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Search for new superconducting compounds with a critical transition

temperature T, close to room temperature under pressure

Yu. I. Boyko, V.V. Bogdanov, R.V. Vovk

V. N. Karazin Kharkiv National University, Faculty of Physics, 4 Svobody Sg., Kharkiv 61022, Ukraine

bogdanov@karazin.ua

ORCID: 0000-0001-9243-724X, 0000-0003-2634-3549, 0000-0002-9008-6252
DOI:10.26565/2222-5617-2020-32-01

A new chemical composition of superconducting compounds formed on the basis of elements of the fifth group (semimetals)
is proposed within the framework of the quantum Bardin-Cooper-Shriffer quantum theory of superconductivity (BCS-theory) using
physical chemistry methods for analyzing equilibrium crystal structures. These compounds satisfy all the conditions for transition to
the superconducting state at temperatures close to room temperature and a pressure of =107 Pa.

As initial chemical elements from which superconducting compounds can be synthesized under pressure, in addition to
hydrides, substances that allow the "collectivization" of electrons can be used. The most suitable substances in this sense are the
elements of the fifth group of the periodic system or the so-called semimetals, which include Bi, Sh, As, graphite, etc. These elements,
by their electrical properties, occupy an intermediate position between metals and semiconductors. They are characterized by a slight
overlap of the valence and conduction zones, which leads, on one hand, to the fact that they remain good conductors of electricity up
to absolute zero temperature, and on the other hand, they have a significantly lower carrier density compared to metals charge.
Moreover, in these substances in a wide temperature range at atmospheric pressure, the stability of the solid phase is maintained and,
very importantly, a partial “collectivization” of valence electrons inherent in metals is already realized in the initial state.

It is shown that, under the action of pressure p~107Pa, semimetals can turn into metals characterized by a specific energy
spectrum of electrons. A change in the semimetals structure and in parameters of the electronic subsystem energy spectrum is
accompanied by an increase in the electron pairing constant and by the density of electronic states at the Fermi level. In turn, an increase
in these parameters makes it possible to transfer semimetals to the superconducting state at temperature ~300K.

Keywords: High-Temperature Superconductivity (HTSC), semimetals, percolation effect.

HOHIYK HOBHUX HaI[HPOBiI[HI/IX 3'€I[HaHB 3 KPUTUYHOK TCMIICPATYPOIO

nepexony T 6JIM3bKOI0 A0 KIMHATHOI TEMIEPATYPH B YMOBAX il TUCKY
10O. 1. boiiko, B. B. borganos, P. B. BoBk

Xaprxiecokuii nayionamshuti ynieepcumem imeni B.H. Kapasina, m. Ceo6o0ou 4, 61022, Xapxis, Yxpaina

B pamkax KBaHTOBOI Teopii HaanposiguocTi bapaina-Kynepa-Llpuddepa (BCS-teopii) 3 BukopucTaHHIM METOAIB (i3-XiMmil
aHaITI3y PIBHOBXHHMX KPHUCTAIYHUX CTPYKTYP MPOIOHYETHCS HOBHI XIMIYHHUH CKIIa[ HAANPOBIIHUX CIIONYK, IO YTBOPIOIOTHCS Ha
OCHOBI €JIEeMEHTIB I'AT0i TpyIH (HAITIBMETAIB), SIKi 32I0BOJILHIIOTH BCIM YMOBaM JIJIs TIEPEXOY B HAATIPOBIIHUI CTaH 32 TEMITEPaTyp,
OJIM3BKUX 10 KIMHATHUX 1 THCKY ~107 Ia.

B sixocTi BUXITHUX XIMIYHHX €IIEMEHTIB, 3 SKHX MOKHA CHHTE3YBaTH HAAMIPOBIIHI CIIOJTYKH B yMOBAX Jii TUCKY, KPIM TiAPHIIB,
MO’KHAa BUKOPHCTOBYBATH PEYOBHHH, 110 AOIYCKAIOTh "KOJEKTHBI3aLif0" eIeKkTpoHiB. Hai6iaplI mpuaaTHUMU PEYOBUHAMH B LIbOMY
CEHCI € eJIeMEHTH IT'ITOT TPyIH MepioMIHOi cHcTeMH abo, Tak 3BaHi, HalmiBMeTaluH, A0 SKuX BigHoOcsThCs Bi, Sb, As, rpadir i in. Li
€JIEMEHTH, 32 CBOIMH €JIEKTPUYHMMH BJIACTHBOCTSIMH, 3aiiMaroTh MPOMDKHE TTOJIOXKEHHSI MDK MeTajaMH 1 HamiBnpoBigHuKamu. s
HHX XapaKTepHHM € He3Ha4YHE TEePEeKPUTTS BAJICHTHOI 30HH i 30HM MPOBIAHOCTI, 110 PU3BOINUTH, 3 OAHOTO OOKY, JI0 TOTO, L0 BOHH
3aTHIIAIOTHCS XOPOLINMH MPOBITHUKAMH €IEKTPUKH QX 0 aOCOIFOTHOTO HyJIs TEMIIEPaTypH, a 3 iHIIOro 60Ky, MatoTh 3HAYHO MEHIITY,
B MOpIBHSHHI 3 MeTajaMHu, TYCTHHY HOCIiiB 3apsiay. IIpn 1bOMy B LHX DPEYOBMHAX B IIHPOKOMY IHTEpBali TeMOepaTryp HpH
aTMoc(epHOMY THCKY 30epiraerbcs CTaOUIBHICTH TBepAOl (a3u i, M0 JyKe BaXIUBO, BXKE B MMOYATKOBOMY CTaHi peati3yeThbCs
JaCTKOBA "KOJICKTHBI3aIlis" BAICHTHHUX EJICKTPOHIB, IPUTAMAaHHA METaIaM.

TMokazano, mo mij jAie0 TucKy p~107Tla HamiBMETalmMm MOXYTh MEPETBOPIOBATHCS HA METAIH, SAKi XaPaKTEPH3YHOThCS
crnenu(piYHIM EHEepreTHYHUM CIEKTPOM eJIEKTPOHIB. 3MiHa CTPYKTYpH 1 IapaMeTpiB CHEPreTHYHOrO CIIEKTpa eIeKTPOHHOI
MiICHCTEMH MTOJIyMETaJUIOB CYHIPOBOKYETHCS 301IbIICHHIM KOHCTAHTH CIIAPIOBAHHS SJICKTPOHIB 1 IIIBHOCTI €IEKTPOHHHX CTaHiB Ha
piBai @epmi. YV cBoro uepry, 301IbLUICHHS 3a3HAUYCHUX [TapaMeTPiB 00yMOBITIOE MOXKJIMBICTh HEPEXO/1y MOTyMETaJIOB B HAAIPOBIAHHUI
ctaH npu temneparypi ~300K.

Kurouogi ciioBa: BucokoremnepatypHa Haanposigicts (BTHIT), naniBmeranu, ebekt mepKosiii.
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[Tonck HOBBIX CBEPXIPOBOIAIINX COEAUHEHNN C KPUTUUECKOU
Temriepatypoit nepexoaa T OJU3KON K KOMHATHOM TEMIIEpaType B

YCIOBHUAX I[GﬁCTBHH JAaBJICHHU S
1O. . boiixo, B. B. bornanos, P. B. BoBk

Xapuvrosckuil nayuonanvnwii ynusepcumem umeny B.H. Kapasuna, m. Ce60600wb1 4, 61022, Xapvros, Ykpauna

B pamxax kBaHTOBOH Teopun cBepxnpoBoaumoct bapanua-Kynepa-Illpuddepa (BCS-reopun) ¢ ucrnonbp3oBaHHEM METOIOB
GM3-XMMHU aHalW3a PAaBHOBECHBIX KPUCTAJUTMUYECKUX CTPYKTYp Tpeyiaraercss HOBBIH XMMHYECKHH COCTaB CBEPXIIPOBOMISIINX
COeIMHEHUH, 00pa3yIoUINXCsl HA OCHOBE 3JIEMEHTOB TIATOH TPYIMIBI (TOIyMETA/IOB), KOTOPBIXA yIOBIETBOPSIET BCEM YCIOBHAM IS
MEPEXOTIA B CBEPXIIPOBOJISAIIEE COCTOSIHUE MPH TEMIIEPATYPAX, ONM3KUX K KOMHATHBIM | naBnenun ~107 TTa.

B kauecTBe MCXOIHBIX XHMHUUYECKUX 3JIEMEHTOB, U3 KOTOPBHIX MOXHO CHHTE3HPOBAaTh CBEPXMPOBOISIINE COCTUHEHUS B
YCIIOBHAX JEUCTBUSI JaBIECHHS, KPOME THAPUIOB, MOKHO HCIIOIBb30BaTh BEIIECTBA, JOIMYCKAIOIIHE "KOJUIEKTUBU3ALUIO" 3I€KTPOHOB.
HanGonee moaxoas My BENIIECTBAMH B 3TOM CMBICHE SIBISTIOTCS 3JIEMEHTHI MATOH TPYMIBI MEPHOANYECKOH CHCTEMBI WIH, TaK
Ha3bIBaeMble, ITOJyMETaUIbl, K KOTOPBIM OTHOCsTCS Bi, Sb, As, rpadut n ap. DTH 37IeMEeHTHI, 110 CBOUM JICKTPUIECKHM CBOMCTBaM,
3aHUMAIOT IPOMEKYTOUHOE IIOJIOKEHUE MEXY METaJUIaMU U TIOJIyNIPOBOJHUKAMU. J{JIs1 HUX XapaKTepHBIM SBJISIETCS] HE3HAUUTEIIbHOE
NePEeKPhITUE BAJICHTHON 30HBI U 30HBI IPOBOJAUMOCTH, YTO NPHUBOAUT, C OAHOW CTOPOHBI, K TOMY, YTO OHU OCTAIOTCS XOPOILIMMHU
MPOBOAHUKAMH 3JIEKTPUUECTBA BILIOTh 10 a0COIIOTHOTO HYJIs TEMIIEPATYPBI, a C IPYroi CTOPOHBI, 00/1aJal0T 3HAUMTEIbHO MEHbIIICH,
10 CPaBHEHHUIO C METa/UIaMH, INIOTHOCTRIO HOCUTENeH 3apsaza. [Ipy 3ToM B 3THX BelllecTBaX B MIMPOKOM MHTEpBAJle TEMIIEpaTyp Ipu
aTMOC(EpPHOM JABIECHUHU COXPAHAETCS CTaOMIBHOCTD TBEPAOH (ha3bl U, UTO OUEHb BAXKHO, yXKE B HCXOIHOM COCTOSHHU Pealln3yeTcs
YacTHYHAs "KOJUICKTUBU3AMA" BaJICHTHBIX JIEKTPOHOB, IPHUCYIIAs METAIIaM.

TMokazano, uTo mox jAeiictBreM naBneHus p~107la MOMyMETaIBI MOTYT MPEBPAINATHCS B METAILTBI, XapAKTEPU3YIOIIHECS
crnenu(UUeCKUM JHEPreTUUeCKUM CIEKTPOM 3JIEeKTPOHOB. VI3MEHEHHE CTPYKTYphl M MapaMeTPOB SHEPreTHUECKOTO CIIEKTpa
JJIEKTPOHHON IIO/ICHUCTEMBI IOJYMETAZIOB COIPOBOKAACTCS YBEIMYEHHEM KOHCTAHTHI CIAPMBAHUS JIEKTPOHOB U IUIOTHOCTU
JIEKTPOHHBIX COCTOSTHUI Ha ypoBHe Depmu. B cBoro odepenp, yBelnueHNe YKa3aHHBIX MTapaMeTpoOB 00YyCIIOBINBAET BO3MOXKHOCTD

nepexo/ia MoJiyMeTalIoB B CBEPXIIPOBOSIIEE COCTOsIHUE NTpH TeMiepaType ~300K.
Kiwuessle ciioBa: BricokotemneparypHas cBepxmnpoBoaumocts (BTCIT), momymeTamisl, 3hGeKT NepKOIAIHH.

Introduction

The problem of synthesis of new polycomponent
compounds with
(superconductivity) at room temperatures (= 300 K), arose
immediately after the discovery of the so-called high-
temperature metal-oxide superconductors, characterized
by a transition temperature 77 K<T.<164K [1,2].
However, in the future, despite the efforts of a great
number of researchers, it was not possible to find new
compounds that would have a higher temperature T, for a
long time.

An important successful breakthrough in this situation,

Z€ero electrical resistance

which served as the beginning of a new stage in the search
for superconducting compounds with an elevated transition
temperature, was the discovery of superconductivity in
hydrogen compounds (hydrides) [3 - 5]. At the same time,
it turned out that a prerequisite for the transition of hydrides
to the superconducting state at T. >200 K is the need for
very high pressure. So, for example, it was found that the
LaH10 compound becomes a superconductor at a
temperature of T.~250K under pressure P~=170 GPa
[4, 5]. In this case, with a decrease in pressure, the stability
of this compound is violated and its superconductivity is
vanish.

The need to apply such a high pressure for the transition
of hydrogen compounds to the superconducting state is
primarily associated with the process of “collectivization”
(association) of valence electrons, which is realized in
these compounds under pressure. The “collectivization" of

electrons leads to an increase in the density of states in the
energy spectrum, which contributes to the phonon pairing
of electrons, that is, the appearance of quantum particles -
bosons that carry an electric charge without resistance [6].
In addition to the “collectivization” of electrons process
under the pressure, the formation of a specific crystal
structure is very important for the hydrogen compounds
superconductivity (clathrate-like structure), for which the
presence of a direction with the smallest possible distance
between the nearest neighboring atoms is characteristic.
This circumstance, as well as the minimum mass of
hydrogen atoms contributes to the formation of high-
frequency phonons, which, in turn, leads to an increase in
the binding energy in bosons. Both of the above reasons
determine the stability of hydrogen compounds and their
transition to the superconducting state at a higher
temperature than is observed in  metal-oxide
superconductors. Herewith, as already indicated, this is
realized only under pressure P > 10? GPa.

The need to apply so much pressure practically
eliminates the use of these compounds for technological
purposes. In this regard, the synthesis of new
superconducting compounds, which are characterized by a
rather high transition temperature T~ 300 K, has become
very urgent. However, it is very important that this
transition is realized under the action of a significantly
lower pressure.

In this paper, we propose a new chemical composition
of superconducting compounds formed on the basis of
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Search for new superconducting compounds with a critical transition temperature T. close to room
temperature under pressure

elements of the fifth group (semimetals), which, according
to the authors, can satisfy the specified requirements.

2. Substantiation of the possibility of using elements of
the fifth group (semimetals) for the synthesis of
superconducting compounds under pressure

Experimental studies of the superconductivity of
substances containing hydrogen (hydrides), as well as the
considerations described in the previous section regarding
the role of the valence electrons “collectivization” in the
formation of hydrogen compounds, indicate that the
stability boundary and superconductivity of these
compounds are shifted toward lower pressures if we move
up the periodic table. In this regard, the idea arose that as
the initial chemical elements from which superconducting
compounds can be synthesized under pressure, in addition
to hydrides, you can use other substances that assume the
"collectivization” of electrons.

The most suitable substances in this sense are the
elements of the fifth group of the periodic system or the so-
called semimetals, which include Bi, Sh, As, graphite and
others [7, 8]. These elements, in their electrical properties,
occupy an intermediate position between metals and
semiconductors. They are characterized by a slight overlap
of the valence and conduction zones, which leads, on the
one hand, to the fact that they remain good conductors of
electricity right up to the absolute zero temperature, and on
the other hand, they have much lower charge carrier
density than metals. For example, at atmospheric pressure
and room temperature in bismuth (Bi), the electron density
is n=10*m=3, and in antimony (Sb) n=10®m= [9]. In
addition, the electrical conductivity of semimetals
increases with temperature.

These features of the electrical properties of semimetals
make them close to semiconductors. Moreover, in these
substances in a wide temperature range at atmospheric
pressure, the stability of the solid phase is maintained and,
very importantly, already in the initial state, partial
"collectivization" of valence electrons inherent in metals is
realized.

Let us estimate the pressure value under the influence
of which complete “collectivization” of electrons in
semimetals can be achieved, i.e., the pressure at which the
semimetal — metal transition can occur. For the sake of
concreteness, we will carry out further discussion and
evaluations in relation to semimetals Bi and Sb.

In the general case, the pressure P, under the action of
which the process of "collectivization" of electrons in a
solid crystalline substance is realized, is described using
the following relation

P=0,1-hn/mr2 1)

Here h is the Planck constant, m is the mass of the
electron, r is the size of the potential "well" characterizing
the localization of valence electrons in the initial state
before they are united, n is the density of "collectivized"
electrons, that is, the number of charge carriers contained
in a unit volume of the formed substance [10]. In the
physical sense, for a multi-electron atom, r is the radius of
the orbit of the valence electron, i.e. r= (1 —5)a, where a
is the Bohr radius of the hydrogen atom a =~ 0,5-10°m.
Specifically for atoms Bi r=1,8-10°m, and for Sh
r=1,6-10"1%m [9]. Substituting the numerical values of the
constants h, m and the corresponding values of n and r in
formula (1), we have for Bi and Sb P~ 10% Pa=10 bar
(bismuth) and P=10"Pa=100bar (antimony). This
pressure range is much easier to technically implement and
therefore, at this pressure, the experimental verification of
a possible transition to the superconducting state of
compounds formed on the basis of semimetals is simplified
significantly, and also makes it easier to use these
compounds in practice.

We emphasize that the "collectivization" of electrons is
only one of the necessary conditions for the
superconductivity of matter display. Another important
condition for the realization of the superconducting state is
the formation of a special phonon spectrum, characterized
by the presence of high frequency phonons (see part 1).

We show that this condition can also be satisfied, if, for
the manifestation of superconductivity under pressure,
solid solutions based on semimetals are used (e.g.,
compound Bii_x Shy; here x is a parameter characterizing
the stoichiometric composition of the compound).

3. Substantiation of the possibility of using semimetals
solutions for the synthesis of a compound
characterized by a phonon spectrum containing high-
frequency phonons

In addition to the features of electrons
"collectivization" process described above, semimetals
also have other specific properties, which are very
important for the formation of a superconducting
compound based on them. So, for example, the elements
Bi and Sb are characterized by a very small difference in
atomic radii (=7,5%) and therefore, the replacement of
these atoms by one another in the crystal lattice during the
formation of solutions (two-component compounds) is not
associated with a noticeable lattice deformation.
Therefore, Bi and Sb form a continuous series of solid
solutions, and the phase diagram has the form of a cigar
[12]. Investigation of compounds based on this pair of
elements (Bi;«Sbx) by varying the stoichiometry
parameter x, it was shown that jump-like changes in such
physical properties as electrical conductivity, heat
capacity, thermal conductivity, etc. [13]. The close
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relationship between the changes occurring with the
indicated physical properties and the stoichiometric
composition of the compound indicates that an abnormally
strong electron-phonon interaction is realized in the
substance under discussionThis is due to the formation of
high-frequency phonons in solid solutions of Bi and Sb
elements, which, as already mentioned, should also
contribute to the transition of this compound to the
superconducting  state under certain  conditions
(temperature and pressure).

Let us pay attention to some more features of Bi and Sb
elements, as well as solid solutions based on them. The Bi
and Sb atoms separately crystallize into a rhombohedral
lattice of the a-As type (R372/m spatial group). Atoms in
the crystal lattice of this symmetry type are located in two
parallel planes so that an atom located in one plane has
three nearest neighbors located in another plane. Such a
specific spatial arrangement of atoms in the substance set
its crystal lattice closer to the type of an ordinary face-
centered “pseudo-cubic” lattice. This type of crystal lattice
in the Bi;xSbx compound remains unchanged upon
variation of the parameter x, however, it is accompanied by
a significant decrease in the lattice parameters a and ¢ for
certain values of the parameter x [13, 14].

The indicated features of a change in the crystal lattice
parameters with variations in the stoichiometric
composition of the Bi;_«Sby are associated with the special
nature of its formation (percolation effect) [15]. In this
case, when the stoichiometry parameter x changes during
the formation of the solution, the following significant
changes in the crystal lattice occur: a) for small values of
the parameter x < 0.05, clusters (complexes of atoms) arise,
the structure of which differs significantly from the
structure of the main substance, b) with an increase in X, a
superstructure is formed with a long-range ordered
distribution of heterogeneous atoms in the structure of the
base substance. These structural changes are naturally
accompanied by a change in the phonon spectrum of the
substance, including the formation of high frequency
phonons. This circumstance should contribute to the
possible transition of the BijSbx compound to the
superconducting state.

Finally, a change in the energy spectrum of the
electrons of these compounds can also play an important
role for the possible display of superconducting properties
in solid solutions based on semimetals under pressure, also
observed upon variation of the x parameter. Detailed
studies of the dependences of the electrical conductivity o
(x), thermoelectric properties (Seebeck coefficient S (x)),
and the galvanomagnetic properties of the Bij«Sbx
compound indicate that when the values of the parameter x
are varied, the semimetal —metal, semimetal—
semiconductor transformations are observed [14].

Conclusions.

Based on the analysis, we can conclude that alloys
based on semimetals, in particular alloys of Bi and Sb
elements, can be transferred to a state with a high degree of
“collectivization” of valence electrons by applying a
pressure of =~102bar. "Collectivization" of valence
electrons is one of the necessary conditions for the display
of multicomponent compounds superconductivity.

Due to the specific nature of the process of formation
of a solid solution based on these elements at critical values
of the parameter x>x. ( x. percolation threshold) a
crystalline structure can be formed, characterized by the
presence of high-frequency phonons, which, in turn,
should facilitate the phonon pairing of electrons and,
accordingly, the transition of this compound to the
superconducting state. Xc percolation thresholds for
solutions Bi;xShy are = 0,25 (Bi base element) and = 0,6
(Sb base element).

The increase in electron pairing energy due to the
formation of high-frequency phonons in solutions of
semimetals, should also lead to an increase in the critical
transition temperature T. up to room temperature.
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MexaHi3MH YTBOPEHHS Ta PO3BUTKY IIOP Y XOI1 HAIIIJIACTHYHOT
nedopMmariii BUCOKOMIITHOTO aJlFoMiHIEBOTO ciuiaBy 1933 13 6iMoaIbHO0
3€pHOBOIO CTPYKTYPOIO
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PosrnsHyTO MEeXxaHi3MH YTBOPEHHS Ta POCTY TOP Y XO/i BUCOKOTEMIIEpaTypHOi HAAIUTACTUYHOI AedopMartii BHCOKOMIITHOTO
amoMiHieBoro cruiaBy 1933 i3 6iMoIanbHOIO 36pHOBOIO CTPYKTyporo. Hanmmactiuune pedhopMyBaHHS 3pa3KiB OyJo MpoBeneHE IpU
temneparypi T = 520°C, nanpyxerHi mmny ¢ = 5,5 MIla, msuakocTi icTunnoi aepopmanii & = 1,2:10 ¢, 3pasku crmasy 1933,
HaIUTACTUYHO NPoeOpMOBaHi y TAKAX YMOBAX J0 MOMEHTY 3pyHHYBaHHs, HAaKOIHYYIOTh JeopMalio, BiTHOCHAH CTYMiHb SIKOT
cknanae 230%. [TokaszaHo, 110 B HAAIUTACTHYHO NMPoaeGOopMOBaHHX 3pa3Kkax ciuiaBy 1933 3epHorpaHUYHA HOPUCTICT 3aPOIKYEThCS
BHACIIIZIOK YTBOPEHHSI KJIMHOBHIHUX TPIIIMH Ha 0araTOKyTOBHX Ta Ha MaJIOKYTOBUX IPAHHUIIX 3epeH, IEePIeHINKYSIPHUX HAPSMKY
PO3TATYBaHHS 3pa3KiB, a TaKOX 3aBISKH BHHUKHEHHIO TOHKMX IIPOJOBIYBAaTHX MIKPOTpIIIMH HAa MAaJOKYTOBHMX TPAaHHILIX 3€peEH,
napajenbHUX HANpSMKy pPO3TSTYBaHHA. BCTaHOBIEHO, IO MOPH YTBOPIOIOTBCA 1 POCTYTh MEPEBXKHO BHACIHIJOK PO3BUTKY
3epHOTPAHUYHOTO MTPOKOB3YBaHHs. BOHO BiIOYBaeThCS K HAa 0araTOKyTOBHUX, TaK 1 HA MAJIOKYTOBUX IPAaHHILISAX 3€PEH, AKi € TBEPIUMH,
a0o0 X MICTATh OCEepenKd B’s3KOI pifkoi (a3W, M0 YTBOPMIIACS 3aBISKH YAaCTKOBOTO IUIABIICHHS CIUIABY, HArpPiTOTO 10 BHCOKOI
rOMOJIOTIYHOT TemmeparypH. B xomi 3MiHN GopMu Ta pocTy 3epHOTpaHHYHHX ITOP Ha OKpaiKax 3epeH Ta Ha TPaHUISAX THX 3€PEH, SIKi
MICTSITh JIOKaJIbHI OCepeIKH PiIKoi (has3H, 0 yTBOpUIIAcs BHACIIIOK YaCTKOBOTO IIaBIeHHs ciiaBy 1933 npu HarpiBaHHi HOro 3paskiB
JI0 TeMIlepaTypH BHIPOOyBaHb, BHACTIJOK B’SI3KOTO IUIMHY OCEPEAKiB B’si3k0i pinkoi (a3 BHHUKAIOTH i POCTYTh BOJIOKHHUCTI
CTPYKTYypH. BcTaHOBIIEHO, 1110 32 30BHIIIHIM BUIJISOM yCi BOJOKHHCTI CTPYKTYpPH, SIKi YTBOPHJINCS B 3pa3kax cruiaBy 1933 y xoni
HAAIUIACTUYHOT aedopmallii, YMOBHO MOKHA TOJUIHUTA HAa TaKi TpW TUOM: 1-W THN — TOHKI NWIIHAPWYHI BOJOKHA; 2-W THI —
KOHYCOMOIi0OH1 BOJIOKHA; 3-if THIT — BOJIOKHA, IKi MAalOTh CTpiukomoaiOHumi BUrIaa. [TokasaHo, 110 JToKami3alis IIaCTHIHOTO TUTHHY B
YIBTPaApiOHUX Ta B KPYIHHUX 3€pHAX, 13 IKAX CKIAIAI0THCS EPETUHKH MK HECYIIIBHOCTAMH y HAWOUTBII 1TOCTIa0IeHOMY BHACITIJOK
HaKOITMYEHHS TOPUCTOCTI MiKpooO’eMi 3pa3ka, MPUBOAMTH 1O iX 3pyiHyBaHHSA. BHachmimok 1mporo BigOyBaeTbcs 00’ €THaHHS
3ePHOTPAHUYHUX IOP Ta TOHKUX MPOJOBTYBATHX MIKPOTPIIIMH y MaricTpajbHy TPIOIMHY, PO3BUTOK SKOi B poOOUiil YacTHHI 3pa3ka
cruiaBy 1933 y HanpsiMKy, NEepHIEHIUKYIIPHOMY 10 HANPsIMKY HOTo po3TAryBaHHS, IPUBOJAUTH 10 HOTro 3pyHHYBaHHS.

KurouoBi ciioBa: Hagmiactruna aedopmatiis, cruiae 1933, 3epHoBa CTpyKTypa

Mechanisms of cavity formation and development during superplastic
deformation of high-strength aluminum alloy 1933 with bimodal grain

structure
V.P. Poyda, D.Ye. Milaya, A.V. Poyda, V.V. Bryukhovetskiy, S.I. Petrushenko,
S.V. Dukarov

1 V. N. Karazin Kharkiv National University, Faculty of Physics, 4 Svobody Sq., Kharkiv 61022, Ukraine
2 Institute of Electrophysics & Radiation Technologies, National Academy of Sciences of Ukraine, 28 Chernyshevsky st., 61002
Kharkiv, Ukraine

The mechanisms of cavity formation and growth during high-temperature superplastic deformation of high-strength aluminum
alloy 1933 with bimodal grain structure are considered. Superplastic deformation of the samples was performed at a temperature
T = 520°C, flow stress ¢ = 5,5 MPa, true strain rate £ =1,2:10* s, Samples of alloy 1933, superplastically deformed under such
conditions, by the time of fracture, accumulate deformation, the relative degree of which is 230%. It is shown that, in superplastically
deformed samples of alloy 1933, grain-boundary cavities originate due to the formation of wedge-shaped cracks at high-angle and low-
angle grain boundaries perpendicular to the fracture direction of samples, as well as due to the appearance of thin elongated microcracks
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at low-angle grain boundaries parallel to tension direction. It is revealed that cavities form and grow mainly due to the development of
grain boundary sliding. It takes place both at high-angle and low-angle grain boundaries, which are solid, or contain areas of viscous
liquid phase, which was formed as a result of partial melting of an alloy heated to a high homologous temperature. During the shape
changing and growth of grain-boundary cavities at the solid grain boundaries and at the boundaries of those grains that contain local
foci of the liquid phase formed as a result of partial melting of the 1933 alloy upon heating of its samples to the test temperature, fibrous
structures arise and grow due to the viscous flow of foci of the liquid phase. It has been revealed that all fibrous structures that were
formed in samples of the 1933 alloy during superplastic deformation can be conditionally divided into three types: type 1 — thin
cylindrical fibers; 2nd type — cone-shaped fibers; type 3 — fibers that have a ribbon-like view. It is shown that the localization of plastic
flow in ultrafine and coarse grains, of which the bridges between discontinuities in the microvolume of the sample, from which is
consist the most weakened due to the accumulation of cavities, lead to their failure. As a result, grain-boundary cavities and thin
elongated microcracks combine into a main crack, the development of which in the working part of the 1933 alloy sample in the
direction perpendicular to the tension direction leads to its destruction.
Keywords: superplastic deformation, alloy 1933, grain structure

Mexanu3Mbl 00pa30BaHUS M PA3BUTHS IIOP B XOJI€ CBEPXIIACTUYECKOM
nedopmalu BRICOKOIPOYHOT0 allOMUHUEBOTO criaBa 1933 ¢

OMMOJATbHOM 3€PEHHON CTPYKTYpPOU
B.I1. Ilowina, [1.E. Munas, A.B. [loiina, B.B. bproxoseukuii, C.H1. [leTpyuienko,
C.B. lykapos

1 Xapwrosckuii Hayuonanvuwlil yrusepcumem umenu B.H. Kapasuna, m. Ceob00wi 4, 61022, Xapvros, Ykpauna
2 Unemumym snexmpoghusuru u paduayuonnvix mexuonozuit HAH Yrpaunwt, yn. Yepnuwescroeo 28, 61002, Xapovkos,
Vkpauna

PaccMoTpeHBl MexaHU3MBI 00pa3oBaHMsI M POCTa MOP B XOZAE BBICOKOTEMIIEPAaTYPHON CBEPXIIACTUYECKOH nedopMarun
BBICOKOIIPOYHOTO aTIOMHHHEBOTO cruiaBa 1933 ¢ OuMonmanpHON 3epeHHOU CTpyKTypoi. CBepxIuiacTHUHOE IepOpMHUpOBAHKE
00pasoB ObuTo TpoBeaeHo mpHu Temmneparype T = 520°C, nanpsbkenuu TeueHus o = 5,5 MIla, ckopocTH MCTHHHOW IedopMariu
& =1,2:10* ¢, O6pasupl craBa 1933, cBepXMIACTHYHO MPOAEPOPMUPOBAHHBIE B TAKHX YCIOBHAX, K MOMEHTY pa3spylIcHHS,
HaKaIUTMBAIOT JAe(OpMaluio, OTHOCHUTENIbHAs CTeNeHb KoTopoil coctaBmsier 230%. Iloka3zaHo, YTO B CBEPXIUIACTHYHO
npoaeopMHPOBaHHBIX 00pasnax cruiaBa 1933 3epHOrpaHWYHAS TIOPUCTOCTH 3aPOXKIACTCS BCIEACTBHE 00pa30BaHUs KIMHOBUIHBIX
TPEUIVH Ha OOJBIICYTIOBBIX M HA MAJIIOYTIIOBBIX TPAaHUIAX 3€PEH, EPICHINKYIIPHBIX HAPABICHUIO pa3pyIICHUsI 00pa3IoB, a TAKXKe
BCJICZICTBHE BO3SHHKHOBEHUS TOHKHX BBITSHYTHIX MHUKPOTPELIMH HAa MAJIOYTJIOBBIX TPAHUIAX 3€PEH, MapajulebHBIX HaIllpaBICHUIO
pacTshkeHHs. YCTaHOBJIEHO, YTO TIOpHl O0Opa3yroTcs M PacTyT INPEHMYLIECTBEHHO BCIIEACTBHE PA3BHTHS 3EPHOTPAHUYHOTO
NpocKayb3bIBaHus. OHO OCYIIECTBISETCS KaK Ha OOJNIBIICYITIOBBIX, TAK M HAa MAJIOYIJIOBBIX TPAaHMIAX 3€PEH, KOTOPBIE SIBIISIOTCS
TBEPABIMY, WIH K€ COJep)KaT OYard Bs3KOW JKHIKOH (ha3bl, KoTopas oOpa3oBanach BCIEICTBHE YaCTHMYHOIO IUIABJICHUS CIUIaBa,
HarpeToro J10 BHICOKOI TOMOJIOTHUECKOH TeMIepaTypsl. B xoe usmMeHeHus: popMBbl ¥ pocTa 3epHOIPAHUYHBIX ITOP Ha KPOMKaX 3epeH
1 Ha TPaHMLAX TeX 3ePeH, KOTOPBIE CO/IePIKAT JIOKAIbHbBIE 04ary )UAKOH (a3bl, 00pa3oBaBIIeiics BCICACTBHE YACTUYHOTO TUIABICHHS
crutaBa 1933 mpu HarpeBaHHWH €ro 0OpasIoB 10 TEMIIEPATyphl UCIBITAHUMN, BCJIEACTBUE BS3KOIO TEUCHHUS OYArOB JKHIKOW (ha3wl
BO3HHKAIOT M PACTYT BOJIOKHHUCTHIE CTPYKTYpHL Y CTaHOBIECHO, YTO IO BHENIHEMY BHIY BCE BOJIOKHHUCTBIE CTPYKTYpBI, KOTOPBIE
oOpazoBanich B 0Opasiax ciuasa 1933 B Xo/1e CBepXIUIaCTUYECKON Ie(OPMAIIiH, YCIOBHO MOYKHO TTOJICJIUTh HAa TaKHe TPH THMA: 1-i
THN — TOHKWE NWINHIPUIECKUE BOJIOKHA; 2-i THIT — KOHyCcOOOpa3HbIe BOJIOKHA; 3-i THIT — BOJIOKHA, KOTOPBIE UMEIOT JICHTOOOPa3HbIH
Bua. [loka3aHo, 9TO JIOKaTU3alysl IIACTHYECKOTO TEUCHHUS B YIBTPAMENKHX M B KPYIHBIX 3€pPHAX, U3 KOTOPBIX COCTOST MEPEMBIYKH
MEX/y HECIUIOIIHOCTSIMU B HanOoJiee OCIabIeHHOM BCIIEICTBUE HAKOIUICHHS MOPUCTOCTH MHUKpooObeMe o0pasia, IPHUBOIUT K HX
paspyiieHuio. Beneacteue 9Toro ocyIiecTBisieTcsi 00beAMHEHNE 3ePHOIPAHNYHUX TIOP U TOHKHUX MPOJIOJITOBATHIX MUKPOTPEIIUH B
MarucTpajbHyI0 TpELIMHY, pa3BUTHE KOTOpOM B paboueil yacTu oOpasua cruiaBa 1933 B HampapieHHH, NEPHEHANUKYJISIPHOM K
HAaIPaBJICHUIO €r0 PAaCcTSHKEHMS, IPHUBOIUT K €r0 Pa3pylICHHUIO.

KioueBsle cjioBa: cBepXIuiacTiHaeckoit nedopmarms, crutaB 1933, 3epHOBas CTpyKTypa

BcraHoBieHo, O Y X041 HAAIUIACTHYHOI Aedopmartii

Beryn

BucoxkoMmirHi amominieBi cioiaBu cucremu Al-Zn-Mg-
Cu, sKi y NOpIBHSHHI 13 3BUYAHUMM KOHCTPYKIIHHUMH
AITFOMiHIEBUMH CIUTaBaMU MAOTh ITiABUIIEHY MIIHICTS [1-
3], mMpoKO BUKOPHCTOBYIOTHCS y JITaKOOYIQyBaHHI Ta B
THIIMX Tady3sX MPOMHUCIOBOTO BHUPOOHHWIITBA. Tak sK IIi
CIUTaBH MalOTh HU3bKY TEXHOJIOTIYHY IUIACTHYHICTB, TO
JUIl BUTOTOBJICHHS 3 HUX JETaleH, SKi MaiOTh CKIaIHY
(dopMy, BHPOOHHKH 3aCTOCOBYIOTb Cy4acHI TEXHOJIOTI]
0o0poOkM MarepiajiB THCKOM, IO IPYHTYIOTBCS Ha
BUKOpHcTaHHI epexTy Haamiactuanocti (HIT) [4].

(HITQ) 3pa3kiB BUCOKOMIIIHMX aJIFOMiHIEBHX CIUIaBIiB
cucremu Al-Zn-Mg-Cu BitOyBaeThCs HU3Ka CTPYKTYPHHX
[5-20]. B
HaKOMUYYETHCS TOPHUCTICTh. MeXaHi3MH YTBOPEHHS TIOP

3MiH HHUX, 30KpeMa, YTBOPIOETbCS Ta
Ta iX pOCTy, OCOOMMBOCTI 3pyHHYBaHHS 3pa3KiB y XoOmi
HII/] me octaToyHO HE BCTAHOBJICHHI, TOMY AOCITIKEHHS
3 JaHoi K OJs  BCTAaHOBJICHHS
B33a€MO3B’SI3KY MK MOP(OJIOTIYHUMHU XapaKTepPUCTUKAMHU
3€pHOBOI Ta MOPHUCTOI CTPYKTYp 0araTOKOMIIOHEHTHHX
ATIOMIHIEBIX i MOJANIBIIOTO
nornuOeHHs 3HaHb 1po Mexanizmu HII/I i mponecwy, siki

NIPUBOJATE 10 PyHHYBaHHS LMX MarepialiB B yMOBax

TEMATHKNA BaXXJIMBI1

CHHaBiB, TakK 1 JJIA
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Mexanizmu ymeopenus ma po3eumky nop y Xxo0i HAONAACMU4HOI 0ehopmayii UCOKOMIYHO20
amominiegoeo cniaagy 1933 i3 6imo0anvbHo0 3epHOBOO CIPYKIYPOIO

nposiBiieHHs HuMu HII. Takoxx moTpebye momaibImnx
OCTIDKCHb ~ TIPOLleC  yTBOPEHHS 1  PO3BUTKY B
NPUIIOBEPXHEBUX TOpax 1 TpilIMHAX
cTpyktyp. Llei npouec Mae Ha3By MiKpOHaAIIACTUYHOCTI

BOJIOKHUCTHUX

1 € XapakTepHUM JJIs 0araTboX NIOMIHIEBUX CIUIABIB, IO
MPOSIBIISIIOTH Ha/ITUIACTUYHICTh pu BHCOKHUX
roMonoriunux  temmeparypax  [8-10,16-20].  Taxi
JOCIIIDKCHHS. € BaXKJIMBUMH, OCKUIBKM IIOKH IO HEMae
IIOBHOTO PO3YMIHHS B3a€MO3B’SI3Ky MDK IIPOLIECOM
MIKpOHAAIUIACTUYHOCTI Ta MEXaHi3MaMH YTBOPEHHS 1
PO3BHUTKY MOPHUCTOCTI ITiJ] YaC HAAIUIACTUIHOI Aeopmariii.

MeToro JoCIiIKeHb, Pe3yIbTaTH SIKUX OIHCaHi B Mil
cTarTi, OyJO BUBUYEHHS MOP(OJIOTIYHUX OCOOIUBOCTEH
xoxi

HOPUCTOI ~ CTPYKTYpH, sfKa

BHUCOKOTEMIIEPATYPHOI

YTBOPIOETBCSL Y
HIIJ] 3pa3kiB BHCOKOMILHOTO
alfOMiHIEBOTO cIiaBy 1933, a Takok BCTaHOBIICHHS
nedopMaliiHuX MEXaHi3MiB, PO3BUTOK SIKUX NPHUBOIUTH
IO HAaKOTIMYICHHS TI0P, IO MAIOTh Pi3Hy MOP(OIIOTiTO.

MeToauKa ekClIepUMEHTY

Cmmmas 1933  wMae Takumii  XIMIYHMH  CKJIAL:
1,6 —2,2% Mg; 0,8-1,2% Cu; 0,1% Mn;
0,66 — 0,15% Fe; 0,1% Si; 6,35 - 7,2% Zn;
0,03 -0,06% Ti; 0,05% Cr; 0,10 - 0,18% Zr;

0,0001 — 0,02% Be; ocHoBa Al, % macosi [2].
MexaniuHi 1933

OJTHOBICHUM DPO3TAryBaHHAM OyjM BHKOHaHI Ha MOBITPI.

BUIIPOOYBaHHS 3pa3KiB  CIUIaBY

Po3tsryBaHHsl 3pa3KiB 34iliCHEHE Yy PEXHMI MOB3Y4OCTi
IIPU CTAJOMY Halpy>keHi IUTMHY 332 METOAMKOIO, 110 OyJa
ormmcana B [18]. Hammmactuune nedopmyBaHHS 3pa3KiB
OyJl0 TIpOBEJEHE B YMOBAX, 5IKi, SIK OyJI0O BCTAHOBJICHO B
[21], € onTuManpHUMU AJIE OPOSBICHHS MM CIJIaBOM

epexry Bucokoremmeparypuoi HII, a came: mpu
TeMIepaTypi T =520°C, HarpyXeHHi TUIHHY
o =5,5MlIla, HIBUIKOCTI 1ICTHHHOT nedopmarii
£=12.10"¢" . 3pasku crmraBy 1933, HammuacTHYHO

nponedopMoBaHi  y
3pyHHYBaHHS, HaKONMMYYIOTh JeopMaliito, BiHOCHHH
CTYHiHB sIKOi cknanae 230%.

MIKpOCTPYKTYpY  BHXIIHHX Oy
BUTOTOBJIEHI 3 TPOMHCIOBUX HamiBhaOpHKaTiB CILIaBy
1933, mo Oynu
HaJIUIACTUYHO TIpoaeopMOBaHi J0 TEBHUX CTYICHIB
nedopmarrii

TaKUX yMOBax J0 MOMCHTY

3pa3KiB, sIKi
a TaKoX 3pa3KiB IBOTO CIUIABY,
Ta J0 3pyHHYBaHHS, JOCTi/DKyBaIH 3
BUKOPHUCTAHHSIM Mikpockomii  (MiKpocKom
MUM-6, ocHamenuéi 1nudpoBoro kamepor  Pro-
MicroScan) Ta pacTpoBOI EJIEKTPOHHOI MiKpPOCKOIIi1
(pactpoBi enekrponHi Mmikpockonu: JEOL JSM-840,

Tescan VEGA 3 LMH). Mopdororito 3epeHHoi Ta
MOPHUCTOI CTPYKTYPH, @ TAKOX KIHETHKY PO3BHUTKY IOp i

CBITJIOBOT

BOJIOKHUCTUX CTPYKTYp AOCITIJDKYBaJIHM Ha Pi3HUX eTamax

HITI 3pa3kiB i3 BHKOPHCTaHHAM METOMIB KiJIbKiCHOL
MeTtanorpadii [22,23].

[ToBepxHi0 poOOYOI YacTHHM 3pa3kiB muripyBanu, a
MOTIM MEXaHIYHO MOJIPYBAIN 3 BUKOPHCTAHHSIM alIMa3HOl
mactd. I'paHumi  3epeH, a  TaKoX  CKyHNUCHHs
iHTepMeTamiqHuX (a3 BUSBISUIM 3 BHKOPHCTaHHSM
XIMIYHOTO TpaBieHHsA. JIJIi IIbOr0 BUKOPHCTOBYBAIN
yHiBepcalbHUI TpaBHHUK Takoro ckmamy: 17 mm HNOs, 5
i HF, 78 mut H20 [24].

Cepenniii posmip 3epua (d) BH3HAYANH METOIOM
BUIIAJKOBUX cCiuHMX [22,23] 3a paHumu, ski Oynu
oJleprKaHi CBITJINH
MIKPOCTPYKTYpH CIUIaBY.

QdazoBuil CKian BUXITHUX 3pa3kiB cruaBy 1933

IIAIX0OM OIpaltOBaHHSA

JIOCTIDKYBal 332  METOOOM  TU(PAKTOMETPHYHOTO
aHaII3Yy. Horo TPOBEIH 3 BUKOPUCTaHHIM
PEHTIEeHIBCHKOTO mudpaxkromerpa JIPOH-4.
Hudpakrorpamu Oynu OTpUMaHi 3 BHKOPUCTAHHAM

¢inpTpoBaHoro CuKq - BUIPOMiIHIOBaHHSI IIPH HAIPY3i HA
tpyoui U=40xB i CTpyMy
| =10 MA. Ix ananis O6yB npoBeJeHHll 3 BUKOPUCTAHHAM

PEHTTeHIBCHKIH cui
JAHWUX 11070 (Pa30BOro CKJIaAy CIuiaBiB cuctemu Al-Zn-
Mg-Cu, siki MicTaThcs B KHurax [1-3,25-27] ta craTTax [4-
14].
XiMiYyHAN CKJIaa JIOKAJbHHX IUISHOK 3€peH 1
CTPYKTYP OyB MIPOBEACHUIN 3
BHKOPHCTAHHSAM PACTPOBOTO EIEKTPOHHOTO MIKpPOCKOMa
Tescan VEGA 3 LMH, ocHaueHOro mpucTaBKoOw IJist
MPOBEACHHS  CHEPTOAUCIECPCIHHOTO  PEHTTEHIBCHKOTO
Mikpoanaiizy «Bruker XFlash 5010.

BOJIOKHUCTHUX

Hedopmauiitnuit  penbed,
HOBepXHi po6odoi yacTuHH 3pa3ka y xoai HIT/I 3a paxyHok

SIKU  YTBOPIOETBCS Ha

3IilficHeHHs1 3epHOrpaHuyHoro mnpokossysanHs (3ITI),
OTPUMYBAJIU 3aB/SIKU BUKOPUCTaHHS Takoi Mmeroauku. Ha
MMOBEPXHIO Po00Y0i YacTWHH 3pa3kiB, sAka Oymia
TIOTIepeIHbO BiAMIOTIPOBAaHA 3 BUKOPHCTAHHIM aJMa3HOl
racti 3epHHCTICTIO 1/0, epNeHAMKYIISPHO HANpPSMKY 1X
po3rsaryBaHHs abo min KyroM 45° 1o Hporo 3
BUKOPUCTAHHAM  aJIMa3HOI 3epuucrictio  10/7

HaHOCWJIM MapKepHi pucku. Ilicisi HaHECEeHHsS PHCOK

nacTu

3pa3ku HaAIUIACTHYHO AehopMyBadu IO HEOOXimTHOTO
cTymeHs Aedopmartii abo i 0 3pyHHYBaHHS.

BigHocHMiT 06’eM mopucTOCTi y 3pa3kax crutaBy 1933,
HAJIUIACTUYHO mpojedopMoOBaHMX [0 3pyHHYBaHHS,
PO3paxoByBajJM 32 JaHUMH, OJIEPKAHUMHU Y pe3yJbTaTi
NIPOBEJCHHS ~ MeTajorpadiyHoro  aHaiizy
OIPaIfOBaHHS  CBITJIMH  MIKPOCTPYKTYpH

BUKOPHMCTOBYIOUH JUUISL IIbOTO BapiaHT HEpyXxomoro mutida

HIISIXOM
CIUIaBy,

[22,23]. IlpoBeneHHs BuMiproBaHb He MeHiie Hix 100
JHIHHUX BiAPI3KIB HAa MIKPOCBITJIIMHAX, OTPHUMAaHHUX BiJ

pi3HMX AUISIHOK po0OOYOi 4YacTHMHM  3pa3ka, Jajio
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MOJKJIMBICTh BH3HAYUTH OO0 €MHHH CKJAJ MOPUCTOCTI Y
3pa3kax 3 a0CONIOTHOIO MOXUOK0I0 2% .

Pe3ysabTaTH Ta iX 00roBopeHHs
VY pe3yabTaTi IpoBENCHHS METAIOrpadiuHuX MOCHTIIKCHb
BCTaHOBJICHO, IO BHXiIHA 3€pHOBa CTPYKTypa 3pa3KiB
cruaBy 1933,
HamiBdabpukary, € 6imomanpHOIO (prc.l) i Mae cepenHiit

BUTOTOBJICHUX 13  NPOMHCIIOBOTO
posmip 3epra (dy=15+1mxu. YV Hilt € yaprTpampiGHi
3epHa, cepemHii posmip 3epHa skux () =7+ 1 mxm Ta
KPYIIHI MMOJIITOHI30BaHI 3¢PHA 13 CEPEeIHIM PO3MIPOM 3epHA
(d) =50 % 1 mrm.

Panimre y npansix [19,20] y pe3yabrari nposeaenus EBSD
aHaJi3y 0yJI0 BCTAHOBJICHO [0 Y BUXITHHUX 3pa3Kax CIUIaBy
1933 rpanuii yapTpaapiOHUX 3epeH € 0araTOKyTOBUMH, a

TpaHuIl KpYyNHUX 3€peH — MaJOKyTOBUMH. byio
BU3HAYCHO, II0 Y BHUXIJHMX 3pa3kax cmiaBy 1933,
BHTOTOBJICHHX 13 IPOMHCIIOBOTO  HamiB(aOpHKary,

MUTOMAa JIOJI1 MAJIOKYTOBHX TI'PaHHIb 3€peH, SKi MaroTh
po3opieHTamiro, Hmwk4e 10°, ckmamae 65,5%, a muToMa
monsi 0araTOKyTOBHX TpaHHWIb 3€peH, SKi MAaioTh
po3opierTamiro Bume 10°, ckmamae 35,5% [19,20]. bymo
TaKOX II0Ka3aHOo, L0 BHXIiJHA CTPYKTypa 3pa3KiB CIUIABY
1933,
BUIIPOOYBaHb, HE MOBHICTIO PEKPUCTATI30BaHa, OCKIIBKU B

MiFOTOBJIICHMX 1O TMPOBEACHHS MEXaHIYHUX

Hiil € po3BHHYTa CyOCTpyKTypa, siKa 30CEpe/’KeHa B
KPYIHUX MOJIroHi30BaHuX 3epHax [20].

Puc. 1. XapakTepHuil BUINIAA BHXITHOI MIKPOCTPYKTYpH
3paskiB cruiaBy 1933.

VY mpami [19] y pe3ynsTari mpoBeAeHHS TOCTIHKSHHS
XIMI9HOTO CKJIamy XapaKTepHHUX JUITHOK IIOBEPXHI
pobouoi yacTruHu 3pa3kiB criiaBy 1933, miAroTosieHUX 10

MMPOBCACHHA MEXaHIYHHMX BPIHpOGyBaHB, BHUKOHaHHUX 3

BUKOPHCTAHHSIM METOLy €HeproIUCIepCiiHOro
PEHTTeHIBCEKOTO MiKpOaHami3y, OyJ0 BCTAHOBJICHO, IO
aTOMH Jeryoouux enemeHtiB (Mg, Zn) 3HaXomsATbCS
MEPEeBaYXHO B TBEPAOMY PO3YHMHI Ha OCHOBI aJIOMIiHIO
(oa-¢aza). Boun, B OCHOBHOMY, PiBHOMIPHO pO3MilleHi
SIK B CEpIEBHHI, TaK i B IPUTPAHWYHIA 00JacTi 3epeH.
[ligBumena > KOHIEHTpAIisl aTOMIiB MarHilo Oyia
BUSIBJICHA JIMIIE B TaK 3BaHUX «30HAX IiJBHIIEHOIO
TpaBJICHHS», SIKi, 3a3BUYall yTBOPIOIOTHCS TP XiIMIYHOMY
TpaBJICHHI aJTFOMiHIEBUX CILIABIB, JISTOBAHUX MarHieM [28-
30]. i 30Hu Ha nurid)aX BUMISAAAIOTH Y BUTISAI TEMHHIX
cKkymueHb (auB. puc.l), siKi, BIpOTINHO, CKJIaIaroThCsS 3
OKCHIIIB MAarHIF0 Ta IHTEPMETANiTHUX YacTHHOK, IO
MicTATh MarHiid [28-30]. BcraHOBIGHO, O MIISTHKH, SKi
MICTSATh TMiABHINEHY KOHIEHTPAIIF0 AaTOMIB MAarHifo,
3HAaXOIATHCA HA OKPEeMHX MiMISHKAX MaJOKyTOBUX i
0araToKyTOBUX TPaHUIb 3€PEH Ta B CEPLEBUHI JESKUX

3epeH.
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Puc. 2. ®parmentn anpakTorpaMyd BHXIJHOTO 3pa3ka
craBa 1933.

Ha puc.2 nHaBemenmii ¢QparmeHT nudpakTorpamu
BUXIZHOrO 3paska cmmaBy 1933, sxka Oyna oTpuMana y
pe3yJibrari MIPOBECHHS I PAKTOMETPHIHUX
JOCITI[)KeHb. BCTaHOBIIEHO, IO IHTEHCHBHI AudpaKItiiiHi
iKY Ha AU paKTOrpamMi BilMOBIAAIOTH TBEPIOMY PO3ZUHHY
Ha OCHOBI amoMiHilO (oa-¢asi). Ha Hili Takok €
MaJIOIHTEHCHBHI TU(PPAKIiiHI KK, SKi BiIIOBIIAOTH 1)-
dazi (MgZny), T-daszi (MgzZnszAly) ta S-dasi (Al,CuMg).
Husky ManoiHTeHCHMBHUX TiKiB Ha jaudpakTorpami
ineHTH(iKyBaTH He Baanocs. MoxHa 3aBOa4YHTH, 110 AesKi
3 HUX BIAMOBIAa0TH Gasi AlsZr.

Sk Bimomo [1,3], B ctpykTypi HamiBhaOpUKaTiB CIiaBy
1933, ski mpodnuM TepMoMexaHiuHy 0OpoOKy, 3aBXkKIu
NIPUCYTHI HEPiBHOBA)XKHI EBTEKTHUYHI CKJIA/IOBi, SKUMH €
KBa3iOiHapHI,
CKJIaZalOThes 13 CyMillll KPUCTAIIiB TBEPJIOTO PO3UMHY Ha

NOTPifiHI Ta YETBIpHI EBTEKTUKU. BoHu

OCHOBI aJIOMIHIIO (Olal) T2 IHTEPMETATITHUX YaCTUHOK S-
¢asu, T-das3u Ta n-¢dasu.
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Mexarnizmu ymeopeHnus ma po3gumky nop y Xo0i HAON1acmuyHoi degopmayii UCOKOMIYHOZO
amominiegoeo cniaagy 1933 i3 6imo0anvbHo0 3epHOBOO CIPYKIYPOIO

Ha pumc3 1 4 rmoxka3aHi xapakTepHi BUAH
nedopmamiiHOro penbedy TMOBEpXHI poOOU0i YaCTHHU
3paskiB  cmiaBy 1933, ski  OynM  HaOIUIACTHYHO
npoeopMoOBaHi 10 MEBHUX CTYIEHIB aedopmarllii Ta 10
3pyiHYBaHHs B ONITHMAIbHUX TEMIIEPATyPHO-IIIBUIKICHUX
yMOBax.

BuBuenns nerancii medopmariitnoro penbedy mae
MOXJIUBICTD  PO3IIISTHYTH
PO3BUTKY  TOPHUCTOCTI B
JOCTiKyBaHOTO cruiaBy 1933.

Mo>kHa 3poOuTH BHCHOBOK Tipo Te, mo HII/I 3pa3kiB

KIHETHKYy yTBODEHHS Ta

xomi  HITJA  3paskiB

craBy 1933 npu remneparypi T = 520°C BinOyBaeTbes 3a
HasBHOCTI HA TpPaHUIIX OKPEMHX 3EpPEH OCEPEIKiB
MeTacTabiTbHOI B’SI3K01 pinKoi ¢a3u, sKka yTBOpHIACA y
pe3ynpTaTi YacTKOBOTO IUIABJICHHS CcCIUiaBy. lloOiduHNM
CBIUEHHSIM IBOTO, K OyJI0 BCTAHOBJICHO y Tpamsax [6-
11,15-20], € HasiBHICTb y po0OOUiii YacTHHI Ta Ha MOBEPXHI
37aMiB  Mpoae(OPMOBAHUX 1O 3pYyHHYBaHHS 3pa3KiB

20kV x750

XapaKTepHUX BOJIOKHHUCTHX CTPYKTYp, AKi 30CEpeIKeHi B
mmopax Ta TpilHax (IHUB. pUC.5).

Ha nedopmauiiiHomy penbedi, skuii yTBOpUBCS Ha
MOBEpXHI poO0UOi YacTHHU 3paskiB cruiaBy 1933 moxHa
TaKOX MOOAaYNTH 3€pHA, SIKi MAIOTh OIUIABJICHI OKpalKu
(muB. puc.3, d, puc.4, a, ¢, d ta puc.6). Jlesiki i3 ux 3epeH
MaroTh KpareBuaHy ¢opmy. Ha oxpaiikax oriaBieHHX
3epeH, SKi Opi€EHTOBaHI MEPIICHANKYISIPHO IO HAINPSIMKY
pO3TATYBaHHS 3pa3ka, € HEBEJHKi BOJIOKHA 1 Oaxpoma. Lle
CBIIUMTh TPO Te, IO OKpPaWKH 3epeH, X «MaHTisD
mepe0yBalOYl Yy  piAKO-TBEpAOMY  CTaHi,
nedopmyBanucsa. Cxoxui BHUITIA Mald 3€pHA CIUIABIB
1420 ta 7475, sxi Tex nposisuian HII 3a HasBHOCTI y X
pobounx  yacTHHaX JesAKOi  KUIBKOCTI  OCepelKiB
MeTacTabinpHO1 pimkoi daszu [14,31-33].

VY pe3ysbrari BU3HAYCHHS XIMIYHOTO CKJIaJy Martepiaiy, 3
AKOTO CKJIQA€ThCS BOJIOKHO, 300paskeHe Ha puc.5, d,

B’SI3KO

MPOBEJCHOTO 32  METOJOM  €HEeProJHCIepCIiHHOrO

d SET 20kV

x900 10pm

Puc. 3. XapaxrepHi Bunu aepopmaniiiHoro penbedy, KUl yTBOPHBCS Ha MOBEPXHI poOOYOi YacTHHU 3pa3kiB cruiaBy 1933,
npoznedopmoBanux Ha 50% (a) Ta 1o 3pyiiHyBaHHS B ontuManbHuX ymoBax CHIT (b, c. d). Hanpsmok po3tsryBaHHs 3pa3skiB
BKa3aHUIl CTPIJIKaMU. a — CBITIIOBA MiKpOCKoIIist; b, ¢, d — pacTpoBa eJIeKTpOHHA MIKPOCKOTIsL.
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PEHTTeHIBCBKOTO ~ MiKpoOaHawdi3y, Oyll0 BCTaHOBJICHO Tabruys 2
(muB. Tabmmrro 1), m0 KOHIEHTPALis MarHI0 y CepeHin XimiuHui Macosa gactka, %
YacTHHI BOJIOKHaA (y IUISHIN, mo3HadeHii mudporo 1) Ta €JIEMEHT Touka Ne3 Touxa Ned
Oiyst ocHOBH BOJIOKHA (Y IUNISHII, TO3HAYCHIH ITU(pOTo 2), AJOMiHIH 89,79
MiZBUIICHA y TOPIBHAHHI 3  HWOTO  CEepelHbOIO Marsiit 6,56
KOHIICHTpaIli€ro y cruiai i mopisHioe 10,06 mac.% Ta 6,60 Mins 0,39
Mmac.%, BIATMOBIIHO. Lunk 3,26
Tabnuys 1 [ligBUIEHY KOHIICHTPAIII0 MAarHif0 y MOPIBHSIHHI i3
Ximimnit Macosa 1actra, % CepeHbOI0 KOHIIEHTPAILiI0 aTOMiB MarHilo y CIuiaBi (1uB.
CIEMEHT Touxa Nel Touka Ne2 TabmuI0 2) MIiCTUTH TAKOXK 1 JiJSHKA OIUIABJIEHOTO
ATIOMiHi 89,79 87,71 OKpaiika 3epHa, siKa Mo3HauYeHa Ha puc.6 mudpporo 3.
Marwiit 6,56 8,6 TakuMm 4MHOM, y pe3yJbTaTi JOCHIIKEHHS XIMIYHOTO
Minp 0,88 0,55 CKJIay JIOKAIbHHUX [UISHOK BOJOKHHCTHX CTPYKTYp Ta
[unk 3,50 3,13 OKpalKiB 3epeH, 3 IKUMH BOHU 3’ €JJHaHI, BCTAHOBJICHO, II[0

BOHH MICTATH IiJBUIICHY KOHICHTPAIIIF0 aTOMIB MAarHifo,

Puc. 4. XapaxrepHi Bunu nedopmauniiiHoro penbedy, sIKHii yTBOPHBCS Ha MOBEPXHI poOOUOi YacTHHU 3pa3kiB cruiaBy 1933,
npoaedopMoBaHUX 10 3pyiHyBaHHs B onTuManbHux ymoBax CHII. HampsiMOk po3TsryBaHHsS 3pa3KiB BKa3aHHU CTPLIKAMH.
PacTpoBa enexTpoHHA MIKPOCKOITISI.
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HasBHICTh SKUX 3HIDKYE TEMIIEpaTypy IUIaBJICHHS
TBEPIOTO PO3YHMHY Ha OCHOBI amroMmiHiro [31-33]. Lle moxe
OyTH OIHIEI0 3 NMPHYMH YaCTKOBOTO IUIABJICHHS CIUIABY
1933, 3pa3ku KOO HArpiTi 10 TeMIlepaTypy BUNIPOOYBaHb
520°C, npu sikiit BinOyBaetbes itforo HII/I. Pinka daza y
CIUIaBl MOKE TAKOX YTBOPUTHCH 1 BHACNIZOK IUIABJICHHS
HEpPIBHOB)KHHUX €BTEKTHYHMX CKJIQJIOBHX IPH HarpiBaHHI
3pa3KiB IO TeMIepaTypu BumpoOyBaub [34]. Sk Bimomo
[9,31-33], HACIIIKOM

0araTOKOMIIOHEHTHHX aJIOMIHIEBHX CIUIaBIB, III0 MICTITH

YaCTKOBOT'O TUTaBJICHHS
Yy CBOEMY CKJIaJi MarHii, € yrBOpeHHs B po0Oodiil 4acTHHI
iX 3pa3kiB, HarpiTUX MO0
NpU  SIKUX BOHHU MPOSBISIOTH

TOMOJIOTTYHHUX
edekT

BHCOKHX
TeMIeparyp,

BucokoTtemmeparypHoi HII, a came B JIOKaJIbHUX A1JITHKAX
0araTOKyTOBUX Ta MaJOKyTOBUX I'PAHHUIIb 3€PECH, a TAKOK

x2200 10pm

4

B TPHUTPaHUYHUX [UISHKAaX 3epeH (B IX OKpaikax)
ocepenkiB pinkoi ¢asm.

JleranbHe BHMBYEHHS MOBEpXHI po0OOYOI YacTHHU
HAAIIACTUYHO NPo1e(hOPMOBAaHUX 3pa3KiB cruiaBy 1933, 1,
30KpeMa, MOBEPXOHb BOJIOKHUCTHX CTPYKTYp, a TaKOX
TIOBEPXOHb 1 OKpaMKiB 3epeH, MMOKa3ye 110 BOHH MOKPHTI
ITyXKOI0 OKCHIHOIO ILTiBKOIO, 5IKa, SIK OyJIO BCTAHOBJICHO B
nparpix [35-37], cknamaersest i3 okenaiB MgO i AILMgOa.
MokHa 3aBOaunTH, OO pigka ¢asa, sKa yTBOPHIACh Y
pe3ynpTaTi 4YacTKOBOTO IUTAaBICHHS crutaBy 1933, e
B’SI3KOI0, OCKITBKM BOHA, BIPOTiNHO, € CYCIEH3i€I0, fKa
CKJIQJAEThCS 13 PO3IIIABICHOIO TBEPJIOIO DO3YMHY Ha
OCHOBI JIIOMiHiI0, [0 MICTUTh MIKPOCKOIIIYHI IMaTOYKU
OKCH/IiB MarHilo Ta aJIIOMiHII0, HASBHICTB SIKHUX Y PO3ILIaBi,
sIK BKa3aHo B [38], cyTTeBO MmiABUIIY€ HOTO B’SI3KICTB.

20kV x1300

Puc. 5. XapakTepHi BUI1 BOJOKHHCTHX CTPYKTYD, IO YTBOPHJIKCS B poOouiii yacTuHi 3paskiB cruiaBy 1933, npoxedopmoBanux
10 3pyiiHyBanHs B ontuManbHUX ymMoBax CHII. Crpinkamu BKka3aHO HanmpsiMOK po3TsiryBanHs 3paskiB. Lluppamu 1 u 2 Ha puc. 5
d no3HayeHi AUISHKY, B SIKUX BU3HAYABCS XIMIYHUI CKJa/] BOJOKHA.
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C Tum

A

Puc. 6. XapaxktepHuil BHIISIA ACTaledl MIKPOCTPYKTYpH
pobouoi uactiHU 3paskiB cmaBy 1933, npoxedopmoBaHux
10 3pyiiHyBaHHs B onTuMaibHux ymoBax CHII. Hudporo 3
Ha pHc.6 C MO3HAUCHA JUISHKA, B SIKi BU3HAYABCS XiMIYHUH
CKJIaJ| 3epHa.

BB  HasgBHOCTI pigkoi  ¢a3sm  Ha  PO3BUTOK
nedopManifHIX Ta akoMoJamiiHuX mpoueciB y xoai HIT/T
3pas3kiB cmmaBy 1933 3 BuxXimHOIO  GiMOJATBHOIO
CTPYKTYpPOIO Ha SKICHOMY piBHI OyB pO3IISHYTHH B
nparsix [17-21].

Byno nokazano mo y xoxi HIT/I 3pa3kiB crutaBy 1933
OJIHOYACHO Ta CaMOY3rO/DKCHO [IIOTh TaKi OCHOBHI
Mexanismu  gedopmanii:  3ITI, ske  iHTEHCHBHO
PO3BHBA€EThCS Ha TPaHHUIAX 3€pEH, W0 CKIAAAIOTHCS 3
IUITHOK, 3afHATHX TBEPIOIO Ta PiaKor0 (hazaMu, KOB3aHHS
Ta TEpeloB3aHHI IPATKOBHX IUCIIOKami,
mudy3iiiHa TOB3yUiCTb.

VY mpamsix [17-21] O6yno BCTaHOBIIEHO, IO 1HTEHCHBHE
MIPOKOB3yBaHHs B po0ouiii yacThHi 3pa3kiB criaBy 1933 B
xoxi HITJI 3nificHIOIOTH He JUIe YAbTpanpiOHi 3epHa, aje
W KpyITHI MOJIrOHI30BaHI 3epHa, SKi MalOTh MaJIOKYTOBI
IpaHuLi 3epeH, OPIEHTOBaHI MapalieNIbHO OCi PO3TATYBaHHS

a TaKOX

3paska.

Bkazani Buiie ocobiuBocti MexanizmiB HIT/l 3pa3kis
crutaBy 1933 BH3Ha4arOTh MEXaHI3MH YTBOPEHHSA Ta
PO3BUTKY B HHUX MOPHCTOCTI B XOAi HAAIIACTUIHOTO
TUTHHY .

MoykHa 3aBOQUMTH IO TMOTPiiHI CTHKH 3€peH Ta
YACTHHKH IHTEPMETANTHUX (a3, sAKi 3HAXOIATHCS Ha
TPaHHUIPIX 3€PeH, € KOHLEHTPAaTOpaMH HaIpyXKeHb, M0
BUHMKAIOTh MiJl YaC B3a€EMHOI'O IPOKOB3YBaHHS 3€pPEH Y
XOJl HAAIIACTUYHOTO IUIMHY 3pa3kiB cmiaBy 1933,
Penakcanisi qux Hanpy»KeHb NPUBOAUTH JI0 YTBOPEHHS Y
MOTPIHHUX CTHUKAaX 3€peH OCepe/KiB pyHHyBaHHS Yy
BUTIIAAI KIMHOBHIHUX TPIIIUH, SKi MOIIUPIOIOTHECS 10
TPaHUIPIX  yJIBTPAApiOHMX 1 KPYIHHX
MIEPIICHANKYISIPHAX J0 HATPSAMKY pPO3TATYBaHHS 3pa3ka
(muB. puc.3 i puc.4). Y xoni HITJ] x1uHOBHIHI TPIIUHU B
pe3ynmpTaTi  TEepeMillleHHS 3epeH  3a
onucaHuM y mpami  [39], 1OepeTBOPIOIOTBCS B
3epHorpannyHi mopwu. [Ipo te, mo 3I'TI Ta cipruyrHeHi HUM
MIOBOPOTH 3€peH Aal0Th BU3HAYAIILHUI BHECOK Y MEXaHI3M
PO3BUTKY ILHMX TOp, CBIMYUTH HASBHICTD Yy MapKEPHHUX
PHCOK, SIKI TPOXOJISITh Yepe3 CepLEBHHY Ta I'PaHUIIl 3epeH,

3epeH,

MEXaHi3MOM,

IO OTOYYIOTh IOPH, PO3PHUBIB Ta 3HAYHHUX 3CYBIB, SIKi
YTBOPHIIMCS BHACIIJJOK B3aEMHOTO ITPOKOB3YBaHHS 3€pPEH
(muB. puc.3).

Ipn  poskpurrti KJIMHOBUAHUX  TPIlMH i
3€pHOTPaHMYHNX IIOP PO3MOYMHAETHCS YTBOPEHHS 1
PO3BUTOK BOJIOKHHCTHX CTPYKTYP BHACIIIOK B’SI3KOTO
IUIMHY OCepelKiB B s13K01 pinkoi dasu, 1o yTBopuiacs B
pe3ysbTaTi 4acTKOBOTO IUIABJICHHS HA OKpaWKax 3€peH,
MEPHEHANKYIISIPHUX OC1 PO3TATYBaHHS 3pa3Ka.

BcraHoBieHo, 1O 3a 30BHIMHIM BUTISAOM (32
Mopdosori€lo)  BCi  BOJOKHHCTI  CTPYKTYpH,
yTBOpHIHCs B 3pa3kax ciuaBy 1933 y xoxni HITJI (aus.
pHc.5), YMOBHO MO>KHA TOJUIATH HA TakKi TP TUNU: 1-U

SIK1
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SET 20kV

G 10£m d

b 3EI 20kV

x1200

10pm

10um

Puc. 7. XapaktepHuil BUMIILA MIKpOCTPYKTYpH poO0Y0i yacTHHU 3pa3kiB cruiaBy 1933, nmponedopMmoBaHUX 10 3pyHHYBaHHS B
ontuManbHeIX yMoBax CHII. HanpsiMox po3TaryBaHHS 3pa3KiB BKa3aHHI CTpPLIKaMu.

THN — TOHKI UWTHIPAYHI BOJOKHA; 2- THm —
KOHYCOIIOIIOHI BOJIOKHA; 3-i THIT — BOJIOKHA, SIKi MArOTh
CTPIYKOIIO 11 OHMIA OcobnuBocTi

YTBOPCHHS  BOJIOKHHUCTHX  CTPYKTYp 3
MopdoJorieto Oyiu po3riaHyTi y npaisix [40-42].

Ha puc.7 1 8, a takox Ha puc.9 mnpencrasieHi

BUTJIAO. MexaHisMy

Pi3HOKO

XapaKkTepHi BUN MOPHUCTOI CTPYKTYPH, IO YTBOPUIJIACS B
3paskax  cmiasy 1933, npogedopmoBaHMX 10
3pyiiHyBaHHS B ontuMmansHuX ymoBax CHII. Moxna
3aB0aunTH, 1[0 MOP(OJIOTIS 3€PHOTPAHUYHUX IOpP, SKI
YTIBOPIOIOTBCS. Ta PO3BHBAIOTHECS 3a OIMCAHMM BHILE
MeXaHi3MOM, BU3HAYAETHCI MOP(OIIOTIEI0 TPOKOB3YIOUNX
3epeH, 3 SKUMH MEXYIOTb Lii Topy. BecTanoBieHO 110 opw,
SIKI YTBOPHJINCS Ha TPAHULIAX YIbTPaAPiOHNX PIBHOBICHUX
3epeH, MaloTh NPUOJIM3HO OJHAKOBI pPO3MIPH SK Yy
HaMpsAMKY i

mapajgenbHoOMy, Tak 1 B HampsMKY,

MEPIICHANKYIIIPHOMY IO OCI pO3TAryBaHHS 3pa3ka. Ti xk

NOpH, IO YTBOPWIMCS Ha TPAHULAX KPYIHHX 3€peH,
HNEPIEeHIUKYISPHUX [0 HAIPSAMKY PO3TATYBaHHS 3pa3Ka,
MaloTh, SK 1 I1i 3epHa, IEPEBAXKHO BUTATHYTY (opmy.

Mertanorpadidyni TOCTIIKCHHS [OKa3aid, 10 Ha
MaJIOKyTOBHX TPaHHIIX, SIKI PO3AUIAIOTH KPYNHI 3€pHa,
OpiEHTOBaHI NapajieIbHO HANPSIMKY PO3TATYBaHHS 3pa3Ka,
JIOKaJIi30BaHI TOHKI NPOJOBryBaTi MIKPOTPIIIMHM (JIUB.
puc.7 ¢, d ta puc.9, ¢), siki, BipOTiIHO, BUHUKIIA BHACIIOK
BIZIPMBY 3€pEH NPH iX B3aEMHOMY ITPOKOB3YBaHHI IiJl JI€10
HAllPyXKeHb 3CyBY 3a PaxyHOK BiJHOCHOTO 3MiIlleHHS
urapiB B’si3kol pigko-tBEpaoi dasu. s dasa, BiporiaHo,
po3TamioBaHa y BHIJIAI  HECYIUIPHMX IUTIBOK Ha
MaJIOKyTOBHX TPaHHUISIX  3€pHax KpYITHUMH
KpHUCTaTiTaMH.

Jlokauizanist INIACTUYHOTO IUIMHY B YJIBTPAAPIOHHUX Ta

MIX

B KPYIIHUX 3€pHaX, i3 SIKUX CKJIaJa0ThCs IEPETHHKU MIX
HECYUIJIBHOCTSIMH Y HalO1Ib1I 1T0CIa0JICHOMY BHACIIIIOK
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HAKOTIMYICHHS IIOPUCTOCTI MiKp00O’ eMi 3pa3Kka, IPUBOJUTH
no ix 3pyiHyBamHA. Hacmigkom 1poro € 006 enHaHHA
3epHOTPAaHMYHUX TMOpP Ta TOHKHUX MIKPOTPIIIUH Y
MaricTpaibHy TpiluHy (auB. puc.9, d), mommpeHHs 1Kol B

HaIpsMKYy, MEePHEHIUKYISIPHOMY IO HaAMpPSIMKY
po3TATYBaHHSA 3paska cruiaBy 1933, nmpuBoAWUTH 10 HOro
3pyHHyBaHHS.

BcranoBneHo, 1o 3pyiiHyBaHHS 3pa3KiB criaBy 1933,
poe)OpMOBaHUX y TeMIIepaTypHO-IIBUIKICHIX
yMOBax, SIKi € ONTHMAIbHUMH I TPOSIBICHHA HUMH
Bucokotemmeparypaoi ~ HIIJI,  3milicHIOeTBCS — TIpH
HAKONWYCHHI B HUX BiTHOCHOTO 00’ €My OPHCTOCTI, SIKHH
cknagae 6+2%.

BucHoBku
1. BcranoBneni Mop¢omoriudi 0co0IMBOCTI
MOPUCTOI CTPYKTYpH, SIKa YTBOPIOETBCA Yy XOAi
Bucokotemiepatypuoi HI1J] 3pa3kiB BHCOKOMIITHOTO
amoMiHieBoro crutaBy 1933 cucremu Al-Zn-Mg-Cu.
2. BcramoBneno, 1moO B  HAAIUIACTHYHO
poeOpMOBaHUX 3pa3kax ciuiaBy 1933, ski MaroTh

BUXIIHY OIMOZaiIbHY CTPYKTYpYy, IIOPHUCTICTb

Puc. 8. XapakTepHi BUIM TOPHCTOi CTPYKTYpH B 3paskax  3aPOJKYETHCS BHACIHIJOK YTBOPSHHS KIMHOBHJIHUX
crmaBy 1933, mpomedopMoBaHMX HO 3pyHHYBaHHS B
ontumanbHuX ymoBax CHIIL. HampsMok po3sTaryBaHHs
3pa3KiB TOPU3OHTATIBHUH. rpaHulsAX 3€pE€H, MNEPINCHAUKYIIAPHUX HAIPAMKY

TpilMH Ha 0araTOKyTOBUX Ta Ha MaJOKyTOBHX

Puc. 9. XapaxrepHi Buay nopuctoi cTpykrypu (puc. 9, a, b, ¢) Ta marictpansnoi tpitnsu (puc.9, d), mo yrBopuimcs B pobouiit
yacTHHI 3pa3kiB ciuaBy 1933, mponmedopmoBanux 1o 3pyiiHyBaHHS B ontuManbHuX ymoBax CHII. HanpsiMox po3TaryBaHHS
3pas3KiB BKa3aHUi cTpinkamu. Puc. 9, a, b, ¢ — cBiTi0Ba Mikpockomist; puc.9, d — pacTpoBa eIeKTpOHHA MiKPOCKOIIISL.
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pO3TATYBaHHS  3pa3KiB, a 3aBJISIKT
BUHUKHCHHIO TOHKUX IMPOJIOBTYBaTHX MIKPOTPIIIUH

TAaKOX

Ha MaJOKyTOBHX TPAaHUILIX 3€peH, Napaie’dbHUX
HaNpsMKY PO3TATYBaHHS.

3. Tlokazano, mo BHachigok po3Butky 3Tl y
HIIJA 3pa3kiB cmiaBy
TPIIIMHU TIEPETBOPIOIOTHCS y 3€PHOTPAHUYHI TIOPH,
PO3MIpH SKHX KOPEJIOIOTh 13 pO3MipaMu 3epeH, sKi 3

xomi 1933 xJIMHOBHUIHI

HUMH MEXYIOTb.

4. BcraHOBIEHO, IO Yy XOAi 3MiHM (popMmu Ta
pOCTy 3€pHOTPaHUYHHX TIOp, SKE BigOyBaeThCA
3apuaku 3npidicHeHHro 3ITI, Ha okpaiikax Ta Ha
TPaHMLISX THX 3€PEH, [0 MICTSTh JIOKAJIbHI OCEPEAKH
piakoi ¢dasm, aKi yTBOPHUIIACS BHACTIIOK YaCTKOBOTO
MiaBjeHHss cmiaBy 1933 mpu HarpiBaHHI HOro
3pa3KiB 10 TEMIEpaTypy BUIPOOYBaHb, BHHUKAIOThH
Ta PO3BHUBAIOTHCA BOJIOKHUCTI CTPYKTYpH 3 PI3HOIO

MOpP}OJIOTIENO.
5.  Jloxkamisamisg IUTACTUYHOT O IUTHHY B
YIbTpagpiOHUX Ta B KPYNHUX 3€pHAX, i3 SKHAX

CKJIQJalOThCsl TMEPEeTHHKH MDK HECYIUJIbHOCTSAMH Y

HAMOLIBII  MOCTA0JIEHOMY — BHACITIOK  HAKOMHYCHHS

J0
TOHKHX

MOPUCTOCTI  MIKpOOO’eéMi  3paska,

3C€PHOTrpAaHUYHUX

IIPUBOJANUTH

00’ e1HAHHS mp Ta

MIKPOTPILMH y MaricTpalbHy TPIllMHY, NOMIUPEHHS SKOT
B HampsMKy, HEpIEeHAUKYJSIPHOMY JO  HANpsIMKY
po3TAryBaHHs 3paska cmuiaBy 1933, nmpuBoauth A0 #oro
3pyiHYyBaHHS.
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Magnetic properties and heat expansion of a binary Fe-Ni amorphous
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A comprehensive study of the magnetic properties (magnetostriction, magnetic susceptibility, Curie temperature) and
thermal expansion of amorphous alloys of the (Fe1-xNix)7sSioB13 system of five compositions was carried out.

The samples were cut from a strip 30 um thick and had a rectangular shape. Two variants of orientation of the long side of
the sample were used: along and across the tape (longitudinal and transverse samples). Measurements of magnetization and thermal
expansion were carried out in the temperature range 90 — 300 K in fields up to 6.5 kOe. To determine the change in the length of
the sample under the influence of a magnetic field or in connection with a change in temperature, we used the method of wire
constantan strain gauges connected according to the DC bridge circuit. The sensitivity of the setup to the relative change in the
length of the sample was 8-1077. The basis for determining the Curie temperature was the temperature dependence of the initial
magnetic susceptibility obtained by the induction method.

It is shown that the linear magnetostriction constant and the Curie temperature decrease with increasing nickel
concentration. The nonlinear character of the Tc(x) dependence indicates an active participation of Ni atoms in the exchange
interaction in alloys containing boron, in contrast to alloys with phosphorus. The volume (forced) magnetostriction was detected

and estimated from the linear portions of the curves &1/I ( H ) in fields above the saturation field. Bulk magnetostriction, like linear,
is positive and also decreases with increasing nickel content in the alloy.
Measurements of the dependence &1/1(H) at different temperatures showed that the character of the curves does not

qualitatively change, the saturation magnetostriction increases with decreasing temperature in the range 300 — 100 K. The
independence of the character of the curves (5I/I)S(T) on x indicates that the predominance of the single-ion mechanism of the

formation of magnetostriction in Ni-substituted iron-based alloys of the studied compositions is preserved.
Thermal expansion curves recorded in the range 90 — 300 K do not show anomalies, the linear expansion coefficient
monotonically increases with increasing nickel concentration, which correlates with a decrease in volume magnetostriction.
Keywords: amorphous alloy, magnetostriction, Curie temperature, thermal expansion.

MarHiTHi BJaCTHBOCTI Ta TEIUIOBE po3mupeHHs Oinapaux Fe-Ni

aMop(HUX CIIABIB
3.1. Cuzosa, B.M. I'op6au, K.O. Mo3zynb

Xapxiscoruil nayionanvhuil ynieepcumem imeni B.H. Kapasina, m. Ceéo6oou 4, 61022, Xapxis, Yrpaina

[IpoBeneHO KOMIUIEKCHE OCIHI/UKEHHS MAarHITHUX BIACTHBOCTEH (MAarHWTOCTPUKIMH, MAarHiTHOI CHPHHHATINBOCTI,
temreparypu Kiopi) i TerioBoro posumpenns amopduux cruiasiB cucremu (Fe1xNix)7sSioB1s m'situ cxmamis.

3pa3ku BUpI3aIKCs 3 CTPIYKH TOBIIMHOIO 30 MKM i Masti MpsIMOKYTHY (GopMmy. BukopucToByBasucst Ba BapiaHTH Opi€HTaLil
JIOBrOi CTOPOHM 3pa3Ka: y3J0BXK 1 MOMepek CTpiuku (MO3I0BXKHI 1 MOMepeyHi 3pa3ku). BuMiproBaHHS HaMarHiueHOCTi i TEMIOBOTO
PO3LIUPEHHS MPOBOIUIUCS B TemrepatypHomy inTepBati 90 — 300 K B mossix 10 6.5 kE. Jn1s BU3HAUCHHS 3MiHU JOBKUHH 3pa3Ka il
JIi€l0 MarHiTHOro mostst abo B 3B'SI3Ky 31 3MIHOIO TEMIIepaTypy BUKOPHCTOBYBABCSI METO/ APOTSAHMX KOHCTAHTAHOBHX TEH30/1aTUHKIB,
BKJIIOUEHMX 32 CXEMOK0 MOCTa MOCTIHHOTO cTpyMy. UyTIMBICTh yCTAHOBKH JI0 BiTHOCHOT 3MiHM JIOBKWHH 3pa3ka cTaHoBua 8-107.
OcCHOBOIO 111 BU3HAYEHHs Temreparypn Kiopi ciykmia TeMIiepaTypHa 3aleXXHICTh IT0YaTKOBOI MAarHiTHOI CIPHHHATIMBOCTI,
OTpUMaHa IHAYKIIHHUM METOIOM.

[TokazaHo, 110 KOHCTAaHTa JIHIKHOI MAarHITOCTPUKIIi i Temrepatypa Kroopi 3MEHIIyIOThCS 31 30UIBIICHHSIM KOHIIGHTpAIii
Hikemo. HeniniliHuii xapaktep 3anexHocTi Tc(X) cBiIUNTh MPO aKTUBHY y4yacTh aToMiB Ni B oOMiHHIN B3aemopii B craBax, 110

MicTaTh GOp, Ha BiaMiHy Bij cruiasis 3 Gocpopom. Bussiena i ouinena 3 JiHiiinux aiisHok kpuux S/ (H) B MOJISIX BUILE 0JIS

HacHYeHHA 00'eMHa (BUMYIIEHa) MarHiTOCTpuKLis. O0'eMHa MarHiTOCTPUKILS, SIK 1 JiHINHA, MO3UTUBHA 1 TaKOXX 3MEHIIYETHCS 31
30LTBIICHHSIM BMICTY HIKEJIO B CILIaBI.

© Sizova Z.1., Gorbatch V.N., Mozul K.O., 2020
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Z.1. Sizova, V.N. Gorbatch, K.O. Mozul

BumiproBauns 3anesxHocti O/ I(H) MpU PI3HUX TeMIepaTypax MOKas3ajo, L0 XapaKTep KPUBHX AKICHO HE 3MIHIOETHCH,

MAarHITOCTPUKIST HACHYEHHS 3pPOCTa€ 3 MOHIKEHHAM Temmeparypu B iHTepBami 300 — 100 K. HesanexHicTh XapakTtepy KpUBHX
(S1/1), (T) Bifl X BKa3ye Ha Te, 1[0 TIepeBaXKaHHsI OJJHOIOHHOTO MeXaHi3My (pOpMyBaHHSI MarHUTOCTPUKINH B Ni-3aMIIIEHNX CIIaBax
Ha OCHOBI 3aJTi3a JIOCIIDKEHHUX CKJIaJIiB 30epiraeThesl.
Kpusi TemmoBoro po3mupenHs, 3u:Ti B iHTepBani 90 - 300 K, He BUABISIIOTE aHOMANIH, KOS]illieHT JIIHIHHOTO pO3IINpPEHHS
MOHOTOHHO 301IBIIY€THCS 31 30UIBIIEHHAM KOHIIEHTPAL] HIKEIO, 110 KOPEITIOE 31 3MEHILIEHHAM 00'€MHOT MarHiTOCTPHUKIIIT.
Kirouosi ciioBa: amopdHuii crtas, MarHiTocTpukuis, Temneparypa Kiopi, Termnose po3mupeHHs.

MarHuTHBIC CBOMCTBA M TEIUIOBOE paciiupenue OnHapHbix Fe-Ni

aMOp(HBIX CILJIABOB
3.1. CuzoBa, B.H. I'op6au, K.A. Mo3yinb

Xapvrosckuil HayuoHaneHwill yHusepcumem umenu B.H. Kapasuna, m. Ce0600ul 4, 61022, Xapvkos, Ykpauna

IIpoBeneHO KOMILJIEKCHOE HCCIIEAOBaHNE MATHUTHBIX CBOMCTB (MAarHUTOCTPUKIWK, MAarHUTHOH BOCIPUHUMYHUBOCTH,
TeMneparypbl Kiopn) ¥ TEIUIOBOrO pacmupenust aMopHbix cruiaBoB cucteMbl (Fe1xNix)7eSioB1s msiti cocTaBos.

OO0pasipl BBIPE3ATNCh U3 JICHTH TOMIIUHOW 30 MKM M MMeNH NpsMOyroybHyto (opmy. Mcnons3oBamick 1Ba BapuaHTa
OpHEHTAllMU JUIMHHOM CTOpPOHBI oOpasma: BIONb M IIONEpeK JICHTHl (TPOXOJBbHBIE M IONEepedyHble 00pasipl). 3Mepenus
HAMarHMYCHHOCTH W TEIUIOBOTO PACIIUPEHHS MPOBOAMIUCH B TemmepaTypHoM umHTepBasie 90 — 300 K B momsax mo 6.5 k9. s
OIIpeIeNeHNs] U3MEHEHHS [UTMHBI 00pasiia o AeiicTBHEM MarHUTHOTO ITOJISI HJIH B CBSI3M C I3MEHEHHEM TeMIIepaTyphl HCIIOJIL30BaJICS
METOJ] MPOBOJIOYHBIX KOHCTAHTAHOBBIX TEH30JATYUKOB, BKIIOYEHHBIX MO CXEME MOCTa MOCTOSHHOTO TOKa. UyBCTBHTEIBHOCTH
YCTAHOBKM K OTHOCMTEILHOMY M3MEHEHMIO JJIMHBI 0Opasua coctabisna 8-107. OcHOBoM s ompeneneHus TeMIepaTypsl Kiopu
CIyXKHJIa TeMITepaTypHas 3aBUCUMOCTh HauyallbHOW MarHUTHOI BOCIIPHUMYHBOCTH, ITOJIy4EHHAs HHIYKIIMOHHBIM METOIOM.

IMoka3aHo, YTO KOHCTAHTa JIMHEHHOW MarHUTOCTPUKLIUH U Temreparypa Kiopu yOBIBAIOT ¢ yBelnHYeHHEM KOHIIEHTPAIMH
Hukesst. HenuHelHbli XapakTep 3aBUCUMOCTH T¢(X) CBUICTEIBCTBYET 00 aKTHBHOM y4acTHH atoMoB Ni B 0OMEHHOM B3aUMOCHCTBUN

B CIUIABAX, COAEPIKAIIMX GOP, B OTIHYKE OT CIIIaBoB ¢ pocdopom. OGHApYKEHa U OLIEHEHA U3 JIMHEHHBIX y4acTKOB KpuBbIX Sl/| (H )
B TOJISIX BBIIIE IOJIS HACHIIIEHHUs OObeMHas (BBIHYXKIEHHAs) MAarHUTOCTPUKIMA. OObeMHAss MarHUTOCTPHUKIIUS, KaK M JIMHEHHAs,
MOJIOXKUTEIBHA M TAKIKE YMEHBIIAETCS C YBEIUUEHHEM COJIEPIKAHUS HUKEIS B CILTaBe.

Wsmepenne 3asucumoctr Sl1/1(H) Tpu pasnndHEIX TeMIepaTypax IoKa3alo, 4To XapakTep KPUBBIX KaueCTBEHHO He

HU3MEHSIETCSA, MAarHUTOCTPUKLMSI HACBIIIEHUS! BO3PAcTaeT C IMOHIKEHUEM TeMmIieparypbl B uHTepBaie 300 — 100 K.
He3zaBucumocts xapakrepa KpuBbix (ol/ I)S(T) OT X YKa3bIBaeT Ha TO, 4YTO MpeobianaHue OJHOMOHHOTO MEXaHW3Ma
(hOpMHPOBaHUSI MATHUTOCTPUKIMU B Ni-3aMeIEHHBIX CIIABaX Ha OCHOBE XKeNe3a HCCIEN0BAHHBIX COCTABOB COXPAHSETCS.
Kpussle TemoBoro paciupenus, cHaTbie B mHTepBane 90 — 300 K, He oOHapy>kHBaloT aHOManuii, K03 uIMeHT JIMHeHHOTO
paclIMp€HUss MOHOTOHHO YBEJIMYUBACTCA C YBCIUYCHUEM KOHUCHTPALWW HHUKEIA, YTO KOPPEIUPYET C YMCHBUICHUEM 00BLEMHOM

MarHuTOCTPUKIHHA.
KiroueBrble ciioBa: aMOp(bHLIﬁ CIUIaB, MarHuTOCTPUKILIMS, TEMIIEPATYpPa KIOpI/I, TEMJIOBOC pacClIMPECHUCE.

Introduction

One of the most important amorphous materials for
techniques is transition metal-metalloid (T-M) type alloys.
As transition metals, commonly used are Fe, Ni, Co, and
combinations thereof. The magnetic properties of these
alloys also depend on the quantitative and qualitative
metalloid composition. In Ref. [1] results of studies
investigations of induction B, coercive force Hc, magnetic
permeability p in low fields, and Curie temperature Tc of
an amorphous alloy based on Fe-Ni composition

(Fe,Ni, ) .. Si,B where x=0.0+0.70,

y =0.04+0.11 are reported. It was shown that H. varies

higher than for alloys with P, B and Al. Such alloys also
have the highest values of T,. These factors are useful for
many practical applications.

The purpose of this work was to study several
properties and characteristics (linear and volume
magnetostriction,  magnetic  susceptibility,  Curie
temperature, thermal expansion) of amorphous alloys with

the composition (Fe,, Ni, )., SigB,;.

1. Samples
In the work, amorphous metal ribbons of the

composition (Fe,,Ni, ).  Si;B,; with a nickel content of
x =0.0;0.104;0.208;0.263;0.416 were investigated. The

0.78 0.22-y

from 0.02 to 0.04 Oe almost independently of the nickel

content. The saturation induction B, and, accordingly,
residual induction of B, decrease with increasing nickel

= has the

same tendency as B, . The crystallization temperatures T,
for alloys containing Si and B was found to be 40-70 ° C

. - B
content, the maximum permeability g, = m

ribbons had a thickness of 30 microns and a width of 16
mm. To measure magnetostriction, the samples were cut
from the ribbons in two directions: along and across its
length (Fig. 1). Sample sizes were: 10 mm in length and 5
mm in width.
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When measuring the magnetic susceptibility, a piece of
tape was wound on the end of a ceramic straw in which
there were wires of a thermocouple.

2. Experimental technique
2.1. Magnetostriction and thermal expansion

To measure magnetostriction and thermal expansion,
we used the method of wire strain gauges connected by a
bridge circuit. The working sensor R was glued to the
sample under investigation, the compensating Rx — to a
quartz plate. Constantan  sensors with equivalent
parameters — R = Rx = 100 + 0.3 Q were used. The relative
change in the length of the sample, equal to the relative
change in the length of the wire strain gauge, is calculated
by the formula:

1 AR
| C R’ @
where C is the strain gauge (strain gauge sensitivity to
deformation), R is the resistance of the working sensor, AR
— is the change in the resistance of the working sensor,
which is determined by the deviation of the zero pointer
from the relation:

107
a

AR

a )
stand

where « is the deviation when the resistance of the

stand
magazine connected in series with the working sensor
changes by 0.01 Q, a is the deviation when the resistance
of the working sensor changes by AR.

The sensitivity of the mount to relative deformation
was 8-107.

The temperature dependence of the linear deformation
was studied in the temperature range from 90 K to 300 K.
The sample temperature was measured with a copper-
constantan thermocouple.

The magnetic field was created by an electromagnet.
The maximum field in a gap of 108 mm was 6.5 kOe. The
sample was located in a plane parallel to the magnetic field.

2.2. Magnetic susceptibility. Curie temperature

Measurement of the susceptibility of the sample was
carried out in an alternating magnetic field created by a
solenoid. The solenoid serves as the primary winding of the
air transformer. The secondary winding consists of two
coils: a measuring coil, into which the sample under study
is placed, and a compensation coil.

Without the sample, the signal from the measuring coil
is compensated by the compensation coil, for which the
following relationship must be satisfied:

WS, = W,S,. @)

Here W1, W, are the number of turns of the measuring
and compensation coils, respectively, Si1, S, are their cross
sections.

The final balancing is carried out by selecting the
number of turns of the compensation coil and choosing its
position in the non-uniform magnetic field of the solenoid.

When a sample is placed in a measuring coil, a signal
appears that is proportional to the magnetic permeability
(susceptibility) of the sample. The signal is amplified,
detected and fed into the "y" input of the two-coordinate
self-recording potentiometer.  Thermo-e.m.f, of
thermocouple, which is in thermal contact with the sample,
is fed to the "x" input. The sample temperature is changed
by the furnace. The furnace is wound bifilar, its mode of
operation is chosen experimentally.

3.The discussion of the results
3.1 Magnetostriction
In  amorphous  magnetic  materials,  where
magnetocrystalline anisotropy is absent, magnetostriction
plays a very important role in magnetization processes.
Due to magnetostriction, in the presence of internal
mechanical stresses, magnetoelastic anisotropy occurs. As
a result, such parameters as the initial susceptibility y,, the

saturation field H_, the coercive force H_ become depend

on the magnetostriction.

In this work, measurements of magnetostriction were
performed for four variants of the geometry of the
experiment, which are shown in Table. 1. The x axis is
directed along length of ribbon, and the y axis is across.

Table. 1.
The geometry of the experiment

Orientation of The field The measuring
samples direction direction
N X X

Longitudinal
y X
X

Transverse y
y y

At room temperature, the longitudinal and transverse
isotherms of magnetostriction relative to the applied field
were measured. At other temperatures, only longitudinal
magnetostriction was measured. In both type of samples,
cut along the ribbon and across the ribbon, the longitudinal
magnetostriction was found to be positive, and the

transverse was found to be negative. In fig. 1 STI(H)

curves for longitudinal samples of compositions x = 0.0;
0.104 at room temperature are shown. The dependences
Sl - -
I—(H) are similar for transverse and longitudinal

samples.
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Fig. 1. Field dependences of longitudinal (1, 2) and transverse
(1°, 2°) magnetostriction; T = 290 K:

1,I’-x=0,0

2,2’ —-x=0.104

For samples cut along the ribbon, at T = 290 K,
saturation is observed in the fields of strength 770 + 330
Oe, depending on the composition. The saturation field
decreases with increasing nickel content (Fig. 2). For
samples cut across the ribbon, saturation occurs in fields of

strength 400 + 340 Oe.
800
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" 500 -
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300
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X

Fig. 2. The dependence of saturation field from nickel content
(longitudinal samples, T = 290 K)

To calculate the magnetostriction constant As, we used
the formula valid for isotropic materials [2]:

o9 :g,ls (cosze—coszeo), 4.

where 6 and 6, are the angles between the direction of
deformation measurement and the direction of the

magnetization vectors TS in a multi-domain sample in the
final and initial magnetic states. At saturation, the angle 6

is the same for all TS (they are oriented along the field) and
the formula has the form

(71 =Eﬂs(cos 0—-cos°0,). (5)

For longitudinal saturation magnetostriction 6 = 0 and

st) 3 ,
(TJ =§/13 (1—cos 90). (6)

S

For transverse saturation magnetostriction 6 = /2 and

srY 3 )
(TJ =§/15(0—cos &). @)

S

From (6) and (7) follows:

AEEL e

Figure 3 presents the dependence of As on the
composition at room temperature. With an increase in the
nickel content, the magnetostriction decreases. The

dependence A (x) is non-linear.
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104

0,0 0,1 0,2 0,3 0,4 0,5

Fig. 3. The dependence of magnetostriction constant from
nickel content

The review in Ref. [3] presents the dependence of
magnetostriction on the composition for the system

(Fe, Co, Ni),, Si,B,, at room temperature. The value of A

in this system (with a higher boron content) is somewhat
higher than in the system under study. This difference is
associated with a change in the ratio of the number of Si
and B atoms. Although for alloys with a high content of
cobalt, the type of metalloid atoms does not have a
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noticeable effect on the magnitude of magnetostriction, for
iron-based alloys, the situation is different. Therefore, as a
result of varying the ratio of the percentage of phosphorus

to the boron content from 4 to 2.3 As varies from 2.6-10°°
to 16-10°°. In the system under study (Fe,,Ni, ).. Si,B,,

the silicon-boron ratio is 0.69, which is 1.2 times less than
in Fe,Si,,B,, — this causes a lower value of As. The

percentage decrease in As (43%) in the same nickel
concentration range practically coincides with that
observed in this work.

Study of the temperature dependence of
magnetostriction allows one to obtain information about
the  microscopic nature of anisotropy, since
magnetostriction is determined by the derivative of the
magnetic anisotropy energy with respect to strain and,
therefore, is a reflection of the same microscopic
mechanisms that lead to magnetic anisotropy.

To study of the temperature dependence of

- | .
magnetostriction 5|—(H) curves were taken at various

temperatures. With a change in temperature, the shape of
the curves does not change qualitatively, as can be seen
from Fig. 4 for a transverse sample of composition

Fe,Si,B,,. Figure 5 presents 5%(T) for a series of

samples cut across the ribbon. With decreasing
temperature, an increase in magnetostriction is observed.

3 4
H, kOe

Fig. 4. Isotherms of the field dependence of the longitudinal
magnetostriction of a transverse sample of composition

Fe,SigB,;.

In  amorphous alloys, two mechanisms of
magnetostriction (and microscopic anisotropy) are
possible: single-ion and two-ion [4]. It has been established
that, for iron-based alloys, the single-ion mechanism
predominates, which is caused by magneto-ion being acted

upon non-uniform electric field in their local environment

[5].
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Fig. 5. Dependence of linear magnetostriction constant of
Fe,,,Ni, SigB,, alloy from temperature, x: 1 —0.0; 2 —
0.104; 3 -0.208; 4 — 0.416.

The fact that the character of the temperature
dependence of magnetostriction observed in our samples
does not change noticeably with an increase in the nickel
content (Fig. 5) indicates the preservation of the single-ion
nature of microscopic magnetic anisotropy.

)
|
characteristic paraprocess region: after reaching saturation,
the magnetostriction will increase linearly with increasing
field. The growth of magnetostriction is caused by the so-
called forced magnetostriction, which is due to the fact that
a sufficiently strong external magnetic field orients the

spins in one direction, overcoming their thermal
misorientation [6]. Forced magnetostriction is volumetric

in nature — dew/dH =(1/V)(dV /dH) by definition, and

is isotropic, as can be seen in Fig.1.
The volume magnetostriction was determined from the

The observed dependencies have a

slope of the curves 5% (H) above saturation:

do,
HS =h, +2h , )

where h and h, are the tangents of the angle of inclination

of the linear sections for longitudinal and transverse
do,

magnetostriction. The obtained values of are of the

order of 107°+10°Oe™, which is consistent with the
literature data for other amorphous alloys [7-9].

3.2. Magnetic susceptibility. Curie temperature.
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The behavior of the initial magnetic susceptibility as a
function of temperature was investigated. With an increase
in temperature in the range of 180610 °C, the
susceptibility practically remains constant. With a further
increase it grows rapidly, and then drops sharply as the
sample reaches the Curie temperature. Upon subsequent
cooling, the course of the heating curve is reproduced until
the maximum is reached, below that point the curve x (T)
is significantly higher than during heating: susceptibility
increases about 2.5 times for all samples (Fig. 6). The
observed increase in susceptibility is due to a decrease in
internal stresses in the sample with nickel content in the
alloy. The nonlinear character of the dependence T (x) is
associated with the participation of nickel atoms in the
exchange interaction in alloys containing boron. The initial
magnetic  susceptibility increases after heating to
temperatures T> 350 °C due to a decrease in internal
stresses in the sample and the associated magnetoelastic
anisotropy.

124

¥ rel.units
-
N B [«2) © o
) | 1 ! I

o
1

150 200 250 300 350 400 450 500
T,C

Fig. 6. Temperature dependence of initial
susceptibility of Fe,;Ni Si B,

magnetic

The thermal expansion curves &¢/((T) show no

anomalies in heating to Tc, since the initial susceptibility
is inversely related to them:

|2
-c,— s
Fo = o1 CK 1 C,

(10)
where o is the stress, K is the anisotropy constant.

To determine the temperature above which internal
stresses are effectively removed, the sample with the
maximum nickel content (x = 0.416) was subjected to heat-
cooling thermal treatment with a constantly increasing
maximum cycle temperature. Tmax equaled 150, 200, 250,
300, 350, 370, 400°C. The non-reversibility of the curve

(t) was observed starting from Tmax 350 ° C becoming more
pronounced with further growth of Tax.

It should be noted that heating to T, carried out 3+4
times, led to an embrittlement of samples, which is an
indicator of possible partial crystallization processes. The
observed susceptibility behavior is consistent with the
results given in Ref. [10].

From the dependencies of i (T) T, was determined for
all compositions. The obtained values are presented in and
in Fig. 7.
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X

Fig. 7. Curie temperature dependence of composition

As reported in literature [3], the dependence of the
Curie temperature of amorphous alloys on the
concentration of (3d + 4s) electrons is similar to the
dependence of the magnetic moment, but it is more
sensitive to the composition of the transition metals
contained in them. Thus, the magnetic moment of the alloy

(Feo't.,Nio_t.,)goM20 is almost identical to the magnetic
moment of Cog,M,,, and T, for Cog,M,,, significantly
higher than for (Fe,sNi,s ),, M. Fe-Ni based alloys are

one of the most intensively studied systems. However, the
exchange interactions in this system are complex, as
indicated by the character of the dependence of T. on the
composition [11].

In this work, the introduction of nickel atoms instead of
iron atoms leads to a decrease in Tc from 706 K for x =0.0
to 683 K for x = 0, 416. The dependence of T (x) is non-
linear, which indicates that nickel atoms are actively
involved in the exchange interaction. Moreover, the
magnetic activity of nickel atoms depends on the metalloid
composition: in alloys containing boron, nickel atoms are
more magnetically active than in alloys containing
phosphorus. Cluster calculations show [5, 3] that boron
expands the d-zone of Ni much more than phosphorus
does, and in Ni,Fe,P in the place occupied by nickel, there
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is a small magnetic moment antiparallel to the moment of
iron, while in Ni,Fe,P magnetic moment of nickel is
almost zero.

It is assumed that in (Fe,Ni)80 B,, alloys, two types of
exchange interactions contribute to Tc: direct exchange Fe-
Fe, describing that part of T¢, which is similar to the value
T of the alloy (FeNi), P, and indirect Fe-Ni- Fe
exchange .

Another feature observed in this work should be noted:

with an increase in the nickel content, the susceptibility
decreases (Fig. 8).

0,0 0,1 0,2 0,3 04

Fig. 8. Dependence of initial magnetic susceptibility from
nickel content

3.3. Thermal expansion
It is known [12] that for crystalline Fe — Ni alloys, a
complex dependence of the temperature coefficient of
linear expansion (TCLE) on the nickel content is observed.
TCLE varies non-monotonously and for most of the
compositions of this system has the value of

(9+13)-10°K™. The sharp minimum (& ~1-10°K™)
corresponds to the technically important invar structure

containing 36% at% of Ni. The invar effect is caused by
the temperature dependence of the bulk magnetostriction,

which has a maximum (3—3~ 2.86-10°0e™) near 30

at% Ni in the field of H =1050 Oe .

In this work, the dependences of the relative elongation
on temperature were measured for samples cut along the
ribbon.

For all samples a monotonic change in the relative
elongation with temperature was observed in the range of

90-+300K . In fig. 9 5TI(T) is plotted for a sample with a

concentration of Ni x = 0.104. The values of the linear

expansion coefficient near T = 270 K are found in the range
(7+11.5)10°K ™", depending on the composition. With an

increase in nickel concentration, the linear expansion
coefficient increases (Fig. 10).

1500

1200

900 -

81/1*10°

600 -

300

100 150 200 250 300
T,K

Fig. 9. Dependence of relative extension from temperature

14

12

Fig. 10. Dependence of linear extension coefficient from
nickel content, T =270 K

TCLE depends on volumetric magnetostriction as [12]:

“ _a_é(d_wj [d_HJ
o 3 dH ), LdT )’

where a, is TKLE at a constant field strength; «, is

(11)

TCLE which the material would have if its magnetization

describes variation of the field
|

were kept constant; (d—Hj
dT

required to maintain a constant value of the saturation

magnetization with temperature, it tends to decrease with
dH .

temperature; | — >0, asin
dT N

>0, therefore, if (d—wj
dH
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our case, «, <o,. The observed increase in o (x)

correlates with a decrease in j—lj)(x) —see fig.11.

N
o
1

dw/dH*10", O¢™
5

0,0 0,1 0,2 0,3 0,4

Fig. 11. Dependence of volume magnetostriction from nickel
content, T =270 K

Conclusion
Our studies of the magnetic properties and thermal

expansion of amorphous alloys of the (Fe,,Ni, ).. Si,B,,

system (0.0<x<0.416) revealed:

1. Linear magnetostriction is positive. At room
temperature, the constant linear magnetostriction 2As
decreases nonlinearly with increasing nickel content.

2. As the temperature decreases, the saturation
magnetostriction increases. The similar character of the

dependence (5%) (T) for samples with different nickel

contents indicates the predominance of the single-ion
magnetostriction mechanism in the entire investigated
range of compositions.

3. In fields of intensities H >(330+770 Oe), a

. .ol .
linear change in - is observed, due to the forced volume
magnetostriction. The volume magnetostriction is positive,

has the value of 3—ﬁ~10’9 Oe™ and decreases with

increasing X.

4.  The Curie temperature decreases with increasing
nickel content in the alloy. The nonlinear character of the
dependence T (x) is associated with the participation of
nickel atoms in the exchange interaction in alloys
containing boron.

5. The initial magnetic susceptibility increases after

heating to temperatures T >350°C due to a decrease in

internal stresses in the sample and the associated
magnetoelastic anisotropy.

6. The thermal expansion curves 5I—I(T) show no

anomalies. The linear expansion coefficient o has a value
7+115-10°K™ and varies depending on the
composition monotonically. The dependence o (x)

correlates with the dependence g—r_"}(x) .
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The possibility to the superconducting state transition at temperatures close to room temperature for nanoscale
crystals of bismuth and antimony semimetals, as well as their alloys is discussed. All physical reasoning, as well as the
estimates given in the paper, are based on the classical thermodynamics laws, as well as on the quantum theory of
superconductivity (BCS theory) conclusions, which is based on the idea of electrons "pairing" (the Cooper pairs
formation) as a result of electron-phonon interaction.

It is shown that in nanocrystalline particles internal capillary compressive stresses act, the magnitude of which is
sufficient for the transformation of semimetals into metals. This transition is accompanied by a change in the energy
spectrum of electrons: "non-degenerate" semiconductors become metals in which the gas of "degenerate" electrons is
characterized by a low Fermi energy. The latter circumstance causes an increase in the density of electronic states and
enhances the electron-phonon interaction in metallized semimetals.

As the initial chemical elements from which superconducting compounds can be synthesized under pressure,
substances that allow the "collectivization" of electrons can be used. The most suitable substances for this are elements
of the fifth group of the periodic system Bi, Sb, As, graphite, etc. They are characterized by a slight overlap of the valence
and conduction zones, which leads, on the one hand, to the fact that they remain high conductors of electricity up to the
absolute zero temperature, and on the other hand, they have a significantly lower density of charge carriers compared to
metals.

In addition, a specific structural state is formed in bismuth and antimony alloys at certain concentrations, which
leads to a change in the nature of the phonon spectrum (the number of high-frequency phonons increases), which also
enhances the electron-phonon interaction.

All these changes in the energy spectrum and structural state of semimetals make it possible for nanocrystals to
transition to the superconducting state at a temperature of ~ 300 K.

Keywords: High-temperature superconductivity (HTSC), BCS theory, semimetals, capillary pressures, nano-
crystals.

Kaninspauit (JiariaciBCbKUi) TUCK 1 HAAMPOBIIHICTh HAHO-PO3MIPHUX

KPUCTATIYHUX YaCTHHOK HaIliBMETATIB
10.1. boiiko, B.B. bornanos, P.B. BoBk, b.B. I'puabsoB

Xapxiscokuti nayionanoHutl yrisepcumem imeni B.H. Kapasina, m. Ceéo600u 4, 61022, Xapxkie, Yrpaina
Inemumym cyunmunsayivinux mamepianie HAH Ykpainu, np-m Hayxi, 60, Xapxie 61072, Vkpaina

OOTroBOPIOETHCS MOXKITMBICTD MEPEXOAY B HAANPOBIAHUI CTaH 3a TeMmIeparyp, OMM3pKUX A0 KIMHAaTHHX, HAHO-
PO3MIpHHUX KPHCTAJIB HAIliIBMETAJiB BICMYTY 1 CYpMH, a TaKoX ix cruraBiB. Bei ¢i3ndHi MipKyBaHHS, a TAKOX OIHKH,
HaBeJleHI B poOOTi, 3aCHOBaHI Ha 3aKOHAaX KJIACHYHOI TEPMOJIMHAMIKH, a TaKo)X Ha BHUCHOBKAaX KBAaHTOBOI Teopil
HaanpoBigHocTi (Teopii BCS), B 0OCHOBY KO MOKJIAICHO ick0 "criaproBaHHs" eleKTPpoHIB (popMyBaHHS KyIEPOBCHKIX
nap) B pe3yJibTaTi eJIeKTpOH-(pOHOHHOT B3aeMOIil.

[okazaHo, 1110 B HAHO-KPUCTAIIYHNX YaCTHHKAX JIIOTh BHYTPILIHI CTUCKAIOYi HANIPYTH KAIISIPHOTO MOXOKESHHS,
BEJIMYMHA SKHUX JOCTAaTHA JUIs IIEPETBOPEHHs HamiBMeTaniB Ha Mertanu. Lleil mepexiny cympoBOJDKYeTbCsS 3MIHOIO
SHEPreTUYHOTO CIIEKTPa EJIEKTPOHIB: «HEBUPODKEHI» HaIiBIPOBIJHUKU CTAIOTh METAJIAMH, B SIKMX I'a3 «BHPOIKECHUX)»
€JICKTPOHIB XapaKTEepPU3yETbCs HU3BKUM 3HadueHHsM eHeprii @epmi. OcraHHs oOcTaBHHA OOYMOBIIOE 30UTBIICHHS
ITUTBHOCTI €JIEKTPOHHUX CTaHIB 1 MiJICHITIOE €JIEKTPOH-(POHOHHY B3a€EMOJIII0 B METANII30BaHUX HaIliBMETaJaX.
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Sk BuXigHI XiMI4HI €IeMEHTH, 3 IKAX MO)KHA CHHTE3yBAaTH HAIIPOBiJHI CIOJYKH B yMOBax [ii THCKY, MOXKHA
BUKOPHCTOBYBaTH PEYOBHHH, IO JOMYCKAIOTh "KOJEKTHBi3aLilo" eleKTpoHiB. HaiOinpl mpuaaTHUMHU Ui IbOTO
pEUOBHHAMM € €JIEMEHTH IT'ATOi IpyIH nepioauynoi cucremu Bi, Sb, As, rpadir i iH. [{ns HUX XapakTepHUM € HE3HaYHE
MEPEKPUTTSl BAICHTHOI 30HM 1 30HM MPOBIIHOCTI, IO MPHU3BOANTH, 3 OAHOIO OOKY, IO TOTO, IO BOHM 3aJIMIIAIOTHCS
TapHUMH NPOBITHUKAMH €JIEKTPUKH a J10 a0COIIOTHOTO HYJIS TEMIIEpaTypH, a 3 iHIIOro 00Ky, MaloTh 3HAYHO MEHIITY, B
MOPIBHSIHHI 3 METaJIaMH, TYCTUHY HOCIIB 3apsiy.

Kpim Toro, B crutaBax BICMYTY 1 CypMH 3a IIEBHHX KOHIIEHTpauiid (OopMyeThCs crienu(piuHui CTPYKTYPHHUH CTaH,
10 TPHUBOAMTE O 3MIiHHM XapakTepy (OHOHHOTO CIEKTpa (30UIBIIY€EThCS KUTBKICTh BHCOKOYACTOTHUX (POHOHIB), IO
TaKOX MiJICHITIOE eJIEKTPOH-(pOHOHHY B3a€MOZIITO.

Bci 3a3nadeHi 3MiHH €HEPTeTHYHOTO CIIEKTPY 1 CTPYKTYPHOTO CTaHY HaIliBMETaliB 0OYMOBIIOIOTH MOKIHBICTh
Tepexoay HaHO-KPUCTATIB B HAATIPOBITHUN CTaH npHu TemnepaTypi = 300 K.

Kurouosi ciioBa: Bucokoremmneparypua HanmnpoBigaicts (BTHIT), Teopis BCS, HaniBMeTanm, KaniIIpHIHA THCK,
HaHO-KPHCTAJH.

KanumisipHoe (J1aniacoBCKOE) AaBICHHUE U CBEPXITPOBOIUMOCTh HAaHO-

pa3sMEPHBIX KPUCTATNINYECKNUX YaCTHULL ITOJTyMETAJIIIOB
1O.N. boiiko, B.B. borganos, P.B. BoBk, b.B. ['punés

Xapvrosckuil HayuoHanbHwill yHusepcumem umenu B.H. Kapasuna, m. Ce0600ul 4, 61022, Xapvkos, Ykpauna
Hncmumym cyunmunnayuonnvix mamepuanoe HAH Ykpaunel, np. Hayku, 60, Xapvkos 61072, Ykpauna

O6cyxmaeTcsi BO3MOXKHOCTh IIE€pexo/la B CBEPXIIPOBOASAIIEE COCTOSHHE IIPU TeMIeparypax, ONM3KuX K
KOMHATHBIM, HAHO-Pa3MEpPHBIX KPUCTA/UIOB MOJyMETaUIOB BUCMYTa M CYPbMBI, a TaKkke WX cIulaBoB. Bee ¢usmueckue
paccyXIeHus, a TAK)Ke OLIEHKH, IPUBEACHHbIE B pa00Te, OCHOBAHBI HA 3aKOHAX KIIACCHYECKOW TEPMOJMHAMHUKH, a TAKKe
Ha BBIBOJAX KBaHTOBOI Teopuu cBepxnpoBoauMocTu (teopur BCS), B ocHOBY KOTOpOIt 3anokeHa uaes "cnapuBanus'
351eKTpoHOB ((popmupoBanue KynepoBckux map) B pe3yJIbTaTe 3IeKTPOH-(OHOHHOTO B3aUMOICHCTBHS.

Iloxa3aHo, 4YTO B HAaHO-KPUCTAUIMUECKMX 4YAaCTHUIAX [CHCTBYIOT BHYTPEHHHME CHXKHMAIOUINE HAIPSIKCHUS
KaIIJISIPHOTO MIPOMCXOXKACHUS, BEIMUMHA KOTOPBIX TOCTAaTOYHA JJIS MPEBPAIICHUS MOIyMETAUIOB B METAJUIBI. JTOT
MepeXo] COMPOBOXKAAETCS N3MEHECHUEM SHEPTETUYECKOTO CIIEKTpa JIEKTPOHOB: «HEBBIPOXKICHHBIE)» MOIYIIPOBOIHUKI
CTaHOBSITCS METAUIAMHU, B KOTOPBIX T'a3 «BBIPOXKACHHBIX» IEKTPOHOB XapaKTEPU3yeTCsl HU3KUM 3HAY€HHEM 3HEepruu
@epmu. IlocnenHee 0OCTOSTENECTBO OOYCIIOBIMBAET YBEINYEHHE IUIOTHOCTH 3JEKTPOHHBIX COCTOSIHUM M yCHIIMBAET
JIEKTPOH-(POHOHHOE B3aMMOICHCTBHE B METAJIM3UPOBAHHBIX MOTyMeTa/lIax.

B KkauecTBe HMCXOAHBIX XHMHYECKHMX 3JIEMEHTOB, M3 KOTOPBIX MOXKHO CHHTE3HMPOBATH CBEPXIIPOBOJIIME
COCIMHEHUS B YCIIOBHSX HEHCTBUS NaBJICHHS, MOXKHO HCIIOJIb30BAaTh BEIECTBA, JOIMYyCKAroOUIHe "KOJUICKTUBH3AIUIO"
51eKTpoHOB. Hanbonee MOAXOISIMMH AJIsl 3TOTO BEUIECTBAMH SIBIISIOTCS 3JEMEHTHI MATOH TPYHIIBI MEPHOIUYECKOM
cucremsl Bi, Sb, As, rpadut u ap. [{ns HuX xapakTepHbIM SIBJISIETCSI HE3HAUMTEIBHOE MEPEKPhITHE BAJICHTHOM 30HBI U
30HBI TIPOBOAMMOCTH, YTO TPUBOIHT, C OJHOW CTOPOHBI, K TOMY, YTO OHH OCTAIOTCSl XOPOUIMMH IPOBOIHHKAMHU
3MEeKTPUYECTBA BIUIOTH JI0 aOCOIOTHOTO HYJIS TEMIIEPaTyphl, a C JPYyroi CTOPOHBI, 00Ia1al0T 3HAUUTEIBHO MEHBIIEH,
[0 CPaBHEHHWIO C MeETaJUlaMH, IUIOTHOCTBIO HOCHTENeH 3apsma. Kpome Toro, B cmjaBax BHCMyTa M CypbMBI IpH
OTIpE/ICICHHBIX KOHIEHTPAIMAX (POPMHUPYETCS CHEeUU(PUIECKOe CTPYKTYpPHOE COCTOSHHE, NMPHUBOASIIIEE K H3MECHEHUIO
xapaktepa GOHOHHOTO crieKTpa (YBEIMIMBACTCS YHCIO BHICOKOYACTOTHUX (DOHOHOB), UTO TaKXKE YCHIIUBAET AJICKTPOH-
(hoHOHHOE B3aMMO/IeiiCTBHE.

Bce yxasaHHblE M3MEHEHHs DSHEPreTMYECKOrO CIHEKTpa M CTPYKTYpHOTO COCTOSHHUS IIOJTyMETalIoB
00yCIIOBIMBAIOT BO3MOXHOCTH II€peX0/la HAaHO-KPHCTAJUIOB B CBEPXIIPOBO/IAIIIEE COCTOSTHHE MpH Temneparype ~ 300 K.

KaioueBbie cioBa: Bricokoremneparypnas cepxnpoBogumocts (BTCII), Teopus BCS, nomymerams,
KalWULIPHBIC JIaBJICHNS, HAHO-KPUCTAILIBL.

Introduction
It has now been reliably established that low-
dimensional crystalline particles, the size of which is
characterized by an interval of values R~10-100nm (hano

crystals), possess physical properties that are
fundamentally different from the properties of their bulk
analogues.

The main reasons for the uniqueness of nano-crystals
properties include the following:

1) change in the structural and electronic states in the
surface layer of a nano-crystal;

2) coincidence of the size of the crystalline particle R
with the size of the characteristic parameter that determines
the physical property of the material (the mean free path of
phonons or electrons |, the coherence length &, the de
Broglie wavelength of quantum particles 1);

3) significant contribution of surface energy to the total
energy balance of the crystal [1-4].

An important factor directly related to an increase in the
contribution of surface energy is the effect of internal
(capillary) pressure in low-dimensional crystals. The
magnitude of this pressure and, accordingly, the
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effectiveness of its action increase with decreasing crystal
size and in the above-mentioned size range R for metals
reaches the value P~107-108Pa [5]. Such pressure for some
materials can significantly change the nature and the main
parameters of their electronic energy spectrum, which in
turn can cause a change in their electrical properties, in
particular, cause the transition of low-dimensional crystals
to the superconducting state [6].

This work is devoted to discussing the possibility of
realizing such a mechanism of superconductivity using the
example of nanocrystals of the fifth group of the periodic
system elements (semimetals).

The entire physical backgrounds, as well as the
estimates given in this paper, are based on the laws of
classical thermodynamics, as well as on the conclusions of
the superconductivity quantum theory (BCS theory [7]),
which is based on the idea of electrons "pairing" (the
appearance of Cooper pairs) as a result of electron-phonon
interaction.

Note that in recent years, superconductivity has been
actively studied in other low-dimensional objects (in
atomic complexes) that differ from nanocrystals: clusters,
films, interfaces, etc. [8-11]. In these objects, usually
containing only a few tens of atoms, a special (shell)
structure of the energy spectrum of electrons is found,
which, ultimately, determines the specific
superconductivity of these formations. The physical nature
of such a mechanism of superconductivity differs from the
mechanism discussed in this paper and is associated with
the effect of the so-called “dimensional” quantization
(topological superconductivity) [11].

2. The nature of capillary pressure and its value in the
case of nano-sized crystals

For the first time, the term “capillary pressure” and the
formula describing the magnitude of this pressure (Laplace
formula) appeared in [12] when describing the
thermodynamic equilibrium at the boundary of two phases
separated by a curved (non-flat) surface. Obviously, the
displacement of the curved boundary between two
different phases is accompanied by a change in the free
energy of the system. This is due to a change in the surface
area of the interface, which is characterized by a certain
value of the unit surface energy. Therefore, the presence of
a curved boundary between two different phases
determines the action of a certain force and,
correspondingly, internal pressure on the surface
separating the phases. This pressure is the pressure
difference acting on the interface from the side of
coexisting phases

AP:P1—P2. (1)

Under equilibrium conditions, the pressure is
compensated by the surface tension of the interface. In
order to find a quantitative relationship between the
magnitude of this pressure and surface tension at the phase
boundary, Laplace examined the fulfillment of the
necessary conditions for establishing thermodynamic
equilibrium in the system. As already indicated, this state
does not imply equality of pressure on the part of both
phases and is established provided that the total volume of
the phases is changeless, the temperature on both sides of
the interface is the same, and the chemical potentials of the
phases are equal. Under these conditions, the AP value is
determined from the requirement of minimum of
thermodynamic potential of the system @ written with
account of boundary energy

O=P1V1-P,Vo+yS. 2

Here V1 and V- — the volumes of neighboring phases, S —
interface area between phases, y — the unit surface energy
at the phase boundary (surface tension). A necessary
condition for a minimum of @ is the vanish of its total
differential d®=0 at T1=T» and V1+V,=const. (T1 and T2 —
phase temperatures). From this condition it follows that

P1—Po=y(dSAV). 3

If we now take into account that at any point on the
curved interphase boundary surface the equality is fairly

dS/dv=1/Ry+1/Ry, 4)

were R; and R, — are the main radii of curvature, then
relation (3) can be written in form:

AP=y (1/R1+ 1/Ry). (5)

This ratio is called the Laplace formula, which
describes the magnitude of the internal pressure acting on
a curved interface. In the particular case of a spherical
surface, when R1= Rz =R,

AP =2y/R. (6)

Formula (6) is fully applicable and its feasibility is
confirmed by numerous experimental data in the case of a
curved liquid-gas interface. A simple example of this kind
of boundary is a drop of water in equilibrium with its own
saturated steam. This particular case was considered in
[12]. The rationale for the applicability of the Laplace
formula in the case of a different nature of the interface
between two phases, in particular, the solid-gas boundary,
is described in [5]. In this work, it was shown that the
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Laplace formula written in the form (6) is also valid for the
solid crystalline phase, starting with the size R;=10nm, i.e.,
for crystals whose size is characterized by R>R.. For ultra
low dimensional objects whose size R<R. should use a
different (generalized) Laplace formula [5]. Note that in
some special cases of atomic clusters (clusters, monatomic
filaments, etc.) the capillary pressure generally ceases to
act, since the very concept of a crystal disappears.

Let us quantify the capillary pressure in the case of
nano-crystals, i.e., bulk crystalline particles of arbitrary
shape with a characteristic size 10<R<100nm. As applied
to metals and metal alloys, the typical value of the constant
v in order of magnitude is =1Jm?. Accordingly, the desired
value of the internal capillary pressure, compressing the
crystalline particle of the specified size range, is
characterized by the value ~108-107Pa. Such pressure can
change the energy spectrum of the electronic subsystem in
some materials and, thus, cause a significant change in
their electrical properties. Such materials, in our opinion,
are elements of the fifth group of the periodic system
(semimetals) [13]. In particular, under the influence of
capillary pressure of the indicated magnitude, transition to
the superconducting state can be realized in nano-crystals
of semimetals [6].

The discussion of the possibility of display of this effect
in the case of nano-sized crystals of semimetals, as well as
their solid solutions, is discussed in the next section of this

paper.

3. Change in the energy spectrum of the electronic
subsystem of nanoscale crystalline particles of
semimetals under the action of capillary pressure

The following substances belong to the fifth group of
the periodic system of elements: Bi, Sb, As etc. [13]. For
concreteness, we consider in more detail two elements:

Energy
Energy

bismuth (Bi) and antimony (Sb). Under ordinary
conditions (at atmospheric pressure and room
temperature), the atoms of these substances are
characterized by the electronic configuration S?P?, and the
crystalline phase being formed, by its electrical properties,
occupies an intermediate position between metals and
semiconductors. That is why these substances are called
semimetals. They are characterized by a slight overlap of
the valence and conduction zones (see Fig. 1, b). These
leads, on the one hand, to the fact that semimetals are good
conductors of electricity, and on the other hand, they are
characterized by a much lower density of charge carriers
(electrons or holes) in comparison with ordinary metals.
So, in bismuth (Bi) the electron density (N / V) at room
temperature is = 102 m3, and in antimony (Sb) = 10%* m=.
In addition, the electrical conductivity of these materials,
unlike ordinary metals, increases with increasing
temperature. These features of the electrical properties of
semimetals make them similar to the so-called "non-
degenerate [14].
pressure (external or internal),
“metallized” due to a change in the overlap of energy zones
and a corresponding change in the nature of filling of
energy levels with charge carriers. In this case, the process
of “collectivization” of valence electrons is realized with
their subsequent “degeneration” — their energy spectrum is
described by the Fermi — Dirac quantum statistics [14]. As
a result of such a change, semimetals in the structure of the
energy spectrum of the electronic subsystem become

However, under

semimetals can be

semiconductors"

similar to ordinary metals. However, their electrical
properties differ significantly from the electrical properties
of classical metals. In particular, metals formed from
semimetals are characterized by a relatively low Fermi
energy (Er) and by increased density of energy states
directly near the Fermi level. From the BCS theory of

Energy

Fig. 1. Occupied states (shaded areas) in various zone energy structures: a) insulator, b) semimetal, c) metal.
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superconductivity point of view, it is jast this kind of the
energy spectrum structure of the electronic subsystem that
can cause the transition of a substance to the
superconducting state. We will state the main ideas and
considerations in this regard, as well as make some
quantitative estimates confirming the validity of such a
conclusion.

The pressure P, under which the conversion of any solid
crystalline  substance  (dielectric,
semimetal) into metal can be realized, is described by the
following relation [6]:

semiconductor,

P=0,1 (h®/mr?)(N/V). (7)

Here h — Planck's constant, m — electron mass, (N/V) —the
density of electrons to be transferred from the "non-
degenerate" state to the "degenerate" inherent in all
classical metals [14]. For a multi-electron atom, r is the
orbit radius of the electron farthest from the nucleus.
Specifically for atoms Bi r=1,8:10""m, and for atoms Sb
r=1,6-10"" m. Substituting in the formula (7) the
numerical values of the constants h and m, as well as the
values of r and (N/V), we have, respectively, for Bi and
Sb: P~ 10°Pa and P = 107 Pa. This estimate indicates that
the internal capillary pressure acting on semimetal nano-
crystals is sufficient for these objects to “metallize” and to
realize specific changes in the structure of the electron
energy spectrum.

As already indicated, a very important factor that
distinguishes "metallized"
metals is the relatively small value of the Fermi energy. If

semimetals from ordinary

for most ordinary metals that conduct electricity well (Cu,
Au, Al, etc.), the Fermi energy is characterized by an
interval of values (5—10)eV, then in the case of
semimetals with artificially “collectivized” electrons, the
average Fermi energy is =1072¢V, i.e. more than two
orders of magnitude less. This circumstance is the basis for
the validity of the assertion that in the objects under
discussion the electron pairing constant A, which is the
determining parameter in the BCS quantum theory of
superconductivity, is characterized by A>> 1. Indeed, it
follows from the theory

A=Un, ®)

were U is the potential characterizing the electron-phonon
interaction, causing the "pairing" of electrons, ns" is the
density of states in a narrow energy range AE directly near
the Fermi level. It is easy to verify that ny"~1/EF and,
therefore, the pairing constant A in the case of nano-sized
semimetal crystals, subject to capillary pressure, can
increase by more than two orders of magnitude compared

with the pairing constant characteristic of ordinary
classical metals.

Because the experiment shows that for ordinary metal
superconductors A <0.3, then in the case of nano-sized
crystalline particles of semimetals this parameter can reach
= 102. Such a significant increase in the pairing constant in
the case of nano-sized crystals can lead to their transition
to the superconducting state. This transformation can be
realized at a critical transition temperature T. that
significantly exceeds the transition temperature to this state
of ordinary metal superconductors T~ (1—-40) K.

Indeed, according to the theory, for charge carriers
characterized by a pairing constant A>>1, critical
temperature T, is described by the following relation:

Tc=0,2126, €

were O is the characteristic temperature (Debye
temperature), determined by the maximum frequency v, of
the vibration of atoms (phonons): © = (hvn)/k (k is the
Boltzmann constant). Since the Debye temperature © for
Bi is =10 K , and for Sb = 2-10? K, then the expected
critical temperature of the transition to the superconducting
state of the discussed nano-scale particles of semimetals
can reach values T = (2:10>-4-10%) K (see (9)), i.e. close
enough to room temperature (= 23° C).

We also note that such an important parameter of
superconductivity as the coherence length § which is
interpreted as the size of the “pairing” (Cooper) electron
pairs, in the case of nano-crystals
§~2R=~2:10’nm, which does not
theoretical concepts.

We emphasize that the maximum value of the critical
temperature T. observed to date is ~250 K for compound
LaH;o under external pressure P ~ 170 GPa [15]. In the case
under discussion, a sufficiently high transition temperature

is limited to
contradict the

should be observed in the absence of external pressure
under the action of internal capillary pressure, the value of
which = 10® Pa is more than three orders of magnitude less
than the above external pressure. This circumstance greatly
simplifies the use of the described superconducting
materials for technical purposes.

It should be borne in mind that in addition to the
“metallization” effect, a very important factor necessary
for the transition to the superconducting state of
semimetals is the formation of a special phonon spectrum,
characterized by the presence of high-frequency phonons.
We show that this condition can be realized, if we use not
pure semimetals as a starting material but their solid
solutions (alloys). The following paragraph of this paper is
devoted to the discussion of this possibility.
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4. Formation of additional high-frequency phonons in
solid solutions Bi1—xSbx

Atoms Bi and Sb are characterized by a very small
difference in atomic radii (= 7,5 %) and therefore form a
continuous series of solid solutions. This is evidenced by
the phase diagram, which has the form of a cigar [16].
Studies of BiiSbx alloys with a variation in the x
parameter indicate that at certain values of this parameter,
an abrupt change in the electrical conductivity, heat
capacity, thermal conductivity, etc. is observed [17, 18].
The close correlation of changes in these properties with
the variation of the x parameter indicates that in these
alloys, a sufficiently strong electron-phonon interaction is
realized. The reason for this is the specific mechanism of
the crystal structure formation of the discussed solid
solutions, due to the display of the so-called percolation
effect [17, 19].

This effect is as follows. The Bi and Sb elements under
normal conditions during crystallization form a
crystallographic lattice of the type a-As (A7) (R372/m
space group). Atoms in this type of lattice are arranged in
two parallel planes so that each atom of one plane has three
nearest neighbors belonging to another plane. As a result
of this specific spatial arrangement of atoms, the crystal
lattice is close in its properties to a usual face-centered
“pseudo-cubic” lattice. This type of crystal lattice remains
the same when forming solid solutions Bi;_«Sbx. However,
as shown by the results of an x-ray study, in these
compounds, when the value of the parameter x varies,
processes of additional self-organization of heterogenous
atoms with respect to the crystal lattice of base matrix
atoms take place (percolation effect) [19]. Upon reaching a
certain value of the parameter x =X. (X — percolation
threshold) at the initial stage of a solid solution forming
process, low-dimensional structural elements (clusters) are
formed from impurity atoms, characterized by short-range
order. As the concentration of heterogenous atoms
increases, the process of “crystallization” of clusters
occurs, that is, the formation of a '"superstructure"
characterized by long-range order is occurs.

Naturally, these specific changes in the crystal structure
of the compounds Bi;_Sbx must be accompanied by a
change in the phonon spectrum with amplification of the
high-frequency mode. This is indirectly evidenced by the
results of the thermal properties study of the described
alloys (heat capacity, thermal conductivity), as well as
electrical conductivity [17, 18].

Therefore, there is every reason to believe that the
appearance of an ordered "superstructure" in the crystal
lattice of semimetal alloys should contribute to the
enhancement of the electron-phonon interaction, which
ultimately determines superconductivity. Note that the
effect of percolation in full occurs after reaching the

threshold value of the parameter x., which is = 0,25 (Bi is
the base element) and = 0,6 (Sb is the base element).

Conclusions

Based on the analysis carried out in this work, as well
as the quantitative estimates made, we can draw the
following conclusions.

1. Nano-sized (10— 100 nm) crystalline particles of
semimetals can spontaneously transform into a
"metallized" state under the influence of internal capillary
pressure.

2. The energy spectrum of electrons formed under the
capillary pressure in these objects is characterized by the
appearance of a "gas" of "degenerate" electrons obeying
the Fermi — Dirac quantum statistics. In this case, however,
the Fermi energy of the electrons energy spectrum in the
crystals under discussion is characterized by the value of
~ 0,03 eV, which is two orders of magnitude less than the
average Fermi energy of electrons in classical metals.

3. The small Fermi energy in the “metallized”
nanocrystalline semimetal particles causes an increase in
the pairing constant A to a value of = 102 i.e., these objects
are characterized by strong electron-phonon interaction.
Accordingly, an increase in the pairing constant should be
accompanied by an increase in the critical temperature of
the transition of the described substances to the
superconducting state to a value T~ 300 K.

4. In solid solutions of semimetals, when certain
concentration values (percolation threshold) are exceeded,
a "superlattice" of heterogenous atoms is formed. The
specific structural state of the crystals being formed in this
case causes a change in the nature of the phonon spectrum
(an additional number of high-frequency phonons
appears). This fact causes an increase in the Debye
temperature O, and also contributes to an increase in the
potential of the electron-phonon interaction. Both of these
factors should lead to an increase in the critical temperature
T, of the discussed crystals transition to the
superconducting state.

5. Thus, summing up the overall result, it can be argued
that nano-sized crystalline particles of semimetals, as well
as their alloys, can be superconductors with a critical
transition temperature approaching room temperature
(=23 °C).
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B poborti mpoBeneHo NOCIiKEeHHS HU3bKOTEMIIEPAaTyPHOT INIACTHYHOCTI, IPYKHHUX Ta AUCHIIATHBHUX XapaKTEPUCTHK, a TAKOXK
MIKpOCTPYKTypHOI eBoutowii BUCOKOeHTpomiitHOro crmiaBy FesoMnsoCo10Crio y mupoxomy inTepmami Temmeparyp 300—0,5 K.
OTpuMaHO TeMIepaTypHi 3aJIeKHOCTI MEX1 TEKy4OCTi, 1eOpMaIiifHOT0 3MIITHEHHSI, MilTHOCTI Ta TUIACTUYHOCTI, & TAKOXK aKyCTHYHOTO
MOTJIMHAHHS Ta JUHAMiYHOTO Moyt FOura. 3HaiineHo, 1o crpykrypa ciaBy FeaoMnsoCo10Crio y BuxiiHOMy cTaHi € 01HO(a3HO0
3 'K rpatkoro, a y neopMoBaHOMY CTaHi IPH HU3BKUX TEMIIEPaTypax, cTae 1Bo(a3HOI0 3a paXyHOK JepOpMaIliifHO-1HIYKOBaHOTO
¢azoBoro mepexoxny. Kpim mporo, EBSD-anami3 cTpykTypu ciuiaBy BUSBUB 3MiHY MoOpdouiorii 3epeH Ta MOsSBY ABIHHHKOBUX
JUCIIOKAIH Ticis miacTuaHol Aedopmartii Ipu BCiX JTOCTIHKEHUX TeMIepaTypax. AKYCTHUHI JOCHIPKEHHS MOKa3allH, 10 Mepexia
Bijl IOYATKOBOT'O CTaHy 10 J1e)OpMOBAHOTO 3MIHIOE XapakTep TeMIepPaTypHOI 3aJeXHOCTi AnHamiyHoro moxyis FOHra Bij maibxe
JHIHHOTO /10 CTYNIEHEBOr0, Ta 3MEHIIY€E HOro abCOIIOTHI 3HAUCHHSL.

CrutaB Fe4oMn4oC010Cri0 Mae BiAMiHHY MIITHICTP 1 TNIACTHYHICTH NP BHCOKIH MIBUAKOCTI Ae(opMaIiifHOro 3MIiIIHEHHS, 10
MOSICHIOETHCSI 3HAYHUM BHECKOM IIpoliecy ABIMHUKYyBaHHA. [Ipu 3HMWkeHHI Temmneparypu Bix 300 mo 4,2 K cmocrepiraerses cuiibHA
TeMIIepaTypHa 3aIeXHICTh YMOBHOI IpaHMIII TEKYJOCTi, IKa BKa3y€e Ha TEPMOAKTHBOBAHUH XapaKkTep IUIAaCTHIHOT nedopMaliii craBy
Y BCbOMY JIOCIIPKEHOMY iHTEpBai TEMIIEpaTyp.

B inTepBani temnepatyp 0,5-4,2 K crocrepiranack aHOMaisi MeXi TEKy4OCTi, a caMe 3MEHIICHHs 3HAYCHHS MeXi TEeKy4OCTi
IIpY 3HWKeHHI Temnepatyp Bix 4,2 K 1o 0,5 K. AHOMasbHa 3a51e)KHICTh MEXi TeKy40oCTi 00yMOBIICHA 3MiHOIO MEXaHi3My ITOJI0JIaHHS
JIUCITOKAIISIMU JIOKQJIBHUX 0ap'epiB BiJl TEPMOAKTHBOBAHOT'O JI0 HEPIIHHOTO, NMPU [[bOMY YaCTHHA JIOKATEHHUX TEPEIIKO]] J0JIa€ThCs
JECITOKAIlisiMi Oe3akTuBauiitHo. L{e npu3BOANTE 0 3MEHIICHHS MEXH TEKydOCTi 3 MOHWKCHHAM Temieparypu. [Ipu temmepatypi
4,2 K i Hmk4e, IIaBHUI XapakTep IUIaCTUYHOT edopMaltil 3MiHIOETBCS BiJ] IITABHOTO Ha cTpHOKONoAiOHUH. CTpHOKH MOYHMHAIOTHCS
BiZpa3y MiCIIs MEXi TeKyJOCTi i I1aBHO 301bIIyroThcs BT 40 MIla o ~ 160 MIla.

OTpuMaHi pe3yNbTaTd € BKpail KOPHCHUMH 1 BOXKIMBUMH JUI NPAKTHYHHUX 3aCTOCYBaHb BUCOKOCHTPOIIIHHHUX CIUIAaBIB MpPU
HHU3BKHX TeMIlepaTypax.

Ki1o4oBi ci10Ba: BUCOKOCHTPOIIIIHI CIUIABH, TUIACTUYHICT, MILIHICTh, KPIOTCHHI TEMIIEpaTypH.

The low-temperature mechanical properties of the Fe4oMnsoCo010Cr10 high-

entropy alloy, the ductility of which is induced by twinning
T.V. Hryhorova, S.E. Shumilin, Yu.O. Shapovalov, Yu.O. Semerenko, O.D. Tabachnikova,

M.A. Tikhonovsky, A.S. Tortika, M.l. Zehetbauer, E. Schafler

B. Verkin Institute for Low Temperature Physics and Engineering NAS of Ukraine, 47 Nauki Ave., 61103 Kharkov, Ukraine
National Science Center Kharkov Institute of Physics and Technology, 1, Akademicheskaya St., Kharkiv, 61108, Ukraine
University of Vienna, Boltzmanngasse 5, Vienna A-1090, Austria

In this work, we studied the low-temperature plasticity, elastic and dissipative characteristics, as well as the microstructural
evolution of the FeaoMn40Co10Cr10 high-entropy alloy in a wide temperature range of 300 - 0.5 K. The temperature dependences of
yield strength, strain hardening, strength and ductility, as well as acoustic absorption and dynamic Young's modulus are obtained. It
was found that the structure of FesoMn4oCo10Crio alloy in the initial state is single-phase with fcc lattice, and in the deformed state at
low temperatures it becomes two-phase due to the deformation-induced phase transition. In addition, EBSD analysis of the alloy
structure revealed a change in grain morphology and the appearance of twin dislocations after plastic deformation at all investigated
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Husvrxomemnepamypni mexaniuni eracmusocmi gucoxoeHmponitinozo cniagy FesMnapCo1oCrio,
RIAACMUYHICMb SIKO20 THOYKOBAHA OBIUHUKY8AHHAM

temperatures. Acoustic studies showed that the transition from the initial to the deformed state changes the character of the temperature
dependence of the dynamic Young's modulus from almost linear to exponential, and reduces the absolute values.

The Fe4oMn4oCo10Cr1o alloy has excellent strength and ductility at a high strain hardening rate, which is explained by the
significant contribution of the twinning process. With a decrease in temperature from 300 to 4.2 K, a strong temperature dependence
of the yield strength is observed, which indicates the thermal activation of the nature of the plastic deformation of the alloys in this
temperature range.

In the temperature range of 0.5-4.2 K, an anomaly of the yield strength was observed, namely a decrease in the value of the
yield strength with decreasing temperature from 4.2 K to 0.5 K. The anomalous dependence of the yield strength is due to a change in
the mechanism of overcoming local barriers from thermoactivated to inertial one, when part of the local obstacles is overcome by
dislocations without activation. This leads to a decrease in yield strength with decreasing temperature. At a temperature of 4.2 K and
below, the smooth nature of the plastic deformation changes from smooth to serrated. The jumps begin immediately after the yield
strength and gradually increase from 40 MPa to ~ 160 MPa.

The results obtained are important for practical applications of high-entropy alloys at low temperatures.

Keywords: high-entropy alloy, plasticity, strength, cryogenic temperatures.

HuzkoTeMiiepaTypHble MEXaHHYECKHE CBOMCTBA BEICOKOAHTPOITMIHOTO
cruaBa FesoMn4oCo010Crip, mIacCTUYHOCTH KOTOPOTO MHAYIIUPOBAHA

I[BOﬁHHKOBaHHeM
T.B. I'puroposa, C.D. llymunun, }0.A. llanosanos, FO.A. Cemepenko,

E.Jl. TabaunukoBa, M.A. Tuxonosckuii, A.C. Toptuka, M.U. Ilexet6ayep, O. llladaep

Du3suxo mexuudeckuil uHcmumym Huskux memnepamyp um. b. Bepkuna HAH Yxpaunwl, np-m Hayxku 47, 61103 Xapekos, Ykpauna
Hayuonansnoiil nayunviii yenmp "Xapvrosckuil pusuxo-mexuuyeckui uncmumym", yiu. Akaoemuuecxas 1, Xapokos, 61108, Ykpauna
University of Vienna, Boltzmanngasse 5, Vienna A-1090, Austria

B pabote mpoBeneHO HcciienoBaHNe HU3KOTEMIEPATYPHON IUIACTHYHOCTH, YNPYTHX M JAUCCUIIATHBHBIX XapaKTePHUCTHK, a
TaKKe MUKPOCTPYKTYPHOH O3BOJIOLMH BBICOKOIHTpONHMiHOro cruiaBa FeswMnspCo10Crio B MMPOKOM HHTEpBalle TeMIIeparyp
300 - 0,5K. TIMomy4ensl TemmepaTypHble 3aBHCHMOCTH NpeAeia TEKy4ecTH, AeOPMALHMOHHOTO YHPOYHEHHUS, MPOYHOCTH U
IUTACTHYHOCTH, a Takke aKyCTHYECKOTO IOTNIONICHHS M JuHamudeckoro moxyns FOura. OOHapykeHO, 9TO CTPYKTypa CIIIaBa
Fe4Mn20Co10Crio B ncxomHoM cocTostHEH siBIsteTcs: oqaodasHoif ¢ I'LIK pemrerkoit, a B 1eopMIpOBAaHHOM COCTOSTHUH NPU HU3KHX
TeMIeparypax, CTAaHOBHTCS AByX(}a3zHOU 3a cueT AedopMannoHHO-MHAYLIHpOBaHHOTO (hazoBoro mepexona. Kpome storo, EBSD-
aHaNn3 CTPYKTYPHI CIUIaBa OOHAPY KM N3MEHEHHE MOP(OIIOTHH 3€PeH U MOSBICHHE JBOMHIKOBBIX IUCIOKAINI OCIE MITaCTHIECKOH
nedopmaru mpu BCEX HCCIIENOBAaHHBIX TeMIlepaTypax. AKyCTHYECKHE HCCIEHOBAaHHs ITOKA3ald, YTO INEPexXoi OT HavyalbHOTo
COCTOSIHMSI K J1epOPMHPOBAHHOMY MEHSET XapakTep TEMIIepaTypHOl 3aBUCHMOCTH JUHAMH4eckoro Monynst FOHra or modtH
JIMHEWHOTO K CTEIIEHHOMY, M YMEHBIIIAeT ero abCOIOTHBIC 3HAUCHUSL.

CrutaB  FesoMn4oC010Crio MMeeT OTIMYHYI0 NPOYHOCTh M IUIACTUYHOCTH IPH BBICOKOH CKOPOCTH JAe(OpMarioHHOTO
YOPOYHEHUS, YTO OOBSACHIETCS 3HAYUTEIFHBIM BKIIJIOM TIporiecca ABoitHnKoBaHus. [Ipn nonmwkernn Temmneparypst ot 300 mo 4,2 K
HaOJII01aeTCsl CHIIbHAS TeMIIepaTypHast 3aBUCHMOCTh YCIOBHOTO Tpefiena TeKydIecTH, KOTopas yKa3sIBaeT Ha TePMOAKTHBUPOBAHHBII
XapakTep IUIaCTHYECKOH JedopMaIui CIIaBa BO BCEM HCCIIeIOBAHHOM HHTEPBAae TeMIIeparyp.

B unTepBane temmeparyp 0,5-4,2 K Habmromanack aHoManus Ipeena TeKy4ecTH, a IMEHHO YMEHBIICHHE 3HaueHHs Mpeenna
TEKy4eCTH IpH CHIDKeHUH Temiiepatypsl oT 4,2 K 10 0,5 K. AHOManbpHast 3aBHCUMOCTb TIpejieiia TeKy4ecTH 00yCIOBlIeHa H3MEHEHHUEM
MEXaHU3Ma MPEOJOJICHUs TUCIOKAIMAMH JIOKAJIBHBIX 0apbepoB OT TEPMOAKTUBHPOBAHHOTO K MHEPIMOHHOMY, IPU 3TOM YacTh
JIOKAJIBHBIX HpeHﬂTCTBI/Iﬁ Ipeo0JICBACTCA AUCITIOKALUAMUA 6e3aKTI/lBaL1PIOHHO. DT0 NPUBOJAUT K YMEHBIICHUIO TIpEeAciIa TEKYyYECTU C
HOHIWKEHHeM Temriepatypsl. [Ipu temmneparype 4,2 K 1 Huke, MIaBHBIA XapakTep MIaCTHYECKO AehopManuy MEHIETCs OT IJIaBHOTO
Ha CKauKooOpa3HbIi. CKauky HAaYMHAIOTCS Cpa3y Iocie Mpefena TeKy4ecT! 1 Iu1aBHo yBennunBarorcs ot 40 MIla mo ~ 160 MITa.

[MomyueHHBIe pe3yIbTaThl BAXKHBI IS IPAKTUYECKUX TPUMEHEHUH BEICOKOYHTPOIMIHEIX CIUIABOB PU HU3KMX TEMIIEpaTypax.

KnrodeBble c10Ba: BEICOKOSHTPONHIHEIE CIUIABEI, TNIACTHIHOCTD, IPOYHOCTh, KPHOT€HHBIE TEMIIEPaTyPhIL.

Beryn Kacu4gHOi TepmoauHamiku [9] mpo Te, mo eHrpormis
HoBmii kmac mMarepiamiB — OGaraTOKOMIIOHEHTHI — 3MINTyBaHHS  MDK  DPO3YMHHAMH  KOMITIOHCHTaMH
Bucokoentpomiiini  crutaBu  (BEC), ski  aKkTWBHO  MakcWMalbHa, KOJNW IIi KOMITIOHEHTH TIepeOyBaioTh B

JOCTI/KYIOTBCSL B OCTaHHI JecaTwmrtrsa [1-6], MaioTh
HIMMA psii TlepeBar y MOPIBHSAHHI 13 TpPaguIiHHUMH
crmaBaMu. byio 3’sicoBaHo, 0 B €KCTpEMANIbBHUX YMOBaX,
a came B o0sacTi HU3bKKX TeMriepatyp, B BECax, mopsin 3
BHCOKOIO MIIHICTIO, criocTepiraeTbes BHCOKA
IUIACTUYHICTh, SIKA peajli3yeTbcsl 3aBASKU aKTHBi3awil
mporiecy JaBiiHUKyBaHHs [7]. BBaxaerbcs [8], mo
nostinmieHHs ¢izuaaux BiactuBocTedt BEC moB's3ano 3
MiIBUIICHAMH, Y  TIOPiBHSAHHI i3
0araTOKOMIIOHCHTHIMH CIUIaBaMH, 3HAYECHHAMH €HTPOMi{

3MinryBaHHS. lle NpUIYyIIeHHS CIIUPAEThCS HA YSBICHHS

TpaJuIliHHIMHA

eKBIaTOMHINl ~ KOHIICHTpAILii. 3Ha4eHHA  EHTpomii

3MINIyBaHHS B  €KBIaTOMHHX 0araTOKOMITOHEHTHHX
CIIIaBax IMi/IBUIYETHCS 3 POCTOM YHCIIa KOMIIOHEHTIB, IO
BXOJATH Y TaKy CHCTeMy, a KpucTaiiuHa rparka BEC, mo
CKJIQIAETHCSl 3 aTOMIB PI3HOPIIHMX EJIEMEHTIB 3 Pi3HOIO
SJISKTPOHHOIO OyJJOBOIO Ta Pi3HMMHU PO3MipaMH, CyTTEBO
CIIOTBOPCHAa B TOPIBHSHHI 3 iJCaJbHOI IPATKOIO
OJTHOPITHUX aTOMiB, IO 3abe3rneuye BHCOKY MIIHICTh
BEC. V Toli ke 4Yac JOCHIDKEHHS OCTaHHIX POKIB
MOKa3ajiyu, M0 Yy HU3KM HEPIBHOBAXXHUX OaratodasHux

BEC, ctpykTypa SKHX MICTUTh KOHIICHTPAIIO aTOMIiB,
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BiZMiHHY Big eksiaromuoi [10 ,11, 12], Tex
CIIOCTEPIraroThCs MOJIMNIIeHI MexaHidHi BIactuBocTi [Ipu
msoMy, v Ttakux BEC, 3a paxyHOK akKTHBi3allii B XOmi
nedopmamii  JOZATKOBHX MEXaHI3MIB IUIACTHYHOCTI, a
came, 3aBISIKH IUIACTUYHOCTI, IHlyKOBaHOT
neiitHnkyBanusM  (TWIP), y mmpokomy iHTepBaii
TEMIIEpaTyp CHOCTEPIraeThcsi BUCOKA IUIACTHYHICTH MPU
30epexeHHi BHCOKOi MinHocTi. Tak, B [11] jmns
HeekBiatoMHoro BEC FesoMnsCo010Crio 3a paxynox
TWIP wmexanismy mpu 300K Bpamocs nomortucs
MOJIIIIIIIEHOT O CIIIBBIAHOLIECHHS "MIIIHICTH -
OnHak, Ha TeNepiImHii Jac
CHUCTEMATHYHUX MJOCHIIKEHh Y IIMPOKOMY iHTEepBai
KpiOTeHHHUX

IUIACTUYHICTB".

TemmepaTryp, ocobmuBo B oOmacTi

Temnepatryp, BmmBy TWIP mpomecy Ha MexaHidHi

BJIACTMBOCTI, Ha  CHIBBIJHOINEHHS  "MIIHICTE —
IUTACTHYHICTB" SIBHO HEOCTATHHO. TOMY METOKO pOOOTH €
JIOCHI/DKEHHST ~ HM3bKOTEeMIepaTypHux (B iHTepBaii
temnepatyp 300 — 0,5 K) MmexaHiyHMX Ta aKyCTHYHHX
BJIACTUBOCTEH 1

BCTaHOBJICHHS  MIKpOMEXaHi3MiB

mwractigHoi Aedopmartii BEC FesoMnaoCo10Crio.

2. Marepiaju Ta MeTOIH AOCTiT:KEHb
HeexBiaToMHmMiA BHCOKOEHTPOITi HHIHA
FesoMn4oCo010Crip oTprMyBaIi IUITXOM yTOBOI IIABKH Y

CIll1IaB

atMmocdepi aprony. Uucrora Jeryo4nx ejleMeHTIB Oyna
pue 99,9 (ar.)%. Ilicns
roMoreHizauiiHuid Bifman B aTMocdepi aproHy mpu
1000° C mpotsirom 24 romuH,

JUTTS  TPOBOJAUBCS
micist 4O0ro  3JIMTOK
MPOKATyBaBCsA A0 TOBHIMHUA =~ 0,3 MM 3 MPOMDKHUMH
Biqnmamamu B atMocdepi aprony mpu 1000° mpotsrom 1
roauuu micns aepopmanii =~ 50 %. Ha enexrpoickpoBomy
BEPCTATi BUPi3aIMCs 3pa3Kyl Uil BUIPOOYBaHb Ha PO3TST
po3mipom  16x3x0,3 MM, MIPOBOJUBCS
¢iHanbHUIA Bignan 3paskiB B arMoc(epi aproHy npH

micIse  4oro
1000° C mporsrom 10 xB. Takuit CTpYKTypHHUI CTaH
3pa3kiB Mmojaaii OyaeMo BH3HAYATH SIK BUXIJIHMHA CTaH.
MikpocTpyKTypa
PEHTIeHOCTPYKTYPHOI'O

3paskiB BUBYAsaCs METOZIOM
aHaizy 3a JIOTIOMOT OO
mudppakromerpa  JPOH-YMI i  Ultima IV B
MoHoxpomarnyHoMy  Cu-Ko  BumpomiHioBaHHI  Ta
METOJIOM TPAHCMICIHHOI eNeKTPOHHOI MIKpOoCKomii y
Mmikpockoni JEM-2100F 3 posaimeaum 3patricTio 0,1 HM.
[Minkpecnumo, 1O yCi CTPYKTYpHI JOCHIKEHHS ISt
neopMOBaHUX  3pas3KiB  3AIHCHIOBAINMCS y  MICTax,
po3TamoBaHuX MOOIM3y Micusg pyWHYBaHHA. BuMipu
MEXaHIYHUX XapaKTEePHUCTUK TPOBOIWIM Y TPOIECi
aKTHBHOI JlehopMallii mpy 0OJTHOOCHOBOMY PO3TATYBaHHI 3
noctiifHoro mBHAKicTio 1:10% ¢! y TemmepaTypHOMY
iarepBasi 0,5-300 K.  JIst  OTpUMaHHS  KPIOTEHHHX
TEeMIIEpaTyp BUKOpUCTOBYBaBcs pinkuii reniit 3 (T=0,5 K),
pinkuii remiit 4 (T=4,2 K) u piakuit asor (T=77 K).
IMpomixkui  Temmeparypu B iHTepBaimi  77-300 K

OTPHMYBAJIH OXOJIOKCHHSM 3pa3KiB ImapaMu a3oTy, a 4,2-
77K - mapamm Otpumani  miarpamu
«HABaHTKEHHS — 4acy MepepaxoByBaM B KOOPIUHATAX

rejio.

«HAmpyra ¢ - IlacTU4Ha fedopmanis €» 3 ypaxyBaHHAM
3MIHHM TIOTIEPEYHOr0 mepepidy 3paska. bymu Bu3HaueHi
3HAYEHHS] YMOBHOI MEXY TEKY4OCTi Go 2, MEXK1 MIIIHOCTI Gy
(MakcuManpHO! JOCATHYTOI HAMpyrd) Ta OXHOPIAHOI
TUIACTUYHOI AedopMalii €y, BIIIOBIIHOT 10 3HAYEHHS GU.

AKyCTHYHI  JOCHIDKEHHS  IIPOBEACHO
MEXaHIYHOI pe30HaHCHOi chekTpockomii. ILle#t meron
0azyeTbCcs Ha BHBYCHHI JIIHIHHUX 3rHHAIbHUX KOJHMBAHb

MCETOOIOM

KOHCOJIbHO 3aKPIMJIEHHOTO 3pa3Ka — TOHKOI IJIACTHHU MPU
MaJIUX 3HAYEHHSIX aMIUNTYId aKyCTHYHOI aedopmarii
£0~107. YV s3pasky 30ymKyBanucs 3MyIIeHi KOJIMBAHHS
IUTACTHHM i JI€I0 IUKITIYHOI EeJNeKTPUYHOI CHIIM 3
BapitoBaHHsAM ii yactotu f mo6mu3y mepinoi pe3oHaHCHOT
pericTpyerbcs

YaCTOTH [JIaCTHHH fr, SIKa

excriepuMenTtanbio fr =400 I'n.  JluHaMiuyHMHA MOIYJIb

IOura E i1  KOHCONBHO  3aKpiIUICHOTO  3pa3ka
BH3HAYAETHCS CITIBBITHOIICHHSM:
f2pl*
E-383. 70 )
h2

He h, | ta p - ToBIIMHA, TOBXKMHA Ta LIJIBHICTH 3pa3Ka;
3HAYCHHS YUCIIOBOTO KOE(IIlli€HTY 3alle)KHUTh Bi (opMH
3paska ta koedimienTa [Tyaccona v = 0.3. [letanpHuii omuc
METOJIMKH BUMIPIOBaHHS aKyCTHYHOTO MOIJHMHAHHA Q°
YT) T1a mumamidnoro moxyns IOmra E(T) B mmx
eKCIiepuMeHTax HaBeseHo B [14-17].

3. Pe3yabTaTH AOCTII:KEHD Ta iX 00roBOpeHHs
3.1. Onuc MikpoOCTPYKTYpH

Ha puc. 1 momani gudpakrorpaMu MiKpOCTPYKTYpH
ciaBy FeaoMnagCo10Crip sik y BuximHOMY cTaHi (a), Tax i
y aedopMoBaHOMY cTaHi michs pyHHyBaHHS HpPH Pi3HUX
temmeparypax: 7 =295 K (6), T=77 K (8), T = 4,2 K (r).

BuaHo, mo y BUXiJHOMY CTaHi cIiaB € oxHO(a3HNM 3
I'IK (rpanenenTpoBaHa KybiuHa) IpaTKo0. Y TOH ke Jyac
y nehopMOBaHOMY CTaHi 3 ABISIOTHCA MIKK APYToi (a3u 3
I'IIT (rexcaroHanbHE HIIIbHE MAKyBaHHS) IPATKOIO, SIKi
3pOCTalOTh TIPH 3HIKEHHI Temueparypu Jedopmarii.
Otrxe, IpU HU3BKHX TEMIIEpaTypax CTPYKTypa CIUIaBy
FewMnsCo010Crip crae  nBodazHOIO 32  paxyHOK
nedopmaniitHo-iHayKOBaHOTO (ha30BOTO NEPEXOY.

Ha puc. 2 mnaBemeni enexkrponorpadiuni (EBSD)
300pakeHHs MiKpOCTPYKTYpH cruiaBy FeaoMnaCo10Crio y
BHXITHOMY Ta Ne()OpMOBAHOMY CTaHaX.
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Puc. 1. Po3momin iHTEHCHUBHOCTI pPO3CiiHHSA peHTreHiBchbkux mnpomeHie 1(20) B inteppanmi kyrtiB 40-80° mms cruaBy
Fe4oMn40C010Cri0 y pisHHX CTPYKTYPHHX CTaHaX: (@) - BUXiIHHUH cTaH; 1e)OpMOBaHHMil 10 pyHHYBaHHS IIPH Pi3HUX TeMIepaTypax:
(6)-T=295K,(B)-T=77K, (r)-T=4,2K.

50 MKMm

50 mKm

Puc. 2. EnexrpoHorpadiuni (EBSD) 300paxeHHs MikpocTpyKTypH citaBy FeaoMnsoCo10Crio y pi3HHX CTPYKTYpHUX cTaHaX: (a) -
BUXIJHUH CcTaH; nehopMoBaHMil O pyHHYBaHHS NpH pisHHX Temmeparypax: (6) - T=295K, (8) - T=77K, (r) - T=4,2K.
OpieHTariiina kapTa B Kosibopax ooparaux nostocHux ¢iryp (OIID). binumu crpinkamu mo3HadeHi ABIHHUKY.
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BugHo, mo mpu BCiX AOCHKEHHX TeMIIepaTypax
nedopmaris TpUBOIUTH IO 3MiHH MOPQOIIOTii 3epeH Ta
MOsiBl IBIHUKOBUX NWCIIOKAIlii, SIKi Ha pHUC. 2 BKa3aHi
CTPIJIKaMH.

3.2. ledopmauiiini kpusi

Ha pwuc.3 wHaBemeni nedopmauiiiHi  KpuBi Yy
KOOpJMHATaxX “Hampyra ¢ — aedopmaltisi €, OTpUMaHi npu
OTHOOCHOBOMY PO3TATYBaHHI 3 IMOCTIHHOIO MIBHIKICTIO
110" ¢! mpu Temmepatypax 295 K, 150 K, 77 K, 4,2 K ta

05K

2400
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1600
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Puc. 3. JledopmariiiHi KpuBi BHCOKOCHTPOIIIITHOTO CIUIaBy
Fe4Mn40C010Cri0 y koopauHaTax “Hampyra ¢ — nedopmariis
€”, OTpHMaHi OJTHOBICHUM PO3TATHEHHSIM TIPH TeMIIepaTypax
05K, 42K, 77K, 150K Tta 295K (npu 0,5K ta 42K
CTPHOKH HaNpyTH Ha AeOopMaLiifHIX KPUBHX HE ITOKa3aHi).
Ha BcraBmi: nedopmariiini kpusi npu 0,5 K ta 4,2 K 3i
CTpHOKaM¥ HaIIPyTH.

BunHo, mo y BChOMY TeMIepaTypHOMY iHTEpBai
JIOCITIDKEHUH CIIJIaB Ma€ BHCOKHU pe3epB IMIACTHYHOCTI.
Benuunnaa omuopimHoi nedopmanii g0 pydHyBaHHS (
~0,45) TpakTHYHO HE 3MIHIOEThCS TIPU 3HIDKEHHI
TemIepaTypu BUnpoOyBaHHS. Takox BuaHo (puc. 3,
BCTaBKa), o npu Temneparypi 4,2 K 1 Hmwxkue, ruiaBHUN
XapakTep IUIaCTUYHOI aedopmariii 3MIHIOETBCS  BiJ
IUIABHOTO Ha crpuOkonoxionuii. Crix 3a3HayuTH, LIO0

cTpubkonoiOHa nedopmaris mpu HU3BKUAX TEMIIEpaTypax
xapakrepHa s Oarateox ['IK TpaammifiHnx mMeraniB u
cragiB [ 18], s AKX BBaXKa€ThCS, IO TIPUPOIA CTPUOKIB
BU3HAYAETHCS CIIJIBHOIO MI€I0 IBOX, IOB'S3aHMX OIMH 3
OITHUM: TIpoIeciB: muciokamiiauM [19, 20] i TemioBum
[21-24]. MoxHa MPUMYCTHTH, WO i B JOCITIKCHOMY
BHCOKOEHTPOIIIIHOMY CIuIaBi FesoMnsoCo10Crio
HU3bKOTEMIIEpaTypHa cTpUOKomnoaiOHa aedopmaris mae
Taky X mpupoay. Ilizkpecnumo, mo npu Temmeparypi
0,5 K perymsapri crpubku Hanpyrd Ha aedopMarmiiHii
KpHUBili, MOYMHAIOTECS BiApa3y IMICIA MEXi TEKydOCTi,
TPHUBAIOTH Y3IOBXK BCi€i nedopmamiifHoi KpHBOi, TIABHO
30LTBITYIOYHUCH 3 pocToM aedopmarii Big ~ 40 MIla mo ~
160 MI]a.

4000
3000
©
-
=
o 2000
1000
0 1 L 1 L 1 2 1 2 ]
0,1 0,2 0,3 0,4 0,5
€
Puc. 4. 3anexuicte  koedimieHTiB  nehopmMamiiHOTO

3MilHEeHHs 0 Big nedopmariii € BECOKOSHTPOMIIHOTO CIIaBy
FesoMnsoC010Cri0 mpu temmeparypax 0,5 K, 4,2 K, 77K,
150 K ta 295 K.

Sk BugHO 3 puc. 4 mpu yciX TeMmeparypax
nedopMyBaHHS jaedopmarliiiHi KpuBi MarOTh CTaTidHUN
XapakTep, o BKa3ye Ha CHUTBHICTD IXHIX AedopmariiitHux
MexaHi3MiB. Ha  mouaTkoBifi  cramii  KoedimmieHT
nedopMariiHoro 3MIIHEHHS 0=do/de IIBUIKO
3MEHINY€EThCs Binl 3HaueHb ~ 5000 MIla go ~ 1750 MIla.
Take piske 3MeHIIEHHS © 3 POCTOM HaNpy>KEHHS Ha
rnoyatkoBomy eramni jedopmanii oOymoBieHO, SIK 1 B
TPaAULIMHUX NOJMIKPUCTAIYHUX MaTepianax, HOCTYyIIOBUM

3aJy4eHHSM 3epeH B Mpolec IUacTH4Hoi aedopmarii
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gepe3 pi3Hy Opi€HTaNil0 3epeH MO0 BiTHOMICHHIO [0
HaTPSAMKY 30BHIITHBOI CHJIH 1 HEPIBHOMIPHIM PO3MOILIOM
B HUX KOHIIEHTPATOPiB BHYTPIIIHIX HANIPY>KEHB 5K JHKEPeIT
3apopkeHHs auciokamiit. pu 295 K nedopmartiitai kpusi
MaJlil JBOCTAIMHUI XapaKTep, 3 MOBUIbHUM 3MEHILEHHM
Ha Jpyriit cranii y xoxai aedopmanii Bemmuunu 0. Ilpu
3HW)KEHHI TeMIeparypu BupoOyBanb 1o 77 K 1 Hikue Ha
nedopManiiHUX KPUBHX cHOCTepiraeThes TpH cranii. Ha
npyriit cranii mpu 77 Ta 4,2 K cnocrepiraerscs picr 0, a
npu 0,5 K 3mauenHs 0 Ha mili cTamii NpakTUYHO HE
3MIiHIOIOTECS. Taka TOBemiHKa OOyMOBJICHA TOCHIICHHM
BHECKOM IIpOLleCYy IBIHHMKYBaHHA IpH
TeMIepaTypu BUNpoOyBaHb. JIBIfHUKH CTBOPIOIOTH HOBI
epexTuBHI  Oap'epy A PYXIMBHX  JAHCIIOKAIiH,

3HIDKEHHI

npooiry,
CTBOPIOIOTH JI0IaTKOBI B3a€MOJIIT i3 TPaHULISIMU JBIHHUKIB

3MEHIIYIOTh JIOBXKUHY IXHBOTO  BIUJIBHOTO
i 30UIBLIYIOTh HArpOMa/KEHHS IMCIIOKALil ycepeauHi
3eper [25] Ha Tperiit cTamii croctepirae€ThCsi MOabIIe

MOBUTIbHE 3MCHIICHHS BeIMYMHU 0 y X011 aedopmarrii.

3.3. TemnepaTypHi 3aJ1e5KHOCTi MexKi TeKy40cTi Ta
MinHocCTi

SAx BumHO 3 puc.5 B gocmimxeHomy BEC
FesoMnsoCo10Crip  mpu  3HWKEHHI  TeMIepaTypu
BunpoOyBansb Bix 300 K 10 4,2 K ciocrepiraerbes 3Ha4uHe
(maibke B 3 pasu — Big 191 MIla mo 579 MIla) 36inbuieHHs
MEXI TEKydoCTi, L0 BKa3sye€ Ha TEPMOAKTUBOBAHHMN
XapakTep Ipolecy IIAaCTUYHOT Aedopmaliii.
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Puc. 5. TemneparypHa 3ale:KHICTh YMOBHOT MEXKi TEKY4OCTi
60,2(T) Bucoxoentpormiitnoro cmiaBy FeswoMnaoCo10Crio. Ha
BCTaBLi — y OibII KpynmHOMY Maciitabi 3anexHicts 60,2(T) B
inTepBaii temmneparyp 77- 0,5 K.

BimHaunMo, 10 OTpWMaHa TeMIepaTypHa 3aJICKHICTh
BUTJISIa€ CUIIBHILION, HiX B Tpanulliitaux meraiax 3 LK
rpatkamMu. CrioctepexxyBaHa B IOCIIDKEHOMY CIUIaBi
3anexHicTh 602(7) Gnu3bka 10 3anexHocTel 6o,2(7) ms
MmerainiB 3 OLIK (06’emHoneHTpOBaHa KyOiuHa) abo I'TIIT
peLIiTKaMu, IS SKUX KOHTPOJIIOIOYMMH MEXaHi3MaMH JUIs

PyXy AucioKaniii € six 6ap'epu [laftepica, Tak i MOTyTHIIII
IOMIMKOBI  ckymueHHS [26]. Ilomamsme
temnepatypu a0 0,5 K 3miHIoe TemmepaTypHHIA Xin Go2.
CrocrepiraeTsCsi 3SMEHIIICHHS BETMYNHHE Go,2 Bix 579 Mlla
(ipu 4,2 K) no 543 MIla (pu 0,5 K), o cBiguuts npo te,

SHHKCHHA

110 Y IaHOMY TEMIIepaTypHOMY IHTEpBaJIi 3aJI€KHOCTI Go2
(7) He BiAMOBIAIOTH TEPMOAKTHBOBAHOMY XapakTepy
racTu4HoCTl. Takuii aHOMaJIBHMH XiJ TeMIeparypHoOl
3aJIeKHOCTI MeXI1 TeKydocTi B nocinimkenomy BEC, sk i B
psami  tpammmiiiaux TIK cmrasax [20, 25, 27-29],
HMOBIpHO MOke OyTH TOB'S3aHUI 31 3MiHOIO MeXaHI3My

MONONIAHHSA  JUCIOKALIIMH  JIOKAIFHUX Oap'epiB B
pe3ynmpTaTi TOCWICHHS iHepuiitHux edekriB. [lpu
Iepexoil BiA TEPMOAKTHBOBAHOTO [0 1HEPUIHHOTO

MeXaHi3My MOOJIAaHHS JUCIOKAlliIMU JIOKaJIbHUX Oap'epiB
YAaCTHHA JIOKATBHUX MEPEIIKO TOJAETHCS JAUCTIOKAIISIMA
0e3aKTHBAIliOHHO, 1110, 3rigHO 3 [20], MPHU3BOAMTH 1O
3MEHIIICHHS MEX1 TeKYYOCTI 3 TIOHIKESHHSIM TEMITCPATyPH.
[Hnn  XapakTepucTHKH JeOpMalifHUX KPHBHUX TIpH
pI3HHX TemIepaTtypax, Taki sSK Mexa MIIHOCTI Oy Ta
BIAMOBIIHI TH 3HAYEHHS IIIACTHYHOCTI €y ITOJaH] B TAOIHIIL

1.

Tabnuys 1.
XapaKkTepUCTUKU KpiOT€HHOT TUTACTHYHOCTI
BHCOKOCHTPOIIHOr0 criaBy FesMnapCo10Crio
T, K 00,2, MITIa ou, MITa Eu
295 191 746 0,46
150 324 1452 0,5
77 414 1710 0,46
30 550 - -
4.2 579 1805 0,456
0,5 543 1690 0,43

Buano, o temnepatypHi 3anexuocTi 6o2(7) Ta ou(7)
MaroTh MOJIOHUIT XapaKTep - NP 3HWKCHHI TeMIepaTypu
unpoOyBanb Bix 300K mo 4,2 K cmocrepiraetbes
36ibIIeHHsT MeXi MITIHOCTI B TIOPiBHAHHI 3 11 3HAYECHHAM
npu  KiMHATHIW TemmepaTypi, a TpH MOAAIBIIOMY
3HWKeHHI Temneparypu g0 0,5 K wMexa MigHOCTI
3MEHINYEThCS. MakcHMallbHe 3HAYEHHS MEXi MIIHOCTI
Oymo 3adikcoBano mpm Temmeparypi 4,2 K, i

nopiBuioBanocsk 1805 MIla (Tab6m. 1).

3.4. IIpy:kHi Ta TMCHNIATUBHI XapAKTePUCTHKH
JAOCJIIIKYBAHOTO CILIABY

B mmpoxomy iHTepBaini
TeMIlepaTypHi  3aJIe)KHOCTI

TEMIepaTyp OTPUMAaHO
MUHAMIYHOTO  MOJIYJIS
MPY)KHOCTI CIUIaBYy y TIOYaTKOBOMY CTaHi Ta IICTSA
nedopmartii 50 % mpu 30 K (puc. 6).
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Puc. 6. TemneparypHi 3aJeKHOCTI JUHAMIYHOTO MOIYJIA
NPYXXHOCTI CIUIaBy Yy IOYaTKOBOMY CTaHi (&) Ta Iicis
nepopmaii 50 % mpu 30 K (6).

TEMIIEpaTypHi 3aJieKHOCTI AWHamiuHoro moxyis HOHra
CIUIaBY SIK Y OYAaTKOBOMY, TaK 1 B Ie)OPMOBaHOMY CTaHi
MaroTh MOHOTOHHMH XapakTep: Yy IOYaTKOBOMY CTaHi
JTUHAMIYHUNA MOAYJb 3MeHInyeThest Ha 11% Bin 225 I'Tla
npu 4.2 K no 200 I'TTa nmpu 280 K, a y nedopmoBaHomy
crani Ha 9 % Big 177 I'Tla npu 4.2 K mo 160 I'Tla mpwu
280 K. IIpm mpoMy mepexia BiJ OYaTKOBOTO CTaHy JO
nedhopMOBaHOTO XapakTep  TeMIepaTypHOi
3aJICKHOCTI JWHAMIYHOTO Monyis FOHra Bim Maibke
JMHIAHOTO OO0 CTYIEHEBOTO, Ta 3MEHIIye aOCONOTHI

3MIHIOE

3HaueHHs Monyis npubmmzHo Ha 20 % y BChbOMY
JIOCHIZDKEHOMY  iHTepBaii Temrmeparyp. Take 3Ha4yHe
3MEHIICHHS MOAYJs B Je(OPMOBAHOMY CTaHi HE MOXeE
OyTH NOSICHEHE TUTHKU BIUTHBOM IUIACTHYHOI Aedopmartii i
BIPOTiZIHO TOB'3aHE 31 3MIHOIO CTPYKTYpH CIUIaBY,
3HAMJICHUMH CTPYKTYpHHMH MeToxamu (puc. 1), a came
nosiBoto apyroi I'IIIT ¢aswu, ingyxoBaHOi nedopmarliiero
mpu 30 K.

BucHoBknu
1. TIlpoBemeHO  KOMIUIEKCHI  €KCHEpHMEHTaJIbHI
IOCHIIKEHHS MEXaHIYHUX BJIACTHUBOCTEM
HU3BKOTEMIIEpAaTypHOI  IUTacTHYHOI  nedopmamii  Ta

MIKPOCTPYKTYPH BHCOKOCHTPOMIIHOTO HEiKBIaTOMHOTO
cljiaBy Fe40Mn40C010CI'10 B
300-0,5K.

2. 3HailiieHa TemIepaTypHa 3aJEXKHICTb (a30BOro

iHTEepBaJIi Temmeparyp

CTPYKTYPHOTO CTaHy: IIpU TEMIIEpaTypax, HWKYHX HIX
77K, omnodazna I'IK crpykTypa nepeTBOpPIOETHCS B
nogaszny (3 LK ta I'IT dpazamu).

3. Y BchOMy JOCIHI/DKEHOMY TeMIIepaTypHOMY
IHTEpBaJIi CIIOCTEPITaloThCs BUCOKI TepopMyrodi HAIIpyTu
mpu  30epekeHHI BEIMKOI IUTACTUYHOCTI. AOCOIIOTHI

3HA4YCHHS Go2 BHWIIi, a XapakTep IXHIX TeMIepaTypHUX
3aJIeKHOCTEH HabaraTo CIUIBHINIE, HIK Yy TPaguIiiHUX
I'IK crumaBax. Ilpm 3umkeHHi Temmepatypu Bim 300 mo
4,2 K cnocTepiraeTbcs CHIbHA TEMIIEpaTypHA 3aJICKHICTh
YMOBHOT MEXi TEKYYOCTi Gp 2, 1Ka 301bIyeThes Ha 200 %,
(Bix 191 no 579 MlIla).

4. B inrepBam Ttemneparyp 0,5-4,2 K BusiBneHe
aHOMaJIbHE SBHIIEC - 3MEHIUCHHS MEXI TEKy4ocTi HpHU
3HW)KEHHI TeMIeparypd. BUCIIOBIEHO NpUITyLIeHHS, IO
aHOMAaJTbHA 3aJISKHICTh MEXi TEKy4OCTi 00yMOBIICHA i€I0
MeXaHI3MY 1HepHiHHOTO PyXy ITUCIIOKAIIH.

5. s  piBHEX  TeMmmeparyp
nedopmaniiiHi KpuBi 6(€) MarOTh CTaIiitHUN XapaKTep, 10

BHIIPOOYBaHb

BKa3ye Ha CHUTBHICTH AeopMaIiifHIX MeXaHi3MiB y X
YMOBaX.

6. Jus temmeparyp 150, 77 ta 4,2 K Ha mpyrii
cramii aedopMaliffiHUX KPUBHX BH3HAYCHO 3POCTaHHI

KoedimieHTa gedopmamifHOrO 3MiIfHEHHA 0, sSKwid
00yMOBJICHUIT 3HAYHUM BHECKOM mporiecy
JIBIAHUKYBaHHS.

7. 3HaiineHo, WO MpH NEepexoji BiJ MOYATKOBOTO
CTaHy 10 Ae(hOpMOBAHOTO 3MEHIINYIOThCS aOCOJIFOTHI
3HAUeHHs JUHaMiuHoro Mopayms IOHra, a Takox
3MIHIOETBCS XapakTep HOro TeMIiepaTypHOl 3aleXHOCTI
BiJl MalXKe JTIHIHHOTO 0 CTYIICHEBOTO.

Takum BHCOKOCHTPOIIHHOMY
HeekBiaTOMHOMY cruiaBi FeaoMnsoCo10Crip B iHTEepBami

temmeparyp 300 0,5K mposeneni

YHHOM, y

KOMIIIEKCHI

EKCIICPUMEHTAIbHI  OCTIDKCHHS  MEXaHIYHHUX  Ta
aKyCTUYHUX BIJIACTUBOCTEH HU3bKOTEMIIEPATYPHOI
IUTACTUYHOT nedopmarii Ta MIKPOCTPYKTYpH.

Bcranosneno, mo B intepsam temmeparyp 300 - 05Ky
CIUIaBI CIIOCTEPIraeThCsl BUCOKOMIIHMN CTaH Ta BHUCOKa
miactuuHicte. Tak, mis 4,2 K Mexxa MILIHOCTI csrae
3HaueHp ~ 1800 MIla mpu BenMuMHAX IUIACTHYHOCTI ~
40%, wo J03BONISIE  BBAXATH i Marepiand
MIEPCIICKTUBHUMHU JIJIsI KPIOTEHHHX 3aCTOCYBaHb.
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Experimental data of formation laser-induced filaments in various media (potassium chloride, water, air and silicon carbide)
are represented. These phenomena are analyzed as processes of Nonlinear and Relaxed Optics. Problems of modeling the creation the
volume laser-induced filaments are investigated. Comparative analysis of plasma, nonlinear optical, diffractive and interference
phenomena (including diffractive stratification), shocking processes (including Cherenkov radiation) and physical-chemical processes
(including cascade model of excitation the proper chemical bonds in the regime of saturation the excitation), methods and models are
represented and discussed. The optical breakdown for various matters has various natures: from shock ionization of gas to disruption
of all chemical bonds for solid in the region of interaction light and matter or from nonequilibrium radiated processes in gas and liquid
to irreversible phase transformations in solid. For diffraction stratification the modified models of Rayleygh rings was used. We show
that this model allow to explain the experimental data for silicon carbide more effectively as Lugovoy-Prokhorov theory of moving
foci. Modified Niels and Aage Bohrs models (microscopic) and Golub model (macroscopic) of Cherenkov radiation were used for the
explanation of generation continuous radiation. Diffraction stratification shows the surface conic nature of Cherenkov radiation. It was
show that physical-chemical method of estimations of corresponding processes is more general as electromagnetic (Kerr media) and
one allow explain basic terms of resulting chain process with united point of view. Modified I. Frank model of interference the
Cherenkov radiation was used for the explanation laser-induced optical breakdown in silicon carbide. Modified Rayleygh model and
methods of continuum mechanics was created and used for the estimation sizes and form of observing nanovoids of silicon carbide. In
whole the represented models allow to explain the corresponding chain more fuller and really as other models because one take into
account of nonlinear optical transformation of primary laser radiation.

Keywords: laser irradiation, filaments, Rayleygh, Bohr, Frank, Cherenkov radiation, diffractive stratification, Relaxed Optics.

Jesiki mpoOaeMu MOJEIIOBAHHS JIa3€pHO-1HAYKOBaHUX (D1JIaMEHTIB
I1. I1. Tpoxumuyk

Cxionoesponeticokuil nayionanshuil ynieepcumem imeni Jleci Ykpainku, npocn. Boni, 13, 43025, Jlyywk, Yrpaina

[pencraBneni excriepUMeHTANIbHI JaHi (OpMyBaHHs Ja3epHO-IHAYKOBAaHUX (hilaMEHTIB B PI3HUX CEepeNOBHIIAX (XJIOPH]
KaJifo, BOZa, MOBITPs i Kap0Oin kpemHiro). Lli sBuIa aHami3yroThCs K MPOILECH HEMHIWHOI Ta penakcaniitHoi ontuku. JociimkeHo
poOJIeMH MOJICITIOBAaHHSI CTBOPEHHS 00'€MHHUX Jla3epHO-iHAYyKOBaHHUX (inameHTiB. [opiBHAIBHMIN aHANi3 MIa3MOBHX, HENiHIHHO-
ONTHUYHUX, TUPPAKIIHHUX Ta iHTepepeHIITHNX SBUIL (BKIOUAIOUX TU(paKIliiiHe po3IapyBaHHs), YIapHUX IPOLECIB (BKIIOYAIOUH
YepeHKOBCHKE BHITPOMIHIOBAaHHS) 1 (Pi3MKO-XIMIYHMX TpOIECiB (BKIIOYAIOYM KacKaJHy MOJENb 30yIHKEHHs XIMIYHUX 3B'S3KiB B
peXUMi HaCHUYEeHHs 30y PKeHHsT), METOIN 1 MOJIeNi peicTaBieHi Ta oorosopeHi. [TokasaHo, 1110 onTHYHMIT TPOOIH AT pi3HUX PEUOBHH
Mae pi3Hy NPUPOJY: Bijl yapHOI i0Hi3awil ra3y 10 pyiHyBaHHS BCIX XiMIYHHX 3B'I3KiB /U1 TBEPJOTO TiNa B 00J1acTi B3aeMOAIT cBiTiIa
i pedyoBUHH abo0 BiJ HEPIBHOBOXHMX BHUIIPOMIHIOBAIBHUX TPOLECIB Ui Ta3iB i PiIMH 1O HE3BOPOTHUX (a30BHX IEPETBOPCHbH B
TBepaoMy Tinmi. s audpaxuiiiHoro po3miapyBaHHsS BHKOPHCTOBYBA€ThCs MoaudikoBaHa Mozenb Kitelp Penes. [TokaszaHo, mmio 1
MOJIENTb O3BOJIsiE OB e€PEeKTUBHO MOSICHUTH E€KCIEPHUMEHTANbHI aHi Uil KapOidy KPEeMHII0 B MOPIBHSIHHI 3 TEOPIEID PYXOMUX
¢oxycis Jlyrooro-IIpoxopoBa. [l MOSCHEHHS TeHepallii HelmepepBHOTO BHIIPOMIHIOBAHHS BHKOPHUCTOBYBaIHCS MOIu(iKOBaHi
Mmozeni Hineca i Ore Bopa (Mikpockomivsi) i Momens ['omy6a (MakpoCKoIliuHa) 4epeHKOBCHKOTO BHUIIPOMiHIOBaHHS. Jludpakimiiiae
po3IIapyBaHHs MiATBEPIXKY€E MOBEPXHEBY KOHIUHY MPHUPOAY YEPEHKOBCHKOrO BHIpOMiHIOBaHH:. ITokaszaHo, 1m0 (i3uko-xiMiuHMi
METO/] OLIHKH BiIMOBIHUX IMPOLECIB € OIbII 3arallbHAM, HIJK €JIeKTPOMAarHiTHHH (KeppiBChKi CepeioBHINA), i JO3BOJSIE 3 €IUHOL
TOYKH 30py IMOSCHHTH OCHOBHI OCOOJIMBOCTI JIaHIFOroBOro mpoiecy. MoaudikoBana monenb [. @panka mist iHTepdepeHuil
YEePEHKOBCHKOTO BHIIPOMIHIOBAaHHS BHKOPHCTOBYBAJacsl UIsl MOSICHEHHSI JIa3€PHOTO OINTHYHOrO Mpo0OI0 B KapOigi KpemHilo.
MonudikoBana Moaess Penes i MeTo 1 MeXaHIKU CyLITBHUX CEPeIOBUIL Oy CTBOPEHI Ta BUKOPUCTAHI JIs OLIIHKU PO3MIpIB i hopMu
CIIOCTEPEIKYBaHIX HAHOBOIOB KapOiny KpeMHiro. B mioMmy mpencraBieHi Moieli 103BOJSFOTE OLTBII TOBHO Ta a/IeKBATHO MOSICHUTH
BIATIOBITHUN JIQHIIOKOK SIBHII B IIOPIBHAHHI 3 IHIIMMH MOJEIISIMH, OCKUIBKH BPAaXOBYIOTH HENIHIHHO-ONTHYHE IEPETBOPEHHS
MIEPBUHHOTO JIA3€PHOTO BUIIPOMIHIOBAHHS.

KonrodoBi ciioBa: azepHe onpoMiHeHHs, ¢imamentH, Peneit, bop, ®dpank, depeHKOBCEKe BHIIPOMIHIOBAaHHS, IU(paKiiiiHe
po3LIapyBaHHs, peaKcaliiiHa ONTHKa.
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HekoTtopsie mpo6iemMbl MOJIETUPOBAHUS JIA3€PHO-UHTYITUPOBAHHBIX

¢dbunaMeHToB
I1. I1. Tpoxumuyxk

Bocmounoesponetickuii nayuonansuuil ynusepcumem umenu Jlecu Yxpaunxu, npocn. Bonu, 13, 43025, Jlyyk, Vkpauna

[IpencraBnensl SKCepUMEHTaIbHbIE JaHHbIE (HOPMUPOBAHUS JIA3EPHO-UHIYIIMPOBAHHBIX (HIAMEHTOB B Pa3IUYHBIX Cpeaax
(xJtopuz Kanus, BoJa, BO3AYX M KapOua KpeMHus). DTH SBICHHUS aHAUTM3HPYIOTCS KaK MPOLECCH HEIMHEHHON M pelaKcalioHHON
ontukd. MccnenoBanbl Mpo0IeMbl MOASITHPOBAHUS CO3/IaHNST OOBEMHBIX J1a3epHO-MHAYINPOBAHHBIX (prnaMeHToB. CpaBHUTEIBHBII
aHaNMn3 IUTa3MEHHBIX, HEJMHEHHO-ONTHYECKHX, MU(PPAKIMOHHBEIX M HMHTEP(EpeHIIMOHHBIX SBICHHI (BKIIOYAs IH(PPAKIMOHHOE
paccioeHne), yAapHbBIX IPOIECCOB (BKIIIOYAs YEPEHKOBCKOE M3ITyUeHHE) M (PU3MKO-XMMUUECKUX IPOIECCOB (BKIIOYAS KACKaIHYIO
MOJIeTb BO30YXKICHUS] XUMUYECKUX CBSI3€H B PEXKMME HACBHILIEHHUs BO30YKACHHUS), METOABI M MOJIEIH MIPEACTABIEHBI U 00CYKICHBI.
[loxazano, uro onTHueckHi MPOOOH I Pa3IMYHBIX BEIIECTB HMMEET Pa3IMuHYyI0 MPUPOLY: OT YJapHOH HMOHHM3AIMK Tasza N0
pa3pylIeHns] BceX XMMHUECKUX CBA3EH I TBEpAOTO Tesa B 00JACTH B3aMMOIEHCTBHS CBETAa M BEIECTBA MM OT HEPAaBHOBECHBIX
H3ITy4aeMbIX MPOLECCOB AT Ta30B M JKUIKOCTEH 10 HeoOpaTHMBIX (ha30BBIX MPEBpAIIeHHil B TBepAOM Tene. [t andpaknnoHHOTO
paccioeHuns UCIoIb30Banack MoauduIpoBanHas Mozaens koiuer Panes. [TokazaHo, 4To 3Ta MOZENb MO3BOJISIET Ooiee 3P PeKTHBHO
OOBSCHUTH JKCIEPUMEHTANbHBIC JaHHBIE U1 KapOuga KpPEeMHHUS MO CPaBHEHHWIO C TeOpued IBIDKyIuxcs (okycoB JlyroBoro-
IMpoxoposa. i1 00BbSICHEHHS TeHEpaluyk HENPEPHIBHOTO M3IyUSHHUS UCIIOIb30BAINCH MOIUpHUIMpoBaHHbIe Mojenu Hubca u Ore
Bopa (Mukpockommueckue) m Mozenb [omyba (MakpocKOIHMYeckae) YepeHKOBCKOTO H3IydeHHus. [An(ppaknnOHHOE pPacciIOeHUE
MOATBEP)KAACT MOBEPXHOCTHYI0 KOHHUYECKYIO NPHPOLY UEPEHKOBCKOTO HM3IydeHHs. [lokazaHo, 4TO (H3MKO-XMMHUYECKHH METOJ
OLIEHKH COOTBETCTBYIOLIUX MPOIECCOB ABISETCS Ooee 0OMUM, YeM IEeKTPOMATHUTHBIH (KEPPOBCKUE CPEJIBI), U MTO3BOIISIET C SAUHOM
TOYKH 3pEHHS OOBSCHUTH OCHOBHBIE OCOOCHHOCTH BO3HHKAIOIIETO IEMHOTro nporecca. MoaudunuposanHas moaens 1. ®panka nms
YEpPEHKOBCKOTO H3IIyYCHUs] HCIONb30BalaCh Ul OOBSCHEHHS Ja3epPHOTO ONTHYECKOro Npobos B KapOuae KpeMHHs.
MoanduipoBanHas MozieNb Panest 1 MeToIbl MEXaHUKH CIUIOIIHBIX cpell OBUTH CO3JaHbl M HCIIOJIb30BAHBI I OLICHKU pPa3MepoB U
(dopMBl HaOMIOKaeMBIX HAaHOBOWIOB KapOuzja KpeMHHs. B menoM mpeacTaBieHHBIE MOJENU IMO3BOJLIIOT Oojiee MOJHO M PeasbHO
OOBSCHHTH COOTBETCTBYIOIIYIO IIENIOYKY SIBICHHI IO CPaBHEHUIO C JIPYTHMH MOJEISAMH, ITOCKOJBbKY YYHTHIBAIOT HEIHHEHHO-
ONTHYECKOE MPpeoOpa3oBaHKe MEPBUYHOTO JIA3EPHOTO H3ITyICHHS.

Kiwuessble ciioBa: nasepHoe obnyueHue, (unamentsl, Peneii, bop, ®paHk, YepeHKOBCKOE HU3JIyUCHHE, TUPPAKIHOHHOE
paccioenune, pelakcaluoHHas ONTHKA.

Introduction

Problems of modeling the creation the volume laser-
induced structures (filaments) are very interesting. These
structures have various sizes: from micrometetrs in solid
[1-5] to few hundred meters in air [1-3]. In whole, we can
have various processes and phenomena, which are
connected  with  photochemical,  plasmic  and
thermochemical processes [3, 6-8]. It may be various
processes, including the cascade and circle processes.
Irreversible changes of laser-irradiated volume of matter
must be explained as phase transformations. These
processes have shock nature and connected with
multiphoton scattering processes.

First filaments were observed in 1965 after 20 MW
nanopulse laser irradiation of organic liquid [1=3]. These
processes are connected with self-focusing processes. Self-
focusing of light radiation in air is observed for the
convergent and collimated beams.

Later focusing and self-focusing and laser-induced
filaments were received in various media: solid [4, 5, 9],
Liquid [10] and gases [11].

The basic results are explained with point of view of
transformation of initial radiation in other types of
radiation. It is essentially nonlinear optical processes. But
trace of finished result of this interaction is little-studied.
Therefore, the basic object of this paper is presentation the
problem of volume destruction of matter with point of
Relaxed Optics.

The nature of optical breakdown is one of discussed
problem of modern Nonlinear and Relaxed Optics [1, 7, 12,
13]. According to [13] three types of models may be
selected: thermal, plasma and directed optical. First two are
characterized of isotropic distribution of continuum
radiation [2, 7], third — directed distribution of continuum
radiation (laser-induced Cherenkov radiation) [3, 13-18].

Experimental data

Now we represent principal experimental data, which
allow determine main peculiarities of laser-induced
generation of filaments.

Two damages region in a crystal with moderately high
density of inclusions were received in [9] for KCI after
irradiation by COg-laser pulses (wavelength 10,6 um,
duration of pulse 30 ns). These results are presented in Fig.
1. These data are shown some peculiarities of the optical
breakdown in solid. According to [9] two type damages
were marked in Fig. 1 [9]. It was found that most of the
crystals suffered some damage even at relatively low
power levels. The threshold for this type of damages is
varied by an order of magnitude from one position in the
crystal to other. At any particular energy level, damage
would occur on the first laser shot or not at all. Spatial
inhomogeneities rather than statistical fluctuations are
therefore responsible. Fig, 1(a) shows that these spatial
inhomogeneities are in fact inclusions. The damages
bubbles occue randomly near, not necessary in, the tiny
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focal volume. At a wild-defined power threshold, an
alongated pointed bubble forms, its vertex falling at the
focus. (Fig. 2(b)). This power level is regarded as the bulk
intrinsic breakdown threshold. Its value is reproducible in
crystal from different manufacturers, with inclusions or
without. When no inclusion-free samples of a compound
were available, the considerations mentioned above were
used to determine the dielectric strength [9].

1 mm
; S |

Fig. 1. Two damages region in a crystal KCI with moderately
high density of inclusions. The round black objects are
bubbles. The radiation, incident from left to right, was yust at
the intrinsic breakdown threshold. In one case (a) there was
damage only at the inclusions. In (b), intribsiv breakdown
occurred as evidenced by the pointed bubble. The straight
lines represent cleavage [9].

Dynamics of behavior the laser-induced filaments in water
was received in ‘[10]. Refractive index map for two times,
which was measured in [10], is represented on Fig. 2. The
experiment was carried out of amplified Ti:sapphire laser
system (Spectra Physics) delivering wavelength 800 nm,
pulse duration 130 fs and rate of pulse repetition 1 kHz
[Min]. A spatially filtered laser pulse focused (beam waist
diameter was equaled 109 um) on the front surface of a 20
mm long fused silica cuvette filled the deionized water to
generate the filament of several milimeters.For a pulse

energy 420,25 pd, the nonlinear focus was located at
~ 9,1 mm beyond the input window of the cuvette. The
changes in the reffractive index induce were proved
transversally by the filament by A = 560 nm, 23 fs long
(FWHM), spatially filtered pulses from a noncolinear
optical parametric amplifier pumped by the second
harmonic of laser. The probe pulses were delayed by a
motorized time slide and negatively prechirped to
compensate for the dispersion due to cuvette window and
the propagation in water untill the plasma channel (2,5
mm) [10].

x 10*

Fig. 2. (a) and (b). Refractive index map of the filament taken
at two different times and showing the formation of the
plasma channel. Horizontal scale: propagation axis ranging
from 9,41 mm (left) to 9,68 mm (right) from the input window
[10].

The laser-induced filamentation were received in air
after irradiation by femtosecond laser pulses (wavelength
800 nm, pulse duration 85 fs, energy 230 mJ and peak
power 2,3 TW, i.e. about 700 critical powers according to
[11]) (Fig. 3).

A ring-shape zone supports major spots initiated by the
highest intense defects of the initial beam (depth z =30 m).
These “hot” spots self-focus more and more over several
meters, while they excite secondary smaller-scaled
filaments in their vicinity (z = 35 m) [11]. Evacuation of
power excess undergone by the primary filaments finally
allows transfer of power to the central zone of the beam,
which serves as an energy reservoir for exciting new
sequences of small spots (z = 50 m) (Fig. 3). Numerical
data were represented for duration of pulse 85 fs and power
few terawatt [11]. From these results specific geometrical
zones in the beam pattern were selected [11].

Characteristics examples are indicated by labels 1-3
[11]:

(1) points to a couple of hot couples surviving at
further distances;

(2) indicates in active region of the beam, where
intense filaments decay into cell of lesser
intensity;

(3) identifies an area including a cross-wise structure
that keeps some filaments robust over 5 m.

Condition of receiving self-focusing is next: self-
focusing must be more as diffraction [2, 4]. Roughly
speaking maxima of diffraction pattern may be represented
as traces of optical breakdown.

In [4, 5] for minituarization of receiving structures of
crystals 4H-SiC were irradiated by pulses of femtosecond
laser (duration of pulses 130 fs, wavelength 800 nm,
frequency of pulses 1 kHz, density of energy 200-300
nJ/pulse) with help microscope.
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Fig. 3. Filamentation pattern of the 700 Pcr beam delivered by Teramobile laser. Labels 1-3 spot specific beam zones commented
on in the text [11].

Conditions of irradiation are represented in Fig. 4 ((a),
(b)) [4]. Femtosecond laser pulses were irradiated along the
lines inside 4H-SiC single crystals at a depth of 30 wm by
moving the sample at a scan speed of 10 um/s. The laser
beam was irradiated at a right angle to the (0001) surface
of the crystal. The irradiated lines were almost parallel to

the [1100] direction. A schematic illustration of the laser-

irradiated pattern is shown in Fig. 4 (a). The distance
between neighboring lines was 20 um.

Bright-field TEM (transmission electron microscopy)
image of the cross section of a line written with a pulse
energy of 300 nJ/pulse is shown on Fig. 4 ((c) — (e)) [5]-

In this case diffraction processes may be generated in
two stages: 1 — formation of diffraction rings of focused

(@)
E

Light-penetration
direction (k) | 2

77
s

)

2pum

beams [3, 17, 18] and second — formation of diffracting
gratings in the time of redistribution of second-order
Cherenkov radiatgion [3, 17, 18]. Second case is analogous
to the creation of self-diffraction gratings in NLO, but for
Fig. 4 (c) and Fig. 4 (g) our gratings are limited by Much
cone of Cherenkov radiation.

Modeling and discussions

The first laser-induced filaments were received in the
liquid. Later researches shown that analogous phenomena
are generated in solid and gas matter too. Therefore, first
models were created for the nonlinear Kerr media and were
used for all types of irradiated matter.

If the beam diameter is D, the beam might be expected
to expand by diffraction with an angular divergence of

Group |

Group |

-

I
1
I
I
| 0 nanovoid
I
I

LA B B J

500nm

Fig. 4. — (a) Schematic illustration of the laser irradiated pattern. The light propagation direction (k) and electric field (E) are shown.
(b) Optical micrograph of the mechanically thinned sample to show cross sections of laser-irradiated lines (200 nJ/pulse). (c)
Bright-field TEM image of the cross section of a line written with pulse energy of 300 nJ/pulse. (d) Schematic illustration of a
geometric relationship between the irradiated line and the cross-sectional micrograph. (e) Magnified image of a rectangular area in
(c). Laser-modified layers with a spacing of 150 nm are indicated by arrows. (f) Bright-field TEM image of a portion of the cross
section of a line written with a pulse energy of 200 nJ/pulse. (g) Zero-loss image of a same area as in (f) with nanovoids appearing
as bright areas. Correspondence with (f) is found by noting the arrowheads in both micrographs. (h) Schematic illustrations of the
microstructure of a laser modified line. Light-propagation direction (k), electric field (E), and scan direction (SD) are shown. Only
two groups (groups | and 1) of the laser-modified microstructure are drawn [4, 5].
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6:1’22%D,Where n, — linear refractive index of
0

medium, A — laser wavelength. Therefore, Kerr media
critical power may be determined as [1, 2]

(1222) c_ (1)

R
4n,

r =

Where n, is nonlinear refractive index of the medium.

The self-focusing length determined with help next
formula [2]

0.367ka?
2
[( f% —O,852) —0,0219}

Where k = 2% is the wave number, @, — is the spot

Z, = (2)

e

side of the pump beam, P — pump power.

This formula are using as basic for the determination of
threshold self-focusing and self-trapping generation. But
this formula can’t be use for the determination threshold of
power the optical breakdown. For example, the power of
creation the laser filaments in irradiated matter may be
~700 P [2].

In [2] formula for the determination Pe, as threshold
power of self-focusing, is represented in next form

2
P - 3.774 .
8znyn,

©)

Therefore, first model was connected with self-
focusing and self-trapping and liquid and other isotropic
matter [1, 2].

For Kerr media the chande of refractive index is

represented as &n = K|E|2, where E is peak amplitude of

linearly polarized field. According to [2, 3] coefficient K
may be have 12 presentations.

The explanation of creation the laser-induced filaments
have various interpretation. Firstly, it is the creation wave-
guide zones after point of collapse [2]. In this case
filaments have little lifetime.

Conic part of filament radiation has continuum
spectrum: from ultraviolet to infrared. Therefore, it may be
interpreted as laser-induced Cherenkov radiation [3, 6, 14,
17, 18]. The stratification of this radiation on other types
radiation (volume, pseudo-Cherenkov a.0.) has relative
character and may be represented as laser-induced
Cherenkov radiation [2, 3, 14]. Therefore in future we‘ll be
represent conical part of filament radiation as Cherenkov.

This fact may be certified with macroscopic and
microscopic ways [3, 13, 18].

First, macroscopic may be represented according to [3,
14]. Speed of particle, which is generated Cherenkov
radiation, must be changed on the speed of laser-induced
nonlinear polarization (Fig. 5 b)). The similarity between
charge particle and light-induced Cherenkov radiation one
can invoke the analogy between Snell’s law and Cherenkov
radiation too [14]. This natural since both effects can be
derived in the same way from the Huygens interference
principle. In Fig. 5(a) the point of intersection of a light
pulse impinging at an angle ¢ on a boundary between two

media moves with velocity V _ACOW' This relation

with Snell’s law, gives the Cherenkov relation (Fig. 5(b))
[14].

cosd = %2 (@)V 4

where n, (@) is nonlinear refractive index for Fig. 5 b) and

n, is refractive index of second media for Fig. 5 a) [14].

This formula allows explain the angle differences for
various type of Cherenkov radiation [14].

Thus, the refraction law a light at the boundary between
two media is the same as the condition for Cherenkov
radiation by a source moving along the boundary. In
nonlinear medium the emitted frequencies may differ from
the excitation frequency. The Cherenkov relation is still
valid since the constructive interference occurs at a given
Cherenkov angle for each Fourier frequency component of
the light-induced nonlinear polarization. In a sense, one can
speak about a nonlinear Snell-Cherenkov effect [14].

The Cherenkov angle can also be derived from the
conservation of the longitudinal component of the linear
momentum at a boundary between two media along which
a nonlinear polarization is propagating (Fig. 5((b)). Using

k= % , We obtain [14]

cosO =K, (w)/kem (@)=

®)
= Vem /an pol = %2 (Cl))vm pol .

The role of the boundary can be played by the surface
of self-trapped filament. The nonlinear polarization
propagating along this surface will result in a light-induced

Cherenkov cosé = C . The nonconservation of
n, (w)Vv

the transverse component of the linear momentum can be
related to the uncertainty principle, AXAk >1, where Ax
is the thickness of the boundary [14].
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cosd . M
n
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cosé =
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(b)

Fig. 5. [14]. (a) Analogy between Snell’s law and Cherenkov radiation. The point of intersection of a light pulse impinging upon

a boundary two media moves with velocity V = %OS(D' Combining this relation with Snell’s law one obtains the Cherenkov

relation, COS @ = % V- (b) The Cherenkov angle relation can be obtained from the conservation of the longitudinal component
2

of a linear momentum at a boundary between to media along which a nonlinear polarization is propagated.

The microscopic mechanism of laser-induced
Cherenkov radiation is expansion and application of Niels
and Aage Bohrs microscopic theory of Cherenkov
radiation as part of deceleration radiation on optical case
[16]. For optical case the Bohrs hyperboloid must be
changed on Gaussian distribution of light for mode TEMgq
or distribution for focused light of laser beam [3, 6, 13]. In
this case Cherenkov angle may be determined from next
formula [3, 13]

Ocn + &t :% or O :%_air' (6)

where ¢, — angle between tangent line and direction of

laser beam.
Angle o, was determined from next formula [3, 13]

tana, J/ , (7)
sf

where d, — diameter of laser beam (7 mm), I, — length of
self-focusing. In our case ¢, is angle of self-focusing.
This formula is approximate for average angle «;, .

The Golub formula (5) was used for the determination
product n, (@)V, . [3, 13]. Self —focusing and Cherenkov

angles and product n, (@)V were estimated for LiF, CaF-,

fused silica, water and glass BK-7 in [3].

Thereby microscopic modified Bohrs theory and
macroscopic Golub model are mutually complementary
methods [3, 13].

The decreasing of Cherenkov angle and product

nz(a))V for increasing of laser radiation intensity are

corresponded to increasing of nonlinear refractive index
and decreasing of velocity of polarization (multiphotonic
and multiwave processes).

The estimation of sizes the cascade of volume
destructions of Fig. 4 (c) maybe explains in next way [3,
13]. The sizes (diameters) of proper stages d,, of cascade

are proportionally to corresponding diffraction diameters
dndif
d. =xd (8)

nir = ndif

where « is the proportionality constant.
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The diffraction diameters d_, may be determined with

help condition of diffraction-pattern lobes (modified
Rayleygh ratio) [3, 13, 17, 18]

dog =nl. 9)

The estimations of diffraction diameters d , for A =
800 nm are represented in Table 1.

Table 1 [32].
n 1 2 3 4 5
i >
it 800 1600 2400 3200 | 4000
nm

The data of Table 1 for n=1, 2, 3 allow to explain of
sizes the first three stages of cascade the volume
destruction (Fig. 4 (c)). For this case coefficient ¥ ~ 2. But
for stages 4 and 5 of Fig. 4 (c) our estimations «, ~1,2

and x; =1. Various values of coefficients «; are explained

of various conditions of optical breakdown and creation
proper phase transformations.

The distance between diffraction spots and proper
moving foci may be determined with help next formula [3,
13]

[ = e

: 2tan%.

20° and ¢, = 30° are

(10)

These distances for ¢1 =
represented in Table 2.

Table 2 [32].
n 1 2 3 4 5
Inf’
nm 2269 4538 | 6807 9076 11345
for g1
=20°
Inf’
NM | 1493 | 2985 | 4478 | 5970 | 7463
for g
=30°
The conclusion about diffractive stratification of

focused radiation may be certified by experimental data of
Fig. 4(c).

These results are corresponded to Lugovoy-Prokhorov
theory too: distance between contiguous elements is
smaller than distance between microscopy ocular and first
stage of cascade (correlation of this distance is proportional

to %) but distance between contiguous elements of

cascade is equal and proportional to half wavelength [3].
Qualitative explanation of development of cascade the
destructions may be next [3, 13, 18]. The focus of each
diffraction zone (spot) is the founder of proper shock
optical breakdown. But foci with more high number may
placed in the “zone” of influence of previous foci.
Therefore, only first stage of Fig. 4(c) is represented the
pure shock mechanism (Mach cone). Mach cones are
characterized the second and third stages of Fig. 4 (c). But
its maximums are displaced from center. It may be result if
interaction second and third shock waves with previous
shock waves: first — for second wave and first and second
— for third wave. The chock mechanism of destruction
certifies a linear direction of optical breakdown. This
direction is parallel to direction of shock wave and radiated
spectrum is continuous both for Cherenkov radiation and
for the observed laser-induced filaments in water and air
[3, 13]. Thus, basic creator of optical breakdown traces is
secondary Cherenkov radiation and shock waves. This
radiation is absorbed more effectively as laser radiation and
therefore the creation of optical breakdown traces is more
effectively as for beginning laser radiation. Cherenkov
radiation is laid in self-absorption range of 4H-SiC, but 800
nm radiation — in intrinsic range. For the testing of this
hypothesis we must measure the spectrum of secondary
radiation. In this case we can use physical-chemical
cascade model of excitation the proper chemical bonds of
irradiated matter in the regime of saturation the excitation.
We can rough estimate basic peculiarities of energy
distribution in Mach cone may be used next formula [3, 13]

2
(S 2 2
Elob = _(Z I’]iavl iav) r NaSiC EZth !

(11)

where nia— average visible number of filaments in proper
group of cascade, lix=1000 nm — average length of
filaments in proper group of cascade, r = 10 nm — average
radius of filament, N, — atom density of 4H-SiC, Ezn ~ 25
eV — Zeitz threshold energy for 4H-SiC.

The atom density of 4H-SiC may be determined with
help next formula [3, 13]

(12)

where p — density of semiconductor, N, — Avogadro
number, A — a weight of one gram-molecule, n — number
of atoms in molecule. For 4H-SiC N, =9,4-10" cm™.

For further estimation we use next approximation
Ny = Nyay =Ny, =N, =N, =100, (see Fig. 4(c)).
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Energy, which is necessary for the optical breakdown
our nanotubes may be determined in next way. Zeitz
threshold energy for 4H-SiC is equaled Ezn~ 25 eV [3, 13].
Let this value is corresponded to energy of optical
breakdown. Therefore, summary energy E,, is equaled

E.p = Noo - Bz, =23,2 1. (13)

This value is equaled of ~ 8% from pulse energy or ~
30% from the effective absorbed energy of pulse. In this
case we have more high efficiency of transformation initial
radiation to “irreversible” part of Cherenkov radiation. It is
result of more intensive excitation comparatively with
classical methods of receiving the Cherenkov radiation. In
this case we have pure photochemical processes. The
experimental data for intrinsic absorption (Fig. 4) show
that for short pulse regime of irradiation (femtosecond
regime) basic processes of destruction the fused silica and
calcium fluoride are photochemical (multiphoton
absorption in the regime of saturation the excitation). But
basic peculiarity of experimental data Fig. 5 is
transformation the initial laser radiation (wavelength 800
nm) to continuum Cherenkov radiation. From length of
optical breakdown in 4H-SiC we can determine average
absorption index of Cherenkov radiation. It is ~ 10* cm™.
This value is corresponded to violet-blue range of
absorption spectrum of 4H-SiC [3, 13].

We can estimate chain of critical value of energy for the
SiC from physical-chemical point of view too [3, 13].

Critical value of energy, which is necessary for the
beginning of self-focusing, may be determined in next way.
Volume density of energy of the creation self-focusing
process may be represented with help next formula

W, E.N

cvol — —a’ ‘nc!?

(14)

where E, — energy of activation proper “nonlinear” centers;
Nnc — their concentration. In further we made next
approximation: E, =hv=15eV;

Nnc=(1014—1016)cm‘3. Then we have for SiC

W,

crvol

=2,4-(10° —10‘3)%m3 CSurface  density  for

optical thin may be determined as

W, = Veno (15)

a 1

where a — absorbance index. For SiC o = 0,1 cm™. And
—24.(10% -102)J

Wergr =2,4 (10 10 )%mz' Integral value of energy

may be determined as

W,,., =W, S,

crin crsur

(16)

where S — the square of irradiation.
For Fig. 4(c) for r =2 um, S=1,256-107 cm?. Therefore
W, =3(10%-10°)J. For r = 1 mm we have

crin

W, These  estimations  are

in =1,9(10° -107) J.
corresponded to estimations, which are received with help
formulas (1), (3) and other, similar to its [2, 3],
electrodynamic formulas.

Next step of determination the density of energy in our
cascade is condition of diffractive stratification. This
condition may be determined with help of sizes the
diffractive rings. We can estimate density of energy in
plane of creation the diffractive stratification for n = 5.

Maximum diameter of diffractive pattern is determined
for fifth diffractive ring. For this case average density of
energy in plane of diffractive rings is equaled

E
Wavdr = %

Where E, — energy of laser pulse. For E, = 200 nJ and E;
=300 nJand S=1,256-10"" cm? we have next value of W

avdr

(17)

1,6 Jicm? and 2,4 J/cm?. If we multiple this value of the
absorbance index of SiC « = 0,1 cm™* then we are receiving
the volume density of energy W, ., 0,16 J/cm®and 0,24

J/icm®. Really value is 0,4 from represented data
(reflectance is 0,6) and are 0,064 and 0,096 J/cm?®
Correlation W, for real values for SiC is

avdrvol crvol
equaled from 27 to 2700.

Density of energy of optical breakdown Woy, for SiC is
equaled 48000 J/cm?. Therefore correlation W, ;1S
equaled 5-10%and 7,5-10°.

Analogous physical-chemical estimations may be made
for the data of Fig. 1 — Fig. 3.

The questions about supercontinuum radiation in the
process of femtosecond laser filamentation are discussed in
[1-3, 13, 14]. In air supercontinuum spectra laid from
ultraviolet to infrared ranges of spectra. In whole nonlinear
optics of filaments is included the superexpansion of
frequency-angle spectrum of initial pulse, generation of
more higher harmonics and terahertz irradiation, pulse
compression, optical anisotropy of filament and other
nonlinear phenomena [1-3. 13, 14].

In whole microscopic mechanism of laser-induced
Cherenkov radiation may be represented as nonequilibrium
spectrum of all possible Nonlinear Optical phenomena in
the local points of propagation the laser beam. It may be
Raman and Brillouin scattering, up- and down-conversion,
generation of harmonics and various interference of these
processes and phenomena, which are generated the
continuous spectrum from ultraviolet to infrared regions
[2,3,7,12].

avdrvol
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Cherenkov radiation with optical pumping may be
represented as Nonlinear Optical process with speed,
which is less as light phase speed in irradiated matter. In
this case phase speed in matter has physical nature: it is the
electromagnetic speed of “collective” motion the charge
particles or charges in matter. Therefore, in local scale we
have Nonlinear Optical processes, which are modulated of
the Mach cone the Cherenkov radiation (Fig. 4 (c)). It allow
to add the Niels and Aage Bohrs theory [16] about
microscopic mechanism of Cherenkov radiation [15, 16].

In solid this spectrum must be displaced to ultraviolet
range. Therefore, our traces of filaments have more short
lengths as in water or air [1-3, 13]. Basic cause of this fact
is more density of solid and more intensive light
absorption. But in the liquid and air the direct optical
breakdown is realized and these types of matter have more
“soft” relaxation as solid. And processes of multiphoton
ionization in the regime of self-focusing are more slowly
as in solid. Continuum spectrum of filaments in this case is
corresponded to the renewal disrupting chemical bonds and
electronic states of irradiated molecules and atoms.

Experimental data of Fig. 1 — Fig. 4 may be explain on
the basis the two-dimensional interference of various
waves or V. Makin polariton-plasmon model [8]. Maxima
of these interferograms are sources of more intensive
ionization of irradiated matter and concomitant processes
of phase transformations (Fig. 1 — Fig. 4) or radiation (Fig.
3).

As we see sources of Relaxed Optical processes are
Optical and Nonlinear Optical processes and phenomena
[3. 6].

Concept of diffractive stratification allows explaining
the surface character of Cherenkov radiation. This
radiation is generated in the region of proper focused
diffractive ring [3, 14].

Rayleygh model is basis on resolution of Besant
problem [3], which is formulated in next form “An infinite
mass of homogeneous incompressible fluid acted upon by
no forces is at rest, and a spherical portion of the fluid is
suddenly annihilated; it is required to find the
instantaneous alteration of pressure at any point of the
mass, and the time in which the cavity will be fill up, the
pressure at a infinite distance being supposed to remain
constant.

Rayleygh received resolution this problem for the
sound shock processes for liquid. In this case cavitations’
bubbles have sizes from a few millimeters to a few
centimeters [3].

In our case (Fig. 4 (h)) sizes of our nanovoids are
equaled 15 — 20 nm. Therefore, we must change “sound”
mechanism of creation cavitations bubbles on
electromagnetic. This problem was resolved with help
change velocity of sound on velocity of light [3, 13, 17,
18].

The sizes of nanovoids (Fig. 4(h)) may be determined
with help modified Rayleygh model [3, 13, 17, 18] and its
form — the help methods of continuum mechanics [3] in
next way.

Nanovoids may be represented as results of the laser-
induced laser-induce breakdown and creation of
cavitations bubbles [3, 13, 17, 18] too. The light pressure
may be determined with help of next formula [3, 13, 17,
18]

E.
= 18
Po rcS (18)

where E — energy of irradiation, 7 — pulse duration, S —area
of irradiation zone, ¢ — speed of light. For circle symmetry

S = zr?, (19)

where r — radius of laser spot.
For the estimations of maximal radius of nanovoids we
must use modified Rayleygh formula [3, 13, 17, 18]

e (20)
0,915r \| zz,cE

where R is radius of nanovoid (bubble), r — radius of
irradiated zone, E — Young module, E, — energy of one
pulse. 7, — duration of pulse [4, 6].

If we substitute r = 250 nm, R = 10 nm, E=600 GPa [4,
6], Eir=130 nJ, 7 = 130 ps, c=3-108 m/s in (20), then we
have Rmax=11 nm.

We can introduce two speeds of sound in elastic body:
longitudinal §, and transversal 9, [3]. Its values are

determined with next formulas

_ E(1-v)
b=\ o @ a-2v)’ @
and
9. - |—E 22)

© 2p, (1+ v)'

where v — Poisson’s ratio [3]. The ratio between of these
two speeds is equaled

a:&: (1—21/).

9

Is

(25)

But this ratio must be true for shock waves too.
Therefore, for silicon carbide for v = 0,45 [3] a = 0,33.
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Roughly speaking last ratio is determined the step of
ellipsoidal forms of our nanovoids (Fig. 4 (h)).
In [4, 7] allow estimating maximal longitudinal and

transversal R_.;.i (l,t). These values are 6 nm and 19

nm properly.

In this case we represented 4H-SiC as isotropic plastic
body. For real picture we must represent hexagonal
structure. But for the qualitative explanation of
experimental data of Fig. 4 this modified Rayleygh model
allow explaining and estimating the sizes and forms of
receiving nanovoids.

As we see, for laser-induced breakdown we must
include self-focusing processes too. The problem of
creation initial inoculating concentration of electrons is one
of main problems Nonlinear Optics too. Therefore, we
must include in the problem of optical breakdown the
heterogeneity materials and heterogeneity of interaction
light and matter, including diffraction stratification,
generation of continuum radiation (including Cherenkov
radiation), interference Cherenkov radiation and direct
optical breakdown. These addition factors allow explaining
basic peculiarities of interaction laser irradiation and
matter, including gases (Fig. 3), liquid (Fig. 2) and solid
(Fig. 1 and Fig 4).

But for more long time of irradiation we have second-
order processes of disorder radiation, including reradiation
and reabsorption [3]. In this case we may be having
processes of heating and creation of plasma clouds [2, 3, 7,
13]. For shorter regimes of irradiation, a probability of
cascade step-by-step laser-induced direct multiphotonic
excitation is increased and therefore we have third scenario
of these processes [13].

Thus, methods of Relaxed Optics allow integrating
processes of radiated and nonradiated relaxation
(Nonlinear and Relaxed Optics) of first-order optical
excitation in one system and allow explaining processes of
generation the laser-induced filaments, optical breakdown
and shock processes with one point of view. For qualitative
explanation of corresponding experimental data we must
add using methods by physical-chemical models and
methods of diffraction stratification and laser-induced
Cherenkov radiation.

Conclusions

1. The experimental data of creation the laser-
induced filaments in various media are discussed.

2. Main theories and model, which are used for the
modeling of these data, are analyzed.

3. We show that the processes of generation the
laser-induced filaments are connected with processes of
diffraction stratification of laser beam; generation of
continuum radiation, including Cherenkov radiation;

interference of Cherenkov radiation and direct optical
breakdown of irradiated matter.

4.  Corresponding theories and models allow to
explain basic peculiarities of the represented experimental
data.

5. Thus, the generation of laser-induced filaments is
more complex processes as thermal or plasma breakdown
of irradiated matter.
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Beicokosntponmitaeiii ciiaB (BOC) CoCrFeMnNi ObU1 moiydeH OyroBoi INIaBKOW KOMIIOHEHTOB B aTMoc(epe YHUCTOro
aproHa ¢ MOCIEIYIOIMH TOMOTCHU3aIMOHHBIME OT)KUI'aMH. VI3 IMOJIyYeHHBIX CIUTKOB M3TOTOBIUIM 00pasubl B (JOpMe JUCKOB,
TONMIKUHON ~ 1 MM U auamerpoMm 10 MM, KOTOpBIC TOJBEPTATUCh HHTCHCUBHOM TIACTHYCCKON AedopMaIiu ¢ MOMOIIBI0 METoaa
KpydeHus non BeicoknM nasnenueM (KIIB/I) B HakoBansHe bpumkmMena npu ruapocratndeckoM asiernu 6 I'Tla npu Temnepatype
77K. Hedopmanus B xone KIIBJ] nocturanace 5 oboporamu miyHxepa co ckopocThio 0,2 00./MHH., 4TO MO3BOJBLIO MOTydYaTh B
o0pasiax 0JHOPOAHYI0 HAHOKPUCTAIUTMIECKYIO CTPYKTYpY C pa3MepoM 3epeH MeHee 100 HM. JIjis MeXaHN4eCKHUX UCTIBITAHUH ITyTeM
0HOOCHOTO Ckatust u3 auckoB mocne KIIBJ] Ha paccTosHMM 3 MM OT IEHTpa BBIPE3aH MPSIMOYTOJBHBIE 00pas3lbl pasmMepoM
1,3x0,6x0,6 mm3. B wunreppane Temneparyp 300-4,2 K s JaHHOTO HAaHOCTPYKTYPHOIO COCTOSHHS IIPOBEIEH aHAIM3
nedopmaronHbIX KpuBbIX. OOHapyXkeHO, 4TO MOHMKeHHe Temieparypbl oT 300 1o 4,2 K npuBOAUT K pOCTY BENMYMHBI Ipeena
Tekyuecty ot 1,44 I'Tla 1o 2,48 I'Tla, 4To XapakTepHO I TEPMOAKTHBUPOBAHHOTO XapaKTepa MIaCTHIeCKOM nedopmaituu. J1jis Bcero
uccnenoBanHoro uarepsana temmepatyp (300-4,2 K) B crpykrypaom coctosuun nociae KIIB/] npu 77 K ycraHOBIeHO aHOMalIbHOE
YMEHBIIIEHHE BETMYMHBI TIpeJieia TeKYy4eCTH 110 CPABHEHUIO C aHAJIOTHYHBIMY BeJIMUMHAMU Npefena Tekydectu nocie KITBJI npu 300
K.

[TpoBeneHHBII aHATN3 TTOKA3all, YTO OOHAPYKEHHOE aHOMAIILHOE TTOBEIECHHE MTPEIeNa TeKy4IeCTH IIPU aKTHBHOH e opMannu
00yCIIOBIIEHO OCOOEHHOCTSIMH MHKPOCTPYKTYpHI, OOpasyromielics NpH KPHOTEHHOH aedopMaruy KpPydeHHEM II0J] BBICOKHM
nasiieHneM nipu 77 K, B 4acTHOCTH ¢ TOsiBIIeHHEM MapTeHCUTHOM (asbl ¢ [T1Y pemeTkoii U CBsI3aHHBIM € THM CHIDKCHHAEM TIOTHOCTH
nucnokanuid. [Tokazano, 4to ocobeHHOCTH MUKpOCTPYKTYpHI ocie KIIB/l npu 77 K cymiecTBeHHO BIHSIOT HE TOJIBKO Ha IIPOYHOCTH
CIUIaBa B JIOKAIBHBIX O0JACTSX, T.€. Ha BEJMYMHY €ro MHUKPOTBEPAOCTH, HO M HA JEHCTBYIOLIME HAIPSDKCHUS, OTBETCTBEHHBIE 3a
MPOTeKaHHe IIACTUYECKOH AeopManuy Py aKTUBHOM Aedopmarin HaHokpuctammndeckoro BOCa CoCrFeMnNi.

KoroueBble c10Ba: BHICOKOIHTPONUIHBIE CIUIABBI, JyroBas IUIaBKa, JedopMaius KpydeHHEM IOf BBICOKHM JaBJICHUEM,
aKTHBHas AeopManusi, MUKPOTBEpAOCTb, Npeae TeKy4ecTH, (a30BbIi Mepexo, MIOTHOCTh AUCIOKALMH, TePMOAaKTHBHPOBAHHbIE
TIPOLIECCHI.

BB TemnepaTypu iHTEHCUBHOI TUIACTUYHO1 AedopMaliii Ha MexaHI4YHi

BJIACTUBOCTI BUCOKOeHTpotmiiiHoro cmiaBy CoCrFeNiMn

10.0. lllanoBainos, O./1. TabaunikoBa, M.A. TuxonoBcekuii, A.B. JIeBeHelb,
M. Llexetrb6ayep, E. Hladaep

Dizuxo-mexuiyHull incmumym Husbkux memnepamyp im. b.1. Bepxina HAH Yxpainu, np. Hayku 47, Xapkis, 61103, Yrpaina
Hayionanonuii nayxosuit yenmp ~Xapriecokuil izuxo-mexuiunuil incmumym”, yi. Axademiuna 1, Xapxis, 61108, Vipaina
University of Vienna, Boltzmanngasse 5, Vienna A-1090, Austria

Bucokoentpomniiiauii ciiiaB CoCrFeMnNi 6yji0 oTpuMaHO TyroBoio IUIABKOIO KOMIOHEHTIB B aTMOC(epi YHCTOTro aproHy 3
MOAANBIIMMH TOMOTCHI3alliiHUMH BiganaMy. 3 OTPHMAHUX 3JIMBKIB BUTOTOBJSIM 3pasku y (OpMi JHCKIB TOBLIIMHOK ~ 1 MM i
niamerpom 10 MM, 110 3a3HaBaIM iIHTEHCHBHOI IUIACTHYHO]I 1edopMaliii 3a JOMOMOT 00 MeTO Iy KpyTiHHS mix BucoknM TruckoM (KIIBT)
B KoBau1i bpimkmena mix rinpocrarnaanm trckoM 6 I'Tla nmpu tremneparypi 77 K. lepopmanis B xoni KIIBT nocsiranacst 5 o6epramMu
IUTyHKepa 31 mBuKicTio 0,2 06./XB., 0 JO3BOJISLIIO OTPHMYBATH y 3pa3Kax OJHOPIAHY HAHOKPHCTATIYHY CTPYKTYPY 3 PO3MIpOM 3epeH
MeHmmM Hixk 100 M. 711 MexaHI9HUX BHITPOOYBaHb IITXOM OJHOBICHOTO cTHCKY 3 auckiB micist KIIBT Ha BigcTani 3 MM Bix IEHTPY
BUpi3aM NPSAMOKYTHI 3pasku po3mipom 1,3 x 0,6 x 0,6 mm®. B inTeppani temneparyp 300-4,2 K 111 OTpMMaHOT0 HAHOCTPYKTYPHOTO
CTaHy MPOBE/ICHO aHali3 aeopMaLiitHuxX KpuBUX. BussieHo, o 3HmkeHHs Temneparypu Big 300 1o 4,2 K npu3BouTh 10 3pOCTaHHS

© IHamosanos I0.A., Tabaunukosa E.JI., Tuxonosckuii M.A., JleBener A.B.,
Iexerbayep M., [lladmep 3., 2020



Bruanue memnepamyper unmencusnoi niacmuueckoul 0egopmayuu Ha MexanudecKue ceolcmaea
svicoxoaumponutinozo cniasa CoCrFeNiMn

BEJIMYMHU MeXi TeKkydocTi Bix 1,44 I'Tla no 2,48 I'Tla, mo xapakTepHO A TepMOAKTHBOBAHOTO XapaKTepy INIACTHYHOI Aedopmarii.
Jlis Beboro nociipkeHoro inTepsany temmneparyp (300-4,2 K) B crpykryproMy crani nicist KIIBT npu 77 K BctaHOBII@HO aHOMaITbHE
3MEHIICHHS BEJIMYMHN MEXI IUIMHHOCTI B MOPIBHSAHHI 3 aHATIOTIYHUMHE BeMdrHaMu Mexxi mmHHocTi micmst KIIBT npu 300 K.

[IpoBeneHuii aHai3 Mokasas, IO BHUSBICHA aHOMalbHa MOBEAIHKA MEXI1 INTMHHOCTI MIPH aKTUBHIN Aedopmarii oOyMoBiIeHa
0COOIMBOCTSIMHA MIKPOCTPYKTYPH, 1[0 YTBOPIOETHCS MiJ Yac KpioreHHoi nedopmarii KpyTiHHSIM mix BUCOKHM TuckoM mpu 77 K,
30KpeMa 3 MOsiBO0 MapTeHCcUTHOI ¢a3u 3 TLIIT rpaTkoro i moB’si3aHUM 3 UM 3HIKEHHSM IUIBHOCTI auciokaiii. [TokazaHo, mio
ocobmuBocti MikpocTpykTypu micns KIIBT mpu 77 K B Hanokpucraniunomy BEC CoCrFeMnNi

ICTOTHO BIIIMBAIOTh HE TUIGKU HA MIIHICTH CIUIaBY B JOKAJIbHHUX 00IACTSIX, TOOTO HA BEIMYMHY HOTO MIKPOTBEpAOCTI, a i Ha
Iifoui HANpyTH, BIAIOBIAANIBHI 3a epeOir macTuaHol qedopmMaii npu akTuBHIN nedopmartii

KonrodoBi ci10Ba: BHCOKOSHTpOMIHHI CIUIaBH, QyroBa IIaBKa, NedopMallis KPyTiHHAM IIii BHCOKAM THCKOM, aKTHBHA
nedopmartist, MikpOTBEpAiCTh, MeKa INIMHHOCTI, (Pa30BHUif epexil, IUIBHICTD AUCIOKaIlilf, TEePMOAKTHBOBAHI MPOLECH.

Effect of Temperature of Severe Plastic Deformation on Mechanical

Properties of High Entropy Alloy CoCrFeNiMn
Yu.O. Shapovalov, E.D. Tabachnikova, M.A. Tikhonovsky, A.V. Levenets,
M.J. Zehetbauer, E. Schafler

B. Verkin Institute for Low Temperature Physics and Engineering NAS of Ukraine, 47 Nauki Ave., 61103 Kharkov, Ukraine
National Science Center Kharkov Institute of Physics and Technology, 1, Akademicheskaya St., Kharkiv, 61108, Ukraine
University of Vienna, Boltzmanngasse 5, Vienna A-1090, Austria

High entropy alloy (HEA) CoCrFeNiMn was produced by arc melting of the components in high-purity argon atmosphere with
consequent multiple homogenization annealing. The disc-shaped samples with diameter 10 mm and thickness of ~ 1 mm were produced
from the ingots obtained. These samples were subjected to severe plastic deformation by high pressure torsion (HPT) in Bridgman
anvil at a hydrostatic pressure of 6 GPa and at temperature 77 K. Plungers have been rotated for 5 times at a speed of 0.2 rot/min that
allows to produce uniform nanocrystalline structural state with average grain size of less than 100 nm. Mechanical tests have been
provided under conditions of uniaxial compression of rectangular samples with size 1.3x0.6x0.6 mm3. The samples were cut from the
discs after HPT at a distance of 3 mm form disc centre. The analysis of stress-strain curves have been made in the temperature range
of 300-4.2 K for the obtained nanostructured state. It was found that yield stress value monotonically increasing from 1.44 GPa to 2.48
GPa while the temperature decrease from 300 K to 4.2 K, which is typical for thermally activated character of plastic deformation.
Anomalous decrease in yield strength values in comparison with the same values for nanostructured HEA after HPT at 300 K was
established in all the temperature range (300-4.2 K) for the structural state after HPT at 77 K.

The conducted analysis have been shown that the observed anomalous behaviour of yield strength during active deformation
is conditioned by peculiarities of microsturcture appearing after cryodeformation by HPT at 77 K, in particular by formation of
martensite phase with hcp lattice and connected with this decrease in dislocation density. It was shown that peculiarities of
microstructure after HPT at 77 K effect considerably not only on strength of the alloy in local areas, i.e. its microhardness value, but
also on the acting stresses responsible for the plastic deformation process under conditions of active deformation of nanocrystalline
HEA CoCrFeMnNi.

Keywords: high entropy alloys, arc melting, high pressure torsion, active deformation, microhardness, yield strength, phase
transition, dislocation density, thermally activated processes.

0nM3Ka K DKBHATOMHOM, 0Opa3oBaHa, KakK MNpPaBWIO, M3

Beenenue onHO(ha3HBIX TBepAbIX pacTBopoB 3amernneHus ¢ ['TIK mmu

Hcmonp3oBaHne METAaUIOB W CIUIaBOB B obmactn  OIIK pemerkoii [5]. Cpeanm H3BECTHBIX B HACTOSIIEE
KPHUOTEHHBIX  TEMIIEpaTyp  HMEET  CYHICCTBEHHBIC  Bpemsi MHOrouucieHHbIX BOC, ogHUM U3 caMbIX
OTPaHMYEHHUs W3-3a SABICHUS HU3KOTEMIIEPATYPDHOW  pccienoBaHHBIX sBisercs cmiaB CoCrFeNiMn, Tak
XPYNKOCTH. OJTO YMEHBIIAET YMCIO TPAJWIMOHHBIX  HasbiBaeMblii criap KaHTopa, o6iajaroliuil BBICOKOM
CIIJIAaBOB, NPUTOAHBIX IJII KPUOT'CHHBIX HpI/IMeHeHI/Iﬁ BO IUIACTUYHOCTHIO B IHPIpOKOﬁ o0nactu TEMIICparyp,
MHOTMX  OTpaciiX, TaKMX KaKk MaTepualbl JUId  BKIOYas O0JIaCTh KPHOTCHHBIX Temmeparyp [4]. B
KOCMHYECKOH M SACPHOH TEXHHKH, MaTepHalbl Ul  HAHOCTPYKTYPHOM COCTOSIHMH, MOJYYEHHOM C TOMOLIBIO
CO3JIaHUsl  CBEPXMPOBOJSAIIMX  YCTPOWCTB,  SJEPHBIX  HHTEHCHBHOM ImacTudeckodl nepopmamuu (UIIM), B
PEAKTOPOB, CAMOJIETOCTPOEHHS, MPOU3BOJICTBA EMKOCTEH  mMMPOKOM JHANa3oHe TEMIEPATyp B CIUIABE HAOIIOHAETCS
IJI XpPaHEHHs JKMAKOCTH W apyroe. JTa mpobiema B CYIIECTBEHHBI pPOCT TMPOYHOCTH TMPHU COXPAHEHHUH
3HAYUTENBHON CTENIEHH, OTCYTCTBYET B NPUHLMIMAIBLHO  BRICOKOM mmmacTuuHocTH [6]. Tak, mocie amedopmamun
HOBOM  KJlacCe MAaTepHalioB — MHOIOJJIGMEHTHBIX  kpydeHMeM 1o  BeicokuM  jgaienweMm  (KIIBJI),
BBICOKOOHTpOrmiiHbIX cmmaBax (BOC) [1-2], BOCel,  nposemennoit nmpu 300 K, npu yMeHBIIEHHH CpEIXHHX
Omarofmaps  HMX  CTPYKType, OOJamaroT  BBICOKOH  pa3mepoB 3épeH 10 BennuuH MeHbmmx 100 HM, B
MIPOYHOCTBIO NIPH COXPAHCHWH IUIACTHYHOCTH BIUIOTH IO  yHTepBasme Temneparyp 300-4,2 K  wHabmonmaercs
campix Hu3kux temmneparyp [3-4]. Crpyktypa BOC,  spaunrensuslii (~ B 8 pa3) pocT ero mpejeia TeKyd4ecTH
COCTOAIIAsl U3 PAa3HBIX aTOMOB, KOHLEHTpaLUs KOTOPLIX  [6]. B To jxe Bpems, ObLIO YCTaHOBJIEHO, YTO IIPOYHOCTHbIE
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cporictea CoCrFeNiMn, mnonsepruyroro HIIJ] ¢
nomoineto KIIB/I, 3aBucAT OT TeMneparypsl, IpU KOTOPOH
ocymectBisercs KIIB/] [7]. Xopomio u3BectHo [8], uTto
IIPU TEPMOAKTUBHUPOBAHHOM XapakTepe IUIaCTUYECKON
nedopManr IpU CHIKCHAN TEMITEpaTypsl AedopmMarm
MEXaHUIECKHUE XapaKTEePUCTHKH,
nedopmupyrolee  HalmpsHXKEHHE H  MHUKPOTBEPIOCTD,
IOIDKHBL pactu. OmHako ms HaHOCTpyKTypHOoro BOC
CoCrFeNiMn, nonyuyennoro myrém KIIBJ] npu 77 K,

TaKHe Kak

OBUTO  YCTaHOBJIICHO [7] aHOMaJbHOE YMCHBIICHUE
3HaUYEHUH  MHKPOTBEPIOCTH MO  CpPaBHEHUIO  C
aHAJIOTMUYHBIMH 3HAUYCHUSAMU MUKpPOTBEPJOCTH,

HU3MEPEeHHBIMH B CIIaBe, nosydyeHHoro nytém KIIB/I npu
300 K. B pabore [7] mpoaHamu3upoBaHBI BO3MOXKHBIE
IIPUYUHBI 3TOTO SIBJICHUS, CBS3aHHBIE C OCOOCHHOCTSIMHU
cTpyKTypHl, ¢opmupyromeiics B8 BOC CoCrFeNiMn B
pesynbrare KIIB/I npu 77 K. B TO ke Bpemsi, 0OUE€BUIHO,
YTO U1 JAJIbHEHINEro H3ydYeHHs OOHapy>KeHHOH
aHOMaJIM1, HEOOXOAUMBI U3MEPEHHUS HE TOIBKO BEIUYHUHBI
MHUKPOTBEPIOCTH, KOTOpas XapaKTepu3yeT IPOYHOCTh
MaTepuaja B JIOKaJbHBIX OONAcCTsIX, HO U HU3y4YCHHE
KIIBA wa geiicTByromue
HanpsDKeHUs. B XOJle akTHBHOW nedopmarmu. [losTomy

BIMSIHASA ~ TeMIIepaTypsl
LEIbIO TaHHOM paboThI OBLIO: @) M3yYEHHE XapaKTEPUCTHK
JepopManMOHHBIX KPUBBIX, TOIyYSHHBIX MPH OJHOOCHOM
CKaTHUd  C CKOpPOCTBIO B  HMHTEpBalle
temneparyp 300-4,2 K mma B3C CoCrFeNiMn,
npeaBapuTenbHO nedopmupoBanHoro mytéM KIIB/I mpu

IIOCTOSSHHOM

77 K; 6) cpaBHEHHE IOJYYCHHBIX XapaKTEPUCTHK C
B3C CoCrFeNiMn,
npeaBapuTenbHo aepopmupoanHoro myrem KIIBJ] npu
300 K.

AHAJIOTUMYHBIMHW  JaHHBIMH  JIJIA

MaTepuanibl 1 MeTOABI UCCTeJOBAHUSA

BeicokosnTponmitneiii crutaB CoCrFeMnNi nomyuanu
JIyTOBOW IUIaBKOW KOMIIOHEHTOB B aTMocdepe 4YucToro
aproHa. Yucrora KOMIOHEHTOB Obuta He MeHee 99,9%.
Jist obecrieueHnss XMMHYECKOH OJHOPOJHOCTH CIUTKH
NepeIuIaBsUINCh HE MeHee 5 pa3, Mocle 4Yero
MO/IBEPTralIiCh TOMOTEHH3AIMOHHOMY OoTxury mipu 1000
°C. CoryiacHO METOAMKE, MOAPOOHO onmucaHHOH B [7], U3
MIOJIYY€HHBIX CITUTKOB HW3TOTOBJSUTH 00pasmbl B (opMme
JIUCKOB TOJIIIUHON ~ 1 MM 1 arameTpom 10 MM, KOTOpBIE
[IOJIBEPraUCh NMHTEHCUBHOW IUIACTHYECKON Aedopmaruu
myrem KIIBJI B HakoBambHe bpumxmena mpu
ruapocTaruueckom pasiennu 6 ['Tla mpm Temmeparype
77K. Jedopmauus B xome KIIBJ[ nocruramace 5
o0opoTaMu TUTyHXKEepa co cKopoctbio 0,2 00./MHH., 4TO
MO3BOJISUIO TIOJIydaTh B 00pa3lax IperMYyIIeCTBEHHO
OHOPOJHYIO HAaHOKPHUCTAJUINYECKYIO CTPYKTYpPY C
pasmepoM 3epeH menee 100 mM. JInsg MexaHHUYECKHUX
UCTIBITAaHWUH ITyTEM OJHOOCHOTO CXKATHUsI U3 JUCKOB IOCIE

KIIB/] BbIpe3anu MpsIMOYTOJBHBIC O0OpPas3lbl pa3MepoM
1,3x0,6x0,6 wmm°. IlogpoGHoe omucaHHe METOIMKH

neopmanuy  00pas3loOB  OIHOOCHBIM  CXKAaTHEM  C
HOCTOSIHHOM ckopocThio gedopmanuu ~ 3-10% ¢t B
naTepBaste  Temmeparyp 300-4,2 K mamo B [7].
IMonydeHHBIE  AMAarpaMMBbl — «Harpy3ka —  BpeMs»

NEePECYNTHIBAIH B Ie(hOpMalHOHHbBIEC KpUBbIE 6(€), rIe G —
HanpspKeHHUE, € — IUIacTHYecKast Ae(opMariis, U3 KOTOPBIX
OIIPEACIAIN MEXaHWYEeCKUE XapaKTEPUCTUKU 00paslloB,
Takue  Kak

yCJ'IOBHI:Iﬁ npeaci 00,2,

K03 punreHT 1ehOpMaIIMOHHOTO YIPOYHEHHS U JPYTHE.

TCKYUCCTU

JKcnepuMeHTANIbHbIE Pe3YJIbTAThI H HX 00CY K/IeHHEe
Ha puc. 1 npencraBnensl gedopMalioHHbIE KPUBBIE
o(e) ms obpastos mocine KIIBJI npu 77 K (cocrosirue 1).
Kak
HAHOKPHUCTATMYECKUX

BUHO us3 PUCYHKa,
o0pasioB B

CYILIECTBEHHO 3aBUCUT OT TeMIIepaTyphl UcnbITaHus. Tak,

IIJIACTUYHOCTDb
cocrosaaun |

mpu 300 K mnactuueckas aedopmarius npessbimaet 50%,
IIPU 3TOM 00pa3Ibl TEPSIOT YCTONUUBOCTE U N3THOAIOTCS,

HO paSpyH_IeHI/Ie Ha JBE qacTu HC HpOHCXOZ[I/IT.
3.5
42K
3,0 /\/\(\1
77K -
2.5
é 20 P 190 K
= e
g 1S ' 300 K
1.0
0.5
01 2 3 456 7 8 9 10

Puc. 1. Tunuunsle nedopMalMOHHbIC KPUBBIE ~HANPSHKCHUE
— nepopmanus” crtaBa CoCrFeMnNi B cocrosauu |,
MOJNlydeHHbIE B  pe3yJibTaTe OJHOOCHOTO CXKAaTUs C
IIOCTOSTHHOM cKopocThio mpu Temneparypax 300, 190, 77 u
4,2 K.

[Ipn monwkeHMH Temiepatypsl aeopManuu 00pa3Ibl
paspyllaguch Ha JB€ 4YacTH, a pPe3epB IUIACTHYHOCTH
nepopmanus  JI0
ymenbmaercs: ipu 77 K Bennunna gy ~20%, a npu 4,2 K

(mpenenbHas paspyuieHus  &y)
eu ~ 5%. Taxxe, Kak BHIIHO Ha puc. 1, mpu Temreparype
4,2 K nmaBHBI XapakTep IJIaCTUYECKOH aedopmarmu
MEHSETCS Ha CKauKOOOpa3HBIi. Ckauku Ha
neOpMallMOHHONH KpHUBOW  HAONIOMAIOTCs  Cpa3y  3a
MPEesioM TEKy4eCTH, WX TIyOMHa YBEIMYHUBACTCS C
poctoM nedopmanuu, mocturas npu 4-5% 3HaUCHUH ~
160-250 MIIa. 3ameTuM, 94TO CKAYKOOOpPAa3HBIA XapakTep

IUIACTHYECKOW aedopMaluy MpHU HU3KUX TeMIlepaTrypax
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Bruanue memnepamypel unmencugHot niacmu4eckou oegpopmayuu Ha MexanudecKue ceotcmsa
svicoxoaumponutinozo cniasa CoCrFeNiMn

HaOmonancs paHee Kak B KPYIMHO3CPHHCTHIX, TaKk U B
HaHoKpHcTammnueckux BOC a Taioke XapakTepeH i
mHorux 'K TpagunuoHHbIX METAIOB U cIuiaBoB [9- 15].
[Ipennonaraercs, 49TO B ciTydasx
HU3KOTEMIIEpaTypHas  CcKaukooOpasHas  medopmanus
00yCIIOBJICHa COBMECTHBIM ICWCTBHEM ABYX, CBSI3aHHBIX

OTHX

ZIIPYT C OPYTOM: TIPOIIECCOB; AUCIOKAMOHHBIM [10,11] u
TerwnoBeIM [12-15]. MOXHO TpEINoNoKUTh, YTO H B
uccnenosanaoM BOC CoCrFeMnNi B paccmarpuBaeMoM
coctossHnn | HHM3KOTeMIepaTypHas CKaukooOpa3Has
nedopmanus umeeT Ty ke npupoy. Kak BumHo u3 puc. 1,
IIPY BCEX TeMIIepaTypax UCIIbITaHui Ha NeopMallmOHHBIX
KPHUBBIX MOXKHO BBIIENUTH JBe craaud. Ha nepsoi
HadaJdbHOM cTagmu Koe(UIMEHT eOpMalHOHHOTO
ynpounerus 0 = do/de OBICTPO YMEHBIIACTCS, YTO CBA3AHO
C TIOCTEIICHHBIM BOBJCUCHHEM 3E€pEH B IIPOIECC
IUTACTUYECKOHN JIepopMaly U3-3a UX Pa3HOW OpHEHTAINN
[0 OTHOWICHWIO K HAINpPABICHUIO BHEIIHEH CHIBI U
HEpaBHOMEPHBIM paCIpelie/ieHHEM B HUX KOHIIEHTPATOPOB
BHYTPEHHUX HANpPsHKCHUH KaK MCTOYHHMKOB 3apOIKICHUS
nucnokanuit. Ha BTOpoit cTagum, kKak BUIHO Ha puc. 1, mpu
temrnepatypax 300, 190 u 77 K Benuumnna 0 Omm3zka x
mymo. Kak u3Bectro [16, 17], nns T'HK BOCos BTOpOIt
cTamuu  KpUBOH  G(€)
IUTAaHAPHBIX JucIoKanui mo cuctemam {111} (110), Taxxe

COOTBETCTBYET  CKOJIbKEHHE
tunuyHoe i TpaauuumonHslx ['LIK cmmaBoB, a poct
BEJIMYMHBI O TIpU YBEIMUCHHH G CBS3aH C aKTHBHBIM
BKJIaJIOM MpoleccoB ABoWHMKoBaHMUA. Habmonaemoe npu
300, 190 u 77 K Ha BrOpOd cTaauu OJM3KOE K HYJIIO
3HaueHue O  o3Hawaer, 4rto  jgedopmaius B
paccMaTpHUBaeMbIX CIy4asX ONPENeNsieTCs] CKOIbXEHUEM
TUIAHAPHBIX TUCIOKAIIMHA M OTCYTCTBHEM Ha 3TOW CTaJnHU
CYLIECTBEHHOT'0 BKJIaJa Mpolecca ABOMHHUKOBAHHSI.

Ha puc. 2 mokaszaHbl TeMmIepaTypHbIE 3aBHCHMOCTH
YCIIOBHOTO TIpejesia TEeKy4ecTH Gp2 HCCIEAyeMOTro
HaHOKpucTamnieckoro BOCa B pasHBIX CTPYKTYpHBIX
cocrostausix: nocsie KIIB/I mpu 77 K (cocrostaue |) mocne
KIBA mnpu 300 K (cocrossame Il), B wucxomHom
COCTOSIHUM  (cocTOsIHHE ),
rpapuke nudppamu 1, 2 wu 3

COOTBETCTBEHHO. [Ipu cCpaBHEHHWH 3THUX 3aBUCUMOCTEMH

KPYITHO3EPHUCTOM
0003HAaYEHHBIE Ha

BHJIHO, YTO Go2 BO BCEM TEMIIEPATypHOM HHTEpBaje s
coctostaus |, kak u 6o2 1t coctostaus |1, 3HauuTENHHO (~
B 4 pa3za) NPEBOCXOAAT AHAIOTUYHBIC 3HAYCHUS IS
kpymHo3epHucToro coctostaus |11, BumHo Takxke, 9To Go2
Jutst coctostHus | mpu noHmwkennu tremneparypsl ot 300 K
10 4,2 K monotonno Bospactaer ot 1,44 I'Tla no 2,48 I'Tla.

3,0*0.. "

2,5F%

< * * 2
:2’0 * *. * °
[_‘157 1 *
'(1\!9 *

(=]

©1,0f 5

A A A
0,5 R % & oa gz %

0 . 1 . 1 . 1 . 1 . 1 . 1 . 1
0 50 100 150 200 250 300 350

Puc. 1. Tunnussie nedopMannOHHBIE KPUBBIE ~HAIPSHKECHIE
— npepopmanus” cmmaBa CoCrFeMnNi B cocrosnum |,
MOJyYeHHBIE B  pe3ylbTaTe OJHOOCHOTO CXKaTHi C
MOCTOSIHHON CKOpPOCTHIO TpH Temmeparypax 300, 190, 77 u
4,2 K.

[omyuennas 3aBUCUMOCTBD Go2(T) s cocrostaus |, Kak u
aHayormyHas 3aBUcuUMOCTh Go2(T) must cocrosuus |,
OTpaKaeT TePMOAKTUBUPYEMBIH XapaKTep IUIaCTHUECKON
nepopmanun uccinexyemoro BOC um maer ocHOBaHHE
MIPEIIOI0KATE MOJO0HE TUCIIOKAIIMOHHBIX MEXaHHU3MOB,
KOHTPOJHUPYIOIMUX  IUIACTHYSCKYI0  AeopMaiio |
00yCIIaBITUBAIONINX BBICOKYIO IJIACTUYHOCTH CILJIaBa MPH
HHU3KUX TeMIiepaTtypax. B To jxe Bpemsi, Kak BUIHO U3 PHC.
2, BO BCEM HCCIIEIOBAaHHOM TEMIIEPaTypHOM HHTEpBalie
3HAYCHUS Cp2 B cocTosiHuu | Hroke, yeM B cocrosinuu Il.
OTOT pe3ybTaT, KaK U OJy4YeHHOE paHee 7] U1 TaHHOTO
CIslaBa yYMCHBIICHHE BEIHMYMHBI MHKPOTBEPIOCTH B
cocTosiHUM | 10 cpaBHEHUIO ¢ aHATIOTHYHOW BETHMYMHOH B
cocrosaun  |l, sBIAeTCSs HEOXKHMIAHHBIM, T.K. HeE
COTJIACYETCSI C TPEACTABICHHUSAMH O TOM, 4YTO WpH
TEPMOAKTHBHPOBAHHOM xapakTepe negopmanuu
MPUBOAUT K  POCTY
nedopMupyomux Hanpspkenui [8]. s ananuza npuauH

CHIDKEHUHM  TeMIlepaTyphl

QHOMAJIBHOW  3aBUCHUMOCTH  MHMKPOTBEPIOCTH oT
temneparypsl KIIB/I B [7] 66118 IpOBEICHBI CTPYKTYPHBIE
uccienoBanus Hanokpuctaummaeckux BOC CoCrFeMnNi
B cocrostHusX | u |1, koTopeie mo3BonmmM 0OHApPYKHUTH
OTIMYMUs B UX MHKpocTpykTypax. Ilokasano [7], uro B
cocrostHnu | HaOmonaeTcs fonoyHUTENbHAs BTOpast dasa,
nmeromas ['TIY crpykrypy (puc. 3). IlosiBnenue Bropoi
I'TIY (¢a3sl  sBusieTcst CIEACTBHEM MapTEHCHUTHOTO
MIpeBpaIIeHIs,
HHU3KOH TemIeparype. OTOT MpoLEecC CONPOBOKAACTCS
«TIOTJIOHNIEHNEM» 3HAUUTENBHOTO 4YHCIA TUCIOKAIWH, B

pesyJsbTare

WHUIMMPOBAHHOTO JHedopmareii mpu

Yyero MX IUIOTHOCTP B cocTosHuUU |
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10.A. lllanosanos, E.J]. Tabaunurxoea, M.A. Tuxonosckuii, A.B. Jleseney, M. [{exembayep, 3. [llaghnep

intensity [a.u.]

Puc. 3. (a, 6) IDM-m306paxerne BOC CoCrFeNiMn nocie KIIB/] mpu paszusix temmeparypax: (a) T = 300 K (cBernoe none),
(6) T =77 K (cBetinoe moJje) ¢ COOTBETCTBYIOUIMMH TH(PpaKTporpaMMaMi BHYTpPH, (B) anekTpoHorpammel mocie KIIBJ] mpu 77 K
Ta 300 K, 94epHBIM KONBIIOM 0003HAUEHBI IIMKH, BOSHUKIINE B pe3yibTare (hazoBoro npespaieHus B mponecce KIIB/] mpu 77 K

(pucyHok 3 B3sT U3 [7]).
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casurosas Aecopmaums npy KpyYeHum

Puc. 4. YactoTa ABOWHHKOB (a) M IUIOTHOCTH Auciokauuii (6) cmaaBa CoCrFeNiMn, u3MepeHHbIe METOIOM PEHTTEHOBCKOTO
nuHeiHOrO npoduisHOro anamusa nocie KB/ npu 300 K u 77 K (pucyHok 4 B3st u3 [7]).

oKasbIBaeTcs HIke, yeM B coctostHum |1 (puc. 46). Kpome
TOrO, B [7] YCTaHOBIEHO, YTO YHWCJIO JBOWHUKYIOIINX
JIICIIOKAIMH B TIEPBOM U BTOPOM COCTOSIHHSIX TaKkKe He
coBnamaroT (puc. 4a). Ha ocHOBaHWM 3THX JAHHBIX MOYKHO
MPEIONI0KNATh, YTO TIOJIYYEHHOE HaMH aHOMAllbHOE
YMCHBIICHUE TIpe/eia TeKydecTr B coctosiHuu | (puc. 2),
TaKXKe KaK U aHOMAJIAS MUKPOTPBEPIOCTH, YCTAHOBJICHHAS
B [7], ompenensiercs pa3iuyusIMH B MUKPOCTPYKTYpax B
cocrostausx | u 1.

Takum oOpazom, Ha

OCHOBAaHMNH  IIOJYYE€HHOT'O

AHOMAJIBHOTO YMEHBIICHU BEJIMINHBI IIPEICIIa TECKYUCCTH

BicHuk XHY imeHi B.H. KapasiHa, cepisa «®isuka», Bun.32, 2020

NpU aKTHBHOW Jedopmanuy B UHTEpBalie TEMIIEpaTyp
300-4,2 K B ctpykrypaOM coctosiauu | (mocie KITB/I npu
77 K) mo cpaBHEHHWIO C AHAJIOTHYHBIMH BEITMYHHAMH
nperena TeKy4IecTd B CTpyKTypHOM coctosiaum |1 (mocie
KIIB/ npu 300 K), MOXHO 3aKIIIOYHUTh, YTO OCOOEHHOCTH
MHUKPOCTPYKTYPBI B COCTOSIHUY | CyIIeCTBEHHO BIIUSIOT HE
TOJIbKO Ha IPOYHOCTH CILIABA B JIOKAJIBHBIX 00JaCTsIX, T.C.
HA BEJIMYUHY €0 MUKPOTBEPIOCTH, HO TAKXKE BIMSIOT HA
JeHCTBYIOIIUE

HaIlps>KECHUs, OTBCTCTBCHHBIC 3a

MPOTEKaHNE IUIACTHYECKOW NedopManny MpHU aKTUBHOU
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Bruanue memnepamypel unmencugHot niacmu4eckou oegpopmayuu Ha MexanudecKue ceotcmsa
svicoxoaumponutinozo cniasa CoCrFeNiMn

nedopmanuu BBCa

CoCrFeMnNi.

HaHOKPUCTATLIIMICCKOI'O

BoiBoabI

1. B B3C CoCrFeNiMn mnyTreM WHTCHCHBHOH
IUTaCTUYECKONH JedopmManuy METOIOM KPYYEHHS IO
BBICOKHMM JIaBJIEHUEM, NpoBeAeHHBIM Iipu 77 K, nonyuyeHa
HaHOCTPYKTypa CO CPEIHUM pa3zMepoM 3epeH ~ 100 Hm.

2. Bwunrepsane temmeparyp 300-4,2 K s naHHOTO
HaHOCTPYKTYPHOTO  COCTOSHHUSL ~ MHpPOBEAEH  aHaJu3
JieopMalMOHHBIX KPUBBIX, OIYYSHHBIX PU OJHOOCHOM
CKATUU C IOCTOSHHON CKOPOCTBIO. Y CTAHOBJICHO:

a) PpOCT BEJIUYUHBI NIpEeiIa TEKYUYECTU Go,2

B4 Ppa3a o CpaBHECHHIO C aHAJIOTUYHBIMU 3HAYCHUAMU

U1 KPYIDHO3CPHUCTOI'O COCTOSAHUA,

0) YBEIIMYCHHE Go2 TPH  TOHIDKCHUH
TemnepaTypsl nepopmanuu ot 1,44 I'Tla go 2,48 I'Tla;
B) mogobue  3aBucumocteit  oo2(T) B

unTepBasie Temnepatyp 300-4,2 K , nonyuyeHHsle npu
nedopmanum cxaTueM ¢ MOCTOSHHOW CKOPOCTBIO ISt
CIUIaBa B Pa3HBIX CTPYKTYPHBIX COCTOSIHUAX (TOcie
KIIB/] mpu 77 K u mpu 300 K), 9ro cBUAETENBCTBYET
JUI 000UX CIIy4aeB O TEPMOAKTHBHPYEMOM XapaKTepe
mIacTuYeckoil nedopmanuu uccieayemoro BOC.
T)aHOMaJIbHOE YMEHBIICHNWE BEIMYUHBI Ipejesa
TEKy4eCTH IPH AaKTHBHOW JeopMaluy B HUHTEpBae
temnepatyp 300-4,2 K B crpykrypHOM coctossHun |
(moce KIBA mnpu 77 K) mo cpaBHEHHIO C
AQHAJIOTUYHBIMM BEJIMUYMHAMH IIPEAeia TEKyuecTH B
crpykrypaom cocrostau |l (mocne KITB/] mpu 300 K).
3. YcraHOBJEHO, YTO OOHApy>KEHHOE aHOMAJIbHOE

MOBEJCHUE  Tpejesia TeKydecTd TpH  aKTUBHOU
nedopmanuu 00yCIIOBICHO 0COOEHHOCTSMU
MUKPOCTPYKTYpBI, 0Opasylomieiics TMpu KPUOTEHHOMH

nedopManui KpydeHHEM IMOJ BBICOKHM JaBJIEHHEM, B
YAaCTHOCTH C TOSIBIEHHEM MapTeHCHTHOH ¢asel ¢ ['TIY
PEIIETKON U CBSI3aHHBIM C 3THUM CHIXXKEHHEM IIJIOTHOCTH
JUCIIOKALUH.
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Meroto naHoi po6oTH € po3poOKa IPOTOTHILY HOBOTO KBAHTOBOTO CEHCOPA, Uy TJIMBHM €JIEMEHTOM SIKOTO € TOUKOBUH KOHTAKT
SlHcoHa. BuHATKOBa OCOONMBICTE TOYKOBO-KOHTAKTHHX KBAaHTOBHUX CEHCOpPIB, OKpiM 0Oe3nocepefHbO KBAaHTOBHX BIACTHBOCTEH
TOYKOBHX KOHTAKTiB SIHCOHA, TOB’s13aHa 3 HU3KOKO (DyHIaMEHTaJbHUX BIACTHBOCTEH. Jl0 UX BIACTUBOCTEH HaleKaTh CelU(IuHIHA
pO3MOALT MOTEHIIATy B KOHTAaKTi, KU CHOpHUSE MPOSBY MIKPOKOHTAKTHOTO ra3odyTJIMBOTO e(ekTy, Ta Oe3NIUTMHHA eIeKTPOAHA
cHCTeMa, 1[0 BUHHMKAE Ha KaHaJll IPOBITHOCTI TOYKOBOTO KOHTAKTy B PIAKOMY CEepeIOBHUINI Ta 3abe3leduye MPOTiKaHHS HUKITIYHOTO
CJIEKTPOXIMIYHOTO e(EKTy, 3aBISKU SIKOMY MOXIIHBO 3apeecTpyBaTd MIMPOKUI HaOlp KBAaHTOBHX CTaHIB B JICHIAPHUTHUX TOYKOBHX
KOHTaKTax SIHCOHa, sSKi 3HAXOJSATHCS B CEPEIOBHUINAX, IO JOCTIKYIOThCsA. [icTorpaMu MPOBITHOCTI, SIKi BiAMOBIIAIOTh KBAHTOBHM
CTaHaM JICHAPUTHHUX TOYKOBHX KOHTAKTIB B IPOLECI iX MEPEeTBOPEHb, € MAPKEPOM MEBHHUX CEPEIOBUII i MOXKYTh OyTH 3apeecTpOBaHi
3a JIOIIOMOTOI0 IIPOTOTHITY HOBOT'O KBAaHTOBOT'O CEHCOPa, pO3po0IIeHOT0 B Hamlii po6oTi. Jlie3gaTHICTh po3po0IeHOro NPOTOTHITY Oyia
JIOBe/IeHAa B EKCIIEPUMEHTaX B Ta30BUX CEPENOBHINAX aproHy Ta OTOYyro4oro moBiTps. OTpumani pe3ynbTraTd 3a0e3mnedyioTh
MepeyMOBH AT PO3POOKH KBAHTOBHX CEHCOPIB HOBOTO ITOKOJIIHHS JUISl CEIEKTUBHOTO BH3HAUCHHS PIJKUX Ta Ta30BHX CEPEOBHII.

Kio4oBi ci1oBa: ToUKkoBHI KOHTaKT SIHCOHA, KBAHTOBHH CEHCOP, Ta30BE CEPENOBHIIE, CEICKTUBHE BU3HAUYCHHS PIIKUX Ta
Ta30BHX CEPEIOBHIII.

Quantum sensor of new generation

A. Herus, A. Pospelov, A. Savytskyi, Yu. Doronin, V. Vakula, E. Faulques,
G. Kamarchuk

B. Verkin Institute for Low Temperature Physics and Engineering NAS of Ukraine, 47 Nauki Ave., 61103 Kharkov, Ukraine
National Technical University “Kharkiv Polytechnic Institute”, 21 Kyrpychov Str., Kharkiv, 61002, Ukraine
Institut des Matériaux Jean Rouxel (IMN), Université de Nantes, CNRS, 2 rue de la Houssiniére, BP 32229, 44322 Nantes cedex 3, France

The aim of this paper was to develop a prototype of new quantum sensor whose sensing element is a Yanson point contact. The
exceptional features of quantum point-contact sensors, besides the proper quantum properties of Yanson point contacts, are due to a
number of their fundamental properties. These properties include the specific potential distribution in the contact contributing to the
appearance of the point-contact gas-sensitive effect and the gapless electrode system formed in the point-contact conduction channel
in a liquid medium and responsible for the cyclic switchover effect which makes it possible to record a broad spectrum of quantum
states in dendritic Yanson point contacts placed in the analyzed media. Conductance histograms corresponding to the quantum states
of dendritic point contacts undergoing transformations are markers of certain media and could be recorded with the prototype of new
quantum sensor developed in our paper. The efficiency of the developed prototype was demonstrated in experiments with gaseous
media of argon and ambient air. The obtained results lay the foundations for the development of new generation of quantum sensors
for selective detection in liquid and gaseous media.

Keywords: Yanson point contact, quantum sensor, gaseous media, selective detection in liquid and gaseous media.
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Keanmosuii CEHCOp HOBO2O NOKONIHHA

HGHLIO JTaHHOU pa6OTI;I ABJIACTCA pa3pa60TKa MIpOTOTHUIIAa HOBOI'O0 KBAHTOBOT'O CEHCOpA, YYBCTBUTCJIBLHBIM 3JIEMCHTOM
KOTOPOTO ABJIACTCA TOYEYHBIH KOHTAKT SIHCOHA. VICKIIounTEIbHAS 0COOCHHOCTh TOU€YHO-KOHTAKTHBIX KBAHTOBBIX CEHCOPOB, KPOME
HEMOCPEACTBEHHO KBAaHTOBBIX CBOWMCTB TOYEYHBIX KOHTAKTOB ﬂHCOHa, CBsA3aHa C pAIOM @yHHaMeHTaﬂBHHX cBoiictB. K a1um

CBOWCTBAM OTHOCATCA CHEUU(HUYECKOE paclpelesieHne TMOTEHIMana B KOHTAKTe,

KOTOPBIH  CIIOCOOCTBYET TPOSIBICHHIO

MHKPOKOHTAKTHOTO Ta304yBCTBHUTENBHOIO 3(ddekra, m OeciueneBas 3JIEKTPOJHAs CHUCTEMa, KOTOpas BO3HMKAET Ha KaHaie
MPOBOAUMOCTH TOUCYHOTO KOHTAaKTa B XKHJKOH cpese U 00ecreynBaeT NPOTEeKaHHE [UKINYECKOTO IEKTPOXUMUUECKOro 3 dekTa,
61arofapsi KOTOPOMY MOXHO 3apPETUCTPUPOBATh MIUPOKUiT HAOOP KBAHTOBBIX COCTOSTHUI B JEHAPUTHBIX TOUEUHBIX KOHTaKTax SIHCOHa,
KOTOpPBbIE HaXOIATCAd B MCCIEAYyEMBIX Cpelax,. I'McTorpaMmbl IPOBOJUMOCTH, KOTOPBIE COOTBETCTBYIOT KBAaHTOBBIM COCTOSIHHUSAM
JIEHAPUTHBIX TOYEYHBIX KOHTAKTOB B IIpOIleCCe WX NPEBpAlICHHH, SBISETCS MapKepoM OMNpeNeleHHBIX Cpel M MOTYT OBITh
3aperucTpUpOBaHbl C IOMOIIBIO IPOTOTHIIA HOBOTO KBAHTOBOTO CEHCOpa, pa3paboTaHHOTro B Hamreil pabore. [leecrmocoGHOCTH
pa3paboTaHHOrO MPOTOTHIA ObUIa JOKa3aHa B KCHEPHMEHTAX B Ia30BBIX CPEIax aproHa M OKpy)Karomero Bosmyxa. IlomydeHHbIe
Ppe3ynbTaThl 00ECTIEUNBAIOT MPEANOCHUIKH IS pa3pabOTKH KBAHTOBBIX CEHCOPOB HOBOT'O TIOKOJIEHHUS IS CETIEKTHUBHOTO OTpeIeTeHHs

KUJAKUX U Ia30BBIX CPEX.

KiioueBble c10Ba: TOYCUHBIH KOHTAKT HHCOHa, KBaHTOBBIN CEHCOP, Ta3oBadA Cpela, CEJIICKTUBHOC ONPEACIICHUC XUAKUX U

ra30BBIX CPEsl.

Beryn

CTpiMKH{ pPO3BUTOK HAHOTEXHOJIOTIH y CydacHOMY
CBITI CTUMYJIIOE JI0 PO3BUTKY HOBHX METOIIB TOCIIIXKCHb,
SIKi JIO3BOJISIIOTH BUBYATH MIPUPOJLY SIBUIIL HA aTOMapHOMY
piBHI, a TaKOX 3/JaTHI CTaTH OCHOBOIO IEPEIOBUX
TEXHOJIOTii MaOyTHBOTO, OIHA 3 SKHX — II¢ KBAaHTOBA
ceHcopuka. Jlo TakMX METOAIB, OE3yMOBHO, HAJEKHTh
MIKpPOKOHTaKTHa criekrpockorist Sucona [1, 2], uo 6epe
novarok 3 monepcbkoi podotu LK. Sucona [3]. Croroami
3a JIOTIOMOTO0 MIKPOKOHTAKTHOI crieKTpockomii SlHcoHa
YCIIIITHO BUBYAETHCS 3HAYHA KUIBKICTh (I3MYHUX SIBHLI Y
PI3HOMAaHITHHX MaTepiaiax Ta HAHOCTPYKTYPHHUX 3pa3Kax.
Cepex pI3HOMaHITHMX 3aCTOCYBaHb MIKPOKOHTaKTHOT
CHEKTPOCKOII{ SHCcoHa OKpeMo BUJIUISETHCS
MIKPOKOHTAKTHHH Tra3odyTiuBud edekT, Ha 0a3i sSKoro
CTBOpPEHI HAAUYTJINBI HAHOCEHCOPH, 1110 NIEPEBEPIIYIOTH 32
CBOIMH MapaMeTpaMu iCHYIOYi Ha JaHui yac aHanoru [4].
JlonaTkoBi MOXIIMBOCTI TOYKOBO-KOHTAKTHHM CEHCOpaM
Hajzae X KBAaHTOBAa INPHPOAA. 3alydaroud 0 MPOLECy
CCHCOPHOTO aHaJNi3y TOYKOBI KOHTakTH JSIHcoHa Ta

3aCTOCOBYIOYM  YHIKaldbHI  BJIACTHBOCTI  TOYKOBO-
KOHTAaKTHOI KBaHTOBOI CUCTEMH, BIAEThCA PEECTPYBATH
€HEepPreTHIHI XapaKTePUCTHKHA KBAHTOBOI CHCTEMH 1 JIETKO
imentndikyBaTn ITHPOKHi crekTp 06’ektiB [5, 6]. 3
OTJISIIy Ha II€, CTBOPEHHS TOYKOBO-KOHTAKTHOTO 3pa3Ka

KBAaHTOBOI'O CCHCOpa Ma€ CTaTh BaroMuMM BHECKOM Y

mporec  po3poOKHM  TEXHOJOTIYHMX BHMOT JIO  IX
MIPOMHCIIOBOTO BUPOOHHIITBA.
BunsitkoBa 0COOIHBICTH TOYKOBO-KOHTAKTHUX

KBaHTOBHX CEHCOpPIB, OKpiM 0e3rmocepeHb0 KBaHTOBHX
BJIACTUBOCTEH TOYKOBHUX KOHTAaKTIB SIHCOHa, IOB’s3aHa
TaKOX 3 HU3KOIO 1HIINX (yHIaMEHTaIbHUX BJIaCTHBOCTEIH.
OpHi€l0 3 TakWX YHIKAJBHUX (I3UYHUX BIIACTHBOCTEH
TOYKOBHX KOHTAKTIB SIHCOHA € cHemu(iqHui pO3MOIiT
noTeHmiany. [Ipy npoTikaHHi CTpyMy B KOHTAKTI MaIiHHSI
MOTEHLaly 30CEPeKEHO B  00JIacTi  KOHTAKTHOTO
3ByxeHHs [7]. Lle 3Hauuth, mio omip wiel manoi obnacri
BU3HA4ya€ OMip BCi€l CHCTEMHM «MAacCHUBHHUH EJEKTPOJI -
TOYKOBHUIT KOHTAKT - MACUBHUH €JIEKTPOI», SIKE MAE Ha3BY
omip 3BYXeHHs. SIK HAcHiJOK, B3a€EMOJIS 3 Ta30BUM

bopMyoTh
TOYKOBHI KOHTakKT SIHCOHA, i MPOBOJIB, IO MiABOAATH

OTOYCHHSIM MAaCHBHUX €JEKTPOMiB, SKi
CTPYM, HE Jla€ BKJIa[y B OIip TOYKOBOTO KOHTAKTy 1 He
peectpyetbest. Tinbku B3aeMo1is ra3y 3 0071aCTIO TOYKOBO-
KOHTaKTHOTO 3BY)KCHHS, SIKa BU3HAYA€THCSI MOIEPEUHHM
nepepizoM MPOBIJHOTO KaHATy, JA€ MOMITHHH BHECOK Y
3MiHYy Onopy Bciei cucteMu. B mpomy Bumagky HeoOXiqHO
BCHOTO KiNbKa aTOMIiB Ta3y, $Ki KOHTaKTYIOTh 3
MaTepialioM B 00JacTi 3BY>KEHHS, MO0 BUKIMKATH 3MiHH
OCTaTHI UTS

€JIEKTPOIPOBITHOCTI KOHTAKTY,

BJIACTUBICTH € OCHOBOIO

edexTy,
HPOSIBISIETHCS TIPH KIMHATHUX TEMIIEpaTypax 1 MoJjsrae B

BUMIpIOBaHHSI. s

MIKPOKOHTAKTHOI'O  Ta304yTJIHBOTO SIKUH
3MiHI EJIEKTPOIPOBITHOCTI TOYKOBHX KOHTAKTiB Ha 2-3
HOPSJKK BEIWYMHH i/ JI€I0 MajuX KOHLEHTpaLiil rasis
(mopsiiky omuHuips ppm i Menme) [8, 9]. Iumioro
VHIKaJIHOIO OCOOJIMBICTIO TOYKOBHX KOHTAaKTiB SIHCOHA €
MEPETBOPEHHS KaHAIY MPOBIHOCTI TOYKOBOTO KOHTAKTY B
PIAKOMY CepeloBHINII B HOBHH THII EICKTPOXIMIYHOL
CHCTEMH, sKa EJIEKTPOXiMIYHOTO

OTpuMajla Ha3BY

HAHOCTPYKTYPHOTO elemMeHra,  abo

6e3uinHHOI enekTpoaHoi cuctemu [10-12]. Jlanuii 06'ext

IIPOTSKHOIO

MOJE CTaTh OCHOBOIO JUISI CTBOPEHHSI IEPEOBUX, 1 B TOH
e Jac HeJIOpOTuX, TEXHOJIOTiH CHHTE3y (DyHKITIOHAIBHUX
CTPYKTYp |
marepianis  [4, 11].  Bpaxoytouu
(dyHIaMeHTalbHI  BJIACTUBOCTI
SHCOHA, cCmiA OYiKyBaTH,
KOHTaKTHOTO KBAaHTOBOTO CEHCOpa, CTBOPEHHS SIKOTO €
METOIO J1aHOT POOOTH, MOKE CTaTH MOTYXKHOIO PYIIIHHOIO

ATOMHO-PO3MIPHUX HAHOCTPYKTYPHHUX
3a3HaYeH1
TOYKOBHUX KOHTAKTiB

o HOpoOTOTUII TOYKOBO-

CHJIOI0 PI3HOMAHITHMX 3aCTOCYBaHb 1 TNPaKTHIHHUX

BIIPOBA/KEHD aHAJITHYHHUX ITPUCTPOIB HOBOTO MTOKOJIIHHS.

MeToauKa eKClepHMEHTY
Jns po3poOKH NPOTOTUIYy KBAHTOBOTO TOYKOBO-
KOHTaKTHOTO  CEHcopa MiTHI
JICHAPUTHI TOYKOBI KOHTAKTH, $IKi CTBOPIOBAINCH 3a
TEXHOJIOTIE  «rojka-koBamio» [6, 11]. B  skocri
CNICKTPOMIB  IJIsl  OJlepIKaHHS KOHTaKTIB

BUKOPUCTOBYBaAJaCb 3aroCTpeHa MiZ[Ha rojka i MiHHa

BUKOPHCTOBYBAJIHCS

TOYKOBHX
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IUTacTHHA y GopMi IpsAMOKyTHHKA. ["omgactuii enexrpon
KpiNMBCS Ha TPYXAHHUHA AeMrdep, mapaMeTpu SKOTO
migOupanucs  eKCIIepUMEHTAIbHO I OJCpKaHHA
KOHTAaKTiB 3 IiIBUIICHOIO cTabinbHicTIO. [ enexTpomiB
y ¢opMmi TOIKM BHKOPHUCTOBYBAIHCS BIAPI3KK JPOTY
noxkuHO 10-15 MM 1 miamerpom 0,1-0,2 mm.  Jlns
KOHTPOJIIO KiJIBKOCTI CJIEKTPOJITY creniajlbHO
CHOPY/DKY€EThCS MiqHA "BaHHA" y BUINIANI HOTJTUOJICHHS
npsaMokyTHOT Qopmu  10x5 Mm%  ToukoBi KOHTaKTH
«TONKa-KOBAAJ0» CTBOPIOBAINCh 3 BHUKOPHCTaHHIM
CTaHJAPTHUX Olepamiii XiMiuHoi 00poOkm MartepiaiiB
BIZIIOBITHO bi(o) TIPUIHOMIB
MIKpPOKOHTAKTHOI crekrpockomii Sucona [1, 2]. Miana
"BaHHA", HacamIiepe]l, 3HCKHPIOBANACh 1 IMiJTaBalIach

TEXHOJIOTTYHUX

XIMIYHOMY TpABJICHHIO B CyMIllli HAacTYIHOI'O CKJIaay:
HNO3 Ta 6igucTHILOBAaHHOT BOAM JJIsS BUAAIEHHS OKCHIIB
3 MeTaleBOl TOBepxHi. [OJKM 3arocTproBaimcs 3a
00poOKH B

3pa3zku

JIOTIOMOTOI0 ~ €JIEKTPOXIMIUHOT  pO3MipHOT
HNO3
MIPOMUBAIIUCS B AWCTIIILOBAHIA BOJI, MOTIM y CHHPTI U
BUCYITyBAJIHCS Ticsl KOXHOI okpemoi mponenypu. Ilin
gac TPOIECy eNEeKTPOXiMIYHOTO IONipyBaHHS (opma i
CTaH MOBEPXHI TOJIKH IEPEBIPSUTHCS i KOHTPOJIIOBAIUCS 32
JIOTIOMOT'0I0 MIiKPOCKOTIA.

Jns

BUKOPHCTOBYBABCS CHELIAIbHUN MPHUCTPii, po3pobiieHnit

po3uuHi Ta OiAUCTUIBLOBAHOI BOJIH.

OACpIKAHHA TOYKOBHUX KOHTAaKTIiB

B HallIiil HAYKOBIH IpyIli 3 BUKOPHCTaHHSM TEXHOJIOTII,

3anporionoBaniii 'y po6oti [13]. Bin 3abe3meuyBaB
MOXIIMBICTh TOHKOTO  PEryJIIOBaHHS BIJCTaHI MiX
eNIeKTpoaMHu. ['OM4acThil eNneKkTpoJ MOHTYBaBCsS B

NIPUCTPIA Yepe3 MpyXKUHHE 3'€AHAHHA, 00 3MEHIINTH
HMOBIpHICTE ~ pyHHYBaHHS KOHTaKTy  BHACIIJIOK
MexaHI9HuX BiOpariit. [1ig yac qocimikeHs MiTHI TOYKOBI
KOHTaKTH OyIIH 3aHypeHi B O1TUCTIIIROBaHY BOAy. Kparus
BOJIM PO3MIIlyBaJlaCh B 00JaCTh KOHTaKTy MiX BICTpAM
TOJIKM W KOBAIJIOM 32 JIOTIOMOTOIO Kariyisgpa abo MmIpHIa.
[[{o0 BUKIIOYUTH BIUIUB JPOTiB, IO IMiJIBOIATH CTPYM,
KOHTAKTH TIKIIOYAIUCS 0 BiAMOBITHOI BUMipIOBAILHOT

cXeMHu 3a 4OTHUPBHOX-30HJOBOIO METOAUKOIO.
BumiproBanus BUKOHaHI Ha OpHUTiHAIBLHOMY
MIKPOKOHTaKTHOMY  crektpomerpi. Ilicas  oOpoOku

pobounx eNeMeHTIB BOHM PO3MIIIANNCH y CHELialbHIN
CKIJISIHIM KOMipLi, po3po0JeHiii Ta BUrOTOBJIEHIH B HaIIii
Ipymi Juisi poOIT MO CTBOPEHHIO NMPOTOTHIIA KBAHTOBOT'O
TOYKOBO-KOHTAaKTHOTO ceHcopa. Jlo po6odoi KOMipKu
MIpUEAHYBABCS BaKyyMHHUH Hacoc. B pobouomy 06’emi 3a
JOIIOMOTOI0 HAcoCy CTBOPIOBABCS BaKyyM IO IIOBHOTO
3aMep3aHHa OimucTwiboBaHoi Boau. Lle rapaHTyBasio
BUIAJEHHS MOJJIMBUX JOMIIIOK Tra3iB, sKi
HNOTpAIuIsiTH 10 OigucTMiboBaHOi BOAM  MiJ — 4Yac
PO3MIIlIEHHs KpaIuli Ha MiiHi# I1acTHHI B 00JIaCT] TOJIKH.
IMoriMm Ha mpPOTSI3i KUIbKOX XBWIMH 3JiCHIOBaNach
NpOJyBKa KOMIpKH iHEpTHMM rasoM. Ilicns mporo B

MOTJIN

KOMIpKY 3a JOIOMOTOI0 IIIPHUII ITOMIIABCS Ta30BHA
areHT JJI JOCIIIIB.

3aranbHUil BUIIBSIL TPUCTPOIO 3 €JICKTPOJAMHU st
CTBOPECHHS  JIEHIPHUTHHUX KOHTAKTIiB 1
JOCHTIJDKCHHST  JIi€3JaTHOCTI  MPOTOTHIIA
KOHTAKTHOTO KBAHTOBOTO CEHCOpA MPHUBEICHUI Ha puc. 1.

TOYKOBHX
TOYKOBO-
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Puc. 1. Tlpuctpiii sl CTBOPEHHS ACHIPUTHHX TOYKOBHX
KOHTAakKTiB SlHCOHa Ta JOCHiIKEHHS iX CEHCOPHHUX
BJIACTUBOCTEH y Ta30BUX cepenoBuinax. Ha BcraBui nokasane
30i7blIeHe 300paKeHHs 007acTi, B sKii MawTh Micie
HpOIECH POCTYy Ta pPO3YMHEHHS JCHAPHUTIB, CTBOPEHHS
JCHIPUTHAX TOYKOBHX KOHTAaKTIB Ta B3a€MOJil TOYKOBHX
KOHTAKTIB 3 Ta30BHM CEPEIOBHUIIEM.

ExcnepuMeHnTasbHi pe3yJbTaTu

[IpoToTHII KBAaHTOBOT'O TOYKOBO-KOHTAKTHOTO CEHCOPY
NpaIfoe B yMOBAx, KOJM MOBEPXHS KaHAIy MPOBIAHOCTI
TOYKOBOT'O KOHTaKTy 3aHypeHa B OiJUCTHIbOBAHY BOILY.
Bubip GinucTninboBaHoi BOJM 00yMOBIICHUIT MOMKITUBICTIO
CTBOPUTH yMOBH CHHTE3y JCHJAPUTHHX TOUYKOBHX
KOHTaKTiB B PIiAKOMY CEpeHOBHINI, IO ONHU3bKE 3a
MiHIMQJIEHOIO

3abe3neuye

BJIACTHBOCTSIMH /IO  GIEKTPOJITY 3

KOHLIEHTpawieo Jirouoi pedyoBuHu. lle
YHUCTOTY EKCIIEPUMEHTY Ta BHUKIIIOYAE MOXKIMBI BIUIMBU
CKJIQJIOBHX EJICKTPOJITY HA XapaKTEPUCTUKHU JACHAPUTHHUX
TOYKOBUX KOHTAaKTiB, IIJ0 CHHTE3YIOThCS. Y TOH Xke Hac,
HE3BAXAIOYM  HAa  BKpal  HU3BKY  TIPOBITHICTH
OIIMCTHIIHLOBAHOI BOJAM, Ha KaTOMHIN 1 aHOAHIM MIISHKAX
HAHOPO3MIPHOI OE3IIITMHHOT eNeKTPOIHOI CHCTEMH, SKa
BUHUKAa€ Ha KaHaJi MPOBIAHOCTI TOYKOBOTO KOHTAKTY
SlHCOHA, cHOCTepiraeThes MPOTIKAHHS ENeKTPOXIMIYHHX
npouecie [14]. Taky TNOBEAiHKY MOXHA MOSCHUTH,
HacamIepel, CIOJY4YeHHMMH MDK COO0OI0 pO3MIPHUM i
TEpMOAMHAMIYHUM (akTopaMH MOpPQOJIOTii TOYKOBO-
KOHTaKkTHOI ~ HAaHOCTPYKTypH.  Posmipuuii  dakrop
BUP@)KAETBCS B TOMY, IO MAOBXWHA MIUISHKM 10HHOT

MPOBIAHOCTI BKpald HE3HAUHAa Hepe3 Maly IOBXHHY L
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Keanmosuii CEHCOp HOB0O20 NOKONIHHA

KaHay TPOBITHOCTI TOYKOBOTO KOHTAaKTy. Bimomo [15],
o0 TpH KOHTAaKTi 3 BOMOK0, y pE3yJNbTaTi IPOLECY
rigparamii, YacTWHa TIOBEpXHEBHX 10HIB Mili, IO
mepeOdyBalOTh Y By3JlaX  KPHUCTATIYHOI  PEIITKH,
nepexonuTb y po3uuH. lleli mpomec Mae 3aracarouuil
XapakTep, OCKUIbKHM TOJABIHHMN €JIeKTPUYHUI Imap, Lo
YTBOPIOETHCS HA MEXi po3noaity a3 yce B Ol Mipi
rajJbMy€ BUXiJ IOHIB 3 peIIiTKH. SIKIIO JOMyCTHTH, IO
aKTHBHA IIOBEPXHS MeETally, sKa B3a€EMOJIE 3 PIJIKOIO
¢a3oro, craHOBUTH 01M3bK0 1% Bix 3arayibHOI TOBEPXHI,
TO, 3 ypaxyBaHHSIM IapaMeTpiB KPHCTANIYHOI PEUITKH
Mifi, KOHIEHTpamis i0HIB MiAi B pPO3YMHI B MOMEHT
KOHTaKTy 3 KaHaJIOM IPOBiXHOCTI Moria O MepeBepIINTH
MEXY PO3UHMHHOCTI Oyb-sikoi coui [16]. OmHak 1poro He
BiIOYBA€ThCSA Yepe3, 3 OJHOro OOKY,
MPOLIECY BUXOAY 10HIB 3 PEIIITKH Ha MEXi po3moaiiy ¢as,

raJJjbMyBaHHs

i, 3 iHmoro OOKy, 3a paxyHOK nudy3ii ioHIB yrauo
po3uuHy. Bce 1€ cBiguuTh PO TE, IO B JIHCHOCTI
JMOCTIKYBaHUM  CEPEOBHUINEM, 10 KOHTAKTye 3
MOBEPXHEI0 KaHAY MPOBIMHOCTI TOYKOBOTO KOHTAKTY, €
HE JIeiOHI30BaHa BOJIA, a PO3YHH €JICKTPOIIITY, 10 MiCTUTh
ioHn Mimi. [lesika piBHOBa)KHA BEIMIMHA KOHIICHTPAITIT ITIX
ioHIB Oyze BH3HAYaTH MOTEHINAN BiANOBITHOTO MiTHOTO
enektpoja. Ilpu BiACYTHOCTI 3CYBYy HAmNpyru, UIO
MOJIAETHCSI HA KaHAJI MPOBITHOCTI TOYKOBOTO KOHTAKTY,
Lel MMOTEeHIia Mac He3MiHHE 3HAYEHHS I10 BCil JTOBXKHMHI
kaHany. Ilpu mpomyckaHHi dYepe3 KaHal MPOBIAHOCTI
MEBHOT'O CTPyMY Ha MeXi po3noniny (a3 BUHHKAIOTh JBI
IUISTHKH: KaTOJHA, 3 00Ky HETaTHBHOI'O IOJIFOCA JDKEpesa
aHO/IHA, 13 MPOTHICHKHOT
pe3yibrari, y 3aralbHOMY
MPOBIHOCTI JICHIPUTHOTO TOYKOBOI'O KOHTAKTy SIHCOHA
BUHHMKA€ HOBUM THIT €IEKTPOXIMIUHOT ENEKTPOJHOT

CHCTEMHU, SAKa HA3UBAETHCA 6€3H.[iJ'II/IHHOIO CJICKTPOAHOIO

Hampyru, i cTropoHu. B

BUIIAIKY, Ha KaHali

cucremoro [5, 11]. 3aBasku Oe3UIIMHHIN €NEKTPOIHIN
cucteMi npu Oynp-sKMX BIIMIHHHX BiJ HyJS 3CyBax Ha
KaTOJMHIM CTOPOHI KaHaly WPOBIIHOCTI TOYKOBOTO
KOHTaKTy OyayTh MPOXOIWTH MPOIIECH BiTHOBIIEHHS 10HIB
MiZi ¥ GopMyBaHHS KPHUCTATIYHOI PEUTITKH, HA aHOIHIN

CTOpOHi — IIponecCu pO3YMHECHHA KaHaJly 10 MOBHOI BTpaTu

npsimoi  mposigHOcTi. Ile aBTOMaTHYHO 3a0e3meuye
OUKITIYHICTh TMPOIEeCy CTBOPSHHSA Ta  PO3YMHCHHS
JNEHIPUTHUX  TOYKOBMX  KOHTAaKTiB 1  peaii3aliro
OUKITIYHOTO  €NIEKTPOXIMIYHOTO  eeKTy I  dac

NPOTIKAHHS CTPyMy B CHCTEMi «roika-kosamio» [11].
ITpoiiece CHHTE3Y Ta PO3YUHEHHS JIEHIPUTHUX TOUYKOBHUX

KOHTakTiB  SIHCOHa B yMOBax  IHKIIYHOTO
CJICKTPOXIMIYHOTO e(eKTy TpoTiKae TiJ KepyBaHHIM
KBaHTOBOTO  00OJIOHKOBOTO  edekry.  [IuKimigHICTh
MPOIECiB  Ta KBAHTOBHW  XapakTep MEPETBOPCHb

JIO3BOJIMUIM  BIIKDUTH HOBHMH MEXaHI3M CEJIEKTHBHOTO
JCTeKTyBaHHS ras3iB Ta pigkux cepenoBuml [5], skuii
JISKUTH B OCHOBI pOOOTH IIPOTOTHIIA KBAHTOBOI'O TOYKOBO-

KOHTAaKTHOTO ceHcopa. Sk Gymo mokaszano B pobori [5],
TiCTOTpaMH MPOBIAHOCTI JEHIPUTHIX TOYKOBHX KOHTAKTiB
SlHCOHA 3aNekaTh Bil YMOB CHHTE3Y OCTaHHIX B ITpoOIleci
OUKITIYHOTO EJIEKTPOXIMIYHOTO €(EeKTy i € XapaKTepHOIO
03HAKOIO CEpPEIOBUIIA, B IKOMY Lieii CHHTE3 BiJJOyBa€THCSI.
3aBISIKM 1IbOMY TOYKOBO-KOHTaKTHI YYTJIMBI €JIEeMEHTH
3JIaTHI CEJICKTUBHO BUSBJIATH Oyb-5IKi Ta3H Ta PiAUHU.
[I{06 BU3HAYMTHUCH, UM 31aTEH PO3POOIICHUI IPOTOTUI
KBaHTOBOT'O TOYKOBO-KOHTAKTHOT'O CEHCOPY IPaIfoBaTH Y
BIZIMOBITHOCTI 3 MOJKJIMBOCTSIMH TOYKOBO-KOHTAKTHHUX
Yy TIMBHX €JIEMEHTIB, sIKi Oy Bimkputi B po6oTi [5], Gynn
MpOBEACHI  IIUIBOBI  JTOCTiIKCHHS. B  mammx
eKCTIEPUMEHTaX MH BHBYAIM KOHTAKTH 13 TIPSIMOIO
CJICKTPOHHOIO  IPOBIJHICTIO, IO CTBOPIOBAINCH 34
JIOTIOMOTOI0 TIPUCTPOIO, 300pakeHOMYy Ha puc. 1, Ta
JIO3BOJISUTM  pealli3yBaTd HOBHMH THUII HAaHOCTPYKTYPHOI
OC3IIIIMHHOI eJIEKTPOAHOT CUCTeMH. ByJio BUSABICHO, 1110
Yyepe3 HETPUBAIMA Yac Micias IOYaTKy pO3TOpPTaHHs
CTPYMY 4epe3 CUCTEMY «TOJIKa-KOBaJUI0» MOYMHABCS PicT
JICHAPHUTA, BHACIIZOK YOTO CTBOPIOBABCS JCHAPUTHHH
TOYKOBHH KOHTakT SHcona. Ilicias IOTO BHHUKAIH
OUKTIYHI 3MIHH eJNEeKTPOMPOBIAHOCTI JOCIIKYBAHOTO
KOHTaKTy, OOYMOBJCHI EIEKTPOXIMIYHHUMH IIPOLIECAMH,
110 aKTHBYIOTHCS OE3IIIIMHHOIO €JIEKTPOIHOI0 CHCTEMOIO.
Edexrn, mo crnocrepiranucs, ao0pe MOTOIKYIOThCS 3
HOBE/IIHKOIO paHille AOCIIKEHUX ASHIPUTHUX TOUKOBHX
KOHTAKTIB, 1[0 CTBOPIOBAJIMCS 111l KOHTPOJIEM LIUKIIYHOTO
CJIEKTPOXIMIYHOTO KOMYTAI[IHHOTO Ta OOOJOHKOBOI'O
edexris [5, 11]. 1i 3Miar 00yMOBIIEHI POIIECAMH POCTY
Ta PO3YMHEHHS KaHAJTy IIPOBITHOCTI TOYKOBOTO KOHTAKTY,
SIKI yHIPaBIISIOTHCSI KBAHTOBHM 000JIOHKOBUM eekToM. STk
HaCJiJIOK  KBaHTOBAaHOI 3MIHM TEPETHHY  KaHAIy
MIPOBITHOCTI JIGHAPUTHOTO TOYKOBOTO KOHTAKTY, IO Mae
MiCIle TpH [BOMY, Ha 3aJIEKHOCTI OIOpYy CiMeHCTBa
JCHIPUTHUX TOYKOBUX KoOHTakTiB R(f) mposBmsiiacs

cXimyacta CTpyKTypa, IO CBiJYATh Ha KOPHUCTh
KBaHTOBOT'O XapaxkTepy 3MiHH MIPOBIIHOCTI
JOCITIUKYyBAaHOTO  TOYKOBOro  KoHTakty  (Pmec.  2).

Croctepiranacst BiITBOPIOBaHICTh METACTa01IbHIX CTAHIB
KOHTaKkTy 3 OJHAKOBOIO NPOBIJHICTIO, IIO BiAIOBiJae
MIOBTOPEHHIO CXOJIB Ha 3pOCTAlOYMX Ta CHaJAl0uux
YacTMHaX 3ajieXHocTi. Po3mipu TOYKOBO-
KOHTaKTHUX  CTPYKTYp  BiINOBialOTh  CcTaHaMm  3i
30UIBIICHUM 4YacoM JKUTTA. [Hm aTomHi KoHpiryparmii

TaKHuX

TOBHICTIO He 3a00poHeHi. BoHN MOXYTh criocTepiratucs 3
MEHIIOI0 MMOBipHICTIO. TakuM YHHOM, CTBOpPEHHIH
MPOTOTHUI EHAPUTHOTO TOYKOBO-KOHTAKTHOTO CEHCOpa
JIO3BOJISIE  peali3yBaTH IUKIIYHHA  EJICKTPOXiIMIYHUH
e(eKT, MO0 Ja€ 3MOTY CIOCTEPIraTd KBaHTOBY MOBEHIHKY
CJICKTPOIPOBITHOCTI JICHAPUTHOTO TOYKOBOTO KOHTAKTY

SIHcoHa.
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Puc. 2. OparmeHT 3anexHOCTI omopy R meHapuTHOTO
TOYKOBOT'O KOHTAaKTy S[HCOHa B yaci t B yMOBaX LUKJIiYHOTO
CJIEKTPOXIMIYHOTO e(EKTy B CEPEIOBHIIII Ta3y, IKUI BUANXAE
moguHa. [OpH30HTaNbHI CXif4acTi AUITHKK Ha rpadiky
BIAIIOBINAIOTE MeTacTaOiIbHUM KBAaHTOBMM CTaHaM 3
MaKCUMaJIbHAM 9acOM XKHUTTS.
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Puc. 3. Ticrorpamu OpPOBITHOCTI ACHAPHUTHHUX TOYKOBHX
KOHTaKTiB B CEpelOBHUILi aproHy (a); i B HaBKOJIHIIHBOMY
cepenosunt (b). Go - KBaHT MpPOBIZHOCTI, N - KiIBKICTH
BiJUTIKIB.

Jost

MNPpOTOTUILY ACHAPUTHOTO TOYKOBO-KOHTAKTHOI'O CEHCOpa

OCTaTOYHOTO  BM3HAYEHHS  Ji€37aTHOCTI
OyJI TIPOBE/ICH] EKCIIEPUMEHTH B I'a30BOMY CEPEIOBHILI
aproHy Ta CEepeIOBHINI OTOYYIOUOTO TOBITPsA. bymo
orpumMano 1o 5 kpusux R(t) y KokHOMY BUTIAZKY, sIKi Oyiii
BUKOPHCTAHI JUIsl pO3paxyHKy ricrorpam nposignocti G 3a

METOIUKOI0, IpeacTaBieHor B poborax [5, 11]. B

pe3ynpTati 0yJI0 CIOCTepeKeHO BICOKY BiATBOPIOBAHICTH
ricTorpaM HpOBiITHOCTI NSHAPUTHUX TOYKOBHUX KOHTAKTIiB
JUTSL KOXKHOTO 3 CEPEIOBHII, IO JOCIiKYBaINCh. THIIOBI
MIPUKIIAA OTPUMAHUX TiCTOrpaM HaBeJCHi Ha puc. 3.

BucnoBku

PesynpraT  BH3HAYeHHS ~ MOJEIBHUX  Ta30BHX
cepeloBHUIN, IO OymM TPOBEAEHI 3a JOMOMOIOIO
PO3pO0JIEHOT0 HAMHU MPOTOTHIY JAEHIPUTHOTO TOYKOBO-
KOHTaKTHOT'O CEHCOpa, y MOBHOMY 00CS3i BIAIOBIAlOTh
pe3ynpTaTam, AKi OyJaM OTpUMaHi MpH BUABICHHI HOBOTO
CEJIEKTUBHOTO MEXaHi3My BU3HAUCHHS Ta30BHX Ta PIAKUX
cepenosuil [5]. Lle cBiquuTh MPO BUCOKY €(PEKTUBHICTH
poboTH  CTBOpPEHOTO  MPHCTPOIO i
BUKOPHCTAHHS HOTO IS MOJANIBIINX JOCHIIIKEeHb. Takum

MOJKJIMBICTh

YMHOM, OTPHMAaHI Pe3yJIbTaTH 3a0€3MeUyIOTh EPeyMOBH
JUTS pO3pOOKY KBAHTOBHX CEHCOPIB HOBOT'O MOKOJIIHHS IS
CCJIICKTUBHOI'O BU3BHAYCHHA pi]IKI/IX Ta ra3oBUX CECPEAOBUII.

Jana pobota OyJyia 9aCTKOBO MiATpUMaHa MPOTPaMoI0
NATO SPS Programme (Ref: SPS 985481).
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TToOymoBaHo mapameTpu MOPSAAKY Ui (epMi- pimuHUA 3 KOH(MOpPMALiHHUMHU CTyHeHsMH cBoOoau. Ha X ocHOBI BBeneHi
JIOJIATKOBi TEPMOIMHAMIYHI ITapaMETPH: CIIIHOBHI OAMHUYHHI BeKTOP (o (BU3HAYAE aHI30TPOIIIFO B CIMHOBOMY ITiIIPOCTOPI), OMHHIYHI
HPOCTOPOBI BEKTOPH Mi 1 Ni (II[0 BU3HAYAIOTH aHI30TPOIIIIO B IPOCTOPI), a TAKOXK TPU CKASIPHUX MapaMeTpa IO BU3HAYAIOTH (GopMy
KyTepoBCKO# mapu U, V, ¢ ( Tepiui ABa mapaMeTpH Iie HaliBOCi eJlIcoina KynepiBChbKol Imapy, a OCTaHHIH Iie B3a€MHA Opi€HTaLis y
MpOCTOpi HUX HamiBocei). Po3riisiHyTo cHMeTpiiiHi BIacTHBOCTI omeparopa mapameTpa MOpsaKy. BuBeneHo piBHAHHS igeanbHOL
riipoauHaMike GepMi-piiuHA 3 ypaxyBaHHSIM BIUIMBY KOH(OpMamiiHUX cTymeHiB cBoboau. Ilin KoHpOpMaIifHUMH CTyTIEHSIMHU
CBOOOIM CiJ pO3YMITH MapameTpu, MOB's3aHi 3 (opMmor i po3mipamu KymepoBckoi mapu. OTpuMmaHi BUpa3d A TOTOKIB
TEPMOJIUHAMIYHUX BEIMYHMH Takoi (epMi-piiMHN B TepMiHaX MIUIBHOCTI QyHKIIOHATY eHeprii. DyHKIIOHAT eHeprii 3aJIe)KUTh SIK Bif
aIIUTUBHUX IHTErpaliB pyxXy (KJIaCHUHI MapaMeTpH PiMHH) TaK i Bix KoH(popMamiiiHux napameTpiB. OTpuMaHo IucriepciiHe piBHSIHHS
TaKol PITMHU U1 MOJENBHOTO BUITIANY (yHKIiOHamy eHeprii (poOoTa BHKOHyBajacsi B paMkax (epMi-piJHHHOTO MiAXOxy).
JucnepciiiHe piBHSHHS BKIIOYace B ceOe CIIIHOBI MOJIH, TIEPIINiL, APYTHil 1 TpeTill 3Byku. Po3iOpaHo oTprMaHHs qUCHepCiitHOr0 PiBHIHHS
JUISL TIPOCTOPOBOI MiJCHCTEMH, IO BKIIOYAE MEPINVH, APYyTUH i TpeTiil 3ByKH, XapaKTepHi s HAIIUIMHHAX CHCTEM. 3MOJENbOBaHi
YacTHI pillleHHs JUCHEPCIHOTO PiBHAHHS 3 BUKOPUCTAHHIM MPOrpaMHOTro nakery Maple (HaBezeHO KijbKa 311 MaJFOHKIB U1 KyTOBOL
3aJIeKHOCTI CKOPOCTH 1 12 3BYKiB B cepHIHOi cCHCTEMI KOOpAHHAT). Bee BHIeoncane 03BoOJIsI€ 3pO0OUTH BUCHOBOK, IIIO TaKky (epmi-
plOMHY MOXHA pO3TJIAIATH K HAAIUIMHHAN PiAKUN KPUCTaT HEMAaTHUECKOro Tuiy. HasBHICTh KOHpOpMaLiiHIX MapaMeTpiB Bigpi3HIE
po3risaHyTy (hasy Bing A-¢a3u HaAITUHHOT QepMi-piauHu.

KunrouoBi cioBa: napamerp nopsaKy, CHMETPIHHOTO BIaCTUBOCTI HOBOTO OIepaTopa IapameTpa IMOpsIKyY, BIacH! KOJIUBAaHHS,
Hepumui 3ByK, APYTUil 3BYK, TpeTii 3BYK, KOH(OpMAaIilHI CTyIeHi cBOOOIN, CUMETpisl, TOTOKH TEPMOIUHAMIYHUX BEIUYUH, (epMi-
PIAMHHMHN MiaXid.

Hydrodynamics and proper vibrations of quantum liquids with

conformational degrees of freedom
M.Yu. Kovalevsky, A.A. Rozhkov

National Science Center Kharkov Institute of Physics and Technology, 1, Akademicheskaya St., Kharkiv, 61108, Ukraine
National Technical University “Kharkiv Polytechnic Institute”, 3 Kyrpychov Str., Kharkiv, 61002, Ukraine

The order parameters are constructed for a Fermi liquid with conformational degrees of freedom. Based on them, additional
thermodynamic parameters were introduced: the spin unit vector d. (determining the anisotropy in the spin subspace), the unit spatial
vectors m; and n; (determining the anisotropy in space), and also three scalar parameters determining the shape of the Cooper pair u, v,
q (first two items are half-axes of ellipsoid of Cooper pair and last item is mutual orientation in space of these half axes). The symmetry
properties of the order parameter operator are considered. The equations of ideal hydrodynamics of a Fermi liquid are derived taking
into account the influence of conformational degrees of freedom. By conformational degrees of freedom should be understood the
parameters associated with the shape and size of the Cooper pair. Expressions are obtained for the flows of thermodynamic quantities of
such a Fermi liquid in terms of the density of the energy functional. The energy functional depends both on the additive integrals of
motion (classical fluid parameters) and on conformational parameters. The dispersion equation of such a liquid is obtained for a model
representation of the energy functional (the work was performed as part of the Fermi-liquid approach). The dispersion equation includes
spin modes, first, second, and third sounds. The dispersion equation for the spatial subsystem, including the first, second, and third
sounds characteristic of superfluid systems, is analyzed. Particular solutions of the dispersion equation are simulated using the Maple
software package (several 3D figures are given for the angular dependence of the speeds of 1 and 2 sounds in a spherical coordinate
system). All of the above allows us to conclude that such a Fermi liquid can be considered as a superfluid liquid crystal of a nematic
type. The presence of conformational parameters distinguishes the considered phase from the F phase of a superfluid Fermi liquid.

Keywords: order parameter, symmetry properties of the new order parameter operator, natural vibrations, first sound, second
sound, third sound, conformational degrees of freedom, symmetry flows of thermodynamic quantities, Fermi-liquid approach.
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['maponuHamMuka U COOCTBEHHBIE KOJIEOaHMS KBAHTOBBIX JKHIKOCTEH C

KOH(GOPMAIIMOHHBIMU CTEIICHSIMH CBOOO/IbI
M.IO. KoBanesckwnii, A.A. PoxxkoB

Hayuonanvneii nayunviii yenmp "Xaporosckuil pusuxo-mexuuyeckui uncmumym", yn. Akaoemuueckas 1, Xapvkos, 61108, Yxpauna
Hayuonansnuti mexnuyeckuii ynusepcumem « Xapbkosckuil nonumexnuyeckuti unemunymy, yi. Kupnuuesa, 4, Xapvros, 61002, Yxpauna

HOCTpOeHLI napaMeTpbl opsaaKa 1Jist q)epMI/I- KHUIKOCTH C KOH(bOpMaL[I/IOHHBIMI/I CTCIICHAMU CBO60,Z[BI. Ha ux ocHoBe BBC/ICHEI
JOTIOJHUTEIIbHBIE TEPMOJANHAMUYCCKUE NTapaMETPhI: CITMHOBEII eﬂHHH‘IHBIﬁ BEKTOp da (onpez(emnonmﬁ AHU30TPOIIMIO B CITIMHOBOM
MOAIIPOCTPAHCTBE), €AMHHYHbIE IPOCTPAHCTBEHHBIE BEKTOPHI Mi U Ni (OMpeeNsollie aHU30TPOIIHIO B MIPOCTPAHCTBE), @ TAKXKE TPH
CKJSIPHBIX TapaMeTpa ompenesromux (GopMy KyHmepoBCKOW mapel U, V, ( (mepBble IBa IapaMeTpa 3TO TOIYyOCH 3JIUICOMIAA
KyTIEpOBCKOM Mapkl, a MOCIECIHNI 3TO B3aUMHAsl OPHEHTALIUS B IPOCTPAHCTBE 3THX IMOJY oceif). PaccMOTpeHbI cCUMMeETpHITHBIE CBOHCTBA
omeparopa mMmapaMerpa MOpsAKa. BbIBeAeHbl YpaBHEHHs HASalbHON THAPOAMHAMUKA (EPMHU-KUAKOCTH C Y4YETOM BIIHSIHHS
KOH(bOpMaI_[PIOHHBIX CcTencHeH CBO6OZ[I)I. HOH KOH(bOpMaHPIOHHI)IMI/I CTCTICHAMU CBO6OZ[I)I CJIEAYET MOHUMATh MapaMeETPhI, CBA3aHHBIC C
q)OpMOI)‘I u pasMepamMu KyHepOBCKOfI napbl. HOHy‘{eHBI BBIpAXKCHHUA JII NMOTOKOB TECPMOJUHAMUYECKUX BEININH TaKoOH q)epMI/I-
JKUAKOCTU B TCPMHUHAX IUIOTHOCTU q)yHKIII/IOHaJ'[a OHCPTUH. CDyHKHI/IOHaJ'I OHEPTUHU 3aBUCHUT KaK OT aAAUTUBHBLIX UHTCTPAJIOB JBHUKCHUA
(KJ'IaCCI/I“IeCKI/Ie napaMeTpbl )KI/IHKOCTI/I) TaKk U OT KOH(I)OpMaL[I/IOHHBIX napaMeTpoB. Honyquo JUCNIEPCUOHHOEC YpaBHCHUEC TaKOH
JKUAKOCTU UIsE MOJECJIIBHOTO IPEACTABICHUA q)yHKL[I/IOHaJ'Ia SHEprun (pa60Ta BBIIIOJIHEHA B paMKax (bepMI/I-)KI/IZ[KOCTHOFO r[o,uxoz[a).
JucnepcoHHOE YypaBHEHHE BKIIIOYAeT B ccOS CIHMHOBBIC MOJBI, IEPBBIM, BTOPOH M TpeTHH 3ByKd. Pa3oOpaHo moiydeHHe
IUCTICPCHOHHOTO YPaBHEHHUS AJIsl MPOCTPAHCTBCHHOM MOJCHCTEMBI, BKIIFOUAIOIIEe IIEPBHIiA, BTOPOH M TPETHH 3BYKH, XapaKTePHbIC IS
CBEpXTeKy4yHnx cucreM. CMOIETPOBaHbl YaCTHBIE PEIICHUs] TUCIIEPCHOHHOTO YPaBHEHUS C UCIIOIB30BAHUEM IPOTPAMMHOTO MaKeTa
Maple (npuBeneHbI HECKOIBKO 31 PUCYHKOB JUIS YTJIOBOM 3aBUCHMOCTH CKOpocTeit 1 1 2 3ByKOB B c(hepHUECKOi CHCTEME KOOP/IMHAT).
Bce BEIIICONMCAHHOE ITO3BOJISICT 3aKJIIOYUTh, YTO TaKylo q)epMI/I-)KI/IZ[KOCTI) MOJKHO pacCcMaTpuBaTb KakK CBerTeKy'{I/Iﬁ )KI/IZ[KI/Iﬁ
KpUCTAJIZI HEMaTUYECKOI'O TUIIA. Hanune KOH(I)OpMaL[I/IOHHBIX napaMeTpoB OTIINYACT PAaCCMOTPECHHY IO (ba3y oT A-(j)a31;1 CBerTeKy‘-Iei/JI
(epMH-KUIIKOCTH.

KnoueBnie cioBa: napaMeTp nopsika, CHMMeTpHﬁHBIe CBOMCTBa HOBOI'O oreparopa napameTpa IOpsAJaKa, COOCTBEHHBIE
KosteOaHusl, TIEPBBIi 3BYK, BTOPOH 3BYK, TPETHIA 3BYK, KOH()OPMALIMOHHBIE CTENIEHN CBOOOIBI, CHMMETPHS TOTOKH TEPMOANHAMUIECKUX
BEJIMYHH, (pepMU-KUAKOCTHOU MOAXOM.

Beryn

Y pob6orax [1,2] HaBeneHO Kiaacu(ikamito cTaHiB HAAIDIMHHOTO Tetifo-3. HammmuaHaicTs He-3 pearnizyeTscs 3a paxyHOK
YTBOPEHHS KyIEepiBCKHX Iap 3 aTOMIB I'eJlil0 IPY Pi3HUX 3HAUYEHHSX opOiTaisbHOro MoMmeHTy. Cepen HuX 1oope Bizomi A-,
A1 1B-¢a3n.

VY KkynepoBckoil mapi BiCTaHb MK CKJIQJOBUMH IOMITHO OUIbIlle HK PO3MIpH aTOMIB, IO JIO3BOJISIE PO3IIISAIATH
KyNepiBChbKYy Mapy SIK JesKy MoJieKyny, o Mae ¢opmy i posmipu. Omxke, kBaHTOBa (epMi-pigunHa Oyjae MaTu HOBI
TiIpOAMHAMIYHI BIIACTHBOCTI.

VY 1iif poOOTi po3TIISIIAEThCA TiPOANHAMIKA HANIUTHHHOT (epMi-piauHN 3 KOH(QOpMAIifHIMU CTyTIIEHSIMH CBOOOMH,
ska Ga3yeTbcsi Ha (epMi-piAMHHOMY MigXoai po3BuHEHOMY B poGotax [3-5]. TlurtanHs, TOB'sI3aHi 3 BIUIMBOM
KOHQOPMAIIHHUX CTYIIEHIB CBOOOIM HA TiApO- 1 TEPMOAMHAMIKY PIIKHX KpHUCTANiB po3risamanucs B poboti [6]. Ilix
KOH(QOPMALIHAMH CTYTICHIMH CBOOOTM MArOThCs HA YBasi IMapaMeTpH, MOB'sI3aHi 3 POPMOIO i po3MipaMu KyIepOBCKO
HapH.

Cepen ¢isnuHuX cucreM 3 pi3HUMH (OpMaMH MOPYIIEHHS CUMETpii 100 (a30BHX NEPETBOPEHb, TPAHCISLIH i
CIIHOBHX IOBOPOTIB ICHY€E OCOOJMBHMH THII CHCTEM - CHCTEMH 3 KOH(OpMaliiHMMH CTYNEHSIMH CBOOOIU. Y TakHux
cHCTeMax BKIMBY pOJb I'PalOTh IapaMmeTpH, sIKi BiANOBialOTh 3a (OopMy 1 B3a€MHE pO3TallyBaHHS HamiBocel
KyrnepiBckoi nmapu. 3 Gpi3uyHOT TOUKK 30py 1€ MOKE BiINIOBIJIATH CIIAPOBYBAHHIO 3 OpOITAIbHUM MOMEHTOM BiJIMiHHHM BiJl
Hyis1. Jlo Takux cucTeM MOKHA BiJHECTH HaaIUIMHHI A- 1 A - moziOHi ¢asu remiro-3. YV nux dazax peanizyroTbes siK
PLAKOKpHCTANIYHI BIACTHBOCTI TaK 1 KJIACMYHA HAAIUTMHHICTH. Hamre 3aBmaHHS moOymyBaTd ineanbHy TiIpOAHHAMIKY
CHUCTEMH 3 KOH(POPMAaLiHHUMH CTYTICHIMH CBOOOIM 1 BUSBHUTH HOBI €(eKTH, IO TMOB's3aHi 3 HASABHICTIO IUX CTYIICHIB

cB00OIH.

ITapameTpu nopsaaky i 1oAaTKOBI napameTpn
Baeznemo HOBI oneparopu napametpis nopsiaky (OINIT), moGynoBani 3 ckamsiproro i ren3oproro OIII cBepxTexydero
Teifo:

A A

A 00 = 1(AT00A 4 00~ A3, (OAX) ),
D000 =1 (ACOAL (0 = A, (VA" (), (1)
2 00 = A (0)7 ().
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Oneparopu 7,7 € epmitoBum. Oneparopu (1) 3a10BONBHAIOTH TAKAM KOMYTAIIHHAM CITiBBiHOIICHHAM

[A00, A, 0)] = [ A0, 75 (X) | =

[8, 00,775 (X) ] = 60,77, 00 (X =X),

(8,00, (<) | = i, 77, () (x=X),
[ (X), 710 (X)) ] = =177, () V8 (X = X") =1V, (7, () S (X = X)) =iV (77, (X)S(x = X)),
[ 200,74 () | = =it GOV, (X =X) =iV, (77,4 (S (X = X)) =iV, (12, () (x X)), -
[A09), Zok (X)] = 225 005 (X=X, [ 8,00, 2 (X) | = 6,45 7, (S (X=X,
[, (), 2 0)] = =i 24 0OV, 8 (X = X) = 2iV; ( 24 ()X = X)) =iV, (£, () S (x—=X)).

Slkwo BBecTH yHiTapui oneparopu U,,U,, U, , 3anatommecst GpopmynamMu HaBEACHUMH BHLIE 110 TEKCTY, TO OTPHMAEMO

HACTYIIHI CIIiBBIAHOIICHHS

A ~ - 2160
U; e (U, = (09, U s (U = 70 (X)) Uj e (U, = 20 (062100,

U; A 00U, = a,,, ($00) i (), U, 77,4 00U, = 8, (#(3))775 (9, ©)
U 2 00U = 8,5 (9(X)) 2 (X),
U, A 00U, = 8,5 ($00) 0 00, U, 77, 00U, = 8, ($0))175 (%), (4)
Uy Z 00U, = 2,5 ((X)) 75 (X),
U7, 00U, = @ () ()74 (X (), U 77, 00U, = @® (e (77,4 (X (X)),
U 2o OOV = @ () (X) 20 (X' (X)),
1e a(X) = det(&(X)), @ (X) = OX,(X)/ OX, -- BeUUMHN, MOB'A3aH 3 MePETBOPEHHAMH IOBibHIX feopMaLiii.

Ha ocHOBI 1[MX BeJIMYMH, L0 I'PAlOTh POJIb MapaMeTpiB IOPSAKY, MOXKHA MOOYyBaTH JOJATKOBI TEPMOJMHAMIYHI

napametpu. [ToOynyemo oaunu4Huii criiHoBuit Bextop d, 3a dpopmyioro:

d,()=D,(X)/D(X), D,(X) = &5, 75 ()17, (), D*(X) =D, (X)D;(x). ()

Lleft BeKTOp XapaKTepHU3ye CIIHOBY aHU30TPOIHIO PO3IIISHYTOro cTaHy. BukopucToByroun ¢opmaiizM BapiiioBaHOTO

oIeparopiB, OTPUMAEMO KOMYTAIiifHI CIIIBBIIHOIICHHS I BapiiiOBAaHOTO OIlepaTopa da x):
Sp,a[ﬁ(x), d, (x')J -0
SPA[ 8, (0.4, () | = £,,d, ()S(x=X), 6)

Spp| 4 ()., (x) | = -id, )V, 5(x~x).
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KpiMm 1mporo AificHOrO OJAMHWYHOTO BEKTOpa CJIiJl BBECTH IE OJWH MPOCTOPOBH (pa3oBo HeiHBapiaHTHHH BekTop. llei
HOBHI BEKTOP BH3HAYA€ThCS 32 (POpMYIIOr0:

-1/2

¢ (%P) = 2 (X P) 2o (X, P)d,, (X D), (7)

ne 2(% ) = X (X P) X (%, D).
3HOBY BHMKOPHCTOBYIOUM METOJ] BapifioBaHHOTO omeparopa MoOyAyeMO KOMYyTaliiiHi CHiBBITHOIICHHS IS
BapiiioBanoro oneparopy C (X, p)

SPA[A(X). & (X', )] = 26,(x, A)S(x—X),
SpA[S, (%).6 (X, )] =0, 8)
SPA[# (), 6. (X, A)] = 1(V,6, (X, §) =V, & (X, £) ) S(x—X) —ic, (X, )V, 5(X~X).
Buxosan 3 bopmymn A(X) = i Sp,a[ﬁ , A(x)] =i jdsx’Sp[)[é(x’), A(x)] , OTPUMAEMO PIBHAHHS U5 BEKTOPA C, (X, /) :

¢ :Zia—gci +£chi +Via—gck.
on 7 or,

Bekrop C, — koMIuIekcHHH BekTop. TOMY 3aMiCTh IIbOr0 BEKTOpA 3pyYHO BBECTH JBa AIHCHUX BEKTOpa @, Ta b, Takum
4UHOM 1106 C, = a +ib.
BuxopucToByoUH Ii ABa BEKTOPH MOOYIAYEMO MiHCHI TepMOTUHAMIYHI BEIIMYHMHH, 3BSI3aHI 3 CHMETPI€I0 CTaHY

piBHOBaru po3ristHyTol  (hi3uuHOT cucteMd. Bu3HAUYMMO 3apa3 OJMWHWYHI B3a€EMHO OPTOTOHAIBHI BEKTOPH
CIIIBBIJHOIIICHHIMU:

M) = (L E(AEX A (4(xP)+E(x5)
o1 RPN E LY .
0067 = ={1-E(0AE(A)]  (&(xp)-4(x5))

ne & =ala, &=blb.

KpiM OJMHUYHHMX BEKTOPIB TaKOX MOXKHa BH3HAUYUTH TPU CKAISAPHI JOAATKOBI TepMOAWHaMiuHI BeaumduHu. LIi
BEJIMUMHK XapaKTepH3yIOTh B3a€MHE PO3TAlIyBaHHs oceil CUMeTpii KynepiBckoi mapu i po3mipu mux oceil. Hassemo 1
napaMeTpu KoHGOpMalLiHHUMU CTYIeHsIMH cBOOOIM. BOHM BHpakaroThCsl Yepe3 napameTp Hopsaky Gpopmysiamu:

a0,7) = 5(1-€ (% 9)E (x.5)).

u(x, p) = 2a(x, p)(1-a(x, /3))1/2 L v(x p)=2b(x, £)q"* (x, p)

ne a(x, p), b(x, p) - Momymi mificHOI Ta MHUMOI YaCTHH MapaMeTpa MopsIKYy.

TakuM 9MHOM DPIBHOB&KHHUH CTaH PO3TJISHYTOI PIMHM XapaKTEPHU3YEThCA HaOOPOM AJAUTHBHHUX IHTETPATIB PYXY i
JOJATKOBUMH TEPMOAMHAMIYHUMH TapaMeTpaMH - OAWHUYHHUMH CIIIHOBMM 1 TPOCTOPOBMM BEKTOpaMH i TpboMa
KoH(pOpMaIifHIMHU MapaMeTpaMi. Buxons4n 3 BU3HA4EHb BCIX MUX (PI3UUHUX BETMUUH CHOPMYITIOEMO TiIpOoANHAMIYHI
PIBHSHHA U1 TAKO1 PiFHU.

PiBHsIHHS 0€31MCUNATUBHOI riAPOAUHAMIKH
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PiBHsHHS Ge3mucHNaTIiBHOI TiAPOANHAMIKH JUIA HAATUTUHHOT PiAMHA 3 KOHGOPMAIIHHUMH CTYTICHSIMHA CBOOON MatOTh
TaKUW BUTJIS;

os . .
o=- —0 |, =-V a=a,l 4,
k[a,,k ] a= ViCak
i =¢ 4 ,%gy4 ©
a “efyod, v oon, Ka
B k
m ——26—8€n +£V m. + f Vﬁ
i on 1 ox, K1 K jor
k k
n :Za—g[m +£V n +g Vﬁ
i i a7 ki Kii " o
k k
. oe 1/2 o€ oe
=4={q(1- 0+——V, q-2q(1-q)h, V. —,
q4=—4—-{a(1-a)} Vi a-20(-a)hy v, —
k k
. os -1/2 o¢ o€
u=2—1{q(1- +—V u+ur, V. —,
o (A T e VU ug Vo
k k
o€ -1/2 o€ o¢
v =22 {q(1- + 2V v+vs, V. ——
=27 {al-a)) "¢ om KTV i Gn

JIe HaM¥ BBEJEHI TaKi MO3HAYKHU

(=qu/v+(1-q)v/u , o=qu/v—(1-q)v/u
fi =mdg (m)—q(mn, +mn)m,,
9;s =N (n)—(1-g)(mn, +mn)n;,
k=g’ /v—(1-q)’v, ¢=qu—(1-q)’'Vv?/u,

h, =mm,-nn, r, =mm, —{q(l—q)}ll2 (min, +mn;),

s, = NN, —{q(l—q)}u2 (mn,+mn,).

Bupasu a51st T0TOKIB & ak = { jak ’tik , ik} AJINTHBHUX 1HTETPAJiB PyXy MOXKHO 3aITUCATH Y BUTIISII:

. o0s o¢ o¢
m. — n. |+
k avknj i ov,m. | or

Kj k

=¢ ,d de +5 d¢
ak  “afy fov,d aor
k™ a k
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o¢ o€ o¢ o€ o€ v o€

t, = -V. d 6., +| —-V 0.t —— oot
ik (20 Viav.d %k am. avm. kit . 1avin. [Yiki
a ja i ) J 1]
— % vd -9 ym % g %y 1P —2q(1—q)a—gh. :
ov,d, e avkmj ] avknj ] au ik v ik aq 1k

CHeKTpl/l BJIACHUX KOJIHUBAHb

VY sKocTi GYHKIIOHATY €Heprii & TYT MOKHA B3SITH MOJICIBHHUHA BUTIIS

p(x)=mn(x).

Jist Toro MO0 OTpUMATH CIIEKTPH BIACHUX KOJIMBaHb JIiHeapizyeMo piBHAHHA (9) mo0nm3y cTaHy piBHOBard. Y mboMy
CTaHI1 BUKOHYIOTHCS CITIBBIIHOIICHHS

2
7 =v, =S =0, 0s __0s 0% (11)
k 'k “a ad av,d ad ov d
a kK o a ka
o0s 05 %% oc __oe __ % gl
ank avlnk 8nkavlnj 6mk 6V|mk amkavlmj 2
Li yMOBH 03HAUYAIOTh, IO Y CTaHI PIBHOBATH CEPEIOBHIIE OTHOPITHO 1 HE 1e(hOPMOBAHO.
Jlineapizyemo piBHsHHS (9) BOHH NPUIMYThH BUIJISI
5d(x,t)=—oVk5vk (x,t), 5r‘1(x,t):—nvk5vk (x1), 5Sa(x,t)=—sa(x,t)vi5vi (x,t)
mnsv, (x,t) ==V, ot (x.t), ad_(xt)=dv, (xt)V, d_(xt)
5nj (xt)= _giljviavl (x1), 5mj (xt)= —finVi6v| (x.1), (12)

su(x,t) =—rijVj5vi (x,t), v(xt) =—sijvj5vi (xt), 5G(xt) :—hijvjﬁvi (x1).

e

oP oP
ot (x1) =4, (aén(x,tﬁa—&r(x,t)

-=—h. 5q(x,t)+ u—r. 5u(x,t)+v—gs. Sv(xt)
o

10%¢ 0% 02
28q2 il au2 il 6v2 il

f. . :m.5L(m)—%(m.n +m n.)mj,

jki i Kj ik ki
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_ 1
gjki nl5kj (n)- (mink +mknl)nJ
" 1
k= MM TN T = MMy _E(mink+mkn|)
Slk = nink (mink +mknl)

Tyt mu BpaxyBaiu o ( =1/2 ane He BpaxyBau 1o Sq =0
[epexomumo B piBHsHHAX (12) 10 Pyp'e-npencraBieHHs 1 MiCHs MiACTAaHOBKH MOJIEIBHOTO BUIY Al (DYHKIIOHATY
eHeprii Ta 00Ky ymoB (11) oTpumaemo cuctemy JiiHeapu30BaHUX PiBHSIHb

w&n(k,a)):klnvl (k, @), a)é'a(k,a)):klavl (k, @),

w&sa (k,@)=0 coé‘da (k,0) = klda5v| (k, @)
oP oP
omnsv. (ko) =k (%En(k,a))+£5cr(k,a))j+
2, 0% 10%
2 r”kj5u(k w)+v avz Sukjév(k w)- > aqz hIJkJJq(k )
w&nj (k,a)) g/u k 5v| (k,a)),
wom, (k w)=-— k ov (k ),
wdu(k,w) = r”klé'v (k, @), (13)

wdv(k,o)= Sij ki5vj (k, @),
wdq(k,w)= hijkiévj (k, ).

CriHoBa mificucremMa MOXxe OyTH PO3rJsiHyTa OKpeMo (BOHA HE KOPYIye 3 iHIIUMH piBHsHHAME,). B mpocToposiii
migcucTeMi B piBHAHHI (13) I OIUTEHOCTI IMITYIBCY MOYKHA BUKJIFOYUTH iHIT BEJIMYWHU 1 OTPUMATH CUCTEMY JIIHIHHIX
OTHOPITHUX PiBHSHB THITY

5vj (ka))AIJ (k,@)=0

Aj (k,a))z(wzgij ik 62 =R, (KR, (K)=S; (k)8 (K)-H; (K)H (k)) (14)
TyT BUKOpHCTaHI BENUYHHH

2 noP o P
o= —t——
pon pooc
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s, (k)= v{niﬁﬁ—%(nimlz+ﬁfmi)}/\_7,

I R
R (k) =u[mimk —E(nimk +nkmi)}/LT, (15)
1 - -
HI (k)——z[nlnk —mimk}ﬁ
2 2 2
107 . ia_;:\,, 19% _y
P au P ov P oq

11106 3HaiiTH HeTpuBiasbHI pimeHHs cucteMd (14) HeoOXiAHO NPHPIBHATH HymO i AerepMiHaHT. Bu3HaumBIIN

JIeTepMIHAHT 1 IPUPIBHABLIM HOTO JI0 HyJISl OTPUMAEMO JHUCIIEPCiiHE PIBHSAHHS I BJIAaCHUX KOJIMBAaHb

1 2 2 S S
detA:ggiklgmnp (a) 5ij —kikjc —Qi (k)Qm(k))x
x(w25kn Kk k 2 QT (K)Qf (k))x (16)
x(wqu—klkpcz—Qlt(k)QTO(k)jzm6|6+a)4|4+m2|2+|0:o

R (K)R; (k) +8; (K)S; (k) + H; (k) H (k)=Q° (k)Q]? (k),

1y~ {[RxR ]+ [k o [RxH P 0 a7)

PipasiHHS (16) € OiKyOiYHMM PIBHSHHSAM, IO JOIyCKAa€ K aHANITHYHE PIllICHHS Tak 1 uncenbHe. Y (opmymax (17)

nepeiiziemMo J1o nojanHs chepruyHux KoopauHat €m =sindcos¢, én =sindsing, el =coso, e=k/k:,
I4 (0.4)= —k2c? {1+ il {1—sin2 Osin? ¢5+%sin2 0 +sin? gsin ¢cos¢}+

+A, {1—sin2 0cos? ¢+%sin2 0—sin? gsin ¢cos¢}+i3sin2 9}
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1, (0.9)=k4* {ﬂl[%+sin2 #—singcos g —sin? Gsin? ¢(sin¢—cos¢)2} +

+4, [%+cosz¢+sin¢cos¢—sin2Hcosz¢(sin¢+cos¢)2}+ , (18)

+/13[1—5in20c052 2¢}}sin26
_ 6.6 -4 2,)1 L 2(7
15(6.4)=—k>c"sin" g cos a{zﬂlﬂzsm (4 2¢J+
Al 4(
+21135|n [Z—¢j+12/13005 (Z—qﬁj}
TyT BBeIeHI MO3HAYCHHS

2 2

2
u v q
—u, A,=—=V, A, =—H.
A= 2 252 32

B peSyHLTaTi OTpI/IMaCMO 6iKy6que I[I/ICHepCiI/IHe piBHﬂHHH
o +1 (9 ¢)a) +1 (9 ¢)a) +1 (9 ¢)—_0 (20)
4 ! 2 ' 0 '

Amnani3 muckpuMinanTa piBHAHHS (19) IpU3BOANTD 10 MPUBEAECHOTO KyOIYHOTO PiBHSIHHS

y3+ry+z=0,
ae
1. 12 _2,3_
r—|2 |4/3 Z—EI4 I4I2/3+I0
AHAJIMTHYHE PIillIEHHs KOTPOTO Bifomo [7]
41 2 1
Yy _§(§I4 —Izjcosg(y/+2(k—1)7r)
ae
3/2
11
cosy =—— S et Rl
Y : {3[3 ZH
A pillIeHHS BUXiTHOTO PiBHSHHS
w? = —|—4=02(0 )k
k =Y "3 =% \%2)K
I ocTarouno
2 2,2
(a) —Clk )(wz—cgkz)(wz—cgkz)zo (21)

3 (21) BugHO 1m0 B TaKiil pigMHI CIOCTEPIraloThCs BCi TPU BIAOMHUX THMIB 3BYKYy. KpiM Toro ciix 3a3Ha4MTH IO B
PO3IIISTHYTOMY OKPEMOMY BHIIQ/IKy BUHHKAIOTh KOJIMBAHHS MOJ1I0HI KOJMBaHb B HEMATHYHUX PIJIKMX KpHCTaJIaX.

ITokaxxeMo Ha 3aKiHYEHHS IiKaBy KOMI'IOTEpHY rpadiky aKyCTHYHHUX CIEKTpiB (3aJIS)KHICTh IIBUAKOCTEH 3BYKIB
HaJIIUTMHHOI (hepMi-piIMHU BiJl a3UMYTaJIbHOTO Ta OJIIPHOTO KYTiB c()epUIHOT CHCTEMH KOOP/IMHAT):
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Puc. 1. lIIBuAKOCTI 3BYKIB Y 3aJI€XKHOCTI BiJl KYTiB C()EPHIHOI CHCTEMH KOOPIUHAT:

Bepxuiit pstok Y (6,¢) = \/2 +35in4(0)sin2(¢) , Y(6,¢)=sin(0)cos(g)

Hwkuiit  panox Y (6,4)= \/1+ sin? (9)C052 (#).Y(6.9)= \/1+105in2 (9)sin2 (#). Tpu m1oGynoBi BHKOPHCTOBYBaH

MaTeMaTHYHHI makeT Maple.

BucHoBku

1. B miit poboTi B pamkax (epmi-piInHHOTO MiAX0My MOOYIOBaHO TEOPiF0 KBAaHTOBOI pinmuHU B A-TomiOHIN dasi 3
ypaxyBaHHSM BIUIMBY Ha il BIACTHBOCTI TEPMOJMHAMIYHHX MApaMETPOB, MOB'SI3aHUX 3 KOHOOPMALIHHUMHU CTYNICHIMU
cBob6omu. 3a HammnuHHI cBoiitBa He®A Binmopimae kynepiBchke crnapropanHs aromis He®. Kynepichbka mapa, 1o
yTBOprOeThes aToMamu He?, siBiisie co6010 MoieKynonoibHe yTBopeHHs, o Mae GopMy i posmip.

2. Jlns BupiuIeHHs 3aBAaHHs BBEACHI HOBI NapaMeTpH MOPSIIKY Ha SKUX OyIYIOThCS JOAATKOBI apaMETPH.

3. TloOymoBaHO cucTeMy piBHSHB TiAPOJMHAMIKH JJIsi HOBHX THIIIB HapaMeTpiB MOPSJAKY, 10 BPaxOBY€ BILIMB
KOH(pOpMAIIHHUX CTymeHiB cBOOOmU. J[0 OCHOBHMX PIiBHSHB TiAPOJUHAMIKMA [OJAHI PIBHSHHS IS JOAaTKOBHX
napameTpis.

4. OTpumaHo aucHepciliHe piBHAHHA s Takoi pimmHK. Moro posBsA3kaMM € aKyCTHUHi KOJIMBaHHA, IO
BIJIMIOBiTAIOTH TPHOM 3BYKaM B HAaIIUIMHHUX piguHaX. OOYUCICHHS BEJIOCS ISt MOJIEIEHOTO (DYHKITIOHAITY.

5. 3a gomomMoror MateMaTHYHOro nakera Maple mpoMoJeb0BaHi 3aeKHOCTI IBUIKOCTEH 3BYKY BiJl MOJSIPHOTO i
A3UMYTANBHOTO KyTiB c(hepHIHOi CHCTEMH KOOpAWHAT. B poOOTi HaBeeHi AesKi pe3yIbTaTH.

6. BusBieHa aHanoris MK pO3TIAHYTOI (QepMi-piIMHOIO 1 HEMaTHYHUM KpuctaioM. [loniOHy ¢a3y KBaHTOBOMH
PIIMHU MOKHA PO3IIISAATH K HAAIUIMHHUNA PIIKUIA KpUCTAIL.
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IHOOPMALIIA JIUISI ABTOPIB CTATEN

xypHaiy «Bicauk XHY imeni B.H. Kapaszina». Cepist «Dizuxa»

VYV xypuam «Bicauk XHY imeni B.H. Kapazinay. Cepis «®Pizuka» ApyKyIOTbCS CTaTTi Ta CTHCHII 32 3MICTOM
MTOBITOMJICHHS, B SIKWX HAaBEJICHI OpUTIHAIBHI Pe3yNbTaTH TEOPETHIHHUX Ta CKCIIEPUMEHTATBHIX TOCIIHKCHD, a TAKOXK
AQHATITHYHI OTJISAN JTITEPaTypHUX JDKEPENT 3 pi3sHOMaHITHHX aKTyalbHUX MpooeM (i3uKH 32 TEMAaTHKOIO BUIAHHS.

Moga cTareii — ykpaiHChKa, aHTIIIHChKa Ta pOCIChKa.

TEMATUKA XYPHAITY

1. Teopetnuna ¢izuka.

2. ®i3uKa TBEpIOTO TiNa.

3. di3uKa HU3BKHUX TEMIICPaTyp.

4, ®i3uKa MardiTHUX SIBMIII.

5. OnTHKa Ta CIIEKTPOCKOIIIsI.

6. 3arampHi nMTaHHSA (I3MKK 1 cepel HUX: METOMOJOTisS Ta icTopis (i3UKH, MaTeMaTW4Hi MeTOau (i3UUHHX

JIOCTIKeHBb, METOIMKA BUKJIaIaHHS (Pi3UKH Yy BHIIIH KO, TEXHIKA Ta METOANKA (Pi3MIHOTO EKCTICPUMEHTY TOIIIO.

BUMOTU JIO O®OPMJIEHHS PYKOITMCIB CTATTEM

3araibHU# 00CAT TEKCTY PYKOMHUCY CTATTI MOBUHEH 3aiiMaTu He OibIile, HiXK 15 CTOPIHOK.

Pykomnuc cTarTi CKIIaAa€eThest 3 TUTYJIBHOI CTOPIHKH, Ha SIKIH BKa3aHHO: Ha3Ba CTATTi; iHiniamu, npizsuina ta ORCID
BCIX aBTOPIB, IOIITOBA aJIpeca yCTAaHOBH, B sIKii Oylia BUKOHaHA po0oTa; KiacudikamiifHmii inaekc 3a cuctremamu PACS
ta YJIK; aHOTamii i3 KIIFOYOBUMH CIIOBAMH Ha OKPEMOMY apKyIIi 3 MPi3BUILIEM Ta iHiIialaMH aBTOPIB 1 HA3BOIO CTAaTTi,
BUKJIa/IeHI yKPaTHChKOIO, POCIIICHKOIO Ta aHTJIICHhKOI0 MOBaMM; OCHOBHHUI TEKCT CTATTI; CIIMCOK JIITEPATypH; ITiITHCH
ITi/1 pUCYHKaMu; TabJMILli; pUCYHKHU: Tpadiku, (POTO3HIMKH.

AHoTaIlisl yKpaiHChKOK MOBOIO MOBHHHA OyTH 3a 00'emoM He MeHbln Hik 1800 cimBoiiB. CtaTTs moBUHHA OyTH
CTpYKTOpOBaHa. BUCHOBKM NOTPIOHO MPOHYMEPOBATH Ta B HUX MOBUHHI OyTH BUCHOBKH, a HE TIeperucaHa aHOTallis.

EnextpoHHHMil BapiaHT pyKONUCY CTaTTi MOBUHEH BIAINOBIIATH TaKUM BHMOTAaM: TEKCT PYKOIHCY CTATTi IIOBHHEH
Oytu nHabpaunwuii y popmari MicrosoftWord sepcii 2013, BupiBHIOBaHHS TEKCTY NOBUHHE Oy TH 3/1IHCHEHE 3a JIIBUM KPAEM,
rapHitypa TimesNewRoman, 6e3 mpomnucHux OykB y Ha3BaX, OyKBH 3BHYAMHI PAIKOBI, 3 TOISIMU JIiBOPYY, IPAaBOPYH,
3BepXy i 3HU3Y 110 2,5 cM, popmynu noBuHHi OyTH HaOpani B MathType (He Huk4e Bepcii 6,5), y hopMynax KUPUITHIs
HE JIONYCKAEThCsl, CAMBOJIM 3 HIDKHIMU 1 BEPXHIMH iHAeKcamHu ciiji Habupatu B MicrosoftWord, mmpuna Gpopmyinu He
6inbuie 70 MM, rpadiku ta ¢pororpadii HeoOXiqHO noaaBaTH B rpadiuHoMy dopmari, po3pizHeHHs: He MeHie 300 dpi,
nomrpeHHs (GailiiiB MoBUHHO OyTH *.jpg, INUPUHOIO B OJIHY M JIBI KOJIOHKH, JJIsl OJIHIET KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 cm, st [BOX KOJIOHOK — 16 cM. Macmrab Ha MikpodoTtorpadisx HEOOXiIHO MPEICTABISATH y BUTJISII MacIiTaOHOT
JHIAKA.

BUMOI'M 10 OPOPMJIEHHA I'PADIKIB
TosmuHa niHii He Oinbine 0,5 MM, ane He MeHe 0,18 Mm. Bennunna nitep Ha mignucax /1o pucyHkiB He Oubin 14
pt, ane He menuie 10 pt, rapHiTypa Arial.
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J10 PEJIAKIIIT HAJTAETBCS

1. /IBa po3apyKoBaHi HPUMIPHUKH PYKOITHCY CTaTTi, SIKi IiIIHCaHi ii aBTOpaMu.

2. EnexTpoHHa Bepcisi pyKOIHMCY Ta JIaHi 010 KOHTAKTIB JUIs CIIUIKYBaHHs 3 1T aBTopamu. [1Jist 11boro nmoTpiOHO HaicaaTu
eNeKTPOHHOTO TOIITO0, TUBEKHU Ha axpecy physics.journal@karazin.ua.

3. HampaBneHHs Bix ycTaHOBH, Ji¢ OyJia BUKOHaHA po0OTA, 1 aKTH CKCIIEPTH3H Y IBOX MPUMIPHUKAX; aapecy, MPIi3BHIIE,
MOBHE iM’s1 Ta 6aTHKOBI aBTOPiB; HOMepH TenedoHiB, E-mail, a Takoxk 3a3HAYNTH aBTOPa PYKOMHKCY, BiNOBIIaIHbHOTO 32
CIIIKYBaHHSI 3 PEJAKITIEI0 )KyPHAITY.

Marepianu pykomucy crarTi NMoTpiOHO HampaBisTH 3a ajapecoro: Penakmis xypHany «BicHuk XapkiBchKoro

HanioHassHOTO yHiBepcutery imeHi B.H. Kapazina. Cepist: dizukay, Jlebeney C.B., ¢izuunuii daxysnprer, Maiijgan

CBo6onu, 4, XapkiBChbKH HallioHaJIbHUH yHIBepeuTeT iMeni B.H. Kapasina. Ten. (057)-707-53-83.
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WH®OPMAIIWA JIII ABTOPOB CTATEM
xKypHana «Bectank XHY umenn B.H. Kapasunay. Cepust «Duznuxa»

B xypnane «Bectank XHY wmmennm B.H. Kapasunay. Cepus «Pus3mka» medaTaroTcsi CTaTbH M KOPOTKHE IIO0
COJIEP)KaHMIO COOOMICHUS, B KOTOPBIX MPHUBEACHBI OPUTMHAIIBHBIC PE3yIbTaThl TEOPETHUECKUX M IKCIIEPUMEHTAIBHBIX
HCCIIEJOBAHNH, a TAK)Ke aHATUTHYCCKHE 0030PbI JINTEPATYPHBIX NCTOUYHUKOB IO Pa3IMYHBIM aKTyaJbHBIM MpoOsieMaM
(U3UKK IO TEMAaTHKE U3AHUSL.

SI3bIK cTaTe! - YKpPaUHCKUM, aHTTIMIMCKUI U PYCCKUM.
TEMATUKA XYPHAJIA
Teopernueckas pu3uKa.
®dusuka TBEpPLOIo Tela.
du3KKa HU3KHX TEMIEPATyP.
@du3KKa MarHUTHBIX SIBJICHUN.

Onruka u CIICKTPOCKOIIUA.

AR A

Oomrre Bopock GU3UKU U CPEIH HIX: METOIOJIOTHS M HCTOPHS (PU3UKH, MATEMAaTHIECKHAE METOIBI (PU3UICCKUX
UCCIIEJOBAaHUN, METOJMKa IpernojaBaHusl (U3MKH B BBICHICH IIKOJIE, TEXHHKA W METOJUKAa (H3MYECKOTO
9KCIICPUMCHTA.

TPEBOBAHU S K O©OOPMIIEHUIO PYKOIIMCU CTATHU

OO6muii 00beM TEKCTa PYKOTIUCH CTaThH JOJKEH 3aHMMAaTh He Oonee 15 cTpaHuil.

Pykomuce cTaThi COCTONT U3 TUTYJIBHOTO JIFICTA, HA KOTOPOM YKa3aHHO: Ha3BaHUE CTAThH; HHUIHAIBI, (paMUIny U
ORCID Bcex aBTOpOB, MOYTOBBIA aapeCc YUPSKICHUS, B KOTOPOM ObLIa BBINOJHEHA paboTa; KIACCH(DUKAIMOHHBIN
naaekc o cuctemaM PACS u Y IK; aHHOTalIuu ¢ KITFOUEBBIMHU CIIOBAMH Ha OT/ICIIEHOM JIHICTE C (haMITHEH 1 HHUTIHATaMH
aBTOPOB M HA3BaHHEM CTaThH, M3JI0KEHHBIC Ha YKPAHHCKOM, PYCCKOM U aHTJIMHCKOM SI3BIKaX; OCHOBHOM TEKCT CTAaTbU;
CIIMICOK JINTEPATYPHI; TOAINCH IT0JT PUCYHKAMH; TaOJUIIBl; PUCYHKH: TPapUKH, (POTOCHUMKH.

AHHOTAIMS Ha YKPAUHCKOM SI3BIKE JIOJIKHA OBITh 10 00beMy He MeHee ueM 1800 cumBoioB. CTaThsi 1OJDKHA OBITH
CTPYKTYpHpOBaHa. BBIBOIBI HY)KHO IIPOHYMEPOBATHI M B HUX JIOJDKHBI OBITH BHIBOJIbI, @ HE TIEpENcaHasi aHHOTAIHS.

DNEeKTPOHHBIA BapHUaHT PYKOIHCH CTAThH JOJDKEH COOTBETCTBOBATDH CICAYIOMIMM TPEOOBAHMSIM: TEKCT PYKOIHCH
cTatbu OOJDKeH ObITh HaOpan B Qopmate MicrosoftWord Bepcmm 2013, BBRIpaBHHBaHHE TEKCTa OJDKHO OBITH
OCYIIIECTBIICHO IO JICBOMY Kparo, rapHuTypa TimesNewRoman, 6e3 mpomucHbIX OyKB B Ha3BaHUSIX, OYKBBI OOBIYHBIC
CTPOYHBIE, C TTOJIIMU CJIEBa, CIIPaBa, CBEPXY U CHU3Y 10 2,5 cM, popMyITsl TOILKHEI ObITh HaOpaHel B MathType (He HibKe
Bepcud 6,5), B popMyiax KHPULIHIIA HE JOIMYCKASTCS, CHMBOIIBI C HIDKHUMHY U BEpXHIUMH WHIEKCAMH CIIeAyeT HaOupaTh
B MicrosoftWord, mmpuna Gopmynsr He 6oee 70 MM, rpadukn U pororpadun HECOOXOIUMO MOJABATH B TPAPHUSCKOM
dopmare, paspemenue He menee 300 dpi, pacmupenue (HailioB 10HKHO ObITh *.jpg, IIUPUHON B OJHY WX JIBE KOJOHKH,
JUIsl O/THOM KOJIOHKHM pa3Mepbl: IUpUHA 8 CM, JJIsl IBYX KOJIOHOK - 16 cM. Maciitab Ha MUKpodoTOrpadusix HE0OX0AUMO
MIPEICTaBIATh B BU/IC MACIITA0OHOW JIMHEUKH.

TPEBOBAHUMA K OOOPMIJIEHNIO 'PAOUKOB

Tommmua nuHuiA He 6051ee 0,5 MM, HO He MeHee 0,18 mm. Pazmep OykB Ha moAmMKCsX K pUCYHKaM He OoJbine 14 pt,
HO He Menee 10 pt, rapauTypa Arial.
[MTPUMEP O®POPMIIEHU S CITUCKA JIUTEPATYPBI
1. JL.A. Jlangay, E.M. JIupmun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. .. Ieanos. ®TT, 25, 7, 762 (1998).
3. A.D. Ashby. Phys.Rev., A19, 213 (1985).

4. D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.
B PEJAKIUIO ITPEJOCTABJISIETCS
1. I[Ba pacricuaTaHHbIC SK3EMILIAPA PYKOIIUCU CTAThU, MMOAINNCAHHBIC €€ aBTOPaAMU.

2. DJeKTpoHHasl BepCHsl PYKOIHMCH M KOHTaKTHBIE JIaHHBIC Ul OoOmIeHWs ¢ ee aBropamu. J[ns sToro HeoOXoaumo
OTHPaBHUTh PYKOIIHCH I10 AIIEKTPOHHOM mouTe, Ha aapec physics.journal@karazin.ua.

3. HampaBienue OT ydpexjieHus, rje Oblia BbINOJHEHA padoTa, M aKThl KCIEPTHU3bI B JIBYX JK3eMILIIpax; ajpec,
(hamunus, TOJTHOE MMSI M OTYECTBO aBTOPOB; HoMmepa TenedoHoB, E-mail, a Taxke yka3aTh aBTOopa PYyKOITHCH,
OTBETCTBEHHOT'O 3a OOIIEHNE C PeAAKIHEH KypHaa.

Matepuansl pyKOIHCH CTaTbH HEOOXOIMMO HAIPABIIATh 110 afapecy: Pemakmms xxypHana « BecTHHK XapbKOBCKOTO

HannoHanpHOTO yHUBepcuTeTta nMeHn B.H. Kapasmna. Cepus «®Pmsmuka», Jlebenery C.B., ¢msuueckuit dakymnbrer,

wiomtanas CBoOopbI, 4, XapbKOBCKHI HalMOHaIbHBIH yHUBepcuTeT nMenn B.H. Kapasuna. ten. (057)-707-53-83.
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