɟɡɞ. ȼɩɟɪɜɵɟ ɢɫɫɥɟɞɨɜɚɧ ɷɮɮɟɤɬ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ 
ɮɨɪɦɵ ɜɵɩɭɤɥɵɯ ɞɨɦɟɧɨɜ ɩɨɫɥɟ ɫɥɢɹɧɢɹ [5]. Ɋɨɫɬ ɝɟɤɫɚɝɨɧɚɥɶɧɵɯ ɞɨɦɟɧɨɜ ɨɛɭɫɥɨɜɥɟɧ 
ɫɚɦɵɦɢ ɦɟɞɥɟɧɧɵɦɢ ɞɨɦɟɧɧɵɦɢ ɫɬɟɧɤɚɦɢ, ɚ ɫɤɨɪɨɫɬɶ ɫɜɟɪɯɛɵɫɬɪɵɯ ɫɬɟɧɨɤ, ɮɨɪɦɢ-
ɪɭɸɳɢɯɫɹ ɜ ɜɨɝɧɭɬɵɯ ɦɧɨɝɨɭɝɨɥɶɧɢɤɚɯ, ɜ ɬɵɫɹɱɭ ɪɚɡ ɛɨɥɶɲɟ. Ⱥɧɚɥɢɡ ɪɨɫɬɚ ɜɵɩɭɤɥɵɯ 
ɢ ɜɨɝɧɭɬɵɯ ɞɨɦɟɧɨɜ ɩɨɡɜɨɥɢɥ ɩɨɫɬɪɨɢɬɶ ɤɢɧɟɬɢɱɟɫɤɢɣ Wulff plot ɞɜɢɠɟɧɢɹ ɞɨɦɟɧɧɵɯ 
ɫɬɟɧɨɤ [6]. 

ɉɪɟɨɛɥɚɞɚɧɢɟ ɢɨɧɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɛɨɥɟɟ 200Ɉ
C ɩɪɢɜɨɞɢɬ ɤ

ɢɡɨɬɪɨɩɧɨɦɭ ɪɨɫɬɭ ɞɨɦɟɧɨɜ, ɛɥɚɝɨɞɚɪɹ ɫɬɨɯɚɫɬɢɱɟɫɤɨɣ ɝɟɧɟɪɚɰɢɢ ɫɬɭɩɟɧɟɣ. Ɉɬɫɭɬ-
ɫɬɜɢɟ ɷɮɮɟɤɬɚ ɫɨɯɪɚɧɟɧɢɹ ɮɨɪɦɵ ɨɬɤɪɵɜɚɟɬ ɩɭɬɶ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɞɨɦɟɧɨɜ ɫɥɨɠɧɨɣ 
ɮɨɪɦɵ ɢ ɞɟɧɞɪɢɬɧɨɦɭ ɪɨɫɬɭ.  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɊɇɎ № 19-12-00210. ɂɫɩɨɥɶɡɨɜɚɧɨ ɨɛɨ-
ɪɭɞɨɜɚɧɢɟ ɍɪɚɥɶɫɤɨɝɨ ɐɄɉ «ɋɨɜɪɟɦɟɧɧɵɟ ɧɚɧɨɬɟɯɧɨɥɨɝɢɢ» ɍɪɚɥɶɫɤɨɝɨ ɮɟɞɟɪɚɥɶɧɨɝɨ 
ɭɧɢɜɟɪɫɢɬɟɬɚ. 
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ȼ ɊȿȺɄɌɈɊȿ ɉɊɈɌɈɑɇɈȽɈ ɌɂɉȺ 
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ɎȽȻɍɇ ɂɧɫɬɢɬɭɬ ɫɢɧɬɟɬɢɱɟɫɤɢɯ ɩɨɥɢɦɟɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢɦ. ɇ.ɋ. ȿɧɢɤɨɥɨɩɨɜɚ ɊȺɇ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɤɢɧɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ 
ɪɟɚɤɰɢɢ, ɩɪɨɬɟɤɚɸɳɟɣ ɜ ɪɟɚɤɬɨɪɟ ɫ ɧɟɩɨɞɜɢɠɧɵɦ ɫɥɨɟɦ ɤɚɬɚɥɢɡɚɬɨɪɚ, ɨɩɢɫɚɧɨ ɭɫɬɪɨɣɫɬɜɨ ɬɚ-
ɤɨɝɨ ɪɟɚɤɬɨɪɚ ɢ ɫɥɟɞɫɬɜɢɹ ɹɜɥɟɧɢɹ ɜɨɫɩɥɚɦɟɧɟɧɢɹ. Ɉɛɴɟɤɬɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɥɫɹ ɤɚɬɚɥɢɬɢ-
ɱɟɫɤɢɣ ɫɢɧɬɟɡ ɜɵɫɲɢɯ ɫɩɢɪɬɨɜ ɢɡ ɋɈ ɢ ɜɨɞɨɪɨɞɚ ɧɚ ɜɨɫɫɬɚɧɨɜɥɟɧɧɵɯ ɩɥɚɜɥɟɧɵɯ ɠɟɥɟɡɧɵɯ ɤɚ-
ɬɚɥɢɡɚɬɨɪɚɯ. ɉɪɟɞɥɨɠɟɧɧɵɣ ɩɨɞɯɨɞ ɩɪɢɦɟɧɢɦ ɬɚɤɠɟ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɜɚɪɢɚɧɬɚɦ ɫɢɧɬɟɡɨɜ 
Ɏɢɲɟɪɚ-Ɍɪɨɩɲɚ ɫ ɰɟɥɶɸ ɫɢɧɬɟɡɚ ɭɝɥɟɜɨɞɨɪɨɞɨɜ, ɚ ɬɚɤɠɟ ɞɪɭɝɢɯ ɫɢɧɬɟɡɨɜ ɫ ɧɟɩɨɞɜɢɠɧɵɦ ɫɥɨ-
ɟɦ ɤɚɬɚɥɢɡɚɬɨɪɚ ɢ ɜɵɫɨɤɢɦɢ ɷɧɟɪɝɢɹɦɢ ɚɤɬɢɜɚɰɢɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɪɨɬɨɱɧɵɣ ɪɟɚɤɬɨɪ, ɫɥɨɣ ɤɚɬɚɥɢɡɚɬɨɪɚ, ɬɟɩɥɨɜɨɟ ɜɨɫɩɥɚɦɟɧɟɧɢɟ, ɬɟɦ-
ɩɟɪɚɬɭɪɚ ɝɚɡɚ ɜ ɹɞɪɟ ɩɨɬɨɤɚ, ɩɨɪɹɞɨɤ ɪɟɚɤɰɢɢ, ɨɛɴɟɦɧɚɹ ɢ ɥɢɧɟɣɧɚɹ ɫɤɨɪɨɫɬɶ ɝɚɡɨɜɨɝɨ ɩɨɬɨɤɚ, 
ɫɨɫɬɚɜ ɝɚɡɨɜɨɝɨ ɩɨɬɨɤɚ.  

Ʉɚɬɚɥɢɬɢɱɟɫɤɢɟ ɫɢɧɬɟɡɵ ɢɡ ɋɈ ɢ ɜɨɞɨɪɨɞɚ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ 
ɤɚɤ ɚɥɶɬɟɪɧɚɬɢɜɧɵɟ ɜɚɪɢɚɧɬɵ ɩɨɥɭɱɟɧɢɹ ɬɨɩɥɢɜ, ɫɦɚɡɨɤ, ɩɪɢɫɚɞɨɤ ɢɡ ɩɨɩɭɬɧɵɯ ɩɪɢ 
ɞɨɛɵɱɟ ɧɟɮɬɢ ɝɚɡɨɜ, ɜɵɞɟɥɹɟɦɵɯ ɞɨ 100 ɦ3/ ɬ ɞɨɛɵɜɚɟɦɨɣ ɧɟɮɬɢ ɢ, ɩɨ ɦɧɟɧɢɸ
Ⱦ.ɂ.Ɇɟɧɞɟɥɟɟɜɚ ''ɫɠɢɝɚɧɢɟ ɩɪɨɞɭɤɬɨɜ ɧɟɮɬɟɞɨɛɵɱɢ ɬɨ ɠɟ ɫɚɦɨɟ, ɱɬɨ ɬɨɩɢɬɶ ɚɫɫɢɝɧɚɰɢ-
ɹɦɢ". ɇɟ ɭɞɢɜɢɬɟɥɶɧɨ ɩɨɷɬɨɦɭ, ɱɬɨ ɨɬɤɪɵɬɵɣ ɜ 1926 ɝɨɞɭ Ɏ.Ɏɢɲɟɪɨɦ ɢ Ƚ.Ɍɪɨɩɲɟɦ 
ɫɢɧɬɟɡ ɭɝɥɟɜɨɞɨɪɨɞɨɜ ɢɡ ɋɈ ɢ ɜɨɞɨɪɨɞɚ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚɯɨɞɢɬɫɹ ɧɚ ɱɟɬɜɟɪɬɨɦ ɩɨ-
ɤɨɥɟɧɢɢ ɪɚɡɜɢɬɢɹ ɢ ɢɧɬɟɧɫɢɜɧɨ ɩɪɨɞɨɥɠɚɸɬɫɹ ɪɚɛɨɬɵ ɩɨ ɟɝɨ ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɸ ɞɥɹ 
ɩɨɜɵɲɟɧɢɹ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɢ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ [1]. Ɂɞɟɫɶ ɭɦɟɫɬɧɨ ɩɪɢɜɟɫɬɢ ɫɭɠɞɟɧɢɟ 
Ⱦ.Ⱥ. Ɏɪɚɧɤ-Ʉɚɦɟɧɟɰɤɨɝɨ ɨ ɬɨɦ, ɱɬɨ "ɪɹɞ ɜɚɠɧɵɯ ɤɚɬɚɥɢɬɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɧɚɢɜɵɝɨɞ-
ɧɟɣɲɢɦ ɨɛɪɚɡɨɦ ɩɪɨɬɟɤɚɸɬ ɜ ɧɟɭɫɬɨɣɱɢɜɵɯ ɪɟɠɢɦɚɯ, ɩɨɫɤɨɥɶɤɭ ɫɤɨɪɨɫɬɶ ɪɟɚɤɰɢɢ ɜ 
ɧɢɠɧɟɦ ɭɫɬɨɣɱɢɜɨɦ ɪɟɠɢɦɟ ɨɱɟɧɶ ɦɚɥɚ, ɚ ɜ ɜɟɪɯɧɟɦ ɭɫɬɨɣɱɢɜɨɦ ɪɟɠɢɦɟ ɜɟɥɢɤ ɜɵɯɨɞ 
ɧɟɠɟɥɚɬɟɥɶɧɵɯ ɩɪɨɞɭɤɬɨɜ ɪɟɚɤɰɢɢ". Ⱦɥɹ ɪɟɚɥɢɡɚɰɢɢ ɬɚɤɨɝɨ ɩɨɞɯɨɞɚ ɧɟɨɛɯɨɞɢɦɨ ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɟɟ ɨɫɧɚɳɟɧɢɟ ɦɨɞɟɥɶɧɨɝɨ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɪɟɚɤɬɨɪɚ ɫ ɬɟɦ, ɱɬɨɛɵ ɧɚ ɨɫɧɨɜɚ-
ɧɢɢ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɨɫɭɳɟɫɬɜɢɬɶ ɚɩɩɚɪɚɬɭɪɧɨɟ ɨɮɨɪɦɥɟɧɢɟ ɩɪɨɰɟɫɫɚ ɜ ɛɨɥɶ-
ɲɟɦ ɦɚɫɲɬɚɛɟ. 

Ɉɬɥɢɱɢɬɟɥɶɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɜ ɪɚɛɨɬɟ ɩɨɞɯɨɞɚ ɹɜɥɹɟɬɫɹ ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɟ ɜ ɤɚɱɟɫɬɜɟ ɥɢɞɢɪɭɸɳɟɝɨ ɩɚɪɚɦɟɬɪɚ ɬɟɦɩɟɪɚɬɭɪɭ ɝɚɡɨɜɨɣ ɫɦɟɫɢ ɜ ɹɞɪɟ ɩɨ-
ɬɨɤɚ, ɜɵɯɨɞɹɳɟɝɨ ɩɨɫɥɟ ɫɥɨɹ ɤɚɬɚɥɢɡɚɬɨɪɚ ɢ ɟɟ ɧɚɪɚɫɬɚɧɢɟ ɩɨɫɥɟ ɞɨɫɬɢɠɟɧɢɹ ɤɪɢɬɢɱɟ-
ɫɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɜɨɫɩɥɚɦɟɧɟɧɢɹ, ɚ ɬɚɤɠɟ ɧɟɩɪɟɪɵɜɧɵɣ ɯɪɨɦɚɬɨɝɪɚɮɢɱɟɫɤɢɣ ɚɧɚɥɢɡ 
ɝɚɡɚ ɧɚ ɫɨɞɟɪɠɚɧɢɟ ɋɈ ɢ ɦɟɬɚɧɚ, ɹɜɥɹɸɳɟɝɨɫɹ ɢɧɞɢɤɚɬɨɪɨɦ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɩɪɨɰɟɫɫɚ 
[3]. 

ɗɬɨɬ ɩɨɞɯɨɞ ɩɪɢɦɟɧɢɦ ɞɥɹ ɢɡɭɱɟɧɢɹ ɷɤɡɨɬɟɪɦɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɬɟɤɚɸɳɢɯ 
ɩɪɢ ɜɵɫɨɤɢɯ ɨɛɴɟɦɧɵɯ ɫɤɨɪɨɫɬɹɯ ɢ ɦɚɥɵɯ ɫɬɟɩɟɧɹɯ ɩɪɟɜɪɚɳɟɧɢɹ. ȼ ɞɨɤɥɚɞɟ ɩɪɟɞɫɬɚɜ-
ɥɟɧɵ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɤɢɧɟɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɩɨ ɧɚɣɞɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɬɟɦɩɟ-
ɪɚɬɭɪɵ ɜɨɫɩɥɚɦɟɧɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɫɥɨɜɢɣ ɩɪɨɜɟɞɟɧɢɹ ɫɢɧɬɟɡɚ. ɇɚ ɪɢɫ.1 ɢɡɨɛɪɚ-
ɠɟɧ ɭɡɟɥ ɪɟɚɤɬɨɪɚ, ɫ ɩɨɦɨɳɶɸ ɤɨɬɨɪɨɝɨ ɩɪɨɜɨɞɢɥɢɫɶ ɭɤɚɡɚɧɧɵɟ ɢɡɦɟɪɟɧɢɹ. 

ɗɬɨɬ ɭɡɟɥ ɫɨɫɬɨɹɥ ɢɡ ɬɟɪɦɨɩɚɪɵ, ɜɜɟɞɟɧɧɨɣ ɜ ɪɟɚɤɬɨɪ ɜɵɫɨɤɨɝɨ ɞɚɜɥɟɧɢɹ ɫ ɩɨ-
ɦɨɳɶɸ ɫɩɟɰɢɚɥɶɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɢɡ ɨɪɝɚɧɢɱɟɫɤɨɝɨ ɫɬɟɤɥɚ. ɇɚ ɤɟɪɚɦɢɱɟɫɤɭɸ ɬɪɭɛɤɭ 
ɬɟɪɦɨɩɚɪɵ ɩɪɢɤɪɟɩɥɟɧɚ ɩɨɥɨɱɤɚ (8) ɞɥɹ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɝɨ ɤɚɬɚɥɢɡɚɬɨɪɚ, ɡɚɝɪɭɠɚɟɦɨɝɨ 
ɜ ɬɪɭɛɤɭ ɪɟɚɤɬɨɪɚ ɜ ɬɨɤɟ ɭɝɥɟɤɢɫɥɨɝɨ ɝɚɡɚ. ȼ ɪɹɞɟ ɫɥɭɱɚɟɜ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɞɨɜɨɫɫɬɚ-
ɧɨɜɥɟɧɢɟ ɤɚɬɚɥɢɡɚɬɨɪɚ ɜ ɬɨɤɟ ɜɨɞɨɪɨɞɚ ɩɪɢ 50ɚɬɦ. ɇɚ ɪɢɫ. 2 ɢɡɨɛɪɚɠɟɧɨ ɢɡɦɟɧɟɧɢɟ 
ɬɟɦɩɟɪɚɬɭɪ ɜ ɛɥɨɤɟ ɪɟɚɤɬɨɪɚ ɢ ɩɨɫɥɟ ɫɥɨɹ ɤɚɬɚɥɢɡɚɬɨɪɚ ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ 
ɜɨɫɩɥɚɦɟɧɟɧɢɹ. Ɉɬɱɟɬɥɢɜɨ ɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɩɪɢɛɥɢɠɟɧɢɢ ɤ ɬɟɦɩɟɪɚɬɭɪɟ ɜɨɫɩɥɚɦɟɧɟɧɢɹ 
ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɚ ɩɨɫɥɟ ɫɥɨɹ ɤɚɬɚɥɢɡɚɬɨɪɚ ɧɚɱɢɧɚɟɬ ɫɬɪɟɦɢɬɟɥɶɧɨ ɜɨɡɪɚɫɬɚɬɶ ɢ ɨɞɧɨ-
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ɜɪɟɦɟɧɧɨ ɪɟɡɤɨ ɦɟɧɹɟɬɫɹ ɫɟɥɟɤɬɢɜɧɨɫɬɶ ɫɢɧɬɟɡɚ ɜ ɫɬɨɪɨɧɭ ɨɛɪɚɡɨɜɚɧɢɹ ɦɟɬɚɧɚ ɢ ɜɨɞɵ. 

Ɋɢɫ. 1. Ɏɪɚɝɦɟɧɬ ɪɟɚɤɬɨɪɚ ɞɥɹ ɢɡɦɟɪɟɧɢɹ 
ɬɟɦɩɟɪɚɬɭɪɵ ɜɨɫɩɥɚɦɟɧɟɧɢɹ ɜ ɪɟɚɤɬɨɪɟ 

ɜɢɫɨɤɨɝɨ ɞɚɜɥɟɧɢɹ 200 ɚɬɦ. 1 - ɭɡɟɥ 

ɜɜɨɞɚ ɬɟɪɦɨɩɚɪ; 2 - ɤɨɠɭɯ ɪɟɚɤɬɨɪɚ, 
3 - ɬɟɩɥɨɢɡɨɥɹɰɢɹ, 4 - ɪɟɚɤɬɨɪɧɚɹ ɬɪɭɛɤɚ, 

5- ɫɩɢɪɚɥɶ ɞɥɹ ɷɥɟɤɪɨɨɛɨɝɪɟɜɚ,
6 – ɬɟɪɦɨɩɚɪɚ ɜ ɛɥɨɤɟ, 8 - ɩɨɥɨɱɤɚ 

ɫ ɨɬɜɟɪɫɬɢɹɦɢ, 9 - ɚɥɸɦɢɧɢɟɜɵɣ ɛɥɨɤ 

Ɋɢɫ. 2. Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɛɥɨɤɟ 
ɪɟɚɤɬɨɪɚ ɢ ɜ ɹɞɪɟ ɩɨɬɨɤɚ ɝɚɡɨɜɨɣ 

ɫɦɟɫɢ ɩɨɫɥɟ ɩɪɨɯɨɠɞɟɧɢɹ ɫɥɨɹ ɤɚɬɚɥɢɡɚɬɨɪɚ 
ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ɜɨɫɩɥɚɦɟɧɟɧɢɹ. 

Ʉɪɭɠɤɢ - ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɛɥɨɤɟ, 
ɬɪɟɭɝɨɥɶɧɢɤɢ - ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɚ ɧɚ ɜɵɯɨɞɟ ɫɥɨɹ 

ɤɚɬɚɥɢɡɚɬɨɪɚ 

Ⱥɜɬɨɪɵ ɢɫɤɪɟɧɧɟ ɛɥɚɝɨɞɚɪɧɵ ɱɥ.-ɤɨɪɪ., ɩɪɨɮ. Ⱥ.ɇ.Ȼɚɲɤɢɪɨɜɭ, ɞ.ɯ.ɧ. 
ɘ.Ȼ.Ʉɚɝɚɧɭ, ɞ.ɯ.ɧ., ɩɪɨɮ. Ⱥ.ə.Ɋɨɡɨɜɫɤɨɦɭ, ɱɥ.-ɤɨɪɪ., ɞ.ɯ.ɧ. Ɇ.Ƚ.ɋɥɢɧɶɤɨ ɢ ɞ.ɯ.ɧ., ɩɪɨɮ. 
ɋ.Ɇ.Ʌɨɤɬɟɜɭ ɡɚ ɫɨɬɪɭɞɧɢɱɟɫɬɜɨ ɩɪɢ ɢɡɭɱɟɧɢɢ ɤɢɧɟɬɢɤɢ ɫɢɧɬɟɡɜɚ ɜɵɫɲɢɯ ɫɩɢɪɬɨɜ ɢɡ 
ɋɈ ɢ ɜɨɞɨɪɨɞɚ ɜ 60-ɟ ɝɨɞɵ ɩɪɨɲɥɨɝɨ ɜɟɤɚ ɢ ɩɨɫɥɟɞɭɸɳɢɟ ɝɨɞɵ ɢ ɡɚ ɫɨɜɦɟɫɬɧɭɸ ɪɚɡɪɚ-
ɛɨɬɤɭ ɩɪɢɜɟɞɟɧɧɨɝɨ ɜ ɞɨɤɥɚɞɟ ɦɟɬɨɞɚ, ɚ ɬɚɤɠɟ ɤɨɥɟɤɬɢɜɭ ɦɟɯɚɧɢɤɨɜ, ɚɤɬɢɜɧɨ ɫɨɞɟɣɫɬ-
ɜɨɜɚɜɲɢɯ ɩɪɨɜɟɞɟɧɢɸ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɞ ɪɭɤɨɜɨɞɫɬɜɨɦ ɂ.Ⱥ. Ⱥɧɬɨɳɭɤɚ. 
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The high-resolution mechanical spectroscopy, HRMS, was developed in a time span 

from 2011 [1] to 2019 in Kraków, Poland. In this lecture we present the multi-scale high-

resolution characterization of dissipation of mechanical energy in solids for low-frequency 

mechanical spectroscopy. The high-resolution mechanical spectrometer is a very sensitive tor-

sion pendulum characterized by an extremely low internal friction background, tan  2  10
-

5
, in the frequency range from 0.001 to 5 Hz. The sinusoidal external stress signal and the 

symbiotic strain response signal are acquired with a resolution of 24 bits at a sampling rate of 

around 10 kHz. The stress signal (harmonic or linear ramp) is generated by a 20-bit DAC. 

Stress and strain signals are subjected to simultaneous coherent sampling. 
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Progress in our ability to control and record low-noise stress and strain signals pave 

the way to high-resolution measurements of complex mechanical susceptibility: extremely 

small magnitudes of mechanical loss tangent, tan, high-resolution fine variations in shear 

modulus, and, thus, very low internal friction background. It should be emphasized that high-

quality stress and strain signals are subjected to on-line Signal Quality Test, which involves 

complementary and supplementary analysis of the signals in both the frequency and time do-

main. Experimental and computational tools exist to address both domains with high precision 

such as interpolated discrete Fourier transform (IpDFT) and Hilbert transform, and computa-

tion of ‘true envelope’ [2]. Thereby, the stress and strain signals can be analyzed at each step 
of the experimental procedure: (1) simulations carried out on synthetic signals, (2) analysis of 

the reference harmonic signal and (3) output signal from a bipolar amplifier, (4) strain signal 

acquired from a laser triangulation system, (5) signals’ deterioration caused by noise, (6) slow 

drifts of the base line of strain signal (zero-point drift, ZPD), and (7) standard signal analysis. 

The performance of computational methods and algorithms is also optimized. Recent experi-

mental results indicate that the mean background level in the high-resolution mechanical 

spectrometer ranges from 1 to 2  10
-5

 in the frequency range from 10
-3

 to 5 Hz. Moreover,

the dispersion of experimental points is negligible: from ±1  10
-5

 to ±2.5  10
-5

. It can be

safely concluded that the overall performance of the high-resolution mechanical spectrometer, 

HRMS, is more than one order of magnitude higher than current spectrometers (forced  tor-

sion pendula). As of writing this text, new high-resolution mechanical loss spectra are being 

measured; recent results are demonstrated, and new challenges and perspectives for the reso-

nant and subresonant mode are advocated. Furthermore, stochastic nature of investigated ma-

terial and imprecision in measurements are also tackled.  

It is noteworthy that commercially available DMA analyzers suffer from high back-

ground (tan  5  10
-3

) and low resolution, which drastically limits practical applications of

DMA instruments. 

Devised novel IpDFT methods provide precise estimation of the logarithmic decre-

ment, , and resonant frequency of exponentially damped sinusoidal signals embedded in ad-

ditive white Gaussian noise and corrupted by time-dependent zero-point drift (ZPD). As antic-

ipated, classical methods for determining the logarithmic decrement and frequency, for the 

same input data, yield incorrect results, and these inaccuracies are quantitatively assessed. In 

this context, we discuss the performance of the: (1) reference-resolution (RR) method de-

signed for ZPD-free exponentially damped sinusoidal signals embedded in additive noise, and 

(2) high-resolution (HR) method designed for exponentially damped sinusoidal signals em-

bedded in additive noise and corrupted by ZPD is illustrated and discussed. Hitherto unattain-

ably high-resolution estimations of the logarithmic decrement and resonant frequency are suc-

cessfully obtained. The devised methods and algorithms can be used in a wide range of damp-

ing magnitudes, that is, for logarithmic decrement ranging from 1×10
-9

 to 0.5.
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In this paper, the kinetic theory of orientation and absorption processes in flexible-chain pol-

ymer systems on solid substrates is depeloped in the mean field approximation. Kinetic equation for 

the order parameter was derived; its solution was obtained for two types of relaxation behavior during 

transitions to the state of chains completely torn off from the surface and the chains fully adsorbed on 

the substrate surface. 

Keywords: mean field approximation, flexible-chain polymer systems, orientational order pa-

rameter, absorption, relaxation times, critical slowdown. 

The investigation of physico-chemical properties of surface polymer structures: films, 

layers, membranes, etc. has not only theoretical, but also practical meaning associated with 

their unique characteristics important for use, for example, as protective coatings for sheet 

metal [1, 2]. The solution of the problem of adsorption of macromolecules is nessecary for 

constructing a theory of adhesion of polymers at interphase boundaries [2, 3]. 

For first order phase transitions of classical low-molecular systems, the description of 

both phases and the study of equilibrium and dynamic effects associated with the finite size of 

the system is a very difficult task [4]; it is achieved only by means of numerical calculations 

and computer simulation methods. 

In this paper, the critical behavior and dynamics of the orientation and absorption pro-

cesses of partially adsorbed polymer chains under the action of intermolecular orientational 

interactions with elongated sections of other chains were studied in the effective mean field 

approximation for the multichain version [5] of the “sticky tape” model [3]. 

Figure. The “sticky tape” model [3]: the schematic drawing of the polymer chain adsorbed on a plane 

surface (a) and the chain nearly completely peeled-off from it (b) at small and great intermolecular 

interactions correspondingly. The multichain version [5] of the “sticky tape” model: an adsorbed  

flexible macromolecule placed in mean field created by other chains (c). The energetic constants Ȍ 

and V describe accordingly interactions with the surface and other chains  

(they are shown by dashed lines) 
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It is shown that the system has a first-order phase transition, accompanied by an in-

crease in fluctuations of the order parameter and adgesion degree, the presence of metastable 

states, and jumps in the degree of elongation and heat capacity of the chains at the transition 

point. Two transitions with different relaxation behavior were found: to the state of chains 

completely cut off from the surface and the state of fully adsorbed chains. At the transition 
point, a “critical slowing down” effect is obsered [6], which consistsin a sharp increase 
in the relaxation times to the mentioned states. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɩɟɞɚɝɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ»

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɨ ɪɚɫɫɟɹɧɢɟ ɤɜɚɡɢɱɚɫɬɢɰ – ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ – ɫɢɫɬɟɦɨɣ 
ɝɥɭɛɨɤɢɯ ɩɪɢɦɟɫɟɣ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚɯ ɧɚ ɨɫɧɨɜɟ ɚɪɫɟɧɢɞɚ ɝɚɥɥɢɹ ɫ ɞɜɭɦɹ 
ɤɜɚɧɬɨɜɵɦɢ ɹɦɚɦɢ ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɨɦ ɩɪɨɮɢɥɟ ɥɟɝɢɪɨɜɚɧɢɹ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɝɥɭɛɨɤɢɟ ɩɪɢɦɟɫɢ, ɷɮɮɟɤɬɢɜ-
ɧɚɹ ɦɚɫɫɚ ɷɥɟɤɬɪɨɧɚ, ɤɨɪɨɬɤɨɞɟɣɫɬɜɭɸɳɢɣ ɩɨɬɟɧɰɢɚɥ ɩɪɢɦɟɫɢ.

Ƚɥɭɛɨɤɢɦɢ ɩɪɢɦɟɫɹɦɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɦɧɨɝɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣ-
ɫɬɜɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, ɩɨɷɬɨɦɭ ɩɪɨɛɥɟɦɟ ɝɥɭɛɨɤɢɯ ɩɪɢɦɟɫɧɵɯ ɰɟɧɬɪɨɜ ɭɞɟɥɹɟɬɫɹ 
ɛɨɥɶɲɨɟ ɜɧɢɦɚɧɢɟ [1-3]. ɇɟɫɦɨɬɪɹ ɧɚ ɷɬɨ, ɩɪɨɞɜɢɠɟɧɢɟ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɩɨɥɭɱɟɧɢɹ ɤɨ-
ɥɢɱɟɫɬɜɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ, ɨɬɧɨɫɹɳɢɦɫɹ ɤ ɤɨɧɤɪɟɬɧɵɦ ɩɪɢɦɟɫɹɦ ɢɥɢ ɢɧɵɦ ɬɨɱɟɱɧɵɦ 
ɞɟɮɟɤɬɚɦ, ɧɚɩɪɢɦɟɪ, ɜɚɤɚɧɫɢɹɦ, ɩɨɤɚ ɧɟɡɧɚɱɢɬɟɥɶɧɨ. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɬɨɱɟɱɧɵɯ ɞɟɮɟɤ-
ɬɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬ ɱɪɟɡɜɵɱɚɣɧɨ ɬɪɭɞɧɭɸ ɡɚɞɚɱɭ, ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ, ɤɚɤ 
ɩɪɚɜɢɥɨ, ɧɟ ɜ ɫɨɫɬɨɹɧɢɢ ɞɚɬɶ ɫɤɨɥɶɤɨ-ɧɢɛɭɞɶ ɩɨɥɧɨɝɨ ɢ ɧɚɞɟɠɧɨɝɨ ɨɩɢɫɚɧɢɹ ɩɨɜɟɞɟɧɢɹ 
ɞɟɮɟɤɬɨɜ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ.

ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɢɦɟɟɬɫɹ ɮɢɡɢɱɟɫɤɢ ɧɚɝɥɹɞɧɚɹ ɤɚɪɬɢɧɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɷɥɟɤ-
ɬɪɨɧɧɨɝɨ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɫɩɟɤɬɪɚ ɢ ɤɜɚɧɬɨɜɵɯ ɫɨɫɬɨɹɧɢɣ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɧɚɥɢɱɢɟɦ 
ɩɪɢɦɟɫɢ, ɜ ɫɜɹɡɢ ɫ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ, ɨɫɧɨɜɚɧɧɚɹ ɧɚ 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɦ ɭɱɟɬɟ ɜɤɥɚɞɨɜ ɪɚɡɥɢɱɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɡɨɧ ɜ ɜɟɥɢɱɢɧɭ ɷɧɟɪɝɢɢ 
ɫɜɹɡɢ ɷɥɟɤɬɪɨɧɚ (ɢɥɢ ɞɵɪɤɢ) ɧɚ ɩɪɢɦɟɫɢ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɫɮɨɪɦɭɥɢɪɨɜɚɬɶ ɩɨɥɭɮɟɧɨɦɟ-
ɧɨɥɨɝɢɱɟɫɤɨɟ ɨɩɢɫɚɧɢɟ ɝɥɭɛɨɤɢɯ ɩɪɢɦɟɫɧɵɯ ɫɨɫɬɨɹɧɢɣ ɜ ɪɚɦɤɚɯ ɢɡɜɟɫɬɧɨɝɨ ɦɟɬɨɞɚ ɩɨ-
ɬɟɧɰɢɚɥɚ ɧɭɥɟɜɨɝɨ ɪɚɞɢɭɫɚ.

Ⱦɥɹ ɜɟɪɨɹɬɧɨɫɬɢ ɩɟɪɟɯɨɞɚ ɜ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ (ɨɛɪɚɬɧɨɝɨ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ) 
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ɢɡ ɫɨɫɬɨɹɧɢɹ nk ɷɥɟɤɬɪɨɧɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ (Ƚɋ) ɜ ɥɸɛɨɟ ɞɨ-
ɫɬɭɩɧɨɟ ɫɨɫɬɨɹɧɢɟ ɫ ɩɨɦɨɳɶɸ Ɂɨɥɨɬɨɝɨ ɩɪɚɜɢɥɚ Ɏɟɪɦɢ ɩɨɥɭɱɟɧɨ ɜɵɪɚɠɟɧɢɟ 

2

0

2
( ) ( ) ( )(1 ( )) ( ) ( ( ))

n nn n n

n

w k U a dz c z c z A z g E k


 


   .         (1) 

Ɂɞɟɫɶ ɩɪɨɮɢɥɶ ɥɟɝɢɪɨɜɚɧɢɹ Ƚɋ ɨɩɪɟɞɟɥɹɟɬɫɹ 1D ɩɪɢɦɟɫɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 
( )c z ; a - ɩɨɫɬɨɹɧɧɚɹ ɪɟɲɟɬɤɢ Ƚɋ ; ( )

n
g E - ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨɹɧɢɣ ɜ n - ɨɣ ɩɨɞɡɨɧɟ ɪɚɡ-

ɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢɹ, ɤɨɬɨɪɚɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

 2

2

1
( ) ( )

(2 )
n n

g E d k E k E
    ,     (2) 

0U - ɝɥɭɛɢɧɚ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɹɦɵ ɩɪɢɦɟɫɧɨɝɨ ɰɟɧɬɪɚ, ɤɨɬɨɪɵɣ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜ ɩɪɟ-
ɞɟɥɶɧɨɦ ɫɥɭɱɚɟ ɫɢɥɶɧɨɣ ɥɨɤɚɥɢɡɚɰɢɢ: 

3

0 0( ) ( ) ( )U r U a z z     ,                                               (3) 

0z - ɤɨɨɪɞɢɧɚɬɚ ɩɪɢɦɟɫɢ ɜɞɨɥɶ ɨɫɢ Ƚɋ,  -  ɩɨɩɟɪɟɱɧɵɣ (ɜ ɩɥɨɫɤɨɫɬɢ xy) ɪɚɞɢɭɫ-ɜɟɤɬɨɪ 
ɧɨɫɢɬɟɥɹ, 

1( ) ( ) ( ) ( ) ( )
nn n n n n

A z f z f z f z f z a
  

   ,   (4) 

ɮɭɧɤɰɢɢ ( )
n

f z ɹɜɥɹɸɬɫɹ ɪɟɲɟɧɢɟɦ ɩɪɨɫɬɨɝɨ ɨɞɧɨɦɟɪɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɒɪɟɞɢɧɝɟɪɚ, ɜ 
ɤɨɬɨɪɨɦ ɩɨɬɟɧɰɢɚɥɶɧɚɹ ɷɧɟɪɝɢɹ ɦɨɞɟɥɢɪɭɟɬɫɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɧɚɛɨɪɨɦ ɩɪɹɦɨɭɝɨɥɶ-
ɧɵɯ  ɤɜɚɧɬɨɜɵɯ ɹɦ ɤɨɧɟɱɧɨɣ ɝɥɭɛɢɧɵ. Ɍɚɤɠɟ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɧɚ ɝɟɬɟɪɨɝɪɚɧɢɰɚɯ 
ɷɬɢ ɮɭɧɤɰɢɢ ɭɞɨɜɥɟɬɜɨɪɹɸɬ ɝɪɚɧɢɱɧɵɦ ɭɫɥɨɜɢɹɦ, ɫɨɯɪɚɧɹɸɳɢɦ ɩɥɨɬɧɨɫɬɶ ɩɨɬɨɤɚ ɜɟ-
ɪɨɹɬɧɨɫɬɢ, ɱɬɨ ɢ ɨɩɪɟɞɟɥɹɟɬ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɫɩɟɤɬɪ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ Ƚɋ. ɗɮɮɟɤɬɢɜ-
ɧɵɟ ɦɚɫɫɵ ɞɵɪɨɤ Ƚɋ ɜɵɱɢɫɥɹɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɮɨɪɦɚɥɢɡɦɚ Ʌɚɬɬɢɧɠɟɪɚ, ɭɱɢɬɵ-
ɜɚɸɳɢɦ ɫɦɟɲɢɜɚɧɢɟ ɫɨɫɬɨɹɧɢɣ ɬɹɠɟɥɵɯ ɢ ɥɟɝɤɢɯ ɞɵɪɨɤ Ƚɋ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɮɨɪɦɭɥɵ (1) ɜɵɱɢɫɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɨɛɪɚɬɧɵɯ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚ-
ɰɢɢ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɜ ɪɚɡɧɵɯ ɩɨɞɡɨɧɚɯ ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢɹ ɨɬ ɷɧɟɪɝɢɢ ɧɨ-
ɫɢɬɟɥɹ ɞɥɹ ɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ Ƚɋ 0.3 0.7Al Ga As GaAs 4-4-4 ɫ ɞɜɭɦɹ 
ɤɜɚɧɬɨɜɵɦɢ ɹɦɚɦɢ (ɲɢɪɢɧɚ ɥɟɜɨɣ ɢ ɩɪɚɜɨɣ ɤɜɚɧɬɨɜɨɣ ɹɦɵ ɪɚɜɧɚ 4ɚ, ɜɧɭɬɪɟɧɧɟɝɨ ɛɚɪɶ-
ɟɪɚ - 4ɚ). ȼ ɬɚɛɥɢɰɟ ɩɪɢɜɟɞɟɧɵ ɡɧɚɱɟɧɢɹ ɷɧɟɪɝɢɣ ɷɥɟɤɬɪɨɧɨɜ, ɥɟɝɤɢɯ ɢ ɬɹɠɟɥɵɯ ɞɵɪɨɤ 
Ƚɋ 4-4-4, ɨɬɫɱɢɬɚɧɧɵɟ ɨɬ ɞɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɤɜɚɧɬɨɜɨɣ ɹɦɵ ɢ ɢɡɦɟɪɟɧɧɵɟ ɜ meV, ɢ 
ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɵɯ ɦɚɫɫ ɜ ɟɞɢɧɢɰɚɯ ɦɚɫɫɵ ɫɜɨɛɨɞɧɨɝɨ ɷɥɟɤɬɪɨɧɚ 0m . 

Ɍɚɛɥɢɰɚ 

Ɂɧɚɱɟɧɢɹ ɷɧɟɪɝɢɣ ɷɥɟɤɬɪɨɧɨɜ, ɥɟɝɤɢɯ ɢ ɬɹɠɟɥɵɯ ɞɵɪɨɤ ɢ ɷɮɮɟɤɬɢɜɧɵɯ ɦɚɫɫ Ƚɋ 4-4-4 

Ƚɋ ɋ1 ɋ2 ɇɇ1 ɇɇ2 LH1 LH2 

4-4-4 121.8 180.75 57.158 65.228 84.97 131.098 ɷɧɟɪɝɢɹ, meV 

0.075 0.076 0.136 0.142 0.165 0.178 ɷɮɮ. ɦɚɫɫɚ, 0m

Ɂɚɜɢɫɢɦɨɫɬɢ ɨɛɪɚɬɧɵɯ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɩɨɜɬɨɪɢɥɢ 
ɤɭɫɨɱɧɨ-ɩɨɫɬɨɹɧɧɵɣ ɜɢɞ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ ɫ ɭɱɟɬɨɦ ɜɤɥɚɞɚ ɢɧɬɟɝɪɚɥɚ ɩɟɪɟɤɪɵɬɢɹ  

( )(1 ( )) ( )
nn

dz c z c z A z  ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɩɪɨɮɢɥɟ ɥɟɝɢɪɨɜɚɧɢɹ 

( )c z const ɢ ɜɤɥɚɞɚ ɷɮɮɟɤɬɢɜɧɵɯ ɦɚɫɫ *
m ɩɨɞɡɨɧ   ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢɹ  Ƚɋ. 

ȼɪɟɦɟɧɚ ɪɟɥɚɤɫɚɰɢɢ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɩɨ ɨɰɟɧɤɚɦ ɫɨɫɬɚɜɢɥɢ (1 10) ps . 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Zhang Yong. Electronic structures of impurities and point defects in semiconductors / Yong

Zhang // Chinese Physics B. – 2018. - Vol. 27. - Num.11. - Ɋ. 1–40. 

2. Ȼɟɥɹɜɫɤɢɣ ȼ.ɂ. Ƚɥɭɛɨɤɢɟ ɚɤɰɟɩɬɨɪɧɵɟ ɫɨɫɬɨɹɧɢɹ ɜ ɚɫɢɦɦɟɬɪɢɱɧɵɯ ɫɢɫɬɟɦɚɯ ɤɜɚɧɬɨ-
ɜɵɯ ɹɦ ɜ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɩɨɥɟ / ɘ.ȼ. Ʉɨɩɚɟɜ, ɘ.Ⱥ. ɉɨɦɟɪɚɧɰɟɜ, ɋ.ȼ. ɒɟɜɰɨɜ //  ɉɢɫɶɦɚ ɜ 
ɀɗɌɎ. –  1995. -  Ɍ.62, ɜɵɩ. 3. - ɋ. 197–202. 

3. Belyavsky V.I. Deep Impurity States in Semiconductor Quantum Well Structures / Yu.V.



29 

Kopaev, N.V. Kornyakov, Yu.A. Pomerantsev and S.V. Shevtsov // Semicon. Sci. Technol. – 1998. - 

Vol. 13. - Ɋ. 460–467.  

UDC 537.9 

ABOUT THE RELAXATION SPECTRUM OF THIN FERROELECTRIC 

FILM IN A PHASE TRANSITION POINT 

V.N. Nechaev
1
, A.V. Shuba

2

1
Doct. of phys.-math. sci, Prof., wladnic@mail.ru 

2
Cand. of phys.-math. sci, Assoc. prof., shandvit@rambler.ru 

Military Educational and Scientific Centre of the Air Force N.E. Zhukovsky 

and Y.A. Gagarin Air Force Academy (Voronezh) 

In the framework of the Landau – Khalatnikov theory, the spectrum of relaxation frequencies 

and it temperature dependences in the near of the second-order phase transition point in a thin ferroe-

lectric film were determined depending on the film thickness and degree of polarization fixation on the 

film surface. 

Keywords: soft mode, ferroelectric film, phase transition. 

The study of the relaxation time spectrum is necessary for understanding the general 

laws control the physical kinetics of materials, in particular, their thermal and electrical prop-

erties, absorption and damping of various types of waves. In second-order phase transitions, 

the shortest relaxation time in the system is the relaxation time of the order parameter. The 

relaxation of the order parameter in the phase transition under conditions of limited geometry 

and the influence of the environment is significantly different from the relaxation in the bulk 

material. The purpose of this work is to determine the temperature dependences of the lowest 

relaxation frequencies associated with the phase transition in a thin ferroelectric film for dif-

ferent thickness l and the degree of polarization fixation on the film surface. On the base of 

the Landau-Khalatnikov theory we write the dynamic equation, describing the oscillations of 

the polarization vector  0 0P , ,P :

0,
F P

P t

 
  

 
(1) 

where the first term is the variation of free energy F, and Ȗ is the damping factor. We expand 

the expression for free energy density [1] in a series near the Curie temperature TC of an ideal 

crystal: 

 22 21 1
,

2 2 2

s

V S

F P P dV P dS
V V

        
   (2) 

where  0 ,
C s

T T    are the volume and surface decomposition coefficients, re-

spectively; 
2

a  is the correlation constant, a is the lattice parameter; V and S are the vol-

ume and surface area of the film, respectively. Substituting expression (2) into (1), and, as-

suming a simple harmonic dependence of polarization on time     i t
P z,t P z e

  , we get

the equation 

     
2

2
0

d P z
i P z

dz
      (3) 

with boundary conditions 

   
0

0
s

z ,l

dP z
P z .

dz


   (4) 

Substituting the solution of equation (3) into the boundary conditions (4), we obtain a homo-

geneous system of linear equations for the integration constants .Equating it’s determinant to 
zero gives a transcendental equation for determining the temperature dependences of relaxa-
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tion frequencies 

 
2 2 2 2

2 2 sin 2 sin 0,
2 2

s s
l l

                   
   
   

(5) 

thɨsɟ solution can be obtained only numerically. In fig. shows the dependences of the soft 

mode  0 T for a model TGS crystal with parameters TC=322 Ʉ, α0=3.92ˑ10-3 Ʉ–1
[2] for 

different values of the normalized film thickness l/a and parameter αs/a of fixation polariza-

tion on the film planes. 

 

Figure. Temperature dependences of the normalized soft mode 0  of the film for different

normalized thicknesses l/a (a) and parameters αs/a (b) 

From fig. it can be seen that with decreasing temperature, the natural frequency ω0 de-

creases and drops sharply to zero at the point of phase transition. Temperature dependences of 

relaxation frequencies ω1, ω2, within the framework of the task are linear. Apparently, taking 

into account the own electric fields, will reveal the nonlinear character of these frequencies, 

which will give the model more realism. 
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On the base of Landau-Ginzburg theory, the shift of the phase transition temperature in a thin 

ferroelectric film, located between electrodes, are investigated depending on the film thickness and the 

type of polarization fixing on the film planes. 

Keywords: thin ferroelectric film, phase transition temperature. 

As is known, in a bulk ferroelectric at a phase transition (PT) temperature, its sym-

metry changes abruptly. In conditions of restricted geometry, for example in thin ferroelectric 

films (FEF), the PT point shifts, as a rule, down the temperature [1], and the solvability of the 

corresponding boundary value problem will be determined by the Fredholm alternative. In 

this case, both the temperature Tf of the PT and the type of solution near the transition point 

must change, which is associated with relaxation processes in the crystal. The purpose of this 

a) b) 

mailto:wladnic@mail.ru
mailto:sitnikov04@mail.ru


31 

work is to determine the temperature shift of the PT in a FEF, placed between two electrodes, 

and the temperature interval of the PT diffused depending on the thickness l of the film and 

the type of polarization fixed on its surface. 

We expand in series, near the Curie point TC, the specific free energy of a FEF with a 

polarization vector  0 0P , ,P , lying in the (x,y) plane, limited to a second powers [2]:

 22 2

2 2 2

s
ext

V S

F P P E P E P dV P dS,
            

   (1) 

where  0 C
T T   and αs are the volume and surface decomposition coefficients, re-

spectively; 
2

a  is the correlation constant, a is the lattice parameter; E and 
ext

E are the 

vectors of own and external electric field strength, respectively; İ are contribution to the die-

lectric constant (mainly electronic), not considered using the order parameter; V and S are the 

volume and surface area of the film, respectively From variating of expression (1) we receive 

coordinate dependences 

 

 

1 2 3

1 2 3 4

cos sin ;

4 4
cos sin

P z C z C z C

z
z C z C z C C ,

 

 

 

 
 

    
     

  

   

(2) 

where 4 /     . The electric charges on the film planes are neutralized by the charg-

es of the electrodes; therefore, leakage field do not arise here. The electric field strength from 

the electrodes is represented as 

   0
,

l
h

l

 
 

whence the potential on the top plane is    0l hl    . Assuming for convenience of

calculations, the potential on the lower plane is equal to zero, we attain eventual the system 

for determining the integration constants ɋ1, ɋ2, ɋ3, ɋ4: 

 
 

0

0

0 0

s

z ,l

dP
P ,

dz

,

l hl.




  
 
  


(3) 

Equating the system determinant to zero (3) gives a transcendental equation 

 28
sin 1 cos sin 2 cos 0s

s s s

l
l l l l   

  


        
                       

 (4) 

for finding the first nontrivial solution that determines the temperature Tf of the PT. To 

find the temperature 
h

f
T of the FP in the external field, we use the Kronecker-Capelli theorem 

on the system compatible (3) (fig.). 

The situation, considered in the paper, represents example of anomalous physical phe-

nomena, where an arbitrarily weak external force generates a finite response of the system. 
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Figure. Dependences of the temperature 
h

f
T (a) and shift temperature T (b) of the PT on the  

normalized thickness of the TGS film under the action of an external field 
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Phase transitions and related anelastic effects are examined in Fe-xGa alloys (x = 8-33%) by 

means of in-situ neutron diffraction, vibrating sample magnetometry, dilatometry, and three different 

mechanical spectroscopy techniques: torsion forced pendulum, vibrating reed, and commercial DMA 

Q800. Anelastic transient effects due to ordering-disordering (D03 ļ A2) in Fe-19Ga, and first order 

phase transitions (D03 ĺ L12 ĺ D019 ĺ B2) in Fe-27Ga compositions, are discussed with respect to 

phase and magnetic transitions. 

Keywords: phase transitions, mechanical spectroscopy, Snoek effect, Zener relaxation. 

Amplitude-independent thermally-activated and transient effects in as-cast Fe-(8-

33)%Ga alloys in a temperature range from 0 to 600°C and frequencies from 0.1 to 30 Hz 
were investigated. Activation energies and characteristic relaxation time are evaluated and 

analysed to conclude about the influence of Ga content on Zener relaxation, possible overlap-

ping of Snoek-type relaxation with another, still not well defined, mechanism [1-5]. The tran-

sient effect along with a sharp increase in the modulus is a sensitive tool to detect transition 

from metastable to stable structure in the Fe-Ga alloys. First ever systematic study of anelastic 

a) b) 
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effects in binary as cast Fe-Ga (with Ga < 33 at.%) alloys between 0 and 600°C is carried out 

in this work. The following conclusions can be drawn: 

- Three thermally activated IF effects (P1, P2 and P3 peaks) and a transient effect (PTr)

due to metastable/stable structure transition are recorded in Fe-Ga alloys and analysed. The 

P1 peak is recorded in the alloys with Ga < 30 at.%, the P2 peak e below Ga < 25at.% and the 

P2 peak - in the alloys with Ga > 25 at.%. The transient peak (PTr) is observed in the alloys 

with Ga > 24% and is accompanied by an increase in the elastic modulus. One more thermally 

activated peak (P4) can be distinguished close to the upper temperature limit of our tests 

(600°C), it is not discussed in this paper due to lack of experimental data in this temperature 

range. 

- The relaxation strength of the Zener relaxation in Fe-Ga alloys has a complicated

character: the relaxation strength increases with an increase in gallium content in the disor-

dered alloys with <19%Ga, then the relaxation strength decreases rapidly in the range 19 < Ga 

< 25 at.% due to alloys ordering. This anelastic effect is denoted in the paper as the P3 peak. 

In Fe-Ga alloys with Ga > 25 at.%, the P2 peak height increases with an increase in deviation 

from stoichiometric composition Fe3Al, and it vanishes after transition from the D03 ĺ L12 

structure. The values of the relaxation time for both P2 and P3 effects suggest point defect 

relaxation and a smooth decrease in the activation energy on Ga concentration in Fe-Ga al-

loys, which is in agreement with the Zener relaxation and theoretical predictions. 

This work was supported by RFBR grants No. 18-58-52007 (ɆNT_ɚ) and No. 18-58-

53032 (GFEN_ɚ) and also RNF grant No. 19-72-20080. 
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ɂ ɁȺɌɍɏȺɇɂȿɆ ȼ ȾɂɋɋɂɉȺɌɂȼɇɕɏ ɋɊȿȾȺɏ 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ  ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨ-
ɫɬɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ ɤɟɪɚɦɨɦɚɬɪɢɱɧɵɯ ɩɶɟɡɨɤɨɦɩɨɡɢɬɨɜ ɫ ɜɵɫɨɤɢɦɢ ɭɩɪɭɝɢ-
ɦɢ ɩɨɬɟɪɹɦɢ ɢ ɞɢɫɩɟɪɫɢɟɣ. Ɉɩɪɟɞɟɥɟɧɵ ɤɨɦɩɥɟɤɫɧɵɟ ɧɚɛɨɪɵ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟ-
ɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ. ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɨɩɨɫɬɚɜɥɟɧɵ ɫ ɬɟɨ-
ɪɟɬɢɱɟɫɤɢɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɳɢɯ ɫɨɨɬɧɨɲɟɧɢɣ Ʉɪɚɦɟɪɫɚ-

Ʉɪɨɧɢɝɚ. 
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɩɪɭɝɢɟ ɩɨɬɟɪɢ, ɪɚɫɫɟɹɧɢɟ, ɞɢɫɩɟɪɫɢɹ, ɤɟɪɚɦɨɦɚɬɪɢɱɧɵɟ 

ɩɶɟɡɨɤɨɦɩɨɡɢɬɵ, ɤɨɦɩɥɟɤɫɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ. 

Ɇɧɨɝɨɮɚɡɧɵɟ ɤɟɪɚɦɨɦɚɬɪɢɱɧɵɟ ɤɨɦɩɨɡɢɬɵ (ɄɆɄ) ɹɜɥɹɸɬɫɹ ɨɱɟɧɶ ɫɥɨɠɧɵɦɢ 
ɨɛɴɟɤɬɚɦɢ ɞɥɹ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ, ɧɟɪɚɡɪɭɲɚɸɳɟɝɨ ɤɨɧɬɪɨɥɹ (ɇɊɄ) ɢ ɭɥɶ-
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ɬɪɚɡɜɭɤɨɜɵɯ ɢɡɦɟɪɟɧɢɣ [1]. Ⱦɥɹ ɬɨɱɧɨɝɨ ɨɩɢɫɚɧɢɹ ɫɜɨɣɫɬɜ ɩɶɟɡɨɚɤɬɢɜɧɵɯ ɄɆɄ ɧɟɨɛ-
ɯɨɞɢɦɚ ɨɰɟɧɤɚ ɦɟɯɚɧɢɱɟɫɤɢɯ, ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ ɭɱɟɬɨɦ 
ɧɟɫɢɧɮɚɡɧɨɝɨ ɨɬɤɥɢɤɚ ɦɚɬɟɪɢɚɥɚ ɧɚ ɜɧɟɲɧɟɟ ɜɨɡɞɟɣɫɬɜɢɟ [2]. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɦɩɥɟɤɫɧɵɯ 
ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɄɆɄ ɫ ɫɢɥɶɧɨɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɞɢɫɩɟɪɫɢɟɣ ɢ ɜɵ-
ɫɨɤɢɦɢ ɭɩɪɭɝɢɦɢ ɩɨɬɟɪɹɦɢ. ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɨɩɨɫɬɚɜɥɟɧɵ 
ɫ ɬɟɨɪɟɬɢɱɟɫɤɢɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɳɢɯ ɫɨɨɬɧɨɲɟɧɢɣ 
Ʉɪɚɦɟɪɫɚ-Ʉɪɨɧɢɝɚ. ȼ ɤɚɱɟɫɬɜɟ ɨɛɪɚɡɰɨɜ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɭɥɶɬɪɚ-
ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟ-
ɫɤɨɝɨ ɪɟɡɨɧɚɧɫɧɨɝɨ ɚɧɚɥɢɡɚ (PRAP) ɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɢɡɦɟɪɟɧɢɣ ɛɵɥɢ ɜɵɛɪɚɧɵ ɫɥɟ-
ɞɭɸɳɢɟ ɬɢɩɵ ɄɆɄ ɫ ɜɵɫɨɤɢɦɢ ɭɩɪɭɝɢɦɢ ɩɨɬɟɪɹɦɢ: 

- ɄɆɄ ɤɟɪɚɦɢɤɚ-ɤɪɢɫɬɚɥɥ, ɫɨɫɬɨɹɳɢɟ ɢɡ ɫɟɝɧɟɬɨɦɹɝɤɨɣ ɦɚɬɪɢɰɵ ɐɌɋ ɫ ɩɪɨɢɡ-
ɜɨɥɶɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ ɜɤɥɸɱɟɧɢɹɦɢ (α-Al2O3, LiNbO3 ɢ ɞɪ.) ɫ 
ɪɚɡɥɢɱɧɵɦ ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ ɢ ɨɛɴɟɦɧɵɦ ɫɨɞɟɪɠɚɧɢɟɦ ɱɚɫɬɢɰ; 

- ɩɨɪɢɫɬɚɹ ɩɶɟɡɨɤɟɪɚɦɢɤɚ ɐɌɋ ɫ ɪɚɡɥɢɱɧɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɨɪɢɫɬɨɫɬɶɸ ɢ ɪɚɡ-
ɦɟɪɨɦ ɩɨɪ. 

Ʉɨɦɩɥɟɤɫɧɵɟ ɭɩɪɭɝɢɟ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɩɨɪɢɫɬɨɣ ɤɟɪɚɦɢɤɢ ɢ ɄɆɄ ɨɩɪɟɞɟɥɹɥɢɫɶ ɦɟɬɨɞɨɦ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɪɟɡɨɧɚɧɫɧɨɝɨ 
ɚɧɚɥɢɡɚ ɢɦɩɟɞɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ ɢ ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ PRAP [3]. ɂɫɫɥɟɞɨɜɚɧɢɹ 
ɦɢɤɪɨɫɬɪɭɤɬɭɪɵ ɨɛɪɚɡɰɨɜ (ɫɤɨɥɵ ɢ ɩɨɥɢɪɨɜɚɧɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ) ɜɵɩɨɥɧɹɥɢɫɶ ɫ ɩɨɦɨ-
ɳɶɸ ɫɤɚɧɢɪɭɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ (SEM, Karl Zeiss) ɢ ɨɩɬɢɱɟɫɤɨɝɨ (NeoPhot-21) ɦɢɤɪɨ-
ɫɤɨɩɨɜ. 

ɇɚ ɪɢɫɭɧɤɟ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɩɨɤɚɡɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɡɚɬɭɯɚɧɢɹ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɫɤɨɪɨɫɬɟɣ ɭɥɶɬɪɚɡɜɭɤɚ ɞɥɹ ɄɆɄ ɐɌɋ/
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ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ ɢ ɪɚɡɦɟɪɚ ɪɚɫɫɟɢɜɚɸɳɢɯ ɱɚ-
ɫɬɢɰ ɦɟɯɚɧɢɡɦ ɪɚɫɫɟɹɧɢɹ ɦɨɠɟɬ ɦɟɧɹɬɶɫɹ ɨɬ Ɋɷɥɟɟɜɫɤɨɝɨ  D  ɤ ɫɬɨɯɚɫɬɢɱɟɫɤɨɦɭ
ɬɢɩɭ ( ~ D ), ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɢɡɦɟɧɟɧɢɹɦ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɯɚɪɚɤɬɟɪɚ 
ɢ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɨɛɳɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ Ʉɪɚɦɟɪɫɚ-Ʉɪɨɧɢɝɚ: 

   



d

dV

V
2

0

2

2
  ɢ    













0

/

2/

/2

0

0

2
d

V
VVV ,       (1) 

ɝɞɟ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ,  V  ɡɚɩɢɫɵɜɚɟɬɫɹ ɤɚɤ  VV   ɩɪɢ   0VV   ɢ ɫɨɯɪɚɧɹɸɬɫɹ 
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ɬɨɥɶɤɨ ɱɥɟɧɵ ɩɨɪɹɞɤɚ  V .

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ) ɢ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ (ɊɎɎɂ № 16-58-48009-ɂɧɞ-ɨɦɢ). 
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Ɏɢɥɢɚɥ ɎȽȻɈɍȼɈ ɇɂɍ «Ɇɨɫɤɨɜɫɤɢɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ» ɜ ɝ. ȼɨɥɠɫɤɨɦ 

ɇɚ ɨɫɧɨɜɟ ɪɟɲɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɞɢɮɮɭɡɢɢ ɞɥɹ ɜɚɤɚɧɫɢɣ ɜ ɝɪɚɧɢɰɟ ɡɟɪɟɧ 
ɧɚɯɨɞɢɬɫɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɨɬ ɱɚɫɬɨɬɵ ɢ ɬɟɦɩɟɪɚɬɭɪɵ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɧɭɬɪɟɧɧɟɟ ɬɪɟɧɢɟ, ɜɚɤɚɧɫɢɢ, ɭɪɚɜɧɟɧɢɟ ɞɢɮɮɭɡɢɢ. 

Ȼɨɥɶɲɢɧɫɬɜɨ ɦɟɬɨɞɨɜ ɩɨɥɭɱɟɧɢɹ ɦɟɬɚɥɥɨɜ ɢ ɫɩɥɚɜɨɜ ɫ ɭɥɶɬɪɚɦɟɥɤɢɦ ɡɟɪɧɨɦ 
ɫɜɹɡɚɧɨ ɫ ɩɨɹɜɥɟɧɢɟɦ ɨɫɬɚɬɨɱɧɨɣ ɩɨɪɢɫɬɨɫɬɢ ɜ ɤɨɧɟɱɧɨɦ ɩɪɨɞɭɤɬɟ. ɉɨɫɥɟ ɜɵɞɟɪɠɤɢ 
ɨɛɪɚɡɰɚ ɩɪɢ ɧɟɫɤɨɥɶɤɨ ɩɨɜɵɲɟɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɪɵ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɪɚɫɩɨɥɚɝɚɸɬ-
ɫɹ ɧɚ ɦɟɠɡɟɪɟɧɧɵɯ ɝɪɚɧɢɰɚɯ ɢɥɢ ɡɚɥɟɱɢɜɚɸɬɫɹ. ȼ ɩɟɪɜɨɦ ɫɥɭɱɚɟ ɦɚɬɟɪɢɚɥ ɨɛɥɚɞɚɟɬ ɩɨ-
ɜɵɲɟɧɧɵɦ ɭɪɨɜɧɟɦ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɟɫɩɨɪɢɫɬɵɦ ɚɧɚɥɨɝɨɦ. ɉɨɞ 
ɞɟɣɫɬɜɢɟɦ ɩɟɪɟɦɟɧɧɨɝɨ ɜɧɟɲɧɟɝɨ ɧɚɩɪɹɠɟɧɢɹ ɢɡɦɟɧɹɟɬɫɹ ɯɢɦɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ ɜɚ-
ɤɚɧɫɢɣ ɜ ɝɪɚɧɢɰɚɯ ɡɟɪɟɧ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɜɨɡɧɢɤɚɸɬ ɞɢɮɮɭɡɢɨɧɧɵɟ ɩɨɬɨɤɢ ɜɚɤɚɧɫɢɣ 
ɦɟɠɞɭ ɩɨɪɚɦɢ ɢ ɨɛɥɚɫɬɹɦɢ ɫɨɩɪɹɠɟɧɢɹ ɡɟɪɟɧ, ɩɪɢɜɨɞɹɳɢɟ ɤ ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɸ ɜɟɳɟ-
ɫɬɜɚ ɜ ɨɛɥɚɫɬɢ ɝɪɚɧɢɰ. Ȼɟɫɩɨɪɢɫɬɵɟ ɭɱɚɫɬɤɢ ɝɪɚɧɢɰ ɩɨɨɱɟɪɟɞɧɨ ɢɝɪɚɸɬ ɪɨɥɶ ɢɫɬɨɱɧɢ-
ɤɨɜ ɢ ɫɬɨɤɨɜ ɜɚɤɚɧɫɢɣ. ɗɬɨ ɩɪɢɜɨɞɢɬ ɤ ɜɡɚɢɦɧɨɦɭ ɫɦɟɳɟɧɢɸ ɫɨɩɪɹɝɚɸɳɢɯɫɹ ɩɨ ɝɪɚɧɢ-
ɰɟ ɫɦɟɠɧɵɯ ɤɪɢɫɬɚɥɥɢɬɨɜ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɩɪɢɱɢɧɨɣ ɪɚɫɫɟɹɧɢɹ ɷɧɟɪɝɢɢ ɤɨɥɟɛɚɧɢɣ. 

ɂɡ ɪɟɲɟɧɢɹ ɧɟɫɬɚɰɢɨɧɚɪɧɨɝɨ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɞɢɮɮɭɡɢɢ ɫ ɩɟɪɢɨɞɢɱɟ-
ɫɤɢɦ ɢɫɬɨɱɧɢɤɨɦ ɜɚɤɚɧɫɢɣ ɧɚɯɨɞɢɬɫɹ ɡɚɜɢɫɢɦɨɫɬɶ ɢɡɛɵɬɨɱɧɨɣ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɚɜɧɨ-
ɜɟɫɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜɚɤɚɧɫɢɣ ɨɬ ɤɨɨɪɞɢɧɚɬ ɢ ɜɪɟɦɟɧɢ. Ɂɚɞɚɱɚ ɢɦɟɟɬ ɞɜɭɦɟɪɧɵɣ ɯɚ-
ɪɚɤɬɟɪ. ɇɚ ɨɫɧɨɜɟ ɪɟɲɟɧɢɹ ɪɚɫɱɢɬɵɜɚɟɬɫɹ ɫɤɨɪɨɫɬɶ ɜɡɚɢɦɧɨɝɨ ɫɦɟɳɟɧɢɹ ɤɪɢɫɬɚɥɥɢɬɨɜ. 
ɂɡ ɡɚɜɢɫɢɦɨɫɬɢ ɯɢɦɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɜɚɤɚɧɫɢɣ ɨɬ ɢɯ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɜɟɥɢɱɢɧɵ 
ɧɨɪɦɚɥɶɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɧɚɯɨɞɢɬɫɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ ɨɛɥɚɫɬɹɯ 
ɝɪɚɧɢɰɵ. Ɋɚɫɱɟɬ ɩɪɨɢɡɜɨɞɢɬɫɹ ɫ ɭɱɟɬɨɦ ɷɮɮɟɤɬɚ ɩɨɞɫɬɪɨɣɤɢ ɧɚɩɪɹɠɟɧɢɣ, ɭɱɢɬɵɜɚɸ-
ɳɟɝɨ ɢɡɦɟɧɟɧɢɟ ɥɨɤɚɥɶɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɟɳɟɫɬɜɚ 
ɜ ɝɪɚɧɢɰɟ.  

Ɂɚɜɢɫɢɦɨɫɬɶ ɥɨɝɚɪɢɮɦɚ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɨɬ ɨɛɪɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɢɦɟɟɬ ɜɢɞ 
ɥɢɧɢɢ, ɢɦɟɸɳɟɣ ɞɜɚ ɩɪɹɦɨɥɢɧɟɣɧɵɯ ɭɱɚɫɬɤɚ ɫ ɢɡɥɨɦɨɦ. Ɋɚɡɥɢɱɧɵɟ ɜɟɥɢɱɢɧɵ ɭɝɥɨɜ 
ɧɚɤɥɨɧɚ ɩɪɹɦɨɥɢɧɟɣɧɵɯ ɭɱɚɫɬɤɨɜ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɧɚɥɢɱɢɢ ɞɜɭɯ ɷɮɮɟɤɬɢɜɧɵɯ ɷɧɟɪ-
ɝɢɣ ɚɤɬɢɜɚɰɢɢ ɩɪɨɰɟɫɫɚ ɜ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɵɯ ɨɛɥɚɫɬɹɯ. ɉɨɥɨɠɟɧɢɟ 
ɨɛɥɚɫɬɟɣ ɢɡɥɨɦɚ ɡɚɜɢɫɢɬ ɨɬ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ ɩɨɪ ɢ ɞɢɮɮɭɡɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤ ɜɚɤɚɧɫɢɣ. ɉɨɞɨɛɧɵɣ ɜɢɞ ɡɚɜɢɫɢɦɨɫɬɢ ɭɪɨɜɧɹ ɮɨɧɚ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɯɚɪɚɤɬɟɪɟɧ 
ɞɥɹ ɦɚɬɟɪɢɚɥɨɜ ɫ ɞɪɭɝɢɦɢ ɧɟɨɞɧɨɪɨɞɧɨɫɬɹɦɢ, ɩɪɢɫɭɬɫɬɜɭɸɳɢɦɢ ɧɚ ɝɪɚɧɢɰɚɯ ɡɟɪɟɧ. 
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ɆɈȾȿɅɖ ɋɍ-ɒɊɂɎɎȿɊȺ-ɏɂȽȿɊȺ ɂ ȺɇȺɅɂɁ ɌɈɉɈɅɈȽɂɑȿɋɄɂɏ 
ɋɈɋɌɈəɇɂɃ ȼ ɅɂɈɌɊɈɉɇɕɏ ɋɂɋɌȿɆȺɏ ɋ ȾɂɋɋɂɉȺɐɂȿɃ 

Ʌ.ȼ. ȿɥɶɧɢɤɨɜɚ
Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɧ.ɫ., elnikova@itep.ru 

ɎȽȻɍ «ɂɧɫɬɢɬɭɬ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɮɢɡɢɤɢ ɢɦɟɧɢ Ⱥ.ɂ. Ⱥɥɢɯɚɧɨɜɚ ɇɂɐ 
«Ʉɭɪɱɚɬɨɜɫɤɢɣ ɢɧɫɬɢɬɭɬ» 

Ɋɚɫɫɦɨɬɪɟɧɚ ɦɨɞɟɥɶ ɋɭ-ɒɪɢɮɮɟɪɚ-ɏɢɝɟɪɚ ɞɥɹ ɨɰɟɧɤɢ ɷɧɟɪɝɢɢ, ɩɪɨɜɨɞɹɳɢɯ ɫɨɫɬɨɹɧɢɣ 
ɜ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɯ ɫɢɫɬɟɦɚɯ ɫ ɚɤɬɢɜɧɵɦ ɢ ɩɚɫɫɢɜɧɵɦ ɪɟɠɢɦɨɦ ɷɜɨɥɸɰɢɢ ɩɚɪɚɦɟɬɪɚ 
ɩɨɪɹɞɤɚ ɜ ɬɪɢɜɢɚɥɶɧɵɯ ɢ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɮɚɡɚɯ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɨɩɨɥɨɝɢɱɟɫɤɢɟ ɮɚɡɵ, ɦɨɞɟɥɶ ɋɭ-ɒɪɢɮɮɟɪɚ-ɏɢɝɟɪɚ, ɚɤɬɢɜɧɵɟ 
ɫɨɫɬɨɹɧɢɹ. 

ɉɨɜɟɪɯɧɨɫɬɧɵɟ ɬɨɩɨɥɨɝɢɱɟɫɤɢɟ ɫɨɫɬɨɹɧɢɹ ɢɫɫɥɟɞɭɸɬɫɹ ɜ ɫɜɹɡɢ ɫ ɚɤɬɭɚɥɶɧɨɫɬɶɸ 
ɫɨɜɪɟɦɟɧɧɵɯ ɫɩɢɧɬɪɨɧɧɵɯ ɩɪɢɥɨɠɟɧɢɣ, ɪɚɡɜɢɬɢɟɦ ɩɪɨɢɡɜɨɞɫɬɜɚ ɮɨɬɨɧɧɵɯ, ɚɤɭɫɬɢɱɟ-
ɫɤɢɯ ɢ ɦɟɯɚɧɢɱɟɫɤɢɯ ɦɟɬɚɦɚɬɟɪɢɚɥɨɜ ɢ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ, ɚɤɬɭɚɬɨɪɨɜ ɤɚɤ ɚɤɬɢɜɧɵɯ ɞɢ-
ɧɚɦɢɱɟɫɤɢɯ ɫɢɫɬɟɦ [1]. 

ɋɭɳɟɫɬɜɭɟɬ ɬɟɨɪɟɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɋɭ-ɒɪɢɮɮɟɪɚ-ɏɢɝɟɪɚ (ɋɒɏ), ɩɪɟɞɧɚɡɧɚɱɟɧ-
ɧɚɹ ɞɥɹ ɨɩɢɫɚɧɢɹ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɞɟɮɟɤɬɨɜ ɫɨɥɢɬɨɧɧɨɝɨ ɬɢɩɚ, ɤɨɬɨɪɵɟ ɨɩɪɟɞɟɥɹɸɬ ɩɟ-
ɪɟɧɨɫ ɡɚɪɹɞɚ ɜ ɥɟɝɢɪɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɚɯ, ɢɥɢ ɬɨɩɨɥɨɝɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ. ȼɩɟɪ-
ɜɵɟ ɨɧɚ ɛɵɥɚ ɩɪɨɢɥɥɸɫɬɪɢɪɨɜɚɧɚ ɞɥɹ ɫɥɭɱɚɹ ɩɨɥɢɚɰɟɬɢɥɟɧɚ [2], ɢɦɟɸɳɟɝɨ ɨɞɢɧ π-

ɷɥɟɤɬɪɨɧ ɭɝɥɟɪɨɞɧɨɣ ɫɜɹɡɢ ɜ ɤɚɱɟɫɬɜɟ ɩɪɨɜɨɞɹɳɟɝɨ ɫɨɫɬɨɹɧɢɹ.  ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɦɨ-
ɞɟɥɶ ɋɒɏ ɩɨɥɭɱɢɥɚ ɪɚɡɜɢɬɢɟ ɞɥɹ ɪɚɫɱɟɬɚ ɩɪɨɜɨɞɹɳɢɯ ɫɜɨɣɫɬɜ ɲɢɪɨɤɨɝɨ ɤɥɚɫɫɚ ɩɨɥɢ-
ɦɟɪɧɵɯ ɤɨɦɩɨɡɢɬɨɜ, ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɨɜ ɢ ɝɪɚɮɟɧɨɜ, ɨɧɚ ɚɫɫɨɰɢɢɪɭɟɬɫɹ ɫ ɮɚɡɨɣ 
Ɂɚɤɚ ɮɨɬɨɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ [3-6] ɢ ɩɪ. ɋɒɏ - ɝɚɦɢɥɶɬɨɧɢɚɧ ɫɢɥɶɧɨɣ ɫɜɹɡɢ [7] ɜɵɪɚɠɚ-
ɟɬɫɹ ɤɚɤ 
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ɝɞɟ Mi ɢ ri– ɦɚɫɫɚ ɢ ɩɨɥɨɠɟɧɢɟ ɜɟɤɬɨɪɚ i-ɝɨ ɚɬɨɦɧɨɝɨ ɭɡɥɚ, bij=|ri-rj| ɞɥɢɧɚ ɫɜɹɡɢ 
ɦɟɠɞɭ ɚɬɨɦɧɵɦɢ ɭɡɥɚɦɢ, K – ɤɨɧɫɬɚɧɬɚ ɞɢɧɚɦɢɱɟɫɤɨɣ ɠɟɫɬɤɨɫɬɢ, t0 – ɪɟɩɟɪɧɵɣ ɩɪɵɠ-
ɤɨɜɵɣ ɢɧɬɟɝɪɚɥ, α – ɥɢɧɟɣɧɚɹ ɷɥɟɤɬɪɨɧ-ɮɨɧɨɧɧɚɹ ɤɨɧɫɬɚɧɬɚ ɫɜɹɡɢ ɭɡɥɨɜ i ɢ j, Ci

+
 ɢ Ci –

ɨɩɟɪɚɬɨɪɵ ɪɨɠɞɟɧɢɹ ɢ ɭɧɢɱɬɨɠɟɧɢɹ ɷɥɟɤɬɪɨɧɚ ɜ ɭɡɥɟ i. ɑɢɫɥɟɧɧɨɟ ɪɟɲɟɧɢɟ (1) ɩɨɤɚɡɚ-
ɧɨ ɧɚ ɪɢɫ. ɤɚɤ ɚɧɚɥɨɝ ɢɡɦɟɧɟɧɢɹ ɤɪɚɟɜɵɯ ɫɨɫɬɨɹɧɢɣ.  

ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɦɨɞɟɥɶ ɋɒɏ ɦɨɠɟɬ ɛɵɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɚ ɧɚ ɞɢɫɫɢɩɚɬɢɜɧɵɟ ɫɢ-
ɫɬɟɦɵ [1], ɧɚɩɪɢɦɟɪ, ɩɪɢɦɟɧɹɬɶɫɹ ɞɥɹ ɚɧɚɥɢɡɚ ɚɤɬɢɜɧɵɯ ɤɨɥɥɨɢɞɧɵɯ ɮɚɡ [8].  

Ɋɢɫɭɧɨɤ. Ɋɚɫɱɟɬɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɥɢɦɟɪɧɨɝɨ ɤɨɦɩɨɡɢɬɚ 
ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɤɨɧɰɟɧɬɪɚɰɢɹɯ ɧɚɩɨɥɧɢɬɟɥɟɣ. ɉɪɢɦɟɧɟɧ ɪɟɲɟɬɨɱɧɵɣ ɦɟɬɨɞ 

Ɇɨɧɬɟ Ʉɚɪɥɨ ɫ ɝɚɦɢɥɶɬɨɧɢɚɧɨɦ (1) «ɩɚɫɫɢɜɧɨɣ» ɦɨɞɟɥɢ ɋɒɏ 

mailto:elnikova@itep.ru


37 

ȼ ɨɞɧɨɦɟɪɧɵɯ ɢ ɞɜɭɦɟɪɧɵɯ ɚɤɬɢɜɧɵɯ ɫɢɫɬɟɦɚɯ ɞɟɣɫɬɜɭɟɬ ɦɟɯɚɧɢɡɦ ɫɚɦɨɩɨɞ-
ɞɟɪɠɢɜɚɸɳɢɯɫɹ ɤɨɥɟɛɚɧɢɣ, ɚɤɬɢɜɢɪɭɸɳɢɣ ɬɨɩɨɥɨɝɢɱɟɫɤɢɟ ɤɪɚɟɜɵɟ ɫɨɫɬɨɹɧɢɹ, ɬɨɝɞɚ 
ɤɚɤ ɜ 3D ɷɬɢ ɫɜɹɡɢ ɪɚɡɪɭɲɟɧɵ. ɗɬɨ ɜɵɡɵɜɚɟɬ ɩɪɨɛɥɟɦɭ ɜɵɱɢɫɥɟɧɢɹ ɬɨɩɨɥɨɝɢɱɟɫɤɨɝɨ 
ɢɧɜɚɪɢɚɧɬɚ, ɧɚɩɪɢɦɟɪ, ɱɢɫɥɚ ɤɪɭɱɟɧɢɹ. ȼɦɟɫɬɟ ɫ ɬɟɦ ɢɡɦɟɧɹɸɬɫɹ ɩɪɨɜɨɞɹɳɢɟ ɢ ɦɟɯɚ-
ɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɤɨɦɩɨɡɢɬɨɜ. 
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Ɉ ɊȺȾɂȺɐɂɈɇɇɈɆ ɁȺɌɍɏȺɇɂɂ ɂɁȽɂȻɇɕɏ ɄɈɅȿȻȺɇɂɃ 

ȾɂɋɅɈɄȺɐɂɂ ȼ ȾɂɋɋɂɉȺɌɂȼɇɈɆ ɄɊɂɋɌȺɅɅȿ 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɋɚɫɫɦɨɬɪɟɧɵ ɢɡɝɢɛɧɵɟ ɤɨɥɟɛɚɧɢɹ ɞɢɫɥɨɤɚɰɢɢ ɜ ɞɢɫɫɢɩɚɬɢɜɧɨɦ ɤɪɢɫɬɚɥɥɟ. ɇɚɣɞɟɧɵ 
ɜɤɥɚɞɵ ɢɡɝɢɛɧɵɯ ɤɨɥɟɛɚɧɢɣ ɜ ɪɚɞɢɚɰɢɨɧɧɨɟ ɬɨɪɦɨɠɟɧɢɟ ɞɢɫɥɨɤɚɰɢɢ ɞɥɹ ɫɥɟɞɭɸɳɢɯ ɫɥɭɱɚɟɜ: 
ɧɢɡɤɨɱɚɫɬɨɬɧɵɟ ɤɨɥɟɛɚɧɢɹ ɜ ɞɥɢɧɧɨɜɨɥɧɨɜɨɦ ɢ ɤɨɪɨɬɤɨɜɨɥɧɨɜɨɦ ɩɪɟɞɟɥɚɯ, ɤɨɪɨɬɤɨɜɨɥɧɨɜɵɟ 
ɤɨɥɟɛɚɧɢɹ ɩɪɨɢɡɜɨɥɶɧɨɣ ɱɚɫɬɨɬɵ, ɞɥɢɧɧɨɜɨɥɧɨɜɵɟ ɤɨɥɟɛɚɧɢɹ ɩɪɨɢɡɜɨɥɶɧɨɣ ɱɚɫɬɨɬɵ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɢɫɥɨɤɚɰɢɹ, ɢɡɝɢɛɧɵɟ ɤɨɥɟɛɚɧɢɹ, ɨɛɨɛɳɟɧɧɚɹ ɜɨɫɩɪɢɢɦɱɢɜɨɫɬɶ, ɞɢ-
ɧɚɦɢɱɟɫɤɨɟ ɬɨɪɦɨɠɟɧɢɟ. 

Ɋɚɞɢɚɰɢɨɧɧɨɟ ɡɚɬɭɯɚɧɢɟ ɤɨɥɟɛɥɸɳɟɣɫɹ ɩɪɹɦɨɥɢɧɟɣɧɨɣ ɞɢɫɥɨɤɚɰɢɢ (ɢɡɥɭɱɟɧɢɟ 
ɭɩɪɭɝɢɯ ɜɨɥɧ ɞɢɫɥɨɤɚɰɢɟɣ) ɜɩɟɪɜɵɟ ɪɚɫɫɦɨɬɪɟɧɨ ɗɲɟɥɛɢ [1]. ɉɨɡɞɧɟɟ ɡɚɞɚɱɚ ɨɛ ɢɡɥɭ-
ɱɟɧɢɢ ɭɩɪɭɝɢɯ ɜɨɥɧ ɞɢɫɥɨɤɚɰɢɟɣ ɩɪɨɢɡɜɨɥɶɧɨɣ ɮɨɪɦɵ ɜ ɢɡɨɬɪɨɩɧɨɣ ɛɟɡɞɢɫɫɢɩɚɬɢɜɧɨɣ 
ɫɪɟɞɟ ɛɵɥɚ ɪɟɲɟɧɚ ɜ ɪɚɛɨɬɚɯ ɇɚɰɢɤɚ [2, 3]. ɇɢɧɨɦɢɹ [4] ɩɨɥɭɱɢɥ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ 
ɞɢɫɥɨɤɚɰɢɢ ɜ ɢɡɨɬɪɨɩɧɨɣ ɫɪɟɞɟ, ɢɦɟɸɳɟɟ ɦɧɢɦɨɟ ɫɥɚɝɚɟɦɨɟ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɪɚɞɢɚɰɢ-
ɨɧɧɵɦɢ ɩɨɬɟɪɹɦɢ. ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɫ ɭɱɟɬɨɦ ɨɩɪɟɞɟɥɟɧɢɹ ɨɛɨɛɳɟɧɧɨɣ ɜɨɫɩɪɢɢɦɱɢɜɨ-
ɫɬɢ [5] ɢ ɧɚ ɨɫɧɨɜɟ ɪɟɡɭɥɶɬɚɬɨɜ [6-8] ɧɚɣɞɟɧ ɜɤɥɚɞ ɢɡɝɢɛɧɵɯ ɤɨɥɟɛɚɧɢɣ ɞɢɫɥɨɤɚɰɢɢ ɜ 
ɪɚɞɢɚɰɢɨɧɧɨɟ ɬɪɟɧɢɟ ɞɥɹ ɞɢɫɫɢɩɚɬɢɜɧɨɝɨ ɤɪɢɫɬɚɥɥɚ. 

ɉɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɨɫɶ Oz  ɥɟɠɢɬ ɜɞɨɥɶ ɥɢɧɢɢ ɞɢɫɥɨɤɚɰɢɢ, ɤɨɬɨɪɚɹ ɫɨɜɟɪɲɚɟɬ 
ɦɚɥɵɟ ɤɨɥɟɛɚɧɢɹ ɜɛɥɢɡɢ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ. ɍɱɢɬɵɜɚɥɨɫɶ ɷɥɟɤɬɪɨɧɧɨɟ ɬɨɪɦɨɠɟɧɢɟ 
ɞɢɫɥɨɤɚɰɢɢ. ɉɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɜɤɥɚɞɚ ɢɡɝɢɛɧɵɯ ɤɨɥɟɛɚɧɢɣ ɜ ɪɚɞɢɚɰɢɨɧɧɨɟ ɡɚ-
ɬɭɯɚɧɢɟ W . 

Ⱦɥɹ ɧɢɡɤɨɱɚɫɬɨɬɧɵɯ ɢɡɝɢɛɧɵɯ ɤɨɥɟɛɚɧɢɣ ɜ ɞɥɢɧɧɨɜɨɥɧɨɜɨɦ ɩɪɟɞɟɥɟ 
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Ɂɞɟɫɶ   – ɩɥɨɬɧɨɫɬɶ ɤɪɢɫɬɚɥɥɚ, 0  – ɤɨɧɫɬɚɧɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɷɥɟɤɬɪɨɧɧɨɝɨ ɬɨɪɦɨɠɟ-

ɧɢɹ,   – ɱɚɫɬɨɬɚ, 22
lt cc , tc  ɢ lc  – ɫɤɨɪɨɫɬɢ ɩɨɩɟɪɟɱɧɵɯ ɢ ɩɪɨɞɨɥɶɧɵɯ ɡɜɭɤɨɜɵɯ

ɜɨɥɧ ɜ ɛɟɡɞɢɫɫɢɩɚɬɢɜɧɨɦ ɤɪɢɫɬɚɥɥɟ, sb  ɢ eb  – ɜɢɧɬɨɜɚɹ ɢ ɤɪɚɟɜɚɹ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ
Ȼɸɪɝɟɪɫɚ ɞɢɫɥɨɤɚɰɢɢ, zk  – ɤɨɦɩɨɧɟɧɬɚ ɜɨɥɧɨɜɨɝɨ ɜɟɤɬɨɪɚ ɜɞɨɥɶ ɥɢɧɢɢ ɞɢɫɥɨɤɚɰɢɢ, l
– ɞɥɢɧɚ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ ɷɥɟɤɬɪɨɧɚ, dc  – ɫɤɨɪɨɫɬɶ ɢɡɝɢɛɧɵɯ ɜɨɥɧ ɜɞɨɥɶ ɞɢɫɥɨɤɚ-
ɰɢɢ.

Ⱦɥɹ ɧɢɡɤɨɱɚɫɬɨɬɧɵɯ ɢɡɝɢɛɧɵɯ ɤɨɥɟɛɚɧɢɣ ɜ ɤɨɪɨɬɤɨɜɨɥɧɨɜɨɦ ɩɪɟɞɟɥɟ 
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ɝɞɟ mk  – ɦɚɤɫɢɦɚɥɶɧɨɟ ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ.
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Ɂɞɟɫɶ lctt  , lcll  .
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ɝɞɟ C  – ɤɨɧɫɬɚɧɬɚ ɩɨɪɹɞɤɚ ɟɞɢɧɢɰɵ, ɡɚɜɢɫɹɳɚɹ ɨɬ ɤɨɷɮɮɢɰɢɟɧɬɚ ɉɭɚɫɫɨɧɚ. 
Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɨɦɭ 

ɜɤɥɚɞɭ ɜ ɡɚɬɭɯɚɧɢɟ ɤɨɥɟɛɚɧɢɣ ɞɢɫɥɨɤɚɰɢɢ ɡɚ ɫɱɟɬ ɪɚɞɢɚɰɢɨɧɧɨɝɨ ɬɨɪɦɨɠɟɧɢɹ ɢ ɜɡɚɢ-
ɦɨɞɟɣɫɬɜɢɹ ɫ ɞɢɫɫɢɩɚɬɢɜɧɨɣ ɫɪɟɞɨɣ. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɇɟɬɨɞɨɦ Ɇɨɧɬɟ-Ʉɚɪɥɨ ɢɫɫɥɟɞɨɜɚɧɵ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɨɜ Re-Tb ɢ 
Re-Gd. Ɉɩɪɟɞɟɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɯɨɞɚ ɜ ɫɨɫɬɨɹɧɢɟ ɫɩɢɧɨɜɨɝɨ ɫɬɟɤɥɚ, ɩɨɫɬɪɨɟɧɵ ɦɚɝɧɢɬ-
ɧɵɟ ɮɚɡɨɜɵɟ ɞɢɚɝɪɚɦɦɵ. ɂɫɫɥɟɞɨɜɚɧɚ ɪɟɥɚɤɫɚɰɢɹ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɦɨɪɮɧɵɟ ɫɩɥɚɜɵ, ɬɟɪɛɢɣ, ɝɚɞɨɥɢɧɢɣ, ɦɟɬɨɞ Ɇɨɧɬɟ-Ʉɚɪɥɨ, ɫɩɢɧɨɜɨɟ 
ɫɬɟɤɥɨ, ɦɚɝɧɢɬɧɵɟ ɮɚɡɨɜɵɟ ɞɢɚɝɪɚɦɦɵ. 

Ⱦɜɨɣɧɵɟ ɚɦɨɪɮɧɵɟ ɫɩɥɚɜɵ (Ⱥɋ) ɩɟɪɟɯɨɞɧɨɣ ɦɟɬɚɥɥ – ɪɟɞɤɨɡɟɦɟɥɶɧɵɣ ɦɟɬɚɥɥ 
(ɉɆ–ɊɁɆ) ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɫɢɫɬɟɦɵ, ɨɛɥɚɞɚɸɳɢɟ ɭɧɢɤɚɥɶɧɵɦɢ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣ-
ɫɬɜɚɦɢ. ȼ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɤɨɧɰɟɧɬɪɚɰɢɣ ɜ ɷɬɢɯ ɫɩɥɚɜɚɯ ɧɚɛɥɸɞɚɟɬɫɹ ɩɟɪɟɯɨɞ ɜ ɫɨ-
ɫɬɨɹɧɢɟ ɫɩɢɧɨɜɨɝɨ ɫɬɟɤɥɚ. ɉɪɢɪɨɞɚ ɫɩɢɧ-ɫɬɟɤɨɥɶɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɚɯ ɢ 
ɦɟɯɚɧɢɡɦɵ ɪɟɥɚɤɫɚɰɢɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɹɜɥɹɸɬɫɹ ɩɪɟɞɦɟɬɨɦ ɢɧɬɟɧɫɢɜɧɵɯ ɢɫɫɥɟɞɨɜɚ-
ɧɢɣ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ. 

Ɇɟɬɨɞɨɦ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɦɨɞɟɥɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ 
Ⱥɋ ɫɢɫɬɟɦ Re100-x-Tbx (x=5–91 ɚɬ. %) ɢ Re100-x-Gdx (x=4–93 ɚɬ. %), ɚ ɬɚɤɠɟ ɱɢɫɬɵɯ 
ɚɦɨɪɮɧɵɯ ɬɟɪɛɢɹ ɢ ɝɚɞɨɥɢɧɢɹ. Ɂɚɬɟɦ ɦɟɬɨɞɨɦ Ɇɨɬɧɟ-Ʉɚɪɥɨ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ Ƚɟɣɡɟɧ-
ɛɟɪɝɚ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɞɚɧɧɵɯ ɦɨɞɟɥɟɣ. ȼ ɝɚɦɢɥɶɬɨɧɢɚɧɟ ɞɥɹ 
Ⱥɋ Re-Tb ɭɱɢɬɵɜɚɥɨɫɶ ɨɛɦɟɧɧɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɦɚɝɧɢɬɧɵɦɢ ɦɨɦɟɧɬɚɦɢ ɚɬɨ-
ɦɨɜ Tb, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɩɪɟɞɟɥɚɯ ɩɟɪɜɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ, ɢ ɫɥɭɱɚɣɧɚɹ ɨɞɧɨɨɫ-
ɧɚɹ ɚɧɢɡɨɬɪɨɩɢɹ. Ⱦɥɹ Ⱥɋ Re-Gd ɭɱɢɬɵɜɚɥɨɫɶ ɮɟɪɪɨɦɚɝɧɢɬɧɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɚɝɧɢɬ-
ɧɵɯ ɦɨɦɟɧɬɨɜ ɚɬɨɦɨɜ Gd ɜ ɩɪɟɞɟɥɚɯ ɩɟɪɜɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ ɢ ɚɧɬɢɮɟɪɪɨɦɚɝ-
ɧɢɬɧɨɟ – ɜ ɩɪɟɞɟɥɚɯ ɜɬɨɪɨɣ ɤɨɨɪɞɢɧɚɰɢɨɧɧɨɣ ɫɮɟɪɵ. 

ȼ ɩɪɨɰɟɫɫɟ ɨɯɥɚɠɞɟɧɢɹ ɦɨɞɟɥɟɣ ɪɚɫɫɱɢɬɵɜɚɥɢɫɶ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɫɩɨɧɬɚɧɧɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɦɚɝɧɢɬɧɨɣ ɜɨɫɩɪɢɢɦɱɢɜɨɫɬɢ ɢ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɷɧɟɪɝɢɢ 
ɫɢɫɬɟɦɵ. Ɉɩɪɟɞɟɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɯɨɞɚ ɢɡ ɩɚɪɚɦɚɝɧɢɬɧɨɝɨ ɜ ɫɩɢɧ-ɫɬɟɤɨɥɶɧɨɟ ɫɨ-
ɫɬɨɹɧɢɟ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɚɬɨɦɨɜ ɊɁɆ, ɩɨɫɬɪɨɟɧɵ ɦɚɝɧɢɬɧɵɟ ɮɚɡɨɜɵɟ 
ɞɢɚɝɪɚɦɦɵ. ɂɫɫɥɟɞɨɜɚɧɨ ɩɨɜɟɞɟɧɢɟ ɦɨɞɟɥɟɣ ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ 
ɩɨɥɹ: ɪɚɫɫɱɢɬɚɧɵ ɩɟɬɥɢ ɝɢɫɬɟɪɟɡɢɫɚ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɢ ɤɨɧɰɟɧɬɪɚɰɢɹɯ 
ɚɬɨɦɨɜ ɊɁɆ, ɩɨ ɤɨɬɨɪɵɦ ɨɩɪɟɞɟɥɟɧɵ ɜɟɥɢɱɢɧɵ ɤɨɷɪɰɢɬɢɜɧɨɣ ɫɢɥɵ ɢ ɨɫɬɚɬɨɱɧɨɣ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ.  

ɂɫɫɥɟɞɨɜɚɧɵ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɦɨɞɟɥɹɯ ɩɨɫɥɟ ɨɬɤɥɸɱɟ-
ɧɢɹ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. Ɂɚɜɢɫɢɦɨɫɬɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɩɨɞɱɢɧɹɸɬ-
ɫɹ ɪɚɡɧɵɦ ɡɚɤɨɧɚɦ ɞɥɹ Ⱥɋ ɫɨ ɫɥɭɱɚɣɧɨɣ ɚɧɢɡɨɬɪɨɩɢɟɣ (Re-Tb) ɢ ɫ ɮɥɭɤɬɭɚɰɢɹɦɢ ɨɛ-
ɦɟɧɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ (Re-Gd). 
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II. ɆȿɏȺɇɂɑȿɋɄȺə ɊȿɅȺɄɋȺɐɂə

ɍȾɄ 538.9 

ɊȿɅȺɄɋȺɐɂə ɆɈȾɍɅə ɋȾȼɂȽȺ ȼ ɆȿɌȺɅɅɂɑȿɋɄɈɆ ɋɌȿɄɅȿ Pd40Ni40P20 

ɉɈɋɅȿ ɉɅȺɋɌɂɑȿɋɄɈɃ ȾȿɎɈɊɆȺɐɂɂ ɄɊɍɑȿɇɂȿɆ ɉɈȾ ȾȺȼɅȿɇɂȿɆ 

ɘ.ɉ. Ɇɢɬɪɨɮɚɧɨɜ1, ȿ.ȼ. Ƚɨɧɱɚɪɨɜɚ2
, H. Zhou

3
, G. Wilde

4, ȼ.Ⱥ. ɏɨɧɢɤ5
 

1Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, ɫ. ɧ. ɫ. ɤɚɮɟɞɪɵ ɨɛɳɟɣ ɮɢɡɢɤɢ, mitrofanovyup@gmail.com 
2Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɦ. ɧ. ɫ. ɤɚɮɟɞɪɵ ɨɛɳɟɣ ɮɢɡɢɤɢ, goncharova.evg@mail.ru 

3
PhD student of the Institute of Material Physics, h_zhou04@uni-muenster.de 

4
PhD in Materials Science, University Professor, Director of the Institute of Material Physics, Dean of 

the Department of Physics, gwilde@uni-muenster.de 
5Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, ɡɚɜ. ɤɚɮɟɞɪɨɣ ɨɛɳɟɣ ɮɢɡɢɤɢ, ɝ. ɧ. ɫ., v.a.khonik@vspu.ac.ru 

1,2,5ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɩɟɞɚɝɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ, ȼɨɪɨɧɟɠ (Ɋɨɫɫɢɹ) 
3,4University of Münster, Münster (Germany) 

ɂɫɫɥɟɞɨɜɚɧɚ ɪɟɥɚɤɫɚɰɢɹ ɫɞɜɢɝɨɜɨɣ ɭɩɪɭɝɨɫɬɢ ɜ ɦɟɬɚɥɥɢɱɟɫɤɨɦ ɫɬɟɤɥɟ Pd40Ni40P20 ɩɨɫɥɟ 
ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ ɤɪɭɱɟɧɢɟɦ ɩɨɞ ɞɚɜɥɟɧɢɟɦ. Ⱦɟɮɨɪɦɚɰɢɹ ɜɥɢɹɟɬ ɧɚ ɤɢɧɟɬɢɤɭ 
ɧɟɪɟɥɚɤɫɢɪɨɜɚɧɧɨɝɨ ɦɨɞɭɥɹ ɫɞɜɢɝɚ ɩɪɢ ɬɟɪɦɨɨɛɪɚɛɨɬɤɟ ɫɬɟɤɥɚ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ 
ɡɧɚɱɢɬɟɥɶɧɨɦ ɢɡɦɟɧɟɧɢɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɫɩɟɤɬɪɚ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜɫɥɟɞɫɬɜɢɟ 
ɢɧɬɟɧɫɢɜɧɨɣ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɢɱɟɫɤɨɟ ɫɬɟɤɥɨ, ɦɨɞɭɥɶ ɫɞɜɢɝɚ, ɪɟɥɚɤɫɚɰɢɹ, ɩɥɚɫɬɢɱɟɫɤɚɹ 
ɞɟɮɨɪɦɚɰɢɹ. 

Ɇɟɬɨɞɵ ɢɧɬɟɧɫɢɜɧɨɣ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ ɹɜɥɹɸɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦ 
ɢɧɫɬɪɭɦɟɧɬɨɦ ɦɨɞɢɮɢɤɚɰɢɢ ɫɬɪɭɤɬɭɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ, ɩɨɡɜɨɥɹɹ ɫɨɡɞɚɜɚɬɶ 
ɨɛɴɟɦɧɵɟ ɧɚɧɨɦɚɬɟɪɢɚɥɵ ɫ ɨɫɨɛɵɦɢ ɮɢɡɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ [1]. ȼɨɩɪɨɫ ɨ ɜɥɢɹɧɢɢ 
ɬɚɤɨɝɨ ɪɨɞɚ ɞɟɮɨɪɦɚɰɢɣ ɧɚ ɫɬɪɭɤɬɭɪɭ ɚɦɨɪɮɧɵɯ (ɧɟɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ) ɫɩɥɚɜɨɜ ɨɫɬɚɟɬɫɹ 
ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɫɬɟɩɟɧɢ ɨɬɤɪɵɬɵɦ ɢ ɹɜɥɹɟɬɫɹ ɩɪɟɞɦɟɬɨɦ ɧɟɨɫɥɚɛɟɜɚɸɳɟɝɨ ɢɧɬɟɪɟɫɚ 
ɮɢɡɢɤɨɜ-ɦɟɬɚɥɥɨɜɟɞɨɜ. 

ɇɟɪɟɥɚɤɫɢɪɨɜɚɧɧɵɣ ɦɨɞɭɥɶ ɫɞɜɢɝɚ G ɹɜɥɹɟɬɫɹ ɜɚɠɧɟɣɲɟɣ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ 
ɜɟɥɢɱɢɧɨɣ, ɤɨɬɨɪɚɹ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɪɟɥɚɤɫɚɰɢɨɧɧɭɸ (ɦɟɞɥɟɧɧɭɸ) ɢ ɚɬɨɦɧɨ-

ɦɨɥɟɤɭɥɹɪɧɭɸ (ɛɵɫɬɪɭɸ) ɞɢɧɚɦɢɤɭ ɫɬɪɭɤɬɭɪɵ ɚɦɨɪɮɧɵɯ ɜɟɳɟɫɬɜ (ɠɢɞɤɨɫɬɟɣ ɢ 
ɫɬɟɤɨɥ) [2]. ȼ ɱɚɫɬɧɨɫɬɢ, ɞɥɹ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɤɨɥ ɜɟɥɢɱɢɧɚ G ɨɤɚɡɵɜɚɟɬɫɹ 
ɜɚɠɧɟɣɲɢɦ ɢɧɬɟɝɪɚɥɶɧɵɦ ɢɧɞɢɤɚɬɨɪɨɦ ɬɟɩɥɨɜɵɯ ɷɮɮɟɤɬɨɜ, ɤɨɬɨɪɵɟ ɫɨɩɪɨɜɨɠɞɚɸɬ 
ɩɪɨɰɟɫɫ ɪɟɥɚɤɫɚɰɢɢ ɧɟɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ [3]. 

ȼ ɞɚɧɧɨɦ ɢɫɫɥɟɞɨɜɚɧɢɢ ɜɩɟɪɜɵɟ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɢɡɦɟɪɟɧɢɹ 
ɧɟɪɟɥɚɤɫɢɪɨɜɚɧɧɨɝɨ ɦɨɞɭɥɹ ɫɞɜɢɝɚ G ɩɪɢ ɧɚɝɪɟɜɟ ɨɛɪɚɡɰɨɜ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɟɤɥɚ 
Pd40Ni40P20, ɩɨɞɜɟɪɝɧɭɬɵɯ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɣ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ 
ɦɟɬɨɞɨɦ ɤɪɭɱɟɧɢɹ ɩɨɞ ɞɚɜɥɟɧɢɟɦ. ɂɡɦɟɪɟɧɢɹ G ɩɪɨɜɨɞɢɥɢɫɶ ɦɟɬɨɞɨɦ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɪɟɡɨɧɚɧɫɚ (ɞɟɬɚɥɢ ɫɦ., ɧɚɩɪɢɦɟɪ, ɜ ɪɚɛɨɬɟ [4]). ɇɚ 
ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɩɪɢ 3 Ʉ/ɦɢɧ ɞɥɹ ɧɟɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ 
ɨɛɪɚɡɰɚ (ɜ ɜɢɞɟ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɫɞɜɢɝɚ g = G / G340K – 1, ɝɞɟ G340K – 

ɜɟɥɢɱɢɧɚ ɦɨɞɭɥɹ ɫɞɜɢɝɚ ɩɪɢ 340 Ʉ), ɚ ɬɚɤɠɟ ɩɨɫɥɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɞɟɮɨɪɦɚɰɢɢ ɩɪɢ 
ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ Trt ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɨɤɨɥɨ 12 Ƚɉɚ ɩɨɫɥɟ N = 3, 10 ɢ 100 ɨɛɨɪɨɬɨɜ. 
ɉɥɚɫɬɢɱɟɫɤɚɹ ɞɟɮɨɪɦɚɰɢɹ ɜɵɡɵɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɤɢɧɟɬɢɤɢ G (run 1). ɉɨɫɥɟ ɧɚɝɪɟɜɚ 
ɨɛɪɚɡɰɚ ɞɨ 620 Ʉ > Tg (ɝɞɟ Tg – ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɤɥɨɜɚɧɢɹ) ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɞɨ Trt ɪɟɚɥɢɡɭɟɬɫɹ ɪɟɥɚɤɫɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ. ɉɪɢ ɷɬɨɦ ɢɬɨɝɨɜɚɹ ɜɟɥɢɱɢɧɚ ɪɟɥɚɤɫɚɰɢɢ 
ɦɨɞɭɥɹ ɫɞɜɢɝɚ (grel) (ɫɦ. ɜɫɬɚɜɤɭ ɧɚ ɪɢɫɭɧɤɟ ɞɥɹ T = 340 Ʉ) ɡɚɜɢɫɢɬ ɨɬ ɱɢɫɥɚ ɨɛɨɪɨɬɨɜ 
N, ɬ.ɟ. ɨɬ ɷɮɮɟɤɬɢɜɧɨɣ ɜɟɥɢɱɢɧɵ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ. Ʉɢɧɟɬɢɤɚ ɦɨɞɭɥɹ ɫɞɜɢɝɚ ɜ 
ɪɟɥɚɤɫɢɪɨɜɚɧɧɨɦ ɨɛɪɚɡɰɟ (run 2) ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɢɫɯɨɞɧɨɝɨ (ɧɟ ɨɬɨɠɠɟɧɧɨɝɨ) ɫɬɟɤɥɚ. 

ȼ ɪɚɛɨɬɟ ɨɛɫɭɠɞɚɸɬɫɹ ɜɨɡɦɨɠɧɵɟ ɩɪɢɱɢɧɵ ɢɡɦɟɧɟɧɢɹ ɤɢɧɟɬɢɤɢ G ɜɫɥɟɞɫɬɜɢɟ 
ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɨɥɨɫ ɫɞɜɢɝɚ ɩɨɫɥɟ ɢɧɬɟɧɫɢɜɧɨɣ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ. 
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Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɫɞɜɢɝɚ 
ɜ ɧɟɞɟɮɨɪɦɢɪɨɜɚɧɧɨɦ ɢ ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɦ ɫɬɟɤɥɟ Pd40Ni40P20  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɧɚɭɤɢ ɢ ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ 
ɊɎ (ɡɚɞɚɧɢɟ 3.1310.2017/4.6). 
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ȼ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɜɨɩɪɨɫɵ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪ ɢɡ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɝɨ ɯɪɨɦɚ ɜ 
ɭɫɥɨɜɢɹɯ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɢ ɢɦɩɭɥɶɫɧɨɝɨ ɷɥɟɤɬɪɨɥɢɡɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɪɨɥɶ ɞɟɮɟɤɬɨɜ ɜɵɩɨɥɧɹɸɬ 
ɝɪɚɧɢɰɵ ɡɟɪɟɧ, ɩɨ ɤɨɬɨɪɵɦ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɩɪɨɢɫɯɨɞɢɬ ɮɨɪɦɢɪɨɜɚɧɢɟ ɦɟɬɚɥɥɨɝɢɞɪɢɞɨɜ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɨɝɢɞɪɢɞɵ, ɞɟɮɟɤɬɵ ɫɬɪɭɤɬɭɪɵ ɢɦɩɭɥɶɫɧɵɣ ɷɥɟɤɬɪɨɥɢɡ, ɜɧɭɬ-
ɪɟɧɧɟɟ ɬɪɟɧɢɟ. 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɟ ɦɟɬɚɥɥɵ ɢ ɫɩɥɚɜɵ ɤɚɤ ɫɢɫɬɟɦɵ ɫ ɦɟɧɶɲɟɣ ɫɬɟ-
ɩɟɧɶɸ ɭɩɨɪɹɞɨɱɟɧɧɨɫɬɢ ɚɬɨɦɨɜ ɨɛɪɚɡɭɸɬ ɞɟɮɟɤɬɵ ɫɬɪɭɤɬɭɪɵ, ɩɨ ɤɨɬɨɪɵɦ ɜɨɡɦɨɠɧɨ 
ɮɨɪɦɢɪɨɜɚɧɢɟ ɦɟɬɚɥɥɨɝɢɞɪɢɞɨɜ ɩɪɢ ɭɫɥɨɜɢɢ ɩɪɨɬɟɤɚɧɢɢ ɫɨɩɪɹɠɟɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɧɚ 
ɤɚɬɨɞɟ [1]. Ɉɛɳɢɣ ɜɢɞ ɬɚɤɢɯ ɩɪɨɰɟɫɫɨɜ ɩɪɟɞɫɬɚɜɥɟɧ ɫɯɟɦɨɣ 
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Ʉɚɤ ɩɪɚɜɢɥɨ, ɷɧɟɪɝɢɹ ɫɜɹɡɢ ɜ ɷɬɢɯ ɫɨɟɞɢɧɟɧɢɹ ɧɟɜɟɥɢɤɚ ɢ ɞɥɹ ɯɪɨɦɨɜɵɯ ɩɨɤɪɵ-
ɬɢɣ ɥɟɠɢɬ ɜ ɩɪɟɞɟɥɚɯ 0,45-0,6 eV, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɟɦɩɟɪɚɬɭɪɟ ɷɤɫɬɪɚɤɰɢɢ ɜɨɞɨɪɨɞɚ 
ɢɡ ɝɢɞɪɢɞɚ ɜ ɩɪɟɞɟɥɚɯ 125-150°ɋ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡɦɨɠɧɨɫɬɶ ɝɢɞɪɢɞɧɨɝɨ ɯɪɚɧɟɧɢɹ 
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ɜɨɞɨɪɨɞɚ ɞɥɹ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɯ ɦɟɬɚɥɥɨɜ ɢ ɫɩɥɚɜɨɜ ɡɧɚɱɢɬɟɥɶɧɨ ɜɵɲɟ, ɱɟɦ ɞɥɹ ɦɟ-
ɬɚɥɥɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɦɟɬɨɞɨɦ ɩɥɚɜɥɟɧɢɹ. Ɉɞɧɚɤɨ ɢ ɞɥɹ ɦɟɬɚɥɥɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɦɟɬɚɥ-
ɥɭɪɝɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ, ɦɨɠɧɨ ɫɮɨɪɦɢɪɨɜɚɬɶ ɞɟɮɟɤɬɵ ɩɭɬɟɦ ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ 
ɢɥɢ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɩɭɬɟɦ ɨɛɪɚɛɨɬɤɟ ɜ ɪɚɫɬɜɨɪɟ ɭɥɶɬɪɚɡɜɭɤɨɦ ɜ ɪɟɠɢɦɟ ɤɚ-
ɜɢɬɚɰɢɢ.  

ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪ ɪɚɫɫɦɨɬɪɢɦ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɝɨ ɮɨɪɦɢɪɨɜɚɧɢɟ ɞɟɮɟɤɬɨɜ ɜ 
ɫɬɪɭɤɬɭɪɟ ɯɪɨɦɚ.  ɇɚ ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɜɧɭɬɪɟɧɧɟɝɨ 
ɬɪɟɧɢɹ Q

-1
(T) ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɝɨ ɯɪɨɦɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɢɡ ɫɟɪɧɨɤɢɫɥɵɯ ɷɥɟɤɬɪɨɥɢɬɨɜ

ɯɪɨɦɢɪɨɜɚɧɢɹ ɜ ɭɫɥɨɜɢɹɯ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɢ ɢɦɩɭɥɶɫɧɨɝɨ ɷɥɟɤɬɪɨɥɢɡɚ [2]. Ⱥɦɩɥɢɬɭɞɚ 
ɩɢɤɚ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɢɦɟɟɬ ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɞɥɹ ɪɟɠɢɦɨɜ ɧɟɫɬɚɰɢɨɧɚɪɧɨɝɨ 
ɷɥɟɤɬɪɨɥɢɡɚ. Ɍɨ ɟɫɬɶ ɱɢɫɥɨ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ ɭɜɟɥɢɱɢɜɚɟɬ ɩɪɢ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ 
ɷɥɟɤɬɪɨɥɢɡɚ. ɋ ɬɨɱɤɢ ɡɪɟɧɢɹ ɫɨɜɟɪɲɟɧɫɬɜɚ ɫɬɪɭɤɬɭɪɵ ɷɬɨ ɩɨɡɜɨɥɹɟɬ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ 
ɪɨɫɬ ɱɢɫɥɚ ɞɟɮɟɤɬɨɜ ɫɜɹɡɚɧ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɫɭɦɦɚɪɧɨɣ ɷɮɮɟɤɬɢɜɧɨɣ ɞɥɢɧɵ ɝɪɚɧɢɰ ɡɟ-
ɪɟɧ. ɑɬɨ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɩɨɥɨɠɢɬɶ ɧɚɥɢɱɢɟ ɫɬɢɦɭɥɹɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɝɢɞɪɢɞɨɜ ɧɚ ɞɟɮɟɤ-
ɬɚɯ ɫɬɪɭɤɬɭɪɵ ɜ ɷɬɢɯ ɨɛɥɚɫɬɹɯ.  

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɨɝɨ ɯɪɨɦɚ, ɩɨɥɭɱɟɧ-
ɧɨɝɨ ɢɡ ɫɟɪɧɨɤɢɫɥɨɝɨ ɷɥɟɤɬɪɨɥɢɬɚ 

ɍɜɟɥɢɱɟɧɢɟ ɲɢɪɢɧɵ ɩɢɤɨɜ Q
-1

(T) ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɧɟɫɬɚɰɢɨɧɚɪɧɵɦ ɪɟɠɢɦɨɜ
ɷɥɟɤɬɪɨɥɢɡɚ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɩɪɨɰɟɫɫɨɜ, ɫɜɹɡɚɧɧɵɦ 
ɫ ɨɛɪɚɡɨɜɚɜɲɢɦɢɫɹ ɝɢɞɪɢɞɧɵɦɢ ɫɬɪɭɤɬɭɪɚɦɢ. ɑɬɨ ɝɨɜɨɪɢɬ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚ-
ɧɢɹ ɪɟɞɭɤɰɢɨɧɧɨɝɨ ɷɮɮɟɤɬɚ ɩɪɢ ɩɨɫɥɟɞɭɸɳɟɦ ɢɡɜɥɟɱɟɧɢɢ ɜɨɞɨɪɨɞɚ ɩɪɢ ɩɪɚɤɬɢɱɟɫɤɨɦ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɚɤɢɯ ɝɢɞɪɢɞɧɵɯ ɫɢɫɬɟɦ ɜ ɤɚɱɟɫɬɜɟ ɧɚɤɨɩɢɬɟɥɟɣ ɜɨɞɨɪɨɞɚ.  

ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɜɨɣɫɬɜ ɷɥɟɤɬɪɨɥɢɬɨɜ ɭɫɥɨɜɢɹ ɨɛɪɚɡɨɜɚɧɢɹ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɯ 
ɨɫɚɞɤɨɜ ɦɨɝɭɬ ɫɢɥɶɧɨ ɪɚɡɥɢɱɚɬɶɫɹ ɡɚ ɫɱɟɬ ɜɟɥɢɱɢɧɵ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɩɪɢ ɪɟɚɥɢɡɚ-
ɰɢɢ ɷɥɟɦɟɧɬɚɪɧɨɝɨ ɚɤɬɚ. ȼ ɷɥɟɤɬɪɨɥɢɬɚɯ ɯɪɨɦɢɪɨɜɚɧɢɹ ɧɚ ɨɫɧɨɜɟ ɯɪɨɦɫɭɥɶɮɚɬɧɵɯ 
ɷɥɟɤɬɪɨɥɢɬɨɜ ɩɪɨɰɟɫɫ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɯɪɨɦɚ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɢɡ ɚɧɢɨɧɧɨɣ ɮɨɪɦɵ ɧɚ 
ɤɚɬɨɞɟ. Ɏɨɪɦɢɪɨɜɚɧɢɟ ɚɬɨɦɚɪɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɨɬɟɤɚɟɬ ɜ ɫɨɜɟɪɲɟɧɧɨ ɢɧɵɯ ɭɫɥɨɜɢɹɯ, 
ɱɟɦ ɜ ɷɥɟɤɬɪɨɥɢɬɚɯ ɧɚ ɨɫɧɨɜɟ ɫɟɪɧɨɤɢɫɥɨɝɨ ɯɪɨɦɚ, ɬɚɤ ɤɚɤ ɷɧɟɪɝɢɢ ɷɥɟɦɟɧɬɚɪɧɨɝɨ ɚɤɬɚ 
ɪɚɡɥɢɱɚɟɬɫɹ. Ʉɨɥɢɱɟɫɬɜɨ ɜɨɞɨɪɨɞɚ ɜ ɫɥɭɱɚɟ ɯɪɨɦɫɭɥɶɮɚɬɧɵɯ ɷɥɟɤɬɪɨɥɢɬɨɜ ɜɵɞɟɥɹɟɬɫɹ 
ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟ ɧɚ ɤɚɬɨɞɟ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɜ ɫɟɪɧɨɤɢɫɥɵɯ ɷɥɟɤɬɪɨɥɢɬɚɯ ɨɛɪɚɡɭɟɬɫɹ 
ɛɨɥɶɲɟ ɝɢɞɪɢɞɨɜ. ɉɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ ɜ ɭɫɥɨɜɢɹɯ ɩɚɫɫɢɜɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɮɨɪɦɢɪɭɸɬ-
ɫɹ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ: ɯɪɨɦɚ ɢ ɨɤɫɢɞɚ ɯɪɨɦɚ. 
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The vibration level in industry can be reduced using various vibro-isolating and vibro-

absorbing devices based on viscoelastic organic materials [1, 2]. However, viscoelastic organ-

ic materials are characterized by low elastic modulus, and application of these materials re-

duces rigidity of the assembly. Also, organic materials cannot be used at elevated (higher than 

200°C) or low (less than -70°C) temperatures, for instance in the satellite systems, where a 
small vibration of the laser beam makes the system useless. It is well-known that vibration, 

acoustic and operating properties of various precision devices can be improved with the help 

of High Damping Metals (HIDAMETs) [3, 4]. 

ADIF (Forced vibrations) 

Fig. 1. Dependence of damping capacity 

on the annealing temperature 

ADIF (Free decay) 

Fig. 2. Dependence of damping capacity 

on the annealing temperature 

Fig. 3. Dependence of max. damping capacity on annealing temperature 
The main structural mechanism of damping for the Fe-Cr alloys is magneto-
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mechanical damping due to irreversible motion of magnetic domain walls (DWs), which also 

leads to a magnetostriction effect. In this investigation, we used cold-rolled (CR) sheets of a 

high-purity Fe-18Cr alloy to find out the correlation between heat treatment and damping ca-

pacity as well as magnetic properties including magnetostriction and grain size. Damping ca-

pacity of the samples was measured in several structural states after different annealing treat-

ments using forced vibrations by means of dynamical mechanical analyzer Q800 TA Instru-

ment and self-made vibrating reed with free-decay of bending vibrations. The results show 

that the optimal properties for Fe-18Cr binary alloy were achieved after 800°C annealing of 
the CR sheets. Slow cooling of the samples after high-temperature heat treatment causes a 

marked decrease of the impact toughness, reduction of damping capacity and increase in the 

coercive force of the Fe-18Cr alloy. This effect is caused by spinodal decomposition of the 

Fe-Cr solid solution and formation of local zones enriched with Cr. Damping capacity results 

are shown in the following Fig. 1, 2 and 3. 

The work was carried out with support from the Ministry of Education and Science of 

the Russian Federation in the framework of increase Competitiveness Program of NUST 

“MISIS”, implemented by a governmental decree dated 16th of March 2013, No 211. This 
work was supported by the RNF project 19-72-20080. 

References 

1. T. Claudia, N. Valentin, L. Gabriel, Actual stage of industrial noise reduction, Journal of

Engineering Studies and Research, 17 (2011) 89–95. 

2. C.H. Hansen, B.I.F. Goelzer, Engineering noise control, 10 (2007) 245–296.

3. D.W. James, High damping metals for engineering applications, Mater. Sci. Eng., 4 (1969)

1–8. doi:10.1016/0025-5416(69)90033-0. 

4. R. De Batist, High damping materials: mechanisms and applications, J. Phys. Colloq., 44

(1983) 39–50. 

UDC 620.182 

STUDY OF STRUCTURE, PHASE TRANSITIONS AND ANELASTIC EFFECTS 

IN Fe-x at.%Ga ALLOYS (x=25, 27, 33) 

A.K. Mohamed
1
, V.V. Palacheva

2
, V.V. Cheverikin

3
, A.V. Pozdnyakov

4
, A.M. Balagurov

5
, 

I.A. Bobrikov
6
, J.- G. Gasser

7
, P. Tabary

8
, T. Mounier

9
, I.S. Golovin

10 

1
PhD student, abdelkarim@misis.ru 

2
PhD student, lera.palacheva@mail.ru 

3
Dr, cheverikin80@rambler.ru 

4
Dr, pozdniakov@misis.ru 

5
Prof, bala@nf.jinr.ru 

6
Dr, bobrikov@nf.jinr.ru  

7
Prof, jean-georges.gasser@univ-lorraine.fr 

8
MSc student, paul.tabary@etu.emse.fr 

9
MSc student, theo.mounier0205@gmail.com 

10
Prof, i.golovin@misis.ru  

1,2,3,4,8,9,10
National University of Science and Technology “MISIS”, Moscow, Russia 
1
Benha University, Shoubra Faculty of Engineering, Cairo, Egypt 

5,6
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia 

5
Lomonosov Moscow State University, Moscow, Russia 

7Université de Lorraine. Laboratoire de Chimie et Physique, France 
8
Ecole des Mines de Saint-Etienne, 158 cours Fauriel, F-42023 Saint-Etienne, Cedex 2, France 

9
ENISE (Ecole Nationale d’Ingénieurs de Saint-Etienne), Cedex 2, France 

Keywords: Neutron diffraction; Fe-Ga ; Phase transition; internal friction; activation energy; 

phase characterization; In situ resistivity measurement. 

mailto:abdelkarim@misis.ru
mailto:lera.palacheva@mail.ru
mailto:cheverikin80@rambler.ru
mailto:pozdniakov@misis.ru
mailto:bala@nf.jinr.ru
mailto:bobrikov@nf.jinr.ru
mailto:jean-georges.gasser@univ-lorraine.fr
mailto:paul.tabary@etu.emse.fr
mailto:theo.mounier0205@gmail.com
mailto:i.golovin@misis.ru


45 

One of the reasons for the promise of Magnetostrictive materials in a host of applica-

tions is the development of a new class of structural magnetostrictive materials. Iron–gallium 

alloys (galfenol) exhibit moderate magnetostriction (∼350 ppm) under very low magnetic 

fields 100 Oe (8000 A.m
−1

), have very low hysteresis, and demonstrate high tensile strength

(500 MPa) and limited variation in magnetomechanical properties for temperatures between 

−20 and 80o
C [1]. They have a high Curie temperature [1] and are corrosion resistant [2] and

biodegradable [3]. The raw materials used to produce FeGa alloys are relatively inexpensive

[2].

Several research techniques were used to study structure and phase transitions at heat-

ing and cooling of three Fe-Ga alloys with 25, 27 and 33 at.% Ga. Structure of these alloys in 

the as cast state and after different annealing regimes were characterized by XRD, SEM, 

MFM, HV and low-temperature heat capacity. Using high resolution neutron diffraction, it is 

proved that initial state of the as cast samples has the high temperature BCC-derivative D03 

phase which is metastable at room temperature. Heating of the as cast samples and their sub-

sequent cooling lead to a cascade of phase transitions changing sample’s structure, mechani-

cal and physical properties including damping capacity. The phase transitions were character-

ized by in situ neutron diffraction, internal friction, resistivity, vibrating sample magnetome-

try, dilatometry, and differential scanning calorimetry. Activation energy and relaxation time 

were calculated for thermally-activated relaxation peaks. Transition from metastable D03 to 

stable L12 phase at heating or isothermal annealing leads to significant changes in macro 

(grain size) and micro (atomic ordering) structure, hardness and magnetic properties (magne-

tostriction, magnetization and internal friction). According to our structural studies ND which 

shown in the following figure, composition Fe-25.5 at.% Ga below 600°C belongs to a sin-

gle phase (L12) range in contrast with existing equilibrium phase diagrams. 

Figure. Temperature dependences of the intensities of fundamental diffraction peaks and their first 

derivatives (transformation rate, right upper Y-axe) of different phases during the transition from  

the initial (D03 phase at RT) to the final (A2 phase above 750°C) state of the alloy Fe-25.5Ga (a),  

and of the alloy Fe-26.9Ga as well (b) during heating 

The work was carried out with support from the Ministry of Education and Science of 

the Russian Federation in the framework of Increase Competitiveness Program of NUST 

“MISIS”, implemented by a governmental decree dated 16th
 of March 2013, No 211 and RNF

project no. 19-72-20080. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɢ ɚɦɩɥɢɬɭɞɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ 
ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ (ȼɌ) ɝɢɛɪɢɞɧɵɯ ɤɨɦɩɨɡɢɬɨɜ ɢɡ ɭɝɥɟɪɨɞɧɵɯ ɨɞɧɨɧɚɩɪɚɜɥɟɧɧɵɯ ɜɨɥɨɤɨɧ ɢ 
ɫɬɟɤɥɹɧɧɵɯ ɬɤɚɧɟɣ ɜ ɷɩɨɤɫɢɞɧɨɣ ɪɚɫɩɥɚɜɧɨɣ ɦɚɬɪɢɰɟ Ɍ-107. ɉɨ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɦɭ ɭɱɚɫɬ-
ɤɭ ɮɨɧɚ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɫ ɭɱɟɬɨɦ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɭɱɚɫɬɤɚ ɮɨɧɚ ɛɵɥɚ ɫɞɟɥɚɧɚ ɨɰɟɧɤɚ 
ɷɧɟɪɝɢɢ ɦɢɝɪɚɰɢɢ ɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɚɤɚɧɫɢɨɩɨɞɨɛɧɨɝɨ ɞɟɮɟɤɬɚ ɚɦɨɪɮɧɨɣ ɦɚɬɪɢɰɵ ɢɫɫɥɟɞɭɟɦɵɯ 
ɫɬɟɥɨɭɝɥɟɩɥɚɫɬɢɤɨɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɝɥɟɩɥɚɫɬɢɤ, ɫɬɟɤɥɨɩɥɚɫɬɢɤ, ɷɩɨɤɫɢɞɧɚɹ ɦɚɬɪɢɰɚ, ɜɧɭɬɪɟɧɧɟɟ ɬɪɟɧɢɟ. 

ɐɟɥɶ ɪɚɛɨɬɵ ɡɚɤɥɸɱɚɥɚɫɶ ɜ ɢɫɫɥɟɞɨɜɚɧɢɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ 
ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɝɢɛɪɢɞɧɨɝɨ ɩɨɥɢɦɟɪɧɨɝɨ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ (ɉɄɆ) ɧɚ 
ɨɫɧɨɜɟ ɭɝɥɟ- ɢ ɫɬɟɤɥɨɜɨɥɨɤɨɧ ɫ ɪɚɡɧɵɦ ɩɪɨɰɟɧɬɧɵɦ ɫɨɨɬɧɨɲɟɧɢɟɦ ɤɨɦɩɨɧɟɧɬɨɜ ɜ ɦɚɬ-
ɪɢɰɟ ɪɚɫɩɥɚɜɧɨɝɨ ɷɩɨɤɫɢɞɧɨɝɨ ɫɜɹɡɭɸɳɟɝɨ ɦɚɪɤɢ Ɍ-107, ɫɨɫɬɚɜ ɤɨɬɨɪɨɝɨ ɪɚɡɪɚɛɨɬɚɧ 
ɯɢɦɢɱɟɫɤɢɦ ɮɚɤɭɥɶɬɟɬɨɦ ɆȽɍ [1]. ȼ ɤɚɱɟɫɬɜɟ ɚɪɦɢɪɭɸɳɟɝɨ ɧɚɩɨɥɧɢɬɟɥɹ ɢɫɩɨɥɶɡɨɜɚ-
ɥɢɫɶ ɨɞɧɨɧɚɩɪɚɜɥɟɧɧɚɹ ɥɟɧɬɚ ɫ ɭɝɥɟɪɨɞɧɵɦ ɜɨɥɨɤɧɨɦ Formosa TC-35 (12Ʉ) (ıȼ=4000 

Ɇɉɚ, ȿ=240 Ƚɉɚ) [2] ɢ ɫɬɟɤɥɨɬɤɚɧɶ Ɍ-10-14 [3]. ɉɪɟɩɪɟɝɢ ɧɚ ɨɫɧɨɜɟ ɭɝɥɟ- ɢ ɫɬɟɤɥɨ- 

ɧɚɩɨɥɧɢɬɟɥɟɣ ɢ ɫɜɹɡɭɸɳɟɝɨ Ɍ-107 ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɦɟɬɨɞɨɦ Hot-melt ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɨ-
ɥɨɝɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫɚ ɩɪɨɩɢɬɤɢ COS.T.A. [4]. ɇɚ ɪɢɫ. 1ɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ 
ɡɚɜɢɫɢɦɨɫɬɢ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɫɬɟɤɥɨɭɝɥɟɩɥɚɫɬɢɤɨɜ ɜ ɦɚɬɪɢɰɟ Ɍ-107 ɫ ɪɚɡɥɢɱɧɵɦ 
ɫɨɞɟɪɠɚɧɢɟɦ ɭɝɥɟɪɨɞɧɵɯ ɢ ɫɬɟɤɥɹɧɧɵɯ ɜɨɥɨɤɨɧ. ɉɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɜɟɥɢɱɢɧɚ 
ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɬɥɢɱɚɟɬɫɹ ɢ ɫɨɫɬɚɜɥɹɟɬ Q

-1
 ~ 5·10-3. ɉɨɜɵɲɟɧɢɟ

ɬɟɦɩɟɪɚɬɭɪɵ ɞɨ Ɍ~ 450 Ʉ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɵɦ ɪɨɫɬɨɦ, ɤɨɬɨɪɵɣ ɫɦɟɧɹɟɬɫɹ 
ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɦ ɪɨɫɬɨɦ ȼɌ. ɉɪɢ ɩɪɢɛɥɢɠɟɧɢɢ ɤ ɬɟɦɩɟɪɚɬɭɪɟ ɫɬɟɤɥɨɜɚɧɢɹ (Ɍ = 458 
Ʉ) ɜɟɥɢɱɢɧɚ Q-1

 ɟɳɟ ɛɨɥɶɲɟ ɜɨɡɪɚɫɬɚɟɬ.
ɇɚɛɥɸɞɚɟɦɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɛɥɢɡɤɢɯ ɤ ɬɟɦ-

ɩɟɪɚɬɭɪɟ ɫɬɟɤɥɨɜɚɧɢɹ, ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ȼɌ ɡɚɦɟɬɧɨ ɜɨɡɪɚɫɬɚɟɬ ɢ ɷɬɨɬ ɪɨɫɬ ɫɜɹɡɚɧ ɫ ɩɨ-
ɥɢɦɟɪɧɨɣ ɦɚɬɪɢɰɟɣ, ɚ ɧɟ ɫ ɦɚɬɟɪɢɚɥɨɦ ɧɚɩɨɥɧɢɬɟɥɹ. Ɍɚɤɨɣ ɪɨɫɬ ɨɛɵɱɧɨ ɧɚɡɵɜɚɸɬ ɜɵ-
ɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɦ ɮɨɧɨɦ ȼɌ ɢ ɨɧ ɨɩɢɫɵɜɚɟɬɫɹ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ ɨɬ 
ɨɛɪɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ [5]. ɇɚ ɪɢɫ. 1ɛ ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɧɚɬɭɪɚɥɶɧɨɝɨ ɥɨɝɚ-
ɪɢɮɦɚ ȼɌ ɨɬ ɨɛɪɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɞɥɹ ɫɬɟɤɥɨɭɝɥɟɩɥɚɫɬɢɤɚ, ɭɝɥɟɩɥɚɫɬɢɤɚ ɢ ɫɬɟɤɥɨ-
ɩɥɚɫɬɢɤɚ c ɦɚɬɪɢɰɟɣ Ɍ-107. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 1 ɛ, ɜ ɨɛɥɚɫɬɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɮɨ-
ɧɚ ɧɚ ɡɚɜɢɫɢɦɨɫɬɹɯ lnQ

-1 
~ (1/T) ɧɚɛɥɸɞɚɸɬɫɹ ɞɜɚ ɩɪɹɦɨɥɢɧɟɣɧɵɯ ɭɱɚɫɬɤɚ (ɞɨ ɬɟɦɩɟɪɚ-

ɬɭɪɵ ɫɬɟɤɥɨɜɚɧɢɹ ɢ ɩɨɫɥɟ ɬɟɦɩɟɪɚɬɭɪɵ ɫɬɟɤɥɨɜɚɧɢɹ).  
ɉɪɨɜɟɞɟɧɧɵɣ ɚɧɚɥɢɡ ɩɨɤɚɡɚɥ, ɱɬɨ, ɚɩɩɪɨɤɫɢɦɢɪɭɹ ɩɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɜɧɭɬ-

ɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɞɨ ɬɟɦɩɟɪɚɬɭɪɵ ɫɬɟɤɥɨɜɚɧɢɹ, ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɷɧɟɪɝɢɸ ɚɤɬɢɜɚɰɢɢ ɦɢ-
ɝɪɚɰɢɢ ɞɟɮɟɤɬɨɜ ɞɥɹ ɦɚɬɪɢɰɵ ɢɫɫɥɟɞɭɟɦɨɝɨ ɤɨɦɩɨɡɢɬɚ ɩɨ ɬɚɧɝɟɧɫɭ ɭɝɥɚ ɧɚɤɥɨɧɚ ɡɚɜɢ-
ɫɢɦɨɫɬɢ lnQ

-1 
~ (1/T).
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ɚ) ɛ) 
Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɞɥɹ ɫɬɟɤɥɨɩɥɚɫɬɢɤɚ (1), 

ɭɝɥɟɩɥɚɫɬɢɤɚ (2) ɢ ɫɬɟɤɥɨɭɝɥɟɩɥɚɫɬɢɤɚ (3) ɫ ɦɚɬɪɢɰɟɣ Ɍ-107  

ɜ ɤɨɨɪɞɢɧɚɬɚɯ Q-1 
~ T (ɚ) ɢ lnQ

-1 
~ (1/T) (ɛ) 

Ɉɰɟɧɤɢ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɡɧɚɱɟɧɢɟ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɦɢɝɪɚɰɢɢ ɬɨɱɟɱɧɨɝɨ ɞɟɮɟɤɬɚ 
ɦɚɬɪɢɰɵ, ɤɨɬɨɪɚɹ ɨɤɚɡɚɥɚɫɶ ɪɚɜɧɨɣ  Em = 0,70  0,05 ɷȼ, ɚ ɷɧɟɪɝɢɹ ɨɛɪɚɡɨɜɚɧɢɹ ɜɚɤɚɧ-
ɫɢɨɩɨɞɨɛɧɨɝɨ ɞɟɮɟɤɬɚ ɚɦɨɪɮɧɨɣ ɦɚɬɪɢɰɵ ɢɫɫɥɟɞɭɟɦɵɯ ɫɬɟɥɨɭɝɥɟɩɥɚɫɬɢɤɨɜ ɪɚɜɧɨɣ Ev 

= 0,66  0,05 ɷȼ. ɉɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɷɧɟɪɝɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɚɤɚɧɫɢɨɩɨɞɨɛɧɨɝɨ ɞɟɮɟɤ-
ɬɚ ɚɦɨɪɮɧɨɣ ɦɚɬɪɢɰɵ ɜ ɩɪɟɞɟɥɚɯ ɩɨɝɪɟɲɧɨɫɬɢ ɫɨɜɩɚɞɚɟɬ ɫɨ ɡɧɚɱɟɧɢɟɦ ɷɧɟɪɝɢɢ ɦɢɝɪɚ-
ɰɢɢ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɜ ɪɚɦɤɚɯ ɩɪɨɟɤɬɧɨɣ ɱɚɫɬɢ ɝɨɫɭ-
ɞɚɪɫɬɜɟɧɧɨɝɨ ɡɚɞɚɧɢɹ (ɩɪɨɟɤɬ № 3.1867.2017/4.6). 
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ȼɧɭɬɪɟɧɧɟɟ ɬɪɟɧɢɟ ɜ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɤɥɚɯ (Ɇɋ) ɨɱɟɧɶ ɱɭɜɫɬɜɢɬɟɥɶɧɨ ɤ ɥɨ-
ɤɚɥɶɧɵɦ ɚɬɨɦɧɵɯ ɩɟɪɟɫɬɪɨɣɤɚɦ, ɩɨɷɬɨɦɭ ɟɝɨ ɢɡɭɱɟɧɢɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɱɪɟɡɜɵɱɚɣɧɨ 
ɜɚɠɧɵɦ ɞɥɹ ɩɨɧɢɦɚɧɢɹ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ Ɇɋ. ɋɨɝɥɚɫɧɨ ɫɨɜɪɟɦɟɧɧɵɦ ɩɪɟɞ-
ɫɬɚɜɥɟɧɢɹɦ, ɫɬɪɭɤɬɭɪɚ Ɇɋ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɟɞɢɧɨɨɛɪɚɡɧɭɸ ɩɨ ɫɜɨɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢ-
ɤɚɦ ɚɦɨɪɮɧɭɸ ɦɚɬɪɢɰɭ, ɜ ɤɨɬɨɪɨɣ ɢɦɟɸɬɫɹ ɥɨɤɚɥɶɧɵɟ ɧɚɪɭɲɟɧɢɹ – ɫɬɪɭɤɬɭɪɧɵɟ ɞɟ-
ɮɟɤɬɵ, ɤɨɬɨɪɵɟ ɢ ɨɩɪɟɞɟɥɹɸɬ ɤɢɧɟɬɢɤɭ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ. Ɉɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ 
ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɩɪɟɞɫɬɚɜɥɟɧɢɣ ɨ ɩɪɢɪɨɞɟ ɷɬɢɯ ɞɟɮɟɤɬɨɜ ɹɜɥɹɟɬɫɹ ɦɟɠɭɡɟɥɶɧɚɹ ɬɟɨɪɢɹ 
[1]. ɋɨɝɥɚɫɧɨ ɷɬɨɣ ɬɟɨɪɢɢ, ɩɪɢɪɚɳɟɧɢɟ ɜɧɭɬɪɟɧɧɟɣ ɷɧɟɪɝɢɢ U ɚɦɨɪɮɧɨɝɨ ɬɟɥɚ ɩɪɢ ɢɡ-
ɦɟɧɟɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ c ɞɟɮɟɤɬɨɜ ɦɟɠɭɡɟɥɶɧɨɝɨ ɬɢɩɚ ɨɩɢɫɵɜɚɟɬɫɹ ɜɵ-
ɪɚɠɟɧɢɟɦ 

0dU G dc  , (1) 

ɝɞɟ G – ɦɨɞɭɥɶ ɫɞɜɢɝɚ, 
0 – ɚɬɨɦɧɵɣ ɨɛɴɟɦ,   – ɩɚɪɚɦɟɬɪ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɣ ɩɨɥɟ

ɭɩɪɭɝɢɯ ɧɚɩɪɹɠɟɧɢɣ ɞɟɮɟɤɬɚ. ȼɟɥɢɱɢɧɚ G  ɫɜɹɡɚɧɚ ɫ ɢɯ ɤɨɧɰɟɧɬɪɚɰɢɟɣ: 
exp( )G c   , (2) 

ɝɞɟ   – ɦɨɞɭɥɶ ɫɞɜɢɝɚ ɛɟɡɞɟɮɟɤɬɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɚ   – ɫɞɜɢɝɨɜɚɹ ɜɨɫɩɪɢɢɦɱɢɜɨɫɬɶ 
(ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɚɧɝɚɪɦɨɧɢɡɦ ɜɟɳɟɫɬɜɚ, ɬ.ɤ. 

43 /    , ɝɞɟ 
4 – ɦɨɞɭɥɶ ɫɞɜɢɝɚ ɱɟɬ-

ɜɟɪɬɨɝɨ ɩɨɪɹɞɤɚ [2]). 
ɉɭɫɬɶ 

0 – ɫɪɟɞɧɹɹ ɥɨɤɚɥɶɧɚɹ ɞɟɮɨɪɦɚɰɢɹ, ɫɨɡɞɚɜɚɟɦɚɹ ɞɟɮɟɤɬɨɦ,
0N – ɱɢɫɥɨ 

ɞɟɮɟɤɬɨɜ ɧɚ ɟɞɢɧɢɰɭ ɨɛɴɟɦɚ, 
event

 – ɨɛɴɟɦ, ɨɯɜɚɬɵɜɚɟɦɵɣ ɷɥɟɦɟɧɬɚɪɧɨɣ ɩɟɪɟɫɬɪɨɣ-
ɤɨɣ, ɚ 

act
V  – ɚɤɬɢɜɚɰɢɨɧɧɵɣ ɨɛɴɟɦ. Ɍɨɝɞɚ ɜɧɭɬɪɟɧɧɟɟ ɬɪɟɧɢɟ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

1
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event
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

, (3) 

ɝɞɟ  0 exp /
B

G k T    ,   – ɨɛɴɟɦ, ɩɪɢɯɨɞɹɳɢɣɫɹ ɧɚ ɚɬɨɦ. Ɋɚɧɟɟ ɩɨɞɨɛɧɨɟ ɜɵɪɚ-
ɠɟɧɢɟ ɛɵɥɨ ɩɨɥɭɱɟɧɨ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɫɢɦɦɟɬɪɢɱɧɨɝɨ ɞɜɭɯɴɹɦɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ [3]: 
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,  (4) 

ɝɞɟ ɩɚɪɚɦɟɬɪ 
1a ɡɚɜɢɫɢɬ ɨɬ ɱɢɫɥɚ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɰɟɧɬɪɨɜ (ɞɟɮɟɤɬɨɜ).

ɇɚ ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɤɪɢɜɚɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɜ ɪɟɥɚɤɫɢɪɨɜɚɧɧɨɦ ɫɬɟɤɥɟ Pd43.2Cu28Ni8.8P20 ɢ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟ-
ɬɚ ɩɨ ɮɨɪɦɭɥɟ (4), ɢɫɩɨɥɶɡɭɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɨ ɪɟɥɚɤɫɚɰɢɢ ɦɨɞɭɥɹ ɫɞɜɢɝɚ. 
Ⱦɟɬɚɥɢ ɦɟɬɨɞɢɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɨɩɢɫɚɧɵ ɜ ɪɚɛɨɬɟ [4]. ɂɡ ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɪɚɫɱɟɬ ɢ 
ɷɤɫɩɟɪɢɦɟɧɬ ɨɬɥɢɱɧɨ ɫɨɝɥɚɫɭɸɬɫɹ ɦɟɠɞɭ ɫɨɛɨɣ. 

Ɋɢɫɭɧɨɤ. Ɋɚɫɱɟɬɧɚɹ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɬɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ 

ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ ɜ ɫɬɟɤɥɟ Pd43.2Cu28Ni8.8P20 
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Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɧɚɭɤɢ ɢ ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ 
ɊɎ (ɡɚɞɚɧɢɟ 3.1310.2017/4.6). 
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Effect of spinodal decomposition on structure and rerevsible f.c.c. ļ f.c.t. martensitic trans-

formation in as-quenched Mn-15Cu and Mn-12Cu-3Cr alloys is investigated after different ageing 

treatment. According to the small angle neutron scattering, degree of spinodal decomposition in Mn-

15Cu samples aged for 8 h at 480 ºC is maximal, whereas for samples aged at 440 ºC, degree of spi-

nodal decomposition increases by increasing ageing time up to 120 hrs in agreement with DSC and 

internal friction results.  

Keywords: Mn-Cu alloys, spinodal decomposition, martensitic transformation, damping capac-

ity, SANS. 

Mn-Cu alloys are well-known materials with a remarkable damping capacity, shape 

memory effect and good mechanical properties [1-3]. Functional properties of Mn-Cu alloys 

are based on the f.c.c. ļ f.c.t. thermoelastic martensitic transformation (TEMT)  [4, 5]. Mar-

tensitic transformation in Mn-Cu alloys leads to a lattice structure change from the face cen-

tred cubic (f.c.c.) parent phase to the face centred tetragonal (f.c.t. with c/a < 1) martensite 

phase [6-8]. Mn-Cu alloys have a small transformation thermal hysteresis and phase transfor-

mation temperature is strongly affected by Mn content and heat treatment [9]. 

The structure of studied as-quenched from 850 ºC alloys is f.c.c., f.c.t. phases and α-

Mn, while an ageing treatment leads to a change in the volume fraction of co-existing phases 

and in the transition temperatures. The heat flow (DSC) and internal friction (IF) results show 

that the temperatures of the direct and reverse MT in Mn-12Cu-3Cr alloy approximately line-

arly increase by increasing ageing temperature from 400 ºC to 520 ºC at ageing time for 8 h. 
After ageing at 440 ºC from 1 to 8 h, temperatures of MT of as-quenched samples sharply in-
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crease, further long-term ageing leads to a slower increase. During MT, softening of elastic 

modulus is observed. Quenched Mn-12Cu-3Cr samples after ageing at 440 ºC for 5 h have 

enhanced amplitude dependent IF. According to the small angle neutron scattering (SANS), 

the degree of spinodal decomposition in the Mn-15Cu samples aged for 8 h at 480 ºC is max-

imal, whereas in the case of samples aged at 440 ºC, the degree of spinodal decomposition 

increases by increasing ageing time in agreement with DSC and IF results. Variations in tem-

peratures of direct and reverse MT due to ageing of the studied alloys are explained by spi-

nodal decomposition of Mn-Cu solution and formation of sonez enriched by Mn.  Ageing 

temperature and time, i.e. decomposition of the solid solution, have also a pronounced effect 

on the samples hardness.  
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The microstructural changes, volume fraction of co-existent phases, microstrains and 

internal friction of Fe-16Mn-8Cr-2Cr, Fe-22Mn-3Si and Fe-26Mn-4Si (wt.%) alloys have 

been investigated.  

From in situ neutron diffraction tests, we found that microstrains are isotropic in the Ȗ-

austenite in the samples, whereas microstrains in the İ-martensite are apparently higher and 

strongly anisotropic. During thermal cycling, the internal friction and DSC peak of Fe-Mn 

based alloys for the direct martensitic transformation shifts in the direction of a lower temper-

ature, for the reverse martensitic transformation shifts to a higher temperature, enhancing the 

thermal hysteresis ΔT. 

Keywords: Fe-Mn based alloys, martensitic transformation, microstructure, in situ 

neutron diffraction, internal friction. 

The Fe-Mn based alloys are known as materials with an excellent combination of high 

strength, high ductility, and enhanced damping capacity [1-4]. They have been extensively 

investigated in recent years, and have even been given a special name HIDAS (high damping 

steels) [5]. 

After thermal cycling between room temperature and 350 ℃ with a 10 min holding 

time at high temperature over the phase transformation, volume fraction of İ-martensite in the 

annealed Fe-26Mn-4Si samples increases, while volume fraction of İ-martensite in the cold 

rolled samples decreases.  These results explain the changes in the hardness with thermal cy-

cling by increasing the ratio İ/Ȗ in the annealed samples and by decreasing the ratio İ/Ȗ in the 
cold rolled samples. In situ neutron diffraction tests reveal that microstrains are isotropic in 

the Ȗ-austenite in the samples, whereas microstrains in the İ-martensite are pronouncedly 

higher and strongly anisotropic. During thermal cycling, the internal friction and DSC peak of 

Fe-22Mn-3Si alloy for the direct martensitic transformation shifts in the direction of a lower 

temperature, for the reverse martensitic transformation shifts to a higher temperature, enhanc-

ing the thermal hysteresis ΔT (Fig. 1). The transmission electron microscope and neutron dif-

fraction results demonstrate that lattice defects accumulation in the Ȗ-austenite and İ-

martensite phases due to the volume difference of the transformed phases. They explain cor-

responding increase in the martensitic transformation hysteresis. Transient peaks height of the 

Fe-16Mn-8Cr-2Cr alloy (Q
-1 

Tr ) are dependent on a function K(Ṫ/f×İ0) (Q
-1 

Tr  = 3,5×10-4Ṫ; Q
-1 

Tr  =

7,5×10-4
f
-1

 + 7,3×10-3
; Q

-1 

Tr  = 4,1×10-7-1 

0  + 0,01) during heating for reverse martensitic trans-

formation in accordance with the Wang model. On contrast to Ni-Ti and Mn-Cu alloys, the 

elastic softening does not take place during martensitic transformation in Fe-Mn based alloys. 

a b 
Figure. Effect of thermocycling between 0-350°C on the position and the shape of (a) the internal 
friction peaks (f = 1 Hz, 0 = 3.6 10

–5
, T = 3 K/min, n is cycle number); and (b) the DSC peaks

during martensitic transition in Fe-22Mn-3Si alloy 
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ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɤɨɧɫɨɥɢɞɚɰɢɢ ɦɟɬɨɞɨɦ ɤɪɭɱɟɧɢɹ 
ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɩɚɤɟɬɨɜ ɢɡ ɛɵɫɬɪɨɨɯɥɚɠɞɟɧɧɵɯ ɱɟɲɭɟɤ ɫɩɥɚɜɚ Al95.3Cr2.7Zr0.7Mo1.3 ɫ ɤɪɢɫɬɚɥɥɢ-
ɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ ɢ ɚɦɨɪɮɧɵɯ ɥɟɧɬ ɫɩɥɚɜɚ Al87Ni8Gd5. ɍɫɬɚɧɨɜɥɟɧɵ ɤɪɢɬɢɱɟɫɤɢɟ ɜɟɥɢɱɢɧɵ 
ɞɟɮɨɪɦɚɰɢɢ, ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɤɨɧɫɨɥɢɞɢɪɨɜɚɧɧɵɯ ɨɛɪɚɡɰɨɜ ɢ ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ 
ɞɚɜɥɟɧɢɹ ɢ ɞɟɮɨɪɦɚɰɢɢ ɧɚ ɢɯ ɫɬɪɭɤɬɭɪɭ ɢ ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɥɸɦɢɧɢɟɜɵɟ ɫɩɥɚɜɵ, ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɫɬɪɭɤɬɭɪɵ, ɤɨɧɫɨɥɢɞɚɰɢɹ, ɤɪɭ-
ɱɟɧɢɟ ɩɨɞ ɜɵɫɨɤɢɦ ɞɚɜɥɟɧɢɟɦ. 

ɋɩɥɚɜɵ ɧɚ ɨɫɧɨɜɟ Al ɫ ɚɦɨɪɮɧɨɣ ɢ ɧɚɧɨɤɨɦɩɨɡɢɬɧɨɣ ɫɬɪɭɤɬɭɪɚɦɢ ɩɪɟɞɫɬɚɜɥɹɸɬ 
ɛɨɥɶɲɨɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ, ɛɥɚɝɨɞɚɪɹ ɜɵɫɨɤɨɦɭ ɭɪɨɜɧɸ ɩɪɟɞɟɥɚ ɩɪɨɱɧɨɫɬɢ, ɡɧɚ-
ɱɟɧɢɹ ɤɨɬɨɪɨɝɨ ɞɨɫɬɢɝɚɸɬ 1,0 ɢ 1,56 Ƚɉɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ [1]. Ɉɞɧɚɤɨ, ɜɫɥɟɞɫɬɜɢɟ ɧɢɡ-
ɤɨɣ ɫɤɥɨɧɧɨɫɬɢ ɤ ɚɦɨɪɮɢɡɚɰɢɢ ɪɚɫɩɥɚɜɨɜ Al ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɨɛɴɟɦɧɵɯ ɨɛɪɚɡɰɨɜ ɫ 
ɧɟɪɚɜɧɨɜɟɫɧɵɦɢ ɫɬɪɭɤɬɭɪɚɦɢ ɧɟɨɛɯɨɞɢɦɚ ɤɨɧɫɨɥɢɞɚɰɢɹ ɛɵɫɬɪɨɨɯɥɚɠɞɟɧɧɵɯ ɞɢɫɩɟɪɫ-
ɧɵɯ ɩɪɨɞɭɤɬɨɜ ɡɚɤɚɥɤɢ.  

Ɉɛɴɟɤɬɚɦɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɪɚɛɨɬɟ ɛɵɥɢ ɩɨɥɭɱɟɧɧɵɟ ɡɚɤɚɥɤɨɣ ɢɡ ɪɚɫɩɥɚɜɚ ɥɟɧɬɵ 

ɫɩɥɚɜɚ Al87Ni8Gd5 ɲɢɪɢɧɨɣ 10 ɦɦ ɢ ɬɨɥɳɢɧɨɣ 66 ± 8 ɦɤɦ ɱɟɲɭɣɤɢ ɫɩɥɚɜɚ 
Al95.3Cr2.7Zr0.7Mo1.3 ɞɥɢɧɨɣ ɧɟɫɤɨɥɶɤɨ ɫɚɧɬɢɦɟɬɪɨɜ ɢ ɬɨɥɳɢɧɨɣ 45 ± 2 ȝm. ȼ ɢɫɯɨɞɧɨɦ 
ɫɨɫɬɨɹɧɢɢ ɥɟɧɬɵ ɫɩɥɚɜɚ Al87Ni8Gd5 ɢɦɟɥɢ ɚɦɨɪɮɧɭɸ ɫɬɪɭɤɬɭɪɭ, ɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɵ 
ɱɟɲɭɟɤ ɫɨɞɟɪɠɚɥɢ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɥɢɧɢɢ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɧɚ ɨɫɧɨɜɟ Al (ɪɢɫ. 1 ɚ,ɛ). 
ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɤɨɧɫɨɥɢɞɚɰɢɢ ɥɟɧɬ ɩɪɨɜɨɞɢɥɢ ɦɟɬɨɞɨɦ ɤɪɭɱɟɧɢɹ ɩɨɞ ɜɵɫɨɤɢɦ ɞɚɜ-
ɥɟɧɢɟɦ (ɄȼȾ) [2] ɦɟɠɞɭ ɞɜɭɦɹ ɩɭɚɧɫɨɧɚɦɢ (ɧɚɤɨɜɚɥɶɧɹɦɢ Ȼɪɢɞɠɦɟɧɚ) ɜ ɮɨɪɦɟ ɭɫɟ-
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ɱɟɧɧɵɯ ɤɨɧɭɫɨɜ ɫ ɩɥɨɫɤɢɦɢ ɩɨɜɟɪɯɧɨɫɬɹɦɢ ɞɢɚɦɟɬɪɨɦ 5 ɦɦ. Ɉɛɪɚɛɨɬɤɚ ɩɪɨɢɡɜɨɞɢɥɚɫɶ 
ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɪɢ ɩɪɢɥɨɠɟɧɧɨɦ ɞɚɜɥɟɧɢɢ 2 GPa ɫɨ ɫɤɨɪɨɫɬɶɸ ɜɪɚɳɟɧɢɹ 
ɧɢɠɧɟɝɨ ɩɨɞɜɢɠɧɨɝɨ ɩɭɚɧɫɨɧɚ 1 ɨɛ/ɦɢɧ. ȼɟɥɢɱɢɧɚ ɢɫɬɢɧɧɨɣ ɞɟɮɨɪɦɚɰɢɢ ɤɪɭɱɟɧɢɹ 
ɪɚɫɫɱɢɬɵɜɚɥɚɫɶ ɩɨ ɫɨɨɬɧɨɲɟɧɢɸ [2] /r l  , ɝɞɟ ϑ – ɭɝɨɥ ɩɨɜɨɪɨɬɚ (ɜ ɪɚɞɢɚɧɚɯ), r – 

ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɰɟɧɬɪɚ ɨɛɪɚɡɰɚ, ɚ l – ɬɨɥɳɢɧɚ ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɨɛɪɚɡɰɚ. 
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ɜ) 
Ɋɢɫɭɧɨɤ. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɵ: (ɚ) ɛɵɫɬɪɨɨɯɥɚɠɞɟɧɧɵɯ ɥɟɧɬ ɫɩɥɚɜɨɜ Al87Ni8Gd5, (ɛ)  

ɱɟɲɭɟɤ ɫɩɥɚɜɚ Al95.3Cr2.7Zr0.7Mo1.3 (ɛ) ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ (1) ɢ ɤɨɧɫɨɥɢɞɢɪɨɜɚɧɧɵɯ ɞɢɫɤɨɜ 
ɩɨɫɥɟ ɞɟɮɨɪɦɚɰɢɢ (2); (ɜ) ɬɪɟɯɫɥɨɣɧɵɯ ɩɚɤɟɬɨɜ «ɥɟɧɬɚ-ɱɟɲɭɣɤɚ-ɥɟɧɬɚ» 

ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɤɨɧɫɨɥɢɞɚɰɢɢ ɞɜɭɯɫɥɨɣɧɵɯ ɩɚɤɟɬɨɜ ɢɡ ɥɟɧɬ ɢ ɱɟɲɭɟɤ ɢ ɬɪɟɯ-
ɫɥɨɣɧɵɯ «ɥɟɧɬɚ-ɱɟɲɭɣɤɚ-ɥɟɧɬɚ» ɩɨɤɚɡɚɥɢ, ɱɬɨ  

– ɞɟɮɨɪɦɚɰɢɹ ɥɟɧɬ ɫɩɥɚɜɚ AlNiGd ɩɪɢɜɨɞɢɬ ɤ ɱɚɫɬɢɱɧɨɣ ɧɚɧɨɤɪɢɫɬɚɥɥɢɡɚɰɢɢ
ɚɦɨɪɮɧɨɣ ɦɚɬɪɢɰɵ – ɮɨɪɦɢɪɨɜɚɧɢɸ ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ Al ɫɨ ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɜ 13 nm ɢ 
ɨɛɴɟɦɧɨɣ ɞɨɥɟɣ 21% (ɪɢɫ. 1ɚ); 

– ɞɟɮɨɪɦɚɰɢɹ ɥɟɧɬ ɫɩɥɚɜɚ AlCrZrMo ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɨɦɭ ɭɦɟɧɶɲɟɧɢɸ
ɨɛɥɚɫɬɟɣ ɤɨɝɟɪɟɧɬɧɨɝɨ ɪɚɫɫɟɹɧɢɹ (ɨɬ 128 ɞɨ 44 nm) ɢ ɭɦɟɧɶɲɟɧɢɸ ɫɬɟɩɟɧɢ ɧɚɫɵɳɟɧɧɨ-
ɫɬɢ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ (ɪɢɫ. 1ɛ); 

– ɜ ɬɪɟɯɫɥɨɣɧɵɯ ɩɚɤɟɬɚɯ ɮɨɪɦɢɪɭɟɬɫɹ ɧɚɧɨɤɨɦɩɨɡɢɬɧɚɹ ɫɬɪɭɤɬɭɪɚ ɫɪɟɞɧɢɣ ɪɚɡ-
ɦɟɪ ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ Al, ɜ ɤɨɬɨɪɨɣ ɭɦɟɧɶɲɚɟɬɫɹ, ɚ ɞɨɥɹ ɪɚɫɬɟɬ ɩɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ ɫɬɟ-
ɩɟɧɢ ɞɟɮɨɪɦɚɰɢɢ (ɪɢɫ. 1ɜ); 

– ɨɰɟɧɟɧɧɵɟ ɩɨ ɦɚɤɪɨɫɬɪɭɤɬɭɪɟ ɩɨɩɟɪɟɱɧɵɯ ɫɟɱɟɧɢɣ ɞɢɫɤɨɜ ɤɪɢɬɢɱɟɫɤɢɟ ɡɧɚɱɟ-
ɧɢɹ ɞɟɮɨɪɦɚɰɢɣ ɩɨ ɢɫɩɨɥɶɡɨɜɚɧɧɵɦ ɜ ɪɚɛɨɬɟ ɪɟɠɢɦɚɦ ɄȼȾ, ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɤɨɧɫɨ-
ɥɢɞɚɰɢɢ ɚɦɨɪɮɧɵɯ ɥɟɧɬ ɫɩɥɚɜɚ AlNiGd ɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɱɟɲɭɟɤ ɫɩɥɚɜɚ AlCrZrMo, 
ɫɨɫɬɚɜɥɹɸɬ 52.6 ɢ 25.6 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; 

– ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ, ɢɡɦɟɪɟɧɧɵɟ ɜɞɨɥɶ ɞɢɚɦɟɬɪɨɜ ɞɟɮɨɪɦɢɪɨɜɚɧɧɵɯ ɞɢɫɤɨɜ, ɜɨɡ-
ɪɚɫɬɚɸɬ ɨɬ ɰɟɧɬɪɚ ɤ ɩɟɪɢɮɟɪɢɢ ɢ ɞɨɫɬɢɝɚɸɬ ɡɧɚɱɟɧɢɣ 3.34 ɢ 2.1 GPa ɜ ɫɩɥɚɜɚɯ AlNiGd 
ɢ AlCrZrMo ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɱɬɨ ɧɚ 31.4 ɢ 60% ɜɵɲɟ ɡɧɚɱɟɧɢɣ Hȝ ɢɫɯɨɞɧɵɯ ɧɟɞɟɮɨɪ-
ɦɢɪɨɜɚɧɧɵɯ ɨɛɪɚɡɰɨɜ; 

– ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɫɥɨɟɜ ɬɪɟɯɫɥɨɣɧɵɯ
ɩɚɤɟɬɨɜ ɜɨɡɪɚɫɬɚɸɬ ɨɬ 3,1 ɞɨ 4,1 Ƚɉɚ ɩɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɣ ɞɟɮɨɪɦɚɰɢɢ ɨɬ 
218 ɞɨ 720.  
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Ƚɍ «Ⱦɨɧɟɰɤɢɣ ɮɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɦ. Ⱥ.Ⱥ. Ƚɚɥɤɢɧɚ», Ⱦɨɧɟɰɤ 

ȽɈ ȼɉɈ «Ⱦɨɧɛɚɫɫɤɚɹ ɧɚɰɢɨɧɚɥɶɧɚɹ ɚɤɚɞɟɦɢɹ ɫɬɪɨɢɬɟɥɶɫɬɜɚ ɢ ɚɪɯɢɬɟɤɬɭɪɵ», Ɇɚɤɟɟɜɤɚ 

ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɤɨɥ FeNiPB ɢ 
FeCoPB ɢ ɨɩɪɟɞɟɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɯɚɪɚɤɬɟɪɧɵɯ ɜɪɟɦɟɧ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. 
ɍɫɬɚɧɨɜɥɟɧ ɧɟɫɬɚɰɢɨɧɚɪɧɵɣ ɯɚɪɚɤɬɟɪ ɡɚɪɨɠɞɟɧɢɹ ɜ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɩɥɚɜɚɯ ɢ ɟɝɨ ɜɥɢɹɧɢɟ ɧɚ 
ɬɟɪɦɢɱɟɫɤɭɸ ɭɫɬɨɣɱɢɜɨɫɬɶ ɚɦɨɪɮɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɫɬɟɤɥɚ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ, ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɶ, 
ɬɟɪɦɢɱɟɫɤɚɹ ɭɫɬɨɣɱɢɜɨɫɬɶ. 

Ɏɚɤɬɨɪɵ, ɨɩɪɟɞɟɥɹɸɳɢɟ ɬɟɪɦɢɱɟɫɤɭɸ ɭɫɬɨɣɱɢɜɨɫɬɶ (Ɍɍ) ɫɬɪɭɤɬɭɪɵ ɦɟɬɚɥɥɢɱɟ-
ɫɤɢɯ ɫɬɟɤɨɥ (Ɇɋ), ɩɪɟɞɫɬɚɜɥɹɸɬ ɧɟ ɬɨɥɶɤɨ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɜ ɫɜɹɡɢ ɫ ɲɢɪɨɤɢɦ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ, ɧɨ ɢ ɜɚɠɧɵ ɫ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ ɞɥɹ ɩɨɧɢɦɚɧɢɹ ɢ ɤɨɧ-
ɬɪɨɥɹ ɩɪɨɰɟɫɫɨɜ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. ɇɚɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɩɭɬɟɦ ɞɥɹ ɪɟɲɟɧɢɹ ɷɬɨɣ 
ɡɚɞɚɱɢ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɚɧɚɥɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɜ ɪɚɦɤɚɯ ɚɞɟɤɜɚɬɧɵɯ ɬɟɨɪɟ-
ɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ Ɍɍ ɚɦɨɪɮɧɵɯ ɮɚɡ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɤɨɪɨɫɬɹɦɢ ɡɚɪɨɠɞɟ-
ɧɢɹ ɢ ɪɨɫɬɚ ɤɪɢɫɬɚɥɥɨɜ, ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɤɨɬɨɪɵɯ ɩɨɫɜɹɳɟɧɨ ɛɨɥɶɲɨɟ ɱɢɫɥɨ ɪɚɛɨɬ, ɨɞ-
ɧɚɤɨ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɡɭɱɟɧɧɵɦ ɹɜɥɹɟɬɫɹ ɜɥɢɹɧɢɟ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɫɤɨɪɨɫɬɢ ɡɚɪɨɠ-
ɞɟɧɢɹ.  

ȼ ɪɚɛɨɬɟ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɚɧɚɥɢɡɚ ɤɢɧɟɬɢɤɢ ɢɡɨɬɟɪɦɢɱɟɫɤɨɣ ɤɪɢɫɬɚɥɥɢɡɚ-
ɰɢɢ ɬɪɟɯ Ɇɋ Fe40Ni40P14B6, Fe40Co40P14B6 ɢ Fe48Co32P14B6 [1] c ɜɵɫɨɤɢɦ ɭɪɨɜɧɟɦ ɦɚɝ-
ɧɢɬɧɨ-ɦɹɝɤɢɯ ɫɜɨɣɫɬɜ. ɉɪɟɞɫɬɚɜɥɟɧɢɟ ɡɚɜɢɫɢɦɨɫɬɟɣ X(t) ɜ ɤɨɨɪɞɢɧɚɬɚɯ Ⱥɜɪɚɦɢ ɞɚɥɨ 
ɡɧɚɱɟɧɢɹ ɩɨɤɚɡɚɬɟɥɹ Ⱥɜɪɚɦɢ n > 4 (ɪɢɫ. 1ɚ), ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɧɟɫɬɚɰɢɨɧɚɪɧɵɣ ɯɚɪɚɤɬɟɪ 
ɡɚɪɨɠɞɟɧɢɹ. Ⱥɧɚɥɢɡ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɛɵɥ ɩɪɨɜɟɞɟɧ ɜ ɪɚɦɤɚɯ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟ-
ɧɢɹ ɤɢɧɟɬɢɤɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ [2], ɩɪɟɞɫɬɚɜɥɹɸɳɟɝɨ ɫɨɛɨɣ ɤɨɦɛɢɧɚɰɢɸ ɢɧɬɟɝɪɚɥɶɧɨɣ 
ɮɨɪɦɵ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢɹ Ʉɨɥɦɨɝɨɪɨɜɚ [3] ɢ ɦɨɞɟɥɢ ɧɟɫɬɚɰɢɨɧɚɪɧɨɝɨ ɡɚɪɨɠɞɟ-
ɧɢɹ Ʉɷɳɢɟɜɚ [4]  
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 . Ɂɞɟɫɶ: Xext – ɪɚɫɲɢɪɟɧɧɵɣ ɨɛɴɟɦ, Jst – 

ɫɬɚɰɢɨɧɚɪɧɚɹ ɫɤɨɪɨɫɬɶ ɡɚɪɨɠɞɟɧɢɹ, U – ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ, ɚ τns –ɜɪɟɦɹ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ, 
ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟ ɩɪɢɛɥɢɠɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɚɪɨɠɞɟɧɢɹ ɤ ɫɬɚɰɢɨɧɚɪɧɨɦɭ ɡɧɚɱɟɧɢɸ. Ɉɛɴ-

ɟɞɢɧɹɹ ɜɟɥɢɱɢɧɵ Jst ɢ U ɜ ɟɞɢɧɵɣ ɩɚɪɚɦɟɬɪ   1/4
3

c st/ 3 J U 


    – ɯɚɪɚɤɬɟɪɢɫɬɢɱɟ-

ɫɤɨɟ ɜɪɟɦɹ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ, ɩɨɥɭɱɚɟɦ, ɱɬɨ ɜ ɤɢɧɟɬɢɱɟɫɤɨɦ ɭɪɚɜɧɟɧɢɢ (1) ɨɫɬɚɸɬɫɹ ɞɜɚ 
ɫɜɨɛɨɞɧɵɯ ɩɚɪɚɦɟɬɪɚ τɫ ɢ τns.  

Ⱥɧɚɥɢɡ ɩɨɤɚɡɚɥ, ɱɬɨ ɭɪɚɜɧɟɧɢɟ (1) ɤɨɪɪɟɤɬɧɨ ɨɩɢɫɵɜɚɟɬ ɤɢɧɟɬɢɱɟɫɤɢɟ ɤɪɢɜɵɟ 
ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɬɟɤɨɥ ɢ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɩɨɞɝɨɧɤɢ ɪɚɫɱɟɬɧɵɯ ɢ ɷɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɛɵɥɢ ɨɰɟɧɟɧɵ ɡɧɚɱɟɧɢɹ τɫ ɢ τns, ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨ-
ɬɨɪɵɯ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫɹ ɭɪɚɜɧɟɧɢɟɦ ɬɢɩɚ Ⱥɪɪɟɧɢɭɫɚ. ɉɨɫɬɪɨɟɧɧɵɟ ɩɨ ɷɬɢɦ ɞɚɧɧɵɦ 
ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɚɪɚɦɟɬɪɚ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ Z = τns/τc ɩɨɤɚɡɚɧɧɵɟ ɧɚ ɪɢɫ. 
1ɛ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ, ɱɬɨ ɫ ɩɨɜɵɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɢɡɨɬɟɪɦɢɱɟɫɤɨɝɨ ɨɬɠɢɝɚ ɫɬɟɩɟɧɶ 
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ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɜɨɡɪɚɫɬɚɟɬ ɜ Ɇɋ Fe40Co40P14B6 ɜ ɨɬɥɢɱɢɟ ɨɬ ɞɜɭɯ ɞɪɭɝɢɯ ɫɬɟɤɨɥ. Ɋɚɡ-
ɥɢɱɧɵɣ ɯɚɪɚɤɬɟɪ ɢɡɦɟɧɟɧɢɹ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɫɜɹɡɚɧ ɫ ɪɚɡɥɢɱɧɵɦ ɫɨɨɬɧɨɲɟɧɢɟɦ 
ɷɧɟɪɝɢɣ ɚɤɬɢɜɚɰɢɢ ɜɪɟɦɟɧ τɫ ɢ τns.  
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Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɚɪɚɦɟɬɪɨɜ (ɩɨɤɚɡɚɬɟɥɹ Ⱥɜɪɚɦɢ, n, ɢ ɨɬɧɨɲɟɧɢɹ ɜɪɟɦɟɧ 

ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɢ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ, Z), ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ ɫɬɟɩɟɧɶ 
ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɫɤɨɪɨɫɬɟɣ ɡɚɪɨɠɞɟɧɢɹ ɤɪɢɫɬɚɥɥɨɜ ɜ Ɇɋ  

Fe40Ni40P14B6 (1), Fe40Co40P14B6 (2) ɢ Fe80Co42P14B6 (3) 

ɉɪɨɜɟɞɟɧɧɵɣ ɚɧɚɥɢɡ ɩɨɤɚɡɚɥ, ɱɬɨ ɩɨɜɵɲɟɧɧɚɹ Ɍɍ Ɇɋ Fe40Co40P14B6 ɩɨ ɫɪɚɜɧɟ-
ɧɢɸ ɫ Fe40Ni40P14B6 ɩɪɢ ɩɨɜɵɲɟɧɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɬɠɢɝɚ ɜ ɫɭɳɟɫɬɜɟɧɧɨɣ ɦɟɪɟ ɨɛɭ-
ɫɥɨɜɥɟɧɚ ɪɚɡɥɢɱɧɨɣ ɫɬɟɩɟɧɶɸ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɩɪɨɰɟɫɫɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. Ɉɛɫɭɠɞɟɧɨ 
ɜɨɡɦɨɠɧɨɟ ɜɥɢɹɧɢɟ ɮɢɤɬɢɜɧɵɯ ɬɟɦɩɟɪɚɬɭɪ ɫɬɟɤɨɥ ɧɚ ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɫɜɹ-
ɡɚɧɧɵɟ ɫ ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɪɚɜɧɨɜɟɫɧɵɯ ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɞɨɤɪɢɬɢɱɟɫɤɢɯ ɡɚɪɨɞɵɲɟɣ ɩɨ 
ɪɚɡɦɟɪɚɦ.  
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In this paper, the results of simulation of the switching in thin ferroelectric films are demon-

strated. A study of the effect of boundary conditions is presented. The study was conducted using the 

Ising model by the Monte Carlo method. 

Keywords: hysteresis curve, computer simulation, ferroelectric thin films, Monte Carlo meth-

od, depolarizing field, film thickness.  

To study the switching in thin ferroelectric films, we used a modified three-

dimensional Ising model. It is taken into account that under the influence of an internal elec-

tric field caused by spontaneous polarization, free particles move to the outer surfaces of the 

film and create an additional depolarizing field which depends on the value of the long-range 

orientation order in the film. The polarization was calculated by the Monte Carlo method.  

The hysteresis curves were calculated as a function of the frequency and the amplitude 

of the field, the temperature and the film thickness. The influence of the depolarizing field on 

the hysteresis curves for thin ferroelectric films has been investigated. To study this effect, the 

dependences of the area of the hysteresis curves for different values of film were also calcu-

lated. The effect of the depolarizing field weakens with increasing thickness of the film. This 

effect has a negligible influence for the film thickness of greater than 10 unit cells. 

The dependences of the magnitude of the coercive field on the film thickness are pre-

sented. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ»

ɉɪɟɞɫɬɚɜɥɟɧɵ ɫɬɪɭɤɬɭɪɧɵɟ ɞɚɧɧɵɟ, ɚ ɬɚɤɠɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɫɥɚɛɵɯ 
ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɥɹɯ ɦɟɬɨɞɨɦ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ 
ɜ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ ɧɢɠɟ ɢ ɜɵɲɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ 
ɤɟɪɚɦɢɱɟɫɤɨɝɨ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. ɂɧɬɟɪɩɪɟɬɚɰɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɢ ɪɚɫɱɟɬ 
ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɧɚ ɦɟɠɡɟɪɟɧɧɵɯ ɝɪɚɧɢɰɚɯ ɩɪɨɜɨɞɹɬɫɹ  ɜ ɪɚɦɤɚɯ 
ɦɨɞɟɥɢ ɏɟɣɜɚɧɝɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɪɟɥɚɤɫɚɰɢɹ, ɢɦɩɟɞɚɧɫ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ-ɩɨɥɭɩɪɨɜɨɞɧɢɤɢ, 
ɉɌɄɋ, ɦɨɞɟɥɶ ɏɟɣɜɚɧɝɚ.

Ʉɟɪɚɦɢɱɟɫɤɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɦɚɬɟɪɢɚɥɵ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɩɟɪɨɜɫɤɢɬɚ ɩɪɢ-
ɜɥɟɤɚɸɬ ɜɧɢɦɚɧɢɟ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɜ ɨɛɥɚɫɬɢ  ɩɪɨɢɡɜɨɞɫɬɜɚ ɷɥɟɤɬɪɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɜ 
ɫɜɹɡɢ ɫ ɲɢɪɨɤɢɦɢ ɜɨɡɦɨɠɧɨɫɬɹɦɢ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢɹ ɷɬɢɯ ɫɨɟɞɢɧɟɧɢɣ.
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ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɥɢ ɤɟɪɚɦɢɱɟɫɤɢɟ ɨɛɪɚɡɰɵ ɫɨɫɬɚɜɚ Ba0.97Sr0.03TiO3 ɫ 
ɞɨɛɚɜɤɚɦɢ ɢɨɧɨɜ La ɢ Ce (0.35 ɢ 0.60 ɚɬ. % ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ), ɩɨɥɭɱɟɧɧɵɟ ɩɨ ɫɬɚɧɞɚɪɬ-
ɧɨɣ ɬɜɟɪɞɨɮɚɡɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɞɥɹ ɩɨɡɢɫɬɨɪɨɜ. ɉɪɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɟɠɢɦɚɯ ɢɨɧɵ 
ɬɪɟɯɜɚɥɟɧɬɧɨɝɨ ɥɚɧɬɚɧɚ, ɜɧɟɞɪɹɹɫɶ ɜ ɪɟɲɟɬɤɭ ɩɟɪɨɜɫɤɢɬɚ, ɡɚɦɟɳɚɸɬ ɢɨɧɵ ɞɜɭɯɜɚɥɟɧɬ-
ɧɨɝɨ ɛɚɪɢɹ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɤɟɪɚɦɢɤɢ ɫ ɷɥɟɤɬɪɨɧ-
ɧɵɦ ɬɢɩɨɦ ɩɪɨɜɨɞɢɦɨɫɬɢ. Ⱦɥɹ ɱɟɬɵɪɟɯɜɚɥɟɧɬɧɨɝɨ ɰɟɪɢɹ ɜɨɡɦɨɠɧɨ ɢɡɨɜɚɥɟɧɬɧɨɟ ɡɚ-
ɦɟɳɟɧɢɟ ɢɨɧɨɜ ɬɢɬɚɧɚ, ɱɬɨ ɜɵɡɵɜɚɟɬ ɪɚɡɦɵɬɢɟ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ɪɟ-
ɥɚɤɫɨɪɚ [1].  

Ɇɨɪɮɨɥɨɝɢɸ, ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɫɬɪɭɤɬɭɪɭ ɨɛɪɚɡɰɨɜ ɤɨɧɬɪɨɥɢɪɨɜɚɥɢ ɫ ɩɨɦɨɳɶɸ 
ɦɟɬɨɞɨɜ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ ɢ ɪɚɫɬɪɨɜɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ. Ⱦɥɹ 
ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢɡɦɟɪɟɧɢɣ ɢɫɩɨɥɶɡɨɜɚɥɢ RLC-ɦɟɬɪ Wayne Kerr 4270.  

Ɍɪɚɤɬɨɜɤɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɨɛɪɚɡɰɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɫɟɝɧɟɬɨɤɟ-
ɪɚɦɢɤɢ ɹɜɥɹɟɬɫɹ ɧɟɩɪɨɫɬɨɣ ɡɚɞɚɱɟɣ, ɬ.ɤ. ɨɬɪɚɠɚɟɬ ɢɯ ɫɥɨɠɧɭɸ ɫɬɪɭɤɬɭɪɭ. ɋɨɝɥɚɫɧɨ ɦɨ-
ɞɟɥɢ ɏɟɣɜɚɧɝɚ [2] ɜɞɨɥɶ ɝɪɚɧɢɰ ɡɟɪɟɧ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɫɭɳɟɫɬɜɭɟɬ 
ɞɜɨɣɧɨɣ ɛɚɪɶɟɪ ɒɨɬɬɤɢ, ɤɨɬɨɪɵɣ ɮɨɪɦɢɪɭɟɬɫɹ ɩɪɢ ɡɚɯɜɚɬɟ ɷɥɟɤɬɪɨɧɨɜ ɚɤɰɟɩɬɨɪɧɵɦɢ 
ɭɪɨɜɧɹɦɢ ɧɚ ɦɟɠɡɟɪɟɧɧɵɯ ɝɪɚɧɢɰɚɯ. ɗɬɨ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɛɚ-
ɪɶɟɪɨɜ ɢ ɨɛɟɞɧɟɧɧɵɯ ɧɨɫɢɬɟɥɹɦɢ ɡɚɪɹɞɚ ɨɛɥɚɫɬɟɣ, ɤɨɬɨɪɵɟ ɞɚɸɬ ɜɤɥɚɞ ɜ ɷɥɟɤɬɪɨɟɦ-
ɤɨɫɬɶ ɨɛɪɚɡɰɚ. Ⱦɨɩɨɥɧɢɬɟɥɶɧɵɣ ɟɦɤɨɫɬɧɨɣ ɷɮɮɟɤɬ ɦɨɝɭɬ ɞɚɜɚɬɶ ɫɬɪɭɤɬɭɪɧɵɟ ɞɟɮɟɤɬɵ, 
ɧɚɩɪɢɦɟɪ ɜɚɤɚɧɫɢɢ ɢɨɧɨɜ ɛɚɪɢɹ ɢ ɤɢɫɥɨɪɨɞɚ. 

ɇɚ ɩɪɟɞɫɬɚɜɥɟɧɧɨɦ ɪɢɫɭɧɤɟ ɜɢɞɧɨ, ɱɬɨ ɫɦɟɳɟɧɢɟ ɪɚɡɦɵɬɵɯ ɦɚɤɫɢɦɭɦɨɜ İ ɢ Ɇ 
ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ ɬɟɫɬɨɜɨɝɨ ɫɢɝɧɚɥɚ ɩɪɨɢɫɯɨɞɢɬ ɜ ɫɬɨɪɨɧɭ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪ. ɗɬɨ ɭɤɚ-
ɡɵɜɚɟɬ ɧɚ ɩɪɢɫɭɬɫɬɜɢɟ ɜ RC-ɰɟɩɨɱɤɟ, ɨɩɪɟɞɟɥɹɸɳɟɣ ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ, ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɝɪɚɧɢɰ ɡɟɪɟɧ, ɤɨɬɨɪɨɟ ɪɟɡɤɨ ɜɨɡɪɚɫɬɚɟɬ ɜ ɩɚɪɚɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɟ.  

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 

ɩɪɨɧɢɰɚɟɦɨɫɬɢ (ɤɪɢɜɵɟ 1, 2, 3) ɢ ɦɧɢɦɨɣ ɱɚɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɨɞɭɥɹ (ɤɪɢɜɵɟ 4, 5, 6) 
ɨɛɪɚɡɰɚ ɧɚ ɪɚɡɥɢɱɧɵɯ ɱɚɫɬɨɬɚɯ ɬɟɫɬɨɜɨɝɨ ɫɢɝɧɚɥɚ:  

1 ɤȽɰ (1, 4), 10 ɤȽɰ (2, 5), 100 ɤȽɰ (3, 6) 

ɍɱɢɬɵɜɚɹ ɞɚɧɧɵɟ ɫɬɪɭɤɬɭɪɧɵɯ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɚ ɬɚɤɠɟ ɮɨɪɦɭɥɵ, 
ɨɩɢɫɵɜɚɸɳɢɟ ɞɢɮɮɭɡɢɨɧɧɵɣ ɞɪɟɣɮ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɱɟɪɟɡ ɛɚɪɶɟɪ ɒɨɬɬɤɢ [3], ɦɨɠɧɨ 
ɩɨɥɭɱɢɬɶ ɫɥɟɞɭɸɳɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢɹ R  ɨɛɪɚɡɰɚ ɧɚ ɩɨɫɬɨɹɧɧɨɦ ɬɨɤɟ ɨɬ 
ɬɟɦɩɟɪɚɬɭɪɵ T: 

2
0 0 gb( ) exp( /8 )eR T R e N d kT   , 

ɝɞɟ R0 – ɤɨɧɫɬɚɧɬɚ, e – ɡɚɪɹɞ ɷɥɟɤɬɪɨɧɚ, Ne – ɩɥɨɬɧɨɫɬɶ ɡɚɩɨɥɧɟɧɧɵɯ ɷɥɟɤɬɪɨɧɧɵɯ ɫɨ-
ɫɬɨɹɧɢɣ ɧɚ ɝɪɚɧɢɰɚɯ ɡɟɪɟɧ, d – ɫɪɟɞɧɢɣ ɪɚɡɦɟɪ ɡɟɪɟɧ ɤɟɪɚɦɢɤɢ, İ0, İgb – ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɚɹ ɩɨɫɬɨɹɧɧɚɹ ɢ ɛɚɪɶɟɪɧɚɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ, k – ɩɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚ-
ɧɚ. 
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ɉɨ ɧɚɤɥɨɧɭ ɝɪɚɮɢɤɚ ɜ ɤɨɨɪɞɢɧɚɬɚɯ lnR–1/İgbɌ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɜɟɥɢɱɢɧɚ Ne (ɜ 
ɧɚɲɟɦ ɫɥɭɱɚɟ ɨɧɚ ɪɚɜɧɚ 2.9410

17
 ɦ–2), ɤɨɬɨɪɚɹ ɹɜɥɹɟɬɫɹ ɜɚɠɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɬɟɨɪɢɢ.

Ɂɧɚɱɟɧɢɹ ɞɪɭɝɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɭɱɚɥɢ ɫ ɩɨɦɨɳɶɸ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ.
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The photochromic effect in unpolarized thin ferroelectric ceramics PZT was investigated. The 

numerical characteristics of the time dependences of the decrease in the optical transmittance during 

the exposure of the samples to the full spectrum of a fluorescent lamp at room temperature, as well as 

the numerical characteristics of the time dependences of the restoration of their optical transmittance 

upon subsequent exposure of the samples under darkened conditions, were obtained. The effect of 

thermal annealing of the exposed samples on the restoration of their initial light transmittance was 

studied. 

Keywords: photochromic effect, ferroelectrics, piezoelectric ceramics, kinetics of photo-

chrome color change, thermal annealing. 

The photochromic effect is understood as a reversible change in the optical properties 

of a substances (transmission, absorption, reflection, luminescence) induced by electromag-

netic radiation [1]. The most attractive type of photochromism is a reversible change in opti-

cal light transmittance. 

The photochromic effect was studied in samples of the PLZT transparent ferroelectric 

system [2-3]. In this work, we investigated the reversible change of optical transmittance in 

thin samples of the PZT (ɐɌɋ-19) standard ferroelectric ceramics, which were previously

subjected to prolonged aging under darkened conditions.  

Samples with a thickness of 0.3 mm were irradiated with the full spectrum of a Camel-

lon fluorescent lamp (PESL-SF2 11 W / 865 E14). Registration of the light flux passing 

through the sample was carried out using an SF-4 photo element. Fig. 1A shows the kinetics 

of a decrease in the relative light transmission of samples T (t), in fig. 1B the kinetics of resto-

ration the initial light transmission T (t) after the end of the exposure is shown.  

The kinetics of growth of the photochromic effect is described by the exponential 

function 
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
and the kinetics of light transmission restoration after the end of exposure is described by the 

exponential function 
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The obtained values of the constants of these exponents are: Ĳ1 = 14.82 ± 3.24 min, B1 

= 0.79 ± 0.04, Ĳ2 = 13.10 ± 1.54 min, B2 = 0.78 ± 0.03. 

Ⱥ)          ȼ) 
Figure. A. The kinetics of reducing the light transmittance of samples during exposure; 

B. Kinetics of the restoration of light transmittance of samples after the end of the exposure

In contrast to the results of Caixia Xu et al [3], the kinetics of both processes in the 

PZT-19 ceramics are characterized by the same kinetic parameters of the exponents. 

The initial light transmission of the samples is fully restored after they are exposed in 

air at a temperature of +55 ± 3 °C for 10 minutes. Such small values of both the temperature 

and duration of thermal annealing suggest the physical nature of the photochromic effect in 

the PZT ceramics, which is caused by the presence of small traps in the band structure of lead 

zirconate – titanate. 

The obtained results are considered with using a Dember's photo effect theory for 

structures with point defects. 
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Temperature dependences of dielectric constant for the organic ferroelectric of diisoprop-

ylammonium iodide (C6H16NI) have been investigated. It was found that upon the first heating, only 

one phase transition occurred without the presence of ferroelectric phase. For samples preheated over 
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420 K, two phase transitions at 363 and 378 K appeared in heating process, and the ferroelectric state 

was also observed between them.  

Keywords: diisopropylammonium iodide; organic ferroelectrics; phase transition; dielectric 

properties. 

Diisopropylammonium iodide (C6H16NI) belongs to the family of organic 

ferroelectrics, which have several advantages over the widely used inorganic ferroelectrics in 

relation to light weight and environmental friendliness because of the absence of heavy metals 

in their structure [1-3]. In this regard, the present work is devoted to clarifying dielectric and 

thermal properties of polycrystalline sample of diisopropylammonium iodide.  

In the present work, diisopropylammonium iodide was synthesized through the reac-

tion between diisopropylamine and acidic aqueous solution of hydroiodic acid with mole ratio 

of 1:1. The diisopropylamine (Sigma-Aldrich, 99,95%) and HI (Scharlau chemie S.A., 57.0%) 

were utilized for the preparation process. The reaction mixture was stirred for 30 min and then 

filtered to get a solid residue, which was recrystallized from ethyl alcohol at 350 K. After 

evaporation of the solvent, acicular colorless diisopropylammonium iodide crystals were ob-

tained and then dried in a desiccator with calcium chloride. A crystalline powder formed after 

drying was carefully washed by diethyl ether and dried again in the desiccator with calcium 

chloride. Finally, the synthesized power was compressed into tablets of 12 mm in diameter 

and 1.5 mm in thickness under a pressure of 7500 kg/cm
2
.

The obtained results for temperature dependences of dielectric constant İ for samples 

of DIPAI at different frequencies are presented in Fig. 1. Upon the first heating to 390 K, an 

anomaly found at 381 K as seen in Fig. 1 corresponds to the transition from the orthorhombic 

P212121 to monoclinic P21/m phases [2]. Upon cooling, the transition temperature decreased 

and was detected at 361 Ʉ. For temperature dependences of tg(T), there were two minima at 

381 and 361 Ʉ observed during heating and cooling, respectively (the inset, Fig. 1). Besides, 

the increase in measuring frequencies led to the reduction of  and tg values, indicating the 

presence of dielectric dispersion. This dependence is in good agreement with the experimental 

data obtained for single crystals of DIPAI [2]. 
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Fig. 1. Temperature dependences of dielectric  

constant İ' for polycrystalline samples of DIPAI 

upon the first heating/cooling round up to 390 K at 

frequencies of 1 kHz – 1, 10 kHz – 2 and 100 kHz 

– 3. The inset shows temperature dependences of

tgį(Ɍ) obtained upon the first heating/cooling

round at 1 kHz 

Fig. 2. Temperature dependences of dielectric 

constant İ' for polycrystalline samples of DIPAI 

at 1 kHz upon the first heating/cooling round up 

to 390 K (closed symbols) and after preheating to 

420 K (open symbols). The inset shows  

temperature dependences of tgį(Ɍ) obtained upon 

the first heating/cooling round at frequency  

of 1 kHz after preheating to 420 K 

It was found that the heating history strongly affected the sequence of phase transitions 

in polycrystalline samples of DIPAI. Indeed, after preheating samples up to 420 K and higher, 
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two phase transitions at 363 and 378 K appeared upon heating (Fig. 2). Correspondingly, two 

minima at 363 and 378 K in tg(T) dependence were also observed in heating mode. Mean-

while, upon cooling, these phase transition temperatures were slightly different from the heat-

ing ones (within 1 degree) (Fig. 2). 

Thus, the influence of thermal prehistory on the appearance of ferroelectric state in 

polycrystalline samples of DIPAI was clarified. After preheating samples over 420 K, the fer-

roelectric phase was found between 363 and 378 K. During cooling process, the ferroelectric 

state occurred from 361 to 300 K. In the case of keeping samples at room temperature over 

24h, polycrystalline DIPAI was completely converted into the paraelectric phase.  
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ȼ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɪɨɦɢɞɚ ɞɢɢɡɨɩɪɨɩɢɥɚɦɦɨɧɢɹ, 
ɜɧɟɞɪɟɧɧɨɝɨ ɜ ɦɚɬɪɢɰɵ ɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɫ ɪɚɡɥɢɱɧɵɦɢ ɪɚɡɦɟɪɚɦɢ ɩɨɪ. ɂɫɫɥɟɞɨɜɚɧɢɹ 
ɜɵɹɜɢɥɢ ɫɦɟɳɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ Ʉɸɪɢ ɤ ɧɢɡɤɢɦ ɬɟɦɩɟɪɚɬɭɪɚɦ ɬɟɦ ɛɨɥɶɲɟ, ɱɟɦ ɦɟɧɶɲɟ 
ɪɚɡɦɟɪ ɩɨɪ ɩɥɟɧɨɤ Al2O3. Ⱦɥɹ ɧɚɧɨɱɚɫɬɢɰ DIPAB ɜ ɩɨɪɚɯ Al2O3 ɪɚɡɦɟɪɨɦ 60 nm ɧɚɛɥɸɞɚɸɬɫɹ 
ɞɜɚ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚ, ɦɟɠɞɭ ɤɨɬɨɪɵɦɢ ɮɨɪɦɢɪɭɟɬɫɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɮɚɡɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɪɚɡɦɟɪɧɵɟ ɷɮɮɟɤɬɵ, ɨɪɝɚɧɢɱɟɫɤɢɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ, ɮɚɡɨɜɵɣ 
ɩɟɪɟɯɨɞ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. 

ɋɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɭɩɨɪɹɞɨɱɟɧɧɵɯ ɦɚɬɪɢɰ (ɨɩɚɥ, ɩɥɟɧɤɢ ɩɨɪɢɫɬɨɝɨ ɨɤɫɢɞɚ 
ɚɥɸɦɢɧɢɹ ɢ ɞɪ.), ɡɚɩɨɥɧɟɧɧɵɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɦɢ, ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ ɢɡɝɨɬɨɜ-
ɥɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɧɚɧɨɷɥɟɤɬɪɨɧɢɤɢ. Ɉɞɧɚɤɨ, ɜɥɢɹɧɢɟ ɷɮɮɟɤɬɨɜ, ɫɜɹɡɚɧɧɵɯ ɫ 
ɪɚɡɦɟɪɚɦɢ ɢ ɝɟɨɦɟɬɪɢɟɣ ɫɟɬɤɢ ɩɨɪ, ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɱɚɫɬɢɰ ɫɨ ɫɬɟɧɤɚɦɢ ɩɨɪ ɢ ɦɟɠɞɭ 
ɫɨɛɨɣ ɩɪɢɜɨɞɹɬ ɤ ɬɨɦɭ, ɱɬɨ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɱɚɫɬɢɰ ɜ ɦɚɬɪɢɰɚɯ ɪɚɡɧɨɝɨ 
ɬɢɩɚ ɦɨɝɭɬ ɨɬɥɢɱɚɬɶɫɹ. ȼ ɤɚɱɟɫɬɜɟ ɨɞɧɢɯ ɢɡ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɦɚɬɪɢɰ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɞɥɹ 
ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɫɬɪɭɤɬɭɪ, ɹɜɥɹɟɬɫɹ ɨɤɫɢɞ ɚɥɸɦɢɧɢɹ (Al2O3), ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ 
ɩɥɟɧɤɭ ɫ ɪɟɝɭɥɹɪɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɩɨɪɚɦɢ, ɨɪɢɟɧɬɢɪɨɜɚɧɧɵɦɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɩɨ-
ɜɟɪɯɧɨɫɬɢ. ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɥɢɧɟɣɧɵɯ ɢ ɧɟɥɢ-
ɧɟɣɧɵɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɨɪɝɚɧɢɱɟɫɤɨɝɨ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ ɞɢɢɡɨɩɪɨɩɢɥɚɦɦɨ-
ɧɢɹ ɛɪɨɦɢɞ (C6H16NBr, DIPAB) ɜɧɟɞɪɟɧɧɨɝɨ ɜ ɦɚɬɪɢɰɵ Al2O3 ɫ ɞɢɚɦɟɬɪɨɦ ɩɨɪ 330, 100 
ɢ 60 ɧɦ.  
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Ⱦɢɢɡɨɩɪɨɩɢɥɚɦɦɨɧɢɹ ɛɪɨɦɢɞ, ɢɦɟɟɬ ɫɩɨɧɬɚɧɧɭɸ ɩɨɥɹɪɢɡɚɰɢɸ (Ps 
–

2) ɛɥɢɡɤɭɸ ɤ ɬɢɬɚɧɚɬɭ ɛɚɪɢɹ, ɜɵɫɨɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ Ʉɸɪɢ (Ɍɫ =  426 Ʉ) ɢ ɞɟɦɨɧɫɬɪɢɪɭɟɬ 
ɯɨɪɨɲɢɣ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɨɬɤɥɢɤ [1]. ɗɬɢ ɚɬɪɢɛɭɬɵ ɞɟɥɚɸɬ ɟɝɨ ɚɥɶɬɟɪɧɚɬɢɜɨɣ ɩɟ-
ɪɨɜɫɤɢɬɨɩɨɞɨɛɧɵɦ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɦ. ȼ ɧɚɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɞɢɢɡɨɩɪɨɩɢɥɚɦɦɨɧɢɹ 
ɛɪɨɦɢɞ ɛɵɥ ɩɨɥɭɱɟɧ ɪɟɚɤɰɢɟɣ ɞɢɢɡɨɩɪɨɩɢɥɚɦɢɧɚ ɫ 48%-ɧɵɦ ɜɨɞɧɵɦ ɪɚɫɬɜɨɪɨɦ HBr  

ɩɨ ɦɟɬɨɞɢɤɟ, ɩɪɢɜɟɞɟɧɧɨɣ ɜ [2]. ɋɨɝɥɚɫɧɨ ɫɩɟɤɬɪɭ XRD, ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 
ɨɛɴɟɦɧɵɣ DIPAB ɢɦɟɟɬ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ (Ɋ21).  

ɇɚ ɪɢɫ. 1 ɢ 2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ İ(T) ɜ ɪɟɠɢɦɟ ɧɚɝɪɟɜɚ - ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ 
ɨɛɴɟɦɧɨɝɨ ɨɛɪɚɡɰɚ DIPAB ɢ ɡɚɩɨɥɧɟɧɧɵɯ ɩɥɟɧɨɤ Al2O3 ɫ ɪɚɡɥɢɱɧɵɦɢ ɪɚɡɦɟɪɚɦɢ ɩɨɪ. 
Ɇɚɤɫɢɦɭɦɵ ɧɚ ɤɪɢɜɵɯ  T   ɞɥɹ ɨɛɴɟɦɧɨɝɨ ɨɛɪɚɡɰɚ ɧɚɛɥɸɞɚɸɬɫɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 426
K, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɬɪɭɤɬɭɪɧɨɦɭ ɩɟɪɟɯɨɞɭ Ɋ21   P21/m ɢ ɫɨɝɥɚɫɭɟɬɫɹ ɫ 
ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɦɢ ɜ ɪɚɛɨɬɚɯ [3]. ɉɪɢ ɨɯɥɚɠɞɟɧɢɢ ɦɚɤɫɢɦɭɦ İ ɫɞɜɢɝɚɟɬɫɹ 
ɜ ɫɬɨɪɨɧɭ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɩɪɢɦɟɪɧɨ ɧɚ 3-4 K.  Ⱦɥɹ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ DIPAB/Al2O3 

ɚɧɨɦɚɥɢɢ İ(T) ɜ ɨɛɥɚɫɬɢ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɦɟɧɟɟ ɜɵɪɚɠɟɧɵ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɨɛɴɟɦɧɵɦɢ ɨɛɪɚɡɰɚɦɢ ɢ ɫɞɜɢɝɚɸɬɫɹ ɜ ɫɬɨɪɨɧɭ ɛɨɥɟɟ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪ.  

Ɋɢɫ.1. Ɂɚɜɢɫɢɦɨɫɬɢ İ(T) ɞɥɹ DIPAB 
(ɬɪɟɭɝɨɥɶɧɢɤɢ, ɥɟɜɚɹ ɨɫɶ) ɢ ɡɚɩɨɥɧɟɧɧɵɯ 
DIPAB/Al2O3 ɞɢɚɦɟɬɪɨɦ 330 ɧɦ (ɤɪɭɝɢ, 

ɩɪɚɜɚɹ ɨɫɶ) ɜ ɪɟɠɢɦɟ ɧɚɝɪɟɜɚ ɢ ɨɯɥɚɠɞɟɧɢɹ 
ɧɚ ɱɚɫɬɨɬɟ 1 kHz 

Ɋɢɫ.2. Ɂɚɜɢɫɢɦɨɫɬɢ İ(T) ɞɥɹ DIPAB 
(ɬɪɟɭɝɨɥɶɧɢɤɢ, ɥɟɜɚɹ ɨɫɶ) ɢ DIPAB/Al2O3 

c ɞɢɚɦɟɬɪɨɦ ɩɨɪ 60 ɧɦ (ɤɪɭɝɢ, ɩɪɚɜɚɹ ɨɫɶ) 
ɜ ɪɟɠɢɦɟ ɧɚɝɪɟɜɚ ɢ ɨɯɥɚɠɞɟɧɢɹ  

ɧɚ ɱɚɫɬɨɬɟ 1 kHz 

Ⱦɥɹ ɭɬɨɱɧɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɨɛɥɚɫɬɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɫɟɝɧɟɬɨ-ɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɮɚɡɵ ɜ ɧɚɧɨɤɨɦɩɨɡɢɬɚɯ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɢɯ ɧɟɥɢɧɟɣɧɵɟ ɫɜɨɣɫɬɜɚ ɜ ɫɪɚɜɧɟɧɢɢ ɫ 
ɨɛɴɟɦɧɵɦ DIPAB. ɋɨɝɥɚɫɧɨ ɪɟɡɭɥɶɬɚɬɚɦ ɩɨ ɝɟɧɟɪɚɰɢɢ ɬɪɟɬɶɟɣ ɝɚɪɦɨɧɢɤɢ, ɩɨɥɭɱɟɧɧɵɦ 
ɩɪɢ ɧɚɝɪɟɜɟ, ɞɥɹ DIPAB ɢ ɤɨɦɩɨɡɢɬɨɜ DIPAB/Al2O3 ɫ ɪɚɡɦɟɪɚɦɢ ɩɨɪ 330 ɢ 100 nm 
ɜɵɫɨɤɢɟ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ Ȗ3ω ɧɚɛɥɸɞɚɸɬɫɹ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɨɬ 
ɤɨɦɧɚɬɧɨɣ ɞɨ 426, 423 ɢ 420 K ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ȼɵɲɟ ɭɤɚɡɚɧɧɵɯ ɬɟɦɩɟɪɚɬɭɪ Ȗ3ω 

ɦɟɧɹɟɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɨ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɩɟɪɟɯɨɞɨɦ ɨɛɪɚɡɰɨɜ ɜ ɩɚɪɚɷɥɟɤɬɪɢɱɟɫɤɨɟ 
ɫɨɫɬɨɹɧɢɟ. Ⱦɪɭɝɚɹ ɤɚɪɬɢɧɚ ɧɚɛɥɸɞɚɟɬɫɹ ɞɥɹ ɤɨɦɩɨɡɢɬɚ  DIPAB/Al2O3 ɫ ɪɚɡɦɟɪɚɦɢ ɩɨɪ 
60 nm, ɝɞɟ ɪɟɡɤɢɣ ɪɨɫɬ ɤɨɷɮɮɢɰɢɟɧɬɚ Ȗ3ω(T) ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 403-

418 K ɩɪɢ ɧɚɝɪɟɜɟ ɢ 401-416 ɩɪɢ ɨɯɥɚɠɞɟɧɢɢ. ɉɪɢ ɜɬɨɪɨɦ ɢ ɩɨɫɥɟɞɭɸɳɢɯ ɩɪɨɯɨɞɚɯ 
ɬɚɤɠɟ ɩɪɨɫɥɟɠɢɜɚɸɬɫɹ ɞɜɚ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɨɠɧɨ ɡɚɤɥɸɱɢɬɶ, ɱɬɨ ɞɥɹ ɧɚɧɨɱɚɫɬɢɰ DIPAB ɜ ɩɨɪɚɯ 60 nm ɩɪɢ 
ɧɚɝɪɟɜɟ ɢ ɨɯɥɚɠɞɟɧɢɢ ɪɟɚɥɢɡɭɟɬɫɹ ɞɜɚ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚ, ɦɟɠɞɭ ɤɨɬɨɪɵɦɢ 
ɮɨɪɦɢɪɭɟɬɫɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɮɚɡɚ. 
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This work given results of dielectric and colorimetric researches of ferroelectric composite 

(C6H16NBr)1-x/(ȼɚTiO3)x. It is shown, that mutual influence of composite components can lead to 

change an order of phase transitions.  

Keywords: organic ferroelectrics, phase transition, ferroelectric composite, dielectric permea-

bility 

When studying of dielectric properties of ferroelectric composite (see [1-3] and refer-

ences therein), it was found that for such systems mutual components influence on both prop-

erties is possible. For composites (KNO3)1-x/(BaTiO3)x, 

(KNO3)1-x/(KNbO3)x expansion of potassium nitrate ferroelectric phase existence was ob-

served [1, 2]. Significant shift of Curie temperature for AgNa(NO2)2 was found in composite 

AgNa(NO2)2]0.9/[BaTiO3]0.1 [3]. 

In recent years, a number of organic compounds with polar point group at room tem-

perature and relatively high melting point (~450K) were discovered. Particularly, such ferroe-

lectrics include diisopropylammonium bromide (C6H16NBr) Ps ~ 23 ~C/cm
2
, Ɍɫ = 426 Ʉ [4].

Diisopropylammonium bromide has a spontaneous polarization close to that of barium titan-

ate, high Curie temperature and exhibits good piezoelectric response. Experimental results of 

ȼɚTiO3 particle influence on phase transitions of composite (C6H16NBr)1-x/(ȼɚTiO3)x for ɯ= 

0.05, 0.1 are given in the present work. 

In experiment samples of C6H16NBr and C6H16NBr with ȼɚTiO3 volume fractions of 

inclusion 5 and 10%. Broadband dielectric spectrometer Novocontrol BDS-80 with frequency 

range from 0,1 Hz to 10 MHz was used to complex dielectric constant measurement. 

As dielectric studies shows (Fig.1), at room temperature C6H16NBr is ferroelectric 

(with P21 symmetry). At frequencies about several Hz spontaneous polarization gives signifi-

cant contribution to dielectric permittivity and minimum (T) corresponds to phase transition 

due to spontaneous polarization equal zero. According colorimetrical and dielectric studies, at 

T=421,6K C6H16NBr converted into paraphrase (with P21/m symmetry), and when cooling 

down lower T=419K shifted back to polar (with P21 symmetry). 

For composite (C6H16NBr)0.9/(ȼɚTiO3)0.1 (Fig.2) at room temperature realize the ortho-

rhombic phase with space group P212121, which is ferroelectrically inactive. During heating 

above 415K it goes to polar structure with P21 symmetry. This structure exists at range from 

415 to 421K. At temperature, higher than 421K a transition occurs to non-polar monoclinic 

phase P21/m. When cooling down at 418K C6H16NBr structure changes directly from P21/m 

to P21 symmetry). Determination of phase transitions temperatures from the maximum dielec-

tric constant is not accurate because of composite (C6H16NBr)1-x/(ȼɚTiO3)x maximum temper-

ature depends of frequency and changes from 419,8K at 1Hz to 424,5K at 500 kHz. At the 
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same time according to calorimetric measurements this value is 426,5K. It means that compo-

site present relaxor properties. 

Fig. 1. Dependence İ׳(T) for C6H16NBr at heat-

ing and cooling (the inset) 

Fig. 2. Dependence İ׳(T) for 

(C6H16NBr)0.9/(ȼɚTiO3)0.1 at heating 

and cooling (the inset) 

Non-polar phase instead of polar one implementation is connected with the fact that 

composite free system energy includes components energy and the energy of dipole-dipolar 

interaction. In this case dipole-dipolar interaction of ȼɚTiO3 and C6H16NBr polar particles 

leads to increase of free energy and ferroelectric state will be disadvantageous. 
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Ɍɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɧɚ ɨɫɧɨɜɟ PbMn1/3Nb2/3O3 ɹɜɥɹɸɬɫɹ ɢɧɬɟɪɟɫɧɵɦɢ ɢ ɦɚɥɨɢɡɭ-
ɱɟɧɧɵɦɢ ɫɨɫɬɚɜɚɦɢ, ɨɛɥɚɞɚɸɳɢɦɢ ɩɨɜɟɞɟɧɢɟɦ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɪɟɥɚɤɫɨɪɚ ɢ 
ɫɩɨɧɬɚɧɧɵɦ ɧɚɦɚɝɧɢɱɢɜɚɧɢɟɦ. Ʌɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ ɩɨ ɤɨɦɩɥɟɤɫɧɨɦɭ ɢɡɭɱɟɧɢɸ ɤɨɧ-
ɰɟɧɬɪɚɰɢɨɧɧɵɯ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɨɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (1-x)Pb(Mn1/3Nb2/3)O3-x(PbTiO3) 

ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɬ, ɩɨɷɬɨɦɭ ɧɚɲɟɣ ɰɟɥɶɸ ɹɜɥɹɟɬɫɹ ɜɨɫɩɨɥɧɟɧɢɟ ɷɬɨɝɨ ɩɪɨɛɟɥɚ. 
ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɭɱɟɧɢɹ ɫɬɪɭɤɬɭɪɧɵɯ ɩɚɪɚɦɟɬɪɨɜ, ɞɢɷɥɟɤ-

ɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ, ɭɞɟɥɶɧɨɣ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɢ (1-x)Pb(Mn1/3Nb2/3)O3-x(PbTiO3) ɢ ɨɩ-
ɬɢɱɟɫɤɢɯ ɫɩɟɤɬɪɨɜ ɜ ɲɢɪɨɤɨɦ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɨɦ ɞɢɚɩɚɡɨɧɟ. 
ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫɢɦɦɟɬɪɢɹ PbMn1/3Nb2/3O3 ɥɭɱɲɟ ɜɫɟɝɨ ɨɩɢɫɵɜɚɟɬɫɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ 
ɝɪɭɩɩɨɣ R3m, ɢ ɨɧ ɹɜɥɹɟɬɫɹ ɪɟɥɚɤɫɨɪɨɦ. ɍɜɟɥɢɱɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɨɩɢɪɭɸɳɟɣ ɤɨɦ-
ɩɨɧɟɧɬɵ ɞɨ 0.15PbTiO3 ɩɪɢɜɨɞɢɬ ɤ ɩɨɞɚɜɥɟɧɢɸ ɪɟɥɚɤɫɨɪɧɨɝɨ ɩɨɜɟɞɟɧɢɹ ɢ ɮɨɪɦɢɪɨɜɚ-
ɧɢɸ ɦɨɪɮɨɬɪɨɩɧɨɣ ɨɛɥɚɫɬɢ (ɆɈ), ɩɪɟɞɫɬɚɜɥɹɸɳɟɣ ɫɨɜɨɤɭɩɧɨɫɬɶ R3m+P4mm ɮɚɡ. Ɉɛ-
ɥɚɫɬɶ ɆɈ ɩɪɨɫɬɢɪɚɟɬɫɹ ɞɨ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɨɩɚɧɬɚ, ɪɚɜɧɨɣ 0.25 PbTiO3. Ɉɛɧɚɪɭɠɟɧɨ, 
ɱɬɨ ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ Eg ɬɚɤɠɟ ɢɡɦɟɧɹɟɬɫɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ 
ɞɨɩɚɧɬɚ. 

Ⱥɜɬɨɪɵ ɛɥɚɝɨɞɚɪɧɵ ɡɚ ɩɨɞɞɟɪɠɤɭ ȼɧ.ɝɪ. № 07/2017-08 ɘɠɧɨɝɨ ɮɟɞɟɪɚɥɶɧɨɝɨ 
ɭɧɢɜɟɪɫɢɬɟɬɚ ɢ ȽɁ ɘɇɐ ɊȺɇ ɧɚ 2019 ɝ., №  ɝɪ. ɩɪɨɟɤɬɚ ȺȺȺȺ-Ⱥ19-119040390084-3. 

ɍȾɄ 538.9 

ɍɉɊȺȼɅȿɇɂȿ ɎɂɁɂɑȿɋɄɂɆɂ ɋȼɈɃɋɌȼȺɆɂ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɄɈȼ 
ɆȿɏȺɇɂɑȿɋɄɂɆ ɋɂɅɈȼɕɆ ȼɈɁȾȿɃɋɌȼɂȿɆ 

1
Ʉ.Ƚ.Ⱥɛɞɭɥɜɚɯɢɞɨɜ1, Ɇ.Ⱥ. ɋɢɪɨɬɚ2

Ⱦ-ɪ ɮɢɡ.-ɦɚɬ.ɧɚɭɤ, phys.kam@mail.ru 
2Ⱥɫɩɢɪɚɧɬ, mari.sirota@ya.ru 

1ɘɠɧɵɣ ɧɚɭɱɧɵɣ ɰɟɧɬɪ ɊȺɇ 
1,2Ɇɟɠɞɭɧɚɪɨɞɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɧɬɟɥɥɟɤɬɭɚɥɶɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɘɎɍ 

2Ⱦɨɧɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɭɱɟɧɢɹ ɜɥɢɹɧɢɹ ɫɢɥɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ  ɜ ɫɨɱɟɬɚ-
ɧɢɢ ɫɨ ɫɞɜɢɝɨɜɨɣ ɞɟɮɨɪɦɚɰɢɟɣ ɧɚ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ, ɫɟɝɧɟɬɨɪɟɥɚɤɫɨɪɨɜ, 
ɚɧɬɢɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ ɢ ɦɭɥɶɬɢɮɟɪɪɨɢɤɨɜ. 

Ɇɟɯɚɧɢɱɟɫɤɨɟ ɫɢɥɨɜɨɟ ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɬɜɟɪɞɵɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɬɟɥɚ ɫ ɩɨɦɨɳɶɸ 
ɧɚɤɨɜɚɥɟɧ Ȼɪɢɞɠɦɟɧɚ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɦɟɬɨɞɨɜ ɮɨɪɦɢɪɨɜɚɧɢɹ ɮɢɡɢɱɟɫɤɢɯ ɢɯ 
ɫɜɨɣɫɬɜ.  

ȼ ɩɪɟɞɥɚɝɚɟɦɨɦ ɞɨɤɥɚɞɟ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɬɚɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɫɜɨɣɫɬɜɚ ɫɢɧɬɟ-
ɡɢɪɨɜɚɧɧɵɯ ɤɥɚɫɫɢɱɟɫɤɢɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ, ɚɧɬɢɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢ-
ɤɨɜ - ɪɟɥɚɤɫɨɪɨɜ ɢ ɦɭɥɶɬɢɮɟɪɪɨɢɤɨɜ. Ʉɨɧɬɪɨɥɢɪɭɟɦɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɩɪɢ ɢɡɭɱɟɧɢɢ 
ɩɨɪɨɲɤɨɜɵɯ ɨɛɪɚɡɰɨɜ ɜɵɫɬɭɩɚɥɢ ɪɚɡɦɟɪɵ ɈɄɊ ɢ ɦɢɤɪɨɞɟɮɨɪɦɚɰɢɢ, ɩɚɪɚɦɟɬɪɵ ɂɄ - 

ɫɩɟɤɬɪɨɜ, ɩɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ, ɤɨɧɰɟɧɬɪɚɰɢɢ ɮɚɡ, ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱ-
ɧɵɟ ɫɦɟɳɟɧɢɹ, ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɚɹ ɬɟɦɩɟɪɚɬɭɪɚ Ⱦɟɛɚɹ ɢ ɮɚɤɬɨɪ Ⱦɟɛɚɹ - ȼɚɥɥɟɪɚ.  

Ⱦɥɹ ɤɨɧɬɪɨɥɹ ɜɥɢɹɧɢɹ  ɦɟɯɚɧɨɚɤɬɢɜɚɰɢɢ ɧɚ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɤɟɪɚɦɢɱɟɫɤɢɯ 
ɨɛɪɚɡɰɨɜ ɢɡɭɱɚɥɢɫɶ ɞɢɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɨɩɬɢɱɟɫɤɢɟ ɫɩɟɤɬɪɵ,  ɭɞɟɥɶɧɭɸ ɷɥɟɤɬɪɨɩɪɨɜɨɞ-
ɧɨɫɬɶ ɢ ɬɟɩɥɨɟɦɤɨɫɬɶ, ɩɟɬɥɢ ɦɚɝɧɢɬɧɨɝɨ  ɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ.  

Ⱥɜɬɨɪɵ ɛɥɚɝɨɞɚɪɧɵ ɡɚ ɩɨɞɞɟɪɠɤɭ ȼɧ.ɝɪ. № 07/2017-08  ɘɠɧɨɝɨ ɮɟɞɟɪɚɥɶɧɨɝɨ 
ɭɧɢɜɟɪɫɢɬɟɬɚ  ɢ ɬɟɦɵ ȺȺȺȺ-Ⱥ19-119040390084-3 ɘɠɧɨɝɨ ɧɚɭɱɧɨɝɨ ɰɟɧɬɪɚ ɊȺɇ. 
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ɍȾɄ 537.226. 
ɋɉȿɄɌɊȺɅɖɇɕɃ ȺɇȺɅɂɁ ɂɆɉɍɅɖɋɇɕɏ ɉɊɈɐȿɋɋɈȼ ɉȿɊȿɄɅɘɑȿɇɂə 

ȼ ɄɊɂɋɌȺɅɅȺɏ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɄȺ-ɊȿɅȺɄɋɈɊȺ SBN 

Ⱥ.ȼ.Ȼɭɪɰɟɜ1, Ȼ.Ȼ. ɉɟɞɶɤɨ2 

1
lexusbur@inbox.ru

ɈɈɈ «ɉɄ «Ⱥɥɶɬɨɧɢɤɚ», ɝ. Ɂɟɥɟɧɨɝɪɚɞ, ɧɚɱ-ɤ ɩɪɨɢɡɜɨɞɫɬɜɚ 
2Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɟɤɚɧ, boris_pedko@mail.ru 

ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ», ɝ. Ɍɜɟɪɶ 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɢɦɩɭɥɶɫɧɵɯ 
ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ, ɢɧɢɰɢɢɪɨɜɚɧɧɵɯ ɜɧɟɲɧɢɦ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɩɨɥɟɦ ɢ ɢɡɦɟɧɟɧɢɟɦ 
ɬɟɦɩɟɪɚɬɭɪɵ, ɜ ɤɪɢɫɬɚɥɥɚɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɪɟɥɚɤɫɨɪɚ SBN ɫ ɩɪɢɦɟɧɟɧɢɟɦ 
ɦɨɞɟɪɧɢɡɢɪɨɜɚɧɧɨɣ ɤɥɚɫɫɢɱɟɫɤɨɣ ɭɫɬɚɧɨɜɤɢ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɬɟɩɥɨɜɨɝɨ ɷɮɮɟɤɬɚ Ȼɚɪɤɝɚɭɡɟɧɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɩɟɤɬɪɚɥɶɧɵɣ ɚɧɚɥɢɡ, ɩɪɨɰɟɫɫɵ ɩɟɪɟɤɥɸɱɟɧɢɹ. 

Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɚ Ȼɚɪɤɝɚɭɡɟɧɚ (ɗȻ) ɜ ɤɥɚɫɫɢɱɟɫɤɢɯ ɫɟɝɧɟɬɨɷɥɟɤ-
ɬɪɢɤɚɯ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɨ ɢɡɜɟɫɬɧɵ [1]. Ɍɪɚɞɢɰɢɨɧɧɨ ɨɫɧɨɜɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɩɨɜɟ-
ɞɟɧɢɹ ɫɤɚɱɤɨɨɛɪɚɡɧɵɯ ɢɦɩɭɥɶɫɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ ɢɧɢɰɢɢɪɨɜɚɧɧɵɯ ɩɪɢɥɨ-
ɠɟɧɢɟɦ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɫɜɹɡɵɜɚɸɬɫɹ ɫ ɷɥɟɦɟɧɬɚɦɢ ɩɟɬɥɢ ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ, ɚ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɜɟɞɟɧɢɹ ɫ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ ɫɩɨɧ-
ɬɚɧɧɨɣ ɩɨɥɹɪɢɡɚɰɢɢ. ɂɧɚɹ ɫɢɬɭɚɰɢɹ ɜɨɡɦɨɠɧɚ ɜ ɫɟɝɧɟɬɨɷɥɟɤɪɢɤɚɯ-ɪɟɥɚɤɫɨɪɚɯ, ɯɚɪɚɤɬɟ-
ɪɢɡɭɸɳɢɯɫɹ ɪɚɡɦɵɬɵɦ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ [2]. Ɉɬɦɟɬɢɦ, ɱɬɨ ɫɩɟɤɬɪɚɥɶɧɵɣ ɚɧɚɥɢɡ 
ɢɦɩɭɥɶɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ, ɧɚ ɨɫɧɨɜɚɧɢɢ ɤɨɬɨɪɨɝɨ ɦɨɠɧɨ ɝɨɜɨɪɢɬɶ ɨ ɤɨɧɤɪɟɬɧɵɯ ɦɟɯɚ-
ɧɢɡɦɚɯ ɢ ɢɯ ɜɤɥɚɞɟ ɜ ɩɪɨɰɟɫɫ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɟɪɟɤɥɸɱɟɧɢɹ ɜ ɪɟɥɚɤɫɨɪɧɵɯ ɫɟ-
ɝɧɟɬɨɷɥɟɤɬɪɢɤɚɯ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɩɪɨɜɨɞɢɥɫɹ. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ ɜ ɤɪɢɫɬɚɥɥɚɯ 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɪɟɥɚɤɫɨɪɚ Sr0.61Ba0.39Nb2O6 (SBN), ɩɨɫɬɪɨɟɧɵ ɫɩɟɤɬɪɵ ɚɦɩɥɢɬɭɞ 
ɢɦɩɭɥɶɫɨɜ, ɤɨɬɨɪɵɟ ɨɩɪɟɞɟɥɹɸɬ ɩɪɨɬɟɤɚɸɳɢɟ ɜ ɤɪɢɫɬɚɥɥɟ ɩɪɨɰɟɫɫɵ ɩɟɪɟɤɥɸɱɟɧɢɹ, 
ɩɨɥɭɱɟɧɵ ɫɩɟɤɬɪɵ ɜɪɟɦɟɧɢ ɩɪɨɬɟɤɚɧɢɹ ɨɞɢɧɨɱɧɵɯ ɢɦɩɭɥɶɫɨɜ, ɩɪɨɜɟɞɟɧɚ ɨɰɟɧɤɚ ɨɛɴё-
ɦɚ ɩɟɪɟɤɥɸɱɟɧɢɹ ɤɪɢɫɬɚɥɥɚ ɞɥɹ ɨɬɞɟɥɶɧɵɯ ɦɟɯɚɧɢɡɦɨɜ ɢɦɩɭɥɶɫɨɜ ɢ ɢɯ ɜɤɥɚɞ ɜ ɨɛɳɢɣ 
ɨɛɴёɦɚ ɩɟɪɟɤɥɸɱɟɧɢɹ, ɢɧɢɰɢɢɪɨɜɚɧɧɨɝɨ ɬɟɪɦɢɱɟɫɤɢɦɢ ɜɨɡɞɟɣɫɬɜɢɹɦɢ. 
ɂɫɫɥɟɞɭɟɦɵɟ ɤɪɢɫɬɚɥɥɵ SBN ɜɵɪɚɳɟɧɵ  ɦɟɬɨɞɨɦ ɑɨɯɪɚɥɶɫɤɨɝɨ ɢ ɩɨɞɝɨɬɨɜɥɟɧɵ ɤ ɢɫ-
ɫɥɟɞɨɜɚɧɢɹɦ ɜ ɢɧɫɬɢɬɭɬɟ ɮɢɡɢɤɢ ɝ. Ɉɫɧɚɛɪɸɤ, ɎɊȽ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɧɚ ɱɢ-
ɫɬɨɦ ɤɪɢɫɬɚɥɥɟ SBN ɢ ɫ ɩɪɢɦɟɫɹɦ Ce, Cr, Rh, Ru ɢ ɢɯ ɤɨɦɛɢɧɚɰɢɹɯ. 

Ⱦɥɹ ɢɧɢɰɢɢɪɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ ɤɪɢɫɬɚɥɥɵ ɩɨɞɜɟɪɝɚɥɢɫɶ ɜɨɡɞɟɣ-
ɫɬɜɢɸ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ 50 ɢ 100 ȼ ɢ ɧɚɝɪɟɜɚɥɢɫɶ ɞɨ ɬɟɦɩɟɪɚɬɭɪ 200ɋ 
(ɜɵɲɟ ɦɚɤɫɢɦɭɦɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ). ȼ ɤɚ-
ɱɟɫɬɜɟ ɨɫɧɨɜɵ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɨɣ ɭɫɬɚɧɨɜɤɢ ɩɪɢɦɟɧɹɥɚɫɶ ɦɨɞɟɪɧɢɡɢɪɨɜɚɧɧɚɹ ɚɜɬɨɪɚɦɢ 
ɭɫɬɚɧɨɜɤɚ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɟɩɥɨɜɨɝɨ ɷɮɮɟɤɬɚ Ȼɚɪɤɝɚɭɡɟɧɚ. ɗɥɟɤɬɪɢɱɟɫɤɢɟ ɢɦɩɭɥɶɫɵ 
ɩɨɫɬɭɩɚɥɢ ɧɚ ɜɯɨɞ ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɨɝɨ ɨɩɟɪɚɰɢɨɧɧɨɝɨ ɭɫɢɥɢɬɟɥɹ, ɚ ɩɨɫɥɟ ɭɫɢɥɟɧɢɹ 
ɮɢɤɫɢɪɨɜɚɥɢɫɶ ɩɥɚɬɨɣ Ⱥɐɉ L-783 ɈɈɈ «Ʌ Ʉɚɪɞ». 

Ɂɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɥɟɞɨɜɚɧɢɹ ɢɦɩɭɥɶɫɨɜ ɩɟɪɟɩɨɥɹɪɢɡɚɰɢɢ ɨɬ ɬɟɦɩɟ-
ɪɚɬɭɪɵ ɜ ɤɪɢɫɬɚɥɥɚɯ SBN, ɱɢɫɬɵɯ ɢ ɫ ɩɪɢɦɟɫɹɦɢ, ɜɨ ɜɫɟɦ ɢɧɬɟɪɜɚɥɟ ɢɫɫɥɟɞɨɜɚɧɧɵɯ 
ɬɟɦɩɟɪɚɬɭɪ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɤɪɢɫɬɚɥɥɨɜ ɢɦɟɟɬ ɬɪɢ ɦɚɤɫɢɦɭɦɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɪɟɦ 
ɬɟɦɩɟɪɚɬɭɪɧɵɦ ɨɛɥɚɫɬɹɦ: 1 – ɨɛɥɚɫɬɶ ɩɪɨɬɟɤɚɧɢɹ ɢɦɩɭɥɶɫɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟ-
ɧɢɹ ɜ ɤɪɢɫɬɚɥɥɟ ɞɨ «ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ», 2 – ɨɛɥɚɫɬɶ ɬɟɦɩɟɪɚɬɭɪɵ, ɛɥɢɡɤɨɣ ɤ ɬɟɦɩɟɪɚ-
ɬɭɪɟ ɦɚɤɫɢɦɭɦɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ, 3 – ɨɛɥɚɫɬɶ ɩɪɨɬɟɤɚɧɢɹ ɢɦɩɭɥɶɫɧɵɯ 
ɩɪɨɰɟɫɫɨɜ ɫɭɳɟɫɬɜɟɧɧɨ ɜɵɲɟ ɷɬɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. ɇɚɥɢɱɢɟ ɬɪɟɬɶɟɣ ɨɛɥɚɫɬɢ ɧɟɯɚɪɚɤɬɟɪ-
ɧɨ ɞɥɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɤɪɢɫɬɚɥɥɨɜ ɢ ɦɨɠɟɬ ɛɵɬɶ ɨɛɴɹɫɧɟɧɨ ɪɟɥɚɤɫɨɪɧɵɦɢ ɫɜɨɣ-
ɫɬɜɚɦɢ SBN. 

Ɉɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ, ɡɚɮɢɤɫɢɪɨɜɚɧɧɵɯ Ⱥɐɉ, ɩɪɨɜɨɞɢɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɧɨɝɨ 
ɨɛɟɫɩɟɱɟɧɢɹ, ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɚɜɬɨɪɚɦɢ. Ɋɟɡɭɥɶɬɚɬɵ ɨɛɪɚɛɨɬɤɢ ɩɨɡɜɨɥɢɥɢ ɩɨɥɭɱɢɬɶ 



67 

ɫɩɟɤɬɪɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɚɦɩɥɢɬɭɞ ɢɦɩɭɥɶɫɨɜ, ɢɯ ɞɥɢɬɟɥɶɧɨɫɬɢ, ɨɰɟɧɢɬɶ ɨɛɴёɦ ɩɟɪɟ-
ɤɥɸɱɢɜɲɟɣɫɹ ɨɛɥɚɫɬɢ. 

ɋɩɟɤɬɪɵ ɜ ɪɹɞɟ ɫɥɭɱɚɟɜ ɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ ɧɚɥɢɱɢɟ ɧɟɫɤɨɥɶɤɢɯ ɦɚɤɫɢɦɭɦɨɦ, ɱɬɨ 
ɚɜɬɨɪɚɦɢ ɬɪɚɤɬɭɟɬɫɹ ɤɚɤ ɞɨɤɚɡɚɬɟɥɶɫɬɜɨ ɧɚɥɢɱɢɹ ɧɟɫɤɨɥɶɤɢɯ ɦɟɯɚɧɢɡɦɨɜ ɩɪɨɬɟɤɚɧɢɹ 
ɩɪɨɰɟɫɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ, ɧɚɩɪɢɦɟɪ, ɬɚɤɢɯ ɤɚɤ ɡɚɪɨɞɵɲɟɨɛɪɚɡɨɜɚɧɢɟ ɢ ɞɜɢɠɟɧɢɟ ɞɨ-
ɦɟɧɧɨɣ ɫɬɟɧɤɢ. 

ɇɚ ɪɢɫ. ɩɪɢɜɟɞɟɧɵ ɬɢɩɢɱɧɵɟ ɩɨɥɭɱɟɧɧɵɟ ɫɩɟɤɬɪɨɜ ɞɥɹ ɬɟɦɩɟɪɚɬɭɪ, ɜ ɤɨɬɨɪɵɯ 
ɛɵɥɢ ɡɚɮɢɤɫɢɪɨɜɚɧɵ ɦɚɤɫɢɦɭɦɵ ɫɥɟɞɨɜɚɧɢɹ ɢɦɩɭɥɶɫɨɜ ɩɟɪɟɤɥɸɱɟɧɢɹ. 

Ɋɢɫɭɧɨɤ. ɋɩɟɤɬɪɵ ɚɦɩɥɢɬɭɞ, ɜɪɟɦɟɧɢ ɫɥɟɞɨɜɚɧɢɹ ɢ ɪɚɫɫɱɢɬɚɧɧɨɝɨ ɨɬɧɨɫɢɬɟɥɶɧɵɯ 

ɟɞɢɧɢɰɚɯ ɨɛɴёɦɚ ɩɟɪɟɤɥɸɱɟɧɢɹ ɤɪɢɫɬɚɥɥɚ ɞɥɹ ɤɪɢɫɬɚɥɥɚ SBN ɫ ɩɪɢɦɟɫɶɸ 500ppmCe 

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 63 ɢ 134 ɋ 

ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɛɴёɦ ɩɟɪɟɤɥɸɱɢɜɲɟɣɫɹ ɨɛɥɚɫɬɢ ɧɟ ɜɫɟɝɞɚ ɩɪɹɦɨ ɩɪɨɩɨɪɰɢɨ-
ɧɚɥɟɧ ɚɦɩɥɢɬɭɞɟ ɢɦɩɭɥɶɫɨɜ ɢ ɢɯ ɞɥɢɬɟɥɶɧɨɫɬɢ. ɇɚɢɛɨɥɶɲɢɣ ɜɤɥɚɞ ɜ ɨɛɳɢɣ ɨɛɴɟɦ, ɩɟ-
ɪɟɤɥɸɱɢɜɲɢɣɫɹ ɩɪɢ ɬɟɪɦɢɱɟɫɤɨɦ ɜɨɡɞɟɣɫɬɜɢɢ, ɦɨɠɟɬ ɛɵɬɶ ɜɧɟɫёɧ ɬɟɦɢ ɬɢɩɚɦɢ ɫɤɚɱ-
ɤɨɨɛɪɚɡɧɵɯ ɩɪɨɰɟɫɫɨɜ, ɤɨɥɢɱɟɫɬɜɨ ɤɨɬɨɪɵɯ ɫɭɳɟɫɬɜɟɧɧɨ ɦɟɧɶɲɟ. 
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In this work, in the framework of the thermodynamic theory of Landau for phase transitions, it 

is shown by an exact numerical solution of a nonlinear system of differential equations that a ferroe-

lastic nanoparticle has a domain structure in the low-temperature phase. This structure depends on the 

size and shape of the particle, as well as on the boundary conditions for the order parameter. 

Keywords: ferroelastic, domain structure, phase transition, nanocomposite. 

Nanoscale materials are of great interest both from the point of view of studying phys-

ical laws in low-dimensional systems and from the practical side - they are associated with the 

search for materials with new properties. The main reason for the difference between the 

properties of nanoscale materials and the properties of bulk analogs is associated with an in-

crease in the proportion of atoms on the surfase of the particle. As a result, the balance of var-

ious contributions to the free energy of a material changes and its ground state may change [1-

3]. In [1-2], it was shown that the ground state of a ferroelectric nanoparticle formed during 

the phase transition from the high-temperature paraphase is inhomogeneous domain-like. The 

heterogeneity of the order parameter refers to a change in the direction (sign) of the order pa-
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rameter, and not a change in the order parameter in magnitude. Such a heterogeneous struc-

ture depends on the temperature, shape and size of the sample, boundary conditions for the 

order parameter, the presence of external fields, etc. The same situation occurs in thin ferroe-

lectric films [3]. But the basic state in magnetic materials, in particular in frustration magnets, 

is most studied [4-7]. 

The purpose of this study is to study the structure of the low-temperature phase in fer-

roelastic nanoparticles. 

The thermodynamic potential of a ferroelastic nanoparticle is the sum of three compo-

nents: the elastic potential, the contribution to the thermodynamic potential associated with 

the order parameter, and the term that takes into account the interaction of the order parameter 

with elastic stresses. 

, (1) 

,           (2) 

,                                              (3) 

where  is the elastic compliance tensor, having the following form in an isotropic elastic 

environment: 

,   , ,   (4) 

where  ɢ  is two independent components are expressed in terms of the Young modulus 

E and the Poisson’s ratio ,  is the elastic stress tensor, ,  are the Landau coefficients 

of the bulk ferroelastic,  is the correlation constant. 

In addition, when writing expressions (1) - (3), it was assumed that as a result of a 

phase transition in the material there is a spontaneous (plastic) shear deformation , taken 

as a parameter of the order , as in potassium trihydroelenite KH3(SeO3)2. This assumption 

explains the kind of expression for . 

As an object of study, we consider a paralelepiped nanoparticle, which is a homogene-

ous ferroelastic crystal. Its size is  nm, where  is the thickness (height) of the 

nanoparticle. 

The plastic deformation distribution also has a domain-like structure in a ferroelastic 

nanoparticle below the Curie temperature similarly to the domain-like picture in ferroelectric 

nanoparticles. As it was shown, the cause of the division of ferroelectric particles into do-

mains is depolarizing electric field. In the case of a ferroelastic particle, the elastic fields are 

the cause. At , the phase transition at Curie temperature occurs in a single-domain 

state. At  a two-domain state is observed. For  it is observed 

three and more domains.  

In conclusion, we note that the formation of the domain structure of a ferroelastic na-

noparticle, in addition to the size and shape should certainly be influenced by the following 

parameters. These are the boundary conditions for the order parameter and mobility of the 

boundaries of nanoparticle, the presence of stresses at the nanoparticle boundaries, thermal 

stresses, primarily due to the production technology, the presence and concentration of de-

fects, and others. All this complicates the analysis of such states and is the subject of future 

research. 
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This paper presents an approach for determining the oscillation spectrum of ferroelectric na-

noparticles of different shapes in a dielectric matrix. The spectrum of their oscillations determines 

many important thermodynamic and kinetic characteristics. On the basis of this approach, the influ-

ence of the size, shape and concentration of ferroparticles on the macroscopic properties of the nano-

composite material is determined.  
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The fluctuations spectrum of a material determines its many important thermodynamic 

and kinetic characteristics, such as heat capacity, thermal conductivity, electrical conductivity, 

acoustic and optical properties, etc. [1]. A fundamental reorganization of the fluctuations 

spectrum occurs in the composite material due to the presence of inclusions of another phase 

in the matrix phase.  The purpose of this work is to study the features of the fluctuations spec-

trum of a ferroelectric-dielectric nanocomposite, necessary to clarify a number of fundamental 

issues of their behavior. 

Consider a representative cell of a composite material, which is a parallelepiped of a 

dielectric with a ferroelectric particle located in its center. For this representative cell, we pro-

ceed from the Lagrangian of the form: 

,          (1) 

where  is the mass coefficient for the fluctuations of polarization,  is 

the vector of polarization, which plays the role of the order parameter in the phase transition; 

 and  are the Landau coefficients in the expansion of free energy [15], 

 is the Curie temperature of homogeneous infinite crystal,  is the current composite tem-

perature,  is the correlation constant,  is the coefficient of the quadratic term characteriz-
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ing the order parameter at the border [2]. The integration is taken over the volume  and the 

surface  of the ferroelectric particle.  

The mass coefficient  for polarization oscillations is estimated as 

 ,    (2) 

where  is the mass of unit cell,  is the number of cells per unit volume. Evalua-

tion of  for TGS (triglycine sulfate) gives:  [3]. 

Varying expression (1), we obtain an equation describing the oscillations of a ferroe-

lectric nanoparticle, and the boundary condition to it: 

(2) 

(3) 

where 

 is the area of the space occupied by the nanoparticle, with the border ;  is the 

derivative of the normal to the surface , external to the region .  

For stationary oscillations  the equation (2) takes the form: 

 . (4) 

The boundary condition (3) does not change. 

The problem of finding the oscillation spectrum of ferroelectric inclusions in a nano-

composite is posed as an eigenvalue problem. 

Equation (4) is the eigenvalue equations for the parameter . Solving 

problem (3) - (4) we obtain the set of eigenfunctions  and eigenvalues . The lowest 

eigenvalue  corresponds to the phase transition and determines the phase transition temper-

ature shift. Higher eigenvalues determine the eigenfrequencies  of the nanoparticle oscilla-

tions:: 

,   (5) 

The eigenfrequencies  depend on the temperature according to (5), on the size and 

shape of nanoparticles. A ferroelectric particle of elliptical shape and particles of the simplest 

geometries (spherical, cylindrical forms) are considered in the work. For particles of spheri-

cal, cylindrical and parallelepiped-shaped, the solution can be obtained in general form 

through Bessel functions. The spectrum of oscillations is analyzed depending on the size, 

shape of particles, and boundary conditions for polarization. 
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The group Ⱥ2ȼɏ4model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process under 

the harmonic electric field action with the amplitude above the coercive field intensity in the domain 

structure freezing temperature vicinity (T*150 K) by the harmonic analysis method was investigated.  

The study of the current density harmonics that arising in the sample under the harmonic field 

action allowed constructing the sample volume unit electric energy cW dependence on the polarization 

cP measured in the dynamics. It is shown that in a relatively small temperature range in the T*vicinity 

there is a significant dependence c cW (P ) potential relief shape change.
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It is known that the behavior of dielectric and polarization Rb2ZnCl4 crystal properties 

in the ferroelectric phase in the temperature range from the Curie point TC to T*150 K is de-

termined by the dynamics of ferroelectric domain boundaries as solitons, and their contribu-

tions values significantly depend on the crystal background and in particular on the tempera-

ture and samples holding time in the paraelectric and incommensurate phases [1,2].Structural 

changes like phase transition in the domain wall are observed in Rb2ZnCl4 in the vicinity of 

T* 150 K [3, 4], accompanied by a change of the domain wall width. The domain wall width 

decrease results to a sharp decrease in its mobility due to increased interaction with lattice de-

fects, which is accompanied by the coercive field sharp increase with a small polarization 

change [5]. 

In order to remove the soliton structure dynamic contribution to the crystal dielectric 

and polarization properties the experiment was carried out as follows. First, the sample was 

cooled below T* by 20 K, where, as was established in [2], the soliton structure disappears 

almost completely, and thenthe sample was heated to 151 K. Thepolarization harmonics and 

current density components measurements at the sinusoidal electric field amplitudes 
mE  

above the coercive one that was applied to the test sample at itsisothermal exposure in the 

temperature range from 151 K to 159 K were carried out. The study of the current density 

harmonics that arising in the sample under the harmonic field action allowed constructing the 

sample volume unit electric energy
cW dependence on the polarization 

cP measured in the 

dynamics. The dependence 
c cW (P ) measured at the test sample isothermal exposure at a 

temperature T=159 K and application to the test sample plates harmonic electric field with 

amplitude
4

mE =3.2 10 V/m and frequency 
0f =0.3  Hz shown in Fig. 

https://istina.msu.ru/publishers/46908/
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Figure. Dependences of thetest sample volume unit electrical energy 
cW on its polarization 

cP

constructed by means of harmonic analysis 

It is found that in a relatively small temperature range in the T* vicinity there is a sig-

nificant dependence 
c cW (P ) potential relief shape change. 
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The group Ⱥ2ȼɏ4 model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process un-

der the harmonic electric field action with the amplitude above the coercive field ( kE ) in the ferroe-

lectric phase (FF) near the ferroelectric phase transition temperature cT was researched by the har-

monic analysis method. The current density harmonics study arising in the sample under the harmonic 

field action allowed constructing the sample unit volume electric energy cW dependence on the polar-

ization cP measured in the dynamics. The dielectric hysteresis loops time evolution after exposure of
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an alternating electric field E with a frequency about 20 kHz and an amplitude higher than 
kE  in the 

FF near 
cT  to the sample was studied in detail by the harmonic analysis method. The temporal evolu-

tion of the dependence c cW (P ) after exposure to the sample E was obtained. It is established that 

there is a significant change of the dependence c cW (P ) potential relief shape during relaxation. 

Keywords: polarization, phase transition, coercive field, electric energy, ferroelectrics. 

On the base of Rb2ZnCl4 crystal samples dielectric and polarization studies it was 

shown [1] that relaxation of nonequilibrium dielectric permittivity (
kε ) above the ferroelec-

tric phase transition temperature (
cT 199.4 K) is associated with the ferroelectric domain 

boundaries (DB) detachment from the stoppers and the subsequent domain structure disap-

pearance in a incommensurate phase. There is a peak of dependence
xε (T) recorded during 

the test sample heating at 
cT temperature. It is noteworthy that in equilibrium conditions in 

the 
cT vicinity in FF there is a temperature-independent behavior of

kE obtained after dielec-

tric hysteresis loops processing measured at a frequency of 0.3 Hz. In [2] it is shown that 

k c 0E =E +E where
cE - the field strength due to losses occurring in the sample, and 

0E - the 

switching field strength. The field strength 
0E is a value that must be added to

cE for main-

taining almost full test sample monodomainisation. In equilibrium conditions in the 
cT vicini-

ty in FF 
0E tends to zero when 

cT approaching, and 
cE increases. It was suggested that in ul-

trapure crystals the value
cE associated with losses will not give a significant contribution to 

kE and
kE will be determined practically by the 

0E value, i.e.
kE will tend to zero when 

cT approaching, as follows from the thermodynamic representations [3].According to the 

Landau-Ginzburg-Devonshire theory, in the case of a uniaxial ferroelectric, it is possible to 

decompose the free energy 
cW into powers of a 

cP single component. The Landau-Ginzburg-

Devonshire theory use for quantitative estimates of the Rb2ZnCl4 crystal polarization proper-

ties measurements results is applicable if the free energy 
cW is decomposed by degrees of a 

single polarization component limited to terms up to the fourteenth degree [4]. Thus, we 

have: 2 4 6 8 10 12 14

c c c c c c c c c

1 1 1 1 1 1 1
W = aP + bP + cP + dP + eP fP + gP -EP

2 4 6 8 10 12 14
, where a, b, c, d, e, f, g - 

coefficients having a certain physical meaning [3], E – the electric field strength. In [4] the 

Rb2ZnCl4 crystal repolarization process under the harmonic electric field action with ampli-

tude higher than the intensity
kE was investigated by the harmonic analysis method.The cur-

rent density time dependence
xJ (t) which occurs in the sample under the harmonic field ac-

tion whose intensity is higher than the coercive has a complex periodic form. The harmonics 

xJ (t) study allowed to construct the sample unit volume electric energy 
cW dependence on 

the polarization 
cP measured in the dynamics, to determine the values of the coefficients a, b, 

c, d, e, f and g. In [1] it was shown that, if E are applied to Rb2ZnCl4 crystal samples in FF 

at isothermal exposure, then after E disconnection 
xε and

kE relaxation are observed. The 

field E influence on the sample leads to a 
kE decrease which confirms the DB releasing 

process from defects. After E  shutdown the reverse process occurs – the DB fixing defects 

process which reveals in an 
kE increase. 

In this paper the dielectric hysteresis loops temporal evolution after E exposure to the 

sample in the FF near 
cT  was studied in detail by harmonic analysis method. The dependence 
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c cW (P ) and expansion coefficients a, b, c, d, e, f, g time evolution is obtained.It is estab-

lished that there is a significant change of the dependence 
c cW (P ) potential relief shape dur-

ing relaxation. 
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The effect of cobalt concentration on the character of the reversive dependences of the dielec-

tric constant İ'(E=) in the Ba0.95Pb0.05TiO3 ferroelectric ceramics is studied. 
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Despite the huge number studies of the physical properties of ferroelectric materials 

based on barium titanate, interest in them continues unabated today. The study of the proper-

ties of modified barium titanate and their structure remains an urgent problem of  time stabil-

ity of electrophysical properties (aging) and in the process of cyclically changing loads (dura-

bility of work) and continues to attract the attention of developers of end products [1].  

In this study, the reversible dependence of the dielectric constant İ'(E=) in ferroelectric 

ceramics (1−x)Ba0.95Pb0.05TiO3+xCo2O3, obtained from high-purity oxides by the 2-step solid-

phase synthesis method with different content of the cobalt modifying additive was studied. 

The dielectric response measurements on plane-parallel samples of size S = 15 mm
2
 (covered

with silver electrodes) and thickness d = 0.5 mm were carried out by the bridge method device 

with a weak alternating field of frequency 1000 Hz and with a stepwise supply of constant 

bias field E= with a step 0.85 kV/cm. 

It was found that in the nominally pure composition Ba0.95Pb0.05TiO3, in addition to the 

maxima İ'(E=), corresponding to the coercive fields ±Ec, for some values of the bias field 

E=>±Ecat the increasing and decreasing of E=, the local minima of İƍ(E=) appears. These

minima of İƍ(E=) are most likely due to the effect of piezoelectric clamping of antiparallel

domains (Drougard – Young effect) [2]. The presence of cobalt into ferroelectric ceramics

leads to the fact that in the used interval E= local minima İƍ(E=) disappear. At the same time,

the diffusion of the maxima İ'(E=) in this region of Ec increases with a simultaneous increas-

ing the values Ec.

The behavior of İ'(E=) at room temperature for x = 0 and x = 0.5 (Figure) indicates that 

the curves are asymmetric with respect to E = 0, which is probably due to the preliminary po-

larization of the structural elements. 
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Figure. Reversive dependences of İƍ(ȿ=) in (1−x)Ba0.95Pb0.05TiO3+xCo2O3 

compounds (x = 0 and 0.5 wt%) at T = 25 ˚ɋ 

Increasing the cobalt content (Co>0.5 wt%) leads to a significant smearing of the max-

imum İƍ(ȿ=) at Ec, which agrees well with the behavior of temperature dependences İƍ(T) in 
the region of the ferroelectric phase transition [3]. There was found that modifying by admix-

ture of Co to change substantially the thermal anomalies of dielectric properties and shift the 

ferroelectric phase transition temperature. 

The nature of the dielectric response İ'(T) in (1−x)Ba0.95Pb0.05TiO3+xCo2O3 composi-

tions have shown that the phase transition at x>0.5 wt% becomes substantially diffused, and 

can be described in the framework of existing approaches to the relaxation of polarisation in 

ferroelectrics with diffuse phase transition. 

The obtained results are interpreted within the framework of the contribution of do-

main and phase boundaries to the processes of polarization and depolarization with different 

arrangement of the structure of the ferroelectric material under study. 

The authors are grateful to A. Kalvane for the synthesis of the samples. 
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Relaxation of the non-equilibrium domain structure of a ferroelectric crystal triglycine sulfate 

(TGS) rejuvenated by a short-term exposure in the paraelectric phase was studied in the temperature 
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range  ΔɌ = 1 
ɨɋ near the Curie point TC. The domain structure had been observed by means of AFM

technique. 

Keywords: triglycine sulfate, Curie point, non-equilibrium domain structure, relaxation, corre-

lation length, scaling. 

Relaxation of the non-equilibrium 180
0
-th domain structure  emergent at the ferroelec-

tric phase transition of the 2-nd order can be described using the ideas developed for the anal-

ysis of the ordering dynamics of two-phase systems described by the scalar order parameter 

[1]. 

In this paper, the relaxation of DS, visualized in ferroelectric crystal TGS by means of 

AFM technique in the temperature interval TC ˗ 1ɨɋ ≤ Ɍ < TC was investigated.  Before these

measurements, the aged samples were "rejuvenated" by exposure for 30 min at T = 60 ° C and 
as a result a fine striped domain structure [2] emerged initially in the ferroelectric phase just 

near TC. Over time the enlargement of the domain structure occurs. This process is rather 

complicated and involves the various stages of transformation of the domain pattern. 

Earlier studies were carried out, either by nematic liquid crystals for lenticular domain 

structure [3], or at a much greater distance from the TC [4]. 

A quantitative description of the evolution of two-phase systems is carried out usually 

using a space-time correlation function of the macroscopic order parameter K(r,t) = <Ș(r, t ) Ș 

(rƍ, t )>,  from which the characteristic length LC(t) can be determined.  According to [1], the 

dependences LC(t) are power-law: (t) , where α = 0,5 for the non-conserved or-

der parameter and α = 0,3 - for the conserved one. 

As a result of the studies was found the following: 

1) the characteristic length Lc increases with time according to the power law Lc(t) ~ t 
α

(Fig.1); the decrease of the absolute values of the exponent α  on the lowering of a tempera-

ture from TC in the temperature range under study is a consequence of the transition of the 

domain structure during its evolution from the non-conservative state to the conservative one; 

a)                                                                             b) 
Fig. 1. The time dependences of the characteristic length for pure TGS: a) at a temperature 

 along the crystallographic directions [001] and [100]; 

b) the same at a temperature

2) the correlation functions, presented for different time moments as dependences

, have near the temperature of ferroelectric phase transition the 

form  (for 0 ≤ x ≤ 2), which is the universal for ordering kinetics of two-

phase systems with scalar order parameter (Fig.2). 
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Fig. 2. Dependences for the time moments from 2 to 80 min for ΔɌC = 1 
ɨɋ, along

the crystallographic direction [001] 
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The influnce of weak static magnetic field on the nominally pure ferroelectric crystal tri-

glycine sulphate (TGS), which depends on the mutual orientation of the vectors of magnetic induction 

and  spontaneous polarization, leads to a long lasting and non-monotonic change of the dielectric per-

mittivity, the tangent of the dielectric loss angle, the coercive field and the spontaneous polarization of 

the crystal. 
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The effect of the magnetic field on ferroelectric crystals leads to certain changes in 

their electrophysical properties [1-3], but the insufficiently studied mechanisms of these phe-

nomena are currently unclear, that requires further research. 

In the present work  the influence of weak static magnetic field (permanent magnet, B 

= 0,3 T, exposure time 30 minutes) on the dielectric permittivity İ, the tangent of dielectric 

loss angle tg į, the coercive field, EC, the spontaneous polarization PS of nominally pure tri-

glycine sulfate ( TGS) - chemical formula (NH2CH2COOH)3•H2SO4 -uniaxial ferroelectric 

crystal with the model  second order ferroelectric phase transition at a temperature  TC = 49 
o
C

had been studied. 

Measurements of these parameters were carried out in the temperature range from 20 ° 
C to 47 ° C. The influence of the magnetic field on the value of the Curie temperature TC was 

also studied. 

The following regularities were established. 
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1) The magnetic effect is essentially anisotropic and depends on the mutual orientation

of the vectors B and PS : the effect is completely absent when the vectors B and PS are collin-

ear; it is most strongly expressed when B and PS are mutually orthogonal and the magnetic 

field is oriented along the crystal axis a. The effect is considerably weaker if the magnetic 

field is oriented along the crystal axis c.  

2) The temporal behavior of the studied parameters is non-monotonous after exposure

of the crystal in the magnetic field: after removal of the sample from the magnetic field a sig-

nificant increase of the values of İ, a small increase of the values of PS and a decrease of the

values of the EC take place initially. After about 30 hours these parameters reach their extreme 

values, and after that a long (tens of hours) restoration of their original values occurs (Figure). 

Figure. Temperature dependences of the dielectric permittivity İ: 1 – before placing

the sample in a magnetic field; 2 – through t = 0.5 h; 3 – through t =30 h; 4 – through t =168 h after

removal of the sample from the field 

3) At a simultaneous action on a crystal of magnetic field and of electric field E col-

linear to PS (E = 2EC) the observed effects are expressed more strongly in case of the ac elec-

tric field E~ , instead of dc field E= . 

The relaxation nature of the observed effects, as well as the influence of the electric 

field on them, may point to the participation of the charge and defect subsystems of the crystal 

and of its domain structure in the processes under study. 

References 

1. Golovin Yu. I. Magnetic Plasticity of Solids / Physics of the Solid State.- 2004.- Vol. 46.-

B. 5.- P. 769-803.

2. Levin, M. N., Postnikov V. V., Palagin, M. Y. The Influence of weak pulsed magnetic fields

on crystals of triglycine sulfate / Physics of the Solid State.- 2003.- Vol. 45.- B. 3.- P. 513-517. 

3. Yakushkin E. D. Dielectric response of a uniaxial ferroelectric in a magnetic field / JETP

Letters.- 2014.- Vol. 99.- B. 7.- P. 483-487. 

ɍȾɄ 538.9
ɋɂɇɌȿɁ ɌȿɄɋɌɍɊɂɊɈȼȺɇɇɕɏ ɉɅЁɇɈɄ LiNbO3
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ»

ȼ ɪɚɛɨɬɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɩɪɨɰɟɫɫɟ ȼɑɆɊ ɦɢɲɟɧɢ LiNbO3 ɧɚ ɧɟɩɨɞɨɝɪɟɜɚɟɦɨɣ ɩɨ-
ɜɟɪɯɧɨɫɬɢ NiSi/Si ɮɨɪɦɢɪɭɟɬɫɹ ɚɦɨɪɮɧɵɣ ɫɥɨɣ Li-Nb-O, ɤɨɬɨɪɵɣ ɜ ɩɪɨɰɟɫɫɟ ɌɈ ɩɪɢ 550°ɋ 
ɤɪɢɫɬɚɥɥɢɡɭɟɬɫɹ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɮɚɡɵ LiNbO3 ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɨɪɢɟɧɬɚɰɢɟɣ ɡɟɪɟɧ. ȼ ɩɪɨɰɟɫɫɟ 
ȼɑɆɊ ɦɢɲɟɧɢ LiNbO3 ɢ ɨɫɚɠɞɟɧɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ NiSi/Si ɩɪɢ 550°ɋ ɮɨɪɦɢɪɭɟɬɫɹ ɩɨɥɢɤɪɢ-
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ɫɬɚɥɥɢɱɟɫɤɚɹ ɩɥɟɧɤɚ, ɨɫɧɨɜɧɚɹ ɞɨɥɹ ɤɪɢɫɬɚɥɥɢɬɨɜ ɤɨɬɨɪɨɣ - ɮɚɡɚ LiNbO3; ɩɥɟɧɤɚ ɢɦɟɟɬ ɚɤɫɢ-
ɚɥɶɧɭɸ ɬɟɤɫɬɭɪɭ [000.1]. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɧɢɨɛɚɬ ɥɢɬɢɹ, ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɟ ɦɚɝɧɟɬɪɨɧɧɨɟ ɪɚɫɩɵɥɟɧɢɟ, ɫɬɪɭɤɬɭɪɚ.

Ƚɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɧɢɨɛɚɬɚ ɥɢɬɢɹ - ɷɥɟɦɟɧɬɧɚɹ ɛɚɡɚ ɫɨɜɪɟɦɟɧɧɨɣ ɷɥɟɤ-
ɬɪɨɧɢɤɢ ɢ ɨɩɬɨɷɥɟɤɬɪɨɧɢɤɢ. ɐɟɥɶ ɪɚɛɨɬɵ – ɨɩɪɟɞɟɥɟɧɢɟ ɭɫɥɨɜɢɣ ɧɚɧɟɫɟɧɢɹ ɬɟɤɫɬɭɪɢ-
ɪɨɜɚɧɧɵɯ ɩɥɟɧɨɤ ɧɢɨɛɚɬɚ ɥɢɬɢɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɩɥɚɫɬɢɧɵ Si.

Ⱦɥɹ ɪɟɲɟɧɢɹ ɞɚɧɧɨɣ ɡɚɞɚɱɢ ɩɟɪɜɨɧɚɱɚɥɶɧɨ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɷɩɢɬɚɤɫɢɚɥɶɧɵɟ 
ɩɥɟɧɤɢ NiSi ɧɚ (111) Si ɦɟɬɨɞɨɦ ɬɟɪɦɢɱɟɫɤɨɝɨ ɧɚɩɵɥɟɧɢɹ ɜ ɜɚɤɭɭɦɟ ɧɚ ɩɨɞɨɝɪɟɬɭɸ ɞɨ 
550°ɋ ɩɨɞɥɨɠɤɭ. ɂɫɯɨɞɧɵɟ ɬɨɧɤɢɟ ɩɥɟɧɤɢ Li-Nb-O ɬɨɥɳɢɧɨɣ ɨɬ 0,1 ɞɨ 0,2 ɦɤɦ ɧɚɧɨ-
ɫɢɥɢ ɜ ɩɪɨɰɟɫɫɟ ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɝɨ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ (ȼɑɆɊ) ɦɢɲɟɧɢ ɦɨɧɨ-
ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɧɢɨɛɚɬɚ ɥɢɬɢɹ ɧɚ ɩɨɞɨɝɪɟɜɚɟɦɭɸ (550°ɋ) ɢ ɧɟɩɨɞɨɝɪɟɜɚɟɦɭɸ ɩɥɚ-
ɫɬɢɧɭ ɤɪɟɦɧɢɹ ɫ ɩɨɞɫɥɨɟɦ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ ɫɢɥɢɰɢɞɚ ɧɢɤɟɥɹ (ɩɨɞɥɨɠɤɚ NiSi/Si), ɫɢɧɬɟ-
ɡɢɪɨɜɚɧɧɨɝɨ ɜ ɩɪɨɰɟɫɫɟ ɬɟɪɦɢɱɟɫɤɨɝɨ ɜɡɪɵɜɧɨɝɨ ɢɫɩɚɪɟɧɢɹ ɢ ɤɨɧɞɟɧɫɚɰɢɢ ɧɢɤɟɥɹ. Ɏɚ-
ɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɨɪɢɟɧɬɚɰɢɸ ɩɥɟɧɨɤ ɢɡɭɱɚɥɢ ɦɟɬɨɞɚɦɢ ɷɥɟɤɬɪɨɧɨɝɪɚɮɢɢ (ɗȽ-100Ɇ, ɦɟ-
ɬɨɞɢɤɚ «ɧɚ ɨɬɪɚɠɟɧɢɟ»). ɉɥɟɧɤɢ, ɧɚɧɟɫɟɧɧɵɟ ɛɟɡ ɧɚɝɪɟɜɚ ɩɨɞɥɨɠɤɢ, ɬɟɪɦɢɱɟɫɤɢ ɨɛɪɚ-
ɛɚɬɵɜɚɥɢ (ɌɈ) ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 550ºC ɜ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɟ ɜ ɬɟɱɟɧɢɟ 1 ɱɚɫɚ.

Ɋɢɫɭɧɨɤ. ɗɥɟɤɬɪɨɧɨɝɪɚɦɦɚ ɩɥɟɧɤɢ Li-Nb-O, ɧɚɧɟɫɟɧɧɨɣ ɜ ɩɪɨɰɟɫɫɟ ȼɑɆɊ 
ɧɚ ɩɨɞɨɝɪɟɜɚɟɦɭɸ ɞɨ 550 °ɋ ɩɨɞɥɨɠɤɭ NiSi/Si

ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɩɪɨɰɟɫɫɟ ȼɑɆɊ ɦɢɲɟɧɢ LiNbO3 ɧɚ ɧɟɩɨɞɨɝɪɟɜɚɟɦɨɣ ɩɨ-
ɜɟɪɯɧɨɫɬɢ NiSi/Si ɮɨɪɦɢɪɭɟɬɫɹ ɚɦɨɪɮɧɵɣ ɫɥɨɣ Li-Nb-O, ɤɨɬɨɪɵɣ ɜ ɩɪɨɰɟɫɫɟ ɌɈ ɩɪɢ 
550°ɋ ɤɪɢɫɬɚɥɥɢɡɭɟɬɫɹ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɮɚɡɵ LiNbO3 ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɨɪɢɟɧɬɚɰɢɟɣ ɡɟ-
ɪɟɧ.

ȼ ɩɪɨɰɟɫɫɟ ȼɑɆɊ ɦɢɲɟɧɢ LiNbO3 ɢ ɨɫɚɠɞɟɧɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ NiSi/Si ɩɪɢ 550
°ɋ ɮɨɪɦɢɪɭɟɬɫɹ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɩɥɟɧɤɚ, ɨɫɧɨɜɧɚɹ ɞɨɥɹ ɤɪɢɫɬɚɥɥɢɬɨɜ ɤɨɬɨɪɨɣ -

ɮɚɡɚ LiNbO3; ɩɥɟɧɤɚ ɢɦɟɟɬ ɚɤɫɢɚɥɶɧɭɸ ɬɟɤɫɬɭɪɭ [000.1]. 
Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (ɩɪɨɟɤɬ № 18-29-11062

ɦɤ).
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ɇɚ ɱɚɫɬɨɬɚɯ ɨɬ 500 Ƚɰ ɞɨ 1 ɆȽɰ ɢɡɦɟɪɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɜ ɛɟɫɫɜɢɧɰɨɜɨɣ 
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ɫɟɝɧɟɬɨɤɟɪɚɦɢɤɟ BiNi0.67Sb0.33O3. Ɇɚɤɫɢɦɭɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɢɦɟɟɬ ɪɟɥɚɤɫɚɰɢɨɧɧɭɸ 
ɩɪɢɪɨɞɭ, ɫɜɹɡɚɧɧɭɸ ɫ ɤɢɫɥɨɪɨɞɧɵɦɢ ɜɚɤɚɧɫɢɹɦɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɛɟɫɫɜɢɧɰɨɜɚɹ ɫɟɝɧɟɬɨɤɟɪɚɦɢɤɚ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ, 
ɤɢɫɥɨɪɨɞɧɵɟ ɜɚɤɚɧɫɢɢ. 

ɇɚ ɪɚɡɧɵɯ ɱɚɫɬɨɬɚɯ ɢɡɦɟɪɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ tg ɜ ɨɛɪɚɡɰɚɯ ɛɟɫɫɜɢɧɰɨɜɨɣ 
ɫɟɝɧɟɬɨɤɟɪɚɦɢɤɢ BiNi0.67Sb0.33O3.  

ɉɪɨɜɨɞɹ ɚɧɚɥɢɡ ɡɚɜɢɫɢɦɨɫɬɟɣ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɯɨɞɟ ɷɤɫɩɟɪɢɦɟɧɬɚ, ɦɨɠɧɨ ɜɵɞɟ-
ɥɢɬɶ ɪɹɞ ɨɫɨɛɟɧɧɨɫɬɟɣ ɩɨɜɟɞɟɧɢɹ ɤɪɢɜɵɯ. ɇɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɬɚɧɝɟɧɫɚ ɭɝ-
ɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɜɛɥɢɡɢ 360 K ɨɛɧɚɪɭɠɢɜɚɟɬɫɹ ɹɪɤɨ ɜɵɪɚɠɟɧɧɵɣ ɲɢɪɨɤɢɣ 
ɩɢɤ, ɫɦɟɳɚɸɳɢɣɫɹ ɜɜɟɪɯ ɩɨ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɲɤɚɥɟ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɱɚɫɬɨɬɵ ɨɬ 0,5 ɤȽɰ 
ɞɨ 1 ɆȽɰ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɟɝɨ ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ ɩɪɢɪɨɞɟ. ɇɚ ɡɚɜɢɫɢɦɨɫɬɹɯ İ’(Ɍ) 
ɹɜɧɨ ɜɵɪɚɠɟɧɧɵɯ ɦɚɤɫɢɦɭɦɨɜ ɧɟɬ, ɧɨ ɩɪɢɫɭɬɫɬɜɭɟɬ ɢɡɥɨɦ, ɤɨɬɨɪɵɣ ɚɧɚɥɨɝɢɱɧɵɦ ɨɛ-
ɪɚɡɨɦ ɡɚɜɢɫɢɬ ɨɬ ɱɚɫɬɨɬɵ. 

ɉɟɪɟɫɬɪɨɣɤɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ Ĳ ɜ ɤɨɨɪɞɢɧɚɬɚɯ 
lnĲ(1/T) ɞɚёɬ ɥɢɧɟɣɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ. ɉɨ ɬɚɧɝɟɧɫɭ ɭɝɥɚ ɧɚɤɥɨɧɚ ɩɪɹɦɨɣ ɪɚɫɫɱɢɬɚɧɨ ɡɧɚ-
ɱɟɧɢɟ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɪɟɥɚɤɫɚɰɢɨɧɧɨɝɨ ɩɪɨɰɟɫɫɚ ȿɚ ≈ 0,81 ɷȼ. ɉɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ 
ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɛɥɢɡɤɨ ɤ ɷɧɟɪɝɢɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ ɢ ɬɨɱɟɱɧɵɯ ɞɟ-
ɮɟɤɬɨɜ (ɜɚɤɚɧɫɢɹɦɢ ɩɨ ɤɢɫɥɨɪɨɞɭ) ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɯ ɢɦɟɸɳɢɯ ɫɬɪɭɤɬɭɪɭ ɩɟɪɨɜɫɤɢ-
ɬɚ [1]. Ⱦɥɹ ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɝɢɩɨɬɟɡɵ, ɱɬɨ ɢɡɭɱɚɟɦɵɣ ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ ɫɜɹɡɚɧ ɫ 
ɤɢɫɥɨɪɨɞɧɵɦɢ ɜɚɤɚɧɫɢɹɦɢ ɛɵɥ ɩɪɨɜɟɞɟɧ ɨɬɠɢɝ ɨɛɪɚɡɰɨɜ BiNi0.67Sb0.33O3 ɜ ɜɨɫɫɬɚɧɨɜɢ-
ɬɟɥɶɧɨɣ ɫɪɟɞɟ ɭɝɥɟɪɨɞɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 600 °ɋ ɜ ɬɟɱɟɧɢɟ 48 ɱɚɫɨɜ ɢ ɢɡɦɟɪɟɧɵ ɬɟɦɩɟ-
ɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɧɚ ɱɚɫɬɨɬɟ 1 ɤȽɰ. ȼɵɫɨɬɚ 
ɩɢɤɚ ɩɨɫɥɟ ɨɬɠɢɝɚ ɡɧɚɱɢɬɟɥɶɧɨ ɭɜɟɥɢɱɢɥɚɫɶ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɪɨɫɬɨɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɬɨ-
ɱɟɱɧɵɯ ɞɟɮɟɤɬɨɜ, ɩɨɷɬɨɦɭ ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ ɜ 
BiNi0.67Sb0.33O3 ɫɜɹɡɚɧ ɫ ɤɢɫɥɨɪɨɞɧɵɦɢ ɜɚɤɚɧɫɢɹɦɢ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Gridnev S.A. // Ferroelectrics. 2002. V. 266. P. 171–209.
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4ȼɟɞɭɳɢɣ ɢɧɠɟɧɟɪ, mad_nik@bk.ru 
5Ⱥɫɩɩɢɪɚɧɬ, fdashoor77@mail.ru 

1,2,4,5ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 
3ȼɨɪɨɧɟɠɫɤɢɣ ɢɧɫɬɢɬɭɬ – ɮɢɥɢɚɥ ɎȽȻɈɍ ȼɈ ɂɉɋȺ Ƚɉɋ Ɇɑɋ Ɋɨɫɫɢɢ 

ɉɪɨɜɟɞɟɧ ɫɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɨɛɪɚɡɰɨɜ 
ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ SrTiO3: ɩɪɨɢɡɜɟɞɟɧɧɨɝɨ ɮɢɪɦɨɣ «Sigma Aldrich» ɢ ɩɨɥɭɱɟɧɧɨɝɨ ɩɭɬɟɦ 
ɩɟɪɟɦɚɥɵɜɚɧɢɹ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɜ ɩɥɚɧɟɬɚɪɧɨɣ ɦɟɥɶɧɢɰɟ. 
ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɟɪɜɵɣ ɨɛɪɚɡɟɰ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɫɜɨɣɫɬɜɚ ɤɜɚɧɬɨɜɨɝɨ ɩɚɪɚɷɥɟɤɬɪɢɤɚ, ɬɨɝɞɚ ɤɚɤ 
ɜɬɨɪɨɣ, ɦɨɠɟɬ ɛɵɬɶ ɢɞɟɧɬɢɮɢɰɢɪɨɜɚɧ ɤɚɤ ɪɟɥɚɤɫɨɪɧɵɣ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɣ ɦɚɬɟɪɢɚɥ, ɤɜɚɧɬɨɜɵɣ ɩɚɪɚɷɥɟɤɬɪɢɤ, 
ɪɟɥɚɤɫɨɪɧɵɣ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ. 

Ɍɢɬɚɧɚɬ ɫɬɪɨɧɰɢɹ – ɦɨɞɟɥɶɧɵɣ ɤɜɚɧɬɨɜɵɣ ɩɚɪɚɷɥɟɤɬɪɢɤ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɩɟɪɨɜ-
ɫɤɢɬɚ, ɜ ɤɨɬɨɪɨɦ «ɨɠɢɞɚɟɦɵɣ» ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ ɧɟ ɪɟɚɥɢɡɭɟɬɫɹ 
ɜɫɥɟɞɫɬɜɢɟ ɫɢɥɶɧɵɯ ɤɜɚɧɬɨɜɵɯ ɮɥɭɤɬɭɚɰɢɣ [1]. ȼɦɟɫɬɟ ɫ ɬɟɦ, ɞɨɩɢɪɨɜɚɧɢɟ ɦɚɬɟɪɢɚɥɚ 
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ɧɟɤɨɬɨɪɵɦɢ ɩɪɢɦɟɫɧɵɦɢ ɚɬɨɦɚɦɢ ɩɨɞɚɜɥɹɟɬ ɷɬɢ ɮɥɭɤɬɭɚɰɢɢ, ɛɥɚɝɨɞɚɪɹ ɱɟɦɭ ɜ SrTiO3 

ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɛɪɚɡɭɟɬɫɹ ɩɨɥɹɪɧɚɹ ɮɚɡɚ.  
ȼɜɟɞɟɧɧɵɟ ɜ ɧɟɛɨɥɶɲɨɦ ɤɨɥɢɱɟɫɬɜɟ ɩɪɢɦɟɫɧɵɟ ɚɬɨɦɵ, ɩɨ ɫɭɬɢ, ɹɜɥɹɸɬɫɹ ɞɟ-

ɮɟɤɬɚɦɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɧɬɟɪɟɫ ɜɵɹɫɧɢɬɶ, ɦɨ-
ɠɟɬ ɥɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɮɚɡɚ ɩɨɹɜɢɬɶɫɹ ɜ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ SrTiO3, ɝɞɟ ɛɨɥɶ-
ɲɚɹ ɭɞɟɥɶɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɶɧɨ ɦɨɠɟɬ ɩɨɞɚɜɢɬɶ ɤɜɚɧɬɨɜɵɟ ɮɥɭɤɬɭɚɰɢɢ ɢ ɫɬɚ-
ɛɢɥɢɡɢɪɨɜɚɬɶ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɭɸ ɮɚɡɭ. ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɫɬɚɥɚ ɷɤɫɩɟɪɢɦɟɧ-
ɬɚɥɶɧɚɹ ɩɪɨɜɟɪɤɚ ɷɬɨɝɨ ɩɪɟɞɩɨɥɨɠɟɧɢɹ.  

Ⱦɥɹ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɨɦ SrTiO3 

ɭɞɨɛɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɦɟɬɨɞɨɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɱɭɜɫɬɜɢɬɟɥɶɧɨɣ ɤ 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɮɚɡɨɜɨɦɭ ɩɟɪɟɯɨɞɭ. 

ȼ ɷɤɫɩɟɪɢɦɟɧɬɟ ɢɫɩɨɥɶɡɨɜɚɥɢ ɨɛɪɚɡɰɵ ɜ ɜɢɞɟ ɬɚɛɥɟɬɨɤ ɞɢɚɦɟɬɪɨɦ ɨɤɨɥɨ 1 ɫɦ ɢ 
ɬɨɥɳɢɧɨɣ – 1 ɦɦ, ɧɚ ɛɨɥɶɲɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɬɨɪɵɯ ɛɵɥɢ ɧɚɧɟɫɟɧɵ ɫɟɪɟɛɪɹɧɵɟ ɷɥɟɤ-
ɬɪɨɞɵ. Ɍɚɛɥɟɬɤɢ ɮɨɪɦɢɪɨɜɚɥɢ ɢɡ ɩɨɪɨɲɤɚ ɬɢɬɚɧɚɬɚ ɫɬɪɨɧɰɢɹ, ɩɪɨɢɡɜɟɞɟɧɧɨɝɨ ɮɢɪɦɨɣ 
«Sigma Aldrich» (ɨɛɪɚɡɟɰ №1) ɢ ɩɨɪɨɲɤɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɩɭɬɟɦ ɩɟɪɟɦɚɥɵɜɚɧɢɹ, ɩɪɟɞɜɚ-
ɪɢɬɟɥɶɧɨ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ SrTiO3 ɜ ɩɥɚɧɟɬɚɪɧɨɣ ɦɟɥɶɧɢɰɟ (ɨɛɪɚɡɟɰ №2). Ⱦɢɚɦɟɬɪ ɱɚ-
ɫɬɢɰ ɜ ɨɛɨɢɯ ɫɥɭɱɚɹɯ ɫɨɫɬɚɜɥɹɥ ɨɤɨɥɨ 100 ɧɦ. ɂɡɦɟɪɟɧɢɹ ɩɪɨɜɨɞɢɥɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɢɡɦɟɪɢɬɟɥɹ ɢɦɦɢɬɚɧɫɚ ȿ7-20 ɧɚ ɱɚɫɬɨɬɚɯ 25 Ƚɰ – 1 ɆȽɰ ɢ ɫɭɯɨɝɨ ɝɟɥɢɟɜɨɝɨ ɤɪɢɨɫɬɚɬɚ 
Janis Heliy Cryodyne CCS-350S ɜ ɪɟɠɢɦɟ ɦɟɞɥɟɧɧɨɝɨ ɧɚɝɪɟɜɚ.  

ɉɨɥɭɱɟɧɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ  
ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ.  

ȼɢɞ ɤɪɢɜɨɣ İ(Ɍ) ɞɥɹ ɨɛɪɚɡɰɚ №1 ɚɧɚɥɨɝɢɱɟɧ ɬɨɦɭ, ɱɬɨ ɧɚɛɥɸɞɚɟɬɫɹ ɞɥɹ ɨɛɴɟɦɧɨ-
ɝɨ ɬɢɬɚɧɚɬɚ ɫɬɪɨɧɰɢɹ. Ɉɬɫɭɬɫɬɜɢɟ ɦɚɤɫɢɦɭɦɚ ɧɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɝɨɜɨɪɢɬ ɨɛ ɨɬɫɭɬɫɬɜɢɢ ɩɟɪɟɯɨɞɚ ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɭɸ ɮɚ-
ɡɭ, ɩɨ ɤɪɚɣɧɟɣ ɦɟɪɟ, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɜɵɲɟ 10 Ʉ. 

ȼ ɫɥɭɱɚɟ ɨɛɪɚɡɰɚ №2 ɧɚ ɡɚɜɢɫɢɦɨɫɬɢ İ(Ɍ) ɜ ɨɤɪɟɫɬɧɨɫɬɹɯ 40 Ʉ ɧɚɛɥɸɞɚɟɬɫɹ ɪɚɡ-
ɦɵɬɵɣ ɦɚɤɫɢɦɭɦ (ɪɢɫ. 2ɚ), ɛɥɢɡɢ ɤɨɬɨɪɨɝɨ ɢɦɟɟɬ ɦɟɫɬɨ ɫɢɥɶɧɚɹ ɞɢɫɩɟɪɫɢɹ ɞɢɷɥɟɤɬɪɢ-
ɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ. Ɍɟɦɩɟɪɚɬɭɪɚ ɦɚɤɫɢɦɭɦɚ İ - Ɍm ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɱɚɫɬɨɬɵ ɢɡɦɟ-
ɪɢɬɟɥɶɧɨɝɨ ɩɨɥɹ ɢ ɫɦɟɳɚɟɬɫɹ ɜɜɟɪɯ ɩɨ ɦɟɪɟ ɟɟ ɩɨɜɵɲɟɧɢɹ, ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɪɟɥɚɤɫɚ-
ɰɢɨɧɧɭɸ ɩɪɢɪɨɞɭ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɚɧɨɦɚɥɢɢ.  
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Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ İ ɞɥɹ ɨɛɪɚɡɰɚ №1 ɧɚ ɱɚɫɬɨɬɟ 10 ɤȽɰ (ɚ) ɢ ɨɛɪɚɡɰɚ №2 (b) 

ɧɚ ɱɚɫɬɨɬɚɯ 0,025 (1), 0,120 (2), 1 (3) ɢ 5 (4), 10 (5), 50 (6), 100 (7), 200 (8) ɢ 500 (9) ɤȽɰ 

Ⱥɧɚɥɢɡ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɩɨɤɚɡɚɥ, ɱɬɨ ɧɚɛɥɸɞɚɟɦɚɹ ɜ ɨɤɪɟɫɬɧɨɫɬɹɯ Ɍm ɪɟ-
ɥɚɤɫɚɰɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɪɚɡɦɵɬɵɦ ɫɩɟɤɬɪɨɦ ɜɪɟɦɟɧ 
ɪɟɥɚɤɫɚɰɢɢ, ɡɚɦɟɬɧɨ ɪɚɫɲɢɪɹɸɳɢɦɫɹ ɩɨ ɦɟɪɟ ɩɨɧɢɠɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ. Ɍɚɤɨɟ ɩɨɜɟɞɟ-
ɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ ɪɟɥɚɤɫɨɪɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ.  

Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨɡɜɨɥɹɸɬ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ. 

̌) 
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1. ɇɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɣ ɬɢɬɚɧɚɬ ɫɬɪɨɧɰɢɹ ɩɪɨɢɡɜɟɞɟɧɧɵɣ ɮɢɪɦɨɣ «Sigma Al-

drich» ɩɨ ɝɢɞɪɨɬɟɦɚɥɶɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɫɜɨɣɫɬɜɚ ɤɜɚɧɬɨɜɨɝɨ ɩɚɪɚɷɥɟɤ-
ɬɪɢɤɚ. 

2. Ⱦɟɮɟɤɬɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ, ɨɛɪɚɡɨɜɚɜɲɢɟɫɹ ɜ ɯɨɞɟ ɩɟɪɟɦɚɥɵɜɚɧɢɹ
SrTiO3 ɞɨ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɨɛɭɫɥɨɜɥɢɜɚɸɬ ɩɟɪɟɯɨɞ ɦɚɬɟɪɢɚɥɚ ɜ ɪɟ-
ɥɚɤɫɨɪɧɨɟ ɫɨɫɬɨɹɧɢɟ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ. 

3. ɇɚɛɥɸɞɚɟɦɵɣ ɜɛɥɢɡɢ Ɍm ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɲɢɪɨɤɢɦ
ɫɩɟɤɬɪɨɦ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ. 

Ⱦɚɧɧɚɹ ɪɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (Ƚɪɚɧɬ № 18-52-00039 Ȼɟɥ_ɚ). 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Ɏɢɡɢɤɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɹɜɥɟɧɢɣ / Ƚ.Ⱥ. ɋɦɨɥɟɧɫɤɢɣ, ȼ.Ⱥ. Ȼɨɤɨɜ ȼ.Ⱥ. ɂɫɭɩɨɜ ɢ
ɞɪ.; ɩɨɞ ɪɟɞ. Ƚ.Ⱥ. ɋɦɨɥɟɧɫɤɨɝɨ. – Ʌ.: ɇɚɭɤɚ, - 1985. – 476 ɫ. 

ɍȾɄ 538.9 

ɊȿɌȺɊȾȺɐɂə ɉɈɅəɊɂɁȺɐɂɂ ȼ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɑȿɋɄɈɃ ɎȺɁȿ 
ȾɂȽɂȾɊɈɎɈɋɎȺɌȺ ɄȺɅɂə 

 Ʌ.ɇ. Ʉɨɪɨɬɤɨɜ1, Ɍ.ɇ. Ʉɨɪɨɬɤɨɜɚ2
 

1Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, l_korotkov@mail.ru 
2Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, tn_korotkova@mail.ru 

1ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 
2ȼɨɪɨɧɟɠɫɤɢɣ ɢɧɫɬɢɬɭɬ ɆȼȾ ɊɎ 

ɉɪɨɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɪɟɦɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ 
ɩɨɥɹɪɢɡɚɰɢɢ ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɟ ɦɨɧɨɤɪɢɫɬɚɥɥɚ KH2PO4 ɜ ɫɥɚɛɨɦ ɩɨɫɬɨɹɧɧɨɦ 
ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɩɨɥɟ. Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨɟ ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ  ɧɟɦɨɧɨɬɨɧɧɨ ɡɚɜɢɫɢɦ ɨɬ 
ɬɟɦɩɟɪɚɬɭɪɵ. ȼɛɥɢɡɢ 117 Ʉ ɡɚɜɢɫɢɦɨɫɬɶ (Ɍ) ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɦɚɤɫɢɦɭɦ, ɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 
ɧɢɠɟ 90 Ʉ ɧɚɛɥɸɞɚɟɬɫɹ ɫɢɥɶɧɨɟ ɜɨɡɪɚɫɬɚɧɢɟ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɩɪɨɰɟɫɫɚɦɢ ɜ 
ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɟ ɤɪɢɫɬɚɥɥɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɪɟɦɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɥɹɪɢɡɚɰɢɢ, ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ, ɞɨɦɟɧɧɚɹ 
ɫɬɪɭɤɬɭɪɚ. Ɂɚɤɨɧ Ɏɨɝɟɥɹ - Ɏɭɥɱɟɪɚ. 

Ⱦɢɝɢɞɪɨɮɨɫɮɚɬ ɤɚɥɢɹ (KH2PO4 – ɚɛɛɪɟɜɢɚɬɭɪɚ KDP) ɩɪɟɬɟɪɩɟɜɚɟɬ ɩɟɪɟɯɨɞ ɜ ɩɨ-
ɥɹɪɧɭɸ ɮɚɡɭ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ Ɍɋ  122 Ʉ. ɂɡ ɥɢɬɟɪɚɬɭɪɵ ɢɡɜɟɫɬɧɨ [1], ɱɬɨ ɧɢɠɟ Ɍɋ ɜ 
ɤɪɢɫɬɚɥɥɟ ɜɨɡɧɢɤɚɟɬ ɩɨɞɜɢɠɧɚɹ ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɨɛɭɫɥɨɜɥɢɜɚɸɳɚɹ ɜɵɫɨɤɭɸ ɞɢ-
ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɤɪɢɫɬɚɥɥɚ. Ɉɤɨɥɨ 100 Ʉ ɩɨɞɜɢɠɧɨɫɬɶ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ 
ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɠɚɟɬɫɹ. Ɉɛ ɷɬɨɦ, ɜ ɱɚɫɬɧɨɫɬɢ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɪɟɡɭɥɶɬɚɬɵ ɦɧɨɝɨɱɢɫ-
ɥɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɤɪɢɫɬɚɥɥɚ, ɩɪɨɜɟɞɟɧɧɵɟ ɜ ɢɧɬɟɪɜɚɥɟ 
ɱɚɫɬɨɬ 10-2
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 Ƚɰ.

ȼɦɟɫɬɟ ɫ ɬɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɤɚɫɚɬɟɥɶɧɨ ɞɢɧɚɦɢɤɢ ɩɨɥɹɪɢɡɚɰɢɢ 
ɤɪɢɫɬɚɥɥɚ ɜ ɦɚɥɨɦ ɩɨɫɬɨɹɧɧɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɩɨɥɟ ɩɪɚɤɬɢɱɟɫɤɢ ɨɬɫɭɬɫɬɜɭɸɬ.  

ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɫɬɚɥɨ ɢɡɭɱɟɧɢɟ ɪɟɬɚɪɞɚɰɢɢ ɩɨɥɹɪɢɡɚɰɢɢ ɜ 
ɤɪɢɫɬɚɥɥɟ KDP ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 80 – 125 Ʉ ɩɪɢ ɩɨɞɚɱɟ ɫɥɚɛɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɩɨɥɹ.  

Ⱦɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɥɢ ɨɛɪɚɡɰɵ ɫ ɪɚɡɦɟɪɚɦɢ 10ɯ10ɯ1 ɦɦ, ɜɵɪɟɡɚɧɧɵɟ 
ɢɡ ɦɨɧɨɤɪɢɫɬɚɥɥɚ KDP, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɛɨɥɶɲɢɟ ɢɯ ɝɪɚɧɢ ɛɵɥɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɵ 
ɩɨɥɹɪɧɨɣ ɨɫɢ z. ɇɚ ɛɨɥɶɲɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɦɟɬɨɞɨɦ ɬɟɪɦɢɱɟɫɤɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɜ ɜɚɤɭɭɦɟ 
ɛɵɥɢ ɧɚɧɟɫɟɧɵ ɫɟɪɟɛɪɹɧɵɟ ɷɥɟɤɬɪɨɞɵ. Ɉɛɪɚɡɰɵ ɩɨɦɟɳɚɥɢ ɜ ɤɪɢɨɫɬɚɬ, ɝɞɟ ɬɟɦɩɟɪɚɬɭɪɚ 
ɢɡɦɟɧɹɥɚɫɶ ɜ ɩɪɟɞɟɥɚɯ 80 – 300 Ʉ ɢ ɤɨɧɬɪɨɥɢɪɨɜɚɥɚɫɶ ɫ ɩɨɝɪɟɲɧɨɫɬɶɸ  0,1 Ʉ.  

ɋɤɚɱɤɨɨɛɪɚɡɧɨɟ ɧɚɩɪɹɠɟɧɢɟ 1 – 10 ȼ ɩɨɞɚɜɚɥɢ ɧɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɨɯɥɚɠɞɟɧɧɵɣ 
ɞɨ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɨɛɪɚɡɟɰ. ɉɨɥɹɪɢɡɚɰɢɸ ɨɛɪɚɡɰɚ (P) ɢɡɦɟɪɹɥɢ ɜ ɪɟɠɢɦɟ ɬɟɪɦɨ-
ɫɬɚɛɢɥɢɡɚɰɢɢ ɫ ɩɨɦɨɳɶɸ ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɜɨɥɶɬɦɟɬɪɚ ȼ7-30 ɢ ɷɬɚɥɨɧɧɨɝɨ ɤɨɧɞɟɧ-
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ɫɚɬɨɪɚ ɟɦɤɨɫɬɶɸ 4 ɦɤɎ. ȼɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɥɹɪɢɡɚɰɢɢ ɡɚɩɢɫɵɜɚɥɢ ɫ ɩɨɦɨɳɶɸ 
ɞɜɭɯɤɨɨɪɞɢɧɚɬɧɨɝɨ ɫɚɦɨɩɢɫɰɚ.

ɉɨɥɭɱɟɧɧɵɟ ɜɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɥɹɪɢɡɚɰɢɢ ɦɨɝɭɬ ɛɵɬɶ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶ-
ɧɨ ɨɩɢɫɚɧɵ ɫɨɨɬɧɨɲɟɧɢɟɦ ɜɢɞɚ:

P(t) = P0[1-exp(-t/)],     (1)

ɝɞɟ P0 = P(t),  - ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ,  - ɩɚɪɚɦɟɬɪ, ɩɪɢɧɢɦɚɸɳɢɣ ɡɧɚɱɟɧɢɟ ɨɬ 0 ɞɨ 
3.  

ɉɨɥɭɱɟɧɧɚɹ ɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɬɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ 
ɪɟɥɚɤɫɚɰɢɢ ɢɡɨɛɪɚɠɟɧɚ ɧɚ ɪɢɫ.

80 90 100 110 120
0,0

0,1

0,2

0,3

0,4

0,5

T,K

ɫ

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ 

Ɉɧɚ ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɦɚɤɫɢɦɭɦ ɜ ɨɤɪɟɫɬɧɨɫɬɹɯ 117 Ʉ, ɧɢɠɟ ɤɨɬɨɪɨɝɨ ɜ ɢɧɬɟɪɜɚɥɟ 
ɬɟɦɩɟɪɚɬɭɪ 95 -110 ɜɪɟɦɹ  ɫɥɚɛɨ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. ɇɢɠɟ 90 Ʉ ɧɚɛɥɸɞɚɟɬɫɹ 
ɫɢɥɶɧɵɣ ɪɨɫɬ  ɩɨ ɦɟɪɟ ɩɨɧɢɠɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ, ɤɨɬɨɪɵɣ ɦɨɠɟɬ ɛɵɬɶ ɭɞɨɜɥɟɬɜɨɪɢ-
ɬɟɥɶɧɨ ɨɩɢɫɚɧ ɷɦɩɢɪɢɱɟɫɤɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ Ɏɨɝɟɥɹ - Ɏɭɥɱɟɪɚ:  

 = 0exp[U/k(T-T0)],    (2) 

ɝɞɟ 0 – ɜɪɟɦɹ, ɩɪɢɯɨɞɹɳɟɟɫɹ ɧɚ ɨɞɧɭ ɩɨɩɵɬɤɭ ɩɪɟɨɞɨɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ U,

k – ɩɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚɧɚ, T0 – ɬɟɦɩɟɪɚɬɭɪɚ Ɏɨɝɟɥɹ – Ɏɭɥɱɟɪɚ. ȼ ɫɥɭɱɚɟ ɢɫɫɥɟɞɭɟɦɨɝɨ 
ɤɪɢɫɬɚɥɥɚ KDP ɬɟɦɩɟɪɚɬɭɪɚ T0  83 Ʉ.

ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɨɛɫɭɠɞɚɸɬɫɹ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ, 
ɩɪɟɞɭɫɦɚɬɪɢɜɚɸɳɟɣ ɫɩɨɧɬɚɧɧɭɸ ɩɟɪɟɫɬɪɨɣɤɭ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɤɪɢɫɬɚɥɥɚ.

Ʌɢɬɟɪɚɬɭɪɚ
1. ɋɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɤɪɢɫɬɚɥɥɵ ɝɪɭɩɩɵ KH2PO4. / ɋ.Ⱥ. Ƚɪɢɞɧɟɜ, Ʌ.ɇ. Ʉɚɦɵɲɟɜɚ,

Ⱥ.ɋ. ɋɢɞɨɪɤɢɧ, ɩɨɞ ɪɟɞ. ɋ.Ⱥ. Ƚɪɢɞɧɟɜɚ. ȼɨɪɨɧɟɠ: ȼɉɂ, 1981. 116 ɫ.

ɍȾɄ 538.911

ɗɄɁɈɌɂɑȿɋɄɂȿ ɋɌɊɍɄɌɍɊȺ ɂ ɗɅȿɄɌɊɈɇɇɕȿ ɋȼɈɃɋɌȼȺ 
ȼȺɄȺɇɋɂɂ ɌɂɌȺɇȺ ȼ ɇȺɇɈɉɅȺɋɌɂɇɄȺɏ TiO2

Ⱥ.ɂ. Ʌɟɛɟɞɟɜ
Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, swan@scon155.phys.msu.ru

Ɇɨɫɤɨɜɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦ. Ɇ.ȼ. Ʌɨɦɨɧɨɫɨɜɚ

ȼɚɤɚɧɫɢɢ ɬɢɬɚɧɚ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɨɤɨɥɨ 9% ɜɫɟɝɞɚ ɧɟɢɡɛɟɠɧɨ ɩɪɢɫɭɬɫɬɜɭɸɬ ɜ ɧɚɧɨɩɥɚ-
ɫɬɢɧɤɚɯ ɞɜɭɨɤɢɫɢ ɬɢɬɚɧɚ ɫ ɬɨɥɳɢɧɨɣ ɜ ɨɞɢɧ ɦɨɧɨɫɥɨɣ. ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɨ-
ɪɟɬɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ ɝɟɨɦɟɬɪɢɢ ɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ ɜɚɤɚɧɫɢɢ ɬɢɬɚɧɚ. Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɩɟ-
ɪɟɧɨɫ ɷɥɟɤɬɪɨɧɨɜ ɫ ɜɧɟɲɧɢɯ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɧɚɧɨɩɥɚɫɬɢɧɤɟ ɚɬɨɦɨɜ ɢɥɢ ɦɨɥɟɤɭɥ ɧɚ ɧɚɧɨɩɥɚ-
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ɫɬɢɧɤɭ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɨɣ ɩɟɪɟɫɬɪɨɣɤɟ ɝɟɨɦɟɬɪɢɢ ɞɟɮɟɤɬɚ ɢ ɧɟɦɨɧɨɬɨɧɧɨɦɭ ɢɡɦɟɧɟɧɢɸ 
ɩɨɥɨɠɟɧɢɹ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɜ ɫɢɫɬɟɦɟ. ɗɬɢ ɫɜɨɣɫɬɜɚ ɞɟɮɟɤɬɨɜ ɨɩɪɟɞɟɥɹɸɬ ɫɬɚɬɢɱɟɫɤɢɣ ɨɬɪɢɰɚ-
ɬɟɥɶɧɵɣ ɡɚɪɹɞ, ɤɨɬɨɪɵɣ ɨɧɢ ɩɪɨɹɜɥɹɸɬ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ. Ɉɛɴɹɫɧɟɧɨ, ɩɨɱɟɦɭ ɞɟɮɟɤɬɵ ɫ ɩɨɞɨɛ-
ɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɬɨɥɶɤɨ ɜ ɤɜɚɡɢɞɜɭɦɟɪɧɵɯ ɫɢɫɬɟɦɚɯ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɜɭɨɤɢɫɶ ɬɢɬɚɧɚ, ɧɚɧɨɩɥɚɫɬɢɧɤɢ, ɜɚɤɚɧɫɢɢ, ɪɚɫɱɟɬɵ ɢɡ ɩɟɪɜɵɯ ɩɪɢɧ-
ɰɢɩɨɜ. 

ɇɚɧɨɩɥɚɫɬɢɧɤɢ ɢɡ ɞɜɭɨɤɢɫɢ ɬɢɬɚɧɚ TiO2 ɬɨɥɳɢɧɨɣ ɜ ɨɞɢɧ ɦɨɧɨɫɥɨɣ ɜ ɩɨɫɥɟɞɧɟɟ 
ɜɪɟɦɹ ɫɬɚɥɢ ɨɛɴɟɤɬɨɦ ɡɧɚɱɢɬɟɥɶɧɨɝɨ ɜɧɢɦɚɧɢɹ ɜ ɫɜɹɡɢ ɫ ɢɯ ɭɧɢɤɚɥɶɧɵɦɢ ɮɢɡɢɱɟɫɤɢɦɢ 
ɢ ɯɢɦɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ [1]. ȼ ɱɚɫɬɧɨɫɬɢ, ɜ ɧɚɧɨɩɥɚɫɬɢɧɤɚɯ, ɥɟɝɢɪɨɜɚɧɧɵɯ ɤɨɛɚɥɶ-
ɬɨɦ ɢ ɠɟɥɟɡɨɦ, ɛɵɥ ɨɛɧɚɪɭɠɟɧ ɮɟɪɪɨɦɚɝɧɟɬɢɡɦ ɩɪɢ 300  K, ɧɚɛɥɸɞɚɥɢɫɶ ɝɢɝɚɧɬɫɤɢɣ 
ɦɚɝɧɟɬɨɨɩɬɢɱɟɫɤɢɣ ɷɮɮɟɤɬ ɢ ɢɧɬɟɪɟɫɧɵɟ ɮɨɬɨɤɚɬɚɥɢɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. 

ȼ ɧɚɧɨɩɥɚɫɬɢɧɤɚɯ TiO2, ɤɨɬɨɪɵɟ ɩɨɥɭɱɚɸɬɫɹ ɩɭɬɟɦ ɪɚɫɳɟɩɥɟɧɢɹ ɩɪɨɬɨɧɢɪɨɜɚɧ-
ɧɵɯ ɫɥɨɢɫɬɵɯ ɫɨɟɞɢɧɟɧɢɣ ɫɨɫɬɚɜɚ HxTi1-y□yO2 ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɥɟɩɢɞɨɤɪɨɤɢɬɚ, ɜɫɟɝɞɚ 
ɩɪɢɫɭɬɫɬɜɭɸɬ ɜɚɤɚɧɫɢɢ ɬɢɬɚɧɚ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɨɤɨɥɨ 9%. Ʉɨɧɰɟɧɬɪɚɰɢɹ ɜɚɤɚɧɫɢɣ ɦɨ-
ɠɟɬ ɛɵɬɶ ɭɜɟɥɢɱɟɧɚ ɩɪɢ ɥɟɝɢɪɨɜɚɧɢɢ TiO2 ɥɢɬɢɟɦ ɢɥɢ ɦɚɝɧɢɟɦ. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ 
ɫɜɨɣɫɬɜɚ ɧɟɥɟɝɢɪɨɜɚɧɧɵɯ  ɢ ɫɥɚɛɨ ɥɟɝɢɪɨɜɚɧɧɵɯ ɧɚɧɨɩɥɚɫɬɢɧɨɤ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɫɬɟɩɟ-
ɧɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɩɪɢɫɭɬɫɬɜɢɟɦ ɷɬɢɯ ɞɟɮɟɤɬɨɜ. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ ɝɟɨɦɟɬ-
ɪɢɢ ɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ ɜɚɤɚɧɫɢɢ ɬɢɬɚɧɚ ɜ ɧɚɧɨɩɥɚɫɬɢɧɤɚɯ TiO2, ɚ ɬɚɤɠɟ ɢɡɦɟɧɟɧɢɣ 
ɷɬɢɯ ɫɜɨɣɫɬɜ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɧɚɧɨɩɥɚɫɬɢɧɨɤ ɫ ɨɤɪɭɠɚɸɳɢɦɢ ɚɬɨɦɚɦɢ. 
ȼɵɱɢɫɥɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɦɟɬɨɞɨɦ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦ-
ɦɵ ABINIT. 

Ɋɚɫɱɟɬɵ ɝɟɨɦɟɬɪɢɢ ɢ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɧɚɧɨɩɥɚɫɬɢɧɨɤ ɫɨɫɬɚɜɚ Ti0.875O2 

(ɤɨɧɰɟɧɬɪɚɰɢɹ ɜɚɤɚɧɫɢɣ ɬɢɬɚɧɚ 12.5%) ɨɛɧɚɪɭɠɢɥɢ, ɱɬɨ ɷɬɨɬ ɦɚɬɟɪɢɚɥ ɹɜɥɹɟɬɫɹ ɞɢ-
ɷɥɟɤɬɪɢɤɨɦ – ɜ ɨɬɥɢɱɢɟ ɨɬ ɨɛɴɟɦɧɨɝɨ Ti0.875O2 ɫ ɬɚɤɨɣ ɠɟ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɜɚɤɚɧɫɢɣ. ɇɟ-
ɨɛɵɱɧɨɫɬɶ ɷɬɨɝɨ ɪɟɡɭɥɶɬɚɬɚ ɫɜɹɡɚɧɚ ɫ ɬɟɦ, ɱɬɨ ɩɪɢ ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɢ ɡɚɪɹɞɨɜ ɜ ɢɨɧ-
ɧɨɦ ɫɨɟɞɢɧɟɧɢɢ ɧɟɞɨɫɬɚɬɨɤ ɱɢɫɥɚ ɷɥɟɤɬɪɨɧɨɜ, ɜɨɡɧɢɤɚɸɳɢɣ ɢɡ-ɡɚ ɞɟɮɢɰɢɬɚ ɬɢɬɚɧɚ, 
ɞɨɥɠɟɧ ɩɪɢɜɨɞɢɬɶ ɤ ɩɨɹɜɥɟɧɢɸ ɧɟɡɚɩɨɥɧɟɧɧɵɯ ɫɨɫɬɨɹɧɢɣ ɜ ɜɚɥɟɧɬɧɨɣ ɡɨɧɟ, ɬɨ ɟɫɬɶ ɤ 
ɮɨɪɦɢɪɨɜɚɧɢɸ ɜɵɪɨɠɞɟɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ p-ɬɢɩɚ (ɬɚɤ ɩɪɨɢɫɯɨɞɢɬ ɜ ɨɛɴɟɦɧɨɦ 
Ti0.875O2). ɉɪɢɱɢɧɚ ɬɚɤɨɝɨ ɩɨɜɟɞɟɧɢɹ ɛɵɥɚ ɭɫɬɚɧɨɜɥɟɧɚ ɢɡ ɚɧɚɥɢɡɚ ɝɟɨɦɟɬɪɢɢ ɪɚɫɫɦɚɬ-
ɪɢɜɚɟɦɨɝɨ ɞɟɮɟɤɬɚ. Ɉɤɚɡɚɥɨɫɶ, ɱɬɨ ɩɪɢ ɭɞɚɥɟɧɢɢ ɚɬɨɦɚ ɬɢɬɚɧɚ ɢɡ ɧɚɧɨɩɥɚɫɬɢɧɤɢ ɩɪɨ-
ɢɫɯɨɞɢɬ ɫɭɳɟɫɬɜɟɧɧɚɹ ɩɟɪɟɫɬɪɨɣɤɚ ɜ ɩɨɥɨɠɟɧɢɢ ɲɟɫɬɢ ɨɤɪɭɠɚɸɳɢɯ ɬɢɬɚɧ ɢɨɧɨɜ ɤɢɫ-
ɥɨɪɨɞɚ, ɤɨɬɨɪɚɹ ɩɪɢɜɨɞɢɬ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɞɜɭɯ ɩɟɪɨɤɫɢɞ-ɢɨɧɨɜ. Ɍɨ, ɱɬɨ ɩɟɪɨɤɫɢɞ-ɢɨɧ 
ɢɦɟɟɬ ɡɚɪɹɞ 2–, ɨɛɴɹɫɧɹɟɬ, ɩɨɱɟɦɭ ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɟ ɡɚɪɹɞɨɜ ɜ ɷɬɨɦ ɞɟɮɟɤɬɧɨɦ ɦɚɬɟ-
ɪɢɚɥɟ ɨɫɬɚɜɥɹɟɬ ɟɝɨ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɫɨɫɬɨɹɧɢɢ. 

Ⱥɧɚɥɢɡ ɩɨɜɟɞɟɧɢɹ ɧɚɧɨɩɥɚɫɬɢɧɨɤ Ti0.875O2, ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɫ ɪɚɡɥɢɱɧɵɦɢ 
ɨɤɪɭɠɚɸɳɢɦɢ ɟɟ ɚɬɨɦɚɦɢ (Ar, K, Ca, Mg, Y, Cl, H) ɢ ɩɚɪɚɦɢ ɚɬɨɦɨɜ, ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ 
ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɣ ɦɟɠɞɭ ɧɚɧɨɩɥɚɫɬɢɧɤɨɣ ɢ ɜɧɟɲɧɢɦɢ ɚɬɨɦɚɦɢ 
ɦɨɠɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɩɟɪɟɧɨɫ ɷɥɟɤɬɪɨɧɨɜ. ɉɟɪɟɧɨɫ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɧɚɧɨɩɥɚɫɬɢɧɤɭ ɫɨɩɪɨ-
ɜɨɠɞɚɟɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨɣ ɩɟɪɟɫɬɪɨɣɤɨɣ ɝɟɨɦɟɬɪɢɢ ɞɟɮɟɤɬɚ, ɩɪɢ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɣ ɪɚɫɩɚɞ ɩɟɪɨɤɫɢɞ-ɢɨɧɨɜ, ɫɥɟɞɫɬɜɢɟɦ ɤɨɬɨɪɨɝɨ ɨɤɚɡɵɜɚɟɬɫɹ ɧɟɦɨɧɨ-
ɬɨɧɧɨɟ ɢɡɦɟɧɟɧɢɟ ɩɨɥɨɠɟɧɢɹ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɜ ɫɢɫɬɟɦɟ. Ɍɚɤ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɱɢɫɥɚ ɩɟ-
ɪɟɧɟɫɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚɧɨɩɥɚɫɬɢɧɤɚ ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɩɟɪɟɯɨɞɢɬ ɢɡ ɩɪɨɜɨɞɹɳɟɝɨ (ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤ p-ɬɢɩɚ) ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɟ ɫɨɫɬɨɹɧɢɟ, ɩɨɤɚ ɧɚɤɨɧɟɰ ɨɧɚ ɧɟ ɫɬɚɧɨɜɢɬɫɹ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɦ n-ɬɢɩɚ. ȼ ɨɛɴɟɦɧɵɯ ɦɚɬɟɪɢɚɥɚɯ ɬɚɤɨɝɨ ɩɨɜɟɞɟɧɢɹ ɧɢɤɨɝɞɚ ɧɟ ɧɚɛɥɸɞɚ-
ɥɨɫɶ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ [2], ɫɜɢ-
ɞɟɬɟɥɶɫɬɜɭɸɳɢɦɢ ɨ ɬɨɦ, ɱɬɨ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ɜ ɧɚɧɨɩɥɚɫɬɢɧɤɚɯ ɧɚ ɩɥɚɬɢɧɨɜɵɯ ɩɨɞɥɨɠ-
ɤɚɯ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɜɛɥɢɡɢ ɫɟɪɟɞɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ. 

ɇɚɣɞɟɧɧɵɟ ɫɜɨɣɫɬɜɚ ɜɚɤɚɧɫɢɢ ɬɢɬɚɧɚ ɨɛɴɹɫɧɹɸɬ ɩɪɢɱɢɧɭ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɬɚɬɢ-
ɱɟɫɤɨɝɨ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɡɚɪɹɞɚ ɧɚɧɨɩɥɚɫɬɢɧɨɤ, ɤɨɬɨɪɵɣ ɨɧɢ ɩɪɨɹɜɥɹɸɬ ɜ ɷɤɫɩɟɪɢɦɟɧ-
ɬɚɯ ɜ ɤɨɥɥɨɢɞɧɵɦɢ ɪɚɫɬɜɨɪɚɦɢ. 
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ɉɨɤɚɡɚɧɨ, ɱɬɨ ɢɨɧɵ ɜɨɞɨɪɨɞɚ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɩɨɩɚɞɚɬɶ ɜ ɭɡɥɵ ɬɢɬɚɧɚ ɜ ɩɪɨɰɟɫɫɟ 
ɝɢɞɪɨɥɢɡɚ ɫɥɨɢɫɬɨɝɨ ɫɨɟɞɢɧɟɧɢɹ, ɥɟɝɢɪɨɜɚɧɧɨɝɨ ɥɢɬɢɟɦ ɢɥɢ ɦɚɝɧɢɟɦ, ɞɟɥɚɸɬ ɧɟɜɨɡ-
ɦɨɠɧɵɦ ɨɩɢɫɚɧɧɨɟ ɜɵɲɟ ɩɨɜɟɞɟɧɢɟ. Ɉɞɧɚɤɨ ɭɱɢɬɵɜɚɹ ɬɨ, ɱɬɨ ɷɧɟɪɝɢɹ ɬɚɤɢɯ ɤɨɦɩɥɟɤ-
ɫɨɜ ɡɚɦɟɬɧɨ ɩɪɟɜɵɲɚɟɬ ɷɧɟɪɝɢɸ ɧɚɧɨɩɥɚɫɬɢɧɤɢ ɫ ɚɬɨɦɨɦ ɜɨɞɨɪɨɞɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɜ 
ɷɤɫɩɟɪɢɦɟɧɬɟ ɫɤɨɪɟɟ ɜɫɟɝɨ ɛɭɞɭɬ ɨɛɪɚɡɨɜɵɜɚɬɶɫɹ ɢɦɟɧɧɨ ɩɨɫɥɟɞɧɢɟ ɤɨɧɮɢɝɭɪɚɰɢɢ.

ɉɪɢɜɟɞɟɧɨ ɨɛɴɹɫɧɟɧɢɟ, ɩɨɱɟɦɭ ɞɟɮɟɤɬɵ ɫ ɩɨɞɨɛɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɧɟɜɨɡɦɨɠɧɵ ɜ 
ɨɛɴɟɦɧɵɯ ɨɛɪɚɡɰɚɯ ɢ ɧɚɛɥɸɞɚɸɬɫɹ ɬɨɥɶɤɨ ɜ ɤɜɚɡɢɞɜɭɦɟɪɧɵɯ ɫɢɫɬɟɦɚɯ. ɉɪɟɞɥɨɠɟɧɵ 
ɩɪɢɦɟɪɵ ɞɪɭɝɢɯ ɫɢɫɬɟɦ, ɜ ɤɨɬɨɪɵɯ ɩɨɞɨɛɧɵɟ ɞɟɮɟɤɬɵ ɦɨɝɭɬ ɧɚɛɥɸɞɚɬɶɫɹ.

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɨɦ ɊɎɎɂ № 17-02-01068.
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ɎȽȻɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ»

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ 
ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɦɚɝɧɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ (PMN), ɩɪɨɜɟɞɟɧɧɨɝɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ (103 Ʉ, 183 Ʉ, 
203 Ʉ) ɛɟɡ ɩɪɢɥɨɠɟɧɢɹ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ 
ɝɨɜɨɪɢɬɶ ɨ ɫɭɳɟɫɬɜɨɜɚɧɢɢ ɫɨɝɥɚɫɨɜɚɧɧɵɯ ɩɨɜɨɪɨɬɨɜ ɤɢɫɥɨɪɨɞɧɵɯ ɨɤɬɚɷɞɪɨɜ ɜ ɩɪɟɞɟɥɚɯ 
ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɨɛɥɚɫɬɟɣ ɜ ɤɪɢɫɬɚɥɥɟ ɦɚɝɧɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɢɫɫɥɟɞɨɜɚɧɢɹ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ-ɪɟɥɚɤɫɨɪ, ɩɟɪɨɜɫɤɢɬ, ɚɬɨɦɧɵɟ ɫɦɟɳɟɧɢɹ, 
ɦɚɝɧɨɧɢɨɛɚɬ ɫɜɢɧɰɚ, ɦɨɧɨɤɪɢɫɬɚɥɥ, ɧɢɡɤɚɹ ɬɟɦɩɟɪɚɬɭɪɚ.

Ɋɟɥɚɤɫɨɪɧɵɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ ɛɵɥɢ ɨɬɤɪɵɬɵ ɛɨɥɟɟ ɩɹɬɢɞɟɫɹɬɢ ɥɟɬ ɧɚɡɚɞ ɢ ɫ ɬɟɯ 
ɩɨɪ ɧɚɭɱɧɵɯ ɢɧɬɟɪɟɫ ɤ ɧɢɦ ɧɟ ɨɫɥɚɛɟɜɚɟɬ ɛɥɚɝɨɞɚɪɹ ɢɯ ɭɧɢɤɚɥɶɧɵɦ ɫɜɨɣɫɬɜɚɦ, ɲɢɪɨɤɨ 
ɢɫɩɨɥɶɡɭɟɦɵɯ, ɜ ɱɚɫɬɧɨɫɬɢ, ɜ ɷɥɟɤɬɪɨɧɢɤɟ [1,2]. ɇɟ ɫɦɨɬɪɹ ɧɚ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ ɩɨ ɞɚɧɧɵɦ ɨɛɴɟɤɬɚɦ ɩɨɥɧɨɝɨ ɩɨɧɢɦɚɧɢɹ ɩɪɨɢɫɯɨɞɹɳɢɯ ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɯ 
ɦɟɯɚɧɢɡɦɨɜ, ɤɨɬɨɪɵɟ ɨɛɭɫɥɨɜɥɢɜɚɸɬ ɩɪɢɤɥɚɞɧɵɟ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ, ɧɟ ɞɨ-
ɫɬɢɝɧɭɬɨ. 

Ȼɨɥɶɲɢɧɫɬɜɨ ɪɟɥɚɤɫɨɪɨɜ ɹɜɥɹɸɬɫɹ ɫɦɟɲɚɧɧɵɦɢ ɤɭɛɢɱɟɫɤɢɦɢ ɩɟɪɨɜɫɤɢɬɨɩɨ-
ɞɨɛɧɵɦɢ ɤɪɢɫɬɚɥɥɚɦɢ, ɫɩɟɰɢɮɢɤɚ ɫɜɨɣɫɬɜ ɤɨɬɨɪɵɯ ɨɛɭɫɥɨɜɥɟɧɚ ɧɚɛɥɸɞɚɟɦɨɦ ɜ ɧɢɯ 
ɫɬɪɭɤɬɭɪɧɵɦ ɪɚɡɭɩɨɪɹɞɨɱɟɧɢɟɦ [3].

Ɋɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɦɚɝɧɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ ɩɪɨ-
ɜɨɞɢɥɢɫɶ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ: 103 Ʉ, 183 Ʉ, 203 Ʉ ɫɨ ɫɬɚɛɢɥɢɡɚɰɢɟɣ ɬɟɦɩɟɪɚɬɭɪɵ ɫ ɬɨɱ-
ɧɨɫɬɶɸ ±0.5 Ʉ.  ɂɡɦɟɧɟɧɢɟ ɚɬɨɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɨɰɟɧɢɜɚɥɢɫɶ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɢɯ ɡɧɚɱɟɧɢ-
ɹɦɢ, ɡɚɮɢɤɫɢɪɨɜɚɧɧɵɦɢ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 293 Ʉ (ɤɨɧɬɪɨɥɶ). 

ȼ ɬɚɛɥɢɰɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɩɪɟɞɟɥɟɧɧɵɟ ɜ ɯɨɞɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɵ ɤɭɛɢɱɟ-
ɫɤɨɣ ɹɱɟɣɤɢ PMN ɩɪɢ ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ. 

Ɉɰɟɧɤɚ ɢɡɦɟɧɟɧɢɣ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɊɆN ɫ ɩɨɧɢɠɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɊɆN ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɛɵɥɚ ɩɪɨɜɟɞɟɧɚ ɧɚ ɨɫɧɨɜɟ 
ɚɧɚɥɢɡɚ ɡɚɜɢɫɢɦɨɫɬɟɣ ɨɬɧɨɲɟɧɢɢ ɦɨɞɭɥɟɣ ɫɬɪɭɤɬɭɪɧɵɯ ɚɦɩɥɢɬɭɞ , ɢɡɦɟɪɟɧɧɵɯ  ɩɪɢ 
ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɪɟɠɢɦɚɯ (Ɍ=203Ʉ, 183Ʉ, 103 Ʉ) ɨɬ (Sinș)/Ȝ, Ȧ-1, ɝɞɟ ș - ɭɝɨɥ
ɪɚɫɫɟɹɧɢɹ, ɚ Ȝ - ɞɥɢɧɚ ɜɨɥɧɵ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ.
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Ɍɚɛɥɢɰɚ
ɉɚɪɚɦɟɬɪɵ ɤɭɛɢɱɟɫɤɨɣ ɹɱɟɣɤɢ PMN ɩɪɢ ɪɚɡɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ 
ɢɫɫɥɟɞɨɜɚɧɢɹ, ɝɪɭɩɩɚ ɫɢɦɦɟɬɪɢɢ Pm3m

ɉɚɪɚɦɟɬɪɵ 
ɹɱɟɣɤɢ

Ɍɟɦɩɟɪɚɬɭɪɚ
T=293 K T=203 K T=183 K T=103 K 

a, Ȧ 4.033(2) 4.029(3) 4.028(1) 4.034(1) 

b, Ȧ 4.034(1) 4.030(2) 4.028(1) 4.035(1) 

c, Ȧ 4.034(7) 4.029(3) 4.028(1) 4.033(1) 

α, 0 
90.0(1) 90.17(5) 90.0(1) 90.0(1) 

ȕ, 0 90.0(1) 90.04(5) 90.0(1) 90.0(1) 

Ȗ, 0 90.0(1) 90.04(5) 90.0(1) 90.0(1) 

Ⱥɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨɜɟɞɟɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɩɨɡɢɰɢɨɧɧɵɟ ɢ 
ɬɟɩɥɨɜɵɟ ɩɚɪɚɦɟɬɪɵ ɜɫɟɯ ɚɬɨɦɨɜ PMN ɩɨɡɜɨɥɹɟɬ ɫɮɨɪɦɭɥɢɪɨɜɚɬɶ ɫɥɟɞɭɸɳɭɸ ɜɟɪɨɹɬ-
ɧɭɸ ɦɨɞɟɥɶ ɩɨɜɟɞɟɧɢɹ ɚɬɨɦɨɜ ɫɜɢɧɰɚ, ɬɢɩɚ ȼ (Mg/Nb) ɢ ɤɢɫɥɨɪɨɞɚ: ɩɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟ-
ɧɢɹ ɚɬɨɦɧɵɯ ɫɦɟɳɟɧɢɣ ɭɤɥɚɞɵɜɚɸɬɫɹ ɜ ɦɨɞɟɥɶ ɫɨɝɥɚɫɨɜɚɧɧɵɯ ɩɨɜɨɪɨɬɨɜ ɤɢɫɥɨɪɨɞɧɵɯ 
ɨɤɬɚɷɞɪɨɜ, ɢɦɟɸɳɢɯ ɦɟɫɬɨ ɜ ɨɝɪɚɧɢɱɟɧɧɵɯ ɮɪɚɝɦɟɧɬɚɯ ɤɪɢɫɬɚɥɥɚ (ɞɨ 10 ɧɦ). ɂɡ-ɡɚ ɦɚ-
ɥɨɫɬɢ ɮɭɧɤɰɢɣ ɚɬɨɦɧɨɝɨ ɪɚɫɫɟɹɧɢɹ ɤɢɫɥɨɪɨɞɚ  ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɮɭɧɤɰɢɹɦɢ ɚɬɨɦɧɨɝɨ 
ɪɚɫɫɟɹɧɢɹ ɛɨɥɟɟ ɬɹɠɟɥɵɯ ɚɬɨɦɨɜ Pb, Mg, Nb ɧɚɛɥɸɞɚɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɫɜɟɪɯɫɬɪɭɤ-
ɬɭɪɧɵɟ ɪɟɮɥɟɤɫɵ ɜ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ ɱɪɟɡɜɵɱɚɣɧɨ ɫɥɨɠɧɨ.  

Ⱦɚɧɧɵɟ ɜɵɜɨɞɵ ɧɟ ɩɪɨɬɢɜɨɪɟɱɚɬ ɪɚɧɟɟ ɩɨɥɭɱɟɧɧɵɦ ɪɟɡɭɥɶɬɚɬɚɦ ɪɚɛɨɬ ɞɪɭɝɢɯ 
ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ [3-5].
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ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ 
ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɟ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ. Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ 
ɜɪɟɦɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɩɚɪɚɦɟɬɪɨɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɢɫɩɨɥɶɡɨɜɚɧ ɦɨɞɭɥɶ ɫɛɨɪɚ ɞɚɧɧɵɯ 
ɫɤɚɧɢɪɨɜɚɧɢɹ ɩɨ ɜɪɟɦɟɧɢ ɩɪɨɝɪɚɦɦɵ ɚɧɚɥɢɡɚ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ PRAP. ɉɪɨɜɟɞɟɧ 
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ɫɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɪɚɡɥɢɱɧɵɯ ɦɟɬɨɞɨɜ ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ ɢ ɩɪɟɞɥɨɠɟɧɚ ɮɢɡɢɱɟɫɤɚɹ 
ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ, ɪɟɡɨɧɚɧɫɧɵɟ ɫɩɟɤɬɪɵ, ɢɦɩɟɞɚɧɫɧɚɹ 
ɫɩɟɤɬɪɨɫɤɨɩɢɹ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ.

ɂɡɭɱɟɧɢɟ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɹɜɥɟɧɢɣ ɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟ-
ɪɚɦɢɤɚɯ ɩɪɢ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣɫɬɜɢɹɯ ɹɜɥɹɟɬɫɹ ɨɞɧɨɣ ɢɡ ɜɚɠɧɵɯ ɩɪɚɤɬɢɱɟɫɤɢɯ ɡɚɞɚɱ ɮɢ-
ɡɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɹ [1]. ɂɫɫɥɟɞɨɜɚɧɢɟ ɩɨɥɟɜɵɯ ɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ 
ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ 
ɦɚɬɟɪɢɚɥɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɭɸ ɬɪɭɞɧɨɫɬɶ ɢɡ-ɡɚ ɜɪɟɦɟɧɧɵɯ ɢɡɦɟɧɟɧɢɣ ɩɚɪɚ-
ɦɟɬɪɨɜ, ɜɵɡɜɚɧɧɵɯ ɩɟɪɟɯɨɞɧɵɦɢ ɩɪɨɰɟɫɫɚɦɢ (ɪɟɥɚɤɫɚɰɢɹ ɨɛɴɟɦɧɨɝɨ ɡɚɪɹɞɚ, ɞɨɦɟɧɧɨ-

ɨɪɢɟɧɬɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ). ɋɬɚɧɞɚɪɬɧɵɟ ɦɟɬɨɞɵ ɧɚɯɨɠɞɟɧɢɹ ɤɨɧɫɬɚɧɬ ɩɶɟɡɨɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ [2], ɧɟ ɭɱɢɬɵɜɚɸɳɢɟ ɧɟɫɢɧɮɚɡɧɵɣ ɨɬɤɥɢɤ ɦɚɬɟɪɢɚɥɚ ɧɚ ɜɧɟɲɧɢɟ 
ɜɨɡɞɟɣɫɬɜɢɹ, ɦɚɥɨɩɪɢɝɨɞɧɵ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɪɟɥɚɤɫɚɰɢɢ ɩɪɢ ɜɧɟɲɧɢɯ ɜɨɡ-
ɞɟɣɫɬɜɢɹɯ ɜ ɫɟɝɧɟɬɨɤɟɪɚɦɢɤɚɯ.

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɩɪɨɢɫɯɨɞɹɳɢɟ ɜ ɩɶɟɡɨɤɟɪɚɦɢɤɟ 
ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ,  ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢ-
ɟɦ ɦɟɬɨɞɚ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ [3].

Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɛɵɥ ɢɫ-
ɩɨɥɶɡɨɜɚɧ ɦɨɞɭɥɶ ɫɛɨɪɚ ɞɚɧɧɵɯ ɫɤɚɧɢɪɨɜɚɧɢɹ ɩɨ ɜɪɟɦɟɧɢ ɩɪɨɝɪɚɦɦɵ ɚɧɚɥɢɡɚ ɩɶɟɡɨɪɟ-
ɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ PRAP [4].

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ «ɫɟɝɧɟɬɨɦɹɝɤɢɟ» ɤɟɪɚɦɢɤɢ ɧɚ 
ɨɫɧɨɜɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɫɢɫɬɟɦɵ ɐɌɋ. ɂɡɦɟɪɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɚɧɚɥɢɡɚɬɨɪɚ ɢɦɩɟɞɚɧɫɚ Agilent 4294A ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɦɨɞɭɥɟɦ ɩɨɞɚɱɢ ɩɨɫɬɨɹɧɧɨɝɨ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ.

ɇɚ ɪɢɫɭɧɤɟ ɩɪɢɜɟɞɟɧ ɩɪɢɦɟɪ ɢɦɩɟɞɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ, ɢɡɦɟɪɟɧɧɵɯ ɧɚ ɞɜɭɯ ɪɟɡɨ-
ɧɚɧɫɧɵɯ ɦɨɞɚɯ (ɬɨɥɳɢɧɧɚɹ ɢ ɪɚɞɢɚɥɶɧɚɹ ɦɨɞɵ) ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɝɨ ɨɛɪɚɡɰɚ.

ɉɨɫɥɟɞɨɜɚɬɟɥɶɧɨɟ ɢɡɦɟɪɟɧɢɟ ɫ ɡɚɞɚɧɧɵɦ ɜɪɟɦɟɧɧɵɦ ɢɧɬɟɪɜɚɥɨɦ ɢ ɨɛɪɚɛɨɬɤɚ 
ɢɦɩɟɞɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɜɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɤɨɦɩɥɟɤɫɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɨɛɪɚɡɰɚ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɪɟɥɚɤɫɚɰɢɨɧ-
ɧɵɦɢ ɩɪɨɰɟɫɫɚɦɢ ɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɟ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ.

ɚ)                                                                             ɛ)
Ɋɢɫɭɧɨɤ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɢɦɩɟɞɚɧɫɚ ɢ ɮɚɡɵ, ɚ ɬɚɤɠɟ 

ɚɩɩɪɨɤɫɢɦɚɰɢɢ PRAP, ɜɵɩɨɥɧɟɧɧɵɟ ɞɥɹ ɬɨɥɳɢɧɧɨɣ ɦɨɞɵ (ɚ) ɢ ɪɚɞɢɚɥɶɧɨɣ ɦɨɞɵ (ɛ) 
ɤɨɥɟɛɚɧɢɣ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɮɨɪɦɟ ɬɨɧɤɨɝɨ ɞɢɫɤɚ

Ɋɟɡɭɥɶɬɚɬɵ ɫɪɚɜɧɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɦɟɬɨɞɨɜ ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ 
ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɩɪɢ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣɫɬɜɢɹɯ ɩɨɤɚɡɚɥɢ, ɱɬɨ 
ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɦɟɬɨɞ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ  ɛɨɥɟɟ ɬɨɱɧɵɟ 
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ɞɚɧɧɵɟ ɨ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɚɯ ɜ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɟ ɫ ɭɱɟɬɨɦ ɧɟɫɢɧɮɚɡɧɨɝɨ 
ɨɬɤɥɢɤɚ ɦɚɬɟɪɢɚɥɚ ɧɚ ɜɧɟɲɧɢɟ ɜɨɡɞɟɣɫɬɜɢɹ.

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ). 
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In this paper, we investigated the possibility of adjusting the functional parameters of a 

ferroelectric piezoceramic material by changing the technological parameters in the manufacturing 

process. Changing the structure of the ceramic frame of piezoelectric ceramics allows to increase the 

values of its density, piezoelectric modules, mechanical quality factor. 

Keywords: piezoceramic material, technological factor, sintering method, hot pressing, spark 

plasma sintering. 

In the piezoelectric instrument making of great practical interest are ferroelectrically 

hard materials designed to operate in power modes. Ferroelectronic materials are resistant to 

external influences and have a high temperature stability of the parameters, which allows 

them to be used in various devices, including those designed for extreme conditions (accel-

erometers, piezoelectric motors, piezotransformers) [1]. To expand the scope of application of 

existing piezoceramic materials of different compositions (PZT-8, APC-840, APC-841, PCR-

8 [2]) the question of increasing their functional parameters is relevant. This problem can be 

solved not only by creating new chemical compositions, but also by improving the technology 

of manufacturing piezoceramics and optimization of technological factors. Correction of fu-

ture electrophysical parameters of ceramics is possible at the sintering stage, since mechanical 

and electrophysical properties are inextricably linked with each other. 

In the present work we investigated the possibility of varying the functional parame-

ters of PbZr0.44Ti0.44(Mn1/3Nb2/3)0.06(Zn1/3Nb2/3)0.06O3 signature the piezo by changing the 

modes and methods of sintering [3]. 

In the process of the study, various sintering methods were tested: traditional sintering 

in a chamber furnace, hot pressing method, hot sintering with agglomeration in a chamber 

furnace, and the method of spark plasma sintering (SPS). 

The quality of the sintered piezoelectric ceramics was estimated by the results of X-ray 

phase analysis, scanning electron microscopy and density values. 
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The study found that the sintering of piezoceramics by hot pressing and SPS leads to 
an increase in the density by 5% and the piezoelectric module (d31) by 60%. In addition to in-
creasing the values of the main parameters, the hot pressing method allows to reduce the sin-
tering temperature by 70 °C, and the SPS method reduces the sintering temperature by 250 °C 
and reduces the duration of the sintering process up to 50 times! All these advantages of the 
SPS method reduce energy consumption in the manufacture of piezoceramics and reduce its 
cost. 
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В работе представлены результаты исследования влияния частоты на ε и tgδ  
нанопористого диоксида кремния. Показано уменьшение этих параметров с ростом частоты 
измерительного поля и их рост с увеличением влажности. Обсуждается возможность создания 
сегнетоэлектрического состояния воды в наноразмерном состоянии. 

Ключевые слова: нанопоры, молекулы воды, сегнетоэлектричество. 
 

В работе [1] обнаружено, что свойства нанопористых матриц с сегнетоэлектри-
ками в большой степени зависят от влажности окружающей среды.  
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Рисунок. Зависимость tgδ от температуры образца нанопористого SiO2  

при различных частотах: 1- 0,12; 2-0,5; 3-1,0; 4-10; 5-100 кГц 
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ɉɪɨɜɟɞɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ İ ɨɛɪɚɡɰɨɜ ɧɟɡɚɩɨɥɧɟɧ-
ɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɦɢ ɧɚɧɨɩɨɪɢɫɬɨɝɨ ɞɢɨɤɫɢɞɚ ɤɪɟɦɧɢɹ ɩɨɤɚɡɚɥɢ ɡɧɚɱɢɬɟɥɶɧɨɟ ɭɜɟ-
ɥɢɱɟɧɢɟ İ ɨɬ 10÷20 ɟɞɢɧɢɰ ɞɨ 103 ɫ ɪɨɫɬɨɦ ɜɥɚɠɧɨɫɬɢ ɨɬ 0 ɞɨ ~ 80 % ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ
ɬɟɦɩɟɪɚɬɭɪ ɨɬ ɤɨɦɧɚɬɧɵɯ +150

0ɋ [2]. Ɋɨɫɬ ɡɧɚɱɟɧɢɣ İ ɧɚɛɥɸɞɚɟɬɫɹ ɢ ɫ ɭɦɟɧɶɲɟɧɢɟɦ
ɱɚɫɬɨɬɵ ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɩɨɥɹ. ɇɚ ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
tgį. ɋ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ ɩɨɥɹ ɨɬ 0,1 ɞɨ 100 ɤȽɰ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ ɭɦɟɧɶɲɚɸɬɫɹ ɩɨ-
ɱɬɢ ɧɚ ɩɨɪɹɞɨɤ. 

ɉɪɢ ɤɨɦɧɚɬɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɚɛɥɸɞɚɟɬɫɹ ɧɚɛɥɸɞɚɟɬɫɹ ɪɨɫɬ ɢɥɢ ɭɦɟɧɶɲɟɧɢɟ İ 
ɫɨ ɜɪɟɦɟɧɟɦ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɥɚɠɧɨɫɬɢ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. ɇɨ, ɟɫɥɢ ɧɚ ɤɜɚɪɰɟɜɭɸ 
ɩɨɞɥɨɠɤɭ ɧɚɧɟɫɬɢ ɤɚɩɥɸ ɜɨɞɵ, ɬɨ İ ɧɚ ɝɥɚɡɚɯ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨɱɬɢ ɜ 2 ɪɚɡɚ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɛɵɬɶ ɫɜɹɡɚɧɵ ɫ ɩɨɹɜɥɟɧɢɟɦ ɫɭɩɟɪɩɚɪɚɷɥɟɤɬɪɢɱɟ-
ɫɤɨɝɨ ɢɥɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜɨɞɵ ɜ ɧɚɧɨɩɨɪɚɯ SiO2.  
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ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɦɨɥɟɤɭɥ ɢɡɨɩɪɨɩɚɧɨɥɚ ɧɚ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɭɸ ɧɟɥɢɧɟɣɧɨɫɬɶ ɢ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɤɪɢɫɬɚɥɥɚ ɌȽɋ. ɉɨɤɚɡɚɧɨ 
ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɜɧɭɬɪɟɧɧɢɯ ɫɦɟɳɚɸɳɢɯ ɩɨɥɟɣ, ɤɨɬɨɪɵɟ ɩɪɢɜɨɞɹɬ ɤ ɫɬɚɛɢɥɶɧɨɫɬɢ 
ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɩɨɫɥɟ ɬɟɩɥɨɜɵɯ ɢ ɩɨɥɟɜɵɯ ɜɨɡɞɟɣɫɬɜɢɣ ɪɚɡɧɨɣ ɚɦɩɥɢɬɭɞɵ ɢ 
ɱɚɫɬɨɬɵ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɧɟɥɢɧɟɣɧɨɫɬɶ, ɩɢɪɨɤɨɷɮɮɢɰɢɟɧɬ, ɜɧɭɬɪɟɧɧɟɟ 
ɫɦɟɳɚɸɳɟɟ ɩɨɥɟ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɫɜɨɣɫɬɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɩɪɨɞɨɥɠɚɟɬ ɨɫɬɚɜɚɬɶɫɹ 
ɚɤɬɭɚɥɶɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɮɢɡɢɤɢ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜ ɫɜɹɡɢ ɫ ɩɟɪɫɩɟɤɬɢ-
ɜɚɦɢ ɢɯ ɩɪɢɦɟɧɟɧɢɹ ɜ ɧɨɜɟɣɲɢɯ ɭɫɬɪɨɣɫɬɜɚɯ ɦɢɤɪɨ-,  ɧɚɧɨɷɥɟɤɬɪɨɧɢɤɢ ɢ ɬɟɥɟɤɨɦɦɭ-
ɧɢɤɚɰɢɣ.  

ɂɡɭɱɟɧɢɟ ɫɜɨɣɫɬɜ ɨɛɴɟɦɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɧɟɨɛɯɨɞɢɦɵɯ ɢ ɜɚɠ-
ɧɵɯ ɭɫɥɨɜɢɣ ɞɥɹ ɫɨɡɞɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɧɚɧɨɤɨɦɩɨɡɢɬɨɜ ɧɚ ɢɯ ɨɫɧɨɜɟ. 

ɇɨɦɢɧɚɥɶɧɨ ɱɢɫɬɵɟ ɤɪɢɫɬɚɥɥɵ ɌȽɋ ɢɦɟɸɬ ɧɟɫɬɚɛɢɥɶɧɭɸ ɞɨɦɟɧɧɭɸ ɫɬɪɭɤɬɭɪɭ, 
ɱɬɨ ɦɟɲɚɟɬ ɢɯ ɩɪɚɤɬɢɱɟɫɤɨɦɭ ɩɪɢɦɟɧɟɧɢɸ. Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɭɫɬɨɣɱɢɜɨɝɨ ɤ ɪɚɡɥɢɱɧɵɦ 
ɜɨɡɞɟɣɫɬɜɢɹɦ ɫɨɫɬɨɹɧɢɹ, ɬ.ɟ. ɭɧɢɩɨɥɹɪɧɨɫɬɢ, ɤɪɢɫɬɚɥɥɨɜ ɌȽɋ ɜ ɧɢɯ ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ 
ɜɜɨɞɹɬ ɫɩɟɰɢɚɥɶɧɵɟ ɩɪɢɦɟɫɢ ɢɥɢ ɨɛɥɭɱɚɸɬ ɨɛɪɚɡɰɵ ɪɟɧɬɝɟɧɨɜɫɤɢɦɢ ɥɭɱɚɦɢ [1]. 

Ʉɚɤ ɩɨɤɚɡɚɥɢ ɧɚɲɢ ɢɫɫɥɟɞɨɜɚɧɢɹ [2] ɫɨɡɞɚɬɶ ɭɧɢɩɨɥɹɪɧɨɟ ɫɨɫɬɨɹɧɢɟ ɦɨɠɧɨ ɩɭ-
ɬɟɦ ɢɡɦɟɧɟɧɢɹ ɜɨɞɨɪɨɞɧɵɯ ɫɜɹɡɟɣ ɩɭɬɟɦ ɜɵɪɚɳɢɜɚɧɢɹ ɤɪɢɫɬɚɥɥɚ ɌȽɋ ɩɪɢ ɨɬɪɢɰɚɬɟɥɶ-
ɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɫɜɨɣɫɬɜ ɤɪɢɫɬɚɥɥɨɜ ɌȽɋ, ɜɵɪɚɳɟɧɧɵɯ ɩɪɢ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢɡ ɜɨɞɧɨɝɨ ɪɚɫ-
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ɬɜɨɪɚ ɧɨɦɢɧɚɥɶɧɨ ɱɢɫɬɵɯ ɢ ɩɪɢɦɟɫɶɸ ɦɨɥɟɤɭɥ ɢɡɨɩɪɨɩɚɧɨɥɚ ɩɨ ɦɟɬɨɞɢɤɟ, ɨɩɢɫɚɧɧɨɣ 
ɧɚɦɢ ɜ [3]. 

ɉɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɪɟɠɢɦɟ ɧɟɩɪɟɪɵɜɧɨɝɨ ɧɚɝɪɟɜɚ. 
ɍɧɢɩɨɥɹɪɧɨɫɬɶ ɨɰɟɧɢɜɚɥɚɫɶ ɩɨ ɫɦɟɳɟɧɢɸ ɩɟɬɟɥɶ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ ɢ ɩɭ-
ɬɟɦ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɧɚɛɥɸɞɟɧɢɹ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ. 

ɇɚ ɪɢɫ. ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɢɪɨɤɨɷɮɮɢɰɢɟɧɬɚ ɞɥɹ ɧɨ-
ɦɢɧɚɥɶɧɨ ɱɢɫɬɨɝɨ ɌȽɋ, ɜɵɪɚɳɟɧɧɨɝɨ ɩɪɢ ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ (a). Ɋɨɫɬɨɜɚɹ 
ɭɧɢɩɨɥɹɪɧɨɫɬɶ, ɤɨɬɨɪɚɹ ɨɛɧɚɪɭɠɢɜɚɥɚɫɶ ɩɨ ɫɦɟɳɟɧɢɸ ɩɟɬɟɥɶ ɝɢɫɬɟɪɟɡɢɫɚ ɜ ɷɥɟɤɬɪɢɱɟ-
ɫɤɨɦ ɩɨɥɟ ɱɚɫɬɨɬɨɣ 50 Ƚɰ (ȿɫɦ ~ 50 ȼ/ɫɦ) [2], ɢɫɱɟɡɚɟɬ ɩɨɫɥɟ ɩɟɪɟɜɨɞɚ ɨɛɪɚɡɰɚ ɱɟɪɟɡ 
ɬɨɱɤɭ Ʉɸɪɢ. ɉɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɢ ɩɨɜɬɨɪɧɨɦ ɢɡɦɟɪɟɧɢɢ ɩɪɚɤɬɢɱɟɫɤɢ 
ɪɚɜɟɧ (ɤɪɢɜɚɹ 2 ɪɢɫ. a). 

ȼ ɨɛɪɚɡɰɚɯ ɠɟ ɤɪɢɫɬɚɥɥɚɯ ɌȽɋ + ɂɉɋ ɡɧɚɱɟɧɢɹ ɩɢɪɨɤɨɷɮɮɢɰɢɟɧɬɚ Ȗ ɡɧɚɱɢɬɟɥɶ-
ɧɨ ɛɨɥɶɲɟ ɜɨ ɜɫɟɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɢɧɬɟɪɜɚɥɟ (ɤɪɢɜɚɹ 1 ɪɢɫ. b). ɉɪɢ ɩɨɜɬɨɪɧɵɯ ɢɡɦɟɪɟ-
ɧɢɹɯ ɡɧɚɱɟɧɢɹ Ȗ ɧɟɡɧɚɱɢɬɟɥɶɧɨ ɭɦɟɧɶɲɚɸɬɫɹ (ɤɪɢɜɚɹ 2 ɪɢɫ. b). 

Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɶ ɩɢɪɨɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɱɢɫɬɨɝɨ ɤɪɢɫɬɚɥɥɚ ɌȽɋ (a) 

ɢ ɌȽɋ ɫ ɢɡɨɩɪɨɩɚɧɨɥɨɦ (b): 1 – ɩɟɪɜɨɟ ɢɡɦɟɪɟɧɢɟ, 2 - ɩɨɜɬɨɪɧɨɟ ɢɡɦɟɪɟɧɢɟ 

Ɇɨɥɟɤɭɥɵ ɢɡɨɩɪɨɩɚɧɨɥɚ ɢɦɟɸɬ ɛɨɥɶɲɢɟ ɪɚɡɦɟɪɵ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɦɨɥɟɤɭɥɚɦɢ 
ɜɨɞɵ ɢ ɹɜɥɹɸɬɫɹ ɞɢɩɨɥɹɦɢ, ɤɚɤ ɢ ɦɨɥɟɤɭɥɵ L, α – ɚɥɚɧɢɧɚ [1]. Ɉɧɢ ɬɚɤɠɟ ɦɨɝɭɬ ɡɚɦɟ-
ɳɚɬɶ ɱɚɫɬɶ ɦɨɥɟɤɭɥ ɝɥɢɰɢɧɚ, ɫɨɡɞɚɜɚɹ ɜ ɤɪɢɫɬɚɥɥɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɟ 
ɧɚɩɪɹɠɟɧɢɹ ɩɪɢɜɨɞɹɳɢɟ ɤ ɩɨɹɜɥɟɧɢɸ ɜɧɭɬɪɟɧɧɟɝɨ ɫɦɟɳɚɸɳɟɝɨ ɩɨɥɹ, ɤ ɫɬɚɛɢɥɢɡɚɰɢɢ 
ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɤɚɤ ɫɥɟɞɫɬɜɢɟ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ, ɱɬɨ ɢ ɧɚɛɥɸɞɚɟɬɫɹ ɜ 
ɢɫɫɥɟɞɭɟɦɨɦ ɤɪɢɫɬɚɥɥɟ ɌȽɋ ɫ ɢɡɨɩɪɨɩɚɧɨɥɨɦ.   
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Mossbauer and magnetization studies of 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution 

compositions prepared using solid phase reactions route have been carried out. Temperature TN of 

magnetic phase transition for 0.5BiFeO3-0.5PbTiO3 is about 150 K, while for 0.5BiFeO3-0.5SrTiO3 it 

is only ≈ 20 K. This dramatic difference in TN values is ascribed to additional contribution of the 

magnetic superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall 

superexchange in accord with theoretical predictions.  

Keywords: multiferroics, Mossbauer effect, BiFeO3, magnetic superexchange. 

BiFeO3 is the most widely studied multiferroic due to high temperatures of both ferro-

electric and magnetic phase transitions. Recently a possibility of magnetic superexchange be-

tween Fe
3+

 ions in BiFeO3 via the empty 6p states of Bi
3+

 was predicted theoretically [1]. Ear-

lier we showed the role of Pb
2+ 

ions which also possess the empty 6p states, in the enhance-

ment of the magnetic phase transition temperature TN in perovskite Pb1−xAxFe1/2Nb1/2O3 (A= 

Ca, Ba) solid solutions [2, 3]. However this mechanism of magnetic superexchange seems to 

become noticeable only at high enough dilution of the Fe-sublattice, i.e. in solid solutions. 

The 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution compositions were prepared using 

solid phase reactions route. The XRD study revealed that the samples are single phase and 

possess the perovskite structure. Room temperature Mossbauer spectra of both compositions 

consist of the quadrupole-split double lines. The main reason of quadrupole splitting in such 

systems is a compositional disorder in B-sublattice. All spectra contain 2 or 3 doublets with 

different values of quadrupole splitting. The isomer shift values of doublets correspond to the 

Fe
3+ 

ions in oxygen octahedron. The presence of 2 or 3 doublets indicates that Fe
3+

 has 2 or 3

different environments in the lattice which may be a fingerprint of B-cations short-range or-

dering or clusterization [4]. To estimate the temperature of magnetic phase transition (TN) we 

performed the measurement of Mossbauer spectrum line intensity Im under subsequent tem-

perature lowering. Near magnetic phase transition the Mossbauer spectrum transforms from 

doublet into sextet and Im decreases dramatically. Mossbauer studies have shown that while 

for 0.5BiFeO3-0.5PbTiO3 the TN value is about 150 K, for  0.5BiFeO3-0.5SrTiO3 it is only ≈ 
20 K. This dramatic difference in TN values seems to be due to additional contribution of the 

superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall

superexchange in accord with predictions of De Sousa et al. for BiFeO3 [1] and the experi-

mental findings for PbFe1/2Nb1/2O3–based solid solutions [2, 3]. 

For both compositions magnetization M studies in the 5 K- 200 K range revealed only 

a maximum at 20-25 K in the zero-field cooling mode. In the field-cooled mode this maxi-

mum was not observed. Such behavior is typical of spin glasses. In PbFe
3+

1/2B
5+

1/2O3
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(B
5+

=Nb, Ta) perovskite multiferroics a spin-glass state is known to coexist at low tempera-

tures with the antiferromagnetic state [2]. The absence of the M(T) anomaly at around 150 K 

for 0.5BiFeO3-0.5PbTiO3 composition seems to be due to the strong diffusion of this anomaly. 

Similar "disappearance" of the M(T) anomaly corresponding to antiferromagnetic phase tran-

sition  was observed, e.g. for some compositions of the  PbFe2/3W1/3O3-PbTiO3 and 

PbFe1/2Nb1/2O3 -PbTiO3 solid solutions [5, 6]. 

This work was supported in part by RFBR project 19-52-53030 GFEN_a and by the 

Ministry of Education and Science of the Russian Federation (research projects 

3.1649.2017/4.6 and 3.5346.2017/BP). 
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ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ «ɆɂɗɌ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɩɥɟɧɨɤ Sn2P2S6 ɫ ɭɱɟɬɨɦ 
ɜɨɡɞɟɣɫɬɜɢɹ ɢɡɥɭɱɟɧɢɹ ɜɢɞɢɦɨɝɨ ɞɢɚɩɚɡɨɧɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɫɬɨɹɧɧɚɹ ɩɨɞɫɜɟɬɤɚ ɩɪɢɜɨɞɢɬ ɤ 
ɭɜɟɥɢɱɟɧɢɸ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ. 
ɍɫɬɚɧɨɜɥɟɧɨ ɧɚɥɢɱɢɟ ɫɞɜɢɝɚ ɦɚɤɫɢɦɭɦɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɜ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɭɸ ɨɛɥɚɫɬɶ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɫɜɟɬɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɮɨɬɨɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɥɟɧɤɚ. 

ɉɥɟɧɤɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɬɢɨɝɢɩɨɞɢɮɨɫɮɚɬɚ ɨɥɨɜɚ Sn2P2S6 ɹɜ-
ɥɹɸɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɞɥɹ ɦɢɤɪɨɷɥɟɤɬɪɨɧɧɵɯ ɩɪɢɦɟɧɟɧɢɣ. ɗɬɨɬ ɦɚɬɟ-
ɪɢɚɥ ɜ ɩɥёɧɨɱɧɨɦ ɢɫɩɨɥɧɟɧɢɢ ɹɜɥɹɟɬɫɹ ɭɞɨɛɧɵɦ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɫ ɬɟɯɧɢɱɟɫɤɨɣ ɬɨɱ-
ɤɢ ɡɪɟɧɢɹ, ɱɬɨ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɫɜɹɡɚɧɨ ɫ ɧɚɥɢɱɢɟɦ ɹɪɤɨ ɜɵɪɚɠɟɧɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟ-
ɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. Ʉɪɨɦɟ ɬɨɝɨ, ɨɧ ɢɫɤɥɸɱɢɬɟɥɶɧɨ ɭɞɨɛɟɧ ɤɚɤ ɨɛɴɟɤɬ 
ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɵ ɧɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɥёɧɨɱɧɵɯ ɫɬɪɭɤɬɭɪ. Ɉɛɴɟɤɬ ɩɨɡɜɨɥɹɟɬ ɢɡɦɟɧɹɬɶ ɤɨɧɰɟɧɬɪɚ-
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ɰɢɸ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɜ ɲɢɪɨɤɢɯ ɩɪɟɞɟɥɚɯ ɩɭɬёɦ ɨɫɜɟɳɟɧɢɹ, ɬɚɤ ɤɚɤ ɨɛɥɚɞɚɟɬ 
ɮɨɬɨɩɪɨɜɨɞɢɦɨɫɬɶɸ ɜ ɜɢɞɢɦɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ. ɐɟɥɶɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɥɨɫɶ 
ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɧɟɪɚɜɧɨɜɟɫɧɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɵ, ɜɨɡɛɭɠɞɚɟɦɨɣ ɷɥɟɤ-
ɬɪɨɦɚɝɧɢɬɧɵɦ ɢɡɥɭɱɟɧɢɟɦ, ɧɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɨɬɤɥɢɤ ɩɥɟɧɨɤ Sn2P2S6. 

Ɉɛɴɟɤɬɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɥɢɫɶ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɥɟɧɤɢ Sn2P2S6, ɩɨɥɭ-
ɱɟɧɧɵɟ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ. ɂɫɫɥɟɞɨɜɚɥɢɫɶ ɩɥɟɧɤɢ ɧɚ ɚɥɸɦɢɧɢɟɜɨɣ ɩɨɞɥɨɠɤɟ ɫ ɧɚɩɵ-
ɥɟɧɧɵɦɢ ɚɥɸɦɢɧɢɟɜɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ. ɇɟɫɦɨɬɪɹ ɧɚ ɧɚɥɢɱɢɟ ɜɟɪɯɧɟɝɨ ɚɥɸɦɢɧɢɟɜɨɝɨ 
ɷɥɟɤɬɪɨɞɚ, ɨɛɪɚɡɰɵ ɩɥɟɧɨɤ ɹɜɥɹɸɬɫɹ ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶɧɵɦɢ ɨɛɴɟɤɬɚɦɢ. ȼ ɢɧɬɟɪɜɚɥɟ 
ɬɟɦɩɟɪɚɬɭɪ 20120ɋ ɩɥɟɧɤɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ-ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ Sn2P2S6 ɨɛɧɚɪɭɠɢɜɚ-
ɸɬ ɧɟɫɬɚɰɢɨɧɚɪɧɵɣ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɣ ɨɬɤɥɢɤ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɫɜɟɬɚ ɜɢɞɢɦɨɝɨ ɞɢɚɩɚ-
ɡɨɧɚ ɩɪɢ ɫɨɛɫɬɜɟɧɧɨɦ ɢ ɧɟɫɨɛɫɬɜɟɧɧɨɦ ɩɨɝɥɨɳɟɧɢɢ. Ɇɚɤɫɢɦɭɦ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɨɝɨ 
ɨɬɤɥɢɤɚ ɩɪɢɯɨɞɢɬɫɹ ɧɚ ɞɥɢɧɭ ɜɨɥɧɵ ~510 ɧɦ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɱɬɨ ɫɨɨɬɜɟɬ-
ɫɬɜɭɟɬ ɦɚɤɫɢɦɭɦɭ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɮɨɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɤɪɚɸ ɫɨɛɫɬɜɟɧɧɨɝɨ ɩɨ-
ɝɥɨɳɟɧɢɹ ɦɚɬɟɪɢɚɥɚ Sn2P2S6. ɉɪɢ ɷɬɨɦ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɣ ɨɬɤɥɢɤ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɞɨ-
ɫɬɚɬɨɱɧɨ ɲɢɪɨɤɨɦ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ.  

ȼ ɪɚɛɨɬɟ ɩɨɥɭɱɟɧɵ ɜɨɥɶɬ-ɮɚɪɚɞɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɥɟɧɨɤ Sn2P2S6 ɜ ɨɬɫɭɬɫɬɜɢɢ 
ɢ ɩɪɢ ɧɚɥɢɱɢɢ ɩɨɫɬɨɹɧɧɨɣ ɩɨɞɫɜɟɬɤɢ. ɂɡɦɟɪɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɫ ɩɨɦɨɳɶɸ ɢɡɦɟɪɢɬɟɥɹ 
ɢɦɦɢɬɚɧɫɚ ȿ7-20. ȼ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢɹ ɢɫɩɨɥɶɡɨɜɚɧɵ ɥɚɦɩɚ ɧɚɤɚɥɢɜɚɧɢɹ ɢ 
ɫɜɟɬɨɞɢɨɞɵ, ɢɡɥɭɱɚɸɳɢɟ ɫɜɟɬ ɫ ɪɚɡɥɢɱɧɨɣ ɞɥɢɧɨɣ ɜɨɥɧɵ. ɇɚ ɪɢɫ. ɩɪɢɜɟɞɟɧɵ ɜɨɥɶɬ-

ɮɚɪɚɞɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ (ȼɎɏ) ɩɥɟɧɨɤ Sn2P2S6. 
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Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɟɦɤɨɫɬɢ (ɚ) ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ  
ɩɨɬɟɪɶ ɨɬ ɜɧɟɲɧɟɝɨ ɫɦɟɳɚɸɳɟɝɨ ɧɚɩɪɹɠɟɧɢɹ. ɇɢɠɧɢɟ ɤɪɢɜɵɟ ɧɚ ɝɪɚɮɢɤɚɯ – ɜ ɨɬɫɭɬɫɬɜɢɢ 

ɨɫɜɟɳɟɧɢɹ; ɛ – ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ ɥɚɦɩɵ ɧɚɤɚɥɢɜɚɧɢɹ  

Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ȼɎɏ (ɪɢɫ. ɚ), ɡɚɜɢɫɢɦɨɫɬɢ C(U) ɹɜɥɹɸɬɫɹ ɝɢɫɬɟɪɟ-
ɡɢɫɧɵɦɢ ɢ ɯɚɪɚɤɬɟɪɧɵ ɞɥɹ ɩɥɟɧɨɤ, ɨɛɥɚɞɚɸɳɢɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. 
ȼɨɡɞɟɣɫɬɜɢɟ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɩɨɬɨɤɚ ɢɡɥɭɱɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɡɧɚɱɟɧɢɣ ɟɦɤɨɫɬɢ ɩɥɟ-
ɧɨɤ Sn2P2S6, ɨɫɬɚɜɥɹɹ ɧɟɢɡɦɟɧɧɵɦ ɯɚɪɚɤɬɟɪ ɡɚɜɢɫɢɦɨɫɬɟɣ C(U). Ⱥɧɚɥɨɝɢɱɧɵɣ ɪɨɫɬ ɯɚ-
ɪɚɤɬɟɪɟɧ ɢ ɞɥɹ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɫɜɟɬɚ. ɍɜɟɥɢɱɟ-
ɧɢɟ ɟɦɤɨɫɬɢ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫɜɹɡɚɧɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɫɜɨɛɨɞ-
ɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɩɥɟɧɤɚɯ ɬɢɨɝɢɩɨɞɢɮɨɫɮɚɬɚ ɨɥɨɜɚ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɫɜɟɬɚ. 

ȼ ɪɚɛɨɬɟ ɩɨɥɭɱɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɟɦɤɨɫɬɢ ɢ ɬɚɧ-
ɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɤɚɤ ɜ ɨɬɫɭɬɫɬɜɢɢ ɩɨɫɬɨɹɧɧɨɣ ɩɨɞɫɜɟɬɤɢ, ɬɚɤ ɢ ɩɪɢ 
ɜɨɡɞɟɣɫɬɜɢɢ ɫɬɚɰɢɨɧɚɪɧɵɯ ɫɜɟɬɨɜɵɯ ɩɨɬɨɤɨɜ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɟɦɤɨɫɬɢ ɨɛ-
ɪɚɡɰɨɜ ɨɛɧɚɪɭɠɢɜɚɸɬ ɦɚɤɫɢɦɭɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢɫɫɥɟɞɭɟɦɵɯ ɩɥɟɧɨɤ 
ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ Tmax   70ɋ. Ⱦɚɧɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɛɥɢɡɤɚ ɤ ɬɟɦɩɟɪɚɬɭɪɟ ɮɚɡɨɜɨɝɨ ɩɟ-
ɪɟɯɨɞɚ ɨɛɴɟɦɧɵɯ ɨɛɪɚɡɰɨɜ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ Sn2P2S6 (Ɍɫ=66ɋ). ɉɪɢ ɩɨɞɫɜɟɬɤɟ ɩɨɫɬɨɹɧ-
ɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɜɢɞɢɦɨɝɨ ɞɢɚɩɚɡɨɧɚ ɟɦɤɨɫɬɶ ɡɚɦɟɬɧɨ ɜɨɡɪɚɫɬɚɟɬ. ɉɨɥɨɠɟɧɢɟ ɦɚɤɫɢ-
ɦɭɦɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɧɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɫɦɟɳɚɟɬɫɹ ɜ ɨɛ-
ɥɚɫɬɶ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɧɚ ~5ɋ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɫɜɟɬɚ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 520 ɧɦ, 

ɚ)                                                                      ɛ) 
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ɱɬɨ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɤɪɚɸ ɫɨɛɫɬɜɟɧɧɨɝɨ ɩɨɝɥɨɳɟɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɨɛɫɭɠ-
ɞɚɸɬɫɹ ɜ ɪɚɦɤɚɯ ɜɥɢɹɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɵ ɧɚ ɢɡɦɟɧɟɧɢɟ ɫɩɨɧɬɚɧɧɨɣ ɩɨɥɹɪɢɡɚ-
ɰɢɢ ɩɥɟɧɨɤ Sn2P2S6. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɨɛɪɚɡɨɜɚɧɢɹ ɢ 
ɧɚɭɤɢ ɊɎ (ɭɧɢɤɚɥɶɧɵɣ ɧɨɦɟɪ ɩɪɨɟɤɬɚ RFMEFI57517X0129). 
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ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɩɟɪɟɩɨɥɹɪɢɡɚɰɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ 
ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪ ɧɚ ɨɫɧɨɜɟ ɬɢɬɚɧɚɬɚ ɛɚɪɢɹ: SrTiO3/BaTiO3/SrTiO3. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɧɚɛɥɸɞɚ-
ɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɫɦɟɳɟɧɢɟ ɬɨɱɤɢ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɜ ɫɬɨɪɨɧɭ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɩɨ ɫɪɚɜ-
ɧɟɧɢɸ ɫ ɨɞɧɨɤɨɦɩɨɧɟɧɬɧɵɦ BaTiO3. ɉɨ ɩɟɬɥɹɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ ɨɩɪɟɞɟɥɟɧɵ ɡɧɚ-
ɱɟɧɢɹ ɫɩɨɧɬɚɧɧɨɣ ɩɨɥɹɪɢɡɚɰɢɢ ɢ ɤɨɷɪɰɢɬɢɜɧɨɝɨ ɩɨɥɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɢɬɚɧɚɬ ɛɚɪɢɹ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɟɪɟ-
ɯɨɞ. 

ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɫɬɚɥɢ ɢɧɬɟɧɫɢɜɧɨ ɢɡɭɱɚɬɶɫɹ ɷɩɢɬɚɤɫɢɚɥɶɧɵɟ ɧɚɧɨɦɚɫɲɬɚɛ-
ɧɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ ɜɫɥɟɞɫɬɜɢɟ ɢɯ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɩɪɚɤ-
ɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ ɦɢɤɪɨ ɢ ɧɚɧɨɷɥɟɬɪɨɧɢɤɢ. ɗɬɨ ɫɜɹɡɚɧɨ 
ɫ ɬɟɦ, ɱɬɨ ɩɨɥɭɱɚɟɦɵɟ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɵɟ ɫɬɪɭɤɬɭɪɵ ɩɨɤɚɡɵɜɚɸɬ ɥɭɱɲɢɟ ɫɜɨɣɫɬɜɚ ɩɨ 
ɫɪɚɜɧɟɧɢɟ ɫ ɨɞɧɨɤɨɦɩɨɧɟɧɬɧɵɦɢ ɢ ɩɪɢ ɷɬɨɦ ɟɫɬɶ ɜɨɡɦɨɠɧɨɫɬɶ ɭɩɪɚɜɥɹɬɶ ɷɬɢɦɢ ɫɜɨɣ-
ɫɬɜɚɦɢ [1,2]. Ɍɚɤ ɫɨɡɞɚɧɢɟ ɫɥɨɢɫɬɵɯ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɫɬɪɭɤɬɭɪ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɢɬɚ-
ɧɚɬɚ ɛɚɪɢɹ BaTiO3 ɢ ɞɪɭɝɨɝɨ ɩɟɪɨɜɫɤɢɬɨɩɨɞɨɛɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɩɪɢɜɨɞɢɬ ɤ ɡɧɚɱɢɬɟɥɶɧɨ-
ɦɭ ɢɡɦɟɧɟɧɢɸ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɜ 
ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɫɬɶ ɨɞɧɨɤɨɦɩɨɧɟɧɬɧɨɦɭ ɦɚɬɟɪɢɚɥɭ ɜ ɨɛɴɟɦɧɨɦ ɢɥɢ ɬɨɧɤɨɩɥɟɧɨɱɧɨɦ 
ɜɢɞɟ.  

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɛɵɥɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɫɜɨɣɫɬɜ ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪ ɫ ɱɟɪɟɞɨɜɚɧɢɟɦ ɬɢɬɚɧɚɬɚ ɫɬɪɨɧɰɢɹ SrTiO3 ɢ ɬɢɬɚɧɚɬɚ ɛɚɪɢɹ 
BaTiO3. ɂɫɫɥɟɞɭɟɦɵɟ ɨɛɪɚɡɰɵ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɩɪɢ ɩɨɦɨɳɢ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɧɨɝɨ 
ɧɚɩɵɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɢ ɩɪɟɞɫɬɚɜɥɹɥɢ ɫɨɛɨɣ ɬɪɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɧɚɧɟɫɟɧɧɵɯ ɷɩɢ-
ɬɚɤɫɢɚɥɶɧɵɯ ɫɥɨɹ ɬɢɬɚɧɚɬɚ ɫɬɪɨɧɰɢɹ, ɬɢɬɚɧɚɬɚ ɛɚɪɢɹ, ɬɢɬɚɧɚɬɚ ɫɬɪɨɧɰɢɹ 
SrTiO3/BaTiO3/SrTiO3, ɤɨɬɨɪɵɟ ɛɵɥɢ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɧɚ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɩɨɞɥɨɠ-
ɤɟ ST-Nb ɫ ɩɪɨɜɨɞɹɳɢɦ ɨɤɫɢɞɧɵɦ ɩɨɞɫɥɨɟɦ ɢɡ LaSrCoO3 ɜ ɤɚɱɟɫɬɜɟ ɧɢɠɧɟɝɨ ɷɥɟɤɬɪɨ-
ɞɚ. Ɍɨɥɳɢɧɚ ɫɟɝɧɟɬɨɚɤɬɢɜɧɨɝɨ ɫɥɨɹ BaTiO3 ɜ ɞɚɧɧɨɣ ɫɥɨɢɫɬɨɣ ɫɬɪɭɤɬɭɪɟ ɫɨɫɬɚɜɥɹɥɚ 
7,51 ɧɦ. Ⱦɥɹ ɩɪɨɜɟɞɟɧɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢɡɦɟɪɟɧɢɣ ɜ ɫɢɫɬɟɦɟ ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ-

ɦɟɬɚɥɥ ɧɚ ɟё ɩɨɜɟɪɯɧɨɫɬɶ ɛɵɥɢ ɧɚɧɟɫɟɧɵ Pt ɷɥɟɤɬɪɨɞɵ, ɬɚɤɠɟ ɢɫɩɨɥɶɡɭɹ ɢɦɩɭɥɶɫɧɨɟ 
ɥɚɡɟɪɧɨɟ ɧɚɩɵɥɟɧɢɟ. 

ȼ ɭɤɚɡɚɧɧɵɯ ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪɚɯ ɛɵɥɚ ɢɫɫɥɟɞɨɜɚɧɚ ɫɬɪɭɤɬɭɪɚ, ɬɟɦɩɟɪɚɬɭɪɧɚɹ 
ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ  ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ, ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɥɹɪɢ-
ɡɚɰɢɢ Ps ɢ ɤɨɷɪɰɢɬɢɜɧɨɝɨ ɩɨɥɹ Ec. Ɋɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ ɱɬɨ 
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ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɫɥɨɢ ɧɚɯɨɞɹɬɫɹ ɜ ɩɨɥɧɨɣ ɷɩɢɬɚɤɫɢɢ ɫ ɩɨɞɥɨɠɤɨɣ, ɚ ɬɚɤɠɟ ɩɨɞɬɜɟɪ-
ɠɞɚɸɬ ɬɨɬ ɮɚɤɬ, ɱɬɨ ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɦɧɨɝɨɫɥɨɣɧɵɟ ɫɬɪɭɤɬɭɪɵ ɢɦɟɸɬ ɤɪɢɫɬɚɥɥɢɱɟ-
ɫɤɭɸ ɪɟɲɟɬɤɭ ɫ ɩɚɪɚɦɟɬɪɨɦ, ɤɨɬɨɪɵɣ ɧɚɯɨɞɢɬɫɹ ɦɟɠɞɭ ɡɧɚɱɟɧɢɹɦɢ ɪɟɲɟɬɨɤ BaTiO3 ɢ 
SrTiO3. ɋɚɦ ɩɚɪɚɦɟɬɪ ɪɟɲɟɬɤɢ ɢɫɫɥɟɞɭɟɦɵɯ ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪ ɫɨɫɬɚɜɥɹɟɬ 3, 987 Å. 

ɂɫɫɥɟɞɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ 
ɩɨɤɚɡɵɜɚɸɬ ɧɚɥɢɱɢɟ ɪɚɡɦɵɬɨɝɨ ɦɚɤɫɢɦɭɦɚ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɢɧɬɟɪɜɚɥɟ ɨɬ 310 °ɋ ɞɨ 
320 °ɋ, ɡɧɚɱɟɧɢɟ İ ɤɨɬɨɪɨɝɨ ɫɨɫɬɚɜɢɥɨ ɨɤɨɥɨ 700 ɢ ɜɬɨɪɨɝɨ ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ ɦɚɤɫɢɦɭ-
ɦɚ ɜ ɢɧɬɟɪɜɚɥɟ ɨɬ 100 °ɋ ɞɨ 150 °ɋ ɫɨ ɡɧɚɱɟɧɢɟɦ İ ɩɨɪɹɞɤɚ 40, ɱɬɨ ɫɨɫɬɚɜɥɹɟɬ 6 % ɨɬ 
ɩɟɪɜɨɝɨ ɦɚɤɫɢɦɭɦɚ. ɉɪɢɱɟɦ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ ɜ ɢɫɫɥɟɞɭɟɦɵɯ 
ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪɚɯ ɩɪɨɢɫɯɨɞɢɬ ɢɦɟɧɧɨ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɢɧɬɟɪɜɚɥɟ 310-320 °ɋ. ɗɬɨ 
ɩɨɞɬɜɟɪɠɞɚɟɬɫɹ ɢ ɬɟɦɩɟɪɚɬɭɪɧɵɦɢ ɡɚɜɢɫɢɦɨɫɬɹɦɢ Ps ɢ Ec, ɩɨɤɚɡɚɧɧɵɦɢ ɧɚ ɪɢɫɭɧɤɟ, 
ɢɫɯɨɞɹ ɢɡ ɤɨɬɨɪɵɯ ɩɨɥɹɪɢɡɚɰɢɹ ɢ ɤɨɷɪɰɢɬɢɜɧɨɟ ɩɨɥɟ ɫɬɚɧɨɜɹɬɫɹ ɪɚɜɧɵɦɢ ɧɭɥɸ ɩɨɫɥɟ 
320 °ɋ.
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This paper presents the results of the influence of rapid thermal annealing (RTA) on the crystal 

structure of lead zirconate titanate (PZT) films formed by the method of high-frequency reactive plas-

а)      б)
Рисунок. Температурная зависимость спонтанной поляризации (а) и коэрцитивного поля (б) 

слоистой тонкопленочной структуры SrTiO3/BaTiO3/SrTiO3
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ma spraying. It is shown that with an increase in the temperature of the RTA from 500 to 700 ° C, the 
number of crystallites growing in the (110) direction increases. 

Keywords: lead zirconate titanate, crystal structure, rapid thermal annealing. 

Thin ferroelectric PZT films of Pb (Zr, Ti)O3 composition were deposited on silicon 

substrates on the “Plasma-80» installation using high-frequency reactive plasma spraying in 

an oxygen atmosphere with a pressure of 0.51 Torr [1, 2]. The thickness of the PZT film ap-

plied to the silicon substrate was 1.0 ± 0.1 ȝm. In the future, the samples were divided into 

several parts. One part of the samples was subjected to rapid thermal annealing (RTA) with 

halogen lamps in the ITO-18 installation at temperatures of 500, 600 and 700 °C and anneal-

ing times of 30 s, and a number of the samples remained without exposure to RTA. 

Using X-ray phase analysis, it was found that the films that did not undergo RTA have 

a PZT phase with a predominant crystallite growth in the (110) and (001) directions. And in 

the films that underwent RTA, the crystal structure changed, namely, the maximum of the 

peak of the perovskite phase (001) shifted towards smaller angles 2ș, and the maximum of 

peak (110), conversely, shifted towards larger angles 2ș, as shown in the table. These results 

indicate that at higher RTA temperatures (600 and 700 °C), the transformation of the PZT 
crystal lattice towards the predominance of the tetragonal phase is observed. 

This conclusion is also confirmed by an estimate of the crystallite size of the PZT, 

which was produced by the Scherer equation, as well as by the ratio of the intensities of the 

maxima of the I(110) and I(001) peaks, which are presented in the table. The calculation showed 

that there is an increase in the size of crystallites of the crystallographic orientation (110) and 

a decrease in the size of crystallites of orientation (001).  

Energy dispersive analysis of the film structure showed that the ratio of elements in 

the Zr / Ti film is 0.36 / 0.64. This fact, according to the PZT phase diagram [3], also indi-

cates the predominance of the ferroelectric tetragonal phase. 

Table 

The sizes of crystallites PZT 

Sample number Angle 2ș for the maximum 

of the PZT peak for orien-

tations 

PZT crystallite size for 

orientations 

Peak intensity 

ratio 

(001) (110) (001) (110) I(110)/I(001) 

PZT 22,22 31,32 51 12.8 1,2 

PZT + RTA 500
ɨɋ 22,22 31,32 47 20.1 1,2 

PZT + RTA 600
ɨɋ 22,22 31,34 47 30.6 1,3 

PZT + RTA 700
ɨɋ 22,18 31,36 17.6 35.2 1,6 

The results were obtained using the equipment of the centers for collective usage “Mi-

crosystem Engineering and Integrated Sensory” and “Nanotechnologies” of Southern Federal 
University.  

Thanks to Pavlenko A. V. and Stryukov D. V. for conducting x-ray phase studies. 

This work was supported by the RFBR grant No. 18-29-11019. 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɚɧɨɦɚɥɢɣ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ 
ɩɚɪɚɦɟɬɪɨɜ ɩɪɨɡɪɚɱɧɨɣ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɢ ɫɢɫɬɟɦɵ ɐɌɋɅ (X/65/35) ɜɛɥɢɡɢ 
ɪɚɡɦɵɬɨɝɨ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ. ɉɨɥɭɱɟɧɵ ɧɚɛɨɪɵ ɤɨɦɩɥɟɤɫɧɵɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɭɩɪɭɝɢɯ ɢ 
ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ, ɪɟɥɚɤɫɨɪɧɚɹ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ, ɭɩɪɭɝɢɟ 
ɤɨɧɫɬɚɧɬɵ. 

Ȼɥɚɝɨɞɚɪɹ ɫɜɨɢɦ ɨɫɨɛɵɦ ɫɜɨɣɫɬɜɚɦ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ ɫ ɪɚɡɦɵɬɵɦ ɮɚɡɨɜɵɦ ɩɟ-
ɪɟɯɨɞɨɦ ɹɜɥɹɸɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɞɥɹ ɩɪɢɦɟɧɟɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ ɨɛɥɚɫɬɹɯ 
ɫɨɜɪɟɦɟɧɧɨɣ ɬɟɯɧɢɤɢ. ɋɪɟɞɢ ɢɡɜɟɫɬɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ ɫ ɪɚɡɦɵɬɵɦ ɮɚɡɨɜɵɦ ɩɟɪɟ-
ɯɨɞɨɦ ɧɚɢɛɨɥɶɲɢɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɟɝɧɟɬɨɷɥɟɤ-
ɬɪɢɱɟɫɤɚɹ ɤɟɪɚɦɢɤɚ ɫɢɫɬɟɦɵ ɐɌɋɅ, ɤɨɬɨɪɚɹ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɲɢɪɨɤɢɣ ɞɢɚɩɚɡɨɧ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɭɧɢɤɚɥɶɧɵɣ ɨɛɴɟɤɬ 
ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɯ ɫ ɪɚɡɦɵɬɵɦ ɮɚɡɨ-
ɜɵɦ ɩɟɪɟɯɨɞɨɦ [1]. 

Ɉɞɧɚɤɨ, ɧɟɫɦɨɬɪɹ ɧɚ ɞɥɢɬɟɥɶɧɭɸ ɢɫɬɨɪɢɸ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɤɨɦɩɥɟɤɫɧɵɟ ɭɩɪɭɝɢɟ, 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɶɟɡɨɤɟɪɚɦɢ-
ɤɢ ɫɢɫɬɟɦɵ ɐɌɅ (X/65/35) ɢ ɩɚɪɚɦɟɬɪɵ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ 
ɜɨɥɧ ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɪɚɡɦɵɬɨɝɨ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɧɟ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɢ ɨɩɭɛɥɢɤɨɜɚ-
ɧɵ ɧɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ. 

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɚ ɜɵɛɪɚɧɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɤɟɪɚɦɢɤɚ 
ɫɢɫɬɟɦɵ (Pb1-xLax)(Zr0,65Ti0,35)O3 ɫ ɫɨɞɟɪɠɚɧɢɟɦ ɥɚɧɬɚɧɚ x=6.5 - 8.5%. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɵɟ ɨɛɪɚɡɰɵ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɢ ɐɌɋɅ ɛɵɥɢ ɢɡɝɨɬɨɜɥɟɧɵ ɦɟɬɨɞɨɦ ɝɨɪɹ-
ɱɟɝɨ ɩɪɟɫɫɨɜɚɧɢɹ. ɉɥɨɬɧɨɫɬɶ ɩɨɥɭɱɟɧɧɵɯ ɨɛɪɚɡɰɨɜ ɤɟɪɚɦɢɤɢ ɐɌɋɅ ɫɨɫɬɚɜɢɥɚ 7.715 
ɝ/ɫɦ3. Ɇɢɤɪɨɫɬɪɭɤɬɭɪɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɧɚ ɩɨɥɢɪɨɜɚɧɧɵɯ ɢ ɬɪɚɜɥɟɧɵɯ ɩɨ-
ɜɟɪɯɧɨɫɬɹɯ ɨɛɪɚɡɰɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɩɬɢɱɟɫɤɨɝɨ ɦɢɤɪɨɫɤɨɩɚ NeoPhot-21. ɂɡɦɟɪɟ-
ɧɢɹ ɤɨɦɩɥɟɤɫɧɵɯ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɩɶɟɡɨ-
ɷɥɟɦɟɧɬɨɜ ɩɪɨɜɨɞɢɥɢ ɧɚ ɫɬɚɧɞɚɪɬɧɵɯ ɨɛɪɚɡɰɚɯ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɦɩɟɞɚɧɫɧɨɝɨ ɚɧɚɥɢ-
ɡɚɬɨɪɚ Agilent 4294A ɢ ɩɪɨɝɪɚɦɦɵ ɚɧɚɥɢɡɚ ɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ PRAP [2]. 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɢ ɚɤɭɫɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ, ɚ ɬɚɤɠɟ ɧɚɛɨɪɵ ɤɨɦɩɥɟɤɫɧɵɯ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɤɟɪɚɦɢɤɢ ɐɌɋɅ (6.5/65/35). Ɉɛɧɚɪɭɠɟɧɵ 
ɚɧɨɦɚɥɢɢ ɜ ɩɨɜɟɞɟɧɢɢ ɫɤɨɪɨɫɬɢ ɢ ɡɚɬɭɯɚɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ (ɉȺȼ) 
ɞɥɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɢ ɐɌɋɅ (7.5/65/35) ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ d

T , 

ɤɨɬɨɪɚɹ ɪɚɫɩɨɥɨɠɟɧɚ ɧɢɠɟ ɬɨɱɤɢ Ʉɸɪɢ. ɗɬɚ ɬɟɦɩɟɪɚɬɭɪɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɨɩɨɥɧɢɬɟɥɶ-
ɧɵɦ ɦɚɤɫɢɦɭɦɚɦ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟ-
ɦɨɫɬɢ ɢ (ɫɦ. ɪɢɫɭɧɨɤ).  

ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɨɛɳɟɩɪɢɧɹɬɵɦɢ ɩɪɟɞɫɬɚɜɥɟɧɢɹɦɢ ɨ ɪɚɡɦɵɬɨɦ ɮɚɡɨɜɨɦ ɩɟɪɟ-
ɯɨɞɟ ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɟ ɐɌɋɅ (X/65/35) ɨɛɧɚɪɭɠɟɧɧɵɟ ɚɧɨɦɚɥɢɢ ɬɟɦ-
ɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɩɚɪɚɦɟɬɪɨɜ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɉȺȼ ɜ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ( d

T ), ɛɵɥɢ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧɵ ɧɚɦɢ ɤɚɤ ɪɟɡɭɥɶɬɚɬ ɢɫɱɟɡ-

mailto:lugovaya_maria@mail.ru
mailto:step_scherbinin@list.ru
mailto:arybyanets@gmail.com
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ɧɨɜɟɧɢɹ ɞɚɥɶɧɟɝɨ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɪɹɞɤɚ ɢ ɪɚɡɪɭɲɟɧɢɹ ɧɚɜɟɞɟɧɧɨɝɨ ɩɨɥɹɪɢɡɚ-
ɰɢɟɣ ɦɚɤɪɨɞɨɦɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ.  

          ɚ)                                                                               ɛ) 

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ( 033
/ T

),

ɬɚɧɝɟɧɫɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ (tg ) (ɚ), ɜɪɟɦɟɧɢ ɡɚɞɟɪɠɤɢ (  / ) ɢ ɡɚɬɭɯɚɧɢɹ ( p )

ɉȺȼ (ɛ) ɞɥɹ ɫɨɫɬɚɜɚ (
30,350,650,0750,925

)OTi)(ZrLaPb . 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  

Ʌɢɬɟɪɚɬɭɪɚ 

1. Pytel K. Dielectric properties of PLZT-X/65/35 ( )13≤≤2 x  under mechanical stress, elec-

tric field and temperature loading / Pytel et al. // Condens. Mater Phys. - 2013. - V. 16. - I. 3. - P. 1-6. 

2. A. Rybianets et al., Accurate evaluation of complex material constants of porous piezoelec-

tric ceramics. IEEE Ultrason. Symp. Proc., 1533 (2006). 

3. A. Rybianets, SAW Method for Measuring of Relaxation Process in Ferroelectric Ceramics.

Proc. 2007 IEEE Ultrason. Symp. IUS., 1909 (2007). 

ɍȾɄ 538.95 

ȾɂɗɅȿɄɌɊɂɑȿɋɄɂȿ ɋȼɈɃɋɌȼȺ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɑȿɋɄɈɃ ɄȿɊȺɆɂɄɂ 

Ba0,8Sr0,2TiO3 

ɋ.Ⱥ. Ƚɪɢɞɧɟɜ1, ɂ.ɂ. ɉɨɩɨɜ2

1Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, s_gridnev@mail.ru 
2Ⱥɫɩɢɪɚɧɬ, popovich_vano@mail.ru 

ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɇɚ ɱɚɫɬɨɬɚɯ ɨɬ 25 Ƚɰ ɞɨ 200 ɤȽɰ ɢɡɦɟɪɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɜ 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɟ Ba0,8Sr0,2TiO3. ɉɟɪɜɵɣ ɦɚɤɫɢɦɭɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ 
ɫɜɹɡɚɧ ɫ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɦ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ. ȼɬɨɪɨɣ ɦɚɤɫɢɦɭɦ ɢɦɟɟɬ ɪɟɥɚɤɫɚɰɢɨɧɧɭɸ 
ɩɪɢɪɨɞɭ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɢɬɚɧɚɬ ɛɚɪɢɹ-ɫɬɪɨɧɰɢɹ, ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɩɪɨɰɟɫɫ. 

ɇɚ ɪɚɡɧɵɯ ɱɚɫɬɨɬɚɯ ɢɡɦɟɪɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ ɢ ɬɚɧɝɟɧɫɚ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ tg ɜ ɨɛɪɚɡɰɚɯ ɫɟɝɧɟɬɨɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ Ba0,8Sr0,2TiO3. ɉɪɢ Ɍ ≈ 70 °ɋ ɧɚɛɥɸɞɚɟɬɫɹ ɩɢɤ İ, ɫɜɹɡɚɧ-
ɧɵɣ ɫ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ. Ɉɩɪɟɞɟɥɟɧɨ ɡɧɚɱɟɧɢɟ ɤɨɧɫɬɚɧɬɵ Ʉɸɪɢ-ȼɟɣɫɫɚ ɋw ≈ 105

 Ʉ,
ɯɚɪɚɤɬɟɪɧɨɟ ɞɥɹ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ 1-ɝɨ ɪɨɞɚ. 
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ɇɚ ɡɚɜɢɫɢɦɨɫɬɢ tg(T) ɧɚɛɥɸɞɚɸɬɫɹ ɞɜɚ ɦɚɤɫɢɦɭɦɚ. Ɍɟɦɩɟɪɚɬɭɪɧɨɟ ɩɨɥɨɠɟɧɢɟ 
ɩɟɪɜɨɝɨ ɩɢɤɚ tg ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɱɚɫɬɨɬɵ ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɩɨɥɹ, ɱɬɨ ɫɜɢɞɟ-
ɬɟɥɶɫɬɜɭɟɬ ɨ ɟɝɨ ɩɪɢɧɚɞɥɟɠɧɨɫɬɢ ɤ ɮɚɡɨɜɨɦɭ ɩɟɪɟɯɨɞɭ. ɍɜɟɥɢɱɟɧɢɟ ɱɚɫɬɨɬɵ ɢɡɦɟɪɢ-
ɬɟɥɶɧɨɝɨ ɩɨɥɹ ɫ 25 Ƚɰ ɞɨ 1 ɤȽɰ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ tg. 

ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɫɤɨɪɨɫɬɢ ɧɚɝɪɟɜɚ ɫ 1 ɞɨ 7 °ɋ/ɦɢɧ ɧɚɛɥɸɞɚɟɬɫɹ ɪɨɫɬ ɜɵɫɨɬɵ ɦɚɤɫɢɦɭɦɚ 
tg. Ɍɚɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɨɛɴɹɫɧɹɸɬɫɹ ɫ ɩɨɦɨɳɶɸ ɧɢɡɤɨɱɚɫɬɨɬɧɨɝɨ ɮɥɭɤɬɭɚɰɢɨɧɧɨɝɨ 
ɦɟɯɚɧɢɡɦɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɩɪɢ ɮɚɡɨɜɨɦ ɩɟɪɟɯɨɞɟ 1-ɝɨ ɪɨɞɚ [1], ɤɨɬɨɪɵɣ ɩɪɟɞ-
ɫɤɚɡɵɜɚɟɬ ɥɢɧɟɣɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɜɵɫɨɬɵ ɩɢɤɚ tg ɨɬ ɫɤɨɪɨɫɬɢ ɧɚɝɪɟɜɚ ɢ ɨɛɪɚɬɧɨɣ ɱɚ-
ɫɬɨɬɵ, ɱɬɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚ. 

ɇɚ ɱɚɫɬɨɬɟ 200 Ƚɰ ɜɬɨɪɨɣ ɩɢɤ tg ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɩɪɢ 
Ɍ ≈ 79 °ɋ. ɍɜɟɥɢɱɟɧɢɟ ɱɚɫɬɨɬɵ ɞɨ 200 ɤȽɰ ɩɪɢɜɨɞɢɬ ɤ ɫɦɟɳɟɧɢɸ ɩɢɤɚ ɜ ɫɬɨɪɨɧɭ ɛɨɥɟɟ 
ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ (Ɍ ≈ 113 °ɋ), ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɟɝɨ ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ ɩɪɢɪɨɞɟ. 
ɉɟɪɟɫɬɪɨɣɤɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ Ĳ ɜ ɤɨɨɪɞɢɧɚɬɚɯ lnĲ(1/T) 

ɞɚёɬ ɥɢɧɟɣɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ. ɉɨ ɬɚɧɝɟɧɫɭ ɭɝɥɚ ɧɚɤɥɨɧɚ ɩɪɹɦɨɣ ɪɚɫɫɱɢɬɚɧɨ ɡɧɚɱɟɧɢɟ 
ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɪɟɥɚɤɫɚɰɢɨɧɧɨɝɨ ɩɪɨɰɟɫɫɚ ȿɚ ≈ 1,6 ɷȼ, ɱɬɨ ɛɥɢɡɤɨ ɩɨ ɡɧɚɱɟɧɢɸ ɤ 
ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɞɢɮɮɭɡɢɢ ɤɢɫɥɨɪɨɞɧɵɯ ɜɚɤɚɧɫɢɣ [2]. ɉɪɢɪɨɞɚ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɢ-
ɤɨɜ ɨɛɫɭɠɞɚɟɬɫɹ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Gridnev S.A. // Ferroelectrics. 2002. V. 266. P. 171–209.

2. Kang B.S., Choi S.K. // J. Appl. Phys. 2003. V. 94. P. 1904–1911.
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ȼȺɊɖɂɊɈȼȺɇɂȿ ɋɈɋɌȺȼȺ ɌɈɇɄɂɏ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɑȿɋɄɂɏ ɉɅȿɇɈɄ, 
ɉɈɅɍɑȿɇɇɕɏ ɆȿɌɈȾɈɆ ȼɕɋɈɄɈɑȺɋɌɈɌɇɈȽɈ ɊȺɋɉɕɅȿɇɂə: 

ɗɄɋɉȿɊɂɆȿɇɌ ɂ ɆɈȾȿɅɂɊɈȼȺɇɂȿ  

ȿ.ɘ. Ʉɚɩɬɟɥɨɜ1, ɋ.ȼ. ɋɟɧɤɟɜɢɱ2, ɂ.ɉ. ɉɪɨɧɢɧ3, ȼ.Ⱥ. ȼɨɥɶɩɹɫ4, Ⱥ.Ȼ. Ʉɨɡɚɪɟɜ5
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5ɉɪɨɮɟɫɫɨɪ, ɞ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, mlpeltech@gmail.com 
1,2,3ɎȽȻɍɇ Ɏɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɦ. Ⱥ.Ɏ. ɂɨɮɮɟ ɊȺɇ 

4,5ɎȽȺɈɍ ȼɈ ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ 
«ɅɗɌɂ» ɢɦ. ȼ.ɂ. ɍɥɶɹɧɨɜɚ (Ʌɟɧɢɧɚ) 

ɉɨɤɚɡɚɧɨ, ɱɬɨ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɪɚɛɨɱɟɝɨ ɝɚɡɚ ɜ ɭɫɬɚɧɨɜɤɟ ȼɑ ɦɚɝɧɟɬɪɨɧɧɨɝɨ 
ɪɚɫɩɵɥɟɧɢɹ ɦɨɠɧɨ ɢɡɦɟɧɹɬɶ ɫɨɫɬɚɜ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɰɢɪɤɨɧɚɬɚ-

ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ (PZT) ɂɧɬɟɪɩɪɟɬɚɰɢɹ ɩɨɥɭɱɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ 
ɩɪɨɜɟɞɟɧɚ ɧɚ ɨɫɧɨɜɟ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɬɟɪɦɚɥɢɡɚɰɢɢ ɢ 
ɞɢɮɮɭɡɢɢ ɩɨɬɨɤɨɜ ɪɚɫɩɵɥɟɧɧɵɯ ɚɬɨɦɨɜ Pb, Zr ɢ Ti. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɟ ɦɚɝɧɟɬɪɨɧɧɨɟ ɪɚɫɩɵɥɟɧɢɟ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ 
ɰɢɪɤɨɧɚɬɚ-ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ, ɫɬɚɬɢɫɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɬɟɪɦɚɥɢɡɚɰɢɹ ɚɬɨɦɨɜ ɜ 
ɩɥɚɡɦɟ. 

Ɍɨɧɤɢɟ ɩɥɟɧɤɢ ɰɢɪɤɨɧɚɬɚ-ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ Pb(Zr,Ti)O3 (PZT) ɹɜɥɹɸɬɫɹ ɨɞɧɢɦɢ 
ɢɡ ɨɫɧɨɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɨɜɪɟɦɟɧɧɨɣ ɨɤɫɢɞɧɨɣ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɢ ɢ ɧɚɯɨɞɹɬ ɲɢɪɨɤɨɟ 
ɩɪɢɦɟɧɟɧɢɟ ɜ ɪɚɡɥɢɱɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ ɦɢɤɪɨɷɥɟɤɬɪɨɦɟɯɚɧɢɤɢ. ɉɪɚɤɬɢɱɟɫɤɢ ɡɧɚɱɢɦɵɦɢ 
ɹɜɥɹɸɬɫɹ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ PZT, ɫɨɫɬɚɜ ɤɨɬɨɪɵɯ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɛɥɚɫɬɢ ɦɨɪɮɨɬɪɨɩɧɨɣ 
ɮɚɡɨɜɨɣ ɝɪɚɧɢɰɵ (ɆɎȽ), ɝɞɟ ɛɨɥɶɲɢɧɫɬɜɨ ɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚɥɨɜ ɞɨɫɬɢ-
ɝɚɸɬ ɦɚɤɫɢɦɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ. Ⱦɥɹ ɨɩɬɢɦɢɡɚɰɢɢ ɫɨɫɬɚɜɚ ɩɥɟɧɨɤ PZT ɧɟɨɛɯɨɞɢɦɨ ɜɥɚ-
ɞɟɬɶ ɷɮɮɟɤɬɢɜɧɵɦɢ ɦɟɬɨɞɚɦɢ ɬɨɧɤɨɝɨ ɜɚɪɶɢɪɨɜɚɧɢɹ ɫɨɫɬɚɜɚ ɜ ɩɪɟɞɟɥɚɯ ɆɎȽ, ɚ ɬɚɤɠɟ 
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ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɫɨɞɟɪɠɚɧɢɟ ɢɡɛɵɬɨɱɧɨɝɨ ɫɜɢɧɰɚ, ɥɨɤɚɥɢɡɨɜɚɧɧɨɝɨ ɥɢɛɨ ɧɚ ɢɧɬɟɪɮɟɣ-
ɫɚɯ, ɥɢɛɨ ɜ ɦɟɠɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ. Ɉɞɧɢɦ ɢɡ 
ɬɚɤɢɯ ɦɟɬɨɞɨɜ ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ ȼɑ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ, ɜ ɤɨɬɨɪɨɦ ɢɡɦɟɧɟɧɢɟ ɫɨ-
ɫɬɚɜɚ ɩɥɟɧɨɤ ɞɨɫɬɢɝɚɟɬɫɹ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɪɚɛɨɱɟɣ ɝɚɡɨɜɨɣ ɫɦɟɫɢ [1]. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɜɥɢɹɧɢɟ ɞɚɜɥɟɧɢɹ ɝɚɡɨɜɨɣ ɫɦɟɫɢ 
80% Ar + 20% O2 ɜ ɭɫɬɚɧɨɜɤɟ ȼɑ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɧɚ ɫɨɫɬɚɜ ɬɨɧɤɢɯ ɩɥɟɧɨɤ 
PZT, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɨɛɥɚɫɬɢ ɆɎȽ. Ɍɨɥɳɢɧɚ ɨɫɚɠɞɟɧɧɵɯ ɫɥɨɟɜ ɫɨɫɬɚɜɥɹɥɚ ~ 800 ɧɦ, 
ɬɟɦɩɟɪɚɬɭɪɚ ɫɢɧɬɟɡɚ ɩɥɟɧɨɤ – 600 

ɨɋ. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɨɫɬɚɜɚ ɩɥɟɧɨɤ ɢɫɩɨɥɶɡɨɜɚɥɫɹ
ɫɤɚɧɢɪɭɸɳɢɣ ɷɥɟɤɬɪɨɧɧɵɣ ɦɢɤɪɨɫɤɨɩ EVO-40 (Zeiss), ɨɫɧɚɳɟɧɧɵɣ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢ-
ɨɧɧɨɣ ɩɪɢɫɬɚɜɤɨɣ INCA.  

ɉɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɷɥɟɦɟɧɬɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɚɬɨɦɨɜ ɫɜɢɧɰɚ ɦɨɧɨ-
ɬɨɧɧɨ ɜɨɡɪɚɫɬɚɥɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɪɚɛɨɱɟɝɨ ɝɚɡɚ ɜ ɞɢɚɩɚɡɨɧɟ 2-8 Pa (ɤɪɢɜɚɹ 1 ɧɚ 
ɪɢɫ. 1,ɚ). ɉɪɢ 2 Pa ɮɢɤɫɢɪɨɜɚɥɫɹ ɧɟɞɨɫɬɚɬɨɤ ɫɜɢɧɰɚ ɜ 7% ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɟɯɢɨɦɟɬɪɢɱɟ-
ɫɤɨɝɨ ɫɨɫɬɚɜɚ PZT , ɚ ɩɪɢ 8 Pa ɧɚɛɥɸɞɚɥɫɹ ɡɧɚɱɢɬɟɥɶɧɵɣ ɢɡɛɵɬɨɤ ɚɬɨɦɨɜ ɫɜɢɧɰɚ ɜɟɥɢ-
ɱɢɧɨɣ ɜ 21%. Ɂɚɜɢɫɢɦɨɫɬɶ ɷɥɟɦɟɧɬɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ Ti/Zr ɫ ɪɨɫɬɨɦ ɞɚɜɥɟɧɢɹ ɬɚɤɠɟ ɧɨ-
ɫɢɥɚ ɦɨɧɨɬɨɧɧɵɣ ɯɚɪɚɤɬɟɪ (ɪɢɫ. 2,ɛ). Ⱦɢɚɩɚɡɨɧ ɢɡɦɟɧɟɧɢɹ ɫɨɫɬɚɜɥɹɥ ≈ 2,5%, ɨɯɜɚɬɵɜɚɹ 
ɛɨɥɶɲɭɸ ɱɚɫɬɶ ɨɛɥɚɫɬɢ ɆɎȽ.  
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Ɋɢɫ. 1. ɂɡɦɟɧɟɧɢɟ ɷɥɟɦɟɧɬɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ Pb/(Zr+Ti) (ɚ) ɢ Ti/(Ti+Zr) (ɛ)  
ɩɪɢ ɜɚɪɢɚɰɢɢ ɞɚɜɥɟɧɢɹ ɝɚɡɨɜɨɣ ɫɦɟɫɢ ɜ ɩɥɟɧɤɚɯ PZT. Ʉɪɢɜɚɹ 1 ɧɚ ɪɢɫ. 1,  

ɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɨɞɟɪɠɚɧɢɸ ɫɜɢɧɰɚ ɜ ɨɫɚɠɞɟɧɧɵɯ (ɚɦɨɪɮɧɵɯ) ɩɥɟɧɤɚɯ, ɤɪɢɜɚɹ 2 
ɨɬɪɚɠɚɟɬ ɫɨɞɟɪɠɚɧɢɟ ɫɜɢɧɰɚ ɜ ɨɬɨɠɠɟɧɧɵɯ ɩɥɟɧɤɚɯ ɜ ɮɚɡɟ ɩɟɪɨɜɫɤɢɬɚ 

Ɋɟɡɭɥɶɬɚɬɵ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɬɟɪɦɚɥɢɡɚɰɢɢ ɢ ɞɢɮɮɭ-
ɡɢɢ ɩɨɬɨɤɨɜ ɪɚɫɩɵɥɟɧɧɵɯ ɚɬɨɦɨɜ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ, ɜ ɱɚɫɬɧɨɫɬɢ, ɧɚ ɪɢɫ. 2, ɩɨɤɚɡɵɜɚɸɬ, 
ɱɬɨ ɜ ɧɚɛɥɸɞɚɟɦɨɦ ɢɧɬɟɪɜɚɥɟ ɞɚɜɥɟɧɢɣ ɪɚɛɨɱɟɝɨ ɝɚɡɚ ɩɪɨɢɫɯɨɞɢɬ ɬɟɪɦɚɥɢɡɚɰɢɹ ɬɹɠɟ-
ɥɵɯ ɚɬɨɦɨɜ ɫɜɢɧɰɚ, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɞɥɹ ɛɨɥɟɟ ɥɟɝɤɢɯ ɚɬɨɦɨɜ (Zr ɢ Ti) ɷɬɨɬ ɩɪɨɰɟɫɫ ɩɪɚɤ-
ɬɢɱɟɫɤɢ ɡɚɜɟɪɲɟɧ. ɋɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɢ ɪɚɫɱɟɬɧɨɣ ɡɚɜɢɫɢɦɨɫɬɟɣ ɷɥɟɦɟɧɬ-
ɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ ɚɬɨɦɨɜ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɢɯ ɩɨɜɟɞɟɧɢɟ ɯɨɪɨɲɨ ɤɨɪɪɟɥɢɪɭɟɬ ɜɨ ɜɫɟɦ 
ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɞɚɜɥɟɧɢɹ ɪɚɛɨɱɟɝɨ ɝɚɡɚ.  
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Ɋɢɫ. 2. ȼɟɪɨɹɬɧɨɫɬɢ ɞɨɫɬɚɜɤɢ ɪɚɫɩɵɥɟɧɧɵɯ ɚɬɨɦɨɜ Pb, Zr ɢ Ti ɧɚ ɩɨɞɥɨɠɤɭ 
ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɞɚɜɥɟɧɢɹɯ ɪɚɛɨɱɟɝɨ ɝɚɡɚ 
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Dielectric studies of (1-x)NaNbO3 - xGd1/3NbO3 solid solution compositions prepared using 

solid phase reactions route have been carried out in the temperature range 12-700 K. The permittivity–
temperature dependences of the compositions studied were found to change, as x grows, from 

relatively sharp maxima typical of usual antiferroelectrics to the diffused but frequency-independent 

maxima typical of ferroelectrics and antiferroelectrics with diffused phase transition and  then to the 

smeared and frequency-dependent maxima typical of relaxors. 

Keywords: antiferroelectric, diffused phase transition, NaNbO3, relaxor. 

One of the main trends of modern materials science is the replacement of lead-

containing electronic materials with their lead-free analogues. Among the most prospective 

representatives of the new generation of lead-free functional materials are sodium niobate 

NaNbO3 -based solid solutions. Previously the main attention was paid to the ferroelectric 

NaNbO3 - KNbO3 and NaNbO3 - LiNbO3 solid solutions prospective for piezoelectric appli-

cations [1, 2]. Nowadays a far more promising application of NaNbO3 and its derivatives is 

considered to be high energy storage capacitors, where the antiferroelectric nature of the ma-

terial is utilized.[3]. 

Solid solutions of  NaNbO3 may be divided into two groups [4]. In solid solutions of 

the group I ( e.g. NaNbO3 - KNbO3 and NaNbO3 - LiNbO3) high temperature ferroelectric 

(FE) phase appears at small (a few mol.%) content x of the second component, concentration 

dependence of the temperature Tm of dielectric permittivity İ maximum  is rather smooth and 
the İ(T) maxima are sharp. In solid solutions of the group II the antiferroelectric (AFE) phase 

remains stable up to a comparatively high threshold x=x0 value (x0 is usually about 10-15 

mol.% [5]) while in compositions with x>x0 the phase, usually referred to as FE or ferrielec-

tric becomes stable, which is accompanied by an abrupt drop in Tm values and dramatic 

smearing of the İ(T) maxima. Solid solutions of the group II are most prospective for high 

energy storage applications [3]. Though at room temperature NaNbO3 is an AFE, a sufficient-

ly strong electric field induces in NaNbO3 an othorhombic (space group Pmc21) FE phase Q 

which remains stable after removing the field and it is destroyed only by heating up to high 

temperatures [3]. Recently stabilized antiferroelectricity and superior energy storage proper-

ties were reported for the compositions of the NaNbO3 -based lead-free ceramics with A-site 
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vacancies obtained via a Bi2O3 substitution -solid solution system [5]. The scope of the pre-

sent work was the study of evolution of dielectric properties in the similar solid solution sys-

tem with A-site vacancies (1-x)NaNbO3 - xGd1/3NbO3 .  

Ceramic samples of (1-x)NaNbO3 - xGd1/3NbO3 compositions with x=0, 0.05, 0.10, 

0.15 and 0.20 were prepared using solid phase reactions route.  All the investigated composi-

tions were single-phase and have a structure of the perovskite type. Dielectric studies carried 

out in the 12 K-700 K temperature range have shown that the Tm(x) dependence has an abrupt 

drop at x = x0 ≈ 0.1. While Tm values of compositions with x<x0 do not depend on frequency, 

compositions with x>x0 exhibit a frequency dispersion of İ(T) and a frequency shift of Tm, i.e. 

the increase of Tm with frequency. The frequency shift of Tm for the compositions with x>x0 is 

well described by the Vogel-Fulcher relation typical of relaxors. Diffusion of the İ(T) maxi-

mum increases as x grows and the İ(T) maxima for compositions with x>x0 exhibiting relax-

or-like properties appear to be very smeared. 

Acknowledgment. This study is supported by the Russian Science Foundation (project 

19-12-00205).

References 

1. Rödel J. Transferring lead-free piezoelectric ceramics into application / K.G. Webber, R.

Dittmer, W. Jo, M. Kimura, D. Damjanovic // J. Eur. Ceram. Soc. –  2015. –  V.35. –   № 6. –  P. 1659 

– 1681.

2. Wei H. An overview of lead-free piezoelectric materials and devices / H. Wei, H. Wang, Y.

Xia, et al. // Mater. Chem. C. –  2018. –  V. 6. –  P. 12446-12467. 

3. Liu Z. Antiferroelectrics for energy storage applications: a review / Z. Liu, T. Lu, J. Ye, G.

Wang, X. Dong, R. Withers, Y. Liu // Adv. Mater. – 2018. – V. 3. – № 90. – P. 1800111. 

4. Raevski I.P. NaNbO3-based relaxor / I. P. Raevski, L. A. Reznitchenko, M. A. Malitskaya,

et al. // Ferroelectrics – 2004. – V. 299. – № 1. – P. 95 – 101. 

5. Zhou M. Superior energy storage properties and excellent stability of novel NaNbO3-based

lead-free ceramics with A-site vacancy obtained via a Bi2O3 substitution strategy / M. Zhou, R. Liang, 

Z. Zhou, X. Dong // J. Mater. Chem. A. – 2018. – V. 6. – P. 17896 – 17904.

ɍȾɄ 538.95 

ȺɄɍɋɌɂɑȿɋɄȺə ɋɉȿɄɌɊɈɋɄɈɉɂə ɄȿɊȺɆɈɆȺɌɊɂɑɇɕɏ 

ɉɖȿɁɈɄɈɆɉɈɁɂɌɈȼ 

ɇ.Ⱥ. ɒɜɟɰɨɜɚ1, ȿ.ɂ. ɉɟɬɪɨɜɚ2, Ⱦ.ɂ. Ɇɚɤɚɪɶɟɜ3, Ⱥ.ɇ. Ɋɵɛɹɧɟɰ4 

1Ⱥɫɩɢɪɚɧɬ, yfnfif_71@bk.ru 
2ɇɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, harigamypeople@gmail.com 

3Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɫɬɚɪɲɢɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, dmakarev@rambler.ru 
4Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɝɥɚɜɧɵɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, arybyanets@gmail.com 

ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 
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ɫɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɯɨ-ɢɦɩɭɥɶɫɧɵɟ ɢɡɦɟɪɟɧɢɹ, ɢɦɩɟɞɚɧɫɧɵɟ ɫɩɟɤɬɪɵ, ɬɪɟɯɦɟɪɧɨɟ 
ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɤɟɪɚɦɨɦɚɬɪɢɱɧɵɟ ɤɨɦɩɨɡɢɬɵ, ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɣ ɚɧɚɥɢɡ. 

Ɇɟɬɨɞ ɚɤɭɫɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɜɨɣɫɬɜ ɢɥɢ 
ɫɬɪɭɤɬɭɪɵ ɜɟɳɟɫɬɜ ɩɨɫɪɟɞɫɬɜɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɫɤɨɪɨɫɬɢ ɪɚɫ-
ɩɪɨɫɬɪɚɧɟɧɢɹ ɢ ɡɚɬɭɯɚɧɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ. Ɂɚɬɭɯɚɧɢɟ ɭɥɶɬɪɚɡɜɭɤɚ, ɜɵɡɜɚɧɧɨɟ ɩɨ-
ɝɥɨɳɟɧɢɟɦ ɢɥɢ ɪɚɫɫɟɹɧɢɟɦ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɧɚ ɧɟɨɞɧɨɪɨɞɧɚɫɬɹɯ ɫɪɟɞɵ, ɚ ɬɚɤɠɟ 
ɪɟɥɚɤɫɚɰɢɨɧɧɵɦɢ ɷɮɮɟɤɬɚɦɢ ɧɟɢɡɛɟɠɧɨ ɩɪɢɜɨɞɢɬ ɤ ɱɚɫɬɨɬɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ 
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ɭɥɶɬɪɚɡɜɭɤɚ ɢɥɢ ɞɢɫɩɟɪɫɢɢ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɚɤɭɫɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɜ ɬɪɚɞɢɰɢɨɧ-
ɧɨɦ ɢɫɩɨɥɧɟɧɢɢ ɞɥɹ ɝɟɬɟɪɨɝɟɧɧɵɯ ɫɪɟɞ, ɚ ɬɚɤɠɟ ɧɟɨɞɧɨɪɨɞɧɵɯ ɬɜɟɪɞɵɯ ɬɟɥ ɫ ɪɚɡɦɟɪɚ-
ɦɢ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɫɬɪɭɤɬɭɪɵ ɛɥɢɡɤɢɯ ɤ  ɞɥɢɧɟ ɜɨɥɧɵ ɫɜɹɡɚɧɨ ɫ ɫɭɳɟɫɬɜɟɧɧɵɦɢ 

ɬɪɭɞɧɨɫɬɹɦɢ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɞɢɫɩɟɪɫɢɹ ɢ ɪɚɫɫɟɹɧɢɟ ɭɥɶɬɪɚɡɜɭɤɚ ɜ 
ɤɟɪɚɦɨɦɚɬɪɢɱɧɵɯ ɤɨɦɩɨɡɢɬɚɯ (ɄɆɄ) ɫ ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɬɪɭɤɬɭɪɨɣ ɢ ɜɵɫɨɤɢɦ ɡɚɬɭɯɚɧɢ-
ɟɦ ɭɥɶɬɪɚɡɜɭɤɚ ɢɫɤɚɠɚɸɬ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɢ ɦɨɝɭɬ ɫɞɟɥɚɬɶ 
ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɡɚɬɭɯɚɧɢɹ ɧɟɨɞɧɨɡɧɚɱɧɵɦɢ [1]. Ⱦɥɹ ɩɶɟɡɨɚɤɬɢɜ-
ɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢɡɦɟɪɟɧɢɟ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɫɤɨɪɨɫɬɢ ɢ ɡɚɬɭɯɚɧɢɹ ɭɥɶɬɪɚɡɜɭɤɨ-
ɜɵɯ ɤɨɥɟɛɚɧɢɣ ɦɨɠɟɬ ɛɵɬɶ ɨɫɭɳɟɫɬɜɥɟɧɨ ɦɟɬɨɞɚɦɢ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɢɥɢ 
ɚɧɚɥɢɡɚ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ [2]. 

ȼ ɤɚɱɟɫɬɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢ ɫɪɚɜɧɟɧɢɹ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɚɧɚɥɢɡɚ ɢɦɩɟɞɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ ɢ ɭɥɶ-
ɬɪɚɡɜɭɤɨɜɵɯ ɢɡɦɟɪɟɧɢɣ ɛɵɥɢ ɜɵɛɪɚɧɵ ɄɆɄ ɫ ɫɢɥɶɧɨɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɞɢɫɩɟɪɫɢɟɣ ɢ 
ɜɵɫɨɤɢɦɢ ɩɨɬɟɪɹɦɢ [3]: 

- ɄɆɄ ɤɟɪɚɦɢɤɚ/ɤɪɢɫɬɚɥɥ (ɦɚɬɪɢɰɚ ɐɌɋ ɫ ɩɪɨɢɡɜɨɥɶɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɤɪɢ-
ɫɬɚɥɥɢɱɟɫɤɢɦɢ ɜɤɥɸɱɟɧɢɹɦɢ (α-Al2O3, LiNbO3)); 

- ɄɆɄ ɤɟɪɚɦɢɤɚ/ɦɟɬɚɥɥ (ɦɚɬɪɢɰɚ ɐɌɋ ɫ ɩɪɨɢɡɜɨɥɶɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɦɟɬɚɥ-
ɥɢɱɟɫɤɢɦɢ ɜɤɥɸɱɟɧɢɹɦɢ (Pt, W)). 

Ʉɨɦɩɥɟɤɫɧɵɟ ɭɩɪɭɝɢɟ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɄɆɄ 
ɨɩɪɟɞɟɥɹɥɢɫɶ ɦɟɬɨɞɨɦ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦɦɵ ɚɧɚ-
ɥɢɡɚ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ (PRAP) [2]. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɢ ɡɚɬɭɯɚɧɢɟ ɩɪɨɞɨɥɶɧɵɯ ɢ 
ɩɨɩɟɪɟɱɧɵɯ ɜɨɥɧ ɢɡɦɟɪɹɥɢɫɶ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦɢ ɷɯɨ-ɢɦɩɭɥɶɫɧɵɦ ɢ ɬɟɧɟɜɵɦ ɦɟɬɨɞɚɦɢ. 

ɇɚ ɪɢɫɭɧɤɟ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɩɨɤɚɡɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶ-
ɧɵɯ ɱɚɫɬɟɣ ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɚɧɝɟɧɫɨɜ ɭɩɪɭɝɢɯ ɩɨɬɟɪɶ ɞɥɹ ɄɆɄ 
ɤɟɪɚɦɢɤɚ/ɦɟɬɚɥ.  

Ɋɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɷɯɨ-ɢɦɩɭɥɶɫɧɵɟ ɢɡɦɟɪɟ-
ɧɢɹ ɡɚɜɢɫɢɦɨɫɬɟɣ ɭɩɪɭɝɢɯ ɫɜɨɣɫɬɜ ɞɥɹ ɄɆɄ ɫ ɜɵɫɨɤɢɦɢ ɩɨɬɟɪɹɦɢ ɢ ɞɢɫɩɟɪɫɢɟɣ ɹɜɥɹ-
ɸɬɫɹ ɧɟɬɨɱɧɵɦɢ ɢ ɧɟɨɞɧɨɡɧɚɱɧɵɦɢ. ȼ ɫɜɨɸ ɨɱɟɪɟɞɶ ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤ-
ɬɪɨɜ (PRAP) ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɬɨɱɧɵɟ ɢ ɜɨɫɩɪɨɢɡɜɨɞɢɦɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɤɨɬɨɪɵɟ ɯɨ-
ɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɬɪɟɯɦɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ, ɜɵɩɨɥɧɟɧɧɨɝɨ ɦɟɬɨɞɨɦ 
ɤɨɧɟɱɧɵɯ ɪɚɡɧɨɫɬɟɣ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɚɤɟɬɚ Wave 3000 Pro. 

Ɋɢɫɭɧɨɤ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ 
ɭɩɪɭɝɢɯ ɦɨɞɭɥɟɣ D

C
/

33 ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɚɧɝɟɧɫɨɜ ɭɩɪɭɝɢɯ ɩɨɬɟɪɶ 

tgį = 
DD

CC
/

33

//

33 / ɞɥɹ ɄɆɄ ɐɌɋ/Pt ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɫɨɞɟɪɠɚɧɢɢ Pt 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɧɨɜɵ ɬɟɨɪɢɢ ɦɟɬɨɞɚ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɣ 
ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ ɫɟɝɧɟɬɨɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. Ɉɩɢɫɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ 
ɭɫɬɚɧɨɜɤɢ ɢ ɩɪɨɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ. ɉɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, 
ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɚɧɚɥɢɡɚ ɩɟɬɟɥɶ ɝɢɫɬɟɪɟɡɢɫɚ ɢ ɞɟɮɨɪɦɚɰɢɢ ɞɥɹ ɪɹɞɚ 
ɫɟɝɧɟɬɨɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɭɫɬɪɨɣɫɬɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɣ ɨɬɤɥɢɤ, ɩɟɬɥɹ ɝɢɫɬɟɪɟɡɢɫɚ, ɩɶɟɡɨɷɮɮɟɤɬ, 
ɫɟɝɧɟɬɨɩɶɟɡɨɦɚɬɟɪɢɚɥɵ. 

ɇɨɜɵɟ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɟ ɢ ɩɶɟɡɨɤɨɦɩɨɡɢɬɧɵɟ ɦɚɬɟɪɢɚɥɵ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 
ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹɯ ɫ ɜɵ-
ɫɨɤɨɣ ɪɚɡɪɟɲɚɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɶɸ, ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ [1]. Ⱦɥɹ ɧɟ-
ɤɨɬɨɪɵɯ ɫɨɜɪɟɦɟɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɬɪɭɤɬɭɪɨɣ ɢ ɜɵɫɨɤɢɦɢ ɩɨɬɟɪɹɦɢ 
ɩɪɹɦɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɬɚɧɞɚɪɬɚ IEEE ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɧɫɬɚɧɬ ɦɚɬɟɪɢɚɥɚ ɩɪɢɜɨɞɢɬ ɤ 
ɡɧɚɱɢɬɟɥɶɧɵɦ ɨɲɢɛɤɚɦ. ɋɭɳɟɫɬɜɭɟɬ ɦɧɨɠɟɫɬɜɨ ɦɟɬɨɞɨɜ, ɢɫɩɨɥɶɡɭɸɳɢɯ ɤɨɦɩɥɟɤɫɧɵɟ 
ɦɚɬɟɪɢɚɥɶɧɵɟ ɤɨɧɫɬɚɧɬɵ, ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɭɱɟɫɬɶ ɩɨɬɟɪɢ ɜ ɦɚɬɟɪɢɚɥɚɯ ɫ ɧɢɡɤɨɣ ɞɨɛɪɨɬ-
ɧɨɫɬɶɸ ɢ ɩɪɟɨɞɨɥɟɬɶ ɨɝɪɚɧɢɱɟɧɢɹ ɫɬɚɧɞɚɪɬɚ IEEE [2]. ɂɬɟɪɚɰɢɨɧɧɵɟ ɦɟɬɨɞɵ [3, 4] ɞɚ-
ɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɬɨɱɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɥɟɤɫɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜ ɥɢɧɟɣɧɨɦ ɞɢɚɩɚ-
ɡɨɧɟ ɧɚ ɨɫɧɨɜɟ ɪɟɡɨɧɚɧɫɧɨɝɨ ɢɡɦɟɪɟɧɢɹ ɤɨɦɩɥɟɤɫɧɨɝɨ ɢɦɩɟɞɚɧɫɚ ɩɶɟɡɨɤɟɪɚɦɢɤɢ. Ɇɟ-
ɬɨɞ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɨɝɨ ɚɧɚɥɢɡɚ (PRAP) ɬɚɤɠɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɩɨɥɧɨɝɨ ɧɚɛɨɪɚ ɫɬɚɧ-
ɞɚɪɬɧɵɯ ɝɟɨɦɟɬɪɢɣ ɢ ɪɟɡɨɧɚɧɫɧɵɯ ɦɨɞ, ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɩɨɥɧɨɣ ɤɨɦɩɥɟɤɫɧɨɣ ɯɚɪɚɤ-
ɬɟɪɢɡɚɰɢɢ ɲɢɪɨɤɨɝɨ ɫɩɟɤɬɪɚ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɜɵɫɨɤɢɦɢ ɢ ɭɦɟɪɟɧɧɵ-
ɦɢ ɩɨɬɟɪɹɦɢ [5]. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɟɝɧɟɬɨɩɶɟɡɨɦɚɬɟɪɢɚɥɨɜ 
ɧɚɦɢ ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɩɪɨɝɪɚɦɦɚ ɚɧɚɥɢɡɚ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ (STEP) [6], 
ɫɨɱɟɬɚɸɳɚɹ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɜɟɞɟɧɢɹ ɫɟɝɧɟɬɨɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ, ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɷɥɟɤɬɪɨɫɬɪɢɤɰɢɨɧɧɵɯ ɢ ɚɧɬɢɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚ-
ɬɟɪɢɚɥɨɜ ɜ ɫɢɥɶɧɵɯ ɩɨɥɹɯ ɫ ɢɫɱɟɪɩɵɜɚɸɳɢɦ ɢɧɬɟɪɮɟɣɫɨɦ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɞɚɧɧɵɯ ɨ ɡɚ-
ɜɢɫɢɦɨɫɬɹɯ ɞɟɮɨɪɦɚɰɢɢ (S), ɧɚɩɪɹɠɟɧɢɹ (T), ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ (E) ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɫɦɟɳɟɧɢɹ ɢɥɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɨɥɹɪɢɡɚɰɢɢ (P) ɨɬ ɜɪɟɦɟɧɢ. 

Ɇɨɞɭɥɶ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ STEP ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɢɡɦɟɪɟɧɢɹ 
ɢ ɚɧɚɥɢɡɚ ɜɵɫɨɤɨɫɢɝɧɚɥɶɧɵɯ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɢɯ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ 
ɭɩɪɭɝɢɯ ɫɜɨɣɫɬɜ ɦɚɬɟɪɢɚɥɨɜ. ȼ ɫɥɭɱɚɟ ɫɟɝɧɟɬɨɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ ɦɨɞɟɥɢ 
ɩɪɟɞɩɨɥɚɝɚɸɬ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɨɟ ɩɪɢɥɨɠɟɧɧɨɟ ɩɨɥɟ ɧɢɠɟ ɤɨɷɪɰɢɬɢɜɧɨɝɨ ɩɨɥɹ ɦɚɬɟɪɢ-
ɚɥɚ ɩɪɢ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢɡɦɟɪɟɧɢɹ. 

ɇɚ ɪɢɫɭɧɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɩɪɢɦɟɪɵ ɩɟɬɟɥɶ ɞɟɮɨɪɦɚɰɢɢ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɝɢ-
ɫɬɟɪɟɡɢɫɚ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɞɥɹ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦɦɵ 
STEP. 
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ɚ)       ɛ) 
Ɋɢɫɭɧɨɤ. Ɍɢɩɢɱɧɵɟ ɩɟɬɥɢ ɞɟɮɨɪɦɚɰɢɢ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɝɢɫɬɟɪɟɡɢɫɚ 

ɞɥɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ 

Ⱥɧɚɥɢɡ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɧɚɛɨɪɵ ɨɫɧɨɜɧɵɯ 
ɤɨɧɫɬɚɧɬ, ɨɩɪɟɞɟɥɹɸɳɢɯ ɩɨɜɟɞɟɧɢɟ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɫɢɥɶɧɵɯ 

ɩɨɥɹɯ ɫ ɭɱɟɬɨɦ ɝɢɫɬɟɪɟɡɢɫɚ. 
ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɛɚɡɨɜɚɹ ɬɟɨɪɢɹ ɦɟɬɨɞɚ ɨɩɪɟɞɟɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 

ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ (STEP), ɚ ɬɚɤɠɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɥɹ 
ɲɢɪɨɤɨɝɨ ɫɩɟɤɬɪɚ ɩɶɟɡɨ- ɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɭɫɬɪɨɣɫɬɜ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  
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ȼ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɦɨɪɮɨɥɨɝɢɢ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ 
ɨɬɞɟɥɶɧɵɯ ɩɟɪɨɜɫɤɢɬɨɜɵɯ ɨɫɬɪɨɜɤɨɜ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ PZT, ɨɫɚɠɞɟɧɧɵɯ ɧɚ ɩɥɚɬɢɧɢɪɨɜɚɧɧɭɸ 
ɤɪɟɦɧɢɟɜɭɸ ɩɨɞɥɨɠɤɭ. Ɉɛɫɭɠɞɚɟɬɫɹ ɩɪɢɱɢɧɵ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɪɚɞɢɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɩɶɟɡɨɨɬɤɥɢɤɚ ɩɨ ɨɫɬɪɨɜɤɚɦ ɢ ɜɥɢɹɧɢɟ ɪɚɡɦɟɪɚ ɨɫɬɪɨɜɤɨɜ. 
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Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɰɢɪɤɨɧɚɬɚ-ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ, ɫɢɥɨɜɚɹ ɦɢɤɪɨɫɤɨɩɢɹ 
ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ. 

Ɉɞɧɢɦ ɢɡ ɛɚɡɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɞɥɹ ɫɨɡɞɚɧɢɹ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɭɫɬɪɨɣɫɬɜ ɦɢɤɪɨ-
ɷɥɟɤɬɪɨɦɟɯɚɧɢɤɢ ɹɜɥɹɸɬɫɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɰɢɪɤɨɧɚɬɚ-

ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ Pb(Zr,Ti)O3 (PZT) ɜ ɜɢɞɟ ɬɨɧɤɢɯ ɩɥɟɧɨɤ [1]. ɉɥɟɧɤɢ, ɫɨɫɬɚɜ ɤɨɬɨɪɵɯ 
ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɛɥɚɫɬɢ ɦɨɪɮɨɬɪɨɩɧɨɣ ɮɚɡɨɜɨɣ ɝɪɚɧɢɰɵ (ɆɎȽ), ɪɚɡɞɟɥɹɸɳɟɣ ɬɟɬɪɚɝɨ-
ɧɚɥɶɧɭɸ ɢ ɪɨɦɛɨɷɞɪɢɱɟɫɤɭɸ ɦɨɞɢɮɢɤɚɰɢɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɵ, ɨɛɥɚɞɚɸɬ ɦɚɤ-
ɫɢɦɚɥɶɧɵɦɢ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ. ɋɟɪɶɟɡɧɵɦ ɩɪɟɢɦɭɳɟɫɬɜɨɦ ɨɛɥɚɞɚ-
ɸɬ ɭɧɢɩɨɥɹɪɧɵɟ (ɫɚɦɨɩɨɥɹɪɢɡɨɜɚɧɧɵɟ) ɩɥɟɧɤɢ, ɞɥɹ ɤɨɬɨɪɵɯ ɧɟ ɬɪɟɛɭɟɬɫɹ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɚɹ ɩɪɨɰɟɞɭɪɚ ɩɨɥɹɪɢɡɚɰɢɢ, ɢ ɜ ɤɨɬɨɪɵɯ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɚɹ ɩɨɥɹɪɢɡɚɰɢɹ ɞɨɫɬɢɝɚɟɬ 
ɜɟɥɢɱɢɧ, ɫɪɚɜɧɢɦɵɯ ɫ ɜɟɥɢɱɢɧɨɣ ɫɩɨɧɬɚɧɧɨɣ ɩɨɥɹɪɢɡɚɰɢɢ [2]. 

ȼ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɜɥɢɹɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬɠɢɝɚ (Ɍɨɬɠ) ɧɚ ɮɚɡɨɜɨɟ ɫɨɫɬɨɹ-
ɧɢɟ, ɫɨɫɬɚɜ ɢ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɚɦɨɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɬɨɧɤɢɯ ɩɥɟɧɨɤ PZT. ɉɥɟɧɤɢ 
ɬɨɥɳɢɧɨɣ 500 ɧɦ ɨɫɚɠɞɚɥɢɫɶ ɦɟɬɨɞɨɦ ȼɑ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɧɚ ɩɥɚɬɢɧɢɪɨ-
ɜɚɧɧɵɟ ɤɪɟɦɧɢɟɜɵɟ ɩɥɚɫɬɢɧɵ ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɨɬɠɢɝɨɦ ɩɪɢ Ɍɨɬɠ = 530-570 

ɨɋ. ɋɨɫɬɚɜ
ɩɥɟɧɨɤ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥ ɨɛɥɚɫɬɢ ɆɎȽ. Ɇɟɬɨɞɚɦɢ ɪɚɫɬɪɨɜɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ 
(Zeiss EVO-40) ɢ ɫɢɥɨɜɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɩɶɟɡɨɨɬɤɥɢɤɚ (Ntegra Prima NT-MDT) ɢɡɭɱɚɥɚɫɶ 
ɫɬɪɭɤɬɭɪɚ ɫɮɨɪɦɢɪɨɜɚɧɧɵɯ ɩɥɟɧɨɤ. Ⱦɥɹ ɢɡɭɱɟɧɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɢɫɩɨɥɶɡɨ-
ɜɚɥɫɹ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɵɣ ɤɨɦɩɥɟɤɫ ɧɚ ɛɚɡɟ ɢɡɦɟɪɢɬɟɥɹ ɢɦɦɢɬɚɧɫɚ ȿ7-20. 

ȼɵɹɜɥɟɧɨ ɧɟɦɨɧɨɬɨɧɧɨɟ ɢɡɦɟɧɟɧɢɟ ɫɤɨɪɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢɹ ɮɚɡɵ ɩɟɪɨɜɫɤɢɬɚ ɜ 
ɦɚɬɪɢɰɟ ɮɚɡɵ ɩɢɪɨɯɥɨɪɚ ɫ ɪɨɫɬɨɦ Ɍɨɬɠ. ɇɚ ɤɪɚɹɯ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɤɪɢɫɬɚɥɥɢ-
ɡɚɰɢɹ ɮɚɡɵ ɩɟɪɨɜɫɤɢɬɚ ɩɪɨɢɫɯɨɞɢɥɚ ɜɨ ɜɫɟɦ ɨɛɴɟɦɟ ɩɥɟɧɨɤ, ɬɨɝɞɚ ɤɚɤ ɩɪɢ Ɍɨɬɠ = 550-

560 
ɨɋ ɮɨɪɦɢɪɨɜɚɥɚɫɶ ɞɜɭɯɮɚɡɧɚɹ ɫɬɪɭɤɬɭɪɚ ɩɟɪɨɜɫɤɢɬ-ɩɢɪɨɯɥɨɪ. ȼɟɥɢɱɢɧɚ ɞɢɷɥɟɤ-

ɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɭɦɟɧɶɲɚɥɚɫɶ ɛɨɥɟɟ ɱɟɦ ɜ ɞɜɚ ɪɚɡɚ, ɚ ɫɨɞɟɪɠɚɧɢɟ ɢɡɛɵɬɨɱɧɨ-
ɝɨ ɫɜɢɧɰɚ ɭɜɟɥɢɱɢɜɚɥɨɫɶ (ɪɢɫ. 1).  

Ⱥɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɩɨɤɚɡɚɥ, ɱɬɨ ɬɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɹɜɥɹɟɬɫɹ ɫɥɟɞɫɬɜɢɟɦ 
ɤɨɧɤɭɪɟɧɰɢɢ ɦɟɯɚɧɢɡɦɨɜ ɨɛɪɚɡɨɜɚɧɢɹ ɮɚɡɵ ɩɟɪɨɜɫɤɢɬɚ ɧɚ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 
ɩɥɟɧɤɢ ɢ ɧɚ ɝɪɚɧɢɰɟ ɩɥɟɧɤɢ ɢ ɩɨɞɥɨɠɤɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɫɤɨɪɨɫɬɢ ɪɚɡɪɚɫ-
ɬɚɧɢɹ ɨɫɬɪɨɜɤɨɜ ɮɚɡɵ ɩɟɪɨɜɫɤɢɬɚ ɢɡ-ɡɚ ɧɚɤɨɩɥɟɧɢɹ ɢɡɛɵɬɨɱɧɨɝɨ ɨɤɫɢɞɚ ɫɜɢɧɰɚ ɧɚ ɢɯ 
ɝɪɚɧɢɰɚɯ.  

ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ ɜɵɹɜɢɥɢ ɪɹɞ ɨɫɨɛɟɧɧɨɫɬɟɣ. Ɋɟɥɶɟɮ 
ɩɟɪɨɜɫɤɢɬɨɜɵɯ ɨɫɬɪɨɜɤɨɜ ɯɚɪɚɤɬɟɪɢɡɨɜɚɥɫɹ ɪɚɞɢɚɥɶɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶɸ ɢ ɭɜɟɥɢɱɟ-
ɧɢɟɦ ɨɛɴɟɦɚ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɮɚɡɵ ɩɢɪɨɯɥɨɪɚ ɜ ɨɛɥɚɫɬɢ ɮɚɡɨɜɨɣ ɝɪɚɧɢɰɵ ɩɢ-
ɪɨɯɥɨɪ-ɩɟɪɨɜɫɤɢɬ (ɪɢɫ. 2,ɚ,ɛ). ȼɟɥɢɱɢɧɚ ɩɶɟɡɨɨɬɤɥɢɤɚ ɜ ɨɫɬɪɨɜɤɚɯ ɬɚɤɠɟ ɨɬɥɢɱɚɥɚɫɶ 
ɪɚɞɢɚɥɶɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶɸ (ɪɢɫ. 2,ɜ,ɝ), ɫɬɟɩɟɧɶ ɷɬɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɜɨɡɪɚɫɬɚɥɚ ɩɨ 
ɦɟɪɟ ɭɦɟɧɶɲɟɧɢɹ ɞɢɚɦɟɬɪɚ ɨɫɬɪɨɜɤɨɜ. ȼɟɥɢɱɢɧɚ ɩɶɟɡɨɨɬɤɥɢɤɚ ɜ ɨɬɞɟɥɶɧɵɯ ɨɫɬɪɨɜɤɚɯ 
ɮɚɡɵ ɩɟɪɨɜɫɤɢɬɚ ɫɭɳɟɫɬɜɟɧɧɨ ɩɪɟɜɵɲɚɥɚ ɩɶɟɡɨɨɬɤɥɢɤ ɜ ɨɞɧɨɮɚɡɧɵɯ ɩɟɪɨɜɫɤɢɬɨɜɵɯ 
ɩɥɟɧɤɚɯ. ȼ ɪɚɛɨɬɟ ɨɛɫɭɠɞɚɸɬɫɹ ɩɪɢɱɢɧɵ ɚɧɨɦɚɥɶɧɵɯ ɢɡɦɟɧɟɧɢɣ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɨɬɤɥɢɤɚ.  
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Ɋɢɫ.1. Ɂɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ (ɱɚɫɬɨɬɚ ɢɡɦɟɪɟɧɢɹ 10 ɤȽɰ) (ɚ) 

ɢ ɷɥɟɦɟɧɬɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ Pb/(Ti+Zr) (ɛ) ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬɠɢɝɚ Tɨɬɠ 

̌) ̍) 
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ɚ) ɜ) 

ɛ) ɝ) 

Ɋɢɫ. 2. Ɍɨɩɨɝɪɚɮɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɩɟɪɨɜɫɤɢɬɨɜɨɝɨ ɨɫɬɪɨɜɤɚ (ɚ), ɩɪɨɮɢɥɶ  
ɩɨɜɟɪɯɧɨɫɬɢ ɨɫɬɪɨɜɤɚ ɩɨ ɥɢɧɢɢ (ɛ), ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɨɬɤɥɢɤ ɨɫɬɪɨɜɤɚ (ɜ) ɢ ɩɪɨɮɢɥɶ 

ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɫɬɪɨɜɤɚ ɩɨ ɥɢɧɢɢ (ɝ). Ɍɨɬɠ = 555 
ɨɋ

Ʌɢɬɟɪɚɬɭɪɚ 

1. Whatmore R.W. Ferroelectrics, microsystems and nanotechnology / R.W.Whatmore //

Ferroelectrics. - 1999. - V. 225. - P. 179-192. 

2. Kholkin A.L. Self-polarization effect in Pb(Zr,Ti)O3 thin films / A.L. Kholkin, K.G.

Brooks, D.V. Taylor, S. Hiboux, N. Setter // Integr. Ferroelectrics. - 1998. - V. 22. - P. 525- 533. 

ɍȾɄ: 538.956 

ɄȼȺɁɂɋɌȺɐɂɈɇȺɊɇɕȿ ɉɊɈɐȿɋɋɕ ȾɂɗɅȿɄɌɊɂɑȿɋɄɈɃ 
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1,2,3ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 
4ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɚɹ ɝɨɫɭɞɚɪɫɬɜɟɧɧɚɹ ɫɟɥɶɫɤɨɯɨɡɹɣɫɬɜɟɧɧɚɹ ɚɤɚɞɟɦɢɹ» 

5ɎȽȻɍɇ «Ɏɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɦ. Ⱥ.Ɏ. ɂɨɮɮɟ ɊȺɇ 
6ɎȽȺɈɍ ȼɈ «ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ «Ɇɂɋɢɋ» 

ɂɫɫɥɟɞɨɜɚɧɵ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ, 
ɜɨɡɧɢɤɚɸɳɢɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɟɪɟɤɥɸɱɟɧɢɹ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɟɧɨɤ ɐɌɋ, ɤɪɢɫɬɚɥɥɢɡɨɜɚɧ-
ɧɵɯ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɬɠɢɝɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ 
ɬɪɟɦɹ ɜɪɟɦɟɧɚɦɢ ɪɟɥɚɤɫɚɰɢɢ, ɡɚɜɢɫɹɳɢɦɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ, ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɨɬ 
ɥɨɤɚɥɢɡɚɰɢɢ ɨɤɫɢɞɚ ɫɜɢɧɰɚ ɜ ɨɛɴɟɦɟ ɩɥɟɧɤɢ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɨɧɤɢɟ ɩɥɟɧɤɢ ɐɌɋ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨ-
ɧɢɰɚɟɦɨɫɬɶ, ɫɚɦɨɩɨɥɹɪɢɡɚɰɢɹ. 

ȼ ɫɜɹɡɢ ɫ ɬɟɦ, ɱɬɨ ɬɨɧɤɢɟ ɩɥɟɧɤɢ ɰɢɪɤɨɧɚɬɚ ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ (ɐɌɋ) ɹɜɥɹɟɬɫɹ 
ɧɚɢɛɨɥɟɟ ɡɧɚɱɢɦɵɦ ɮɭɧɤɰɢɨɧɚɥɶɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɞɥɹ ɷɥɟɦɟɧɬɨɜ ɷɧɟɪɝɨɧɟɡɚɜɢɫɢɦɨɣ 
ɩɚɦɹɬɢ, ɢɫɫɥɟɞɨɜɚɧɢɹ ɢɯ ɩɟɪɟɤɥɸɱɚɬɟɥɶɧɵɯ ɫɜɨɣɫɬɜ ɢ ɫɨɩɪɨɜɨɠɞɚɸɳɢɟ ɢɯ ɪɟɥɚɤɫɚɰɢ-
ɨɧɧɵɯ ɹɜɥɟɧɢɣ ɹɜɥɹɸɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɧɚɭɱɧɨɣ ɡɚɞɚɱɟɣ, ɬɟɦ ɛɨɥɟɟ, ɱɬɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟ-
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ɦɹ ɧɟɬ ɨɞɧɨɡɧɚɱɧɨɝɨ ɡɚɤɥɸɱɟɧɢɹ ɨ ɩɪɢɪɨɞɟ ɷɬɢɯ ɹɜɥɟɧɢɣ. ȼ [1] ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɩɥɟɧɤɚɯ 
ɐɌɋ, ɩɨɥɭɱɟɧɧɵɯ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ ɫɜɹɡɚɧɵ ɫ ɜɵɤɥɸɱɟɧɢ-
ɟɦ ɱɚɫɬɢ ɩɟɪɟɤɥɸɱɚɟɦɨɝɨ ɨɛɴɟɦɚ ɡɚ ɫɱɟɬ ɡɚɤɪɟɩɥɟɧɢɹ ɡɚɪɨɞɵɲɟɣ ɨɛɪɚɬɧɵɯ ɞɨɦɟɧɨɜ 
ɡɚɪɹɠɟɧɧɵɦɢ ɞɟɮɟɤɬɚɦɢ. Ⱥɜɬɨɪɵ [2], ɢɡɭɱɚɹ ɪɟɥɚɤɫɚɰɢɸ ɬɨɤɚ ɜ ɨɬɞɟɥɶɧɨ ɜɡɹɬɨɦ ɡɟɪɧɟ, 
ɨɛɴɹɫɧɹɸɬ ɟɟ ɦɟɞɥɟɧɧɨɣ ɩɟɪɟɡɚɪɹɞɤɨɣ ɝɥɭɛɨɤɢɯ ɭɪɨɜɧɟɣ, ɥɨɤɚɥɢɡɨɜɚɧɧɵɯ ɧɚ ɝɪɚɧɢɰɚɯ 
ɡɟɪɟɧ ɜɛɥɢɡɢ ɷɥɟɤɬɪɨɞɨɜ, ɢɫɤɥɸɱɚɹ ɜɤɥɚɞ ɞɨɦɟɧɧɨɝɨ ɦɟɯɚɧɢɡɦɚ. ɉɨ ɦɧɟɧɢɸ ɚɜɬɨɪɨɜ 
[3] ɫɭɳɟɫɬɜɭɸɬ ɬɪɢ ɩɪɨɰɟɫɫɚ ɪɟɥɚɤɫɚɰɢɢ ɬɨɤɚ ɩɟɪɟɤɥɸɱɟɧɢɹ ɫ ɪɚɡɧɵɦɢ ɜɪɟɦɟɧɚɦɢ ɢ
ɦɟɯɚɧɢɡɦɚɦɢ.

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɫ ɰɟɥɶɸ ɭɬɨɱɧɟɧɢɹ ɜɤɥɚɞɚ ɞɨɦɟɧɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɜ ɤɜɚɡɢ-
ɫɬɚɰɢɨɧɚɪɧɵɟ ɩɪɨɰɟɫɫɵ ɩɟɪɟɤɥɸɱɟɧɢɹ ɩɥɟɧɨɤ ɐɌɋ, ɤɪɢɫɬɚɥɥɢɡɨɜɚɧɧɵɯ ɩɪɢ ɪɚɡɧɵɯ 
ɬɟɦɩɟɪɚɬɭɪɚɯ, ɢɫɫɥɟɞɭɟɬɫɹ ɪɟɥɚɤɫɚɰɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɜ ɨɛɥɚɫɬɢ ɩɨ-
ɫɬɨɹɧɧɵɯ ɩɨɥɟɣ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɟɟ ɦɚɤɫɢɦɭɦɭ ɧɚ ɜɨɥɶɬ-ɮɚɪɚɞɧɵɯ (ɋ-V) ɡɚɜɢɫɢɦɨ-
ɫɬɹɯ. ɉɥɟɧɤɢ ɐɌɋ ɬɨɥɳɢɧɨɣ 1000 ɧɦ ɩɨɥɭɱɟɧɵ ɦɟɬɨɞɨɦ ȼɑ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟ-
ɧɢɹ ɧɚ «ɯɨɥɨɞɧɭɸ» ɩɥɚɬɢɧɢɪɨɜɚɧɧɭɸ ɤɪɟɦɧɢɟɜɭɸ ɩɨɞɥɨɠɤɭ ɤɟɪɚɦɢɱɟɫɤɨɣ ɦɢɲɟɧɢ 
ɫɨɫɬɚɜɚ PbZr0,54Ti0,46O3, ɫɨɞɟɪɠɚɳɟɣ ɞɨɩɨɥɧɢɬɟɥɶɧɨ 10 ɦɨɥ. PbO, ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɨɬɠɢ-
ɝɨɦ ɧɚ ɜɨɡɞɭɯɟ ɩɪɢ 580-650 

ɨɋ ɞɥɹ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɜ ɮɚɡɭ ɩɟɪɨɜɫɤɢɬɚ. ȼ ɤɚɱɟɫɬɜɟ ɜɟɪɯ-
ɧɢɯ ɷɥɟɤɬɪɨɞɨɜ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɩɥɚɬɢɧɚ.  

Ɋɟɥɚɤɫɚɰɢɨɧɧɵɟ ɹɜɥɟɧɢɹ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɟ ɩɪɨɰɟɫɫ ɩɟɪɟɤɥɸɱɟɧɢɹ ɩɥɟɧɨɣ ɐɌɋ, 
ɢɡɭɱɚɥɢɫɶ ɬɪɟɦɹ ɧɟɡɚɜɢɫɢɦɵɦɢ ɦɟɬɨɞɚɦɢ: ɞɢɧɚɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɢɪɨ-
ɷɮɮɟɤɬɚ, ɦɟɬɨɞɨɦ ɫɢɥɨɜɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɩɶɟɡɨɨɬɤɥɢɤɚ ɢ ɩɨ ɪɟɥɚɤɫɚɰɢɨɧɧɵɦ ɡɚɜɢɫɢɦɨ-
ɫɬɹɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɜ ɨɛɥɚɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɩɨɥɟɣ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɟɟ ɦɚɤɫɢɦɭɦɚɦ ɧɚ ɋ-V ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ. Ⱥɩɩɪɨɤɫɢɦɚɰɢɹ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨ-
ɫɬɟɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɧɚɥɢɱɢɢ ɬɪɟɯ ɧɟɡɚɜɢɫɢɦɵɯ 
ɩɪɨɰɟɫɫɨɜ ɫ ɪɚɡɥɢɱɧɵɦɢ ɜɪɟɦɟɧɚɦɢ ɪɟɥɚɤɫɚɰɢɢ, ɤɨɬɨɪɵɟ ɩɪɨɢɫɯɨɞɹɬ ɛɵɫɬɪɟɟ ɩɪɢ ɩɟ-
ɪɟɩɨɥɹɪɢɡɚɰɢɢ ɩɥɟɧɨɤ ɐɌɋ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɜɧɟɲɧɟɝɨ ɩɨɥɹ, ɫɨɜɩɚɞɚɸɳɟɦ ɫ ɨɪɢɟɧɬɚɰɢɟɣ 
ɜɟɤɬɨɪɚ ɫɚɦɨɩɨɥɹɪɢɡɚɰɢɢ, ɪɢɫ 1,ɚ. ɉɪɨɰɟɫɫ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɣɫɹ ɪɟɥɚɤɫɚɰɢɟɣ ɫɨ ɜɪɟɦɟ-
ɧɟɦ Ĳ1 (ɪɢɫ. 1,ɚ), ɚɫɫɨɰɢɢɪɭɟɬɫɹ ɧɚɦɢ ɫ ɞɨɦɟɧɧɵɦ ɜɤɥɚɞɨɦ ɩɪɢ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɣ ɩɟɪɟ-
ɩɨɥɹɪɢɡɚɰɢɢ ɩɥɟɧɨɤ ɐɌɋ ɜ ɩɨɫɬɨɹɧɧɵɯ ɩɨɥɹɯ. 
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ɛ) 
Ɋɢɫɭɧɨɤ. Ɋɟɥɚɤɫɚɰɢɨɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ: ɚ - ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɜ ɩɥɟɧɤɚɯ ɐɌɋ 

(Ɍɨɬɠ = 580
ɨɋ). Ʉɪɢɜɚɹ 1 ɫɨɨɬɜɟɬɫɬɜɭɟɬ (EPɫɚɦ); ɤɪɢɜɚɹ 2 – (EPɫɚɦ). ɛ – ɩɶɟɡɨɬɤɥɢɤɚ. Ɍɨɱɤɢ –

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ – ɚɩɩɪɨɤɫɢɦɚɰɢɨɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 

Ⱦɨɤɚɡɚɬɟɥɶɫɬɜɨɦ ɦɨɠɟɬ ɫɥɭɠɢɬɶ ɢ ɯɚɪɚɤɬɟɪ ɪɟɥɚɤɫɚɰɢɢ ɩɶɟɡɨɨɬɤɥɢɤɚ ɜ ɩɨɫɬɨ-
ɹɧɧɨɦ ɩɨɥɟ ɩɪɢ ɩɟɪɟɤɥɸɱɟɧɢɢ ɩɥɟɧɤɢ ɐɌɋ, ɪɢɫ.1, ɛ. ȼ ɪɚɛɨɬɟ ɨɛɫɭɠɞɚɟɬɫɹ ɜɤɥɚɞ ɥɨɤɚ-
ɥɢɡɚɰɢɢ ɨɤɫɢɞɚ ɫɜɢɧɰɚ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬɠɢɝɚ ɢ ɟɝɨ ɜɥɢɹɧɢɹ ɧɚ ɜɟɥɢɱɢɧɵ 
ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. ɋɢɞɨɪɤɢɧ, Ⱥ.ɋ. ȼɥɢɹɧɢɟ ɩɪɨɰɟɫɫɨɜ ɭɫɬɚɥɨɫɬɢ ɧɚ ɬɨɤɢ ɩɟɪɟɤɥɸɱɟɧɢɹ ɜ ɩɥɟɧɤɚɯ ɬɢɬɚ-
ɧɚɬɚ ɫɜɢɧɰɚ ɢ ɰɢɪɤɨɧɚɬɚ-ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ / Ⱥ.ɋ. ɋɢɞɨɪɤɢɧ, Ʌ.ɉ. ɇɟɫɬɟɪɟɧɤɨ, Ⱥ.ɘ. ɉɚɯɨɦɨɜ // 

Ɏɢɡ. ɬɜ. ɬɟɥɚ. – 2012. – Ɍ. 54. – ȼɵɩ. 5. – ɋ. 947-949. 
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2. Unexpected behavior of transient current in thin PZT films caused by grain-boundary con-

duction/ L.A. Delimova [et al.] // J. Appl. Phys. – 2017. – V.121.– 224104 (1-9). 

3. Depolarization currents in thin ferroelectric films / Yu.V. Podgorny [et al.] // Ferroelec-

trics. – 2012. – V. 439. – P. 56-61. 

ɍȾɄ 538.9 

ɋɌɊɍɄɌɍɊȺ ɉɅЁɇɈɄ Li-Nb-O ɉɈɋɅȿ ɌȿɊɆɂɑȿɋɄɈȽɈ  
ɈɌɀɂȽȺ ɂɅɂ ɂɆɉɍɅɖɋɇɈɃ ɎɈɌɈɇɇɈɃ ɈȻɊȺȻɈɌɄɂ 

Ⱦ.ȼ. ɋɟɪɢɤɨɜ1, ȼ.Ⱥ. Ⱦɵɛɨɜ2
 

1Ɇɥɚɞɲɢɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, dmitry.tut@mail.ru 
2Ɇɥɚɞɲɢɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, dybovvlad@gmail.com  

ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢɹ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 
ɩɥɟɧɨɤ ɫɢɫɬɟɦɵ Li-Nb-O ɬɟɪɦɢɱɟɫɤɢɦ ɨɬɠɢɝɨɦ ɢ ɢɦɩɭɥɶɫɧɨɣ ɮɨɬɨɧɧɨɣ ɨɛɪɚɛɨɬɤɨɣ ɝɟɬɟɪɨ-
ɫɬɪɭɤɬɭɪ «ɚɦɨɪɮɧɚɹ ɩɥɟɧɤɚ Li-Nb-O/SiɈ2/Si». 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɧɢɨɛɚɬ ɥɢɬɢɹ, ɢɦɩɭɥɶɫɧɚɹ ɮɨɬɨɧɧɚɹ ɨɛɪɚɛɨɬɤɚ, ɬɟɪɦɨɨɛɪɚɛɨɬɤɚ. 

ɂɡ-ɡɚ ɭɧɢɤɚɥɶɧɵɯ ɷɥɟɤɬɪɨɨɩɬɢɱɟɫɤɢɯ, ɚɤɭɫɬɨɨɩɬɢɱɟɫɤɢɯ ɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟ-
ɫɤɢɯ ɫɜɨɣɫɬɜ ɬɨɧɤɢɟ ɩɥɟɧɤɢ ɧɢɨɛɚɬɚ ɥɢɬɢɹ - ɩɟɪɫɩɟɤɬɢɜɚ ɪɚɡɜɢɬɢɹ ɨɩɬɨɷɥɟɤɬɪɨɧɢɤɢ [1]. 
ɐɟɥɶ ɪɚɛɨɬɵ ɜɵɹɜɥɟɧɢɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɫɬɪɭɤɬɭɪɨɨɛɪɚɡɨɜɚɧɢɹ ɜ ɩɥɟɧɤɚɯ ɫɢɫɬɟɦɵ Li-

Nb-O ɜ ɩɪɨɰɟɫɫɚɯ ɢɦɩɭɥɶɫɧɨɣ ɮɨɬɨɧɧɨɣ ɨɛɪɚɛɨɬɤɢ (ɂɎɈ) ɢ ɬɟɪɦɢɱɟɫɤɨɝɨ ɨɬɠɢɝɚ 
(ɌɈ).  

ɂɫɯɨɞɧɵɟ ɬɨɧɤɢɟ ɩɥɟɧɤɢ Li-Nb-O ɬɨɥɳɢɧɨɣ 1.5 ɦɤɦ ɧɚɧɨɫɢɥɢ ɧɚ ɧɟɩɨɞɨɝɪɟɜɚɟ-
ɦɭɸ ɩɥɚɫɬɢɧɭ ɨɤɢɫɥɟɧɧɨɝɨ ɤɪɟɦɧɢɹ ɜ ɩɪɨɰɟɫɫɟ ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɝɨ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫ-
ɩɵɥɟɧɢɹ (ȼɑɆɊ) ɦɢɲɟɧɢ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɧɢɨɛɚɬɚ ɥɢɬɢɹ. ɂɎɈ ɨɛɪɚɡɰɨɜ ɩɪɨɜɨ-
ɞɢɥɢ ɜ ɭɫɬɚɧɨɜɤɟ ɍɈɅɉ–1Ɇ ɢɡɥɭɱɟɧɢɟɦ ɝɚɡɨɪɚɡɪɹɞɧɵɯ ɤɫɟɧɨɧɨɜɵɯ ɥɚɦɩ (Ȝ=0,2-1,2 

ɦɤɦ) ɧɚ ɜɨɡɞɭɯɟ; ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ 1,0 ɫɟɤɭɧɞɚ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɥɨɬɧɨɫɬɢ 
ɷɧɟɪɝɢɢ ȿɢ = 120 Ⱦɠ·ɫɦ-2. ɌɈ (1 ɱɚɫ) ɩɪɨɜɨɞɢɥɢ ɧɚ ɜɨɡɞɭɯɟ ɩɪɢ 600 °ɋ. ɋɬɪɭɤɬɭɪɭ ɩɥɟ-
ɧɨɤ ɢɡɭɱɚɥɢ ɦɟɬɨɞɚɦɢ ɉɗɆ ɢ ɊɗɆ ɩɨ ɩɪɨɮɢɥɶɧɵɦ ɢɡɨɛɪɚɠɟɧɢɹɦ (ɦɟɬɨɞɢɤɚ «ɫross-

section»). 

ɚ) 

ɛ) 
Ɋɢɫ. 1. ɉɗɆ (ɚ), ɊɗɆ (ɛ) ɢɡɨɛɪɚɠɟɧɢɹ ɢ ɷɥɟɤɬɪɨɧɨɝɪɚɦɦɵ (ɚ) ɩɨɩɟɪɟɱɧɨɝɨ ɫɪɟɡɚ 

ɢɫɯɨɞɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ Li-Nb-O/SiɈ2/Si (ɚ) ɢ ɩɨɫɥɟ ɌɈ (ɛ) 
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ɉɗɆ, ɊɗɆ ɢɡɨɛɪɚɠɟɧɢɹ ɢ ɮɪɚɝɦɟɧɬɵ ɷɥɟɤɬɪɨɧɨɝɪɚɦɦ ɩɨɩɟɪɟɱɧɵɯ ɫɪɟɡɨɜ 
LiNbO/SiɈ2/Si ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ȼɑɆɊ ɦɢɲɟɧɢ LiNbO3 ɧɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɧɟɩɨɞɨɝɪɟɜɚɟɦɨɣ ɩɥɚɫɬɢɧɵ SiO2/Si ɮɨɪɦɢɪɭɟɬɫɹ ɚɦɨɪɮɧɚɹ ɩɥɟɧɤɚ (ɪɢɫ. 1ɚ). 
ȼ ɩɪɨɰɟɫɫɟ ɌɈ ɩɪɨɢɫɯɨɞɢɬ ɨɛɪɚɡɨɜɚɧɢɟ ɤɪɭɩɧɨɡɟɪɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ (ɪɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢ-
ɬɨɜ ɨɬ 0,4 ɞɨ 1 ɦɤɦ) ɫ ɫɢɫɬɟɦɨɣ ɧɚɧɨɩɨɪ (ɨɬ 10 ɞɨ 80 ɧɦ) ɩɨ ɦɟɠɡɟɪɟɧɧɵɦ ɝɪɚɧɢɰɚɦ 
(ɪɢɫ. 1ɛ).  

ȼ ɩɪɨɰɟɫɫɟ ɂɎɈ ɮɨɪɦɢɪɭɟɬɫɹ ɭɥɶɬɪɚɩɨɪɢɫɬɚɹ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ, 
ɪɚɡɦɟɪ ɧɚɧɨɩɨɪ ɢ ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ ~50 ɧɦ (ɪɢɫ. 2). 

Ɋɢɫ. 2. ɊɗɆ ɢɡɨɛɪɚɠɟɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ ɫɪɟɡɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ Li-Nb-O/SiɈ2/Si ɩɨɫɥɟ ɂɎɈ 

ɉɨɤɚɡɚɧɚ ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɡɚɜɟɪɲɟɧɢɹ ɫɢɧɬɟɡɚ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟ-
ɫɤɢɯ ɩɥɟɧɨɤ ɜ ɩɪɨɰɟɫɫɚɯ ɌɈ ɢ ɎɈ ɚɦɨɪɮɧɵɯ ɩɥɟɧɨɤ ɫɢɫɬɟɦɵ Li-Nb-O. 

ɗɮɮɟɤɬ ɛɵɫɬɪɨɣ ɎɈ ɩɪɨɹɜɥɹɟɬɫɹ ɜ ɭɫɤɨɪɟɧɢɢ ɩɪɨɰɟɫɫɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɌɈ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (ɩɪɨɟɤɬ № 18-29-11062 

ɦɤ). 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Pan X., Shuai Y., Wu C., Luo W., Sun X., Zeng H., Zhang W. Rectifying filamentary resis-

tive switching in ion-exfoliated LiNbO3 thin films // Appl. Phys. Lett. 2016. V. 108. P. 032904. 

ɍȾɄ 53.043, 53.091 
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1ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ, Ɋɨɫɬɨɜ – ɧɚ - Ⱦɨɧɭ 

2,3Ⱦɨɧɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ, Ɋɨɫɬɨɜ - ɧɚ- Ⱦɨɧɭ 
4,5,6,7ɘɠɧɵɣ ɧɚɭɱɧɵɣ ɰɟɧɬɪ ɊȺɇ, Ɋɨɫɬɨɜ – ɧɚ - Ⱦɨɧɭ 

8,9Ɇɟɠɞɭɧɚɪɨɞɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɢɧɫɬɢɬɭɬ ɢɧɬɟɥɥɟɤɬɭɚɥɶɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɘɎɍ 
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ɐɢɪɤɨɧɚɬ ɫɜɢɧɰɚ PbZrO3 ɹɜɥɹɟɬɫɹ ɩɟɪɜɵɦ ɫɨɟɞɢɧɟɧɢɟɦ, ɭ ɤɨɬɨɪɨɝɨ ɷɤɫɩɟɪɢɦɟɧ-
ɬɚɥɶɧɨ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɚɧɬɢɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. Ɉɧ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ 
ɨɫɧɨɜɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ PbZr1-xTixO3, ɨɛɥɚɞɚɸɳɢɯ ɲɢɪɨɤɢɦ ɫɩɟɤ-
ɬɪɨɦ ɰɟɥɟɜɵɯ ɫɜɨɣɫɬɜ, ɮɨɪɦɢɪɨɜɚɧɢɟ ɤɨɬɨɪɵɯ ɞɨɫɬɢɝɚɟɬɫɹ ɢɡɦɟɧɟɧɢɟɦ ɤɨɧɰɟɧɬɪɚɰɢɢ 
ɤɚɬɢɨɧɨɜ Zr ɢ Ti ɢɥɢ ɞɨɩɢɪɨɜɚɧɢɟɦ ɩɪɢɦɟɫɹɦɢ.  

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɧɚɦɢ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɢɡɭɱɟ-
ɧɢɸ ɜɥɢɹɧɢɹ ɦɟɯɚɧɢɱɟɫɤɨɣ ɚɤɬɢɜɚɰɢɢ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ PbZrO3 ɧɚ ɟɝɨ ɮɢɡɢɱɟɫɤɢɟ 
ɫɜɨɣɫɬɜɚ. Ɇɟɯɚɧɨɚɤɬɢɜɚɰɢɹ ɩɨɪɨɲɤɨɜ PbZrO3 ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɧɚɤɨɜɚɥɟɧ 
Ȼɪɢɞɠɦɟɧɚ, ɧɢɠɧɹɹ ɢɡ ɤɨɬɨɪɵɯ ɜɪɚɳɚɥɚɫɶ ɜ ɡɚɞɚɧɧɨɦ ɭɝɥɨɜɨɦ ɢɧɬɟɪɜɚɥɟ ɫɨ ɫɤɨɪɨɫɬɶɸ 
0.05 ɨɛ/ɦɢɧ. ɉɨɥɧɨɟ ɱɢɫɥɨ ɨɛɨɪɨɬɨɜ ɪɚɜɧɹɥɨɫɶ ɞɜɭɦ. ɉɪɢɤɥɚɞɵɜɚɟɦɨɟ ɞɚɜɥɟɧɢɟ ɞɥɹ 
ɤɚɠɞɨɝɨ ɩɨɫɥɟɞɭɸɳɟɝɨ ɨɛɪɚɡɰɚ ɨɬɥɢɱɚɥɨɫɶ ɧɚ 40 MPa. Ɇɚɤɫɢɦɚɥɶɧɨɟ ɞɚɜɥɟɧɢɟ ɪɚɜɧɹ-
ɥɨɫɶ 320 MPa. 

Ɇɟɬɨɞɚɦɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɢ ɨɩɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɚ ɬɚɤɠɟ ɞɪɭɝɢɦɢ ɷɥɟɤ-
ɬɪɨɮɢɡɢɱɟɫɤɢɦɢ ɦɟɬɨɞɚɦɢ ɢɡɭɱɟɧɵ ɫɜɨɣɫɬɜɚ ɢ ɫɬɪɭɤɬɭɪɭ ɚɤɬɢɜɢɪɨɜɚɧɧɵɯ ɩɨɪɨɲɤɨɜ ɢ 
ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ. 

Ɋɟɧɬɝɟɧɞɢɮɪɚɤɬɨɦɟɬɪɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢɡɦɟɪɟɧɚ 
ɤɨɧɰɟɧɬɪɚɰɢɹ ɞɢɫɥɨɤɚɰɢɣ, ɪɚɡɦɟɪɵ ɨɛɥɚɫɬɟɣ ɤɨɝɟɪɟɧɬɧɨɝɨ ɪɚɫɫɟɹɧɢɹ ɢ ɦɢɤɪɨɞɟɮɨɪɦɚ-
ɰɢɢ ɤɚɠɞɨɝɨ ɩɨɪɨɲɤɨɜɨɝɨ ɨɛɪɚɡɰɚ.  

ȼ ɩɚɪɚɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɟ ɢɡɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɧɵɯ ɫɦɟɳɟɧɢɣ, 
ɬɟɦɩɟɪɚɬɭɪɵ Ⱦɟɛɚɹ ɢ ɮɚɤɬɨɪɨɜ Ⱦɟɛɚɹ - ȼɚɥɥɟɪɚ ɨɬ ɞɚɜɥɟɧɢɹ ɦɟɯɚɧɨɚɤɬɢɜɚɰɢɢ. Ɉɛɧɚ-
ɪɭɠɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɷɬɢɯ ɩɚɪɚɦɟɬɪɨɜ ɧɟ ɹɜɥɹɸɬɫɹ ɦɨɧɨɬɨɧɧɵɦɢ, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɧɨ 
ɪɚɡɥɢɱɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɫɬɪɭɤɬɭɪɧɵɯ ɞɟɮɟɤɬɨɜ, ɞɢɮɮɭɡɢɨɧɧɵɦɢ ɩɪɨɰɟɫɫɚɦɢ, ɪɚɡɜɢ-
ɜɚɸɳɢɦɢɫɹ ɩɪɢ ɦɟɯɚɧɨɚɤɬɢɜɚɰɢɢ ɩɨɪɨɲɤɨɜ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɪɚɡɥɢɱɧɵɦɢ ɫɬɚɪɬɨɜɵɦɢ 
ɭɫɥɨɜɢɹɦɢ ɨɛɪɚɡɰɨɜ ɩɪɢ ɫɩɟɤɚɧɢɢ ɤɟɪɚɦɢɤɢ.  

ɍȾɄ 538.95 

ɍɉɊɍȽɂȿ ɉɈɌȿɊɂ ɂ ȾɂɋɉȿɊɋɂə ȼ ɉɈɊɂɋɌɈɃ 

ɋȿȽɇȿɌɈɉɖȿɁɈɄȿɊȺɆɂɄȿ 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɵ ɤɨɦɩɥɟɤɫɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɭɩɪɭɝɨɣ ɞɢɫɩɟɪɫɢɢ ɢ 
ɩɨɬɟɪɶ ɜ ɩɨɪɢɫɬɵɯ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚɯ ɪɚɡɥɢɱɧɵɯ ɫɢɫɬɟɦ, ɜɤɥɸɱɚɸɳɢɟ ɜ ɫɟɛɹ ɤɨɧɟɱɧɨ-

ɪɚɡɧɨɫɬɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɣ ɚɧɚɥɢɡ ɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɢɡɦɟɪɟɧɢɹ. 
Ɋɚɫɫɦɨɬɪɟɧɵ ɦɢɤɪɨɫɬɪɭɤɬɭɪɧɵɟ ɢ ɮɢɡɢɱɟɫɤɢɟ ɦɟɯɚɧɢɡɦɵ ɭɩɪɭɝɢɯ, ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɞɢɫɩɟɪɫɢɢ ɜ ɩɨɪɢɫɬɨɣ ɩɶɟɡɨɤɟɪɚɦɢɤɟ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɵɣ ɚɧɚɥɢɡ, ɞɢɫɩɟɪɫɢɹ, ɡɚɬɭɯɚɧɢɹ, ɩɨɪɢɫɬɚɹ 
ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚɛɥɸɞɚɟɬɫɹ ɬɟɧɞɟɧɰɢɹ ɤ ɡɚɦɟɧɟ ɜɵɫɨɤɨɩɥɨɬɧɵɯ ɢ ɫɨɜɟɪ-
ɲɟɧɧɵɯ ɜ ɯɢɦɢɱɟɫɤɨɦ ɢ ɫɬɪɭɤɬɭɪɧɨɦ ɨɬɧɨɲɟɧɢɢ ɚɤɬɢɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚ ɧɟɫɨɜɟɪɲɟɧ-
ɧɵɟ ɜ ɫɬɪɭɤɬɭɪɧɨɦ ɨɬɧɨɲɟɧɢɢ, ɧɢɡɤɨɩɥɨɬɧɵɟ ɦɚɬɟɪɢɚɥɵ ɫ ɝɟɬɟɪɨɝɟɧɧɨɣ ɫɬɪɭɤɬɭɪɨɣ 
(ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ ɬɢɬɚɧɚɬɚ ɢ ɦɟɬɚɧɢɨɛɚɬɚ ɫɜɢɧɰɚ, ɤɨɦɩɨɡɢɬɵ ɤɟɪɚɦɢ-
ɤɚ/ɩɨɥɢɦɟɪ ɫɨ ɫɜɹɡɧɨɫɬɶɸ 1-3 ɢ ɩɨɪɢɫɬɵɟ ɩɶɟɡɨɤɟɪɚɦɢɤɢ [1]). 

ɉɨɪɢɫɬɚɹ ɩɶɟɡɨɤɟɪɚɦɢɤɚ ɧɚ ɨɫɧɨɜɟ ɪɚɡɥɢɱɧɵɯ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɯ ɤɨɦɩɨɡɢɰɢɣ 
ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɜ ɤɚɱɟɫɬɜɟ ɡɚɦɟɧɵ ɦɟɬɚɧɢɨɛɚɬɚ ɫɜɢɧɰɚ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɲɢɪɨɤɨ-
ɩɨɥɨɫɧɵɯ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹɯ [2]. Ɉɪɝɚɧɢɡɚɰɢɢ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɩɪɨɢɡ-
ɜɨɞɫɬɜɚ ɩɨɪɢɫɬɨɣ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɟɪɚɦɢɤɢ ɫ ɜɨɫɩɪɨɢɡɜɨɞɢɦɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ 
ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɩɨɪɢɫɬɨɫɬɶɸ ɩɪɟɞɲɟɫɬɜɨɜɚɥɢ ɢɧɬɟɧɫɢɜɧɵɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɢ ɧɚɭɱ-
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ɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɟ ɪɚɛɨɬɵ, ɚ ɬɚɤɠɟ ɩɨɹɜɥɟɧɢɟ ɧɨɜɵɯ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɵɯ ɬɟɯɧɨ-
ɥɨɝɢɣ [2]. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɵ ɦɧɨɝɨɩɥɚɧɨɜɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɭɩɪɭɝɨɣ ɞɢɫɩɟɪ-
ɫɢɢ ɢ ɩɨɬɟɪɶ ɜ ɩɨɪɢɫɬɵɯ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚɯ ɪɚɡɥɢɱɧɵɯ ɫɢɫɬɟɦ, ɜɤɥɸɱɚɸɳɢɟ ɜ ɫɟɛɹ 
ɤɨɧɟɱɧɨ-ɪɚɡɧɨɫɬɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɯɚɪɚɤɬɟɪɢɡɚɰɢɸ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɦɩɟɞɚɧɫɧɨɣ 
ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɢ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɨɝɨ ɚɧɚɥɢɡɚ, ɚ ɬɚɤɠɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɷɯɨ-ɢɦɩɭɥɶɫɧɵɟ 
ɢɡɦɟɪɟɧɢɹ. 

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ ɩɨɪɢɫɬɵɟ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟ-
ɪɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ ɐɌɋ ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɨɪɢɫɬɨɫɬɶɸ ɞɨ 50% ɢ ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ ɩɨɪ 
10-30 ɦɤɦ.

Ʉɨɦɩɥɟɤɫɧɵɟ ɭɩɪɭɝɢɟ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɩɨɪɢɫɬɨɣ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɨɩɪɟɞɟɥɹɥɢɫɶ ɦɟɬɨɞɨɦ ɢɦɩɟɞɚɧɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɫ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ ɞɥɹ ɩɶɟɡɨɪɟɡɨɧɚɧɫɧɨɝɨ ɚɧɚɥɢɡɚ (PRAP) [3]. 

ɇɚ ɪɢɫɭɧɤɟ ɩɪɢɜɟɞɟɧɵ ɢɦɩɟɞɚɧɫɧɵɣ ɫɩɟɤɬɪ ɞɥɹ ɬɪɟɯ ɩɟɪɜɵɯ ɝɚɪɦɨɧɢɤ ɬɨɥɳɢɧ-
ɧɨɣ ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɝɨ ɞɢɫɤɚ, ɚ ɬɚɤɠɟ  ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɦ-
ɩɥɟɤɫɧɵɯ ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ ɞɥɹ ɩɨɪɢɫɬɨɣ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɢ ɫɨɫɬɚɜɚ 
Pb0,45Ti0,45Zr0,53(W½Cd½)0,02O3 (ɉɄɊ-1) ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɨɪɢɫɬɨɫɬɶɸ 18%.  

ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɜɟɞɟɧɧɨɝɨ ɤɨɦɩɥɟɤɫɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɜɤɥɸɱɚɸɳɟɝɨ ɤɨɧɟɱɧɨ-

ɪɚɡɧɨɫɬɧɨɟ 3D-ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɢɦɩɟɞɚɧɫɧɭɸ ɫɩɟɤɬɪɨɫɤɨɩɢɸ ɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɢɡɦɟ-
ɪɟɧɢɹ, ɩɨɤɚɡɚɧɨ, ɱɬɨ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɭɩɪɭɝɢɯ ɦɨɞɭɥɟɣ (ɞɢɫɩɟɪɫɢɹ) ɢ ɡɚɬɭɯɚɧɢɟ 
ɭɥɶɬɪɚɡɜɭɤɚ ɜ ɩɨɪɢɫɬɵɯ ɩɶɟɡɨɤɟɪɚɦɢɤɚɯ ɨɛɭɫɥɨɜɥɟɧɚ ɪɚɫɫɟɹɧɢɟɦ ɭɩɪɭɝɢɯ ɜɨɥɧ ɧɚ ɩɨ-
ɪɚɯ. 

        ɚ)                                                                     ɛ) 
Ɋɢɫɭɧɨɤ. ɂɦɩɟɞɚɧɫɧɵɟ ɫɩɟɤɬɪɵ ɢ ɚɩɩɪɨɤɫɢɦɚɰɢɢ PRAP ɞɥɹ ɬɨɥɳɢɧɧɵɯ ɤɨɥɟɛɚɧɢɣ (ɚ) 

 ɢ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɦɩɥɟɤɫɧɵɯ ɦɨɞɭɥɟɣ ɭɩɪɭɝɨɫɬɢ (ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ 
D
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33 , 
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33 ɢ ɦɧɢɦɵɯ 
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C
//

33  ɱɚɫɬɟɣ) ɩɨɪɢɫɬɨɝɨ ɞɢɫɤɚ ɉɄɊ-1 Ø10  0,5 ɦɦ 

ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ ɭɫɥɨɜɢɸ D  

ɫɤɨɪɨɫɬɶ ɢ ɡɚɬɭɯɚɧɢɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɭɜɟɥɢɱɢɜɚɸɬɫɹ ɫ ɱɚɫɬɨɬɨɣ, ɤɚɤ 
3

f ɢ 
4

f

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɋ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ ɢ ɩɪɢɛɥɢɠɟɧɢɢ   ɤ D   104    ɯɚɪɚɤɬɟɪ ɪɚɫ-
ɫɟɹɧɢɹ ɦɟɧɹɟɬɫɹ ɨɬ ɪɷɥɟɟɜɫɤɨɝɨ ɤ ɫɬɨɯɚɫɬɢɱɟɫɤɨɦɭ, ɡɚɬɭɯɚɧɢɟ ɢ ɞɢɫɩɟɪɫɢɹ ɭɫɢɥɢɜɚɸɬɫɹ 

ɢ ɨɩɢɫɵɜɚɸɬɫɹ ɱɚɫɬɨɬɧɵɦɢ ɡɚɜɢɫɢɦɨɫɬɹɦɢ
2

f ɢ f ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɛɚɡɨɜɚɹ 

ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ, ɬɟɦɚ № 12.5425.2017/8.9) ɢ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ (ɊɎɎɂ № 16-58-48009-ɂɧɞ-ɨɦɢ). 
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1ɂɧɫɬɢɬɭɬ ɜɵɫɨɤɢɯ ɬɟɯɧɨɥɨɝɢɣ ɢ ɩɶɟɡɨɬɟɯɧɢɤɢ, ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ 
2ɇɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɢɧɫɬɢɬɭɬ ɮɢɡɢɤɢ, ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ 

3ȼɨɥɝɨɝɪɚɞɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɩɨɥɹɪɢɡɚɰɢɢ ɜ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɦ 
ɦɚɬɟɪɢɚɥɟ ɧɚ ɨɫɧɨɜɟ ɐɌɋ ɜ ɲɢɪɨɤɨɣ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɢɫɬɟɦɚ ɐɌɋ, ɫɟɝɧɟɬɨɦɹɝɤɚɹ ɩɶɟɡɨɤɟɪɚɦɢɤɚ, ɞɢɫɩɟɪɫɢɹ, ɩɨɥɹɪɢɡɚɰɢɹ, 
ɪɚɡɦɵɬɵɟ ɮɚɡɨɜɵɟ ɩɟɪɟɯɨɞɵ. 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɜ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɨɣ ɩɶɟɡɨɤɟɪɚɦɢɤɟ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ ɫɨɨɬɧɨ-
ɲɟɧɢɢ ɤɨɦɩɨɧɟɧɬɨɜ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ ɢ ɦɨɞɢɮɢɰɢɪɭɸɳɢɯ ɩɪɢɦɟɫɟɣ, ɮɚɡɨɜɵɣ ɩɟɪɟ-
ɯɨɞ ɢɡ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɵ ɜ ɩɚɪɚɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɢɫɯɨɞɢɬ ɜ ɧɟɫɤɨɥɶɤɨ ɷɬɚɩɨɜ 
[1,2]. ɉɪɢ ɷɬɨɦ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɢɧɬɟɪɜɚɥ, ɬɚɤɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɢ ɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɢɡɦɟ-
ɧɟɧɢɣ, ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ ɫɨɬɧɢ ɝɪɚɞɭɫɨɜ.  

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɩɨɥɹɪɢɡɚɰɢɢ ɜ ɲɢɪɨɤɨɣ 
ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ ɜ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɦ ɦɚɬɟɪɢɚɥɟ ɧɚ ɨɫɧɨɜɟ ɐɌɋ - 

. 

ɇɚ ɪɢɫɭɧɤɟ 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɩɟɬɥɢ ɩɨɥɹɪɢɡɚɰɢɢ ɧɚ ɱɚɫɬɨɬɚɯ 0,1, 1 ɢ 10 Ƚɰ ɩɪɢ 
ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɚɦɩɥɢɬɭɞɵ ɫɢɧɭɫɨɢɞɚɥɶɧɨɝɨ ɩɨɥɹ  ɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭ-
ɪɚɯ. ɉɪɢ  ɧɚɛɥɸɞɚɸɬɫɹ ɥɢɲɶ ɱɚɫɬɧɵɟ ɰɢɤɥɵ ɩɟɬɟɥɶ ɩɨɥɹɪɢɡɚɰɢɢ ɫ ɡɚɦɟɬɧɵɦ 
ɨɬɥɢɱɢɟɦ ɫɬɟɩɟɧɢ ɪɚɡɜɨɪɚɱɢɜɚɧɢɹ; ɩɪɢ  ɧɚɱɢɧɚɟɬ ɭɦɟɧɶɲɚɬɶɫɹ ɤɨɷɪɰɢɬɢɜɧɨɟ 
ɩɨɥɟ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɱɚɫɬɨɬɵ; ɩɪɢ  – ɩɪɨɜɹɥɹɬɫɹ ɜɤɥɚɞ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɚ 
0,1Ƚɰ – ɩɟɬɥɢ ɩɨɥɹɪɢɡɚɰɢɢ ɡɚɤɪɭɝɥɹɸɬɫɹ, ɚ ɧɚ 1 ɢ 10Ƚɰ ɬɚɤɠɟ ɩɪɨɹɜɥɹɟɬɫɹ ɱɚɫɬɨɬɧɚɹ 
ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɪɰɢɬɢɜɧɨɝɨ ɩɨɥɹ , ɧɚ 1Ƚɰ ɨɧɨ ɦɟɧɶɲɟ, ɱɟɦ ɧɚ 10Ƚɰ ɢ ɤɚɤ ɫɥɟɞɫɬɜɢɟ 
ɡɧɚɱɟɧɢɹ ɩɨɥɹɪɢɡɚɰɢɢ ɜɵɲɟ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɨɛɫɭɠɞɚɸɬɫɹ ɜ ɪɚɦɤɚɯ ɫɭɳɟɫɬɜɭɸɳɢɯ ɩɨɞɯɨɞɨɜ ɪɚɫ-
ɫɦɚɬɪɢɜɚɸɳɢɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ ɫ ɪɚɡɥɢɱɧɨɝɨ ɬɢɩɚ ɞɟɮɟɤɬɚɦ ɯɚɪɚɤ-
ɬɟɪɧɵɦɢ ɞɥɹ ɧɟɭɩɨɪɹɞɨɱɟɧɧɵɯ ɫɬɪɭɤɬɭɪ. 

http://www.tasitechnical.com/
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Ɋɢɫɭɧɨɤ. ɉɟɬɥɢ ɩɨɥɹɪɢɡɚɰɢɢ ɢɫɫɥɟɞɭɟɦɨɝɨ ɫɨɫɬɚɜɚ ɧɚ ɱɚɫɬɨɬɚɯ 0.1, 1 ɢ 10 Ƚɰ 
ɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ 

Ʌɢɬɟɪɚɬɭɪɚ 

1. A.V. Skrylev, A.I. Burkhanov, G.M. Akbaeva, L.A. Dykina, Electrophysical and mechani-

cal properties of PZT-based soft ferroelectric material in wide range of temperatures // Ferroelectrics, 

V. 538, Issue 1, P. 146-153, 2019.

2. Ⱥ.ȼ. ɋɤɪɵɥёɜ, Ⱥ.ɂ. Ȼɭɪɯɚɧɨɜ, Ƚ.Ɇ. Ⱥɤɛɚɟɜɚ, Ⱥ.ȿ. ɉɚɧɢɱ, Ⱦɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɭɩɪɭɝɢɟ
ɫɜɨɣɫɬɜɚ ɜ ɨɛɥɚɫɬɢ ɪɚɡɦɵɬɨɝɨ ɫɬɪɭɤɬɭɪɧɨɝɨ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ ɜ ɦɧɨɝɨɤɨɦɩɨɧɟɧɬɧɨɣ ɫɢɫɬɟɦɟ 
ɧɚ ɨɫɧɨɜɟ ɐɌɋ // ɂɡɜɟɫɬɢɹ Ɋɨɫɫɢɣɫɤɨɣ ɚɤɚɞɟɦɢɢ ɧɚɭɤ. ɋɟɪɢɹ ɮɢɡɢɱɟɫɤɚɹ. 2018. Ɍ. 82. № 3. ɋ. 
372-374. 
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ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ  ɤɨɦɩɥɟɤɫɧɵɯ 
ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɭɩɪɭɝɢɯ ɩɚɪɚɦɟɬɪɨɜ ɛɟɫɫɜɢɧɰɨɜɵɯ 
ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤ ɧɚ ɨɫɧɨɜɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɫɢɫɬɟɦɵ (Na,Li)NbO3. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɢɫɫɥɟɞɨɜɚɧɧɵɟ ɛɟɫɫɜɢɧɰɨɜɵɟ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɧɢɡɤɢɦ ɡɚɬɭɯɚɧɢɟɦ 
ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢ ɨɬɫɭɬɫɬɜɢɟɦ ɞɢɫɩɟɪɫɢɢ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ ɢ ɦɨɝɭɬ ɛɵɬɶ 
ɢɫɩɨɥɶɡɨɜɚɧɵ ɜ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɯ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹɯ ɞɥɹ ɦɟɞɢɰɢɧɫɤɨɣ ɬɟɯɧɢɤɢ ɢ 
ɧɟɪɚɡɪɭɲɚɸɳɟɝɨ ɤɨɧɬɪɨɥɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɛɟɫɫɜɢɧɰɨɜɚɹ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ, ɦɢɤɪɨɫɬɪɭɤɬɭɪɧɵɟ 
ɢɫɫɥɟɞɨɜɚɧɢɹ, ɤɨɦɩɥɟɤɫɧɵɟ ɩɚɪɚɦɟɬɪɵ, ɢɦɩɟɞɚɧɫɧɵɣ ɫɩɟɤɬɪ, ɞɢɫɩɟɪɫɢɹ. 

ɂɧɬɟɪɟɫ ɤ ɛɟɫɫɜɢɧɰɨɜɵɦ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚɦ ɫɜɹɡɚɧ ɫ ɬɟɦ, ɱɬɨ ɜ ɩɨɫɥɟɞɧɟɟ 
ɜɪɟɦɹ ɜɫɟ ɛɨɥɶɲɟ ɜɧɢɦɚɧɢɹ ɭɞɟɥɹɟɬɫɹ ɷɤɨɥɨɝɢɱɟɫɤɢɦ ɩɪɨɛɥɟɦɚɦ. ȼɧɢɦɚɧɢɟ ɢɫɫɥɟɞɨɜɚ-
ɬɟɥɟɣ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɤɨɧɰɟɧɬɪɢɪɭɟɬɫɹ ɧɚ ɭɠɟ ɫɭɳɟɫɬɜɭɸɳɢɯ ɛɟɫɫɜɢɧɰɨɜɵɯ ɤɨɦɩɨ-
ɡɢɰɢɹɯ [1]. 

ɋɪɟɞɢ ɢɡɜɟɫɬɧɵɯ ɛɟɫɫɜɢɧɰɨɜɵɯ ɫɨɫɬɚɜɨɜ ɧɚ ɨɫɧɨɜɟ ɧɢɨɛɚɬɨɜ ɳɟɥɨɱɧɵɯ ɦɟɬɚɥ-
ɥɨɜ ɧɚɢɛɨɥɶɲɢɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (Na,Li)NbO3 [2], ɞɟɦɨɧɫɬɪɢɪɭɸɳɢɟ ɨɪɢɝɢɧɚɥɶɧɵɣ ɧɚɛɨɪ ɞɢɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ, ɭɩɪɭɝɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ, ɱɬɨ ɞɟɥɚɟɬ ɢɯ ɤɨɧɤɭɪɟɧɬɨɫɩɨɫɨɛ-
ɧɵɦɢ ɢ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɞɥɹ ɪɹɞɚ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɯ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɢɦɟɧɟɧɢɣ. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢ-
ɫɢɦɨɫɬɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɭɩɪɭɝɢɯ ɩɚɪɚɦɟɬɪɨɜ 
ɛɟɫɫɜɢɧɰɨɜɨɣ ɫɟɝɧɟɬɨɪɶɟɡɨɤɟɪɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ (Na,Li)NbO3 ɜ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ ɞɨ 100 
ɆȽɰ. ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɚ ɜɵɛɪɚɧɚ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ ɫɨɫɬɚɜɚ 
Na0,86625Li0,12375Sr0,01Nb0,988Al0,01O2,995 (ɉɄɊ-35), ɩɨɥɭɱɟɧɧɚɹ ɦɟɬɨɞɨɦ ɝɨɪɹɱɟɝɨ ɩɪɟɫɫɨɜɚ-
ɧɢɹ [2]. 

ɂɡɦɟɪɟɧɢɹ ɤɨɦɩɥɟɤɫɧɵɯ ɭɩɪɭɝɢɯ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚ-
ɦɟɬɪɨɜ ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ ɜɵɩɨɥɧɹɥɢɫɶ ɧɚ ɫɬɚɧɞɚɪɬɧɵɯ ɨɛɪɚɡɰɚɯ ɫ ɩɨɦɨɳɶɸ ɚɧɚɥɢɡɚɬɨɪɚ 
ɢɦɩɟɞɚɧɫɚ Agilent 4294A ɢ ɩɪɨɝɪɚɦɦɵ ɚɧɚɥɢɡɚ ɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ PRAP [3]. Ⱦɥɹ 
ɢɫɫɥɟɞɨɜɚɧɢɹ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ 
ɨɛɪɚɡɰɨɜ ɜ ɞɢɚɩɚɡɨɧɟ ɞɨ 100 ɆȽɰ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɪɟɡɨɧɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ 
ɧɚ ɨɫɧɨɜɧɨɣ ɱɚɫɬɨɬɟ ɢ ɪɟɡɨɧɚɧɫɚɯ ɜɵɫɲɢɯ ɩɨɪɹɞɤɨɜ [3]. 

ɇɚ ɪɢɫɭɧɤɟ ɩɨɤɚɡɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ ɦɨɞɭɥɹ 
ɭɩɪɭɝɨɫɬɢ D

C
/

33 , ɚ ɬɚɤɠɟ ɦɟɯɚɧɢɱɟɫɤɨɣ ɞɨɛɪɨɬɧɨɫɬɢ DDD

M
CCQ

//

33

/

33
/ ɩɶɟɡɨɤɟɪɚɦɢɤɢ 

ɉɄɊ-35, ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɚɧɚɥɢɡɚ ɢɦɩɟɞɚɧɫɧɵɯ ɫɩɟɤɬɪɨɜ ɝɚɪɦɨɧɢɤ ɬɨɥɳɢɧɧɨɣ 
ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ ɜɵɫɲɢɯ ɩɨɪɹɞɤɨɜ. 

Ɋɢɫɭɧɨɤ. ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ ɦɨɞɭɥɹ ɭɩɪɭɝɨɫɬɢ 
D

C
/

33 ɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɞɨɛɪɨɬɧɨɫɬɢ 
DDD

M
CCQ

//

33

/

33
/  ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɉɄɊ-35 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ D
C

/

33  ɢɡɦɟɧɹɟɬɫɹ ɥɢɧɟɣɧɨ ɢ ɧɟɡɧɚɱɢ-
ɬɟɥɶɧɨ ɜ ɢɫɫɥɟɞɨɜɚɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɦɟɯɚɧɢɱɟɫɤɚɹ ɞɨɛɪɨɬɧɨɫɬɶ 
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D

M
Q ɬɨɥɳɢɧɧɨɣ ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɠɚɟɬɫɹ ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ, ɱɬɨ ɨɛɴɹɫ-
ɧɹɟɬɫɹ ɪɨɫɬɨɦ ɡɚɬɭɯɚɧɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɜ ɱɚɫɬɨɬ-
ɧɨɦ ɞɢɚɩɚɡɨɧɟ ɞɨ 100 ɆȽɰ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɫɟɝɧɟɬɨɩɶɟɡɨɤɟɪɚɦɢɤɚ ɉɄɊ-35, ɧɚɪɹɞɭ ɫ ɧɢɡ-
ɤɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɶɸ, ɧɢɡɤɨɣ ɩɥɨɬɧɨɫɬɶɸ ɢ ɜɵɫɨɤɨɣ ɫɤɨɪɨɫɬɶɸ ɡɜɭɤɚ, 
ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɨɬɫɭɬɫɬɜɢɟɦ ɡɚɦɟɬɧɨɣ ɭɩɪɭɝɨɣ ɞɢɫɩɟɪɫɢɢ ɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɢɦ, ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɩɶɟɡɨɤɟɪɚɦɢɤɚɦɢ ɫɢɫɬɟɦɵ ɐɌɋ, ɡɚɬɭɯɚɧɢɟɦ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɜ ɜɵɫɨ-
ɤɨɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ, ɢ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɜ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɯ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹɯ ɞɥɹ ɦɟɞɢɰɢɧɫɤɨɣ ɬɟɯɧɢɤɢ ɢ ɧɟɪɚɡɪɭɲɚɸɳɟɝɨ ɤɨɧɬɪɨɥɹ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 

12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  
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ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ «ɆɂɗɌ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɚ ɤɢɧɟɬɢɤɚ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɩɥɟɧɨɱɧɵɯ ɫɬɪɭɤɬɭɪ, ɫɮɨɪɦɢɪɨɜɚɧɧɵɯ ɧɚ ɤɪɟɦɧɢɟɜɵɯ ɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɩɨɞɥɨɠɤɚɯ. ɉɨɤɚɡɚɧɨ, 
ɱɬɨ ɮɨɪɦɚ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ, ɪɟɝɢɫɬɪɢɪɭɟɦɨɝɨ ɞɢɧɚɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ, ɢ ɫɜɹɡɚɧɧɵɟ 
ɫ ɧɟɣ ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ ɪɚɡɥɢɱɧɵ ɞɥɹ ɜɵɲɟɭɤɚɡɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ɗɬɨ ɫɜɹɡɚɧɨ ɫ 
ɞɨɩɨɥɧɢɬɟɥɶɧɵɦ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɦ ɜɤɥɚɞɨɦ, ɨɛɭɫɥɨɜɥɟɧɧɵɦ ɬɟɩɥɨɜɵɦɢ ɞɟɮɨɪɦɚɰɢɹɦɢ ɜ 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɟ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɥɟɧɤɚ, ɬɟɩɥɨɜɵɟ 
ɞɟɮɨɪɦɚɰɢɢ. 

ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɢɧɬɟɧɫɢɜɧɨ ɩɪɨɜɨɞɹɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ 
ɩɨɥɹɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɩɥɟɧɨɱɧɨɦ ɢɫɩɨɥɧɟɧɢɢ. Ɉɞɧɢɦ ɢɡ ɛɚɡɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɞɥɹ ɜɵ-
ɲɟɭɤɚɡɚɧɧɵɯ ɩɪɢɦɟɧɟɧɢɣ ɹɜɥɹɸɬɫɹ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɥɟɧɤɢ, ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɜ ɜɢ-
ɞɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɦɟɬɚɥɥ-ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ-ɦɟɬɚɥɥ-ɩɨɞɥɨɠɤɚ. ɉɪɢ ɚɧɚɥɢɡɟ ɩɢɪɨɷɥɟɤ-
ɬɪɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɢ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪ ɧɟɞɨɫɬɚɬɨɱɧɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥɹɟɬɫɹ ɦɟɯɚɧɢɱɟ-
ɫɤɢɦ ɧɚɩɪɹɠɟɧɢɹɦ, ɤɨɬɨɪɵɟ ɫɜɹɡɚɧɵ ɫ ɬɟɩɥɨɜɵɦɢ ɞɟɮɨɪɦɚɰɢɹɦɢ ɩɨɞɥɨɠɟɤ, ɷɥɟɤɬɪɨ-
ɞɨɜ ɢ ɞɪɭɝɢɯ ɩɨɞɫɥɨɟɜ. Ⱦɟɮɨɪɦɚɰɢɨɧɧɵɟ ɹɜɥɟɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɬɟɩɥɨɜɵɦ ɜɨɡɞɟɣ-
ɫɬɜɢɟɦ, ɧɚɪɹɞɭ ɫ ɢɡɦɟɧɟɧɢɟɦ ɩɨɥɹɪɢɡɚɰɢɢ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɬɟɩɥɨɜɨɣ ɜɨɥɧɵ ɨɤɚɡɵɜɚ-
ɸɬ ɜɥɢɹɧɢɟ ɧɚ ɪɟɥɚɤɫɚɰɢɸ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ, ɧɚɛɥɸɞɚɟɦɨɝɨ ɜ ɞɢɧɚɦɢɱɟ-
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ɫɤɨɦ ɪɟɠɢɦɟ. ɉɨɷɬɨɦɭ ɰɟɥɶɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɥɫɹ ɚɧɚɥɢɡ ɤɢɧɟɬɢɤɢ ɩɢɪɨɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɪɟɝɢɫɬɪɢɪɭɟɦɨɝɨ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɦɨɞɭɥɢɪɨɜɚɧɧɵɯ ɬɟɩɥɨɜɵɯ ɩɨɬɨɤɨɜ 
ɧɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɥɟɧɨɱɧɵɟ ɫɬɪɭɤɬɭɪɵ.  

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɩɥɟɧɤɢ 
ɰɢɪɤɨɧɚɬɚ ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ PZT, ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɧɚ ɤɪɟɦɧɢɟɜɵɯ ɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ 
ɩɨɞɥɨɠɤɚɯ. ɉɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ ɢɫɫɥɟɞɨɜɚɧ ɞɢɧɚɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɫ ɢɫɩɨɥɶɡɨ-
ɜɚɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɦɨɞɭɥɢɪɨɜɚɧɧɨɝɨ ɢɦɩɭɥɶɫɚɦɢ ɩɪɹɦɨɭɝɨɥɶɧɨɣ ɮɨɪɦɵ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 
Ɏɨɪɦɚ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ, ɤɨɬɨɪɵɣ ɪɟɝɢɫɬɪɢɪɭɟɬɫɹ ɩɪɢ ɨɫɜɟɳɟɧɢɢ ɩɥɟɧɤɢ 
PZT, ɫɮɨɪɦɢɪɨɜɚɧɧɨɣ ɧɚ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɩɨɞɥɨɠɤɟ (ɪɢɫ. ɚ), ɩɨɥɧɨɫɬɶɸ ɜɨɫɩɪɨɢɡɜɨɞɢɬ 
ɮɨɪɦɭ ɬɟɩɥɨɜɨɝɨ ɢɦɩɭɥɶɫɚ, ɬ.ɟ. ɹɜɥɹɟɬɫɹ ɩɪɹɦɨɭɝɨɥɶɧɨɣ. ȼ ɫɥɭɱɚɟ ɩɥɟɧɤɢ PZT ɧɚ 
ɤɪɟɦɧɢɟɜɨɣ ɩɨɞɥɨɠɤɢ ɡɚɜɢɫɢɦɨɫɬɢ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɬ ɜɪɟɦɟɧɢ Iɩɢɪɨ(t) ɢɦɟɸɬ 
ɧɚɱɚɥɶɧɵɣ ɜɵɛɪɨɫ ɬɨɤɚ ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɪɟɥɚɤɫɚɰɢɨɧɧɵɦ ɫɩɚɞɨɦ ɞɨ ɧɭɥɟɜɨɝɨ ɡɧɚɱɟɧɢɹ 
(ɪɢɫ. ɛ). 

Ɋɚɫɱɟɬ ɤɢɧɟɬɢɤɢ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ, ɭɱɢɬɵɜɚɸɳɢɣ ɬɨɥɶɤɨ ɫɤɨɪɨɫɬɶ ɢɡ-
ɦɟɧɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ, ɤɨɬɨɪɚɹ ɩɨɫɥɟ ɩɪɨɝɪɟɜɚ ɩɥɟɧɤɢ ɬɟɩ-
ɥɨɜɵɦ ɩɨɬɨɤɨɦ ɜ ɬɟɱɟɧɢɟ ɧɟɫɤɨɥɶɤɢɯ ɦɢɥɥɢɫɟɤɭɧɞ ɭɦɟɧɶɲɚɟɬɫɹ ɞɨ ɧɭɥɹ, ɩɨɤɚɡɚɥ, ɱɬɨ 
ɪɚɫɱɟɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ Iɩɢɪɨ(t) ɩɪɢ ɭɤɚɡɚɧɧɵɯ ɱɚɫɬɨɬɚɯ ɦɨɞɭɥɹɰɢɢ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ 
ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɧɚɛɥɸɞɚɟɦɵɦ ɬɨɥɶɤɨ ɞɥɹ ɩɥɟɧɨɤ PZT, ɫɮɨɪɦɢɪɨɜɚɧ-
ɧɵɯ ɧɚ ɩɨɞɥɨɠɤɚɯ ɢɡ ɤɪɟɦɧɢɹ.  

ɚ) ɛ) 
Ɋɢɫɭɧɨɤ. Ɉɫɰɢɥɥɨɝɪɚɦɦɵ ɩɢɪɨɨɬɤɥɢɤɨɜ (ɤɪɢɜɵɟ 1), ɪɟɝɢɫɬɪɢɪɭɟɦɵɯ ɞɢɧɚɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ 
ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɦɨɞɭɥɢɪɨɜɚɧɧɨɝɨ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ (ɤɪɢɜɵɟ 2) ɧɚ ɩɥɟɧɨɱɧɵɟ ɫɬɪɭɤɬɭɪɵ: ɚ  

Al/PZT/ɫɬɚɥɶɧɚɹ ɩɨɞɥɨɠɤɚ, ɛ  Pt/PZT/Pt/Si. ɑɚɫɬɨɬɚ ɦɨɞɭɥɹɰɢɢ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ – 18 Ƚɰ 

Ɇɟɯɚɧɢɡɦ, ɨɬɜɟɬɫɬɜɟɧɧɵɣ ɡɚ ɩɨɹɜɥɟɧɢɟ ɨɬɤɥɢɤɚ ɩɪɹɦɨɭɝɨɥɶɧɨɣ ɮɨɪɦɵ, ɡɚɤɥɸɱɚ-
ɟɬɫɹ ɜ ɜɨɡɧɢɤɧɨɜɟɧɢɢ ɬɟɩɥɨɜɵɯ ɞɟɮɨɪɦɚɰɢɣ ɩɨɞɥɨɠɤɢ, ɦɟɯɚɧɢɱɟɫɤɢ ɫɜɹɡɚɧɧɨɣ ɫ ɫɟ-
ɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɥɟɧɤɨɣ. Ɂɧɚɱɢɬɟɥɶɧɨɟ ɪɚɡɥɢɱɢɟ ɜ ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɬɟɩɥɨɜɨɝɨ ɪɚɫ-
ɲɢɪɟɧɢɹ ɩɥɟɧɤɢ ɢ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɩɨɞɥɨɠɤɢ ɜɵɡɵɜɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɞɟɮɨɪɦɚɰɢɸ 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ, ɨɛɭɫɥɨɜɥɢɜɚɹ ɩɨɹɜɥɟɧɢɟ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɤɨɦɩɨɧɟɧɬɵ 
ɨɬɤɥɢɤɚ.  

ɂɡɦɟɧɟɧɢɟ ɩɨɥɹɪɢɡɚɰɢɢ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ, ɜɵɡɜɚɧɧɨɟ ɟɝɨ ɧɚɝɪɟɜɨɦ ɢ 
ɞɟɮɨɪɦɚɰɢɹɦɢ, ɨɛɭɫɥɨɜɥɟɧɨ ɢɡɦɟɧɟɧɢɟɦ ɩɨɥɹɪɢɡɚɰɢɢ ɩɪɢ ɜɚɪɶɢɪɨɜɚɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ, 
ɚ ɬɚɤɠɟ ɜɤɥɚɞɨɦ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɜ ɜɟɥɢɱɢɧɭ ɩɨɥɹɪɢɡɚɰɢɢ. ɉɪɢ ɨɞɢ-
ɧɚɤɨɜɵɯ ɡɧɚɱɟɧɢɹɯ ɤɨɷɮɮɢɰɢɟɧɬɚ ɬɟɩɥɨɜɨɝɨ ɪɚɫɲɢɪɟɧɢɹ, ɤɚɤ ɷɬɨ ɢɦɟɟɬ ɦɟɫɬɨ ɞɥɹ ɦɚ-
ɬɟɪɢɚɥɚ PZT ɢ ɤɪɟɦɧɢɹ, ɫɬɪɭɤɬɭɪɚ ɧɚɝɪɟɜɚɟɬɫɹ ɬɟɩɥɨɜɵɦ ɩɨɬɨɤɨɦ, ɢ ɞɟɮɨɪɦɚɰɢɹ ɫɥɨɟɜ 
ɢɦɟɟɬ ɨɞɢɧɚɤɨɜɨɟ ɡɧɚɱɟɧɢɟ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɬɟɩɥɨɜɨɣ ɜɨɥɧɵ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɥɟɧ-
ɤɚ/ɩɨɞɥɨɠɤɚ, ɬ.ɟ. ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɦɟɯɚɧɢɱɟɫɤɨɟ ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɭɸ 
ɩɥɟɧɤɭ ɫɨ ɫɬɨɪɨɧɵ ɩɨɞɥɨɠɤɢ ɨɬɫɭɬɫɬɜɭɟɬ. Ȼɨɥɶɲɚɹ ɪɚɡɧɢɰɚ ɜ ɜɟɥɢɱɢɧɚɯ ɤɨɷɮɮɢɰɢɟɧ-
ɬɨɜ ɬɟɩɥɨɜɨɝɨ ɪɚɫɲɢɪɟɧɢɹ ɫɥɨɟɜ, ɤɚɤ ɷɬɨ ɢɦɟɟɬ ɦɟɫɬɨ ɞɥɹ PZT ɢ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɩɨɞ-
ɥɨɠɤɢ, ɪɚɫɬɹɝɢɜɚɟɬ ɥɢɛɨ ɫɠɢɦɚɟɬ ɩɥɟɧɤɭ ɜ ɩɥɨɫɤɨɫɬɢ ɫɥɨɟɜ, ɜɵɡɵɜɚɹ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟ-
ɫɤɭɸ ɩɨɥɹɪɢɡɚɰɢɸ, ɤɨɬɨɪɚɹ ɫɜɹɡɚɧɚ ɫ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ e31 ɢ e32 ɜ 
ɫɥɭɱɚɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɥɟɧɤɢ, ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɜ ɧɚɩɪɚɜɥɟɧɢɢ [111]. 
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Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɧɚɭɤɢ 
ɊɎ (ɭɧɢɤɚɥɶɧɵɣ ɧɨɦɟɪ ɩɪɨɟɤɬɚ RFMEFI57517X0129). 
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1, 2ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

3Ɉɬɞɟɥɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɮɢɡɢɤɢ ɮɚɤɭɥɶɬɟɬɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɩɪɨɛɥɟɦ 
ɬɟɯɧɨɥɨɝɢɢ ȼɪɨɰɥɚɜɫɤɨɝɨ ɭɧɢɜɟɪɫɢɬɟɬɚ ɧɚɭɤɢ ɢ ɬɟɯɧɨɥɨɝɢɢ 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɧɚɧɨɤɨɦɩɨɡɢɬɟ 
Rb2ZnCl4 – SiO2 ɜɛɥɢɡɢ ɬɟɦɩɟɪɚɬɭɪɵ ɡɚɦɨɪɚɠɢɜɚɧɢɹ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɱɚɫɬɢɰɚɯ 
ɬɟɬɪɚɯɥɨɪɰɢɧɤɚɬɚ ɪɭɛɢɞɢɹ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɥɟɞɭɟɬ ɡɚɤɨɧɭ Ɏɨɝɟɥɹ – Ɏɭɥɱɟɪɚ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ, ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɤɨɦɩɨɡɢɬ, ɩɨɪɢɫɬɨɟ ɫɬɟɤɥɨ. 

Ɍɟɬɪɚɯɥɨɪɰɢɧɤɚɬ ɪɭɛɢɞɢɹ – ɢɡɜɟɫɬɧɵɣ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ ɫ ɧɟɫɨɪɚɡɦɟɪɧɨɣ ɮɚɡɨɣ. 
ɉɟɪɟɯɨɞ ɢɡ ɩɚɪɚɷɥɟɤɬɪɢɱɟɫɤɨɣ Pnma ɜ ɧɟɫɨɪɚɡɦɟɪɧɭɸ ɮɚɡɭ Pnma: –1ss ɪɟɚɥɢɡɭɟɬɫɹ 
ɨɤɨɥɨ Ti ≈ 303 K, ɚ ɢɡ ɧɟɫɨɪɚɡɦɟɪɧɨɣ ɜ ɫɨɪɚɡɦɟɪɧɭɸ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɭɸ ɮɚɡɭ 

(Pn21a) – ɜ ɨɤɪɟɫɬɧɨɫɬɹɯ Tɋ ≈ 195 K. ɗɬɨɬ ɩɟɪɟɯɨɞ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɫɩɨɧɬɚɧɧɵɦ ɩɨɹɜ-
ɥɟɧɢɟɦ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɩɨɞɜɢɠɧɨɫɬɶ ɤɨɬɨɪɨɣ ɧɢɠɟ ɬɟɦɩɟɪɚɬɭɪɵ Ɍ*

 ≈ 154 K ɫɭ-
ɳɟɫɬɜɟɧɧɨ ɭɦɟɧɶɲɚɟɬɫɹ, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɨ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ ɜ ɞɨɦɟɧ-
ɧɨɣ ɫɢɫɬɟɦɟ [1].  

ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɫɨɫɬɨɹɧɢɟ ɷɬɨɣ ɫɢɫɬɟɦɵ ɡɚɜɢɫɢɬ ɨɬ ɪɹɞɚ ɮɚɤɬɨɪɨɜ, ɜ 
ɬɨɦ ɱɢɫɥɟ, ɮɨɪɦɵ, ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ ɢ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢ-
ɫɬɚɥɥɚ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɦɨɠɧɨ ɨɠɢɞɚɬɶ, ɱɬɨ ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɢ ɟɟ ɫɜɨɣɫɬɜɚ ɜ ɧɚɧɨ-
ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɟ ɛɭɞɟɬ ɡɚɦɟɬɧɨ ɨɬɥɢɱɚɬɶɫɹ ɨɬ ɬɚɤɨɜɵɯ ɜ ɨɛɴɟɦɧɨɦ 
ɦɚɬɟɪɢɚɥɟ. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɫɬɚɥɨ ɢɡɭɱɟɧɢɟ ɜɥɢɹɧɢɹ ɨɝɪɚɧɢɱɟɧɧɨɣ ɝɟɨɦɟɬɪɢɢ ɧɚ ɞɢ-
ɧɚɦɢɤɭ ɡɚɦɨɪɚɠɢɜɚɧɢɹ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ ɜ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɬɟɬɪɚɯɥɨɪɰɢɧɤɚɬɟ 
ɪɭɛɢɞɢɹ.   

Ɉɛɪɚɡɰɵ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɚɥɢ ɩɭɬɟɦ ɜɧɟɞɪɟɧɢɹ ɬɟɬɪɚɯɥɨɪɰɢɧɤɚɬɚ ɪɭɛɢ-
ɞɢɹ ɜ ɩɨɪɢɫɬɵɟ ɦɚɬɪɢɰɵ SiO2 ɫɨ ɫɪɟɞɧɢɦ ɞɢɚɦɟɬɪɨɦ ɫɤɜɨɡɧɵɯ ɩɨɪ ɨɤɨɥɨ 23 ɧɦ ɢɡ 
ɧɚɫɵɳɟɧɧɨɝɨ ɜɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ.  

ȼ ɯɨɞɟ ɷɤɫɩɟɪɢɦɟɧɬɚ ɨɛɪɚɡɰɵ ɩɨɦɟɳɚɥɢ ɜ ɤɪɢɨɫɬɚɬ, ɝɞɟ ɬɟɦɩɟɪɚɬɭɪɚ ɢɡɦɟɧɹɥɚɫɶ 
ɜ ɩɪɟɞɟɥɚɯ ɨɬ 100 ɞɨ 350 Ʉ. ɂɡɦɟɪɟɧɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ/

 ɢ ɞɢɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ ɩɨɬɟɪɶ İ//

 ɩɪɨɜɨɞɢɥɢ ɧɚ ɱɚɫɬɨɬɚɯ f = 5 – 500 ɤȽɰ ɫ ɩɨɦɨɳɶ ɢɡɦɟɪɢɬɟɥɹ ȿ7-20.

ɉɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ İ/(Ɍ) ɢ İ//(Ɍ) ɢɡɨɛɪɚɠɟɧɵ ɧɚ ɪɢɫɭɧɤɟ ɧɢɠɟ.
ȼɢɞɧɨ, ɱɬɨ ɜ ɨɤɪɟɫɬɧɨɫɬɹɯ ɬɟɦɩɟɪɚɬɭɪɵ Ɍ*

 ≈ 156 Ʉ ɧɚɛɥɸɞɚɸɬɫɹ ɦɚɤɫɢɦɭɦɵ ɞɢ-
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢ ɩɨɬɟɪɶ. ɉɪɢ ɷɬɨɦ ɨɛɚ ɦɚɤɫɢɦɭɦɚ ɫɦɟɳɚɸɬɫɹ ɜ ɧɚɩɪɚɜ-
ɥɟɧɢɟ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɫ ɩɨɜɵɲɟɧɢɟɦ ɱɚɫɬɨɬɵ ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɩɨɥɹ, ɱɬɨ ɭɤɚ-
ɡɵɜɚɟɬ ɧɚ ɢɯ ɬɟɪɦɨɚɤɬɢɜɚɰɢɨɧɧɵɣ ɯɚɪɚɤɬɟɪ. ɉɪɢɧɢɦɚɹ ɜɨ ɜɧɢɦɚɧɢɟ, ɱɬɨ ɦɚɤɫɢɦɭɦ İ//

ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɢ ɭɫɥɨɜɢɢ =1 ( = 2f, ɚ  - ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ), ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ 
ɡɚɜɢɫɢɦɨɫɬɶ (Ɍ). 
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Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ İ/
 (ɚ) ɢ İ//

 (b) ɧɚ ɱɚɫɬɨɬɚɯ 
5 (1), 10 (2), 50 (3) ɢ 500 (4) ɤȽɰ 

Ⱥɧɚɥɢɡ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ , ɩɨɤɚɡɚɥ, ɱɬɨ ɨɧɚ ɭɞɨ-
ɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɨɩɢɫɵɜɚɟɬɫɹ ɡɚɤɨɧɨɦ Ɏɨɝɟɥɹ – Ɏɭɥɱɟɪɚ 

 = 0·exp[U/k(T - T0)],             (1) 

ɝɞɟ 0 – ɜɪɟɦɹ, ɨɛɪɚɬɧɨɟ ɱɚɫɬɨɬɟ ɩɨɩɵɬɨɤ ɩɪɟɨɞɨɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ 
U, k – ɩɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚɧɚ, Ɍ0 – ɬɟɦɩɟɪɚɬɭɪɚ Ɏɨɝɟɥɹ – Ɏɭɥɱɟɪɚ, ɢɧɬɟɪɩɪɟɬɢɪɭɟɦɚɹ 
ɤɚɤ ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɚɬɢɱɟɫɤɨɝɨ ɡɚɦɨɪɚɠɢɜɚɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɞɢɩɨɥɟɣ.  

ɇɚɢɥɭɱɲɚɹ ɚɩɩɪɨɤɫɢɦɚɰɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɞɨɫɬɢɝɚɟɬɫɹ ɩɪɢ ɡɧɚɱɟ-
ɧɢɹɯ ɩɚɪɚɦɟɬɪɨɜ: 0  0,310

-13
 ɫ, U  0,03 ɷȼ ɢ T0  149 Ʉ.

ɉɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɫɬɚɬɢɱɟɫɤɨɝɨ ɡɚɦɨɪɚɠɢɜɚɧɢɹ T0 ɯɨɪɨɲɨ ɫɨ-
ɝɥɚɫɭɟɬɫɹ ɫɨ ɡɧɚɱɟɧɢɟɦ (148,3 Ʉ), ɩɨɥɭɱɟɧɧɵɦ ɜ [1] ɞɥɹ ɨɛɴɟɦɧɨɝɨ ɨɛɪɚɡɰɚ Rb2ZnCl4.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨɡɜɨɥɹɸɬ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨ-
ɞɵ. 

1. ȼɨ ɜɧɟɞɪɟɧɧɵɯ ɜ ɩɨɪɢɫɬɭɸ ɫɬɟɤɥɹɧɧɭɸ ɦɚɬɪɢɰɭ ɧɚɧɨɱɚɫɬɢɰɚɯ Rb2ZnCl4 ɧɢɠɟ
Ɍɋ ɜɨɡɧɢɤɚɟɬ ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ. 

2. ɋɭɳɟɫɬɜɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɩɨɞɜɢɠɧɨɫɬɢ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ ɧɢɠɟ Ɍ*, ɜɟɪɨɹɬɧɨ,
ɫɜɹɡɚɧɨ ɫ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ ɜ ɞɨɦɟɧɧɵɯ ɫɬɟɧɤɚɯ. 

3. Ⱦɢɧɚɦɢɤɚ ɡɚɦɨɪɚɠɢɜɚɧɢɹ ɩɨɞɜɢɠɧɨɫɬɢ ɞɨɦɟɧɧɵɯ ɝɪɚɧɢɰ ɦɨɠɟɬ ɛɵɬɶ ɨɩɢɫɚɧɚ
ɷɦɩɢɪɢɱɟɫɤɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ Ɏɨɝɟɥɹ – Ɏɭɥɱɟɪɚ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Ƚɪɢɞɧɟɜ ɋ.Ⱥ., Ƚɨɪɛɚɬɟɧɤɨ ȼ.ȼ., ɉɪɚɫɨɥɨɜ Ȼ.ɇ. Ɉ ɮɚɡɨɜɨɦ ɩɟɪɟɯɨɞɟ ɜ ɞɨɦɟɧɧɨɣ ɫɬɟɧɤɟ
ɜ Rb2ZnCl4 ɜɛɥɢɡɢ 150 Ʉ//Ʉɪɢɫɬɚɥɥɨɝɪɚɮɢɹ. 1997. - Ɍ. 42. - № 4. - ɋ. 730 - 734. 
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ɜɛɥɢɡɢ ɱɚɫɬɨɬɧɨ-ɡɚɜɢɫɢɦɨɣ ɚɧɨɦɚɥɢɢ, ɛɥɢɡɤɢ ɤ ɤɟɪɚɦɢɱɟɫɤɢɦ ɨɛɪɚɡɰɚɦ. Ɉɞɧɚɤɨ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ ɢɫɫɥɟɞɭɟɦɵɯ ɤɪɢɫɬɚɥɥɨɜ ɨɩɢɫɵɜɚɸɬɫɹ ɷɦɩɢɪɢɱɟɫɤɢɦ 
ɫɨɨɬɧɨɲɟɧɢɟɦ Ɏɨɝɟɥɹ-Ɏɭɥɱɟɪɚ, ɚ ɧɟ Ⱥɪɪɟɧɢɭɫɚ, ɤɚɤ ɜ ɫɥɭɱɚɟ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɢɬɚɧɚɬ ɜɢɫɦɭɬɚ, ɦɨɧɨɤɪɢɫɬɚɥɥɵ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ. 

Ɍɢɬɚɧɚɬ ɜɢɫɦɭɬɚ Bi2Ti2O7 ɹɜɥɹɟɬɫɹ ɫɨɟɞɢɧɟɧɢɟɦ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɩɢɪɨɯɥɨɪɚ, ɤɨɬɨ-
ɪɨɟ ɛɵɥɨ ɜɩɟɪɜɵɟ ɫɢɧɬɟɡɢɪɨɜɚɧɨ ɜ 1969 ɝɨɞɭ ɢ ɫ ɬɟɯ ɩɪɢɤɨɜɵɜɚɟɬ ɤ ɫɟɛɟ ɜɧɢɦɚɧɢɟ ɢɫ-
ɫɥɟɞɨɜɚɬɟɥɟɣ ɛɥɚɝɨɞɚɪɹ ɫɜɨɢɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɢ ɮɨɬɨɤɚɬɚɥɢɬɢɱɟɫɤɢɦ ɫɜɨɣɫɬɜɚɦ [1,2]. 
Ɉɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɢɟ ɡɧɚɱɟɧɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ (İ ~ 100), ɧɢɡɤɢɟ ɞɢ-
ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ, ɧɚɪɹɞɭ ɫ ɧɢɡɤɢɦɢ ɬɟɦɩɟɪɚɬɭɪɚɦɢ ɫɢɧɬɟɡɚ, ɞɟɥɚɸɬ ɟɝɨ ɩɟɪɫɩɟɤ-
ɬɢɜɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ ɤɨɧɞɟɧɫɚɬɨɪɚɯ. ɇɚ ɬɟɦɩɟɪɚɬɭɪɧɵɯ 
ɤɪɢɜɵɯ İ ɬɢɬɚɧɚɬɚ ɜɢɫɦɭɬɚ ɩɪɢɫɭɬɫɬɜɭɟɬ ɱɚɫɬɨɬɧɨ-ɡɚɜɢɫɢɦɚɹ ɚɧɨɦɚɥɢɹ ɜ ɜɢɞɟ ɫɬɭɩɟɧɶ-
ɤɢ ɩɪɢ Ɍ ~ 200 K, ɤɨɬɨɪɚɹ ɢɡɧɚɱɚɥɶɧɨ ɫɜɹɡɵɜɚɥɚɫɶ ɫ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɦ ɮɚɡɨɜɵɦ 
ɩɟɪɟɯɨɞɨɦ [3]. ɉɨɡɞɧɟɟ ɛɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ Bi2Ti2O7 ɹɜɥɹɟɬɫɹ ɥɢɧɟɣɧɵɦ ɞɢɷɥɟɤɬɪɢɤɨɦ, 
ɫɨɯɪɚɧɹɸɳɢɦ ɤɭɛɢɱɟɫɤɭɸ ɫɢɦɦɟɬɪɢɸ [4]. ɇɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ ɧɟɬ ɟɞɢɧɨɝɨ ɩɨɧɢɦɚ-
ɧɢɹ ɜɨɡɦɨɠɧɵɯ ɦɟɯɚɧɢɡɦɨɜ, ɨɬɜɟɬɫɬɜɟɧɧɵɯ ɡɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɭɸ ɪɟɥɚɤɫɚɰɢɸ ɜ Bi2Ti2O7. 

ɉɨ ɦɧɟɧɢɸ ɪɹɞɚ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ [4] ɩɨɜɟɞɟɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɜɹɡɚ-
ɧɨ ɫ ɩɟɪɟɫɤɨɤɢ ɚɬɨɦɨɜ ɜɢɫɦɭɬɚ ɦɟɠɞɭ ɲɟɫɬɶɸ ɫɢɦɦɟɬɪɢɱɧɨ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɩɨɡɢɰɢɹ-
ɦɢ, ɱɬɨ, ɬɚɤɠɟ ɯɚɪɚɤɬɟɪɧɨ ɢ ɞɥɹ ɞɪɭɝɨɝɨ ɜɢɫɦɭɬ-ɫɨɞɟɪɠɚɳɟɝɨ ɩɢɪɨɯɥɨɪɚ 
Bi1.5Zn0.92Nb1.5O6.92 [5]. Ɉɞɧɚɤɨ ɜ ɧɟɞɚɜɧɢɯ ɪɚɛɨɬɚɯ ɭɬɜɟɪɠɞɚɟɬɫɹ, ɱɬɨ ɪɟɥɚɤɫɚɰɢɢ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɡɚɪɹɞɚ ɩɪɢɜɨɞɢɬ ɤ ɩɨɹɜɥɟɧɢɸ ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɨɣ ɚɧɨɦɚɥɢɢ ɜ ɤɟ-
ɪɚɦɢɤɟ ɬɢɬɚɧɚɬɚ ɜɢɫɦɭɬɚ [6]. Ɉɬɦɟɬɢɦ, ɱɬɨ ɜ ɢɡɜɟɫɬɧɵɯ ɪɚɛɨɬɚɯ ɢɫɫɥɟɞɨɜɚɧɢɟ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɩɪɨɜɨɞɢɥɨɫɶ ɧɚ ɤɟɪɚɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɚɯ, ɱɬɨ ɡɧɚɱɢɬɟɥɶɧɨ ɭɫɥɨɠɧɹɟɬ 
ɢɧɬɟɪɩɪɟɬɚɰɢɸ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɰɟɥɶɸ ɧɚɫɬɨɹɳɟɣ ɪɚ-
ɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɡɭɱɟɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ Bi2Ti2O7 ɢ ɭɫɬɚɧɨɜ-
ɥɟɧɢɟ ɩɪɢɱɢɧ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɱɚɫɬɨɬɧɨ-ɡɚɜɢɫɢɦɨɣ ɚɧɨɦɚɥɢɢ. 

ȼɵɪɚɳɢɜɚɧɢɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɩɪɨɜɨɞɢɥɢ ɜ ɭɫɥɨɜɢɹɯ ɦɟɞɥɟɧɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɪɚɫɩɥɚɜɚ ɫɦɟɫɢ (1-x)Bi2O3∙xTiO2, x ≈ 0.6 ɜ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɵɯ ɢɬɬɪɢɟɦ ɨɤɫɢɞ-

ɰɢɪɤɨɧɢɟɜɵɯ ɬɢɝɥɹɯ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɨɯɥɚɠɞɟɧɢɹ ɪɚɫɩɥɚɜɚ ɫɦɟɫɢ ɨɬ 1200ɨɋ ɞɨ 900ɨɋ ɫɨ
ɫɤɨɪɨɫɬɶɸ 7.5 ɝɪɚɞ/ɱ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɩɪɨɡɪɚɱɧɵɟ ɦɨɧɨɤɪɢɫɬɚɥɥɵ ɠɟɥɬɨ-ɤɨɪɢɱɧɟɜɨɝɨ 
ɰɜɟɬɚ ɢɡɨɦɟɬɪɢɱɟɫɤɨɝɨ ɝɚɛɢɬɭɫɚ ɪɚɡɦɟɪɚɦɢ ɞɨ 10 ɦɦ ɜ ɩɨɩɟɪɟɱɧɢɤɟ. ɇɚ ɨɫɧɨɜɚɧɢɢ 
ɪɟɧɬɝɟɧɨɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚ ɩɨɪɨɲɤɚ ɤɪɢɫɬɚɥɥɨɜ ɩɨ 
ɩɨɥɨɠɟɧɢɸ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɪɟɮɥɟɤɫɨɜ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ 
ɮɚɡɵ Bi2Ti2O7 ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɩɢɪɨɯɥɨɪɚ. Ⱦɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢɡɦɟɪɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɫ ɩɨ-
ɦɨɳɶɸ ɢɡɦɟɪɢɬɟɥɹ ɢɦɦɢɬɚɧɫɚ ȿ7-20 (ɈȺɈ «Ɇɇɂɉɂ», Ɇɢɧɫɤ) ɧɚ ɱɚɫɬɨɬɚɯ 25 – 10
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ɜ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ 4.2 – 1000 K. 

ɑɚɫɬɨɬɧɨ-ɡɚɜɢɫɢɦɚɹ ɚɧɨɦɚɥɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɛɵɥɚ ɨɛɧɚɪɭɠɟ-
ɧɚ ɩɪɢ T≈200 K, ɱɬɨ ɫɨɩɨɫɬɚɜɢɦɨ ɫ ɩɪɟɞɵɞɭɳɢɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɧɚ ɤɟɪɚ-
ɦɢɱɟɫɤɢɯ ɨɛɪɚɡɰɚɯ [4,6]. Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ İ ɪɚɜɧɵ 116 (ɩɪɢ f = 500 ɤȽɰ), ɚ tan į 

< 0.01, ɱɬɨ ɬɚɤɠɟ ɨɱɟɧɶ ɛɥɢɡɤɨ ɤ ɪɟɡɭɥɶɬɚɬɚɦ ɜ ɭɤɚɡɚɧɧɵɯ ɪɚɛɨɬɚɯ, ɝɞɟ İ = 115 [4]. Ɉɞ-
ɧɚɤɨ ɨɬɦɟɬɢɦ ɢ ɪɚɡɥɢɱɢɹ: ɩɪɢ ɱɚɫɬɨɬɚɯ ɦɟɧɟɟ 10 ɤȽɰ ɧɟ ɧɚɛɥɸɞɚɟɬɫɹ ɧɢɤɚɤɢɯ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɯ ɚɧɨɦɚɥɢɣ ɩɪɢ T > 200 K, ɤɚɤ ɜ ɪɚɛɨɬɟ [5]. ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ f ɩɪɨɢɫɯɨɞɢɬ ɫɦɟ-
ɳɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɦɚɤɫɢɦɭɦɚ (Tm) ɧɚ ɛɨɥɟɟ ɱɟɦ 50 K. ɉɨɩɵɬɤɢ ɨɩɢɫɚɬɶ ɩɨɜɟɞɟɧɢɟ Tm 

(f) ɭɪɚɜɧɟɧɢɟɦ Ⱥɪɪɟɧɢɭɫɚ (1) ɩɪɢɜɨɞɢɥɢ ɤ ɮɢɡɢɱɟɫɤɢ ɧɟ ɡɧɚɱɢɦɵɦ ɜɟɥɢɱɢɧɚɦ ɱɚɫɬɨɬɵ
ɩɨɩɵɬɨɤ ɩɪɟɨɞɨɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ f0 ~ 10

25). Ɉɞɧɚɤɨ ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ
ɩɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɯɨɪɨɲɨ (ɫ R2

 = 0.994, R - ɤɨɷɮɮɢɰɢɟɧɬ ɞɟ-
ɬɟɪɦɢɧɚɰɢɢ) ɨɩɢɫɵɜɚɸɬɫɹ ɷɦɩɢɪɢɱɟɫɤɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ Ɏɨɝɟɥɹ-Ɏɭɥɱɟɪɚ. ɉɪɢɱɢɧɵ
ɩɨɹɜɥɟɧɢɹ ɱɚɫɬɨɬɧɨ-ɡɚɜɢɫɢɦɨɣ ɚɧɨɦɚɥɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ Bi2Ti2O7 ɛɭ-
ɞɭɬ ɨɛɫɭɠɞɚɬɶɫɹ ɜ ɞɨɤɥɚɞɟ.

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɩɪɨɟɤɬɚ №3.1099.2017/ɉɑ Ɇɢɧɨɛɪɧɚɭɤɢ (Ȼɭɲ 
Ⱥ.Ⱥ.), ɝɪɚɧɬɚ ɊɇɎ 18-72-00030 (Ɍɚɥɚɧɨɜ Ɇ.ȼ.).  
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Detailed temperature studies of the dielectric responce, conductivity, Brillouin and Raman 

spectra are presented in this work. Analysis of the obtained data revealed a number of anomalies in the 

phonon dynamics of the relaxor ferroelectric PbNi1/3Nb2/3O3 (PNN), which are not found in typical 

relaxor ferroelectrics, such as PbMg1/3Nb2/3O3  (PMN). 
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PbNi1/3Nb2/3O3 – (PNN) single crystals belong to the family of complex perovskites 

with the general formula Ⱥȼƍ
ɯȼƎ

1-ɯɈ3. The physical properties of this family of perovskites are

the subject of intense research, but PNN crystals have been poorly studied, which can be ex-

plained by difficulties in synthesis of ceramics and growth of single crystals. 

The lattice dynamics of the PNN crystal has been studied by dielectric spectroscopy 

[1], Brillouin and Raman light scattering [2,3] earlier. Raman light scattering experiments 

have confirmed the existence of polarized scattering spectra which change with temperature 

[3]. The behavior of low-frequency optical phonon is characterized by anomaly in the vicinity 

of the phase transition from cubic to a ferroelectric rhombohedral phase Tc ≈ 153 K [4]. A 
wide anomalies of the frequency shift (which is proportional to the velocity) and the full 

width at half maximum (FWHM, which is proportional to the attenuation) of longitudinal 

acoustic (LA) phonon are a characteristic features of relaxor ferroelectrics [2]. But in contrast 

to PbMg1/3Nb2/3O3 (PMN) - typical representative of relaxor ferroelectrics, the minimum in 

velocity and the maximum in attenuation in PNN do not correlate with the temperature of 

maximum in the dielectric permittivity Tm, which is equal to Tc. The temperature evolution of 

quasi-elastic light scattering (QELS) in PNN is nontrivial. Thus, in spite of a seeming similar-

ity between the two compounds, PMN and PNN have different lattice dynamics. This moti-
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vated our detailed studies of dielectric, Brilloun and Raman experiments in a wide tempera-

ture range 77-700 K. 

The PNN single crystals were grown by solution in the melt. The dielectric response 

and AC- conductivity were measured by a Good Will LCR-819 impedance-meter at the fre-

quency range 12 Hz -100 kHz and at temperatures 78 -750 K. The DC-conductivity was 

measured by an electrometer with sensitivity up to 1 pA. In our measurements the maximum 

of the real permittivity at a frequency of 1 kHz reaches İ'm = 5500 at Tm = 153 K and width of 

maximum is ΔT = 145 K (PMN, for  comparison: İ'm=11400, Tm= 265 K and ΔT = 80 K). A 

local conductivity due to the characteristics of the Ni atom was obtained in the temperature 

range 100–200 K. At the temperature above 600 K an appreciable increase in bulk conductivi-

ty was found.  

The temperature investigations of the light scattering spectra were carried out in the 

backscattering geometry by using an advanced Sandercock's (3+3)-tandem interferometer 

(TFP-2) for Brillouin measurements and the T64000 spectrophotometer for Raman study. 

Raman measurements showed the difference in the behavior of optic phonons of PNN and 

PMN crystals. The intensity of Raman spectra of PNN increases with decreasing temperature, 

at the same time new phonon lines appear. The "softening" of the frequency shift, the maxima 

of the intensity and full width at hath maximum (FWHM) of the low-lying optical phonon in 

the region Tc = 153 K are revealed. Unusual temperature dependences of quasi-elastic light 

scattering parameters are found. The maximum intensity of QELS is observed at the room 

temperature, while the anomaly of the FWHM of QELS is shifted to ~ 460 K.  

When we compared the Brillouin spectra of the PNN and PMN crystals,  discrepancies 

were also found. At temperatures above Tc in the PNN crystal, where cubic symmetry is as-

sumed, at backscattering geometry of experiment with phonon wave vector along [001]-

direction according to the selection rules only longitudinal acoustic phonon (LA) should be 

observed, as it was for PMN. However, we found additional transverse acoustic modes (TA) 

in the spectra of PNN, which are forbidden in Brillouin spectra by the selection rules for cubic 

symmetry. It can be assumed that the symmetry of the PNN crystal at these temperatures is 

different from cubic symmetry. It should also be noted, that two additional peaks were found 

in the temperature dependence of the FWHM of the LA phonon at temperatures T1 ~ 560 K 

and T2 ~ 440 K. These anomalies correspond to weak anomalies in the temperature depend-

ence of the frequency shift of this phonon. In the low-temperature region, in the temperature 

range between T3 ~ 212 K and T4 ~ 130 K, there is a noticeable slowdown in the change in 

both the frequency shift and the FWHM of the LA phonon. As a result, their peak anomalies, 

which were expected at Tɫ for PNN crystal, were in fact suppressed. The results of measure-

ments in PNN crystals are discussed in the framework of modern concepts of the physics of 

relaxor ferroelectrics. 
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ɊɈɅɖ ɋȿȽɇȿɌɈɗɅȿɄɌɊɂɑȿɋɄɈȽɈ ɊȿɅȺɄɋɈɊȺ 0,89PMN-0,11PZT 

ȼ ɆȺȽɇɂɌɈɗɅȿɄɌɊɂɑȿɋɄɈɆ ɈɌɄɅɂɄȿ ɄɈɆɉɈɁɂɌȺ 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ȿ ɧɚ 
ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɪɟɥɚɤɫɨɪɚ 0,89PMN-0.11PZT ɢ ɦɚɝɧɢɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ 
ɜ ɫɥɨɢɫɬɨɦ ɤɨɦɩɨɡɢɬɟ ɧɚ ɟɝɨ ɨɫɧɨɜɟ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɥɨɢɫɬɵɟ ɤɨɦɩɨɡɢɬɵ, ɦɚɝɧɢɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ, 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɪɟɥɚɤɫɨɪ. 

ɋɨɜɪɟɦɟɧɧɨɟ ɪɚɡɜɢɬɢɟ ɨɛɥɚɫɬɟɣ ɧɚɭɤɢ ɢ ɬɟɯɧɢɤɢ ɧɭɠɞɚɟɬɫɹ ɜ ɧɨɜɵɯ ɩɨɞɯɨɞɚɯ ɢ 
ɪɹɞɟ ɧɨɜɵɯ ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ ɪɟɲɟɧɢɣ. Ɉɞɧɢɦ ɢɡ ɲɢɪɨɤɨ ɢɡɜɟɫɬɧɵɯ ɢ ɢɧɬɟɧɫɢɜɧɨ ɪɚɡ-
ɜɢɜɚɸɳɢɯɫɹ ɧɚɩɪɚɜɥɟɧɢɣ ɜ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɢ ɹɜɥɹɟɬɫɹ ɦɚɝɧɢɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ (Ɇɗ) 
ɤɨɦɩɨɡɢɬɵ. Ⱦɥɹ ɷɮɮɟɤɬɢɜɧɨɣ ɪɚɛɨɬɵ Ɇɗ ɤɨɦɩɨɡɢɬɨɜ ɧɟɨɛɯɨɞɢɦɨ ɩɨɫɬɨɹɧɧɨɟ ɩɨɞɦɚɝ-
ɧɢɱɢɜɚɸɳɟɟ ɩɨɥɟ, ɬɪɟɛɭɸɳɟɟ ɷɧɟɪɝɨɡɚɬɪɚɬɧɵɯ ɢ ɤɪɭɩɧɨɝɚɛɚɪɢɬɧɵɯ ɭɫɬɪɨɣɫɬɜ. ȼ ɞɚɧ-
ɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɬɚɤɢɯ ɤɨɦɩɨɡɢɬɚɯ ɧɟ ɦɚɝɧɢɬɧɨɟ, ɚ ɷɥɟɤɬɪɢɱɟ-
ɫɤɨɟ ɫɦɟɳɟɧɢɟ, ɩɨɞɚɜɚɟɦɨɟ ɧɚ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɪɟɥɚɤɫɨɪ ɞɥɹ ɭɜɟɥɢɱɟɧɢɹ Ɇɗ ɨɬ-
ɤɥɢɤɚ ɤɨɦɩɨɡɢɬɚ. 

Ɉɛɪɚɡɰɵ ɩɨɥɭɱɟɧɵ ɩɨ ɤɟɪɚɦɢɱɟɫɤɨɣ ɬɟɯɧɨɥɨɝɢɢ ɢ ɚɬɬɟɫɬɨɜɚɧɧɨɝɨ ɧɚ ɪɟɧɬɝɟɧɨɜ-
ɫɤɨɦ ɞɢɮɪɚɤɬɨɦɟɬɪɟ Bruker D2 Phaser.  

ɇɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ (Ɋɢɫ. 1) ɧɚɛɥɸ-
ɞɚɟɬɫɹ ɹɜɧɨ ɜɵɪɚɠɟɧɧɚɹ ɞɢɫɩɟɪɫɢɹ İ ɫ ɯɚɪɚɤɬɟɪɧɵɦ ɫɦɟɳɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɦɚɤɫɢɦɭ-
ɦɚ İ ɜ ɫɬɨɪɨɧɭ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɱɚɫɬɨɬɵ ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɩɨ-
ɥɹ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɬɟɪɦɨɚɤɬɢɜɢɪɨɜɚɧɧɨɣ ɩɪɢɪɨɞɟ ɪɟɥɚɤɫɚɰɢɢ ɩɨɥɹɪɢɡɚɰɢɢ [1].  

ɇɚ ɡɚɜɢɫɢɦɨɫɬɢ ɨɛɪɚɬɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢɦɟ-
ɟɬɫɹ ɨɛɥɚɫɬɶ, ɜ ɤɨɬɨɪɨɣ ɧɟ ɜɵɩɨɥɧɹɟɬɫɹ ɥɢɧɟɣɧɵɣ ɡɚɤɨɧ Ʉɸɪɢ-ȼɟɣɫɫɚ. ɍɫɬɚɧɨɜɥɟɧɨ, 
ɱɬɨ ɜ ɷɬɨɣ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɨ ɪɚɛɨɬɚɟɬ «ɤɜɚɞɪɚɬɢɱɧɵɣ ɡɚɤɨɧ Ʉɸ-
ɪɢ-ȼɟɣɫɫɚ», ɤɨɬɨɪɵɣ ɫɥɟɞɭɟɬ ɢɡ ɦɨɞɟɥɢ ɮɥɭɤɬɭɚɰɢɣ ɫɨɫɬɚɜɚ ɋɦɨɥɟɧɫɤɨɝɨ–ɂɫɭɩɨɜɚ ɞɥɹ 
ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ ɫ ɪɚɡɦɵɬɵɦ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ.  

Ɋɢɫ.1. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ  
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ  
ɜ ɤɟɪɚɦɢɱɟɫɤɨɦ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ  

0,89PMN–0,11PZT ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɱɚɫɬɨɬɚɯ 
ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɩɨɥɹ 

Ɋɢɫ.2. Ɂɚɜɢɫɢɦɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ  
ɦɚɝɧɢɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ α31 

ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɩɨɫɬɨɹɧɧɨɝɨ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ 
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ɉɨɫɤɨɥɶɤɭ ɢɫɫɥɟɞɭɟɦɵɣ ɪɟɥɚɤɫɨɪ 0,89PMN-0.11PZT ɨɛɥɚɞɚɟɬ ɛɨɥɶɲɢɦ ɢɧɞɭɰɢ-
ɪɨɜɚɧɧɵɦ ɩɶɟɡɨɷɮɮɟɤɬɨɦ, ɡɚɜɢɫɹɳɢɦ ɨɬ ɩɨɥɹ ȿ, ɬɨ ɨɧ ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɜ ɫɥɨɢɫɬɨɦ Ɇɗ 
ɤɨɦɩɨɡɢɬɟ ɜ ɤɚɱɟɫɬɜɟ ɩɶɟɡɨɫɥɨɹ, ɫɤɥɟɟɧɧɨɝɨ ɫ ɮɟɪɪɢɬɨɜɵɦ ɫɥɨɟɦ Mn0.4Zn0.6Fe2O4. 

Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ Ɇɗ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨ ɧɚɩɪɹɠɟɧɢɸ α31 ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɪɨɫɬɨɦ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɩɨɥɹ ȿ ɜ ɨɬɫɭɬɫɬɜɢɟ ɫɦɟɳɚɸɳɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (Ɋɢɫ. 2), ɱɬɨ ɩɨɡɜɨ-
ɥɹɟɬ ɭɩɪɚɜɥɹɬɶ ɦɚɝɧɢɬɨɷɥɟɤɬɪɢɱɟɫɤɢɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɛɟɡ ɩɨɫɬɨɹɧɧɨɝɨ ɩɨɞɦɚɝɧɢɱɢ-
ɜɚɧɢɹ.  
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧ ɧɨɜɵɣ ɦɟɬɨɞ, ɢɫɩɨɥɶɡɭɸɳɢɣ  ɩɨɜɟɪɯɧɨɫɬɧɵɟ 
ɚɤɭɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ (ɉȺȼ) ɞɥɹ ɨɰɟɧɤɢ ɩɚɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚɥɚ ɢ ɢɡɭɱɟɧɢɹ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ 
ɩɪɨɰɟɫɫɨɜ ɜ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚɯ. Ⱦɟɬɚɥɶɧɨɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ 
ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɧɚ ɩɚɪɚɦɟɬɪɵ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɉȺȼ ɜ ɩɶɟɡɨɤɟɪɚɦɢɤɚɯ ɫ 
ɪɚɡɥɢɱɧɨɣ «ɫɟɝɧɟɬɨɠɟɫɬɤɨɫɬɶɸ» ɩɨɡɜɨɥɢɥɨ ɪɚɡɪɚɛɨɬɚɬɶ ɧɨɜɵɣ ɦɟɬɨɞ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɨɦɟɧɧɨ-

ɨɪɢɟɧɬɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢ ɩɪɨɰɟɫɫɨɜ ɪɟɥɚɤɫɚɰɢɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɡɚɪɹɞɚ ɜ 
ɫɟɝɧɟɬɨɩɶɟɡɨɷɥɟɤɬɪɢɤɚɯ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɚɤɭɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ, ɪɟɥɚɤɫɚɰɢɹ, ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ, 
ɞɨɦɟɧɵ, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ ɡɚɪɹɞ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɚɤɭɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ (ɉȺȼ) ɲɢɪɨɤɨ ɩɪɢɦɟ-
ɧɹɸɬɫɹ ɜ ɚɤɭɫɬɨɷɥɟɤɬɪɨɧɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ ɢ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɜɨɣɫɬɜ ɦɚɬɟɪɢɚɥɨɜ [1]. 
ȼɥɢɹɧɢɟ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣɫɬɜɢɣ ɧɚ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ 
(ɉȺȼ) ɜ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɚɯ ɛɵɥɨ ɩɪɟɞɦɟɬɨɦ ɚɤɬɢɜɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɨɝɨ ɢɡɭɱɟɧɢɹ ɜ ɨɫɧɨɜɧɨɦ ɢɡ-ɡɚ ɜɨɡɦɨɠɧɨɫɬɢ ɫɨɡɞɚɧɢɹ ɭɩɪɚɜɥɹɟɦɵɯ ɭɫɬɪɨɣɫɬɜ ɨɛɪɚ-
ɛɨɬɤɢ ɫɢɝɧɚɥɨɜ ɢɥɢ ɤɨɦɩɟɧɫɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɉȺȼ ɩɚɪɚɦɟɬɪɨɜ. ɋ 
ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɉȺȼ ɹɜɥɹɟɬɫɹ ɦɨɳɧɵɦ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɫɪɟɞɫɬɜɨɦ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɩɚ-
ɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚɥɚ ɢ ɢɡɭɱɟɧɢɹ ɮɢɡɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɜ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚ-
ɥɚɯ [2]. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɦɵ ɨɛɨɛɳɢɥɢ ɪɟɡɭɥɶɬɚɬɵ ɞɟɬɚɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɥɢɹɧɢɹ ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɧɚ ɩɚɪɚɦɟɬɪɵ ɪɚɫɩɪɨɫɬɪɚɧɟ-
ɧɢɹ ɉȺȼ ɜ ɩɶɟɡɨɤɟɪɚɦɢɤɚɯ ɫ ɪɚɡɥɢɱɧɨɣ «ɫɟɝɧɟɬɨɠɟɫɬɤɨɫɬɶɸ». ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ ɢɫ-
ɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ «ɫɟɝɧɟɬɨɦɹɝɤɢɟ» ɫɨɫɬɚɜɵ ɫɢɫɬɟɦɵ ɐɌɋ, ɩɪɢɧɚɞɥɟɠɚɳɢɟ 
ɦɨɪɮɨɬɪɨɩɧɨɣ ɨɛɥɚɫɬɢ, ɫ ɧɢɡɤɢɦ ɤɨɷɪɰɢɬɢɜɧɵɦ ɩɨɥɟɦ ɢ ɜɵɫɨɤɨɣ ɥɚɛɢɥɶɧɨɫɬɶɸ ɞɨ-
ɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɪɨɦɛɨɷɞɪɢɱɟɫɤɢɟ ɢ ɬɟɬɪɚɝɨɧɚɥɶɧɵɟ ɫɨɫɬɚɜɵ ɐɌɋ ɫɨ ɫɪɟɞɧɟɣ ɫɬɟɩɟ-
ɧɶɸ «ɫɟɝɧɟɬɨɠɟɫɬɤɨɫɬɢ», ɚ ɬɚɤɠɟ «ɫɟɝɧɟɬɨɠɟɫɬɤɢɟ» ɬɟɬɪɚɝɨɧɚɥɶɧɵɟ ɫɨɫɬɚɜɵ ɧɚ ɨɫɧɨɜɟ 
ɐɌɋ ɢ ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ (Ɍɋ) ɫ ɜɵɫɨɤɢɦ ɤɨɷɪɰɢɬɢɜɧɵɦ ɩɨɥɟɦ ɢ ɫɢɥɶɧɨ ɡɚɠɚɬɨɣ ɞɨɦɟɧ-
ɧɨɣ ɫɬɪɭɤɬɭɪɨɣ [3]. ȼɪɟɦɹ ɡɚɞɟɪɠɤɢ ɢ ɡɚɬɭɯɚɧɢɟ ɉȺȼ ɢɡɦɟɪɹɥɢɫɶ ɫɬɚɧɞɚɪɬɧɵɦɢ ɦɟɬɨ-
ɞɚɦɢ ɧɚɥɨɠɟɧɢɹ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɯ ɪɚɞɢɨɢɦɩɭɥɶɫɨɜ [1, 2]. 
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ɇɚ ɪɢɫɭɧɤɟ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɩɪɢɜɟɞɟɧɵ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɪɚɫɩɪɨɫɬɪɚɧɟ-
ɧɢɹ ɉȺȼ ɜ «ɫɟɝɧɟɬɨɠɟɫɬɤɨɣ» ɤɟɪɚɦɢɤɟ ɧɚ ɨɫɧɨɜɟ Ɍɋ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɢɦɩɭɥɶɫɨɜ ɩɨ-
ɫɬɨɹɧɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ. 

(ɚ) (ɛ) 

Ɋɢɫɭɧɨɤ. ɂɡɦɟɧɟɧɢɹ ɡɚɬɭɯɚɧɢɹ   ɢ ɜɪɟɦɟɧɢ ɡɚɞɟɪɠɤɢ  /  ɉȺȼ ɩɪɢ ɩɨɞɚɱɟ
ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ (ɚ) ɢ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ (ɛ) ɢɦɩɭɥɶɫɨɜ ɩɨɫɬɨɹɧɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɶɸ t

= 150 c ɢ ɚɦɩɥɢɬɭɞɨɣ 720 ȼ ( E =12 ɤȼ/ɫɦ) ɞɥɹ ɫɨɫɬɚɜɚ ɧɚ ɨɫɧɨɜɟ Ɍɋ (ɉɄɊ-55) 

Ʉɚɱɟɫɬɜɟɧɧɵɣ ɚɧɚɥɢɡ ɜɥɢɹɧɢɹ ɩɪɨɰɟɫɫɨɜ ɨɪɢɟɧɬɚɰɢɢ ɞɨɦɟɧɨɜ ɢ ɪɟɥɚɤɫɚɰɢɢ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɡɚɪɹɞɚ ɧɚ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɉȺȼ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɩɨɫɬɨɹɧɧɨɝɨ ɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɩɨɤɚɡɚɥ, ɱɬɨ ɯɚɪɚɤɬɟɪ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɉȺȼ ɡɚɜɢɫɢɬ ɨɬ ɫɬɟɩɟɧɢ 
«ɫɟɝɧɟɬɨɠɟɫɬɤɨɫɬɢ» ɢ ɪɟɝɭɥɢɪɭɟɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɦɟɯɚɧɢɡɦɚɦɢ: 

- ɞɥɹ «ɫɟɝɧɟɬɨɠɟɫɬɤɨɣ» ɩɶɟɡɨɤɟɪɚɦɢɤɢ - ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɉȺȼ ɫ ɞɜɢɠɭɳɢɦɢɫɹ
ɧɨɫɢɬɟɥɹɦɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɡɚɪɹɞɚ, ɷɤɪɚɧɢɪɭɸɳɢɦɢ ɩɪɢɥɨɠɟɧɧɨɟ ɷɥɟɤɬɪɢɱɟɫɤɨɟ 
ɩɨɥɟ ɢ ɩɪɟɞɨɬɜɪɚɳɚɸɳɢɦɢ ɩɟɪɟɤɥɸɱɟɧɢɟ ɩɨɥɹɪɢɡɚɰɢɢ; 

- ɞɥɹ «ɫɟɝɧɟɬɨɦɹɝɤɨɣ» ɩɶɟɡɨɤɟɪɚɦɢɤɢ - ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɉȺȼ ɫ ɞɜɢɠɭɳɢɦɢɫɹ
ɞɨɦɟɧɧɵɦɢ ɫɬɟɧɤɚɦɢ (ɩɪɨɰɟɫɫɵ ɨɪɢɟɧɬɚɰɢɢ ɞɨɦɟɧɨɜ). 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  
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ɎȽȻɍɇ ɂɧɫɬɢɬɭɬ ɨɛɳɟɣ ɮɢɡɢɤɢ ɢɦ. Ⱥ.Ɇ. ɉɪɨɯɨɪɨɜɚ ɊȺɇ 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɢ ɨɛ-
ɥɭɱɟɧɢɢ ɷɥɟɤɬɪɨɧɧɵɦ ɢ ɢɨɧɧɵɦ ɩɭɱɤɨɦ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɧɢɨɛɚɬɚ ɛɚɪɢɹ-ɫɬɪɨɧɰɢɹ, ɫ ɱɢɫɬɨɣ 
ɩɨɜɟɪɯɧɨɫɬɶɸ ɢ ɩɨɜɟɪɯɧɨɫɬɶɸ, ɩɨɤɪɵɬɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɥɨɟɦ. ɉɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɪɚɡ-
ɦɟɪɨɜ ɢ ɝɥɭɛɢɧɵ ɞɨɦɟɧɨɜ ɨɬ ɞɨɡɵ ɨɛɥɭɱɟɧɢɹ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɪɟɥɚɤɫɨɪɧɵɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɢ, ɧɢɨɛɚɬ ɛɚɪɢɹ-ɫɬɪɨɧɰɢɹ, ɩɟɪɟɤɥɸɱɟɧɢɟ 
ɩɨɥɹɪɢɡɚɰɢɢ, ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɨɛɥɭɱɟɧɢɟ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ, ɨɛɥɭɱɟɧɢɟ ɢɨɧɧɵɦ ɩɭɱɤɨɦ. 

Ȼɵɥɨ ɢɫɫɥɟɞɨɜɚɧɨ ɥɨɤɚɥɶɧɨɟ ɩɟɪɟɤɥɸɱɟɧɢɟ ɩɨɥɹɪɢɡɚɰɢɢ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɨɛɥɭɱɟ-
ɧɢɹ ɷɥɟɤɬɪɨɧɧɵɦ ɢ ɢɨɧɧɵɦ ɩɭɱɤɨɦ ɫɪɟɞɧɢɯ ɷɧɟɪɝɢɣ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɧɢɨɛɚɬɚ ɛɚɪɢɹ-

ɫɬɪɨɧɰɢɹ (Sr0.61Ba0.39Nb2O6, SBN). 

Ɇɨɧɨɤɪɢɫɬɚɥɥɵ SBN ɛɵɥɢ ɜɵɪɚɳɟɧɵ ɩɨ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɣ ɦɟɬɨɞɢɤɟ ɋɬɟɩɚ-
ɧɨɜɚ. ɂɫɫɥɟɞɭɟɦɵɟ ɩɥɚɫɬɢɧɵ ɛɵɥɢ ɜɵɪɟɡɚɧɵ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɩɨɥɹɪɧɨɣ ɨɫɢ ɢ ɨɬɩɨɥɢ-
ɪɨɜɚɧɵ ɞɨ ɨɩɬɢɱɟɫɤɨɝɨ ɤɚɱɟɫɬɜɚ. Ɉɛɥɭɱɚɟɦɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɛɵɥɚ ɤɚɤ «ɱɢɫɬɨɣ», ɬɚɤ ɢ ɩɨ-
ɤɪɵɬɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɥɨɟɦ (ɮɨɬɨɪɟɡɢɫɬɨɦ) [1]. 

Ⱦɥɹ ɨɛɥɭɱɟɧɢɹ ɷɥɟɤɬɪɨɧɚɦɢ ɢ ɢɨɧɚɦɢ ɫɪɟɞɧɢɯ ɷɧɟɪɝɢɣ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɫɤɚɧɢɪɭ-
ɸɳɢɣ ɷɥɟɤɬɪɨɧɧɵɣ ɦɢɤɪɨɫɤɨɩ Auriga Crossbeam (Carl Zeiss) [1]. ɉɪɢɦɟɧɹɥɢɫɶ ɪɚɡɥɢɱ-
ɧɵɟ ɪɟɠɢɦɵ ɨɛɥɭɱɟɧɢɹ: (1) ɬɨɱɟɱɧɨɟ ɨɛɥɭɱɟɧɢɟ ɫ ɪɚɫɫɬɨɹɧɢɟɦ ɦɟɠɞɭ ɬɨɱɤɚɦɢ ɧɟ ɦɟɧɟɟ 
100 ɦɤɦ; (2) ɬɨɱɟɱɧɨɟ ɨɛɥɭɱɟɧɢɟ ɦɚɬɪɢɰɟɣ 5×5 ɫ ɪɚɫɫɬɨɹɧɢɟɦ ɦɟɠɞɭ ɬɨɱɤɚɦɢ 7 ɦɤɦ ɢ 
15 ɦɤɦ; (3) ɩɨɥɨɫɨɜɨɟ ɨɛɥɭɱɟɧɢɟ ɫ ɩɟɪɢɨɞɨɦ 7 ɦɤɦ. ɉɪɢ ɩɨɥɨɫɨɜɨɦ ɨɛɥɭɱɟɧɢɢ ɡɚɩɢɫɶ 
ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɜɞɨɥɶ Y ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ ɢ ɩɨɞ 45ɨ ɤ ɧɟɦɭ.  

Ⱦɨɦɟɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɜɢɡɭɚɥɢɡɢɪɨɜɚɥɢɫɶ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢɫɬɚɥɥɨɜ ɦɟɬɨɞɨɦ 
ɫɢɥɨɜɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɨɬɤɥɢɤɚ. Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɨɦɟɧɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɜ ɨɛɴɟɦɟ ɤɪɢɫɬɚɥɥɨɜ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɤɨɧɮɨɤɚɥɶɧɚɹ ɦɢɤɪɨɫɤɨɩɢɹ ɤɨɦɛɢɧɚ-
ɰɢɨɧɧɨɝɨ ɪɚɫɫɟɹɧɢɹ [2] ɢ ɦɢɤɪɨɫɤɨɩɢɹ ɝɟɧɟɪɚɰɢɢ ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ ɬɢɩɚ ɑɟɪɟɧɤɨɜɚ 
[3].  

ȼ ɪɟɡɭɥɶɬɚɬɟ ɬɨɱɟɱɧɨɝɨ ɨɛɥɭɱɟɧɢɹ ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɢɡɨɥɢɪɨɜɚɧɧɵɟ ɤɪɭɝɥɵɟ ɞɨ-
ɦɟɧɵ. ɂɡɨɬɪɨɩɧɵɣ ɪɨɫɬ ɛɵɥ ɨɛɭɫɥɨɜɥɟɧ ɝɟɧɟɪɚɰɢɟɣ ɫɬɭɩɟɧɟɣ ɧɚ ɞɨɦɟɧɧɨɣ ɫɬɟɧɤɟ ɜ ɪɟ-
ɡɭɥɶɬɚɬɟ ɫɥɢɹɧɢɹ ɫ ɨɫɬɚɬɨɱɧɵɦɢ ɧɚɧɨɞɨɦɟɧɚɦɢ. ɇɚɛɥɸɞɚɥɚɫɶ ɥɢɧɟɣɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ 
ɩɟɪɟɤɥɸɱɟɧɧɨɣ ɩɥɨɳɚɞɢ ɨɬ ɞɨɡɵ ɨɛɥɭɱɟɧɢɹ, ɤɨɬɨɪɚɹ ɛɵɥɚ ɨɬɧɟɫɟɧɚ ɡɚ ɫɱɟɬ ɷɤɪɚɧɢɪɨ-
ɜɚɧɢɹ ɞɟɩɨɥɹɪɢɡɭɸɳɟɝɨ ɩɨɥɹ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ. ɉɪɢ ɡɚɩɢɫɢ ɦɚɬɪɢɰɵ ɛɵɥɨ ɨɛɧɚɪɭ-
ɠɟɧɨ ɧɚɫɵɳɟɧɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɟɪɟɤɥɸɱɟɧɧɨɣ ɩɥɨɳɚɞɢ ɨɬ ɞɨɡɵ ɨɛɥɭɱɟɧɢɹ, ɨɛɭɫɥɨɜ-
ɥɟɧɧɨɟ ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɢɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɫɛɥɢɠɚɸɳɢɯɫɹ ɡɚɪɹɠɟɧɧɵɯ ɞɨɦɟɧɧɵɯ 
ɫɬɟɧɨɤ.  

ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɨɫɨɜɨɝɨ ɨɛɥɭɱɟɧɢɹ ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɤɜɚɡɢɪɟɝɭɥɹɪɧɵɟ ɰɟɩɢ ɢɡɨ-
ɥɢɪɨɜɚɧɧɵɯ ɞɨɦɟɧɨɜ (ɩɪɢ ɞɨɡɚɯ ɦɟɧɟɟ 100 ɦɤɄɥ/ɫɦ2) ɢ ɩɨɥɨɫɨɜɵɟ ɞɨɦɟɧɵ (ɩɪɢ ɞɨɡɚɯ 
ɛɨɥɟɟ 100 ɦɤɄɥ/ɫɦ2). ɒɢɪɢɧɚ ɩɨɥɨɫɨɜɵɯ ɞɨɦɟɧɨɜ ɥɢɧɟɣɧɨ ɭɜɟɥɢɱɢɜɚɥɚɫɶ ɫ ɪɨɫɬɨɦ ɞɨ-
ɡɵ ɞɨ 300 ɦɤɄɥ/ɫɦ2. ɒɢɪɢɧɚ ɩɨɥɨɫɨɜɵɯ ɞɨɦɟɧɨɜ ɩɪɢ ɡɚɩɢɫɢ ɜɞɨɥɶ Y ɧɚɩɪɚɜɥɟɧɢɹ ɛɵ-
ɥɚ ɛɨɥɶɲɟ, ɱɟɦ ɞɨɦɟɧɨɜ, ɡɚɩɢɫɚɧɧɵɯ ɩɨɞ 45ɨ, ɱɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɚɧɢɡɨɬɪɨɩɢɟɣ ɫɤɨɪɨɫɬɢ 
ɞɜɢɠɟɧɢɹ ɞɨɦɟɧɧɵɯ ɫɬɟɧɨɤ. 

Ⱦɥɹ ɬɨɱɟɱɧɨɝɨ ɢ ɩɨɥɨɫɨɜɨɝɨ ɨɛɥɭɱɟɧɢɹ ɛɵɥɢ ɢɡɦɟɪɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɝɥɭɛɢɧɵ ɫɨ-
ɡɞɚɧɧɵɯ ɞɨɦɟɧɨɜ ɨɬ ɞɨɡɵ ɨɛɥɭɱɟɧɢɹ. Ɇɚɤɫɢɦɚɥɶɧɚɹ ɝɥɭɛɢɧɚ ɞɨɦɟɧɨɜ ɞɨɫɬɢɝɚɥɚ 
100 ɦɤɦ.  

ɇɚɢɥɭɱɲɟɟ ɤɚɱɟɫɬɜɨ ɞɨɦɟɧɧɵɯ ɫɬɪɭɤɬɭɪ ɛɵɥɨ ɞɨɫɬɢɝɧɭɬɨ ɜ ɨɛɪɚɡɰɚɯ ɫ ɥɨɤɚɥɢ-
ɡɚɰɢɟɣ ɷɥɟɤɬɪɨɧɨɜ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɫɥɨɟ. Ɂɚɩɢɫɚɧɧɵɟ ɞɨɦɟɧɵ ɨɛɥɚɞɚɥɢ ɜɵɫɨɤɨɣ ɫɬɚ-
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ɛɢɥɶɧɨɫɬɶɸ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥɹ ɪɚɡɜɢɬɢɹ ɞɨɦɟɧɧɨɣ 
ɢɧɠɟɧɟɪɢɢ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɪɟɥɚɤɫɨɪɧɵɯ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɨɜ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɛɨɪɭɞɨɜɚɧɢɹ ɍɐɄɉ «ɋɨɜɪɟɦɟɧɧɵɟ ɧɚɧɨ-
ɬɟɯɧɨɥɨɝɢɢ» ɂȿɇɢɆ ɍɪɎɍ. ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɡɚ ɫɱɟɬ ɝɪɚɧɬɚ Ɋɨɫɫɢɣɫɤɨɝɨ 
ɧɚɭɱɧɨɝɨ ɮɨɧɞɚ (ɩɪɨɟɤɬ № 19-72-00008).  
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ɎȽȻɈɍ ȼɈ «Ɇɨɫɤɨɜɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦɟɧɢ Ɇ.ȼ. Ʌɨɦɨɧɨɫɨɜɚ» 

ȼɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɟ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɦɚɬɟɪɢɚɥɵ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɩɟɪɨɜɫɤɢɬɚ 
ɩɪɟɞɫɬɚɜɥɹɸɬ ɢɧɬɟɪɟɫ ɤɚɤ ɞɥɹ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɬɟɯɧɢɱɟɫɤɢɯ ɩɪɢɦɟɧɟɧɢɣ, ɬɚɤ ɢ ɞɥɹ ɢɫ-
ɫɥɟɞɨɜɚɧɢɹ ɦɟɯɚɧɢɡɦɨɜ ɩɨɥɹɪɢɡɚɰɢɢ ɞɢɷɥɟɤɬɪɢɤɨɜ. Ɉɞɧɢɦ ɢɡ ɬɚɤɢɯ ɤɥɚɫɫɨɜ ɫɨɟɞɢɧɟ-
ɧɢɣ ɹɜɥɹɸɬɫɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɬɢɩɚ ɪɟɥɚɤɫɨɪ-ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤ ɧɚ 
ɨɫɧɨɜɟ ɦɚɝɧɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ (PMN) ɢ ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ (PT). Ⱦɨɛɚɜɥɹɹ ɜ ɬɜɟɪɞɵɟ ɪɚɫ-
ɬɜɨɪɵ PMN-PT ɪɚɡɥɢɱɧɵɟ ɩɪɢɦɟɫɢ ɦɨɠɧɨ ɦɟɧɹɬɶ ɝɪɚɧɢɰɵ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɨɛɥɚɫɬɢ, ɝɞɟ 
ɩɪɨɹɜɥɹɟɬɫɹ ɢɯ ɜɵɫɨɤɚɹ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɚɤɬɢɜɧɨɫɬɶ. ȼ ɱɚɫɬɧɨɫɬɢ, ɞɨɛɚɜɤɚ ɢɧɞɢɹ 
ɩɨɜɵɲɚɟɬ ɬɟɦɩɟɪɚɬɭɪɵ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɨɜ ɜ ɷɬɢɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ, ɪɚɫɲɢɪɹɹ ɨɛ-
ɥɚɫɬɶ ɢɯ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢɹ. 

ȼ ɩɪɟɞɫɬɚɜɥɟɧɧɨɦ ɞɨɤɥɚɞɟ ɪɟɱɶ ɢɞɟɬ ɨ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ, ɫɨɞɟɪɠɚɳɟɦ 49% ɦɚɝ-
ɧɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ, 27% ɬɢɬɚɧɚɬɚ ɫɜɢɧɰɚ ɢ 24% ɢɧɞɨɧɢɨɛɚɬɚ ɫɜɢɧɰɚ (PIN). Ɍɚɤɨɟ ɫɨɨɬ-
ɧɨɲɟɧɢɟ ɤɨɦɩɨɧɟɧɬ ɩɨɡɜɨɥɹɟɬ ɧɚɛɥɸɞɚɬɶ ɮɚɡɨɜɵɟ ɩɟɪɟɯɨɞɵ ɜɛɥɢɡɢ ɦɨɪɮɨɬɪɨɩɧɨɣ ɮɚ-
ɡɨɜɨɣ ɝɪɚɧɢɰɵ, ɩɪɢ ɤɨɬɨɪɵɯ ɡɧɚɱɟɧɢɹ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɨɫɬɢɝɚɸɬ 
ɨɫɨɛɟɧɧɨ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ. Ɉɞɧɚɤɨ ɜ ɷɬɨɣ ɨɛɥɚɫɬɢ ɬɚɤɠɟ ɩɨɜɵɲɚɟɬɫɹ ɱɭɜɫɬɜɢɬɟɥɶ-
ɧɨɫɬɶ ɤɪɢɫɬɚɥɥɨɜ ɤ ɜɧɟɲɧɢɦ ɜɨɡɞɟɣɫɬɜɢɹɦ ɢ ɢɯ ɩɪɟɞɵɫɬɨɪɢɢ. 

ɋɪɚɜɧɢɜɚɸɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɩɨɥɭɱɟɧ-
ɧɵɯ ɧɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɭɫɬɚɧɨɜɤɚɯ, ɢɫɩɨɥɶɡɭɸɳɢɯ ɦɟɬɨɞ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɩɟɤ-
ɬɪɨɫɤɨɩɢɢ ɢ ɪɚɡɥɢɱɧɵɟ ɪɟɚɥɢɡɚɰɢɢ ɦɟɬɨɞɚ ɬɟɩɥɨɜɵɯ ɲɭɦɨɜ. ɉɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɨɬɥɢ-
ɱɚɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɵɦ ɪɚɡɧɨɨɛɪɚɡɢɟɦ, ɨɞɧɚɤɨ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɡɚɦɟɬɧɨɟ ɫɯɨɞɫɬɜɨ ɬɟɦ-
ɩɟɪɚɬɭɪɧɵɯ ɢ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɬɚɧɝɟɧɫɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɮɢɤɫɢɪɭɟɦɵɯ 
ɢɡɦɟɪɟɧɢɹɦɢ, ɩɪɨɜɟɞɟɧɧɵɦɢ ɜɫɟɦɢ ɢɫɩɨɥɶɡɭɟɦɵɦɢ ɦɟɬɨɞɚɦɢ. 

Ɉɛɫɭɠɞɚɸɬɫɹ ɜɨɡɦɨɠɧɵɟ ɦɟɯɚɧɢɡɦɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɬɜɟɪɞɵɯ 
ɪɚɫɬɜɨɪɚɯ PIN-PMN-PT, ɫɨɝɥɚɫɭɸɳɢɟɫɹ ɫ ɧɚɛɥɸɞɚɟɦɵɦɢ ɡɚɜɢɫɢɦɨɫɬɹɦɢ ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɬɢɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ. Ⱥɧɚɥɢɡɢɪɭɸɬɫɹ ɪɚɡɥɢɱɧɵɟ ɜɤɥɚɞɵ ɜ ɩɪɨɰɟɫ-
ɫɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ, ɢɯ ɫɜɹɡɢ ɫ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɩɪɨɰɟɞɭɪ ɢ 
ɩɪɟɞɵɫɬɨɪɢɢ ɨɛɪɚɡɰɨɜ. 
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Tuning of the thin layer thickness and temperature causes coincidence of the critical magnetic 

fields of the two or even three interstate transitions. Double coincidence results in non-monotonic 

single extreme magnetic relaxation, while triple point (coincidence of the three critical fields) causes 

oscillatory magnetic relaxation.  

Keywords: synthetic antiferromagnets, domain walls, perpendicular anisotropy, magnetic 

relaxation, dynamical system, oscillations. 

The spin valves and SAF are the simplest devices of spintronics. They consist of two 

ferromagnetic thin films of different thicknesses (~ 1 nm) and a non-magnetic spacer separat-

ing the films (Figure 1). Deliberately small thickness of the ferromagnetic layers (typically < 

2 nm) provides the interface with a perpendicular anisotropy which dominates the bulk mag-

netic anisotropy. Ferromagnetic layers have either a single domain (at linear size ≤ 10 nm) or 
a multi domain (at linear size > 100 nm) magnetic structure. Large SAFs are required as a 

spin-valve platform for the industry of the magnetic sensors applicable in the medical and bi-

ology analysis. The magnetization reversals and the dynamics of magnetic relaxation affect 

speed and critical field of the spin valve sensors and SAF structures [1, 2]. 

Fig.1. A sketch of the spin valve, with the denoted areas filled by AP+, AP- and P- domains 

In this paper, we present a detailed study of the oscillating magnetic relaxation in the 

synthetic antiferromagnet (SAF) with two ferromagnetic Co layers of different thicknesses 

separated by an Ir spacer. The four stable magnetic states of the SAF are determined by the 

mutual alignment of magnetizations in the layers and are controlled by both the magnetic in-

terlayer exchange interaction and the Zeeman energy. The specific variations in the thickness-

es of the layers and/or temperature allows the existence of a ‘triple point’, which corresponds 

to a coincidence of the critical switching fields for two or three interstate transitions. In this 

case, two or even three different types of magnetization reversals occur simultaneously and 

competitively. The paper is dedicated to the description of the methods and exploration of the 

results of the experimental investigation regarding the reversal of the magnetization per-

formed for that very case. A non-monotonic dependence of the domain wall speed on magnet-

ic field H and an oscillating time dependence of magnetization M in a constant magnetic field 

were observed in a Pt/Co/Ir/Co/Pt synthetic antiferromagnet with perpendicular anisotropy 
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due to interplay between the magnetic nuclei produced by Dzyaloshinskii-Moria Interaction 

(DMI) (Figure 2).  
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Fig. 2. Oscillating magnetic relaxation in Pt(3 nm)/Co(1.05 nm)/Ir(1.5 nm)/Co(0.7 nm)/Pt (3 nm) in 

magnetic field - 1370 Oe at T = 100 K. The solid lines are exact solutions of the dynamical system 

The proximity of two or three (triple point) critical fields of SAF switching is the nec-

essary condition for both a non-monotonic magnetic relaxation and an oscillating time varia-

tions of the magnetization. The dynamical model describing the interaction and subsequent 

evolution of the magnetic nuclei demonstrates that this non-trivial magnetic relaxation obeys 

a simple Schrödinger equation. 
The work was supported by Ministry of Education and Science of the Russian Federa-

tion (grant 3.1992.2017 /4.6). We are grateful to Prof. S.Mangin for fruitful discussions and 

samples presented in our disposal.  
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ɋɢɧɬɟɬɢɱɟɫɤɢɟ ɮɟɪɪɢɦɚɝɧɟɬɢɤɢ (ɋɎ) ɫ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɣ ɦɚɝɧɢɬɧɨɣ 
ɚɧɢɡɨɬɪɨɩɢɟɣ (ɉɆȺ) ɷɬɨ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫɨɫɬɨɹɳɢɟ ɢɡ ɫɜɟɪɯɬɨɧɤɢɯ ɮɟɪɪɦɨɚɝɧɢɬɧɵɯ 
ɫɥɨёɜ ɪɚɡɧɨɣ ɬɨɥɳɢɧɵ (~1 nm) ɪɚɡɞɟɥɟɧɧɵɯ ɫɜɟɪɯɬɨɧɤɢɦ ɫɥɨɟɦ ɧɟɦɚɝɧɢɬɧɨɝɨ ɦɟɬɚɥɥɚ 
(~1 nm). Ɉɛɦɟɧɧɨɟ ɚɧɬɢɮɟɪɪɨɦɚɝɧɢɬɧɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ RKKY ɦɟɠɞɭ 
ɮɟɪɪɨɦɚɝɧɢɬɧɵɦɢ ɫɥɨɹɦɢ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɩɟɪɟɤɪɵɬɢɟɦ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɷɥɟɤɬɪɨɧɨɜ 
ɩɪɨɜɨɞɢɦɨɫɬɢ. ɗɬɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɨɛɟɫɩɟɱɢɜɚɟɬ ɱɟɬɵɪɟ ɫɬɚɛɢɥɶɧɵɯ ɫɨɫɬɨɹɧɢɹ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɋɎ: ɞɜɚ ɫɨɫɬɨɹɧɢɹ ɫ ɩɚɪɚɥɥɟɥɶɧɨɣ ɨɪɢɟɧɬɚɰɢɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ 
ɫɥɨɹɯ ɮɟɪɪɨɦɚɝɧɟɬɢɤɚ (P+ 

 – ĹĹ, P-
 – ĻĻ) ɢ ɞɜɚ ɫ ɚɧɬɢɩɚɪɚɥɥɟɥɶɧɨɣ (AP

+ – ĻĹ, AP
-
 – ĹĻ).

Ɋɚɧɟɟ ɧɚɦɢ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɧɟɦɨɧɨɬɨɧɧɚɹ [1] ɢ ɨɫɰɢɥɥɢɪɭɸɳɚɹ ɪɟɥɚɤɫɚɰɢɢ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ~ 40 min [2] ɜ Pt/Co/Ir/Co/Pt ɜ ɩɨɫɬɨɹɧɧɨɦ ɦɚɝɧɢɬɧɨɦ 
ɩɨɥɟ. ɉɪɢ ɧɟɦɨɧɨɬɨɧɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɫɢɫɬɟɦɚ ɩɟɪɟɯɨɞɢɬ ɢɡ ɧɚɱɚɥɶɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ȺɊ+

 ɜ
ɜɵɝɨɞɧɨɟ ɩɨ ɷɧɟɪɝɢɢ ɫɨɫɬɨɹɧɢɟ ȺɊ–

 ɱɟɪɟɡ ɩɪɨɦɟɠɭɬɨɱɧɨɟ Ɋ–. Ⱦɥɹ ɨɩɢɫɚɧɢɹ
ɧɟɦɨɧɨɬɨɧɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ [1] ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɦɨɞɟɥɶ 
ɦɚɤɪɨɫɩɢɧɚ, ɧɟ ɭɱɢɬɵɜɚɸɳɚɹ ɞɨɦɟɧɧɭɸ ɫɬɪɭɤɬɭɪɭ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɡɚɪɨɞɵɲɟɣ 
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ. ɗɬɚ ɦɨɞɟɥɶ ɧɟ ɫɩɨɫɨɛɧɚ ɤɨɥɢɱɟɫɬɜɟɧɧɨ ɨɩɢɫɚɬɶ  ɪɟɡɭɥɶɬɚɬɵ 
ɢɡɦɟɪɟɧɢɣ. Ⱦɥɹ ɭɱёɬɚ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɢ ɨɩɢɫɚɧɢɢ ɧɟɦɨɧɨɬɨɧɧɨɣ ɪɟɥɚɤɫɚɰɢɢ 
ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ ɞɢɧɚɦɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɪɨɞɵɲɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ. 
Ⱦɥɹ ɱɟɝɨ ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɦɟɬɨɞ ɦɚɝɧɢɬɨɨɩɬɢɱɟɫɤɨɣ ɦɢɤɪɨɫɤɨɩɢɢ Ʉɟɪɪɚ.  

ɐɟɥɶ ɪɚɛɨɬɵ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɭɫɬɚɧɨɜɥɟɧɢɢ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɞɢɧɚɦɢɤɢ 
ɜɨɡɧɢɤɧɨɜɟɧɢɹ, ɚɧɧɢɝɢɥɹɰɢɢ ɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɚɪɨɞɵɲɟɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɪɚɡɧɨɝɨ 
ɬɢɩɚ (AP

+
, AP

–
, P

–) ɜ ɩɨɥɟ, ɛɥɢɡɤɨɦ ɤ ɩɨɥɸ ɩɟɪɟɯɨɞɚ ɦɟɠɞɭ ɷɬɢɦɢ ɫɨɫɬɨɹɧɢɹɦɢ
ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɋɎ ɫ ɉɆȺ Pt/Co/Ir/Co/Pt. 

ɉɪɢ ɢɡɦɟɪɟɧɢɢ ɫɤɨɪɨɫɬɢ ɞɨɦɟɧɧɨɣ ɝɪɚɧɢɰɵ ɡɚɪɨɞɵɲɟɣ ȺɊ–, ɜɛɥɢɡɢ ɩɨɥɹ
ɩɟɪɟɤɥɸɱɟɧɢɹ ɦɟɠɞɭ ɫɨɫɬɨɹɧɢɹɦɢ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ȺɊ+, ȺɊ–, Ɋ–

 ɛɵɥɚ ɨɛɧɚɪɭɠɟɧɚ ɟё
ɧɟɦɨɧɨɬɨɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬ ɩɪɢɥɨɠɟɧɧɨɝɨ ɩɨɥɹ (ɪɢɫ.). 

Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɶ ɫɤɨɪɨɫɬɢ ɞɨɦɟɧɧɨɣ ɝɪɚɧɢɰɵ ȺɊ–
 ɨɬ ɩɨɥɹ ɞɥɹ ɞɜɭɯ ɨɬɞɟɥɶɧɵɯ ɞɨɦɟɧɨɜ 1 

ɢ 2. ɉɟɪɟɞ ɧɚɱɚɥɨɦ ɢɡɦɟɪɟɧɢɹ ɨɛɪɚɡɟɰ ɧɚɫɵɳɚɥɫɹ ɜ ɩɨɫɬɨɹɧɧɨɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ +1200 Oe. 

ȼɟɪɬɢɤɚɥɶɧɨɣ ɥɢɧɢɟɣ ɇɋ ɩɨɤɚɡɚɧɨ ɩɨɥɟ ɩɟɪɟɤɥɸɱɟɧɢɹ ɦɟɠɞɭ ɫɨɫɬɨɹɧɢɹɦɢ ȺɊ+, ȺɊ–, Ɋ–
.

ɐɜɟɬɚɦɢ ɨɛɨɡɧɚɱɟɧɵ ɢɧɬɟɪɜɚɥɵ ɩɨɥɟɣ ɜ ɤɨɬɨɪɵɯ ɦɟɧɹɟɬɫɹ ɨɤɪɭɠɟɧɢɟ ɡɚɪɨɞɵɲɚ ȺɊ–
 

ɉɨɥɟɜɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 1 ɢ 2 ɫɤɨɪɨɫɬɢ ɞɜɭɯ ɨɬɞɟɥɶɧɵɯ ɡɚɪɨɞɵɲɟɣ ȺɊ– ɹɜɥɹɸɬɫɹ
ɧɟɦɨɧɨɬɨɧɧɵɦɢ, ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɜɨɫɩɪɨɢɡɜɨɞɢɦɨɫɬɶ ɪɟɡɭɥɶɬɚɬɨɜ ɢɡɦɟɪɟɧɢɣ. ȼ 
ɞɢɚɩɚɡɨɧɟ ɩɨɥɟɣ ɨɬ – 433 Oe ɞɨ – 480 Oe (ɪɢɫ. 1 ɨɛɥɚɫɬɶ ȺP

+), ɫɤɨɪɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ ɫ
ɚɛɫɨɥɸɬɧɵɦ ɡɧɚɱɟɧɢɟɦ ɩɨɥɹ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɫɤɨɪɨɫɬɢ ɞɨɦɟɧɧɨɣ ɝɪɚɧɢɰɵ ɯɚɪɚɤɬɟɪɧɨ 
ɞɥɹ ɪɟɠɢɦɚ ɩɨɥɡɭɱɟɫɬɢ ɢ ɯɨɪɨɲɨ ɢɡɜɟɫɬɧɨ ɜ ɥɢɬɟɪɚɬɭɪɟ [3]. ȼ ɢɧɬɟɪɜɚɥɟ ɩɨɥɟɣ ɨɬ – 490 

Oe ɞɨ – 549 Oe ɫɤɨɪɨɫɬɶ ɞɨɦɟɧɧɨɣ ɝɪɚɧɢɰɵ ɡɚɪɨɞɵɲɚ ȺɊ–
 ɭɦɟɧɶɲɚɟɬɫɹ ɫ ɪɨɫɬɨɦ

ɚɛɫɨɥɸɬɧɨɝɨ ɡɧɚɱɟɧɢɹ ɩɨɥɹ. ȼ ɢɧɬɟɪɜɚɥɟ ɨɬ – 490 Ɉɟ ɞɨ – 510 Ɉɟ (ɪɢɫ. ɨɛɥɚɫɬɶ AP
+
 P

–
)

ɡɚɪɨɞɵɲɢ ȺɊ–
 ɨɤɪɭɠɟɧɵ ɨɞɧɨɜɪɟɦɟɧɧɨ ɮɚɡɚɦɢ ȺɊ+

 ɢ Ɋ–, ɚ ɜ ɢɧɬɟɪɜɚɥɟ ɩɨɥɟɣ ɨɬ – 511

Ɉɟ ɞɨ –549 (ɪɢɫ. ɨɛɥɚɫɬɶ P–) ɨɧɢ ɨɤɪɭɠɟɧɵ ɬɨɥɶɤɨ ɮɚɡɨɣ Ɋ–
. ɋɦɟɧɚ ɨɤɪɭɠɟɧɢɹ ɹɜɥɹɟɬɫɹ

ɜɨɡɦɨɠɧɨɣ ɩɪɢɱɢɧɨɣ ɧɟɦɨɧɨɬɨɧɧɨɣ ɩɨɥɟɜɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɞɨɦɟɧɧɨɣ ɝɪɚɧɢɰɵ 
ȺɊ-

 (ɪɢɫɭɧɨɤ).
Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ 3.1992.2017/4.6 ɜ ɪɚɦɤɚɯ ɤɨɤɭɪɫɚ ɧɚɭɱ-

ɧɵɯ ɩɪɨɟɤɬɨɜ, ɜɵɩɨɥɧɹɟɦɵɯ ɧɚɭɱɧɵɦɢ ɤɨɥɥɟɤɬɢɜɚɦɢ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɯ ɰɟɧɬɪɨɜ ɢ 
(ɢɥɢ) ɧɚɭɱɧɵɯ ɥɚɛɨɪɚɬɨɪɢɣ ɨɛɪɚɡɨɜɚɬɟɥɶɧɵɯ ɨɪɝɚɧɢɡɚɰɢɣ ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ. 
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Temperature (T) and magnetic field (B) dependences of the specific electrical resistivity (ρ) of 

magnetic semiconducting ZnMn2As2 single crystal have been studied below freezing temperature Tf = 

32 K. The ρ(B) dependences recordered below Tf are hysteretic curves of a “butterfly” type. The 
magnetic hysteresis loops resulting in these dependences were recovered. Both the ρ(B) dependences 

and the hysteresis loops demonstrate a ferromagnetic-like temperature behaviour. 

Keywords: magnetic semiconductors, ZnMn2As2, spin-glass-like state, ferromagnetic ordering. 

Magnetic semiconductors are materials that exhibit both semiconducting and magnetic 

response. These materials are promising for various technological applications and interesting 

from basic condensed matter physics point of view [1]. Magnetic properties of the ZnMn2As2 

semiconductor are due to presence of magnetic Mn ions in its crystal lattice. Several phase 

transitions can take place in ZnMn2As2 as follows [2]: (i) ferromagnetic (or ferrimagnetic) 

transition at the Curie temperature TC = 310 K, (ii) antiferromagnetic phase transition at the 

Neel temperature TN = 175 K, (iii) transition into incommensurate phase at Tinc = 118 K, (iv) 

transition into spin-glass-like state occurs at Tf = 32 K. The transition into spin-glass-like state 

is most unusual and interesting to study in detail. The aim of this work is to find and analyze 

the patterns in the temperature and magnetic field behavior of the specific electrical resistivity 

of the ZnMn2As2 single crystal within temperature range corresponding to forming of the 

spin-glass-like state. 

The modified Bridgeman method was applied to grow the ZnMn2As2 single crystal. A 

Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) was used to measure the 

temperature and magnetic field dependences of the specific electrical resistivity. ZnMn2As2 

has disordered layered structure. During the experiments, electrical current was flowed along 

layers containing magnetic Mn ions, whereas magnetic field applied perpendicularly to these 

layers. 

Drastic ρ(T) growth due to variable-range hopping conductivity of the Mott type was 

observed just below Tf. Under external magnetic field, ρ found to be remarkably decreasing 

that is corresponding to negative transverse magnetoresistance. The ρ(B) dependences re-

cordered below Tf are hysteretic curves of a “butterfly” type as is shown in left part of Fig. 
The magnetic hysteresis loops resulting in these dependences were recovered as is shown in 

right part of Fig. The Φ(ρ, B) function, satisfactory to the clear ρ ~ dΦ/dB condition, was 

found by a graphical integrating of the hysteretic ρ(B) dependence. This function can be de-

fined as . 
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Figure. The ρ vs. B (left) and Φ vs. B (right) dependences taken at various temperatures below Tf 

Both the ρ(B) dependences and the hysteresis loops demonstrate a ferromagnetic-like 

temperature behaviour and, hence, can be originated from a ferromagnetic ordering develop-

ing in spin-glass-like state under strong enough magnetic field. So, the properties of both fer-

romagnet and spin glass are seemed to be at the same time combined in ZnMn2As2 below Tf. 
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ȻɕɋɌɊɈɁȺɄȺɅȿɇɇɕɏ ɅȿɇɌ Fe73Co12B15 и Fe81,5B13,5Si3C2 
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ɎȽȻɈɍ ȼɈ «ɂɪɤɭɬɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɦɚɝɧɢɬɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɛɵɫɬɪɨɡɚɤɚ-
ɥɟɧɧɵɯ ɥɟɧɬ ɫɨɫɬɚɜɚ Fe73Co12B15  ɢ Fe81,5B13,5Si3C2 ɨɬ ɬɟɦɩɟɪɚɬɭɪ ɢ ɭɝɥɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɬɟɪɦɨ-
ɦɚɝɧɢɬɧɨɣ ɨɛɪɚɛɨɬɤɢ, ɚ ɬɚɤɠɟ ɩɪɢɤɥɚɞɵɜɚɟɦɵɯ ɜ ɩɪɨɰɟɫɫɟ ɢɡɦɟɪɟɧɢɹ ɭɩɪɭɝɢɯ ɪɚɫɬɹɝɢɜɚɸɳɢɯ 
ɧɚɩɪɹɠɟɧɢɣ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɛɵɫɬɪɨɡɚɤɚɥɟɧɧɵɟ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɟ  ɥɟɧɬɵ,  ɬɟɪɦɨɦɚɝɧɢɬɧɚɹ 
ɨɛɪɚɛɨɬɤɚ, ɞɢɧɚɦɢɱɟɫɤɢɟ ɦɚɝɧɢɬɧɵɟ ɩɚɪɚɦɟɬɪɵ. 

Ȼɵɫɬɪɨɡɚɤɚɥёɧɧɵɟ ɫɩɥɚɜɵ ɧɚ ɨɫɧɨɜɟ Fe ɢ ɋɨ ɹɜɥɹɸɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɧɚɧɨ-
ɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɦɢ ɮɟɪɪɨɦɚɝɧɢɬɧɵɦɢ ɫɩɥɚɜɚɦɢ  ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɢɡɭɱɟɧɢɹ ɜɡɚɢɦɨɫɜɹɡɢ 
ɫɬɪɭɤɬɭɪɵ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɨɝɨ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɫ ɦɚɝɧɢɬɧɵɦɢ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɚɦɢ. ȼɵɫɨɤɨɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɧɚɧɨɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɵɟ ɫɩɥɚɜɵ ɩɨɦɢɦɨ 
ɷɬɨɝɨ ɹɜɥɹɸɬɫɹ ɭɞɨɛɧɵɦ ɦɨɞɟɥɶɧɵɦ ɨɛɴɟɤɬɨɦ ɞɥɹ ɭɫɬɚɧɨɜɥɟɧɢɹ ɜɡɚɢɦɨɫɜɹɡɢ ɩɪɨɰɟɫɫɨɜ 
ɢɡɦɟɧɟɧɢɹ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɚɝɧɢɬɨɦɹɝɤɨɝɨ ɮɟɪɪɨɦɚɝɧɟɬɢɤɚ ɫ ɟɝɨ ɦɚɝɧɢɬɧɵɦɢ ɢ 
ɦɚɝɧɢɬɨɭɩɪɭɝɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ.  
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Ⱦɥɹ ɧɚɛɥɸɞɟɧɢɹ ɢɡɦɟɧɟɧɢɣ ɞɢɧɚɦɢɱɟɫɤɢɯ ɦɚɝɧɢɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɞ ɜɨɡ-
ɞɟɣɫɬɜɢɟɦ ɜɧɟɲɧɢɯ ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɧɚɩɪɹɠɟɧɢɣ ɛɵɥɢ ɜɵɛɪɚɧɵ ɞɜɟ ɫɟɪɢɢ ɚɦɨɪɮɧɵɯ 
ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɥɟɧɬ ɫɨɫɬɚɜɨɜ Fe73Co12B15 ɢ Fe81,5B13,5Si3C2 ɩɨɞɜɟɪɝɧɭɬɵɯ ɬɟɪɦɨɦɚɝɧɢɬ-
ɧɨɣ ɨɛɪɚɛɨɬɤɟ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɢ ɪɚɡɥɢɱɧɨɣ ɨɪɢɟɧɬɚɰɢɟɣ ɨɫɢ ɧɚɜɟɞёɧ-
ɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ. ɂɡ  ɲɢɪɨɤɨɣ ɥɟɧɬɵ ɜɞɨɥɶ ɨɫɢ ɩɪɨɤɚɬɤɢ  ɜɵɪɟɡɚɥɢɫɶ ɨɛɪɚɡɰɵ ɞɥɢɧɨɣ 
0,05 ɦ ɢ ɲɢɪɢɧɨɣ  (9-10)·10-4ɦ. Ɍɨɥɳɢɧɚ ɥɟɧɬ  - (25-30)·10

-6
 ɦ.  ȼɵɛɨɪ ɥɟɧɬ ɫɜɹɡɚɧ ɫ ɢɯ

ɜɵɫɨɤɢɦɢ ɦɚɝɧɢɬɧɵɦɢ ɢ ɦɚɝɧɢɬɨɭɩɪɭɝɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ (ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶ MS= 

(1,3÷1,8)·10
6Ⱥ/ɦ, ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɹ ɧɚɫɵɳɟɧɢɹ  ȜS=(20÷35)·10

-6) ɢ ɜɵɫɨɤɨɣ ɱɭɜɫɬɜɢ-
ɬɟɥɶɧɨɫɬɶɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤ  ɞɟɣɫɬɜɢɸ ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɧɚɩɪɹɠɟɧɢɣ.  ɉɟɪɟɞ ɩɪɨɜɟɞɟɧɢ-
ɟɦ ɢɡɦɟɪɟɧɢɣ ɥɟɧɬɵ ɩɪɨɯɨɞɢɥɢ  ɬɟɪɦɨɦɚɝɧɢɬɧɭɸ ɨɛɪɚɛɨɬɤɭ ɜ ɜɚɤɭɭɦɟ 10-3

 ɦɦ. ɪɬ. ɫɬ.
ɞɥɢɬɟɥɶɧɨɫɬɶɸ 30 ɦɢɧɭɬ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɢɧɬɟɪɜɚɥɟ 3000

 -450
0ɋ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɨɪɢɟɧ-

ɬɚɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɢɯ ɩɪɨɤɚɬɤɢ. ȼɟɥɢɱɢɧɚ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ 
ɩɪɨɰɟɫɫɟ ɌɆɈ ɫɨɫɬɚɜɥɹɥɚ ɇɨɛɪ= 40 ɤȺ/ɦ. ȼɚɪɶɢɪɨɜɚɧɢɟ ɭɝɥɚ ɩɪɢɥɨɠɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ 
ɩɨɥɹ ɜ ɩɪɨɰɟɫɫɟ ɨɛɪɚɛɨɬɤɢ (900

, 60
0
, 50

0ɋ) ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɩɪɨɤɚɬɤɢ  ɢɦɟɥɨ ɰɟɥɶɸ
ɧɚɜɟɞɟɧɢɟ ɨɞɧɨɨɫɧɨɣ ɦɚɝɧɢɬɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ, ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɩɨɞ ɪɚɡɥɢɱɧɵɦɢ ɭɝɥɚ-
ɦɢ ɤ ɞɥɢɧɧɨɣ ɫɬɨɪɨɧɟ ɨɛɪɚɡɰɨɜ.  

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ  ɦɚɝɧɢɬɧɵɯ ɩɚɪɚɦɟɬɪɨɜ (ɨɫɬɚɬɨɱɧɨɣ ɦɚɝ-
ɧɢɬɧɨɣ ɢɧɞɭɤɰɢɢ, ɤɨɷɪɰɢɬɢɜɧɨɣ ɫɢɥɵ) ɥɟɧɬ  Fe73Co12B15 ɢ  Fe81,5B13,5Si3C2 ,  ɨɛɪɚɛɨɬɚɧ-
ɧɵɯ ɩɨɞ ɪɚɡɧɵɦɢ ɭɝɥɚɦɢ ɤ ɨɫɢ ɩɨɥɨɫɨɤ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɬɟɪɦɨɦɚɝɧɢɬɧɨɣ ɨɛɪɚɛɨɬɤɢ Ɍɨɛɪ 

ɢ ɜɟɥɢɱɢɧɵ ɭɩɪɭɝɢɯ ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɧɚɩɪɹɠɟɧɢɣ ı.  

Ɋɢɫɭɧɨɤ. Ɇɚɝɧɢɬɧɵɣ ɝɢɫɬɟɪɟɡɢɫ ɥɟɧɬ ɫɨɫɬɚɜɚ Fe73Co12B15 ɨɬ Ɍɨɛɪ ɢ ϭ ɩɪɢ ɭɝɥɟ 500 ɦɟɠɞɭ ɨɫɶɸ
ɩɪɨɤɚɬɤɢ ɥɟɧɬɵ ɢ ɧɚɩɪɚɜɥɟɧɢɟɦ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɌɆɈ 

ɇɚɢɛɨɥɶɲɟɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɤ ɞɟɣɫɬɜɢɸ ı ɨɛɥɚɞɚɸɬ ɥɟɧɬɵ ɫɨɫɬɚɜɚ Fe73Co12B15, 

ɩɪɨɲɟɞɲɢɟ ɌɆɈ ɩɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ (3200
-360

0ɋ). ɉɪɢ ɩɪɨɬɟɤɚɧɢɢ ɩɪɨ-
ɰɟɫɫɚ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɥɟɧɬ ɤ ɞɟɣɫɬɜɢɸ ɪɚɫɬɹɝɢɜɚɸɳɢɯ 
ɧɚɩɪɹɠɟɧɢɣ ɭɦɟɧɶɲɚɟɬɫɹ.  

ȼɵɪɚɠɟɧɧɚɹ ɨɞɧɨɨɫɧɚɹ ɚɧɢɡɨɬɪɨɩɢɹ ɧɚɜɨɞɢɬɫɹ ɜ ɥɟɧɬɚɯ ɫɨɫɬɚɜɚ Fe81,5B13,5Si3C2 ɩɪɢ 
ɌɆɈ ɜ ɨɛɥɚɫɬɢ Ɍɨɛɪ =430

0ɋ. ȼɟɥɢɱɢɧɚ ɧɚɜɟɞɟɧɧɨɣ ɦɚɝɧɢɬɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɜ ɥɟɧɬɚɯ ɫɨɫɬɚɜɚ
Fe81,5B13,5Si3C2  ɡɚɜɢɫɢɬ ɨɬ ɨɪɢɟɧɬɚɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɩɪɢɥɨɠɟɧɧɨɝɨ ɜ ɩɪɨɰɟɫɫɟ ɨɛɪɚɛɨɬɤɢ.  
Ɉɪɢɟɧɬɚɰɢɹ ɨɫɢ ɧɚɜɟɞɟɧɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɩɨɞ ɭɝɥɨɦ 600

 ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɨɫɢ ɩɪɨɤɚɬɤɢ ɥɟɧɬɵ 
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ɨɤɚɡɵɜɚɟɬɫɹ ɛɨɥɟɟ ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɨɣ, ɱɟɦ ɟɟ ɨɪɢɟɧɬɚɰɢɹ ɩɨɞ ɭɝɥɨɦ 900. ɉɪɢɱɢɧɨɣ ɷɬɨɝɨ ɦɨɠɟɬ 
ɹɜɥɹɬɶɫɹ ɷɮɮɟɤɬ ɚɧɢɡɨɬɪɨɩɢɢ ɮɨɪɦɵ ɭɡɤɨɣ ɩɨɥɨɫɤɢ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɜ ɪɚɦɤɚɯ Ƚɨɫɡɚɞɚɧɢɹ ɊɎ №. 3.1941.2017/ɉɑ 

ɍȾɄ 537.9 

ɌɊȺɇɋɎɈɊɆȺɐɂə ȾɈɆȿɇɇɈɃ ɋɌɊɍɄɌɍɊɕ, ɋɈɈɌȼȿɌɋɌȼɍɘɓȺə 
ɊȿɅȺɄɋȺɐɂɈɇɇɕɆ ɉɊɈɐȿɋɋȺɆ ɇȺ ɉɈȼȿɊɏɇɈɋɌɂ 

ɎȿɊɊɈɆȺȽɇȿɌɂɄȺ 

ȿ.Ɇ. ɋɟɦɟɧɨɜɚ1, Ɇ.Ȼ. Ʌɹɯɨɜɚ2, Ⱥ.ɘ. Ʉɚɪɩɟɧɤɨɜ3, Ⱥ.ɂ. ɋɢɧɤɟɜɢɱ4, ɘ.Ƚ. ɉɚɫɬɭɲɟɧɤɨɜ5 

1Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, semenova_e_m@mail.ru  
2Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, lahova_m_b@mail.ru   

3Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, karpenkov_alex@mail.ru 
4Ȼɚɤɚɥɚɜɪ, artem.sinkevich2602@gmail.com 

5Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, yupast@mail.ru 
1,2,3,4,5ɎȽȻɈɍ ȼɈ «Ɍɜɟɪɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

3ɎȽȻɈɍ ȼɈ «Ɇɨɫɤɨɜɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» ɢɦ. Ɇ.ȼ. Ʌɨɦɨɧɨɫɨɜɚ 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɚɝɧɢɬɧɨɣ ɞɨɦɟɧɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɧɨ- ɢ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɪɟɞɤɨɡɟɦɟɥɶɧɵɯ 
ɢɧɬɟɪɦɟɬɚɥɥɢɞɨɜ ɜ ɭɫɥɨɜɢɹɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɧɚɩɪɹɠɟɧɢɣ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ 
ɫɥɟɞɫɬɜɢɟɦ ɦɟɯɚɧɢɱɟɫɤɢɯ ɜɨɡɞɟɣɫɬɜɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɹɜɥɹɟɬɫɹ ɮɨɪɦɢɪɨɜɚɧɢɟ ɬɨɧɤɨɝɨ 
ɧɚɩɪɹɠɟɧɧɨɝɨ ɫɥɨɹ, ɜ ɤɨɬɨɪɨɦ ɜɨɡɧɢɤɚɟɬ ɧɟɪɚɜɧɨɜɟɫɧɨɟ ɦɚɝɧɢɬɧɨɟ ɫɨɫɬɨɹɧɢɟ. ȼ ɫɥɨɟ 
ɮɨɪɦɢɪɭɟɬɫɹ ɫɨɛɫɬɜɟɧɧɚɹ ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɤɨɬɨɪɚɹ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɪɟɥɚɤɫɚɰɢɨɧɧɨɟ 
ɩɨɜɟɞɟɧɢɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɜ ɨɬɫɭɬɫɬɜɢɟ ɜɧɟɲɧɢɯ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɬɟɱɟɧɢɟɦ 
ɜɪɟɦɟɧɢ ɮɨɪɦɢɪɭɟɬɫɹ ɪɚɜɧɨɜɟɫɧɚɹ ɫɬɪɭɤɬɭɪɚ ɡɚɦɵɤɚɸɳɢɯ ɞɨɦɟɧɨɜ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɮɟɪɪɨɦɚɝɧɟɬɢɤ, ɪɟɥɚɤɫɚɰɢɹ. 

Ⱦɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɮɟɪɪɨɦɚɝɧɟɬɢɤɚ ɹɜɥɹɟɬɫɹ ɢɧɞɢɤɚɬɨɪɨɦ ɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɢ 
ɫɬɪɭɤɬɭɪɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. ȼ ɫɥɭɱɚɟ ɦɚɝɧɟɬɢɤɨɜ ɫ ɦɚɝɧɢɬɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɚɧɢɡɨɬɪɨɩɢɟɣ 
(ɆɄȺ) ɬɢɩɚ «ɨɫɶ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ» ɩɚɪɚɦɟɬɪɵ ɞɨɦɟɧɨɜ ɫɥɭɠɚɬ ɨɫɧɨɜɨɣ ɞɥɹ 
ɦɢɤɪɨɦɚɝɧɢɬɧɨɝɨ ɚɧɚɥɢɡɚ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɢɢ ɞɨɦɟɧɧɵɯ 
ɝɪɚɧɢɰ. ȼ ɪɚɜɧɨɜɟɫɧɨɦ ɫɨɫɬɨɹɧɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɫɫɢɜɧɨɝɨ ɤɪɢɫɬɚɥɥɚ ɩɟɪɩɟɧɞɢɤɭ-
ɥɹɪɧɨɣ ɨɫɢ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ɮɨɪɦɢɪɭɟɬɫɹ ɫɬɪɭɤɬɭɪɚ ɡɚɦɵɤɚɸɳɢɯ ɞɨɦɟɧɨɜ, 
ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɡɚɦɤɧɭɬɵɟ ɨɛɥɚɫɬɢ ɨɞɧɨɪɨɞɧɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, ɨɤɚɣɦɥɟɧɧɵɟ 
ɜɨɥɧɢɫɬɵɦɢ ɝɪɚɧɢɰɚɦɢ, ɚ ɧɚ ɩɪɢɡɦɚɬɢɱɟɫɤɨɣ ɩɥɨɫɤɨɫɬɢ – ɩɨɥɨɫɨɜɵɟ 180-ɝɪɚɞɭɫɧɵɟ 
ɞɨɦɟɧɵ [1].  

Ɉɞɧɢɦ ɢɡ ɷɬɚɩɨɜ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨ ɜɵɹɜɥɟɧɢɸ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɹɜɥɹɟɬɫɹ 
ɩɨɞɝɨɬɨɜɤɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɩɪɢ ɤɨɬɨɪɨɣ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɲɥɢɮɨɜɤɚ ɢ ɩɨɥɢɪɨɜɤɚ ɫ ɩɪɢɦɟ-
ɧɟɧɢɟɦ ɚɛɪɚɡɢɜɧɵɯ ɫɪɟɞɫɬɜ. ɉɨ ɫɭɳɟɫɬɜɭ ɷɬɚ ɩɪɨɰɟɞɭɪɚ ɹɜɥɹɟɬɫɹ ɥɨɤɚɥɶɧɵɦ ɦɟɯɚɧɢɱɟ-
ɫɤɢɦ ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɦɚɫɫɢɜɧɨɝɨ ɤɪɢɫɬɚɥɥɚ, ɜɵɡɵɜɚɸɳɢɦ ɧɚɩɪɹɠɟɧɧɨɟ 
ɫɨɫɬɨɹɧɢɟ ɬɨɧɤɨɝɨ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨɹ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɪɟɤɨɦɟɧɞɭɟɬɫɹ ɩɟɪɟɞ ɩɪɨɜɟ-
ɞɟɧɢɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɪɨɜɟɫɬɢ ɤɪɚɬɤɨɜɪɟɦɟɧɧɵɣ ɨɬɠɢɝ ɨɛɪɚɡɰɨɜ ɢɥɢ ɷɥɟɤɬɪɨɯɢɦɢɱɟ-
ɫɤɭɸ ɩɨɥɢɪɨɜɤɭ, ɞɥɹ ɬɨɝɨ ɱɬɨɛɵ ɜɨɫɫɬɚɧɨɜɢɬɶ ɫɬɪɭɤɬɭɪɭ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨɹ ɢɥɢ 
ɭɞɚɥɢɬɶ ɟɝɨ. ȼ ɫɥɭɱɚɟ ɜɵɫɨɤɨɚɧɢɡɨɬɪɨɩɧɵɯ ɨɞɧɨɨɫɧɵɯ ɦɚɝɧɟɬɢɤɨɜ ɩɨɞɨɛɧɚɹ ɩɪɨɰɟɞɭ-
ɪɚ, ɤɚɤ ɩɪɚɜɢɥɨ, ɧɟ ɬɪɟɛɭɟɬɫɹ, ɬɚɤ ɤɚɤ ɡɚɦɵɤɚɸɳɢɟ ɞɨɦɟɧɵ ɩɨɫɥɟ ɥɸɛɨɝɨ ɦɟɯɚɧɢɱɟɫɤɨ-
ɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɫɨɯɪɚɧɹɸɬ ɪɚɜɧɨɜɟɫɧɭɸ ɤɨɧɮɢɝɭɪɚɰɢɸ. ɂɫɤɥɸɱɟɧɢɟ ɫɨɫɬɚɜɥɹɸɬ ɦɚɬɟ-
ɪɢɚɥɵ, ɭ ɤɨɬɨɪɵɯ ɢɦɟɸɬɫɹ ɜɵɪɚɠɟɧɧɵɟ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ ɢ (ɢɥɢ) ɫɩɢɧ-

ɩɟɪɟɨɪɢɟɧɬɚɰɢɨɧɧɵɟ ɮɚɡɨɜɵɟ ɩɟɪɟɯɨɞɵ ɜɛɥɢɡɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. 
ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɩɨɜɟɞɟɧɢɟ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɤɨɬɨɪɚɹ ɮɨɪ-

ɦɢɪɭɟɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɝɧɟɬɢɤɚ ɩɨɫɥɟ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɧɟɟ ɚɛɪɚɡɢɜ-
ɧɵɦɢ ɫɪɟɞɫɬɜɚɦɢ. ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɡɹɬ ɜɵɫɨɤɨɚɧɢɡɨɬɪɨɩɧɵɣ ɪɟɞɤɨ-
ɡɟɦɟɥɶɧɵɣ ɢɧɬɟɪɦɟɬɚɥɥɢɞ DyFe11Ti ɭ ɤɨɬɨɪɨɝɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ~275 Ʉ ɧɚɛɥɸɞɚɟɬɫɹ 
ɫɩɢɧ-ɩɟɪɟɨɪɢɟɧɬɚɰɢɨɧɧɵɣ ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ ɨɬ ɆɄȺ «ɨɫɶ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ» ɤ 

mailto:semenova_e_m@mail.ru
mailto:lahova_m_b@mail.ru
mailto:karpenkov_alex@mail.ru
mailto:artem.sinkevich2602@gmail.com
mailto:yupast@mail.ru


136 

«ɩɥɨɫɤɨɫɬɶ ɨɫɟɣ ɥɟɝɤɨɝɨ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ». ɋɨɟɞɢɧɟɧɢɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ  ɬɟɬɪɚɝɨɧɚɥɶ-
ɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ ɬɢɩɚ ThMn12, ɜɵɫɨɤɨɣ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɶɸ ɢ ɩɨɥɟɦ 
ɚɧɢɡɨɬɪɨɩɢɢ [2,3].  

ɇɚ ɪɢɫɭɧɤɟ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɡɨɛɪɚɠɟɧɢɟ ɩɪɢɡɦɚɬɢɱɟɫɤɨɣ 
ɩɥɨɫɤɨɫɬɢ ɨɛɪɚɡɰɚ DyFe11Ti, ɩɨɥɭɱɟɧɧɨɟ ɦɟɬɨɞɨɦ ɦɚɝɧɢɬɧɨ-ɫɢɥɨɜɨɣ ɦɢɤɪɨɫɤɨɩɢɢ 
(ɆɋɆ) ɫɪɚɡɭ ɩɨɫɥɟ ɦɟɯɚɧɢɱɟɫɤɨɣ ɩɨɥɢɪɨɜɤɢ ɩɨɜɟɪɯɧɨɫɬɢ (ɪɢɫɭɧɨɤ ɚ) ɢ ɱɟɪɟɡ 20 ɱɚɫɨɜ 
(ɪɢɫɭɧɨɤ ɛ).  

Ɋɢɫɭɧɨɤ. ɂɡɨɛɪɚɠɟɧɢɟ, ɩɨɥɭɱɟɧɧɨɟ ɦɟɬɨɞɨɦ ɆɋɆ ɧɚ ɩɪɢɡɦɚɬɢɱɟɫɤɨɣ ɩɥɨɫɤɨɫɬɢ ɨɛɪɚɡɰɚ 
DyFe11Ti. Ɋɚɡɦɟɪ ɢɡɨɛɪɚɠɟɧɢɹ 100ɯ100 ɦɤɦ 

ȼɢɞɧɨ (ɪɢɫɭɧɨɤ ɚ), ɱɬɨ ɞɨɦɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ, ɤɨɬɨɪɚɹ ɮɨɪɦɢɪɭɟɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨ-
ɫɬɢ ɩɨɫɥɟ ɦɟɯɚɧɢɱɟɫɤɨɣ ɩɨɥɢɪɨɜɤɢ, ɨɪɢɟɧɬɢɪɨɜɚɧɚ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɨɫɧɨɜɧɵɦ ɩɨɥɨ-
ɫɨɜɵɦ ɞɨɦɟɧɚɦ. ɉɪɨɰɟɫɫ ɪɟɥɚɤɫɚɰɢɢ ɤ ɪɚɜɧɨɜɟɫɧɨɦɭ ɫɨɫɬɨɹɧɢɸ (ɪɢɫɭɧɨɤ ɛ) ɩɪɨɢɫɯɨ-
ɞɢɬ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɜ ɨɬɫɭɬɫɬɜɢɟ ɜɧɟɲɧɢɯ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ. ȼ ɪɚɛɨɬɟ ɨɛ-
ɫɭɠɞɚɸɬɫɹ ɩɪɢɱɢɧɵ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɨɦɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨɹ ɢ ɦɟɯɚ-
ɧɢɡɦɵ ɪɟɥɚɤɫɚɰɢɢ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɋɨɫɫɢɣɫɤɨɝɨ ɇɚɭɱɧɨɝɨ Ɏɨɧɞɚ (ɩɪɨɟɤɬ № 18-

13-00135).
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TiO2 nanosheets having a thickness of one monolayer and doped with 3d-elements (Mn, Fe, 

Co, Ni, Cu) were prepared by chemical methods. Typical lateral dimensions of nanosheets were 0.1–1 

ȝ. The optical studies reveal the fundamental absorption edge as well as specific features of the impu-

rity absorption which were different for different impurities. First-principles calculations were used to 

calculate the electronic structure, magnetic state, and local environment of 3d impurities in doped 

nanosheets. 
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Bulk titanium dioxide TiO2 (titania) have attracted considerable attention due to its 

unique physical and chemical properties, in particular the photocatalytic ones. TiO2 doped 

with different impurities is of interest for the hydrogen generation and photocatalytic water 

purification systems activated by solar radiation. Moreover, Co-doped TiO2 was the first 

transparent compound in which the room-temperature ferromagnetism was discovered [1]. 

Such ferromagnetic materials have many potential applications, for example as spin injectors 

in spintronic devices. 

In recent years, TiO2 nanosheets which have a thickness of one monolayer (7 Å) be-

came a subject of intensive studies. These nanosheets can be prepared both as colloidal solu-

tions and thin films. When doped with various 3d elements, they exhibit interesting magnetic 

and photocatalytic properties. For example, TiO2 nanosheets doped with Co and Fe are ferro-

magnets at room temperature [2] and exhibit giant magneto-optical response [3,4]. The physi-

cal nature of these phenomena is not clear. These materials may be of interest to spintronics, 

since insulating ferromagnetic oxides are very rare materials. The photocatalytic properties of 

doped TiO2 nanosheets are of interest, too [5]. 

The purpose of this work was to study the optical properties of TiO2 nanosheets doped 

with 3d elements, to determine the electronic structure, magnetic state of impurity centers 

formed by these impurities, and to establish the relationship between the structure of these 

centers and their properties. 

Titania nanosheets were prepared by delamination of proton-substituted K0.8(Ti2-

xMx)O4+į compound with the layered lepidocrocite structure in a tetrabutylammonium hydrox-

ide solution. The concentration of dopants (M = Mn, Fe, Co, Ni, and Cu) was 20%. 

The obtained samples were colorless or slightly colored colloidal solutions. The lateral 

dimensions of the nanosheets were from 0.1 to several microns as determined by scanning 

electron microscopy. 

The optical absorption studies of colloidal solutions of doped nanosheets revealed a 

fundamental absorption edge at 273–280 nm, whose position weakly depended on the type of

the dopant. A strong shift of the absorption edge with respect to bulk TiO2 is due to the quan-

tum size effect. In samples doped with Mn, Fe, and Co, the tails in the absorption spectra ex-

tended to the visible region and determined the color of colloidal solutions. The tails were in-

dividual for each impurity and in some case could be resolved into a sum of broad bands. For 

Ni and Cu impurities, the absorption tails were much weaker. 

The electronic, magnetic, and local structures of TiO2 nanosheets doped with V, Cr, 

Mn, Fe, Co, and Ni impurities were calculated from first principles using the ABINIT pro-

gram in the LDA + U approximation using PAW pseudopotentials. In the calculations it was 

assumed that all impurities are in the charge state of 4+. The magnetic moments of the impuri-

ties were found to be S = 1/2 for V, 1 for Cr, 3/2 for Mn, 1 for Fe, 1/2 for Co, and 0 for Ni. 

For Co and Cu impurities, the complexes with the oxygen vacancy were also studied. For the 

Co impurity, the energy of the complexes containing the impurity and an oxygen vacancy at 

several sites was additionally calculated. The structure with a vacancy located on the surface 

of the nanosheet had the lowest energy. 

The calculations of the electronic structure of doped TiO2 nanosheets predicted the ap-

pearance of deep levels in the forbidden gap, which can be responsible for the observed opti-

cal properties of the nanosheets. 

This work was supported by the RFBR grant No. 17-02-01068. 
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The effect of thermomechanical process (rolling and heat treatment) on the microstructural 

and magnetostriction properties of ternary Fe-Ga-NbC alloy was investigated. As comparison with as 

cast sample, a decrease in magnetostriction strain in rolled samples and then an increase in in magne-

tostriction of heat treated samples was observed. The tendency to formation of Goss texture due to 

heat treatment is proved. 
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Ferromagnetic Fe-Ga (named as Galfenol) exhibit large magnetostriction at low mag-

netic fields which can be used in acoustic sensors, transducers, generators, linear motors, ac-

tuators, damping devices, torque sensors, positioning devices, speakers, microphones and etc. 

[1, 2]. Due to the anisotropy of magnetostrictive performance of Fe–Ga alloy, the Ș-fiber tex-

ture with ۄ001ۃ grain orientation parallel to the rolling direction (RD) is desired in the sheets, 

such as Goss texture {110}ۄ001ۃ and cubic texture {100}[3] ۄ001ۃ. It is why that texture of 

rolled Galfenol sheet should be align with the magnetic easy axes, <100> directions. There-

fore, the development of strong <100> ǁ RD (RD is rolling direction, ND is normal direction 

to the sheet surface and TD is transverse direction) texture in the rolled sheets is critical in 

order to achieve maximum performance [4]. In addition to this, the dispersion of NbC parti-

cles resulted in promotion of the abnormal grain growth (AGG) of {011} grains in a process 

that is similar to the inhibition of normal grain growth (NGG) in Fe–Si electrical steel which 

occurs due to precipitation of second-phase particles such as AlN and MnS [5, 6].  

Two thermomechanical process were employed to shape an as-cast ingot of a ternary 

(Fe83.4Ga16.6)0.99(NbC)0.01 alloy: (i) hot rolling at 900C from 3.00 mm to 0.50 mm and (ii) 

complex rolling including rolling at 700C from 3.00 mm to 0.85 mm, 400℃ from 0.85 to 

0.84 mm and an intermediate heat treatment at 450C for 30 minutes and finally cold rolling 

from 0.54 mm to 0.5 mm. The recrystallization process for the complex rolled sample starts at 

about 500℃ and it is completed at 600℃. The DSC results revealed that the Curie temperature 

of alloys is around 714℃. In order to measure the magnetostriction strain, a new set-up was 

designed and tests were carried out with sticking sensors on the samples. The parallel (Ȝǁ) 
magnetostriction for as-cast, rolled and heat treated samples were measured. The magneto-

striction results show 42 ppm, 27 ppm, 24 ppm, 59 ppm and 62 ppm for as cast, hot rolled, 

complex rolled, heat treated after hot rolling and heat treated after complex rolling, respec-

tively. It is shown that the magnetostriction strain firstly drops after rolling, because of inter-

nal stresses which led to pinning of domain walls. Then the heat treatment after rolling leads 

https://aip.scitation.org/author/Ebina%2C+Yasuo
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to stress relaxation in the rolled samples, Goss and cubic texture formation and caused the 

domain walls move more easily. Also heat treatment led to formation of {011} and {001} 

grains. The EBSD and IPF figures proved the formation of the Goss {110}<100> and cubic 

{001}<100> texture after the final heat treatment leading to an increase in magnetostriction 

strain of the samples. Two theories of grain growth phenomena (Coincident Site Lattice 

(CSL) and High Energy Grain Boundary (HEGB)) explain the formation process of the Goss 

and cubic textures. 

Figure. Effect of thermomechanical process on magnetostriction of (Fe83.4Ga16.6)0.99(NbC)0.01 alloy 
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ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɫɜɨɣɫɬɜ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ: ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ ɫɨɫɬɚɜɨɜ 
{(Co0.5Fe0.5)x+(SiO2)(1-x)/3} ɢ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞ ɫɨɫɬɚɜɨɜ{(Co0.4Fe0.4B0.2)x+(C2)(1-x)/2}. ɉɨɤɚɡɚɧɨ ɜɥɢɹ-
ɧɢɟ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ, ɤɨɧɰɟɧɬɪɚɰɢɣ ɦɚɝɧɢɬɧɨɣ ɦɟɬɚɥɥɢɱɟɫɤɨɣ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ, ɭɝɥɟ-
ɪɨɞɧɨɣ ɮɚɡ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ ɧɚ ɱɚɫɬɨɬɭ ɦɚɝɧɢɬɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɢ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɮɟɪɪɨ-

ɦɚɝɧɢɬɧɨɝɨ ɪɟɡɨɧɚɧɫɚ (ɎɆɊ). 
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɚɝɧɢɬɧɚɹ ɪɟɥɚɤɫɚɰɢɹ, ɎɆɊ, ɤɨɦɩɨɡɢɬɧɵɟ ɩɥɟɧɤɢ, ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ 

/ ɭɝɥɟɪɨɞ, ɫɬɪɭɤɬɭɪɚ. 

Ɋɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɫɬɪɭɤɬɭɪɧɵɯ ɢ ɦɚɝɧɢɬɧɵɯ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ 
ɫɜɨɣɫɬɜ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ: ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ ɫɨɫɬɚɜɨɜ {(Co0.5Fe0.5)x+(SiO2)(1-x)/3}, 

0.42<ɯ<0.87 ɢ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞ ɫɨɫɬɚɜɨɜ {(Co0.4Fe0.4B0.2)x+(C2)(1-x)/2}, 0.4<ɯ<0.8. ɇɚɩɵɥɟ-
ɧɢɟ ɩɥёɧɨɤ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɦɟɬɨɞɨɦ ɢɨɧɧɨɣ ɛɨɦɛɚɪɞɢɪɨɜɤɢ ɦɢɲɟɧɟɣ ɦɟɬɚɥɥɢɱɟɫɤɢɯ 
ɫɩɥɚɜɨɜ, ɞɢɷɥɟɤɬɪɢɤɚ ɢ ɭɝɥɟɪɨɞɚ ɧɚ ɫɬɟɤɥɹɧɧɵɟ ɩɨɞɥɨɠɤɢ [1]. Ɍɨɥɳɢɧɵ ɤɨɦɩɨɡɢɬɧɵɯ 
ɩɥёɧɨɤ ɫɨɫɬɚɜɥɹɥɢ: ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ - 0.22÷0.45 ɦɤɦ ɢ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞ - 0.1÷0.2 ɦɤɦ. 
Ɋɟɥɶɟɮ, ɮɚɡɨɜɵɣ ɤɨɧɬɪɚɫɬ ɢ ɦɚɝɧɢɬɧɵɟ ɩɨɥɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ 
ɨɩɪɟɞɟɥɹɥɢɫɶ ɚɬɨɦɧɨ-ɫɢɥɨɜɵɦ ɦɢɤɪɨɫɤɨɩɨɦ (ȺɋɆ) ARIS-3500 ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɚɧ-
ɬɢɥɟɜɟɪɚ ND-MDT. Ɇɚɝɧɢɬɧɚɹ ɫɬɪɭɤɬɭɪɚ ɩɥɟɧɨɤ ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɚɧ-
ɬɢɥɟɜɟɪɚ ɫ ɦɚɝɧɢɬɧɵɦ ɡɨɧɞɨɦ CoCr. ɏɚɪɚɤɬɟɪɢɫɬɢɤɢ (ɩɨɥɭɲɢɪɢɧɚ ɥɢɧɢɢ ɢ ɪɟɡɨɧɚɧɫ-
ɧɵɟ ɩɨɥɹ) ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɪɟɡɨɧɚɧɫɚ (ɎɆɊ) ɩɥɟɧɨɤ ɨɩɪɟɞɟɥɹɥɢɫɶ ɫ ɩɨɦɨɳɶɸ ɗɉɊ 
ɪɚɞɢɨɫɩɟɤɬɪɨɦɟɬɪɚ Ɋɗ 1306 ɧɚ ɱɚɫɬɨɬɟ ɩɨɥɹ 9.36 ȽȽɰ.  ɑɚɫɬɨɬɵ ɦɚɝɧɢɬɧɨɣ ɪɟɥɚɤɫɚɰɢɢ 
ɧɚɯɨɞɢɥɢɫɶ ɢɡ ɡɧɚɱɟɧɢɣ ɲɢɪɢɧɵ ɥɢɧɢɢ ɎɆɊ ΔH: fr =1/τr = Ȗ'·ΔH ,  ɝɞɟ τr – ɜɪɟɦɹ ɪɟɥɚɤ-
ɫɚɰɢɢ ɤɨɥɟɛɚɧɢɣ ɜɟɤɬɨɪɚ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ, Ȗ'= 2.8 ɆȽɰ/ɗ – ɝɢɪɨɦɚɝɧɢɬɧɨɟ ɨɬɧɨɲɟɧɢɟ 
ɞɥɹ ɫɩɢɧɚ ɷɥɟɤɬɪɨɧɚ [2].  ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɱɚɫɬɨɬɵ ɦɚɝɧɢɬɧɨɣ ɪɟɥɚɤ-
ɫɚɰɢɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ: ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ 
(ɤɪɢɜɚɹ 1), ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞ (2, 3). Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ.1, ɞɥɹ ɩɥɟɧɨɤ ɫ ɭɝɥɟɪɨɞɨɦ ɫɭɳɟɫɬɜɭ-
ɟɬ ɞɜɟ ɦɨɞɵ (ɤɪɢɜɵɟ 2, 3), ɤɨɬɨɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɪɚɡɥɢɱɧɵɦɢ ɡɧɚɱɟɧɢɹɦɢ ɪɟɡɨɧɚɧɫ-
ɧɵɯ ɢ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɱɚɫɬɨɬ. ɗɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɬɨɦ, ɱɬɨ ɜ ɩɥɟɧɤɚɯ ɫ ɭɝɥɟɪɨɞɨɦ 
ɫɭɳɟɫɬɜɭɟɬ, ɩɨ ɤɪɚɣɧɟɣ ɦɟɪɟ, ɞɜɚ ɪɚɡɥɢɱɧɵɯ ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɹ ɜ ɦɟɬɚɥɥɢɱɟɫɤɨɣ 
ɮɚɡɟ: FeCoC ɢ CoFe. Ⱦɥɹ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞɧɵɯ ɩɥɟɧɨɤ ɫ ɛɨɥɶɲɢɦɢ x ɱɚɫɬɨɬɵ ɦɚɝɧɢɬɧɨɣ 
ɪɟɥɚɤɫɚɰɢɢ ɜ 8-10 ɦɟɧɶɲɟ, ɱɟɦ ɞɥɹ ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɥɟɧɨɤ. 

ɗɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɬɨɦ, ɱɬɨ ɭɝɥɟɪɨɞ ɨɛɴɟɞɢɧɹɟɬ ɦɟɠɞɭ ɫɨɛɨɣ ɦɟɬɚɥɥɢɱɟɫɤɢɟ 
ɦɚɝɧɢɬɧɵɟ ɱɚɫɬɢɰɵ ɢ ɨɛɥɚɫɬɢ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɜ ɫɨɫɟɞɧɢɯ ɱɚɫɬɢɰɚɯ ɪɚɡɧɢɰɚ ɜ ɫɨɛ-
ɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬɚɯ ɦɚɝɧɢɬɧɵɯ ɤɨɥɟɛɚɧɢɣ ɭɦɟɧɶɲɚɟɬɫɹ, ɢ ɜɟɤɬɨɪɚ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ 
ɫɨɫɟɞɧɢɯ ɱɚɫɬɢɰɚɯ ɧɚɱɢɧɚɸɬ ɤɨɥɟɛɚɬɶɫɹ ɜ ɮɚɡɟ ɛɨɥɟɟ ɞɥɢɬɟɥɶɧɨɟ ɜɪɟɦɹ. ɇɚɱɚɥɶɧɨɟ 
ɭɜɟɥɢɱɟɧɢɟ ɱɚɫɬɨɬɵ ɪɟɥɚɤɫɚɰɢɢ ɨɬ x ɫɜɹɡɚɧɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɪɚɡɛɪɨɫɚ ɪɚɡɦɟɪɨɜ ɦɚɝɧɢɬ-
ɧɵɯ ɱɚɫɬɢɰ c ɪɨɫɬɨɦ x, ɩɪɢɜɨɞɹɳɟɟ ɤ ɧɚɥɢɱɢɸ ɪɨɫɬɚ ɪɚɡɛɪɨɫɚ ɪɚɡɦɚɝɧɢɱɢɜɚɸɳɢɯ ɩɨ-
ɥɟɣ ɦɚɝɧɢɬɧɵɯ ɱɚɫɬɢɰ (ɤɪɢɜɵɟ 1, 2). 

Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɢ ɱɚɫɬɨɬɵ ɦɚɝɧɢɬɧɨɣ ɪɟɥɚɤɫɚɰɢɢ fr ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ x ɤɨɦɩɨɡɢɧɵɯ 
ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ (1) ɢ ɦɟɬɚɥɥ-ɭɝɥɟɪɨɞɧɵɯ (2, 3) ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ 

Ɇɚɤɫɢɦɭɦɵ ɧɚ ɡɚɜɢɫɢɦɨɫɬɹɯ fr(x) – ɷɬɨ ɨɛɥɚɫɬɢ ɤɨɧɰɟɧɬɪɚɰɢɣ x, ɞɥɹ ɤɨɬɨɪɵɯ ɯɚ-
ɪɚɤɬɟɪɧɨ ɫɥɢɹɧɢɟ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɢɥɢ ɩɪɨɰɟɫɫ ɩɟɪɤɨɥɹɰɢɢ. ɉɪɢ ɷɬɢɯ ɩɪɨɰɟɫɫɚɯ 
ɧɚɱɢɧɚɸɬ ɜɨɡɧɢɤɚɬɶ ɛɨɥɶɲɢɟ ɩɨ ɪɚɡɦɟɪɚɦ ɦɚɝɧɢɬɧɵɟ ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɨɛɥɚɫɬɢ, ɞɥɹ ɤɨ-
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ɬɨɪɵɯ ɯɚɪɚɤɬɟɪɧɨ ɤɨɝɟɪɟɧɬɧɨɟ ɤɨɥɟɛɚɧɢɟ ɜɟɤɬɨɪɚ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ. Ⱦɥɹ ɨɛɥɚɫɬɟɣ ɦɟ-
ɬɚɥɥ-ɭɝɥɟɪɨɞɧɵɯ ɩɥɟɧɨɤ, ɞɚɸɳɢɯ ɜɤɥɚɞ ɜɨ ɜɬɨɪɭɸ ɦɚɝɧɢɬɧɭɸ ɦɨɞɭ ɤɨɥɟɛɚɧɢɣ, ɨɩɢɫɵ-
ɜɚɟɦɵɯ ɤɪɢɜɨɣ 3, ɷɬɨɬ ɩɪɨɰɟɫɫ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɧɵɯ x ɧɟ ɧɚɛɥɸɞɚɟɬɫɹ. ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ 
ɤɨɧɰɟɧɬɪɚɰɢɢ x ɤɨɫɜɟɧɧɚɹ ɨɛɦɟɧɧɚɹ ɫɜɹɡɶ ɜɨɡɪɚɫɬɚɟɬ ɞɥɹ ɫɨɫɟɞɧɢɯ ɦɚɝɧɢɬɧɵɯ ɨɛɥɚɫɬɟɣ 
ɫɨɫɬɚɜɨɜ (Feɋ+Co), ɞɚɸɳɢɯ ɜɤɥɚɞ ɜɨ ɜɬɨɪɭɸ ɦɨɞɭ.  ȼɬɨɪɚɹ ɦɨɞɚ ɎɆɊ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ 
ɦɟɧɶɲɢɦɢ fr(x) ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɟɪɜɨɣ ɦɨɞɨɣ, ɨɛɭɫɥɨɜɥɟɧɧɨɣ ɦɚɝɧɢɬɧɵɦɢ ɤɨɥɟɛɚɧɢɹ-
ɦɢ ɜ ɨɛɥɚɫɬɹɯ ɫɨɫɬɚɜɚ CoFe.

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (ɝɪɚɧɬɵ: № 17-02-01138a, №17-57-

150001ɢ).
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Thin films based on a composite with interlayers of indium oxide In2O3/(Co40Fe40B20) 

34(SiO2)66 were studied. Such a system was obtained by ion beam spraying. X-ray analysis showed that 

the films have a multilayer structure. The introduction of In2O3 interlayers into the 

(Co40Fe40B20)34(SiO2)66 nanocomposite leads to a decrease in the resistivity. All the samples studied 

have magnetoresistance both at 77 K and at room temperature, which is typical for ferromagnetic met-

al-dielectric nanocomposites. 

Keywords: multilayered structures, indium oxide, electrical resistivity, magnetoresistance. 

Nanogranular composites are widely studied both from a fundamental point of view 

and from the point of view of practical applications. Such nanocomposites consist of ferro-

magnetic nanoparticles embedded in semiconductor or dielectric matrix. 

The magnetic and physicochemical properties of these nanocomposites strongly de-

pend on the preparation method, particle size, concentration, and chemical bond between the 

nanoparticles and the matrix. There are significant limitations in the composition of the heter-

ogeneous system, which through self-organization forms a nanocomposite structure. In addi-

tion, from the point of view of practical application of thin-film nanocomposites, it is advisa-

ble to make multilayer nanogranular structures. Therefore, in this work, the effect of the In2O3 

wide-gap oxide semiconductor layer embedded in the composite matrix 

(Co40Fe40B20)34(SiO2)66 on the structure, electrical and magnetoresistance properties of the 

nanocomposite was studied. 

Experimental samples of the system [In2O3/(Co40Fe40B20)34(SiO2)66]92 were obtained 

by the method of ion beam sputtering. 
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The resulting multilayer system had 92 bilayers. Sample thicknesses (h) were meas-

ured using an MII-4 interferometer, and were in the range of 0.20 - 0.60 ȝm. The bilayer 
thickness (h1+h2) changed from 1.6 to 6.3 nm. 

The diffractograms of the I(2Θ) thin-film system of different thicknesses have the ap-

pearance of a wide halo. 

The reason for such a dependence of I(2Θ) is the summation of diffractions from three 

different amorphous phases (metallic granules Co40Fe40B20, α-SiO2 ɢ α-In2O3). 

Small angle X-ray diffraction confirmed the presence of a multilayer structure. 

A comparative analysis of the dependences of the resistivity on the thickness (ρ(h)) of 
the In2O3, (Co40Fe40B20)34(SiO2)66 and [In2O3/(Co40Fe40B20)34(SiO2)66]92 films showed that, 

with a decrease in the film thickness, the electrical resistivity of the multilayer structure in-

creases and tends to ρ of the bulk composite, and with increasing thickness, ρ(h) decreases, 
but does not reach the specific electrical resistance of the In2O3 film. The increase in ρ can be 
explained by the small effective thickness of the semiconductor layer of ~ 0.4 - 0.5 nm, which 

is not enough to create a continuous conducting medium. Therefore, the main electrical trans-

fer is carried out in the composite. When the thickness of the semiconductor layer becomes 

sufficient for the formation of a conducting medium, a significant difference with ρ of the 
In2O3 film is associated with the amorphous structure of the phases under consideration rela-

tive to the crystalline structure of the indium oxide film. Thus, it was found that the thickness 

of the In2O3 semiconductor layer affects the value of the electrical resistivity. 

The figure shows the dependences of the magnetoresistance of the investigated thin 

films (MR). 

Figure. The magnetic field dependencies of magnetoresistivity for thin films 

(hbl – 5.52 nm; hIn2O3 = 1.44 nm) 

A negative MR means that the resistivity decreases with increasing magnetic field 

strength. Lowering the temperature from 300 to 77 K leads to an increase in the maximum 

value of the magnetoresistance obtained at 8 kOe. Such field dependences of the magnetore-

sistance for thin films are characteristic of ferromagnetic metal-insulator systems. The intro-

duction of In2O3 semiconductor interlayers and their subsequent increase decreases the mag-

netoresistance for thin films. This may be due to an increase in the distance between the 

Co40Fe40B20 ferromagnetic metal granules in adjacent layers of the (Co40Fe40B20)34(SiO2)66 

composite. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧ ɤɨɦɩɥɟɤɫɧɵɣ ɩɨɞɯɨɞ ɤ ɪɟɲɟɧɢɸ ɡɚɞɚɱɢ ɨɩɬɢɦɢɡɚɰɢɢ 
ɫɬɪɭɤɬɭɪɵ ɦɭɥɶɬɢɫɥɨɣɧɨɝɨ ɨɛɴɟɤɬɚ, ɧɚɩɪɚɜɥɟɧɧɨɣ ɧɚ ɭɥɭɱɲɟɧɢɟ ɟɝɨ ɬɟɩɥɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. 
Ɋɚɫɫɦɨɬɪɟɧɵ ɜɨɩɪɨɫɵ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɦɭɥɶɬɢɫɥɨɣɧɵɯ ɨɛɴɟɤɬɨɜ, ɜɵɹɜɥɟɧɢɹ ɢ ɭɫɬɪɚɧɟɧɢɹ ɪɢɫɤɨɜ ɤɪɢɬɢɱɟɫɤɨɝɨ ɩɟɪɟɝɪɟɜɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɭɥɶɬɢɫɥɨɣɧɵɟ ɨɛɴɟɤɬɵ, ɤɚɪɬɚ ɬɟɩɥɨɜɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ, 
ɝɟɧɟɬɢɱɟɫɤɢɣ ɚɥɝɨɪɢɬɦ. 

ɋ ɪɚɡɜɢɬɢɟɦ ɧɚɧɨɬɟɯɧɨɥɨɝɢɣ ɫɬɚɧɨɜɹɬɫɹ ɧɚɢɛɨɥɟɟ ɚɤɬɭɚɥɶɧɵɦɢ ɜɨɩɪɨɫɵ ɪɟɥɚɤ-
ɫɚɰɢɢ ɬɜɟɪɞɵɯ ɦɭɥɶɬɢɫɥɨɣɧɵɯ ɨɛɴɟɤɬɨɜ. Ʉ ɬɚɤɢɦ ɨɛɴɟɤɬɚɦ ɨɬɧɨɫɹɬɫɹ ɧɨɜɟɣɲɢɟ ɬɪɟɯ-
ɦɟɪɧɨ ɢɧɬɟɝɪɢɪɨɜɚɧɧɵɟ ɋȻɂɋ (3D-IC), ɤɪɚɣɧɟ ɱɭɜɫɬɜɢɬɟɥɶɧɵɟ ɤ ɬɟɦɩɟɪɚɬɭɪɧɵɦ ɪɟ-
ɠɢɦɚɦ [1,2]. ɇɚ ɩɪɨɰɟɫɫ ɭɫɬɚɧɨɜɥɟɧɢɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ (ɪɟɥɚɤɫɚɰɢɢ) 
ɬɚɤɢɯ ɨɛɴɟɤɬɨɜ ɜɥɢɹɸɬ ɦɧɨɠɟɫɬɜɨ ɮɚɤɬɨɪɨɜ, ɜ ɬ.ɱ. ɜɡɚɢɦɧɨɟ ɪɚɫɩɨɥɨɠɟɧɢɟ ɫɨɫɬɚɜɧɵɯ 
ɷɥɟɦɟɧɬɨɜ ɢ ɫɥɨɟɜ [3]. ɗɬɨ ɬɪɟɛɭɟɬ ɨɩɬɢɦɢɡɚɰɢɢ ɫɬɪɭɤɬɭɪɵ ɦɧɨɝɨɫɥɨɣɧɨɝɨ ɨɛɴɟɤɬɚ, ɫ 
ɭɱɟɬɨɦ ɬɟɪɦɨɞɢɧɚɦɢɤɢ. ɋɬɟɩɟɧɶ ɢɧɬɟɝɪɚɰɢɢ ɧɚɧɨɭɪɨɜɧɹ ɩɪɟɞɩɨɥɚɝɚɟɬ ɛɨɥɶɲɨɟ ɤɨɥɢ-
ɱɟɫɬɜɨ ɪɚɡɧɨɪɨɞɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɱɬɨ ɭɫɥɨɠɧɹɟɬ ɤɚɤ ɪɚɫɱɟɬ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬ-
ɪɨɜ, ɬɚɤ ɢ ɡɚɞɚɱɭ ɨɩɬɢɦɢɡɚɰɢɢ ɪɚɡɦɟɳɟɧɢɹ [4]. 

Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɤɚɪɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɜɵɱɢɫɥɟɧɢɹ ɬɟɩɥɨɜɵɯ ɩɚɪɚ-
ɦɟɬɪɨɜ ɦɭɥɶɬɢɫɥɨɣɧɨɝɨ ɨɛɴɟɤɬɚ, ɛɵɥɨ ɚɞɚɩɬɢɪɨɜɚɧɨ ɭɪɚɜɧɟɧɢɟ Ɏɭɪɶɟ-Ʉɢɪɯɝɨɮɚ ɢ 
ɩɪɟɞɥɨɠɟɧɨ ɟɝɨ ɪɟɲɟɧɢɟ ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɪɚɡɧɨɫɬɟɣ (ɆɄɊ) ɫ ɤɨɦɛɢɧɢɪɨɜɚɧɢɟɦ ɹɜ-
ɧɨɣ ɢ ɧɟɹɜɧɨɣ ɪɚɫɱɟɬɧɵɯ ɫɯɟɦ. Ⱦɥɹ ɫɨɛɥɸɞɟɧɢɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɹɜ-
ɧɨɣ ɫɯɟɦɵ ɩɪɟɞɥɨɠɟɧ ɚɥɝɨɪɢɬɦ ɚɞɚɩɬɢɜɧɨɝɨ ɩɟɪɟɪɚɫɱɟɬɚ ɜɪɟɦɟɧɧɨɝɨ ɲɚɝɚ. ɉɪɟɞɥɚɝɚ-
ɟɬɫɹ ɦɨɧɢɬɨɪɢɧɝ ɫɨɨɬɜɟɬɫɬɜɢɹ ɤɪɢɬɟɪɢɸ ɭɫɬɨɣɱɢɜɨɫɬɢ ɜ ɩɪɨɰɟɫɫɟ ɪɚɫɱɟɬɚ, ɢ ɭɫɬɪɚɧɟ-
ɧɢɟ ɜɨɡɦɨɠɧɵɯ ɩɪɢɱɢɧ ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ. 

ɉɪɟɞɫɬɚɜɥɟɧ ɚɥɝɨɪɢɬɦ ɜɵɛɨɪɚ ɦɟɬɨɞɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢɹ, ɭɱɢɬɵɜɚɸɳɢɣ ɨɫɨɛɟɧ-
ɧɨɫɬɢ ɢ ɞɢɧɚɦɢɤɭ ɪɚɡɜɢɬɢɹ ɪɟɥɚɤɫɚɰɢɨɧɧɨɝɨ ɩɪɨɰɟɫɫɚ ɦɭɥɶɬɢɫɥɨɣɧɨɝɨ ɨɛɴɟɤɬɚ. ɉɪɢ-
ɦɟɧɟɧɢɟ ɞɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɩɨɡɜɨɥɢɥɨ ɫɧɢɡɢɬɶ ɬɪɟɛɨɜɚɧɢɹ ɤ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɦɨɳɧɨ-
ɫɬɢ ɫɢɫɬɟɦɵ ɛɟɡ ɡɧɚɱɢɬɟɥɶɧɨɝɨ ɭɯɭɞɲɟɧɢɹ ɬɨɱɧɨɫɬɢ ɪɚɫɫɱɟɬɨɜ. ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɚ-
ɥɢ ɫɨɤɪɚɳɟɧɢɟ ɜɪɟɦɟɧɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɧɚ 10-15% ɩɪɢ ɩɨɬɟɪɢ ɬɨɱɧɨɫɬɢ ɩɨɪɹɞɤɚ 1.5%. 

Ɉɩɢɫɚɧ ɚɥɝɨɪɢɬɦ ɨɩɬɢɦɢɡɚɰɢɢ ɪɚɡɦɟɳɟɧɢɹ ɫɨɫɬɚɜɧɵɯ ɱɚɫɬɟɣ ɦɭɥɶɬɢɫɥɨɣɧɨɝɨ 
ɨɛɴɟɤɬɚ, ɧɚɩɪɚɜɥɟɧɧɵɣ ɧɚ ɫɧɢɠɟɧɢɟ ɪɢɫɤɨɜ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɥɨɤɚɥɶɧɨɝɨ ɩɟɪɟɝɪɟɜɚ ɢɥɢ 
ɩɟɪɟɨɯɥɚɠɞɟɧɢɹ. Ⱦɚɧɧɵɣ ɚɥɝɨɪɢɬɦ ɹɜɥɹɟɬɫɹ ɚɞɚɩɬɢɪɨɜɚɧɧɵɦ ɢ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɦ 
ɝɟɧɟɬɢɱɟɫɤɢɦ ɚɥɝɨɪɢɬɦɨɦ ɨɩɬɢɦɢɡɚɰɢɢ ɪɚɡɦɟɳɟɧɢɹ. ɉɪɢɜɟɞɟɧ ɩɪɢɦɟɪ ɭɫɩɟɲɧɨɝɨ ɪɚɡ-
ɦɟɳɟɧɢɹ ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ ɟɞɢɧɢɰ ɋȻɂɋ ɧɚ ɩɪɨɫɬɪɚɧɫɬɜɟ ɤɪɢɫɬɚɥɥɚ [5]. 
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4
 ɂɧɫɬɢɬɭɬ ɮɢɡɢɤɢ ɢɦ. Ʌ.ȼ. Ʉɢɪɟɧɫɤɨɝɨ Ɏɂɐ Ʉɇɐ ɋɈ ɊȺɇ, ɝ. Ʉɪɚɫɧɨɹɪɫɤ 

ȼ ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɪɚɛɨɬɟ ɢɡɭɱɟɧɚ ɦɧɨɝɨɫɥɨɣɧɚɹ ɝɟɬɟɪɨɝɟɧɧɚɹ ɫɢɫɬɟɦɚ, ɫɨɫɬɨɹɳɚɹ ɢɡ 85 
ɱɟɪɟɞɭɸɳɢɯɫɹ ɫɥɨɟɜ ɤɨɦɩɨɡɢɬɚ (Co40Fe40B20)34(SiO2)66 ɢ ɨɤɫɢɞɨɜ ZnO ɢ In2O3, ɩɨɥɭɱɟɧɧɚɹ 
ɦɟɬɨɞɨɦ ɢɨɧɧɨ-ɥɭɱɟɜɨɝɨ ɪɚɫɩɵɥɟɧɢɹ. ɋɬɪɭɤɬɭɪɚ ɨɛɪɚɡɰɨɜ ɢɫɫɥɟɞɨɜɚɧɚ ɦɟɬɨɞɨɦ ɪɟɧɬɝɟɧɨɜɫɤɨɣ 
ɞɢɮɪɚɤɰɢɢ ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɢ ɩɨɫɥɟ ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ. Ɉɛɪɚɡɰɵ ɹɜɥɹɸɬɫɹ 
ɫɬɚɛɢɥɶɧɵɦɢ ɜɩɥɨɬɶ ɞɨ 500 °ɋ. ȼ ɩɪɨɰɟɫɫɟ ɨɬɠɢɝɨɜ ɨɛɪɚɡɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɮɚɡɵ: Zn2SiO4,

InBO3, CoFe ɢ In2O3. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɧɨɝɨɫɥɨɣɧɵɟ ɫɢɫɬɟɦɵ, ɪɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢɮɪɚɤɰɢɹ, ɚɦɨɪɮɧɚɹ 
ɫɬɪɭɤɬɭɪɚ, ɬɟɪɦɢɱɟɫɤɚɹ ɨɛɪɚɛɨɬɤɚ. 

ɒɢɪɨɤɨɡɨɧɧɵɟ ɨɤɫɢɞɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɢ ɹɜɥɹɸɬɫɹ ɨɫɧɨɜɧɵɦɢ ɮɭɧɤɰɢɨɧɚɥɶ-
ɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ, ɢɫɩɨɥɶɡɭɟɦɵɦɢ ɜ ɩɪɨɡɪɚɱɧɨɣ ɷɥɟɤɬɪɨɧɢɤɟ. ɉɨɷɬɨɦɭ ɢɡɭɱɟɧɢɟ ɜɨɡ-
ɦɨɠɧɵɯ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɪɟɚɤɰɢɣ, ɩɪɨɬɟɤɚɸɳɢɯ ɦɟɠɞɭ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ, ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɢɦɢ ɢ ɦɟɬɚɥɥɢɱɟɫɤɢɦɢ ɮɚɡɚɦɢ ɩɪɢ ɫɨɡɞɚɧɢɢ ɷɥɟɤɬɪɨɧɧɵɯ ɩɪɢɛɨɪɨɜ ɹɜɥɹɟɬɫɹ 
ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɭɧɢɤɚɥɶɧɵɦ ɦɨɞɟɥɶɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɦɨɠɟɬ ɜɵɫɬɭ-
ɩɚɬɶ ɦɧɨɝɨɫɥɨɣɧɚɹ ɩɥɟɧɤɚ ɫ ɧɚɧɨɦɟɬɪɨɜɵɦɢ ɬɨɥɳɢɧɚɦɢ ɫɥɨɟɜ, ɝɞɟ ɜɨɡɦɨɠɧɨ ɜɵɹɜɥɟ-
ɧɢɟ ɨɛɪɚɡɨɜɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɢ ɢɯ ɜɡɚ-
ɢɦɧɨɟ ɜɥɢɹɧɢɟ.  

Ɉɛɪɚɡɰɵ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɦɟɬɨɞɨɦ ɢɨɧɧɨ-ɥɭɱɟɜɨɝɨ ɪɚɫɩɵɥɟɧɢɹ 
ɬɪɟɯ ɦɢɲɟɧɟɣ ɧɚ ɜɪɚɳɚɸɳɭɸɫɹ ɤɪɟɦɧɢɟɜɭɸ ɩɨɞɥɨɠɤɭ ɫ ɢɡɦɟɧɟɧɢɟɦ ɨɛɳɟɣ ɬɨɥɳɢɧɵ 
ɩɥɟɧɤɢ ɜ ɩɪɨɰɟɫɫɟ ɨɞɧɨɝɨ ɧɚɩɵɥɟɧɢɹ. Ɍɨɥɳɢɧɵ ɩɥɟɧɨɤ ɢɡɦɟɪɹɥɢɫɶ ɩɪɢ ɩɨɦɨɳɢ ɨɩɬɢ-
ɱɟɫɤɨɝɨ ɢɧɬɟɪɮɟɪɨɦɟɬɪɚ Ɇɂɂ-4. Ⱦɥɹ ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɢ ɜɵɛɪɚɧɵ ɩɥɟɧɤɢ 
ɬɨɥɳɢɧɨɣ 307 ɧɦ; 385 ɧɦ; 434 ɧɦ; 517 ɧɦ ɢ 428 ɧɦ. ɇɚɥɢɱɢɟ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ 
ɩɥɟɧɨɤ ɩɨɞɬɜɟɪɠɞɚɥɨɫɶ ɷɤɫɩɟɪɢɦɟɧɬɚɦɢ ɩɨ ɦɚɥɨɭɝɥɨɜɨɣ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ ɜ 
ɢɧɬɟɪɜɚɥɟ ɛɪɷɝɝɨɜɫɤɢɯ ɭɝɥɨɜ 2ʘ=1-10° ɢ ɢɫɫɥɟɞɨɜɚɧɢɟɦ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɦɧɨɝɨ-
ɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɟɬɨɞɨɦ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ. ɋɨɩɨɫɬɚɜɥɟ-
ɧɢɟ ɡɧɚɱɟɧɢɣ ɬɨɥɳɢɧ ɩɟɪɢɨɞɚ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ ɪɚɫɫɱɢɬɚɧɧɵɯ ɪɚɡɧɵɦɢ ɫɩɨɫɨ-
ɛɚɦɢ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫɹ ɦɟɠɞɭ ɫɨɛɨɣ ɢ ɧɚɯɨɞɢɬɫɹ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 3,6 ɞɨ 6 ɧɦ.  

ȼ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɜɫɟ ɨɛɪɚɡɰɵ [(Co40Fe40B20)34(SiO2)66/ZnO/In2O3]85 ɢɦɟɸɬ 
ɚɦɨɪɮɧɭɸ ɫɬɪɭɤɬɭɪɭ. ȼ ɬɨ ɜɪɟɦɹ, ɤɚɤ ɢɡɭɱɟɧɧɵɟ ɪɚɧɟɟ ɨɞɧɨɫɥɨɣɧɵɟ ɩɥɟɧɤɢ ɨɤɫɢɞɨɜ 
ZnO ɢ In2O3 ɹɜɥɹɥɢɫɶ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ, ɚ ɩɥɟɧɤɢ ɤɨɦɩɨɡɢɬɚ (Co40Fe40B20)34(SiO2)66 – 

ɚɦɨɪɮɧɵɦɢ. Ɋɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɵɣ ɚɧɚɥɢɡ ɞɜɭɯɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ 
[(Co40Fe40B20)34(SiO2)66/ZnO]112 ɢ [(Co40Fe40B20)34(SiO2)66/In2O3]92 ɬɚɤɠɟ ɧɟ ɜɵɹɜɢɥ ɩɢɤɨɜ 
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ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚɯ ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɜɟɞɟɧɢɟ ɜ ɦɧɨɝɨɫɥɨɣɧɭɸ 

ɫɬɪɭɤɬɭɪɭ ɤɨɦɩɨɡɢɬɚ (Co40Fe40B20)34(SiO2)66 ɫɩɨɫɨɛɫɬɜɭɟɬ ɧɚɪɭɲɟɧɢɸ ɤɪɢɫɬɚɥɥɢɱɧɨɫɬɢ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɪɨɫɥɨɟɤ.  

Ɍɚɤɠɟ ɞɥɹ ɩɥɟɧɨɤ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ [(Co40Fe40B20)34 (SiO2)66/ZnO/In2O3]85 

ɛɵɥɚ ɜɵɩɨɥɧɟɧɚ ɬɟɪɦɢɱɟɫɤɚɹ ɨɛɪɚɛɨɬɤɚ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 250-645 °ɋ ɫ ɲɚɝɨɦ ɜ 
50 °ɋ ɢ ɜɵɞɟɪɠɤɨɣ ɜ ɬɟɱɟɧɢɟ 30 ɦɢɧɭɬ. ɉɨɫɥɟ ɤɚɠɞɨɝɨ ɨɬɠɢɝɚ ɨɛɪɚɡɟɰ ɢɫɫɥɟɞɨɜɚɥɢ ɧɚ 
ɞɢɮɪɚɤɬɨɦɟɬɪɟ, ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ.  
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Ɋɢɫɭɧɨɤ. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɵ ɩɥɟɧɨɤ [(Co40Fe40B20)34(SiO2)66/ZnO/In2O3]85 ɬɨɥɳɢɧɨɣ 
427,6 ɧɦ ɩɨɫɥɟ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 250 – 645 °ɋ 

ȼɫɟ ɨɛɪɚɡɰɵ ɫɨɯɪɚɧɹɥɢ ɪɟɧɬɝɟɧɨɚɦɨɪɮɧɭɸ ɫɬɪɭɤɬɭɪɭ ɜɩɥɨɬɶ ɞɨ 500 °ɋ. ɂɞɟɧ-
ɬɢɮɢɤɚɰɢɹ ɞɢɮɪɚɤɬɨɝɪɚɦɦ ɜɵɹɜɢɥɚ ɧɚɥɢɱɢɟ ɫɥɟɞɭɸɳɢɯ ɮɚɡ: Zn2SiO4, InBO3, CoFe ɢ 
In2O3, ɤɨɬɨɪɵɟ ɧɚɱɚɥɢ ɩɪɨɹɜɥɹɬɶɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɨɞɧɨɜɪɟɦɟɧɧɨ ɩɪɢ 600 °ɋ. ȼɟɪɨɹɬɧɨ,
ɪɨɫɬ ɤɪɢɫɬɚɥɥɢɬɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɨɝɪɚɧɢɱɟɧɧɨɣ ɜɟɪɬɢɤɚɥɶɧɨɣ ɝɟɨɦɟɬɪɢɢ, ɡɧɚɱɢɬɟɥɶɧɨ 
ɡɚɬɪɭɞɧɟɧ. 

ɋɪɚɜɧɢɜɚɹ ɩɪɨɰɟɫɫɵ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɞɜɭɯɫɥɨɣɧɵɯ ɢ ɬɪɟɯɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ, 
ɦɨɠɧɨ ɜɢɞɟɬɶ, ɱɬɨ ɜ ɩɨɫɥɟɞɧɢɯ ɨɬɫɭɬɫɬɜɭɸɬ ɩɪɨɫɬɵɟ ɨɤɫɢɞɧɵɟ ɫɨɟɞɢɧɟɧɢɹ ZnO ɢ 
Fe3O4, ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɨɤɫɢɞɚ ɢɧɞɢɹ In2O3. 

Ⱦɥɹ ɜɵɹɜɥɟɧɢɹ ɫɬɚɛɢɥɶɧɨɫɬɢ ɫɥɨɢɫɬɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɫɥɟ ɤɚɠɞɨɝɨ ɨɬɠɢɝɚ ɛɵɥɚ 
ɩɪɨɜɟɞɟɧɚ ɦɚɥɨɭɥɨɜɚɹ ɪɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢɮɪɚɤɰɢɹ. ȼɵɲɟ 500 °ɋ ɧɚɱɚɥɨɫɶ ɪɟɡɤɨɟ ɪɚɡɦɵ-
ɬɢɟ ɝɪɚɧɢɰ, ɧɚɪɭɲɟɧɢɟ ɩɟɪɢɨɞɢɱɧɨɫɬɢ, ɚ ɜɵɲɟ 600 °ɋ ɩɪɨɢɫɯɨɞɢɥɨ ɪɚɡɪɭɲɟɧɢɟ ɫɥɨɢ-
ɫɬɨɣ ɫɬɪɭɤɬɭɪɵ.  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɜ ɪɚɦɤɚɯ ɩɪɨɟɤɬɧɨɣ ɱɚɫɬɢ ɝɨɫɭ-
ɞɚɪɫɬɜɟɧɧɨɝɨ ɡɚɞɚɧɢɹ (№3.1867.2017/4.6). 

ɍȾɄ 537.9 

ɌɈɇɄɂȿ ɇȺɇɈȽɊȺɇɍɅɂɊɈȼȺɇɇɕȿ ɆȺȽɇɂɌɇɕȿ ɉɅЁɇɄɂ  
ɇȺ ɈɋɇɈȼȿ ɈɄɋɂȾɇɕɏ ɂ ɇɂɌɊɂȾɇɕɏ ɆȺɌɊɂɐ, ɉɈɅɍɑȿɇɇɕȿ 
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ɂɧɫɬɢɬɭɬ ɮɢɡɢɤɢ ɢɦ. Ʌ.ȼ. Ʉɢɪɟɧɫɤɨɝɨ Ɏɂɐ Ʉɇɐ ɋɈ ɊȺɇ, ɝ. Ʉɪɚɫɧɨɹɪɫɤ 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɨɛɨɛɳɚɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɬɪɭɤɬɭɪɵ ɢ ɮɢɡɢɱɟɫɤɢɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ ɬɨɧɤɢɯ ɩɥɟɧɨɤ, ɫɨɞɟɪɠɚɳɢɟ ɧɚɧɨɱɚɫɬɢɰɵ 
ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɦɟɬɚɥɥɚ (Fe, Co) ɜ ɨɤɫɢɞɧɨɣ (In2O3, ZnO, ZrO2, Al2O3, TiO2) ɦɚɬɪɢɰɟ, 
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ɩɨɥɭɱɟɧɧɵɦ ɦɟɬɨɞɨɦ ɩɥɚɧɚɪɧɨɣ ɦɟɬɚɥɥɨɬɟɪɦɢɢ. Ɍɚɤɠɟ ɜɩɟɪɜɵɟ ɩɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ 
ɩɪɢɦɟɧɟɧɢɹ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ ɦɚɝɧɢɬɧɵɯ ɩɥɟɧɨɤ ɧɚ ɨɫɧɨɜɟ 
ɧɢɬɪɢɞɧɵɯ ɦɚɬɪɢɰ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɟ ɦɚɝɧɢɬɧɵɟ ɩɥɟɧɤɢ, ɦɟɬɚɥɥɨɬɟɪɦɢɱɟɫɤɢɟ 
ɪɟɚɤɰɢɢ, ɩɥɚɧɚɪɧɚɹ ɦɟɬɚɥɥɨɬɟɪɦɢɹ. 

ɇɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɟ ɬɨɧɤɨɩɥɟɧɨɱɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɫɨɞɟɪɠɚɳɢɟ ɧɚɧɨɱɚɫɬɢɰɵ 
ɮɟɪɪɨɦɚɝɧɟɬɢɤɚ (Fe, Co, Ni), ɜɫɬɪɨɟɧɧɵɟ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ (In2O3, TiO2, ZnO, SnO2) 

ɢɥɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ (SiO2, Al2O3, MgO, ZrO2) ɦɚɬɪɢɰɵ, ɲɢɪɨɤɨ ɢɫɫɥɟɞɭɸɬɫɹ, ɛɥɚɝɨɞɚ-
ɪɹ ɭɧɢɤɚɥɶɧɨɦɭ ɫɨɱɟɬɚɧɢɸ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɢɯ ɫɬɪɭɤɬɭɪɧɵɦɢ ɨɫɨ-
ɛɟɧɧɨɫɬɹɦɢ. Ɇɚɝɧɢɬɧɵɟ ɢ ɮɢɡɢɤɨ-ɯɢɦɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɬɚɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɫɢɥɶɧɨ ɡɚɜɢ-
ɫɹɬ ɨɬ ɫɩɨɫɨɛɚ ɩɨɥɭɱɟɧɢɹ, ɪɚɡɦɟɪɚ ɱɚɫɬɢɰ, ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɯɢɦɢɱɟɫɤɨɣ ɫɜɹɡɢ ɦɟɠɞɭ 
ɧɚɧɨɱɚɫɬɢɰɚɦɢ ɢ ɦɚɬɪɢɰɟɣ ɢ ɩɪ. [1]. Ⱦɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɬɚɤɢɯ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɦɚɬɟɪɢɚ-
ɥɨɜ ɭɫɩɟɲɧɨ ɩɪɢɦɟɧɹɸɬɫɹ ɤɚɤ ɯɢɦɢɱɟɫɤɢɟ (ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ, ɦɢɤɪɨɷɦɭɥɶɫɢɨɧɧɵɣ ɦɟ-
ɬɨɞ, ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɟ ɨɫɚɠɞɟɧɢɟ) ɬɚɤ ɢ ɮɢɡɢɱɟɫɤɢɟ ɦɟɬɨɞɵ ɢɡɝɨɬɨɜɥɟɧɢɹ (ɦɚɝɧɟ-
ɬɪɨɧɧɨɟ ɫɨɪɚɫɩɵɥɟɧɢɟ, ɢɦɩɭɥɶɫɧɨɟ ɥɚɡɟɪɧɨɟ ɨɫɚɠɞɟɧɢɟ, ɢɨɧɧɚɹ ɢɦɩɥɚɧɬɚɰɢɹ ɢ ɬ. ɞ.). 
Ɍɟɦ ɧɟ ɦɟɧɟɟ ɩɨɢɫɤ ɧɨɜɵɯ ɦɟɬɨɞɨɜ ɢɡɝɨɬɨɜɥɟɧɢɹ  ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɧɚɧɨɤɨɦɩɨɡɢɬɧɵɯ 
ɦɚɬɟɪɢɚɥɨɜ ɬɚɤɠɟ ɹɜɥɹɟɬɫɹ ɜɟɫɶɦɚ ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ.  

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɛɨɳɚɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɬɪɭɤɬɭɪɵ 
ɢ ɮɢɡɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ ɬɨɧɤɢɯ ɩɥɟɧɨɤ, ɩɨɥɭɱɟɧɧɵɯ ɦɟɬɨ-
ɞɨɦ ɩɥɚɧɚɪɧɨɣ ɦɟɬɚɥɥɨɬɟɪɦɢɟɣ,  ɫɨɞɟɪɠɚɳɢɯ ɧɚɧɨɝɪɚɧɭɥɵ ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɦɟɬɚɥɥɚ 
(Fe, Co), ɪɚɫɩɪɟɞɟɥɟɧɧɵɟ ɜ ɨɤɫɢɞɧɨɣ (In2O3, ZnO, ZrO2, Al2O3) ɦɚɬɪɢɰɟ [1, 2]. Ⱦɚɧɧɵɣ 
ɫɩɨɫɨɛ ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɨɫɧɨɜɚɧ ɧɚ ɩɪɨ-
ɜɟɞɟɧɢɢ ɦɟɬɚɥɥɨɬɟɪɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ ɦɟɠɞɭ ɧɚɧɨɫɥɨɹɦɢ ɨɤɫɢɞɚ ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɦɟ-
ɬɚɥɥɚ (Fe2O3, Co3O4) ɢ ɦɟɬɚɥɥɚ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɹ (In, Zn, Zr, Al) ɩɨɫɪɟɞɫɬɜɨɦ ɜɚɤɭɭɦɧɨɝɨ 
ɨɬɠɢɝɚ ɫɥɨɢɫɬɵɯ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɪɟɚɝɟɧɬɨɜ. Ɍɨɧɤɨɩɥɟɧɨɱɧɵɟ ɪɟɚɝɟɧɬɵ Fe2O3 ɢ Co3O4 

ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɦɟɬɨɞɨɦ ɪɟɚɤɬɢɜɧɨɝɨ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɦɢɲɟɧɢ Fe, ɥɢɛɨ Co ɜ 
ɚɬɦɨɫɮɟɪɟ Ar + O2, ɫɥɨɢ ɦɟɬɚɥɥɚ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɹ ɩɨɥɭɱɟɧɵ ɦɚɝɧɟɬɪɨɧɧɵɦ ɪɚɫɩɵɥɟɧɢ-
ɟɦ ɜ ɚɬɦɨɫɮɟɪɟ ɱɢɫɬɨɝɨ ɚɪɝɨɧɚ. Ɍɚɤɨɣ ɫɩɨɫɨɛ ɩɨɡɜɨɥɹɟɬ ɢɡɝɨɬɚɜɥɢɜɚɬɶ ɦɧɨɝɨɫɥɨɣɧɵɟ 
ɬɨɧɤɨɩɥɟɧɨɱɧɵɟ ɩɪɟɤɭɪɫɨɪɵ. ɉɨɫɥɟ ɧɚɩɵɥɟɧɢɹ ɩɪɟɤɭɪɫɨɪɵ ɩɨɞɜɟɪɝɚɥɢ ɜɚɤɭɭɦɧɨɝɨ 
ɨɬɠɢɝɭ ɫ in situ ɢɡɦɟɪɟɧɢɟɦ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɪɟɡɤɨɟ ɢɡɦɟɧɟɧɢɟ ɤɨɬɨɪɨɝɨ ɭɤɚɡɵ-
ɜɚɥɨ ɧɚ ɢɧɢɰɢɢɪɨɜɚɧɢɟ ɦɟɬɚɥɥɨɬɟɪɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɜ ɩɥɟɧɤɟ, ɩɪɢ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨ-
ɞɢɥɨ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ Fe (Co) ɢɡ ɢɯ ɨɤɫɢɞɨɜ. ɇɚ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟ ɦɟɬɚɥɥɚ ɭɤɚɡɵɜɚɥɨ ɬɚɤ-
ɠɟ ɩɨɹɜɥɟɧɢɟ ɧɚɦɚɝɧɢɱɟɧɧɨɫɬɢ ɜ ɩɥɟɧɤɚɯ, ɩɨɫɥɟ ɜɚɤɭɭɦɧɨɝɨ ɨɬɠɢɝɚ ɜɵɲɟ ɬɟɦɩɟɪɚɬɭɪɵ 
ɢɧɢɰɢɢɪɨɜɚɧɢɹ. ɉɪɢ ɷɬɨ ɢɡɦɟɪɟɧɢɹ R(T) ɢ Ɇ(ɌɈɌɀ) ɧɚɯɨɞɹɬɫɹ ɜ ɬɟɫɧɨɣ ɤɨɪɪɟɥɹɰɢɢ.  

Ɇɟɬɨɞɵ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɢ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ ɩɨɤɚɡɚɥɢ, ɱɬɨ 
ɪɟɚɤɰɢɢ ɩɪɨɯɨɞɹɬ ɜ ɞɜɚ ɷɬɚɩɚ, ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɧɢɡɲɟɝɨ ɨɤɫɢɞɚ, ɤɚɤ ɩɪɨɦɟɠɭɬɨɱɧɨɝɨ 
ɩɪɨɞɭɤɬɚ ɪɟɚɤɰɢɢ, ɚ ɤɨɧɟɱɧɵɣ ɩɪɨɞɭɤɬ ɪɟɚɤɰɢɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɬɨɧɤɭɸ ɩɥɟɧɤɭ, ɫɨ-
ɫɬɨɹɳɭɸ ɢɡ ɧɚɧɨɝɪɚɧɭɥ ɮɟɪɪɨɦɚɝɧɢɬɧɨɝɨ ɦɟɬɚɥɥɚ, ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɜ ɨɤ-
ɫɢɞɧɨɣ ɦɚɬɪɢɰɟ [1, 2].  

ɉɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɪɭɝɢɦɢ ɦɟɬɨɞɚɦɢ ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɤɨɦɧɨɡɢɬɧɵɯ ɩɥɟɧɨɤ ɚɧɚɥɨ-
ɝɢɱɧɵɯ ɫɨɫɬɚɜɨɜ, ɩɥɟɧɤɢ, ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɦɟɬɨɞɨɦ ɩɥɚɧɚɪɧɨɣ ɦɟɬɚɥɥɨɬɟɪɦɢɢ, ɨɛɥɚɞɚɸɬ 
ɜɵɫɨɤɨɣ ɜɪɟɦɟɧɧɨɣ, ɬɟɪɦɢɱɟɫɤɨɣ ɢ ɯɢɦɢɱɟɫɤɨɣ ɫɬɚɛɢɥɶɧɨɫɬɶɸ (ɩɨɫɤɨɥɶɤɭ ɪɟɚɤɰɢɹ 
ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɧɟɨɛɪɚɬɢɦɚ), ɚ ɬɚɤɠɟ ɨɬɫɭɬɫɬɜɢɟɦ ɚɝɥɨɦɟɪɚɰɢɢ ɢ ɫɩɟɤɚɧɢɹ ɧɚɧɨɱɚɫɬɢɰ, 
ɩɨɫɤɨɥɶɤɭ ɱɚɫɬɢɰɵ ɩɪɨɱɧɨ ɫɜɹɡɚɧɵ ɫ ɨɤɫɢɞɧɨɣ ɦɚɬɪɢɰɟɣ. ɇɟɦɚɥɨɜɚɠɧɵɦ ɩɪɟɢɦɭɳɟ-
ɫɬɜɨɦ ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ ɦɟɬɨɞɚ ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɝɨɬɚɜɥɢɜɚɬɶ ɩɥɟɧɤɢ ɫ ɡɚɞɚɧɧɵɦ 
ɪɚɡɦɟɪɨɦ ɧɚɧɨɝɪɚɧɭɥ, ɤɨɬɨɪɵɣ ɩɪɢɦɟɪɧɨ ɪɚɜɟɧ ɬɨɥɳɢɧɟ ɢɫɯɨɞɧɨɝɨ ɫɥɨɹ ɨɤɫɢɞɚ ɮɟɪ-
ɪɨɦɚɝɧɢɬɧɨɝɨ ɦɟɬɚɥɥɚ.  

Ɉɞɧɚɤɨ ɦɟɬɚɥɥɨɬɟɪɦɢɱɟɫɤɢɟ ɪɟɚɤɰɢɢ ɦɨɝɭɬ ɩɪɨɬɟɤɚɬɶ ɧɟ ɬɨɥɶɤɨ ɦɟɠɞɭ ɨɤɫɢɞɨɦ 
ɢ ɦɟɬɚɥɥɨɦ. ȼ ɤɚɱɟɫɬɜɟ ɩɪɟɤɭɪɫɨɪɨɜ ɦɨɝɭɬ ɜɵɫɬɭɩɚɬɶ ɢ ɞɪɭɝɢɟ ɫɨɟɞɢɧɟɧɢɹ ɦɟɬɚɥɥɨɜ: 
ɧɢɬɪɢɞɵ, ɮɬɨɪɢɞɵ, ɮɨɫɮɢɞɵ. Ⱥ ɦɟɬɨɞɵ ɪɟɚɤɬɢɜɧɨɝɨ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɜ ɫɜɨɸ 
ɨɱɟɪɟɞɶ ɩɨɡɜɨɥɹɸɬ ɩɨɥɭɱɚɬɶ ɬɚɤɢɟ ɩɪɟɤɭɪɫɨɪɵ. ɉɨɷɬɨɦɭ ɜ ɞɚɧɧɨɦ ɫɨɨɛɳɟɧɢɢ ɜɩɟɪɜɵɟ 
ɩɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɢɦɟɧɟɧɢɹ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧ-
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ɧɵɯ ɦɚɝɧɢɬɧɵɯ ɩɥɟɧɨɤ ɧɚ ɨɫɧɨɜɟ ɧɢɬɪɢɞɧɵɯ ɦɚɬɪɢɰ. Ȼɵɥɢ ɢɡɝɨɬɨɜɥɟɧɵ ɦɧɨɝɨɫɥɨɣɧɵɟ 
ɩɪɟɤɭɪɫɨɪɵ FeN/Ti, ɤɨɬɨɪɵɟ ɛɵɥɢ ɩɨɞɜɟɪɝɧɭɬɵ ɜɚɤɭɭɦɧɨɦɭ ɨɬɠɢɝɭ ɞɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ 
ɧɚɧɨɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ Fe-TiN ɬɨɧɤɢɯ ɩɥɟɧɨɤ, ɨɛɥɚɞɚɸɳɢɯ ɦɟɬɚɥɥɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɨɦ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɯɚɪɚɤɬɟɪɧɵɦɢ ɞɥɹ ɝɪɚɧɭɥɢɪɨɜɚɧɧɵɯ ɦɚɝɧɢɬ-
ɧɵɯ ɫɪɟɞ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɫɨɜɟɬɚ ɩɨ ɝɪɚɧɬɚɦ ɉɪɟɡɢɞɟɧɬɚ Ɋɨɫɫɢɣɫɤɨɣ Ɏɟ-
ɞɟɪɚɰɢɢ (ɋɉ-1262.2019.1). 
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ɎȻȽɈɍ ȼɈ «Ⱦɨɧɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɧɚɲɟɣ ɪɚɛɨɬɟ ɫ ɰɟɥɶɸ ɫɨɡɞɚɧɢɹ ɦɚɬɟɪɢɚɥɨɜ, ɨɛɥɚɞɚɸɳɢɯ ɧɟɫɨɛɫɬɜɟɧɧɨɣ 
ɩɶɟɡɨɪɟɡɢɫɬɢɜɧɨɫɬɶɸ ɢ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɶɸ ɨɞɧɨɜɪɟɦɟɧɧɨ, ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɩɨɥɢɦɟɪɧɵɟ 
ɤɨɦɩɨɡɢɬɵ ɧɚ ɨɫɧɨɜɟ ɦɚɧɝɚɧɢɬɚ La0.7Sr0.3MnO3 (LSMO) ɢ ɩɨɥɢɷɬɢɥɟɧɚ ɧɢɡɤɨɣ ɩɥɨɬɧɨɫɬɢ 
(LDPE) ɫɨɫɬɚɜɚ (100-x)LSMO/(xLDPE) ɩɪɢ x = 7, 8, 9, 12, 15, 17, 18, 22 ɦɚɫɫɨɜɵɯ ɩɪɨɰɟɧɬɨɜ. 
Ɉɛɪɚɡɰɵ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ x = 15 % ɩɪɨɹɜɥɹɸɬ ɧɟɫɨɛɫɬɜɟɧɧɭɸ ɩɶɟɡɨɪɟɡɢɫɬɢɜɧɨɫɬɶ ɩɨɪɹɞɤɚ 17 
% ɜ ɨɛɥɚɫɬɢ ɞɚɜɥɟɧɢɣ 0 - 270 ɤɉɚ. Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɢɡɨɬɪɨɩɧɨɣ 
ɬɭɧɧɟɥɶɧɨɣ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɢ ɤɨɦɩɨɡɢɬɨɜ 88%LSMO/(12%LDPE) ɢɦɟɸɬ ɜɟɥɢɱɢɧɵ 
ɩɨɪɹɞɤɚ 2 % ɜ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ 15 ɤɗ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɚɧɝɚɧɢɬ, ɤɨɦɩɨɡɢɬ, ɩɶɟɡɨɪɟɡɢɫɬɢɜɧɨɫɬɶ, ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɶ. 

Ⱦɨɩɢɪɨɜɚɧɧɵɣ ɦɚɧɝɚɧɢɬ La0.7Sr0.3MnO3 (LSMO) ɢɡɜɟɫɬɟɧ ɤɚɤ ɩɪɨɜɨɞɹɳɟɟ ɮɟɪ-
ɪɨɦɚɝɧɢɬɧɨɟ ɫɨɟɞɢɧɟɧɢɟ ɫ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɶɸ ɫɩɢɧɨɜɨɣ ɩɨɥɹɪɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ 
ɢ ɬɟɦɩɟɪɚɬɭɪɨɣ Ʉɸɪɢ 360 K [1]. ɇɚ ɟɝɨ ɨɫɧɨɜɟ ɫɢɧɬɟɡɢɪɭɸɬɫɹ ɞɜɭɯɮɚɡɧɵɟ ɤɨɦɩɨɡɢɬɵ, 
ɨɛɥɚɞɚɸɳɢɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɫɜɹɡɚɧɧɵ-
ɦɢ ɫ ɦɟɠɝɪɚɧɭɥɶɧɵɦ ɫɩɢɧ-ɡɚɜɢɫɢɦɵɦ ɬɭɧɧɟɥɢɪɨɜɚɧɢɟɦ ɷɥɟɤɬɪɨɧɨɜ ɜ ɩɨɫɬɨɹɧɧɨɦ ɦɚɝ-
ɧɢɬɧɨɦ ɩɨɥɟ [2]. ɇɭɠɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɬɚɤɢɟ ɫɨɫɬɚɜɵ ɬɢɩɚ ɩɪɨɜɨɞɧɢɤ/ɞɢɷɥɟɤɬɪɢɤ ɩɪɨ-
ɹɜɥɹɸɬ ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɢ ɜɛɥɢɡɢ ɩɨɪɨɝɚ ɩɟɪɤɨɥɹɰɢɢ [3]. ȼ 
ɤɚɱɟɫɬɜɟ ɜɬɨɪɨɣ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɮɚɡɵ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɤɚɤ ɧɟɨɪɝɚɧɢɱɟɫɤɢɟ 
ɦɚɬɟɪɢɚɥɵ, ɬɚɤ ɢ ɨɪɝɚɧɢɱɟɫɤɢɟ. ɉɪɟɢɦɭɳɟɫɬɜɚ ɫɢɧɬɟɡɚ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɵɯ ɦɚɬɟɪɢɚ-
ɥɨɜ ɫ ɩɨɥɢɦɟɪɧɨɣ ɦɚɬɪɢɰɟɣ ɨɱɟɜɢɞɧɵ – ɷɬɨ ɢɫɤɥɸɱɟɧɢɟ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢ 
ɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ, ɯɚɪɚɤɬɟɪɧɵɯ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɝɨ ɬɜɟɪɞɨɮɚɡɧɨɝɨ ɤɟɪɚɦɢɱɟɫɤɨɝɨ 
ɫɢɧɬɟɡɚ ɜɨ ɜɪɟɦɹ ɩɪɢɝɨɬɨɜɥɟɧɢɹ ɤɨɦɩɨɡɢɬɨɜ. ɋɟɧɫɨɪɵ ɞɚɜɥɟɧɢɹ ɧɚ ɨɫɧɨɜɟ ɧɟɫɨɛɫɬɜɟɧ-
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ɧɨɝɨ ɩɶɟɡɨɪɟɡɢɫɬɢɜɧɨɝɨ ɷɮɮɟɤɬɚ ɧɟ ɬɪɟɛɭɸɬ ɭɫɢɥɢɬɟɥɟɣ ɢ ɫɥɨɠɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ 
ɫɢɝɧɚɥɚ. ȼ ɧɚɲɟɣ ɪɚɛɨɬɟ ɜɩɟɪɜɵɟ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɢ ɢɡɭɱɟɧɵ ɩɶɟɡɨɪɟɡɢɫɬɢɜɧɵɟ, ɚ ɬɚɤɠɟ 
ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɵɟ ɫɜɨɣɫɬɜɚ ɤɨɦɩɨɡɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫɨɫɬɚɜɚ (100-x)LSMO/xLDPE

ɩɪɢ x = 7, 8, 9, 12, 15, 17, 18, 22 ɦɚɫɫɨɜɵɯ ɩɪɨɰɟɧɬɨɜ, ɝɞɟ LDPE – low-density polyeth-

ylene, ɩɨɥɢɷɬɢɥɟɧ ɧɢɡɤɨɣ ɩɥɨɬɧɨɫɬɢ. ȼɵɛɨɪ ɩɨɥɢɷɬɢɥɟɧɨɜɨɣ ɦɚɬɪɢɰɵ ɨɛɭɫɥɨɜɥɟɧ 
ɫɜɨɣɫɬɜɚɦɢ ɩɨɥɢɷɬɢɥɟɧɚ ɧɢɡɤɨɣ ɩɥɨɬɧɨɫɬɢ – ɜɵɫɨɤɨɣ ɯɢɦɢɱɟɫɤɨɣ ɫɬɚɛɢɥɶɧɨɫɬɶɸ, ɞɟ-
ɲɟɜɢɡɧɨɣ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɪɭɝɢɦɢ ɨɪɝɚɧɢɱɟɫɤɢɦɢ ɫɨɟɞɢɧɟɧɢɹɦɢ. Ɋɚɫɱɟɬ ɩɶɟɡɨɪɟɡɢ-
ɫɬɢɜɧɨɫɬɢ PR ɩɪɨɜɨɞɢɥɫɹ ɩɨ ɮɨɪɦɭɥɟ:

PR = ((R0 – RP) / R0) ·100% ,              
ɝɞɟ R0 – ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɪɚɡɰɚ ɛɟɡ ɩɪɢɥɨɠɟɧɧɨɝɨ ɞɚɜɥɟɧɢɹ, Rp – ɡɧɚɱɟ-
ɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɨɞ ɞɚɜɥɟɧɢɟɦ P.

Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɪɚɡɰɚ 85%LSMO/15%LDPE

ɨɬ ɩɪɢɥɨɠɟɧɧɨɝɨ ɞɚɜɥɟɧɢɹ. ɋɬɪɟɥɤɚɦɢ ɨɬɦɟɱɟɧ ɩɪɹɦɨɣ ɢ ɨɛɪɚɬɧɵɣ ɯɨɞ

ɉɪɢ ɨɞɧɨɦɟɪɧɨɦ ɫɠɚɬɢɢ ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɪɚɡɰɚ 85%LSMO/15%LDPE, ɧɚɯɨɞɹ-
ɳɟɝɨɫɹ ɜɛɥɢɡɢ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɨɝɨ ɩɨɪɨɝɚ ɩɪɨɬɟɤɚɧɢɹ, ɡɚ ɫɱɟɬ ɞɟɮɨɪɦɚɰɢɢ ɩɨɥɢɷɬɢɥɟ-
ɧɨɜɨɣ ɦɚɬɪɢɰɵ, ɜ ɤɨɬɨɪɨɣ ɪɚɫɩɨɥɨɠɟɧɵ ɤɪɢɫɬɚɥɥɢɬɵ ɦɚɧɝɚɧɢɬɚ, ɭɦɟɧɶɲɚɟɬɫɹ ɪɚɫɫɬɨɹ-
ɧɢɟ ɦɟɠɞɭ ɤɪɢɫɬɚɥɥɢɬɚɦɢ. ɉɨɷɬɨɦɭ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɪɚɡɰɚ ɬɚɤɠɟ 
ɭɦɟɧɶɲɚɟɬɫɹ.

ȼ ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɨɛɥɚɫɬɢ ɞɚɜɥɟɧɢɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɨɛɪɚɡɰɚ 
85%LSMO/15%LDPE ɞɨɫɬɢɝɚɟɬ 8.40 ɦȍ/ɉɚ.

ɇɚɢɛɨɥɶɲɢɟ ɜɟɥɢɱɢɧɵ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɢ ɩɨɤɚɡɚɥɢ ɫɨɫɬɚɜɵ 
90%LSMO/10%LDPE ɢ 88%LSMO/12%LDPE. Ⱦɥɹ ɧɢɯ ɦɚɝɧɢɬɨɪɟɡɢɫɬɢɜɧɨɫɬɶ ɨɬ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɡɚɜɢɫɢɬ ɥɢɧɟɣɧɨ ɢ ɞɨɫɬɢɝɚɟɬ 2% ɩɪɢ 15 ɤɗ.
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Femtosecond laser single pulses can be used for accurate local thinning of the multilayered 

Ta/Pt/Gd21.6Fe67.8Co10.5/IrMn/Pt heterostructures, allowing local control of the ferromagnetic lay-

er. Laser burned craters have perfect round shape with no large defects, cracks and melting traces, if 

the fluence does not exceed a threshold value 12 – 15 mJ/cm2. Indentation tests showed a decrease in 

the elastic modulus inside the crater by 1.2 times. A change in hardness was not detected, although the 

shape of indentation imprints indicates a clear change in plastic properties. These changes can be ex-

plained by impressing of the surface material into the film under external stresses. Local changes of 

the magnetization detected by MOKE and MFM indicate edge demagnetizing field of the crater. The 

laser irradiation as well as mechanical indentation create internal mechanical stresses and structural 

defects affecting magnetization in the crater. Internal mechanical stresses diminish local saturation 

magnetization in the heterostructure, decreases scattering of the switching field. The structural defects 

cause two different switching fields in the crater. The laser treatment can be used for accurate control 

of magnetization, demagnetizing field and surface topology.  

Keywords: magnetic heterostructure, demagnetizing field, femtosecond laser fluence, thin 

films, nanohardness 

The GdFeCo alloys were demonstrated to be good candidates for ultrafast memory de-

vices based on all-optical switching (AOS) of magnetization under  polarized light of femto-

second laser [1]. Thin Gd21.6Fe67.8Co10.5 films are typically amorphous ferrimagnets with 

Curie temperature around 500 K, which can show perpendicular magnetic anisotropy (PMA), 

and low coercivity. Combination of the ultrafast light-induced switching of magnetization 

with convenience of the GdFeCo films for spin valves gives nice opportunity to develop light 

controlled spintronics. The GdFeCo/IrMn heterostructures are usually optimized through the 

variation of concentrations of chemical elements in the layers [2]. In this paper, we have de-

veloped local control of magnetization of the GdFeCo/IrMn film by single ultrashort laser 

pulses. Laser treatment of the thin films is cheaper and faster in comparison with e-beam li-

thography, commonly used for surface nanoengineering. 

Irradiation of the heterostructure glass/Ta/Pt/GdFeCo/IrMn/Pt (Fig. a) by 50 fs ultra-

short laser pulses causes local thinning of the film down to ~ 12 – 30 nm depth.   These pits 

are distinguished by Atomic Force Microscopy (AFM), while their stray magnetic fields were 

detected by Magnetic Force Microscopy (MFM) (Fig. b).  

The crater was formed due to layer- by -layer evaporation of the material. No sign of 

melting was found in the vicinity of the crater at subthreshold laser fluence, but exceeding of 

the threshold caused destruction of the layers. Energy-dispersive X-ray spectroscopy (EDX) 

revealed depletion of Gd, Fe and Co, responsible for magnetic properties of the subthreshold 

crater. The amplitude of the local MOKE signal decreased down to 1.7 times in the irradiated 

area, while thinning of the ferromagnetic layer was 1.1 times. No proportional change of 

magnetization was caused by bias effect of IrMn layer. Decreased elastic modulus was found 

inside the subthreshold crater in the irradiated areas.  

Laser engineering of the surface of GdFeCo thin films opens the way for local control 

of energy balance between magnetic anisotropy, exchange coupling and Zeeman energy. This 

can be used for creation of individual separated sectors on the surface of the magnetic films 

for capture, storage and analysis of the ferromagnetic nanoparticles and magnetically labeled 

biomolecules and cells.  
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Figure. (a) Structure of the sample, (b) MFM profile of crater burned by femtosecond laser 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɥɭɱɟɧɧɵɟ ɢ ɫɦɨɞɟɥɢɪɨɜɚɧɧɵɟ ȼɑ ɢ ɋȼɑ 

ɫɩɟɤɬɪɵ ɪɚɫɫɟɢɜɚɟɦɨɣ ɦɨɳɧɨɫɬɢ ɜ ɥɢɧɢɢ ɩɟɪɟɞɚɱ ɫ ɤɨɦɩɨɡɢɬɧɵɦɢ ɩɥёɧɤɚɦɢ 
(Co0.86+Nb0.12+Ta0.02)x+(SiO2)(1-x)/3. ɉɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɥɧɨɝɨ ɭɞɟɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥɟɧɨɤ ɧɚ ɱɚɫɬɨɬɚɯ ȼɑ ɢ ɋȼɑ ɞɢɚɩɚɡɨɧɚ. 
ɉɨɤɚɡɚɧɨ ɜɥɢɹɧɢɟ ɦɢɤɪɨ- ɧɚɧɨɫɬɪɭɤɬɭɪɵ, ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɧɚ ȼɑ ɢ 
ɋȼɑ ɩɪɨɜɨɞɹɳɢɟ ɫɜɨɣɫɬɜɚ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ȼɑ ɢ ɋȼɑ ɫɩɟɤɬɪɵ ɦɨɳɧɨɫɬɢ ɩɨɬɟɪɶ, ɤɨɦɩɨɡɢɬɧɵɟ ɩɥёɧɤɢ, 
ɩɪɨɜɨɞɢɦɨɫɬɶ, ɦɢɤɪɨ- ɢ ɧɚɧɨɫɬɪɭɤɬɭɪɚ, ɩɟɪɤɨɥɹɰɢɹ, ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ. 

ɉɪɨɜɨɞɢɦɨɫɬɶ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɧɚ ȼɑ ɢ ɋȼɑ ɬɨɤɟ ɢɫɫɥɟɞɭɟɬɫɹ ɫ ɢɫɩɨɥɶɡɨ-
ɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɣ ɨɬɪɚɠɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɨɬ ɩɥёɧɨɤ ɜ ɜɨɥɧɨɜɨɞɚɯ [1] ɢ ɫ 
ɩɨɦɨɳɶɸ 2-ɡɨɧɞɨɜɨɝɨ ɦɟɬɨɞɚ ɢ ɩɪɟɰɢɡɢɨɧɧɨɝɨ ɦɨɫɬɚ ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ [2]. ɗɬɢ ɢɫɫɥɟ-
ɞɨɜɚɧɢɹ ɩɨɡɜɨɥɹɸɬ ɨɩɪɟɞɟɥɹɬɶ ɩɪɨɜɨɞɢɦɨɫɬɶ ɜ ȼɑ ɢ ɋȼɑ ɞɢɚɩɚɡɨɧɚɯ.  ɉɪɨɜɨɞɢɦɨɫɬɶ 
ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ ɫɨɬɟɧ ɦɟɝɚɝɟɪɰ ɞɨ ɞɟɫɹɬɤɢ ɝɢɝɚɝɟɪɰ ɢ ɜɵɲɟ ɹɜɥɹɟɬ-
ɫɹ ɧɟɞɨɫɬɚɬɨɱɧɨ ɢɫɫɥɟɞɨɜɚɧɧɨɣ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɜ ɥɢɧɢɹɯ ɩɟɪɟɞɚɱɢ ɫɢɝɧɚɥɨɜ ɩɨɤɚ ɧɟ ɫɭ-
ɳɟɫɬɜɭɟɬ ɬɚɤɨɣ ɫɪɟɞɵ ɩɟɪɟɞɚɱɢ, ɩɪɢ ɩɪɢɦɟɧɟɧɢɢ ɤɨɬɨɪɨɣ ɧɟ ɜɨɡɧɢɤɚɥɢ ɛɵ ɩɨɦɟɯɢ, ɢɫ-
ɤɚɠɟɧɢɹ ɢ ɩɨɬɟɪɢ ɫɢɝɧɚɥɨɜ ȼɑ ɢ ɋȼɑ ɬɨɤɚ. ɉɨɷɬɨɦɭ ɨɩɪɟɞɟɥɟɧɢɟ ɜɥɢɹɧɢɹ ɫɬɪɭɤɬɭɪɧɵɯ 
ɢ ɦɚɝɧɢɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɧɚ ȼɑ ɢ ɋȼɑ ɩɪɨɜɨɞɹɳɢɟ ɫɜɨɣɫɬɜɚ 
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ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɹɜɥɹɟɬɫɹ ɧɟ ɩɪɨɫɬɨɣ ɡɚɞɚɱɟɣ, ɢ ɬɪɟɛɭɟɬ ɩɪɢɦɟɧɟɧɢɹ ɧɨɜɵɯ ɦɟɬɨɞɨɜ 
ɢ ɨɩɪɟɞɟɥёɧɧɵɯ ɩɪɢɛɥɢɠɟɧɢɣ. 

ɂɫɫɥɟɞɭɟɦɵɟ ɤɨɦɩɨɡɢɬɧɵɟ ɩɥɟɧɤɢ (Co0.86+Nb0.12+Ta0.02)x+(SiO2)(1-x)/3 (ɝɞɟ x ~ 0.14 

÷ 0.78) ɫ ɬɨɥɳɢɧɚɦɢ ɨɬ 250 ɞɨ 370 ɧɦ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɢɨɧɧɨ-ɥɭɱɟɜɵɦ ɪɚɫɩɵɥɟɧɢɟɦ ɜ 
ɜɚɤɭɭɦɟ ɩɪɢ ɞɚɜɥɟɧɢɢ 10-4

 Ɍɨɪɪ ɧɚ ɫɢɬɚɥɥɨɜɵɯ ɩɨɞɥɨɠɤɚɯ [3]. ɂɫɫɥɟɞɨɜɚɧɢɟ ɪɟɥɶɟɮɚ ɢ
ɦɚɝɧɢɬɧɨɝɨ ɮɚɡɨɜɨɝɨ ɤɨɧɬɪɚɫɬɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɨɜ ɩɪɨɜɨɞɢɥɨɫɶ ɫ ɩɨɦɨɳɶɸ ɚɬɨɦɧɨ-

ɫɢɥɨɜɨɝɨ ɦɢɤɪɨɫɤɨɩɚ. ɍɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɥёɧɨɤ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɚ ɢɡɦɟ-
ɪɹɥɨɫɶ ɦɟɝɚɨɦɦɟɬɪɨɦ E6-17. ȼɑ ɢ ɋȼɑ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɬɟɪɢ ɦɨɳɧɨɫɬɢ ɨɩɪɟɞɟɥɹɥɢɫɶ 
ɫ ɩɨɦɨɳɶɸ ɭɫɬɚɧɨɜɤɢ, ɫɨɫɬɨɹɳɟɣ ɢɡ ɚɧɚɥɢɡɚɬɨɪɚ ɫɩɟɤɬɪɚ GSP-7830, ɝɟɧɟɪɚɬɨɪɚ ɤɚɱɚ-
ɸɳɟɣɫɹ ɱɚɫɬɨɬɵ ɫ ɞɢɚɩɚɡɨɧɨɦ ɨɬ 12 ɆȽɰ ɞɨ 3ȽȽɰ ɢ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɶɸ 1ɦȼɬ, ɞɜɭɯ 
ɤɨɚɤɫɢɚɥɶɧɵɯ ɤɚɛɟɥɟɣ ɫ ɜɨɥɧɨɜɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 50 Ɉɦ ɢ ɩɨɞɤɥɸɱɚɟɦɨɝɨ ɦɨɞɭɥɹ, ɜ 
ɤɨɬɨɪɵɣ ɜɫɬɚɜɥɹɥɢɫɶ ɢɫɫɥɟɞɭɟɦɵɟ ɩɥёɧɤɢ [4]. ɉɨɥɭɱɟɧɵ ɢ ɫɦɨɞɟɥɢɪɨɜɚɧɵ ȼɑ ɢ ɋȼɑ 
ɫɩɟɤɬɪɵ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɫ ɤɨɦɩɨɡɢɬɧɵɦɢ ɩɥёɧɤɚɦɢ. ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɥёɧɤɢ ɫ 
ɛɨɥɶɲɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɦɟɬɚɥɥɚ ɛɵɥɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɜ ɜɢɞɟ ɩɪɨɜɨɞɹɳɢɯ ɤɚɧɚɥɨɜ, ɪɚɫ-
ɩɨɥɚɝɚɟɦɵɯ ɜ ɨɞɧɨɣ ɩɥɨɫɤɨɫɬɢ ɫ ɩɨɩɟɪɟɱɧɵɦ ɫɟɱɟɧɢɟɦ, ɫɨɢɡɦɟɪɢɦɵɦ ɫ ɪɚɡɦɟɪɚɦɢ ɧɟ-
ɨɞɧɨɪɨɞɧɨɫɬɟɣ, ɧɚɛɥɸɞɚɟɦɵɯ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ. Ɋɨɫɬ ɩɨɬɟɪɶ ɦɨɳɧɨɫɬɢ ɬɨɤɚ ɫ ɭɜɟɥɢɱɟ-
ɧɢɟɦ ɱɚɫɬɨɬɵ ɩɪɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɚ x=0.78 ɞɨ ɩɨɬɟɪɶ ɦɨɳɧɨɫɬɢ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 
ɦɟɬɚɥɥɚ x=0.62 ɫɜɹɡɚɧ ɫ ɜɥɢɹɧɢɟɦ ɫɤɢɧ ɷɮɮɟɤɬɚ. ȼɵɬɟɫɧɟɧɢɟ ɬɨɤɚ ɫ ɩɨɜɟɪɯɧɨɫɬɢ ɤɚɧɚɥɚ 
ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ ɢɞёɬ ɢɧɬɟɧɫɢɜɧɟɟ ɡɚ ɫɱёɬ ɛɨɥɶɲɟɣ ɦɚɝɧɢɬɧɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɩɪɨɜɨ-
ɞɹɳɢɯ ɤɚɧɚɥɨɜ, ɤɨɬɨɪɚɹ ɩɪɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɚ x=0.78 ɜ ɪɚɡɵ ɜɵɲɟ, ɱɟɦ ɭ ɩɥёɧɨɤ 
ɩɪɢ x=0.62. ɉɨ ɫɩɟɤɬɪɚɦ ɨɩɪɟɞɟɥɟɧɨ ɩɨɜɟɞɟɧɢɟ ɭɞɟɥɶɧɨɝɨ ɩɨɥɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɦ-
ɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ, ɞɨ ɢ ɩɨɫɥɟ ɩɨɪɨɝɚ ɩɟɪɤɨɥɹɰɢɢ (ɪɢɫ.1). ɂɧɬɟɪɜɚɥ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɥɥɨɜ x, ɞɥɹ ɤɨɬɨɪɨɝɨ ɫɜɨɣɫɬɜɟɧɧɵ ɩɪɨɰɟɫɫɵ ɩɟɪɤɨɥɹɰɢɢ, ɯɚɪɚɤɬɟɪɢ-
ɡɭɟɬɫɹ ɪɟɡɤɢɦ ɫɩɚɞɨɦ ɩɨɥɧɨɣ ɭɞɟɥɶɧɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɚ ȼɑ ɢ ɋȼɑ ɱɚ-
ɫɬɨɬɚɯ. ɒɢɪɢɧɚ ɢɧɬɟɪɜɚɥɚ x ɢ ɜɵɫɨɬɚ ɫɤɚɱɤɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɭɦɟɧɶɲɚɟɬɫɹ ɩɪɢ ɭɜɟɥɢɱɟ-
ɧɢɢ ɱɚɫɬɨɬɵ ɬɨɤɚ. 

Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɢ ɩɨɥɧɨɝɨ ɭɞɟɥɶɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɨɬ x ɩɪɢ ɪɚɡɧɵɯ 
ɱɚɫɬɨɬɚɯ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ 

ɉɪɨɜɟɞёɧ ɨɬɠɢɝ ɤɨɦɩɨɡɢɬɧɵɯ ɩɥёɧɨɤ ɜ ɚɬɦɨɫɮɟɪɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 550 °C ɢ ɩɨ-
ɥɭɱɟɧɵ ɢɡɨɛɪɚɠɟɧɢɹ ɪɟɥɶɟɮɚ ɢ ɦɚɝɧɢɬɧɵɣ ɮɚɡɨɜɵɣ ɤɨɧɬɪɚɫɬ, ɞɨ ɢ ɩɨɫɥɟ ɨɬɠɢɝɚ, ɩɪɢ 
ɤɨɬɨɪɨɦ ɜɨɡɧɢɤɚɟɬ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɜ ɚɦɨɪɮɧɵɯ ɩɥɟɧɤɚɯ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (ɝɪɚɧɬɵ: №17–02–01138ɚ, 17-57-

150001ɢ). 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ ɧɚ 
ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɚɦɨɪɮɧɨɝɨ ɭɝɥɟɪɨɞɚ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɬɟɪɦɨɨɛɪɚɛɨɬɤɚ 
ɜ ɜɚɤɭɭɦɟ ɧɟ ɯɭɠɟ 10-4

 Ɍɨɪɪ ɩɪɢɜɨɞɢɬ ɤ ɩɨɧɢɠɟɧɢɸ ɭɞɟɥɶɧɨɝɨ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɪɨɫɬɭ 
ɬɟɪɦɨɷɞɫ, ɩɪɢ ɷɬɨɦ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɢɡɦɟɪɟɧɧɵɣ ɜ ɞɢɚɩɚɡɨɧɟ 
ɬɟɦɩɟɪɚɬɭɪ 77-300 K ɦɟɧɹɟɬɫɹ ɫ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɧɚ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ 
ɬɟɦɩɟɪɚɬɭɪɚɯ ɛɨɥɟɟ 350°ɋ. ȼ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ, ɩɨɞɜɟɪɝɧɭɬɵɯ ɬɟɪɦɨɨɛɪɚɛɨɬɤɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 
ɜɵɲɟ 200°ɋ ɨɛɧɚɪɭɠɟɧɨ ɨɬɪɢɰɚɬɟɥɶɧɨɟ ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɪɢ 77 Ʉ, ɫɜɹɡɚɧɧɨɟ ɫ 
ɩɪɨɹɜɥɟɧɢɟɦ ɷɮɮɟɤɬɚ ɫɥɚɛɨɣ ɥɨɤɚɥɢɡɚɰɢɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɦɨɪɮɧɵɣ ɭɝɥɟɪɨɞ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ, ɭɞɟɥɶɧɨɟ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɟ, 
ɬɟɪɦɨɷɞɫ, ɬɟɪɦɨɨɛɪɚɛɨɬɤɚ, ɦɟɯɚɧɢɡɦɵ ɷɥɟɤɬɪɨɩɟɪɟɧɨɫɚ, ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɟ. 

Ɍɨɧɤɢɟ ɩɥɟɧɤɢ ɭɝɥɟɪɨɞɚ ɬɨɥɳɢɧɨɣ ~ 40 ɧɦ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɩɨ ɦɟɬɨɞɢɤɟ ɢɨɧɧɨ-

ɥɭɱɟɜɨɝɨ ɧɚɩɵɥɟɧɢɹ. Ɉɫɚɠɞɟɧɢɟ ɩɪɨɜɨɞɢɥɨɫɶ ɩɪɢ ɞɚɜɥɟɧɢɢ ɚɪɝɨɧɚ ~ 6·10-4
 Ɍɨɪɪ ɧɚ ɤɟ-

ɪɚɦɢɱɟɫɤɢɟ ɩɨɞɥɨɠɤɢ ɢɡ ɫɢɬɚɥɥɚ ɦɚɪɤɢ ɋɌ-50, ɩɭɬɟɦ ɪɚɫɩɵɥɟɧɢɹ ɦɢɲɟɧɢ ɩɢɪɨɥɢɬɢɱɟ-
ɫɤɨɝɨ ɝɪɚɮɢɬɚ. Ɍɟɦɩɟɪɚɬɭɪɚ ɩɨɞɥɨɠɤɢ ɜ ɩɪɨɰɟɫɫɟ ɨɫɚɠɞɟɧɢɹ ɧɟ ɩɪɟɜɵɲɚɥɚ 50°ɋ. 

Ɋɟɡɭɥɶɬɚɬɵ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɨɫɚɠɞɟɧɧɵɟ 
ɩɥɟɧɤɢ ɭɝɥɟɪɨɞɚ ɹɜɥɹɸɬɫɹ ɚɦɨɪɮɧɵɦɢ. Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɧɚ 
ɫɜɨɣɫɬɜɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɚɦɨɪɮɧɨɝɨ ɭɝɥɟɪɨɞɚ, ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɫɜɨɣɫɬɜ ɨɛɪɚɡɰɚ ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɢ ɩɨɫɥɟ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɜ ɜɚɤɭɭɦɟ 10-4

 Ɍɨɪɪ ɩɪɢ
ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɜ ɜɚɤɭɭɦɟ ɧɟ ɯɭɠɟ 10-4

 Ɍɨɪɪ.
Ɍɟɪɦɨɨɛɪɚɛɨɬɤɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɚɦɨɪɮɧɨɝɨ ɭɝɥɟɪɨɞɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɢɠɟ 

450°ɋ ɩɪɢɜɨɞɢɬ ɤ ɩɨɧɢɠɟɧɢɸ ɭɞɟɥɶɧɨɝɨ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɪɨɫɬɭ ɡɧɚɱɟɧɢɣ ɬɟɪ-
ɦɨɷɞɫ, ɢɡɦɟɪɟɧɧɵɯ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Ɍɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɹ, ɢɡɦɟɪɟɧɧɵɣ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 77-300 K ɦɟɧɹɟɬɫɹ ɫ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɧɚ 
ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɛɨɥɟɟ 350°ɋ (ɪɢɫ 1ɚ), ɩɪɢ ɷɬɨɦ ɡɧɚɤ 
ɬɟɪɦɨɷɞɫ ɫɨɯɪɚɧɹɟɬɫɹ ɢ ɹɜɥɹɟɬɫɹ ɨɬɪɢɰɚɬɟɥɶɧɵɦ, ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɷɥɟɤɬɪɨɧɧɵɣ ɬɢɩ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɤɚɤ ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ, ɬɚɤ ɢ ɩɨɫɥɟ 
ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ.  

Ⱦɥɹ ɩɨɥɭɱɟɧɧɵɯ ɨɛɪɚɡɰɨɜ ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɜɵɲɟ 225 °ɋ ɛɵɥɨ 
ɨɛɧɚɪɭɠɟɧɨ ɧɚɥɢɱɢɟ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɩɪɢ ɷɬɨɦ ɬɟɪɦɨɨɛɪɚɛɨɬɤɚ 
ɩɪɢ ɧɟ ɨɱɟɧɶ ɛɨɥɶɲɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɪɢɜɨɞɢɬ ɤ ɩɨɹɜɥɟɧɢɸ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɦɚɝɧɢɬɨɫɨ-
ɩɪɨɬɢɜɥɟɧɢɹ ɧɚ ɮɨɧɟ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ (ɪɢɫ 1ɛ), ɯɚɪɚɤɬɟɪɧɨɝɨ ɞɥɹ ɚɦɨɪɮɧɵɯ ɩɨɥɭɩɪɨ-
ɜɨɞɧɢɤɨɜ [1]. ɋ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɜɟɥɢɱɢɧɚ ɦɚɝɧɢɬɨɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɭɜɟɥɢɱɢɜɚɟɬɫɹ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɬɟɪɦɨɨɛɪɚɛɨɬɤɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɚɦɨɪɮɧɨɝɨ ɭɝɥɟɪɨɞɚ, ɩɨ-
ɥɭɱɟɧɧɵɯ ɦɟɬɨɞɨɦ ɢɨɧɧɨ-ɥɭɱɟɜɨɝɨ ɪɚɫɩɵɥɟɧɢɹ, ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɫɨɞɟɪɠɚɧɢɹ 
sp

2
 – ɝɢɛɪɢɞɢɡɢɪɨɜɚɧɧɨɝɨ ɝɪɚɮɢɬɨɩɨɞɨɛɧɨɝɨ ɭɝɥɟɪɨɞɚ [2], ɞɥɹ ɤɨɬɨɪɨɝɨ ɯɚɪɚɤɬɟɪɟɧ 2D
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электроперенос в условиях слабой локализации электронов проводимости [3]. 
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Рисунок. Зависимости удельного электросопротивления от температуры (а)  

и магнитосопротивления (б) тонких пленок аморфного углерода в исходном состоянии и после 
термообработки при различных температурах 

Таким образом, термообработка тонких пленок аморфного углерода, получен-
ных методом ионно-лучевого распыления, приводит к смене механизма электропро-
водности от прыжков моттовского типа с переменной длиной прыжка [2] к слабой ло-
кализации и появлению квантовых поправок к проводимости [4]. 

Работа выполнена при поддержке грантов РФФИ № 19-48-360010 р_а. 
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ɩɪɨɢɫɯɨɞɹɳɢɟ ɩɪɢ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɨɜ ɬɟɫɧɨ ɫɜɹɡɚɧɵ 
ɫ ɪɟɥɚɤɫɚɰɢɟɣ ɦɨɞɭɥɹ ɫɞɜɢɝɚ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɨɛɫɭɠɞɚɸɬɫɹ ɜ ɪɚɦɤɚɯ ɦɟɠɭɡɟɥɶɧɨɣ 
ɬɟɨɪɢɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɬɪɭɤɬɭɪɧɚɹ ɪɟɥɚɤɫɚɰɢɹ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ, ɞɟɮɟɤɬɵ, ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ 
ɨɛɴёɦ, ɦɟɠɭɡɟɥɶɧɚɹ ɬɟɨɪɢɹ. 

ɉɥɨɬɧɨɫɬɶ ɚɦɨɪɮɧɵɯ ɫɩɥɚɜɨɜ (Ⱥɋ) ɜ ɩɨɞɚɜɥɹɸɳɟɦ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɧɚ 0,3–
2% ɦɟɧɶɲɟ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ ɚɧɚɥɨɝɨɦ. ɍɩɥɨɬɧɟɧɢɟ Ⱥɋ ɬɚɤɠɟ ɩɪɨɢɫɯɨ-
ɞɢɬ ɩɪɢ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ (ɋɊ). ȼ ɯɨɞɟ ɋɊ ɨɧɨ ɫɨɫɬɚɜɥɹɟɬ 0,1–0,5% ɜ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɨɬ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɢ ɫɩɨɫɨɛɚ ɩɪɢɝɨɬɨɜɥɟɧɢɹ Ⱥɋ [1]. ɂɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɨɬ-
ɪɚɠɚɟɬ ɜɧɭɬɪɟɧɧɢɟ ɚɬɨɦɧɵɟ ɩɟɪɟɫɬɪɨɣɤɢ, ɩɪɨɢɫɯɨɞɹɳɢɟ ɜ ɧɟɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭ-
ɪɟ Ⱥɋ ɩɪɢ ɋɊ ɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. ɉɨɷɬɨɦɭ ɩɨɧɢɦɚɧɢɟ ɢɯ ɜɧɭɬɪɟɧɧɟɣ ɩɪɢɪɨɞɵ ɹɜɥɹɟɬɫɹ 
ɩɪɨɛɥɟɦɨɣ ɩɟɪɜɨɫɬɟɩɟɧɧɨɣ ɜɚɠɧɨɫɬɢ ɞɥɹ ɮɢɡɢɤɢ ɧɟɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. ȼ ɥɢ-
ɬɟɪɚɬɭɪɟ ɢɦɟɸɬɫɹ ɧɟɫɤɨɥɶɤɨ ɩɨɞɯɨɞɨɜ ɤ ɷɬɨɣ ɩɪɨɛɥɟɦɟ. Ɋɚɧɧɢɟ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɩɪɢɩɢ-
ɫɵɜɚɥɢ ɢɡɦɟɧɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɜ ɚɦɨɪɮɧɨɦ ɫɨɫɬɨɹɧɢɢ ɤ ɢɡɦɟɧɟɧɢɸ ɬɨɩɨɥɨɝɢɱɟɫɤɨɝɨ 
ɛɥɢɠɧɟɝɨ ɩɨɪɹɞɤɚ [2] ɢɥɢ ɭɦɟɧɶɲɟɧɢɸ ɫɜɨɛɨɞɧɨɝɨ ɨɛɴёɦɚ (ɨɛɥɚɫɬɢ ɩɨɧɢɠɟɧɧɨɣ ɥɨ-
ɤɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɭɩɚɤɨɜɤɢ) [3]. ȼ ɞɚɥɶɧɟɣɲɟɦ ɢɡɦɟɧɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɧɚɱɚɥɢ ɨɛɴɹɫ-
ɧɹɬɶ ɢɡɦɟɧɟɧɢɟɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɫɬɪɭɤɬɭɪɧɵɯ ɞɟɮɟɤɬɨɜ. Ʉ ɬɚɤɨɜɵɦ ɦɨɠ-
ɧɨ ɨɬɧɟɫɬɢ «ɫɜɨɛɨɞɧɵɣ ɨɛɴёɦ» (free volume) ɢ «ɞɟɮɟɤɬɵ ɬɟɱɟɧɢɹ» (flow units) [4–5]. 

ɇɟɫɦɨɬɪɹ ɧɚ ɬɨ, ɱɬɨ ɩɪɨɛɥɟɦɟ ɛɵɥɨ ɭɞɟɥɟɧɨ ɛɨɥɶɲɨɟ ɜɧɢɦɚɧɢɟ, ɩɨɥɧɨɰɟɧɧɨɝɨ ɩɨɧɢɦɚ-
ɧɢɹ ɩɪɢɪɨɞɵ ɢɡɦɟɧɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɩɪɢ ɋɊ/ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɜ ɪɚɦɤɚɯ ɢɡ ɷɬɢɯ ɩɨɞɯɨɞɨɜ 
ɞɨɫɬɢɝɧɭɬɨ ɧɟ ɛɵɥɨ. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɞɥɹ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɢɡɦɟɧɟɧɢɹ ɩɥɨɬɧɨɫɬɢ Ⱥɋ ɛɵɥɚ ɢɫɩɨɥɶ-
ɡɨɜɚɧɚ ɦɟɠɭɡɟɥɶɧɚɹ ɬɟɨɪɢɹ (ɆɌ) [6]. ɉɪɨɰɟɫɫ ɩɥɚɜɥɟɧɢɹ ɤɪɢɫɬɚɥɥɨɜ ɆɌ ɧɟɪɚɡɪɵɜɧɨ 
ɫɜɹɡɵɜɚɟɬ ɫ ɝɟɧɟɪɚɰɢɟɣ ɦɟɠɭɡɟɥɶɧɵɯ ɞɟɮɟɤɬɨɜ ɜ ɪɚɫɳɟɩɥɟɧɧɨɣ (ɝɚɧɬɟɥɶɧɨɣ) ɤɨɧɮɢɝɭ-
ɪɚɰɢɢ. ɗɬɢ ɞɟɮɟɤɬɵ ɨɫɬɚɸɬɫɹ ɭɫɬɨɣɱɢɜɵɦɢ ɨɛɴɟɤɬɚɦɢ ɤɚɤ ɠɢɞɤɨɦ, ɬɚɤ ɢ ɬɜɟɪɞɨɦ 
ɚɦɨɪɮɧɨɦ ɫɨɫɬɨɹɧɢɹɯ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɢɡɦɟɧɟɧɢɹ ɮɢɡɢɤɨ-ɯɢɦɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ Ⱥɋ ɦɨɠ-
ɧɨ ɫɜɹɡɚɬɶ ɫ ɜɚɪɢɚɰɢɹɦɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɟɮɟɤɬɨɜ ɬɢɩɚ ɦɟɠɭɡɟɥɶɧɵɯ ɝɚɧɬɟɥɟɣ ɜ ɤɪɢ-
ɫɬɚɥɥɚɯ. 

ɉɪɢ ɮɨɪɦɢɪɨɜɚɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɠɭɡɟɥɶɧɵɯ ɞɟɮɟɤɬɨɜ c  ɩɪɨɢɫɯɨɞɢɬ ɨɠɢɞɚ-
ɟɦɨɟ ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɨɛɴёɦɚ Δ / ( 1)

i
V V α c  , ɝɞɟ ΔV  – ɢɡɦɟɧɟɧɢɟ ɨɛɴёɦɚ, 

i
α – ɪɟɥɚɤɫɚɰɢɨɧɧɵɣ ɨɛɴёɦ ɦɟɠɭɡɟɥɶɧɨɝɨ ɞɟɮɟɤɬɚ. ɆɌ ɫɜɹɡɵɜɚɟɬ ɤɨɧɰɟɧɬɪɚɰɢɸ ɞɟ-
ɮɟɤɬɨɜ c  ɫ ɧɟɪɟɥɚɤɫɢɪɨɜɚɧɧɵɦ ɦɨɞɭɥɟɦ ɫɞɜɢɝɚ Ⱥɋ G  ɩɪɢ ɩɨɦɨɳɢ ɫɨɨɬɧɨɲɟɧɢɹ
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ɝɞɟ 0G ɢ G – ɦɨɞɭɥɢ ɫɞɜɢɝɚ Ⱥɋ ɞɨ (ɩɪɢ 0t  ) ɢ ɩɨɫɥɟ ɪɟɥɚɤɫɚɰɢɹ (ɜ ɬɟɱɟɧɢɟ ɜɪɟɦɟɧɢ 
t ) ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɇɢɠɧɢɣ ɢɧɞɟɤɫ «rt» ɨɛɨɡɧɚɱɚɟɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɭɸ ɮɢɡɢɱɟɫɤɭɸ ɜɟ-
ɥɢɱɢɧɭ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Ⱦɢɥɚɬɨɦɟɬɪɢɱɟɫɤɢɟ ɢɡɦɟɪɟɧɢɹ ɢ ɢɡɦɟɪɟɧɢɹ ɦɨɞɭ-
ɥɹ ɫɞɜɢɝɚ ɧɚ ɱɟɬɵɪɟɯ ɫɨɫɬɚɜɚɯ Ⱥɋ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɭɪɚɜɧɟɧɢɹ (1) ɢ (2) ɨɛɟɫɩɟɱɢɜɚɸɬ ɯɨ-
ɪɨɲɟɟ ɫɨɝɥɚɫɢɟ ɦɟɠɞɭ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɢ ɪɚɫɱɟɬɧɵɦɢ ɡɚɜɢɫɢɦɨɫɬɹɦɢ ɩɥɨɬɧɨɫɬɢ. 
Ⱥɧɚɥɢɬɢɱɟɫɤɢɟ ɫɨɨɬɧɨɲɟɧɢɹ, ɩɪɢɜɟɞɟɧɧɵɟ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ, ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ 
ɞɥɹ ɨɰɟɧɤɢ ɢɡɦɟɧɟɧɢɣ ɩɥɨɬɧɨɫɬɢ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ Ⱥɋ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ №3.1310.2017/4.6. 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɫɩɨɫɨɛɵ ɩɨɥɭɱɟɧɢɹ ɰɢɮɪɨɜɵɯ ɩɶɟɡɨɦɚɬɟɪɢɚɥɨɜ ɧɚ ɨɫɧɨɜɟ ɫɦɟɫɟɜɵɯ 
ɤɨɦɩɨɡɢɬɨɜ ɫɢɫɬɟɦɵ "ɩɶɟɡɨɤɟɪɚɦɢɤɚ-ɩɨɥɢɦɟɪ" ɢ "ɩɶɟɡɨɤɟɪɚɦɢɤɚ-ɩɨɥɢɦɟɪ-ɦɟɬɚɥɥ", 
ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɯ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɤɚɱɟɫɬɜɟ ɪɚɛɨɱɢɯ ɦɚɬɟɪɢɚɥɨɜ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ 
ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ ɩɨ ɬɟɯɧɨɥɨɝɢɢ ɩɨɫɥɨɣɧɨɝɨ ɫɤɥɟɢɜɚɧɢɹ ɩɨɪɨɲɤɨɜ. ɉɨɤɚɡɚɧɵ ɦɟɬɨɞɵ 
ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɢɯ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɞɞɢɬɢɜɧɵɟ ɬɟɯɧɨɥɨɝɢɢ, ɰɢɮɪɨɜɵɟ ɩɶɟɡɨɦɚɬɟɪɢɚɥɵ, ɫɦɟɫɟɜɵɟ 
ɤɨɦɩɨɡɢɬɵ, ɩɶɟɡɨɤɟɪɚɦɢɤɚ, ɩɨɥɢɦɟɪɵ. 

Ⱥɞɞɢɬɢɜɧɵɟ ɬɟɯɧɨɥɨɝɢɢ ɜ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɪɚɡɜɢɜɚɸɬɫɹ ɛɭɪɧɵɦɢ ɬɟɦɩɚɦɢ ɢ 
ɩɪɨɧɢɤɚɸɬ ɜ ɪɚɡɥɢɱɧɵɟ ɨɬɪɚɫɥɢ ɧɚɪɨɞɧɨɝɨ ɯɨɡɹɣɫɬɜɚ [1]. ɉɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɩɨ-
ɤɚɡɵɜɚɟɬ, ɱɬɨ ɪɹɞ ɬɟɯɧɨɥɨɝɢɣ 3D ɩɟɱɚɬɢ ɦɨɠɟɬ ɛɵɬɶ ɨɬɨɛɪɚɧ ɢ  ɚɞɚɩɬɢɪɨɜɚɧ ɞɥɹ ɩɪɨɢɡ-
ɜɨɞɫɬɜɚ ɷɥɟɦɟɧɬɨɜ ɢ ɤɨɧɫɬɪɭɤɰɢɣ ɢɡ ɚɤɬɢɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɜ ɬ.ɱ. ɢ ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ. ɂɡ-
ɝɨɬɨɜɥɟɧɢɟ ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɚɞɞɢɬɢɜɧɵɯ ɬɟɯɧɨɥɨɝɢɣ ɜ ɧɚɫɬɨɹɳɟɟ 
ɜɪɟɦɹ ɨɝɪɚɧɢɱɢɜɚɟɬɫɹ ɨɬɫɭɬɫɬɜɢɟɦ ɦɚɬɟɪɢɚɥɨɜ, ɤɨɬɨɪɵɟ ɦɨɝɥɢ ɛɵ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɜ ɤɚ-
ɱɟɫɬɜɟ ɪɚɛɨɱɢɯ. 

ȼ ɤɚɱɟɫɬɜɟ ɨɩɨɪɧɨɣ ɧɚɦɢ ɛɵɥɚ ɜɵɛɪɚɧɚ ɬɟɯɧɨɥɨɝɢɹ ɩɨɫɥɨɣɧɨɝɨ ɫɤɥɟɢɜɚɧɢɹ ɩɨ-
ɪɨɲɤɨɜ. ɋɨɝɥɚɫɧɨ ɞɚɧɧɨɣ ɬɟɯɧɨɥɨɝɢɢ, ɢɡɞɟɥɢɟ ɢɡɝɨɬɚɜɥɢɜɚɟɬɫɹ ɩɨɫɥɨɣɧɨ: ɫɧɚɱɚɥɚ ɧɚ 
ɪɚɛɨɱɢɣ ɫɬɨɥ ɧɚɧɨɫɢɬɫɹ ɫɥɨɣ ɩɨɪɨɲɤɚ, ɤɨɬɨɪɵɣ ɫɤɥɟɢɜɚɟɬɫɹ ɜ ɧɭɠɧɵɯ ɬɨɱɤɚɯ ɩɪɢ ɩɨ-
ɦɨɳɢ ɤɥɟɹ, ɤɨɬɨɪɵɣ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ, ɧɚɧɨɫɢɬɫɹ ɜ ɧɭɠɧɵɟ ɬɨɱɤɢ ɩɪɢ ɩɨɦɨɳɢ ɬɪɟɯɤɨɨɪ-
ɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ. ȿɫɥɢ ɜ ɤɚɱɟɫɬɜɟ ɩɨɪɨɲɤɚ ɢɫɩɨɥɶɡɨɜɚɬɶ ɱɚɫɬɢɰɵ 
ɩɶɟɡɨɤɟɪɚɦɢɤɢ, ɚ ɜ ɤɚɱɟɫɬɜɟ ɤɥɟɹ ɩɨɥɢɦɟɪ ɫ ɧɭɠɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɬɨ ɩɪɢ ɩɨɦɨɳɢ ɬɚ-
ɤɨɣ ɬɟɯɧɨɥɨɝɢɢ ɜɨɡɦɨɠɧɨ ɫɨɡɞɚɬɶ ɤɨɦɩɨɡɢɬɧɭɸ ɫɬɪɭɤɬɭɪɭ ɜ ɜɢɞɟ ɱɚɫɬɢɰ ɩɶɟɡɨɤɟɪɚɦɢ-
ɤɢ ɜ ɩɨɥɢɦɟɪɧɨɣ ɦɚɬɪɢɰɟ. 

Ʉɨɧɤɪɟɬɧɨ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɨɛɪɚɡɰɨɜ ɬɚɤɨɝɨ ɤɨɦɩɨɡɢɬɚ ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɞɜɭɯ-
ɤɨɦɩɨɧɟɧɬɧɵɣ ɩɨɥɢɦɟɪ, ɨɞɢɧ ɢɡ ɤɨɦɩɨɧɟɧɬɨɜ ɤɨɬɨɪɨɝɨ ɩɪɟɞɫɬɚɜɥɹɥ ɫɨɛɨɣ ɩɨɪɨɲɨɤ, 
ɞɪɭɝɨɣ ɛɵɥ ɠɢɞɤɢɦ. ȼ ɤɚɱɟɫɬɜɟ ɱɚɫɬɢɰ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɛɵɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɱɚɫɬɢɰɵ ɩɨ-
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ɪɢɫɬɨɣ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɉɄɊ-1 ɫ ɩɨɪɢɫɬɨɫɬɶɸ ɨɬ 20 ɞɨ 40%. Ɍɜɟɪɞɵɣ ɤɨɦɩɨɧɟɧɬ ɩɨɥɢ-
ɦɟɪɚ ɫɦɟɲɢɜɚɥɫɹ ɫ ɱɚɫɬɢɰɚɦɢ ɩɶɟɡɨɤɟɪɚɦɢɤɢ, ɩɨɫɥɟ ɱɟɝɨ ɧɚ ɩɨɥɭɱɟɧɧɭɸ ɫɦɟɫɶ ɧɚɧɨ-
ɫɢɥɫɹ ɠɢɞɤɢɣ ɤɨɦɩɨɧɟɧɬ. Ɇɧɨɝɨɫɥɨɣɧɵɣ ɤɨɦɩɨɡɢɬ ɧɟ ɢɦɟɥ ɩɶɟɡɨɫɜɨɣɫɬɜ. ɗɬɨ ɨɛɴɹɫɧɹ-
ɟɬɫɹ ɨɝɪɨɦɧɨɣ ɪɚɡɧɢɰɟɣ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɪɨɧɢɰɚɟɦɨɫɬɹɯ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɢ ɩɨɥɢɦɟɪɚ 
[2]. ɉɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɤɨɦɩɨɡɢɬɚ  ɩɨ ɞɚɧɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɩɨɥɢɦɟɪ ɨɛɜɨɥɚɤɢɜɚɟɬ ɱɚɫɬɢ-
ɰɵ ɤɟɪɚɦɢɤɢ ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɪɨɧɢɤɧɨɜɟɧɢɸ ɜ ɧɟɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ. 
Ʉɨɦɩɨɡɢɬ, ɫɨɫɬɨɹɳɢɣ ɢɡ ɨɞɧɨɝɨ ɫɥɨɹ ɩɶɟɡɨɤɟɪɚɦɢɤɢ, ɱɚɫɬɢɰɵ ɤɨɬɨɪɨɝɨ ɜɵɯɨɞɢɥɢ ɨɞ-
ɧɨɜɪɟɦɟɧɧɨ ɧɚ ɨɛɟ, ɫɧɚɛɠɟɧɧɵɟ ɷɥɟɤɬɪɨɞɚɦɢ ɩɨɜɟɪɯɧɨɫɬɢ ɩɶɟɡɨɷɥɟɦɟɧɬɚ, ɢɦɟɥ ɩɶɟ-
ɡɨɷɮɮɟɤɬ [3]. Ɇɚɬɟɪɢɚɥ ɨɬɥɢɱɚɥɫɹ ɬɟɦ, ɱɬɨ ɨɛɥɚɞɚɥ ɧɢɡɤɢɦɢ ɩɥɨɬɧɨɫɬɶɸ, ɞɨɛɪɨɬɧɨ-
ɫɬɶɸ ɢ ɱɚɫɬɨɬɧɨɣ ɩɨɫɬɨɹɧɧɨɣ. ȼ ɱɚɫɬɧɨɫɬɢ, ɟɝɨ ɭɞɟɥɶɧɨɟ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, 
ɨɩɪɟɞɟɥɹɟɦɨɟ ɤɚɤ ɩɪɨɢɡɜɟɞɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɧɚ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ, ɫɨɫɬɚɜɥɹɟɬ 
(9÷14)ɯ106

 ɤɝ/ɦ2ɫ.
Ʉɨɦɛɢɧɚɰɢɹ ɷɬɢɯ ɫɜɨɣɫɬɜ ɩɨɡɜɨɥɹɟɬ ɨɛɟɫɩɟɱɢɬɶ ɲɢɪɨɤɭɸ ɩɨɥɨɫɭ ɩɪɨɩɭɫɤɚɧɢɹ 

ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɚɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɜ ɲɢɪɨɤɨɩɨɥɨɫ-
ɧɵɯ ɢ ɫɜɟɪɯɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɢɡɥɭɱɚɬɟɥɹɯ ɢ ɩɪɢɟɦɧɢɤɚɯ ɭɥɶɬɪɚɡɜɭɤɚ. ɇɚɩɪɢɦɟɪ, ɲɢɪɢ-
ɧɚ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɬɚɤɨɝɨ ɷɥɟɦɟɧɬɚ ɫ ɪɟɡɨɧɚɧɫɧɨɣ ɱɚɫɬɨɬɨɣ 235 ɤȽɰ, ɧɚɝɪɭɠɟɧɧɨɝɨ 
ɧɚ ɜɨɞɭ ɛɟɡ ɫɨɝɥɚɫɭɸɳɢɯ ɫɥɨɟɜ, ɫɨɫɬɚɜɢɥɚ 96%. ɉɪɢ ɷɬɨɦ ɞɚɧɧɵɣ ɷɥɟɦɟɧɬ ɢɫɩɨɥɶɡɨ-
ɜɚɥɫɹ ɜ ɤɚɱɟɫɬɜɟ ɢɡɥɭɱɚɬɟɥɹ ɭɥɶɬɪɚɡɜɭɤɚ. ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɟɦɧɢɤɚ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɲɢɪɨ-
ɤɨɩɨɥɨɫɧɵɣ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɨɬɨɣ 5 ɆȽɰ, ɧɟ ɢɦɟɸ-
ɳɢɣ ɪɟɡɨɧɚɧɫɨɜ ɜ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ ɨɬ 50 ɞɨ 900 ɤȽɰ. Ɇɚɥɵɣ ɜɟɫ ɢ ɝɚɛɚɪɢɬɵ ɷɥɟɦɟɧɬɨɜ 
ɢɡ ɞɚɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɵ ɞɥɹ ɤɨɦɩɚɤɬɧɵɯ 
ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ, ɚ ɬɚɤɠɟ ɞɪɭɝɢɯ ɤɨɦɩɚɤɬɧɵɯ ɧɢɡɤɨɱɚɫɬɨɬɧɵɯ ɭɥɶɬɪɚ-
ɡɜɭɤɨɜɵɯ ɭɫɬɪɨɣɫɬɜ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɛɚɡɨɜɚɹ 
ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ, ɬɟɦɚ № 12.5425.2017/8.9) ɢ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ (ɊɎɎɂ № 16-58-48009-ɂɧɞ-ɨɦɢ). 
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Multilayered (In2O3/SnO2)69 thin films were obtained by ion-beam sputtering. XRD and TEM 

analysis showed that (In2O3/SnO2)69 samples are multilayered and In2O3 and SnO2 layers are 

amorphous. The results showed that the multilayered samples were thermally stable up to the heat 

treatment temperature T <400°C. An increase in the temperature of heat treatment above 400°C 
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simultaneously leads to the crystallization of the amorphous phase for all values of the bilayer 

thickness and the destruction of the layered structure at bilayer thicknesses hbl > 2.5 nm. 

Key words: multilayered heterostructures, oxide semiconductors, heat treatment, electrical 

resistivity, XRD. 

At present time, multilayered heterostructures consisting of oxide semiconductors lay-

ers attract significant and growing interest for electronics devices application [1-3], gas sen-

sors [4], etc. In most cases, such heterostructures exhibit improved or new physical properties 

and can combine the properties of two different materials. Multilayering is also a tool for reg-

ulating such structural parameters as the band gap width by influencing the structure of one 

layer on the structure of another [5,6]. 

In this paper, we presents results of research influence of thermal treatment on struc-

ture and electrical properties (In2O3/SnO2)69 multilayered heterostructures prepared by ion-

beam sputtering. The structure of the samples was studied by X-ray diffraction methods 

(XRD) on a Bruker D2 Phaser diffractometer (ȜCuKα1 = 1.54 Å). Heat treatment was provided 

in the vacuum chamber at the pressure is 10
-2

 Torr and in the temperature range 250-600 °C
within 30 minutes. 

XRD analysis showed that (In2O3/SnO2)69 samples are multilayered and In2O3 and 

SnO2 layers are amorphous (showed on figure). The results showed that the multilayered 

samples were thermally stable up to the heat treatment temperature T < 400 °C. An increase 
in the temperature of heat treatment above 400°C simultaneously leads to the crystallization 

of the amorphous phase for all values of the bilayer thickness and the destruction of the lay-

ered structure at bilayer thicknesses hbl > 2.5 nm.  

For samples with both small and large hbl, the conduction mechanism is thermally ac-

tivated, in the temperature range close to room temperature. The results of the estimation of 

the activation energy correspond to the energy levels of oxygen vacancies in single-crystal 

SnO2. 

(a)      (b) 

Figure. XRD patterns for (In2O3/SnO2)69 multilayered thin film sample 

 (bilayer thickness hbl = 2,939 nm) (original and after annealing) 

This work was supported by the Ministry of Education and Science of the Russian 

Federation as the project part of the state task (No 3.1867.2017/4.6). 
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The dissipative properties of a two-layer ferromagnetic-piezoelectric system are taking into 

account to estimate the maximum value of the longitudinal coefficient of the magnetoelectric coupling 

Keywords: longitudinal magnetoelectric effect, dissipative properties of the ferromagnet-

piezoelectric system. 

At the transition from a bulk sample to a film, as a result of the transition to another 

mathematical model — boundary problems for differential equations — the dependence of 

the magnetoelectric (ME) coefficient αE on the geometric dimensions of the system is appear-

ing. However, the restricted geometry consideration [1,2] can’t change the order of effect 
magnitude in resonance condition in the general case. If don’t consider the energy dissipation 
processes in the structure, the response of the system will be abnormally large  E

  . 

Let the two-layer structure of a ferromagnetic-piezoelectric be located in the x0y plane 

perpendicular to the polarization P  and magnetization M  vectors. The equations of motion 

of the ferromagnetic (1) and piezoelectric (2) layers with lm and lp thicknesses have the form 

 
 

 
 

 
 1 1 12 2 3

1 1 1

2 2 2
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u
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  

 


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(2) 

where 
       

, ,
j j j

x

j
G u  are the densities, shear modules, internal friction coefficients and 

components of displacement vectors 
      ,

j j j

x z
u u u  for ferromagnetic (1) and piezoelec-

tric (2) layers, respectively; φ is the electric potential of piezolayer; İzz, dzxz are the compo-

nents of the permittivity and piezoelectric modules tensors. 

Solutions of equations (1), (2) will be found in the form 
       
   

, e , 1,2;

, e ,

j j i t

x

i t

u z t g z j

z t h z









 


(3) 

where ω is the frequency of external magnetic field oscillations, applied parallel to the P , 

M  vectors. Substituting functions (3) into equations (1), (2), we obtain the equations for the 

amplitudes of the unknown functions: 
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 

 
 
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2
0, 1,2,

j
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z C
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(4) 

where                     1 2 2 21 2 221 1
// , 4 /
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G G d GC i C i          are rates propa-

gation of elastic waves in the layers. Consideration the expression for the ME coefficient 

0

,z

E

E

H
 

where z
E is the average value of the electric field strength of the structure, and, linearizing 

the denominator of the obtained expression for the coefficient of viscosity 
 j , we get ME

ratio for resonant frequencies ωi (i=0,1,2,3,…): 
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(5) 

The results, obtained by formula (5) for the nickel/PZT system, are shown in table. 

Table 

The values of the ME coefficient  max ,V/ cm Oe
E

   at natural oscillations frequencies ,MHz
i

  , 

0, 3i  of the composite at different thicknesses lp of the piezoelectric layer and thickness lm = 1 

mm of the ferromagnetic layer 

Piezolayer 

thickness 

lp, mm 

i=0 i=1 i=2 i=3 

ωi 
max

E
 ωi 

max

E
 ωi 

max

E
 ωi 

max

E


0.5 6.0621 4.418 12.1792 2.199 18.2384 1.468 24.3036 1.102 

1.0 4.5440 125.533 9.0858 62.780 13.6319 41.844 18.1715 31.391 

1.5 3.6346 18.610 7.2413 9.341 10.8919 6.210 14.5011 4.664 

It should be noted that the evaluation method 
max

E
 in the papers [1,2] is not clear,

since the parameters of the dissipative materials are absent in the corresponding formulas. 
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ɂɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɨɬɠɢɝɨɜ, ɩɪɨɜɨɞɢɦɵɯ ɩɪɢ 700 ɋ ɜ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɟ ɢ ɜ ɜɚɤɭɭɦɟ, 
ɧɚ ɦɢɤɪɨɬɜɟɪɞɨɫɬɶ ɢ ɫɬɪɭɤɬɭɪɭ ɧɚɧɨɤɨɦɩɨɡɢɬɧɵɯ ɩɨɤɪɵɬɢɣ Ni-AlZrO ɢ NiO-AlZrO.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɧɚɧɨɤɨɦɩɨɡɢɬ, ɦɢɤɪɨɬɜɟɪɞɨɫɬɶ, ɫɬɪɭɤɬɭɪɧɚɹ ɪɟɥɚɤɫɚɰɢɹ, 
ɪɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢɮɪɚɤɰɢɹ. 

ɇɚɧɨɤɨɦɩɨɡɢɬɧɵɟ ɩɨɤɪɵɬɢɹ Ni-AlZrO ɩɨɥɭɱɟɧɵ ɢɨɧɧɨ-ɥɭɱɟɜɵɦ ɪɚɫɩɵɥɟɧɢɟɦ 
ɫɨɫɬɚɜɧɵɯ ɦɢɲɟɧɟɣ ɜ ɚɬɦɨɫɮɟɪɟ ɚɪɝɨɧɚ. ȼ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ɩɨɤɪɵɬɢɹ ɩɪɟɞɫɬɚɜɥɹ-
ɸɬ ɫɨɛɨɣ ɧɚɧɨɤɨɦɩɨɡɢɬɵ: ɨɞɧɨɪɨɞɧɚɹ ɚɦɨɪɮɧɚɹ ɦɚɬɪɢɰɚ AlZrO ɫ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦɢ 
ɧɚɧɨɱɚɫɬɢɰɚɦɢ ɈɐɄ Ni. ɋɪɟɞɧɢɣ ɪɚɡɦɟɪ ɧɚɧɨɱɚɫɬɢɰ ɧɟɡɧɚɱɢɬɟɥɶɧɨ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɫ 
ɪɨɫɬɨɦ ɫɨɞɟɪɠɚɧɢɹ Ni (4-6 ɧɦ). Ɂɧɚɱɟɧɢɹ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ (ɇɤ) ɢɫɯɨɞɧɵɯ ɩɨɤɪɵɬɢɣ Ni-
AlZrO ɫɥɚɛɨ ɡɚɜɢɫɹɬ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɢɤɟɥɹ (ɢɫɫɥɟɞɨɜɚɧ ɢɧɬɟɪɜɚɥ 5-70 ɚɬ.% Ni) ɢ ɜ 
ɫɪɟɞɧɟɦ ɫɨɫɬɚɜɥɹɸɬ 1000-1200 ɟɞ. Ʉɧɭɩɚ, ɱɬɨ ɜ ɬɪɢ ɪɚɡɚ ɜɵɲɟ, ɱɟɦ ɡɧɚɱɟɧɢɹ ɇɤ ɱɢɫɬɨɝɨ 
ɚɦɨɪɮɧɨɝɨ ɩɨɤɪɵɬɢɹ AlZrO. Ɉɬɠɢɝ ɜ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɟ ɩɪɢ 700 ɋ ɩɪɢɜɨɞɢɬ ɤ ɨɤɢɫɥɟ-
ɧɢɸ ɧɢɤɟɥɟɜɵɯ ɧɚɧɨɱɚɫɬɢɰ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɚɦɨɪɮɧɨɣ ɮɚɡɵ ɜ ɞɢɨɤɫɢɞ ɰɢɪɤɨɧɢɹ 
(ZrO2), ɭɦɟɧɶɲɟɧɢɸ ɇɤ ɜ ɤɨɦɩɨɡɢɬɚɯ, ɧɚɯɨɞɹɳɢɯɫɹ ɡɚ ɩɨɪɨɝɨɦ ɩɟɪɤɨɥɹɰɢɢ, ɜ ɞɜɚ ɪɚɡɚ 
(ɪɢɫ.1) ɢ ɧɟɤɨɬɨɪɨɦɭ ɪɨɫɬɭ ɡɧɚɱɟɧɢɣ ɇɤ ɜ ɞɨɩɟɪɤɨɥɹɰɢɨɧɧɨɣ ɨɛɥɚɫɬɢ.  
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Ɋɢɫɭɧɨɤ. Ɇɢɤɪɨɬɜɟɪɞɨɫɬɶ ɩɨɤɪɵɬɢɣ Ni-AlZrO ɜ ɢɫɯɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ (○) ɢ ɩɨɫɥɟ 
ɨɬɠɢɝɚ ɩɪɢ 700 ɋ () – ɜɨɡɞɭɯ, () – ɜɚɤɭɭɦ 

Ɉɬɠɢɝ ɜ ɜɚɤɭɭɦɟ ɩɪɢ 700 °ɋ ɧɟ ɩɪɢɜɨɞɢɬ ɤ ɨɤɢɫɥɟɧɢɸ ɧɢɤɟɥɟɜɨɣ ɮɚɡɵ, ɯɨɬɹ 
ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɚɦɨɪɮɧɨɣ ɦɚɬɪɢɰɵ ɜ ɞɢɨɤɫɢɞ ɩɪɨɢɫɯɨɞɢɬ (ZrO2). ɉɪɢ ɷɬɨɦ ɢɡɦɟɧɟɧɢɹ 
ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɜ ɤɨɦɩɨɡɢɬɚɯ, ɧɚɯɨɞɹɳɢɯɫɹ ɡɚ ɩɨɪɨɝɨɦ ɩɟɪɤɨɥɹɰɢɢ, ɚɛɫɨɥɸɬɧɨ ɫɨɩɨ-
ɫɬɚɜɢɦɵ ɫ ɢɡɦɟɧɟɧɢɹɦɢ, ɩɪɨɢɫɯɨɞɹɳɢɦɢ ɩɨɫɥɟ ɨɬɠɢɝɚ ɜ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɟ.  

ɉɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɢɡɦɟɧɟɧɢɹ ɦɢɤɪɨɬɜɟɪɞɨɫɬɢ ɩɨɤɪɵɬɢɣ ɫɜɹɡɚɧɵ ɫ ɢɡɦɟɧɟɧɢ-
ɟɦ ɫɪɟɞɧɟɝɨ ɪɚɡɦɟɪɚ ɡɟɪɧɚ ɧɢɤɟɥɟɫɨɞɟɪɠɚɳɟɣ ɮɚɡɵ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɩɨɫɥɟ ɨɬɠɢɝɚ ɜ ɜɚ-
ɤɭɭɦɟ ɪɚɡɦɟɪ ɧɚɧɨɝɪɚɧɭɥ Ni ɭɜɟɥɢɱɢɥɫɹ (10-30 ɧɦ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɥɢɱɟɫɬɜɚ Ni). 
ɉɨɫɥɟ ɨɬɠɢɝɚ ɩɨɤɪɵɬɢɣ ɧɚ ɜɨɡɞɭɯɟ ɪɚɡɦɟɪ ɝɪɚɧɭɥ NiO ɬɚɤɠɟ ɜɵɪɨɫ ɢ ɫɨɫɬɚɜɢɥ 10-30 

ɧɦ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɨɫɬɚɜɚ. ɋɧɢɠɟɧɢɟ ɡɧɚɱɟɧɢɣ ɇɤ ɡɚ ɩɨɪɨɝɨɦ ɩɟɪɤɨɥɹɰɢɢ (ɤɨɝɞɚ ɮɚ-
ɡɚ ɧɢɤɟɥɹ ɫɬɚɧɨɜɢɬɶɫɹ ɧɟɩɪɟɪɵɜɧɨɣ) ɦɨɠɟɬ ɹɜɥɹɬɶɫɹ ɩɪɨɹɜɥɟɧɢɟɦ ɷɦɩɢɪɢɱɟɫɤɨɝɨ ɡɚɤɨ-
ɧɚ ɏɨɥɥɚ-ɉɟɬɱɚ ɞɥɹ ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ. Ɋɨɫɬ Hk ɞɨ ɩɨɪɨɝɚ ɩɟɪɤɨɥɹɰɢɢ ɫɜɹɡɚɧ ɫ ɢɡɦɟɧɟɧɢ-
ɟɦ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ – ɩɨɹɜɥɟɧɢɟɦ ɝɪɚɧɭɥ ɢɡ ɛɨɥɟɟ ɬɜɟɪɞɨɝɨ ɦɚɬɟɪɢɚɥɚ NiO ɩɨ ɫɪɚɜɧɟ-
ɧɢɸ ɫ ɱɢɫɬɵɦ ɧɢɤɟɥɟɦ.  
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ɍȾɄ 53.092 

ɊȿɅȺɄɋȺɐɂɈɇɇɕȿ ɗɎɎȿɄɌɕ ȼ Cd3As2+44.7 ɦɨɥ.% MnAs 

ɉɊɂ ȼɕɋɈɄɂɏ ȾȺȼɅȿɇɂəɏ 

Ʌ.Ⱥ. ɋɚɣɩɭɥɚɟɜɚ1, Ɇ. Ɇ.Ƚɚɞɠɢɚɥɢɟɜ2, Ⱥ.Ƚ. Ⱥɥɢɛɟɤɨɜ3
 

1Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, luizasa11@mail.ru 
2Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, maggadji@rambler.ru 

3Ⱥɫɩɢɪɚɧɬ, a.abdulabek@gmail.com 

ɎȽȻɍɇ ɂɧɫɬɢɬɭɬ ɮɢɡɢɤɢ ɢɦ. ɏ.ɂ. Ⱥɦɢɪɯɚɧɨɜɚ Ⱦɚɝɇɐ ɊȺɇ, Ɇɚɯɚɱɤɚɥɚ, Ɋɨɫɫɢɹ 

ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɬɟɪɦɨɷɞɫ ɨɬ 
ɞɚɜɥɟɧɢɹ ɜ ɤɨɦɩɨɡɢɬɟ Cd3As2+MnAs (MnAs – 44.7%).  ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɢɧɬɟɪɜɚɥɟ 30-33 Ƚɉɚ 
ɧɚɛɥɸɞɚɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɬɟɪɦɨɷɞɫ, 
ɫɜɹɡɚɧɧɨɟ ɫ ɜɨɡɦɨɠɧɵɦ ɫɬɪɭɤɬɭɪɧɵɦ ɢɥɢ ɷɥɟɤɬɪɨɧɧɵɦ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɚɜɥɟɧɢɟ, ɬɟɪɦɨɷɞɫ, ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɮɚɡɨɜɵɣ ɩɟɪɟɯɨɞ. 

ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɢɡɦɟɪɟɧɧɚɹ ɜ ɨɛɥɚ-
ɫɬɢ ɞɚɜɥɟɧɢɣ ɨɬ 15 Ƚɉɚ ɞɨ 50 Ƚɉɚ.  ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɞɚɜɥɟɧɢɹ ɨɬ 15 ɞɨ 24 Ƚɉɚ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟ ɪɟɡɤɨ ɩɚɞɚɟɬ. ɇɚɱɢɧɚɹ ɫ Ɋ 33 Ƚɉɚ, ɨɧɨ ɦɟɧɹɟɬɫɹ ɨɱɟɧɶ ɦɟɞɥɟɧɧɨ. ȿɫɥɢ 
ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɩɪɢ ɚɬɦɨɫɮɟɪɧɨɦ ɞɚɜɥɟɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɜ 
ɨɫɧɨɜɧɨɦ ɨɩɪɟɞɟɥɹɸɬɫɹ ɩɨɜɟɞɟɧɢɟɦ ɧɚɧɨɤɥɚɫɬɟɪɨɜ MnAs, ɤɚɤ ɢ ɜ ɫɥɭɱɚɟ ɤɨɦɩɨɡɢɬɚ 
Cd3As2 + MnAs (52.7 ɦɚɫ. % MnAs), ɬɨ ɜ ɭɫɥɨɜɢɹɯ ɜɵɫɨɤɢɯ ɞɚɜɥɟɧɢɣ ɡɧɚɱɢɬɟɥɶɧɭɸ 
ɪɨɥɶ ɬɚɤɠɟ ɦɨɝɭɬ ɢɝɪɚɬɶ ɢ ɢɡɦɟɧɟɧɢɟ ɪɚɫɫɬɨɹɧɢɣ ɦɟɠɞɭ ɝɪɚɧɭɥɚɦɢ, ɢ ɜɨɡɦɨɠɧɵɟ ɩɪɨ-
ɹɜɥɟɧɢɹ ɨɫɨɛɟɧɧɨɫɬɟɣ ɫɬɪɭɤɬɭɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɫɜɨɣɫɬɜ ɦɚɬɪɢɰɵ ɤɨɦɩɨɡɢɬɚ. 
ɇɚɛɥɸɞɚɟɦɨɟ ɩɨɜɟɞɟɧɢɟ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢɫɫɥɟɞɭɟɦɨɝɨ ɧɚɦɢ ɦɚɬɟɪɢɚɥɚ ɫ 
ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɨɬ 15 Ƚɉɚ ɞɨ 50 Ƚɉɚ ɫɜɹɡɚɧɨ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɫ ɢɡɦɟɧɟɧɢɹɦɢ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɵ Cd3As2, ɟɫɥɢ ɩɪɢɧɹɬɶ ɜɨ ɜɧɢɦɚɧɢɟ 
ɭɫɬɨɣɱɢɜɨɫɬɶ ɦɨɧɨɤɥɢɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ Cd3As2 ɜɩɥɨɬɶ ɞɨ 50 GPa [1]. ɉɪɨɜɟ-
ɞɟɧɧɵɣ ɚɧɚɥɢɡ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɞɚɜɥɟɧɢɹ ɩɨɡ-
ɜɨɥɢɥ ɭɫɬɚɧɨɜɢɬɶ, ɱɬɨ ɜ ɢɧɬɟɪɜɚɥɟ 30-33 Ƚɉɚ ɧɚɛɥɸɞɚɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɭɜɟɥɢɱɟɧɢɟ 
ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɫɜɹɡɚɧɧɨɟ ɫ ɜɨɡɦɨɠɧɵɦ ɫɬɪɭɤɬɭɪɧɵɦ ɢɥɢ 
ɷɥɟɤɬɪɨɧɧɵɦ ɮɚɡɨɜɵɦ ɩɟɪɟɯɨɞɨɦ. ɉɪɢ ɨɰɟɧɤɟ ɜɪɟɦɟɧ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟ-
ɧɢɹ ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɧɚɛɥɸɞɚɥɢ ɫɥɟɞɭɸɳɭɸ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɡɧɚɱɟ-
ɧɢɹɯ ɩɨɫɬɟɩɟɧɧɨ ɭɜɟɥɢɱɢɜɚɸɳɟɝɨɫɹ ɞɚɜɥɟɧɢɹ ɡɚɜɢɫɢɦɨɫɬɶ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ 
ɜɪɟɦɟɧɢ ɚɩɩɪɨɤɫɢɦɢɪɭɟɬɫɹ ɞɜɨɣɧɨɣ ɷɤɫɩɨɧɟɧɬɨɣ R(t)=A1e

-t/t
1+A2e

-t/t
2.

ɇɚ ɪɢɫ.2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɞɜɭɯ, ɫɥɟɞɭɸɳɢɯ ɨɞɢɧ ɡɚ ɞɪɭɝɢɦ, ɧɚ ɨɞɧɨɦ ɢ 
ɬɨɦ ɠɟ ɨɛɪɚɡɰɟ, ɢɡɦɟɪɟɧɢɣ ɬɟɪɦɨɷɞɫ ɞɥɹ ɦɚɬɟɪɢɚɥɚ Cd3As2+MnAs (MnAs–44.7%).  

Ɋɢɫ. 1. Ȼɚɪɢɱɟɫɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ 

mailto:luizasa11@mail.ru
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Ɋɢɫ. 2. Ɂɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ Ɂɟɟɛɟɤɚ ɞɥɹ ɤɨɦɩɨɡɢɬɚ (Cd3As2)0.653(MnAs)0.44: 

 ɚ, ɛ – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 1-ɣ 2-ɣ ɰɢɤɥɵ ɢɡɦɟɪɟɧɢɣ 

ɇɚ ɜɫɟɯ ɝɪɚɮɢɤɚɯ ɜ ɨɤɪɟɫɬɧɨɫɬɢ Ɋ 33 Ƚɉɚ ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ ɨɫɨɛɟɧɧɨɫɬɢ ɜ ɜɢ-
ɞɟ ɬɨɱɟɤ ɩɟɪɟɝɢɛɚ. ȼ ɨɛɥɚɫɬɢ ɭɤɚɡɚɧɧɵɯ ɞɚɜɥɟɧɢɣ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɡɚɦɟɬɧɵɟ ɪɟɥɚɤɫɚ-
ɰɢɨɧɧɵɟ ɷɮɮɟɤɬɵ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɩɪɨɰɟɫɫɨɜ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ.  

Ɋɢɫ. 3. Ȼɚɪɢɱɟɫɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ 
tmin=min{t1,t2}, ɨɰɟɧɟɧɧɨɝɨ ɢɡ ɡɚɜɢɫɢɦɨɫɬɟɣ ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɜɪɟɦɟɧɢ R(t)=A1e

-

t/t
1+A2e

-t/t
2 (1), ɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɬɟɪɦɨɷɞɫ t0, ɨɰɟɧɟɧɧɨɝɨ ɢɡ ɡɚɜɢɫɢɦɨɫɬɟɣ ɬɟɪɦɨɷɞɫ

ɨɬ ɜɪɟɦɟɧɢ S(t)=Ae
-t/t

0(2)

Ʌɢɬɟɪɚɬɭɪɚ 

1. Lanpo He. Pressureinduced superconductivity in the three-dimensional topological Di-

rac semimetal Cd3As2/ YatingJia, Sijia Zhang, Xiaochen Hong, ChangqingJin and Shiyan Li//  npj 

Quantum Materials.-2016.- 1.- p. 16014.  
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VI. ɊȺɁɇɈȿ

ɍȾɄ 537.9 

ȼɅɂəɇɂȿ ɊȿɀɂɆȺ ɌȿɊɆɈɈȻɊȺȻɈɌɄɂ  ɇȺ ɗɅȿɄɌɊɈɎɂɁɂɑȿɋɄɂȿ 
ɋȼɈɃɋɌȼȺ ɉɅȿɇɈɄ CuO, ɉɊɂȽɈɌɈȼɅȿɇɇɕɏ ɁɈɅɖ-ȽȿɅɖ ɆȿɌɈȾɈɆ 

Ⱦ.ɋ. ɉɟɪɦɹɤɨɜ1, ɋ.ɂ. Ɋɟɦɛɟɡɚ2, Ɍ.Ƚ. Ɇɟɧɶɲɢɤɨɜɚ3 

1Ɇɚɝɢɫɬɪ, Dima.P.S@yandex.ru 
2Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, rembeza@yandex.ru 

3Ⱦɨɰ. ɤɚɧɞɢɞɚɬ, ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, menshikova.vrn@mail.ru 

ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɫɬɚɬɶɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜɥɢɹɧɢɟ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 400 ɢ 
500˚ɋ. ɧɚ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɩɥɟɧɨɤ CuO, ɩɪɢɝɨɬɨɜɥɟɧɧɵɯ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ ɧɚ 
ɨɫɧɨɜɟ ɢɡɨɩɪɨɩɢɥɨɜɨɝɨ ɫɩɢɪɬɚ, ɚɰɟɬɚɬɚ ɦɟɞɢ ɢ ɞɢɷɬɢɥɚɦɢɧɚ. Ɍɨɥɳɢɧɚ ɩɥɟɧɨɤ ɫɨɫɬɚɜɢɥɚ 440 
ɧɦ. Ɉɩɪɟɞɟɥɟɧɵ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ, ɷɥɟɤɬɪɨɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɬɢɩ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɨɩɬɢɱɟɫɤɢɟ 
ɫɜɨɣɫɬɜɚ ɩɥɟɧɨɤ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɨɤɫɢɞ ɦɟɞɢ, ɡɨɥɶ-ɝɟɥɶ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ, ɪɟɧɬɟɝɧɨɮɚɡɨɜɵɣ ɚɧɚɥɢɡ, 
ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɨɬɠɢɝ, ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ. 

CuO – ɧɟɬɨɤɫɢɱɧɵɣ ɩɪɹɦɨɡɨɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɦɚɬɟɪɢɚɥ ɫ ɩɪɨɜɨɞɢɦɨ-
ɫɬɶɸ p-ɬɢɩɚ, ɜɵɫɨɤɢɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɩɨɝɥɨɳɟɧɢɹ ɞɥɹ ɜɢɞɢɦɨɝɨ ɫɜɟɬɚ ɢ ɲɢɪɢɧɨɣ ɡɚ-
ɩɪɟɳɟɧɧɨɣ ɡɨɧɵ 1,4-2,9 ɷȼ[1]. ɋɜɨɣɫɬɜɚ ɨɱɟɧɶ ɫɢɥɶɧɨ ɡɚɜɢɫɹɬ ɨɬ ɦɟɬɨɞɢɤɢ ɩɨɥɭɱɟɧɢɹ. 
Ɉɤɫɢɞ ɦɟɞɢ ɨɛɥɚɞɚɟɬ ɦɨɧɨɤɥɢɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɨɣ[3]. ɉɥɟɧɤɭ CuO ɦɨɠɧɨ 
ɩɨɥɭɱɢɬɶ ɬɚɤɢɦɢ ɦɟɬɨɞɚɦɢ ɤɚɤ ɩɢɪɨɥɢɡ[2], ɡɨɥɶ-ɝɟɥɶ[3], ɬɟɪɦɢɱɟɫɤɢɣ ɨɬɠɢɝ[4], ɦɟɬɨ-
ɞɨɦ ɯɢɦɢɱɟɫɤɨɣ ɜɚɧɧɵ[5] ɢ ɬ.ɞ. ɗɬɨɬ ɦɚɬɟɪɢɚɥ ɦɨɠɟɬ ɩɪɢɦɟɧɹɬɶɫɹ ɜ ɫɨɥɧɟɱɧɨɣ ɷɧɟɪɝɟ-
ɬɢɤɟ, ɝɚɡɨɜɵɯ ɞɚɬɱɢɤɚɯ, ɮɨɬɨɤɚɬɚɥɢɬɢɱɟɫɤɢɯ ɪɚɫɳɟɩɢɬɟɥɹɯ ɜɨɞɵ[1] ɢ ɞɪɭɝɢɯ ɩɨɥɭɩɪɨ-
ɜɨɞɧɢɤɨɜɵɯ ɩɪɢɛɨɪɚɯ ɢ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜɚɯ. 

ɉɥɟɧɤɚ CuO ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ ɧɚ ɨɫɧɨɜɟ ɢɡɨɩɪɨɩɢɥɨɜɨɝɨ ɫɩɢɪ-
ɬɚ, ɚɰɟɬɚɬɚ ɦɟɞɢ ɢ ɞɢɷɬɢɥɚɦɢɧɚ. Ɉɛɪɚɡɰɵ ɫ ɩɥɟɧɤɨɣ ɨɬɠɢɝɚɥɢɫɶ ɝɪɭɩɩɚɦɢ ɜ ɤɜɚɡɢɡɚ-
ɦɤɧɭɬɨɦ ɨɛɴɟɦɟ ɩɪɢ 400 ɢ 500 ɨɋ. ɋɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɪɚɡɰɨɜ ɤɨɧɬɪɨɥɢɪɨɜɚɥɨɫɶ ɩɪɢ ɩɨ-
ɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɫ ɩɨɦɨɳɶɸ ɩɢɲɭɳɟɝɨ ɦɭɥɶɬɢɦɟɬɪɚ, ɩɪɢ 500 ɨɋ ɫɨɩɪɨɬɢɜɥɟɧɢɟ
ɩɥɟɧɤɢ ɫɬɚɛɢɥɢɡɢɪɨɜɚɥɨɫɶ ɛɵɫɬɪɟɟ ɱɟɦ ɩɪɢ 400 ɨɋ. Ɋɟɡɭɥɶɬɚɬɵ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ.

Ɋɢɫɭɧɨɤ. Ɉɬɧɨɫɢɬɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɥɟɧɤɢ CuO ɨɬ ɜɪɟɦɟɧɢ ɩɪɢ 400 ɢ 500˚ɋ 

Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɮɚɡɨɜɨɝɨ ɫɨɫɬɚɜɚ ɩɥɟɧɨɤ ɛɵɥɚ ɜɵɩɨɥɧɟɧɚ ɪɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢ-
ɮɪɚɤɰɢɹ. Ɋɟɧɬɝɟɧɨɜɫɤɚɹ ɞɢɮɪɚɤɰɢɹ ɩɨɞɬɜɟɪɞɢɥɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɩɥɟɧɤɢ CuO. Ɇɨɠɧɨ 
ɫɤɚɡɚɬɶ, ɱɬɨ ɩɥɟɧɤɚ ɩɨɥɭɱɟɧɧɚɹ ɩɪɢ 250 ɨɋ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɤɪɢɫɬɚɥɥɢɡɨɜɚɧɚ, ɬɚɤ ɤɚɤ ɧɚ
ɧɟɣ ɧɚɛɥɸɞɚɟɬɫɹ ɟɞɢɧɫɬɜɟɧɧɵɣ ɪɟɮɥɟɤɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ CuO (1,1,0) 31,7˚. ȼ ɪɟɡɭɥɶ-
ɬɚɬɟ ɨɞɧɨɱɚɫɨɜɨɝɨ ɨɬɠɢɝɚ ɩɥɟɧɨɤ ɩɪɢ 400 ɢ 500 ɨɋ ɩɪɨɢɫɯɨɞɢɬ ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɢ ɩɪɨ-
ɹɜɥɹɸɬɫɹ ɪɟɮɥɟɤɫɵ: (1,1,0) 31,7˚, (-1,1,1) 35,5˚, (1,1,1) 38,8˚, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ CuO. 
Ɍɨɥɳɢɧɚ ɩɥɟɧɨɤ ɫɨɫɬɚɜɢɥɚ 440 ɧɦ. ɍɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɚɪɶɢɪɭɟɬɫɹ ɨɬ 350 ɧɚ 
ɧɟɨɬɨɠɠɟɧɧɵɯ ɨɛɪɚɡɰɚɯ ɞɨ 20 Ɉɦ∙ɫɦ ɧɚ ɨɬɨɠɠɟɧɧɵɯ ɨɛɪɚɡɰɚɯ. Ɉɩɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ 
ɩɨɤɚɡɚɥɢ ɩɪɨɡɪɚɱɧɨɫɬɶ ɨɤɨɥɨ 45% ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢɹ 4∙105

 1/ɫɦ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ
300 ɞɨ 1100 ɧɦ ɢ ɲɢɪɢɧɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ 2,65 ɷȼ. Ɇɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɨɬɠɢɝ 
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ɭɥɭɱɲɚɟɬ ɩɚɪɚɦɟɬɪɵ ɩɥɟɧɨɤ CuO. ɋɨɜɨɤɭɩɧɨɫɬɶ ɨɩɬɢɱɟɫɤɢɯ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬ-
ɪɨɜ ɝɨɜɨɪɢɬ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɩɥɟɧɤɢ CuO ɜ ɫɨɥɧɟɱɧɨɣ ɷɧɟɪɝɟɬɢɤɟ, ɜ ɤɚɱɟ-
ɫɬɜɟ ɷɮɮɟɤɬɢɜɧɨɝɨ ɩɨɝɥɨɳɚɸɳɟɝɨ ɫɥɨɹ. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɋɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɜɥɢɹɧɢɹ ɩɪɢɦɟɫɢ ɚɥɸɦɢɧɢɹ ɧɚ ɩɪɨɰɟɫɫɵ ɤɪɢɫɬɚɥɥɢɡɚ-
ɰɢɢ ɩɥɟɧɨɤ, ɩɨɥɭɱɟɧɧɵɯ ɡɨɥɶ-ɝɟɥɶ ɢ ɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ, ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ, ɩɨɜɟɪɯɧɨɫɬɧɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ.  

ɗɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ ZnO ɧɚɩɪɹɦɭɸ ɫɜɹɡɚɧɚ ɫ ɱɢɫɥɨɦ ɫɜɨɛɨɞɧɵɯ ɷɥɟɤɬɪɨɧɨɜ. 
ɗɥɟɤɬɪɨɧɵ, ɨɛɪɚɡɭɸɳɢɟɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɢɨɧɢɡɚɰɢɢ ɦɟɠɞɨɭɡɟɥɶɧɨɝɨ ɚɬɨɦɚ ɰɢɧɤɚ ɢ ɤɢɫ-
ɥɨɪɨɞɧɵɯ ɜɚɤɚɧɫɢɣ, ɜɥɢɹɸɬ ɧɚ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ ɤɪɢɫɬɚɥɥɨɜ ZnO [1]. ZnO ɨɛɵɱɧɨ 
ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɩɪɨɜɨɞɢɦɨɫɬɶ n-ɬɢɩɚ, ɝɞɟ ɞɨɩɚɧɬɵ ɜɧɨɫɹɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɜɤɥɚɞ ɫɨɡɞɚ-
ɜɚɹ ɢɡɛɵɬɨɤ ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ.  ɍɩɪɨɳɟɧɧɚɹ ɫɯɟɦɚ ɡɚɦɟɳɟɧɢɹ ɢɨɧɚ Zn2+

ɧɚ ɢɨɧ Al3+ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫ. 1ɚ, 1ɛ.

      ɚ)                                                                 ɛ) 
Ɋɢɫ. 1. ȼɨɡɦɨɠɧɵɟ ɦɟɫɬɚ ɜɧɟɞɪɟɧɢɹ ɢɨɧɨɜ Al3 + ɜ ɪɟɲɟɬɤɭ ɰɢɧɤɢɬɚ: ɚ – ɡɚɦɟɳɟɧɢɟ ɢɨɧɚ Zn2 +

 ɜ 
ɭɡɥɟ ɪɟɲёɬɤɢ ɧɚ ɢɨɧ Al3 +

; ɛ – ɢɨɧ Al ɡɚɧɢɦɚɟɬ ɫɨɫɟɞɧɢɟ ɢɥɢ ɩɪɨɤɫɢɦɚɥɶɧɵɟ ɭɡɥɵ ɪɟɲɟɬɤɢ 

ɋɥɢɲɤɨɦ ɜɵɫɨɤɚɹ ɤɨɧɰɟɧɬɪɚɰɢɹ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɬɨɦɭ, ɱɬɨ ɢɨɧɵ ɞɨɩɚɧɬɚ ɛɭ-
ɞɭɬ ɡɚɧɢɦɚɬɶ ɫɨɫɟɞɧɢɟ ɢɥɢ ɩɪɨɤɫɢɦɚɥɶɧɵɟ ɭɡɥɵ ɪɟɲɟɬɤɢ, ɤɚɤ ɧɚ 
ɪɢɫ. 1 ɛ ɜɵɡɵɜɚɹ ɢɨɧɧɵɟ ɜɚɤɚɧɫɢɢ, ɩɪɢɜɨɞɹ ɤ ɧɟɣɬɪɚɥɶɧɨɦɭ ɞɟɮɟɤɬɭ, ɤɨɬɨɪɵɣ ɧɟ ɜɧɨ-
ɫɢɬ ɜɤɥɚɞ ɜ ɩɪɨɜɨɞɢɦɨɫɬɶ. ɉɪɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɦ ɨɬɠɢɝɟ ɫɧɢɠɚɟɬɫɹ ɪɚɫɬɜɨɪɢɦɨɫɬɶ 
Al ɜ ZnO [2]. 
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Ⱦɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɛɵɥɢ ɨɬɨɛɪɚɧɵ, ɪɚɧɟɟ ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɡɨɥɶ-ɝɟɥɶ ɦɟɬɨɞɨɦ ɨɛ-
ɪɚɡɰɵ ɩɥɟɧɨɤ, ɩɪɨɲɟɞɲɢɟ ɨɬɠɢɝ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 550 ºɋ 30 ɦɢɧɭɬ. Ɂɚɬɟɦ ɛɵɥ ɩɪɨɜɟɞɟɧ 
ɩɨɜɬɨɪɧɵɣ ɨɬɠɢɝ ɩɪɢ 550 ºɋ ɫ ɡɚɝɪɭɡɤɨɣ ɩɥɚɫɬɢɧ ɜ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɪɚɡɨɝɪɟɬɭɸ ɩɟɱɤɭ ɢ 
ɜɵɞɟɪɠɤɟ 60 ɦɢɧɭɬ. ɉɨɜɟɪɯɧɨɫɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɪɚɡɰɨɜ ɛɵɥɨ ɢɡɦɟɪɟɧɨ ɱɟɬɵɪɟɯ-
ɡɨɧɞɨɜɵɦ ɦɟɬɨɞɨɦ. Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɩɪɟɞɫɬɚɜɥɟɧɵ  ɜ ɬɚɛɥ. 1. 

Ɍɚɛɥɢɰɚ 

ɉɨɜɟɪɯɧɨɫɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɪɚɡɰɨɜ ɫ ɪɚɡɥɢɱɧɵɦ ɜɪɟɦɟɧɟɦ ɨɬɠɢɝɚ 

Ɉɛɪɚɡɟɰ 

% 

8U 

0,5 % 

5A 

0,75 % 

4T 

1 % 

ȼɪɟɦɹ 

ɨɬɠɢɝɚ, 
ɦɢɧ 

ɋɨɩɪɨɬɢɜɥɟɧɢɟ 
ɆɈɦ 

4,88 3,353 0,686 30 

9,06 4,86 2,688 60 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɨɛɨɢɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɫɬɪɨɟɧ ɝɪɚɮɢɤ (ɪɢɫ. 2). 

Ɋɢɫ. 2. Ƚɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɥɟɧɨɤ ɨɤɫɢɞɚ ɰɢɧɤɚ 
ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɥɢɝɚɬɭɪɵ ɢ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ 

ɂɡ ɩɪɢɜɟɞɟɧɧɨɣ ɬɚɛɥ. 1 ɢ ɝɪɚɮɢɤɨɜ ɪɢɫ. 2 ɜɢɞɧɨ, ɱɬɨ ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɫ ɭɜɟɥɢɱɟ-
ɧɢɟɦ ɥɟɝɢɪɭɸɳɟɣ ɩɪɢɦɟɫɢ ɚɥɸɦɢɧɢɹ ɪɚɫɬɟɬ, ɩɨɷɬɨɦɭ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɪɚɡɰɨɜ ɫɧɢɠɚ-
ɟɬɫɹ. ɍɜɟɥɢɱɟɧɢɟ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ ɩɪɢɜɟɥɨ ɤ ɭɜɟɥɢɱɟɧɢɸ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɪɚɡɰɨɜ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Lee J. -H. Electrical and op-tical properties of ZnO transparent conducting films by the sol-

gel method./ J. –H. Lee, K. –H. Ko, and B.-O. Park // Journal of Crystal Growth. – 2003. – V. 247. – 

№ 1 – 2. – P.119 – 125. 

2. Serier H. Al-doped ZnO powdered materials: Al solubility limit and IR absorption proper-

ties / H. Serier, M. Gaudon, and M. Mntrier // Solid State Sciences. – 2009. – V. 11. -№ 7. – P. 1192 – 

1197, 2009. 

ɍȾɄ 538.975 

ȼɅɂəɇɂȿ ɂɁɈɌȿɊɆɂɑȿɋɄɈȽɈ ɈɌɀɂȽȺ ɇȺ ɉȺɊȺɆȿɌɊɕ 
ɆȿɌȺɅɅɈɈɄɋɂȾɇɈɃ ɉɅȿɇɄɂ, ɂɁȽɈɌɈȼɅȿɇɇɈɃ ɋɉɊȿɃ–ɉɂɊɈɅɂɁɈɆ 

ȼ.ȿ. ɉɨɥɤɨɜɧɢɤɨɜ1, ɋ.ɂ. Ɋɟɦɛɟɡɚ2 

1Ɇɚɝɢɫɬɪ, polkovnikov.vova.net@yandex.ru 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɦɟɬɚɥɥɨɨɤɫɢɞɧɨɣ ɩɥɟɧɤɢ ɨɤɫɢɞ 
ɦɟɞɢ (II) ɦɟɬɨɞɨɦ ɫɩɪɟɣ–ɩɢɪɨɥɢɡɚ. Ɋɚɫɫɦɨɬɪɟɧ ɧɚ ɩɪɢɦɟɪɟ ɩɨɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ ɨɤɫɢɞ ɦɟɞɢ (II) 
ɩɪɨɰɟɫɫ ɢɡɦɟɧɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ. 
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Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɩɪɟɣ–ɩɢɪɨɥɢɡ, ɦɟɬɚɥɥɨɨɤɫɢɞɧɵɟ ɩɥɟɧɤɢ, ɨɤɫɢɞ ɦɟɞɢ (II), 
ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ. 

ɉɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɩɥɟɧɤɢ ɨɤɫɢɞɚ ɦɟɞɢ (II) p-ɬɢɩɚ [1] ɢɦɟɟɬ ɜɵɞɚɸɳɢɟɫɹ ɝɚɡɨ-
ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ, ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɢɟ ɢ ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ, ɞɚɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨ-
ɜɵɣ ɦɚɬɟɪɢɚɥ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɪɚɡɥɢɱɧɵɦɢ ɦɟɬɨɞɚɦɢ: ɡɨɥɶ-ɝɟɥɶ, ɬɟɪɦɨɜɚɤɭɭɦɧɨɟ 
ɧɚɩɵɥɟɧɢɟ, ȼɑ-ɦɚɝɧɟɬɪɨɧɧɨɟ ɪɚɫɩɵɥɟɧɢɟ ɢ ɞɪ. ɋɩɪɟɣ-ɩɢɪɨɥɢɡ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ 
ɋuO ɫ ɧɟɛɨɥɶɲɨɣ ɲɢɪɢɧɨɣ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɞɥɹ ɷɬɨɝɨ ɦɚɬɟɪɢɚɥɚ 1,3 – 1,7 ɷȼ[2]. 

Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɩɥɟɧɤɢ CuO p-ɬɢɩɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɛɵɥ ɩɪɢɝɨɬɨɜɥɟɧ ɪɚɫɬɜɨɪ ɢɡ 
CuCl2 ⋅ 2H2O ɨɛɴɟɦɨɦ 200ɦɥ, ɜ ɤɚɱɟɫɬɜɟ ɪɚɫɬɜɨɪɢɬɟɥɹ ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɢɫɬɢɥɥɢɪɨ-
ɜɚɧɧɚɹ ɜɨɞɚ. Ⱦɚɧɧɵɣ ɪɚɫɬɜɨɪ ɢɦɟɥ ɦɨɥɹɪɧɨɟ ɫɨɞɟɪɠɚɧɢɟ ɦɟɞɢ 0,1 ɦɨɥɶ/ɥ ɩɟɪɟɦɟɲɢɜɚ-
ɹɫɶ ɫ ɩɨɦɨɳɶɸ ɦɚɝɧɢɬɧɨɣ ɦɟɲɚɥɤɢ ɜ ɬɟɱɟɧɢɟ 10 ɦɢɧɭɬ. 

ɉɨɥɭɱɟɧɧɵɣ ɪɚɫɬɜɨɪ ɧɚɧɨɫɢɥɫɹ ɧɚ ɧɚɝɪɟɬɭɸ ɞɨ 300 
ɨɋ ɩɨɞɥɨɠɤɭ. ɉɚɪɚɦɟɬɪɵ

ɧɚɧɟɫɟɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ ɫɥɟɞɭɸɳɢɟ: ɞɚɜɥɟɧɢɟ ɤɨɦɩɪɟɫɫɨɪɚ 1,5 ɛɚɪ, ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɢɫ-
ɬɨɱɧɢɤɚ ɚɷɪɨɡɨɥɹ (ɚɷɪɨɝɪɚɮɚ) 80 ɫɦ, ɪɚɫɯɨɞ ɪɚɫɬɜɨɪɚ ɜ ɦɢɧɭɬɭ 7 ɦɥ/ɦɢɧ. Ⱦɥɹ ɩɨɞɞɟɪ-
ɠɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɪɟɠɢɦɚ ɩɪɨɰɟɫɫɚ ɱɟɪɟɡ ɤɚɠɞɵɟ 6 ɦɢɧɭɬ ɜɵɞɟɪɠɢɜɚɥɚɫɶ ɩɚɭɡɚ 
ɞɥɢɬɟɥɶɧɨɫɬɶɸ 4 ɦɢɧɭɬɵ.  

ɋɪɚɡɭ ɩɨɫɥɟ ɧɚɧɟɫɟɧɢɹ ɩɥɟɧɤɚ ɛɵɥɚ ɧɟɞɨɫɬɚɬɨɱɧɨ ɤɪɢɫɬɚɥɥɢɡɨɜɚɧɧɨɣ, ɨ ɱɟɦ 
ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɜɵɫɨɤɨɟ ɩɨɜɟɪɯɧɨɫɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 1,8 ɨ-
ɮɚɡɨɜɨɝɨ ɚɧɚɥɢɡɚ ɧɚ ɪɢɫ.1,2. 
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Ɋɢɫ.1 Ɋɟɧɬɝɟɧɨɮɚɡɨɜɵɣ ɚɧɚɥɢɡ ɨɤɫɢɞɚ ɦɟɞɢ (II) ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ 520 ɨɋ 

Ɋɢɫ.2 Ɋɟɧɬɝɟɧɨɮɚɡɨɜɵɣ ɚɧɚɥɢɡ ɋuO ɫɪɚɡɭ ɩɨɫɥɟ ɧɚɧɟɫɟɧɢɹ ɩɪɢ 300 ɨɋ 

ɉɨ ɜɵɫɨɬɟ ɩɢɤɨɜ ɨɬɱɟɬɥɢɜɨ ɜɢɞɧɨ, ɱɬɨ ɩɥɟɧɤɚ ɨɤɫɢɞɚ ɦɟɞɢ (II) ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ 520 ɨɋ
ɢɦɟɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɛɨɥɟɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ, ɧɟɠɟɥɢ ɩɥɟɧɤɚ, ɧɚɧɟɫɟɧɧɚɹ ɩɪɢ 
300 

ɨɋ. ɋɧɢɠɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ ɩɪɨɢɫɯɨɞɹɬ ɩɨɫɥɟ
ɨɬɠɢɝɚ ɩɪɢ 520 ɨɋ. Ʉɨɧɟɱɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɨɫɥɟ ɨɬɠɢɝɚ ɜ ɬɟɱɟɧɢɟ 2 ɱɚɫɨɜ ɫɨɫɬɚɜɢɥɨ

ɢ-
ɱɟɫɤɢɣ ɨɬɠɢɝ ɧɟ ɢɦɟɟɬ ɫɦɵɫɥɚ ɩɪɨɜɨɞɢɬɶ ɫɩɭɫɬɹ 33 ɦɢɧɭɬɵ. ɇɚ ɪɢɫ.3 ɩɨɤɚɡɚɧɚ ɡɚɜɢɫɢ-
ɦɨɫɬɶ ɫɧɢɠɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ ɩɪɢ 520 ɨɋ.
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Ɋɢɫ.3 ɋɧɢɠɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɬ ɜɪɟɦɟɧɢ ɨɬɠɢɝɚ 

Ʌɢɬɟɪɚɬɭɪɚ 
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V. 6: 35158.

2. Chafi F. Z. Characterization techniques of Fe-doped CuO thin films deposited by the Spray

Pyrolysis method/ F. Z. Chafi , L. Bahmad , N. Hassanain , B. Fares , L. Laanab, A. Mzerd  //Faculty 

of Science- BP. 1014- Av. Ibn Batouta Rabat, Morocco – Jul 2018. 

ɍȾɄ 537.9 

ȼɅɂəɇɂȿ ɌȿɊɆɂɑȿɋɄɈɃ ɈȻɊȺȻɈɌɄɂ ɇȺ ɌȿɊɆɈɗɅȿɄɌɊɂɑȿɋɄɂȿ 
ɋȼɈɃɋɌȼȺ ɈȻɔȿɆɇɕɏ ɈȻɊȺɁɐɈȼ PbTe 

ȼ.ȼ. Ȼɚɜɵɤɢɧ1, ɘ.ȿ. Ʉɚɥɢɧɢɧ2 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɫɪɟɞɧɟɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɬɟɪɦɨ-
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ PbTe, ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬɠɢɝɚ ɧɚ ɟɝɨ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟ-
ɫɤɢɟ ɫɜɨɣɫɬɜɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɪɹɦɨɟ ɫɩɥɚɜɥɟɧɢɟ ɢɫɯɨɞɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ, ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɞɨɛ-
ɪɨɬɧɨɫɬɶ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ, ɤɨɝɞɚ ɜɫɟ ɛɨɥɶɲɟ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨɬɪɟɛɧɨɫɬɶ ɜ ɚɜɬɨɧɨɦɧɵɯ 
ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɢɫɬɨɱɧɢɤɚɯ ɷɧɟɪɝɢɢ, ɩɨɜɵɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɦɚɬɟɪɢɚɥɨɜ ɹɜɥɹɟɬɫɹ ɩɟɪɜɨɫɬɟɩɟɧɧɨɣ ɡɚɞɚɱɟɣ. Ʌɟɝɢɪɨɜɚɧɧɵɟ ɦɚɬɟɪɢɚɥɵ ɧɚ ɨɫɧɨɜɟ ɬɟɥ-
ɥɭɪɢɞɚ ɫɜɢɧɰɚ ɩɪɢɦɟɧɹɸɬɫɹ ɞɥɹ ɩɪɹɦɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɬɟɩɥɨɜɨɣ ɷɧɟɪɝɢɢ ɜ ɷɥɟɤɬɪɢ-
ɱɟɫɤɭɸ ɜ ɬɟɪɦɨɝɟɧɟɪɚɬɨɪɚɯ, ɪɚɛɨɬɚɸɳɢɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɬ 500 ɞɨ 900 Ʉ. ɉɨɜɵɲɟ-
ɧɢɟ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ ɜɨɡɦɨɠɧɨ ɡɚ ɫɱɟɬ ɭɫɥɨɠɧɟɧɢɹ 
ɫɨɫɬɚɜɚ, ɚ ɬɚɤɠɟ ɨɩɬɢɦɢɡɚɰɢɢ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɢɡɝɨ-ɬɨɜɥɟɧɢɹ ɛɪɢɤɟɬɨɜ: 
ɬɟɦɩɟɪɚɬɭɪɵ ɫɢɧɬɟɡɚ, ɪɚɡɦɟɪɚ ɮɪɚɤɰɢɣ, ɞɚɜɥɟɧɢɹ ɩɪɟɫɫɨɜɚ-ɧɢɹ, ɬɟɦɩɟɪɚɬɭɪ ɨɬɠɢɝɚ ɢ 
ɞɪ. ɍɱɢɬɵɜɚɹ ɜɵɲɟɫɤɚɡɚɧɧɨɟ, ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɥɨɫɶ ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ 
ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ ɧɚ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɨɛɴɟɦɧɵɯ ɨɛɪɚɡɰɨɜ PbTe. ȼ 
ɤɚɱɟɫɬɜɟ ɥɟɝɢɪɭɸɳɟɣ ɞɨɛɚɜɤɢ ɩɪɢɦɟɧɹɥɢ 0,023 ɦɚɫɫ.% PbI2.  

Ɂɚɝɪɭɡɤɭ ɚɦɩɭɥɵ ɞɟɥɚɥɢ ɜ ɫɥɟɞɭɸɳɟɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ: ɩɟɪɜɵɦ ɡɚɝɪɭɠɚɥɢ 
ɫɜɢɧɟɰ, ɡɚɬɟɦ ɥɟɝɢɪɭɸɳɭɸ ɞɨɛɚɜɤɭ PbI2, ɢ ɩɨɫɥɟɞɧɢɦ — ɬɟɥɥɭɪ. Ⱥɦɩɭɥɭ ɨɬɤɚɱɢɜɚɥɢ 
ɞɨ ɞɚɜɥɟɧɢɹ 3,5×10-3

 ɉɚ ɢ ɡɚɩɚɹɥɢ. ɋɢɧɬɟɡ ɬɟɥɥɭɪɢɞɚ ɫɜɢɧɰɚ ɩɪɨɜɨɞɢɥɢ ɩɪɹɦɵɦ ɫɩɥɚɜ-
ɥɟɧɢɟɦ ɢɫɯɨɞɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ (ɫɜɢɧɟɰ ɦɚɪɤɢ ɋ1ɋ ɢ ɬɟɥɥɭɪ ɦɚɪɤɢ Ɍ-ɫɑ), ɜɡɹɬɵɯ ɜ ɫɬɟ-
ɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɩɪɨɩɨɪɰɢɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 1270 Ʉ.  

ȼ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɧɚɝɪɟɬɭɸ ɞɨ 900 Ʉ ɩɟɱɶ ɩɨɦɟɳɚɥɢ ɚɦɩɭɥɭ ɫ ɡɚɝɪɭɠɟɧɧɵɦ ɦɚ-
ɬɟɪɢɚɥɨɦ. Ɂɚɬɟɦ ɜɤɥɸɱɚɥɢ ɧɚɝɪɟɜ ɞɨ 1270 Ʉ. ɉɪɢ ɜɵɯɨɞɟ ɩɟɱɢ ɧɚ ɡɚɞɚɧɧɭɸ ɬɟɦɩɟɪɚɬɭ-
ɪɭ ɨɫɭɳɟɫɬɜɥɹɥɢ ɫɢɧɬɟɡ ɜ ɬɟɱɟɧɢɟ 65 ɦɢɧɭɬ, ɨɫɭɳɟɫɬɜɥɹɹ ɤɚɱɚɧɢɟ ɩɟɱɢ ɜ ɬɟɱɟɧɢɟ 3 ɦɢ-
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ɧɭɬɵ ɱɟɪɟɡ ɤɚɠɞɵɟ 10 ɦɢɧɭɬ ɜɵɞɟɪɠɤɢ. Ɂɚɬɟɦ ɚɦɩɭɥɭ ɫ ɪɚɫɩɥɚɜɨɦ ɢɡɜɥɟɤɚɥɢ ɢ ɩɪɨɜɨ-
ɞɢɥɢ ɛɵɫɬɪɨɟ ɨɯɥɚɠɞɟɧɢɟ, ɩɨɝɪɭɠɚɹ ɱɚɫɬɶ ɚɦɩɭɥɵ ɜ ɜɨɞɭ.  

ɉɨɥɭɱɟɧɧɵɣ ɫɥɢɬɨɤ ɞɪɨɛɢɥɢ ɢ ɩɪɨɫɟɢɜɚɥɢ ɱɟɪɟɡ ɫɢɬɨ. ȼɟɪɯɧɢɣ ɩɪɟɞɟɥ ɹɱɟɣɤɢ 
ɫɢɬɚ ɫɨɫɬɚɜɥɹɥ 1 ɦɦ, ɧɢɠɧɢɣ 0,064 ɦɦ. ɉɪɟɫɫɨɜɚɧɢɟ ɦɚɬɟɪɢɚɥɚ ɩɪɨɜɨɞɢɥɢ ɜ ɫɬɚɥɶɧɵɯ 
ɩɪɟɫɫ-ɮɨɪɦɚɯ ɫ ɩɥɨɳɚɞɶɸ ɨɫɧɨɜɚɧɢɹ 34×18 ɦɦ2

 ɜ ɞɜɟ ɫɬɚɞɢɢ: ɛɪɢɤɟɬɢɪɨɜɚɧɢɟ ɧɚ ɜɨɡ-
ɞɭɯɟ ɩɪɢ ɞɚɜɥɟɧɢɢ 3 ɬ/ɫɦ2; ɝɨɪɹɱɟɟ ɩɪɟɫɫɨɜɚɧɢɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 700 Ʉ ɜ ɜɚɤɭɭɦɟ ɩɪɢ
ɞɚɜɥɟɧɢɢ 5 ɬ/ɫɦ2

 ɫ ɜɵɞɟɪɠɤɨɣ 10 ɦɢɧɭɬ.
ɂɡ ɛɪɢɤɟɬɚ ɜɵɪɟɡɚɥɢ ɤɨɧɬɪɨɥɶɧɵɣ ɨɛɪɚɡɟɰ ɪɚɡɦɟɪɨɦ 10×10×2 ɦɦ3. Ɍɟɩɥɨɩɪɨ-

ɜɨɞɧɨɫɬɶ ɨɛɪɚɡɰɚ ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɧɚ ɭɫɬɚɧɨɜɤɟ Netzsch LFA 467, ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɜɨ-
ɞɢɦɨɫɬɶ ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɪɦɨ-ɗȾɋ - ɧɚ ɭɫɬɚɧɨɜɤɟ Netzsch SBA 458 ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟ-
ɪɚɬɭɪ 300 — 800 Ʉ. Ɂɚɬɟɦ ɨɛɪɚɡɟɰ ɩɨɞɜɟɪɝɚɥɫɹ ɬɟɪɦɨɨɛɪɚɛɨɬɤɟ ɜ ɜɚɤɭɭɦɟ ɩɪɢ ɬɟɦɩɟɪɚ-
ɬɭɪɟ 850 Ʉ ɢ ɜɪɟɦɟɧɟɦ ɜɵɞɟɪɠɤɢ 6 ɱɚɫɨɜ, ɩɨɫɥɟ ɱɟɝɨ ɜɧɨɜɶ ɩɟɪɟɞɚɜɚɥɫɹ ɧɚ ɢɫɩɵɬɚɧɢɹ. 
ɇɚ ɪɢɫɭɧɤɟ 1 ɩɪɢɜɟɞɟɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɛɟɡɪɚɡɦɟɪɧɨɣ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟ-
ɫɤɨɣ ɞɨɛɪɨɬɧɨɫɬɢ ZT ɫɨɟɞɢɧɟɧɢɹ ɊbTe, ɥɟɝɢɪɨɜɚɧɧɨɝɨ ɢɨɞɨɦ.  

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ZT ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɟɞɢɧɟɧɢɹ PbTe,  

ɥɟɝɢɪɨɜɚɧɧɨɝɨ ɢɨɞɨɦ initial – ɢɫɯɨɞɧɵɣ ɨɛɪɚɡɟɰ; heat treated – ɬɟɪɦɨɨɛɪɚɛɨɬɚɧɧɵɣ ɩɪɢ 850 Ʉ 
ɜ ɬɟɱɟɧɢɟ 6 ɱɚɫɨɜ 

ɂɡ ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɨɬɠɢɝ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 850 Ʉ ɜ ɬɟɱɟɧɢɟ 6 ɱɚɫɨɜ ɩɪɚɤɬɢɱɟ-
ɫɤɢ ɧɟ ɜɥɢɹɟɬ ɧɚ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɭɸ ɞɨɛɪɨɬɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ 
ɜɵɫɨɤɨɣ ɬɟɪɦɢɱɟɫɤɨɣ ɭɫɬɨɣɱɢɜɨɫɬɢ ɫɢɧɬɟɡɢɪɨɜɚɧɧɨɝɨ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ (ɩɪɨɟɤɬ № 19-48-360010). 
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Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɨɥɧɨɜɨɣ ɬɜɟɪɞɨɬɟɥɶɧɵɣ ɝɢɪɨɫɤɨɩ, ɩɶɟɡɨɷɥɟɦɟɧɬɵ, ɤɨɧɟɱɧɨ-

ɷɥɟɦɟɧɬɧɵɣ ɚɧɚɥɢɡ, ɫɨɛɫɬɜɟɧɧɵɟ ɱɚɫɬɨɬɵ, ɞɨɛɪɨɬɧɨɫɬɶ. 

Ⱦɥɹ ɪɚɡɪɚɛɨɬɤɢ ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ ɜɨɥɧɨɜɵɯ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɝɢɪɨ-
ɫɤɨɩɨɜ (ȼɌȽ) ɫ ɦɟɬɚɥɥɢɱɟɫɤɢɦɢ ɪɟɡɨɧɚɬɨɪɚɦɢ, ɢɫɩɨɥɶɡɭɸɳɢɯ ɩɶɟɡɨɷɥɟɦɟɧɬɵ ɞɥɹ ɪɚɫ-
ɤɚɱɤɢ ɢ ɫɴёɦɚ ɫɢɝɧɚɥɚ, ɧɟɨɛɯɨɞɢɦ ɪɚɫɱёɬ ɜɥɢɹɧɢɹ ɞɢɫɫɢɩɚɬɢɜɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɱɭɜɫɬɜɢ-
ɬɟɥɶɧɵɯ ɷɥɟɦɟɧɬɚɯ ȼɌȽ ɧɚ ɟɝɨ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ [1]. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɜ ɪɚɛɨɬɟ 
[2] ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɬɟɪɦɨɭɩɪɭɝɢɟ ɩɨɬɟɪɢ ɜ ɰɢɥɢɧɞɪɢɱɟ-
ɫɤɢɯ ɪɟɡɨɧɚɬɨɪɚɯ ȼɌȽ, ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɢɡ ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ.

Ɉɫɧɨɜɧɨɣ ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 
ɜɥɢɹɧɢɹ ɜɹɡɤɢɯ ɩɨɬɟɪɶ ɜ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɦɚɬɟɪɢɚɥɚɯ ȼɌȽ ɧɚ ɫɩɟɤɬɪ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚ-
ɫɬɨɬ ɢ ɞɨɛɪɨɬɧɨɫɬɶ ɟɝɨ ɪɟɡɨɧɚɬɨɪɚ c ɭɱёɬɨɦ ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ. 

ȼ ɤɚɱɟɫɬɜɟ ɩɪɨɬɨɬɢɩɚ ɞɥɹ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɛɵɥɚ ɜɡɹɬɚ ɭɩɪɨɳёɧ-
ɧɚɹ ɤɨɧɫɬɪɭɤɬɢɜɧɚɹ ɫɯɟɦɚ ɨɞɧɨɝɨ ɢɡ ɜɚɪɢɚɧɬɨɜ ȼɌȽ, ɜɵɩɭɫɤɚɟɦɵɯ ɮɢɪɦɨɣ Innalabs 
(Ireland) [3]. 

ɉɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɞɟɬɚɥɢ ȼɌȽ ɢɡɝɨɬɨɜɥɟɧɵ ɢɡ ɷɥɢɧɜɚɪɧɵɯ 
ɫɩɥɚɜɨɜ, ɚ ɩɶɟɡɨɷɥɟɦɟɧɬɵ ɢɡ PZT ɤɟɪɚɦɢɤɢ. ɉɪɢ ɪɚɫɱёɬɚɯ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɬɢɩɢɱɧɵɟ 
ɡɧɚɱɟɧɢɹ ɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ.  

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɩɟɤɬɪɚ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬ (ɪɟɡɨɧɚɧɫɧɵɯ ɢ ɚɧɬɢɪɟɡɨɧɚɧɫɧɵɯ) 
ɢ ɞɨɛɪɨɬɧɨɫɬɢ ɪɟɡɨɧɚɬɨɪɚ ɧɚ ɷɬɢɯ ɱɚɫɬɨɬɚɯ ɪɟɲɚɥɚɫɶ ɤɪɚɟɜɚɹ ɡɚɞɚɱɚ ɞɥɹ ɭɪɚɜɧɟɧɢɣ 
ɷɥɟɤɬɪɨɭɩɪɭɝɨɫɬɢ ɤɭɫɨɱɧɨ-ɧɟɨɞɧɨɪɨɞɧɨɣ ɫɩɥɨɲɧɨɣ ɫɪɟɞɵ ɫ ɜɹɡɤɨɫɬɶɸ [4]. ɇɚ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɞɨɧɧɨɣ ɱɚɫɬɢ ɨɫɧɨɜɚɧɢɹ ɞɚɬɱɢɤɚ ȼɌȽ ɡɚɞɚɜɚɥɨɫɶ ɝɪɚɧɢɱɧɨɟ ɭɫɥɨɜɢɟ ɠёɫɬɤɨɝɨ 
ɡɚɤɪɟɩɥɟɧɢɹ, ɚ ɨɫɬɚɥɶɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ ɫɱɢɬɚɥɢɫɶ ɫɜɨɛɨɞɧɵɦɢ. Ɋɟɡɨɧɚɧɫɧɵɟ ɱɚɫɬɨɬɵ 
ɨɩɪɟɞɟɥɹɥɢɫɶ ɩɪɢ ɡɚɞɚɧɧɨɦ ɧɭɥɟɜɨɦ ɩɨɬɟɧɰɢɚɥɟ ɧɚ ɜɫɟɯ ɦɟɬɚɥɥɢɡɢɪɨɜɚɧɧɵɯ ɝɪɚɧɹɯ 
ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ, ɚ ɚɧɬɢɪɟɡɨɧɚɧɫɧɵɟ ɱɚɫɬɨɬɵ ɧɚɯɨɞɢɥɢɫɶ ɩɪɢ ɡɚɞɚɧɧɨɦ ɧɭɥɟɜɨɦ ɩɨɬɟɧ-
ɰɢɚɥɟ ɬɨɥɶɤɨ ɧɚ ɝɪɚɧɹɯ, ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɫ ɪɟɡɨɧɚɬɨɪɨɦ, ɬɨɝɞɚ ɤɚɤ ɧɚ ɨɫɬɚɥɶɧɵɯ ɦɟɬɚɥ-
ɥɢɡɢɪɨɜɚɧɧɵɯ ɝɪɚɧɹɯ ɡɚɞɚɜɚɥɢɫɶ ɭɫɥɨɜɢɹ ɩɨɫɬɨɹɧɫɬɜɚ ɩɨɬɟɧɰɢɚɥɚ. 

Ɋɟɲɟɧɚ ɬɚɤɠɟ ɫɦɟɲɚɧɧɚɹ ɤɪɚɟɜɚɹ ɡɚɞɚɱɚ ɷɥɟɤɬɪɨɭɩɪɭɝɨɫɬɢ ɢ ɩɨɥɭɱɟɧɚ ɜɪɟɦɟɧ-
ɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɚɦɩɥɢɬɭɞɵ ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɧɚ ɷɥɟɤɬɪɨɞɚɯ 
ɩɶɟɡɨɷɥɟɦɟɧɬɨɜ. Ɉɩɪɟɞɟɥɟɧɨ ɦɢɧɢɦɚɥɶɧɨ ɧɟɨɛɯɨɞɢɦɨɟ ɜɪɟɦɹ ɪɚɫɤɚɱɤɢ ɪɟɡɨɧɚɬɨɪɚ ɞɥɹ 
ɜɵɯɨɞɚ ɧɚ ɪɚɛɨɱɢɣ ɪɟɠɢɦ.  

Ⱦɥɹ ɪɟɲɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɵɯ ɤɪɚɟɜɵɯ ɡɚɞɚɱ ɢ ɪɚɫɱёɬɚ ɥɨɤɚɥɶɧɵɯ ɢ ɢɧɬɟɝɪɚɥɶɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɢɧɬɟɝɪɢɪɨɜɚɧɧɚɹ ɫɢɫɬɟɦɚ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚ-
ɧɢɹ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɜ ȼɌȽ [5]. 
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ɂɧɫɬɢɬɭɬ ɨɛɳɟɣ ɮɢɡɢɤɢ ɊȺɇ ɢɦɟɧɢ Ⱥ.Ɇ. ɉɪɨɯɨɪɨɜɚ, Ɇɨɫɤɜɚ 

Ɍɪɚɧɫɩɨɪɬɧɵɟ ɫɜɨɣɫɬɜɚ ɠɢɞɤɨɣ ɜɨɞɵ - ɤɨɷɮɮɢɰɢɟɧɬ ɫɚɦɨɞɢɮɮɭɡɢɢ D, ɜɹɡɤɨɫɬɶ Ș ɢ 
ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ ș ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɜ ɪɚɦɤɚɯ ɟɞɢɧɨɝɨ ɩɨɞɯɨɞɚ ɢɡ ɚɧɚɥɢɡɚ ɫɩɟɤɬɪɚ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɞɟɛɚɟɜɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ. Ⱦɟɦɨɧɫɬɪɢɪɭɟɬɫɹ ɫɨɜɩɚɞɟɧɢɟ ɪɚɫɱёɬɧɵɯ D, Ș ɢ ș ɫ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɨɞɚ, ɫɚɦɨɞɢɮɮɭɡɢɹ, ɜɹɡɤɨɫɬɶ, ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ, ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ 
ɩɪɨɧɢɰɚɟɦɨɫɬɶ, ɞɟɛɚɟɜɫɤɚɹ ɪɟɥɚɤɫɚɰɢɹ. 

ɇɟɫɦɨɬɪɹ ɧɚ ɠɢɡɧɟɧɧɭɸ ɜɚɠɧɨɫɬɶ ɜɨɞɵ ɢ ɛɨɥɶɲɨɣ ɨɛɴёɦ ɧɚɤɨɩɥɟɧɧɵɯ ɞɚɧɧɵɯ 
ɩɨ ɟɟ ɮɢɡɢɤɨ-ɯɢɦɢɱɟɫɤɢɦ ɫɜɨɣɫɬɜɚɦ [1], ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɝɨ ɩɨɧɢɦɚɧɢɹ ɚɬɨɦɧɨ-

ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɜɨɞɵ ɫɟɝɨɞɧɹ ɧɟɬ. ɗɬɨ ɤɚɫɚɟɬɫɹ ɢ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɜɨɣɫɬɜ ― 
ɫɚɦɨɞɢɮɮɭɡɢɢ D, ɜɹɡɤɨɫɬɢ Ș ɢ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ Ɵ. ɋɨɜɪɟɦɟɧɧɵɟ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɮɨɪ-
ɦɢɪɭɸɬɫɹ ɩɨɞ ɜɩɟɱɚɬɥɟɧɢɟɦ ɤɨɦɩɶɸɬɟɪɧɵɯ ɦɨɞɟɥɢɪɨɜɚɧɢɣ [2]. 

ȼ ɪɚɛɨɬɚɯ [3, 4] ɧɚɦɢ ɩɪɟɞɥɨɠɟɧɚ ɢɨɧ-ɦɨɥɟɤɭɥɹɪɧɚɹ ɦɨɞɟɥɶ ɜɨɞɵ, ɩɪɟɞɨɫɬɚɜɥɹ-
ɸɳɚɹ ɜɨɡɦɨɠɧɨɫɬɶ ɚɧɚɥɢɬɢɱɟɫɤɢ ɚɧɚɥɢɡɢɪɨɜɚɬɶ ɫɜɹɡɢ ɦɟɠɞɭ ɦɢɤɨ- ɢ ɦɚɤɪɨɩɚɪɚɦɟɬɪɚ-
ɦɢ. Ɇɵ ɢɫɩɨɥɶɡɨɜɚɥɢ ɬɨɬ ɮɚɤɬ, ɱɬɨ ɫɥɨɠɧɵɟ ɚɬɨɦɧɨ-ɦɨɥɟɤɭɥɹɪɧɵɟ ɩɪɨɰɟɫɫɵ ɜ ɜɨɞɟ 
ɩɟɪɟɞɚɸɬɫɹ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɩɟɤɬɪɚɯ ɩɪɨɫɬɨɣ ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ ɮɨɪɦɨɣ ɫ ɟɞɢɧɫɬɜɟɧ-
ɧɵɦ ɜɪɟɦɟɧɟɦ ɪɟɥɚɤɫɚɰɢɢ ĲD [5]. Ⱦɚɜɧɨ ɚɤɬɭɚɥɟɧ ɜɨɩɪɨɫ: ɤɚɤɨɦɭ ɩɪɨɫɬɨɦɭ ɦɢɤɪɨɫɤɨ-
ɩɢɱɟɫɤɨɦɭ ɩɪɨɰɟɫɫɭ ɬɚɤɚɹ ɩɪɨɫɬɚɹ ɪɟɥɚɤɫɚɰɢɨɧɧɚɹ ɮɨɪɦɭɥɚ ɨɬɜɟɱɚɟɬ? ɇɚɲɚ ɦɨɞɟɥɶ 
ɢɫɤɨɦɵɣ ɦɟɯɚɧɢɡɦ ɩɪɟɞɥɚɝɚɟɬ. Ɉɧɚ ɬɪɚɤɬɭɟɬ ɞɟɛɚɟɜɫɤɭɸ ɪɟɥɚɤɫɚɰɢɸ ɤɚɤ ɨɬɤɥɢɤ ɞɢɮ-
ɮɭɡɢɨɧɧɨɝɨ ɞɜɢɠɟɧɢɹ ɱɚɫɬɢɰɵ ɦɚɫɫɨɣ m ɫ ɡɚɪɹɞɨɦ q ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɩɨɥɹ E ɜ ɩɚɪɚɛɨɥɢ-
ɱɟɫɤɨɦ ɩɨɬɟɧɰɢɚɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ ɫɨɫɟɞɹɦɢ. ɑɬɨ ɜɚɠɧɨ, ɦɨɞɟɥɶ ɩɪɟɞɩɨɥɚɝɚɟɬ ɜɡɚɢ-
ɦɨɩɪɟɜɪɚɳɟɧɢɟ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɨɞɭ ɱɚɫɬɢɰ – ɦɨɥɟɤɭɥ ɇ2Ɉ ɢ ɢɨɧɨɜ ɇ3Ɉ+

 ɢ Ɉɇ-
.

Ɋɢɫɭɧɨɤ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ D, ɜɹɡɤɨɫɬɢ Ș,  
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɤɥɚɞɚ Δİ ɢ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ Ɵ ɠɢɞɤɨɣ ɜɨɞɵ. ɑɟɪɧɵɟ ɥɢɧɢɢ – ɷɤɫɩɟɪɢɦɟɧɬ 

[1], ɫɟɪɵɟ ɥɢɧɢɢ – ɪɚɫɱёɬ. ɂɫɩɨɥɶɡɨɜɚɧ ɟɞɢɧɵɣ ɞɥɹ ɜɫɟɯ ɤɪɢɜɵɯ ɩɨɞɝɨɧɨɱɧɵɣ ɩɚɪɚɦɟɬɪ  
Ni = 2*10
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ȼ ɧɚɫɬɨɹɳɟɦ ɫɨɨɛɳɟɧɢɢ ɞɟɦɨɧɫɬɪɢɪɭɟɬɫɹ ɩɪɢɦɟɪ ɫɨɜɦɟɫɬɧɨɝɨ ɨɩɢɫɚɧɢɹ ɷɥɟɤ-
ɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɢ ɬɪɚɧɫɩɨɪɬɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɠɢɞɤɨɣ ɜɨɞɵ ɜ ɪɚɦɤɚɯ ɩɪɟɞɥɚɝɚɟɦɨɣ 
ɢɨɧ-ɦɨɥɟɤɭɥɹɪɧɨɣ ɦɨɞɟɥɢ. Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɢɮɮɭɡɢɢ D, 
ɜɹɡɤɨɫɬɢ Ș, ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ Ɵ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɤɥɚɞɚ Δİ ɩɪɟɞɫɬɚɜɥɹɸɬɫɹ ɜ ɚɧɚ-
ɥɢɬɢɱɟɫɤɨɦ ɜɵɪɚɠɟɧɢɢ ɱɟɪɟɡ ɤɨɧɰɟɧɬɪɚɰɢɸ Ni ɤɨɪɨɬɤɨɠɢɜɭɳɢɯ ɢɨɧɨɜ.  

ɂɨɧ-ɦɨɥɟɤɭɥɹɪɧɚɹ ɦɨɞɟɥɶ ɩɪɨɬɢɜɨɪɟɱɢɬ ɨɛɳɟɩɪɢɧɹɬɵɦ ɩɪɟɞɫɬɚɜɥɟɧɢɹɦ, ɧɨ ɧɟ-
ɩɪɨɬɢɜɨɪɟɱɢɜɚ ɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɚ.  ȿё ɜɨɡɦɨɠɧɨɫɬɢ ɜ ɨɩɢɫɚɧɢɢ ɫɜɨɣɫɬɜ ɜɨɞɵ ɩɨ ɨɯɜɚɬɭ 
ɩɚɪɚɦɟɬɪɨɜ ɩɪɟɜɨɫɯɨɞɢɬ ɥɸɛɵɟ ɞɪɭɝɢɟ, ɧɚɦ ɢɡɜɟɫɬɧɵɟ [2].  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɊɎɎɂ-19-02-00446 Ⱥ. 
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Thin-film amorphous films are widely and successfully used in information recording and 

display systems, solar energy, sensor technology, etc. One of the promising areas for further 

expanding the capabilities of this new class of semiconductors is the creation on their basis of “nano-

crystalline media”, which are compositions of a large number of “crystals” of nano-meter dimensions 

that form in the amorphous matrix at the initial stages of the crystallization process developing in it. 

The resulting nano-crystals are inherently atomic clusters that form not in the crystal lattice, but in an 

amorphous medium. 

Keywords: amorphous films, atomic clusters, germanium monosulfide. 

The purpose of this work was to study the effect of Nd atoms on the optical and elec-

trical properties of amorphous germanium monosulfide films obtained by thermal spraying. 

The absorption spectrum was studied in the region of the absorption threshold, as well as the 

temperature dependence of the electrical conductivity of amorphous GeS and Ge1-xNdxS films 

(x = 0.005; 0.01). It has been established that during thermal spraying a homogeneous solid 

solution of  Nd in GeS is not formed. Addition of Nd causes a tendency to clustering Nd-rich 

regions in the GeS matrix. 

All measurements were performed on samples with a diameter of 10 mm. Ohmic con-

tacts were created by soldering silver acid. Optical measurements were carried out on a set-up 
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assembled base of the aperture monochromator MDR-2. X-ray phase analysis was performed 

on a D8 ADVANCE diffractometer. 

Thermo-optical phenomena are observed in Ge1-xNdxS thin films, their role is en-

hanced with increasing  Nd concentration. As the Nd content increases, the conductivity of 

the films increases, which leads to their Joule heating in an electric field, which causes ther-

mal switching. However, based on the obtained data, it can be argued that the addition of  Nd 

leads to the appearance of new states associated with clusters in the band gap. The same states 

are responsible for the “shoulder” observed in optical absorption. 
Along with the effect on the optical properties, the Nd impurity has a great influence 

on the electrical properties of thermally deposited Ge1-xNdxS films. It was found that the ef-

fect of Nd atoms on the physical properties of thin films is greatly enhanced by thermal an-

nealing. 

Measurements were carried out both when heated to a temperature close to the soften-

ing temperature Td, and during cooling. For amorphous films, the only values of activation 

energy for this technology of 0.75 eV films were given. 

Thus, experiments conducted by us with thin amorphous films, thermal evaporation 

confirm: 

1. Impurity atoms of rare earth elements (in this case, Nd) contribute to the formation

of clusters in the amorphous matrix of germanium monosulfide. 

2. Formed nanocrystals in an amorphous matrix lead to the appearance of new states in

the band gap. 

3. With an increase in the Nd content, the anisotropy of thin films decreases.

4. With an increase in the concentration of impurity atoms Nd, the conductivity of the

films increases, which leads to heating, and ultimately to 

thermal switching thin film. 

5. The amorphous GeS matrix provides “comfortable” conditions for the formation of

practically non-stressed clusters, where these amorphous films are widely used in systems for 

recording and displaying information. 
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Composites consisting of “Bi0.4Sb1.6Te3 (matrix) – SnSe (filler)” with various weight content 
of filler (0, 10 and 20 wt. %) were prepared by spark plasma sintering method. With increasing the 

filler content, ρ was decreasing, whereas S is decreasing. In spite of such ρ and S degrading, thermal 

conductivity of the composites developed can be assumed to be low enough to compensate this 

degrading, resulting in improving in the thermoelectric efficiency. 

Keywords: thermoelectric composite, spark plasma sintering, electrical resistivity, Seebeck 

coefficient. 

Actual problem of material science is developing new semiconductor materials with 

enhanced thermoelectric efficiency, which is characterizing by the thermoelectric figure-of-

merit, ZT. Lower thermal conductivity and specific electrical resistivity and higher Seebeck 

coefficient should be at the same time combined for effective thermoelectric material to reach 

higher ZT value. These thermoelectric properties are intimately but adversely inter-dependent: 

optimizing one often degrades the others. Tin chalcogenides due to their layered structures 

have rather low lattice thermal conductivity and acceptable electronic properties, which 

makes it possible to consider them as ones of the most promising candidates among potential 

high-performance thermoelectrics. But, owing to poor mechanical and high anisotropy in 

physical properties, practical application of these compounds is sufficiently limited. However, 

tin chalcogenides can be applied as fillers with low thermal conductivity to prepare the com-

posites based on conventional thermoelectrics (bismuth telluride and bismuth telluride based 

solid solutions with electron and hole conductivity). The aim of this work is (i) to prepare the 

composites consisting of “Bi0.4Sb1.6Te3 (matrix) – SnSe (filler)” with various weight ratios 
between the matrix and filler, and (ii) to trace the composition effect on the specific electrical 

resistivity and Seebeck coefficient.  

Figure. Temperature dependences of ρ, S and P for the composites with various compositions 

Starting Bi0.4Sb1.6Te3 and SnSe powders were used to prepare the composites corre-

sponding to different contents of filler (0, 10 and 20 wt. %). Spark plasma sintering (SPS) 

method by using a SPS-25/10 system was applied to compact powder mixture at pressure of 

40 MPa, temperature 620 K and sintering time of 5 min and, hence, prepare bulk samples. X-

ray diffraction (XRD) analysis of the bulk samples was performed by a Rigaku Ultima IV dif-

fractometer with CuKα – radiation. The specific electrical resistivity, ρ, and the Seebeck coef-

ficient, S, were measured by using a ZEM-3 system. According to the XRD pattern, the bulk 

samples consist of individual Bi0.4Sb1.6Te3 and SnSe subsystems, that is these samples are re-

ally composites. Besides, all the compositions were found to be highly textured. Due to this 

texturing, strong anisotropy in ρ and S, measured along directions parallel and perpendicular 

to the SPS-pressing direction, was found. These properties were found to be enhanced ones 
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for the parallel orientation. With increasing the filler content, ρ was decreasing, whereas S is 

decreasing within whole temperature range, presented in Fig. Naturally, power factor, P, de-

fined as P=S
2
/ρ is naturally decreasing. ρ is gradually increasing with increasing in measuring

temperature for all the compositions, that is characteristic of degenerate semiconductors. 

Maxima observed in the S(T) curves are originated from a bipolar effect, when electrons and 

holes are simultaneously thermally generated in semiconductor due to intrinsic conductivity. 

In spite of degrading in ρ and S in the composites developed, their thermal conductivi-

ty can be happened to be low enough to compensate this degrading, and, hence, to result in 

improving in the thermoelectric efficiency. The thermal conductivity measurements are in 

progress now.   
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ɎȽȻɈɍ ȼɈ «ɘɝɨ-Ɂɚɩɚɞɧɵɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɯɧɨɥɨɝɢɹ ɩɨɥɭɱɟɧɢɹ ɬɨɧɤɢɯ ɩɥёɧɨɤ Ⱦɢɪɚɤɨɜɫɤɨɝɨ 
ɩɨɥɭɦɟɬɚɥɥɚ Cd3As2. ɉɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɨɧɤɢɯ ɩɥёɧɨɤ ɦɟɬɨɞɚɦɢ 
ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ, ɪɚɦɚɧɨɜɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɢ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ 
ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɚɧɚɥɢɡɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɩɥёɧɤɢ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɬɟɯɢɨɦɟɬɪɢɢ 
Cd3As2, ɹɜɥɹɸɬɫɹ ɫɩɥɨɲɧɵɦɢ ɢ ɢɦɟɸɬ ɝɪɚɧɭɥɢɪɨɜɚɧɧɵɣ ɯɚɪɚɤɬɟɪ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɱ- ɦɚɝɧɟɬɪɨɧɧɨɟ ɧɚɩɵɥɟɧɢɟ, ɬɨɧɤɢɟ ɩɥёɧɤɢ, Cd3As2. 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɬɟɨɪɟɬɢɱɟɫɤɢɯ [1] ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ [2] ɢɫɫɥɟɞɨɜɚɧɢɣ, ɛɵɥɨ 
ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ Cd3As2 ɨɬɧɨɫɢɬɫɹ ɤ ɨɫɨɛɨɦɭ ɤɥɚɫɫɭ ɬɨɩɨɥɨɝɢɱɟɫɤɢɯ ɢɡɨɥɹɬɨɪɨɜ - ɞɢ-
ɪɚɤɨɜɫɤɢɦ ɩɨɥɭɦɟɬɚɥɥɚɦ, ɜ ɤɨɬɨɪɵɯ ɧɨɫɢɬɟɥɢ ɡɚɪɹɞɚ - ɞɢɪɚɤɨɜɫɤɢɟ ɮɟɪɦɢɨɧɵ ɢɦɟɸɬ 
ɧɭɥɟɜɭɸ ɷɮɮɟɤɬɢɜɧɭɸ ɦɚɫɫɭ ɢ ɩɨɞɱɢɧɹɸɬɫɹ ɪɟɥɹɬɢɜɢɫɬɫɤɢɦ ɡɚɤɨɧɚɦ ɞɜɢɠɟɧɢɹ. ɉɨ-
ɞɨɛɧɵɟ ɫɢɫɬɟɦɵ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɤɚɤ ɧɟɤɢɣ ɚɧɚɥɨɝ ɬɪɟɯɦɟɪɧɨɝɨ ɝɪɚɮɟɧɚ, ɚ ɩɨɬɨɦɭ 
ɩɪɟɞɫɬɚɜɥɹɸɬ ɡɧɚɱɢɬɟɥɶɧɵɣ ɢɧɬɟɪɟɫ, ɤɚɤ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɣ ɧɚɭɤɢ, ɬɚɤ ɢ 
ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɩɪɢɥɨɠɟɧɢɣ.  

ɇɚɦɢ ɞɥɹ ɧɚɩɵɥɟɧɢɹ ɩɥɟɧɨɤ Cd3As2 ɛɵɥ ɩɪɢɦɟɧɟɧ ɦɚɝɧɟɬɪɨɧɧɵɣ ɦɟɬɨɞ, ɩɨ-
ɫɤɨɥɶɤɭ ɨɧ ɨɬɥɢɱɚɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɪɚɜɧɨɦɟɪɧɵɦ ɪɚɫɩɵɥɟɧɢɟɦ ɪɚɡɥɢɱɧɵɯ ɚɬɨɦɨɜ ɦɢ-
ɲɟɧɢ ɢ ɫɥɚɛɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ ɩɪɨɰɟɫɫɚ ɪɨɫɬɚ ɩɥɟɧɤɢ ɨɬ ɪɚɡɧɢɰɵ ɞɚɜɥɟɧɢɹ ɢɯ ɩɚɪɨɜ. 
Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɢɦɟɸɳɟɣɫɹ ɥɢɬɟɪɚɬɭɪɟ ɧɟɬ ɫɜɟɞɟɧɢɣ ɨ ɩɨɥɭɱɟɧɢɢ ɩɥɟɧɨɤ ɢ ɫɬɪɭɤɬɭɪ ɧɚ 
ɨɫɧɨɜɟ ɚɪɫɟɧɢɞɚ ɤɚɞɦɢɹ ɩɨɞɨɛɧɵɦ ɦɟɬɨɞɨɦ. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɧɚɩɵɥɟɧɢɟ ɬɨɧɤɢɯ ɩɥёɧɨɤ Cd3As2 ɩɪɨɜɨɞɢɥɨɫɶ ɜ ɜɚɤɭɭɦɧɨɣ ɫɢ-
ɫɬɟɦɟ ȼɇ-2000, ɨɫɧɚɳɟɧɧɨɣ ɩɪɢɫɬɚɜɤɨɣ ȼɑ - ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɧɟɪɟɚɤɬɢɜɧɨɝɨ ɧɚɩɵɥɟɧɢɹ.  

Ɋɟɧɬɝɟɧɨɮɚɡɨɜɵɣ ɚɧɚɥɢɡ (ɊɎȺ) ɩɥɟɧɨɤ ɛɵɥ ɜɵɩɨɥɧɟɧ ɫ ɩɨɦɨɳɶɸ ɪɟɧɬɝɟɧɨɜɫɤɨ-
ɝɨ ɞɢɮɪɚɤɬɨɦɟɬɪɚ GBC EMMA (ɢɡɥɭɱɟɧɢɟ Cu K, Ȝ = 1.5401 Å) ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟ-
ɪɚɬɭɪɟ. 

Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪɵ ɨɛɪɚɡɰɨɜ, ɢɯ ɫɨɫɬɚɜɚ ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɦɟɧɬɨɜ ɧɚ 
ɩɨɜɟɪɯɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɫɤɚɧɢɪɭɸɳɢɣ ɷɥɟɤɬɪɨɧɧɵɣ ɦɢɤɪɨɫɤɨɩ (ɋɗɆ) JSM-6610LV 
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(Jeol) ɫ ɩɪɢɫɬɚɜɤɨɣ ɞɥɹ ɷɧɟɪɝɨɞɢɫɩɟɪɫɢɨɧɧɨɣ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ (ɗȾɊɋ) X-

Max
N
 (Oxford Instruments). ɉɪɢ ɫɴɟɦɤɟ ɩɪɢɦɟɧɹɥɢɫɶ ɞɟɬɟɤɬɨɪɵ ɜɬɨɪɢɱɧɵɯ ɢ ɨɛɪɚɬɧɨ

ɪɚɫɫɟɹɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ. 
ɋɩɟɤɬɪɵ ɤɨɦɛɢɧɚɰɢɨɧɧɨɝɨ ɪɚɫɫɟɹɧɢɹ ɫɜɟɬɚ (ɄɊɋ) ɢɫɫɥɟɞɭɟɦɵɯ ɩɥɟɧɨɤ ɛɵɥɢ ɢɡ-

ɦɟɪɟɧɵ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɫ ɩɨɦɨɳɶɸ ɤɨɧɮɨɤɚɥɶɧɨɝɨ ɫɩɟɤɬɪɨɦɟɬɪɚ ɄɊɋ 
OmegaScope

TM
 (AIST-NT Inc.) ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ 532 ɧɦ, ɦɨɳɧɨɫɬɶɸ

50 ɦȼɬ ɢ ɪɚɡɦɟɪɨɦ ɩɹɬɧɚ ɫɮɨɤɭɫɢɪɨɜɚɧɧɨɝɨ ɫɜɟɬɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ ɨɤɨɥɨ 500 
ɧɦ. ɋɩɟɤɬɪɚɥɶɧɨɟ ɪɚɡɪɟɲɟɧɢɟ ɩɪɢɛɨɪɚ ɫɨɫɬɚɜɥɹɥɨ 0.8 ɫɦ-1

.

ɉɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɨɛɪɚɡɰɨɜ ɢ ɨɫɨɛɟɧɧɨɫɬɢ ɧɚɩɵɥɟɧɢɹ ɩɥɟɧɨɤ 
ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ. 

Ɍɚɛɥɢɰɚ 

ɉɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɩɥɟɧɨɤ -Cd3As2 ɢ ɩɨɪɨɲɤɚ ɢɫɯɨɞɧɨɣ ɦɢɲɟɧɢ 

ɇɨɦɟɪ 

ɨɛɪɚɡɰɚ 

Ɉɩɢɫɚɧɢɟ ɉɚɪɚɦɟɬɪɵ ɤɪɢɫɬɚɥɥɢ-
ɱɟɫɤɨɣ ɪɟɲɟɬɤɢ, Å 

Ɉɛɥɚɫɬɶ ɤɨɝɟɪɟɧɬɧɨɫɬɢ 
ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ 

L, ɧɦ a c 

I ɩɨɪɨɲɨɤ ɦɢɲɟɧɢ 12.62 25.38 - 

II ɩɥɟɧɤɚ, ɩɨɞɥɨɠɤɚ Si, ɧɚɝɪɟɜ 
ɩɨɞɥɨɠɤɢ 

12.69 25.38 31 

III ɩɥɟɧɤɚ, ɩɨɞɥɨɠɤɚ Si, ɨɬɠɢɝ 12.66 25.38 28 

IV ɩɥɟɧɤɚ, ɩɨɞɥɨɠɤɚ Si, ɛɟɡ 
ɧɚɝɪɟɜɚ ɩɨɞɥɨɠɤɢ, ɧɟ ɨɬɠɢ-
ɝɚɥɫɹ, 

12.77 25.58 - 

V ɩɥɟɧɤɚ, ɩɨɞɥɨɠɤɚ -Al2O3, 

ɨɬɠɢɝ 

12.59 25.38 35 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɤɨɥɟɛɚɧɢɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɫ ɩɨɦɨɳɶɸ ɫɩɟɤɬɪɨɜ ɄɊɋ ɜ 
ɞɚɥɶɧɟɣ ɂɄ- ɨɛɥɚɫɬɢ (Ɋɢɫ.) ɩɨɞɬɜɟɪɠɞɚɟɬ, ɬɨ, ɱɬɨ ɩɥɟɧɤɢ ɮɨɪɦɢɪɭɸɬɫɹ ɢɡ ɚɪɫɟɧɢɞɚ 
ɤɚɞɦɢɹ. Ⱦɜɚ ɲɢɪɨɤɢɯ ɩɢɤɚ ɫ ɩɨɥɨɠɟɧɢɟɦ ɨɤɨɥɨ 196 ɫɦ-1

 ɢ 247 ɫɦ-1, ɩɪɢɪɨɞɚ ɤɨɬɨɪɵɯ ɧɟ
ɫɜɹɡɚɧɚ ɫ ɤɥɚɫɫɢɱɟɫɤɢɦ ɦɟɯɚɧɢɡɦɨɦ ɧɟɭɩɪɭɝɨɝɨ ɪɚɫɫɟɹɧɢɹ ɫɜɟɬɚ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬ ɞɥɹ 
ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ ɧɚɧɨɫɬɪɭɤɬɭɪ, ɫɨɞɟɪɠɚɳɢɯ Cd3As2. 

Ɋɢɫɭɧɨɤ. ɋɩɟɤɬɪɵ ɄɊɋ ɬɨɧɤɢɯ ɦɚɝɧɟɬɪɨɧɧɵɯ ɩɥɟɧɨɤ Cd3As2 (III - V). 

ɇɨɦɟɪɚ ɤɪɢɜɵɯ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɧɨɦɟɪɚɦ ɨɛɪɚɡɰɨɜ ɢɡ ɬɚɛɥɢɰɵ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɦɢɧɢɫɬɟɪɫɬɜɚ ɨɛɪɚɡɨɜɚɧɢɹ ɢ 
ɧɚɭɤɢ №16.2814.2017/ɉɑ. 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Wang Z, Weng H, Wu Q, Dai X and Fang Z., 2013, Three dimensional Dirac semimetal and

quantum transport in Cd3As2,  Phys. Rev. B 88, 1254272. Lazaro A. Effects of interferences inUHF 

RFID systems / A. Lazaro, D. Girbau, R. Villarino // Prog. Electromagn.Res. -2009. - V. 98. - P. 425–
443. 

2. Borisenko S., Gibson Q., Evtushinsky D., Zabolotnyy V., Buchner B. and Cava R.J., 2014,

Experimental realization of a three-dimensional Dirac semimetal, Phys. Rev. Lett.,V.113(2), p.027603. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɋɚɫɫɦɨɬɪɟɧɵ ɜɨɩɪɨɫɵ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɜ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɷɥɟɤɬɪɨɞ 
– ɷɥɟɤɬɪɨɥɢɬ ɜ ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɷɥɟɤɬɪɨɥɢɡɚ.  ɉɨɤɚɡɚɧɵ ɨɫɧɨɜɧɵɟ ɚɫɩɟɤɬɵ ɜɪɟɦɟɧɧɨɣ ɪɟ-
ɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɪɚɡɥɢɱɧɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ, ɚ ɢɦɟɧɧɨ ɷɥɟɤɬɪɨɥɢɬɨɜ ɯɪɨɦɢɪɨɜɚɧɢɹ
ɧɚ ɨɫɧɨɜɟ ɫɭɥɶɮɚɬɚ ɯɪɨɦɚ ɢ ɷɥɟɤɬɪɨɥɢɬɨɜ ɧɢɤɟɥɢɪɨɜɚɧɢɹ ɧɚ ɨɫɧɨɜɟ ɫɭɥɶɮɚɦɚɬɚ ɧɢɤɟɥɹ ɫ ɛɟɡɭɝ-
ɥɟɪɨɞɧɨɣ ɛɨɪɫɨɞɟɪɠɚɳɟɣ ɞɨɛɚɜɤɨɣ ɤɥɚɫɫɚ ɩɨɥɢɷɞɪɢɱɟɫɤɢɟ ɛɨɪɚɬɵ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɪɟɦɟɧ-
ɧɚɹ ɪɟɥɚɤɫɚɰɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤɨɦɩɥɟɤɫɨɜ, ɨɛɪɚɡɭɸɳɢɯ ɷɬɢ ɫɨɟɞɢɧɟɧɢɹ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ, ɜɪɟɦɟɧɧɚɹ ɪɟɥɚɤɫɚɰɢɹ,  ɷɥɟɤɬɪɨɥɢɬɵ 
ɯɪɨɦɢɪɨɜɚɧɢɹ ɢ ɧɢɤɟɥɢɪɨɜɚɧɢɹ. 

Ɋɚɛɨɬɚ ɫɜɹɡɚɧɚ ɫ ɜɨɡɦɨɠɧɨɫɬɶɸ ɯɪɚɧɟɧɢɹ ɜɨɞɨɪɨɞɚ ɜ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɯ ɦɟɬɚɥ-
ɥɚɯ ɢ ɫɩɥɚɜɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɷɥɟɤɬɪɨɥɢɬɨɜ ɧɚ ɨɫɧɨɜɟ ɯɪɨɦɚ ɢ ɧɢɤɟɥɹ. ɗɤɫɩɟɪɢɦɟɧ-
ɬɚɥɶɧɵɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɷɥɟɤɬɪɨɥɢɬɚɯ ɯɪɨɦɢɪɨɜɚɧɢɹ ɜɪɟɦɟɧɧɚɹ ɪɟ-
ɥɚɤɫɚɰɢɹ ɧɚ 1-1,5 ɩɨɪɹɞɤɚ ɩɪɟɜɨɫɯɨɞɢɬ ɜɪɟɦɟɧɧɭɸ ɪɟɥɚɤɫɚɰɢɸ ɜ ɷɥɟɤɬɪɨɥɢɬɚɯ ɧɢɤɟɥɢ-
ɪɨɜɚɧɢɹ. ȼ ɪɚɛɨɬɚɯ ɉɨɫɬɧɢɤɨɜɚ ȼ.ɋ. [1] ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɪɟɦɟɧɧɚɹ ɪɟɥɚɤɫɚɰɢɹ  ɜ 
ɷɥɟɤɬɪɨɥɢɬɟ ɫɭɥɶɮɚɬɚ ɧɢɤɟɥɹ (0,5 Ɇ NiSO4) ɥɟɠɢɬ ɜ ɞɢɚɩɚɡɨɧɟ ~10-4

 ɫɟɤ, ɚ ɜ ɷɥɟɤɬɪɨɥɢ-
ɬɟ ɯɪɨɦɢɪɨɜɚɧɢɹ ɧɚ ɨɫɧɨɜɟ Cr2(SO4)3  ~10

-2
 ɫɟɤ.

ɋɥɨɠɧɨɫɬɶ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɧɚ ɤɚɬɨɞɟ ɩɪɢ ɮɨɪɦɢ-
ɪɨɜɚɧɢɢ ɦɟɬɚɥɥɨɝɢɞɪɢɞɨɜ ɜ ɤɚɱɟɫɬɜɟ ɷɥɟɦɟɧɬɨɜ ɧɚɤɨɩɥɟɧɢɹ ɜɨɞɨɪɨɞɧɨɝɨ ɬɨɩɥɢɜɚ, 
ɢɦɟɧɧɨ ɷɬɢ ɷɥɟɦɟɧɬɵ ɞɚɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɚɤɤɭɦɭɥɢɪɨɜɚɬɶ ɜɨɞɨɪɨɞ ɜ ɤɨɥɢɱɟɫɬɜɚɯ ɧɟɨɛ-
ɯɨɞɢɦɵɯ ɞɥɹ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɫɢɫɬɟɦɚɯ ɯɪɚɧɟɧɢɹ ɜɨɞɨɪɨɞɚ. Ɉɫɧɨɜɧɚɹ 
ɫɥɨɠɧɨɫɬɶ ɷɬɢɯ ɫɢɫɬɟɦ ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨ ɧɚ ɤɚɬɨɞɟ ɩɪɨɬɟɤɚɸɬ ɩɚɪɚɥɥɟɥɶɧɵɟ ɪɟɚɤɰɢɢ, 
ɜ ɪɟɡɭɥɶɬɚɬɟ ɨɞɧɨɣ ɢɡ ɧɢɯ ɨɛɪɚɡɭɟɬɫɹ ɫɬɪɭɤɬɭɪɚ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ ɫ ɨɞɧɨɜɪɟɦɟɧɧɵɦ 
ɩɪɨɬɟɤɚɧɢɟɦ ɩɪɨɰɟɫɫɚ ɨɛɪɚɡɨɜɚɧɢɹ ɚɬɨɦɚ ɜɨɞɨɪɨɞɚ, ɢɦɟɧɧɨ ɞɥɹ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɯ ɦɟ-
ɬɚɥɥɨɜ ɢ ɫɩɥɚɜɨɜ. ɇɚɦɢ ɭɫɬɚɧɨɜɥɟɧɨ [2], ɱɬɨ ɜɟɪɨɹɬɧɨɫɬɶ ɨɛɪɚɡɨɜɚɧɢɹ ɦɟɬɚɥɥɨɝɢɞɪɢɞɨɜ 
ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨ ɞɟɮɟɤɬɚɦ ɫɬɪɭɤɬɭɪɵ, ɚ ɢɯ ɮɨɪɦɢɪɨɜɚɧɢɟ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɹɜɥɹɟɬɫɹ 
ɨɫɧɨɜɧɨɣ ɡɚɞɚɱɟɣ ɨɩɪɟɞɟɥɹɸɳɟɣ ɟɦɤɨɫɬɶ ɜɨɞɨɪɨɞɧɨɝɨ ɧɚɤɨɩɢɬɟɥɹ. ɂɬɚɤ, ɜɪɟɦɹ ɪɟɥɚɤ-
ɫɚɰɢɢ ɮɚɤɬɢɱɟɫɤɢ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɫɭɦɦɚɪɧɨɝɨ ɜɪɟɦɟɧɢ ɷɥɟɦɟɧɬɚɪɧɨɝɨ ɚɤɬɚ ɢ ɜ ɨɛ-
ɳɟɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɫɤɚɡɚɬɶ, ɱɬɨ ɩɪɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢɢ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ ɧɚ ɤɚɬɨɞɟ 
ɞɥɢɬɟɥɶɧɨɫɬɶ ɩɪɨɰɟɫɫɚ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɭɫɬɨɣɱɢɜɨɫɬɢ ɤɨɦɩɥɟɤɫɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɬɨɝɨ 
ɢɥɢ ɢɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɷɥɟɤɬɪɨɥɢɬɟ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɡɚɜɢɫɢɬ ɨɬ ɜɟɪɨɹɬɧɨɫɬɢ ɩɪɨɬɟɤɚ-
ɧɢɹ ɪɟɚɤɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɝɢɞɪɢɞɚ ɩɪɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɟ ɦɟɬɚɥɥɚ ɫɨ ɫɜɨɛɨɞɧɵɦ ɚɬɨ-
ɦɨɦ ɜɨɞɨɪɨɞɚ. ɂɬɚɤ, ɩɟɪɜɚɹ ɡɚɞɚɱɚ, ɤɨɬɨɪɚɹ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɨɛɴɟɦ ɟɦɤɨɫɬɢ ɩɨ ɜɨɞɨɪɨɞɭ, 
ɫɨɫɬɨɢɬ ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ ɞɟɮɟɤɬɨɜ ɜ ɫɬɪɭɤɬɭɪɟ ɦɟɬɚɥɥɨɜ, ɜ ɤɚɱɟɫɬɜɟ ɞɟɮɟɤɬɨɜ ɦɨɝɭɬ 
ɜɵɫɬɭɩɚɬɶ ɝɪɚɧɢɰɵ ɡɟɪɟɧ, ɜɵɯɨɞ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ, ɭɱɚɫɬɤɢ ɷɥɟɤɬɪɨɞɚ ɫ ɪɚɡ-
ɥɢɱɧɨɣ ɫɬɟɩɟɧɶɸ ɦɟɯɚɧɢɱɟɫɤɢɯ ɧɚɩɪɹɠɟɧɢɣ, ɧɚɩɪɢɦɟɪ ɡɚ ɫɱɟɬ ɜɨɡɞɟɣɫɬɜɢɹ ɭɥɶɬɪɚɡɜɭ-
ɤɨɜɨɝɨ ɩɨɥɹ ɛɨɥɶɲɟɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɷɥɟɤɬɪɨɞɚ. ȼ ɭɫɥɨɜɢɹɯ ɤɚɜɢɬɚɰɢɢ 
ɜɵɫɨɤɢɟ ɞɚɜɥɟɧɢɹ ɜ ɫɢɫɬɟɦɟ ɢɥɢ ɪɚɡɪɹɠɟɧɢɹ ɜɨɡɧɢɤɚɸɬ ɦɟɯɚɧɢɱɟɫɤɢɟ ɧɚɩɪɹɠɟɧɢɹ, ɤɨ-
ɬɨɪɵɟ ɢɝɪɚɸɬ ɪɨɥɶ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ. ȼɬɨɪɚɹ ɡɚɞɚɱɚ, ɤɨɬɨɪɚɹ ɫɬɨɢɬ ɩɟɪɟɞ  ɢɫɫɥɟɞɨ-
ɜɚɬɟɥɹɦɢ ɷɬɨ ɨɩɪɟɞɟɥɟɧɢɟ ɭɫɬɨɣɱɢɜɨɫɬɢ ɞɟɮɟɤɬɨɜ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɨɩɪɟɞɟɥɟɧɧɨɣ ɬɟɦ-
ɩɟɪɚɬɭɪɵ ɜɨ ɜɪɟɦɹ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɪɚɡɥɨɠɟɧɢɹ ɦɟɬɚɥɥɨɝɢɞɪɢɞɚ ɢ ɯɨɬɹ ɬɟɦɩɟɪɚɬɭɪɵ 
ɪɚɡɥɨɠɟɧɢɹ ɝɢɞɪɢɞɨɜ Ni  ɢ Cr ɛɥɢɡɤɢ ~150 ɨɋ (ɡɚ ɫɱɟɬ ɪɚɡɪɵɜɚ ɜɨɞɨɪɨɞɧɨɣ ɫɜɹɡɢ Ni-H ɢ
Cr-H). ɉɨɷɬɨɦɭ ɜɨɩɪɨɫ ɷɤɫɬɪɚɤɰɢɢ ɜɨɞɨɪɨɞɚ ɹɜɥɹɟɬɫɹ ɜɚɠɧɵɦ ɩɪɢ ɢɡɭɱɟɧɢɢ ɜɨɡɦɨɠɧɨ-
ɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɚɤɨɩɢɬɟɥɹ ɜ ɰɢɤɥɢɱɟɫɤɨɦ ɪɟɠɢɦɟ: ɡɚɪɹɞ – ɪɚɡɪɹɞ. Ɋɟɠɢɦ ɡɚɪɹɞɤɢ 
ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɜ ɜɨɞɧɨɦ ɪɚɫɬɜɨɪɟ ɷɥɟɤɬɪɨɥɢɬɚ ɩɪɢ  ɪɚɡɪɹɞɤɟ ɤɚɬɢɨɧɚ ɝɢɞɪɨɤɫɨɧɢɹ 
H3O

+
 ɩɪɢ ɟɝɨ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɞɟɝɢɞɪɚɬɚɰɢɢ ɜ ɡɨɧɟ ɞɜɨɣɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ ɩɨ
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H3O
+  

-  H2O
  
=  H

+ 

ɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɞɨ ɚɬɨɦɚ ɜɨɞɨɪɨɞɚ:  
H

+ +  ȇ = Hɨ

 ɜ ɫɬɪɭɤɬɭɪɟ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ ɩɪɢ ɩɪɢɫɨɟɞɢɧɟɧɢɢ ɤ ɧɟɦɭ ɷɥɟɤɬɪɨɧɚ ɫ ɞɚɥɶɧɟɣɲɢɦ 
ɨɛɪɚɡɨɜɚɧɢɟɦ ɝɢɞɪɢɞɚ:    

Me
ɨ
 + H

ɨ
 = MeH.

Ɉɩɪɟɞɟɥɢɬɶ ɤɨɥɢɱɟɫɬɜɨ ɨɛɪɚɡɭɸɳɟɝɨɫɹ ɝɢɞɪɢɞɚ ɦɟɬɚɥɥɚ ɭɞɚɟɬɫɹ ɬɨɥɶɤɨ ɨɩɵɬ-
ɧɵɦ ɩɭɬɟɦ, ɢɛɨ, ɤɪɨɦɟ ɪɟɚɤɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɦɟɬɚɥɥɨɝɢɞɪɢɞɚ ɩɪɨɬɟɤɚɟɬ ɪɟɚɤɰɢɹ ɨɛɪɚ-
ɡɨɜɚɧɢɹ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɜɨɞɨɪɨɞɚ:   

H
ɨĹ  + 

 ĻH
ɨ  

=  HĹĻH.

Ʉɨɥɢɱɟɫɬɜɨ ɨɛɪɚɡɭɸɳɟɝɨɫɹ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɜɨɞɨɪɨɞɚ ɡɚɜɢɫɢɬ ɨɬ ɰɟɥɨɝɨ ɪɹɞɚ 
ɮɚɤɬɨɪɨɜ, ɨɞɧɢɦ ɢɡ ɤɨɬɨɪɵɯ - ɷɬɨ ɜɵɯɨɞ ɩɨ ɬɨɤɭ ɜɨɞɨɪɨɞɚ, ɤɨɬɨɪɵɣ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ, ɱɬɨ ɤɚɫɚɟɬɫɹ ɫɩɟɰɢɮɢɤɢ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɬɨ 
ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɧɚɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ [3] ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɭɫɬɨɣɱɢɜɨɫɬɶ ɤɨɦɩɥɟɤ-
ɫɨɜ  Cr(III) ɩɪɟɜɨɫɯɨɞɢɬ ɭɫɬɨɣɱɢɜɨɫɬɶ ɤɨɦɩɥɟɤɫɨɜ Ni(II).  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɪɟɦɟɧɧɚɹ ɪɟɥɚɤɫɚɰɢɹ ɜ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ ɨɩɪɟɞɟɥɹ-
ɟɬɫɹ ɜ ɨɫɧɨɜɧɨɦ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤɨɦɩɥɟɤɫɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɦɟɬɚɥɥɨɜ, ɧɨ ɬɚɤɠɟ ɧɟɨɛɯɨ-
ɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ ɜɬɨɪɨɝɨ ɤɨɦɩɨɧɟɧɬɚ ɜɨɞɨɪɨɞɚ. Ɉɞɧɚɤɨ, ɤɚɤ ɩɪɚɜɢɥɨ, 
ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɷɥɟɤɬɪɨɥɢɬɚɯ ɜɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɷɥɟɦɟɧɬɚɪɧɵɦ ɚɤɬɨɦ 
ɞɥɹ ɤɚɬɢɨɧɚ ɦɟɬɚɥɥɚ Me

n+
.
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɨɤɚɡɚɧ ɩɪɨɰɟɟɫ ɫɨɡɞɚɧɢɹ ɮɢɡɢɤɨ-ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɜɨɞɨɪɨɞɧɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɯ ɫɩɥɚɜɨɜ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɦɟɬɨɞɨɦ ɷɥɟɤɬɪɨɥɢɡɚ, ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɪɨɜɧɹ, ɡɧɚɤɚ ɢ ɯɚɪɚɤɬɟɪɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɧɭɬɪɟɧɧɢɯ ɧɚɩɪɹɠɟɧɢɣ. ɇɚ 
ɨɫɧɨɜɚɧɢɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɱɟɪɟɡ ɰɢɥɢɧɞɪɢɱɟɫɤɭɸ 
ɨɛɨɥɨɱɤɭ ɦɟɬɚɥɥɨɜ ɩɨɥɭɱɟɧɚ ɭɩɪɨɳёɧɧɚɹ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ, ɤɨɬɨɪɚɹ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ 
ɩɪɢɟɦɥɟɦɵɟ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɫɜɨɛɨɞɧɨɣ ɞɢɮɮɭɡɢɢ ɚɬɨɦɨɜ 
ɜɨɞɨɪɨɞɚ ɜ ɦɟɬɚɥɥɚɯ ɢ ɫɩɥɚɜɚɯ ɤ ɞɢɮɮɭɡɢɨɧɧɨɦɭ ɩɪɨɰɟɫɫɭ ɜ ɫɪɟɞɟ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɢ ɪɚɫɩɚɞɨɦ 
ɧɟɩɨɞɜɢɠɧɵɯ ɤɨɦɩɥɟɤɫɨɜ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ, ɜɧɭɬɪɟɧɧɢɟ ɧɚɩɪɹɠɟɧɢɹ, ɞɢɮɮɭɡɢɹ, ɜɨ-
ɞɨɪɨɞɧɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ. 

ȼ ɤɨɧɬɢɧɭɚɥɶɧɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɤɚɠɞɨɦɭ ɫɬɪɭɤɬɭɪɧɨɦɭ ɧɟɫɨɜɟɪɲɟɧɫɬɜɭ ɦɨɠɧɨ 
ɩɨɫɬɚɜɢɬɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɭɩɪɭɝɭɸ ɦɨɞɟɥɶ [1, 2]. ɗɬɨ ɩɨɡɜɨɥɢɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɯɨɪɨɲɨ 
ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɦɟɬɨɞɵ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɮɢɡɢɤɢ ɞɥɹ ɪɟɲɟɧɢɹ ɞɢɮɮɭɡɢɨɧɧɵɯ ɡɚɞɚɱ ɫ 
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ɭɱɟɬɨɦ ɩɨɥɟɣ ɜɧɭɬɪɟɧɧɢɯ ɧɚɩɪɹɠɟɧɢɣ. 
ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɢ ɨɩɢɫɚɧɢɢ ɞɢɮɮɭɡɢɢ ɜɨɞɨɪɨɞɚ ɜ ɦɟɬɚɥɥɚɯ ɫ ɩɪɢɦɟɫɧɵɦɢ 

ɥɨɜɭɲɤɚɦɢ (ɞɟɮɟɤɬɚɦɢ) ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɥɟɞɭɸɳɢɣ ɩɨɞɯɨɞ, ɛɨɥɟɟ ɩɨɞɪɨɛɧɨ ɜ  [1, 2]. ɉɪɢ 
ɨɩɢɫɚɧɢɢ ɞɢɮɮɭɡɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɦɟɬɚɥɥɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɦ 
ɫɩɨɫɨɛɨɦ ɢ ɨɛɪɚɡɭɸɳɢɯ, ɧɚɩɪɢɦɟɪ, ɬɚɤɨɣ ɫɢɫɬɟɦɭ ɤɚɤ Ni–B–H, ɛɨɪ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ, ɤɚɤ 
ɩɪɢɦɟɫɧɚɹ ɥɨɜɭɲɤɚ ɦɚɥɨɝɨ ɚɬɨɦɧɨɝɨ ɪɚɞɢɭɫɚ [2, 3]. ȼɤɥɸɱɟɧɢɟ ɚɬɨɦɚ ɛɨɪɚ ɜ ɧɢɤɟɥɶ 
ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɫɬɪɭɤɬɭɪɧɵɟ ɢɡɦɟɧɟɧɢɹ ɜ ɦɟɬɚɥɥɟ ɢ, ɤɚɤ 
ɫɥɟɞɫɬɜɢɟ, - ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɥɨɜɭɲɟɤ.  

Ⱦɢɮɮɭɡɢɹ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɱɟɪɟɡ ɰɢɥɢɧɞɪɢɱɟɫɤɭɸ ɨɛɨɥɨɱɤɭ ɫ ɩɪɢɦɟɫɧɵɦɢ 
ɥɨɜɭɲɤɚɦɢ ɨɩɢɫɵɜɚɟɬɫɹ ɧɟɫɬɚɰɢɨɧɚɪɧɵɦ ɭɪɚɜɧɟɧɢɟɦ  ɩɪɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɧɚɱɚɥɶɧɨɦ ɢ ɝɪɚɧɢɱɧɨɦ ɭɫɥɨɜɢɹɯ. ɍɩɪɨɳёɧɧɚɹ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ 
ɩɨɥɭɱɢɬɶ ɩɪɢɟɦɥɟɦɵɟ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɫɜɨɛɨɞɧɨɣ 
ɞɢɮɮɭɡɢɢ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɤ ɞɢɮɮɭɡɢɨɧɧɨɦɭ ɩɪɨɰɟɫɫɭ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɢ ɪɚɫɩɚɞɨɦ 
ɧɟɩɨɞɜɢɠɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɧɚɩɪɢɦɟɪ, ɬɚɤɢɯ, ɤɚɤ ɧɢɤɟɥɶ-ɛɨɪ-ɜɨɞɨɪɨɞ. Ⱦɢɮɮɭɡɢɹ ɚɬɨɦɨɜ 
ɜɨɞɨɪɨɞɚ ɱɟɪɟɡ ɰɢɥɢɧɞɪɢɱɟɫɤɭɸ ɨɛɨɥɨɱɤɭ ɫ ɩɪɢɦɟɫɧɵɦɢ ɥɨɜɭɲɤɚɦɢ (ɞɟɮɟɤɬɚɦɢ) ɩɪɢ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɧɚɱɚɥɶɧɨɦ ɢ ɝɪɚɧɢɱɧɨɦ ɭɫɥɨɜɢɹɯ ɨɩɢɫɵɜɚɟɬɫɹ ɧɟɫɬɚɰɢɨɧɚɪɧɵɦ 
ɭɪɚɜɧɟɧɢɟɦ [2]: 

 

      ,t,Rc,t,rc,c,rc

,Rrr,ccKKc
t

c

D

000

1
1

00

0121





 

(1) 

ɝɞɟ D  – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ, ɫ
1
 – ɞɨɥɹ ɩɪɢɦɟɫɟɣ ɡɚɦɟɳɟɧɢɹ

ɦɚɥɨɝɨ ɚɬɨɦɧɨɝɨ ɪɚɞɢɭɫɚ (ɩɪɢɦɟɫɧɵɯ ɥɨɜɭɲɟɤ) ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɚɬɨɦɚɦ ɨɫɧɨɜɧɨɝɨ 
ɦɟɬɚɥɥɚ, r

0
 ɢ R – ɜɧɭɬɪɟɧɧɢɣ ɢ ɜɧɟɲɧɢɣ ɪɚɞɢɭɫɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɨɛɨɥɨɱɤɢ, ɫ

0
–

ɢɫɯɨɞɧɚɹ ɤɨɧɰɟɧɬɪɚɰɢɹ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɫ ɜ ɦɨɦɟɧɬ t = 0, α – ɤɨɷɮɮɢɰɢɟɧɬ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢɹ ɤɨɦɩɥɟɤɫɨɜ, Ʉ

1
 ɢ Ʉ

2
– ɤɨɷɮɮɢɰɢɟɧɬɵ ɞɥɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ

ɜɟɪɨɹɬɧɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɪɚɫɩɚɞɚ ɤɨɦɩɥɟɤɫɨɜ, ɨɩɪɟɞɟɥɹɟɦɵɟ ɦɧɨɠɢɬɟɥɹɦɢ: 
 ɢ , 

ɝɞɟ E
d
 ɢ E

t
 - ɷɧɟɪɝɢɢ  ɚɤɬɢɜɚɰɢɢ ɚɬɨɦɚ ɜɨɞɨɪɨɞɚ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ,  ɞɥɹ ɫɜɨɛɨɞɧɨɣ

ɞɢɮɮɭɡɢɢ   ɢ  ɜ ɞɟɮɟɤɬɟ. 
Ɋɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɤɨɧɰɟɧɬɪɚɰɢɢ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɧɚɯɨɞɢɦ ɜ ɜɢɞɟ: 

      ,1exp,, 121 tDcKKtrtrc  
Ɋɟɲɟɧɢɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɡɚɞɚɱɢ ɩɪɢ ɧɚɥɢɱɢɢ ɩɪɢɦɟɫɧɵɯ ɥɨɜɭɲɟɤ ɫɜɨɞɢɬɫɹ ɤ 

ɜɜɟɞɟɧɢɸ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɝɨ ɦɧɨɠɢɬɟɥɹ: 
  .1exp 121 tDcKK  (3) 

ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɜɵɪɚɠɟɧɢɟ (3) ɨɩɪɟɞɟɥɹɟɬ ɨɬɧɨɲɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɚɬɨɦɨɜ 
ɜɨɞɨɪɨɞɚ ɜ ɫɪɟɞɟ ɫ ɥɨɜɭɲɤɚɦɢ c(r,t) ɤ ɩɨɞɨɛɧɨɣ ɜɟɥɢɱɢɧɟ ɩɪɢ ɫɜɨɛɨɞɧɨɣ ɞɢɮɮɭɡɢɢ φ(r, 

t): 
 
    .1exp

,

,
121 tDcKK

tr

trc
 


(5) 

ȿɫɥɢ Ʉ
1
= 0 (ɤɨɦɩɥɟɤɫɵ ɧɟ ɨɛɪɚɡɭɸɬɫɹ), ɬɨ  

  t,r

t,rc


1. Ⱦɥɹ Ʉ

2
= 1 (ɤɨɦɩɥɟɤɫɵ

ɦɨɦɟɧɬɚɥɶɧɨ ɪɚɫɩɚɞɚɸɬɫɹ) ɩɨɥɭɱɚɟɦ ɡɚɜɢɫɢɦɨɫɬɶ, ɩɨɤɚɡɵɜɚɸɳɭɸ, ɱɬɨ ɚɬɨɦɵ ɜɨɞɨɪɨɞɚ 
ɧɟ ɡɚɞɟɪɠɢɜɚɸɬɫɹ ɜ ɥɨɜɭɲɤɚɯ. ɉɪɢ ɞɪɭɝɢɯ ɭɫɥɨɜɢɹɯ (Ʉ

1
≠ 0 ɢ Ʉ

2
≠ 1) ɡɚɦɟɞɥɟɧɢɟ

ɞɢɮɮɭɡɢɨɧɧɨɣ ɤɢɧɟɬɢɤɢ ɡɚɜɢɫɢɬ ɨɬ ɞɨɥɢ ɥɨɜɭɲɟɤ c
1
, ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɢɮɮɭɡɢɢ ɚɬɨɦɨɜ

ɜɨɞɨɪɨɞɚ ɢ ɜɪɟɦɟɧɢ (D, c
1
, t).

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɬɪɭɤɬɭɪɧɵɟ ɢ ɩɪɢɦɟɫɧɵɟ ɥɨɜɭɲɤɢ ɭɦɟɧɶɲɚɸɬ ɜɨɞɨɪɨɞɧɭɸ 
ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɦɟɬɚɥɥɚ.  
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɥɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ⱥɧɚɥɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɪɚɛɨɬɟ ɪɟɡɭɥɶɬɚɬɨɜ ɫɭɬɨɱɧɨɣ ɞɢɧɚɦɢɤɢ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ, 
ɜɨɡɧɢɤɚɸɳɟɣ ɜ ɫɬɜɨɥɚɯ ɞɪɟɜɟɫɧɵɯ ɪɚɫɬɟɧɢɣ ɩɪɢ ɩɟɪɟɩɚɞɚɯ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, 
ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɪɟɥɚɤɫɚɰɢɹ ɜ ɞɪɟɜɟɫɢɧɟ ɫɬɜɨɥɚ ɠɢɜɨɝɨ ɞɟɪɟɜɚ ɧɨɫɢɬ ɩɨɪɨɝɨɜɵɣ ɯɚɪɚɤɬɟɪ ɢ ɯɚ-
ɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɢɡɦɟɧɧɨɣ ɜɨ ɜɪɟɦɟɧɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɪɚɡɧɨɫɬɶɸ ɩɨɬɟɧɰɢɚɥɨɜ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɨɬɨɤ ɢɨɧɨɜ ɫɨɥɟɣ, ɪɚɡɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɨɜ, ɷɥɟɤɬɪɨɢɡɦɟɪɢɬɟɥɶɧɵɟ 
ɩɪɢɛɨɪɵ. 

ɂɧɬɟɪɟɫ ɤ ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɨɬɤɥɢɤɚ ɩɨɪɢɫɬɵɯ ɛɢɨɩɨɥɢɦɟɪɧɵɯ ɤɨɦɩɨɡɢɬɨɜ ɧɚ ɜɨɡ-
ɞɟɣɫɬɜɢɟ ɜɧɟɲɧɢɯ ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ ɜɵɡɜɚɧ ɫɬɪɟɦɥɟɧɢɟɦ ɪɚɡɪɚɛɨɬɚɬɶ ɬɟɯɧɨɥɨɝɢɸ 
ɧɟɪɚɡɪɭɲɚɸɳɟɝɨ ɦɨɧɢɬɨɪɢɧɝɚ ɫɨɫɬɨɹɧɢɹ ɤɨɦɩɥɟɤɫɧɵɯ ɫɢɫɬɟɦ ɨɪɝɚɧɢɱɟɫɤɨɝɨ ɩɪɨɢɫ-
ɯɨɠɞɟɧɢɹ ɫ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɬɨɱɧɨɫɬɶɸ. Ɉɬɫɭɬɫɬɜɢɟ ɬɚɤɢɯ ɦɟɬɨɞɨɜ ɹɜɥɹɟɬɫɹ ɝɥɚɜɧɨɣ 
ɩɪɢɱɢɧɨɣ ɡɚɬɪɭɞɧɟɧɢɣ, ɜɨɡɧɢɤɚɸɳɢɯ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɫɥɨɠɧɵɯ ɩɨɥɢɦɟɪɧɵɯ ɫɢɫɬɟɦ 
ɟɫɬɟɫɬɜɟɧɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ, ɩɪɢɦɟɪɨɦ ɤɨɬɨɪɵɯ ɫɥɭɠɢɬ ɞɪɟɜɟɫɢɧɚ [1, 2]. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɧɚɛɥɸɞɟɧɢɹ ɞɢɧɚɦɢɤɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ (T/Tmax, ɝɞɟ Tmax – ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɬɟɦɩɟɪɚɬɭ-
ɪɵ ɡɚ ɜɪɟɦɹ ɧɚɛɥɸɞɟɧɢɹ) ɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ (U/Umax, ɝɞɟ Umax – 

ɦɚɤɫɢɦɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ ɡɚ ɜɪɟɦɹ ɧɚɛɥɸɞɟɧɢɹ), ɢɡɦɟɪɟɧɧɨɣ ɜ ɞɟ-
ɪɟɜɶɹɯ ɪɚɡɧɨɝɨ ɠɢɡɧɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ (ɫɦ. ɪɢɫ.) [1]. Ⱥɧɚɥɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ 
ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɪɟɥɚɤɫɚɰɢɹ ɜ ɞɪɟɜɟɫɢɧɟ ɫɬɜɨɥɚ ɠɢɜɵɯ ɞɟɪɟɜɶɟɜ ɧɨɫɢɬ ɩɨɪɨɝɨɜɵɣ ɯɚ-
ɪɚɤɬɟɪ ɢ ɨɬɥɢɱɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɢɡɦɟɧɧɨɣ ɜɨ ɜɪɟɦɟɧɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɪɚɡɧɨɫɬɶɸ ɩɨ-
ɬɟɧɰɢɚɥɨɜ, ɷɬɨ ɩɨɡɜɨɥɹɟɬ ɜ ɨɦɢɱɟɫɤɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɫɞɟɥɚɬɶ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ 
ɫɤɨɪɨɫɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɩɨɬɨɤɚ ɢɨɧɨɜ ɫɨɥɟɣ dJ/Jdt ɡɚɜɢɫɢɬ ɨɬ ɜɟɥɢɱɢɧɵ ɫɚ-
ɦɨɝɨ ɩɨɬɨɤɚ J. ȼ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɫ ɭɱɟɬɨɦ ɞɚɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚ ɷɬɭ ɡɚɜɢɫɢɦɨɫɬɶ 
ɦɨɠɧɨ ɦɨɞɟɥɢɪɨɜɚɬɶ, ɤɚɤ ɥɢɧɟɣɧɭɸ: 

J
Jdt

dJ   , (1) 

ɝɞɟ ȕ – ɤɨɷɮɮɢɰɢɟɧɬ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɣ ɜɵɡɜɚɧɧɨɟ ɢɡɦɟɧɟɧɢɟɦ J ɢɡɦɟɧɟɧɢɟ ɫɤɨɪɨɫɬɢ χ 

ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɩɨɬɨɤɚ. Ɋɟɲɟɧɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɪɚɜɧɟɧɢɹ (1) ɧɚɯɨ-
ɞɢɬɫɹ ɚɧɚɥɢɬɢɱɟɫɤɢ: 

 



)1(1 00 


t

t

eJ

e

J

J  . (2)

mailto:rc@yandex.ru
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Ɋɢɫɭɧɨɤ. ɋɭɬɨɱɧɚɹ ɞɢɧɚɦɢɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ (T/Tmax) 

ɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɪɚɡɧɨɫɬɢ ɩɨɬɟɧɰɢɚɥɨɜ (U/Umax), ɢɡɦɟɪɟɧɧɨɣ ɜɞɨɥɶ ɫɬɜɨɥɨɜ ɠɢɜɵɯ  
(Ȼɟɪɟɡɚ 1 ɢ Ȼɟɪɟɡɚ 2) ɢ ɦɟɪɬɜɵɯ (Ȼɟɪɟɡɚ Ɇ1, Ȼɟɪɟɡɚ Ɇ2) ɞɟɪɟɜɶɟɜ ɦɟɠɞɭ ɬɨɱɤɚɦɢ,  

ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɧɚ ɪɚɫɫɬɨɹɧɢɢ 0,25R ɨɬ ɨɫɢ ɫɬɜɨɥɚ ɧɚ ɜɵɫɨɬɚɯ 1,3 ɢ 3 ɦ  
(ɝɞɟ R – ɪɚɞɢɭɫ ɫɬɜɨɥɚ ɞɟɪɟɜɚ ɧɚ ɜɵɫɨɬɟ 1,3 ɦ) 

ɂɡ (2) ɫɥɟɞɭɟɬ, ɱɬɨ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɪɚɡɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɨɜ, ɜɵɡɜɚɧɧɚɹ ɧɚɩɪɚɜɥɟɧ-
ɧɵɦ ɞɜɢɠɟɧɢɟɦ ɢɨɧɨɜ ɦɢɧɟɪɚɥɶɧɵɯ ɫɨɥɟɣ, ɛɭɞɟɬ ɨɩɪɟɞɟɥɹɬɶɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ: 

 



)1(1 00 


t

t

eJ

e

U

U
 . (3) 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ ɩɪɟɞɥɨɠɢɬɶ ɢɫɩɨɥɶɡɨɜɚɬɶ ɨɬɤɥɢɤ ɩɨɬɨɤɚ ɫɨ-
ɥɟɣ ɜ ɩɨɪɚɯ ɞɪɟɜɟɫɢɧɵ ɧɚ ɢɡɦɟɧɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɧ-
ɰɢɩɚ ɪɚɛɨɬɵ ɰɢɮɪɨɜɨɝɨ ɞɚɬɱɢɤɚ ɞɥɹ ɦɨɧɢɬɨɪɢɧɝɚ ɫɨɫɬɨɹɧɢɹ ɞɟɪɟɜɶɟɜ. Ɍɚɤɨɣ ɩɪɢɛɨɪ 
ɫɬɚɧɟɬ ɧɟɡɚɦɟɧɢɦɵɦ ɢɧɫɬɪɭɦɟɧɬɨɦ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɬɤɥɢɤɚ ɛɢɨɩɨɥɢɦɟɪɨɜ ɩɪɢɪɨɞ-
ɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ ɧɚ ɜɨɡɞɟɣɫɬɜɢɟ ɜɧɟɲɧɢɯ ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ ɫ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ 
ɬɨɱɧɨɫɬɶɸ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɎȽȻɈɍ ȼɈ «ȼȽɅɌɍ» ɧɚ ɩɪɨɟɤɬ «Ɋɚɡ-
ɪɚɛɨɬɤɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɣ ɤɨɧɰɟɩɰɢɢ ɦɟɬɨɞɨɜ ɢɡɦɟɪɟɧɢɹ ɬɟɪɦɨɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɩɨɥɟɣ ɜ ɫɬɜɨɥɚɯ ɞɪɟɜɟɫɧɵɯ ɪɚɫɬɟɧɢɣ». 

Ʌɢɬɟɪɚɬɭɪɚ 

1. Ɇɨɧɢɬɨɪɢɧɝ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢ ɩɪɨɝɧɨɡɢɪɨɜɚɧɢɢ ɥɟɫɧɵɯ ɩɨɠɚɪɨɜ /
ɇ.ɇ. Ɇɚɬɜɟɟɜ, ɇ.ɋ. Ʉɚɦɚɥɨɜɚ, ɇ.ɘ. ȿɜɫɢɤɨɜɚ, ȼ.ɂ. Ʌɢɫɢɰɵɧ // Ʌɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɠɭɪɧɚɥ. – 

2015. – Ɍ. 5. – № 4 (20). – ɋ. 16-25. 

2. Ɇɨɞɟɥɶ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɬɟɪɦɢɱɟɫɤɨɝɨ ɩɪɨɢɫɯɨɠ-
ɞɟɧɢɹ ɩɨ ɪɚɞɢɚɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɜ ɫɬɜɨɥɟ ɞɟɪɟɜɚ / ɇ.ɋ. Ʉɚɦɚɥɨɜɚ, ɇ.ɘ. ȿɜɫɢɤɨɜɚ, ȼ.ɂ. Ʌɢ-
ɫɢɰɵɧ, ɇ.ɇ. Ɇɚɬɜɟɟɜ, ȼ.ȼ. ɉɨɫɬɧɢɤɨɜ, ɇ.Ⱥ. ɋɚɜɪɚɫɨɜɚ, ȼ.ȼ. ɋɚɭɲɤɢɧ // ɇɚɭɤɚ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ɧɚ 
ɫɥɭɠɛɟ ɥɟɫɧɨɝɨ ɤɨɦɩɥɟɤɫɚ (ɤ 75-ɥɟɬɢɸ ȼȽɅɌȺ): ɦɚɬɟɪɢɚɥɵ Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɧɚɭɱɧɨ-

ɩɪɚɤɬɢɱɟɫɤɨɣ ɤɨɧɮɟɪɟɧɰɢɢ, ȼɨɪɨɧɟɠ, 26-28 ɨɤɬɹɛɪɹ 2005 ɝ./ ȼɨɪɨɧɟɠ: ȼȽɅɌȺ, 2005. – Ɍ. 1. – 

ɋ. 294-298. 
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1,2,3ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɥɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦɟɧɢ 
Ƚ.Ɏ. Ɇɨɪɨɡɨɜɚ» 

4ȼɨɟɧɧɵɣ ɭɱɟɛɧɨ-ɧɚɭɱɧɵɣ ɰɟɧɬɪ ɜɨɟɧɧɨ-ɜɨɡɞɭɲɧɵɯ ɫɢɥ «ȼɨɟɧɧɨ-ɜɨɡɞɭɲɧɚɹ ɚɤɚɞɟɦɢɹ ɢɦɟɧɢ 
ɩɪɨɮɟɫɫɨɪɚ ɇ.ȿ. ɀɭɤɨɜɫɤɨɝɨ ɢ ɘ.Ⱥ. Ƚɚɝɚɪɢɧɚ» 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɢɡɦɟɧɟɧɢɹ 
ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɩɨɥɢɞɢɦɢɬɢɥɫɢɥɨɤɫɚɧɚ ɫ ɞɨɛɚɜɥɟɧɢɟɦ 0,5% ɦɟɬɢɥɜɢɧɢɥɨɜɵɯ ɝɪɭɩɩ ɋɄɌȼ-1 

ɦɟɬɨɞɨɦ ɬɟɪɦɨɝɪɚɦɦ ɩɥɨɬɧɨɫɬɟɣ ɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɬɨɤɨɜ ɜ ɭɫɥɨɜɢɹɯ ɧɟɨɞɧɨɪɨɞɧɨɝɨ 
ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɥɹ. Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɭɛɟɞɢɬɟɥɶɧɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ 
ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɥɢɧɟɣɧɵɯ ɩɢɪɨɷɥɟɤɬɪɢɤɨɜ ɜ ɧɟɨɞɧɨɪɨɞɧɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɩɨɥɟ 
ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚɯ ɧɨɫɢɬ ɩɨɪɨɝɨɜɵɣ ɯɚɪɚɤɬɟɪ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɶ, ɬɟɪɦɨɝɪɚɦɦɵ ɩɥɨɬɧɨɫɬɟɣ ɬɨɤɨɜ, ɤɪɢɫɬɚɥɥɢɡɚɰɢɹ, 
ɩɥɚɜɥɟɧɢɟ. 

ɂɧɬɟɪɟɫ ɤ ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɨɪɢɟɧɬɚɰɢɨɧɧɨɣ ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɥɢɧɟɣɧɵɯ ɩɢɪɨ-
ɷɥɟɤɬɪɢɤɨɜ ɩɪɢ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚɯ ɜ ɧɟɨɞɧɨɪɨɞɧɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɩɨɥɟ ɨɫɧɨɜɚɧ ɧɚ 
ɭɫɬɨɣɱɢɜɨɦ ɫɬɪɟɦɥɟɧɢɢ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɪɚɫɲɢɪɹɬɶ ɫɩɟɤɬɪ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɢɫɬɨɱɧɢɤɨɜ 
ɷɧɟɪɝɢɢ. ɍɝɥɭɛɥɟɧɧɨɟ ɢɡɭɱɟɧɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɬɟɩɥɨɜɨɣ ɷɧɟɪɝɢɢ ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ 
ɩɨɡɜɨɥɹɟɬ ɪɚɫɲɢɪɢɬɶ ɦɟɬɨɞɵ ɧɚɛɥɸɞɟɧɢɹ ɡɚ ɢɡɦɟɧɟɧɢɹɦɢ ɧɚɞɦɨɥɟɤɭɥɹɪɧɨɣ ɫɬɪɭɤɬɭɪɵ 
ɩɨɥɢɦɟɪɨɜ ɩɨɞ ɜɥɢɹɧɢɟɦ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣɫɬɜɢɣ [1-3]. ɉɨɫɤɨɥɶɤɭ ɧɚɞɦɨɥɟɤɭɥɹɪɧɚɹ 
ɫɬɪɭɤɬɭɪɚ ɜɨ ɦɧɨɝɨɦ ɨɩɪɟɞɟɥɹɟɬ ɫɜɨɣɫɬɜɚ ɩɨɥɢɦɟɪɨɜ, ɬɨ ɩɨɞɨɛɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɨɝɭɬ 
ɫɬɚɬɶ ɨɫɧɨɜɨɣ ɞɥɹ ɬɟɯɧɨɥɨɝɢɣ ɩɨɥɭɱɟɧɢɹ ɦɚɬɟɪɢɚɥɨɜ ɫ ɡɚɞɚɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ ɹɜɥɹ-
ɸɬɫɹ ɚɤɬɭɚɥɶɧɵɦɢ. 

Ɋɢɫɭɧɨɤ. Ɍɟɪɦɨɝɪɚɦɦɵ ɩɥɨɬɧɨɫɬɟɣ ɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɬɨɤɨɜ ɩɪɢ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ 
ɢ ɩɥɚɜɥɟɧɢɢ ɋɄɌȼ-1 (Ɍ = 7,710

4
 Ʉ/ɦ) 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 
ɢɡɦɟɧɟɧɢɹ ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɋɄɌȼ-1 ɦɟɬɨɞɨɦ ɬɟɪɦɨɝɪɚɦɦ ɩɥɨɬɧɨɫɬɟɣ ɩɨɥɹɪɢɡɚɰɢɨɧ-
ɧɵɯ ɬɨɤɨɜ ɜ ɭɫɥɨɜɢɹɯ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɥɹ ɫ ɝɪɚɞɢɟɧɬɨɦ T=(10

410
5
)

Ʉ/ɦ [1]. ɉɨɥɭɱɟɧɧɵɟ ɬɟɪɦɨɝɪɚɦɦɵ ɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɬɨɤɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ 1. 
Ɉɯɥɚɠɞɟɧɢɟ ɨɛɪɚɡɰɚ ɫɨ ɫɤɨɪɨɫɬɶɸ (0,050,01) Ʉ/ɫ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɢɠɟ 213 Ʉ ɫɨɩɪɨ-
ɜɨɠɞɚɟɬɫɹ ɩɨɹɜɥɟɧɢɟɦ ɩɨɥɹɪɢɡɚɰɢɨɧɧɨɝɨ ɬɨɤɚ, ɢ ɤɪɨɦɟ ɨɫɧɨɜɧɨɝɨ ɦɚɤɫɢɦɭɦɚ ɩɪɢ 
T=203 Ʉ ɧɚ ɡɚɜɢɫɢɦɨɫɬɢ j(T) ɧɚɛɥɸɞɚɟɬɫɹ ɟɳɟ ɨɞɢɧ ɦɚɤɫɢɦɭɦ ɩɪɢ T=199 Ʉ, ɨɬɜɟɱɚɸ-
ɳɢɣ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɡɚ ɜɬɨɪɭɸ ɫɬɚɞɢɸ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ. ɉɪɢ ɧɚɝɪɟɜɚɧɢɢ ɫ ɬɨɣ ɠɟ ɫɤɨɪɨ-
ɫɬɶɸ ɡɚɤɪɢɫɬɚɥɥɢɡɨɜɚɧɧɨɝɨ ɋɄɌȼ-1 ɧɚɛɥɸɞɚɸɬɫɹ ɬɨɤɢ ɞɟɩɨɥɹɪɢɡɚɰɢɢ, ɫɜɹɡɚɧɧɵɟ ɫ 
ɩɥɚɜɥɟɧɢɟɦ, ɩɪɢɱɟɦ ɞɭɩɥɟɬɧɨɫɬɶ ɩɢɤɚ ɫɨɯɪɚɧɹɟɬɫɹ (ɬɟɦɩɟɪɚɬɭɪɵ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɨɫɧɨɜɧɨɦɭ ɢ ɥɨɤɚɥɶɧɨɦɭ ɦɚɤɫɢɦɭɦɚɦ, ɪɚɜɧɵ 230 ɢ 222 Ʉ). 

Ⱦɭɩɥɟɬɧɨɫɬɶ ɩɢɤɚ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɞɜɭɯɫɬɚɞɢɣɧɨɦ ɩɪɨɰɟɫɫɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ, 
ɱɬɨ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 
ɩɪɢ ɮɚɡɨɜɵɯ ɩɟɪɟɯɨɞɚɯ ɧɨɫɢɬ ɩɨɪɨɝɨɜɵɣ ɯɚɪɚɤɬɟɪ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɜɵɞɜɢɧɭɬɶ ɩɪɟɞɩɨ-
ɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɫɤɨɪɨɫɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɧɚɪɚɫɬɚɧɢɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɮɚɡɵ 
dN/(Ndt) ɧɟ ɹɜɥɹɟɬɫɹ ɩɨɫɬɨɹɧɧɨɣ ɢ ɡɚɜɢɫɢɬ ɨɬ ɤɨɥɢɱɟɫɬɜɚ ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ ɤɪɢɫɬɚɥɥɢ-
ɬɨɜ: 
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dN    ,     (1) 

ɝɞɟ χ ɢ  – ɩɚɪɚɦɟɬɪɵ ɤɢɧɟɬɢɤɢ ɢɡɦɟɧɟɧɢɹ ɧɚɞɦɨɥɟɤɭɥɹɪɧɨɣ ɫɬɪɭɤɬɭɪɵ ɥɢɧɟɣ-
ɧɨɝɨ ɩɢɪɨɷɥɟɤɬɪɢɤɚ. ȼɟɥɢɱɢɧɚ ɩɚɪɚɦɟɬɪɨɜ ɡɚɜɢɫɢɬ ɨɬ ɨɫɨɛɟɧɧɨɫɬɟɣ ɫɬɪɭɤɬɭɪɵ ɤɪɢ-
ɫɬɚɥɥɢɬɨɜ ɢ ɢɯ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɨɨɬɧɨɲɟɧɢɟ (1) ɦɨɠɟɬ ɥɟɱɶ ɜ ɨɫɧɨɜɭ ɚɤɫɢɨɦɚɬɢɤɢ ɦɨɞɟɥɢ ɞɥɹ 
ɜɵɱɢɫɥɢɬɟɥɶɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ ɩɚɪɚɦɟɬɪɨɜ ɤɢɧɟɬɢɤɢ ɧɚɞɦɨɥɟɤɭɥɹɪ-
ɧɨɣ ɫɬɪɭɤɬɭɪɵ ɥɢɧɟɣɧɵɯ ɩɢɪɨɷɥɟɤɬɪɢɤɨɜ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɡɚɜɢɫɢ-
ɦɨɫɬɟɣ ɢɯ ɩɨɥɹɪɢɡɨɜɚɧɧɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɧɟɨɞɧɨɪɨɞɧɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɩɨɥɟ. 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɎȽȻɈɍ ȼɈ «ȼȽɅɌɍ» ɧɚ ɩɪɨɟɤɬ «Ɋɚɡ-
ɪɚɛɨɬɤɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɣ ɤɨɧɰɟɩɰɢɢ ɦɟɬɨɞɨɜ ɢɡɦɟɪɟɧɢɹ ɬɟɪɦɨɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɷɥɟɤ-
ɬɪɢɱɟɫɤɢɯ ɩɨɥɟɣ ɜ ɫɬɜɨɥɚɯ ɞɪɟɜɟɫɧɵɯ ɪɚɫɬɟɧɢɣ». 
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«ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɥɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦɟɧɢ Ƚ.Ɏ. Ɇɨɪɨɡɨɜɚ» 

 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɪɟɥɚɤɫɚɰɢɢ ɫɬɪɭɤɬɭɪɵ 
ɦɨɥɟɤɭɥ ɋɈ2 ɜ ɩɨɪɚɯ ɩɪɢɪɨɞɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ - ɞɪɟɜɟɫɢɧɚ ɛɟɪɟɡɵ. Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ 
ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨɛ ɢɡɦɟɧɟɧɢɹɯ ɧɚɞɦɨɥɟɤɭɥɹɪɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɨɥɟɤɭɥ CO2 ɜ ɩɨɪɚɯ 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɧɨɫɹɳɢɯ ɩɨɪɨɝɨɜɵɣ ɯɚɪɚɤɬɟɪ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɂɄ-ɫɩɟɤɬɪɵ ɞɪɟɜɟɫɢɧɵ, ɩɨɥɨɫɚ ɩɨɝɥɨɳɟɧɢɹ, ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ. 
 

Ɋɚɧɟɟ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɷɮɮɟɤɬɵ ɜɨɡɞɟɣɫɬɜɢɹ ɫɥɚɛɨɝɨ (  ≤ 0,5 Ɍɥ) ɢɦɩɭɥɶɫɧɨɝɨ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (ɂɆɉ) ɧɚ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɰɟɥɨɝɨ ɪɹɞɚ ɞɢɚɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚ-
ɥɨɜ, ɜ ɱɚɫɬɧɨɫɬɢ, ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɩɪɢɪɨɞɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ [1,2].  

ȼ ɩɪɟɞɥɚɝɚɟɦɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨ-
ɜɚɧɢɣ ɪɟɥɚɤɫɚɰɢɢ ɫɬɪɭɤɬɭɪɵ ɦɨɥɟɤɭɥ ɋɈ2 ɜ ɩɨɪɚɯ ɬɨɧɤɢɯ ɫɪɟɡɨɜ ɞɪɟɜɟɫɢɧɵ ɛɟɪɟɡɵ. 
ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɦɟɬɨɞɨɦ ɂɄ-ɫɩɟɤɬɪɨɫɤɨɩɢɢ. Ⱥɧɚɥɢɡɢɪɨɜɚɥɢɫɶ ɫɩɟɤɬɪɵ 
ɩɪɨɩɭɫɤɚɧɢɹ ɂɄ-ɢɡɥɭɱɟɧɢɹ ɞɨ ɜɨɡɞɟɣɫɬɜɢɹ ɂɆɉ, ɚ ɬɚɤɠɟ ɱɟɪɟɡ 30ɫ, 2,5 ɱɚɫɚ, 1 ɫɭɬɤɢ ɢ 
1 ɧɟɞɟɥɸ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ, ɞɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɞɜɭɝɨɪɛɚɹ ɩɨɥɨɫɚ ɜ ɢɧɬɟɪɜɚ-
ɥɟ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ 2360-2330 ɫɦ-1 (ɫɩɥɨɲɧɚɹ ɥɢɧɢɹ), ɤɨɬɨɪɭɸ ɨɬɧɨɫɹɬ ɤ ɨɛɥɚɫɬɢ ɤɨɥɟ-
ɛɚɧɢɣ ɞɢɨɤɫɢɞɚ ɭɝɥɟɪɨɞɚ CO2 [3]. ɑɟɪɟɡ 30 ɫɟɤɭɧɞ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɷɬɚ ɩɨɥɨɫɚ ɢɫɱɟ-
ɡɚɟɬ (ɩɭɧɤɬɢɪɧɚɹ ɥɢɧɢɹ). Ⱦɚɥɶɧɟɣɲɚɹ ɜɵɞɟɪɠɤɚ ɨɛɪɚɛɨɬɚɧɧɨɝɨ ɨɛɪɚɡɰɚ ɜ ɬɟɱɟɧɢɟ 2,5 
ɱɚɫɨɜ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɩɨɹɜɥɟɧɢɟɦ  ɹɫɧɨ ɜɵɪɚɠɟɧɧɨɣ ɩɨɥɨɫɵ ɩɨɝɥɨɳɟɧɢɹ ɜ ɨɛɥɚɫɬɢ 
2350 ɫɦ-1. Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɨɫɵ ɩɪɢ ɷɬɨɦ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɚ ɡɚɬɟɦ ɫ ɬɟ-
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ɱɟɧɢɟɦ ɜɪɟɦɟɧɢ ɧɟ ɦɟɧɹɟɬɫɹ. ȿɫɥɢ ɠɟ ɨɛɪɚɡɟɰ ɧɚɝɪɟɬɶ ɞɨ 150°ɋ ɜ ɬɟɱɟɧɢɟ 30 ɫ, ɬɨ ɩɨɥɨ-
ɫɚ ɩɨɝɥɨɳɟɧɢɹ ɢɫɱɟɡɚɟɬ (ɬɨɱɟɱɧɚɹ ɥɢɧɢɹ), ɩɪɢ ɷɬɨɦ ɞɜɭɝɨɪɛɚɹ ɢɫɯɨɞɧɚɹ ɩɨɥɨɫɚ ɧɟ ɜɨɫ-
ɫɬɚɧɚɜɥɢɜɚɟɬɫɹ.

Ɋɢɫɭɧɨɤ. ɋɪɚɜɧɢɬɟɥɶɧɵɟ ɞɢɚɝɪɚɦɦɵ ɂɄ-ɫɩɟɤɬɪɨɜ (ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫ 
ɩɨɝɥɨɳɟɧɢɹ) ɞɥɹ ɨɛɪɚɡɰɨɜ ɞɪɟɜɟɫɢɧɵ ɛɟɪɟɡɵ ɜ ɢɧɬɟɪɜɚɥɟ ɱɚɫɬɨɬ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɫɧɨɜɧɵɦ 

ɤɨɥɟɛɚɧɢɹɦ ɦɨɥɟɤɭɥɵ ɋɈ2 (k = 2300 - 2400 ɫɦ-1) ɞɨ ɢ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɂɆɉ

Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨɛ ɢɡɦɟɧɟɧɢɹɯ ɧɚɞɦɨɥɟɤɭɥɹɪɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɦɨɥɟɤɭɥ CO2 ɜ ɩɨɪɚɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɩɪɢɱɟɦ ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ ɩɨɪɨɝɨɜɵɣ 
ɯɚɪɚɤɬɟɪ ɷɮɮɟɤɬɚ. ɋɬɢɦɭɥɢɪɨɜɚɧɧɵɟ ɂɆɉ-ɜɨɡɞɟɣɫɬɜɢɟɦ ɢɡɦɟɧɟɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɫɜɹɡɚ-
ɧɵ ɫ ɩɚɪɚɦɚɝɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɚɬɨɦɨɜ ɤɢɫɥɨɪɨɞɚ. ȼ ɨɫɧɨɜɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɟɥɚɤɫɚ-
ɰɢɢ ɧɚɞɦɨɥɟɤɭɥɹɪɧɨɣ ɫɬɪɭɤɬɭɪɵ CO2, ɩɨ-ɜɢɞɢɦɨɦɭ, ɞɨɥɠɧɨ ɥɟɠɚɬɶ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ 
ɜɨɡɦɨɠɧɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢɹ ɧɟɤɨɬɨɪɨɣ ɦɨɥɟɤɭɥɹɪɧɨɣ ɭɩɨɪɹɞɨɱɟɧɧɨɫɬɢ ɦɨɥɟɤɭɥ CO2 ɩɨ-
ɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɂɆɉ. ɋɥɟɞɭɟɬ ɬɚɤɠɟ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɜɨɡɧɢɤɚɸɳɢɟ ɫɬɪɭɤɬɭɪɵ ɞɨɫɬɚɬɨɱ-
ɧɨ ɫɬɚɛɢɥɶɧɵ ɢ ɬɪɟɛɭɸɬ ɬɟɩɥɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɞɥɹ ɫɜɨɟɝɨ ɪɚɡɪɭɲɟɧɢɹ.

ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɟɞɟɧɵ ɜ ɪɚɦɤɚɯ ɝɪɚɧɬɚ, ɜɵɞɟɥɟɧɧɨɝɨ ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠ-
ɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ лесотехнический ɭɧɢɜɟɪɫɢɬɟɬ» ɧɚ ɩɪɨɟɤɬ «Ɋɚɡɪɚɛɨɬɤɚ ɮɭɧ-
ɞɚɦɟɧɬɚɥɶɧɨɣ ɤɨɧɰɟɩɰɢɢ ɦɟɬɨɞɨɜ ɢɡɦɟɪɟɧɢɹ ɬɟɪɦɨɩɨɥɹɪɢɡɚɰɢɨɧɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɩɨɥɟɣ ɜ ɫɬɜɨɥɚɯ ɞɪɟɜɟɫɧɵɯ ɪɚɫɬɟɧɢɣ».
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ɂɡɭɱɟɧ ɩɪɨɰɟɫɫ ɜɭɥɤɚɧɢɡɚɰɢɢ ɫɦɟɫɟɣ ɷɥɚɫɬɨɦɟɪɨɜ, ɪɚɡɥɢɱɚɸɳɢɯɫɹ ɪɟɥɚɤɚɰɢɨɧɧɨ-

ɤɢɧɟɬɢɱɟɫɤɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ ɚɝɟɧɬɨɜ ɜɭɥɤɚɧɢɡɚɰɢɢ ɪɚɡɧɨ-
ɝɨ ɫɨɫɬɚɜɚ. Ɇɟɬɨɞɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɨɰɟɧɟɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɟɪɵ ɦɟɠɞɭ ɮɚɡɚɦɢ 
ɤɚɭɱɭɤɨɜ, ɪɚɫɫɱɢɬɚɧɵ ɤɨɷɮɮɢɰɢɟɧɬɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɫɟɪɵ ɦɟɠɞɭ ɮɚɡɚɦɢ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ  
ɫɤɨɪɨɫɬɶ ɫɜɹɡɵɜɚɧɢɹ ɫɟɪɵ ɤɚɭɱɭɤɚɦɢ ɢɡɦɟɧɹɟɬɫɹ ɜ ɪɹɞɭ ɋɄȾ>ɋɄɋ-30> ɋɄɇ-40=ɋɄɂ-3, ɱɬɨ ɫɨ-
ɝɥɚɫɭɟɬɫɹ ɫɨ  ɫɤɨɪɨɫɬɶɸ ɪɟɥɚɤɫɚɰɢɢ ɦɚɤɪɨɰɟɩɟɣ ɩɪɢ ɜɭɥɤɚɧɢɡɚɰɢɢ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɦɟɫɢ ɤɚɭɱɭɤɨɜ, ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɤɥɨɜɚɧɢɹ, ɜɭɥɤɚɧɢɡɚɰɢɹ.

Ɉɫɨɛɟɧɧɨɫɬɢ ɫɬɪɭɤɬɭɪɵ ɢ ɫɜɨɣɫɬɜ ɫɦɟɫɟɣ ɤɚɭɱɭɤɨɜ ɜ ɰɟɥɨɦ ɨɛɨɫɧɨɜɚɧɵ ɞɨɫɬɚ-
ɬɨɱɧɨ ɩɨɥɧɨ. Ȼɨɥɶɲɢɧɫɬɜɨ ɢɡ ɨɩɭɛɥɢɤɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɩɨɫɜɹɳɟɧɨ ɚɧɚɥɢɡɭ ɮɚɡɨɜɨɣ 
ɫɬɪɭɤɬɭɪɵ ɩɪɢ ɩɟɪɟɪɚɛɨɬɤɟ ɢ ɷɤɫɩɥɭɚɬɚɰɢɢ [1-2], ɧɨ ɩɪɢ ɷɬɨɦ ɦɟɧɶɲɟɟ ɡɧɚɱɟɧɢɟ ɩɪɢɞɚ-
ɜɚɥɨɫɶ ɪɟɚɥɶɧɵɦ ɩɪɨɰɟɫɫɚɦ, ɩɪɨɢɫɯɨɞɹɳɢɦ ɩɪɢ ɫɲɢɜɚɧɢɢ ɤɨɦɛɢɧɚɰɢɣ ɷɥɚɫɬɨɦɟɪɨɜ, 
ɨɫɨɛɟɧɧɨ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɪɚɡɥɢɱɧɵɯ ɜɭɥɤɚɧɢɡɭɸɳɢɯ ɫɢɫɬɟɦ. Ɋɟɡɭɥɶɬɚɬɵ ɷɬɢɯ ɢɫɫɥɟɞɨ-
ɜɚɧɢɣ ɩɨɡɜɨɥɹɬ ɩɨɥɭɱɢɬɶ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɫɜɟɞɟɧɢɹ ɨ ɦɟɯɚɧɢɡɦɟ ɜɭɥɤɚɧɢɡɚɰɢɢ ɤɚɭɱɭ-
ɤɨɜ, ɤɨɬɨɪɵɣ, ɤɚɤ ɢɡɜɟɫɬɧɨ, ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɫɨ ɡɧɚɱɢɬɟɥɶɧɵɦ ɩɪɟɨɛɥɚɞɚɧɢɟɦ ɜɤɥɚɞɚ ɜ 
ɩɪɨɰɟɫɫ ɜɭɥɤɚɧɢɡɚɰɢɢ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ [3].

ɉɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɬɟɤɚɸɳɢɯ ɩɪɢ ɜɭɥɤɚɧɢɡɚɰɢɢ ɫɢɫɬɟɦ, 
ɫɨɫɬɨɹɳɢɯ ɢɡ ɞɜɭɯ ɷɥɚɫɬɨɦɟɪɨɜ, ɪɚɡɥɢɱɚɸɳɢɯɫɹ  ɪɟɥɚɤɫɚɰɢɨɧɧɨ-ɤɢɧɟɬɢɱɟɫɤɢɦɢ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɚɦɢ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ ɚɝɟɧɬɨɜ ɜɭɥɤɚɧɢɡɚɰɢɢ (ȾȺȼ) ɪɚɡɧɨɝɨ ɫɨ-
ɫɬɚɜɚ. ȼ ɂɡɭɱɟɧɵ ɫɬɪɭɤɬɭɪɚ ɢ ɫɜɨɣɫɬɜɚ ɪɟɡɢɧ  ɧɚ ɨɫɧɨɜɟ ɪɚɡɥɢɱɧɵɯ ɩɨ ɯɢɦɢɱɟɫɤɨɣ ɩɪɢ-
ɪɨɞɟ ɢ ɫɜɨɣɫɬɜɚɦ ɤɚɭɱɭɤɨɜ – ɩɨɥɢɛɭɬɚɞɢɟɧɚ ɦɚɪɤɢ ɋɄȾ, ɩɨɥɢɢɡɨɩɪɟɧɚ ɦɚɪɤɢ ɋɄɂ-3,

ɛɭɬɚɞɢɟɧ-ɫɬɢɪɨɥɶɧɨɝɨ ɫɨɩɨɥɢɦɟɪɚ ɦɚɪɤɢ ɋɄɋ-30ȺɊɄɉ [4]. ȼ ɤɚɱɟɫɬɜɟ ɩɨɥɢɦɟɪɚ-
ɩɨɫɪɟɞɧɢɤɚ ɢɫɩɨɥɶɡɨɜɚɥɢ ɛɭɬɚɞɢɟɧ-ɧɢɬɪɢɥɶɧɵɣ ɤɚɭɱɭɤ ɦɚɪɤɢ ɋɄɇ-40. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɢɫɫɥɟɞɨɜɚɥɢ ɫɦɟɫɢ ɧɟɫɨɜɦɟɫɬɢɦɵɯ ɤɚɭɱɭɤɨɜ ɋɄɇ-40/ɋɄȾ, ɋɄɇ-40/ɋɄɋ-30ȺɊɄɉ, 
ɋɄɇ-40/ɋɄɂ-3. Ⱦɥɹ ɜɵɹɜɥɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɦɟɯɚɧɢɡɦɨɜ ɜɭɥɤɚɧɢɡɚɰɢɢ ɜɚɪɶɢɪɨɜɚɥɢ ɜɢ-
ɞɵ ɭɫɤɨɪɢɬɟɥɟɣ ɜɭɥɤɚɧɢɡɚɰɢɢ: ɞɢɛɟɧɡɬɢɚɡɨɥɢɥɞɢɫɭɥɶɮɢɞ (ȾȻɌȾ), 2-

ɦɟɪɤɚɩɬɨɛɟɧɡɬɢɚɡɨɥ (ɆȻɌ), ɢ ɢɯ ɤɨɦɛɢɧɚɰɢɢ ɫ ɞɢɮɟɧɢɥɝɭɚɧɢɞɢɧɨɦ (ȾɎȽ) ɢ ɞɨɡɢɪɨɜɤɢ 
(ɨɬ 1 ɞɨ 5 ɦɚɫ.ɱ.) ɭɫɤɨɪɢɬɟɥɟɣ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɨɬɧɨɲɟɧɢɢ «ɫɟɪɚ: ɭɫɤɨɪɢɬɟɥɶ»= 2:1.

Ɇɟɬɨɞɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɩɨ ɢɡɦɟɧɟɧɢɸ ɬɟɦɩɟɪɚɬɭɪɵ ɫɬɟɤɥɨɜɚɧɢɹ ɜ 
ɫɦɟɫɹɯ ɤɚɭɱɭɤɨɜ ɨɰɟɧɟɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɟɪɵ ɦɟɠɞɭ ɮɚɡɚɦɢ. Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɢ 
ɩɪɨɜɟɞɟɧɚ ɨɰɟɧɤɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɫɟɪɵ ɜ ɮɚɡɚɯ ɤɚɭɱɭɤɨɜ (ɬɚɛɥ.).

ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɢɧɬɟɪɜɚɥɟ ɤɨɧɰɟɧɬɪɚɰɢɣ ɫɟɪɵ ɨɬ 2 ɞɨ 10 ɦɚɫ.ɱ. ɜ ɜɭɥɤɚɧɢɡɚ-
ɬɚɯ ɧɚɛɥɸɞɚɥɚɫɶ ɫɥɟɞɭɸɳɚɹ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ ɟɟ ɫɜɹɡɵɜɚɧɢɹ ɤɚɭɱɭɤɚɦɢ: ɋɄȾ>ɋɄɋ-

30>ɋɄɇ-40=ɋɄɂ-3. ɂɡɜɟɫɬɧɨ [4], ɱɬɨ ɚɤɬɢɜɧɨɫɬɶ ɢɧɞɢɜɢɞɭɚɥɶɧɵɯ  ɤɚɭɱɭɤɨɜ ɩɪɢ ɜɭɥ-
ɤɚɧɢɡɚɰɢɢ ɦɟɧɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɋɄɂ-3>ɋɄɇ-40>ɋɄɋ-30>ɋɄȾ, ɱɬɨ ɧɟ ɫɨɜɩɚ-
ɞɚɟɬ ɫ ɜɵɲɟɩɪɢɜɟɞɟɧɧɵɦɢ ɞɚɧɧɵɦɢ ɨ ɫɜɹɡɵɜɚɧɢɢ ɫɟɪɵ ɷɬɢɦɢ ɤɚɭɱɭɤɚɦɢ ɜ ɢɯ ɤɨɦɛɢ-
ɧɚɰɢɹɯ. Ɉɞɧɚɤɨ ɜ ɭɫɥɨɜɢɹɯ ɜɭɥɤɚɧɢɡɚɰɢɢ ɫɤɨɪɨɫɬɶ ɪɟɥɚɤɫɚɰɢɢ ɰɟɩɟɣ ɦɟɧɹɟɬɫɹ ɜ ɪɹɞɭ
ɋɄɂ 3<ɋɄɇ-40<ɋɄɋ-30<ɋɄȾ [3], ɱɬɨ ɫɨɜɩɚɞɚɟɬ ɫɨ ɫɬɟɩɟɧɶɸ ɩɪɢɫɨɟɞɢɧɟɧɢɹ ɫɟɪɵ ɤ
ɤɚɭɱɭɤɚɦ ɜ ɢɯ ɫɦɟɫɹɯ.

Ɍɚɛɥɢɰɚ
Ʉɨɷɮɮɢɰɢɟɧɬɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɫɟɪɵ ɜ ɜɭɥɤɚɧɢɡɚɬɚɯ ɫɦɟɫɟɣ ɤɚɭɱɭɤɨɜ

ȼɭɥɤɚɧɢɡɭɸɳɚɹ ɝɪɭɩɩɚ ɋɄȾ/ɋɄɇ-40 ɋɄɋ-30/ɋɄɇ-40 ɋɄɂ-3/ɋɄɇ-40

2 ɦɚɫ. ɱ. ɫɟɪɵ + ȾȻɌȾ 1,42 1,16 0,82 

5 ɦɚɫ. ɱ. ɫɟɪɵ + ȾȻɌȾ 2,42 1,63 0,86 

10 ɦɚɫ. ɱ. ɫɟɪɵ + ȾȻɌȾ 2,63 2,07 1,86 

5 ɦɚɫ. ɱ. ɫɟɪɵ + (ȾȻɌȾ/ȾɎȽ=1/1) 2,10 1,63 0,82 

5 ɦɚɫ. ɱ. ɫɟɪɵ + (ȾȻɌȾ/ȾɎȽ=3/1) 1,78 1,94 0,82 

2 ɦɚɫ. ɱ. ɫɟɪɵ + ɆȻɌ 1,50 1,20 0,90 

5 ɦɚɫ. ɱ. ɫɟɪɵ + ɆȻɌ 2,44 1,50 0,88 

5 ɦɚɫ. ɱ. ɫɟɪɵ + (ɆȻɌ /ȾɎȽ=1/1) 1,94 1,94 0,83 

5 ɦɚɫ. ɱ. ɫɟɪɵ + (ɆȻɌ /ȾɎȽ=3/1) 2,12 1,78 0,80 

10 ɦɚɫ. ɱ. ɫɟɪɵ + ɆȻɌ 2,64 1,80 1,50 
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ȼɪɟɦɹ ɪɟɥɚɤɫɚɰɢɢ ɋɄȾ ɧɚɦɧɨɝɨ ɦɟɧɶɲɟ, ɱɟɦ ɋɄɂ-3 ɢɥɢ ɋɄɇ-40 ɩɪɢ ɬɟɦɩɟɪɚ-
ɬɭɪɚɯ ɜɭɥɤɚɧɢɡɚɰɢɢ. ɉɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɤɚɭɱɭɤɚ ɫ ȾȺȼ ɫɤɨɪɨɫɬɶ ɨɛɦɟɧɚ ɰɟɩɟɣ ɭ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ȾȺȼ ɭ ɋɄȾ ɛɨɥɶɲɟ, ɱɟɦ ɭ ɋɄɂ-3. ȼɫɥɟɞɫɬɜɢɟ ɥɭɱɲɢɯ (ɫ ɞɚɧɧɵɯ ɩɨɡɢɰɢɣ) 
ɪɟɥɚɤɫɚɰɢɨɧɧɨ-ɤɢɧɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɋɄȾ ɢɥɢ ɋɄɋ-30 ɩɪɢɫɨɟɞɢɧɹɸɬ ɛɨɥɶɲɟɟ 
ɤɨɥɢɱɟɫɬɜɨ ɜɭɥɤɚɧɢɡɭɸɳɟɝɨ ɚɝɟɧɬɚ. 

Ʌɢɬɟɪɚɬɭɪɚ 
1. Ȼɚɪɬɟɧɟɜ Ƚ. Ɇ. Ɇɢɤɪɨɫɬɪɭɤɬɭɪɚ ɩɨɥɢɦɟɪɧɵɯ ɰɟɩɟɣ ɢ ɪɟɥɚɤɫɚɰɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ ɩɨɥɢ-

ɛɭɬɚɞɢɟɧɨɜ / Ƚ. Ɇ. Ȼɚɪɬɟɧɟɜ, ɋ. ȼ. Ȼɚɝɥɸɤ, ȼ. ȼ. Ɍɭɥɢɧɨɜɚ // ȼɵɫɨɤɨɦɨɥ. ɫɨɟɞ. - 1990. - ɋɟɪ. Ⱥ. - 
Ɍ. 32. - № 7. - ɋ. 1436 - 1443.  

2. Milani G., Milani F. Quasi-analytical kinetic model for natural rubber and polybutadiene

rubber blends // Reaction Kinetics, Mechanisms and Catalysis.- 2018.- V. 123.- № 2.- P.351–365. 

3. ɒɭɬɢɥɢɧ ɘ.Ɏ. Ɉ ɪɟɥɚɤɫɚɰɢɨɧɧɨ-ɤɢɧɟɬɢɱɟɫɤɢɯ ɨɫɨɛɟɧɧɨɫɬɹɯ ɫɬɪɭɤɭɬɭɪɵ ɢ ɫɜɨɣɫɬɜ
ɷɥɚɫɬɨɦɟɪɨɜ ɢ ɢɯ ɫɦɟɫɟɣ. // ȼɵɫɨɤɨɦɨɥ. ɫɨɟɞ.  - 1987.- Ɍ.29Ⱥ.- № 8.- ɋ. 1614-1619. 

4. Ɉɫɨɲɧɢɤ ɂ.Ⱥ. ɉɪɨɢɡɜɨɞɫɬɜɨ ɪɟɡɢɧɨɜɵɯ ɬɟɯɧɢɱɟɫɤɢɯ ɢɡɞɟɥɢɣ / 
ɂ.Ⱥ. Ɉɫɨɲɧɢɤ ɂ.Ⱥ., ɘ.Ɏ. ɒɭɬɢɥɢɧ, Ɉ.ȼ. Ʉɚɪɦɚɧɨɜɚ. ȼɨɪɨɧɟɠ: ȼɨɪɨɧɟɠ. ɝɨɫ. ɬɟɯɧɨɥ. ɚɤɚɞ., 2007. 
972 ɫ. 

ɍȾɄ 539.25+548.53 

ɋɌɊɍɄɌɍɊɇɕȿ ɂ ɋɍȻɋɌɊɍɄɌɍɊɇɕȿ ɉɊȿȼɊȺɓȿɇɂə ȼ ɎɈɋɎȺɌȺɏ 
ɄȺɅɖɐɂə ȼ ɉɊɈɐȿɋɋȿ ɗɅȿɄɌɊɈɇɇɈȽɈ ɈȻɅɍɑȿɇɂə 

Ⱥ.ȼ. Ʉɨɫɬɸɱɟɧɤɨ 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɫɬɪɭɤɬɭɪɧɵɟ ɢ ɫɭɛɫɬɪɭɤɬɭɪɧɵɟ ɩɪɟɜɪɚɳɟɧɢɹ ɜ ɩɥɟɧɤɚɯ ɮɨɫɮɚɬɨɜ 
ɤɚɥɶɰɢɹ (ɎɄ) ɫɨɫɬɚɜɚ ɝɢɞɪɨɤɫɢɚɩɚɬɢɬɚ (ȽȺ) ɜ ɩɪɨɰɟɫɫɟ ɜɵɞɟɪɠɤɢ ɜ ɩɭɱɤɟ ɛɵɫɬɪɵɯ ɷɥɟɤɬɪɨɧɨɜ ɜ 
ɤɨɥɨɧɧɟ ɩɪɨɫɜɟɱɢɜɚɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ. ɉɨɤɚɡɚɧ ɷɮɮɟɤɬ ɷɥɟɤɬɪɨɧɧɨɝɨ ɨɛɥɭɱɟɧɢɹ 
ɚɦɨɪɮɧɵɯ ɩɥɟɧɨɤ ɎɄ, ɡɚɤɥɸɱɚɸɳɢɣɫɹ ɜ ɨɛɪɚɡɨɜɚɧɢɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡ ȽȺ ɢ ɬɪɟɯɤɚɥɶɰɢɟɜɨɝɨ 
ɮɨɫɮɚɬɚ ɢ ɮɨɪɦɢɪɨɜɚɧɢɢ ɧɚɧɨɩɨɪɢɫɬɨɣ ɫɬɪɭɤɬɭɪɵ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɷɥɟɤɬɪɨɧɧɨɟ ɨɛɥɭɱɟɧɢɟ, ɝɢɞɪɨɤɫɢɚɩɚɬɢɬ, ɫɭɛɫɬɪɭɤɬɭɪɚ. 

ɉɪɨɰɟɫɫɵ ɫɢɧɬɟɡɚ, ɫɬɪɭɤɬɭɪɚ ɢ ɫɜɨɣɫɬɜɚ ɤɟɪɚɦɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚ ɨɫɧɨɜɟ ɝɢɞ-
ɪɨɤɫɢɚɩɚɬɢɬɚ (ȽȺ, Ca10(PO)4(OH)2) ɞɥɹ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɤɨɫɬɧɵɯ ɬɤɚɧɟɣ ɜ ɬɟɱɟɧɢɟ ɪɹɞɚ 
ɞɟɫɹɬɢɥɟɬɢɣ ɚɤɬɢɜɧɨ ɢɫɫɥɟɞɭɸɬɫɹ. ȼ ɤɚɱɟɫɬɜɟ ɧɚɢɛɨɥɟɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɦɟɬɨɞɚ ɜ ɢɫɫɥɟ-
ɞɨɜɚɧɢɢ ɫɭɛɫɬɪɭɤɬɭɪɵ ɦɚɬɟɪɢɚɥɨɜ ɢɫɩɨɥɶɡɭɸɬ ɩɪɨɫɜɟɱɢɜɚɸɳɭɸ ɷɥɟɤɬɪɨɧɧɭɸ ɦɢɤɪɨ-
ɫɤɨɩɢɸ (ɉɗɆ), ɧɟ ɢɦɟɸɳɭɸ ɚɥɶɬɟɪɧɚɬɢɜɵ ɜɫɥɟɞɫɬɜɢɟ ɟɟ ɩɪɟɞɟɥɶɧɨ ɜɵɫɨɤɨɣ ɪɚɡɪɟɲɚ-
ɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɢ, ɜɨɡɦɨɠɧɨɫɬɢ ɤɨɥɢɱɟɫɬɜɟɧɧɨɣ ɨɰɟɧɤɢ ɤɪɢɫɬɚɥɥɢɱɧɨɫɬɢ ɫɬɪɨɟɧɢɹ, ɜɵ-
ɹɜɥɟɧɢɹ ɜɬɨɪɵɯ ɮɚɡ ɢ ɢɯ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɢɦɟɸɬɫɹ ɫɜɟɞɟɧɢɹ 
[1], ɱɬɨ ɫɬɪɭɤɬɭɪɚ ɤɪɢɫɬɚɥɥɨɜ ȽȺ ɱɭɜɫɬɜɢɬɟɥɶɧɚ ɤ ɜɨɡɞɟɣɫɬɜɢɸ ɛɵɫɬɪɵɯ ɷɥɟɤɬɪɨɧɨɜ. ȼ 
ɫɜɹɡɢ ɫ ɷɬɢɦ ɰɟɥɶ ɪɚɛɨɬɵ – ɜɵɹɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɩɪɟɜɪɚɳɟɧɢɣ ɜ ɩɥɟɧɤɚɯ ɮɨɫɮɚɬɨɜ 
ɤɚɥɶɰɢɹ (ɎɄ) ɫɨɫɬɚɜɚ ȽȺ ɜ ɩɪɨɰɟɫɫɟ ɨɛɥɭɱɟɧɢɹ ɛɵɫɬɪɵɦɢ ɷɥɟɤɬɪɨɧɚɦɢ.  

Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɚ ɷɥɟɤɬɪɨɧɧɨɝɨ ɨɛɥɭɱɟɧɢɹ ɧɚ ɧɟɧɚɝɪɟɬɨɦ ɫɤɨɥɟ NaCl ɜ 
ɩɪɨɰɟɫɫɟ ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɝɨ ɦɚɝɧɟɬɪɨɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɦɢɲɟɧɢ ȽȺ ɛɵɥɢ ɫɢɧɬɟɡɢɪɨɜɚɧɵ 
ɬɨɧɤɢɟ 0,1 ɦɤɦ ɩɥɟɧɤɢ ɎɄ. ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɨɡɞɟɣɫɬɜɢɹ ɷɥɟɤɬɪɨɧɧɨɝɨ ɨɛɥɭɱɟɧɢɹ ɩɪɨɜɨɞɢɥɢ 
in situ ɜ ɤɨɥɨɧɧɟ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ (Karl Zeis Libra 2D) ɢ ɷɥɟɤɬɪɨɧɨɝɪɚɮɚ (ɗȽ-

100Ɇ), ɜɵɞɟɪɠɢɜɚɹ ɨɛɪɚɡɰɵ ɩɥɟɧɤɢ ɜ ɫɮɨɤɭɫɢɪɨɜɚɧɧɨɦ ɩɭɱɤɟ ɛɵɫɬɪɵɯ ɷɥɟɤɬɪɨɧɨɜ (120 
ɤɷȼ ɢ 80 ɤɷȼ) ɨɬ 2 ɞɨ 45 ɦɢɧ. 

ɂɫɯɨɞɧɵɟ ɩɥɟɧɤɢ ɢɦɟɥɢ ɚɦɨɪɮɧɭɸ ɫɬɪɭɤɬɭɪɭ (ɪɢɫ. 1ɚ): ɧɚ ɤɚɪɬɢɧɟ ɦɢɤɪɨɞɢ-
ɮɪɚɤɰɢɢ ɧɚɛɥɸɞɚɸɬɫɹ ɬɨɥɶɤɨ ɦɚɤɫɢɦɭɦɵ ɨɬ ɪɟɲɟɬɤɢ NaCl. ɉɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɷɥɟɤ-
ɬɪɨɧɧɨɝɨ ɩɭɱɤɚ ɧɚɛɥɸɞɚɟɬɫɹ ɷɜɨɥɸɰɢɹ ɫɭɛɫɬɪɭɤɬɭɪɵ, ɜɤɥɸɱɚɸɳɚɹ ɫɥɟɞɭɸɳɢɟ ɫɬɚɞɢɢ: 
ɨɛɪɚɡɨɜɚɧɢɟ ɧɚɧɨɤɪɢɫɬɚɥɥɢɬɨɜ ɪɚɡɦɟɪɨɦ ɞɨ 10 ɧɦ (ɪɢɫ. 1 b, c); ɨɛɪɚɡɨɜɚɧɢɟ ɢ ɪɨɫɬ 
ɧɚɧɨɩɨɪ ɞɨ 30 ɧɦ (ɪɢɫ. 1 d-f); ɦɢɝɪɚɰɢɹ ɧɚɧɨɩɨɪ ɤ ɩɟɪɢɮɟɪɢɢ ɨɛɥɭɱɚɟɦɨɣ ɨɛɥɚɫɬɢ (ɪɢɫ. 

https://link.springer.com/journal/11144
https://link.springer.com/journal/11144/123/2/page/1
mailto:av-kostuchenko@mail.ru
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g-i). Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɮɚɡɨɜɨɝɨ ɤɨɧɬɪɚɫɬɚ ɧɚ ɉɗɆ-ɢɡɨɛɪɚɠɟɧɢɢ (ɪɢɫ. 2), ɜ ɩɥɟɧɤɟ ɩɨɫɥɟ
ɨɛɥɭɱɟɧɢɹ ɜ ɬɟɱɟɧɢɟ 45 ɦɢɧ ɮɨɪɦɢɪɭɟɬɫɹ ɧɚɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɫɭɛɫɬɪɭɤɬɭɪɚ ɫ ɪɟɲɟɬ-
ɤɨɣ ȽȺ. Ɍɚɤɠɟ ɜ ɩɥɟɧɤɟ ɧɚɛɥɸɞɚɸɬɫɹ ɧɚɧɨɩɨɪɵ, ɢɦɟɸɳɢɟ ɧɟɫɤɜɨɡɧɨɣ ɯɚɪɚɤɬɟɪ, ɨ ɱɟɦ
ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɧɚɛɥɸɞɚɟɦɵɣ ɜ ɢɯ ɩɪɟɞɟɥɚɯ ɮɚɡɨɜɵɣ ɤɨɧɬɪɚɫɬ ɨɬ ɪɟɲɟɬɤɢ ȽȺ. Ɏɨɪ-
ɦɢɪɨɜɚɧɢɟ ɩɨɪ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɢɫɩɚɪɟɧɢɟɦ ɦɚɬɟɪɢɚɥɚ ɜ ɩɪɨɰɟɫɫɟ ɨɛɥɭɱɟɧɢɹ ɩɥɟɧɤɢ.

Ɋɢɫ. 1. ɉɗɆ ɢɡɨɛɪɚɠɟɧɢɹ ɬɨɧɤɨɣ ɩɥɟɧɤɢ ɎɄ ɞɨ (a) ɢ ɩɨɫɥɟ ɨɛɥɭɱɟɧɢɹ ɩɭɱɤɨɦ ɛɵɫɬɪɵɯ  
ɷɥɟɤɬɪɨɧɨɜ (120 ɤɷȼ) ɜ ɬɟɱɟɧɢɟ 2 (b), 4 (c), 10 (d), 14 (e), 20 (f), 30 (g),  35 (h) ɢ 45 ɦɢɧ (i) 

Ɋɢɫ. 2. ȼɊɗɆ-ɢɡɨɛɪɚɠɟɧɢɟ ɭɱɚɫɬɤɚ Ⱥ 
ɩɥɟɧɤɢ ɩɨɫɥɟ ɨɛɥɭɱɟɧɢɹ ɛɵɫɬɪɵɦɢ ɷɥɟɤ-

ɬɪɨɧɚɦɢ (120 ɤɷȼ) ɜ ɬɟɱɟɧɢɟ  
45 ɦɢɧ 

Ɋɢɫ. 3. ɗɥɟɤɬɪɨɧɨɝɪɚɦɦɵ ɢɫɯɨɞɧɨɣ ɚɦɨɪɮɧɨɣ ɩɥɟɧ-
ɤɢ ɎɄ (a) ɢ ɩɨɫɥɟ (b) ɨɛɥɭɱɟɧɢɹ ɛɵɫɬɪɵɦɢ ɷɥɟɤɬɪɨ-

ɧɚɦɢ (80 ɤɷȼ) ɜ ɬɟɱɟɧɢɟ 10 ɦɢɧ 

Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɷɥɟɤɬɪɨɧɨɝɪɚɦɦɵ (ɪɢɫ. 3), ɩɨɫɥɟ ɨɛɥɭɱɟɧɢɹ ɎɄ ɩɥɟɧɤɢ ɜ ɬɟɱɟɧɢɟ 
10 ɦɢɧ. ɜ ɤɨɥɨɧɧɟ ɷɥɟɤɬɪɨɧɨɝɪɚɮɚ ɩɨɦɢɦɨ ɮɚɡɵ ȽȺ ɩɪɨɢɫɯɨɞɢɬ ɨɛɪɚɡɨɜɚɧɢɟ -

ɬɪɢɤɚɥɶɰɢɟɜɨɝɨ ɮɨɫɮɚɬɚ -Ca3(PO4)2.  

Ʌɢɬɟɪɚɬɭɪɚ 
1. Eddisford P., Brown A., Brydson R. Identifying and quantifying the mechanism of electron

beam induced damage and recovery in hydroxyapatite // Journal of Physics: Conference Series. – 

2008.- V.126. – P.1-4.  
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ɉɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɜɵɫɨɤɨɢɧɬɟɧɫɢɜɧɨɝɨ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ 
ɪɟɨɥɨɝɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɵɫɨɤɨɦɨɥɟɤɭɥɹɪɧɵɯ ɭɝɥɟɜɨɞɨɪɨɞɨɜ. ɉɪɟɞɫɬɚɜɥɟɧɵ 
ɡɚɜɢɫɢɦɨɫɬɢ ɢɯ ɢɡɦɟɧɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɚɫɬɨɬɵ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 15 ɞɨ 87 ɤȽɰ ɩɪɢ 
ɩɨɫɬɨɹɧɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ. ɂɫɫɥɟɞɨɜɚɧɵ 
ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɤɢɧɟɦɚɬɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɞɚɧɧɵɯ ɜɟɳɟɫɬɜ ɩɨɫɥɟ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ 
ɨɛɪɚɛɨɬɤɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɥɶɬɪɚɡɜɭɤ, ɧɟɮɬɶ, ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ, ɪɟɥɚɤɫɚɰɢɹ. 

Ɉɫɧɨɜɧɚɹ ɱɚɫɬɶ ɪɚɡɜɟɞɚɧɧɵɯ ɧɟɮɬɹɧɵɯ ɡɚɩɚɫɨɜ ɩɪɢɯɨɞɢɬɫɹ ɧɚ ɦɟɫɬɨɪɨɠɞɟɧɢɹ 
ɬɹɠɟɥɨɣ ɧɟɮɬɢ. Ɉɞɧɚɤɨ ɜɵɫɨɤɚɹ ɜɹɡɤɨɫɬɶ [1] ɬɚɤɢɯ ɫɨɪɬɨɜ ɧɟɮɬɢ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɬɪɭɞ-
ɧɹɟɬ ɢɯ ɞɨɛɵɱɭ. Ɉɞɧɢɦ ɢɡ ɫɩɨɫɨɛɨɜ ɭɦɟɧɶɲɟɧɢɹ ɜɹɡɤɨɫɬɢ ɧɟɮɬɢ ɢ ɭɜɟɥɢɱɟɧɢɹ ɞɟɛɢɬɚ 
ɫɤɜɚɠɢɧ ɹɜɥɹɟɬɫɹ ɫɢɥɨɜɨɟ ɭɥɶɬɪɚɡɜɭɤɨɜɨɟ ɜɨɡɞɟɣɫɬɜɢɟ. ȼ ɨɬɥɢɱɢɟ ɨɬ ɞɪɭɝɢɯ ɦɟɬɨɞɨɜ 
ɫɧɢɠɟɧɢɹ ɜɹɡɤɨɫɬɢ, ɬɚɤɢɯ ɤɚɤ ɧɚɝɪɟɜ ɩɥɚɫɬɚ ɢɥɢ ɩɪɢɦɟɧɟɧɢɟ ɯɢɦɢɱɟɫɤɢɯ ɪɚɫɬɜɨɪɢɬɟ-
ɥɟɣ, ɞɚɧɧɵɣ ɦɟɬɨɞ ɹɜɥɹɟɬɫɹ ɦɟɧɟɟ ɷɧɟɪɝɨɡɚɬɪɚɬɧɵɦ ɢ ɛɨɥɟɟ ɷɤɨɥɨɝɢɱɧɵɦ. ȼ ɤɚɱɟɫɬɜɟ 

ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɧɚɦɢ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɚɤɭɫɬɢɱɟɫɤɢɣ ɮɚɧɬɨɦ ɩɥɨɬɧɨɫɬɶɸ 0.93 
ɝ/ɫɦ3, ɚɧɚɥɨɝɢɱɧɵɣ ɩɨ ɯɢɦɢɱɟɫɤɨɦɭ ɫɨɫɬɚɜɭ, ɩɥɨɬɧɨɫɬɢ ɢ ɪɟɨɥɨɝɢɱɟɫɤɢɦ ɫɜɨɣɫɬɜɚɦ ɬɹ-
ɠɟɥɨɣ ɧɟɮɬɢ-93. ȼ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɨɜ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɛɵɥɚ ɢɡɝɨɬɨɜɥɟɧɚ 
ɥɢɧɟɣɤɚ ɫɢɥɨɜɵɯ ɢɡɥɭɱɚɬɟɥɟɣ ɧɚ ɱɚɫɬɨɬɵ 15.3 ɤȽɰ, 23.6 ɤȽɰ, 28.7 ɤȽɰ, 36.3 ɤȽɰ, 40 ɤȽɰ, 
63.5 ɤȽɰ ɢ 87.4 ɤȽɰ. Ɇɨɳɧɨɫɬɶ ɜɨɡɞɟɣɫɬɜɢɹ ɫɨɫɬɚɜɢɥɚ 20 ȼɬ, ɞɥɢɬɟɥɶɧɨɫɬɶ - 300 ɫ. Ɉɛɴ-
ɟɦ ɨɛɪɚɡɰɨɜ ɫɨɫɬɚɜɥɹɥ 200 ɦɥ, ɢɫɯɨɞɧɚɹ ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ - ɨɬ 1230 ɞɨ 1290 
ɦɦ2/ɫ. ȼ ɥɚɛɨɪɚɬɨɪɢɢ, ɜ ɤɨɬɨɪɨɣ ɩɪɨɜɨɞɢɥɢɫɶ ɷɤɫɩɟɪɢɦɟɧɬɵ, ɩɪɢ ɩɨɦɨɳɢ ɫɢɫɬɟɦɵ
ɤɥɢɦɚɬ-ɤɨɧɬɪɨɥɹ ɩɨɞɞɟɪɠɢɜɚɥɚɫɶ ɩɨɫɬɨɹɧɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ 25°ɋ. ɉɨɫɤɨɥɶɤɭ ɨɛɪɚɡɰɵ 
ɧɚɝɪɟɜɚɥɢɫɶ ɜ ɩɪɨɰɟɫɫɟ ɍɁ-ɜɨɡɞɟɣɫɬɜɢɹ, ɱɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɜɥɢɹɥɨ ɧɚ ɢɯ ɜɹɡɤɨɫɬɶ, ɢɡɦɟ-
ɪɟɧɧɚɹ ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɩɪɢɜɨɞɢɥɚɫɶ ɤ ɜɹɡɤɨɫɬɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 25 °ɋ.  

Ƚɪɚɮɢɤ ɩɟɪɜɵɯ ɩɹɬɢ ɱɚɫɨɜ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫɭɧɤɟ. ɂɡ ɪɢɫɭɧɤɚ 
ɜɢɞɧɨ, ɱɬɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɨɛɪɚɡɰɨɜ ɜɨɡ-
ɪɚɫɬɚɟɬ ɞɨ 2500-9000 ɦɦ2/ɫ, ɡɚɬɟɦ ɜ ɬɟɱɟɧɢɟ 2-3 ɱɚɫɨɜ ɪɟɥɚɤɫɢɪɭɟɬ ɤ ɡɧɚɱɟɧɢɹɦ 1500-

2000 ɦɦ2/ɫ, ɩɨɫɥɟ ɱɟɝɨ ɫɬɚɛɢɥɢɡɢɪɭɟɬɫɹ. Ɍɚɤɠɟ ɜɢɞɧɨ, ɱɬɨ ɡɚɜɢɫɢɦɨɫɬɶ ɢɡɦɟɧɟɧɢɹ ɤɢ-
ɧɟɦɚɬɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɨɬ ɱɚɫɬɨɬɵ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɜ ɞɚɧɧɨɦ ɞɢɚɩɚɡɨɧɟ 
ɱɚɫɬɨɬ ɧɨɫɢɬ ɧɟɦɨɧɨɬɨɧɧɵɣ ɯɚɪɚɤɬɟɪ. Ɉɧɚ ɢɦɟɟɬ ɦɚɤɫɢɦɭɦ ɩɪɢ ɱɚɫɬɨɬɚɯ 15-20 ɤȽɰ, 
ɦɢɧɢɦɭɦ ɩɪɢ 40 ɤȽɰ, ɡɚɬɟɦ ɜɧɨɜɶ ɜɨɡɪɚɫɬɚɟɬ. Ⱦɚɥɶɧɟɣɲɢɟ ɧɚɛɥɸɞɟɧɢɹ ɡɚ ɜɹɡɤɨɫɬɶɸ 
ɩɨɤɚɡɚɥɢ, ɱɬɨ ɜ ɬɟɱɟɧɢɟ 10 ɫɭɬɨɤ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ ɨɧɚ ɧɟ ɦɟɧɹɟɬɫɹ ɢɥɢ ɫɥɚɛɨ ɜɨɡɪɚɫ-
ɬɚɟɬ (ɧɟ ɛɨɥɟɟ 10%) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɛɵɥ ɫɞɟɥɚɧ ɜɵɜɨɞ, ɱɬɨ ɭɥɶɬɪɚɡɜɭɤɨɜɨɟ ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɬɹɠɟɥɵɟ 
ɫɨɪɬɚ ɧɟɮɬɢ ɫ ɩɥɨɬɧɨɫɬɶɸ 0.93 ɝ/ɫɦ3

 ɧɟɦɨɧɨɬɨɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɱɚɫɬɨɬɵ ɷɬɨɝɨ ɜɨɡɞɟɣ-
ɫɬɜɢɹ ɢ ɩɪɢɜɨɞɢɬ ɤ ɪɟɡɤɨɦɭ ɩɨɜɵɲɟɧɢɸ ɜɹɡɤɨɫɬɢ ɨɛɪɚɡɰɨɜ. ɗɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɨɬɥɢɱɚɟɬ 
ɜɥɢɹɧɢɟ ɬɚɤɨɝɨ ɠɟ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɜɵɫɨɤɨɜɹɡɤɢɟ ɧɟɮɬɟɩɪɨɞɭɤɬɵ, ɬɚɤɢɟ ɤɚɤ ɦɚɡɭɬ Ɇ-100 

ɢ Ɇ-40 [2]. 

Ɋɢɫɭɧɨɤ. Ɉɛɳɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ ɩɪɢɜɟɞɟɧɧɨɣ ɤ 25ɨɋ  
ɤɢɧɟɦɚɬɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɨɛɪɚɡɰɨɜ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɮɚɧɬɨɦɚ ɬɹɠɟɥɨɣ ɧɟɮɬɢ ɩɥɨɬɧɨɫɬɶɸ 

0.93 ɝ/ɫɦ3 
 ɩɨɫɥɟ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɭɤɚɡɚɧɧɵɦɢ ɧɚ ɝɪɚɮɢɤɟ ɱɚɫɬɨɬɚɦɢ  

ɢ ɦɨɳɧɨɫɬɶɸ 20 ȼɬ. Ⱦɥɢɬɟɥɶɧɨɫɬɶ ɜɨɡɞɟɣɫɬɜɢɹ 300 ɫ. ɉɟɪɜɵɟ ɱɚɫɵ ɩɨɫɥɟ ɜɨɡɞɟɣɫɬɜɢɹ 



188 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɛɚɡɨɜɚɹ 
ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ, ɬɟɦɚ № 12.5425.2017/8.9). 
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ȼ ɪɚɦɤɚɯ ɦɟɬɨɞɚ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ ɧɚ ɨɫɧɨɜɟ ɫɬɚɬɢɫɬɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɨɝɨ ɢ 
ɤɥɚɫɬɟɪɧɨɝɨ ɚɧɚɥɢɡɚ ɜɵɩɨɥɧɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɜɨɥɸɰɢɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ 
Cu8Zr3. ɇɚɝɪɟɜ ɫɢɫɬɟɦɵ ɨɬ 0 Ʉ ɞɨ 1010 Ʉ ɫɨ ɫɤɨɪɨɫɬɶɸ 3,33∙1011

 Ʉ/ɫ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ
ɫɥɨɠɧɨɝɨ ɢɤɨɫɚɷɞɪɢɱɟɫɤɨɝɨ ɤɥɚɫɬɟɪɚ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɬɪɭɤɬɭɪɧɚɹ ɫɚɦɨɨɪɝɚɧɢɡɚɰɢɹ, ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɣ ɦɧɨɝɨɝɪɚɧɧɢɤ, ɦɧɨ-
ɝɨɝɪɚɧɧɢɤ ȼɨɪɨɧɨɝɨ, ɢɤɨɫɚɷɞɪ, ɤɥɚɫɬɟɪ. 

Ⱦɢɚɝɪɚɦɦɚ ɫɨɫɬɨɹɧɢɹ ɫɢɫɬɟɦɵ Cu-Zr ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɚ ɢ ɞɨ ɫɢɯ ɩɨɪ ɫɱɢɬɚɟɬɫɹ 
ɧɟ ɞɨ ɤɨɧɰɚ ɢɡɭɱɟɧɧɨɣ [1]. ɋɢɫɬɟɦɚ ɨɛɪɚɡɭɟɬ ɧɟɫɤɨɥɶɤɨ ɷɜɬɟɤɬɢɤ ɢ ɢɧɬɟɪɦɟɬɚɥɥɢɞɧɵɯ 
ɫɨɟɞɢɧɟɧɢɣ ɢ ɢɡɜɟɫɬɧɚ ɫɜɨɟɣ ɜɵɫɨɤɨɣ ɫɬɟɤɥɨɨɛɪɚɡɭɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɶɸ.  

Ɋɚɧɟɟ ɜ ɪɚɛɨɬɚɯ [2, 3] ɛɵɥɢ ɢɡɥɨɠɟɧɵ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨ ɫɬɟɤɥɨɜɚɧɢɢ, ɤɚɤ ɨ ɩɪɨ-
ɰɟɫɫɟ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɤɨɥɹɰɢɨɧɧɨɝɨ ɤɥɚɫɬɟɪɚ. Ⱥɜɬɨɪɚɦɢ ɪɚɛɨɬ [4-6] ɜ ɪɚɦɤɚɯ ɦɟɬɨɞɚ 
ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ ɛɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɨɫɧɨɜɟ ɫɬɪɭɤɬɭɪɧɨɣ ɩɟɪɟɫɬɪɨɣɤɢ ɪɚɫɩɥɚ-
ɜɚ ɩɪɢ ɫɬɟɤɥɨɜɚɧɢɢ ɱɢɫɬɵɯ ɦɟɬɚɥɥɨɜ ɢ ɫɩɥɚɜɨɜ ɬɢɩɚ ɦɟɬɚɥɥ-ɦɟɬɚɥɥ ɥɟɠɢɬ ɩɪɨɰɟɫɫ ɨɛ-
ɪɚɡɨɜɚɧɢɹ ɩɟɪɤɨɥɹɰɢɨɧɧɨɝɨ ɤɥɚɫɬɟɪɚ ɢɡ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɢ ɜɡɚɢɦɨɩɪɨɧɢɤɚɸɳɢɯ ɢɤɨ-
ɫɚɷɞɪɨɜ, ɞɨɥɹ ɤɨɬɨɪɵɯ ɜ ɫɢɫɬɟɦɟ ɧɟ ɩɪɟɜɵɲɚɟɬ 14%. 

Ɇɨɥɟɤɭɥɹɪɧɨ-ɞɢɧɚɦɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ Cu8Zr3, ɫɨɫɬɨɹɳɚɹ ɢɡ 
167580 ɚɬɨɦɨɜ Cu ɢ 62700 ɚɬɨɦɨɜ Zr ɜ ɨɫɧɨɜɧɨɣ ɹɱɟɣɤɟ ɛɟɡ ɩɟɪɢɨɞɢɱɟɫɤɢɯ ɝɪɚɧɢɱɧɵɯ 
ɭɫɥɨɜɢɣ, ɫɬɪɨɢɥɚɫɶ ɩɭɬɟɦ ɬɪɚɧɫɥɹɰɢɢ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ ɢɧɬɟɪɦɟɬɚɥɥɢɞɚ Cu8Zr3 ɫ 
ɪɚɡɦɟɪɚɦɢ a = 7.868Å, b = 8.146 Å, c = 9.977 Å ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɝɪɭɩɩɵ Pnma [7]. ɂɫ-
ɯɨɞɧɵɣ ɪɚɡɦɟɪ ɦɨɞɟɥɢ ɩɨ ɨɫɹɦ ɫɨɫɬɚɜɢɥ Lx = 149.48 Å, Ly = 148.66 Å, Lz = 148.09 Å. 
ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɚɬɨɦɚɦɢ ɨɩɢɫɵɜɚɥɨɫɶ ɦɧɨɝɨɱɚɫɬɢɱɧɵɦ ɩɨɬɟɧɰɢɚɥɨɦ Ɏɢɧɧɢɫɚ-
ɋɢɧɤɥɟɪɚ [8].  

ɋɬɚɬɢɫɬɢɤɨ ɝɟɨɦɟɬɪɢɱɟɫɤɢɣ ɚɧɚɥɢɡ ɢɫɯɨɞɧɨɣ ɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɦɧɨɝɨɝɪɚɧɧɢ-
ɤɨɜ ȼɨɪɨɧɨɝɨ (Ɇȼ) ɭɫɬɚɧɨɜɢɥ ɧɚɥɢɱɢɟ ɜ ɫɢɫɬɟɦɟ ɢɤɨɫɚɷɞɪɨɜ (ɢɧɞɟɤɫ Ɇȼ {0-0-12}) ɜ 
ɤɨɥɢɱɟɫɬɜɟ 26 % ɢ ɬɨɩɨɥɨɝɢɱɟɫɤɢ ɛɥɢɡɤɢɯ ɤ ɢɤɨɫɚɷɞɪɚɦ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ ɫ ɢɧɞɟɤɫɨɦ 
Ɇȼ {0-1-10-2} ɜ ɤɨɥɢɱɟɫɬɜɟ 34 %. ȼ ɪɟɡɭɥɶɬɚɬɟ ɮɨɪɦɢɪɭɟɬɫɹ ɤɥɚɫɬɟɪ, ɫɨɫɬɨɹɳɢɣ ɢɡ 
55825 ɜɡɚɢɦɨɩɪɨɧɢɤɚɸɳɢɯ ɢ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɦɟɠɞɭ ɫɨɛɨɣ ɢɤɨɫɚɷɞɪɨɜ (ɪɢɫ.). Ⱦɚɧɧɵɣ 
ɤɥɚɫɬɟɪ ɪɚɫɩɪɟɞɟɥɟɧ ɩɨ ɜɫɟɦɭ ɨɛɴɟɦɭ ɦɨɞɟɥɢ, ɟɝɨ ɨɬɞɟɥɶɧɵɟ ɷɥɟɦɟɧɬɵ ɩɪɟɞɫɬɚɜɥɹɸɬ 
ɫɨɛɨɣ ɨɪɢɟɧɬɢɪɨɜɚɧɧɵɟ ɜ ɧɚɩɪɚɜɥɟɧɢɢ (010) ɰɟɩɨɱɤɢ ɢɡ ɜɡɚɢɦɨɩɪɨɧɢɤɚɸɳɢɯ ɢɤɨɫɚɷɞ-
ɪɨɜ, ɰɟɧɬɪɚɦɢ ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ ɚɬɨɦɵ ɦɟɞɢ. Ɋɚɫɫɱɢɬɚɧɧɵɟ ɞɥɹ ɜɫɟɣ ɫɢɫɬɟɦɵ ɮɭɧɤɰɢɹ 
ɪɚɞɢɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɚɬɨɦɨɜ ɢ ɭɝɥɨɜɚɹ ɤɨɪɪɟɥɹɰɢɨɧɧɚɹ ɮɭɧɤɰɢɹ ɫɜɢɞɟɬɟɥɶɫɬɜɭ-

https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/item.asp%3Fid%3D25580062&hash=3e09955386110704690b24a135b8dc01
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/item.asp%3Fid%3D25580062&hash=3e09955386110704690b24a135b8dc01
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/contents.asp%3Fid%3D34221259&hash=86ce2d8e179a1d8a443b945384dac86c
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/contents.asp%3Fid%3D34221259%26selid%3D25580062&hash=cd2ea66256fef74716fa6cb58e8061b1
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/item.asp%3Fid%3D27138070&hash=7545ea1b76a10bac57b2ec4ecb7f5c16
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/item.asp%3Fid%3D27138070&hash=7545ea1b76a10bac57b2ec4ecb7f5c16
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/contents.asp%3Fid%3D34258314&hash=7b72020bc351a1ad5a7af48e2c662201
https://mail.rambler.ru/m/redirect?url=https%3A//elibrary.ru/contents.asp%3Fid%3D34258314%26selid%3D27138070&hash=6ee3d3280b1361146ace0f0fbbc1e74a
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ɸɬ ɨ ɧɚɥɢɱɢɢ ɛɥɢɠɧɟɝɨ ɢ ɞɚɥɶɧɟɝɨ ɩɨɪɹɞɤɚ, ɯɚɪɚɤɬɟɪɧɨɝɨ ɞɥɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤ-
ɬɭɪɵ. 

N(100) N(010) N(001) 
Ɋɢɫɭɧɨɤ. Ʉɥɚɫɬɟɪ ɢɡ ɜɡɚɢɦɨɩɪɨɧɢɤɚɸɳɢɯ ɢ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɦɟɠɞɭ ɫɨɛɨɣ ɢɤɨɫɚɷɞɪɨɜ 

ɇɚɝɪɟɜ ɫɢɫɬɟɦɵ 0 Ʉ ɞɨ 1000 Ʉ ɫɨ ɫɤɨɪɨɫɬɶɸ 3,33∙1011
 Ʉ/ɫ ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɱɢɫɥɚ

ɢɤɨɫɚɷɞɪɢɱɟɫɤɢɯ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ ɢ ɨɛɪɚɡɨɜɚɧɢɸ ɩɟɪɤɨɥɹɰɢɨɧɧɨɝɨ ɤɥɚɫɬɟɪɚ, ɫɨɫɬɨɹɳɟ-
ɝɨ ɢɡ 39438 ɜɡɚɢɦɨɩɪɨɧɢɤɚɸɳɢɯ ɢɤɨɫɚɷɞɪɚ. ȼ ɩɨɫɬɪɨɟɧɢɢ ɬɚɤɨɝɨ ɤɥɚɫɬɟɪɚ ɡɚɞɟɣɫɬɜɨ-
ɜɚɧɨ ~ 94% ɚɬɨɦɨɜ ɫɢɫɬɟɦɵ. Ⱦɚɥɶɧɟɣɲɢɣ ɧɚɝɪɟɜ ɩɪɢɜɨɞɢɬ ɤ ɪɚɡɭɩɨɪɹɞɨɱɟɧɢɸ ɫɢɫɬɟɦɵ 
ɢ ɩɥɚɜɥɟɧɢɸ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ~ 1700 Ʉ. 
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɇɟɬɨɞɨɦ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ ɩɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɨɞɧɨɨɫɧɨɝɨ ɫɠɚɬɢɹ 
ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɟɤɥɚ Cu55Pd45. ɉɪɢ ɩɨɦɨɳɢ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ 



190 

ȼɨɪɨɧɨɝɨ ɢ ɜɢɡɭɚɥɢɡɚɰɢɢ ɜɟɥɢɱɢɧɵ ɤɜɚɞɪɚɬɢɱɧɵɯ ɧɟɚɮɮɢɧɧɵɯ ɫɦɟɳɟɧɢɣ ɚɬɨɦɨɜ ɢɡɭɱɟɧɵ 
ɨɫɨɛɟɧɧɨɫɬɢ ɷɜɨɥɸɰɢɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɩɪɨɰɟɫɫɟ ɞɟɮɨɪɦɚɰɢɢ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɢɱɟɫɤɨɟ ɫɬɟɤɥɨ, ɦɨɥɟɤɭɥɹɪɧɚɹ ɞɢɧɚɦɢɤɚ, ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɞɟ-
ɮɨɪɦɚɰɢɹ, ɢɤɨɫɚɷɞɪ. 

ȼ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɩɪɢ ɩɨɦɨɳɢ ɦɟɬɨɞɨɜ ɚɬɨɦɢɫɬɢɱɟɫɤɨɝɨ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟ-
ɥɢɪɨɜɚɧɢɹ ɚɤɬɢɜɧɨ ɢɡɭɱɚɸɬɫɹ ɦɟɯɚɧɢɡɦɵ ɩɥɚɫɬɢɱɟɫɤɨɝɨ ɬɟɱɟɧɢɹ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɤɨɥ 
(Ɇɋ) [1]. ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɨ ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɨɞɧɨɨɫɧɨɝɨ 
ɫɠɚɬɢɹ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɟɤɥɚ Cu55Pd45 ɢ ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɷɜɨɥɸɰɢɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭ-
ɪɵ ɧɚ ɪɚɡɥɢɱɧɵɯ ɫɬɚɞɢɹɯ ɩɪɨɰɟɫɫɚ ɞɟɮɨɪɦɚɰɢɢ. 

ɂɫɯɨɞɧɚɹ ɦɨɞɟɥɶ Ɇɋ Cu55Pd45 ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥɹɪɧɨɣ ɞɢɧɚɦɢɤɢ 
ɜ ɩɪɨɰɟɫɫɟ ɡɚɤɚɥɤɢ ɢɡ ɪɚɫɩɥɚɜɚ ɫɨ ɫɤɨɪɨɫɬɶɸ 610

11
 Ʉ/c. Ɇɨɞɟɥɶ ɫɨɞɟɪɠɚɥɚ 500000 ɚɬɨ-

ɦɨɜ ɢ ɢɦɟɥɚ ɮɨɪɦɭ ɰɢɥɢɧɞɪɚ ɜɵɫɨɬɨɣ 320 Å ɢ ɪɚɞɢɭɫɨɦ 85 Å, ɜɞɨɥɶ ɨɫɢ ɰɢɥɢɧɞɪɚ ɛɵ-
ɥɢ ɧɚɥɨɠɟɧɵ ɩɟɪɢɨɞɢɱɟɫɤɢɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ. ɂɫɩɨɥɶɡɨɜɚɥɫɹ ɦɧɨɝɨɱɚɫɬɢɱɧɵɣ ɩɨ-
ɬɟɧɰɢɚɥ ɦɟɠɚɬɨɦɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ, ɪɚɫɫɱɢɬɚɧɧɵɣ ɜ ɪɚɦɤɚɯ ɦɟɬɨɞɚ ɩɨɝɪɭɠɟɧɧɨɝɨ 
ɚɬɨɦɚ [2].  

Ɉɞɧɨɨɫɧɨɟ ɫɠɚɬɢɟ ɦɨɞɟɥɢ (ɜɞɨɥɶ ɨɫɢ ɰɢɥɢɧɞɪɚ) ɩɪɨɢɡɜɨɞɢɥɨɫɶ ɫɨ ɫɤɨɪɨɫɬɶɸ 
10

7
 ɫ-1, ɩɪɢ ɷɬɨɦ ɩɨɞɞɟɪɠɢɜɚɥɚɫɶ ɩɨɫɬɨɹɧɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ 60 K. ȼ ɩɪɨɰɟɫɫɟ ɞɟɮɨɪɦɚ-

ɰɢɢ ɪɚɫɫɱɢɬɵɜɚɥɢɫɶ ɚɬɨɦɧɵɟ ɧɚɩɪɹɠɟɧɢɹ [3] ɢ ɩɪɨɜɨɞɢɥɫɹ ɫɬɚɬɢɫɬɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɢɣ
ɚɧɚɥɢɡ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɩɨɫɬɪɨɟɧɢɹ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ ȼɨɪɨɧɨɝɨ (Ɇȼ). Ⱦɥɹ
ɜɵɹɜɥɟɧɢɹ ɥɨɤɚɥɶɧɵɯ ɨɛɥɚɫɬɟɣ, ɩɪɟɬɟɪɩɟɜɚɸɳɢɯ ɧɚɢɛɨɥɶɲɢɟ ɧɟɭɩɪɭɝɢɟ ɩɟɪɟɫɬɪɨɣɤɢ,

ɜɵɩɨɥɧɹɥɫɹ ɪɚɫɱɟɬ ɤɜɚɞɪɚɬɢɱɧɵɯ ɧɟɚɮɮɢɧɧɵɯ ɫɦɟɳɟɧɢɣ ɚɬɨɦɨɜ min
2D [4].

Ɋɚɫɫɱɢɬɚɧɧɚɹ ɤɪɢɜɚɹ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚɩɪɹɠɟɧɢɹ () ɨɬ ɞɟɮɨɪɦɚɰɢɢ () ɢɦɟɟɬ ɜɢɞ, 
ɬɢɩɢɱɧɵɣ ɞɥɹ ɩɥɚɫɬɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. ɉɪɢ   2 % ɧɚɱɢɧɚɟɬɫɹ ɨɬɤɥɨɧɟɧɢɟ ɨɬ ɥɢɧɟɣ-
ɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ (), ɫɜɹɡɚɧɧɨɟ ɫ ɪɨɫɬɨɦ ɱɢɫɥɚ ɡɨɧ ɥɨɤɚɥɶɧɵɯ ɫɞɜɢɝɨɜɵɯ ɩɪɟɨɛɪɚɡɨ-
ɜɚɧɢɣ. ȼ ɢɧɬɟɪɜɚɥɟ  = 4,57 % ɧɚɛɥɸɞɚɟɬɫɹ ɫɩɚɞ ɜɟɥɢɱɢɧɵ ɧɚɩɪɹɠɟɧɢɣ. Ʉɚɤ ɩɨɤɚɡɚɥ 
ɜɢɡɭɚɥɶɧɵɣ ɚɧɚɥɢɡ ɜɟɥɢɱɢɧɵ ɤɜɚɞɪɚɬɢɱɧɵɯ ɧɟɚɮɮɢɧɧɵɯ ɫɦɟɳɟɧɢɣ (ɫɦ. ɪɢɫ. ɚ, ɧɚ ɤɨ-

ɬɨɪɨɦ ɰɜɟɬ ɚɬɨɦɚ ɨɛɨɡɧɚɱɚɟɬ ɡɧɚɱɟɧɢɟ min
2D ), ɜ ɷɬɨɦ ɢɧɬɟɪɜɚɥɟ ɩɥɚɫɬɢɱɟɫɤɚɹ ɞɟɮɨɪɦɚ-

ɰɢɹ ɥɨɤɚɥɢɡɭɟɬɫɹ ɜ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɭɸ ɩɨɥɨɫɭ ɫɞɜɢɝɚ.  
Ⱦɥɹ ɚɧɚɥɢɡɚ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɩɟɪɟɫɬɪɨɣɤɢ ɚɬɨɦɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɩɪɨɰɟɫɫɟ ɞɟ-

ɮɨɪɦɚɰɢɢ ɛɵɥ ɜɵɩɨɥɧɟɧ ɫɬɚɬɢɫɬɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɢɣ ɚɧɚɥɢɡ ɧɚ ɨɫɧɨɜɟ ɩɨɫɬɪɨɟɧɢɹ Ɇȼ. 
ɇɚ ɪɢɫ. ɛ ɩɨɤɚɡɚɧɨ ɢɡɦɟɧɟɧɢɟ ɞɨɥɢ ɨɫɧɨɜɧɵɯ ɬɢɩɨɜ Ɇȼ ɜ ɩɪɨɰɟɫɫɟ ɞɟɮɨɪɦɚɰɢɢ.  

     ɚ                                                                    ɛ 

Ɋɢɫɭɧɨɤ. ɂɡɨɛɪɚɠɟɧɢɟ ɦɨɞɟɥɢ ɩɪɢ ɞɟɮɨɪɦɚɰɢɢ 8 % (ɚ) ɢ ɡɚɜɢɫɢɦɨɫɬɶ ɞɨɥɢ 
ɨɫɧɨɜɧɵɯ ɬɢɩɨɜ ɦɧɨɝɨɝɪɚɧɧɢɤɨɜ ȼɨɪɨɧɨɝɨ ɨɬ ɫɬɟɩɟɧɢ ɞɟɮɨɪɦɚɰɢɢ (ɛ) 

ȼɚɠɧɭɸ ɪɨɥɶ ɜ ɩɪɨɰɟɫɫɟ ɩɥɚɫɬɢɱɟɫɤɨɣ ɞɟɮɨɪɦɚɰɢɢ Ɇɋ ɢɝɪɚɸɬ ɢɤɨɫɚɷɞɪɢɱɟɫɤɢɟ 
ɤɨɨɪɞɢɧɚɰɢɨɧɧɵɟ ɦɧɨɝɨɝɪɚɧɧɢɤɢ (Ɇȼ {0-0-12}). ɂɡɜɟɫɬɧɨ, ɱɬɨ ɥɨɤɚɥɶɧɵɟ ɡɨɧɵ ɫɞɜɢ-
ɝɨɜɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɜɨɡɧɢɤɚɸɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɜ ɬɟɯ «ɪɵɯɥɵɯ» ɨɛɥɚɫɬɹɯ ɫɬɟɤɥɚ, ɜ 
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ɤɨɬɨɪɵɯ ɞɨɦɢɧɢɪɭɸɬ Ɇȼ ɫ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬɜɨɦ ɝɪɚɧɟɣ, ɚ ɞɨɥɹ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɯ 
ɢɤɨɫɚɷɞɪɨɜ ɧɟɜɟɥɢɤɚ [1]. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. ɛ, ɩɪɨɰɟɫɫ ɮɨɪɦɢɪɨɜɚɧɢɹ ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɨɣ 
ɩɨɥɨɫɵ ɫɞɜɢɝɚ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɪɚɡɪɭɲɟɧɢɟɦ ɡɧɚɱɢɬɟɥɶɧɨɝɨ ɱɢɫɥɚ ɢɤɨɫɚɷɞɪɨɜ ɜ ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɟɣ ɨɛɥɚɫɬɢ ɦɨɞɟɥɢ. 

Ʌɢɬɟɪɚɬɭɪɚ 
1. Takeuchi S. Atomistic simulation and modeling of localized shear deformation in metallic

glasses / S. Takeuchi, K. Edagawa // Progress in Materials Science. – 2011. – V. 56. – № 6. – P. 785–
816. 

2. Foiles S.M. Embedded-atom-method functions for the fcc metals Cu, Ag, Au, Ni, Pd, Pt,

and their alloys / S.M. Foiles, M.I. Baskes, M.S. Daw // Phys. Rev. B. – 1986. – V. 33. – № 12. – P. 

7983–7991. 

3. Egami T. Atomic level stresses / T. Egami // Progress in Materials Science. – 2011. – V. 56.
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4. Falk M.L. Dynamics of viscoplastic deformation in amorphous solids / M.L. Falk, J.S.
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɂɫɫɥɟɞɨɜɚɥɨɫɶ ɢɡɦɟɧɟɧɢɟ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɢ ɦɟɬɚɥɥɨɨɤɫɢɞɧɵɯ ɩɥɟɧɨɤ ɜɫɥɟɞɫɬɜɢɟ 
ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɧɢɯ ɝɚɡɚ-ɨɤɢɫɥɢɬɟɥɹ. Ȼɵɥɨ ɜɵɹɜɥɟɧɨ, ɱɬɨ ɩɥɟɧɤɚ ɞɢɨɤɫɢɞɚ ɨɥɨɜɚ ɪɟɚɝɢɪɭɟɬ ɧɚ 
ɭɝɥɟɤɢɫɥɵɣ ɝɚɡ ɞɚɠɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɤɚɤ ɢ ɧɚ ɝɚɡɵ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɢ (ɧɚɩɪɢɦɟɪ, 
ɚɦɦɢɚɤ). 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɟɬɚɥɥɨɨɤɫɢɞɧɵɟ ɩɥɟɧɤɢ, ɞɢɨɤɫɢɞ ɨɥɨɜɚ, ɝɚɡɨɜɚɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ, 
ɚɦɦɢɚɤ, ɭɝɥɟɤɢɫɥɵɣ ɝɚɡ. 

Ƚɚɡɨɜɚɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɹɜɥɹɟɬɫɹ ɢɧɞɢɤɚɬɨɪɨɦ ɢɡɦɟɧɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɟ-
ɬɚɥɥɨɨɤɫɢɞɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɥɟɧɨɤ ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɫɨɫɬɨ-
ɹɧɢɣ ɫ ɦɨɥɟɤɭɥɚɦɢ ɝɚɡɚ [1]. Ɍɚɤɢɟ ɩɥɟɧɤɢ ɧɚɲɥɢ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɩɪɨɢɡɜɨɞɫɬɜɟ 
ɝɚɡɨɜɵɯ ɞɚɬɱɢɤɨɜ ɢ ɫɥɨɠɧɵɯ ɩɪɢɛɨɪɨɜ ɤɨɧɬɪɨɥɹ ɫɨɫɬɚɜɚ ɜɨɡɞɭɯɚ. ɉɪɢɧɰɢɩ ɢɯ ɪɚɛɨɬɵ 
ɨɫɧɨɜɵɜɚɟɬɫɹ ɧɚ ɹɜɥɟɧɢɢ ɨɛɪɚɬɢɦɨɣ ɯɟɦɨɫɨɪɛɰɢɢ. 

Ɍɚɤ ɤɚɤ ɜ ɩɨɫɥɟɞɧɢɟ ɞɟɫɹɬɢɥɟɬɢɹ ɜɫɟ ɛɨɥɶɲɟ ɜɧɢɦɚɧɢɹ ɭɞɟɥɹɟɬɫɹ ɩɪɨɛɥɟɦɚɦ 
ɷɤɨɥɨɝɢɱɟɫɤɨɣ ɛɟɡɨɩɚɫɧɨɫɬɢ ɢ ɛɟɡɨɩɚɫɧɨɫɬɢ ɧɚ ɩɪɨɢɡɜɨɞɫɬɜɟ ɢɥɢ ɜ ɛɵɬɭ, ɬɨ ɪɚɡɪɚɛɨɬɤɚ 
ɛɨɥɟɟ ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɢ ɷɤɨɧɨɦɢɱɟɫɤɢ ɜɵɝɨɞɧɵɯ ɞɚɬɱɢɤɨɜ, ɥɢɛɨ ɭɥɭɱɲɟɧɢɟ ɩɚɪɚɦɟɬ-
ɪɨɜ ɭɠɟ ɢɡɜɟɫɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ (ɧɚɩɪɢɦɟɪ, ɩɨɜɵɲɟɧɢɟ ɜɟɥɢɱɢɧɵ ɨɬɤɥɢɤɚ, ɫɟɥɟɤɬɢɜɧɨ-
ɫɬɢ ɢ ɛɵɫɬɪɨɞɟɣɫɬɜɢɹ, ɭɫɢɥɟɧɢɟ ɝɚɡɨɜɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ) ɹɜɥɹɸɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɚɤɬɭ-
ɚɥɶɧɵɦɢ ɬɟɦɚɦɢ.  

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɩɥɟɧɤɢ ɨɛɴɹɫɧɹɟɬɫɹ ɧɟɫɬɟɯɢɨɦɟɬ-
ɪɢɱɧɨɫɬɶɸ ɫɨɫɬɚɜɚ ɢɡ-ɡɚ ɧɚɥɢɱɢɹ ɪɚɡɥɢɱɧɵɯ ɫɬɪɭɤɬɭɪɧɵɯ ɞɟɮɟɤɬɨɜ, ɨɫɨɛɟɧɧɨ ɧɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ. SnO2 ɹɜɥɹɟɬɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ ɫ ɩɪɨɜɨɞɢɦɨɫɬɶɸ n-ɬɢɩɚ, ɱɬɨ ɨɛɴɹɫɧɹɟɬɫɹ 
ɧɚɥɢɱɢɟɦ ɜɚɤɚɧɫɢɣ ɤɢɫɥɨɪɨɞɚ, ɜɵɩɨɥɧɹɸɳɢɯ ɪɨɥɶ ɰɟɧɬɪɨɜ ɩɪɨɰɟɫɫɚ ɯɟɦɨɫɨɪɛɰɢɢ ɞɥɹ 
ɤɢɫɥɨɪɨɞɚ ɜ ɚɬɦɨɫɮɟɪɟ, ɤɨɬɨɪɵɣ ɚɞɫɨɪɛɢɪɭɟɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɜ ɜɢɞɟ ɪɚɡɧɵɯ ɢɨɧɨɜ 
(ɷɬɨ ɡɚɜɢɫɢɬ ɨɬ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɨɛɥɚɫɬɢ 200 – 500 ɋ). Ɍɚɤɢɟ ɢɨɧɵ, ɜɡɚɢ-
ɦɨɞɟɣɫɬɜɭɹ ɫ ɝɚɡɚɦɢ-ɨɤɢɫɥɢɬɟɥɹɦɢ (ɤ ɩɪɢɦɟɪɭ, ɫ CO2, NOx ɢɥɢ ɞɪ.), ɫɩɨɫɨɛɫɬɜɭɸɬ ɢɫ-
ɬɨɳɟɧɢɸ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨɹ (ɜɫɥɟɞɫɬɜɢɟ ɡɚɯɜɚɬɚ ɷɥɟɤɬɪɨɧɨɜ), ɱɬɨ ɩɨɜɵɲɚɟɬ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟ ɦɟɬɚɥɥɨɨɤɫɢɞɧɨɣ ɩɥɟɧɤɢ. Ƚɚɡɵ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɢ (ɧɚɩɪɢɦɟɪ, ɩɚɪɵ ɚɦɦɢɚɤɚ, 
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ɷɬɢɥɨɜɨɝɨ ɢ ɞɪɭɝɢɯ ɫɩɢɪɬɨɜ, ɚɰɟɬɨɧɚ ɢ ɞɪ.), ɧɚɨɛɨɪɨɬ, ɭɦɟɧɶɲɚɸɬ ɫɨɩɪɨɬɢɜɥɟɧɢɟ [2, 3]. 
ɗɬɨ ɜɚɠɧɨ ɭɱɢɬɵɜɚɬɶ ɧɚ ɷɬɚɩɟ ɜɵɛɨɪɚ ɦɚɬɟɪɢɚɥɚ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɧɚɢɥɭɱɲɢɯ ɪɟɡɭɥɶɬɚ-
ɬɨɜ, ɬɚɤ ɤɚɤ ɞɥɹ ɪɚɛɨɬɵ ɫ ɨɤɢɫɥɢɬɟɥɹɦɢ ɥɭɱɲɟ ɩɨɞɨɣɞɭɬ ɧɢɡɤɨɨɦɧɵɟ ɩɥɟɧɤɢ, ɚ ɞɥɹ ɪɚ-
ɛɨɬɵ ɫ ɜɨɫɫɬɚɧɨɜɢɬɟɥɹɦɢ – ɜɵɫɨɤɨɨɦɧɵɟ. ȼɨɫɫɬɚɧɨɜɥɟɧɢɟ ɚɞɫɨɪɛɰɢɨɧɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ 
(ɚ ɡɧɚɱɢɬ, ɢ ɜɨɡɜɪɚɬ ɤ ɜɟɥɢɱɢɧɟ ɢɫɯɨɞɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ) ɩɪɨɢɫɯɨɞɢɬ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɵ-
ɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɨɬɠɢɝɚ (ɢɧɨɝɞɚ ɞɥɢɬɟɥɶɧɨɝɨ) ɢɥɢ ɍɎ ɨɛɥɭɱɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ 
ɩɥɟɧɤɢ.  

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɛɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɬɟɫɬɨɜɵɟ ɨɛɪɚɡɰɵ ɧɚ ɨɫɧɨɜɟ ɩɥɟɧɤɢ ɞɢɨɤɫɢ-
ɞɚ ɨɥɨɜɚ (SnO2) ɫ ɩɪɢɦɟɫɶɸ 1 ɚɬ. % ɤɪɟɦɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɬɪɚɠɚɸɬ ɝɚɡɨ-
ɜɭɸ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ, ɬɨ ɟɫɬɶ ɨɬɧɨɲɟɧɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɥɟɧɤɢ, ɢɡɦɟɪɟɧɧɨɝɨ ɜ ɚɬɦɨ-
ɫɮɟɪɟ ɝɚɡɚ ɤ ɫɨɩɪɨɬɢɜɥɟɧɢɸ ɜ ɜɨɡɞɭɲɧɨɣ ɚɬɦɨɫɮɟɪɟ.  

ɂɡɦɟɧɟɧɢɹ ɨɬɫɥɟɠɢɜɚɥɢɫɶ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɭ ɨɬɨɠɠɟɧɧɵɯ ɝɚɡɨɫɟɧ-
ɫɨɪɧɵɯ ɫɬɪɭɤɬɭɪ, ɬɚɤ ɤɚɤ ɨɧɢ ɛɨɥɟɟ ɫɬɚɛɢɥɶɧɵ. ȼ ɤɚɱɟɫɬɜɟ ɝɚɡɚ ɛɵɥ ɜɵɛɪɚɧ ɭɝɥɟɤɢɫɥɵɣ 
(CO2 ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 3366 ppm). ɇɚ ɪɢɫɭɧɤɟ 1 ɜɢɞɧɨ, ɱɬɨ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ (ɢ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜ 2 ɪɚɡɚ ɢ ɱɟɪɟɡ 24 ɦɢɧɭɬɵ ɜɵɯɨɞɢɬ ɧɚ ɧɚɫɵ-
ɳɟɧɢɟ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤ ɷɬɨɦɭ ɜɪɟɦɟɧɢ ɧɚ ɜɫɟɯ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɫɨɫɬɨɹɧɢɹɯ ɨɤɚɡɵɜɚɸɬ-
ɫɹ ɚɞɫɨɪɛɢɪɨɜɚɧɧɵɦɢ ɦɨɥɟɤɭɥɵ ɭɝɥɟɤɢɫɥɨɝɨ ɝɚɡɚ. ɉɪɢ ɷɬɨɦ ɜ ɩɟɪɜɵɟ 150 ɫɟɤɭɧɞ ɩɪɨ-
ɢɫɯɨɞɹɬ ɫɬɚɛɢɥɢɡɚɰɢɨɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɫɧɢɡɢɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢɟ. ɉɨɫɥɟ 
ɧɚɩɭɫɤɚ ɜɨɡɞɭɯɚ ɩɪɨɢɫɯɨɞɢɬ ɧɟɛɨɥɶɲɨɟ ɫɧɢɠɟɧɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɨɞɧɚɤɨ, ɨɧɨ ɧɟ ɜɨɡ-
ɜɪɚɳɚɟɬɫɹ ɤ ɧɚɱɚɥɶɧɨɦɭ ɡɧɚɱɟɧɢɸ, ɞɥɹ ɷɬɨɝɨ ɧɟɨɛɯɨɞɢɦ ɨɬɠɢɝ ɩɪɢ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚ-
ɬɭɪɟ. 

Ɋɢɫɭɧɨɤ. ɂɡɦɟɧɟɧɢɟ ɝɚɡɨɜɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ CO2 

(3366 ppm) ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɦɟɬɚɥɥɨɨɤɫɢɞɧɨɣ ɩɥɟɧɤɢ SnO2 + 1 ɚɬ. % Si 

ɹɜɥɹɸɬɫɹ ɩɨɞɯɨɞɹɳɢɦɢ ɞɥɹ ɨɛɧɚɪɭɠɟɧɢɹ ɧɟ ɬɨɥɶɤɨ ɝɚɡɨɜ-ɜɨɫɫɬɚɧɨɜɢɬɟɥɟɣ, ɧɨ ɢ ɞɥɹ 
ɨɛɧɚɪɭɠɟɧɢɹ ɝɚɡɨɜ-ɨɤɢɫɥɢɬɟɥɟɣ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 
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This paper presents the results of a study of the gas-sensitive properties of thin (up to 100 nm) 

ZnO – SnO2 films with respect to carbon monoxide (II). It is shown that the effect of CO molecules 

leads to a change in the chemical composition of the films and the degradation of gas sensitive proper-

ties. 

Keywords: gas sensitive properties, thin films, carbon monoxide (II). 

Binary ZnO–SnO2 (ZTO) thin films with varying SnO2 concentrations were grown on 

glass substrate. The influence of various factors such as synthesis conditions and properties of 

the resulting films was studied. ZTO transparent films were obtained from organic com-

pounds of zinc (II) and tin (IV) by low-temperature pyrolysis. Ii was determined that crystal 

structure formation starts at the temperature of 550 
ɨɋ. Ii was found that the film materials

obtained by this method are uniform, dense, distribution occurs over the entire surface. The 

thickness of the one-layer film is about 30 nm. The method allows to obtain films of a given 

thickness by layer-by-layer formation. The study of multilayer films showed that high-quality 

material can be obtained by two to four times the application and the firing temperature of 

500-600 °C.
The properties of the synthesized materials were studied by X-ray (ARL X’TRA dif-

fractometer, CuK1-radiation), surface morphology and elemental microanalysis (scanning 

electron microscope Nova Nanolab 600 with the system of energy-dispersive X-ray microa-

nalysis EDAX GENESIS 6000i). Electrophysical and gas sensitive properties by carbon oxide 

(II) were measured using an automated installation for determining the parameters of gas sen-

sors at the Center for Collective Use "Microsystem Technics and Integral Sensors" [1]. X-ray

photoelectron spectroscopy (XPS) has been used to characterize the elemental and surface

composition of the ZTO surface at a depth of several atomic layers (XPS) [2]. XPS makes it

possible to determine the relaxation of the surface structure of the films as a result of exposure

to CO molecules. The studies were carried out in an ultrahigh vacuum (vacuum level no

worse than 1,8∙10-9
 mbar) K-Alpha ThermoScientific installation with a monochromatic X-

ray source Al-Kalpha with quantum energy hv = 1486.6 eV.

Studies of the gas-sensitive properties of the films were carried out on the structures 

on which V-Cu-Ni contacts were formed. Studies were carried out at a temperature of 300 
o
C.

It was clear that at the first ten CO exposures with a concentration of 50 ppm, the sensor re-

sponse was 34% of the initial resistance level. In further studies, the sensitivity dropped 

sharply to a level of no more than 10% when exposed to 1000 ppm. 

When conducting XPS studies, it was found that in the process of holding the sensors 

in a gaseous environment, the chemical composition of the surface layers of the ZTO film de-

grades due to the chemical adsorption of CO molecules, which leads to the reduction of zinc 

and tin to metals due to the breakdown of metal oxide bonds. This, in turn, leads to the for-

mation of hydroxides and zinc carbonates. In addition, desorption of tin compounds occurs 

from the surface layers of the films. 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɬɟɩɥɨ-
ɜɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɜɹɡɤɨɭɩɪɭɝɢɯ ɫɪɟɞɚɯ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ. ȼ ɤɚɱɟɫɬɜɟ ɦɨ-
ɞɟɥɶɧɨɝɨ ɨɛɪɚɡɰɚ ɜɹɡɤɨɭɩɪɭɝɨɣ ɫɪɟɞɵ ɛɵɥ ɜɵɛɪɚɧ ɩɨɥɢɭɪɟɬɚɧ ɋɢɥɚɝɟɪɦ 5020 1/3. Ⱦɥɹ ɧɚɝɪɟɜɚ 
ɨɛɪɚɡɰɚ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɥɨɫɤɢɣ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ. 
ɉɨɥɭɱɟɧɵ ɢ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧɵ ɜɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɪɚɡɥɢɱ-
ɧɨɣ ɝɥɭɛɢɧɟ ɩɨɥɢɭɪɟɬɚɧɨɜɨɝɨ ɨɛɪɚɡɰɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɬɟɩɥɨɜɚɹ ɪɟɥɚɤɫɚɰɢɹ, ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ, ɩɨɥɢɭɪɟɬɚɧ, 
ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɧɚɝɪɟɜ. 

Ɉɫɧɨɜɧɵɟ ɦɟɯɚɧɢɡɦɵ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɛɢɨɥɨɝɢɱɟɫɤɢɟ ɬɤɚɧɢ 
ɜɤɥɸɱɚɸɬ ɜ ɫɟɛɹ ɧɚɝɪɟɜ, ɤɚɜɢɬɚɰɢɸ ɢ ɦɟɯɚɧɢɱɟɫɤɢɟ ɷɮɮɟɤɬɵ [1]. Ɍɟɩɥɨɜɵɟ ɦɟɯɚɧɢɡɦɵ 
ɨɛɭɫɥɨɜɥɟɧɵ ɩɨɝɥɨɳɟɧɢɟɦ ɭɥɶɬɪɚɡɜɭɤɚ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɶɸ. ɂɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫ-
ɫɨɜ ɧɚɝɪɟɜɚ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɬɤɚɧɟɣ in vivo ɧɚ ɠɢɜɨɬɧɵɯ ɢ ɩɚɰɢɟɧɬɚɯ ɤɪɚɣɧɟ ɡɚɬɪɭɞɧɢ-
ɬɟɥɶɧɨ. ɉɨɷɬɨɦɭ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɤɭɫɬɢɱɟɫɤɢɯ ɮɚɧɬɨɦɨɜ ɫ ɩɚɪɚɦɟɬɪɚɦɢ ɛɥɢɡɤɢɦɢ ɤ 
ɫɜɨɣɫɬɜɚɦ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɬɤɚɧɟɣ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɨɛɳɟɩɪɢɧɹɬɵɯ ɦɟɬɨɞɨɜ ɢɫɫɥɟɞɨɜɚ-
ɧɢɹ ɪɚɡɥɢɱɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɭɥɶɬɪɚɡɜɭɤɚ [2]. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ 
ɬɟɩɥɨɜɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɨɛɪɚɡɰɚɯ ɩɨɥɢɭɪɟɬɚɧɚ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ 
ɪɚɡɥɢɱɧɨɣ ɱɚɫɬɨɬɵ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ. Ⱦɥɹ ɜɨɡɛɭɠɞɟɧɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢɫɩɨɥɶɡɨ-
ɜɚɥɫɹ ɩɥɨɫɤɢɣ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ, ɨɛɟɫɩɟ-
ɱɢɜɚɸɳɢɣ ɷɮɮɟɤɬɢɜɧɭɸ ɝɟɧɟɪɚɰɢɸ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɫ ɱɚɫɬɨɬɚɦɢ ɨɬ 2 ɞɨ 8 ɆȽɰ 
ɩɪɢ ɢɡɥɭɱɚɟɦɨɣ ɚɤɭɫɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɞɨ 20 ȼɬ ɢ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɩɶɟɡɨɷɥɟɦɟɧɬɚ ɢ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 20ɋ ɞɨ 36ɋ. ȼ ɤɚɱɟ-
ɫɬɜɟ ɦɨɞɟɥɶɧɨɝɨ ɨɛɪɚɡɰɚ ɜɹɡɤɨɭɩɪɭɝɨɣ ɫɪɟɞɵ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɨɥɢɭɪɟɬɚɧ ɋɢɥɚɝɟɪɦ 5020 
1/3 ɫɨ ɫɥɟɞɭɸɳɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ: ɬɜɟɪɞɨɫɬɶ ɩɨ ɒɨɪɭ 20, ɩɥɨɬɧɨɫɬɶ 1.1 ɝ/ɫɦ3, ɫɤɨɪɨɫɬɶ
ɡɜɭɤɚ 1390 ɦ/ɫ, ɡɚɬɭɯɚɧɢɟ 11 ɞȻ/ɫɦ ɧɚ ɱɚɫɬɨɬɟ 1 ɆȽɰ, ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ  
210 

-2
 ȼɬ/(ɫɦɋ). ɉɥɨɫɤɢɣ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨ-

ɫɬɶɸ ɩɨɦɟɳɚɥɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɥɢɭɪɟɬɚɧɨɜɨɝɨ ɮɚɧɬɨɦɚ. ɂɡɦɟɪɟɧɢɹ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɥɢɭɪɟɬɚɧɨɜɨɝɨ ɨɛɪɚɡɰɚ ɩɨ ɝɥɭɛɢɧɟ ɢ ɩɪɨɰɟɫɫɨɜ ɬɟɩɥɨɜɨɣ ɪɟɥɚɤɫɚɰɢɢ 
ɜɵɩɨɥɧɹɥɢɫɶ ɫ ɩɨɦɨɳɶɸ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ Epcos S861 (10 ɤɈɦ, 1%, NTC), ɡɚɥɢɬɵɯ ɜ 
ɩɨɥɢɭɪɟɬɚɧ ɧɚ ɪɚɡɧɨɣ ɝɥɭɛɢɧɟ. 

ȼɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɥɢɭɪɟɬɚɧɨɜɨɝɨ ɮɚɧɬɨɦɚ, ɢɡɦɟɪɟɧɧɵɟ ɧɚ 
ɪɚɡɥɢɱɧɵɯ ɝɥɭɛɢɧɚɯ ɩɪɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɦ ɧɚɝɪɟɜɟ, ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. 

https://elibrary.ru/author_items.asp?authorid=39761
https://elibrary.ru/author_items.asp?authorid=748035
https://elibrary.ru/author_items.asp?authorid=177254
https://elibrary.ru/author_items.asp?authorid=134156
https://elibrary.ru/author_items.asp?authorid=631645
mailto:arybyanets@gmail.com
mailto:step_scherbinin@list.ru
mailto:wbeg@mail.ru
mailto:dmakarev@rambler.ru
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Ɋɢɫɭɧɨɤ. ȼɪɟɦɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɧɚɝɪɟɜɚ (ɱɚɫɬɨɬɚ 6.85 ɆȽɰ, ɢɧɬɟɧɫɢɜɧɨɫɬɶ 
1 ȼɬ/ɫɦ2) ɩɨɥɢɭɪɟɬɚɧɨɜɨɝɨ ɮɚɧɬɨɦɚ ɧɚ ɪɚɡɥɢɱɧɨɣ ɝɥɭɛɢɧɟ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ  

ɩɨɜɟɪɯɧɨɫɬɢ 36 ɋ 

ɂɡ ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɭɫɬɚɧɨɜɢɜɲɢɟɫɹ ɡɧɚɱɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɝɥɭɛɢɧɟ 5, 10 ɢ 
15 ɦɦ ɫɨɫɬɚɜɥɹɸɬ 55ɋ, 45ɋ ɢ 35ɋ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɪɚɜɧɨɣ 36ɋ (ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɥɨɤɚɥɢɡɚɰɢɹ ɨɛɥɚɫɬɢ ɧɚɝɪɟɜɚ), ɩɪɢɱɟɦ ɜɪɟ-
ɦɟɧɚ ɜɵɯɨɞɚ ɧɚ ɧɚɫɵɳɟɧɢɟ ɫɨɫɬɚɜɥɹɸɬ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ 20 ɦɢɧɭɬ ɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɤɨɧ-
ɤɭɪɢɪɭɸɳɢɦ ɜɥɢɹɧɢɟɦ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɧɚɝɪɟɜɚ, ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɚ ɬɚɤɠɟ ɚɤɭɫɬɢɱɟɫɤɢɟ ɮɚɧɬɨɦɵ, ɢɡɦɟɪɢɬɟɥɶɧɵɟ ɫɬɟɧɞɵ 
ɢ ɦɟɬɨɞɢɤɢ, ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɩɪɢ ɤɨɧ-
ɫɬɪɭɢɪɨɜɚɧɢɢ ɢ ɤɚɥɢɛɪɨɜɤɟ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɦɟɞɢɰɢɧɫɤɨɣ ɚɩɩɚɪɚɬɭɪɵ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ). 

Ʌɢɬɟɪɚɬɭɪɚ 
1. Hill C.R. Physical principles of medical ultrasonics. Second edition / C.R. Hill, J.C.

Bamber, G.R. ter Haar. – London: John Wiley & Sons Ltd., 2004. 

2. Rybyanets A.N. Recent Advances in Medical Ultrasound / A.N. Rybyanets // Nova

Science Publishers Inc. - 2012. - ɋhapter 5. - P. 143-187. 

ɍȾɄ 538.95 

ɗɄɋɉȿɊɂɆȿɇɌȺɅɖɇɈȿ ɂɋɋɅȿȾɈȼȺɇɂȿ ɇȺȽɊȿȼȺ ȻɂɈɅɈȽɂɑȿɋɄɈɃ 
ɌɄȺɇɂ ɉɅɈɋɄɂɆ ɍɅɖɌɊȺɁȼɍɄɈȼɕɆ ɉɊȿɈȻɊȺɁɈȼȺɌȿɅȿɆ  

ɋ ɈɏɅȺɀȾȺȿɆɈɃ ɉɈȼȿɊɏɇɈɋɌɖɘ 
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1Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɝɥɚɜɧɵɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, arybyanets@gmail.com 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɧɚɝɪɟɜɚ ɛɢɨɥɨɝɢ-
ɱɟɫɤɨɣ ɬɤɚɧɢ ɩɥɨɫɤɢɦ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɦ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ. Ɋɚɡɪɚ-
ɛɨɬɚɧɚ ɤɨɧɫɬɪɭɤɰɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɨɛɟɫɩɟɱɢɜɚɸɳɚɹ ɷɮɮɟɤɬɢɜɧɨɟ ɢɡɥɭɱɟ-
ɧɢɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɩɪɢ ɩɨɞɚɜɚɟɦɨɣ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɜɟɪɯɧɨɫɬɢ ɩɶɟɡɨɷɥɟ-
ɦɟɧɬɚ ɢ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ. Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ex vivo ɧɚ ɨɛɪɚɡɰɚɯ  ɛɢɨɥɨɝɢɱɟɫɤɢɯ 
ɬɤɚɧɟɣ ɩɨɞɬɜɟɪɞɢɥɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ, ɛɟɡɨɩɚɫɧɨɫɬɶ ɢ ɫɟɥɟɤɬɢɜɧɨɫɬɶ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɦɟɬɨɞɚ. 
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Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ, ɛɢɨɥɨɝɢɱɟɫɤɚɹ ɬɤɚɧɶ, 
ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɧɚɝɪɟɜ, ɤɨɚɝɭɥɹɰɢɹ. 

Ɍɟɪɚɩɟɜɬɢɱɟɫɤɢɣ ɭɥɶɬɪɚɡɜɭɤ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɦɟɞɢɰɢɧɟ ɧɚ ɩɪɨɬɹɠɟɧɢɢ ɦɧɨɝɢɯ 
ɥɟɬ [1]. ɇɟɮɨɤɭɫɢɪɨɜɚɧɧɵɣ ɭɥɶɬɪɚɡɜɭɤ ɧɢɡɤɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ (ɞɨ 3 ȼɬ/ɫɦ2) ɫ ɱɚɫɬɨɬɚɦɢ
ɩɨɪɹɞɤɚ ɧɟɫɤɨɥɶɤɢɯ ɦɟɝɚɝɟɪɰ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɨɫɧɨɜɧɨɦ ɞɥɹ ɢɧɬɟɧɫɢɮɢɤɚɰɢɢ ɢ ɫɬɢɦɭ-
ɥɹɰɢɢ ɮɢɡɢɨɥɨɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɥɟɱɟɧɢɢ ɬɪɚɜɦ, ɚ ɬɚɤɠɟ ɞɥɹ ɬɟɪɚɩɟɜɬɢɱɟɫɤɨɝɨ 
ɧɚɝɪɟɜɚ. ɍɥɶɬɪɚɡɜɭɤɨɜɚɹ ɯɢɪɭɪɝɢɹ ɢɫɩɨɥɶɡɭɟɬ ɭɥɶɬɪɚɡɜɭɤ ɜɵɫɨɤɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ (ɛɨ-
ɥɟɟ 5 ȼɬ/ɫɦ2

) ɞɥɹ ɭɩɪɚɜɥɹɟɦɨɝɨ ɢɡɛɢɪɚɬɟɥɶɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ ɬɤɚɧɟɣ [1]. ȼ ɩɨɫɥɟɞɧɟɟ
ɜɪɟɦɹ ɤ ɬɪɚɞɢɰɢɨɧɧɵɦ ɧɢɡɤɨɢɧɬɟɧɫɢɜɧɵɦ ɬɟɪɚɩɟɜɬɢɱɟɫɤɢɦ ɦɟɬɨɞɚɦ ɞɨɛɚɜɢ-
ɥɢɫɶ ɦɟɬɨɞɵ, ɜ ɨɫɧɨɜɟ ɤɨɬɨɪɵɯ ɥɟɠɢɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜɵɫɨɤɨɢɧɬɟɧɫɢɜɧɨɝɨ ɮɨɤɭɫɢɪɨ-
ɜɚɧɧɨɝɨ ɭɥɶɬɪɚɡɜɭɤɚ (HIFU) ɞɥɹ ɧɟɢɧɜɚɡɢɜɧɨɝɨ ɥɨɤɚɥɶɧɨɝɨ ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ 
ɧɚ ɨɩɭɯɨɥɢ ɢ ɛɢɨɥɨɝɢɱɟɫɤɢɟ ɬɤɚɧɢ [2]. Ɉɞɧɨɣ ɢɡ ɧɨɜɵɯ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɨɛɥɚɫɬɟɣ ɩɪɢ-
ɦɟɧɟɧɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɦɟɬɨɞɨɜ ɢ ɍɁ ɚɩɩɚɪɚɬɭɪɵ ɡɚ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɫɬɚɥɚ ɧɟɢɧɜɚɡɢɜ-
ɧɚɹ ɷɫɬɟɬɢɱɟɫɤɚɹ ɢ ɪɟɝɟɧɟɪɚɬɢɜɧɚɹ ɦɟɞɢɰɢɧɚ [3]. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɚɡɪɚɛɨɬɤɚ ɧɨɜɵɯ ɦɟɬɨɞɨɜ ɢ ɤɨɧɫɬɪɭɤɰɢɣ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɩɪɟ-
ɨɛɪɚɡɨɜɚɬɟɥɟɣ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɷɮɮɟɤɬɢɜɧɭɸ ɢ ɛɟɡɨɩɚɫɧɭɸ ɬɟɪɚɩɟɜɬɢɱɟɫɤɭɸ ɢ ɤɨɫ-
ɦɟɬɢɱɟɫɤɭɸ ɨɛɪɚɛɨɬɤɭ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɬɤɚɧɟɣ ɩɚɰɢɟɧɬɚ, ɹɜɥɹɟɬɫɹ ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ 
ɫɨɜɪɟɦɟɧɧɨɣ ɷɫɬɟɬɢɱɟɫɤɨɣ ɢ ɜɨɫɫɬɚɧɨɜɢɬɟɥɶɧɨɣ ɦɟɞɢɰɢɧɵ. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɜɵɩɨɥɧɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɧɚɝɪɟɜɚ 
ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɩɥɨɫɤɢɦ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɦ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨ-
ɜɟɪɯɧɨɫɬɶɸ. Ɋɚɡɪɚɛɨɬɚɧɧɚɹ ɤɨɧɫɬɪɭɤɰɢɹ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɨɛɟɫɩɟɱɢɜɚ-
ɥɚ ɷɮɮɟɤɬɢɜɧɨɟ ɢɡɥɭɱɟɧɢɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɜɨɥɧ ɧɚ ɱɚɫɬɨɬɚɯ ɨɬ 2 ɞɨ 8 ɆȽɰ ɩɪɢ ɩɨɞɚɜɚ-
ɟɦɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɞɨ 50 ȼɬ ɢ ɤɨɧɬɪɨɥɢɪɭɟɦɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɜɟɪɯɧɨɫɬɢ 
ɩɶɟɡɨɷɥɟɦɟɧɬɚ ɢ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 20ɋ ɞɨ 36ɋ. 

Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ex vivo ɧɚ ɨɛɪɚɡɰɚɯ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɬɤɚɧɟɣ 
ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɉɥɨɫɤɢɣ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨ-
ɜɟɪɯɧɨɫɬɶɸ ɩɨɦɟɳɚɥɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɫɜɟɠɟɣ ɝɨɜɹɠɶɟɣ ɩɟɱɟɧɢ. ɂɫɩɨɥɶɡɨɜɚɥɫɹ ɫɥɟ-
ɞɭɸɳɢɣ ɩɪɨɬɨɤɨɥ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɨɛɪɚɛɨɬɤɢ: ɱɚɫɬɨɬɚ ɭɥɶɬɪɚɡɜɭɤɚ 6.85 ɆȽɰ, ɚɤɭɫɬɢɱɟ-
ɫɤɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ 1 ȼɬ/ɫɦ2, ɜɪɟɦɹ ɨɛɪɚɛɨɬɤɢ 5 ɦɢɧɭɬ, ɬɟɦɩɟɪɚɬɭɪɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɶɟ-
ɡɨɷɥɟɦɟɧɬɚ ɢ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ 36ɋ, ɬɟɦɩɟɪɚɬɭɪɚ ɨɛɪɚɡɰɚ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɧɚ 
ɝɥɭɛɢɧɟ 10 ɦɦ 56C. 

ɂɡ ɪɢɫɭɧɤɚ ɜɢɞɧɨ, ɱɬɨ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɧɚɝɪɟɜ ɩɪɢɜɨɞɢɬ ɤ ɥɨɤɚɥɶɧɨɣ ɤɨɚɝɭɥɹɰɢɢ 

ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɜɧɭɬɪɢ ɨɛɪɚɡɰɚ ɛɟɡ ɩɨɜɪɟɠɞɟɧɢɹ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɢ. Ɉɛɥɚɫɬɶ ɤɨɚɝɭ-
ɥɹɰɢɢ ɥɨɤɚɥɢɡɨɜɚɧɚ ɧɚ ɝɥɭɛɢɧɟ ɨɬ 5 ɞɨ 15 ɦɦ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ ɢ ɨɝɪɚɧɢɱɟɧɚ ɜ 
ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɪɚɡɦɟɪɚɦɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ. 

Ɋɢɫɭɧɨɤ. Ɋɟɡɭɥɶɬɚɬɵ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɨɛɪɚɡɟɰ ɝɨɜɹɠɶɟɣ ɩɟɱɟɧɢ ex vivo 

ɉɪɨɜɟɞɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨɞɬɜɟɪɞɢɥɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ, ɛɟɡɨɩɚɫɧɨɫɬɶ ɢ ɫɟɥɟɤ-
ɬɢɜɧɨɫɬɶ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɦɟɬɨɞɚ ɨɛɪɚɛɨɬɤɢ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ ɢ ɤɨɧɫɬɪɭɤɰɢɢ ɭɥɶ-
ɬɪɚɡɜɭɤɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ. 
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ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

Ɋɚɫɫɦɨɬɪɟɧɨ ɮɨɪɦɢɪɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɦɟɬɚɥɥɚ ɫ ɨɩɪɟɞɟɥɟɧɧɨɣ ɫɬɟɩɟɧɶɸ ɞɟɮɟɤɬɧɨɫɬɢ: 
ɡɚ ɫɱɟɬ ɜɜɟɞɟɧɢɟ ɜ ɨɫɧɨɜɧɨɣ ɦɟɬɚɥɥ ɩɪɢɦɟɫɟɣ ɧɟɦɟɬɚɥɥɨɜ, ɫɩɨɫɨɛɫɬɜɭɸɳɢɯ ɩɨɥɭɱɟɧɢɸ ɦɟɥɤɨ-
ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɫ ɨɩɬɢɦɚɥɶɧɨɣ ɫɬɟɩɟɧɶɸ ɞɟɮɟɤɬɧɨɫɬɢ ɮɨɪɦɢɪɭɟɦɨɣ ɷɥɟɤɬɪɨɯɢɦɢ-
ɱɟɫɤɨɣ ɫɢɫɬɟɦɵ, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɦɟɫɬɚɦɢ ɡɚɤɪɟɩɥɟɧɢɹ ɜɨɞɨɪɨɞɚ. ȼɵɫɤɚɡɚɧ ɦɟɯɚɧɢɡɦ ɧɚɫɵ-
ɳɟɧɢɹ ɤɨɦɩɨɡɢɬɚ Ni-B ɜɨɞɨɪɨɞɨɦ, ɭɱɢɬɵɜɚɸɳɢɣ ɜɥɢɹɧɢɟ ɛɨɪɚ ɤɚɤ ɷɥɟɦɟɧɬɚ ɢɫɤɚɠɚɸɳɟɝɨ ɪɟ-
ɲɟɬɤɭ ɨɫɧɨɜɧɨɝɨ ɤɨɦɩɨɧɟɧɬɚ Ni. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɤɨɦɩɨɡɢɬ ɧɢɤɟɥɶ-ɛɨɪ, ɬɨɱɟɱɧɵɟ ɞɟɮɟɤɬɵ, ɩɪɢɦɟɫɧɵɟ ɢ ɫɬɪɭɤɬɭɪɧɵɟ 
ɥɨɜɭɲɤɢ, ɜɨɞɨɪɨɞ. 

ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ ɜɨɞɨɪɨɞɚ ɫ ɦɟɬɚɥɥɚɦɢ ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɹɸɳɢɦ ɩɪɨɰɟɫɫɨɦ, ɤɚɤ 
ɦɢɧɢɦɭɦ, ɞɜɭɯ ɧɚɩɪɚɜɥɟɧɢɣ ɧɚɭɱɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. Ɉɞɧɨ ɢɡ ɧɚɩɪɚɜɥɟɧɢɣ 
ɢɫɫɥɟɞɨɜɚɧɢɹ - ɜɨɞɨɪɨɞɧɚɹ ɷɧɟɪɝɟɬɢɤɚ, ɞɚɧɧɨɦɭ ɧɚɩɪɚɜɥɟɧɢɸ ɩɨɫɜɹɳɟɧ ɰɟɥɵɣ ɪɹɞ 
ɪɚɛɨɬ [1, 2]. ȼɬɨɪɨɟ ɧɚɩɪɚɜɥɟɧɢɟ - ɪɚɡɪɚɛɨɬɤɚ ɷɮɮɟɤɬɢɜɧɵɯ ɩɨɤɪɵɬɢɣ ɫ ɰɟɥɶɸ 
ɭɞɟɪɠɚɧɢɹ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɜ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɦ ɫɥɨɟ ɷɥɟɦɟɧɬɨɜ ɤɨɧɫɬɪɭɤɰɢɣ 
ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ [2]. ȼ ɪɚɛɨɬɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥɟɧɨ ɩɪɢɦɟɫɹɦ ɡɚɦɟɳɟɧɢɹ ɢ ɜɧɟɞɪɟ-
ɧɢɹ, ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ, ɤɚɤ ɬɨɱɟɱɧɵɟ ɞɟɮɟɤɬɵ ɪɚɡɥɢɱɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ. 

ɂɫɫɥɟɞɭɟɦɵɟ ɜ ɪɚɛɨɬɟ ɦɚɬɟɪɢɚɥɵ, ɩɨɥɭɱɟɧɧɵɟ ɢɡ ɜɨɞɧɵɯ ɪɚɫɬɜɨɪɨɜ 
ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɦ ɫɩɨɫɨɛɨɦ, ɫɭɳɟɫɬɜɟɧɧɨ ɨɬɥɢɱɚɸɬɫɹ ɩɨ ɫɜɨɣɫɬɜɚɦ ɨɬ ɦɟɬɚɥɥɨɜ, ɩɨ-
ɥɭɱɟɧɧɵɯ ɤɪɢɫɬɚɥɥɢɡɚɰɢɟɣ ɢɡ ɪɚɫɩɥɚɜɨɜ ɩɨ ɫɜɨɣɫɬɜɚɦ, ɧɨ ɩɪɟɠɞɟ ɜɤɥɸɱɟɧɢɟɦ ɞɪɭɝɢɯ 
ɷɥɟɦɟɧɬɨɜ ɢ ɜɨɞɨɪɨɞɚ, ɫɭɳɟɫɬɜɟɧɧɨ ɢɫɤɚɠɚɸɳɢɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɟ ɫɬɪɨɟɧɢɟ ɦɟɬɚɥɥɚ, 
ɜɩɥɨɬɶ ɞɨ ɢɡɦɟɧɟɧɢɹ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɣ ɮɨɪɦɵ ɜɵɞɟɥɹɸɳɟɝɨɫɹ ɦɟɬɚɥɥɚ. ɉɪɨɰɟɫɫ 
ɮɨɪɦɢɪɨɜɚɧɢɹ ɷɥɟɤɬɪɨɥɢɬɢɱɟɫɤɢɯ ɦɟɬɚɥɥɨɜ (ɧɢɤɟɥɹ) ɩɪɨɢɫɯɨɞɢɬ ɩɨ ɫɯɟɦɟ ɫ 
ɩɨɫɥɟɞɭɸɳɢɦ ɨɛɨɚɡɨɜɚɧɢɟɦ ɝɢɞɪɢɞɧɨɣ ɮɚɡɵ (ɩɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɫ ɚɬɨɦɚɪɧɵɦ 
ɜɨɞɨɪɨɞɨɦ): 

Ɇɟn+
 + ne ĺ Ɇɟ0; ɇ + + e ĺ ɇ0; ɇ0 + ɇ0 ĺ H

2
; Me

ɨ
 + H

ɨ
 = MeH.

ȼɤɥɸɱɟɧɢɟ ɜɨɞɨɪɨɞɚ ɜ ɤɚɬɨɞɧɵɣ ɨɫɚɞɨɤ ɜɨɡɦɨɠɧɨ ɬɪɟɦɹ ɜɟɪɨɹɬɧɵɦɢ ɩɭɬɹɦɢ: 
ɚɞɫɨɪɛɰɢɟɣ ɚɬɨɦɚɪɧɨɝɨ ɜɨɞɨɪɨɞɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɫɚɠɞɚɟɦɨɝɨ ɨɫɚɞɤɚ, ɤɨɝɞɚ ɚɬɨɦɵ ɜɨ-
ɞɨɪɨɞɚ ɥɢɛɨ ɡɚɧɢɦɚɸɬ ɭɡɥɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɦɟɬɚɥɥɚ, ɥɢɛɨ ɪɚɫɩɨɥɚɝɚɸɬɫɹ 
ɦɟɠɞɭ ɧɢɦɢ, ɨɛɪɚɡɭɹ ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ ɜɧɟɞɪɟɧɢɹ; ɨɛɪɚɡɨɜɚɧɢɟɦ ɝɢɞɪɢɞɨɜ ɫ ɦɟɬɚɥɥɨɦ 
ɩɨɤɪɵɬɢɹ, ɪɚɫɩɚɞɚɸɳɢɯɫɹ ɜɩɨɫɥɟɞɫɬɜɢɢ ɜ ɩɪɨɰɟɫɫɟ ɜɵɞɟɥɟɧɢɹ ɜɨɞɨɪɨɞɚ; ɦɟɯɚɧɢɱɟ-
ɫɤɢɣ ɡɚɯɜɚɬɨɦ ɜɨɞɨɪɨɞɚ ɜɫɥɟɞɫɬɜɢɟ ɡɚɫɬɪɚɢɜɚɧɢɹ ɩɥɨɫɤɨɫɬɟɣ ɜ ɪɚɫɬɭɳɟɦ ɨɫɚɞɤɟ. 

ɂɫɫɥɟɞɨɜɚɧɢɹɦɢ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɥɟɝɢɪɨɜɚɧɢɢ ɧɢɤɟɥɟɜɵɯ ɩɨɤɪɵɬɢɣ ɛɨɪɨɦ 
ɞɨ 1 % ɨɛɪɚɡɭɟɬɫɹ ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ ɛɨɪɚ ɢ ɜɨɞɨɪɨɞɚ ɜ ɧɢɤɟɥɟ, ɤɪɢɫɬɚɥɥɢɡɭɸɳɟɦɫɹ ɫ 
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ȽɐɄ ɪɟɲɟɬɤɨɣ ɯɚɪɚɤɬɟɪɧɨɣ ɞɥɹ ɧɢɤɟɥɹ. ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɫɨɞɟɪɠɚɧɢɹ ɛɨɪɚ ɨɬ 0,1 ɞɨ 1 % 
ɨɛ. ɩɪɨɢɫɯɨɞɢɬ ɭɦɟɧɶɲɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ (ɦɟɠɩɥɨɫɤɨɫɬɧɵɯ 
ɪɚɫɫɬɨɹɧɢɣ ɢ ɩɟɪɢɨɞɚ ɪɟɲɟɬɤɢ), ɪɚɡɦɟɪɚ ɤɪɢɫɬɚɥɥɢɬɨɜ, ɫɧɢɠɚɟɬɫɹ ɫɨɜɟɪɲɟɧɫɬɜɨ ɬɟɤ-
ɫɬɭɪɵ  <111>, ɯɚɪɚɤɬɟɪɧɨɣ ɞɥɹ ɧɢɤɟɥɹ, ɜɨɡɪɚɫɬɚɸɬ ɞɟɮɨɪɦɚɰɢɹ ɢ ɢɫɤɚɠɟɧɢɟ ɤɪɢɫɬɚɥ-
ɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ. Ɋɚɡɦɟɪ ɤɪɢɫɬɚɥɥɢɬɨɜ ɞɥɹ ɧɢɤɟɥɹ ɢɡɦɟɧɹɟɬɫɹ ɨɬ 60 ɞɨ 200 ɧɦ, ɚ 
Ni+0,54B ɨɬ 20–120 ɧɦ.  Ⱦɥɹ ɧɢɤɟɥɹ  ɱɢɫɥɨ ɤɪɢɫɬɚɥɥɢɬɨɜ  ɪɚɡɦɟɪɨɦ 0-400 Ǻ ɫɨɫɬɚɜɥɹ-
ɟɬ    68 %, ɚ ɞɥɹ ɤɨɦɩɨɡɢɬɚ Ni+0,54B ɤɨɥɢɱɟɫɬɜɨ  ɤɪɢɫɬɚɥɥɢɬɨɜ   93 % ɧɚɯɨɞɢɬɫɹ ɜ ɪɚɣɨɧɟ 
0-400 Ǻ. ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɩɨɥɭɱɟɧɢɢ ɫɬɪɭɤ-
ɬɭɪ ɧɚɧɨɪɚɡɦɟɪɧɨɝɨ ɞɢɚɩɚɡɨɧɚ, ɩɪɢ ɜɤɥɸɱɟɧɢɢ ɩɪɢɦɟɫɧɨɝɨ ɚɬɨɦɚ ɛɨɪɚ (ɩɪɢɦɟɫɧɚɹ ɥɨ-
ɜɭɲɤɚ), ɤɨɬɨɪɵɣ ɫɨɡɞɚɟɬ ɩɪɟɞɩɨɫɵɥɤɢ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪɧɵɯ ɥɨɜɭɲɟɤ. ȼɨɞɨɪɨɞ
ɠɟ ɹɜɥɹɟɬɫɹ ɩɪɢɦɟɫɶɸ ɜɧɟɞɪɟɧɢɹ,  ɭɜɟɥɢɱɢɜɚɟɬ ɩɚɪɚɦɟɬɪɵ ɪɟɲɟɬɤɢ Ni ɢ ɪɚɫɩɨɥɨɠɟɧ ɜ
ɬɟɬɪɚ ɢ ɨɤɬɚɩɨɪɚɯ ɫɢɫɬɟɦɵ. Ⱦɚɥɟɟ ɩɪɨɜɟɞɟɧɨ ɫɨɩɨɫɬɚɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɧɨɝɨ ɢɡɦɟɧɟɧɢɹ
ɦɚɬɟɪɢɚɥɚ ɫ ɟɝɨ ɫɩɨɫɨɛɧɨɫɬɶɸ ɚɤɤɭɦɭɥɢɪɨɜɚɬɶ ɜɨɞɨɪɨɞ. ɉɪɢ ɜɜɟɞɟɧɢɢ ɨɬ 2 ɞɨ 10 ɚɬ. %
ɛɨɪɚ ɜ ɧɢɤɟɥɶ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɯɨɞ ɨɬ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ (ɞɨ 5 ɚɬ. %) ɤ ɧɟɹɜɧɨ
ɜɵɪɚɠɟɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ (6-9 ɚɬ. %) ɫ ɩɟɪɟɯɨɞɨɦ ɤ ɚɦɨɪɮɧɨɣ, ɱɬɨ ɫɨ-
ɩɪɨɜɨɠɞɚɟɬɫɹ ɭɜɟɥɢɱɟɧɢɟɦ ɷɤɫɬɪɚɝɢɪɭɟɦɨɝɨ ɜɨɞɨɪɨɞɚ ɢɡ ɨɛɪɚɡɰɚ, ɫɨɞɟɪɠɚɧɢɟ ɤɨɬɨɪɨɝɨ
ɨɩɪɟɞɟɥɹɥɨɫɶ ɦɟɬɨɞɨɦ ɜɚɤɭɭɦɧɨɣ ɷɤɫɬɪɚɤɰɢɢ ɦɟɬɨɞɨɦ ɬɟɪɦɨɞɟɫɨɪɛɰɢɢ [3].

ɂɬɚɤ, ɫɬɪɭɤɬɭɪɧɵɟ ɥɨɜɭɲɤɢ, ɩɨ ɫɭɬɢ, - ɞɟɮɟɤɬɵ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɫɬɪɨɟɧɢɹ 
ɦɟɬɚɥɥɨɜ. Ɉɫɧɨɜɧɵɦɢ ɫɪɟɞɢ ɧɢɯ ɹɜɥɹɸɬɫɹ ɤɪɚɟɜɵɟ ɞɢɫɥɨɤɚɰɢɢ, ɜɟɪɲɢɧɵ ɦɢɤɪɨɬɪɟɳɢɧ 
ɢ ɤɥɢɧɨɜɵɟ ɞɢɫɤɥɢɧɚɰɢɢ. ȼ ɨɤɪɟɫɬɧɨɫɬɢ ɷɬɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɧɟɫɨɜɟɪɲɟɧɫɬɜ 
ɮɨɪɦɢɪɭɸɬɫɹ ɩɪɢɦɟɫɧɵɟ ɫɟɝɪɟɝɚɰɢɢ ɢɡ ɚɬɨɦɨɜ ɜɨɞɨɪɨɞɚ ɢ ɝɢɞɪɢɞɧɵɟ ɮɚɡɵ, ɩɪɢ 
ɞɨɫɬɢɠɟɧɢɢ ɩɪɟɞɟɥɚ ɪɚɫɬɜɨɪɢɦɨɫɬɢ ɜɨɞɨɪɨɞɚ. ɋɬɪɭɤɬɭɪɧɵɟ ɥɨɜɭɲɤɢ ɡɚɯɜɚɬɵɜɚɸɬ 
ɚɬɨɦɵ ɜɨɞɨɪɨɞɚ ɧɚ ɞɥɢɬɟɥɶɧɨɟ ɜɪɟɦɹ. Ɍɟɯɧɢɱɟɫɤɢɦ ɪɟɡɭɥɶɬɚɬɨɦ ɹɜɥɹɸɬɫɹ ɫɢɧɬɟɡɢɪɨ-
ɜɚɧɧɵɟ ɦɚɬɟɪɢɚɥɵ ɧɢɤɟɥɶ-ɛɨɪ-ɜɨɞɨɪɨɞ, ɢɦɟɸɳɢɟ ɫɬɪɭɤɬɭɪɭ, ɫɩɨɫɨɛɧɭɸ ɚɤɤɭɦɭɥɢɪɨ-
ɜɚɬɶ ɜɨɞɨɪɨɞ ɡɚ ɫɱɟɬ ɜɨɡɧɢɤɚɸɳɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɢ ɩɪɢɦɟɫɧɵɯ ɥɨɜɭɲɟɤ. 
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ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɥɢɹɧɢɹ ɚɦɩɥɢɬɭɞɵ ɩɟɪɟɦɟɧɧɨɝɨ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ ɧɚɩɪɹɠɟɧɢɟ ɬɪɟɬɶɟɣ ɝɚɪɦɨɧɢɤɢ ɫɢɝɧɚɥɚ ɨɬɤɥɢɤɚ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɚ ɫɨ 
ɫɬɪɭɤɬɭɪɨɣ ɧɨɪɦɚɥɶɧɵɣ ɦɟɬɚɥɥ-ɫɜɟɪɯɩɪɨɜɨɞɧɢɤ ɫɢɫɬɟɦɵ Bi-Sr-Ca-Cu-O 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤ, ɩɟɪɟɦɟɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, 
ɫɬɪɭɤɬɭɪɚ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤ-ɧɨɪɦɚɥɶɧɵɣ ɦɟɬɚɥɥ. 
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ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚɛɥɸɞɚɟɬɫɹ ɨɝɪɚɧɢɱɟɧɧɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜɵɫɨɬɟɦɩɟɪɚɬɭɪɧɵɯ 
ɫɜɟɪɯɩɪɨɜɨɞɹɳɢɯ (ȼɌɋɉ) ɦɚɬɟɪɢɚɥɨɜ, ɧɟ ɫɦɨɬɪɹ ɧɚ ɭɧɢɤɚɥɶɧɨɫɬɶ ɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ 
ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ. ɉɪɨɢɫɯɨɞɢɬ ɷɬɨ ɜɫɥɟɞɫɬɜɢɟ ɬɨɝɨ, ɱɬɨ  ɧɚ ɤɨɧɫɬɪɭɤɰɢɢ ɭɫɬɪɨɣɫɬɜ, ɜ 
ɤɨɬɨɪɵɯ ɜ ɤɚɱɟɫɬɜɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɷɥɟɦɟɧɬɚ ɢɫɩɨɥɶɡɭɸɬɫɹ ȼɌɋɉ-ɦɚɬɟɪɢɚɥɵ, ɜ ɩɪɨ-
ɰɟɫɫɟ ɷɤɫɩɥɭɚɬɚɰɢɢ  ɞɟɣɫɬɜɭɸɬ ɩɨɫɬɨɹɧɧɵɟ ɢ ɩɟɪɟɦɟɧɧɵɟ ɦɚɝɧɢɬɧɵɟ ɩɨɥɹ,  ɱɬɨ ɩɪɟɞ-
ɩɨɥɚɝɚɟɬ ɪɚɫɫɟɹɧɢɟ ɷɧɟɪɝɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɨɛɴɟɦɟ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɚ, ɢ ɤɚɤ ɫɥɟɞ-
ɫɬɜɢɟ – ɩɪɨɹɜɥɟɧɢɸ ɧɟɥɢɧɟɣɧɵɯ ɫɜɨɣɫɬɜ [1].  

ȼ ɪɚɛɨɬɟ [2] ɨɩɢɫɵɜɚɟɬɫɹ ɬɟɯɧɨɥɨɝɢɹ ɩɨɥɭɱɟɧɢɹ ȼɌɋɉ-ɦɚɬɟɪɢɚɥɨɜ ɧɚ ɨɫɧɨɜ ɫɢ-
ɫɬɟɦɵ Bi-Sr-Ca-Cu-O, ɢɦɟɸɳɢɯ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɦɟɠɤɪɢɫɬɚɥɥɢɬɧɵɯ ɝɪɚɧɢɰ. ɉɨɥɭ-
ɱɟɧɧɵɟ ɩɨ ɬɚɤɨɣ ɬɟɯɧɨɥɨɝɢɢ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɢ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤ-

ɧɨɪɦɚɥɶɧɵɣ ɦɟɬɚɥɥ ɨɛɥɚɞɚɸɬ ɲɢɪɨɤɢɦ ɞɢɚɩɚɡɨɧɨɦ ɬɟɦɩɟɪɚɬɭɪ ɫɜɟɪɯɩɪɨɜɨɞɹɳɟɝɨ ɩɟ-
ɪɟɯɨɞɚ ɢ ɦɚɥɵɦɢ ɡɧɚɱɟɧɢɹɦ ɤɪɢɬɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɚ ɬɚɤɠɟ ɨɛɥɚɞɚɸɬ ɧɟɥɢɧɟɣɧɵɦɢ ɦɚɝ-
ɧɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ.  
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Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɢ U3(T) 

Ȼɵɥɢ ɩɪɨɜɟɞɟɧɵ ɢɡɦɟɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɧɚɩɪɹɠɟɧɢɹ ɬɪɟɬɶɟɣ 
ɝɚɪɦɨɧɢɤɢ ɨɬɜɟɬɧɨɝɨ ɫɢɝɧɚɥɚ ɨɬ ɤɚɬɭɲɤɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ, ɧɚɦɨɬɚɧɧɨɣ ɧɚ ɨɛɪɚɡɟɰ 
ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɚ, ɧɚɯɨɞɹɳɢɣɫɹ ɜ ɩɟɪɟɦɟɧɧɨɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɨ-
ɫɬɚɜɚ ɨɛɪɚɡɰɚ, ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ ɫɜɟɪɯɩɪɨɜɨɞɹɳɟɝɨ ɩɟɪɟɯɨɞɚ ɧɚ ɤɪɢɜɵɯ ɡɚɜɢɫɢ-
ɦɨɫɬɢ U3(T) ɧɚɛɥɸɞɚɥɫɹ ɨɞɢɧ ɢɥɢ ɞɜɚ ɦɚɤɫɢɦɭɦɚ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɢɟ ɨ ɜɨɡɧɢɤɧɨɜɟ-
ɧɢɢ ɞɢɫɫɢɩɚɰɢɢ ɷɧɟɪɝɢɢ ɩɟɪɟɦɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɤɚɤ ɨɩɢɫɚɧɨ ɜ [3, 4]. ȼ ɢɫɫɥɟɞɭ-
ɟɦɵɯ ɦɚɬɟɪɢɚɥɚɯ ɧɚ ɨɫɧɨɜɟ ɜɢɫɦɭɬɚ ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɫɜɟɪɯɩɪɨɜɨɞɧɢɤ-ɧɨɪɦɚɥɶɧɵɣ ɦɟɬɚɥɥ 
ɩɪɨɹɜɥɹɸɬɫɹ ɧɟɥɢɧɟɣɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɫɢ-
ɫɬɟɦɨɣ ɫɥɚɛɵɯ ɫɜɹɡɟɣ ɦɟɠɞɭ ɤɪɢɫɬɚɥɥɢɬɚɦɢ ɮɚɡɵ Bi-2223. ɍɩɪɚɜɥɹɹ ɫɨɨɬɧɨɲɟɧɢɟɦ 
ɧɨɪɦɚɥɶɧɨɣ ɢ ɫɜɟɪɯɩɪɨɜɨɞɹɳɟɣ ɮɚɡɵ Bi-2212 ɢ Bi-2223, ɪɚɡɦɟɪɚɦɢ ɤɪɢɫɬɚɥɥɢɬɨɜ, ɜɨɡ-
ɦɨɠɧɨ ɭɩɪɚɜɥɹɬɶ ɜɟɥɢɱɢɧɨɣ ɞɢɫɫɢɩɚɰɢɢ ɩɟɪɟɦɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɨɛɴɟɦɟ 
ɫɜɟɪɯɩɪɨɜɨɞɧɢɤɚ, ɢ ɤɚɤ ɫɥɟɞɫɬɜɢɟ – ɧɟɥɢɧɟɣɧɵɦ ɨɬɤɥɢɤɨɦ, ɱɬɨ ɩɨɡɜɨɥɢɬ ɨɬɤɪɵɬɶ ɧɨ-
ɜɵɟ ɩɟɪɫɩɟɤɬɢɜɵ ɩɪɢɦɟɧɟɧɢɹ ȼɌɋɉ ɦɚɬɟɪɢɚɥɨɜ. 
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ɂɋɋɅȿȾɈȼȺɇɂȿ ȼɅɂəɇɂə ɌȿɊɆɂɑȿɋɄɈȽɈ ɈɌɀɂȽȺ  
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ɇȺɇɈɋɌɊɍɄɌɍɊ Mg/(ZrAlO)45  
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ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɪɚɛɨɬɟ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɬɟɪɦɢɱɟɫɤɨɝɨ ɨɬɠɢɝɚ, ɩɪɨɜɨɞɢɦɨɝɨ ɜ ɜɚɤɭɭɦɟ, ɧɚ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ 
ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɧɨɝɨɫɥɨɣɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ Mg/(ZrO+AlO)45 ɫ ɪɚɡɥɢɱɧɨɣ ɬɨɥɳɢɧɨɣ 
ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɥɨёɜ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɧɨɝɨɫɥɨɣɧɚɹ ɧɚɧɨɫɬɪɭɤɬɭɪɚ, ɬɟɪɦɢɱɟɫɤɢɣ ɨɬɠɢɝ, ɬɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚ-
ɜɢɫɢɦɨɫɬɶ, ɦɚɥɨɭɝɥɨɜɚɹ ɪɟɮɥɟɤɬɨɦɟɬɪɢɹ. 

Ɇɧɨɝɨɫɥɨɣɧɚɹ ɫɬɪɭɤɬɭɪɚ Mg/(ZrO+AlO)45 ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɦɟɬɨɞɨɦ ɢɨɧɧɨ-

ɩɥɚɡɦɟɧɧɨɝɨ ɪɚɫɩɵɥɟɧɢɹ ɞɜɭɯ ɦɢɲɟɧɟɣ: ɦɟɬɚɥɥɢɱɟɫɤɨɣ (Mg) ɢ ɨɤɫɢɞɧɨɣ (ZrO+AlO) ɫ ɩɨ-
ɫɥɟɞɭɸɳɢɦ ɨɫɚɠɞɟɧɢɟɦ ɦɚɬɟɪɢɚɥɚ ɧɚ ɩɨɞɥɨɠɤɢ, ɫɨɜɟɪɲɚɸɳɢɟ ɤɪɭɝɨɜɨɟ ɞɜɢɠɟɧɢɟ ɜɨɤɪɭɝ 
ɦɢɲɟɧɟɣ. Ɇɟɬɚɥɥ ɨɫɚɠɞɚɥɫɹ ɱɟɪɟɡ V-ɨɛɪɚɡɧɵɣ ɷɤɪɚɧ, ɚ ɫɦɟɫɶ ɨɤɫɢɞɨɜ - ɛɟɡ ɷɤɪɚɧɚ, ɛɥɚɝɨɞɚ-
ɪɹ ɱɟɦɭ ɩɨɥɭɱɟɧɧɵɟ ɨɛɪɚɡɰɵ ɨɬɥɢɱɚɥɢɫɶ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɬɨɥɳɢɧɨɣ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɫɥɨɹ. 
Ɍɨɥɳɢɧɚ ɨɤɫɢɞɧɨɝɨ ɫɥɨɹ ɨɫɬɚɜɚɥɚɫɶ ɩɨɫɬɨɹɧɧɨɣ ɢ ɫɨɫɬɚɜɥɹɥɚ ~ 3 ɧɦ. Ɉɩɪɟɞɟɥɟɧɢɟ ɬɨɥɳɢɧɵ 
ɫɥɨёɜ ɦɚɝɧɢɹ, ɨɫɭɳɟɫɬɜɥёɧɧɨɟ ɧɚ ɬɟɫɬɨɜɵɯ ɨɛɪɚɡɰɚɯ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɨɧɚ ɦɟɧɹɟɬɫɹ ɨɬ 1,8 ɧɦ ɞɨ 
3,9 ɧɦ.  

Ɂɚɜɢɫɢɦɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ 
Mg/(ZrO+AlO)45 ɨɬ ɬɨɥɳɢɧɵ ɫɥɨɹ Mg ɧɟɦɨɧɨɬɨɧɧɚ, ɫ ɪɟɡɤɢɦ ɭɦɟɧɶɲɟɧɢɟɦ ɡɧɚɱɟɧɢɣ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɹ ɩɪɢ ɬɨɥɳɢɧɚɯ ɫɥɨɹ 1,5 - 1,9 ɧɦ (ɪɢɫ.1), ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɩɨɥɚɝɚɬɶ ɧɚɥɢɱɢɟ ɩɟɪɤɨ-
ɥɹɰɢɨɧɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɨ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɩɨɥɭɱɟɧɧɨɣ ɫɢɫɬɟɦɟ.  

Ⱦɨ ɩɨɪɨɝɚ ɩɟɪɤɨɥɹɰɢɢ ɦɚɝɧɢɟɜɵɟ ɜɤɥɸɱɟɧɢɹ ɜ ɫɥɨɹɯ ɧɟ ɮɨɪɦɢɪɭɸɬ ɫɜɹɡɚɧɧɵɟ ɢ 
ɩɪɨɬɹɠɟɧɧɵɟ ɨɛɥɚɫɬɢ, ɩɨɷɬɨɦɭ ɩɪɨɜɨɞɢɦɨɫɬɶ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɟɪɟɧɨɫɨɦ ɱɟɪɟɡ ɨɤɫɢɞɧɭɸ ɦɚɬ-
ɪɢɰɭ, ɱɬɨ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɜɵɫɨɤɢɟ ɡɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ (ɪɢɫ. 1). Ɂɚ ɩɨɪɨɝɨɦ ɩɟɪɤɨɥɹɰɢɢ 
ɫɥɨɢ ɦɚɝɧɢɹ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɫɩɥɨɲɧɵɟ ɩɪɨɜɨɞɹɳɢɟ ɨɛɥɚɫɬɢ, ɩɨɷɬɨɦɭ ɡɧɚɱɟɧɢɹ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɹ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɫɪɚɜɧɢɬɟɥɶɧɨ ɧɢɡɤɢɟ ɢ ɫɥɚɛɨ ɡɚɜɢɫɹɬ ɨɬ ɬɨɥɳɢɧɵ ɦɚɝɧɢɟɜɨɝɨ ɫɥɨɹ.  

ɇɟɫɦɨɬɪɹ ɧɚ ɩɪɟɞɩɨɥɚɝɚɟɦɵɟ ɫɭɳɟɫɬɜɟɧɧɵɟ ɪɚɡɥɢɱɢɹ ɜ ɦɨɪɮɨɥɨɝɢɢ ɨɛɪɚɡɰɨɜ ɬɟɦɩɟ-
ɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɧɨɝɨɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ 
Mg/(ZrO+AlO)45 ɜ ɨɫɧɨɜɧɵɯ ɫɜɨɢɯ ɨɫɨɛɟɧɧɨɫɬɹɯ ɩɨɜɬɨɪɹɸɬɫɹ ɤɚɤ ɞɥɹ ɦɚɥɨɣ ɬɨɥɳɢɧɵ ɫɥɨɹ 
ɦɚɝɧɢɹ, ɬɚɤ ɢ ɞɥɹ ɛɨɥɶɲɨɣ (ɪɢɫ. 2). ɏɚɪɚɤɬɟɪɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɜɫɟɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɹɜɥɹɟɬɫɹ 
ɧɚɥɢɱɢɟ ɭɱɚɫɬɤɚ ɫ ɪɟɡɤɢɦ ɭɦɟɧɶɲɟɧɢɟɦ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɪɢɦɟɪɧɨ ɩɪɢ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɬɟɦ-
ɩɟɪɚɬɭɪɟ (250-270 

ɨɋ) ɢ ɩɨɫɥɟɞɭɸɳɢɦ ɪɨɫɬɨɦ ɡɧɚɱɟɧɢɣ.
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Ɋɢɫ. 1. Ɂɚɜɢɫɢɦɨɫɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢɹ  
ɦɧɨɝɨɫɥɨɣɧɨɣ ɧɚɧɨɫɬɪɭɤɬɭɪɵ 

Mg/(ZrO+AlO)45 ɨɬ ɬɨɥɳɢɧɵ ɫɥɨɹ ɦɚɝɧɢɹ 

Ɋɢɫ. 2. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ Mg/(ZrO+AlO)45 

ɫ ɪɚɡɥɢɱɧɨɣ ɬɨɥɳɢɧɨɣ ɛɢɫɥɨɹ: 1 – 1,8 ɧɦ;  
2 – 1,85 ɧɦ; 3 – 2,3 ɧɦ, 4- 2,95 ɧɦ, 5 – 3,5 ɧɦ 
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Ɋɟɧɬɝɟɧɨɞɢɮɪɚɤɰɢɨɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ (ɪɢɫ. 3) ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ ɧɚɝɪɟɜɟ ɨɛɪɚɡ-
ɰɨɜ ɩɪɨɢɫɯɨɞɢɬ ɨɤɢɫɥɟɧɢɟ ɦɚɝɧɢɹ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ ɟɝɨ ɨɤɫɢɞɚ (MgO). ɉɨɹɜɥɟɧɢɟ ɫɥɚɛɨɝɨ ɢ 
ɪɚɡɦɵɬɨɝɨ ɦɚɤɫɢɦɭɦɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɨɬɪɚɠɟɧɢɸ ɨɬ ɫɟɦɟɣɫɬɜɚ ɩɥɨɫɤɨɫɬɟɣ (200), 
ɧɚɛɥɸɞɚɟɬɫɹ ɭɠɟ ɩɨɫɥɟ ɨɬɠɢɝɚ ɩɪɢ 250 ɨɋ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɩɨɥɨɠɢɬɶ ɫɥɟɞɭɸɳɟɟ ɨɛɴɹɫ-
ɧɟɧɢɟ ɧɚɛɥɸɞɚɟɦɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ. Ɉɤɢɫɥɟɧɢɟ ɦɚɝɧɢɹ ɜɨɡɦɨɠɧɨ ɡɚ ɫɱɟɬ ɚɬɨɦɨɜ ɤɢɫɥɨɪɨɞɚ, 
ɫɨɞɟɪɠɚɳɢɯɫɹ ɜ ɨɤɫɢɞɧɵɯ ɫɥɨɹɯ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ. ɉɪɢ ɷɬɨɦ, «ɭɯɨɞ» ɚɬɨɦɨɜ ɤɢɫɥɨ-
ɪɨɞɚ ɢɡ ɦɚɬɪɢɰɵ ɩɪɢɜɨɞɢɬ ɤ ɫɨɡɞɚɧɢɸ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ  ɤɢɫɥɨɪɨɞɧɵɯ ɜɚ-
ɤɚɧɫɢɣ, ɱɟɪɟɡ ɤɨɬɨɪɵɟ ɜɨɡɦɨɠɟɧ ɷɥɟɤɬɪɨɩɟɪɟɧɨɫ.  

Ɋɢɫ. 3. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɵ ɦɧɨɝɨɫɥɨɣɧɨɣ ɧɚɧɨɫɬɪɭɤɬɭɪɵ Mg/(ZrO+AlO)45 : 1 – ɢɫɯɨɞɧɨɟ  
ɫɨɫɬɨɹɧɢɟ; 2 – ɨɬɠɢɝ ɜ ɜɚɤɭɭɦɟ ɩɪɢ Ɍ=250 ɨɋ; 3 - ɨɬɠɢɝ ɜ ɜɚɤɭɭɦɟ ɩɪɢ Ɍ=300 ɨɋ; 4 - ɨɬɠɢɝ 

ɜ ɜɚɤɭɭɦɟ ɩɪɢ Ɍ=400 ɨɋ 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ Mg/(ZrO+AlO)45  ɫɧɢɠɚɟɬɫɹ. ȼ 
ɩɨɥɶɡɭ ɞɚɧɧɨɝɨ ɩɪɟɞɩɨɥɨɠɟɧɢɹ ɝɨɜɨɪɢɬ ɬɨɬ ɮɚɤɬ, ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɹ ɦɧɨɝɨɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ, ɢɫɫɥɟɞɨɜɚɧɧɵɟ ɜ ɢɧɬɟɪɜɚɥɟ -196 – 0 

ɨɋ, ɢɦɟɸɬ ɧɟɦɟɬɚɥ-
ɥɢɱɟɫɤɢɣ ɯɚɪɚɤɬɟɪ (ɌɄɋ < 0) ɞɚɠɟ ɩɪɢ ɬɨɥɳɢɧɚɯ ɦɚɝɧɢɟɜɨɝɨ ɫɥɨɹ 3,6 – 3,8 ɧɦ. ɂɧɵɦɢ ɫɥɨ-
ɜɚɦɢ, ɩɪɨɜɨɞɢɦɨɫɬɶ ɧɟ ɹɜɥɹɟɬɫɹ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɜ ɱɢɫɬɨɦ ɜɢɞɟ, ɧɟɫɦɨɬɪɹ ɧɚ ɫɪɚɜɧɢɬɟɥɶɧɨ 
ɧɢɡɤɢɟ ɡɧɚɱɟɧɢɹ ɚɛɫɨɥɸɬɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ.  

ɉɨɫɥɟɞɭɸɳɢɣ ɪɨɫɬ ɫɨɩɪɨɬɢɜɥɟɧɢɹ (300-350  ɋ) ɫɜɹɡɚɧ, ɩɨ ɜɫɟɣ ɜɢɞɢɦɨɫɬɢ, ɫ ɪɟɥɚɤ-
ɫɚɰɢɟɣ ɦɚɬɪɢɰɵ, ɚɧɚɥɨɝɢɱɧɨ ɬɨɦɭ, ɱɬɨ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɤɨɦɩɨɡɢɬɚɯ ɦɟɬɚɥɥ-ɞɢɷɥɟɤɬɪɢɤ – ɬɟɪ-
ɦɢɱɟɫɤɢɟ ɨɬɠɢɝɢ ɫɧɢɠɚɸɬ ɩɥɨɬɧɨɫɬɶ ɫɬɪɭɤɬɭɪɧɵɯ ɞɟɮɟɤɬɨɜ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɷɥɟɤɬɪɨ-
ɫɨɩɪɨɬɢɜɥɟɧɢɹ [1]. 

Ʌɢɬɟɪɚɬɭɪɚ 
1. ɇɟɥɢɧɟɣɧɵɟ ɹɜɥɟɧɢɹ ɜ ɧɚɧɨ- ɢ ɦɢɤɪɨɝɟɬɟɪɨɝɟɧɧɵɯ ɫɢɫɬɟɦɚɯ \ɋ.Ⱥ. Ƚɪɢɞɧɟɜ ɢ ɞɪ. \\ Ɇ.:

Ȼɢɧɨɦ. – 2012. – 352 ɫ. 

ɍȾɄ 004.94; 534.8 

ɄɈɆɉɖɘɌȿɊɇɈȿ ɆɈȾȿɅɂɊɈȼȺɇɂȿ ɇȺȽɊȿȼȺ ȻɂɈɅɈȽɂɑȿɋɄɈɃ 

ɌɄȺɇɂ ɉɅɈɋɄɂɆ ɍɅɖɌɊȺɁȼɍɄɈȼɕɆ ɉɊȿɈȻɊȺɁɈȼȺɌȿɅȿɆ  
ɋ ɈɏɅȺɀȾȺȿɆɈɃ ɉɈȼȿɊɏɇɈɋɌɖɘ 

ɋ.Ⱥ. ɓɟɪɛɢɧɢɧ1, ɂ.Ⱥ. ɒɜɟɰɨɜ 2, ɇ.Ⱥ. Ʉɨɥɩɚɱɟɜɚ3, Ⱥ.ɇ. Ɋɵɛɹɧɟɰ4 

1ɇɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, step_scherbinin@list.ru 
2Ⱥɫɩɢɪɚɧɬ, wbeg@mail.ru 

4Ⱦ-ɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɝɥɚɜɧɵɣ ɧɚɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ, arybyanets@gmail.com 
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3Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɚɫɫɢɫɬɟɧɬ ɤɚɮɟɞɪɵ «Ɏɢɡɢɤɚ», kolpacheva.natalia@gmail.com 

ɎȽȻɈɍ ȼɈ «Ⱦɨɧɫɤɨɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɇɚɫɬɨɹɳɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɤɨɦɩɶɸɬɟɪɧɨɦɭ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɧɚɝɪɟɜɚ ɛɢɨɥɨɝɢɱɟɫɤɨɣ 
ɬɤɚɧɢ ɩɥɨɫɤɢɦ ɢɫɬɨɱɧɢɤɨɦ ɭɥɶɬɪɚɡɜɭɤɚ ɫ ɜɧɟɲɧɢɦ ɨɯɥɚɠɞɟɧɢɟɦ. Ɋɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞɟɧɧɵɯ 
ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɥɨɤɚɥɢɡɚɰɢɢ 
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ɦɚɤɫɢɦɭɦɚ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɡɚɞɚɧɧɨɣ ɝɥɭɛɢɧɟ ɩɨɫɪɟɞɫɬɜɨɦ ɩɨɞɛɨɪɚ ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ ɢɫɬɨɱɧɢɤɚ 
ɭɥɶɬɪɚɡɜɭɤɚ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɥɶɬɪɚɡɜɭɤ, ɧɚɝɪɟɜ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɬɤɚɧɢ, ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɨɟ 
ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɩɫɟɜɞɨɫɩɟɤɬɪɚɥɶɧɵɟ ɦɟɬɨɞɵ, ɜɵɱɢɫɥɢɬɟɥɶɧɵɣ ɷɤɫɩɟɪɢɦɟɧɬ. 

ɍɥɶɬɪɚɡɜɭɤɨɜɨɣ ɧɚɝɪɟɜ ɬɤɚɧɟɣ ɬɟɥɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɰɟɥɨɦ ɪɹɞɟ ɨɛɥɚɫɬɟɣ ɤɨɫɦɟ-
ɬɢɱɟɫɤɨɣ ɦɟɞɢɰɢɧɵ: ɧɟɢɧɜɚɡɢɜɧɚɹ ɥɢɩɨɫɚɤɰɢɹ, ɡɚɠɢɜɥɟɧɢɟ ɪɚɧ ɢ ɨɠɨɝɨɜ, ɨɦɨɥɨɠɟɧɢɟ 
ɢ ɩɨɞɬɹɠɤɚ ɤɨɠɢ, ɥɟɱɟɧɢɟ ɰɟɥɥɸɥɢɬɚ ɢ ɬ.ɩ. Ɍɚɤ, ɨɛɴɟɤɬɨɦ ɢɫɫɥɟɞɨɜɚɧɢɹ ɧɚɫɬɨɹɳɟɣ ɪɚ-
ɛɨɬɵ ɹɜɥɹɟɬɫɹ ɩɥɨɫɤɢɣ ɢɫɬɨɱɧɢɤ ɭɥɶɬɪɚɡɜɭɤɚ ɫ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ. ɉɨɞɨɛɧɵɣ 
ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧ ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɩɨɜɟɪɯɧɨɫɬ-
ɧɵɯ ɬɤɚɧɟɣ ɩɚɰɢɟɧɬɚ: ɩɨɞɤɨɠɧɨɝɨ ɠɢɪɚ ɢ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɦɵɲɟɱɧɨ-ɚɩɨɧɟɜɪɨɬɢɱɟɫɤɨɣ 
ɫɢɫɬɟɦɵ, ɩɪɢ ɷɬɨɦ ɡɚ ɫɱɟɬ ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɜɨɡɦɨɠɧɨ, ɜɨ-

ɩɟɪɜɵɯ, ɫɨɯɪɚɧɹɬɶ ɧɚ ɤɨɠɟ ɤɨɦɮɨɪɬɧɭɸ ɞɥɹ ɩɚɰɢɟɧɬɚ ɬɟɦɩɟɪɚɬɭɪɭ ɢ, ɜɨ-ɜɬɨɪɵɯ, ɞɨ-
ɛɢɬɶɫɹ ɢɡɛɢɪɚɬɟɥɶɧɨɝɨ ɩɨ ɝɥɭɛɢɧɟ ɧɚɝɪɟɜɚ ɞɨ ɧɟɤɨɬɨɪɨɣ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. 

Ʉɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɞɥɹ ɞɜɭɦɟɪɧɨɣ ɡɚɞɚɱɢ. Ɋɚɫɫɦɚɬ-
ɪɢɜɚɥɫɹ ɩɥɨɫɤɢɣ ɤɜɚɞɪɚɬɧɵɣ ɭɱɚɫɬɨɤ ɠɢɪɨɜɨɣ ɬɤɚɧɢ ɪɚɡɦɟɪɨɦ 47.2 ɦɦ, ɧɚ ɨɞɧɨɣ ɢɡ 
ɫɬɨɪɨɧ ɤɨɬɨɪɨɝɨ ɩɨɫɟɪɟɞɢɧɟ ɪɚɫɩɨɥɚɝɚɥɫɹ ɢɫɬɨɱɧɢɤ ɭɥɶɬɪɚɡɜɭɤɚ ɞɥɢɧɨɣ 23 ɦɦ. Ⱥɤɭ-
ɫɬɢɱɟɫɤɢɟ ɪɚɫɱɟɬɵ ɩɪɨɢɡɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɚɤɟɬɚ K-Wave [1], ɜ ɤɨɬɨɪɨɦ ɪɟɚ-
ɥɢɡɨɜɚɧ ɩɫɟɜɞɨɫɩɟɤɬɪɚɥɶɧɵɣ ɦɟɬɨɞ ɪɟɲɟɧɢɹ ɫɜɹɡɚɧɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ ɩɟɪɜɨ-
ɝɨ ɩɨɪɹɞɤɚ [2]. Ɋɚɫɱɟɬɧɚɹ ɦɨɞɟɥɶ ɞɚɧɧɨɝɨ ɩɚɤɟɬɚ ɩɨɡɜɨɥɹɟɬ ɭɱɢɬɵɜɚɬɶ ɫɬɟɩɟɧɧɨɣ ɡɚɤɨɧ 
ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɩɨɝɥɨɳɟɧɢɹ. ɉɨ ɤɪɚɹɦ ɦɨɞɟɥɢɪɭɟɦɨɣ ɨɛɥɚɫɬɢ ɡɚɞɚɜɚɥɢɫɶ ɫɥɨɢ (ɬɚɤ 
ɧɚɡɵɜɚɟɦɵɟ PMLs: perfectly matched layers), ɩɨɥɧɨɫɬɶɸ ɩɨɝɥɨɳɚɸɳɢɟ ɭɥɶɬɪɚɡɜɭɤ. Ɋɚɫ-
ɱɟɬ ɧɚɝɪɟɜɚ ɫɪɟɞɵ ɩɪɨɜɨɞɢɥɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɪɟɲɟɧɢɹ ɤɥɚɫɫɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢɹ ɬɟɩɥɨ-
ɩɪɨɜɨɞɧɨɫɬɢ ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɞɥɹ ɱɟɝɨ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɚɤɟɬ ɩɪɨɝɪɚɦɦ 
FEniCS [2, 4]. ɉɪɢ ɷɬɨɦ ɧɚ ɬɨɣ ɫɬɨɪɨɧɟ ɪɚɫɱɟɬɧɨɣ ɨɛɥɚɫɬɢ, ɝɞɟ ɛɵɥ ɪɚɫɩɨɥɨɠɟɧ ɢɫɬɨɱ-
ɧɢɤ ɭɥɶɬɪɚɡɜɭɤɚ, ɡɚɞɚɜɚɥɨɫɶ ɝɪɚɧɢɱɧɨɟ ɭɫɥɨɜɢɟ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɬɟɦɩɟɪɚɬɭɪɟ ɨɯɥɚ-
ɠɞɟɧɢɹ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɚ ɧɚ ɬɪɟɯ ɞɪɭɝɢɯ - ɬɟɦɩɟɪɚɬɭɪɚ ɱɟɥɨɜɟɱɟɫɤɨɝɨ ɬɟɥɚ, ɪɚɜɧɚɹ 
37°C. 

ɇɚ ɪɢɫɭɧɤɟ 1 ɩɪɟɞɫɬɚɜɥɟɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɩɥɨɜɵɯ ɢɫɬɨɱɧɢɤɨɜ, ɩɨɪɨɠɞɚɟɦɨɟ 
ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɩɨɥɟɦ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɢɫɬɨɱɧɢɤɚ ɩɪɢ ɱɚɫɬɨɬɟ 4 ɆȽɰ ɢ ɢɧɬɟɧɫɢɜɧɨ-
ɫɬɢ ɟɝɨ ɢɡɥɭɱɟɧɢɹ 0.5 ȼɬ/ɫɦ2

 (ɢɫɬɨɱɧɢɤ ɪɚɫɩɨɥɨɠɟɧ ɜɞɨɥɶ ɨɫɢ y). ɇɚ ɪɢɫɭɧɤɟ 2 ɢɡɨɛɪɚ-
ɠɟɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɩɪɹɦɨɣ y = 0 ɞɥɹ ɬɪɟɯ ɪɚɡɥɢɱɧɵɯ ɦɨɦɟɧɬɨɜ 
ɜɪɟɦɟɧɢ ɩɪɢ ɱɚɫɬɨɬɟ ɢɡɥɭɱɟɧɢɹ 4 ɆȽɰ, ɢɧɬɟɧɫɢɜɧɨɫɬɢ 0.5 ȼɬ/ɫɦ2

 (ɬɟɦɩɟɪɚɬɭɪɚ ɨɯɥɚ-
ɠɞɟɧɢɹ ɪɚɜɧɚ 37°C). ɂɡ ɷɬɨɝɨ ɪɢɫɭɧɤɚ ɜɢɞɧɨ ɧɚɥɢɱɢɟ ɜɵɪɚɠɟɧɧɨɝɨ ɦɚɤɫɢɦɭɦɚ ɬɟɦɩɟ-
ɪɚɬɭɪɵ, ɤɨɬɨɪɵɣ ɦɟɧɹɟɬ ɫɜɨɟ ɩɨɥɨɠɟɧɢɟ ɫ ɬɟɱɟɧɢɟɦ ɜɪɟɦɟɧɢ. 

Ɋɢɫ. 1. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɩɥɨɜɵɯ ɢɫɬɨɱɧɢɤɨɜ, 
ɩɨɪɨɠɞɚɟɦɨɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɩɨɥɟɦ ɩɥɨɫɤɨɝɨ 
ɢɫɬɨɱɧɢɤɚ, ɪɚɫɩɨɥɨɠɟɧɧɨɝɨ ɜɞɨɥɶ ɨɫɢ Y, ɩɪɢ 
ɱɚɫɬɨɬɟ 4 ɆȽɰ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ 0.5 

ȼɬ/ɫɦ2
 

Ɋɢɫ. 2. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ 
ɩɪɹɦɨɣ y = 0 ɞɥɹ ɬɪɟɯ ɪɚɡɥɢɱɧɵɯ  

ɦɨɦɟɧɬɨɜ ɜɪɟɦɟɧɢ (t = 20, 60 ɢ 100 ɫɟɤɭɧɞ) 
ɩɪɢ ɱɚɫɬɨɬɟ ɢɡɥɭɱɟɧɢɹ 4 ɆȽɰ,  

ɢɧɬɟɧɫɢɜɧɨɫɬɢ 0.5 ȼɬ/ɫɦ2, ɬɟɦɩɟɪɚɬɭɪɚ  
ɨɯɥɚɠɞɟɧɢɹ ɞɨ 37°C 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɦɚɤɫɢ-
ɦɭɦɚ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɷɬɨɦ ɦɚɤɫɢɦɭɦɟ ɨɬ ɱɚɫɬɨɬɵ ɢɡɥɭɱɟ-
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ɧɢɹ, ɟɝɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɨɯɥɚɠɞɟɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞёɧɧɵɯ ɜɵɱɢɫ-
ɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɭɬёɦ ɢɡɦɟɧɟɧɢɹ ɭɤɚɡɚɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ 
ɜɨɡɦɨɠɧɨ ɪɟɝɭɥɢɪɨɜɚɬɶ ɝɥɭɛɢɧɭ, ɧɚ ɤɨɬɨɪɨɣ ɛɭɞɟɬ ɞɨɫɬɢɝɧɭɬɚ ɧɟɤɨɬɨɪɚɹ ɡɚɞɚɧɧɚɹ ɬɟɦ-
ɩɟɪɚɬɭɪɚ (ɜ ɞɚɧɧɨɦ ɢɫɫɥɟɞɨɜɚɧɢɢ ɜɟɥɢɱɢɧɚ ɬɚɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɛɵɥɚ ɪɚɜɧɚ 48 °C). Ɍɚɤ-
ɠɟ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɭɫɬɚɧɨɜɢɜɲɢɯɫɹ ɪɚɜɧɨɜɟɫɧɵɯ ɪɟɠɢɦɨɜ ɢɫɫɥɟɞɭɟ-
ɦɨɣ ɫɢɫɬɟɦɵ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ).  

Ʌɢɬɟɪɚɬɭɪɚ 
1. http://www.k-wave.org/

2. Treeby Bradley E. Time Domain Simulation of Harmonic Ultrasound Images and Beam

Patterns in 3D Using the k-space Pseudospectral Method / Bradley E. Treeby, Mustafa Tumen, B. T. 

Cox // Medical Image Computing and Computer-Assisted Intervention.  MICCAI 2011. - Springer, 

2011. 

3. https://fenicsproject.org/

4. Langtangen Hans Petter. Solving PDEs in Python / Hans Petter Langtangen. Anders Logg. -

Springer, 2017. 
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ɎȽȺɈɍ ȼɈ «ɘɠɧɵɣ ɮɟɞɟɪɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɚɝɪɟɜɚ 
ɜɹɡɤɨɭɩɪɭɝɨɣ ɫɪɟɞɵ ɫɬɨɹɱɢɦɢ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦɢ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦɢ ɜɨɥɧɚɦɢ, ɫɨɡɞɚɜɚɟɦɵɦɢ 
ɤɪɭɝɨɜɵɦ ɢɫɬɨɱɧɢɤɨɦ. ɑɚɫɬɨɬɚ ɢɡɥɭɱɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɱɚɫɬɨɬɟ ɬɨɥɳɢɧɧɨɣ ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ 
ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɜɵɩɨɥɧɟɧɧɨɝɨ ɜ ɮɨɪɦɟ ɩɨɥɨɝɨ ɰɢɥɢɧɞɪɚ, 
ɩɨɥɹɪɢɡɨɜɚɧɧɨɝɨ ɩɨ ɪɚɞɢɭɫɭ. ɋɤɨɪɨɫɬɶ ɧɚɝɪɟɜɚ ɫɪɟɞɵ ɛɵɥɚ ɪɚɫɫɱɢɬɚɧɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ ɢ ɟɝɨ ɱɚɫɬɨɬɵ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɧɚɝɪɟɜ, ɫɬɨɹɱɢɟ ɜɨɥɧɵ, ɤɨɥɶɰɟɜɨɣ ɩɶɟɡɨɷɥɟɦɟɧɬ, 
ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɩɫɟɜɞɨɫɩɟɤɬɪɚɥɶɧɵɟ ɦɟɬɨɞɵ. 

ɍɥɶɬɪɚɡɜɭɤ ɧɚɯɨɞɢɬ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɬɟɪɚɩɟɜɬɢɱɟɫɤɨɣ ɢ ɞɢɚɝɧɨɫɬɢɱɟɫɤɨɣ 
ɦɟɞɢɰɢɧɟ, ɤɨɫɦɟɬɨɥɨɝɢɢ, ɚ ɬɚɤɠɟ ɜ ɰɟɥɨɦ ɪɹɞɟ ɨɛɥɚɫɬɟɣ ɫɨɜɪɟɦɟɧɧɨɣ ɧɚɭɤɢ ɢ ɬɟɯɧɢɤɢ. 
ɋɩɟɤɬɪ ɪɚɡɥɢɱɧɵɯ ɩɪɢɦɟɧɟɧɢɣ ɭɥɶɬɪɚɡɜɭɤɚ ɩɨɫɬɨɹɧɧɨ ɪɚɫɲɢɪɹɟɬɫɹ, ɱɬɨ ɨɩɪɟɞɟɥɹɟɬ 
ɚɤɬɭɚɥɶɧɨɫɬɶ ɪɚɡɪɚɛɨɬɤɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ, 
ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɵɦɢ ɩɨɞ ɤɨɧɤɪɟɬɧɭɸ ɡɚɞɚɱɭ. Ɍɚɤ, ɞɥɹ ɧɟɤɨɬɨɪɵɯ ɤɨɫɦɟɬɨɥɨɝɢɱɟɫɤɢɯ 
ɩɪɨɰɟɞɭɪ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɜɵɫɨɤɨɢɧɬɟɧɫɢɜɧɵɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɫɬɨɹɱɢɟ ɰɢ-
ɥɢɧɞɪɢɱɟɫɤɢɟ ɜɨɥɧɵ, ɜɨɡɧɢɤɚɸɳɢɟ ɜɧɭɬɪɢ ɩɨɥɹɪɢɡɨɜɚɧɧɨɝɨ ɩɨ ɪɚɞɢɭɫɭ ɤɨɥɶɰɟɜɨɝɨ 
ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ [1, 2]. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɩɨɞɨɛɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟ-
ɥɟɣ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɬɚɤɠɟ ɞɥɹ ɪɚɡɠɢɠɟɧɢɹ ɬɟɤɭɳɟɣ ɜɧɭɬɪɢ ɬɪɭɛɵ 
ɧɟɮɬɢ ɩɭɬɟɦ ɟɟ ɧɚɝɪɟɜɚ, ɚ ɬɚɤɠɟ ɞɥɹ ɚɤɬɢɜɚɰɢɢ ɫɤɜɚɠɢɧ ɬɹɠɟɥɵɯ ɧɟɮɬɟɣ. 

Ɏɨɬɨɝɪɚɮɢɹ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɬɚɤɨɣ ɤɨɧɫɬɪɭɤɰɢɢ, ɢɡɝɨɬɨɜɥɟɧɧɨɝɨ ɢɡ ɩɶɟɡɨɤɟɪɚ-
ɦɢɤɢ ɐɌɋ-19, ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ. 

https://fenicsproject.org/
mailto:step_scherbinin@list.ru
mailto:arybyanets@gmail.com
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Ɋɢɫɭɧɨɤ. Ʉɨɥɶɰɟɜɨɣ ɩɶɟɡɨɷɥɟɦɟɧɬ, ɢɡɝɨɬɨɜɥɟɧɧɵɣ ɢɡ ɤɟɪɚɦɢɤɢ ɐɌɋ-19 ɫ ɜɧɭɬɪɟɧɧɢɦ ɪɚɞɢɭɫɨɦ 
60 ɦɦ ɢ ɜɧɟɲɧɢɦ ɪɚɞɢɭɫɨɦ 70 ɦɦ. ɗɥɟɦɟɧɬ ɩɨɥɹɪɢɡɨɜɚɧ ɩɨ ɪɚɞɢɭɫɭ 

Ɋɚɧɟɟ ɛɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɤɨɥɶɰɟɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ, ɪɚɛɨɬɚɸɳɢɣ ɧɚ ɪɚɞɢɚɥɶ-
ɧɨɣ ɦɨɞɟ, ɧɟ ɫɩɨɫɨɛɟɧ ɫɨɡɞɚɬɶ ɜɧɭɬɪɢ ɫɟɛɹ ɫɬɨɹɱɢɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ ɜɨɥɧɵ [2]. Ɉɞɧɚɤɨ, 
ɱɚɫɬɨɬɚ ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ ɩɨ ɬɨɥɳɢɧɟ ɫɬɟɧɤɢ ɬɚɤɨɝɨ ɩɶɟɡɨɷɥɟɦɟɧɬɚ ɨɤɚɡɵɜɚɟɬɫɹ ɞɨɫɬɚ-
ɬɨɱɧɨ ɛɥɢɡɤɨɣ ɤ ɪɟɡɨɧɚɧɫɧɨɦɭ ɭɫɥɨɜɢɸ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɫɬɨɹɱɢɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɜɨɥɧ 
ɜɧɭɬɪɢ ɧɟɝɨ. 

Ʉɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɞɥɹ ɞɜɭɦɟɪɧɨɣ ɡɚɞɚɱɢ. Ɋɚɫɫɦɚɬ-
ɪɢɜɚɥɫɹ ɤɨɥɶɰɟɜɨɣ ɩɶɟɡɨɤɟɪɚɦɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɫ ɜɧɭɬɪɟɧɧɢɦ ɪɚɞɢɭɫɨɦ 60 ɦɦ ɢ ɜɧɟɲ-
ɧɢɦ 70 ɦɦ, ɡɚɩɨɥɧɟɧɧɵɣ ɤɚɫɬɨɪɨɜɵɦ ɦɚɫɥɨɦ ɢ ɨɤɪɭɠɟɧɧɵɣ ɜɨɡɞɭɯɨɦ. ɂɫɬɨɱɧɢɤ ɭɥɶ-
ɬɪɚɡɜɭɤɚ ɩɨɥɚɝɚɥɫɹ ɫɨɜɩɚɞɚɸɳɢɦ ɫ ɝɪɚɧɢɰɟɣ ɪɚɡɞɟɥɚ ɫɪɟɞ ɦɚɫɥɨ/ɩɶɟɡɨɤɟɪɚɦɢɤɚ. Ɍɟɩ-
ɥɨɩɟɪɟɞɚɱɚ ɦɟɠɞɭ ɩɶɟɡɨɤɟɪɚɦɢɤɨɣ ɢ ɜɨɡɞɭɯɨɦ ɩɪɟɞɩɨɥɚɝɚɥɚɫɶ ɧɭɥɟɜɨɣ. Ⱥɤɭɫɬɢɱɟɫɤɢɟ 
ɪɚɫɱɟɬɵ ɩɪɨɢɡɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɚɤɟɬɚ K-Wave [3], ɜ ɤɨɬɨɪɨɦ ɪɟɚɥɢɡɨɜɚɧ 
ɩɫɟɜɞɨɫɩɟɤɬɪɚɥɶɧɵɣ ɦɟɬɨɞ ɪɟɲɟɧɢɹ ɫɜɹɡɚɧɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ ɩɟɪɜɨɝɨ ɩɨ-
ɪɹɞɤɚ [4]. Ɋɚɫɱɟɬɧɚɹ ɦɨɞɟɥɶ ɞɚɧɧɨɝɨ ɩɚɤɟɬɚ ɩɨɡɜɨɥɹɟɬ ɭɱɢɬɵɜɚɬɶ ɫɬɟɩɟɧɧɨɣ ɡɚɤɨɧ ɚɤɭ-
ɫɬɢɱɟɫɤɨɝɨ ɩɨɝɥɨɳɟɧɢɹ. ɇɚɝɪɟɜ ɫɪɟɞɵ ɪɚɫɫɱɢɬɵɜɚɥɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɪɟɲɟɧɢɹ ɤɥɚɫɫɢɱɟ-
ɫɤɨɝɨ ɭɪɚɜɧɟɧɢɹ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɦ, ɞɥɹ ɱɟɝɨ ɢɫɩɨɥɶɡɨ-
ɜɚɥɫɹ ɩɚɤɟɬ ɩɪɨɝɪɚɦɦ FEniCS [5]. 

Ȼɵɥɢ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɢ ɱɚɫɬɨɬ ɭɥɶɬɪɚɡɜɭɤɨ-
ɜɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɚ ɬɚɤɠɟ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɦɨɞɟɥɢɪɭɟɦɨɣ ɫɪɟɞɵ. Ɋɟɡɭɥɶɬɚɬɵ 
ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɧɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɪɟɝɭɥɢɪɨɜɚɬɶ ɱɚ-
ɫɬɨɬɭ ɬɨɥɳɢɧɧɨɣ ɦɨɞɵ ɤɨɥɟɛɚɧɢɣ ɤɨɥɶɰɟɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɟɝɨ 
ɞɥɹ ɧɚɝɪɟɜɚ ɤɨɧɤɪɟɬɧɨɣ ɫɪɟɞɵ: ɩɶɟɡɨɷɥɟɦɟɧɬ, ɢɡɨɛɪɚɠɟɧɧɵɣ ɧɚ ɪɢɫɭɧɤɟ, ɞɨɫɬɚɬɨɱɧɨ 
ɷɮɮɟɤɬɢɜɧɨ ɧɚɝɪɟɜɚɟɬ ɜɧɭɬɪɢ ɫɟɛɹ ɥɸɛɭɸ ɜɹɡɤɨɭɩɪɭɝɭɸ ɫɪɟɞɭ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɬɚɤɨɣ ɫɪɟɞɟ ɩɚɪɚɦɟɬɪɨɜ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɨɛɪɧɚɭɤɢ ɊɎ (ɬɟɦɚ № 
12.5425.2017/8.9, ɛɚɡɨɜɚɹ ɱɚɫɬɶ ɝɨɫɡɚɞɚɧɢɹ) ɢ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ (ɊɎɎɂ № 16-58-48009-ɂɧɞ-ɨɦɢ).  
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Patterns in changes of the microstructure (grain structure) and the thermoelectric properties of 

the n-type grained Bi1.9Gd0.1Te3 compound, spark-plasma-sintered at different temperatures (TS = 690, 

720, 735, 750, 780, and 810 K), have been studied in detail. All the samples studied were highly 

textured along 001 direction parallel to the pressing direction. The highest value of the thermoelectric 

figure-of-merit equal to ~ 0.73 for the perpendicular measuring orientation was found for the sample 

sintered at 750 K. 

Keywords: thermoelectric properties, Bi1.9Gd0.1Te3 compound, spark plasma sintering. 

Various physical and technological approaches are developing and improving to opti-

mally combine of the Seebeck coefficient (S), the specific electrical resistivity (ρ) and the 

thermal conductivity (k) and, hence, to maximize the thermoelectric figure-of-merit (ZT) of 

the Bi2Te3-based compounds. One of modern technological ways to prepare such compounds 

is spark plasma sintering [1]. The purpose of this paper is to find and analyze the patterns of 

the spark plasma sintering temperature effect on the thermoelectric properties of the n-type 

grained Bi1.9Gd0.1Te3 compounds. 

Microwave-solvothermal synthesis and spark plasma sintering were applied to prepare 

the grained Bi1.9Gd0.1Te3 samples. Spark plasma sintering method by using a SPS-25/10 sys-

tem was applied to compact the synthesized powder at pressure of 40 MPa and sintering time 

of 150 s. Different SPS temperatures, TS, equal to 690, 720, 735, 750, 780, and 810 K were 

used. 

 It was found that all the bulk samples are highly textured along 001 direction parallel 

to the pressing direction. Texturing observed is related to crystal structure features of the 

Bi2Te3-based compounds. Orientation factor characterizing a texturing degree and estimated 

from XRD patterns happened to be weakly TS-dependent. Average grain size measured along 

the SPS pressing direction was far less as compared to that measured in the perpendicular di-

rection. 

A strong anisotropy in the specific electrical resistivity and the total thermal conduc-

tivity at measurements along directions parallel and perpendicular to the SPS-pressing direc-

tion was found. The thermoelectric properties for the perpendicular measuring orientation 

happen to be better as compared to those for the parallel measuring orientation. All the ther-

moelectric properties, measured within 280-620 K range, were found to be TS-dependent. 

With increasing TS, ρ was gradually decreasing, whereas kt is gradually increasing. In addi-

tion, ρ is gradually increasing with increasing measuring temperature for all the samples. This 

behavior is characteristic of metals or degenerate semiconductors. All the k(T) curves were 

found to be rather complicated. The minima located at ~ 430 K can be attributed to changing 

in the thermal conductivity mechanisms. Contributions from crystal lattice, carriers and bipo-

lar conductivity were taken into account to analyze in changing in the k(T) curves for the 

samples sintered at different TS. In contrast to TS-effect on ρ and k, S was nonmonotonically 

changing with increasing TS. Owing to the highest S and the low enough ρ, the highest power 

factor was observed for the sample sintered at 750 K. And vice versa, the sample sintered at 

690 K has the highest ρ and one of the lowest S among all the samples, that in turn results in 

the lowest power factor in this sample. 
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Finally, the ρ, S and k values were used to plot the ZT(T) dependences for the samples 

sintered at different TS (Fig.). 

Figure. Temperature dependences of ZT for different TS 

All the ZT(T) dependences have clear maxima positioned at temperature of ~ 430 K. 

These maxima can be obviously related to onset of the intrinsic conductivity at high tempera-

tures. The intrinsic conductivity is harmful for the thermoelectric efficiency enhancement. 

The TS - effect on the thermoelectric figure-of-merit of the grained Bi1.9Gd0.1Te3 compounds is 

clearly expressed. The highest ZT value equal to ~ 0.73 was observed for the sample SPS-

sintered at TS = 750 K. Although this sample possesses mean thermal conductivity value 

among other samples, its highest power factor is dominant source favoring to the ZT maximi-

zation. 

M.N. Yaprintsev thanks the Ministry of Education and Science of the Russian Founda-

tion for Basic research for the financial support under project No 18-32-00415. 
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ɂɧɫɬɢɬɭɬ Ɋɚɞɢɚɰɢɨɧɧɵɯ ɉɪɨɛɥɟɦ ɇɚɰɢɨɧɚɥɶɧɨɣ Ⱥɤɚɞɟɦɢɢ ɇɚɭɤ Ⱥɡɟɪɛɚɣɞɠɚɧɚ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɢ ɬɜɟɪ-
ɞɵɯ ɪɚɫɬɜɨɪɨɜ TlGa1-ɯInɯSe2. ɂɡɦɟɪɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɞɥɹ ɫɨɫɬɚɜɨɜ ɯ=0; 0,1; 0,2; 0,3 ɜ ɬɟɦɩɟɪɚ-
ɬɭɪɧɨɣ ɨɛɥɚɫɬɢ 100-300K ɢ ɱɚɫɬɨɬɧɨɦ ɢɧɬɟɪɜɚɥɟ 20 – 10

6
 Ƚɰ. Ɍɟɪɦɨɝɪɚɮɨɦɟɬɪɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨ-

ɜɚɧɢɹɦ, ɩɨɤɚɡɚɥɢ ɧɚɥɢɱɢɟ ɪɚɫɬɜɨɪɢɦɨɫɬɢ ɜ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ. Ɉɛɥɚɫɬɶ 
ɪɚɫɬɜɨɪɢɦɨɫɬɢ ɧɚɯɨɞɢɬɫɹ ɩɪɢ ɡɧɚɱɟɧɢɹɯ ɯ=0÷0.3 ɢ ɩɪɢ ɯ=0,7÷1. ȼ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɨɣ ɨɛɥɚɫɬɢ 
ɫɨ ɡɧɚɱɟɧɢɹɦɢ ɯ ɦɟɠɞɭ 0,3 ɢ 0,7 ɢɦɟɟɬ ɦɟɫɬɨ ɪɚɫɬɜɨɪ ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɬɢɩɚ. ɐɟɥɶɸ ɧɚɫɬɨɹɳɟɣ 
ɪɚɛɨɬɵ ɹɜɢɥɨɫɶ ɭɫɬɚɧɨɜɥɟɧɢɟ ɦɟɯɚɧɢɡɦɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ TlGa1-ɯInɯSe2 ɜ ɤɨɧ-
ɰɟɧɬɪɚɰɢɨɧɧɨɣ ɨɛɥɚɫɬɢ ɯ=0÷0.3, ɚ ɬɚɤɠɟ. 

ɇɚ ɪɢɫ.1 ɢ 2 ɩɪɢɜɨɞɢɬɫɹ ɬɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ Ⱥɪɟɧɢɭɫɨ-
ɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɢ ɜ ɤɨɨɪɞɢɧɚɬɚɯ Ɇɨɬɬɚ, ɤɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 1  ɨɛɲɢɦ ɞɥɹ ɜɫɟɯ ɢɫ-
ɫɥɟɞɭɟɦɵɯ ɤɪɢɫɬɚɥɥɨɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ, ɞɥɹ ɡɚɜɢɫɢɦɨɫɬɟɣ ı(Ɍ), ɹɜɥɹɟɬɫɹ ɧɚɥɢɱɢɟ 
ɞɜɭɯ ɭɱɚɫɬɤɨɜ ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɡɦɟɧɟɧɢɹ ɭɞɟɥɶɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ. ȼ ɨɛ-
ɥɚɫɬɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ (170–250Ʉ) ɡɚɜɢɫɢɦɨɫɬɶ ı(Ɍ) ɧɨɫɢɬ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣ ɯɚ-
ɪɚɤɬɟɪ ɢ ɫɜɹɡɚɧɚ ɫ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɩɨ ɞɟɥɨɤɚɥɢɡɨɜɚɧɧɵɦ ɫɨɫɬɨɹɧɢɹɦ, ɬɨ ɟɫɬɶ, ɩɪɨɜɨɞɢ-
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ɦɨɫɬɶ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɢ ɩɨɦɨɳɢ ɬɟɪɦɨɜɨɡɛɭɠɞɟɧɧɵɯ ɩɪɢɦɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɜ 
ɡɨɧɭ ɩɪɜɨɞɢɦɨɫɬɢ. ɉɨ ɦɟɪɟ ɭɛɵɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɢɫɯɨɞɢɬ ɩɪɨɰɟɫɫ ɭɛɵɜɚɧɢɹ ɤɨɧ-
ɰɟɧɬɪɚɰɢɢ ɩɪɢɦɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɠɟ ɧɢɠɟ 170Ʉ, ɨɫɨɛɟɧɧɨɫɬɶ 

ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɜɹɡɚɧɚ ɫ ɜɵɦɨɪɚɠɢɜɚɧɢɟɦ ɩɪɢɦɟɫɧɵɯ ɧɨ-
ɫɢɬɟɥɟɣ ɡɚɪɹɞɚ.  Ɇɨɧɨɬɨɧɧɨɟ ɭɦɟɧɶɲɟɧɢɟ ɧɚɤɥɨɧɚ ɤɪɢɜɨɣ ı(1/T), ɫɜɹɡɚɧɚ ɫ ɩɪɨɜɨɞɢɦɨ-
ɫɬɶɸ ɩɨ ɥɨɤɚɥɢɡɨɜɚɧɧɵɦ ɫɨɫɬɨɹɧɢɹɦ ɫ ɭɱɚɫɬɢɟɦ ɮɨɧɨɧɨɜ [1-6]. Ɉɫɨɛɟɧɧɨɫɬɶɸ ɬɟɦɩɟ-
ɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɦɟɲɚɧɧɵɯ ɤɪɢɫɬɚɥɥɨɜ TlGa1-

ɯInɯSe2 ɹɜɥɹɟɬɫɹ ɫɢɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤ ɢɡɦɟɧɟɧɢɸ ɬɟɦɩɟɪɚɬɭ-
ɪɵ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɢɫɫɥɟɞɭɟɦɭɸ ɫɢɫɬɟɦɭ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ, ɤɚɤ ɩɟɪ-
ɫɩɟɤɬɢɜɧɵɟ ɬɟɪɦɨɱɭɜɫɬɜɢɬɟɥɶɧɵɟ ɦɚɬɟɪɢɚɥɵ.  

ɉɪɨɜɟɞɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨɤɚɡɚɥɢ, 
ɱɬɨ ɜ ɢɫɫɥɟɞɭɟɦɵɯ ɫɨɫɬɚɜɚɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ TlGa1-ɯInɯSe2   ɧɚɛɥɸɞɚɟɬɫɹ ɩɟɪɟɫɤɨɤɨ-
ɜɵɣ ɦɟɯɚɧɢɡɦ ɩɪɨɜɨɜɨɞɢɦɨɫɬɢ ɩɨ ɥɨɤɚɥɢɡɨɜɚɧɧɵɦ ɫɨɫɬɨɹɧɢɹɦ ɫ ɩɟɪɟɦɟɧɧɨɣ ɞɥɢɧɨɣ 
ɩɪɵɠɤɚ ɫ ɭɱɚɫɬɢɟɦ ɮɨɧɨɧɨɜ. Ɋɚɫɱɟɬɵ ɩɚɪɚɦɟɬɪɨɜ ɩɪɵɠɤɨɜɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɜɵɩɨɥ-
ɧɟɧɧɵɟ ɜ ɪɚɦɤɚɯ ɩɪɢɛɥɢɠɟɧɢɹ Ɇɨɬɬɚ ɩɨɤɚɡɚɥɢ, ɡɧɚɱɢɬɟɥɶɧɨɟ ɢɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ 
ɩɪɵɠɤɨɜɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ ɩɪɢ ɫɪɚɜɧɟɧɢɢ ɫ ɤɪɚɣɧɢɦɢ ɫɨɫɬɚɜɥɹɸ-
ɳɢɦɢ ɪɚɫɬɜɨɪɚ. Ɍɚɤɨɟ ɡɧɚɱɢɬɟɥɶɧɨɟ ɢɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ ɩɪɵɠɤɨ-
ɜɭɸ ɩɪɨɜɨɞɢɦɨɫɬɶ, ɦɨɠɟɬ ɫɜɢɞɟɬɟɥɶɫɬɜɨɜɚɬɶ ɧɚɥɢɱɢɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɜɢɞɨɜ ɧɟɭɩɨɪɹ-
ɞɨɱɟɧɧɨɫɬɟɣ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɩɪɢɱɢɧɨɣ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɥɨɤɚɥɢɡɨɜɚɧɧɵɯ 
ɫɨɫɬɨɹɧɢɣ ɜ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɟ.  

ɉɪɨɜɟɞɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɢ ɱɚɫɬɨɬɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɟɪɟɧɨɫɚ 
ɡɚɪɹɞɚ ɜ ɨɛɪɚɡɰɚɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ TlGa1-ɯInɯSe2 ɩɨɡɜɨɥɢɥɢ ɭɫɬɚɧɨɜɢɬɶ ɬɟɦɩɟɪɚɬɭɪ-
ɧɵɟ ɢ ɱɚɫɬɨɬɧɵɟ ɨɛɥɚɫɬɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɨ ɥɨɤɚɥɢɡɨɜɚɧɧɵɦ ɫɨɫɬɨɹɧɢ-
ɹɦ. Ɍɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɫɢɫɬɟɦɭ ɫ ɧɟɭɩɨɪɹɞɨɱɟɧɧɨɣ ɤɪɢɫɬɚɥɥɢɱɟ-
ɫɤɨɣ ɪɟɲɟɬɤɨɣ. ȼ ɪɚɛɨɬɟ ɚɧɚɥɢɡɢɪɭɸɬɫɹ ɩɪɢɱɢɧɵ ɨɬɜɟɬɫɬɜɟɧɧɵɟ ɡɚ ɩɪɵɠɤɨɜɵɣ ɯɚɪɚɤ-
ɬɟɪ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɫɦɟɲɚɧɧɵɯ ɤɪɢɫɬɚɥɥɚɯ. 

Ɋɢɫ.1. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɭɞɟɥɶɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɨɫɬɚɜɨɜ TlGa1-ɯInɯSe2, ɝɞɟ 
ɤɪɢɜɚɹ: 1-ɯ=0; 2 – 0.1; 3 – 0.2; 4 – 0.3 

Ɋɢɫ.2. Ɍɟɦɩɟɪɚɬɭɪɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɭɞɟɥɶɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɨɫɬɚɜɨɜ TlGa1-ɯInɯSe2, 

 ɝɞɟ ɤɪɢɜɚɹ: 1 - ɯ=0; 2 – 0.1; 3 – 0.2; 4 – 0.3  

ɜ ɤɨɨɪɞɢɧɚɬɚɯ Ɇɨɬɚ 
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VII. ȺɄɍɋɌɂɑȿɋɄȺə ɋɉȿɄɌɊɈɋɄɈɉɂə ɂ ȿȿ ɉɊɂɅɈɀȿɇɂə

ɍȾɄ: 621.78 

ɗɎɎȿɄɌɂȼɇȺə ɌɈɅɓɂɇȺ ɉɅɈɋɄɈɃ ȽɈɆɈȽȿɇɇɈɃ 
ɈȽɊȺɇɂɑȿɇɇɈɃ ɁȺɓɂɌɕ 

Ⱥ.ɇ. ɉɚɧɸɲɤɢɧ1, ɇ.ɇ. ɉɚɧɸɲɤɢɧ2 

1ɂɧɠɟɧɟɪ 1-ɨɣ ɤɚɬɟɝɨɪɢɢ  alpanvw@gmail.com 

ɇɚɭɱɧɨɟ ɤɨɧɫɬɪɭɤɬɨɪɫɤɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɟ ɛɸɪɨ «Ɏɟɪɪɢɬ» 
2Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, nnpan@yandex.ru 

ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɥɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɉɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɷɮɮɟɤɬɢɜɧɨɣ ɬɨɥɳɢɧɵ ɩɥɨɫɤɨɣ ɝɨɦɨɝɟɧɧɨɣ ɨɝɪɚɧɢɱɟɧɧɨɣ ɡɚɳɢɬɵ, 
ɤɨɬɨɪɚɹ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɵɯ ɞɨɡɨɜɵɯ ɧɚɝɪɭɡɨɤ ɷɥɟɦɟɧɬɨɜ 
ɛɨɪɬɨɜɨɣ ɚɩɩɚɪɚɬɭɪɵ, ɪɚɡɦɟɳɟɧɧɨɣ ɜ ɩɪɹɦɨɭɝɨɥɶɧɵɯ ɤɨɠɭɯɚɯ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɫɦɢɱɟɫɤɢɯ 
ɚɩɩɚɪɚɬɨɜ. ɉɪɨɜɟɞɟɧɧɵɟ ɱɢɫɥɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɞɥɹ ɩɪɚɤɬɢɱɟɫɤɢ ɢɫɩɨɥɶɡɭɟ-
ɦɵɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ ɨɝɪɚɧɢɱɟɧɧɵɯ ɡɚɳɢɬ ɷɮɮɟɤɬɢɜɧɚɹ ɬɨɥɳɢɧɚ ɦɨɠɟɬ ɩɪɟɜɵɲɚɬɶ 
ɮɢɡɢɱɟɫɤɭɸ ɬɨɥɳɢɧɭ ɩɪɢɦɟɪɧɨ ɧɚ ɩɨɪɹɞɨɤ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɡɚɳɢɬɚ, ɢɨɧɢɡɢɪɭɸɳɟɟ ɢɡɥɭɱɟɧɢɟ, ɥɨɤɚɥɶɧɚɹ ɞɨɡɨɜɚɹ ɧɚɝɪɭɡɤɚ, ɤɨɫ-
ɦɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɫɭɳɟɫɬɜɭɟɬ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɚ ɡɚɪɭɛɟɠɧɵɯ [1-3] ɢ ɨɬɟɱɟ-
ɫɬɜɟɧɧɵɯ ɩɪɨɝɪɚɦɦ [4], ɩɨɡɜɨɥɹɸɳɢɯ ɨɰɟɧɢɬɶ ɨɫɥɚɛɥɟɧɢɟ ɞɨɡɵ ɢɨɧɢɡɢɪɭɸɳɟɝɨ ɢɡɥɭ-
ɱɟɧɢɹ (ɂɂ) ɤɨɫɦɢɱɟɫɤɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ (Ʉɉ) ɡɚ ɨɝɪɚɧɢɱɟɧɧɵɦɢ ɡɚɳɢɬɚɦɢ ɪɚɡɥɢɱɧɨɣ 
ɝɟɨɦɟɬɪɢɢ. ȼ ɨɫɧɨɜɟ ɚɥɝɨɪɢɬɦɨɜ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɷɬɢɯ ɩɪɨɝɪɚɦɦ ɥɟɠɢɬ ɢɫɩɨɥɶɡɨɜɚ-
ɧɢɟ ɦɟɬɨɞɚ Ɇɨɧɬɟ-Ʉɚɪɥɨ ɢ ɟɝɨ ɪɚɡɥɢɱɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɫ ɭɱɟɬɨɦ ɜɢɞɚ ɂɂ, ɝɟɨɦɟɬɪɢɢ ɢ 
ɦɚɬɟɪɢɚɥɚ ɷɤɪɚɧɚ. Ɋɚɫɱɟɬɵ ɩɨ ɷɬɢɦ ɩɪɨɝɪɚɦɦɚɦ ɬɪɟɛɭɸɬ ɦɧɨɝɨ ɜɪɟɦɟɧɢ, ɱɬɨ  ɨɝɪɚɧɢ-
ɱɢɜɚɟɬ ɢɯ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ. Ɋɚɡɪɚɛɨɬɚɧɧɚɹ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ 
ɨɩɟɪɚɬɢɜɧɨ ɩɪɨɝɧɨɡɢɪɨɜɚɬɶ ɷɮɮɟɤɬɢɜɧɭɸ ɬɨɥɳɢɧɭ ɩɥɨɫɤɨɣ ɡɚɳɢɬɵ ɫ ɭɱɟɬɨɦ ɟё ɝɟɨ-
ɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ. Ɇɨɞɟɥɶ ɹɜɥɹɟɬɫɹ ɫɨɫɬɚɜɧɨɣ ɱɚɫɬɶɸ ɦɨɞɟɥɢ ɫɩɥɨɲɧɨɣ ɡɚɳɢɬɵ ɫ 
ɩɥɨɫɤɢɦɢ ɩɨɜɟɪɯɧɨɫɬɹɦɢ, ɤɨɬɨɪɚɹ ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɞɨɡɨɜɨɣ 
ɧɚɝɪɭɡɤɢ ɷɥɟɤɬɪɨ-ɪɚɞɢɨ ɢɡɞɟɥɢɣ ɛɨɪɬɨɜɨɣ ɚɩɩɚɪɚɬɭɪɵ, ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 
ɤɨɫɦɢɱɟɫɤɢɯ ɚɩɩɚɪɚɬɨɜ.  

ɗɮɮɟɤɬɢɜɧɚɹ ɬɨɥɳɢɧɚ ɡɚɳɢɬɵ ɨɩɪɟɞɟɥɟɧɚ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɬɨɥɳɢɧɵ ɩɨɝɥɨɳɚ-
ɸɳɟɝɨ ɫɥɨɹ ɪɚɡɦɟɪɨɦ ɨɬ 0 ɞɨ xMAX ɢ ɨɬ 0 ɞɨ yMAX 
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ɝɞɟ l0 – ɤɪɚɬɱɚɣɲɟɟ ɪɚɫɫɬɨɹɧɢɟ (ɩɟɪɩɟɧɞɢɤɭɥɹɪ) ɨɬ ɡɚɳɢɬɵ ɞɨ ɪɚɫɱɟɬɧɨɣ ɬɨɱɤɢ; α, ȕ - 
ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɭɝɥɚ ɩɚɞɟɧɢɹ ɜ ɩɥɨɫɤɨɫɬɹɯ, ɩɪɨɯɨɞɹɳɢɯ ɱɟɪɟɡ ɪɚɫɱɟɬɧɭɸ ɬɨɱɤɭ 
Ɉ ɢ ɨɫɢ ox ɢ oy ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɉɪɨɜɟɞɟɧɧɵɣ ɱɢɫɥɟɧɧɵɣ ɷɤɫɩɟɪɢɦɟɧɬ ɩɨɤɚɡɚɥ, ɱɬɨ ɞɥɹ ɪɟɚɥɶɧɵɯ ɪɚɡɦɟɪɨɜ ɩɪɹ-
ɦɨɭɝɨɥɶɧɵɯ ɷɤɪɚɧɨɜ ɷɮɮɟɤɬɢɜɧɚɹ ɬɨɥɳɢɧɚ ɡɚɳɢɬɵ ɦɨɠɟɬ ɩɪɟɜɵɲɚɬɶ ɬɨɥɳɢɧɭ ɫɬɟɧɤɢ 
ɷɤɪɚɧɚ ɩɪɢɦɟɪɧɨ ɧɚ ɩɨɪɹɞɨɤ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ ɩɥɨɫɤɨɫɬɢ. 
Ⱦɥɹ ɫɩɥɨɲɧɨɣ ɡɚɳɢɬɵ ɜ ɮɨɪɦɟ ɩɨɥɨɝɨ ɤɭɛɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɫɥɚɛɥɟɧɢɹ ɧɚ 28% ɛɨɥɶɲɟ, 
ɱɟɦ ɞɥɹ ɡɚɳɢɬɵ ɫɮɟɪɢɱɟɫɤɨɣ ɮɨɪɦɵ.  
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Ɂɢɧɱɟɧɤɨ, Ⱥ.Ⱥ. Ɋɨɦɚɧɟɧɤɨ, ȼ.Ɇ ɍɠɟɝɨɜ// ȼɨɩɪɨɫɵ ɚɬɨɦɧɨɣ ɧɚɭɤɢ ɢ ɬɟɯɧɢɤɢ: ɋɟɪ.: Ɏɢɡɢɤɚ ɪɚ-
ɞɢɚɰɢɨɧɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɧɚ ɪɚɞɢɨɷɥɟɤɬɪɨɧɧɭɸ ɚɩɩɚɪɚɬɭɪɭ. 2012. ȼɵɩ. 1. ɋ. 9-15.  
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ɊȺɋɑȿɌ ɅɈɄȺɅɖɇɈɃ ȾɈɁɈȼɈɃ ɇȺȽɊɍɁɄɂ ȼɇɍɌɊɂ ɋɉɅɈɒɇɈɃ 
ɁȺɓɂɌɕ ȼ ɎɈɊɆȿ ɉɊəɆɈɍȽɈɅɖɇɈȽɈ ɉȺɊȺɅɅȿɅȿɉɂɉȿȾȺ 

Ⱥ.ɇ. ɉɚɧɸɲɤɢɧ1, ɇ.ɇ. ɉɚɧɸɲɤɢɧ2, ȼ.Ʉ. Ɂɨɥɶɧɢɤɨɜ3 

1ɂɧɠɟɧɟɪ 1-ɨɣ ɤɚɬɟɝɨɪɢɢ, nnpan@yandex.ru 

ɇɚɭɱɧɨɟ ɤɨɧɫɬɪɭɤɬɨɪɫɤɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɟ ɛɸɪɨ «Ɏɟɪɪɢɬ» 
2Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ,  nnpan@yandex.ru 

3Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ,wkz@rambler.ru 

ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɥɟɫɨɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ» 

ɉɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɞɨɡɨɜɨɣ ɧɚɝɪɭɡɤɢ ɷɥɟɤɬɪɨɪɚɞɢɨɢɡɞɟɥɢɣ 
ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜɧɭɬɪɢ ɫɩɥɨɲɧɨɣ ɡɚɳɢɬɵ ɜ ɮɨɪɦɟ ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ ɩɚɪɚɥɥɟɥɟɩɢɩɟɞɚ. Ɇɨɞɟɥɶ 
ɭɱɢɬɵɜɚɟɬ ɡɚɜɢɫɢɦɨɫɬɶ ɥɨɤɚɥɶɧɨɣ ɞɨɡɨɜɨɣ ɧɚɝɪɭɡɤɢ ɨɬ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɪɚɡɦɟɪɨɜ ɡɚɳɢɬɵ. ɉɪɨ-
ɜɟɞɟɧɧɵɟ ɱɢɫɥɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɚɥɢ ɯɨɪɨɲɟɟ ɫɨɨɬɜɟɬɫɬɜɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ɫɨ 
ɫɩɪɚɜɨɱɧɵɦɢ ɞɚɧɧɵɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɞɥɹ ɬɢɩɨɜɵɯ ɡɚɳɢɬ ɜ ɮɨɪɦɟ ɫɩɥɨɲɧɨɣ ɫɮɟɪɵ ɢ ɩɨɥɭ-
ɛɟɫɤɨɧɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ.  

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɢɨɧɢɡɢɪɭɸɳɟɟ ɢɡɥɭɱɟɧɢɟ, ɞɨɡɚ, ɷɥɟɤɬɪɨɧ, ɩɪɨɬɨɧ, ɤɨɫɦɢɱɟɫɤɨɟ ɩɪɨ-
ɫɬɪɚɧɫɬɜɨ, ɤɨɫɦɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ. 

Ⱦɨɡɨɜɚɹ ɞɟɝɪɚɞɚɰɢɹ ɩɚɪɚɦɟɬɪɨɜ ɷɥɟɤɬɪɨɪɚɞɢɨɢɡɞɟɥɢɣ (ɗɊɂ) ɹɜɥɹɟɬɫɹ ɨɫɧɨɜɨɣ 
ɩɪɢɱɢɧɨɣ ɨɬɤɚɡɨɜ ɪɚɞɢɨɷɥɟɤɬɪɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ (ɊɗȺ) ɤɨɫɦɢɱɟɫɤɢɯ ɚɩɩɚɪɚɬɨɜ (ɄȺ). 
ɉɨɷɬɨɦɭ ɝɪɚɦɨɬɧɨɟ ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ ɡɚɳɢɬɵ ɗɊɂ ɨɬ ɢɨɧɢɡɢɪɭɸɳɢɯ ɢɡɥɭɱɟɧɢɣ  (ɂɂ) 
ɤɨɫɦɢɱɟɫɤɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ (Ʉɉ) ɢ ɞɨɫɬɨɜɟɪɧɚɹ ɨɰɟɧɤɚ ɟё ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɹɜɥɹɟɬɫɹ ɩɪɢ-
ɨɪɢɬɟɬɧɨɣ ɡɚɞɚɱɟɣ ɞɥɹ ɪɚɡɪɚɛɨɬɱɢɤɨɜ ɊɗȺ ɄȺ. ɐɟɥɶɸ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɡɚɳɢɬɵ ɹɜɥɹɟɬ-
ɫɹ ɩɨɥɭɱɟɧɢɟ ɞɥɹ ɤɚɠɞɨɝɨ ɗɊɂ ɦɚɤɫɢɦɚɥɶɧɨ ɞɨɩɭɫɬɢɦɨɝɨ ɡɧɚɱɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɞɨɡɨɜɨɣ 
ɧɚɝɪɭɡɤɢ (ɅȾɇ). Ⱦɥɹ ɪɚɫɱɟɬɚ ɅȾɇ ɪɟɤɨɦɟɧɞɭɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɥɭɱɟɜɨɝɨ ɦɟɬɨɞɚ ɢɥɢ 
ɦɟɬɨɞɚ ɫɟɤɬɨɪɢɪɨɜɚɧɢɹ [1]. ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɷɬɢɦɢ ɦɟɬɨɞɚɦɢ ɞɥɹ ɤɚɠɞɨɝɨ ɜɢɞɚ ɂɂ Ʉɉ 
ɩɪɨɢɡɜɨɞɹɬ ɪɚɫɱɟɬ ɜɟɥɢɱɢɧɵ ɅȾɇ. ɋɭɦɦɚɪɧɚɹ ɞɨɡɚ ɨɬ ɜɫɟɯ ɜɢɞɨɜ ɂɂ ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɫɥɨɠɟɧɢɟɦ ɞɨɡ, ɩɨɥɭɱɟɧɧɵɯ ɨɬ ɤɚɠɞɨɝɨ ɜɢɞɚ ɂɂ. Ɋɚɫɱɟɬ ɅȾɇ  ɩɪɨɢɡɜɨɞɹɬ ɜ ɰɟɧɬɪɟ ɡɚ-
ɳɢɬɧɨɝɨ ɷɤɪɚɧɚ, ɩɨɥɚɝɚɹ ɟɝɨ ɮɨɪɦɭ ɫɮɟɪɢɱɟɫɤɨɣ. ɂɡ ɪɚɫɱɟɬɧɨɣ ɬɨɱɤɢ ɩɪɨɜɨɞɹɬ N ɥɭ-
ɱɟɣ, ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɬ.ɟ. ɬɟɥɟɫɧɵɟ ɭɝɥɵ ɩɨɥɚɝɚɸɬɫɹ ɨɞɢɧɚ-

mailto:nnpan@yandex.ru
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ɤɨɜɵɦɢ. Ʉɨɥɢɱɟɫɬɜɨ ɥɭɱɟɣ N ɞɨɥɠɧɨ ɛɵɬɶ ɬɚɤɢɦ, ɱɬɨ ɜ ɩɪɟɞɟɥɚɯ ɤɚɠɞɨɝɨ ɬɟɥɟɫɧɨɝɨ 
ɭɝɥɚ, ɨɝɪɚɧɢɱɟɧɧɨɝɨ ɥɭɱɚɦɢ, ɬɨɥɳɢɧɭ ɫɬɟɧɤɢ ɡɚɳɢɬɵ ɦɨɠɧɨ ɛɵɥɨ ɫɱɢɬɚɬɶ ɩɨɫɬɨɹɧɧɨɣ. 

ɉɪɚɤɬɢɱɟɫɤɢ ɢɫɩɨɥɶɡɭɟɦɵɟ ɡɚɳɢɬɵ ɢɦɟɟɬ ɮɨɪɦɭ ɫɩɥɨɲɧɨɝɨ ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ 
ɩɚɪɚɥɥɟɥɟɩɢɩɟɞɚ, ɩɨɷɬɨɦɭ ɬɟɥɟɫɧɵɟ ɭɝɥɵ  ɦɨɝɭɬ ɨɬɥɢɱɚɬɶɫɹ ɧɚ ɩɨɪɹɞɨɤ ɢ  ɬɨɥɳɢɧɭ ɡɚ-
ɳɢɬɵ ɜ ɩɪɟɞɟɥɚɯ ɤɚɠɞɨɝɨ ɬɟɥɟɫɧɨɝɨ ɭɝɥɚ  ɧɟɥɶɡɹ ɫɱɢɬɚɬɶ ɩɨɫɬɨɹɧɧɨɣ ɢɡ-ɡɚ ɡɚɜɢɫɢɦɨɫɬɢ 
ɬɨɥɳɢɧɵ ɩɨɝɥɨɳɚɸɳɟɝɨ ɫɥɨɹ ɨɬ ɭɝɥɚ ɩɚɞɟɧɢɹ ɂɂ ɧɚ ɩɥɨɫɤɨɫɬɶ ɡɚɳɢɬɵ. ɉɪɟɞɥɚɝɚɟɦɚɹ 
ɦɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ ɪɚɫɱɟɬ ɅȾɇ ɫ ɭɱɟɬɨɦ ɝɟɨɦɟɬɪɢɢ ɡɚɳɢɬɵ ɢ ɡɚɜɢɫɢɦɨɫɬɢ 
ɷɮɮɟɤɬɢɜɧɨɣ ɬɨɥɳɢɧɵ ɫɬɟɧɨɤ ɨɬ ɭɝɥɚ ɩɚɞɟɧɢɹ ɂɂ.

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɅȾɇ ɞɥɹ ɫɩɥɨɲɧɨɣ ɚɥɸɦɢɧɢɟɜɨɣ ɡɚɳɢɬɵ ɜ ɮɨɪɦɟ ɩɪɹɦɨ-
ɭɝɨɥɶɧɨɝɨ ɩɚɪɚɥɥɟɥɟɩɢɩɟɞɚ ɫ ɬɨɥɳɢɧɨɣ ɫɬɟɧɤɢ 4 ɦɦ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɟ. Ɋɚɡɦɟɪɵ 
ɜɫɟɯ ɝɨɪɢɡɨɧɬɚɥɶɧɵɯ ɪɟɛɟɪ ɩɪɢɧɹɬɵ ɨɞɢɧɚɤɨɜɵɦɢ a=b=100 ɦɦ. Ɋɚɡɦɟɪ ɜɟɪɬɢɤɚɥɶɧɵɯ 
ɪɟɛɟɪ ɦɟɧɹɥɫɹ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 10 ɦɦ ɞɨ 1000 ɦɦ, ɩɪɢ ɷɬɨɦ ɨɬɧɨɲɟɧɢɟ ɪɚɡɦɟɪɨɜ ɝɨɪɢ-
ɡɨɧɬɚɥɶɧɵɯ ɪɟɛɟɪ ɤ ɜɟɪɬɢɤɚɥɶɧɵɦ a/d ɢɡɦɟɧɹɥɫɹ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 0,1 ɞɨ 10. Ɋɚɫɱɟɬ ɝɨɞɨ-
ɜɨɣ ɅȾɇ ɩɪɨɜɨɞɢɥɫɹ ɜ ɰɟɧɬɪɟ ɷɤɪɚɧɚ ɞɥɹ ɫɥɭɱɚɹ ɫɨɜɦɟɫɬɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɷɥɟɤɬɪɨɧɨɜ ɢ 
ɩɪɨɬɨɧɨɜ. ɇɚ ɷɬɨɦ ɠɟ ɝɪɚɮɢɤɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɫɩɪɚɜɨɱɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɬɢɩɨɜɵɯ ɡɚɳɢɬ ɜ 
ɮɨɪɦɟ ɫɩɥɨɲɧɨɣ ɫɮɟɪɵ ɢ ɜ ɮɨɪɦɟ ɩɨɥɭɛɟɫɤɨɧɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ [2]. ɂɡ ɝɪɚɮɢɤɚ ɜɢɞɧɨ, 
ɱɬɨ ɅȾɇ ɢɦɟɟɬ ɦɚɤɫɢɦɭɦ ɩɪɢ a=d, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɤɪɚɧɭ ɜ ɮɨɪɦɟ ɤɭɛɚ. ɉɪɢ ɭɜɟɥɢ-
ɱɟɧɢɢ ɢɥɢ ɭɦɟɧɶɲɟɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɜɵɫɨɬɵ ɩɚɪɚɥɥɟɥɟɩɢɩɟɞɚ ɅȾɇ ɫɧɢɠɚɟɬɫɹ, ɫɬɪɟ-
ɦɹɫɶ ɤ ɡɧɚɱɟɧɢɸ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦɭ ɩɨɥɭɛɟɫɤɨɧɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɅȾɇ ɩɨ ɩɪɟɞɥɨɠɟɧɧɨɣ ɦɨɞɟɥɢ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫɹ 
ɫɨ ɫɩɪɚɜɨɱɧɵɦɢ ɞɚɧɧɵɦɢ ɞɥɹ ɡɚɳɢɬ ɜ ɮɨɪɦɟ ɫɩɥɨɲɧɨɣ ɫɮɟɪɵ ɢ ɩɨɥɭɛɟɫɤɨɧɟɱɧɨɣ 
ɩɥɨɫɤɨɫɬɢ.

Ʌɢɬɟɪɚɬɭɪɚ
1. ɈɋɌ 134-1034-2003. Ⱥɩɩɚɪɚɬɭɪɚ, ɭɫɬɪɨɣɫɬɜɚ, ɩɪɢɛɨɪɵ ɢ ɨɛɨɪɭɞɨɜɚɧɢɟ ɤɨɫɦɢɱɟɫɤɢɯ

ɚɩɩɚɪɚɬɨɜ. Ɇɟɬɨɞɵ ɢɫɩɵɬɚɧɢɣ ɢ ɨɰɟɧɤɢ ɫɬɨɣɤɨɫɬɢ ɛɨɪɬɨɜɨɣ ɪɚɞɢɨɷɥɟɤɬɪɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ 
ɤɨɫɦɢɱɟɫɤɢɯ ɚɩɩɚɪɚɬɨɜ ɤ ɜɨɡɞɟɣɫɬɜɢɸ ɷɥɟɤɬɪɨɧɧɵɯ ɢ ɩɪɨɬɨɧɧɵɯ ɢɡɥɭɱɟɧɢɣ ɤɨɫɦɢɱɟɫɤɨɝɨ ɩɪɨ-
ɫɬɪɚɧɫɬɜɚ ɩɨ ɞɨɡɨɜɵɦ ɷɮɮɟɤɬɚɦ.

2. ɉɚɧɸɲɤɢɧ ɇ.ɇ. Ɉɬɱɟɬ ɨ ɈɄɊ «Ⱥɩɩɚɪɚɬɭɪɚ ɭɩɪɚɜɥɟɧɢɹ ɇȺ «ɉɵɥɶ-ɍɎ», «Ɋɚɫɱɟɬ ɪɚ-
ɞɢɚɰɢɨɧɧɨɣ ɫɬɨɣɤɨɫɬɢ» ɐɋɄɅ.411734.006ɊɊ5.
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Ɋɢɫɭɧɨɤ. Ɂɚɜɢɫɢɦɨɫɬɶ ɥɨɤɚɥɶɧɨɣ 
ɞɨɡɨɜɨɣ ɧɚɝɪɭɡɤɢ ɜ ɰɟɧɬɪɟ 

ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ ɩɚɪɚɥɥɟɥɟɩɢɩɟɞɚ 
ɨɬ ɨɬɧɨɲɟɧɢɹ ɟɝɨ ɞɥɢɧɵ (ɲɢɪɢɧɵ) 

ɤ ɜɵɫɨɬɟ

ɫɮɟɪɚ

ɩɨɥɭɛɟɫɤɨɧɟɱɧɚɹ ɩɥɨɫɤɨɫɬɶ
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ɍȾɄ 534.8

ȼɕȻɈɊ ɌȿɆɉȿɊȺɌɍɊɇɈ-ɑȺɋɌɈɌɇɕɏ ɉȺɊȺɆȿɌɊɈȼ 
ɍɅɖɌɊȺɁȼɍɄɈȼɈȽɈ ɄɈɇɌɊɈɅə ɉɈɄȺɁȺɌȿɅȿɃ ɄȺɑȿɋɌȼȺ 

ɗɅȺɋɌɈɆȿɊɈȼ

ɋ.Ƚ. Ɍɢɯɨɦɢɪɨɜ1, ɋ.Ʌ. ɉɨɞɜɚɥɶɧɵɣ2, ȼ.ɂ. Ɋɹɠɫɤɢɯ3, Ⱥ.Ⱥ. ɏɜɨɫɬɨɜ4, Ⱥ.ȼ. Ʉɚɪɦɚɧɨɜ5

1Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, tikhomirov_57@mail.ru
2Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, spodvalny@yandex.ru
3Ⱦ-ɪ ɬɟɯɧ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, kaf.prmath@yandex.ru

4Ⱥɫɩɢɪɚɧɬ, andrikar93@yandex.ru
1ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɧɠɟɧɟɪɧɵɯ ɬɟɯɧɨɥɨɝɢɣ»

2,3,5ɎȽȻɈɍ ȼɈ «ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ»
4ȼɍɇɐ ȼȼɋ «ȼɨɟɧɧɨ-ɜɨɡɞɭɲɧɚɹ ɚɤɚɞɟɦɢɹ ɢɦ. ɩɪɨɮ. ɇ.ȿ. ɀɭɤɨɜɫɤɨɝɨ 

ɢ ɘ.Ⱥ. Ƚɚɝɚɪɢɧɚ»

ȼ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɦɟɬɨɞɵ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɤɨɧɬɪɨɥɹ ɩɪɟɞɟɥɚ ɩɪɨɱɧɨɫɬɢ ɩɪɢ ɪɚɡɪɵ-
ɜɟ ɢ ɜɹɡɤɨɫɬɢ ɩɨ Ɇɭɧɢ ɷɥɚɫɬɨɦɟɪɨɜ ɫ ɭɱɟɬɨɦ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɩɪɨɰɟɞɭɪɵ ɦɢɧɢɦɢɡɚɰɢɢ ɩɨɝɪɟɲ-
ɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ. ɉɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɧɚ ɨɫɧɨɜɟ ɤɨɬɨɪɵɯ ɨɩɪɟɞɟɥɟɧɵ 
ɨɩɬɢɦɚɥɶɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɵɟ ɭɫɥɨɜɢɹ ɢɡɦɟɪɟɧɢɣ ɩɨɤɚɡɚɬɟɥɟɣ: 0,6 ɆȽɰ, 373Ʉ ɞɥɹ 
ɨɰɟɧɤɢ ɜɹɡɤɨɫɬɢ ɩɨ Ɇɭɧɢ ɢ 2,5 ɆȽɰ, 293 Ʉ ɞɥɹ ɩɪɟɞɟɥɚ ɩɪɨɱɧɨɫɬɢ ɩɪɢ ɪɚɡɪɵɜɟ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɤɨɧɬɪɨɥɶ, ɜɹɡɤɨɫɬɶ ɩɨ Ɇɭɧɢ, ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɵɟ 
ɩɚɪɚɦɟɬɪɵ, ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɩɪɢ ɪɚɡɪɵɜɟ, ɷɥɚɫɬɨɦɟɪɵ.

Ɉɞɧɢɦ ɢɡ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɨɩɟɪɚɬɢɜɧɨɝɨ ɢɡɦɟɪɟɧɢɹ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ 
ɩɨɥɢɦɟɪɨɜ ɹɜɥɹɟɬɫɹ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɦɟɬɨɞ. Ɉɞɧɚɤɨ ɜ ɫɥɭɱɚɟ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɢɡɦɟɪɟɧɢɹ 
ɧɟɫɤɨɥɶɤɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ ɟɝɨ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɡɚɬɪɭɞɧɟɧɨ, ɬɚɤ ɤɚɤ 
ɜɨɡɧɢɤɚɟɬ ɧɟɨɞɧɨɡɧɚɱɧɨɫɬɶ ɬɪɚɤɬɨɜɤɢ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɢɡɦɟɪɟɧɢɣ 
(ɱɚɫɬɨɬɚɯ ɢ ɬɟɦɩɟɪɚɬɭɪɚɯ) [1].

Ɋɚɫɫɦɨɬɪɟɧɵ ɫɩɨɫɨɛɵ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ ɤɨɧɬɪɨɥɹ ɬɚɤɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ 
ɷɥɚɫɬɨɦɟɪɨɜ ɤɚɤ ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɩɪɢ ɪɚɡɪɵɜɟ ɪ ɢ ɟɝɨ ɜɹɡɤɨɫɬɶ ɩɨ Ɇɭɧɢ Mh. ȼ ɡɚɜɢ-
ɫɢɦɨɫɬɢ ɨɬ ɭɫɥɨɜɢɣ ɢɡɦɟɪɟɧɢɹ (ɱɚɫɬɨɬɵ ɢ ɬɟɦɩɟɪɚɬɭɪɵ) ɜɨɡɧɢɤɚɸɬ ɫɭɳɟɫɬɜɟɧɧɵɟ ɩɨ-
ɝɪɟɲɧɨɫɬɢ ɤɨɫɜɟɧɧɨɣ ɨɰɟɧɤɢ ɷɬɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ (ɍɁ) ɦɟɬɨɞɨɦ.

Ⱦɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɫɧɢɠɟɧɢɹ ɩɨɝɪɟɲɧɨɫɬɢ ɤɨɫɜɟɧɧɨɝɨ ɤɨɧɬɪɨɥɹ ɩɨɤɚɡɚɬɟɥɟɣ 
ɤɚɱɟɫɬɜɚ ɪɚɡɪɚɛɨɬɚɧɚ ɩɪɨɰɟɞɭɪɚ ɢɯ ɦɢɧɢɦɢɡɚɰɢɢ. ɋɮɨɪɦɭɥɢɪɭɟɦ ɡɚɞɚɱɭ ɨɩɬɢɦɢɡɚɰɢɢ 
ɤɚɤ ɩɨɢɫɤ ɨɩɬɢɦɚɥɶɧɵɯ ɱɚɫɬɨɬɵ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɞɢɫɤɪɟɬɧɨɦ ɦɧɨɠɟɫɬɜɟ , ɦɢ-
ɧɢɦɢɡɢɪɭɸɳɢɯ ɨɩɬɢɦɢɡɚɰɢɢ ɤɪɢɬɟɪɢɣ ɜɢɞɚ

, (1) 

ɝɞɟ i - ɧɨɦɟɪ ɷɥɟɦɟɧɬɚ ɦɧɨɠɟɫɬɜɚ , T – ɬɟɦɩɟɪɚɬɭɪɚ ɨɛɪɚɡɰɚ;  - ɱɚɫɬɨɬɚ ɍɁ ɜɨɡ-
ɞɟɣɫɬɜɢɹ; A1, A2 – ɜɟɫɨɜɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ; 

– ɮɭɧɤɰɢɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɩɨ ɢɡɦɟ-

ɪɢɬɟɥɶɧɵɦ ɤɚɧɚɥɚɦ; m – ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ ɢɡɦɟɪɟɧɢɹ; ; , ɫ –
ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ ɢ ɫɤɨɪɨɫɬɶ ɍɁ.

Ɉɰɟɧɤɚ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɩɨ ɨɬɧɨɲɟɧɢɸ ɢɡɦɟɧɟɧɢɹ ɩɨɤɚɡɚɬɟɥɹ
ɤɚɱɟɫɬɜɚ ɤ ɢɡɦɟɧɟɧɢɸ ɢɡɦɟɪɹɟɦɨɣ ɜɟɥɢɱɢɧɵ [2]. Ɂɚɞɚɱɚ ɜɵɛɨɪɚ ɨɩɬɢɦɚɥɶɧɨɣ ɱɚɫɬɨɬɵ ɢ 
ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢ ɨɰɟɧɤɟ ɩɪɨɱɧɨɫɬɢ ɩɪɢ ɪɚɡɪɵɜɟ ɪɟɲɚɥɚɫɶ ɚɧɚɥɨɝɢɱɧɨ.

Ⱦɥɹ ɜɵɛɨɪɚ ɨɩɬɢɦɚɥɶɧɵɯ ɭɫɥɨɜɢɣ ɢɡɦɟɪɟɧɢɣ ɩɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫ-
ɫɥɟɞɨɜɚɧɢɹ 9 ɨɛɪɚɡɰɨɜ ɤɚɭɱɭɤɚ ɋɄɋ-30. ɋ ɩɨɦɨɳɶɸ ɥɚɛɨɪɚɬɨɪɧɵɯ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɹ-
ɥɢɫɶ Mh ɢ ɨɛɪɚɡɰɨɜ ɪ.

Ɉɰɟɧɤɚ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ ɩɨ ɮɨɪɦɭɥɚɦ (2), (3) [3-4].
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(2) 

(3) 

ɝɞɟ  - ɩɥɨɬɧɨɫɬɶ ɩɨɥɢɦɟɪɚ; h – ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɩɥɨɫɤɨɫɬɹɦɢ ɍɁ ɢɡɥɭɱɚɬɟɥɟɣ; Z1, Z2 ,

P, p – ɩɚɪɚɦɟɬɪɵ, ɨɩɪɟɞɟɥɹɟɦɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ [5]. 
Ɉɰɟɧɟɧɵ ɩɨɝɪɟɲɧɨɫɬɢ ɪɚɫɱɟɬɨɜ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɱɚɫɬɨɬɚɯ ɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɢɡɦɟ-

ɪɟɧɢɹ. Ⱥɧɚɥɢɡ ɞɚɧɧɵɯ ɩɨɤɚɡɚɥ, ɱɬɨ ɜɵɛɪɚɧɧɵɟ ɩɨ ɤɪɢɬɟɪɢɸ (1) ɭɫɥɨɜɢɹ ɢɡɦɟɪɟɧɢɹ 
ɨɛɟɫɩɟɱɢɜɚɸɬ ɧɚɢɥɭɱɲɢɟ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

ɇɚɣɞɟɧɧɵɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɱɚɫɬɨɬɵ ɢ ɬɟɦɩɟɪɚɬɭɪɵ (0,6 ɆȽɰ, 373Ʉ ɞɥɹ ɨɰɟɧɤɢ Mh

ɢ 2,5 ɆȽɰ, 293 Ʉ ɞɥɹ ɪ) ɹɜɥɹɸɬɫɹ ɨɩɬɢɦɚɥɶɧɵɦɢ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ Mh ɢ ɪ ɜ ɢɫɫɥɟɞɭɟ-
ɦɵɯ ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɵɯ ɞɢɚɩɚɡɨɧɚɯ. ɉɪɟɞɥɨɠɟɧɧɚɹ ɦɟɬɨɞɢɤɚ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶ-
ɡɨɜɚɧɚ ɞɥɹ ɨɰɟɧɤɢ ɩɨɤɚɡɚɬɟɥɟɣ ɤɚɱɟɫɬɜɚ ɩɨɥɢɦɟɪɨɜ ɧɚ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɭɫɬɚɧɨɜɤɚɯ, ɪɟɚ-
ɥɢɡɭɸɳɢɯ ɪɚɡɥɢɱɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɨ-ɱɚɫɬɨɬɧɵɟ ɪɟɠɢɦɵ.
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2Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, vuaik@mail.ru

1ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɩɟɞɚɝɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ
2ȼɨɟɧɧɵɣ ɍɱɟɛɧɨ-ɇɚɭɱɧɵɣ ɐɟɧɬɪ ȼȼɋ ȼɨɟɧɧɨ-ȼɨɡɞɭɲɧɨɣ Ⱥɤɚɞɟɦɢɢ ɢɦ. ɩɪɨɮɟɫɫɨɪɚ 

ɇ.ȿ.ɀɭɤɨɜɫɤɨɝɨ ɢ ɘ.Ⱥ.Ƚɚɝɚɪɢɧɚ, ȼɨɪɨɧɟɠ, Ɋɨɫɫɢɣɫɤɚɹ Ɏɟɞɟɪɚɰɢɹ

Ɋɚɡɪɚɛɨɬɚɧɵ ɢ ɩɪɟɞɥɨɠɟɧɵ ɞɥɹ ɚɧɚɥɢɡɚ ɫɨɫɬɨɹɧɢɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɦɚɬɟɪɢɚɥɨɜ ɦɟɬɨɞɵ ɚɤɭɫɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ. Ɉɧɢ ɨɫɧɨɜɚɧɵ ɧɚ ɩɪɢɦɟɧɟɧɢɢ ɚɤɭɫɬɢɱɟɫɤɢɯ 
ɜɨɥɧ (Ⱥȼ) ɞɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɢɡɨɛɪɚɠɟɧɢɣ ɫɬɪɭɤɬɭɪɵ ɨɛɴɟɤɬɨɜ ɧɚ ɧɚɧɨ- ɢ ɦɢɤɪɨɭɪɨɜɧɹɯ, ɧɚ 
ɪɚɡɥɢɱɧɨɣ ɝɥɭɛɢɧɟ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ, ɧɚ ɢɡɦɟɪɟɧɢɢ ɡɧɚɱɟɧɢɣ ɫɤɨɪɨɫɬɟɣ Ⱥȼ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢɯ 
ɡɚɬɭɯɚɧɢɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɤɭɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ, ɦɟɬɨɞɵ ɚɤɭɫɬɢɱɟɫɤɨɣ ɦɢɤɪɨɫɤɨɩɢɢ, ɪɟɥɚɤɫɚɰɢɹ. 

Ɉɞɧɨɣ ɢɡ ɜɚɠɧɵɯ ɩɪɨɛɥɟɦ ɫɨɜɪɟɦɟɧɧɨɝɨ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɹ ɹɜɥɹɟɬɫɹ ɩɪɨɛɥɟɦɚ 
ɩɨɥɭɱɟɧɢɹ ɢɡɨɬɪɨɩɧɵɯ ɞɢɷɥɟɤɬɪɢɤɨɜ ɫ ɡɚɪɚɧɟɟ ɡɚɞɚɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɢ ɤɨɧɬɪɨɥɶ ɢɯ 
ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɫɜɨɣɫɬɜ [1,2]. Ⱦɨɫɬɨɢɧɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɤɢ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ ɫɜɹɡɚɧɵ ɫ 
ɢɯ ɢɡɨɬɪɨɩɧɨɫɬɶɸ ɢɥɢ ɚɧɢɡɨɬɪɨɩɧɨɫɬɶɸ ɢɯ ɫɜɨɣɫɬɜ. ɍɫɩɟɲɧɨ ɪɟɲɢɬɶ ɩɪɨɛɥɟɦɭ ɢɯ ɯɚ-

https://elibrary.ru/item.asp?id=18585802
https://elibrary.ru/item.asp?id=18585802
https://elibrary.ru/item.asp?id=18585807
https://elibrary.ru/item.asp?id=18585807
https://elibrary.ru/item.asp?id=9526277
https://elibrary.ru/item.asp?id=9526277
https://elibrary.ru/contents.asp?id=33187064
https://elibrary.ru/contents.asp?id=33187064&selid=9526277
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ɪɚɤɬɟɪɢɡɚɰɢɢ ɜɨɡɦɨɠɧɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɧɨɜɵɯ ɦɟɬɨɞɨɜ ɤɨɧɬɪɨɥɹ, ɤ ɤɨɬɨɪɵɦ ɨɬɧɨ-
ɫɹɬɫɹ ɢ ȺɆȾ-ɦɟɬɨɞɵ [3,4]. Ȼɚɡɨɣ ɞɥɹ ɢɡɦɟɪɟɧɢɣ ɫ ɢɯ ɩɨɦɨɳɶɸ ɹɜɥɹɸɬɫɹ ɪɟɠɢɦɵ ɜɢɡɭ-
ɚɥɢɡɚɰɢɢ V(Z)-ɤɪɢɜɵɯ [5,6]. 

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɦɚɬɟɪɢɚɥɵ, ɢ 
ɐɌɋ-ɤɟɪɚɦɢɤɢ - ɦɚɬɟɪɢɚɥɵ, ɩɨɥɭɱɚɟɦɵɟ ɩɨ ɩɨɪɨɲɤɨɜɨɣ ɬɟɯɧɨɥɨɝɢɢ. Ɋɚɛɨɬɨɫɩɨɫɨɛ-
ɧɨɫɬɶ ɩɶɟɡɨɤɟɪɚɦɢɤ ɨɩɪɟɞɟɥɹɟɬɫɹ ɪɚɡɦɟɪɚɦɢ ɡɟɪɟɧ, ɩɨɥɭɱɚɟɦɵɯ ɜ ɩɪɨɰɟɫɫɟ ɫɢɧɬɟɡɚ, 
ɪɚɡɦɟɪɚɦɢ, ɮɨɪɦɨɣ ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɩɨɪ ɜ ɬɟɥɟ ɦɚɬɟɪɢɚɥɚ, ɭɪɨɜɧɟɦ ɨɞɧɨɪɨɞɧɨɫɬɢ ɢɯ 
ɫɬɪɭɤɬɭɪɵ, ɡɧɚɱɟɧɢɹɦɢ ɞɢɫɩɟɪɫɢɢ ɫɜɨɣɫɬɜ. ɉɪɢ ɷɬɨɦ, ɨɩɪɟɞɟɥɹɸɳɭɸ ɪɨɥɶ ɜ ɩɪɨɰɟɫɫɟ 
ɷɤɫɩɥɭɚɬɚɰɢɢ ɢɝɪɚɸɬ ɬɚɤɢɟ ɩɚɪɚɦɟɬɪɵ ɦɚɬɟɪɢɚɥɨɜ ɤɚɤ ɩɨɪɢɫɬɨɫɬɶ ɢ ɩɥɨɬɧɨɫɬɶ, ɫɬɟɩɟɧɶ 
ɨɞɧɨɪɨɞɧɨɫɬɢ ɢɯ ɡɧɚɱɟɧɢɣ. ɉɪɢ ɷɬɨɦ, ɧɚ ɫɟɝɨɞɧɹ, ɞɨɫɬɨɜɟɪɧɨ ɭɫɬɚɧɨɜɥɟɧɨ[7], ɱɬɨ ɮɢ-
ɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɨɪɪɟɥɢɪɭɸɬ ɫ ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ. 

Ɉɰɟɧɤɚ ɪɚɡɦɟɪɨɜ ɢ ɮɨɪɦɵ ɡɟɪɟɧ ɩɨ ɚɤɭɫɬɢɱɟɫɤɢɦ ɢɡɨɛɪɚɠɟɧɢɹɦ ɩɨɡɜɨɥɢɥɚ ɨɩɪɟɞɟ-
ɥɢɬɶ ɪɹɞ ɩɪɨɱɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɐɌɋ-ɤɟɪɚɦɢɤ. Ɇɟɬɨɞ ɚɧɚɥɢɡɚ ɩɨɥɭɱɟɧɧɵɯ ɫ ɩɨɦɨ-
ɳɶɸ ɋȺɆ ɢɡɨɛɪɚɠɟɧɢɣ ɫɨɜɦɟɫɬɢɦ ɫ ɤɨɦɩɶɸɬɟɪɧɵɦɢ ɬɟɯɧɨɥɨɝɢɹɦɢ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɷɤɫ-
ɩɪɟɫɫɧɨ ɪɚɫɫɱɢɬɵɜɚɬɶ ɩɚɪɚɦɟɬɪɵ ɫɬɪɭɤɬɭɪɵ (ɩɨɪɢɫɬɨɫɬɶ  , ɩɥɨɬɧɨɫɬɶ , ɞɢɫɩɟɪɫɢɸ ɪɚɡ-
ɦɟɪɨɜ ɡɟɪɟɧ dɡ ɢ ɩɪɨɱ.). ɇɚ ɪɢɫ.1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɚɤɭɫɬɢɱɟɫɤɨɣ ɜɢɡɭɚɥɢɡɚɰɢɢ 
ɫɬɪɭɤɬɭɪɵ ɩɶɟɡɨɤɟɪɚɦɢɤɢ, ɩɪɢɦɟɪ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ V(Z)- ɤɪɢɜɨɣ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɐɌɋ-

22, ɢ ɫɜɹɡɶ ɡɧɚɱɟɧɢɣ ɩɨɪɢɫɬɨɫɬɢ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ (ɪɢɫ.1ɜ). V(Z)-

ɤɪɢɜɵɟ ɩɨɡɜɨɥɹɸɬ ɨɰɟɧɢɜɚɬɶ ɜɥɢɹɧɢɟ ɪɟɠɢɦɨɜ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɧɚ ɫɨɫɬɨɹɧɢɟ ɦɚɬɟɪɢɚ-
ɥɚ, ɤɚɤ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ (ɪɢɫ.2), ɬɚɤ ɢ ɚɦɨɪɮɧɨɝɨ, ɢ ɩɨɪɨɲɤɨɜɨɝɨ (ɪɢɫ.3).

ɚ) ɛ) ɜ)
Ɋɢɫ. 1. Ⱥɤɭɫɬɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɡɟɪɟɧɧɨɣ ɫɬɪɭɤɬɭɪɵ (ɚ – ɫɬɪɨɟɧɢɟ ɩɶɟɡɨɤɟɪɚɦɢɤɢ ɐɌɋ-19

ɧɚ ɝɥɭɛɢɧɟ ~32 ɦɤɦ (ɪɚɡɦɟɪ ɩɨ ɝɨɪɢɡɨɧɬɚɥɢ 250 ɦɤɦ); ɛ) ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɤɪɢɜɚɹ ɞɥɹ ɐɌɋ-22

( ɦɚɫɲɬɚɛ  ɩɨ ɝɨɪɢɡɨɧɬɚɥɢ  5,2 ɦɤɦ / ɞɟɥ., ɩɨ ɜɟɪɬɢɤɚɥɢ – 0,3 ȼ / ɞɟɥ., ZN = 10,09 ɦɤɦ, R = 2,29
.
10 

3
 ɦ/ɫ); ɜ) 

ɤɨɪɪɟɥɹɰɢɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ () ɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ (1-) ɞɥɹ ɨɞɧɨɝɨ
ɢɡ ɬɢɩɨɜ ɐɌɋ- ɤɟɪɚɦɢɤɢ

ɚ) ɛ) ɜ) ɝ)
Ɋɢɫ. 2. Ɍɪɚɧɫɮɨɪɦɚɰɢɹ V(Z)-ɤɪɢɜɨɣ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɪɟɠɢɦɚ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ 

ɢ ɜɪɟɦɟɧɧɨɣ ɜɵɞɟɪɠɤɟ Ge <111> (R = 2,87 
.
10

3
 ɦ/ɫ, ZN = 13,25 ɦɤɦ, (V/V%)max = 68%,

ɦɚɫɲɬɚɛ ɩɨ ɜɟɪɬɢɤɚɥɢ 1 ɞɟɥ.= 0,25 ȼ, ɩɨ ɝɨɪɢɡɨɧɬɚɥɢ – 1 ɞɟɥ.=11 ɦɤɦ) 

ɚ) ɛ)
Ɋɢɫ.3. (ɚ) - ɡɚɜɢɫɢɦɨɫɬɶ R ɨɬ Ɍɨɬɠ ɐɌɋ-22, ɩɨɥɭɱɟɧɧɚɹ ȺɆȾ-ɦɟɬɨɞɨɦ; (ɛ) - ɤɪɢɜɚɹ 

ɢɡɦɟɧɟɧɢɹ ɩɨɪɢɫɬɨɫɬɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪ ɨɬɠɢɝɚ ɞɥɹ ɐɌɋ- 22

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ, ɱɬɨ ɦɟɬɨɞɵ ɚɤɭɫɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ 
ɨɛɟɫɩɟɱɢɜɚɸɬ ɷɤɫɩɪɟɫɫɧɵɣ ɚɧɚɥɢɡ ɫɨɫɬɨɹɧɢɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɢ ɚɦɨɪɮɧɵɯ ɦɚɬɟɪɢɚɥɨɜ. 
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ɆȺɌȿɊɂȺɅȺɏ ɆȿɌɈȾȺɆɂ ȺɄɍɋɌɈɆɂɄɊɈɋɄɈɉɂɑȿɋɄɈɃ 

ȾȿɎȿɄɌɈɋɄɈɉɂɂ 

ȼ.Ɇ. Ɂɟɥɟɧɟɜ1
, Ⱥ.ɂ. Ʉɭɫɬɨɜ2, ɂ.Ⱥ. Ɇɢɝɟɥɶ3

1Ⱦɨɤɬɨɪ ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, akvor@yandex,ru
2Ʉɚɧɞ. ɬɟɯɧ. ɧɚɭɤ, ɞɨɰɟɧɬ, akvor@yandex,ru

3Ʉɚɧɞ. ɮɢɡ.-ɦɚɬ. ɧɚɭɤ, ɞɨɰɟɧɬ, vuaik@mail.ru
1,2ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɩɟɞɚɝɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ

3ȼɨɟɧɧɵɣ ɍɱɟɛɧɨ-ɇɚɭɱɧɵɣ ɐɟɧɬɪ ȼȼɋ ȼɨɟɧɧɨ-ȼɨɡɞɭɲɧɨɣ Ⱥɤɚɞɟɦɢɢ ɢɦ. ɩɪɨɮɟɫɫɨɪɚ 
ɇ.ȿ.ɀɭɤɨɜɫɤɨɝɨ ɢ ɘ.Ⱥ.Ƚɚɝɚɪɢɧɚ, ȼɨɪɨɧɟɠ, Ɋɨɫɫɢɣɫɤɚɹ Ɏɟɞɟɪɚɰɢɹ

ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɭɱɟɧɢɹ ɜɥɢɹɧɢɹ ɦɟɯɚɧɢɱɟɫɤɢɯ ɢ ɬɟɪɦɢɱɟɫɤɢɯ ɜɨɡ-
ɞɟɣɫɬɜɢɣ ɧɚ ɩɚɪɚɦɟɬɪɵ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɦɚɬɟɪɢɚɥɨɜ. ɋ ɩɨɦɨɳɶɸ ɢɧɧɨɜɚɰɢɨɧɧɵɯ ȺɆȾ-ɦɟɬɨɞɨɜ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɨɬ ɩɚɪɚɦɟɬɪɨɜ 
ɜɨɡɞɟɣɫɬɜɢɣ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɤɭɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ, ɦɟɬɨɞɵ ɚɤɭɫɬɢɱɟɫɤɨɣ ɦɢɤɪɨɫɤɨɩɢɢ, ɪɟɥɚɤɫɚɰɢɹ 

Ⱥɤɬɭɚɥɶɧɨɣ ɫɨɜɪɟɦɟɧɧɨɣ ɡɚɞɚɱɟɣ ɹɜɥɹɟɬɫɹ ɡɚɞɚɱɚ ɩɪɨɝɧɨɡɢɪɨɜɚɧɢɹ ɯɨɞɚ ɪɟɥɚɤ-
ɫɚɰɢɨɧɧɨɝɨ ɩɪɨɰɟɫɫɚ, ɨɩɪɟɞɟɥɟɧɢɹ ɟɝɨ ɩɚɪɚɦɟɬɪɨɜ ɢ ɢɯ ɞɢɧɚɦɢɤɢ. ȿё ɷɮɮɟɤɬɢɜɧɨɟ ɪɟ-
ɲɟɧɢɟ ɜɨɡɦɨɠɧɨ  ɫ ɩɨɦɨɳɶɸ ɫɨɜɪɟɦɟɧɧɵɯ ɦɟɬɨɞɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɚɬɟɪɢɚɥɨɜ - ȺɆȾ-

ɦɟɬɨɞɨɜ [1]. Ɉɧɢ ɩɨɡɜɨɥɹɸɬ ɧɚɞɟɠɧɨ ɜɵɹɜɥɹɬɶ ɤɨɪɪɟɥɹɰɢɨɧɧɵɟ ɫɜɹɡɢ ɪɚɫɫɱɢɬɚɧɧɵɯ ɫ 
ɩɨɦɨɳɶɸ ɯɚɪɚɤɬɟɪɧɵɯ V(Z)-ɤɪɢɜɵɯ [2] ɩɪɨɱɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɦɚɬɟɪɢɚɥɨɜ ɫɨ 
ɫɬɪɭɤɬɭɪɧɵɦɢ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɢɡɨɛɪɚɠɟɧɢɣ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɪɟɠɢɦɟ ɚɤɭɫɬɢɱɟɫɤɨɣ ɜɢɡɭ-
ɚɥɢɡɚɰɢɢ [3].

ɇɚ ɪɢɫ.1ɚ ɞɟɦɨɧɫɬɪɢɪɭɟɬɫɹ ɚɤɭɫɬɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɨɞɧɨɝɨ ɢɡ ɬɢɩɨɜ 
ɫɬɚɥɢ. Ɉɧɨ ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɚɬɶ ɩɨ ɪɚɡɦɟɪɭ ɡɟɪɧɚ ɡɧɚɱɟɧɢɟ ɭɫɥɨɜɧɨɝɨ ɩɪɟɞɟɥɚ ɬɟɤɭɱɟ-
ɫɬɢ ɦɚɬɟɪɢɚɥɚ [4]. ɇɚ ɪɢɫ.1ɛ - ɡɚɜɢɫɢɦɨɫɬɶ ɡɚɬɭɯɚɧɢɹ (V/V%) ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ ɜ ɫɬɚ-
ɥɢ 15ɏ2ɇɆɎȺ ɨɬ ɝɥɭɛɢɧɵ ɡɨɧɞɢɪɨɜɚɧɢɹ (h). ɂɫɩɨɥɶɡɭɹ ɦɟɬɨɞ V(Z)-ɤɪɢɜɵɯ [4] ɪɚɫɫɱɢɬɵɜɚ-
ɥɢ ɜɟɥɢɱɢɧɭ ɫɤɨɪɨɫɬɢ R ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ (ɉȺȼ). ɇɚ ɫɥɟɞɭɸɳɟɦ ɷɬɚ-
ɩɟ ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɦɟɬɨɞɚɦɢ ɧɚɯɨɞɢɥɢ ɩɪɟɞɟɥ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ (ɩɰ), ɭɫɥɨɜɧɵɣ 
ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢ (0,2), ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ (ȼ). ɗɬɢ ɪɚɫɱɟɬɵ ɩɪɨɢɡɜɨɞɢɥɢ ɧɚ ɛɚɡɟ ɩɨɥɭ-
ɱɟɧɧɨɣ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɤɪɢɜɨɣ   - , ɜɚɪɢɚɧɬ ɨɛɥɚɫɬɢ ɩɪɟɞɟɥɶɧɨɣ ɩɪɨɱɧɨɫɬɢ ɤɨɬɨ-
ɪɨɣ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ.1 ɜ. ɉɨɫɥɟ ɜɜɟɞɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɝɪɚɧɢɱɟɧɢɣ ɢ ɫɱɟɬɚ 
ɮɭɧɤɰɢɢ «ɉɨɢɫɤ ɪɟɲɟɧɢɹ» MS Excel ɩɨɥɭɱɚɥɢ ɨɩɬɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɢɫɤɨɦɵɯ ɜɟɥɢ-
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ɱɢɧ (., % = 19,64394, ȼ = 311,184 
.
 10

6
 ɉɚ), ɤɨɬɨɪɵɟ ɜ ɩɪɟɞɟɥɚɯ ɩɨɝɪɟɲɧɨɫɬɢ 

ɫɨɜɩɚɞɚɸɬ ɫɨ ɫɬɚɧɞɚɪɬɧɵɦɢ  ɡɧɚɱɟɧɢɹɦɢ [5].

ɚ                                                 ɛ                                                              ɜ       
Ɋɢɫ. 1. ɂɡɦɟɪɟɧɢɟ ɚɤɭɫɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ: ɚ - ɚɤɭɫɬɢɱɟɫɤɨɟ  ɢɡɨɛɪɚɠɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɫɬɚɥɢ 

(ɦɚɫɲɬɚɛ: 20 ɦɤɦ/ɞɟɥ., Z = - 17 ɦɤɦ; ɫɬɚɥɶ 10ɏ12ɇ2ȼɆɎ); ɛ - ɡɚɜɢɫɢɦɨɫɬɶ ɡɚɬɭɯɚɧɢɹ (V/V%)

ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ ɜ ɫɬɚɥɢ 15ɏ2ɇɆɎȺ ɨɬ ɝɥɭɛɢɧɵ ɡɨɧɞɢɪɨɜɚɧɢɹ (h); ɜ – ɭɱɚɫɬɨɤ ɤɪɢɜɨɣ - ɞɥɹ ɨɞɧɨɝɨ ɢɡ 
ɫɨɪɬɨɜ ɫɬɚɥɢ

ȼ ɤɚɱɟɫɬɜɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɮɢɡɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɟɧɢɹ ɢɫɤɨɦɵɯ ɩɚɪɚɦɟɬ-
ɪɨɜ ɦɚɬɟɪɢɚɥɨɜ ɛɵɥɢ ɜɵɛɪɚɧɵ ȺɆȾ-ɦɟɬɨɞɵ. Ɉɧɢ ɩɨɡɜɨɥɢɥɢ ɪɚɫɫɱɢɬɚɬɶ ɞɥɹ ɫɬɚɥɟɣ 
ɡɧɚɱɟɧɢɹ ɭɩɪɭɝɢɯ ɦɨɞɭɥɟɣ ȿ ɢ G, ɜɟɥɢɱɢɧɭ ɪɚɡɦɟɪɚ ɡɟɪɧɚ  ɢ ɭɫɥɨɜɧɨɝɨ ɩɪɟɞɟɥɚ ɬɟɤɭɱɟ-
ɫɬɢ ɩɨ ɫɤɨɪɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ (ɉȺȼ). Ɂɧɚɱɟɧɢɹ ɭɩɪɭɝɢɯ ɦɨɞɭɥɟɣ 
(ȿ = 226.

10
9
 ɉɚ ɢ G = 88,3

.
10

9
 ɉɚ) ɫɨɜɩɚɥɢ ɜ ɩɪɟɞɟɥɚɯ ɩɨɝɪɟɲɧɨɫɬɢ ɫɨ ɡɧɚɱɟɧɢɹɦɢ, ɩɪɢ-

ɜɨɞɢɦɵɦɢ ɜ ɢɡɜɟɫɬɧɵɯ ɪɚɛɨɬɚɯ [6].

ɚ                                                                                ɛ        
Ɋɢɫ. 2. ɚ) Ɂɚɜɢɫɢɦɨɫɬɶ  ɫɤɨɪɨɫɬɢ ɉȺȼ ɨɬ ɪɚɡɦɟɪɚ ɡɟɪɧɚ (ɫɬ. 38ɏɆɘȺ); ɛ) ɡɚɜɢɫɢɦɨɫɬɶ
ɬɨɥɳɢɧɵ ɫɥɨɹ ɫ ɢɡɦɟɧɟɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɨɬ ɜɪɟɦɟɧɢ ɚɡɨɬɢɪɨɜɚɧɢɹ ɜ ɫɬɚɥɢ (40ɏɇɆȺ)

ɇɚ ɪɢɫ.2 – ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ ɉȺȼ ɜ ɫɬɚɥɢ ɩɨɫɥɟ ɟё ɚɡɨɬɢɪɨɜɚɧɢɹ ɢ 
ɪɚɫɱɟɬ ɝɥɭɛɢɧɵ ɚɡɨɬɢɪɨɜɚɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɩɪɨɰɟɫɫɚ. ɉɪɟɞɫɬɚɜɥɟɧɧɵɟ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɞɬɜɟɪɠɞɚɸɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ȺɆȾ-ɦɟɬɨɞɨɜ ɩɪɢ ɪɚɫ-
ɱɟɬɟ ɩɚɪɚɦɟɬɪɨɜ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɢ ɚɧɚɥɢɡɟ ɜɥɢɹɧɢɹ ɧɚ ɧɢɯ ɜɧɟɲɧɢɯ ɜɨɡɞɟɣ-
ɫɬɜɢɣ.
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1,2ȼɨɪɨɧɟɠɫɤɢɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɩɟɞɚɝɨɝɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ,

2ȼɨɟɧɧɵɣ ɍɱɟɛɧɨ-ɇɚɭɱɧɵɣ ɐɟɧɬɪ ȼȼɋ ȼɨɟɧɧɨ-ȼɨɡɞɭɲɧɨɣ Ⱥɤɚɞɟɦɢɢ ɢɦ. ɉɪɨɮɟɫɫɨɪɚ 
ɇ.ȿ.ɀɭɤɨɜɫɤɨɝɨ ɢ ɘ.Ⱥ.Ƚɚɝɚɪɢɧɚ, ȼɨɪɨɧɟɠ, Ɋɨɫɫɢɣɫɤɚɹ Ɏɟɞɟɪɚɰɢɹ

ȼ ɪɚɛɨɬɟ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɟɬɨɞɨɜ ɚɤɭɫɬɨɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɣ ɞɟɮɟɤ-
ɬɨɫɤɨɩɢɢ ɢɥɢ ȺɆȾ-ɦɟɬɨɞɨɜ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɰɟɫɫɚ ɞɟɝɪɚɞɚɰɢɢ ɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ 
ɦɚɬɟɪɢɚɥɨɜ. ɏɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɡɦɟɪɹɸɬɫɹ ɤɚɤ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ, ɬɚɤ ɢ ɧɚ ɞɥɢɬɟɥɶɧɵɯ ɜɪɟ-
ɦɟɧɧɵɯ ɩɪɨɦɟɠɭɬɤɚɯ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɜɵɹɜɥɟɧɢɟ ɩɪɟɞɟɥɶɧɵɯ ɫɨɫɬɨɹɧɢɣ ɦɚɬɟɪɢɚɥɨɜ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɧɚɥɢɡ ɞɟɝɪɚɞɚɰɢɢ, ɚɤɭɫɬɨɦɢɤɪɨɫɤɨɩɢɱɟɫɤɚɹ ɞɟɮɟɤɬɨɫɤɨɩɢɹ, ɮɢɡɢɱɟ-
ɫɤɢɟ ɩɚɪɚɦɟɬɪɵ.

ɇɚɤɨɩɥɟɧɢɟ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɭɪɨɜɧɹ ɨɞɧɨɝɨ ɢɥɢ ɧɟɫɤɨɥɶɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚ-
ɥɚ ɦɨɠɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɤɚɬɚɫɬɪɨɮɢɱɟɫɤɨɦɭ ɪɚɡɪɭɲɟɧɢɸ. ɉɨɷɬɨɦɭ, ɚɤɬɭɚɥɶɧɨɣ ɹɜɥɹɟɬɫɹ 
ɩɪɨɛɥɟɦɚ ɦɨɧɢɬɨɪɢɧɝɚ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɫɜɨɣɫɬɜ. Ɉ ɩɟɪɟɯɨɞɟ ɜ ɩɪɟɞɟɥɶɧɨɟ ɫɨɫɬɨɹɧɢɟ 
(ɉɋ) ɝɨɜɨɪɹɬ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɟɫɥɢ ɦɚɬɟɪɢɚɥ ɩɨɞ ɜɥɢɹɧɢɟɦ ɜɧɟɲɧɢɯ ɮɚɤɬɨɪɨɜ ɧɟɨɛɪɚɬɢɦɨ  
ɢɡɦɟɧɹɟɬ ɩɚɪɚɦɟɬɪɵ ɮɢɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ, ɢ ɩɪɨɢɫɯɨɞɢɬ ɷɬɨ ɡɚ ɫɱɟɬ ɚɤɬɢɜɢɡɚ-
ɰɢɢ ɫɬɪɭɤɬɭɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɧɟ ɹɜɥɹɜɲɟɣɫɹ ɪɚɧɟɟ ɫɭɳɟɫɬɜɟɧɧɨɣ [1]. Ɋɟɲɢɬɶ ɡɚɞɚ-
ɱɢ, ɧɚɩɪɚɜɥɟɧɧɵɟ ɧɚ ɪɚɡɪɚɛɨɬɤɭ ɫɩɨɫɨɛɨɜ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɥɢɱɟɫɬɜɟɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɉɋ, ɩɨɡɜɨɥɹɸɬ ɦɟɬɨɞɵ ɚɤɭɫɬɨɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɣ ɞɟɮɟɤɬɨɫɤɨɩɢɢ [2]. ɋ ɢɯ ɩɨɦɨɳɶɸ 
ɦɨɠɧɨ ɮɨɪɦɢɪɨɜɚɬɶ ɚɤɭɫɬɢɱɟɫɤɢɟ ɢɡɨɛɪɚɠɟɧɢɹ ɧɚ ɪɚɡɥɢɱɧɨɣ ɝɥɭɛɢɧɟ ɢɥɢ ɚɧɚɥɢɡɢɪɨ-
ɜɚɬɶ ɫɩɟɰɢɮɢɱɟɫɤɢɟ ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɵɟ ɤɪɢɜɵɟ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧɚɯ 
(Ⱥȼ). ɉɪɢɦɟɪ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɢɡɨɛɪɚɠɟɧɢɹ ɞɥɹ ɫɬɚɥɢ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ.1ɚ. 

ɐɟɥɶɸ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɨ ɢɡɭɱɟɧɢɟ ɢɡɦɟɧɟɧɢɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤ Ⱥȼ (V/V% ɢ R)

ɜ ɩɪɨɰɟɫɫɟ ɞɟɝɪɚɞɚɰɢɢ ɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚɥɨɜ. Ʉɚɱɟɫɬɜɨ ɚɤɭɫɬɢɱɟɫɤɢɯ 
ɢɡɨɛɪɚɠɟɧɢɣ ɫɜɹɡɚɧɨ ɫ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɨɬɪɚɠɟɧɢɹ ɢ ɬɪɚɧɫɮɨɪɦɚɰɢɢ Ⱥȼ. ɉɨɷɬɨɦɭ, ɧɚ 
ɚɤɭɫɬɢɱɟɫɤɢɯ ɫɧɢɦɤɚɯ ɪɚɡɥɢɱɧɵɟ ɩɨ ɫɬɟɩɟɧɢ ɞɟɮɨɪɦɚɰɢɢ ɢ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɣ 
ɨɪɢɟɧɬɚɰɢɢ ɡɟɪɧɚ (ɫɦ. ɪɢɫ.1ɚ) ɡɚ ɫɱɟɬ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɤɨɧɬɪɚɫɬɚ ɩɪɨɹɜɥɹɸɬɫɹ ɤɚɤ ɨɬ-
ɞɟɥɶɧɵɟ ɨɛɪɚɡɨɜɚɧɢɹ. 

ȼ ɯɨɞɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɯɚɪɚɤɬɟɪɢɡɚɰɢɹ ɨɛɥɚɫɬɟɣ, ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ 
ɩɪɢ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɜɨɡɞɟɣɫɬɜɢɹɯ, ɞɥɹ ɱɟɝɨ ɩɪɢɦɟɧɹɥɫɹ ɦɟɬɨɞ V(Z)-ɤɪɢɜɵɯ. ɋ ɟɝɨ 
ɩɨɦɨɳɶɸ ɞɥɹ ɤɚɠɞɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɪɚɫɫɱɢɬɵɜɚɥɢ ɡɧɚɱɟɧɢɹ ɫɤɨɪɨɫɬɢ R ɩɨɜɟɪɯɧɨɫɬɧɵɯ 
ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ (ɉȺȼ), ɱɭɜɫɬɜɢɬɟɥɶɧɭɸ ɤ ɩɚɪɚɦɟɬɪɚɦ ɉɋ. ȼɟɥɢɱɢɧɚ R, ɚ ɬɚɤɠɟ ɜɵ-
ɫɨɬɚ ɝɥɚɜɧɨɝɨ ɦɚɤɫɢɦɭɦɚ V(Z)-ɤɪɢɜɵɯ – ɢɧɮɨɪɦɚɬɢɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɛɴɟɤɬɚ, ɩɨɡ-
ɜɨɥɹɸɳɢɟ ɪɚɫɫɱɢɬɵɜɚɬɶ ɤɚɤ ɡɧɚɱɟɧɢɹ ɭɩɪɭɝɢɯ ɦɨɞɭɥɟɣ E ɢ G, ɬɚɤ ɢ ɩɥɨɬɧɨɫɬɢ, ɩɨɪɢ-
ɫɬɨɫɬɢ. ɉɨ ɮɨɪɦɟ V(Z)-ɤɪɢɜɵɯ ɪɚɫɫɱɢɬɵɜɚɥɢ ɢ ɡɧɚɱɟɧɢɹ ɩɪɟɞɟɥɚ ɬɟɤɭɱɟɫɬɢ   [2].
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Ɋɢɫ.1. Ⱥɤɭɫɬɨɦɢɤɪɨɫɤɨɩɢɱɟɫɤɚɹ ɜɢɡɭɚɥɢɡɚɰɢɹ ɫɬɪɭɤɬɭɪɵ ɫɬɚɥɢ ɫɨ ɫɬɟɩɟɧɶɸ ɞɟɮɨɪɦɚɰɢɢ 
50%, ɩɪɨɹɜɥɟɧɧɨɣ ɡɚ ɫɱɟɬ ɝɪɚɞɢɟɧɬɚ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɤɨɧɬɪɚɫɬɚ (ɲɥɢɮ ɩɟɪɩɟɧɞɢɤɭɥɹɪɟɧ 

ɩɥɨɫɤɨɫɬɢ ɩɪɨɤɚɬɤɢ; ɇ2Ɉ, Z = -14 ɦɤɦ, ɦɚɫɲɬɚɛ 40 ɦɤɦ/ɞɟɥ.) – ɚ); ɬɪɚɧɫɮɨɪɦɚɰɢɹ (ɛ ɢ ɜ) 
V(Z)-ɤɪɢɜɨɣ ɫɬɚɥɢ 30ɏȽɋɆɅ (R = 3,18 

.
10

3
 ɦ/ɫ,  ZN = 14,68 ɦɤɦ, (V/V%)max = 37%, ɩɪɢ 

ɜɵɞɟɪɠɤɟ ɩɨɫɥɟ ɰɟɦɟɧɬɚɰɢɢ (ɩɪɢ 7800ɋ), 120 ɱɚɫɨɜ, ɦɚɫɲɬɚɛ ɩɨ ɜɟɪɬɢɤɚɥɢ 1 ɞɟɥ.=0,25 ȼ, 
ɩɨ ɝɨɪɢɡɨɧɬɚɥɢ – 1 ɞɟɥ.=12,2 ɦɤɦ)

ɚ) ɛ)
Ɋɢɫ. 2. Ɂɚɜɢɫɢɦɨɫɬɶ R ɨɬ ɫɬɟɩɟɧɢ ɞɟɮɨɪɦɚɰɢɢ (ɚ), ɞɥɹ ɫɬɚɥɢ 30ɏȽɋɆɅ (R = 3,18

.
10

3
 ɦ/ɫ, ZN

= 14,68 ɦɤɦ; ɢɡɦɟɧɟɧɢɟ (V/V%)max ɜ ɧɢɤɟɥɟ (ɇ0) ɩɨɫɥɟ ɞɟɮɨɪɦɚɰɢɨɧɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ (ɛ)

ɉɪɢ ɞɟɮɨɪɦɚɰɢɢ ɨɛɴɟɤɬɨɜ (ɢɡ ɦɟɞɢ Ɇ1) ɧɚɛɥɸɞɚɥɢ ɡɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ 
ɫɭɦ-ɦɚɪɧɨɣ ɞɟɮɨɪɦɚɰɢɢ ɢ ɜɟɥɢɱɢɧɵ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ Ⱥȼ ɜ ɨɛɪɚɡɰɚɯ ɨɬ 
ɜɪɟɦɟɧɢ (ɪɢɫ.3 ɚ ɢ ɛ).

ɚ) ɛ)
Ɋɢɫ.3. ɂɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ Ⱥȼ Cu-ɩɪɨɜɨɥɨɤɢ ɨɬ ɜɪɟɦɟɧɢ ɩɨɫɥɟ ɞɟɮɨɪɦɚɰɢɢ 

ɫɨ ɫɤɨɪɨɫɬɶɸ 7,7 %/ɦɢɧ.) ɢ  ɡɚɜɢɫɢɦɨɫɬɶ ɫɭɦɦɚɪɧɨɣ  ɞɟɮɨɪɦɚɰɢɢ ɩɪɢ 
ɪɚɡɪɵɜɟ ɨɬ ɜɪɟɦɟɧɢ (Cu – ɩɪɨɜɨɥɨɤɚ; =1,1 ɦɦ, l =70 ɦɦ; ɡɚɤɚɥɤɚ ɨɬ 380 °ɋ ɞɨ – 50 

°ɋ)

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɞɬɜɟɪɠɞɟɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ȺɆȾ-ɦɟɬɨɞɨɜ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ 
ɩɪɨɰɟɫɫɨɜ ɞɟɝɪɚɞɚɰɢɢ ɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɦɚɬɟɪɢɚɥɨɜ. 
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Ⱦɟɩɚɪɬɚɦɟɧɬ ɮɢɡɢɤɢ, ɍɧɢɜɟɪɫɢɬɟɬ Ȼɚɥɟɚɪɫɤɢɯ ɨɫɬɪɨɜɨɜ, ɉɚɥɶɦɚ, ɂɫɩɚɧɢɹ

ɍɩɪɭɝɢɟ ɢ ɧɟɭɩɪɭɝɢɟ ɫɜɨɣɫɬɜɚ ɦɚɪɬɟɧɫɢɬɧɨɣ ɮɚɡɵ ɫɩɥɚɜɚ Ni55Fe18Ga27, ɩɨɞɜɟɪɝɧɭɬɨɝɨ 
ɪɚɡɥɢɱɧɨɣ ɬɟɪɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɟ, ɢɫɫɥɟɞɨɜɚɧɵ ɧɚ ɭɥɶɬɪɚɡɜɭɤɨɜɵɯ ɱɚɫɬɨɬɚɯ ɨɤɨɥɨ 100 ɤȽɰ ɜ 
ɞɢɚɩɚɡɨɧɚɯ ɬɟɦɩɟɪɚɬɭɪ 12 - 370 Ʉ ɢ ɚɦɩɥɢɬɭɞ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɞɟɮɨɪɦɚɰɢɢ 10-7

 - 10
-4

.

Ɉɛɧɚɪɭɠɟɧɨ ɫɢɥɶɧɨɟ ɜɥɢɹɧɢɟ ɬɟɪɦɨɨɛɪɚɛɨɬɤɢ ɧɚ ɜɫɟ ɢɫɫɥɟɞɨɜɚɧɧɵɟ ɫɜɨɣɫɬɜɚ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ 
ɡɚɤɪɟɩɥɟɧɢɟɦ ɞɜɨɣɧɢɤɨɜɵɯ ɝɪɚɧɢɰ ɩɨɞɜɢɠɧɵɦɢ ɬɨɱɟɱɧɵɦɢ ɞɟɮɟɤɬɚɦɢ. ȼɵɹɜɥɟɧɵ 
ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɫɬɚɞɢɢ ɡɚɤɪɟɩɥɟɧɢɹ ɞɜɨɣɧɢɤɨɜɵɯ ɝɪɚɧɢɰ, ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɫɜɹɡɚɬɶ ɫ 
ɞɢɜɚɤɚɧɫɢɹɦɢ ɢ ɦɨɧɨɜɚɤɚɧɫɢɹɦɢ.

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɫɩɥɚɜ Ni-Fe-Ga, ɦɚɪɬɟɧɫɢɬ, ɜɧɭɬɪɟɧɧɟɟ ɬɪɟɧɢɟ, ɦɨɞɭɥɶ ɘɧɝɚ, 
ɞɜɨɣɧɢɤɨɜɵɟ ɝɪɚɧɢɰɵ, ɜɚɤɚɧɫɢɢ.

Ni-Fe-Ga alloys belong to a family of functional ferromagnetic shape memory alloys. 

Thermal treatment along with composition changes are the simplest means of controlling the 

functional properties of Ni-Fe-Ga alloys. Changes in the degree of atomic order and precipita-

tion of Ȗ phase are usually considered as factors determining the properties of Ni-Fe-Ga al-

loys, while the role of point defects, in particular, quenched-in vacancies, is either ignored or 

analyzed in terms of their impact on the ordering process. However, point defects are among 

the main factors affecting the mobility of linear and planar defects and thereby the functional 

properties of alloys. Recently, we have found that quenching of Ni55Fe18Ga27 single crystals 

from an annealing temperature to the martensitic phase leads to a phenomenon of hyperstabi-

lization of the martensitic phase that has been explained by sweeping of quenched-in point 

defects by moving interphase boundaries during reverse transformation [1]. It has been also 

shown that the concentration of vacancies in a Ni-Fe-Ga alloy changes upon thermal treat-

ment in very broad limits and reaches up to 2500 ppm in samples quenched from high tem-

peratures [2]. 

This work is devoted to study of the elastic (effective Young´s modulus) and anelastic
(linear and non-linear internal friction, Young's modulus defect, anelastic strain) properties of 

Ni55Fe18Ga27 alloy, subjected to different heat treatments, by means of resonant piezoelectric 

composite oscillator technique at frequencies around 100 kHz, temperatures of 12-370 K and 

strain amplitudes between 10
-7

 and 10
-4

. Samples were cut from rod-shaped Ni55Fe18Ga27 sin-

gle crystals with [100]A orientation along the rod. After annealing for 20 min. at 970 K, the 

samples were subjected to three different heat treatments: 1) slow cooling in the air; 2) direct 

quenching into room-temperature water; 3) step-quenching (quenching into oil at 390 K fol-

lowed by quenching into room-temperature water). The samples cooled in air were character-

ized by the forward and reverse martensitic transformation temperatures about 330 and 340 K, 

respectively, and the Curie temperature of Tc = 290 K. The samples directly quenched into 

water were in a hyperstabilized state, where a small fraction of martensite exhibited reverse 

transformation near 400 K, while the main fraction required overheating up to a temperature 

about 580 K [1]. The magnetic transformation after quenching becomes smeared and shifts to 
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Tc ≈ 270 K. The martensitic phase of the alloy, as analyzed by TEM, presents at room tem-

perature a mixture of 7-layered (14M) and non-modulated (2M) structures. 

It has been shown that elastic and anelastic properties of the Ni-Fe-Ga alloy depend 

crucially on the thermal treatment because of strong pinning of twin boundaries by quenched-

in point defects. The amplitude dependence of the internal friction, Young's modulus defect 

and amplitude of reversible anelastic strain demonstrates stages corresponding to motion of 

twin boundaries inside extended point defect atmospheres, breaking the twin boundaries 

through the atmospheres and their oscillations outside the atmospheres [3]. It is concluded 

that vacancies form atmospheres near twin boundaries, the density of which (but not their ex-

tension) strongly depend on the concentration of vacancies. Two stages are revealed in the 

temperature dependences of the elastic and anelastic properties of the alloy that can be associ-

ated with pinning/depinning of twin boundaries by/from different point defects, most proba-

bly divacancies and monovacancies. Experimental data evidence that point defect diffusion is 

defect-assisted, proceeding largely within lattice regions adjacent to twin boundaries over the 

entire temperature range under study. Studying the effect of temperature on the amplitude de-

pendence of anelastic properties of the alloy enables us to follow the evolution of the point 

defect distribution in atmospheres around twin boundaries. 

This work was supported by Ministry of Education and Science of the Russian Federa-

tion, project no. 3.1421.2017/4.6. 
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