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BicHuk XHY imeHi B.H. KapasiHa, cepisa «®i3uka», Bun. 34, 2021. c. 10-14

PACS: 61.50.Ah
UDC: 539.26, 544.022

KaTioHHui po3noij y HAaHOYaCTUHKAX (epuTiB ckiany ZnyFe3.xOa

K.O. Mo3yns, O.B. llypinosa

Xapriscokuil Hayionanbnuil ynigepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina
mozul@karazin.ua

ORCID: 0000-0003-3373-8821, 0000-0003-3616-9775
DOI: 10.26565/2222-5617-2021-34-01

MertoaoM XiMidHOI KOH/ICHCAI[il CHHTE30BaHO HAHOIMCIIEPCHI MOPOIIKYU [IMHK3aMIIIEHOT0 MarHeTHTy ZnxFesxO4 3 BMicTOM
ioHiB uHKY X = 0.0 + 0.5. PeHTreHiBchbKi CHEKTpH IoKa3anu 0gHO(a3HICTh MOPOILKIB Ta X HAJIEXKHICTB 10 KyOIi4HOI CTPYyKTypH (heputy
TUMY LITiHeNi. 3a pe3yabTaTaMu PEHTTEHIBCHKHX Ta €JIEKTPOHHO-MIKPOCKOIIYHHX JOCIIKEHb BU3HAUCHI pO3MIpH YaCTHHOK IS yCiX
CHHTe30BaHUX cucTeM. CepeHiil po3Mip 4acTUHOK ()epHTIB 32 JaHUMH OTPUMAaHHMH 3 PEHTT€HIBCHKHX CIIEKTPIB 3 BUKOPUCTaHHIM
¢dopmymu Censkosa-1lIupepa ckias ~ 7 HM, IPpU MAaKCHMAaTbHOMY PO3Mipi YaCTHHOK 013bko 10 HM. 3a TaHUMH MiKPOCKOTIT Jiana3oH
po3MipiB 4acTHHOK ckiaB 3 + 13 HM i3 cepenHiM 3HadeHHAM y 6.5 HM. [IpoBeneHO NOCHTIIKEHHS KaTiOHHOTO PO3IMOILTYy ABOMa
crocobamu. B sikocTi meproro cnocody Oyio obpano mertox Ilya, sikuii 3acHOBaHMI Ha 3B'SI3KYy MDK IapaMeTpoM pEIITKH a i
XapaKTePUCTHYHUMHU BIACTaHAMH KaTiOH-aHiOH. JpyrmM cmocob6om Oyno BHOpaHO BH3HAYEHHS KAaTIOHHOTO pO3MOALTY 3a
pe3ynbTaTaMy BUMipIOBaHHS HamarHiueHocTi. [Ipu npoMy BHKOpHCTOBYBaacsi popMya 3B'13Ky nuromoi HaMmarHigeHocti mpu 0 K 3
quciioM MaraeToHiB bopa Ha gopmynsHy oxnnuIo. [Ipn npomy B popmysty Oyia BBeeHa IONPaBKa, MOB'13aHa 3 MaJIMM PO3MipOM
YaCTHHOK 1, BIAMOBIOHO, BEJMKUM IMAHOBHM BHECKOM IPUIIOBEPXHEBOI OOJACTi 31 «CKOIIEHOK» MAarHiTHOIO CTPYKTyporo. bymo
BUMIPSIHO ITapaMeTpy KPUCTATIIYHOT PelIiTKY i HamarHideHicts. OTprUMaHi JaHi JISITIN B OCHOBY PO3paxyHKIB KaTiOHHOTO PO3MOALNY,
3TiAHO 3 AKUM (hepuTH 3 KOHIEHTpalieo X < 0.2 MaloTh 00epHEHY CTPYKTYpY IIMiHENI, TOOTO 10HH HWHKY JIOKATi3yIOThCS TITBKH B
OKTaeIPUYHMX MO3MLIAX, a pH KoHIeHTpauii 0.3 < x < 0.5 — 3Mimany CTpyKTypy IIMiHeNi 3 MiHIMAIBHUM CTyIIeHEeM 00EpPHEHOCTI
80% mpu KOHIEHTpaIii i0HiB UHKY X = 0.5.

Ki1ro4oBi ciioBa: mmines b, KaTiOHHUH PO3IIOII, TapaMeTp PELIiTKA, HAMAarHiueHicThb, CTYIIHb 00EpHEHOCT.

Cationic distribution in nanoparticles of ferrites of ZnyFes;xO4 composition
K.A. Mozul, E.V. Shurinova

V. N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv 61022, Ukraine

Nanodispersed powders of zinc-substituted magnetite ZnxFesxO4 with the content of zinc ions x = 0.0 + 0.5 were synthesized
by the method of chemical condensation. X-ray spectra showed single-phase powders and their belonging to the cubic structure of
spinel-type ferrite. According to the results of X-ray and electron microscopic studies, the particle sizes for all synthesized systems
were determined. The average particle size of ferrites according to data obtained from X-ray spectra using the Selyakov-Shearer
formula was ~ 7 nm, with a maximum particle size of about 10 nm. According to microscopy, the particle size range was 3 +~ 13 nm
with an average value of 6.5 nm. The study of cation distribution was carried out in two ways. The Poix method was chosen as the first
method, which is based on the relationship between the lattice parameter a and the characteristic cation-anion distances. The second
method was chosen to determine the cation distribution by measuring the magnetization. The formula for coupling the specific
magnetization at 0 K with the number of Bohr magnetons per formula unit was used. An amendment was introduced into the formula
due to the small particle size and, accordingly, the large share contribution of the near-surface region with a "canted" magnetic structure.
The parameters of the crystal lattice and the magnetization were measured. The obtained data formed the basis of cation distribution
calculations, according to which ferrites with a concentration of x <0.2 have an inverted spinel structure, ie zinc ions are localized only
in octahedral positions, and at a concentration of 0.3 <x < 0.5 — a mixed spinel structure with a minimum degree of inversion of 80%
at a concentration of zinc ions x = 0.5.

Keywords: spinel, cation distribution, lattice parameter, magnetization, degree of inversion.
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K.O. Mo3zyns, O.B. llypinosa

MeTo/10M XUMHYECKOH KOHJICHCAIIMH CHHTE3UPOBaHbl HAHOAUCIIEPCHBIC TOPOLIKH LIMHK3aMEIICHHOTr0 Maruetuta ZnxFesxO4
¢ comepxaHueM HOHOB IuHKA X=0.0-0.5. PeHTreHOBCKME CIIEKTPHI MOKa3anu OJHO(A3HOCTh MOPOIIKOB M MX MPHHAMIEKHOCTh K
KyOuueckol cTpykType depputa THIa INUHENH. [10 pe3yabTaTaM peHTTeHOBCKUX U JJIEKTPOHHO-MHUKPOCKOITHYECKUX MCCIIeIOBaHHI
OTIpEENeHEI pa3Mephl CHHTE3NPOBAHHBIX cucTeM. CpenHnii pa3Mep 4acThL (eppUTOB IO JaHHBIM, TOTYISHHBIM U3 PEHTTCHOBCKUX
CIEeKTPOB ¢ ucnons3oBanueM (opmyisl Censkosa-IlIupepa, cocTaBii ~ 7 HM, TP MaKCHMaJIBHOM pa3Mepe 4acTHIl mopsiaka 10 HM.
Ilo maHHBIM MHUKpPOCKOIMH pa3Mephl YacTUI] HAXOAATCS B nuanazoHe 3 + 13 HM co cpenHum 3HaueHueM B 6.5 HM. IlpoBeneno
HCCIIeIoBaHNe KaTHOHHOTO paclpeleneHns IByMs criocodaMu. B kauectBe nepBoro crioco6a BeiOpan mMerox Ilya, ocHOBaHHEIH Ha
CBSI3M MEXIy MapaMeTpOM PEUIETKH a U XapaKTePHUCTHYECKHMMHU PACCTOSHUAMHU KaTHOH-aHHOH. BTopbIM cmoco6oM GbUIO BEIOpaHO
OIIpeIeNIeHNE KaTHOHHOTO pacIipe/ieNIeHusI 110 pe3yIbTaTaM U3MEpeHns] HaMarHuu4eHHOCTH. [Ipu 3ToM ucnone3oBanack GopMyIa CBSI3H
ynenbHoi HamaraundeHHocTH 1pu 0 K ¢ yncinom marneroHoB Bopa Ha ¢opmyibHyto equuuiy. IIpu stom B popmyny Gbuia BBeeHa
MOTPaBKa, CBA3aHHAS C MAJIBIM Pa3MEPOM YacTHUIl U, COOTBETCTBEHHO, OONBIINM JOJIEBHIM BKJIAJ0M IIPUMOBEPXHOCTHOM 00JIACTH CO
«CKOIIIEHHOI» MarHuTHOH CTpyKTypod. M3MepeHbl mapaMeTpbl KPHCTAUIMYECKOW pPEHIeTKH M HaMarHU4eHHOCTh. IlomydeHHbIE
JTaHHBIE JIETJIM B OCHOBY pacdeToB KaTHOHHOTO PAacCIpEAeNeHHUs], COTJIACHO KOTOpOoMYy (eppHTHI ¢ KOHIeHTpanued X < 0.2 umeroT
0o0paIeHHyI0 CTPYKTYpY IIIHHENIH, TO €CTh HOHBI IIMHKA JIOKAJIM3YIOTCS TOJIBKO B OKTA3PHUYECKUX MO3MIMsX, a ¢ 0.3 <x < 0.5 —
CMEIIaHHYIO CTPYKTYpPY LINUHEIN ¢ MUHAMAaJIBHOH cTeneHbio obpamenHocTd 80 % Ipy KOHIEHTpAIuy HOHOB IIMHKA X = 0.5.

KroueBble ci10Ba: IIMTMHETH, KATHOHHOE paclpe/iesieHue, TapaMeTp PelIeTK, HAMarHHYeHHOCTh, CTeTIeHb 00PaIlleHHOCTH

Beryn
OCHOBHI BIaCTUBOCTI PEPHUTIB 31 CTPYKTYPOIO IIITiHETL
00yMOBJICHI HE TUTBKH HPUPOAOI0 METAJCBHX 1OHIB IO

2FeCl;+xZnS0O, + (1—X) FeSO,+8NaOH —

1
— Zn,Fe,, O, +6NaCl + Na,SO, +4H,0 (1)

BXOJATh 10 CKiaay ¢epury, aje i, B 3HauHIH Mipi, 1x . .
. . OTpumaHy B pe3yJbTaTi peakiii cyMmilll BUTPUMYIOTh
po3noAioM Mo TeTpaeapuuHuX (A) i okraenpuyHux (B) o Y .
. . . O6mm3pko nBoX romuH npu 80°C B BoxsHiM OaHi npu
MDXBY3JX. KUTBKICHOIO XapaKTepUCTHKOIO KaTiOHHOTO N . . : )

MIOCTIHHOMY NEpeMillyBaHHI, MOTIM A0 IBOX Ai0 It

«I03piBaHHs»  Ocamy,
6aratopa3oBo MPOMHUBAIOTH JUCTHIHOBAHOK BOIOIO 10 pH
= 7,5-8,0 Ta Ha (2-3) XB PO3MIMIYIOTh B YIIETPa3BYKOBHMA
JUCTIEpraTop JIsl 3amo0iraHHsS MOXIHMBOI —arperamii

pO3moaLTY CTymiHb oOepHeHocTi [, sika

BU3HAYAETHCS K YHUCIIO 2-X BAJICHTHUX 1OHIB B OKTaenpi,

CIIYKUTh

OCTaTO4YHOTI'O icis q0ro

abo umcmo 3-X BaJCHTHUX IOHIB B TeTpaeapax Ha
¢dopmynpHy omuHHUIO (heputy MeFe,O4; I=1 Bignosigae
obepHeHil, [=0 — HopManbHi# mmineni, mpu 0 < I< 1 mae

. . (epuUTOBHUX YACTHHOK.
MicIie 3MillIaHa CTPYKTYpa.

. . PeHTreHiBChKI  CHEKTpU 3pa3KiB, OTpHUMaHi Ha
[Ipu yTBOpeHHI TBepAOrO pO3YHHY (QEpPHUTIB 3 ) )
. . aBTOMaTUYHOMY PEHTTE€HIBCEKOMY nmdpaxkromerpi
MIPOTUJIEKHUM CTyTIeHeM 00€pHEHOCTI XapakTep ii 3MiHH B
JAPOH-4 3 mxepenom MoHOxpoMmaTtuzoBaHoro Co-

3aJI@KHOCTI BiJl XIMIYHOTO CKIIaJy MOXE BHSBUTHCS .
BUIIPOMIHIOBaHHs, 00poOJsiucs MeroqoM Putsenbina 3

OCUTL CKIaAHUM. Tak, B CHCTEMI I[MHK3aMIIIEHOIO

BUKOPUCTaHHSM MNpUKIaAHUX nporpam [4]. Xapakrep
JudpakTorpaM MiATBEPIUB O0THO(DA3HICTH MOPOMIKIB 1 IX
HAJICXKHICTB IO KyOI9HOT CTPYKTYpH (PEepHUTy THITY IIITiHENTi
(mpocroposa rpyma Fd3m(227) ).

3 gudpakrorpaM 3  BHUKOPHCTaHHSAM  (OpPMYJIH

mitieBoro depury ZnyLig 50 syFe2 50,5904 [1] npu nepexoni
Biz 0GepHeHoi cTpykTypH heputy mitiro Fe3*[Lij sFe3 5104
70 HOpMabHOI CTPYKTYpi (epury muuky Zn2*[Fe3 104
CTYIIiHb OOCPHEHOCTI 3MEHIIIYETHCS HENIHINHHO, JINIIe IPpH
y = 0,4 Bci i0HM IMHKY 3aiiMalOTh, BIAMOBITHO [0
TEOPETHYHUMH NPOTHO3aMH [2], TeTpaeApHYHi 1MO3uLii, B
TOW dYac SK TPH MEHIIMX KOHLEHTPALisSX BOHHU

CensxoBa (D=KA/B cosB, [5]) Oymu BU3HaueHi cepenHi
pO3MipH YacCTHHOK JUIs BCiX JOCITIJDKEHHX CKIIAJiB.

OtpumaHni 3Ha4eHHs Jiexarb B iHTepBaii 5,8 + 10,0 HM.

i < o
TIOKANi3YIOTECA TakoXK B OKTaepax, mpuiomy aa y<0,3 Lleit pe3ynbTat y3roKyeThCs 3 pe3yIbTaTOM €JIEKTPOHHO-

KT WYHA K WHaIis i0HIB Zn?" mepeBakae. . . . . .
OKTAC/pIiHa KOOpAMHAMLA 10 cpepaxac MIKPOCKOMIIYHHUX JOCHIIKEHb, SIKI MOKA3aJH, 10 Jiala3oH

Mer HOT ™ 1JUKEHHS KaTIOHHOT
eToto s1aHoi pobotu Gyno xocizke aTIOHHOTO  spagens D=3 + 13 HM, cepeiHe 3HaueHHs <D>~6,5 HM.

posmoxity B
MarHetuty ZnyFes.<Os.

HaHOKpHUcCTaaax IUHK3aMCIICHHOI'O

[Ipn upomy Osm3bko 80% YacTHHOK MaroThb po3mip 5,0
+9,0 HM.

1. MeTtoa oTpuManHs i aTecranis
eKCIepHMeHTAJbHIX 3pa3KiB
HanonucnepcHi MOPOLIKU (epuris CKIIazy
Zn¥ Fe?! Fe3' 04 3 konnentpauieto x=0; 0,1; 0,2; 0,3; 0,4;
0,5 Oynu OTpUMaHiI METOIOM XIMIUHOI KOHJIEHcamii 3
BOJTHUX PO3YMHIB coseit (epuUTOYTBOPIOIOYHX
KOMITOHEHTIB B PO34MHI Jyry [3] BiANOBIAHO 10 peakuii:

2. ExciepuMeHTAaJIbHI pe3yJbTaTH Ta iX aHaIi3

HocmimkyBana cucrema ZngFes;.xOs4 sBisie coboto
TBepauii posunH (Qeputie 3anmiza (Fe3'[Fe*'Fe’"]0s —
MarHeTuT), SIKUA Mae CTPYKTypy oOepHeHoi mimiHen, i
LUHKY (anJr [Feg+]04) , CIPYKTYpa SIKOTr0 — HOpMaJIbHa.

JIms  BU3HAYECHHS  KaTIOHHOTO  PO3MOALTY B
HaHokpucTanax Zn,Fe;O4 BHUKOPHUCTOBYBaJUCS JBa
migxomu. [lepmmuit 3 Hux (Metox Ilya [6]) 3acHOBaHwMit Ha
3B'A3Ky MDK IapaMeTpoM KpUCTAIIYHOI pelliTKH a W
XapaKTEepPUCTUYHUMH BIJICTAHSIMH KaTiOH-aHIOH.
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a =1,539a +2,66673[7]. @)

TyT a- BificTaHb JUIs1 10HIB B TETPaeAPUIHMX MO3MLIAX, 3 —
JUTS 1OHIB B OKTACPUYHUX MO3HIIISX.
3HaveHHs o Ta [3 I KaTIOHIB, 10 BXOISATH 10 CKIAIy

JTOCTII)KYBaHOI CHCTEMH, HaBe/IeHI B Ta0I. 1.

Tabauys 1.
XapakTepuCTHYHI BiZicTaHi KaTioH-aHioH [7]
Karion o A B, A
Fe?* 2.003 2.18
Fe3* 1.9 2.025
Zn* 1.991 2.140
Sxmo B gaHid  KpuctamorpadidHii  TO3MIT
3HaXOMATHCS ~ KaTiOHM  HE  OAHOTO  BHAY, TO

BUKOPHCTOBY€THCS BETMUNHA €()EKTHBHOI BiACTaHI

XN o

2nf
Cppy = n =ik

fro = et

3)

I 7 - -MOJIbHA JIOJIS [-KaTioHa B AaHiit mosmiii, > n, =1
U TETPACAPUYHHX HO3ULIH, 2 N; = 2 1 OKTaeAPUIHHUX
MO3UIIN IIITIHET].

VY pasi, KoM JOCTiIKyBaHa CHUCTEMa SIBIIE COOOIO
TBEpAMH PO3UYMH (CUCTEMY 3aMillIeHHs) THITy oOepHeHa -
HOpMaJlbHa IIIIHEeb, apaMeTp PelliTKH a Oye 3ajiexaTn
sIK 0e3MmocepeIHbO BiJl KOHIIEHTPAIIT 3aMilllyI0uuX 10HiB,
TaK 1 Bijl CTyIeHst 00EPHEHOCTI (PepuTy:

a:a1+(ai—a1)x+(a'2—al)(l-l) [1] 4)
Tyr a- mapamerp pewliTKH BUXiZHOTO Qepury; ai-

tdepury 3
3aMilyro4ux i0HIB X=1 1 THM ke CTyneHeM 0O0epHEeHOCTi,

mapameTp — pemriTKd KOHIICHTPALIIEI0
10 1 y BUX1THOTO (epUTY; a2 - TapaMmeTp PEeuIiTKH Heputy
3 x=0 W cTyneHeM OOEpHEHOCTI, NPOTHIEKHIH 10 [
BUXIZHOTO (hepuTy.

VY naniit poOOTI 115t BU3HAYCHHS CTYIIEHIO 00€pHEHOCTI
ctpyktypu 1 B UHK3aMIIEHOTO

MarHetuty ZnxFes;xOs4 BuUKOpUCTOBYBamcs Gpopmynu (3)

HaHOKpHUCTaJlax

— (4) i excIepIMEHTATFHO OTPUMaHi 3HAYSHHS ITapameTpa
KpUCTANIYHO pEeIIiTKH. 3aJeXHICTh TapaMeTrpa a Bil
KOHIICHTpAIlil I[MHKY NpEACTaBlICHa Ha puUcC.l CHiIbHO 3
nepe0auyBaHOi JHIHHOIO 3aJICKHICTIO JUTSE
MaKpOAHAJIOTIB. BEJAMYUHH «) - Ta a2’ y piBHAHHI (4)
BIAIIOBIIAIOTH rIOTETHYHUM po3noainam

Fe**[ Zn*'Fe® |0, 1a Fe® [ Fed’ O,

8,42 T T T T T T T T T -
a0l 1_--" -
o<T -
- r
\O ]
3
« 8,38 -
+
©
8,36 -
L | L | L | L | L
0 0,2 0,4 0,6 0,8 1,0
X
Puc. 1. 3anexHicTh mapaMeTpa KpUCTATIYHOI PEIIiTKH

(beputis cknany ZnxFes-xOs Bi KOHIEHTpalil 10HIB IUHKY:
1 MaKpOCKOTIIYHHIA aHAJIOT;
2 HAHOAWCIIEPCHI MOPOIIKOBI 3pa3KH.

Kationnuii posmoxin OyJ0 BH3HAYEHO TaKOX Ha
HiJICTaBi pe3yJbTaTiB BUMIpIOBaHHs HamarHideHocti. Ciif
3a3HAYUTH, mo B JOCHIPKYyBaHOMY  iHTepBai
KoHIeHTpaliid (x = 0 + 0,5) He crocTepiraeTbcsi THIOBA
JUISL MaKpOAHAaJIoTa SIBHO BUPA)KEHA PEeTyJIsIpHA 3aJICXKHICT
HAMAarHi9eHOCTi BiJ BMICTY IIMHKY [§].

Jnst po3paxyHKy BHKOpHCTOBYBajacsi (opmyia, mIio
3B'sI3y€e MUTOMY HamarHideHicTh ¢ mpu T=0 K 3 gucmom
MarHeToHiB bopa 7 Ha (OpPMYJbHY OAMHMIIO MITiHEN

MeFe;04

M

Ng=——
Nalg

o, [9] &)

ne M-MounsipHa Maca pe4oBHHH, Nao — 9HCIO ABOTanpo.
Ilpu mpomy iony Fe?' mpummcyBanocst nesike e(peKTUBHE
MarHiTHOTO

3HA4YEeHHS MOMEHTY Ny # 4,  sKe

BU3HA4anoch 3a (opmysoro (5) BHXOASYM 3 peajbHOTO
3HAYCHHS HAMarHi9eHOCTI HAHOKPHCTANIIB MAarHeTHTY,
HIDKYOTO, HDK JJIS MakpoaHajora uepe3 «CKOIICHICThb»

MarHiTHOI CTPYKTypH B IIOBEPXHEBOMY IIapi Mayux

gacTuHoK [10] — nBe‘i)(Fe2+) = 2.77 Y. 3anucasiuu

JIOCITi PKYBAHOTO y  BHDISII

epury
OTPUMYEMO

dopmyry
Zn2*Felt [Zn 2 Fe Fey ] 0,, s

Pe3yIBTYI0YOTO MarHiTHOTO MOMEHTY
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KarionHuit po3monin B HaHOKpUCTanax cucteMu ZnyFes.Oq4

Tabauys 2.

. )
. a, G, n Iy +1
x | aA | aA| 7 l@ ® lo) |<1>=_8 () KarionHuii posnozin
A AMPkrt o 2
0.0 | 8.355 | 8.378 | 8.484 1 66.7 | 2.77 1 1 Fe*[Fe2*Fe®"10,
0.1 | 8374 103 | 561 [234| 1.01 1.02 Fe*"| ZngiFegsFe™ |O,
0.2 | 8.378 0.997 | 54.3 | 2.27 | 0.995 0.996 Fe®t [angFeggFe3+]o4
0.3 | 8.385 0.946 | 744 |3.12 | 0871 0.909 Feg01Zng b0 | Z5iFed7Felts O,
0.4 | 8.390 0.882 | 57.6 | 243 | 0.923 0.903 Fe3Zng1| ZngsFesFert |0,
0.5 | 8.386 0.779 | 755 | 3.2 |0.819 0.799 FegsZngs | ZngsFessFers |0,
nBed) _ nBeqb (Fe2+ )(l— x) +ny ( F e3+)(1 +8)— SIK BUIHO 3 HaBEACHUX JaHUX, MPH KOHIEHTpAIll X <
, (6) 0.2 iomu Zn*" JOKaNi3yloThCs TiIBKM B OKTAEAPHYHHX
-n B(Fe3+)(1—6) = 2.77 1-x)+1056 MO3UIISAX, TOOTO CTPyKTypa OOepHEeHOl  wimiHesi
30epiraetecs. [lpum momampmioMy 30UTBIOICHHI BMICTY
3BiIKH OUHKY CTYIiHB O0CpHEHOCTI 3MEHIIYeThes 1 pu X = 0.5
ctaHOBUTH 80%.(eputy BiJ BMICTY 10HIB IIUHKY.
ed
ng’ —2.77(1- Mo /5581—-2.77(1— X
5=-2 (L-x) L (=X (7 BucHoBKH
10 10 . . . .
1. HlnsixoM JOCTIKEHHST MapaMeTpiB PeIniTKH i
Crymism oSeprerocti | =1-5 . HaMarHiue€HOCTI HAHOKPUCTaTiYHOI (epuTOBOI CHCTEMHU

VY Tabn. 2 HaBeeHO BUXIi/IHI €KCIIEPUMEHTANbHI JaHi 1

pe3ynpTaTtu

PO3paxyHKiB
OTPUMaHI 3 BHKOPHUCTAaHHSM JBOX 3a3HAYCHHX ITiXOJIB,

KaTIOHHOTO

pO3MOAiTY,

Ha pHC.2 — 3aJeKHICTh CTYIeHS 00EPHEHOCTI CTPYKTYpH

(depuTy BiZ BMICTY i0HIB IIUHKY.

U

0.7

0.1

0.2

0.3

0.4

0.5

Puc. 2. 3anexHICTb CTynIeHsI 00EPHEHOCTI CTPYKTYpH (hepHTy

ZnxFesxO4 Bix BMICTy 3aMilllyI04nX 10HIB.

3amimenHss ZngFe;xO4 3 po3mipoM yacTHHOK Oinst
HIDKHBOT Me)Xi HAHOMETPOBOTO Jiana3oHy MoKa3aHo, IO,
BCyIeped CXWJIBHOCTI i0HIB Zn*' 10 TeTpaeapudHOi
KOOpIMHAIi{, BOHM JIOKQJI3yIOTBCS TIEPEBAXHO B
OKTaeJIpUYHUX  MO3UIIIX @K J0  MaKCHMaJbHOI
JociipkeHoi koHnenTpanii x=0.5.
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To the microscopic theory of the superconductive phase in
antiferromagnetic metal compounds

M.A. Savchenko?!, E.M. Savchenko?
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The theory of the conductivity in antiferromagnetic metal compounds is constructed on the basic of the fluctuational theory of
the magnetic superconductors. The superconductor in which there exist localized magnetic moments was considered. It is supposed
that magnetic moments are orientated antiferromagnetically in basis plane of the crystal. An estimation for the critical temperature was
obtained and necessary and enough conditions of the appearance of high-temperature superconductive phase in rare earth metal
compounds were got. The criterion of an appearance of the high-temperature superconductive phase in antiferromagnetic compounds
is found.

Keywords: high-temperature superconductors, critical temperature, superconductivity in antiferromagnets, fluctuational theory
of magnetic superconductors.

J1o MIKpOCKOIIYHOI Teopli HAAMPOBIAHOI (pa3u B aHTUPEPOMATrHITHUX
METAJIEBUX CIIOJTyKax
M.A.CaBuenko?, O.M. CaBueHKO?

YUxaoemis inowceneprux nayx in. A.M. Ipoxoposa Ipecnencoruii éan, 19, Mockea, 123557, P
2Xapxiecoruil nayionanonuii ynieepcumem iveni B.H. Kapasina, m. Ceo600u 4, 61022, Xapxie, Yxpaina

Ha ocHoOBi ¢uykTyamiiiHOi Teopii MarHiTHHX HaAIPOBITHHUKIB MOOyZOBaHa Teopis MPOBITHOCTI B aHTH(EPPOMArHITHUX
CIIOJIyKaX MeTajiB. PO3MISHYTO HaJINPOBIIHUK, B SIKOMY iCHYIOTH JIOKaJTi30BaHI MarHiTHi MomeHTH. [lepenOauaeThes, 10 MarHiTHi
MOMEHTH CIPSIMOBaHI aHTH()EPOMarHiTHO B 0a30Biii TuIoNMHI KpucTana. OTPUMAHO OIIHKY KPUTHYHOIT TEMIIEPATYPH Ta OTPUMAHO
HEeoOXiIHI Ta JOCTaTHI YMOBH IOSIBU BUCOKOTEMIIEpAaTyPHOI HAaPOBiqHOT a3y B CIOJIyKaX PiAKICHO3EMENbHUX METalliB. 3HAHIEHO
KpUTEpill MOSIBU BUCOKOTEMIIEPATYPHOI HAIIPOBiIHOT (a3u B aHTH(EPPOMAarHiTHUX CIOJIyKaX.

Kuio4oBi c;10Ba: BUCOKOTEMIIEpaTYPHI HAMPOBIIHUKH, KPUTHYHA TEMIIEpATypa, HaMPOBIHICTh B aHTH(EppOMarHeTHKaX,
¢ykTyariiiHa Teopis MarHiTHUX HaIIPOBITHHKIB.

K Mukpockonuueckoi Teopuu CBEpXMnpoBosiieit (ha3bl B

aHTI/I(beppOMaFHI/ITHI)IX MCTAJINIMYUCCKUX COCINHCHUAX
M.A.CaBuenko?, O.M.CaBueHK0?

Y4xademus unowcenepnvix nayx um. A.M. Ilpoxoposa Ilpecnenckuii san, 19, Mockea, 123557, PD
2Xapwrosckuil nayuonanbulii ynueepcumem umenu B.H. Kapasuna, m. Ce0600u1 4, 61022, Xapvros, Yipauna

Ha ocHoBe (uyKTyanmMOHHONH TEOpPHH MAarHUTHBIX CBEPXIPOBOAHHKOB IIOCTPOEHa TEOpHsS IPOBOAMNMOCTH B
aHTH(beppOMaFHI/ITHbIX COCIUHCHUAX MCTAJIJIOB. PaCCMOT‘peH CBEPXIIPOBOJAHMK, B KOTOPOM CYLIECTBYIOT JIOKAJIN30BAHHBIE MAIHUTHBIC
MOMCHTHI. l'[peﬂ,nonaraeTCﬂ, YTO MAarHuTHbBIC MOMCHTBI ammbeppomamnTHo OPUCHTHUPOBAHbI B 0a3uCHOM IIJIOCKOCTH KpucTaJuia.
Honyqeﬂa OLICHKa KpHTH‘IeCKOﬁ TEMIIEPATYPbl U  IOJIYyYE€HBI HBOGXO)IHMI)IC U JOCTAaTOYHBLIC YCJIOBHSA BO3HUKHOBCHUSA
BBICOKOTEMIIEPATYpPHOU CBepXHpoBosiiei (a3bl B COCAMHEHHSX DPEAKO3EMENbHBIX MeTauioB. HaiinieH KpUTepuii MOsBICHHS
BBICOKOTEMIEPATypPHOI CBEPXIPOBOAALICH (ha3bl B aHTH(HEPPOMArHUTHBIX COSIUHEHUSX.

KiroueBble C€JI0Ba: BBICOKOTEMIIEPATYypHBIC CBEPXIIPOBOJHHUKM, KPUTHUYECKas TEMIIEPaTypa, CBEPXIPOBOAUMOCTb B
aHTH(eppOMarHeTuKax, (IIyKTyallnoOHHAs! TSOPUsI MATHUTHBIX CBEPXIIPOBOIHHUKOB.

in a paramagnetic state of this compounds. It was shown,
that the magnetoresistance depends on the addition to
conductivity of the system, which is defined by the

Recently the microscopic theory of the superconductive
antiferromagnetic metal compounds was constructed [1-3].
In the paper [3] we also considered the magnetoresistance

© Savchenko M.A., Savchenko E.M., 2021



To the microscopic theory of the superconductive phase in antiferromagnetic metal compounds

quantum interference of electrons in states with momenta
Po (¥1) and —py(¥,) . This effect in paramagnetic phase
is possible because of the scattering of the conductive
electrons on spin density fluctuations of nonlocalized s-, d-
, - electrons and spin fluctuations of localized d-, f-
electrons, if in the system an appearance a long-range
magnetic order is possible. The scattering of electrons on
spin fluctuations can lead to a jump of an electron from the
state p,(¥;) to the state —p,(¥,) i.e. the electron

trajectory makes a loop. At the entrance we have a
momentum p, and at the exit we have —p,. An electron

. 1 1 .
spin relocates from the state 5 to the state—E, in the

course of time z, [3]. Thus, the magnetoresistance of a

paramagnetic phase depends on the spin-spin relaxation
processes of a conductive electrons. If a long-range
magnetic  order in the system is possible
(antiferromagnetic, for example), then there exists the
temperature of the magnetic phase transition T, . Near the

Ty spin fluctuations anomaly grows and their correlation

radius (r; ) >0, (r)=(re )z,

consider the superconductive rare earth metal compounds
the point Ty, may prove to be the transition temperature

= % (see [3]). Aswe

from the paramagnetic state to the superconductive phase,
as magnetic fluctuations suppress the Coulomb repulsion
of electrons and stimulate the effective electron-phonon
interaction. In the superconductive transition point the

resistance is equal to zero, i.e. the conductivity o — o, but x

o~1,

I=lyz™" or I:<rf> where |, is the electron mean free

where | is the electron mean free path, and

path far from antiferromagnetic transition point, at
T > T, . The resistance in a paramagnetic state depends

on the processes of spin-spin relaxation of electrons on
fluctuations as well, and it is proportional to

1
R=(T-Ty)2 (1)
How shall we consider the superconductor in which
there exist localized magnetic moments (antiferromagnetic
ordering)? We suppose that magnetic moments are
orientated in basis plane of the crystal. From the papers [1—
3] it follows that in the superconductive phase there exists
a field from the fluctuating subsystem of spins of
nonlocalized s-, d-, f- electrons [1-3]. The system of
electron spins, distributed randomly in space has SO(3) -

symmetry (SO(3)=SU(2)/Z,). Orientation of the spin

in a point with coordinates x, is defined by the axis with

direction n and turning angle ° around this axis, i.e. is
determined by turning angles 6%,a=1,2,3 in the spin
space. The state of electron with the spin s is given by two
own functions ¥,;. Now we shall define the wave

function of electron in the fluctuating field A,

Wis (x/T)= %T exp((ﬁrdxv AW, (X) )

%aAC‘, 7" are
SU(N) group generators, A, is the functional of a bent-
torsion tensor of the electron spin system and is considered
with the Yang-Mills field potential [5]. Now we can write
the hamiltonian of a system if there are localized magnetic
moments in the system.

NZ2-1
where N>2 (see [1, 2]), A =Za_1

My = NTrLerdxx
1
WT exp(d}rm dx, Av)x
2
Py Wa (X)+

o (¥ (X) +

+Zk‘% €., BE%(
bK< (x)- %
k;/77y ) X

FLs b () .

X (X)W (X)+ W (X) Any (X) ¥ () +
Y, (X)Aay (x)‘I’:t (x)+

+Q, (x)(s° (x/r)>(sfx +s§x)

‘P;(x)z—

He

X

2
X%T’&p@rmdxvﬂ)? {536 j +i(r) |8(T)

uv

, 1 — 1 ——
+NTrJ-X’X,Er dxdx N T exp(Cf)rW dx, ATV)\{Z Yo (X)Trx
| TH K (x-X) T (%) | P () +

%J (X—X')ASTAS2y +1 (x—x')(AS’ﬁ'\JrAS’g;)X

LX) T (R Texp(, e, &)

®)
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In the expression (3) p, =7V, —[Al,], e, arethe

At
unity vectors, g, (X) is an electron-lattice potential. by,

bis. are phonon operators, s is the parameter of
elementary cell, Aay (X) is a function which defines the
superconductive order

Q; (x):—jdx’J(x—x’), J(x—=x") is the exchange

parameter,

potential between localised moments. Sfx, ng are spin
operators of magnetic sublattices delivering to the
quantization axis 1 and 2¢ , which are orientated in the

basis plane along y-axis (x-axis is orientated along c-axis).

X . .
<S¢(Fj> is an average sublattice moment,

AS?X=S?X—<S(Z(%J>, a=(X,Y,Z). 1(x=x) is an

exchange potential between localised spins and spins of
nonlocalized s-, d-, f-electrons.

B(F)=%T exp(cj.)l_dvav). dS,, isan increment of I'

— contour area.

Using the microscopic theory of the superconductive
phase in rare earth metal compounds [1, 2] (see also [4])
we can write the condition of the appearance of a
superconductive  phase in an  antiferromagnetic

superconductor.
i (ke (205 [T | P, )>P(va) _
.[_w] @
T Ty
<T”3(Fx,f)> -1

y=¢e%, Cis Eiler constant. (wp) . s an average Debye

p(x)
energy.

(epn (205 [T [P, )>p(x,%> _
_ L;dgv on (¢ [T [P, )22 (g“))pzo — )

Ve (FX,T I 2pg )

Vo (¢ [Txc| Py ) = %[e(g)w(-g)](w B(Iy))
- d (6)
><<Ch(7r,€% P, )>p(Xon) -LF ﬁgéh

Vo2 (p)|_ s the electron velocity on the Fermi surface.
OF

(en(ze.p., )>p(xvm) - ﬁsh (7,p,,) is the

electron-phonon interaction intensification parameter.

<pph (§)> is an average phonon density of states.
Pig

Ve G; ] - <Tr B(FX‘T)>><

><J;_F | <V%0 (2p,: )>

Voe(p) o
<V,{0 (2pe )> is an effective Coulomb repulsion parameter

()

dog

p%o

renormalized by longwave fluctuations of a localized
spins. The condition (4) is nonsufficient for the appearance
the superconductive phase in rare earth metal compounds,
as it is in the low-temperature antiferromagnets. In order to
write the sufficient condition, we must calculate the
correction to the longitudinal sound velocity near the
superconductive phase transition point. Corresponding
calculations lead us to the following result [6,7].

<s-sn> -
S /i)

(®)

P, )<p;5h (§)>

o 86Von (¢

P

(ry)

V(&g ) is the average density of states on the Fermi

S-5, _ .
surface. is the averaging over space
nonr)

configurations. |AO (l"x,,) is the superconductive order

parameter.
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P X
Hy = ©)
X Zlue X 2
7 Xos t Xos pT
F
27

Yos = 1,9° <T|' B(Fx,r)>2 X

><<Ch(7r£%mo )>p(x,m0) V(ep)f,. (r)

Mo is Bohr magneton, g is Lande factor, g, isan electron
mass, g is the susceptibility of free electrons in the field
A(x) (that is an analog of Pauli susceptibility) (see [3]),
f.(e) is the Fermi distribution function, y is the
paramagnetic susceptibility. Near the transition points
2
M, =EF p—;i . Then, from the expression (8) the
PE Xos
condition for the temperature of the antiferromagnetic

instability follows:

2
Ty > e 0 L (10)
PE Xos

Substituting <rf > = <rf0 >r‘V (see the expressions (9),

(10) in the paper [3]) and R a—— , we have
Xos

Ty > | o | & (11)

(re)

The parameter can be estimated and it is of

2
(re)
order of 1072. Then, we get an estimation for the
Ty = T¢ >10%K, i.e. conditions (4), (10) are necessary

and enough conditions of the appearance of high-
temperature superconductive phase in rare earth metal
compounds.

The authors thank A.V. Stephanovich for participating
in the calculations.

References/Literature
1. M.A. Savchenko, A.V. Stephanovich. Solid State Commun,
39, 725, (1981). https://doi.org/10.1016/0038-
1098(81)90444-0

44, 1031,  (1982).

L.V. Panina, M.A. Savchenko, A.V. Stephanovich. Phisica

Cstaus  solidi (), 109, 37,  (1982).

https://doi.org/10.1002/pssb.2221090103
M.A. Savchenko, A.V. Stephanovich. Solid State Commun,
https://doi.org/10.1016/0038-

1098(82)90328-3

M.A. Savchenko, A.V. Stephanovich. Sov. JETP Letters. 29,
661, (1979).

C.N. Yang, R.G. Mills. Phys. Rev. 96, 191, (1954).
https://doi.org/10.1103/PhysRev.96.191

M.A. Savchenko, A.V. Stefanovich. Fluctuation
superconductivity of magnetic systems. (Nauka, Moscow,
1986) 144 p. (M.A. Casuenko, A.B. CredanoBunu.
(DJ'IyKTyaHI/IOHHaSI CBEPXNPOBOAUMOCTL MarHUTHBIX CUCTEM,
(Hayka, Mockga, 1986) 144 c. [In Russian]

M.A. Savchenko, E.M. Savchenko, Physical phenomena in
solids: Abstracts of the XIV International Scientific
Conference, Kharkiv, Ukraine, p. 135, (2019).

18 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun. 34, 2021


https://doi.org/10.1016/0038-1098(81)90444-0
https://doi.org/10.1016/0038-1098(81)90444-0
https://doi.org/10.1002/pssb.2221090103
https://doi.org/10.1016/0038-1098(82)90328-3
https://doi.org/10.1016/0038-1098(82)90328-3
https://doi.org/10.1103/PhysRev.96.191

BicHuk XHY imeHi B.H. KapasiHa, cepia «®isuka», sun. 34, 2021. c. 19-24

PACS: 74.72.Bk
UDC: 538.945

Photo-induced "high-temperature™ superconductivity of
multicomponent metal-oxide compounds

Yu.l. Boyko?, V.V. Bogdanov!, R.V. Vovk?!, B.V. Grinev?

1V.N. Karazin Kharkiv National University, Svobody Sq. 4, Kharkiv 61022, Ukraine.
Znstitute of Scintillation Materials STC "Institute of Single Crystals" National Academy of Sciences of Ukraine, 61072 Kharkov, Nauki Ave., 60,
Ukraine
bogdanov@karazin.ua

ORCID: 0000-0002-9008-6252
DOI: 10.26565/2222-5617-2021-34-03

The work is devoted to the problem of searching for substances with superconductivity at room temperature and atmospheric
pressure. It develops ideas in the direction of studying the properties of multicomponent metal-oxide compounds. The main attention
is paid to studies devoted to explanation of the role of various mechanisms of the formation of paired electrons in these compounds.
Naturally, most of this kind of research is devoted to the study of the chemical structure and crystallographic structure of metal oxides,
since they determine the properties of the electronic subsystem of these substances, which cause their transition to the superconducting
state.

Analysis of the crystallographic structure of metal oxide YBa2CusO7-x leads to the conclusion that the main role in the formation
of its superconducting state is played by the presence of planes CuOz2, separated by solitary planes composed of chains CuO. The
presence of chemically different states of like-named pairs of ions, characterized by different types of bonds (ionic and covalent), as
well as the specific layered crystallographic structure of the metal-oxide give rise to the existence of clusters of negative U-centers
capable of generating paired electrons realizing the superconductivity of metal-oxide substances.

This paper discusses the possibility of intensifying the transition of metal-oxide compounds to the superconducting state under
conditions of irradiation with a photon flux. In this case, the formation of an energy spectrum that allows local pair transitions of
electrons can be activated (the effect of internal photoionization) and, thus, the transition of metal oxides to the superconducting state
can occur at higher temperatures than is observed under normal conditions.

Keywords: metal-oxide compounds, electron-phonon interaction, high-temperature superconductivity.

DOoTOIHAYKOBaHA «BUCOKOTEMIIEPATYPHA» HAAMPOBIAHICTD

MOJIIKOMIIOHEHTHUX METaI-OKCUIHUX 3'€ THAHb
10.1. Boiiko!, B.B. boraaunos?!, P.B. Bosk?!, 5.B. I'prnboB?

1 Xapxiscoxuii nayionanvnuii ynicepcumem imeni B.H. Kapasina, m. Céo600u 4, 61022, Xapxie, Y«paina
2 Incmumym cyunmunayiiinux mamepianie Hayionanvnoi axademii nayx Yxpainu, np-m Hayxi, 60, Xapxie 61072, Vrpaina

Po6ota npucBsueHa mpobieMi MOUIyKy pedoBHH, 1[0 MAlOTh HAAMPOBIAHICTH IPH KIMHATHIH Temmeparypi i aTMochepHOMY
TUCKY. Y Hiif pO3BHBAIOTHCS YSIBJICHHS B HANPSIMKY BUBYCHHS BIACTHBOCTEH MOJIIKOMIIOHEHTHHX METal-OKCHAHHUX crosyk. OCHOBHa
yBara MpUAUIIETHCS JOCTIIPKCHHSIM, NPUCBSIYCHUM 3'ICYBaHHIO POJIi PI3HMX MEXaHi3MiB YTBOPEHHs CIApEHUX EJIEKTPOHIB B LIHX
crioykax. IIpupo/iHO, 110 BEMKA YaCTHHA TAKOTO POy JOCII/UKeHb MPUCBsYCHA BUBUCHHIO XiIMiIYHOI OyI0BH 1 KpHCTaorpadiqHoi
CTPYKTYPH METaJI-OKCHIB, OCKIIBKHM CaMe BOHHM BH3HAYAIOTh BJIACTHBOCTI CNIEKTPOHHOI MiJICHCTEMHU LIUX PEYOBHH, IO 3YMOBIOIOTh
IXHIH mepexia 10 HaIPOBITHHOTO CTaHY.

Amani3 kpucranorpadiqHoi cTpykTypu Metan-okcuay YBa2CusOr7-x mpn3BoauTh 10 BUCHOBKY IIPO T€, II[0 OCHOBHY POJb B
nporeci (GopMyBaHHs HOTO HaJNpOBIIHOro craHy rpae HasBHicTh utomuH CuO2, pO3AiNEHUX BiIOKPEMIICHUMH IUIOIIMHAMH, IO
cknazarotees 3 naHoxkkiB CuO. HasBHICTh XIMIYHO Pi3HMX CTaHIB OJHOMMEHHUX Tap iOHIB, 10 XapaKTEPU3YIOThCS PI3HUM THIIOM
3B'13Ky (IOHHMM |1 KOBQJICHTHHUM), a TakoX cheuudiyHa mapysara kpucrajgorpadiyHa CTPYKTypa MeTal-OKCHAY OOYMOBIIOIOTh
iCHyBaHHs CKyM4YeHb HeraTWBHUX U-LIEHTPIB, 3[aTHUX T€HEPYBAaTH CIApeHi eNEKTPOHH, II0 Peayli3yloTh HAIIPOBIIHICTH MeTall-
OKCUJTHUX PEYOBHH.

VY naniit po60Ti 06TOBOPIOETHCS MOKIIUBICTD IHTEHCU(IKALIT TTepexoy METaI-OKCHUIHHUX CHOJIYK O HAaANPOBIJHOTO CTAHy B
YMOBaxX OINPOMIHIOBAaHHS iX MOTOKOM (oToHiB. B mpoMy Bumazaky mpomec (OpMyBaHHS €HEPTEeTUYHOTO CIEKTpa, IO JOITyCKae
JIOKaJIbHI MTapHi IIepeXoI¥ eJIeKTPOHIB, MOXKe OyTH aKTUBOBaHUH (€eKT BHYTPIiIIHBOi (poToioHizamii) i, TAKUM YHHOM, TIepeXiJ MeTal-
OKCH/IiB JI0 HAIPOBIJJHOTO CTaHy MOXeE 3iHCHIOBATHCS NpHU OUIBII BUCOKUX TEMIIEpATypax, HiX Lie CIOCTEePIiracThes 3a 3BUYaAHHUX
YMOB.

KurouoBi ciioBa: Metan-okcuaHi croinyku, GOHOHHA B3a€MOIsl, BACOKOTEMIIEpAaTypHa HaAIPOBIIHICTb.
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Photo-induced "high-temperature” superconductivity of multicomponent metal-oxide compounds

DOTOMHAYLIUPOBAHHAS «BBICOKOTEMIIEPATYPHAS» CBEPXIPOBOIAUMOCTD

ITOJIMKOMIIOHCHTHBIX MCTAJIJI-OKCHUJIHBIX COG,Z[I/IHGHHI\/’I
I0.. Boiiko!, B.B. borganos?!, P.B. Bosk?, 5.B. I'punes?

Xaporosckuti nayuonanvuoitl ynueepcumem um. Kapasuna, ni. C60600w1, 4, Xaporoe 61022, Vipauna
2Unemumym cyunmunnayuonnsix mamepuanog HTL] «Mnemumym monoxpucmanioey HAH Yipaunsl, 61072 Xaporos, np. Hayxu, 60, Yipauna

Pabora mocesmena mpoGiieMe ITOHMCKa BEHIECTB, OOJAaJalOMNX CBEPXIPOBOANMOCTBIO IIPM KOMHATHOH TeMmIepaTrype u
aTMoc(epHOM JaBIeHUH. B Hell pa3BHBAIOTCS NpEICTaBICHUS B HAIPABICHUN H3YYCHUS! CBOMCTB IOJMKOMIOHEHTHBIX METaJlI—
OKCHJHBIX coeinHeHUH. OCHOBHOE BHUMAHHE YAENSETCS HCCIIEI0BAHUAM, TIOCBSIIEHHBIM BBISICHEHUIO POJIH PA3INUHBIX MEXaHU3MOB
00pa30BaHUs CIAPEHHBIX JIEKTPOHOB B 3TUX COeANHEHHAX. EcTecTBEHHO, YTO 0OJIbIIIAs YaCTh TAKOTO POJIA UCCIEIOBAHHMM MOCBSIIEHA
U3YYCHUIO XHUMUYECKOTO CTPOCHHUS M KPUCTAIOrpadu4ecKoi CTPYKTYphl METaLI-OKCHIOB, TIOCKOJIBKY MMEHHO OHH OINPEICISAIOT
CBOMCTBA AIEKTPOHHOH MOJCHUCTEMBI 3THX BEILECTB, 00YCIOBINBAIOIINE EPEXO HX B CBEPXIIPOBOJIAIIEE COCTOSHHE.

Amnanmu3 kpuctauorpadudeckol cTpykTypbl Metayui—okenaa Y Ba2CuzOr7-x MpUBOAXT K BBIBOLY O TOM, YTO OCHOBHYIO POJIb B
nponecce (GOpPMHPOBAHHS €ro CBEPXIPOJIIETO COCTOSHHS WrpaeT Hammuue Iiockocted CuQO2, pa3zeleHHBIX yeIWHEHHBIMHU
IUTOCKOCTAMH, cocTosimumu u3  nermodek CuO. Hanwume XUMHYECKM pa3iIMYHBIX COCTOSHHIT OJHOMMEHHBIX Map HOHOB,
XapaKTePHU3YIONIUXCSl Pa3HBIM THUIIOM CBSI3H (MOHHBIM M KOBAJICHTHBIM), a TaKKe ClieNU(HUIecKas CIOMCTasi KpUCTaIuIorpaguiecKas
CTPYKTYpa METAI-OKCHIa OOYCIIOBIMBAIOT CYIIECTBOBAaHHME CKOIUIGHHH OTpHUATENbHBIX U-IIEHTPOB, CIIOCOOHBIX I'€HEPHPOBATH
CIapeHHBIE HNEKTPOHBI, PEATH3YIOINE CBEPXIPOBOUMOCTS METAI—OKCH/IHBIX BEIIECTB.

B namHOll pabore o6cyxmaeTcs BO3MOXKHOCTh HHTCHCH(HKAIMM MEpPEXOAa METAUI-OKCHIHBIX COCJHHEHUH B
CBEPXIPOBOJSIIEE COCTOSHHE B YCIOBHSX OOIMydeHHS HX TOTOKOM (oToHOB. B 3TOoM ciyuae mporecc ¢opmupoBaHus
9HEPreTHYECKOTO CIHEKTpa, MOMYCKAIONMIEro JIOKAJbHBIE IMapHbIE IEPEeXOIbl NIEKTPOHOB, MOXKET OBITh akTUBHpOBaH (3ddext
BHYTpeHHeH (hOTOMOHM3AIMN) H, TAKUM 00pa30oM, Iepex o/ METAJUI-OKCHIOB B CBEPXIIPOBOISAIIEE COCTOSTHHE MOKET OCYIIECTBIISITHCS

npu 00J1e€ BHICOKHUX TEMIIEpaTypax, 4€M 3TO Ha6J’[IO,Z[a€TC$I B OOBIYHBIX YCJI0BHUAX.

KaoueBrle ciioBa:
CBEPXITPOBOJAUMOCTb.

MCTaJIJI-OKCUAHBIC COCIWHCHU,

1. Introduction

The discovery in 1986-1987 of "high-temperature”
superconductivity  (zero  electrical  resistance) of
multicomponent metal-oxide compounds, aroused great
interest in the study of the properties of this class of
substances [1, 2]. These include a humber of compounds
described by the general chemical formula RBa,CuzO7 _,
where R =Y, Nd, Sm, Eu, Ho, La, Pa and etc. Of the
indicated series of metal oxides, the compound
YBa,CusO7_x is most deeply and comprehensively studied.
It is characterized by the transition temperature to the
superconducting state T~90K, which is an order of
magnitude higher than the average transition temperature
observed in the classical metal superconductors. It is this
circumstance that was the reason that this group of
substances was called "high-temperature" superconductors
(HTSC). In addition to the above compounds, metal-oxide
superconductors also include more complex compounds
BizSI’zC&zCU30lo,x, T|2B&2C&2CU301(H( and
Hg.Ba,Ca,CusO10x, Which have the highest transition
temperature values among this class of substances:
T.=110,125 and 164K respectively. In further research,
undertaken after the discovery of "high-temperature"
superconductivity, the main efforts were directed to the
discovery of new superconducting substances. At the same
time, the strategic goal of all research was the discovery of
substances with superconductivity at room temperature
(=300K) and atmospheric pressure. The requirement that
this condition be satisfied is extremely important for the
implementation of a wide and, most importantly,

9NEKTPOH-(DOHOHHOE B3aWMOJICHCTBHE,

BBICOKOTEMIIEpATYypPHAast

economically profitable use of superconductors in practice.
However, to date, the specified strategic goal of numerous
studies on superconductivity remains unattained. One of
the main reasons for this is the lack of clarity and
unambiguity in understanding the microscopic mechanism
of superconductivity of metal-oxide compounds. An
attempt to explain the superconductivity of these
substances using the BCS theory [3] (phonon pairing of
electrons), which describes the "low-temperature"
superconductivity of metals and metal alloys, turned out to
be unacceptable [4]. In this case, however, a detailed study
of the nature of elementary charge carriers in metal oxides
showed that the electrical conductivity in them at
temperatures T < T.is realized due to the transport of paired
electrons (bosons), as in the case of "low-temperature"
metal superconductors.

Currently, studies of the effect of superconductivity are
carried out in two main directions. The first of them is the
study of superconductivity of metal compounds with
hydrogen (hydrides). These compounds, due to the low
mass of hydrogen atoms, have an increased fraction of
high-frequency phonons (optical mode). In accordance
with the BCS theory, it is precisely this kind of compounds
that should have the maximum electron - phonon
interaction and, accordingly, be characterized by high
temperatures T, [5-7]. For example, it was found that the
compound LaHjo turns into a superconductor at a
temperature =~250K, which is very close to the desired
temperature ~300K. However, this result did not fully
solve the main problem formulated above, since
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superconductivity in hydrides and their stable phase state
are observed only under very high pressure =~ (150 +~ 200
GPa). The creation of such a pressure level is a laborious
and economically expensive technological task, which
makes it practically impossible to use superconducting
hydrides in practice.

Another modern direction of research on
superconductivity is the continuation of study of the of
multicomponent metal-oxide compounds properties. First
of all, these are studies devoted to ascertainment the role of
various mechanisms of the paired electrons formation in
these compounds. Naturally, most of this kind of research
is devoted to the chemical and crystallographic structure
study of metal oxides, since they determine the properties
of the electronic subsystem of these substances.

This paper discusses the possibility of intensifying the
transition of metal-oxide compounds to the
superconducting state under conditions of irradiation with
a photon flux. In this case, the formation of an energy
spectrum that allows local pair transitions of electrons can
be activated (the effect of internal photoionization) and,
thus, the transition of metal oxides to the superconducting
state can occur at higher temperatures than is observed
under normal conditions.

2. Typical general properties of metal oxides and
specific features of the electronic and phonon
spectrum in this class of substances

1) First of all, it should be noted that all of the above-
listed superconducting metal-oxide compounds contain a
copper ion, as well as ions of some other metals, which
have the ability to change their valence: (Cu'*, Cu?*, Cu®),
(Bi®*, Bi®*). Accordingly, the presence of these ions makes
it easy to change the oxidation state of this kind of oxides
[8]. At the same time, there is a clear correlation between
the value of the critical temperature T, of these substances
transition to the superconducting state and the
concentration of oxygen ions [9 — 11].

2) The transition to the superconducting state of metal-
oxide compounds occurs at relatively low values of the
energy states of electrons density at the Fermi level: N(Ef)
=~ (10%° = 10%") 1/m3. At the same time, the conduction
bands of these substances are quite wide and are
characterized by an interval of values = (3 + 10)eV.

3) All metal oxides have a specific phonon spectrum,
characterized by the presence of a certain fraction of high-
frequency phonons (optical mode) [12, 13].

4) All superconducting metal-oxide compounds are
characterized by a temperature T* > T., upon reaching
which a deviation from the "normal” conductivity begins
(the opening temperature of the so-called "pseudo-gap" in
the energy spectrum of electrons) [14, 15]. In this case, the
value of the temperature T* depends on the value of the

parameter X (stoichiometry parameter). So, for example, in
the connection YBa;CuzO7 at a value of x~0.4, the
temperature T* reaches the value ~ 450 K, then, with
decreasing X, it gradually decreases and at x=0 coincides
with the critical temperature T*~ T, ~90 K [15].

5) In the transition to the superconducting state at T<T,
all metal oxides are characterized by the appearance in the
energy spectrum of the electronic subsystem of a relatively
narrow (=5-10~% +10-2eV) energy gap near the Fermi level.

6) From the chemistry point of view, metal oxides are
complex isodesmic substances with an ionic-covalent type
of bond [16]. Specifically, in these compounds, the oxygen
ion O (anion) forms chemical bonds with several different
metal ions (cations). In this case, for the formation of a
stable (thermodynamically equilibrium) structure of these
compounds, it is necessary to fulfill the condition of
electrical neutrality of the unit crystal cell. That is why
some of the ions change their valence, and some ions may
even be partially absent (for example, oxygen), violating
the stoichiometry of the substance, while maintaining,
however, the electroneutrality of the substance as a whole.

7) The features of the chemical composition of metal-
oxide compounds indicated in items 1 and 6 lead to the fact
that at the value of the parameter x~0 in these substances a
specific crystallographic structure of atoms is formed,
described by an orthorhombic unit cell. A distinctive
feature of this structure is that it is layered and contains two
configurations of the oxygen environment of copper ions:
a tetrahedral pyramid in the CuO. planes and a rhombus
consisting of CuO chains in the basal plane (ab). Thus, a
structure is formed, which consists of so-called "perovxito-
like" blocks containing CuO- planes separated by solitary
planes from CuO chains. It is this structure that is
characteristic of superconducting metal oxides. With a
large deficit of oxygen ions (x>0,5), a different (tetragonal)
crystal structure is realized, and superconductivity in this
case disappears [17].

Thus, based on the above information on the general
characteristic properties of metal-oxide superconducting
compounds, we can draw the following conclusion. The
main factors determining the formation of specific phonon
and electronic spectra of metal-oxide compounds and,
accordingly, causing their transition to the superconducting
state, are the stoichiometric composition, as well as the
crystallographic structure of these substances.

3. Possible mechanisms for the formation of localized
electron pairs, the movement of which realizes the
superconductivity of metal-oxide compounds

As mentioned above, in metal oxides, in addition to the
electron - phonon mechanism of superconductivity,
associated with the mutual attraction of electrons due to the
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exchange of phonons, other mechanisms of the formation
of electron pairs can also be realized. First of all, these can
be mechanisms associated with the so-called exchange-
correlation interaction of electrons. In this regard, many
models have been discussed in attempts to explain the
possible participation of various electronic excitations in
the formation of paired charge carriers in HTSC: plasmons,
excitons, spin fluctuations, etc [18, 19]. With all this, the
contribution of the electron - phonon interaction during the
formation of a superconducting state in these compounds
is also not denied by anyone. In this regard, it is of interest
to estimate the electron-phonon pairing constant A, which
appears in the standard formula of the BCS theory for T.

e 0exp [~ (1) / A —p) ]. (1

Here 0 is the Debye temperature, | is the Coulomb pseudo-
potential characterizing the repulsion of electrons (usually
nu=0,1+0,15). According to calculations performed in [20],
in the phonon spectrum of metal oxides, there is a high-
frequency mode associated with the possibility of
displacement of oxygen ions located in the planes formed
by CuO molecules. In this case, two oxygen ions located
on opposite sides of the copper ion can move upward from
the plane, and the other two can move downward.
Calculation of the pairing constant value taking into
account the role of the oxygen ions displacements, as well
as the characteristic value 8=300K, showed that A=0,2. In
accordance with relation (1), such a value of the pairing
constant should determine the value T.~10K. This estimate
indicates that the electron - phonon mechanism of electron
pairing makes an appreciable, but not determinant
contribution to the formation of the superconducting state
in metal oxides. In this regard, the following conclusion
can be drawn: until now, researchers have succeeded in
quite deep progress in studying the properties of metal-
oxide HTSCs. However, there are still many questions
related to the explanation of their behavior, both in the
"normal" and in the superconducting state. Until now,
there is no unambiguous understanding of the nature and
role of another, different from the -electron-phonon,
mechanism causing the appearance of electron pairs.
Among the unresolved issues, it is also necessary to note
the lack of understanding of the reasons leading to the
appearance of a "pseudo-gap" in metal-oxide
superconductors at a temperature T* significantly
exceeding the temperature of the superconducting
transition Tc.. The dependence of the T* value on the
doping degree of metal oxides with oxygen ions remains
unexplained. The most acceptable is the physical concept,
which explains almost all the features of the properties of
metal-oxide HTSC compounds, proposed in the works [14,
21]. Tt is based on the idea of the existence in metal oxides

of special structural clusters of atoms, consisting of the so-
called negative U-centers. In accordance with the chemical
composition and crystallographic structure of metal oxides,
the authors of the above works drew attention to the fact of
the formation in these compounds of a special group of
ions, consisting of two positive copper ions (cations)
embedded in the CuO2 plane and the surrounding negative
oxygen ions ( anions) (see Fig. 1).

Fig. 1. Fragment of YBa2CusO7-x crystal structure containing
a Cuz2R20n cluster, where Cu ions are "embedded" into the
CuO:z plane, and the R = Cu ions in the CuOs chains.

Such a structural element acquired the name "negative
U-center", and its presence in metal-oxide compounds was
confirmed experimentally. A detailed analysis of the
forming energy spectrum of the electronic subsystem
showed that the combination of a certain number of U
centers (cluster formation) causes the appearance in the
energy spectrum of levels that allow a local pair transition
of electrons from an oxygen ion to two neighboring copper
ions (Fig. 2).

|
ol

f :l ,‘ .‘|

Fig. 2. Diagram of the band structure of the electronic energy
spectrum: a) ordinary metal; b) metal-oxide compound [15].
Holes appear in the filled zone due to the transition of electron
pairs to a pair level, the width of which T~T.

Wherein at the initial stage of the energy spectrum
formation, the appearance of a small number of U-centers
causes a slight "excess" electrical conductivity at the
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temperature T* (the opening temperature of the so-called
pseudo-gap). The minimum cluster size, which makes the
pair transition of electrons possible, is determined by the
coherence length in the CuO» plane and is =10~ m. As the
concentration of oxygen ions in the metal oxide increases,
ie, at x—0, the total length of the clusters containing U-
centers increases, and the temperature T* gradually
decreases, approaching the temperature T.. Thus, the
critical temperature of the transition to the superconducting
state is reached when the anionic sublattice of the metal—
oxide compound is completely filled with oxygen ions and,
accordingly, when the maximum concentration of negative
U-centers is reached. It is important to pay attention to the
following fact. As already mentioned, the compounds
BixSr2Ca;CusO1o-x, T1,Ba;CaCuszOiox and
HgoBa,CayCu3Oi90x also belong to metal oxide
superconductors. Moreover, they have the highest values
of the critical temperature T.. Following the above outlined
logic, this can be explained by the fact that the structure of
these compounds contains an additional number of CuO,
planes, the presence of which leads to the formation of an
increased number of U-centers in comparison with other
Accordingly, these compounds are
characterized by higher values T.. An interesting fact that
evidence of reality of the above scheme is the result of the
work [22], in which the process of increasing the total
length of clusters from U-centers and, accordingly, the
transition of the metal oxide to the superconducting state,

metal-oxides.

was significantly activated by the action of external
pressure.

Thus, we can conclude that the main role in the
formation of the superconducting state in metal-oxide
compounds is played by the presence of CuO, planes
separated by solitary planes consisting of CuO chains. The
presence of chemically different states of like-named pairs
of ions, characterized by different types of bonds (ionic and
covalent), as well as the specific layered crystallographic
structure of metal-oxides determine the existence of
negative U-centers clusters, capable of generating paired
electrons, realizing the superconductivity of metal-oxide
substances.

4. Possible increase in the transition temperature of
metal oxides from the "'normal** to the
superconducting state under conditions of irradiation
with photons

In accordance with the conclusion made in the previous
paragraph concerning the nature of the mechanism of
metal-oxide compounds transition to the superconducting
state, it can be assumed that this transformation can occur
at higher temperatures if these substances are irradiated
with a flux of photons. Indeed, formation of the energy
spectrum of negative U-centers clusters is associated with

the formation of ionic-covalent bonds between planes
consisting of CuO, molecules and planes formed from CuO
chains. This process can be intensified without disturbing
the crystallographic structure of the compound under
conditions of irradiation of metal oxides with a photon flux
[23]. As already indicated, under normal conditions
(without irradiation), the first signs of U-centers formation
appear at the temperature T*, which significantly exceeds
the critical temperature Te. In this regard, it is natural to
assume that under conditions of photon irradiation, the
formation of the maximum possible number of U-centers
can be significantly accelerated. In this case, the thermal
destruction of electron pairs will be compensated by the
process of the creation of new pairs. Accordingly, the
temperature T. should approach the temperature T". Let us
make quantitative estimates of some parameters of the
photon flux, under the influence of which the described
effect can be realized. First of all, it is obvious that the
photon energy must satisfy the relation:

h-va=W. )

Here h is Planck's constant, W is the energy of the
photoinduced chemical reaction causing the formation of a
negative U-center, v is the frequency ( v = ¢/L, where ¢ —
the light speed, L — radiation wavelength). In the particular
case under consideration, W is the energy required for the
transfer of electrons from copper ions to oxygen ions.
Obviously, quantitatively, the minimum value of W is
equal to the thermal energy sufficient for the destruction of
electron pairs in the discussed compounds: W = kT, (k —
Boltzmann constant). Since for metal oxides T, = (10 +
100)K, then W = (102 + 1072)eV. Thus, it follows from
relation (2) that L ~ (10°+10%m. Such a wavelength
interval corresponds to infrared light radiation, sufficiently
powerful fluxes of which can be easily achieved using laser
technology [24]. To implement the described effect, the
required photon flux density should approximately
correspond to the atomic density of the irradiated
substance: Nphot=na=10?1/m>. Such a photon flux density
can be achieved using a laser with a power ~10'"W/m? and
pulse duration ~107%s [24]. It is important to take into
account that infrared radiation penetrates into the volume
of metal-oxide compounds to a depth =~10°m [25].
Consequently, the described effect can be realized either in
the near-surface layer of the irradiated sample, or in the
volume of a film of the specified thickness. In addition, it
is obvious that the described effect should show itself in
full when using single-crystal samples, since grain
boundaries in polycrystals, usually characterized by the
size ~(107°+10%m, are effective infrared scattering
centers.
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5. Conclusions

1) Under conditions of laser irradiation with a
wavelength L < 10~*m and pulse duration = 1078s when the
power density is reached =10""W/m? In the energy
spectrum of the electronic subsystem of metal-oxide HTSC
compounds, a photoinduced chemical reaction can occur,
accompanied by the transfer of electrons from copper
atoms Cu to oxygen atoms O.

2) As a result of a photoinduced chemical reaction in
metal oxides, special structural elements are formed —
negative U-centers, the clusters of which are characterized
by a specific energy spectrum that allows local pair
transitions of electrons.

3) The appearance of pairs of electrons (bosons) in the
discussed metal-oxide compounds their
electrical superconductivity. In this case, the critical
temperature of these compounds transition to the
superconducting state T. under irradiation with a photons
flux can increase and reach the value of the "pseudo-gap"
opening temperature T* (Fig. 3).

can causc

T*

nr T. = 10K

T — 7, — 400K

500 - N\e, e T, — 800K

400

300 =

200 -

100
() 1 1 | 1
0.2 0.4 0.6 0.8 0 x
Fig. 3. Dependence of the "pseudo-gap" opening

temperature T * in the compound YBa2CusO7 x on parameter
X [15].

4) The described effect can be realized in near-surface
layers with a thickness ~10°m in bulk single-crystal
samples or in thin films of the same thickness.
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Rotation of crystal lattice induced by the development of dislocation
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“pancake” grain structure
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In this paper presented the results of the rotation of the crystal lattice of grains in flat samples of two-dimensional polycrystals
of aluminum with a “pancake” grain structure ”with an average grain size d = 5 <+ 15 mm and initial dimensions of the working section
100 mm (length), 20 mm (width), 0.15 mm ( thickness). Rotation of the grain crystal lattice occurs as a result of dislocation sliding
during deformation of the samples by tension under active loading at a constant strain rate € = 10=5¢~* at room temperature. The
features of such samples are following: there is only one layer of grains in the cross section and their sizes in the directions of the length
and width of the sample significantly exceed the thickness of the sample; there is no constraint of the grain structure along the thickness
of the sample. As a result, there is no constraint of plastic deformation in this direction. Experiment shows that slip deformation occurs
predominantly in one slip system.

According to the well-known theoretical concepts of rotational plasticity, a model is proposed for the rotations of the crystal
lattice of grains, which are caused by the action of one slip system. Calculations show that the trajectory of rotation of the tension axis
on the plane of the stereographic projection is a circular arc, which is defined by the initial position of the tension axis. The equation
for such a circles is obtained. Two cases of mutual arrangement of the tension axis, the normal to the sliding plane and the sliding
direction are possible. If the initial crystallographic orientation of the grain is such that the tension axis lies in the plane of the sliding
direction and normal to the sliding plane, then tensile axis during the lattice rotation will be moving towards the sliding direction until
it coincides with it. In this case, the tensile axis rotation traces cross point [101] as for a single crystal sample. In other case, when the
directions of the tensile axis, sliding and normal to the sliding plane are not coplanar, then rotation trace does not pass through the point
[2101], but follows circular arc as mentioned earlier.

Comparison of the experimental data of the tensile axis rotation traces (based on the results of X-ray studies) with the calculated
traces proposed by model (with one active slip system) shows their good agreement.

Keywords: flat two-dimensional aluminum polycrystals, active tensile plastic deformation, dislocation slip, grain crystal lattice
rotation

[ToBOPOT KpHUCTATIYHOT PEIIITKH BHACTIAOK PO3BUTKY IUCIOKAIIMHOTO
KOB3aHHS B IUNIOCKUX JBOBUMIPHHUX MOJIKPUCTATIYHUX 3pa3Kax aJTrOMIiHIIO

3 “MJIMHIIEBOIO”’ 3€PEHHOIO0 CTPYKTYPOIO
€.B. ®Th0MOB

Xapxiscokuti HayionanoHutl yHisepcumem imeni B.H. Kapasina, m. Ceéo600u 4, 61022, Xapxkie, Yrpaina

HaBeneHo pesynbTaTH JOCIIDKEHb IepeopieHTAlil KPUCTATYHOT PELITKA 3epeH y IUIOCKHMX 3pa3Kax JBOBHMIPHHX
HOJIIKPUCTAIIIB AIIOMIHIIO 3 “MJIMHIIEBOIO” 3EpEHHOI0 CTPYKTYpOIO i3 cepelHiM po3mipom 3epeH d = 5+ 15 MM i nmouatkoBumu
po3mipamu po6odoi yactuau 100 MM (moBxkuHa), 20 MM (mmpuna), 0.15 MM (ToBmMHA). [lepeopieHTalis PENIiTKA 3epeH BUHHKAE
BHACIIJOK JTUCJIOKAL[IfHOTO KOB3aHHS B Mpolieci AedopMyBaHHs 3pa3KiB PO3TATYBaHHSIM B YMOBAaX aKTHBHOTO HaBAHTAKCHHS 3
nocTiiHoo mBMKicTIO AepopMmanii € = 10™5c~! npu kimuaTHii Temmeparypi. Crienudikoio Takux 3paskiB, y AKHX B OMEPEYHOMY
nepepisi € TIIBKHU OJIMH IIap 3ePeH 1 pO3MIpH 3epeH y HANPsMKax JOBXKHMHH i IIUPUHH 3pa3Ka iCTOTHO epPEeBHIIYIOTh TOBIIMHY 3pa3ka,
€ BIJICYTHICTh OOMEKEHOCTI 3epeHHOi CTPYKTYpH MO TOBIIMHI 3pa3ka. BHacHigoK LbOTO BiACYTHS YTPYAHEHICTh IMJIaCTUYHOL
nedopmartii B 1[boMy HampsMKy. 3TiHO 3 eKCHepUMEHTOM aedopMailis KOB3aHHSIM 3IiMCHIOETHCS MEpeBaXKHO B OAHIN cucTeMi
KOB3aHHS.

VY Mexax BiJOMHX TEOPETHYHHX YSBJICHb IPO POTAIifHY IUIACTHYHICTH 3aIPONOHOBAHO MOJETb ITOBOPOTIB KPUCTAIIYHOT
PELIITKHU 3epeH, SIKi CIPUYUHSE Jist OfHiel cucTeMu KoB3aHH:. Ha mincraBi po3paxyHKiB IOKa3aHO, IO TPAEKTOPIEIO MepeopieHTaril
oci pO3TATYBaHHSA Ha IUIOIMHI crepeorpadiunoi mpoekmii € ayra Koyla, HOYaTKOBa TOUYKa $KOI BIANOBIZAa€ IOYATKOBIH
Kkpuctanorpadiuniii opienramii 3epHa. OxepxaHO PIBHSHHSA Takoro koma. IIpy IpOMy € MOXIIMBHMH [iBa BHIIAQJKH B3a€EMHOTO
po3TanlyBaHHS OCi PO3TAryBaHHs, HOpPMaii 0 IUIOLIMHKM KOB3aHHS M HAmpsMKYy KoB3aHHs. SIkumio BuxigHa Kpucramorpadivuna
Opi€HTALlisl 3epHA € TAKOIO, 110 BiCh PO3TATYBAaHHS PO3TAILOBAaHA B IUIOLIMHI HANPSAMKY KOB3aHHS i HOpMaJli 10 IUIOIMHY KOB3aHHS,
TO IIOBOPOT PELIITKH 3epHA Bi0yBaTUMEThCS TaK, 10 BiCh PO3TATYBaHHS HAONMXKATUMETHCS 110 HAIPSMKY KOB3aHHS /10 30iry 3 HUM.
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polycrystalline samples of aluminum with a “pancake” grain structure

VYV 1poMy BHIAAKY IPOIOBKECHHS TPAEKTOPIl MepeopieHTAalil OCi pO3TATYBaHHS B CIPSHKEHOMY cTepeorpadidHOMy TPHKYTHHKY
notparise B Touky [101] Tak camo, sik 1e BigOyBaeThCs ISl MOHOKPUCTAIIYHOTO 3pa3ka. B iHIIOMYy BHMAIKy, KOJH HANPSMKH OCi
pO3TATYBaHHs, KOB3aHHA W HOpPMali /IO IUIOIIMHM KOB3aHHS € HEKOMIUIAaHApPHHUMH, NPOJOBKEHHS TPAEKTOpii mepeopieHTarii B
CIpsDKEHOMY cTepeorpadiuHOMy TPUKYTHHKY He moTparuisie B Touky [101], ane mpsiMye 3a 3ragaHoro BUILE YO0 KOJa.

[lopiBHSIHHS EKCIIEpUMEHTAIFHUX JAaHUX BH3HAUYEHHS TPAEKTOpii MepeopieHTalii OCi pO3TATYBaHHS 3a pe3yIbTaTaMu
peHTreHorpagiuHuX AOCTIKEHb 13 NAaHUMH PO3paxyHKy Ha OCHOBI 3allpOIOHOBAaHOI MOJENi TpaekTopii mHepeopieHTarii oci
PO3TATYBaHHS BHACHINOK Jii OJHI€T CHCTEMH KOB3aHHS CBIUHUTS IIPO iXHIO OOPY y3TOKEHICTS.

KnrodoBi cioBa: 1miocki ABOBHMIpPHI MONIKPUCTANM alIOMIiHIIO, aKTUBHA IUIaCTHYHA JedopMailisi po3TATyBaHHSIM,
JIUCITOKAIiifHe KOB3aHHS, IOBOPOTH KPUCTANIIYHOI PEIIITKH 3epeH.

Pa3BopoT KpUCTATIITNYECKON PEIIETKHU BCIECACTBUE PA3BUTHUSA
IVCIIOKAMOHHOTO CKOJIBKEHHUS B INIOCKUX JIBYMEPHBIX
MOJIMKPUCTALIMYECKUX 00pa3iiax alFloMUHUS ¢ “OJMHHON 3€pEHHOM

CTPYKTYpOM
E.B. ®TémoB

Xapvrosckuil HayuoHanbHwill yHusepcumem um. Kapasuna, ni. Ceoboosi, 4, Xapvkoe 61022, Yrkpauna

IIpencraBieHbl pe3yibTaThl HCCIIENOBAHMN MEPEOPUCHTALMM KPHUCTAJUIMYECKOW DEIISTKH 3epeH B IUIOCKUX oOpasuax
JIBYMEPHBIX MOJMKPUCTAJUIOB aJIOMUHUS C “ONMHHON” 3epeHHON CTPYKTYpO#” CcO cpeiHHM pa3smepoM 3epeH d = 5-+ 15 MM u
HCXOIHBIMH pa3Mepamu padodeit yactu 100 MM (mumuna), 20 MM (mmpuHa), 0.15 MM (TonmmHa). Pa3BopoT pemeTku 3epeH BO3HUKAET
B pe3yJbTaTe IHCIOKALMOHHOTO CKOJBXEHHS B Ipolecce NeOopMUPOBaHHSA OOpa3lOB PACTSHKEHHEM B YCIOBHSAX AKTHBHOTO
Harpy’eHus ¢ IOCTOSIHHON cKOpocThio AedopMarnuu € = 107>c™! npu xoMHaTtHO# Temmeparype. Chenudukoii Takux o6pasios, y
KOTOPBIX B IONEPEYHOM CEUCHUH MMEETCS TOJBKO OAWH CIIOH 3epeH M pa3Mepbl 3epeH B HalpaBiIeHHSIX JUIMHBI M IIUPHHBI 00pa3na
CYIIECTBEHHO MPEBBIIAIOT TOJIMHY 00paslia, sBIAETCS OTCYTCTBUE CTECHEHHOCTH 3€PEHHON CTPYKTYpBI IO TOJIIMHE oOpasla.
BceneacTBue 3TOro OTCYTCTBYET CTECHEHHOCTh IIACTHYECKOH Ae(opManuy B 3TOM HampasieHHH. Kak MOKa3pIBaeT HKCHEPHUMEHT,
nehopMalys CKOJIBKEHHEM OCYIIECTBILIETCS TPEUMYIIECTBEHHO B OJTHON CHCTEME CKOJIBKEHHS.

B pamKax HM3BECTHBIX TEOPETHMYECKHX MPEICTABICHHH O POTAIMOHHON IUIACTUYHOCTH MNPEJIOKEHa MOJENb MOBOPOTOB
KPUCTAJJINYECKON PELIeTKU 3epeH, KOTOPbIE BHI3BIBACT JEHCTBHE OJHON CHCTEMBbI CKOJIbXKeHMs. Ha 0CHOBE pacuyeToB MOKa3aHo, YTO
TPaeKTOpHEH IEepeOpUEHTAIIMM OCH PaCTSHKEHHs Ha IUIOCKOCTH cTepeorpaduyeckoil MpPOeKIWH SBISETCS yra OKpYXKHOCTH,
HayajJbHas TOYKa KOTOPOW COOTBETCTBYET HMCXOJIHOH KpHcTauiorpaduueckod opHeHTauuu 3epHa. [lomydeHOo ypaBHEHHE Takoi
OKPYXHOCTH. IIpr 3TOM BO3MOXKHBI JBa CITy4asi B3aHMHOTO PACIIOJIOKEHUSI OCH PACTSHKEHHMS, HOPMAIN K IJIOCKOCTH CKOJILKEHUS U
HaIpaBJICHUs] CKONBXeHUs. Eciu McxomHas KpucTawiorpaguyeckas OpHEHTAIMsi 3€pHa TaKOBa, YTO OCh PACTSDKEHHUS JISKHUT B
IUIOCKOCTH HAIPaBJICHUS CKOJBKEHHSI X HOPMAJIH K TIJIOCKOCTH CKOJIBKEHHMS, TO MOBOPOT PEIIETKH 3epHa Oy/AeT MPOUCXOIUTD TaK,
YTO OCh PACTSDKEHHMS MPUOIIKACTCS K HAPABICHHIO CKOJIBKEHHUS [I0 COBIIAICHHUS C HUM. B 3TOM ciy4ae MpoaoDKeHHe TPaeKTOPHU
BpAIICHUS] OCH PACTSDKEHHS B CONPSDKEHHOM cTepeorpauyeckoM TPEYTOJbHUKE MpoXoauT depe3 Touky [101] tak ke, kak 3TO
MPOUCXOMT Ui MOHOKPHCTAJUTMYECKOTo 00pasua. B apyrom ciryyae, Koria HalpaBIeHUs OCH PACTSHKEHUS, CKOJIBKEHHS 1 HOPMaJIN
K IUIOCKOCTH CKOJIBKECHHs HE KOMIUIAHAPHBI, TPOJODKCHHE TPACKTOPUM TEPEOPHEHTALMH B COIPSDKEHHOM CTepeorpapuieckoM
TPEYTOJIBHUKE HEe TPOXOINT uepe3 Touky [101], Ho uaeT mo ynmoMsHyTO! BBIIIE TyTe OKPY>KHOCTH.

CpaBHEHHE OKCIHEPUMEHTAJBHBIX JAHHBIX OIPEACNCHHS TPACKTOPHU IIOBOPOTA OCH PACTSDKEHHsS 10  pe3ysbTaTam
peHTreHorpadgpuIecKux UCCIeI0BaHu ¢ JaHHBIMU pacyeTa Ha OCHOBE MPEII0KEHHON MOJIENHU TPAeKTOPUH IIOBOPOTA OCH PACTSIKECHHUS
BCJICACTBHEC ﬂeﬁCTBMﬂ OllHOFI CUCTEMBI CKOJIBXXEHUS CBUACTEIILCTBYET 00 ux XOpOIIEM COOTBETCTBUU.

KimioueBble ¢JIOBa: IIOCKHE JABYMEPHBIE NOJIMKPUCTAJUIBI AJIIOMUHUSA, aKTUBHAS IIJIACTUYCCKAsA ae(bopmaumt PaCTAXKCHUEM,
JTUCIIOKALHIOHHOE CKOJIBbXKEHUE, OBOPOTHI KPUCTAINIMYECKOI PEIIETKH 3epeH.

1. Introduction when there is only one layer of grains in the cross section

Plastic deformation of macroscopic single crystals and
polycrystals of metals has been studied in detail for a long
time [1, 2]. Recently, attention has been focused on the
analysis of strain hardening of micro- and nanocrystalline
samples, including those with a transverse size in the
micro- and nanoscale, as a promising materials for
miniaturization of devices in the medical industry,
microelectronic industry and nanotechnology, etc. [3 — 6].
At the same time, in practice, thin films, foils and plates are
widely used, which have one to several layers of grains are
located in the thickness of a polycrystalline material.

In this regard, it is important to study the mechanical
properties of flat two-dimensional polycrystalline samples
with the so-called “pancake” grain structure or close to it,

of the sample, and the grain sizes in the directions of the
length and width of the sample significantly exceed the
thickness of the sample [3, 6 — 10].

For coarse-grained flat two-dimensional
polycrystalline samples with a “pancake” grain structure,
one of the important factors determining their mechanical
behavior is the crystallographic orientation of the grains.
During the process of plastic deformation, the shape and
size of the grains, as well as their crystallographic
orientation are changing [10 — 17]. This work is devoted to
the study of grain crystal lattice orientation changes of
aluminum samples due to the development of dislocation
slip under conditions of uniaxial tensile deformation.
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2. Experimental procedure
2.1. Specimen preparation
To analyze the lattice rotations during plastic
deformation, large grained specimens of pure aluminum
(99.96 %) were used. Samples were taken from rolled
polycrystalline aluminum foil 0.15 mm thick. Samples
with dimensions 100 mm long, 20 mm wide, and 0.15 mm
thick were cut from foil in the rolling direction. In order to
relieve internal stresses caused by foil rolling, the samples
were annealed for 2 hours at T = 400 °C. Then samples
were deformed by uniaxial tension to € = 3% and annealed
at temperatures T = 300 °C (2 hours) and T = 630 °C (2
hours), which made it possible to obtain samples with an
average grain size d = 5+15 mm, so that only one layer of
grains (two-dimensional polycrystal) was placed in the
cross section of the sample, and a “pancake” grain structure
was formed, in which the grain sizes in the directions of
length and width of the sample significantly exceeded the
thickness of the sample.

2.2. Specimen surface and grain structure

The grain structure on the surface of the samples was
revealed by chemical etching using an etchant of the
following composition: 30 ml of HCI, 20 ml of HNO3, 5
ml of HF, 30 ml of H.O (etching time is 10 s).

The crystallographic orientation of grains in two-
dimensional aluminum polycrystals before and after
deformation was determined by the direct Laue method. To
study the deformation relief on the surface of grains of two-
dimensional aluminum polycrystals, an MIM-8 optical
microscope and a Jeol JSM-840 scanning electron
microscope were used.

2.3. Tensile testing

As it is known, the loading method has a significant
effect on the nature of the plastic deformation of the metal.
Plastic deformation of a polycrystal under load is provided
by two mechanisms - translational and rotational [13]. The
second one is caused by the appearance of a field of turning
moments in a deformable solid. Depending on the type of
loading, various methods of relaxation of this field are
implemented. Experiments on active tensile loading are
fundamental, since they make it possible to involve
practically all the mechanisms of relaxation of the
rotational moment field due to a continuous increase in the
external load with a change in the rate and degree of
deformation over a wide range [13]. Therefore, in this
work, mechanical tests of two-dimensional aluminum
polycrystals were carried out by tension under conditions
of active loading. The samples were tested on air with a

constant strain rate & =10 s and temperature T = 293K
until the failure.

3. Dislocation slip and rotations of the grain lattice
3.1. Model

During the movement of individual dislocations, the
translation of the nodes of the crystal lattice occurs, but the
direction of the crystallographic axes remains unchanged.
The emerging shears of the layers of the crystalline
material can be well illustrated by the model of sliding
plates (Fig. 1) In this case, the sample axis AB, which
coincides with the tensile axis before the onset of
deformation, changes its position in space (Fig. 1b) [1, 17].
Thus, the free movement of dislocations along the crystal
causes the shape change and rotation of the AB axis of the
sample, without changing the crystallographic orientation
(rotation with an invariant lattice) [12, 13]. However, in the
presence of rigid grips of the tensile testing machine, which
can only move along the tensile axis, such change in the
direction of the AB axis, i.e. rotation with an invariant
lattice (Fig. 1b) is impossible. Under conditions of active
loading, the sample axis must always coincide with the
tensile axis (Fig. 1c). In a single-crystal sample, the
fulfillment of this requirement leads to a rotation of its
crystal lattice (Fig. 1c), while the direction of sliding turns
to the tensile axis, tending to coincide with it [1, 11, 17].

Fig. 1. Scheme of tensile deformation of a single-crystal
sample in the model of sliding plates (traces of sliding planes
are shown by diagonal lines, the tensile axis is shown by a
horizontal dashed line).

When moving from a single-crystal sample to a
polycrystalline one, the nature of plastic deformation
becomes much more complicated. The requirement to
preserve the continuity of the material makes it impossible
to rotate with an invariant lattice of a grain in a polycrystal.
For the selected grain, the surrounding grains at first
approximation represent a rigid matrix. Grain boundaries
are effective barriers to moving dislocations. They cause
constraint of plastic deformation starting from the early
stages of its development. As a result, reactive forces arise
that cause plastic rotation of the selected grain relative to
the surrounding rigid matrix [12, 13]. This causes a change
in the crystallographic orientation of the grain. A
quantitative description of this rotation is based on
calculations of shear deformation in active slip systems [11
—147:
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:__ZAVP[ pr p] 1)

where A® is rotation leading to plastic rotation of the

crystal lattice; Ay,,, i, and fp are the increment of the

P
shear deformation, the normal to the slip plane, and the unit
vector in the shear direction for the p-th active slip system
respectively.

The aim of this work is to study this type of rotation in
two-dimensional aluminum polycrystals with a “pancake”
grain structure. The feature of such objects is that there is
no constraint of plastic deformation along the thickness of
the sample [9, 10], as a result, dislocation slip in grains
occurs practically only in the primary slip system, as
observed by the experimental data (Fig. 2).
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Fig. 2. Images of the surface of grains of deformed specimens
with traces of dislocation slip, obtained using an MIM-8
optical microscope (a) and a Jeol JSM-840 electron
microscope (b).

Based on equation (1) the following expression can be
written:

o[t f], 0

i. e. the axis of rotation of the crystal lattice of the grain is
perpendicular to the plane lying on the unit vectors of the
normal to the slip plane fi and the direction of slip t of
the primary slip system. From (2) it follows that during the
process of deformation the axis of rotation @ does not

change its direction, and the vectors fi and t rotate in the

plane perpendicular to @ . That means means the angle
between the axis of rotation @ and the tensile axis ¢
remains constant. We will examine two coordinate
systems: laboratory (one of the axes of which is the axis of
tensile &), and crystallographic (axes of which are the
crystallographic directions in the grain of the polycrystal).
The rotation of the crystal lattice during the process of
plastic deformation means the rotation of the
crystallographic coordinate system relative to the
laboratory one. In the crystallographic coordinate system,
a constant angle between ® and ¢ means that during the
process of grain rotation, the tensile axis precesses around
the direction of the rotation axis (Fig. 3).

If the initial crystallographic orientation of the grain is
such that the tensile axis ¢ lies in the plane of the vectors
ri and t, then the grain will rotate so that the direction &

moves towards t and angle between them tends to zero.
In this case, trace of ¢ on the stereographic projection goes
to pole [101] as for a single-crystal sample [1, 10, 11].
Another case is when three unit vectors ri, t and ¢ are
not coplanar, i.e. when the angle between @ and & is not
aright angle (Fig. 3). Calculation shows that trace of the 6
axis on the stereographic projection does not pass through
the [101]. Indeed, if we choose (11i)[101] as the primary
slip system, then in the crystallographic coordinate system
of the grain, the unit vector of the rotation axis is defined

as @ =[1,—2,~1]//6 . The precession of the end of the unit

vector ¢ means that it is moving on a circle (Fig. 3), the
equation of which on the stereographic projection can be
written as:

(U_Uo)2+(V_Vo)Z=R2v 3)

where U, v are the coordinates of a point on a circle in the
stereographic projection plane, u,, v, are coordinates of
the center and R is the radius. For the primary system:

Uy =2/ (1+6(®,5)), Vo =1/ (1+V6(,5)),
R= (1 (0.0 )/ (116 + (@.6)
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Fig. 3. Scheme of the trace of the tensile axis ¢ on the sphere
of stereographic projection during rotation of the grain crystal
lattice during deformation (i, t, ®, ¢ are unit vectors).

Fig. 4 shows the traces of the tensile axis @ on the
stereographic projection during the rotation of the grain
crystal lattice during deformation in case when primary slip

system (111)[101] is active. These traces should be

observed in the main stereographic triangle, since the slip
system (111)[101] has the maximum Schmid factor

within this triangle.

Fig. 4. Circles on the stereographic projection corresponding
to equation (3).

When the projection of the tensile axis ¢ reaches the
boundary of the standard and its conjugate stereographic
triangles, the conjugate slip system should be activated and

double slip should occur [1]. Therefore, it is of interest to
construct the traces of the tensile axis for a conjugate slip
system from a conjugate stereographic triangle. The
problem is solved similarly as for a standard triangle. The
corresponding traces are shown in Fig. 5.

[101]
N [111]

[100] [110]

Fig. 5. Traces of the tensile axis 6 on the stereographic
projection during the rotation of the grain crystal lattice
during the deformation for the cases of action of only the
primary (standard triangle) and conjugate (conjugate triangle)
slip systems.

As can be seen from Fig. 4 and 5, traces of the tensile
axis for primary slip system (111)[101] depend on the

initial crystallographic orientation of the grain and are not
pass through [101], that fundamentally distinguish the

evolution of the rotation of a polycrystal grain from the
rotation of a single-crystal sample. As noted, an

exceptional case is when the vectors fi, t and ¢ are
coplanar. Then the traces of the tensile axis tends exactly
to the [101].

3.2. Experimental results and discussion

To verify proposed model, calculated traces of the
tensile axis rotation based on Eq. (3) must be compared
with the experimental data. It should be noted that the
validity of the assumption about the dominant effect of the
primary slip system is confirmed by the results of studying
the surface of deformed samples by optical and electron
microscopy. On fig. Figure 2 shown images of the
deformation relief of the grain surface, illustrating the fact
that, in most cases, dislocation slip in grains of two-
dimensional polycrystalline aluminum foils with a
“pancake” grain structure under active tension at room
temperature occurs mainly in one primary slip system. The
images of the microstructure clearly show traces of sliding
only for the primary system within grains (Fig. 2a) and at
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the boundary of two grains (Fig. 2b). Vertical lines parallel
to the tensile axis o are residual traces of foil rolling
(samples were cut parallel to the rolling direction during

preparation). Such mechanical behavior of two-
[101] o init e final
[111]
5
2.
1
3
3 2
[100] [110]
(a) sample 1 (e = 12.02%)
[101] o init e final
[111]
3. 4
4
28 7
)
[100] 2 [110]
(c) sample 3 (¢ = 15.11%)
[101] o init e final
[111]
3.
5. (] 3
4 1
[100] % [110]

(e) sample 5 (¢ = 9.34%)

dimensional polycrystals is presumably can be related to
absence of constraint in the grain structure (there is only
one layer of grains), as same holds for plastic deformation
over the thickness of the sample.

[101] o init e final
[111]
3.
T 3
44
2.
N5
[100] [110]
(b) sample 2 (e = 9.89%)
[101] o init e final
[111]
2.
®
3
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[101] o init e final
[111]
5
5.
1°\e Vg
1
2
3 4
[100] [110]

(f) sample 6 (¢ = 12.03%)

Fig. 6. Orientation of the tensile axis before and after deformation in grains of two-dimensional polycrystalline aluminum foils
with a “pancake” grain structure, determined from the data of X-ray studies, and model traces of rotation of the tensile axis,

calculated assuming the action of the primary slip system only.
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To compare the calculated traces of the rotation of the
tensile axis with the experimental data, the crystallographic
orientation of grains of two-dimensional polycrystalline
aluminum foils with a “pancake” grain structure was
determined by X-ray before and after deformation. The
results are shown in Fig. 6. For grains in which tensile axis
o before deformation lies in the plane based on the vectors
of the normal to the slip plane 7i and the slip direction ¢,
the trace of the rotation of the tensile axis tends to [101]
(grain 2 in sample 6 in Fig.6f) as for a single crystal sample.
For grains in which before deformation the vectors 7, £ and
o are not coplanar, the rotation trace does not intersect
[101], but moves along the circular arc described by
equation (3). Thus, the rotation of the crystal lattice of
grains in a polycrystal is fundamentally different from the
rotation of a single-crystal sample, for which the trace of
rotation of the tensile axis must always cross [101].
Comparison of the experimental traces of rotation of the
tensile axis (according to the results of X-ray diffraction
determination of the crystallographic orientation of grains
before and after deformation) with the calculated traces of
the rotation of the tensile axis due to the action of the
primary slip system indicates their good agreement. It
should be noted that, according to [4, 18], the operating slip
system in thin crystals and foils might be a system with not
the highest Schmid factor. Experiments show that the
active system is the one for which the path length of edge
dislocations to the sample surface is minimal, which
provides the smallest dislocation hardening. In our
samples, the active slip system within the grain was either
a system with a maximum value of the Schmid factor, or a
system with a value close to it. If the active slip system is
not the primary system (the one with the maximum Schmid
factor), then this does not affect the nature of the traces of
the tensile axis rotation, in the sense that the traces are still
determined by Eq. (3). In this case, the axis of rotation @
determined according to (2), the traces (circular arcs) of the
axis rotation along with the corresponding coefficients of
equation (3) will be different than for the primary slip
system. However, this does not fundamentally change
anything in our model.

It should be noted that for some grains, for example, on
Fig. 6 (grain 2 in sample 1, grain 3 in sample 3, grain 2 in
sample 4, grain 5 in sample 5), the projection of the tensile
axis during the process of rotation "overshoots" into the
conjugate stereographic triangle and moves in the direction
of the circular arc determined by the equation (3), but
deviating from the calculated trace. The reason for this
seems to be that the secondary slip system is activated. In
this case, for the theoretical calculation of the rotation
traces, it is necessary to use relation (1), which takes into
account the contribution of all operating slip systems.

However, the fact that, during the process of rotation, the
projection of the tenstion axis is not stay at the boundary of
the standard and conjugate stereographic triangles, but
"overshoots” into the second triangle, indicates the
dominance of the primary slip system. Differences in the
degree of rotation of different grains are caused by
differences in the local deformation of these grains. With
an increase in the degree of local deformation, the angle of
rotation of the crystal lattice also increases.

4. Conclusions

1. A model for the rotation of the FCC lattice of grains
of a two-dimensional polycrystals with a “pancake” grain
structure due to the development of dislocation slip in the
primary slip system upon deformation under active tension
is proposed. An equation for the rotation traces of the
tensile axis on the stereographic projection during the
process of deformation is derived.

2. Modeling of the tensile axis rotation traces shows
that, depending on the initial crystallographic orientation
of the polycrystal grain, two cases of rotation are possible.
If the tensile axis before deformation lies in the plane
containing normal to the slip plane and the slip direction,
then the trace of rotation passes through [101] direction as
for a single crystal sample. In the case when vectors of
normal to the slip plane, the slip directions, and the tensile
axis are not coplanar, then traces of rotation are not pass
through [101], but moving on arc of a circle defined by the
equation obtained for proposed model. This case of
rotation of the crystal lattice of a polycrystal grain is
fundamentally differs from the rotation of a single crystal
sample.

3. Based on the results of studying the surface of
deformed samples by optical and electron microscopy, it
was shown that, in most cases, dislocation slip in grains of
two-dimensional polycrystalline aluminum foils with a
“pancake” grain structure under active tension at room
temperature occurs mainly in one primary slip system,
which, presumably due to the absence of constraint of the
grain structure and plastic deformation along the thickness
of the sample. Experimental data of the tensile axis rotation
traces (based on the results of X-ray diffraction
determination of the crystallographic orientation of grains
before and after deformation) indicates good agreement
with the calculated data for the rotation traces of the tensile
axis due to the action of the primary slip system.
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For twenty years of research, the processes of radiation and dissipation occurring during oscillations of quartz tuning forks in
superfluid helium and its mixtures have turned from an object of research into a tool for studying the properties of helium. Quartz
tuning forks are used to study various properties of helium - viscosity, thermal conductivity, radiation of the first and second sounds,
and also as a precision temperature sensor. Experimental observations of these phenomena were carried out in a wide range of
temperatures and pressures, but the results of observations have not yet been exhaustively described theoretically.

The aim of this work is to study density and pressure oscillations to determine the conditions under which oscillations of a solid
wall excite the first sound in superfluid helium and sound in supercritical helium, and to calculate the contributions of these processes
to the formation of resonances during oscillations of closed tuning forks. In particular, the experimentally observed excitation of
standing waves of pressure oscillations by an oscillating closed tuning fork, the appearance and properties of resonances depending on
the temperature and pressure of helium are considered.

As a result of the work, a model was built that described the physical features of the experimentally observed resonance
phenomena.

Keywords: acoustic resonance, superfluid helium, supercritical helium, standing wave, density fluctuations.

3BYKOB1 PE30HAHCHU B HAAKPUTUYHOMY 1 HAAPIAKOMY TeIil
H.O. I'epamenko, K.E. Hemuenxko, T.I'. Bixtunceka, C.FO.Porosa

HHI xomniomepnoi ¢izuxu ma enepeemuxu, Xapriscokuii nayionamsnuti ynieepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina

3a IBamIATh POKIB JOCIHIIKEHb, POIIECH BUIPOMIHIOBAHHS Ta JWCHIIAMii, SKi BiAOyBalOThCA MPH KOJMBAHHIX KBAPIOBHX
KaMEepTOHIB Y HaIIUIMHHOMY Temii Ta HOro po3dymHaX, i3 00’€KTa JOCITIHKEHHS MEPETBOPWINCS B 1HCTPYMEHT IUIS JOCTIKEHHS
BIacTHBOCTEH remifo. KBapmoBi KaMepTOHHM BHKOPHUCTOBYIOThCS UIA JOCHI/KCHHS PI3HUX BIACTHBOCTEH Telif0 — B’SA3KOCTI,
TETJIONPOBiAHOCTI, BUIIPOMIHIOBAHHS MIEPIIIOTO Ta APYTOTO 3BYKY, a TAKOXK K MPEH31HHII AaTINK TemnepaTypu. ExcriepuMeHTanbHi
CIIOCTEPEIKESHHSI LIUX SIBUI MPOBOAWINCS Yy IIMPOKOMY Jiama3oHi TeMIepaTyp Ta THCKY, aje Pe3yJbTaTH CIHOCTEPEeKeHb Ie He
OTPHUMAJIM BUYEPITHOTO TEOPETHYHOTO OIHCY.

Meroto 1aHOi poOOTH € TOCIIKEHHS KOJIMBaHb T'YCTHHH Ta TUCKY JUIsl BU3HAYEHHS YMOB, 32 SIKUX KOJMBAHHS TBEPAOT CTIHKH
30yKYIOTh NEPIIUH 3BYK Y HaIUIMHHOMY T'eJlii Ta 3BYK y HAAKPUTHYHOMY Tellil, i 00YNCIIeHHs BHECKIB IIUX MPOLECIB 10 (OPMyBaHHS
PE30HAHCIB Mij Yac KOJIMBAaHb 3aKPUTHUX KaMEPTOHIB. 30KpeMa, PO3TIITHYTO eKCIIEPHMEHTAIBHO CIIOCTEPEeXKyBaHe 30yPKEHHSI CTOSTINX
XBHIJIb KOJIUBAaHb THCKY KaMEPTOHOM, II[0 KOJIMBAETHCS, ITOSIBA i BIACTHBOCTI PE30HAHCIB B 3AJISKHOCTI BiJl TEMIIEpaTypH Ta THCKY
Teiio.

B pesymerari pobotu moOynoBaHa MOJENb, IO ONMUCYE (PI3MYHI BIACTHBOCTI PE30HAHCHUX SBHIN, SIKi CIIOCTEpIrajmcs
EKCIIePUMEHTAIIBHO.

Kutio4oBi ci1oBa: akycTHYHHMIT pe30HAHC, HAAIUIMHHUM TeNiil, HAAKPUTUYHHUIN Tefliid, CTosiua XBUIIS, KOJMBAHHS I'YCTHHU.

3BYKOBBIE PE30HAHCHI B CBEPXKPUTHUECKOM M CBEPXTEKYUEM T'€IIUU
H.O. I'epamenko, K.E. Hemuenxko, T.I'. Buxtunckas, C.HO.Porosa

VHU xomnviomepnoii pusuxu u snepeemuxu, Xapvrosckuil hayuonanvnuii ynugepcumem umenu B.H. Kapasuna, m. C60600wi 4, 61022, Xapvkos,
Vkpauna

3a fABagIATH JIET HCCIEJOBAaHUII MPOIECCH H3IYdYEHHS M AWUCCHIIAINY, IPOMCXOMANINE INPH KOJNeOaHUSIX KBapIEBBIX
KaMepTOHOB B CBEPXTEKy4eM I'eIIU U €r0 pacTBOpax, M3 00bEKTa MCCIIEA0BAHMS [IPEBPATIIIICH B HHCTPYMEHT ISl U3YUEHHUS CBOICTB
reaus. KBapreBble kaMepTOHBI UCIIONIB3YIOTCS UL UCCIEIOBAaHUS Pa3IMYHBIX CBOMCTB IelMs — BS3KOCTH, TEIIOIPOBOIHOCTH,
H3ITy4YeHHs IEPBOTO U BTOPOT'O 3BYKa, a TAKXKE B KAUECTBE MPEIIM3UOHHOTO JATUHKa TEMIIEPaTypbl. DKCIIEPUMEHTaIbHbIE HA0MIOAEHHS
3TUX SIBICHUH MPOBOIWINCH B HMIMPOKOM JMala3oOHE TEeMIEpaTyp W JAABICHHH, HO pe3ylbTaThl HAONIOAEHMH eIlle He MOIy4uiIn
HCUYEPIBIBAIONIET0 TEOPETUIECKOTO ONMUCAHHSI.

Lenbto 1aHHO pabOTHI ABISETCS HCCIEI0BaHUE KONeOaHN TIIOTHOCTH U JABIECHHUS [UIs ONPEIENIEHHUs] YCIIOBUM, PH KOTOPBIX
KoJIeOaHMs TBEPAOH CTCHKH BO30YXKIAIOT MEPBBIH 3BYK B CBEPXTEKYUeM TN ¥ 3BYK B CBEPXKPUTUYECKOM TEIINH, U BEIYHUCIICHUE
BKJIAI0B 3TUX IIPOIECCOB B (DOPMUPOBAHHE PE3OHAHCOB BO BpeMsI KOJeOaHHH 3aKPHITBIX KaMEPTOHOB. B 4acTHOCTH, pacCMOTpPEHEI
9KCIICPIMEHTAIBHO HAOII0aeMoe BO30YXKACHHE CTOSYMX BOJIH KOJNEOAHMI MaBIEHHS KOJEOJNIOIIMMCS 3aKPBHITHIM KaMEPTOHOM,

© Herashchenko N.O., Nemchenko K.E., Vikhtinskaya T.G., Rogova S.Yu., 2021



Sound resonances in supercritical and superfluid helium

BO3HHKHOBEHHE U CBOKCTBA PE30HAHCOB B 3aBUCUMOCTHU OT TEMIEPATyphl ¥ AABJICHHUS I'eIIHS.
B pesynbTare paboTsl ObLIA TOCTPOEHA MOJIETIb, ONMHCHIBAIOIIAs (PU3NIECKUE OCOOCHHOCTH IKCIIEPUMEHTAIFHO HAOII01aeMbIX

PE30HAHCHBIX SIBICHUM.

K}HO“QBLK}CHOB&:aKyCTquCKHﬁ pe3OHaHC,CBerTeKYQHﬁ FeHHﬁ,CBerKpHTquCKHﬁ FeHHﬁ,CTOanﬂ BOHHa,KOHe6aHHH

IIJIOTHOCTH.

For the last twenty years, the processes of radiation and
dissipation by oscillating quartz tuning forks in superfluid
helium and in the mixtures of helium isotopes have turned
from an object of research into a tool for studying the
properties of helium [1, 2].

The experiments, on which our theoretical research is
based, were provided in Ref.3, in which the dependences
of resonances on temperature and pressure, as well as the
overlap of resonances were observed. These phenomena
have a very obvious explanation, but have not yet received
a quantitative description.

In Ref.3 the acoustic resonances were studied in liquid
helium and its *He — “He superfluid mixtures during three
experiments, in each of which quartz tuning forks were
immersed in a cell filled with liquid, the main resonant
frequency of which in vacuum is about 32.768 Hz. These
piezoelectric tuning forks were excited by alternating
voltages at electrodes located on a quartz crystal.

Due to the rather complex geometry of the
experimental setup, the resonance spectrum can be
determined with certain assumptions. That is, the
properties of tuning forks and their acoustic modes do not
provide an accurate quantitative determination of the speed
of sound. Therefore, as a result in [3] only approximate and
qualitative conclusions are given.

In order to describe the phenomena that manifested
themselves during experiments with a quartz tuning fork
oscillating in superfluid ®He — “He solutions of various
concentrations, this paper proposes the use of a certain
model that can help to describe the obtained results with
definite accuracy.

Therefore, in order to consider the conditions under
which the resonances of the first and second sounds can be
observed, we consider a one-dimensional model of a
bounded vessel in which there is a fixed wall on one side
and an oscillating one on the opposite side. This model
focuses on the study of simultaneous generation of
collective modes, as well as the dependence of the intensity
distribution between these modes depending on the
temperature and concentration of solutions. At the same
time the proposed model does not take into account the
specific shape of the quartz tuning fork and the cylindrical
shape of the flask.

To solve this problem, we consider the oscillations of
the pressure, density and velocity, and the perturbation of
entropy, temperature and concentration will not be taken
into account. In this case the complete system [4] of the
hydrodynamic equations for 3He — “He superfluid mixtures

is reduced to that describe the relationship between
pressure and density, when entropy and concentration are
constant.
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Here ¢ =,[(oP/dp) is the velocity of sound in

o,C

supercritical helium, or the velocity of the first sound in
superfluid helium, taken at the constant entropy and
concentrations, v, is the effective viscosity coefficient.

To study the qualitative features of the generating and
the overlapping of the resonances, consider a model system
of a narrow vessel with helium, in which one wall is
stationary, and instead of another is an oscillator with a
given mass, stiffness, natural frequency and quality factor.
This model does not take into account the geometric
features of the oscillations of the tuning forks in a closed
flask, but can be used to study the physical features of the
resonances.

The equation of motion for the moving wall can be
written as follows:

M3 =—k(x—L)— 7%+ AP(x = L)e " + Fpe ™t (2)

where M is the mass, Kk is the stiffness, 7 if the friction

coefficient, A is the cross section of the vessel, P(x = L) is
the pressure of the mixture at the coordinates x = L of
oscillating wall, Fo is the amplitude and w is the frequency
of the external force. After division by mass we get the
equation that complements the system (1)

X =—af (x— L) - yap X+ aPp(x = L)e* +ae™  (3)

Here @, =+/k/M andy are the natural frequency and the

quality of the oscillator, o = A/ M, and ap = Fo / M is the
acceleration amplitude.

The solution of the system of the equations (1) and (3)
gives the results for the squared velocity amplitude of the
oscillating wall in the presence of the liquid in the vessel:
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Here A =apyc /ey, is the dimensionless coefficient of
resonances “interaction" that describes the overlapping,
and the coefficienty = @’Lv, /2¢>  describes the

effective width of the sound resonances.
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Fig. 1. Resonant sound curves in supercritical helium. The
blue line indicates the result taking into account the
coefficient of "overlap" of resonances, and the orange - the
value of this coefficient is zero

Expression (3) solves the problem about the resonances
which are caused by vibrations of quartz tuning forks, as
well as sound vibrations in helium. This expression allows
one to describe the overlap of these resonances and to give
a quantitative description of the phenomena observed in the
experiments from Ref. 3.

Figure 1 shows an example of close resonances of
driving and acoustic vibrations in the absence of overlap
(orange line) and in the presence of overlap (blue line). The
graphs presented are calculated using formula (3) and
qualitatively describe the dependences observed in the
experiment (see Fig. 3 of the Ref. 3.)

For the case of liquid helium, expression (3) describes
the resonances of the first sound in the superfluidity region
and the ordinary sound in the normal region. The
temperature dependence of these resonances is shown in
Fig. 2 and covers the temperature range from 1.25 K to
4.25, which includes the lambda-transition to the
superfluid state. The calculated dependences qualitatively
and quantitatively coincide with those observed in the
experiment (see Fig. 5 of the Ref. 3.)).

Finally, the paper carried out a theoretical study on the
energy dissipation of body, which oscillates in supercritical
and superfluid helium and its solutions. During the work,
the physical principles that cause the appearance and
overlap of resonances caused by oscillations of quartz

x10°

f, Hz

T, K

Fig. 2. Resonances of the first sound in superfluid helium
depending on temperature and sound in the normal helium.
The presence of resonant frequencies is indicated by a light
color

tuning forks as well as hydrodynamic modes in helium are
considered.

A model that can explain the physical properties of
resonant phenomena observed experimentally has been
developed.

Explicit analytical expression (3) for resonance curves,
which are caused by the first sound in superfluid helium,
are obtained, and corresponding graphs are constructed.

Comparison with the experiment revealed that the
results obtained with some accuracy coincide with the
experimentally obtained data.

A method for calculating the parameters of resonant
curves is proposed, which allows developing algorithms
for further study of different types of interaction of tuning
forks with helium.
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Analytical consideration of particle transport in 1D nanostructures
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The paper presents an analytical study of one-dimensional fluxes of ballistic quasiparticles in the presence of scattering centers.
Such a situation can be realized at very low temperatures or systems of very small sizes — nanostructures. To describe such a situation,
the approach of heat transfer by radiation, which goes back to Casimir, is used, in which the interaction of phonons with image
boundaries is taken into account, or, for example, the Landauer approach, where the probability of phonon transition from the initial
state to the final state is introduced. At the same time, the intermediate regime, the mean free path of phonons due to their interaction
with each other, is comparable to the size of the samples; to this day, it remains a rather difficult problem for a theoretical or numerical
solution. In this work, we propose the probabilistic approach in the Landauer model to describe heat transfer in the one-dimensional
ballistic motion of quasiparticles. Within the framework of the theory of random walks, a model of successive scattering centers is
considered. An explicit analytical expression is obtained for the dependence of the flux of quasiparticles on the probability of scattering
and the number of scattering centers. In order to explain the physical sense of the obtained result the comparison with the result of
iterative approach is made. As well the results are used for description of the problem of the heat flux in multilayered structures, in
which one should take into account not only the thermal resistance inside the layers, but also the Kapitsa resistance between the layers.
The practical application of the obtained results to one-dimensional nanostructures and to quasi-one-dimensional heat-conducting
systems is discussed, various limiting cases are considered and a comparison with experimental data is made.

Keywords: quasiparticles, nanostructures, heat transfer, one-dimensional motion, scattering centers.

AHaIITUYHUNA PO3TIIS]] IEPEHOCY YaCTUHOK B OJITHOBUMIPHHUX

HAaHOCTPYKTypax

. AMpiml, T. Medim;eeaz, K. Hemuenxo?, T. Bixmuncoka
LIMSI-CNRS, Université Paris-Saclay, 91405, Orsay, France
2 Xapriscoxuil nayionanvnuil ynicepcumem imeni B.H. Kapasina, m. Ceo600u 4, 61022, Xapxis, Ypaina

2

VY crarTi npencTaBiIeHo aHATITHYHE JOCIIIPKEHHS OTHOBUMIPHUX MOTOKIB OAJIiICTHYHNX KBa319aCTUHOK Y TIPUCYTHOCTI IIEHTPIB
po3sciroBanHs. Taka cuTyallisi MOXXe peaji3yBaTHCS TPH TyXKe HU3BKHX TeMIeparypax abo y CHCTeMax OyXe MalliX po3MipiB —
HAHOCTPYKTYypax. J[ys omucy Takol cuTyanii BAKOPUCTOBY€ETHCS TMiIX1/1 TeIUIONepeiadi BUIIPOMIHIOBAHHSM, 10 CXOIUTH 10 Kasnmupa,
B SIKOMY BPaxOBYEThCs B3aeMofisi ()OHOHIB 3 MekaMH 3paskiB, abo, Hampukiaa, miaxia Jlanmayepa, J1e BBeIEHO WMOBIPHICTH
(hOHOHHOTO Tepexoy 3 MOYATKOBOTO CTaHy B KiHLIEBHH. Y TOH e yac iCHye MPOMDKHUH PEXUM, KOJIM Cepe/Hiil BiTbHUN MpoOir
(OHOHIB BHACTIZOK iX B3aeMOJil MiX COOOIO, 3PIBHIOETHCS 3 PO3MIpOoM 3pa3kiB. Ha ChOTOIHIIIHIA JEHB OMHC IBOTO PEKHUMY
3aIUIIAETECS JJOCHTHh CKJIAJHOIO MPOOJIEMOIO U TEOPETHYHOTO UM YHCEIBHOTO PO3B’s3aHHA. Y Miif poOOTI MM NPOIOHYEMO
IMOBIpHICHUIA miaXia y Moneni Jlanaayepa Ui omicy Teruionepeaadi B OJHOBEMIPHOMY 0aliCTHYHOMY pyci KBa3idacTHHOK. B paMkax
Teopii BUMAAKOBUX OJNyKaHb PO3IIISIAETHCS MOJENb MOCIIJOBHUX LEHTPIB po3ciroBaHHA. B pesymbrari poGOTH OTpUMAHO SBHHMIT
aHAITHYHUHN BUpa3 U 3QJISKHOCTI TOTOKY KBa3i4aCTHHOK BiJf HMOBIPHOCTI PO3CIFOBaHHS Ta KiJBKOCTI IIEHTPIB po3citoBaHHs. [l
HOSICHEHHsI (DI3UYHOTO CEHCY OTPHMAHOTO Pe3yNbTaTy TMPOBOAUTHCS MOPIBHSIHHSA 3 Pe3ysbTaTOM iTepaliiiHoro migxony. OtpuMani
pe3yNbTaTH TAaKOXX BHKOPHCTOBYIOTHCS [UIsl ONMUCY MpOOJIEeMH TEIUIOBOTO MOTOKY B 0araTOLIapoBHX CTPYKTypax, B SIKiX CIiJ
BPaXOBYBAaTH HE TiJIbKU TEIIOBHH OIip BCepeAnHi Imapis, ane it onip Kamimi Mixk mapamu. OOroBoproeThest MPaKTHYHE 3aCTOCYBaHHS
OTPUMaHHX PE3yJIbTaTiB Z0 OJHOBHMIpPHHUX HAHOCTPYKTYp Ta J0 KBa3iBUMIPHUX TEIUIONPOBIAHUX CHUCTEM, PO3IILIIAIOTHCS Di3Hi
IpaHUYHI BUIAJKK Ta IPOBOAUTHCS MOPIBHSHHS 3 €KCIIEPHMEHTAIBHUMH JaHUMHU.

Kuio4oBi cii0Ba: KBa3i4aCTHHKH, HAHOCTPYKTYPH, TEIJIONEepeaaya, OJTHOBUMIPHHIL PyX, IIEHTPH PO3CIOBaHHS.

AHaJIUTHYECKOE pPacCMOTPCHUC IICPCHOCA YAaCTHUI[ B OJJHOMCPHBIX

HAHOCTPYKTYypax

A. Ampum, T. Meounyesa, K. Hemuenxo, T. Buxmunckas
1LIMSI-CNRS, Université Paris-Saclay, 91405, Orsay, France
2Xapwrosckuil nayuonanbuulii ynusepcumem umenu B.H. Kapasuna, ni. Ceo600wt 4, 61022, Xapvkos, Yrpauna

B cratbe MPEACTABJICHO aHAJIMTUYECKOC UCCIIEA0BAaHUE OAHOMEPHBIX ITOTOKOB OaTUCTUYCCKUX KBa3u4acTHUIl B IPUCYTCTBUU

LEHTPOB paccestHus. Takas CHUTyalllsi MOXET PEealnn30BaThCs NMPU OYEHb HU3KHX TEMIIEpaTypax MM B CUCTEMaX OYEHb MAalbIX
pa3MepoB — HAaHOCTPYKTypax. Jlns omMcaHusl Takod CHTyallMH HCIIOIB3yeTCs MOAXOJ TEMJoNepefauyd H3ITyuYeHHEM B MOIENIU
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Kasumupa, B KOTOpOM y4YHTHIBaeTCS B3auMOeHCTBHE (OHOHOB C TPaHMUI[AMHU OOpas3IoB, WM, Hampumep, noaxon Jlanmayspa, rae
BBOJUTCS MOHSITHE BEPOATHOCTH (DOHOHHOTO MEPEXOA U3 HAYaNbHOTO COCTOSIHUS B KOHEYHOe. B TO ke Bpems CyIIecTBYeT
MIPOMEKYTOUYHBIA PEKUM, KOTIa CPeAHUI CBOOOAHBIN Tpober (POHOHOB BCIIEACTBHE UX B3aUMOAEHCTBUS MEXIy COOOM, CpaBHUBAETCS
¢ pasmepoM oOpa3noB. Ha cerongmsmHuii IeHbP ONHMCaHHE ATOTO PEKHMA OCTaeTcs JOCTATOYHO CIIOKHOM IpoOiIeMoi st
TEOPETHIECKOTO WM YHCIEHHOIO penreHus. B 3Toif paGoTe MBI mpeiyiaraeM BepOSITHOCTHBIN Moaxox B moxenu Jlanmayspa mis
OIMCaHMs TEIUIONepenady MpU OJHOMEPHOM OaNTMCTUYSCKOM ABVDKCHUH KBa3HYACTHIL. B paMkax Teopuu CIydaiHBIX OIyskmaHMit
paccMaTpHBaeTCsl MOJENb IOCJIENOBAaTENbHBIX IIEHTPOB paccesHus. B pesynbrate paOOTHl IMONYyYSHO SIBHOE aHAIUTHIECKOE
BBIp@XKEHHE JUIS 3aBUCHMOCTH TIOTOKA KBAa3HYACTHI[ OT BEPOATHOCTH PACCESHUS U KOJIMUYECTBA IIEHTPOB paccesHus. [ oObsICHeHNs
(HU3UIECKOTO CMBICTA TOMYYEHHOTO pe3ylbTaTa MPOBOJUTCS CPAaBHEHUE C PE3YNbTaTOM MTepaloHHOro noaxopa. IlomyueHHble
PE3yNBTAThI TAKAKE HCIONB3YIOTCS UL ONUCAHUS MPOOJIEMBI TEIJIOBOTO MOTOKA B MHOTOCIONWHBIX CTPYKTypax, B KOTOPBIX CIEXyeT
YUUTHIBaTh HE TOJBKO TEIUIOBOE COMPOTHBIECHHE BHYTPH CIOEB, HO M compoTuBieHne Kamuusl Mexay ciosmu. O6cyxnaercs
IIPaKTUYECKOE NPUMEHEHUE MOIYYEHHBIX PE3yJIbTATOB B OJHOMEPHBIX HAHOCTPYKTYpaxX U B KBa3HMOJAHOMEPHBIX TEIJIONPOBOAAIINX
CUCTEMaXx, paCCMaTPUBAIOTCA PAa3IMYHbIC IPE/EIbHbIC CIy4au U IPOBOAUTCS CPABHEHUE C 3KCIICPUMECHTAILHBIMY JaHHBIMH.
KiroueBble cj10Ba: KBa3U4aCTHIbl, HAHOCTPYKTYPEL, TEILIONEpegada, OJHOMEPHOE JBHKCHUE, ICHTPHI PACCESIHUA.

The description of the thermal conductivity of crystals
and quantum liquids in the phonon model is one of the
achievements of physics. This model is based on the
consideration of a system of strongly interacting atoms as
a gas of weakly interacting thermal excitations — phonons.
Using this approach, the dissipative properties of matter
can be considered in the gas-kinetic model of a weakly
nonideal phonon gas. In particular, it is possible to use the
Boltzmann kinetic p+r =1equation. This equation is a

rather complex integro-differential equation, which, in the
general case, is non-linear. For the case of the state of the
phonon system, which differs slightly from the existing
quasilocal equilibrium state, the solution of the Kinetic
equations for phonon systems was carried out in the
Callaway model. In another (opposite) case, a situation is
possible when phonons do not interact with each other and
their motion is ballistic. This situation is realized at very
low temperatures or systems of very small sizes -
nanostructures. To describe such a situation, the approach
of heat transfer by radiation, which goes back to Casimir,
is used, in which the interaction of phonons with image
boundaries is taken into account, or, for example, the
Landauer approach [1], where the probability of phonon
transition from the initial state to the final state is
introduced. At the same time, the intermediate regime, the
mean free path of phonons due to their interaction with
each other, is comparable to the size of the samples; to this
day, it remains a rather difficult problem for a theoretical
or numerical solution.

In this work, we use the probabilistic approach in the
Landauer model to describe heat transfer in the one-
dimensional ballistic motion of quasiparticles [2 — 4].

In the ballistic motion of phonon thermal conductance
is determined by the type of reflection from the boundaries
— diffuse or specular. In one-dimensional motion, these
processes can be reduced to the concept of processes of
passage of a conductor and the back reflection:

Q:Qmaxp ) (1)

where P is the probability of a phonon passing from a warm
reservoir to a cold one. Maximum heat flux

Qmax = KoAT 2

which can flow through a one-dimensional channel is
determined by the so-called quantum of thermal
conductance, which for one phonon mode is equal to:

kgT 7?

L P ®)
Thus, the problem of calculating heat fluxes in such one-
dimensional systems is reduced to determining the
probability of passing through a one-dimensional channel
that connects a warm reservoir with a cold one. In this case,
it is assumed that the system contains a number N of
defects (reflecting screens) for which the probability of
transmission p and reflection r absorption of a phonon are
determined. The sum of these values is equal to unity:

p+r=1. 4)

Now the coefficient P can be found by using the
formalism of matrix eigenspace or by iterative formalism.
In both these cases it has the following final form:

— p(ﬂ’ +_ﬂ‘ —) (5)
Ala-pa)-2ta-pa.)

Here 4 , are the eigenvalues of matrix S:

A, =b+b? -1 (6)
Where
(p*-0°)+1
b=—-—"—. (7)
2p

The obtained desired result (5) allows considering
various limiting and special cases.
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The simplest non-trivial case corresponds to the
absence of absorption. In this case, the particles experience
only reflections on the screens and the total particle flux is
reserved:

Qo = Qout + Qpack 8)

In this case, from the general result (5), we obtain the
following expression

o P 0
p+NQL-p) ©

This result accounts multiple back scattering and may
be used to explain the experimental data and to determine
the parameters of the systems in the presence of a certain
number of consecutive defects.

A rather interesting special case is obtained in the case
of equiprobable forward and backward scattering, that is,
inthe case p=q = 1/2:

(10)

The main feature of the results (9) and (10) is the
absence of characteristic exponential dependences on the
number of defects and (or) on the length of the conductors,
which are typical for ordinary absorption. Apparently, this
is due to the fact that as a result, all possible trajectories of
the particle's motion were taken into account and this result
cannot be represented as a product of factors respecting to
separate spatial parts of a conductor or a product of factors
that correspond to successive time intervals. In other
words, this process cannot be represented in the form of
Markov chains, and is an example of a non-Markovian
process. Thus, the model of radiative heat transfer with
successive scattering centers and absorption considered in
this article corresponds to a certain integral process with a
certain integral equation. Strictly speaking, such integral
equations were obtained and investigated in two-
dimensional [5] nanostructures.

Another feature of the result (9), and even more so of
the result (10), is their unexpected simplicity. It testifies,
among other things, that this result may have a simple
physical meaning or a mathematical derivation. Indeed, the
results (9) and (10) can be obtained by the induction
method starting from the case of one defect, when P(N =
1) = p (or the case of the absence of defects P(N = 0) = 1)
and the recurrence relation that connects P(N) and P(N —
1):

Rt = R+ E. (1

On the one hand, the solution of the recurrent equation
(11) immediately gives the result (9). On the other hand,

this result allows us to pass to the notations of heat
resistances in relations (1) and (2).

Q=1 aT
RZ

(12)

If we assume that the cells in the considered problem
consist of different materials, then the probability forward
scattering at the boundaries will be unambiguously related
to Kapitsa's resistance. In this case, the resistance of such a
sample will be determined by the sum of the resistances:

Ry = Ruyin + NRy (13)

Here R.;, =1/ K, is the reciprocal of the quantum of heat

conductance, and Rk is the Kapitza resistance for one-
dimensional case:

1-—
R == R (14)

The relations similar to (21) were used in [6] to describe
the thermal properties of polycrystals.

Thus, the article proposes an original approach for
calculating the phonon-induced heat flux in one-
dimensional nanostructures. This approach is implemented
within the framework of the theory of random walks in the
presence of scattering centers. As a result, an explicit
expression (5) was obtained for the probability of a phonon
passing through a system consisting of a given number of
defects with a known transmission coefficient. Limiting
cases (9) and (10) of the general result are considered. The
relationship between the obtained result and the results of
other works is discussed.
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B poboti HaBemeHi pe3ydbTaTH MAOCTIHKEHb KIATPATHOTO KOMIUIEKCY 13 1€papXidHOI0 apXiTEeKTyporo KoH}iryparii
cyOrocmnonap<rocrnoaap<ricte>>. B ekcriepuMeHTax MaTepianoM-TocmnogapeM OyB HaIliBIPOBITHUKOBHI MOHOKPHCTAJ CEICHI/I Tallio
(GaSe), sixuii BoJIOZIi€ SICKPABO BHPaKEHOIO HIAPyBAaTOIO CTPYKTYPOIO i MOKe OyTH BHKOPHCTaHHH SIK MaTpuIiyl i3 2D roctboBuMH
no3utismu. CynpaMoIeKyIIpHIM KaBiTaHIOM BUCTyNaB OertanuiiioakeTpuH (B-11J1), sikuii XapakTepru3yeThesl HasIBHICTIO BHY TPIIIHIX
MOJIEKYJISIPHUX MOPOKHMH, B SIKI MOXKYTh OyTH BIPOBAaJPKEHI FOCTHOBI KOMITIOHEHTH 1 MOXKe OyTH BHKOPHCTaHWH SK IPOMDKHUMA
«rocmogapy. «['ocrem» Oyno 0OpaHo MonekysapHuit o (J2), skuil 3AaTHUI YTBOPIOBATH KOMIUICKCH 32 MPUHIIMIIOM 3aMOK-KJIFOY 13
B-mmknonexcrpuHoM. @opmyBanHs knatpary GaSe<B-LIJI<J2>> BinOyBanocs 3a TpHCTaAiHHOIO IHTEPKAAIHO-Ie1HTepKAIAII THOIO
TEXHOJIOTi€10, B pe3yJbTaTi AKOI, HA TPEThOMY €Tami Ii€i TeXHOJOTi4HOi omeparii MoHOKpHcTan GaSe IOCATHYB S-KpaTHOTO
posmmpenHs. JIOCHiIPKeHHs eJNIEKTPONPOBITHAX Ta MOJPU3AMiHHMUX BIACTHBOCTEH OTPHMAHOTO KJIATPATy MPOBEJACHI METOIOM
iMnenancHoi cnekrpockomnii B gianasoni wactor 10-3-10° I'i 3a HOPMaIbHUX YyMOB, 3a HAKJIAJaHHS MOCTIHHOIO MAarHiTHOTO IIOJS
HampykeHicTio 220 KA/M Ta 3a OCBITJIIEHHs (iMITaTOpOM COHSYHOTO BHIIPOMIHIOBaHHS MHOTYXHicTIo 65 Bt). JlomimkoBuii
EHepreTHYHUI CIIEKTpP JOCITIPKEHO METO/I0OM TepPMOCTHMYJIOBAHOTO PO3psiay. B pe3ynbrarti mpoBeaeHHX TOCIiIKEHb CHHTE30BaHOTO
KOMIUIEKCY BHSBJICHO HACTYIHI sIBUINA: eDEeKT «Bia’€MHOT EMHOCTI», MAarHETOPE3UCTUBHUM e(eKT 1 MarHeTo- Ta (HOTO-TieTeKTPUIHHI
edext. Pe3ynbraTn 1OCHiKEHh OTPUMAHOTO KJIATPaTy BKAa3yIOTh Ha HOTrO MOJKJIMBE MPAaKTHYHE 3aCTOCYBAHHS JJIS BUTOTOBIICHHS
0e3TipaTOpHUX HAHOJIHIM 3aTPUMKH, TapaMeTpaMH SKHX MOXHa KepyBaTH IMOCTIfHAM MAarHiTHHM IIOJIEM Ta CBITIOM. A TaKOX,
KJIaTpaT Moke OyTH BUKOPHCTAHHIA K BUCOKOUYTJIMBHI CEHCOP MAarHITHOTO ITOJISI PE3UCTHBHOTO Ta EMHICHOTO THITY.

KiouoBi ciioBa: kaaTpart, iHTepKaJALis, iepapXidHa apXiTeKTypa, CHCTeMa «TOCIIOap-TiCTh)»

Properties and possibilities of practical applications of GaSe crystal

intercalated with B-cyclodextrin doped with iodine
V. Maksymych?, Dariusz Calus?, R. Shvets?, P. Chabecki?, I. Bordun'?, N. Pokladok?,
F. Ivashchyshyn??

Institute of Applied Mathematics and Fundamental Sciences, Lviv Polytechnic National University, Bandera Str. 12, 79013 Lviv, Ukraine
2 Faculty of Electrical Engineering, Czestochowa University of Technology, Al. Armii Krajowej 17, 42-200 Czestochowa, Poland

The clathrate complex of hierarchical architecture was successfully synthesised by the intercalation of beta-cyclodextrin (B-
CD) and molecular iodine (J2) in between the layers of five-fold expanded matrix of gallium selenide (GaSe). The obtained clathrate
was investigated by the impedance spectroscopy under normal conditions, at illumination and in the constant magnetic field and the
character of clathrate response to the ac electric field was established. As a result of studies of the synthesized GaSe<f-CD<J>>
complex the following phenomena were found: the effect of the effect of negative capacitance, magnetoresistivity effect and
magnetodielectric and photodielectric effects. The research result of the obtained clathrate indicates its possible practical application
for the creation of nongyrator delay nanolines, the parameters of which can be controlled by a constant magnetic field and the light.
The clathrate can also be used as a highly sensitive magnetic field sensor of resistive and capacitive type.

Keywords: clathrate, intercalation, hierarchical architecture, host-guest system.

CBONMCTBA M BO3MOXHOCTH ITPAKTUYECKOTO MPUMEHEHU KpucTaia GaSe
MHTEPKATUPOBAHHOTO B-IIUKIIOJEKCTPUHOM JIOMMUPOBAHHOTO MO I0M
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Bracmusocmi i moscnugocmi npaxmuunoeo 3acmocysanns kpucmany GaSe inmepkanbo8anoeo f-
YUKTOOEKCMPUHOM OONOBAHO20 UOOOM

B. Makcumuu?, JI. Hanyc?, P.1sen?, I1. Xa6enxuii?, U. bopayn’?, H. Iloknagox?!,

®. Upamumumnul?

Y Unemumym npuxnaduoti mamemamuxu u yynoamenmanvnoix nayk, Hayuonanouviii ynusepcumem ,,JIv6osckas nonumexnuxa”, yi. Cmenana
banoepwi, 12, 2. JIveos, 79013, Vrpauna
2 Dnexmpomexnuyeckuii paxyromem, Yencmoxosckas Honumexnuxa, npocn. Apmuu Kpaeeoti 17, 42-200, Yencmoxoea, onvwa

B paGote npuBeneHs! pe3yIbTaThl HCCIEAOBAaHMN KIATPAaTHOTO KOMIUIEKCA C HePapXHIeCKOil apXUTEKTypoH KOH(QUTYpaIuu
CyOXO03sMH <XO035MH <roCTh>>. B 3KcneprMeHTax MaTepHaloM-X035HHOM OBUI OTYTIPOBOXHUKOBEIA MOHOKPHCTAJLI CEICHH TAILTUS
(GaSe), koTOpBII 00IaaeT SAPKO BBHIPAKEHHOH CIOMCTON CTPYKTYPOH M MOXET OBITh MCIOJIB30BaH Kak MaTpuua ¢ 2D rocTeBRIMU
no3unusaMHu. CynpaMoJIeKyIsipHBIM KaBUTaHAOM BbICTyman OeranukioakcTpuH (B-LIZ1), koTopwlii xapakTepusyeTcs HaIUIHEM
BHYTPEHHHX MOJIEKYJIIPHBIX MOJOCTEH, B KOTOPbIE MOTYT OBITh BHEJPEHBI TOCTEBBIE KOMIIOHEHTHI U MOXKET OBITH MCIIOIB30BaH KaK
MIPOMEKYTOUHBIH «x03stH». «['ocTemM» ObLT M30paH MoOdeKyIApHbIi Hox (J2), KOTOpEI crocoOeH 00pa3oBbIBaTh KOMIIIEKCHI IO
MIPUHIUITY 3aMOK K04 ¢ P-muxinomekcrpuHoM. Popmuposanue kmarpata GaSe <B-IJI<J2>> mpomcxoamino mo TpexcTaauiHON
HHTEPKAJLIINOHHO-ACHHTEPKASIUIHON TEXHOJIOTHH, B pe3yJIbTaTe KOTOPOH, Ha TPEThEM JTale ITOW TEXHOJOTHYECKON OIepayuu
MoHOKpucTtaiul GaSe pocTur 5S-kpatHoro pacumupeHus. MccienpoBaHue 3IJIEKTPONPOBOAHBIX M TOJSPU3ALMOHHBIX CBOWMCTB
TMOJTy4EeHHOTO KJIaTpaTa MpOBEAEHbl METOJ0M HMIICIAHCHON CTEKTPOCKONMMH B auanasoHe dactor 10°-108 T mpu HopMasbHBIX
YCIIOBHSX, IPH HAJIO)KEHHUE TIOCTOSTHHOTO MarHUTHOTO TIOJISI HAIPSHDKEHHOCTHIO 220 KA/M U IIPH OCBELICHUH (MIMUTATOPOM COJTHEYHOTO
H3Ty49eHUs] MOUTHOCTBIO 65 BT). [IprMecHbIid 3HEPreTHIeCKHid CIEKTp UCCIAEA0BaH METOIOM TEPMOCTHMYJIHPOBAHHOTO paspsna. B
pe3ynbTaTe MPOBEACHHBIX UCCIIEI0BAaHUI CHHTE3NPOBAHHOTO KOMIUIEKCA BBISIBICHBI CIIEIYIOMINE SABICHUS: 3(QHEKT «OTPUIATETBHOM
E€MKOCTH», MarHETOPE3UCTUBHUM 3(PPEKT U MarHeTo- ¥ GpoTo-nudnekrpudeckuii 3pdexTrl. Pe3ynpraTsl nccnenoBaHuil MOIyIEHHOTO
KJIaTpaTa yKa3bIBalOT HAa €ro BO3MOXKHOE NPAaKTHYECKOe MPUMEHEHHE Ul M3TOTOBJICHHS Oe3rHMpaTOPHBIX HAHOJIMHUH 3a/IepiKKH,
rapaMeTpamMy KOTOPBIX MOXKHO YIIPABJIAThH IIOCTOSHHBIM MAarHUTHBIM ITOJIEM M CBETOM. A TakKe, KJIaTpaT MOXKET ObITh MCIOJIB30BaH
KaK BBICOKOUYBCTBUTEIBHBIH CEHCOP MarHUTHOT'O HOJISI PE3UCTUBHOTO M eMKOCTHOTO THIIA.

KoroueBble ci10Ba: KIIaTpaT, MHTEPKALIIHS, HepapXUUecKasi apXUTEKTYypa, CHCTEMA «XO3SHH-TOCTBY.

TOCTBOBOTO KOMIIOHEHTY HE IIPHU3BOIUTH 10 HOMITHHX
Beryn
Cy4acHH pO3BUTOK HAHOTEXHOJIOT1H 1 HAHOTIPUCTPOIB

3MiH peanbHOi YaCTHHU KOMILIEKCHOTO TIHTOMOTO OTOpY,
TaK SK 3HAYEHHS i CaM XapakTep MOBEiHKH 3aJIeXKHOCTI
BHMBIB Ha 4ilbHE MicIe 3JIMIIAETHCA IPAKTHYHO O€3 3MiH (kpuBa 1 Ta 2 Ha puc.1).

(YHKIIOHATFHUX MaTepialiB i HAHOCHCTEM Ha 1X OCHOBI.

3ala4y CTBOPCHHS HOBHUX

Meron  iHTepKaysilii, 3aCTOCOBaHMN JI0  CHHTE3Y
reTepPOCTPYKTYPOBAHUX MaTepialliB 103BOJISIE CTBOPIOBATH 5
CYNpaMOoJIeKyJISIpHI KOMIUIEKCH 32 TPHHIMIIOM 3aMOK-
KJIFOY, 3a SIKUM 3B’SI30K MDXK TOCHOAapeM Ta TOCTeM 10°

XapaKTepU3yeThesl CIabKOI B3aEMOJI€I0, L0 J03BOJISIE

30eperTH iIEHTUYHICTD 1X BiactuBocTel [1-3]. E’ 10
[MoOymoBa KimaTpatTiB 13 i€papXidHOI OYIOBOIO S 10°
CyTPaMOJICKYISIPHAX aHcaMOIIiB a
cybrocnogap<rocnomap<ricte>> 103BoJsI€e (HOpMyBaTH 10°
HEOpraHIYHO/OpTaHiuHi CTPYKTYpH, sIKi OW BoJOILIN 7
moTpiOHOIO  (QyHKIiIOHANBHOIO TriOpuaHicTIO. Tak B .
HEellaBHO CHUHTE30BaHMX HAMM KJlaTpaTrax 3a KiMHATHUX | e e e e . .
Temmeparyp i B cIa0KMX MAarHiTHHX IIOJIAX BHSBICHO 10° 107 10" 10" 10" 10° 100 100 10" 10°
KOJIOCAJIbHUH MAarHiTOPE3NCTUBHUMA Ta MarHiTOEMHICHHN o, 'y

ebextn [4,5], sBUIIE Bi’€MHOI €EMHOCTI Ta MOXKIIUBICTh
HAKOIMYCHHS CJICKTPUYIHOI €HEeprii Ha KBAHTOBOMY PiBHI
[6,7], Puc. 1. YacToTHI 3aJIe3)KHOCTI HiHCHOI CKIag0BOI IIMTOMOTO

iMmnenancy s knarpary GaSe<B-I[I<J2>>, BumipsHi 3a
Pe3y1bTaTH Ta iX 06r0BOpeHHS HOpPMaJbHUX yMOB (2), B MarHitTHomy nom (3) Ta mpu
Ha puc. ]| HaBeleHi 4YacTOTHI 3alekKHOCTI AifiCHOI ocsitnenti (4). (1) — S-kpatHo posumpena matpuis GaSe.
CKJIAIOBOI KOMIUIEKCHOTO MUTOMOro iMnenancy (ReZ(w)),

BHMIpsIHI B HampsMKy Kpucrtanorpadignoi oci C 5-

KpPaTHOTO PO3LIMPEHOro MOHOKprcTary GaSe ta kiarpary
GaSe<p-1[/[<J>>> cdhopMoBaHOTO Ha HOro OCHOBI. I3
NpPEJICTaBIeHNX 3ajlexHocTei ReZ(w) BuMIpsHHX 3a
HOpPMaJbHUX YMOB JUIi 000X JOCIHIDKYBaHUX 3pa3KiB
MOKEMO BIIPOBAKCHHS

3pO6I/ITI/I BHUCHOBOK, ji(e]

Sk nnst BuXigHOI 5-KpaTHO po3iupenoi marpuui GaSe Tak
i s xiarpary GaSe<f-1[/][<J,>> 3anexuicts ReZ(w)
Bene cebe  3BUKIUM KBa3irOpU30HTAIbHA
HHU3bKOYACTOTHA BiTKA MEPEXOAUTh y BHU3CMAJAIOUY MPU
BHUIHMX YaCTOTAX 32 PAXyHOK BKIAJy MEPECKOKIB HOCIIB

YHUHOM:

40 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun. 34, 2021



B. Maxcumuy, JI. Lanyc, P.1lseys, I1. Xabeyxi, 1. bopoyn, H. Iloxknaooxk, @. leawuuiun

3apsLy 10 JOKaJTi30BaHMWX CTaHaX MmoOmm3y piBHA Depwmi,
a00 mporieciB 30yKEHHA-3aXOIIICHHS X Y XBOCTH 30H UM
B 30HH JIEJIOKAJII30BaHUX CTAHIB.

Hist mocrifiHOTO MarHiTHOTO TMOJA (KpHBa 3 Ha puc.l)
NIPU3BOJUTH O BUHUKHEHHS B YaCTOTHOMY Jjiana3zoni 10
31 I'm ;0MaTHOTO MarHITOPE3UCTHBHOTO edekTy, a B
1+108 Tm - Bix’emHOrO
MarHiTOpe3nCTUBHOIO, YOr0 HE CIIOCTEPIraeTbesl ISt
BUXiZHOI S5-KpaTHO posmmpeHoi Matpuui GaSe. Jlanwuii
edexr,
MIEPEpO3IOIIIOM CTaHIB EJIEKTPOHHOI IiJCHCTEMH, SK
OyIo moka3aHo pasimie B pooori [8].

YaCTOTHOMY  Jiara3oHi

HalliIMOBipHIIe, BUKINKAHANH 3€€MaHIBCHKUM

BrumB cBitina, o4ikyBaHO, HPU3BOJAWUTH 10 3HAYHOTO
3MEHIIECHHS PeaJbHOI YaCTHHH KOMIUIEKCHOTO OIOpY 3a
paxyHOK (OTOYYTIMBOCTI HamiBIPOBITHUKOBOI MaTpHIL
GaSe. BripoBa/ikeHHsI CyNpaMoJIeKyJIsIpHOTO KaBitaTy -
L[J[<J,> He mNPU3BOIUTH 1O IOMITHOTO 3POCTAaHHSI
knarpary GaSe<pf-L[/[<J,>>,
3aJIMIIAETHCS MPAKTHYHO HAa TOMY K PiBHI, 10 1 AJst 5-
matpumi GaSe, i

Takmifi pe3ynapTaT CBIAYUTH TIPO
BKIIaA B  (OTOCIEKTPOIPOBIAHICTH
cybrocnomaps — 5-KpaTHO PpO3LIMPEHO]
Matpumi GaSe.

($hOTOUYTIMBOCTI BOHA
KpaTHO pPO3IMINPEHOT
po/pL=31.6 pazm.
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Puc. 2. CTpyMH TEpMOCTUMYJIHOBAHOTO PO3PSAY BUMIpsHI
Uil 5-xpaTHO posmmpeHoi matpumi GaSe (1) ta kmarpary
GaSe<B-11<J2>> (2).

3 Meroro OBl JETaNbHOTO JIOCHI/PKEHHSI CTPYKTYpH
JIOMIIIKOBOTO E€HEPreTUYHOT0 CHEKTPY JOCIIKYBaHOTO
knarpary GaSe<p-I[/]<J,>> Oynu BHUMIpsSHI CIEKTPH
TEPMOCTUMYJIbOAHOTO po3psny (puc.2). Y BHUMAIKy
BHXiIHOT posmupeHoi  martpumi  GaSe
CIIOCTEpIraEMO  MIiHI3OHHWM XapakTep CHEPreTUIHOTO

5-KpaTHO

CIIEKTPY 13 TJIMOOKMMH TIACTKOBHMH IIEHTPaMH, IO
XapakTepHO Ul po3iupeHux kpucranis GaSe. B mpomy
BUIIAJKy  BigOyBaeTbcsi  pejakcaliss — romosapsny,
3yMOBJICHA 1HXKEKII€I0 HOCIIB 3apsiy Ta iX JIOKasi3amliero

Ha  meHTpax  mnpmwiunaHHA. Ilicms  gopmyBaHHA
Ha”ompomapky <fS-L[/[<J,>> mix mapamu GaSe crektp
HaOyBae XapakTepy |y  IBOX
TeMnepaTypHuX iHTepBamax 248+252 Ta 298+332, a
penakcartist

KBa3iHETIepepBHOTO

BiIOyBaeThCsl reTepo3apsiny, 3yMOBIICHA
TIepepO3IOIUIOM HOCIIB 3apsily MiXK HaIliBIPOBITHUKOBOIO
MaTPHLEIO Ta TOCTLOBUM KOMIIOHEHTOM TaKHM YHHOM, L0
cycimHi nmapu pisHuUX (a3 OyayTh 3apspKaTHCs 3apsioM
MIPOTUJICKHOTO 3HAKY 1 IX MOXKHA TOII PO3IJISATH SIK
JTIONI.

BucHoBkH

1. JocmimkyBaruii kmatpatr GaSe<p-L{[<J,>>

NpOSBIIAE IHOYKTUBHY IIOBEHIHKY B CEpPeiHbO- Ta
BHCOKOYACTOTHIH o0Omacti cmektpy. BiH Moxke Oyth
BHUKOPUCTaHUH Ui CTBOPEHHSA Oe3ripaTopHHUX
HAaHOPO3MIPHUX  JIHIA  3aTpUMKH, sKi  OynyTh

0e3mocepeIHLO IHKOPIIOPOBaHI B CTPYKTYpPY IPHUCTPOIB
MIKpO- Ta HAHOEJEKTPOHIKH, a KepyBaHHsS BEIWYHHOIO
IHIYKTUBHOCTI B JaHifl CTPYKTYpl MarHiTHHUM IIOJIEM
BIIKDHBa€  MOXJIMBICTb CTBOPEHHS  HOBOTO
MarHeTOKepOBaHUX JiHiil 3aTPHMKH.

2.  Jnaxnarpary GaSe<p-L[/[<J>,>> 3apeecTpoBaHO
miamazoni  10°3+1 T moparwii

MaFHiTOpeBI/ICTI/IBHI/Iﬁ e(beKT 3HAUYCHHA JdKOIro aocsrae

THITY

B JaCTOTHOMY

pr/po=4,6 pasu, a B yactoTHOoMy piamaszomi 1+10% I'm —
BiJI’€EMHHMI MarHiTOpe3MCTUBHUI e(eKT 3HAYCHHs SKOTO
nocsirae po/py=50 pa3 Ta MarHeToIieIeKTpUIHUN e(EeKT B
yactotHOMYy pianmazoHi 300+10° T’ 3HauenHs sxoro
nocsrae  en/eo=300 pa3, mpu IBOMY TaHTEHC KyTa

CJIICKTPUYHUX BTPAT HpHﬁMa€ 3HAYE€HHsS Habarato MeHII

OJIMHUILI. Bignosinamnit KJaTpar MOXE Oyt
BUKOPHCTaHUHN B TEXHOJIOTII BUTOTOBJIEHHS
BUCOKOYYT/IUBMX  CEHCOPIB  MArHiTHOro TOJIs  SIK

PE3UCTUBHOIO TaK 1 EMHICHOTO TUILY.
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ZnO has been experiencing a research renaissance for several years due to its promising electronics and gas sensing properties.
It has a relatively big Eg = 3.37 eV at room temperature, a considerable exciton binding energy (60 meV), and exhibits n-type
conductivity. One of the most significant advantages of ZnO is its ability to fine-tuning the conductivity and forbidden energy with
doping.

Doping with transition metals can enhance zinc oxide’s physical, chemical, and optical properties. One such material is copper,
which seems to be an interesting dopant due to its high electric conductivity and similar ionic radii. The possibility of achieving the
half-metallic ferromagnetism, p-type conductivity, or shifting the luminescence edge to the blue region seems to be an exciting feature
for modern electronics. What is more, Cu doping may increase the thermal resistivity, which can be applied as the material in high-
power devices.

The following article consists of a detailed review of studies of copper doped ZnO. The first part of the paper consists of a deep
look into the properties of ZnO and the purpose of copper doping of ZnO structures. Due to a wide variety of synthesis methods, the
second part consists of studies on the production methods of such structures. The central part of an article is correlated with the studies
on structural and optical characterization of Cu doped ZnO; thus, the main body of this paper is divided into three sections. For crystal
structure, we derive the analysis of XRD patterns, which gives information on the sub-phases, which may form due to doping. In
addition, UV-Vis absorption gives insight into the new material’s band structure. Finally, a short section about photoluminescence
brings attention to potential applications in LED diodes.

Keywords: crystal structure, doping, photoluminescence.

Briye Mi1i Ha BIaCTUBOCTI OKCUTY IIUHKY — OTJISIA
Edyta Chtopocka, Ewelina Nowak

Faculty of Materials Engineering and Technical Physics, Poznan University of Technology, Poland

ZnO mepexuBa€ IOCIITHUIBKAN PEHECAHC MPOTATOM AEKUTBKOX POKIB 3aBISKHM CBOIM MEPCHEKTUBHUM BIACTHBOCTSAM B
obJacTi eNeKTPOHIKU Ta ra3ojeTekTyBaHHs. Bin Mae BiqHocHO Bemuky Eg = 3,37 eB npu kiMHaTHIN TemIiepartypi, 3HaUuHy €HEpriio
3B's13Ky ekcutoHy (60 mMeB) i mpoBinHicTh n-Tumy. OnHiero 3 HalBaxMBImMMX nepeBar ZnO € HOro 37aTHICTh TOYHO PETYIIOBAaTH
HPOBIJHICT Ta 3a00POHEHY SHEPTIIO 3a JONOMOTOI0 AOMIIOBAHHS.

JlomitoBaHHSI y MIEpeXiTHUX MeTanax Moe MOCHINTH (i3nyHi, XiMI4HI Ta ONTHYHI BIACTUBOCTI OKCUAY IMHKY. OJHUM 3 TaKUX
MaTepialiB € Millb, 10 BUSBISETHCS [IKaBOIO JOOABKOO 3aBISKH CBOTi BUCOKIH €IEKTPOIPOBITHOCTI Ta MOJIOHUM 10HHUM pajiycam.
MOXITUBICTh TOCATHEHHS HAIliBMETaNIeBOro ()epOMarHeTH3My, POBITHOCTI P-THITy a00 3MILICHHS Kparo JIOMiHECIEHIIIi B 00JacTh
CHHBOTO CIEKTPY BHSBIISIETHCS I[IKABOIO OCOOJNMBICTIO A Cy4acHOI eleKTpoHiku. Bimbmr Toro, momiroBanHs Cu Moke 30UTBIINTH
TEIIOBHH OIIip, TOMI Mib MOXKHA 3aCTOCOBYBATH SIK MaTepiai Ul HAATOTYKHUX IIPUCTPOIB.

LIst poboTa ckaga€eThest 3 AeTaIbHOTO OIISAY AociikeHs ZnO, gonioBanoro Mizro. [lepina yacTHHa CTaTTi CKIIAAETHCS 3
rrOOKOro BUBYEHHs BiacTUBOCTeil ZnO Ta IOLITBHOCTI JOMiIOBaHHS Mimaio cTpyktyp 3 ZnO. 3aBAsky HIMPOKOMY PO3MAiTTIO
METOJIiB CHHTE3y Jpyra 4acTHHA CKJIQIAE€ThCs 3 JIOCHTIPKeHb METOZIB BUPOOHHUIITBA TaKMX CTPYKTYp. LleHTpanbHa 4acTWHA CTaTTi
CHIBBIHOCHUTBCS 3 JIOCIIDKEHHSIMH CTPYKTypHOI Ta onTuuHOl xapaktepusarii ZnO, momiiioBaHoro Cu; TakuM YHHOM, OCHOBHA
YaCTHHA IIbOTO JOKyMEHTY PO3JIiJIeHa Ha TPH PO3Aiix. st KpUCTAIIYHOI CTPYKTYPH OTPHMAHO aHAI3 3pa3KiB PEHTTEHOTpPaMH, STKHH
nae iHdopMariro npo cyodasu, o MOXKYTh YTBOPUTHCS BHACIIIOK JomitoBaHHSA. KpiM TOro morimHaHHS y YIbTpadioleTOBOMY Ta
BUIUMOMY Jiarma3oHaXx Jae 3MOTY 3pO3yMITH 30HHY CTPYKTypy HOBOTO Marepiamy. HapemTi, KOpoTkmii po3xmin mpo
(hOTONFOMIHECIICHIIIFO 3BePTAE yBary Ha MOTEHIIHHI MOKJINBOCTI BHKOPHUCTAHHS Y CBITJIONIONAX.

Kinro4oBi cjioBa: xpucranigyia CTpyKTypa, JIeryBaHHs, (POTOTFOMIHECLICHIIIA.
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The influence of copper on zinc oxide properties — a review

ZnO nepexxuBacT UCCIIEOBATEIBCKUI PEHECCAHC B TEUSHHE HECKOJIBKUX JIeT 0J1aroaapsi CBOMM IEePCIeKTHBHBIM CBOMCTBaM B
007acTH SIEKTPOHUKH U rasoferekimu. OH uMeeT OoTHocuTensHO Oonpuryto Eg = 3,37 5B mpu komHaTHOH Temmepatype,
3HAYUTENBHYIO SHEPTUIO ¢BA3U 3KcuToHa (60 M3B) 1 mpoBoauMocTh n-tuna. OTHUM U3 BaXHEHIINX IpenMyiecTB ZnO sBiseTcs ero
CIOCOOHOCTB TOYHO PETyIMPOBATH IPOBOJUMOCTD H 3aIPEIIEHHYI0 SHEPTHIO C OMOIIBIO JOTIHPOBAHHS.

JlonmpoBaHye B IEPEXOJHBIX METalIaX MOXKET YCHINTH (GH3MIECKHEe, XUMUYECKHE W ONTHYECKHE CBOMCTBAa OKCHAA IMHKA.
OmHEM W3 TaKMX MaTepHANIOB SBISIETCS MeAb, KOTOpas OKa3bIBaeTCS HMHTEPECHOW mo0aBKoi Omaromapst CBOEH BBICOKOM
JIEKTPOIIPOBOAHOCTH W MOJOOHBIM HOHHBEIM panuycaMm. Bo3MOXHOCTH IOCTH)KEHHS HMOITyMETAUIMYECKOTo (eppoMarHeTu3Ma,
MPOBOAUMOCTH P-THUIA WJIN CMELICHHS Kpast JIIOMUHECLIEHIIMU B 00JIACTh CHHETO CNEKTpa OKa3bIBACTCS MWHTEPECHOH OCOOCHHOCTHIO
JUIsL COBPEMEHHOM 3IeKTpOoHuKH. bonee Toro, ponupoBanne Cu MOXKET YBEIHYHUTh TEIUIOBOE COIPOTHBICHUE, TOT/A MEIb MOXKHO
NPUMEHSATH B KAYECTBE MaTepHala Ul CBEPXMOLIHBIX yCTPOHCTB.

Ota paboTa COCTOUT U3 AeTalbHOro 0030pa ucciaenoanuii ZnO, TONMPOBaHHOTO Menblo. [lepBast 4acTh cTaTbU COCTOUT U3
ITyOoKoTo0 H3y4deHus cBoicTB ZnO u 11enecooO0pa3HOCTH 0N POBaHMS Mebio CTPYKTYp ¢ ZnO. biarogapst mupoxomy pazHooOpasnio
METOJIOB CHHTE3a BTOpasl 4acTh COCTOHMT M3 HCCIENOBAHMII METOIOB IPOM3BOJICTBA TAaKUX CTPYKTYp. LleHTpanbHas gacTh cTaTbu
COOTHOCHTCS C HCCIIEZIOBAaHMSIMU CTPYKTYPHOH ¥ ONTHYeCKOH Xapakrepu3anun ZnO, gomupoBanHbX Cu; TaKnM 00pa3oM, 0CHOBHAs
9acTh ATOTO JOKyMEHTa pa3felneHa Ha TpH paszaena. I KpUCTaUTNYecKOH CTPYKTYpPHI MOIyYeH aHAIN3 00pa3lioB PEHTI€HOTPAaMMBI,
KOTOpBIH maeT mH(popManuio o cyddazax, KOTopsle MOTyT 00pa3oBaThCsl B pe3yibTare JomupoBanus. KpoMe Toro, norionieHne B
yIbTPaUOIETOBOM M BUANMOM JIHANa30HaX MO3BOJIIET MOHATH 30HHYIO CTPYKTYpY HOBOro Marepuana. HakoHen, KOpOTKHil paszern

0 (hoTOMOMHHECIHEHINY 00palaeT BHUMAaHNE Ha IOTEHINAIbHBIE BO3MOKHOCTH HCIIOIb30BAHMS B CBETONOIAX.
KnrodeBble c10Ba: KpucTaIHYeCKas CTPYKTypa, JISTHPOBaHUE, (POTOTFOMUHECIICHIIS.

1. Introduction

ZnO is a widely researched material for multiple
applications. It is an 11-VI compound semiconductor,
which due to its native defects, exhibits n-type
conductivity. Material has a wide bandgap equal to 3.37 eV
and large exciton binding energy (60 meV). Good
transparency over a wide range of wavelengths makes it an
attractive material for flexible, transparent electronics.
ZnO has high electron mobility, exhibits strong
photoluminescence at room temperature, and is chemically
and thermally stable. The lack of rare earth elements and
toxic environmental pollutants makes it an inexpensive and
easily disposable material [1]. On top of that, ZnO has
piezoelectric properties due to the hexagonal wurtzite
structure [2].

Applications of zinc oxide include photocatalysis, solar
cells, UV protectors, and gas sensing devices. Moreover,
the semiconductor is also considered a potential material
candidate for piezoelectric devices [2-3]. ZnO can be found
in surface acoustic wave devices, varistors, planar optical
waveguides, and ultraviolet photodetectors [3]. Zinc oxide
nanoparticles have good biocompatibility to human cells
and have been used in the treatment of cancer [1]. From all
of the above, gas sensing is incredibly widely researched.
ZnO is an n-type semiconductor and, as such, can be used
in MOS devices. ZnO can be used as CO [3-5], ethanol [6],
and acetone vapor sensor [7].

Doping with transition metals can enhance zinc oxide’s
physical, chemical, and optical properties. Copper sparks
interest as a ZnO dopant due to its high electric
conductivity and similar ionic radii [2]. The Cu-doped ZnO
exhibits half-metallic ferromagnetism [8]. Cu has been
known to cause ZnO emission in the light-blue range when
used as a dopant. Cu doping can change the conductivity
and visible luminescence in connection with Cu [9].

This paper is an overview of the influence of copper
doping on zinc oxide. We undertook this study to bring
experimental results from researchers and compare their
findings with each other and first-principle calculations

[4].

2. Synthesis

Ha pmc. | HaBeneHi YacTOTHI 3aJIe)KHOCTI MiHCHOI
CKJIJIOBOT KOMILIEKCHOTO nuToMoro imnenauncy (ReZ(w)),
BUMIpsiHI B HaIlpsMKy Kpucraiorpadiuaoi oci C 5-
kpatHoro posumpenoro Cu doped ZnO can be obtained in
a variety of methods. Due to the ease of synthesis, one of
the most often chosen synthesis methods is the sol-gel
process. The technique allows elaborating a solid material
from a solution using a sol or a gel as an intermediate step
and at much lower temperatures than traditional
preparation methods. The synthesis of solid materials with
a sol-gel way often involves wet chemistry reactions and
sol-gel chemistry based on the transformation of molecular
precursors into an oxide network by hydrolysis and
condensation reactions [10]. Due to its advantages, the
method was used for the synthesis of Cu-doped ZnO
powders [11], thin solid [12], and nanocrystalline [13]
films, as well as nanoparticles [7, 14, 15].

Another inexpensive method is the chemical co-
precipitation method. Co-precipitation is a phenomenon in
which the fractional precipitation of an ion in a solution
results in the precipitation of other ions in the solution [16].
In addition, it does not require a high process temperature
and is environmentally friendly [2]. This method was used
in the synthesis of Cu-doped ZnO nanoparticles [ 1-3, 16].

Another approach to obtaining doped zinc oxide thin
films is the spray pyrolysis technique [5, 6]. In this method
of thin-film preparation solution is sprayed on a heated
surface, where the constituents react to form a chemical
compound.
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In many studies, synthesis of Cu-doped ZnO required
vacuum. There are reports of thin films deposited by co-
sputtering using ZnO and Cu targets [4], pulsed laser
deposition [17] and electron beam techniques [17].

3. Crystal structure

Under normal conditions, non-doped ZnO crystallizes
in the wurtzite structure with a hexagonal cell; the space
symmetry group is (P63mc). Each zinc atom is surrounded
by four oxygen atoms located at the corners of a nearly
regular tetrahedron [18]. Wurtzite zinc oxide has a
hexagonal structure (space group C6mc) with lattice
parameters a = 0.3296 and ¢ = 0.52065 nm [19]. The
tetrahedral coordination in ZnO results in non-central
symmetric structure and consequently piezoelectricity and
pyroelectricity. Another important characteristic of ZnO is
polar surfaces - the oppositely charged ions produce
positively charged Zn-(0001) and negatively charged O-
(0001) surfaces, resulting in a normal dipole moment and
spontaneous polarization along the c-axis [19]. Many
particular features of ZnO are determined by the fact that
among the elements of the sixth group, the ionization
energy of oxygen is the highest, which leads to a strong
interaction between the Zn3d and O2p orbitals [18].

For the influence of Cu doping on ZnO structure, XRD
is one of the most used techniques. The crystalline nature
of Cu doped ZnO is identical to pure ZnO, even in cases of
significant doping in [4], where the atomic ratio of Cu/Zn
was as high as 0.38. The peaks can be found around 31.78°,
34.43°, 36.25°, 47.57°, 56.63° and 62.89° which
correspond to the Miller Indices (100),(002),(101), (1
02),(110)and (10 3)[2]. Usually [1-3, 7, 14, 16], the
most prominent is the (1 0 1) plane except for study [4],
where the thin film had a dominant (002) peak. There are
no clear humps that can be unambiguously identified as
copper or copper oxides in all cases. It can be concluded
that copper is being incorporated into the zinc lattice site
rather than at the interstitial position. It is possible and
predictable because Cu has similar ionic radii to Zn.

Lattice parameters are stable and equal to about 3.25 A
for a and b constants and 5.20 A for ¢ constants [1, 2, 20].
Furthermore, [1] explains that the little change in a and ¢
constants does not change the a/c ratio significantly, which
stays at 1.60 A. What does change is the crystalline size in
studies on nanoparticles. In [1], crystalline is getting bigger
with the increasing content of copper. After further
reading, in [2], the grain size is getting minor upon doping
under 5% Cu, similar to [16]. Copper concentration above
5% caused the grain size to increase again. These three
studies obtained their samples through the chemical co-
precipitation method, the only difference being used
chemicals.

4. UV-Vis absorption

Researchers agree that Cu doping decreases the optical
energy bandgap [1, 2, 20]. Change towards lower energy is
to be expected when considering the Cu bulk material band
gap equal to 1.4 eV [21]. There can be exceptions to this,
for example, being [21] work, where the bandgap increases
significantly in Cu doped nanocrystals. The author
underlines that this change is anomalous and links it to
second-order perturbation theory, which may be more
prominent in nanocrystals. On the other hand, it confirms
the uniform substitution of Cu ions in the ZnO lattice, as
explained in works of [22]. First-principle calculations
show that the energy gap can be decreased as much as
0.15eV by just 6% doping [20]. In the experiment, the
most prominent example is [2]’s work, where the bandgap
dropped to 2.94eV with 7% wt doping. In comparison, the
bandgap in [1]’s study has only decreased to 3.28 eV at
10% doping which shows that lowering the bandgap is not
trivial. As mentioned earlier, the crystalline structure is
almost identical to that of ZnO. Drop-in bandgap originates
not from the structure but many effects taking place like
the p-d spin-exchange interactions between the band
electrons and the localized d electrons of the transition-
metal ion substituting the Cu2+ ion., strong p—d mixing of
O and Cu, and many-body effects on the conduction and
valence bands. Many-body effects shrink the bandgap,
which originates from electron interaction and impurity
scattering; It has been attributed to the merging of an
impurity band into the conduction band and, in the process
shrinking the bandgap [2].

5. Photoluminescence
The effects of Cu doping can be seen in PL spectra.
Zn0O has one peak in the UV region and one in the visible
region. Cu doping results in increasing PL intensity of
visible region peaks and decreasing UV region peaks
simultaneously. An increase in visible region intensity can
be linked to defects such as oxygen and zinc vacancies
being more prominent in higher doped ZnO [2].
Characteristic green band emission has been reported in
numerous articles like [2] and [17]. The latter work is
exciting due to the phenomena of green or blue-emitting
Cu-doped ZnO depending on the method of fabrication and
temperature of annealing. Furthermore, a redshift of
spectra has been observed. It is in agreement with previous
findings of change in electronic structure; impurity states

are created below the conduction band [2].

6. Conclusions
Copper doping enhances ZnO properties. It is the most
prominent in PL studies, where copper doping increases
light emitted in the visible spectrum. Cu-doped ZnO is a
promising material for cost-effective blue, green, and white
LED [17].
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There is a considerable amount of studies being done
on improving gas-sensing properties of ZnO by Cu doping.
It has been shown that Cu adsorption is promoted at the Cu
sites [4]. Furthermore, copper doping allows zinc oxide to
detect ethanol vapors [6], H2, and LPG [3]. UV light
illumination on samples caused the detection of acetone
and ethanol at room temperature [7]. Studies
experimenting with the percentage of doping material and
fabrication of samples show that there is much potential in
the gas-sensing capabilities of this material.

It is worth mentioning that Cu doping allows keeping
the well-known hexagonal wurtzite structure of zinc oxide
and at the same time make the material more resistant to
high temperatures [ 1] and lowers its bandgap [1, 2, 20].
First-principle calculations show that introducing copper
into the ZnO structure may lead to p-doping [20]. Thus the
investigation of the ZnO doped with copper may help
create ZnO-based junctions.

This work was supported by the Ministry of Science
and Higher Education of the Republic of Poland, grant no.
0511/SBAD/0018
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Regular and stochastic dynamics of the Duffing oscillator excited by the
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P.K. Sikorski, 1.0. Anisimov

Taras Shevchenko National University of Kyiv, 60 Volodymyrska St., 01033, Kyiv, Ukraine
sikorskiphilipp@knu.ua

ORCID: 0000-0002-9764-259X, 0000-0002-6185-1162
DOI: 10.26565/2222-5617-2021-34-09

Regular and stochastic motion of the conservative oscillator with the cubic nonlinearity due to the external harmonic force
(Duffing model) was analyzed numerically. This model corresponds to a wide class of real systems: oscillating circuit with nonlinear
capacitance, forced oscillations of mathematical pendulum, the electron’s motion in a crystal and others. Duffing equation can be
transformed into Ueda equation, that depends only on two parameters — normalized magnitude and normalized frequency of the external
force. Oscillation plots, 3D phase portraits, spectra and point mapping for various parameters and initial conditions were obtained.

Regular motion corresponds to phase oscillations around points of nonlinear resonances. Phase oscillation are non-isochronous
due to the Dufffing oscillator nonlinearity. These results can be interpreted in the terms of Kolmogorov — Arnold — Moser and Poincare
— Birkhoff theorems. Sequence of the alternation of higher-order resonances on the point mapping is determined by the free oscillations’
law of non-isochronism.

Stochastic motion was detected via continuous spectrum and irregular character of the point mapping. Stochastic motion
appears in the vicinity of the phase oscillations’ separatrices and can be associated with the heteroclinic structure formation. For this
case irregular jumps between different parts of the separatrix can be clearly observed at the oscillation plots. Another case of the
stochastic motion is the nonlinear resonances’ overlapping according to Chirikov criterion (for larger amplitudes of the external force).
Initial stage of the overlapping of several resonances was observed when stability areas remained substantial. Oscillation plot for this
mode becomes more complicated. Further increase in the amplitude of the external force leads to the formation of the wide area of the
stochastic motion (stochastic sea) with small islands of stability on the mapping.

Key words: Duffing oscillator, nonlinear resonance, stochastic dynamics

PerynsipHa Ta croxacTuyHa AuHamika ocuuisitopa doddinra,

30yIPKEHOTO TAPMOHIYHOIO CHIIOKO
®.K. Cixopceknii, [.O. AHiciMOB

Kuiscokutl nayionanonuil ynieepcumem imeni Tapaca Illesuenka, Bonooumupcoka 64, 01033, Kuis, Yxpaina

YKCcIoBMMHM METOJaMH TIPOAHAJ30BaHO PETYISIPHI Ta CTOXACTUYHI KOJNMBAHHS KOHCEPBATHBHOIO OCHUIISITOpPA 3 KyOi4HOIO
HEJTHIMHICTIO Mi Ai€o 30BHIMIHBOI rapMoHiyHOI cuin (Mozens [roddinra). Lis Moaens BiAMoBigae MIMPOKOMY KIIacy pealbHHX
CHCTEeM: KOJIMBHUII KOHTYP i3 HENiHIHHOIO €MHICTIO, BUMYIIICHI KOJMBAaHHS MaTeMaTHYHOTO MasATHHKA, PyX €JIEKTPOHA B KPHCTANI Ta
inmi. PiBasHHEA o ¢inra Mmoxe OyTH mepeTBOpeHE Ha PIBHSIHHS Yelu, sSKe 3aJIeKHUTh TIJIbKH BiJI IBOX MapaMeTpiB — HOPMOBAHOT
aMIUTITYIM T2 HOPMOBAHOT YaCTOTH 30BHIIIHBOT CHIHA. bynio moOyIoBaHO emopy KOJMBaHb, TPUBUMIpPHI ()a30Bi MOPTPETH, CIIEKTPH 1
KapTH TOYKOBHUX BiJIOOpPaXKeHb IS PI3HUX MapamMeTpiB Ta MOYATKOBUX YMOB.

Perymsapauii pyx BimmoBigae (a3oBHMM KOJHMBaHHSAM HAaBKOJIO TOYOK HENIHIMHHMX pe3oHaHCiB. (Da3oBi KOJIMBAaHHI €
HEI30XpOHHMMH BHACJIJOK HeniHiHocTi ocimatopa droddinra. Li pesynbrati MOKyTh OyTH iHTEpPIpETOBaHI B TEpMiHaX TEOpeM
Konmoroposa — Apaonbia — Mo3sepa ta ITyankape — Bipkroda. ITocninoBHicTh 4epryBaHHsS pe30HAHCIB BHUIIUX MOPSIKIB HA KapTi
TOYKOBHX BiJJOOpakeHb BU3HAYA€THCSI 3aKOHOM HEI30XPOHHOCTI BJIaCHUX KOJMBAHb.

CToXacTHYHHMH pyX BH3HAYaBCS 3a HEMEPEPBHHM CIEKTPOM Ta HEPEry/sIpHHUM XapakTepoM TOYKOBHMX BiJOOpakeHb.
CroxacTHUHHUN pyX BHHHKA€E B OKOJI cemapaTpuc (a30BHX KOJIHMBAHb i Moxe OyTH MOB’sI3aHHH 13 (HOPMYyBaHHSAM IeTepOKIIHITHAX
CTpyKTYp. JIst bOTO BHUIAJKY HEperyIsspHi CTPUOKH MiX Pi3HUMH 4aCTHHAMH CEapaTPHCH MOXKHA YiTKO CIIOCTEpIraTH Ha eIopax
KOJIMBaHb. |HIIMI BHUIIAIOK CTOXACTUYHOTO PyXy — Iie IEpPEeKpUTTsl HeNIHIMHUX Pe30HAHCIB BIINOBIIHO 10 KpHuTepito Yupikosa (3a
OUIBIIMX aMILTITY /] 30BHIMIHBOI crim). CrocTepiranacs MOYaTKOBa CTAis IEPEKPUTTS KITbKOX PE30HAHCIB, KON 00JIACT] pETyIIsIPHOTO
PyXy 3aJHIIaNiCs 3HAYHUMH. Emop KoiIMBaHb y IbOMY BHIIAJKy MOMITHO YCKJIATHSAIOThCS. [lofanbline 3pocTaHHS aMILTTYIN
30BHILIHBOT CHJIM BEZIE /10 YTBOPEHHS LIMPOKOI 00JACTi CTOXAaCTHYHOTO PyXY (CTOXacTHYHOIO MOPS) 3 MAJCHBKUMH OCTPIBLSMH
CTIHKOCTI Ha KapTi BiZIOOpasKeHHsL.

Kuouosi cioBa: ocumssitop Aroddinra, HeniHIHHUN pE30HAHC, CTOXaCTHYHA TUHAMIKA

© Sikorski P.K., Anisimov 1.0., 2021



Regular and stochastic dynamics of the Duffing oscillator excited by the harmonic force

Perynspnas u ctoxactuueckas quHaMuka ociusuisitopa oddunra,

BO30YKIa€MOTO TAPMOHHYECKOMN CUIIOM
®.K. Cuxopckuii, U.A. AHCUMOB

Kuescruii nayuonanvnwiii ynusepcumem umenu Tapaca Illesuenxo, Braoumupckas 64, 01033, Kues, Yxpauna

UncneHHO MpoaHaIW3UPOBAHbl PETYIAPHBIE U CTOXACTHYECKHE KoJieOaHUs KOHCEPBATHBHOTO OCHMILIATOpPA ¢ KyOHIecKoit
HEJIMHEWHOCThIO MOJ JeiicTBHEM BHEIIHEH rapMOHMYecKoW cuibl (Moxens Jod¢unra). Ota MOIENs COOTBETCTBYET LIMPOKOMY
KJIacCy peabHBIX CHCTEM: KOIeOaTeIbHbII KOHTYP C HETMHEHHON eMKOCTBIO, BBIHY KACHHBIE KOIeOaHUsI MAaTeMaTHIECKOT0 MasiTHHKA,
JIBIDKEHHE 2JIEKTPOHA B KpUCTaJUIe U Apyrue. YpaBHeHue J{rodduHra MoxkeT OBITh IpeoOpa3oBaHO B ypaBHEHHE YO[B, 3aBHCSIICE
TOJIBKO OT JIBYX I1apaMeTpPOB — HOPMUPOBAHHON aMIUIUTY/AbI 1 HOPMUPOBAHHOM 4aCTOTHI BHEIIHEN cUIIbl. BBUIM MOCTPOEHBI SIIOPHI
KoJeOaHi, TpexMepHbIe (Pa30BBIC MMOPTPETHI, CIIEKTPEl W KapThl TOYEYHBIX OTOOPAKCHUH UIS pa3sHBIX IapaMeTpOB M HaYaIbHBIX
YCIIOBHUIL.

Perynsaproe nBrkeHHEe COOTBETCTBYET (pa30BBIM KOJI€OAHHSAM BOKPYT TOUSK HENMHEHHBIX pe3oHaHCOB. Da30Bble KoneOaHUs
SIBIITIOTCS HEM30XPOHHBIMH BCIIEACTBHE HENMUHEHOCTH ocruisiTopa Jroddunra. OTH pe3ynbTaTel MOTYT OBITh HHTEPIIPETHPOBAHBI
B TepMuHax TeopeM Kommoroposa — Apronsaa — Mo3sepa u Ilyankape — bupkroga. [lociaenoBareapHOCTs YepeJOBaHHS PE30HAHCOB
BBICIIIUX MOPSAKOB HA KapTe TOUEUHBIX 0TOOPaKEeHUI ONPEAENIeTCs] 3aKOHOM HEHM30XPOHHOCTH COOCTBEHHBIX KOJIEOaHMUH.

CToxacTU4ecKoe JBHXKEHUE OIpPEAEIsIOCh II0 HENPEpPhIBHOMY CHEKTPY M II0 HEPEryJIsIpHOMY XapaKTepy TOUYEYHBIX
otobpakeHniH. CTOXaCTHYECKOe JABM)KCHHE BO3HUKAET B OKPECTHOCTSX cemapaTpuc (a3oBBIX KOJIEOAHUH M MOXET OBITH CBSI3aHO C
(OpMHUpOBaHUEM I'eTEPOKINHUYECKHX CTPYKTYp. JJIsl 3TOTO Cllydast HeperyJsipHble CKauKd MEXTy pa3HBIMH YacTsIMHU CerapaTpUChl
MOXXHO Y€TKO HaOJroIaTh Ha JIopax KosebaHui. JIpyroil ciydail cTOXaCTHYECKOTO JIBIDKEHHS — 3TO INMEPEKPHITHE HEITWHEHHBIX
PE30HAHCOB B COOTBETCTBUH ¢ KpuTepueM Unprkosa (Ipu OONBIINX aMIUIUTYyJax BHeIIHei cuibl). Habmronanack HauambHas cTaus
MEPEKPBITUS HECKOIBKUX PE30HAHCOB, KOTJa 0OJIACTH PETYISPHOTO ABM)KEHUS OCTaBAINCh CYIIECTBEHHBIMH. OIOPHI KOJICOaHUH B
3TOM CITydae 3aMETHO YCIOXKHAIOTCS. JlanpHeliee Bo3pacTaHNe aMILTUTYJbI BHEIIHEH CHIIBI BeJEeT K 00pa30BaHMIO MIMPOKOi 001acTu
CTOXaCTHYECKOTO JBIDKECHHS (CTOXaCTHYECKOTO MOPSI) 3 MAJICHBKIMHU OCTPOBKAMH YCTOHYMBOCTH Ha KapTe OTOOPasKeHUSL.

Kirouessle cioBa: ocumwarop JrodduHra, HeMMHEHHBIH pe30HAHC, CTOXAaCTUYECKas JHHAMHKA

Introduction

Oscillator with cubic nonlinearity (Duffing model)
under the action of an external harmonic force is one of the
simplest models that demonstrate stochastic dynamics.
This model corresponds to a wide class of real systems:
oscillating circuit with nonlinear capacitance, forced
oscillations of mathematical pendulum, the electron’s
motion in a crystal and others. Although such models have
long been being studied in the literature (see, e.g., [1]),
conditions of the unpredictable behavior emergence and

y+y+y> =FcosQt, 2)

that depends on only two parameters F = f.\[8/af,

Q=wp/p.
Equation (2) was solved numerically using a package
Wolfram Mathematica 12.0. Oscillation plots y(z), phase

portraits in coordinates (y,y,z), spectra (Fourier

transforms of functions y(z)), and point mappings were

features of this behavior remain unclear. This report studies
different modes of the conservative oscillator with cubic
nonlinearity under the action of an external harmonic force,
including the clarification of the conditions of the
stochastic oscillations’ occurrence.

Model description and methods of analysis
The Duffing model (for the conservative case) is
described by the equation

K+ afx+ Bx® = f, cos pt, 1)

where @, is the frequency of free oscillations of the small
amplitude, g is parameter of the cubic nonlinearity (we
treat only the case f>0), f, and p are amplitude and
frequency of the external force, respectively. In the
transition  to  dimensionless  variables 7=t
y= x\jﬁ/a)o (1) takes the form of the so-called Ueda
equation

obtained. To construct the mappings, 3D phase trajectory
was intersected by planes t=const (over a period of
external force), and then the points of intersection were
projected onto the plane (y,y) [2].

Regular oscillations

Fig. 1 shows a point mapping for various initial
conditions for a small external force (F =1).

In this case the mapping is similar to the phase portrait
of free oscillations, that looks like a set of nested deformed
ellipses. Only for the most noticeable resonances — at the
frequency of the external force, at its one third and one half
— the splitting of elliptical trajectories into chains of the
separatrix loops is observed.

This effect becomes clear if one remembers that square
of the oscillations’ amplitude in the point mapping is
proportional to intensity. Intensity for weakly nonlinear
oscillations is proportional to the action (in the variables
action - angle) Then the splitting of elliptical trajectories in
fig. 1 can be interpreted as analogue of the resonant tories
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destruction under the action of a non-integrated term in the
Hamiltonian according to the Kolmogorov-Arnold-Moser
and Poincare-Birkhoff theorems [3].

Fig. 1. Point mapping for Q=4,F =1
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Fig. 2. Phase oscillations near the main resonance for Q =4,
F =5: a — oscillations’ plot, b — 3D phase portrait, ¢ - point
mapping, d - spectrum

Fig. 2 characterizes the phase oscillations around the
main resonance — nonlinear analogue of beating, when
perturbation of the oscillations” amplitude is accompanied
by the variation of their frequency due to the non-
isochronism of the nonlinear oscillator. An equidistant set
of lateral frequencies around the fundamental one appears
in the spectrum.

Fig. 3 shows the point mapping similar to fig. 1, but for
the larger amplitude of the external force
(F =5). It presents the formation of several areas of
stochastic dynamics, that will be discussed below.
Alternation of resonances in fig. 3 corresponds to the law
of non-isochronism of free oscillations of a nonlinear
oscillator. In this case, the frequency of free oscillations
increases with the amplitude increase. So, the ratio of the
resonance frequency to the frequency of the external force
increases as the amplitude is increased. Indeed, this ratio
for resonance 4 is 1/3, for the next resonance 3 - 1/2, for
resonance 5 - 5/9, for resonance 1 - 1, and finally for almost
free oscillations 10 - 5/4.

Fig. 3. Point mapping for Q =4,F =5

Stochastic oscillations

Fig. 4 illustrates the appearance of stochastic dynamics
around the main resonance separatrix loop. The essence of
this dynamics is unpredictable jumps between internal and
external parts of the separatrix loop (line 7 on Fig. 3).
Corresponding changes in the motion can be seen in the
three-dimensional phase portrait (fig. 4 a). The separatrix
on the mapping is blurred, and continual component
appears in the spectrum (fig. 4 ¢). This behavior can be
associated with the appearance of the heteroclinic structure
in the vicinity of the saddle point [3].
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Fig. 5 b illustrates the moment of the nonlinear
resonances’ overlapping in accordance with Chirikov's
criterion, when the distance between the resonances
decreases to the size of the order of their width.
Simultaneous overlapping of several resonances of higher
orders is presented in Fig. 5 b. Comparison with fig. 1
(obtained for the smaller amplitude of the external force)
moves to the conclusion that one of them is a resonance on
the half of the main harmonic, that corresponds to a set of
four loops of the separatrix connected by saddle points. As
in the previous case, the plot of oscillations (fig. 5 a)
demonstrates random  transitions between phase
oscillations that correspond to different resonances.
Further increase in the amplitude of the external force leads
to the formation of the wide area of the stochastic motion
(stochastic sea) with small islands of stability on the

mapping.

Fig. 5.

a — oscillations’ plot; b - point mapping; ¢ - spectrum

formed due to

Stochastic

layer

Conclusions

1. Sequence of the alternation of higher-order
resonances on the point mapping is determined by the free
oscillations’ law of non-isochronism (in this case, by the
increase of the free oscillations’ frequency with an increase
of their amplitude).

2. One of the possible types of stochastic dynamics
in the Duffing model is associated with random jumps
between different parts of the separatrix, connected by
saddle points. It is associated with heteroclinic structures
in the vicinity of these points.

3. Atexternal force amplitudes greater than a certain
threshold value, the stochastic dynamics of the Duffing
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Fig. 4. Stochastic layer near the separatrix of the main
resonance () =4, F =5): a — 3D phase portrait, b - spectrum
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oscillator is sometimes associated with the overlapping of
nonlinear resonances according to the Chirikov’s criterion.
As in the previous case, jumping between resonances may
be accompanied by a change in the amplitude of
oscillations.
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IHOOPMALIIA JIUISI ABTOPIB CTATEN

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

VYV xypuam «Bicauk XHY imeni B.H. Kapazina». Cepis «®Pizuka» IpyKyIOTbCS CTaTTi Ta CTHCHTI 32 3MiCTOM
TTOBITOMJICHHS, B SKUX HAaBEJICHI OPUTiHAIBHI PE3yNbTaTH TCOPETHUYHNX Ta CKCIIEPHUMEHTAIBHUX TOCIIIKECHD, a TaKO0XK
AQHATITHYHI OTJISAN JTITEPaTypHUX JDKEPEIT 3 PISHOMAaHITHUX aKTyalbHUX MPooieM (i3uKH 32 TEMaTHKOIO BHIAHHS.

Moga cTareii — ykpaiHChKa, aHTITiHCHKA.

TEMATUKA XXYPHAJTY

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: METOMOJIOris Ta icTopis (i3uKH, MaTeMaTH4YHI METOAM (i3MYHMX

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

BUMOT U JIO O®OPMJIEHHS PYKOITUCIB CTATTEM

3aranbHUi 00CAT TEKCTY PYKOMUCY CTATTI MOBUHEH 3aiiMaTh HE OUIbIIe, HIXK 15 CTOPIHOK.

Pykomnuc cTarTi CKIIaIa€eThesl 3 TUTYJIBHOI CTOPIHKH, Ha sIKi BKa3aHHO: Ha3Ba CTaTTi; iHinianu, npizsuina ta ORCID
BCIX aBTOPIB, IOIITOBA aJIpeca yCTAaHOBH, B sIKii Oylia BUKOHaHa po0OoTa; Kiacudikamiiamii inaekce 3a cuctremamu PACS
ta YJIK; aHOTamii i3 KIIFOYOBUMH CIIOBAMU Ha OKPEMOMY apKyIIIi 3 MPi3BUILEM Ta iHiIlialaMH aBTOPIB 1 HA3BOO CTaTTi,
BUKJIaJIeH] yKPaTHCHKO0, POCIHICHKOIO Ta aHTJIHCHKOI0 MOBaMH; OCHOBHUIl TEKCT CTATTi; CIMCOK JITEPATYPH; MiAMUCH
ITi/1 pUCYHKaMu; TabJMILli; pUCYHKHU: Tpadiku, (POTO3HIMKH.

AHoTalis noBuHHa 0yTH 32 00'eMoM He MeHbII Hik 1800 cimBouniB. CTaTTs NOBUHHA OyTH CTPYKTOpOBaHa. BUCHOBKH
MOTPIOHO MPOHYMEPOBATH Ta B HUX IMOBHHHI OYTH BUCHOBKH, a HE MepeNrcaHa aHOTallisl.

EnextpoHHHMIT BapiaHT pyKONUCY CTaTTi MOBHHEH 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 mpomnrcHuX OyKB y Ha3BaX, OyKBHU 3BHYAlHI PSIIKOBI, 3 TOJISIMH JIiBOPYY, IPaBOPYH,
3BepXy i 3HU3Y 110 2,5 cM, popmyiu nmoBuHHI OyTH HaOpani B MathType (He Huk4e Bepcii 6,5), y hopMynax KUPUITHIIS
HE JIONYCKAEThCsl, CAMBOJIM 3 HIDKHIMU 1 BEPXHIMH iHAeKcamHu ciiji Habupatu B MicrosoftWord, mupuna dopmynu He
6inbime 70 MM, rpadiku Ta Gororpadii HeoOXiaHO MogaBaTH B rpadiuHOMy (hopmarti, pospisHenns we menme 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. Macmtab Ha MikpodoTtorpadisx HEOOXiIHO MPEACTABISATH y BUTJISI 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 menure 10 pt, rapHiTypa Arial.

[MPUKITA ] O®OPMIJIEHH S CITUCKY JIITEPATYPU
1. JL.A. JTangay, E.M. JIudmun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. L.N. IanoB. ®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.

J10 PEJIAKIIIT HAJTAETBCS

1. /lBa po3apyKoBaHi HPUMIPHUKH PYKOITHCY CTaTTi, sIKi IiIHUCaHi ii aBTOpaMu.

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

3. HampaBneHHs Bix ycTaHOBH, Ji¢ OyJia BUKOHaHA po0OTA, 1 aKTH CKCIIEPTH3H Y IBOX MPUMIPHUKAX; aapecy, MPIi3BHIIE,
MOBHE iM’s1 Ta 0aTHKOBI aBTOPIB; HOMEpH TesiedoHiB, E-mail, a Takok 3a3HaYMTH aBTOPA PYKOIIKCY, BiAMOBIIAILHOTO 32
CIIIKYBaHHSI 3 PEJAKITIEI0 )KyPHAITY.

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

HanioHassHOTO YyHiBepcutery imeni B.H. Kapasina. Cepis: ¢dizuka», Mozyns K.O., ¢isuunmii dakynsrer, Maiinan

CBob6onu, 4, XapkiBCchbKHid HarlioHaIbHKHN yHIBepeuTeT iMeHi B.H. Kapasina. Ten. (057)-707-56-30.

BicHuk XHY imeHi B.H. KapasiHa, cepis «®isuka», Bun. 34, 2021 51


mailto:physics.journal@karazin.ua

WH®OPMAIIWA JIII ABTOPOB CTATEM
xKypHana «Bectank XHY umenn B.H. Kapasunay. Cepust « Duzuxar»

B xypnane «Bectank XHY wmmennm B.H. Kapasuna». Cepus «@Pu3mka» medaTaroTcsi CTaTbH M KOPOTKHE IIO
COJIEP)KaHMIO COOOIIEHUS, B KOTOPBIX NMPHUBEACHBI OPUTHHAIBHBIC PE3YIbTaThl TEOPETHICCKUX M HKCIIEPUMEHTAIBHBIX
HCCIIEJOBAHNH, a TAK)Ke aHATMTHYCCKHE 0030pBI TUTEPATYPHBIX NUCTOYHUKOB IO PA3IHYHBIM aKTyalbHBIM IpoOIeMam
(U3UKY IO TEMAaTUKE W3AHUSL.

SI3bIK cTaTel - YKpaUHCKUM, aHTTIMICKUM.

TEMATUKA XYPHAJIA
Teopernueckas pu3uKa.
®dusuka TBEpPLOIo Tela.
du3KKa HU3KHX TEMIEPATyP.
®u3nKa MarHUTHBIX SIBJICHUM.

Onruka u CIICKTPOCKOIIUA.

AR A

Oourre BOTIpOCH (PU3UKU U CPEAN HUX: METOIOJIOTHS U UCTOPHS (GU3NKH, MATEMAaTHIECKHE METOIBI (PU3UICCKUX
UCCIIEJOBAaHUN, METOJMKA IpernoJaBaHust (U3MKH B BBICIICH INKOJIE, TEXHHUKA W METOJUKA (H3MYECKOrO
9KCIICPUMCHTA.

TPEBOBAHU S K O©OOPMIIEHUIO PYKOITMCH CTATbAU

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

Pykomuce cTaThi COCTOUT U3 TUTYJILHOTO JIFICTA, HA KOTOPOM YKa3aHHO: Ha3BaHUE CTaThH; WHUIHAIGI, (paMmimu 1
ORCID Bcex aBTOpOB, MOYTOBBIA aApeC YUPSKICHUS, B KOTOPOM ObLIa BBIIOJHCHA paboTa; KiacCHpUKAIHOHHBIN
naaekc mo cuctemaM PACS u Y IK; aHHOTalIuu ¢ KITFOUEBBIMHU CIIOBAMH Ha OTICIEHOM JIUCTE ¢ (DaMUITNEH 1 HHUTTHATIaMH
aBTOPOB M HAa3BaHHEM CTaThH, M3JI0’KCHHBIC Ha YKPAHHCKOM, PYCCKOM U aHTJIMHCKOM SI3BIKaX; OCHOBHOM TEKCT CTAaTbU;
CIIMICOK JINTEPATYPHI; IOAIUCH ITOJT PUCYHKAaMU; TaOJIUIIBI; PUCYHKH: TPaQUKH, (POTOCHUMKH.

AHHOTAaIMs T0JKHA OBITh M0 00beMy He MeHee yem 1800 cumBosioB. CTaThsl JOJKHA OBITH CTPYKTYPHPOBAHA.
BbIBO/IBI HYKHO IIPOHYMEPOBATHI M B HUX JIOJDKHBI OBITh BBIBOJIBL, @ HE MIepernucatas aHHOTalusL.

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 mponmucHEIX OYKB B Ha3BaHUIX, OYKBBI OOBIYHBIC
CTPOYHBIE, C TTOJISIMU CJIEBa, CIIPaBa, CBEpPXy U CHHU3Y 10 2,5 cM, popmMyIbl omKHEI O6ITh HaObpanbl B MathType (He Hike
Bepcud 6,5), B popMyiax KHPULIHIIA HE JOIYCKASTCS, CHMBOIIBI C HIDKHUMHE U BEpXHIMHE WHIEKCAMH CJIeAyeT HaOupaTh
B MicrosoftWord, mmupuna popmynsr He 6oee 70 MM, rpadukn U pororpadun HECOOXOIUMO MOJABATH B TPAPUUSCKOM
¢dopmare, paspemenue He menee 300 dpi, pacmupenue (HailioB 10HKHO OBITH *.jpg, IIUPUHON B OJHY WIIH JIBE KOJIOHKH,
JUIsl OJTHOM KOJIOHKHM pa3Mepbl: IUpUHA § CM, JJIst IBYX KOJIOHOK - 16 cM. Maciitab Ha MUKpodoTOorpadusix He0OX0AUMO
MIPEICTaBIATh B BU/IC MACIITA0OHOW JIMHEUKH.

TPEBOBAHUIA K O©OOPMJIEHUIO 'PAOUKOB

Tommmuna nuHuiA He 6051ee 0,5 MM, HO He MeHee 0,18 mm. Pazmep OykB Ha moANKCsIX K pUCYHKaM He OoJbine 14 pt,
HO He Menee 10 pt, rapauTypa Arial.
[MTPUMEP O®POPMIIEHU S CITUCKA JIUTEPATYPBI
1. JL.A. JTangay, E.M. JIudmmun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. 1.W. 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 PEJAKIIUIO ITPEAOCTABJISIETCS
1. I[Ba pacricuaTaHHbIC SK3EMILIAPA PYKOIIUCHU CTAaThH, IMOANINCAHHBIC €€ aBTOPaAMU.

2. DJeKTpoHHasl BepCHsl PYKONHMCH M KOHTAaKTHBIE JIaHHBIC Ul OOIIeHWs ¢ ee aBropamu. J[ns sToro HeoOXoaumo
OTHPaBHUTH PYKOIIHCH I10 AJIEKTPOHHOM mouTe, Ha aapec physics.journal@karazin.ua.

3. HampaBienue OT ydpexjieHHs, rje Oblla BBINOJHEHA PadoTa, W aKThl SKCHEPTHU3bl B JIBYX IK3EMIUIIPAX; ajpec,
(hamunus, TOJTHOE MMSI M OTYECTBO aBTOPOB; HoMmepa TenedoHoB, E-mail, a Taxke yka3aTh aBTOopa PYyKOITHCH,
OTBETCTBEHHOT'O 3a OOIIEHNE C PeAAKIHEH KypHaa.

Matepuansl pyKOTIHCH CTaThH HEOOXOIMMO HAMPaBIATh Mo afapecy: Pemakmms xxypHana « BectHuk XaphKOBCKOTO

HanMoHaJbHOTO yHUBepcuTeTa mMeHn B.H. Kapasuna. Cepust «®@uznkay, Mo3yns K.A., pusndecknii pakynpreT, miomaas

CBobonpl, 4, XapbKOBCKHIl HaMOHANBHBIA YHHBepcuTeT nMenu B.H. Kapasuna. Ten. (057)-707-56-30.
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