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Moiiceii IcaakoBuu Karanos

1 Bepecus 2019 poky MmimIOB 3 KUTTS BUAATHUM (DI3UK-TEOPETUK MPOdecop
Moiiceit IcaakoBuu Karanos. lle € HemompaBHOIO BTpaToOlO JUIsi BCi€l CBITOBOI
(13MYHOI HayKH, YKPATHCHKOI (PI3MKO-MaTeMaTUYHO1 CIUIBHOTH.

Moiiceit IcaakoBuu HapomuBcsi 4 dyepBHsS 1921 poky B XapkoBi B pPOJUHI
Bijomoro ¢uronora KaranoBa Icaaka fkoBuya, sikuii OaraTo pOKIB MpalfoBaB B
XapKiBCbKOMY YHIBEPCHUTETI.

VY 1939 pori Moiiceit IcaakoBuy BcTynuB Ha (Pi3MKO-MaTeMaTHUYHUN (PaKyJIbTET
XapKiBCHKOTO YHIBEPCUTETYy, ajie B TOMY > poill OyB MPHU3BaHHWI JI0 JIaB apmii.
CnyxuB Ha YopHOMOpPCHKOMY (i0Ti, OpaB yuyacTh y Benukiii BiTumsHsHii BiliHi.
M.I. KaranoB HaropoxeHuil opaeHoM «HepBoHOi 3ipku» Ta opieHOM «BiTun3HsIHOT
BilfHU» 1 Memamsamu. Y 1946 pormi neMoOinizyBaBcs 1 MOBEPHYBCS JO HAIIOrO
YHIBEpPCUTETY, AKUH 3akiHUMB y 1949 por.

3 1949 no 1970 poxu Moiiceil IcaakoBuY mpalfoBaB B TEOPETUYHOMY BiAJILIL
YOTI (3apa3 — HHIL X®TI) mix kepiBauntBom akaaemika [.M. Jlibmunsg. 3 1952
poky no 1970 pik BukianaB Ha Kadeapi CTaTUCTUYHOT (PI3UKH 1 TepMOJIUHAMIKH (3
2014 p — «xadempa TeopernuHoi Pizuku imeHi akaaemika [.M. Jlidmrurs)
XapkiBcbKkoro yHiBepcutery. barato pokiB M.I. KaraHoB 4uTaB cTyneHTaM Kypcu
«KBanToBa Teopis MeTaliB»y, «ATomHa 1 sjaepHa (dizuka». Y 1970 pomi 3a
npono3utiero [.M. Jlibmmus 1 I1LJI. Kaninu BiH nepeixmkae 10 MockBu 1 3aiimae
Mocajay CTaplioro HayKOBOIO CIHIBPOOITHUKA TEOPETHUYHOIO BiAAUTYy I[HCTUTYTY
¢i3uuanx mnpodbrem AH CPCP, kepiBHHKOM SKOTO TICJIS CMEpPTI akKajemika
JLJ. Jlanmay craB [.M. Jlidmmuie. IlapanensHo Moiiceit IcaakoBuu mpaiftoBaB
npodecopom MJIY.

OcHoBHMIT HampsIMOK HayKoBOi isimbHOCTI Moiices IcaakoBuua — KBaHTOBa
TEOpis TBEPAOro Tija, 30KpeMa Teopis METaNB 1 TEOpis HU3bKOTEMIIEPATypHOTO
maraetusmy. Pazom 3 .M. Jlidpmunem ta fioro yunsimu Moiiceit [caakoBu4 BUKOHAB
P KJIAaCMYHUX POOIT MO eJEeKTPOHHIM Teopii MeraniB. Y IuxX poOoTax 3akiaacHi
OCHOBHU CYYacHOi Teopii MeTajiB, B T€OPii TBEPAOIrO Tia CTBOPEHA 1€0JIOTIS, SKY
10 BicHuk XHY imeHi B.H. KapasiHa, cepisa «®isukay, sun.31, 2019



3apa3 HazuBaioTh «Depmiosoriero». PesynbTaTh HMX AOCHIIKEHb MiACYyMOBaHI B
monorpadii .M. Jlibmuns, M.S. A36ens, M.I. KaranoBa «EnekTpoHHa Teopis
METaNliB», sKa MPOTATOM OaraThb0X pPOKIB € HACTUIBHOIO KHHUTOIO (I3MKIB, IO
MpaIoTh y Tamy3i ¢isuku  TBepgaoro Tina. M. KaranoB — Omuckydwmii
nomyisipuzatop ¢izuku. BiH aBTOp KIIBbKOX HAayKOBO-TIOMYJSPHUX KHHT, Oe3iidi
NOMYJSIPHUX cTatel B sxypHaii «[Ipupomay.

Moiicelt IcaakoBUY BHXOBaB KUJIbKa MOKOJIIHb Y4YHIB. 3a 3aCIyrd y HaAyKOBIHA Ta
nearoriyHii aismbHOCTI BporpiaBebkuit TexHosoriuaui yHiepcuteT (Ilombina) B
1998 porii npucBoiB oMy 3BaHHS ouecHoro AokTopa (Doctor honoris causa).

VY 1994 p. Moiiceii IcaakoBuu BuiiloB Ha neHcito Ta nepeixaB y CIIA. Oxnax
MEHCIOHEpPOM HOro MoOXxHa OyJi0 BBaXKaTW JIMILE YMOBHO. Y 1€ 4yac MOCTIHHO
3 SIBJISUTUCH CTATT1, OIVISIAM, KHUTKH Motices IcaakoBuua, MPUCBSYEH] PI3HUM PO3AiIaM
TEOpEeTHYHO1 (Pi3uKH, croraad npo ¢izukiB. LI podoTH Tak camo CTUMYIIOIOTH 1
HaJUXaroTh (13UKIB, SIK 1 HOTO Tpalll, HAlMCaHi B MOJIO/II POKH.

XapkiBChkHil HamioHaidbHUM yHiBepcuteT 1MeHi B. H. Kapasina Buciosimoe
rIIMOOKEe CHIBYYTTA PIAHUM 1 OJM3bKUM Ta PO3JALISE TIpKOTY BTpaTu. CBITIa MaM’AThb
po Moiices IcaakoBrnua KaranoBa Ha3aBK1M 3aJMIIUTHCS Y HAILIAX CEPLSAX!

Penaxuiitna xonerist

BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukay, sun.31, 2019 11
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Dynamics of coupled nonlinear systems
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Two models were studied theoretically which describe the dynamics of two nonlinear elements with linear and nonlinear
interaction between them. These models correspond to the commutators in nonlinear fiber optics and artificial lattices of magnetic
nanodots or magnetic layers in quasi-two dimensional compounds. The models illustrate the common situation in the nonlinear
systems with two degrees of freedom. Usually the absence of additional to the total energy integrals of motion leads to the
appearance of a chaotic component of the dynamics. This chaotic behaviour masks the reqular part of the total dynamics. In the
studied in the paper two integrable systems the chaotic component is absent and the reqular dynamics manifest itself per se. In the
paper at first the dynamics of the systems was investigated qualitatively in the corresponding phase planes. Two integrals of motion
correspond to the total energy E and the number N of elementary excitations in the system (photons and spin deviations). The
phase analysis demonstrates the complicated its dynamics. The excitations of different types are classified in the plane of the

integrals (N, E) . For the fix number of excitations N in the domain of small N the dynamics is close to the linear one and divides

into two regions for quasi-inphase and quasi-antiphase oscillations. But for the large level of the excitation after the definite value of
N = Nb in the bifurcation way the region of another dynamics appears. For N > Nb the minimum of the energy corresponds to the

essentially nonlinear regime with nonunifor average distribution of the energy between two oscillators. At the same time the critical
point which correspond to the in-phase oscillations transforms into saddle one and in-phase regime becomes unstable. As integrable
the studied systems allow the solutions in the quadratures. The exact solution of the dynamical equations for nonlinear dynamics
were obtained and analysed. The main result consists in the above prediction of the nonuniform states with different energies of
subsystems, their stability and instability of inphase oscillations. The nonuniform states corresponds to the solitonic excitations in
the systems with distributed parameters.

Keywords: dynamical systems, excitations, integrability, integrals of motion, phase portrait, critical points, bifurcation,
Landau-Lifshits equation, magnerization.

JluHaMika 3B’ SI3aHMX HEINHIMHUX CUCTEM
O.C. KOBaHBOBl'Z, A.€. llpunencekuit 3, K.O. l“pazuomxo2

1. @izuxo mexwiunuil incmumym Huzvkux memnepamyp im. b.1. Bepkina HAH Ykpainu, np-m Hayxku 47, 61103 Xapkis,
Vkpaina
2. Xapxiscokuti nayionanenuil ynisepcumem imeni B.H. Kapasina, m. Céoboou 4, 61022, Xapkis, Yxpaina
3. Triangle Birmingham University, Aston Triangle, Birmingham, B4 7ET, UK,

TeopeTHyHO PO3MIITHYTO IBI MOJENI, OI0 ONHCYIOTh JWHAMIKY JBOX HENIHIHHX C€IEMEHTIB 3 JIHIHOIO 1 HEeNiHIHHOIO
B3aeMopiero MKk HuMH. L[i Moneni OomuCyroTh, HANMpPHUKIAJ, MEPEeMHKadi B HENiHIMHUX ONTHYHUX CBITIOBOJAX, a TAKOXK IITY4HI
PELIITKH MarHiTHUX HAHOAOTIB i MarHiTHI IIapy y KBa3iIBOBHMIPHUX MAarHiTHHUX CIIOJMyKaX. 3alpOIIOHOBaHI MOJENl LTIOCTPYIOTH
3arajibHy CUTYaLilo B HEJIIHIHHUX CHCTEMax 3 JIBOMa CTYICHSIMHU BUIBHOCTI. 3BUYAiHO BiACYTHICTh iHTErpaja pyxy, J0AaTKOBOIO 10
MOBHOI eHeprii, MPU3BOJUTH /IO MOSBH XaOTHYHOI KOMIIOHEHTI pyxy. Ll XaoTH4YHa MOBEAIHKA 3aTEMHIOE TOJIOBHI XapaKTepPUCTHKU
PETYISIPHOTO PyXy. B pO3risHYTHX B CTAaTTi ABOX IHTETpPOBAHHX CHCTEMaX XAaOTHYHA KOMIOHEHTA BIJCYTHS 1 peryisipHa AUHAMIiKa
HPOSBISETHCA B yUCTOMY BUIIIsiAl. Criouatky B poOOTi AMHAMIKY CHCTEMH PO3IIHYTO SIKICHO Ha BiANOBIAHUX (ha30BUX ILIOLIMHAX.
JlBa inTerpana pyxy Binnosimarore moBHiit emeprii E i umcny emementapuux 30ymkens N (GOTOHIB i CriHOBHX BinXuieHb)
cucremu. Da3oBuil aHAN3 AEMOHCTPYE CKIAJHMI XapakTep NUHAMIKH. 30yIDKEHHS PI3HOTO THIY KIacHU(IKyIOThCS Ha IUIOIIMHI
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IHTETpaliB pyxy (N,E). IIpu dixcoBanomy uucni 30ymxenb N B o6macTi Manux 3HadeHb N guHaMika OJM3bKa IO JUHAMIKU
JMHIHHAX cHUCTeM 1 I 00NacTh MOAUIAETHCS HAa 1BI 3 KBasi-cHH(a3HUMH 1 KBa3i-IpoTH(a3HIMH THUIAMH KOJNWBaHb. AJle NpH

BEIMKOMY DiBHI 36Y/KEHHS IiCIs TeBHOro micia 3Hauemns N =Nb OidypKariifHIM YMHOM 3’ SIBISIETHCS 00JIACTh MapaMeTpiB 3

30BciM iHmoro guHamikoro. Ipu N >Nb MIiHIMYMy eHeprii BiANOBifa€e CyTTEBO HENIHIHHMH PEeXHM 3 HEOJHOPIIHUM CepeaHIiM

MOMITIOM eHeprii MiX OkpeMuMH ocmwisTopamd. OnHOYacHO ocoOnnBa TOYKA, MO BINOBigae CHH(MA3HUM KOJMBAHHSM,
MEPETBOPIOETHCST Ha CIIIOBY 1 PeXUM CHH(A3HUX KOJMBaHb CTa€ HECTIMKMM. SIK MHTErpOBHI, PO3INISHYTI CHCTEMH IOIYCKAIOTh
PO3B’SI3KH B KBajipaTypax. Byio orpumano i mpoaHanizoBaHO TOUHI PO3B’S3KM PIBHSAHB HeNiHiHOI quHaMiku. ['onoBHMI pe3ynbrar
MOJISIra€ B mepea0avueHHi HEOJHOPITHUX CTAHIB 3 PI3HUMH €HeprisiMH mifcucteM. Lli cTaHu BiINOBIAAIOTH COMITOHHUM 30YKEHHS B
CHCTEMax 3 PO3IOIUICHUMH IapaMeTpaMH.

KorouoBi cioBa: nuHaMivHI cucTteMy, 30y/DKEHHS, IHTETPOBaHICTh, IHTETPAIN PyXy, (a3oBHH MOPTPET, OCOOJHBI TOUKH,
6idypxaris, piBustaHs Jlanaay-Jlidmuns, HaMarHUICHHS.

I[I/IHaMPIKa CBsiA3aHbIX HCHI/IHGIZHI)IX CUCTCM
A.C. KOBaHéBl'z, S1LE. HpHHeHCKHﬁ3, K.A. l“paj:uomKo2

1. Qusuro mexnuueckuti uHcmumym nuzkux memnepamyp um. b. Bepkuna HAH Ykpaunwei, np-m Hayxu 47, 61103 Xaperos,
Vkpauna
2. Xapwroeckuii nayuonanvhoiil ynueepcum um. B.H. Kapasuna, ni. Ceo600wi 4, Xapvkos 61022, Yrpauna
3. Triangle Birmingham University, Aston Triangle, Birmingham, B4 7ET, UK,

TeopeTuuecku pacCMOTPEHbI [BE MOJCIH, ONHUCHIBAIOIIUE IUHAMMUKY JBYX HEIMHCHHBIX 3JIEMEHTOB C JIMHEHHBIM HU
HEIMHEWHBIM B3aUMOJCHCTBHEM MEXTy HUMH. DTH MOJENH ONHKCHIBAIOT, HANPUMEp, MEePEKIOYaTeIN B HEMMHEHHBIX ONTHYECKUX
CBETOBOJaX, a TAKXKE MCKYCCTBEHHbIE PELICTKM MArHUTHBIX HAHOJOTOB M MAarHUTHBIE CJIOM B KBa3HIBYMEPHBIX MarHUTHBIX
COEJMHEHUAX. BpUIN MOTyyeHbl U MIpOoaHaNIu3UpPOBaHbl TOUHbIE PELICHUS YpaBHEHUIl HenuHelHoH nquHamMuku. OCHOBHOU pe3ysbTaT
COCTOHT B TPEACKA3aHNHM HEOJHOPOJHBIX COCTOSIHMHM C Pa3lHMYHBIMH SHEPTHAMH MOACHCTEM. OTH COCTOSIHHS COOTBETCTBYIOT
COJIMTOHHBIM BO30Y)XIEHHSM B CHCTEMax C paclpeieleHHbIMH Hapamerpamy. I[IpeaiokeHHble MOJIENTH WILTIOCTPUPYIOT OOIIyIO
CHUTYaIHIO B HENMHEHHBIX CUCTEMAaX C ABYMs CTETEHSIMH cBOOOIbI. OOBIYHO OTCYTCTBHE MHTETpaia JBHKEHHS, JOMOTHUTEIHHOTO K
MIOJIHOH 3HEepruu, NPUBOJUT K MOSIBICHUIO Xa0TUYECKOM KOMIIOHEHTH! JUHAMUKU. JTO Xa0THUYECKOE MOBEJICHUE 3aTeHsSeT OCHOBHBIC
XapaKTepPUCTUKY PEryJIsIPHOTO ABMKEHHMs. B paccMaTpuBaeMbIx B paboTe JBYX HHTETPHPYEMBIX CHCTEMax XaoTHYeCKasi KOMIOHEHTa
OTCYTCTBYET M pEryisipHasl IUHAMHKA IPOSBISETCS B YHCTOM Bujae. B pabore BHawane AWHAMHKA CHCTEM PAacCMaTPHUBAETCS
Ka4eCTBEHHO Ha COOTBETCTBYIONINX (ha30BBIX INIOCKOCTAX. J[Ba MHTETpasa IBIKEHUSI COOTBETCTBYIOT ITOJTHON 3Hepruu E u umcmy
N ameMeHTapHBIX BO30yXJeHMH ((HOTOHOB M CIMHOBBIX OTKJIOHEHHMH) chcTeMbl. Da30BBIA aHATH3 AEMOHCTPUPYET CIIOXKHBIH

XapakTep AWHAMHUKH. Bo30yxneHus pa3sHOro THna KiIacCHOULUHUPYIOTCA HA IUIOCKOCTH HMHTETPalioB ABMKECHHS (N,E). Ipn

¢ukcupoBaHHOM umcie Bo3Oyxaenuir N B obmactu Manbix 3HadeHuit N auHaMuKa OJM3Ka K TMHAMUKE JIMHEHHBIX CHCTEM, M 9Ta
00nacTp paszgensercss Ha IBE C KBa3H-CHH(MA3HBIM M KBa3H-MPOTHBO(A3HBIM BHAaMH KoiebGanmii. Ho mpwm Oombmmom ypoBHE

BO30YXIEHMS MOCJIE ONPEAEIEHHOro 3HadeHus N = Nb OndypramoHHBIM 00pa3oM MOSBIETCS 0O0NAacTh IapaMeTpoB C

coBeplleHHON spyroii nunamukoi. Ilpu N >Nb MHHHUMYMY DHEPIMH COOTBETCTBYET CYIUECTBEHHO HEIMHEHHBIA PEXUM C

HEOJHOPOJHBIM CPEAHMM pAaCHpEJEICHHEM BHEPTUM MEXKIY OTIENbHBIMU oclmuiiTopamMu. OJHOBPEMEHHO ocobas TOdKa,
COOTBETCTBYIOMAs CHH(A3HBIM KOJIeOaHMSIM IHPEBPAIIACTCS B CEUIOBYIO TOUKY M PEXUM CHH(A3HBIX KONCOaHUH CTaHOBHTCS
HEYCTOHUYMBBIM. Bynydnm MHTErpHpyeMbIMH, PacCMOTPEHHbBIE CHCTEMBI JOMYCKAIOT PELIEHHS B KBaApaTypax. BbumM moiydeHsl
NPOAHATN3UPOBAHbl TOYHBIC PEIICHUS YPaBHEHUH HENMHEWHOW auHaMUKHM. OCHOBHOM pe3yJbTaT COCTOUT B IPEACKAa3aHUH
HEOJHOPOJHBIX COCTOSHMI C Pa3IMYHBIMU SHEPTUSAMH IIOJCUCTEM. DTH COCTOSHHUS COOTBETCTBYIOT COJIUTOHHBIM BO3OYXKICHHUAM B
CHCTEMAX C paclpeielIeHHBIMU TapaMeTPaMH.

KiioueBble €J10Ba: NMHAMHYCCKHE CHCTEMBI, BO30OYXICHHS, HHTETPHPYEMOCTb, HHTETPaIbl JBIKCHHS, (a3oBblil HOPTpET,
ocoOble ToukH, Oudypkaiys, ypasuenue Jlannay-JIludmmna, HaMarHH4CHHOCTb.

Although the non-linear dynamics of dynamical
systems is a traditional field of physics, the last half-
century exhibits its essential progress, related to the active
study of soliton excitations and their manifestations in the
physics of condensed matter. Recently a particular interest
is connected with the study of non-linear discrete systems
linking the areas of nonlinear oscillations and nonlinear
waves. Under a weak localization of non-linear

excitations in discrete systems, the whole non-linear
dynamics is localized on several elements of the lattice.
Recently, this problem has become more actual due to the
active research and application in nano-objects such as the
coupled effective spin torque oscillators [1], the cavities
containing SQUIDs with Josephson junctions connections
as the equipment for the quantum computer [2], high-gain
weakly nonlinear flax-modulated Josephson parametric
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amplifier using a SQUID arrays [3,4], coupled
micromechanical resonators [5], microelectromechanic
(MEM) coupled cantilevers and nunoelectromechanical
(NEM) systems [6], magnetic bilayers with F/N/F
structures [7], bicomponent magnonic crystals [8], arrays
of optical waveguides, optical switch and coupled modes
in nonlinear optical waveguides [9]. As it was first
demonstrated in [10,11], many elements of solitary
physics in systems with distributed parameters have their
analogous in systems with the final number of degrees of
freedom, particularly in systems with two elements [12].
Unfortunately, in hamiltonian systems with two degrees
of freedom, in the absence of additional integral of
motion, there appears a chaotic component of dynamics,
which defaces such an important element of motion as the
localization of excitations on one degree of freedom. In its
evident form, this phenomenon manifests itself in
integrable systems with two degrees of freedom. Some
examples of such systems are discussed in this article. As
a first example, consider two bounded elements of the so-
called DSTM (discrete self trapping model). It describes,
for example, a system of two closely connected optical
fibers or two weak coupled magnetic nanodots.

I. DSTM for two coupled non-linear elements.

It is convenient to describe the dynamics of a linear
oscillator in  terms of  complex  quantity
w =(wyx+ip/m)/[2a, , which plays the role of a
classic analogue of the annihilation operator for the
quantum of the excitation of oscillator with frequency @

. By taking into account the weak (Linear) interaction
between oscillators and the simplest form of self non-
linearity (of on-site potential), we get for the two
oscillators in a resonant approximation the system of two
equations:

W, = oW, _(lllr//nl2 Y +8(l//n _lr//m) (1)

where n,m=1,2. The system of equations (1) is the
integrable one, with two integrals of motion: full energy

@

|2

E=Y (@l —alv| 12)+2lv v,
and additional integral

N=>lv.[". 3

coincided with the adiabatic invariant and represented the
number of excitations under the quasi-classical
interpretation of the dynamics of the coupled oscillators.

Whereas N =const, it's convenient to introduce the
following new variables

v, =N cos gexp(ig, ),

w, =N 'sin Sexp(ig, ), (4)
in terms of which equations (1) will be rewritten as

U =2¢siny, )
y = 2¢ctg(u)cosy —a N cos(u), (6)

where u =29 and y =¢, —¢ . This closed system for the
variables U and y is supplemented by the equation for
the variable ¢=¢, + ¢ :

¢=-2(e, +e—aN[2)+2ecosy /sin(u), (7)
In new variables the energy reeds as

E =, +(1-sin(u)cosy )N - ®)

—a(1+cos” (u))N? /4

Equations (1) allow single-frequency solutions
corresponding to stationary states with the following
relation between the amplitudes of oscillators:

(a-a)(a+3,)(ag-s/a)=0.

Thus the in-phase (s), anti-phase (a) and nonuniform
(n) stationary states with the following dependencies of
frequency oscillations on the solution norm are possible

o, =wy,—aN/2,

o, =amy—aN/2, (9)
o, =oy+2¢-aN/2, a,=—a, a, =—a,, (10)

o, =w,+s—aN, a,=¢ala. (11)

These dependencies demonstrate two important
properties of non-linear oscillations: the dependence of
the frequency of oscillations on their energy (or, what is
the same - on their norm), and the appearance in

bifurcation way at the critical level of the excitation
N >N, =2¢/a of the new type of motion with

different amplitudes of oscillations for the different
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elements of the system @ # d,, i.e. the localization of

energy on one of the oscillators. These features of the
dynamics are illustrated in Fig. 1la. Unfortunately, only
the single-frequency solutions can be depicted on the

plane (&, N), while the vibrations of the general type are

two-frequency with incommensurate frequencies. Their
properties are convenient to discuss on the plane of the

integrals of motion (E,N).

The dependences of the energy of single-frequency
oscillations on their norms (adiabatic invariants) is
determined by the usual mechanical ratio w=dE/dN.
Therefore, it is easy to get the relation between the motion
integrals for single-frequency vibrations, corresponding to
dependencies (9-11):

E.=o,N-aN?/4, (12)

E, =(a,+2e)N-aN?/4, (13)
E,=(oy+&)N-aN?/2-&*la,  (14)
E.=(am,+&)N-aN?/2, (15)
E=(a,+&)N-aN?/4-2e%a.  (16)

Here the important (as it will be seen below)
dependences (15, 16) are given in which there appear the
significant changes in the dynamics of the system). The
dependencies (12-16) are depicted on Fig.1b.

On Fig. 1b, the line (a) corresponds to anti-phase
oscillations (phases of which differ on ), line (s) —

(Obb'sE, ) — to in-phase oscillations, line (n) — (bnE,) —

to localized states with different levels of excitation of the
oscillators (localization of energy on one element of the

system), and line (Ob'E,) corresponds to the dependency

from Eq.(14). Equations (5, 6) correspond to the effective
system with one degree of freedom and the integration of
motion (7), which can be integrated in quadratures, and its

dynamics is depicted on the "phase plane” (u,) — Fig.2.

On Fig. 2a, the special points such as "center" (s) and
(@) correspond to single-frequency in-phase and anti-
phase oscillations and to the lines (Ob) and (0a) in Fig.1b,
while the detached separatrix (C) separates the
oscillations close to the in-phase one from those close to
the anti-phase oscillations. It corresponds to the

dependence (14) and to the line (Ob") in Fig.1b.

W 5

W,+2€

(b)

Fig. 1. Dependences of the stationary state frequencies on
the norms of the solutions (a) and (b) - the area of existence

of solutions with different dynamics on the plane (E, N) of

integrals of motion.of integrals of motion.

Special points of the type of "centeres” are stable, which
indicates the stability of in-phase and anti-phase
excitations in this interval of the values of norm. At the
point of bifurcation (b) there appear two new states with
different values of oscillators excitations: two new centers
in Fig.2b. They correspond to the line (n) in Fig.1a and the
line (bnE,) in Fig.1b. The saddle point (u=y =0) is
now associated with in-phase oscillations. This denotes
that the in-phase oscillations become unstable while
N > N, . They correspond to the dashed line (s) in Fig.1la

and the line (bb'SE;) in Fig.lb. The last line
simultaneously corresponds to the separate loops S in Fig/
2b. The areas inside the separatrix S, between the
separatrices S and C and outside of them, correspond
respectively to the domains B, S and A in Fig.1b. The
second bifurcation takes place at N =2N,, i.e. in the
point of merging of separatices S and C on the phase
portrait (triangles in Fig.2c). Finally, at N > 2N, the two

separatrices are separated again (Fig..2d), but the
separatrix which going out of the saddle point of the in-
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phase oscillations does not have a form of closed
separation loop.

(@)

(b)

(d)
Fig. 2. Phase portraits of the system (5,6) on the plane of
variables (U,l//) at different values of the complete norm of
the solution: N <N, (@), N, <N <2N, (b), N =2N,
(c)and N >2N, (d).

The states studied in the phase plane allow exact
analytical solutions. From Eq. (7) it results the relation

v =y (u,E,N):

(E,—E)+(aN?/4)sin’u

eNsin(u) (17

cosy =

and for the new variable f :(JEN /2)cos(u) Eq. (5)

can be reduced to a closed equation for the function f :

f2ra=(A-1%)(f"-A), (18)
where
~ 2¢&
A&z:((E—E)i\/—;JE—EnJ. (19)

1. In the domain with small level of excitation with
N <N, , inwhich E<E, <E, <E<E, (Fig. 2a),

A:—(E—E)+2—\/%/E—En=a2<b2, (20)
AZ:—(E—E)—%,/E—En = —p? (1)
and the solution to the equation (18) reads
f =acn(va® +b>Jatk) k= a . (22)
( ) va? +b?

where Cn(z,k) denotes Jacobi's elliptical cosine. For
E=E, we have: a=0, b*=2¢(N+N;) and a=0,

b?=2¢(N,—N) for E=E,. The frequency of the
relative amplitude of oscillations of subsystems is equal to

e

Q(E,N)= 2kK(k)a, (23)

where K(k) is the complete elliptical integral of the first

kind. On the boundaries for the area of the solution
existing ((@) and (s) in Fig.lb) k>0, a—0 and

bs,a—h/aNb(NbTLN)- That is, the frequency of

periodic energy transfer between the oscillators is equal to
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Q,, =N, (N, #N) =2 IFENTN, . (24)
In the linear limit, one gets the well-known result
Q=2¢. The elliptical integral module reaches the

maximum value k,=N/2N, on the line E=E,(N)

(15) on which a2 =aN?/4. This line corresponds to the

separatrix C in the phase portrait in Fig.2a.

The formula (24) describes the relative oscillations of
the amplitudes of the two oscillators and they are
determined by the interaction of subsystems. In addition,
the system demonstrates a common "rotation" (similar to
the joint rotation of two related magnetic moments) with
frequencies close to the oscillators' own frequency a,.

This movement resembles the oscillations of two bound
linear oscillators, which vibrate with the frequencies of
their own modes (in-phase and anti-phase) and
simultaneously demonstrate the wobbling with the
frequency of the order of the magnitude of the interaction
between them. In this case, there is also the transfer of
energy between oscillators with frequency (24), but now
the principle of superposition and normal nodes do not
exist. The complete dynamics of the system is described
by the following formulas:

N > (IS B
Vi, =\/;xllircos uexp(aj‘¢dt+§jy/dtj , (25)

in which the values ¥ and ¢ are defined by Eq. (6,7).

The azimuthal rotation of oscillators is determined by the
exponential indicators and is expressed through the
elliptical integrals of the third kind. This movement
consists ~of average rotation with  frequency

v:<¢5¢y)>/2, where angular brackets mean the

averaging over the period, and additional azimuthal
oscillation with frequency Q.

Integral in expression (25) also gives an additional
linear in time contribution, and the total formula in the
limits E—>E, and E—E, leads to synchronous in-

phase and anti-phase rotations with frequencies (9,10).
The amplitude of modulation for the excitations of
individual oscillators is equal to SN =4a*/aN , and on
the line E=E,(N) we have 6N, =N, i.e. the periodic

full pumping of energy between oscillators is observed.
Thus, in the system of coupled anharmonic oscillators,
the movement is two-frequency, but it does not represent
the overlay of normal modes: the frequency of energy
exchanging between oscillators (radial movement) does

not represent a difference between the frequencies of
azimuth rotations (main non-linear oscillations).
2. In the domain of large excitations

N, <N <2N,, where E, <E <E<E, (Fig.2b), we
have

with

(28)

Thus, the area for the acceptable values of parameters
N and E is divided into two parts with E > E_ and

E < E,. (The domain (27) corresponds to (A) in Fig.1b).
From the same picture one can see that now the
dependence E(N) is inside the domain (A), and while

passing through over the parameters (E, N) the solution
slightly changes: at I§<E<Ea as in previous case
a’ <b?, and when E,<E<E we have a’>b®. For
a’>>b® in this area at the border E=E, parameters

b=0 and @ =2¢(N—N,). Thus, on the border E = E,

corresponding to the separatrix S in Fig.2b, the module
k =1 and the solution is aperiodical:

2N, (N-N -
cosu:Mcosech M20zt . (29)
N N,

(The line E= E still corresponds to the separatrix C
in Fig.1b). In the region E, < E <E, the solution
is radically modified:

f :adn(a\/zt,k), k= (30)

At the border E =E, the parameters of the solution
are equal to @’ =2¢(N—N,), c=0 and k =1. On the
E=E, take the
a®=c’=a(N*-NZ)/4 and k =0. Modulation of the

other  border they values
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levels of excitations of two oscillators is determined by
the expression

(31)

It is important that although in this area of the system
parameters N >N, and E, <E <E,, as above, there is

the periodic exchange of energy between oscillators with
the frequency

o e

—ma(E,N),

(32)

but now the average level of the excitations of individual
subsystems is not equal:

(N,z)=N(1xza/JaNK)/2. (33)
At the border of the area for the existence of solutions
with the maximum difference of the excitations of

oscillators we have <N1V2>=N(li,f1—N§/N2)/2. In

the limit N — o the total energy is concentrated on one
of the oscillators: {(N,) > N, (N, —0). Such the spatial
localization of energy in the system of identical oscillators
is the nature of the solitary localization in non-linear
systems with distributed parameters.

From Fig.2 it is clear that the purely in-phase
oscillations correspond to a special point of the "saddle"
point. Therefore the in-phase oscillations become unstable
(see dotted line in Fig.1a). From this point separatrix
loops "come out”, which correspond to the aperiodic
evolution for the amplitudes of oscillators. (But they are
accompanied by periodic in-phase rotation of oscillators
with a large frequency of order of @,). The specific type
of separatrices depends on the norm of the solution N .
While N, <N <2N, two separatrices S and Cin
Fig.2b (E, and E, in Fig.1b) separate quasi-in-phase and
quasi-anti-phase oscillations and quasi-in-phase and
heterogeneous oscillations, respectively. For N =2N,

(Fig.2c) these separtricec merge and the aperiodic
component of the movement looks particularly simple:

u=z/2+y and N, =N/2ch?(2et). Oscillators rotate
with frequency Q =, —¢ and with the total phase shift

equal to z. This phase shift is also preserved at
N > 2N, for one of the separatrices ( E, on Fig.1b).

I1. The dynamics of the two interaction magnetic

moments.

The linearly interacting anharmonic systems were
considered above. Another object of study is non-linearly
interacting dynamic systems. An the example is two
bounded classical magnetic moments (interacting
magnetic nanodots, magnetic layers or two interacting
magnetic sublattices). In particular case, such a system
describes the spatially homogeneous excitations in
antiferromagnets. Let's restrict ourselves with the case of
the easy-type magnetic anisotropy, in which the classical

magnetic moments of the two subsystems I\ﬁl and Mzat
ground state are oriented along the so-called "easy axis" (

Z —axis). The total energy of such a system reads [13]:

E=-dmm,—(8/2)> m:+J+2, (34)

where M =M, /M, -normalized magnetic moment,
B = o, - the constant of single-ion anisotropy (frequency

of homogeneous ferromagnetic resonance), J —the
constant of exchange interaction (below J =& ), which is
positive for ferromagnetic case and negative for
antiferromagnetic. (While choosing the energy in the form
(34) the ground state of a "ferromagnetic™" type has zero
energy). In the classical approach, the dynamics of the
magnetic system can be described in the framework of a
discrete analogue of the Landau-Lifshitz equation [14]:

dm; /dt = m; xoE / am |. In components

w, =m_+im, and m =m, they have the form:

idl//i/dt:cooy/imi+g((//imj—!//jmi), (39)

have the same structure as the equations (1) and
transform into them in linear limit.

For the description of the magnetic moments it is
convenient to use the polar coordinate system in which
w, =sind exp(ig). Then the system of two complex

equations (35) is reduced to a system of three first-order
real equations for 4 and v =¢, —¢:

d4dt=2¢sin g, siny, (36)
d4dt=-2¢sing siny , (37)

dy / dt =(2¢ -, )(cos 9, —cos Y, )—2& cosy *
. (38)

*(sin” 9, cos , —sin” 9, cos 4, ) /sin g sin 9,
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In addition to the total energy (34), the system under
consideration has the additional integral of motion — a

complete projection of magnetization M = Zcos&'i onto

the easy axes. This integral is similar to the total norm in
the previous example, and the total number of spin
deviations 2—M =N plays the role of the number of
elementary  excitations while the quasi-classical
quantization. Unlike the previous case, the number N is
now limited by the value: O0<N<2. (The value 2
corresponds to the configuration in which both the
moments are perpendicular to the easy axis). The
presence of two motion integrals leads to the complete
integrability of the system under consideration and the
possibility of obtaining its solution in the quadratures.
The difficulty of the problem is connected with the
choosing of the convenient variables which takes into
account the presence of one of the motion integrals ( N ).
Let us introduce instead of two variables 4, one variable

P, such that cosd =M/2+(1-M/2)P, and the

condition of the conserving for the total magnetization is
fulfills automatically. Finding from the expression for the
energy

E =, (sin® 4 +sin® 9,)/ 2— )
—&(cos 9, cos 9, +sin g sin g, cosy )+ &

the connection ¥ =y (3,E) and substituting it in (36),
we obtain the closed equation for the value P :

(dP/dt)* =—A—BP?-CP*, (40)
where
A=4(E-a,(1-M?/4))*
*[E_((a)o+2£)(1—M2/)Z1)]/(1—M/2)2' “
B=8((a—2)E-af (1-M?/4)+2%),  (42)
C =4, (w, —2¢)(1-M /2)". (43)

Solutions of the equation (40-43) can be represented
in terms of elliptical Jacoby functions, but at first we
research the obtained system qualitatively. It allows the
single-frequency states (stationary states) which describe
the synchronous pure rotations of two magnetization

vectors: v, =@, exp(—ia)t). As in the previous example,

rotations are accepted with phases which differ in 7

(anti-phases—(a)) and with the same phases: with the same
amplitudes (in-phase —(s)) and different amplitudes
(nonuniform ones—(n)). Nonuniform states exist only
when inequality & <a, /2 is valid. (In real magnets, the

exchange interaction is essentially large then the energy
of magnetic anisotropy (J >> /), but in layered quasi-

two-dimensional magnets and nanodots systems, the
inequality we have used can be performed). The
amplitudes of the rotations of the moments are linked by
the relation:

(m—m,)((@ —¢)aa, —e(1+mm,))=0.  (44)
In in-phase and anti-phase states m =m, and
a =z*a,, in the nonuniform stationary states

mm, =-1+M (1-x)/N1-2«, where x=&/@,. In

stationary states, the frequencies of these excitations
dependence on the number of spin deviations N has the
form of

o, =a,(1-N/2), a,=a, (45)

o, =(w,+2¢)(1-N/2), a,=-a,
(46)

o, =y (M —1-2x), a, #a,. (47)

These dependences are shown in Fig. 3a. At the
critical value of the level of excitation

N, = 2(1—\/1—2;<) two dependences for the nonuniform

rotations (n) split from the line of in-phase rotations.

Corresponding dependencies of energy on the norm
for the three types of stationary rotations of magnetic
moments have the form:

E. =a,N-oN*/4, (48)

E, =(o,+2¢)(N-N/4), (49)

E, = (@, +2¢)/ 2w, (M —VI-2x) /2, (50)
(51)

E, =(f (N-N?/4)+2¢) (e, ~¢).

These dependencies are represented in Fig.3b. (On the
line E, =E,(N) ((5) and (q) in Fig.3b) the value B in
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(42) changes the signs). The domain N >2 corresponds
to the similar excitations above another ground state with

M =-2. Inthe limit N -2 (M —0), the frequency of

in-phase and anti-phase rotations of magnetization tends
to zero and It appears the static configurations with

collenear and anti-collinear  configurations  of
magnetization vectors in the "heavy" plane.
WA
W,+2€

(b)
Fig. 3. The dependences of stationary state frequencies on

the number of spin deviations (a) and (b) - the domains of
the existence for the solutions with different dynamics

subject to the values of motion integrals (E, N )

The nonuniform state in this limit represents the anti-
collinear configuration with moments along the easy axis
with precession frequency @ = woxll—ZK . The frequency

of inhomogeneous excitations turns to zero at

N, =2-+1-2x. In this case, the vectors of two

moments are orthogonal as it shown in Fig.3b.
The expression (41) can be represented in the

A=4(E-E,)(E-E,)/(1-M/2).
Therefore the value A is negative in the area of the

following form:

parameters between the lines (@) and (s) in Fig.3b and

is positive in the area between (s) and (n). Constant C

is positive in the whole domain of the acceptable
parameters of the solutions. At last, B>0 for

E,<E<E, and B<0 for E, <E<E,. So the phase

portrait of the system in the “phase plane” (P, Ij) has
different structure for N >N, and N<N,, and for
E,<E<E, and E <E<E, in the domain N >N,

(see Fig.4). In the previous model it was possible to draw
all phase trajectories in the same figure. Now we are able
to represent all trajectories only in two figures for the
oscillations close to in-phase one and to anti-phase. These
two types of orbits are separated by phase trajectory with
the largest size which correspond to the line E,(N) in

Fig.3b with
E. =2(e,+&)(N-N?/4). (52)

The phase portrait of the system for N <N, is

demonstrated in Fig.4a. It is similar to the portrait for
linear system. The two maximal orbits in two parts of the
figure are the same and correspond to the value E =E,.

This figure is the analogues to the Fig.2a and the line with
E =E, is the same as separatrix C .

In the region N >N, the phase portrait is more
complicated. The separatrix E,
unstable saddle point for
(P=0,P=0) and separates
nonuniform rotations of two moments. Two stable
“center”-type critical points with E =E_ correspond to

“begins” and “ends” in
in-phase  oscillations

the domain with the

the states in which only one from two moments oscillate.

A.P grouth of energy A P
E=Es ] P FE=Ea)// P
~—— F——
N<Nb
@
AP E, Eq E. E, 1P
P
No<N
(b)

Fig. 4. Phase portraits of two coupled moments for N < N,
(aYand N > N. (h)
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In all the area on the outside of the separatrix E,

(upper in energy from the line (s) in Fig.3b) the exact
solution of Eq.(40) has the form similar to the solution
(22) in previous model:

a
P:acn(\’az'f-bz\/(?t,k), kzm

but with another definition of the parameters. For N <N,

. (53)

and for N > N, in the domain E; <E <E, they are

a’=(B/2C)(J4|AlC /B +1-1), (54)
b* = (B/2C)(|J4[AC /B +1+1). (55)

For the small levels of excitations N <N, at the
borders of area for the solutions E = E,, E parameter A

tends to zero and a — 0 with k — 0. So the function (53)
transforms into trigonometrical one. The solution (53-55)
describes the relative oscillations of two magnetic

moments with the frequency szra\/EIZkK(k). As

above these oscillations are accompanied by the common
rotation of all the system with the frequency close to the
resonant frequency @, for small exchange interaction.

At N >N, the solution (53) preserves its form for

energies E; <E <E, but with another definition of the

parameters:
a” = (|Bl/2C)({4[AC /B +1+1),  (56)
b* = (|B|/2C)(|/4[A/C /87 +1-1). (57)

Now at the line of in-phase oscillations E, ((s) in
Fig.3b) parameter b—0 and modulus k —1: the
solution at the separatrix E; becomes aperiodic and one

spin deviates from another passing through the easy axis.
At last in the domain of the parameters E, <E <E as

in the previous case nonuniform distribution of energy
between the two moments takes place and correspondent
solution of Eq.(40) has the form (30):

P=adn(atk), k=——" !
a

with

a’ = (|B|/2c)(1+\1-4ACTBT),  (59)
b* = (|B|/2C)(1-\1-4AC/B?).  (60)

In the limit E—E, as it follows from (40)

B> =4AC and modulus k is equal to zero. It follows
from this that P=a(N) does not depend on time and so

9 =const: magnetic moments rotate around the

direction of the easy axis as common object.

Conclusions.

We investigated the nonlinear dynamics for the
integrable systems of two identical coupled nonlinear
elements with linear and nonlinear interparticle
interaction and pay attention to some common features of
this dynamics. (1) Although the principle of the
superposition is absent in nonlinear systems, nevertheless
the spectrum for the integrable one contains the
frequencies of two definite quasilinear modes with the
periodical transfer of the energy between them. (2) The
most interesting facts consists in the appearance of the
additional states with at the average nonuniform
distribution of the energy between the degrees of
freedom. This nonuniform nonlinear mode appears in the
bifurcation way at the critical value of the total energy.
(3) These states can be treated as the soliton analogous in
the system with the finite numbers of the degrees of
freedom.
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B »T0i1 cTaTthe mpencraBieH KpaTKUi 0030p MCCIEIOBAaHMIN MO CHMHKAJIOPUTPOHHKE, MPOBEACHHBIX Ha Kadeape QU3MKU
HU3KHX TeMmIeparyp XapbKOBCKOTO Hal[MOHaIBHOTO yHHBepcutera B 2017-2019 romax. Bo BBemeHMM 00CYKIArOTCSI HECKOIBKO
HOBBIX HANpaBJICHHH B MAarHUTOICKTPOHHMKE — CIIMHTPOHUKH, CIUHKAJIOPUTPOHUKH M MAarHOHWKH, BO3HHKIIUX C LEJIBIO
YMCHBIICHHUS BEIUYMHBI JMCCHIIALNM, HaONIOJaeMOH B OOBIYHOW IIOJTYNpPOBOIHMKOBOH MHKPOAJIEKTpoHHKE. CHIHHTPOHUKA
IpeuIaraeT OOJIbIINE CKOPOCTH HEePEeKIIOYeHH s, MeHbIIee MOTpeOIeHne SHePTUH, 0oJiee BEICOKYIO INIOTHOCTD YCTPOWCTB NMaMSTH U
MEHBIIIYI0 TeHEePALMIO TeIlIa Ha HEePEKIIFOYAIONIHI SIEMEHT. DTO TOCTUraeTCsl ITyTEeM MCIOIb30BAHMS CIIMHA 3JIEKTPOHA BMECTO (I
B JIONOJIHEHHE) ero 3apsja, TaKk KaKk CHHH COOTBETCTBYET JONOJHUTEIFHOMY KBAaHTOBOMEXaHHUECKOMY CBOWCTBY 3JIEKTPOHA,
KOTOPBIM SIBIISIETCS €r0 BHYTPEHHHH YIJIOBOH MOMEHT. Peanm3anus TYHHENIBHOTO MAarHUTOCONPOTUBICHHS B CIHHTPOHHKE IPU
KOMHATHO# TeMIeparype CrocoOCTBOBajla MOSBICHUIO TBEPAOTEIBHOW MAaMATH HOBOTO THMA, M OBICTPO MPOrPaMMHPYIOIIHXCS
JIOTHYECKHUX CXeM. B CIIMHKalOpUTpOHMKE, KOTOpas SIBISETCS JOMOJHUTELHOW BETBBIO YK€ C()OPMHUPOBAHHBIX CIIUHTPOHUKH H
TEPMODJICKTPUYECTBA, H3y4aeTcs CIMH — 3aBUCSIIMH OJICKTPOHHBII M TEIUIOBOM TPaHCMOPT B BELIECTBE C IIOMOIIBIO
HEpPaBHOBECHBIX DJJIEKTPOHOB, MAarHOHOB M (OHOHOB. MarHoHuka — oOJIaCTh CIHMHTPOHMKH, WM B Ooiiee 0OIIEM CMBICIE
9NIEKTPOHHUKA, H3y4arolas (pH3NUecKHe CBOWCTBA MArHUTHBIX MUKPO- H HAHOCTPYKTYp, CBOICTBA PaclpoOCTPaHSIOIINXCS CITHHOBBIX
BOJH, a TaKKe BO3MOXKHOCTEH NPHMEHEHMS IOCIeIHUX Ul MOCTPOCHHUS OSJIEMEHTHOH 0a3bl NMpHOOPOB HAa HAHOYPOBHE JUIS
00paboTKy, TIepeauy U XpaHeH!s1 HHPOpPMaIMK Ha OCHOBE HOBBIX (DM3MYECKHX IPHHIIHUIIOB.

B crnenmyronmieM paszene cTaThbu KpaTKO OOCY)XACHBI OCHOBHBIC PE3yJbTAThl, MOJy4EeHHbIE B 4-X cTaThix Kadenpsl u
onybnukoBaHHbIX B Physical Revew B: 1)nenuneitnas penakcaiusi Mexay MarHoHaMu ¥ pOHOHaMH B (eppoudIIeKTpuKe 2) poib
MarHoOHOB W pa3MepHBIA 3P QeKT B mepegade Teria yepe3 TpaHully MEXIY AUIIEKTPUKOM B (HeppOAMAIEKTPUKOM 3) criuH 3eebek
sddekt u nepenaya teria GOHOHAMH B TETEPOCTPYKTYPAX, COJACPHKAIIMX CIOH HOPMAJIBLHOTO MeTauia U (eppoaudiaekTpuka 4)
TeMIlepaTypHas 3aBHUCHMOCTh BpEMEHH MarHOH-(DOHOHHOI! penakcaluu B heppoaudIeKTPUKE.

KuioueBble cj10Ba: CIIMHKAIOPUTPOHKKA, CITMHTPOHUKA, MarHOHUKA, (hePPOAUINEKTPUK, (JOHOH.

Research on spinalorithronics at the Department of Low Temperature

Physics of Kharkov National University in 2017-2019
V.A. Shklovskij

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

In this paper is presented a short review of results about spincaloritronics obtained on the low temperature physics chair of
the Kharkiv National University from 2017 till 2019 years. In introduction several new directions in magnetoelectronics are
discussed- spintronics, spincaloritronics and magnonics- which emerged with the aim to reduce the energy dissipation in devices of
usual semiconductor microelectronics. Spintronic devices hold the promise of faster switching speeds, less total energy consumption,
and higher density of circuit elements, lowering the heat production per switching element. This could be achieved by employing the
spin of the electrons instead of (or in addition to) the charge. The spin corresponds to the additional quantum mechanical property of
an electron that can be described as an intrinsic angular momentum. Realization of the existence of the tunneling magnetoresistance
effect observed at room temperature is paving the way for the evolution of solid state memory devices, new type of the memory, and
fast programmable logic circuits. In spincaloritronics, which is included as an additional complementary branch to the established
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field of spintronics and thermoelectricity, the transport of charge, magnetization (spin), or heat, occurs when the corresponding
particles (electrons, magnons, or phonons) are driven out of thermodynamic equilibrium. Magnonics is the part of spintronics, or in a
more general sense is electronics, studying physical properties of magnetic micro- and nanostructures, properties of propagating spin
waves and also the possibilities of their application for construction of the elemental base of devices at nanolevel for processing,
transmission and memory of the information on the basis of new physical principles. In next section the main results of the four
papers, published in Physical Revew B are discussed: 1) nonlinear relaxation between magnons and phonons in insulating
ferromagnets 2) role of magnons and the size effect in heat transport through an insulating ferromagnet-insulator interface 3) spin
Seebeck effect and phonon energy transfer in heterostructures containing layers of normal metal and ferroinsulator 4) temperature
dependence of the magnon-phonon energy relaxation time in a ferromagnet insulator.

Keywords: spinaloritronics, spintronics, magnonics, ferrodielectric, phonon.

JlocmipKeHHs M0 CHIHKAJIOPITPOHIIl Ha Kadeapi pi3uKu HU3bKUX
TemnepaTyp XapKiBCbKOI0 HallloHaJbHOTO yHiBepcuTeTy B 2017-2019

poKax
B.A. IknoBcbKu

Xapriscokuti nayionanvruil yrisepcumem imeni B.H. Kapaszina, m. Ceoboou 4, 61022, Xapxie, Yxpaina

VY craTTi BUKJIQJAEHO CTUCIHUH OIS JOCHIIKEHb y Taly3i CIIHKAIOPUTPOHIKM, BUKOHAHHX Ha Kadenpi (i3uKH HU3IBKUX
TemIepatyp XapKiBCHKOr0 HalliOHaJIBbHOTO YHiBepcuTeTy y 2017-2019 pokax. ¥ BcTyy 00roBOPIO€ThCS KiIbKa HOBUX HAINPSMKIB Y
MAarHiTOENIEKTPOHII -CHIHTPOHIKH, CIIHKAJOPUTPOHIKA Ta MAarHOHIKHM, SKi BUHUKIU 13 METOIO 3MEHIIEHHS AUCUMALil y 3BHYalHIN
HAIIBIIPOBITHUKOBIA MikpoeneKTpoHini. CHiHTpOHIKa NMPONOHYE BEIHKI MIBHIAKOCTI NEPEMHUKAHHS, MEHIIE E€HEPrOCIIOKMBAHHS,
OLIBII BHCOKY T'YCTHHY NPHUCTPOIB IaMsTi, Ta MEHIIY I'€Hepallilo TeIUIOTH Ha NepeMuKalounii exemeHT. Lle mocsraerbes muisxoM
BUKOPUCTAHHS CIliHA €JEeKTpoHa 3amicTe (abo0 B JOMOBHEHHS) HOro 3apsay, TOMY INO CIiH BiJNOBiIa€ JONATKOBIH
KBAaHTOBOMEXaHIUHiil BIACTHBOCTI €JIEKTPOHA, SKOI0 € HOro BHYTpINIHIH KyTOBMH MOMEHT. Peaizallis TyHEJIbHOTO MarHiTOOHOpY
MpH KIMHATHIH TeMIlepaTypi CIpHSJIO MOsSBI HOBOI TBEPAOTUIPHOI MaMATi Ta IIBHUAKO MPOTPAMYyIOUYHMX JIOTIYHUX CXeM. Y
CIIHKAJIOPUTPOHIL , sIKa € JOAATKOBOIO BXKe C(HOPMOBAHOIO I'ay3bi0 CIIIHTPOHIKH Ta TEPMOENEKTPUKH , BUBYAETHCS CIIH-3aJIKHUI
CJICKTPOHHUH Ta TEIIOBHMI TPAHCIIOPT y PEUYOBHHAX i3 JONMOMOIOI0 HEPiBHOBAKHHX EIEKTPOHIB, MAarHOHIB Ta ()OHOHIB. MarHoHika
€ Taly3b CHIHTPOHIKH, y OUIBII 3aralkHOMY CMHCII EJIEKTPOHIKa, sKa BHUBYAa€e (Pi3MYHI BIACTHBOCTI MAarHITHHX MIKpO- Ta
HAHOCTPYKTYP,
eJeMeHTHOI 0a3u ycTaTKyBaHHS Ha HAHOPIBHI Uil oOpoOKH, mepemadi Ta 30epiraHHsa iH(opwmamii Ha OCHOBI HOBUX (i3HUHHX
TIPUHIIMITIB.

BJIACTUBOCTI TMOIIUPIOBaHUX CIIIHOBHX XBHJIb, a TaKOX MOXJIMBOCTEH BUKOPUCTaHHA OCTaHHIX JJIst HOGyZ[OBI/I

Y HacTYHMHOMY PO3JIiJli CTATTi CTHUCIIO BUKJIA/IEHI TOJIOBHI Pe3ybTaTh YOTHPbOX cTaTel Kadenpu, siki Oy omyOIikoByBaHi y
Physical Revew B: 1) neniniiina penmakcamisi Mk MarHoHamu Ta (hOHOHaMHU y (heppoieTeKTPUKY 2) pPoiib MarHOHiB Ta e(exT
PO3Mipy B TEIUIONEpEaadi uepe3 MeKy MiXK JTieIeKTprKoM i peppoaienekrpukom 3) crid 3eebek edekT i poHOHHA TemIonepeaaya y
TeTEePOCTPYKTYpaxX SKi MICTATh IIapHd HOPMAIBHOTO METaly Ta (eppoxienekTpuka 4) TeMmIepaTypHa 3ajJeKHICTh 4acy MarHOH-
(oHOHHOI penakcaii y GpeppoaieneKTpukKy.

KirouoBi cioBa: criiHKaIopiTpoHiKa, CIIHTPOHIKA, MArHOHIKA, (eppoIieIeKTPpiK, POHOH

BBenenue

Hama COBPEMECHHAs TTIOBCCIHCBHAA XU3Hb ABJIACTCA
SIOXO0H Pa3BUTBIX I/IH(i)OpMaLH/IOHHBIX N COLMAJIBHBIX
KOHTakTOB. OHM 00ecTieueHbI TIOSBICHUEM 32 MOCIICTHUE
JIECSITHICTUS. BEICOKOTIPOU3BOAUTEIEHBIX KOMITBIOTEPOB U
MOOWIIBHBIX YCTPOWCTB, ITO3BOJIIIONINX TE€HEPUPOBATH,
COXPaHSATh W TepelaBaTh OTPOMHOE KOJHYECTBO
nadopmannu. B 1980-x ronax naMsTe KoMneloTepa ObuIa
MOpsIKa COTEH KMJIOOANT, TOT/Ia KaK B HACTOSIIEE BPeMs
OONBIIMHCTBO OOBIYHBIX KOMITBIOTEPOB HMEIOT HaMATh
nopsinka 10 rurabaiit. [leHa xpaHeHus oxHOTO rurabanTa
Ha JKECTKOM JTUCKE YMEHBIIIMIIACH C 2x10° $ B 1982 . 1o
0,06 $ 82012 .

OyHAaMEHTAIbHBIM BOIPOCOM celyac SABJISETCS TO,
KakuM  0o0pa3oM  MOXHO  IPOJNOJDKATh  Mporpecc
JNIEKTPOHHBIX YCTPOHCTB B HX pa3Mepax, CKOPOCTH

paboTel W YMEHBIICHHS CTOMMOCTH 3((EeKTHUBHOCTH
XpaHEHUsl IpU AAIbHEHIIEM POCTE HOBOM HAKOIUIEHHOH
W HENPEpHIBHO  YyBEIWYHBAIOUIEHcS  MH(DOpMAIm.
HenpepeiBHOE yMEHBIIEHHE pa3MEpoOB 3JIEKTPOHHBIX
YCTPOMCTB, CBSI3aHHBIE C YBEIMUEHHUEM IUIOTHOCTEN TOKa,
HeM30€)KHO  CBSI3aHO C  POCTOM  JIMCCHIIAIIMM B
COEJMHUTENbHBIX KOHTAKTaX, OrpaHUYMBas YIy4dlEHHE
YCTPOWCTB 3JIEKTPOHUKH. [lo3TOMy pa3paboTka HOBBIX
TEXHOJOTHH JUIsl 3aMEHbl DJJIEKTPOHUKM HAa OCHOBE
JBIDKEHUS 3apsioB SIBISIOTCA aKTyalbHBIMH KakK JUIs
Opnnoit

W3 TAaKUX HOBBIX TEXHOJIOTHM SBIISCTCS CIIMHTPOHMKA,

HCCHCﬂOBaTCHeﬁ, TaK U JJI1 IPOMBIIIIJIICHHOCTH.

KOTOpasi mpezsiaraet OOJbIIHEe CKOPOCTH HEePEKIIOUCHHS,
MOTpeOJIeHne DHEPTruu, 0Oojee BBICOKYIO
IUIOTHOCTh YCTPOMCTB MaMSATH U MEHBIIYIO TCHEPAIIHIO
TEIJIa Ha TEPCKIIOYAIOIIUN DJIEMEHT. JTO MOXKET OBITh

MCHBIICC
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JIOCTHTHYTO MYyTEM HCIIOJIb30BAHUS CIHMHA 3JEKTPOHA
BMecTO (WM B JIOTIOJIHEHHE) €ro 3apsna.
COOTBETCTBYET JTOTIOJTHUTEIBHOMY

Coun

KBaHTOBOMEXaHUYECKOMY CBOWCTBY DJIEKTPOHA, KOTOPBIM
SIBJISIETCSI €r0 BHYTPEHHUH yTIIOBOIl MOMEHT.
Boinaronuiicss npopslB B 00JIaCTH  CHHMHTPOHUKH
a¢dexra
ruraarckoro MarautoconportusieHus (GMR), koTopsrit
BBENl CIIMH — 3aBHCAIIMH, TPAaHCIOPT Kak HOBOE
¢u3mdeckoe TNPHONIMKCHUE, CPAaBHAMOE C HW3BECTHBIM
paHee oObIYHBIM MarHeTocomnpoTusieHneM. GMR 0p110

CBA3aH C OTKpPBLITUEM, TaK Ha3bIBaA€MOro,

HCCIIEIOBAHO  HE3aBUCHMO  JByMS  HOOEIEBCKHMHU
naypeatamu A. Fert m P. Griinberg B 1988 r. ¢
OyOIUKAIMSIMA O CIHH — 3aBUCAIIEM TPAHCIOPTE B

CIOUCTBIX CTPYKTypaX, COCTOSAIIMX M3 MArHUTHBIX H
HEMarHUTHBIX MeTauIn4eckux cioeB. Korma BekTopsl
HaMarHuueHHOcTH M JByX (eppOMarHUTHBIX CJIOEB
HapajyIeNbHbL, 3JIEKTPOHBI CO CIMHAMH NapauleIbHBIMH
HAMAarHM4EHHOCTH PACCEMBAIOTCS PeXe, MNPUBOASL K
MEHBIIEMY HONEPEYHOMY 3IIEKTPOCONpOTHBIEHHIO. [Ipn
AQHTUINAPAIIEIBHON ~ OpUEHTAlUM  AJIEKTPOHBI
OpHUEHTalUil  CIHHOB  HCIBITBIBAIOT

obenx
3HAYUTENILHOE
OoJbIIOMY

paccesaHuce, 4qTo MIPpUBOJAUT K

Peannzanus
(TMR)
Temmeparype B TpexcioiiHukax Tuma M|I|M (rme |-

3IIEKTPOCOPOTHBIICHHIO. TYHHEJIBHOTO

MaramToCONpPOTHUBIICHUA npu KOMHATHOM
M30JSITOP) CIMOCOOCTBOBAJNIO TOSIBJICHUIO TBEPAOTEILHOMN
MaMATH HOBOTO THIIA, U OBICTPO IPOTPAMMHUPYIOIINXCS
JIOTHYECKUX CXEM.
Hecmortps,

SHEPronoTpedIeHNe yCTPOMCTB pacTeT W, C MPHKIIAIHON

OJ/THAKO, Ha 3TOT mnporpecc,
TOYKH 3pCHU, MPCACTABIACT OCHOBHOC MNPCIIATCTBUC B

pa3BHTI/II/I HOBBIX I/IH(I)OpMaHI/IOHHI)IX TeXHOJ’IOI‘HfL
TexHOJIOTHH B3aUMOINPEBPAILCHUST PA3IMYHBIX  (OpM
00€eCIIeunBaoT BXOISIIEH

SHEPTUU IIpeBpaIieHue

SHepruu (HampuMmep, Teruia) B Oojiee KelaTeNbHYI |
dopmy
ANEKTPUUYECKYI0), YTO MOXET OBITh HCIIOJIE30BAHO IS
MpeBpaleHuss OTPa0OTAaHHOTO TeIla W KOHTPOIS 3a
temreparypoid. CHuH — 3aBUCALIMN JJIEKTPOHHBIA U
TEIJIOBOM  TpaHCIOPT B BELIECTBE  H3ydaeTcs
CIIMHKAJIOPUTPOHUKOM, KOTOpas SIBIISICTCS

YHOTpeOHUTENbHYIO (mammprmep, B

)IOHOHHHTCHBHOﬁ BCTBBIO YxKE

TEPMODJICKTPHUIECCTBA.

chopmMupoOBaHHBIX
CIIMHTPOHUKHA | Tpancnopr
3apsza,
peanusyercs,

KBasu4aCTHUIbI

HAMarHMYeHHOCTH  (CTIMHA) WM Tera

KOorja COOTBETCTBYIOMIME YaCTHUIIbBI WU
(2JIEKTPOHBI, MarHoHbl WJIH (OHOHBI)
CTaHOBSTCS HEPAaBHOBECHBIMH. DNEKTPOHBI
MPOBOIUMOCTH  MOTYT  OBITh ~ UCIOJB30BaHBI  JUIS
CIIMHOBOTO TPAaHCIOPTa Pa3IMYHBIMH CIIOCOOaMH, a TaK
e JUIs TPAHCIOPTA TEIUIOBOW DHEPTUHU 3a CUCT 3aKOHA

Bunemana-®panna. MarHoHbl SIBISIOTCS  0O3CBCKHUMH

KBa3WYaCTHI[AMH M YYacTBYIOT B TpPaHCIIOPTE Temia U

CIIMHa IIyTEM BO3MYLICHUSA JIOKAJIN30BaHHBIX B
KpPICTaJ'IJ'IPI‘IeCKOﬁ PCUICTKE MAarauTHBIX aTOMOB.
(DOHOHLI, ¢ OJHOH CTOPOHBI, SABJIAACH MOXOXUMHU

003eBCKUMHU KBa3WYACTHIIAMH, MEPEHOCAT TEIUIO MyTEM
BO3MYIICHHUS MOJIOKCHUI aTOMOB PEIICTKA U MarHUTHBIX
BKIIIOYCHUH B Hee, a C JPYrod CTOPOHBI, CIOCOOHBI
paccerBaThCs W YBICKATh JIEKTPOHBI MPOBOAUMOCTH U
MarHOHbI, BBIBOJS 3TH KBa3WYaCTHIBl U3 TEIJIOBOTO
paBHOBeCHsI IMOJ JCHCTBHEM BHEIIHUX CHII, HalmpuUMep,
rpajiieHTa TeMIeparyp.

B ob6mact COMHOTPOHUKH U CIUHKAJIOPUTPOHUKH
pabor
9KCICPUMCHTAILHOM U TCOPETUUCCKOM HCCIICAOBAHUU

00JbIII0E KOJIMYCCTBO COCPCAOTOUCHO Ha

CIIMHOBOI'O TPAHCIOPTA B IBYXCIOMHUKAX HOPMAJIbHBIN U
¢deppomarautabiit Metamun (NM/®OM), raoe mnoBencHwue

CIIMHOBOTI'O TOKa SABJIACTCA OCHOBHBIM 00BEKTOM

HU3y4YCHUS. FeHepauI/m, nepegadya MW ACTCKTUPOBAHHUC

CIIMH—TIOJIAPU30BAaHHBIX TOKOB B  TaKHUX  CHUCTEMaxX
SABJISACTCA TEM HAIIPABJIICHHUEM, KOTOPOC B IICPCICKTHUBE
OpUBOAUT K peajlu3anuu  CICAYHOIICTro

YCTPOﬁCTB CIIMHOTPOHUKMU. I/ICCJ'IGZ[OBaHI/Ie OCHOBHOT'O

IIOKOJICHUA

s¢ppekTa B CIUHKAJOPUTPOHUKH, KOTOPBIM SBISIETCS
cruH 3eebek 3 dext (SSE) , He TOBKO B METATHUSCKUX
OuciosxX, HO U B (eppoMarHUTHBIX H30JATOpax (T.e.
JIMDJIEKTPUKAX) TO3BOJISET T€HEPHPOBATh JJIEKTPUUECKOE
HampsbkeHue 0Oe3 TEIUIOBBIX II0TePb, CBS3aHHBIX C
JBIDKYIIMMHUCS SIEKTPUIECKUMH 3apsiIaMH.

Wtak, ciuHTpOHMKA — 3TO, ()aKTHIECKH, DIIEKTPOHHKA,

B KOTOpOﬁ, (B ‘IaCTHOCTI/I), HCHOJIB3YIOTCA TPOLECCHI

NepeHOoCca MAar"smuTHOIO MOMCHTa nim CIIMHa
DJICKTPUYCCKUM TOKOM B CTPYKTypax, COACPKAIMIUX
MarHuTHBIC MaTcpualibl. HepeHoc CIIMHa MOXKET

OCYHICCTBJIATECA € MNOMOLILIO MAarHOHOB, WJIM KBaHTOB

CIIMHOBBIX BOJIH B MAarHuTHBIX MeTajIax )5
(heppoardIeKTpUKaXx.

B cBsi3u ¢ 3THM BO3HUKIIO (€I1e OJTHO) HOBOE HAYYHOE
HATpaBJICHUE — MarHOHWUKa — OOJIACTh CIIMHOTPOHUKH,
Wik B Ooyiee OOIIEM CMBICIE AJIEKTPOHUKA, W3yYaroIias
¢usndeckue  cBoOiicTBa
HAHOCTPYKTYD, CBO¥CTBa pacmpoCTPAHSIOIIHXCS

CIIMHOBBLIX BOJIH, a4 TaKXE€ BO3MOXKHOCTEH MIPUMCHCHUA

MAar"avTHBIX MUKPO- u

TOCJISTHUX JIJISl TIOCTPOCHUS SJIEMEHTHOHN 0a3bl IprOOpoB
Ha HAHOYPOBHE i O0pabOTKH, Tepenadyd W XpaHSHUS
nH(OPMAIUK HA OCHOBE HOBBIX (DU3MUECKHUX MPUHIIUIIOB.
B dyacTHOCTH, B MarHOHHKE W3y4arOTCA
pacipoCTpaHEeHUs] CIHHOBBIX BOJIH B paclpeaesieHHBIX
MarHOHHBIX MIEPUOJUUECKUX CTPYKTYpax, TakK
Ha3bIBAEMBIX ~ MAarHOHHBIX B muorux
aCIeKTaxX CIMHOBBIE BOJHBI MOTYT paccMaTpUBaThCs Kak
MAarHUTHBIA aHAJOT 3BYKOBBIX M  JJIEKTPOMArHUTHBIX

OHHaKO, B OTIHMYHEC OT

BOTIPOCHI

Kpucrtajijiax.

BOJIH. CIIMHOBBLIC BOJIHBI,
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B.A. Ixnosckuii

MTOCTICTHIIX, UMEIOT Oonee pa3HooOpa3HbIe
IUCIEPCHOHHBIE  XapaKTEPHCTHKH. OHn  Moryr
BappHpOBaThCA B OojJee  IIMPOKOM  JHaIa3oHe

IapaMeTpoB, BKIIOYas BHIOOP MAarHUTHOTO Martepuaia

(MarHuTHBIC METAaJLTbI, MOJYTIPOBOTHUKH u
TUBJICKTPUKH), HopMy 00pa3iia, OPUCHTAIMIO U BEIUIHHY
MPWIOKEHHOTO  TMOCTOSSHHOTO ~ MAarHUTHOTO  TOJIS.

KomOnHanust Kak pa3sHOOOpasHbIX JIMHEWHBIX CIUH —
BOJIHOBBIX  3(QEKTOB, Tak M SPKO BBIPAKEHHBIX
HENIMHEHHBIX 3()()EeKTOB NemaroT CHOHH — BOJHOBEIC
CHCTEMBbl MHTEPECHBIM OOBEKTOM Ul M3YYEHHUs OOIIMX
BOIIPOCOB TMHAMUKY BOJIH B Pa3INYHBIX CHCTEMaX.

Pe3yabTaThl, onyoankoBannsie B Physical Review B
(4 craTbn)

3a mepuon 2017 — 2019 rr. Ha kadenpe ¢usuku
Huskux temmeparyp (K®HT) B pamkax ydactus B
npoekre  MaglC  (Magnonics, Interactions and
Complexity: multifunctional aspects of spin wave
dynamics) mpod. Illxkmosckum B.A. 0ObI0 Hayato
TeopeTHdeckux  pabor B
CHMHKJIOPUTPOHMKM W 3a TIOCIexHee BpeMs OblIo
omybnnkoBaHo 4 crathu B Physical Review B [1 - 4]. Ha
OCHOBE JIBYyX U3 3TUX ctared [1,2] aBe CTYAeHTKHU IpyMIIbl
®043 -~ KorBumkas JLA. O.C.
BBITIOJHUIIN KOTOpbIE

BBIIIOJTHCHHUE obnactu

u HaboiueHko
cBoM OakanaBpckue paboOTHI,
TUIAHUPYETCS M03/IHeE OMyOJIMKOBaTh B SCOPUS M3IaHHSX.
[MoaBoas uror cBoeil pabOThI MO aHAJIM3y COBPEMEHHOU
Hay4yHOM JIUTEpaTyphl IO CIMHTPOHUKE U MarHOHUKE,
mpo¢. IIknoBckuii B.A. mnanupyer B CIEAyIOIIEM

y‘{66HOM roay IMOATrOTOBUTb K  H3AAaHUIO  HOBOC
METOAUYECKOC nmocobne «CromH — HOJ'ISIpI/IBOBaHHHﬁ
TPAHCIIOPT» u HayaTb npenoaaBaHue HOBOI'O

crequanibHoro kypca Ha KOHT 1o coBpeMeHHbIM
MeTOoJaM B MarHoHHKe, CIMHTPOHUKE u
cIMHKajnopuTpoHuke. Ilepelinem Temepb K KpaTKoMy
OTMCAaHWIO OCHOBHBIX PE3yJbTATOB,

pabotax [1 - 4].

TOJTYYCHHBIX B

B pa6ore [1] Teopernuecku ucciaeqoBaHa HEJTMHENHAS

penakcamusi MeXJQy MarHoHaMu W (OHOHaAMH B
(eppOMarHUTHOM  JTUDJICKTPUKE, KOTOpas  paHbIIe
M3ydyasiach  TEOPETUYECKHM  TOJBKO B  JIMHEHHOM

npubmbkenuy. B atom otHomenun padota [1] Hanbonee
TECHO CBs3aHa II0 TIOCTAaHOBKE 3aJada M CXeMe ee
pelIeHns ¢ XOpOULIO M3BECTHOM 3ajladeil 0 HeTuHeHON
perlakcanuy 3JIeKTPOHOB Ha (OHOHAX, PACCMOTPEHHOI
KaranoseiM, JIudmmnem n Tanataposeim (KJIT) eme B
1956 r. [5]. B aroii pabote, KoTOpas 10 CHX TOp SABIIAETCS
OCHOBHOM MOJENBIO [JIsl aHajiu3a SKCHEPUMEHTOB IIO
pelaKcanuy JHEPTrUM  BO30YXKIEHHBIX JIIEKTPOHOB B
MeTauiax  (cM., 0030pHYI0 cTathio [6]),
HEJIMHEMHBIM TEemIoBOM MOTOK Qe OT TIOpAYUX
JIEKTPOHOB TIpH TeMneparype Te kK xonoaHsM GoHOHAM

Harpumep,

mpu Temmeparype Tp OBITI BBIUHCICH B paMKax
IBYXTeMIIepaTypHoii Moxenu, koraa Te u Tp Obutr MHOTO
MeHbIle  nebaeBCKOW  TemmepaTypbl Meramia  Op.
HenuneiiHoe BelpaxeHue Uil MOTOKA Temja B 3TOM
npenene umeno Bux Qe = A (Te® — Tp®), e A —
TIOCTOSIHHAS, 3aBUCAIIAsI TOJIKO OT BEJTMYUHBI DJICKTPOH —
(oHOHHOTO B3auMoJeHcTBHs B MeTasue. [lomydyeHHbIe B
[5] pesynapTaThl MO3BOJWIM B  JanbHedem [6]
[IPOAHATU3UPOBATh PAa3JIMYHbIC ACTHEKThl 3aBHCAIICH OT
BPEMECHH TEOPHH TOPSYUX DIIEKTPOHOB B TOHKHX
METAJUIMIECKUX IUICHKaX MPH HU3KHAX TeMIlepaTypax
(T<<6p).

B 1O e BpeMs paHee aHamorudHas mpoOieMa
penakcani MarHoHOB Ha (poHOHaX B (peppOMAarHUTHBIX
JMDJIEKTPUKAX paccMaTpUBajach TOJBKO B JIMHEHHOM
npudmmkenun, korma QM ~ (Tm - Tp), rme Om —
TEIUIOBOM IOTOK OT MAarHOHOB ¢ Temmeparypol Tm k
¢ononam ¢ Ttemmeparypoit Tp. 3mech CyIIECTBEHHO
OTMETHUTH, YTO B HACTOSIIEE BpeMs MEPEX0J] K U3yUECHHIO
WHTCHCUBHBIX CITUHOBBIX TOKOB B (heppoMarHeTHKax
SBIICTCS ~ OJHUM W3 HampaBJICHUN B
CIMHTPOHWKE W CIHHKAJOPUTpOHHKe. Tak, Hampumep,
M3MepeHus cnnHOBOro d(hdekra 3eedeka (cM. Tawke [3]),
BEITIOJTHSIEMBIE OOBIYHO Ha nBycioiHukax u3 YIG u Pt,

OCHOBHBIX

NPEANoNaraloT Hanu4yue OOJBIION pa3sHHULBI MEXIY
TemneparypamMu T™m u Te Ui perucTpanuu MoToka Tersa
yepe3 rpaHuiy. B 3ToM ciydae TEmIoBoe CONpOTHBICHHUE
Kanuupr [7] unTepdeiica ctaHOBUTCS HaOOJNBIIUM TIpU
HU3KUX TEMIIEpaTypax, 4TO W3MEHSET INPOBEICHHBIE B
JMHEHHOM TpUOMIDKEHNH (OHOHHBIE, AJICKTPOHHBIE H
MarHoHHbIE TeMIepaTrypHble NpoQuiIn, MOIy4YeHHbIE B
9KCIIEPUMEHTE  TIpU temreparype. B
YaCTHOCTH, B JINHEHHOM NPHOJIMKEHUN TIO TeMIlepaType
T MOXHO cuWTaTh, YTO TEIUIOBOH TIIOTOK CIIEXyeT
cootromenmio Hetotona Q ~ [R™ (T)]AT, rae AT = Tm -

KOMHATHOM

Te u R(T) ectb ananor conporusieHust Kamuiisi, KoTopoe
/T, obpazom  R(T)
YBEJIMYMBACTCSI HA TPU TOPSAKA IO BEIWYUHE, €CIH

MPONIOPUAOHAIBHO Takum
temneparypa mmensercs oT 300K mo 30K, u ero poct
JOCTHTAeT WISCTH IMOPSAKOB B HH3KOTEMIIEPATYPHOM
skcriepumente npu 3K, Orcioga sicHO, 4YTO Jaxe
HeOoupIass pasHuna Mexay Im um Te cymecTBeHHO
BIMSIET HA BEIMYMHY TOTOKa QM TpU  HU3KHX
TeMIeparypax, 4YTo OOyCJIaBIMBaeT HEOOXOIMMOCTb
TEOPETUIECKOTO UCCIICIOBAHUS HETMHEHHBIX PeKUMOB. C
ydgeToM 3Toro B paborte [l1] paccmarpuBaeTcst cimydait
HENTMHEWHOW  peNlakcaluu  MEexay
temrieparypoid Tm u QoHoHamu ¢ temmeparypod Tp u
noJTyueHsl (OPMYJIBI [UIsl MOTOKA Teria QM OT MarHOHOB
K (GoHOHaM [UIs  (QEeppOAMAICKTPHKA. OTa 3aaaya
paccMarpuBaeTcs JUis ciy4vas, korma Tm << 0 p, 4TO
OIpaBJIaHO MpPU HU3KUX TeMIleparypax. B 3akmoueHue mo
9TOM CTaThe XOTENIOCH ObI MOMYCPKHYTH, YTO BBIPAIKCHHE

MarHoHaMu C
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g motoka QM B crathe [1] ropasmo Oomnee cioxkHOE |,
geM 171 moToka Qe. DTo (U3UIECKH CBSI3aHO C TEM, UTO
U3Ty4YeHUE (POHOHOB MAarHOHAMH BO3MOJKHO JIMIIB JUIS

TaKMX MAarHOHOB, OJHEPrusi KOTOPBIX OOJIbIIE, YeM
2

0p~/40¢, rue Oc - TemIepaTypa Kropu
deppommanektpuka. B wmeramnax, mo KIJIT, mro6oi

9JIEKTPOH BOJIN3HM MOBEPXHOCTH DEepMU MOKET MOTJIOTHTh
U M3ITy4uTh (POHOH, TAK KaK CKOPOCTb 3ByKa B OOBIYHBIX
MeTalax MHOTO MeHbIe (epMHEBCKOHl CKOPOCTH
3JIEKTPOHA.

[epefineM Temeps k aHAN3Y pe3yIbTaTOB padoTHI [2],
KOTOpasi MOCBSIICHA BBISICHEHHIO POJM MAarHOHOB B
(dbopmMupoBaHUU pasMepHOro 3ddekTa B MepeHoce Teria
yepe3 wuHTepdeiic Mexay (GeppoarIIeKTPUKOM F
TOMMHOW O W  MacCHBHBIMH  JMAJICKTPUYCCKUMHU
oOkmaakamMu D ¢ BBICOKOW TEMIONPOBOIHOCTBIO. 37€Ch
MHUKPOCKOIIUYECKH MOIYYeHO BBIPOKEHUE AJIS TEIIOBOTO
MOTOKa OT MarHOHOB B (eppoamdnekrpuke Q (Twm), rae
TM — Temmeparypa MAarHoHOB, IIPH IPOH3BOJIBHOM
sHaueHun mapamerpa  &~d/I(Tm) mns addexTuBHON
akyctudeckoit mpospauynoctu rpanun F/D, rme 1(Tm) —
cpemHssi UTMHA CBOOOXHOTO Tpobera (OHOHA TMIpH
paccesHMHM Ha MarHoHax ¢ Temmeparypod Twm. U3
noiayuennsix s Q(Tm)  dopmyn creayer,

3aBUCUMOCTHU OT COOTHOIICHUA MCKAY TOHHII/IHOﬁ d JUIA

4TO B

F obOpasua u mmuuoit |(Tm) (T.e. OT BETWYMHBI €)
CYIIECTBYET JIBa KAYeCTBEHHO pa3JIMYHBIX peXKHMa
TernooTBoma oT F  obpasma B mmnektpuku D. Ecmm ¢
>>1, TO ATO OOBIYHEIN «IKOYIEeB» HarpeB F obpasia,
KOTOpBI paHee WHTEHCHBHO HCCIIEN0BAJCS BO MHOTHX
9KCTIEPUMEHTAIBHBIX Pad0Tax MO H3YyYEHHIO TEIJIOBOTO
COTIPOTHUBIICHHS MEX/Ty IBYMSI pa3INUYHBIMH BEIIECTBAMH.
Teopernyeckn BenuuuHa TemioBoro motoka Q(Ty,Ty) B
3TOM ciy4dae Oputa BbeuucieHa Jlurtnom [8], rae oH
mokKasajg, dro BenuumHa Q

3aBHCUT TOJBKO OT

aKyCTUYEeCKOH TpOo3padyHOCTH HHTepderica, KoTopas

3aBUCUT TOJIBKO OT IUIOTHOCTEH W CKOpPOCTEH 3ByKa
rpannvaiiux cpen. Ecim xe € <<1, to ectb d << I(Ts), TO
Ut TONMHUH  (EePPOAUIICKTPUKA  TOIKEH
HaOJIOATBCS PEXKUM MeperpeBa MarHOHOB, MPH KOTOPOM
BO3MOXHO OaJNIMCTHYECKOE pacnpocTpaHeHHe (HOHOHOB

u3 Qeppoauaiextpuka yepes F/D unrtepdeticel. B atom

TaKHX

peXHUMe BEIMYHHA TEILUIOBOTO MOTOKa Q M HeJIMHEHHbBIC
[0 Temreparype TM pe3ylbTaThl ONPEAEIISIOTCS TOIBKO
CBOMCTBAaMH MarHUTHO — ()OHOHHOTO B3aWMOJECHCTBUS B
(GeppoaIIeKTPIUKE W COBEPIIEHHO HE 3aBHUCAT OT
aKyCcTH4YecKoi  mpospaunoct  F/D  wuHTepdeiica.
IIpenckazansblil npu € << | pexuM neperpeBa MarHoHOB
JIOJDKEH HAOJIoNaThCsi B THOPUIHBIX CTPYKTypax c
TOHKUMH (EPPOMArHUTHBIMU CJIOSIMA M TPaHUIAMHU C
XOpolIeld aKyCTHYeCKOH Ipo3padHocThio. B olmem
IUIaHe, PacCMOTPEHHBIE B paboTe [2] pe3ynbTaThl MOTYT

OBITh HCIIONIB30BAaHBI JUI AaHalM3a BO3MOXKHO HOBOM
3eebex dddexty B
CO3JaHUIO

MIOCTAHOBKH OIIBITOB TIO CIIMH
THOpUIHBIX ~ HAHOCTPYKTYpax H
YCTPOWCTB CIIMHKAIOPUTPOHUKH.

[lepeiineMm  Temeph K  ONUCAaHUIO  OCHOBHBIX
pesynbratoB  pador [3, 4], B KOTOpeIX ObUIM
UCIIONIb30BaHbl MOJYYEHHbIE B IPEABIAYIIUX CTaThIX
pe3ynpTatel [1, 2] mO aHaNMM3y MOBENCHHS TEIJIOBOTO
NOTOKA B HEIUHEMHBIX IO TeMIIepaType MarHoHOB TM
pEeKUMaXx.

B pa6ore [3] uccnenyercst ciimu 3ee6ek addext (SSE)
1 TIEPEHOC TEeIUIa B TETEPOCTPYKTYpax, COJEPIKAIINX CION

HOBBIX

(beppoMarHuTHOTO
mmasektpuka (F). TTogoono obbranoMy 3eedek 3 dexty,
B KOTOPpOM TIOABIISICTCS

HopMmanpHOoro Metamia (N) wu

SJIEKTPUYECKUH TOK TMOJ
JICUCTBHEM TpajJMeHTa TeMIepaTypsl, B ciaydae SSE
TEeMIIEpaTypHbIil TIPaJUeHT TPUBOAUT K IIOSBICHUIO
CIIMHOBOrO ToKa. JliIi JETeKTHPOBaHHS IOCICIHEro
ucnons3yercs asycioitnas (F/N) crpykrypa. B rtakoit
CTPYKType CITMHOBBIN TOK u3 F-cios mHTerpupyercs B N
MeTaJll, TJIe 3a CYET CHIBHOIM CIMH—OpOHMTAaNbHOU CBS3M
TOSIBIISIETCS 9KCIICPUMEHTAIIBHO HaOJlroraeMoe
HanpsDKeHHe, BO3HHUKAloOIlee B pe3yjbTaTe O00paTHOro
s¢pexra (ISHE).

OKCIICPUMEHTOB BBLITIOJTHAIOTCS B HpOZ[OHLHOﬁ reoMeTpun

ciuH  XoJul bonbmmacTBO  SSE
(LSSE), korma VT u cnuHOBOM TOK JS mapaiuienbHbl U
OPHEHTHPOBaHbI NepreHIuKysipHo F/N rpanune.

B crartee [3] paccMmarpuBaroTCsl /Ba pealn3yeMbIX
9KCHEepUMeHTanbHO cnocoba co3manus VT. Ilepssrit
FIN  oucnoe
JIEKTPUUECKUM TOKOM, U Toraa N cIiioi, MCroab3yeMbli

cnoco6 — mHarpee N wmeramma B
quist terekrupoBanust LSSE onHoBpeMeHHO ucnonb3yeTces
UM KaKk DPE3UCTHBHBIA HarpeBarelib U Kak TEPMOMETP.
Hpyroii crocod co3manns VT — myTeM HCIOJIB30BaHUS
JIBYX TEpPMOCTAaTOB C pa3HbIMH Temieparypamu. B
9KCIIEpUMEHTANBHBIX paboTax mo LSSE Owuto mokasaHo,
yro TomumHa F ob6pasua (YIG) u cocrosiHMe TpaHMIBI
oucnosi F/N BmusioT Ha HHU3KOTEMIEPATYpHBIA POCT
anexTpuueckoro curnana B N cnoe. [lpu cpaBHeHun
HallMX TEOPETHYECKUX PE3YJIbTATOB C HKCIIEPUMEHTOM
HaJ0 MMETh B BHJY, YTO CYLIECTBYET J[Ba Pa3IMYHBIX
MeXaHH3Ma TeHepaluy CIIMHOBOTO TOKa MOTOKOM Tera.
IlepBelii M3 HUX CBSI3aH C  pa3iduueM  MEXAY
TeMIiepaTypamMu 3J1eKTpoHoB Te u marHoHoB Tm Ha N/F
nHTEepdeiice. BTopoit MexaHW3M CBS3aH C BO3MOXKHBIM
HaJIMYUeM TpaJieHTa TeMIIepaTypbl MarHoHoB B F cioe.
Ecmn  temmeparypa nuanekrtpuka TB, Ha KOTOpoM

PacCIiOJI0KEH 6HCHOﬁ, 3HAYUTCIIbHO MCHBIIC ILe6aeBCKOﬁ

Temmeparypel  Op, TO TEpBBI  MeXaHU3M  Oyze
JIOMUHHUPOBATh M3-32 JIBYX MPHYUH: 1) POCTa TEIUIOBOTO
comporuenerus N/F  rpammmsr  kak  1/Tg® n 2)

3HAYUTENBHOTO pOCTa TerionpoBogHocTu F cios. O6e
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B.A. Ixnosckuii

STH TIPUYHUHBI 00CYXIanmnch B cTathsax [1, 2]. Ilocnennss
IIpUYMHA paccMaTpuBaTh ~ TEMIIEPATypy
MarHoHoB TM mocCTOSHHOH, TO ecTh mpeHeOpeus VM

IIO3BOJIACT

npu Tm << 0p.

Urak, B pabore [3] mpencraBieH TeOpeTHYECKHUI
pacuer kunHeTuku mnepemaun temwa B N/F u Ds|N|F|D,
runepctykrypax B LSSE pexume. Llenbro BerunciieHus
SIBJISIETCSI OTIPE/ICIICHUE Pa3HUIIBI TEMIIEPATYP AJIEKTPOHOB
Te u maraonoB Tm Ha N/F Tpanuie, Tak Kak IpH HA3KUX
temneparypax AT = Te — Tm ompenenseT HampspKeHHUE
Visue B N cnoe. IlpoBeneHnsrii pacuer
AT u Vs ot TB mokasai, 94To OHH Pa3IUYHEI IS IBYX
9KCHCPUMCHTAIBHBIX — CHUTYAITHHA. N/F
pacmosio’keH MeXIy AByMs auasektpukamu D; u D, ¢

3aBHCUMOCTEH
Ecmmn cJIoH

pasubiMu  Temneparypamu, TO Visye (TB) MOHOTOHHO

Bo3pactaer ¢ yBenumuenmeM TB. Ecmu ke N|F|D
reTepoCcTpyKTypa HarpeBaetcst TokoM B N-croe, To Vsye
(TB)  sBnsgercst  yOwbiBatomied — QyHKumeil.  OTH

TEOPETUYECKUE PE3YJbTaThl CTaTbU [3] COOTBETCTBYIOT
HU3KOTEMIIEPATYPHOMY SKCIIEPUMEHTY.

I[Ipu BbICOKMX TeMIeparypax TEOPETUUYECKHE
IpeacKa3aHus CTatbu [3] OTVIMYAIOTCS OT PE3yJbTATOB
SKCIIEPUMEHTOB U 3TO OTJIMYHME MOXXHO CBSI3aTh C TEM
BKJIAJIOM B CIHUHOBBIM  TOK,

KOTOpBIM  co3faercs

IPaJUEHTOM TEMIIEPATypbl MAarHOHOB U KOTOPBIM B

N|F|D
TeTepPOCTPYKTYpPhl B Cllydae JDKOYyJeBa HarpeBa TaKxke

Hameil Teopuum —ImpeHeOperagock.  AHanu3

Opeanonaraer, 4ro ¢ POCTOM TOMIIHHBI F  crost
ymeHbinaercs. B pabore [3]
[OKa3aHO,  YTO HOBEICHUE  OIpPEACISIETCS
OTHOIICHHEM TONIIUHBI Fcinost Kk mHe (QOHOH —
MAarHOHHBIX CTOJKHOBEHHM, TaK Kak B TOJCTOM F cioe

HanpshkeHue  V|spe
TaKoe

MarHOHBI HarpeBaroOTCs OJlaromaps B3aMMOJCHCTBHIO C
HEpaBHOBECHBIMH (POHOHAMHU.

B pabGore [4] HCTHOIB30BANIOCH KHUHETHUECKOE
ypaBHeHHe BosbiiMaHa aJ1s1 aHAIM3a BPEMEH pPelIaKkCaIliuu
CITIUHOBOM

CHUCTEMBI (eppoarIeKTpIKa F,

PACIIOJIOKEHHOIO  HAa  MAacCCHBHOW  IOMJIOXKKE W3
JUBIICKTPUKA C BBICOKOH TEIUIONPOBOAUMOCTRIO. [Ipu
Cc1abOM  TePUOAMYECKOM HArpeBe CHCTEMBI CIIHHOB
penakcanys 3aBUCHT OT TOJIIMHBEI F CJI0S M OT 4acTOTHI
TEIUIOBOI0 HarpeBa . Ecnm tommmua F cimos MHOTO
OoJyblie, 4YeMm JUTMHA CBOOOJHOTO Tpolera paccesHus
(OHOHOB Ha MarHoHax |pm, 3aBHCHMOCTH TEMIIEPATYpHI
MardHoHOB OT YacTOThl () MMEET JBE OCOOEHHOCTH,

CBA3aHHBIE C XapaKTCPHBIMH BPEMCHAMHU CHCTEMBI

cnuHoB. OHa HM3 HHUX OMNpEIeNsieT CpelHee Bpems
penakcanuu (HOHOHOB M3 F Cilos B TONMOXKKY Ten B
HU3KOYAaCTOTHOM pekuMe. B To ke Bpems, Kak B ciydae
BBICOKHX YacTOT OHO OIpPEICIIACTCS] BPEMEHEM MarHoH —
(OHOHHBIX CTOJIKHOBEHHUH Tpp, C MOMOLIBIO KOTOPOroO 10
MPHUHIUITY JCTATHHOTO PAaBHOBECHS MOXHO ONPEACIHUTH

BpEM4A q)OHOH—MaFHOHHLIX CTOJIKHOBEHHI Tpm- HaHpOTI/IB,

OTKIMK (P (EKTHBHO TOHKHX F cloeB xapakrepuiyercs
TOJBKO OJHOW OCOOCHHOCTBIO, KOTOpas OHpenesseTcs
BPEMEHEM Tpp. TakuM 00pa3’oM, BPEMEHA Tem, Tmp, Tpm
MOT'YT HaliIcHbl M3  OKCIICPHMEHTOB IO
IapaMeTpUUecKoMy BO30YX/IEHHIO CIIMHOBBIX  BOJIH

OBITH

OJICKTPOMAriuTHBIM H3JIYy4YCHUEM, MOAYJIHMPOBAHHBIM Ha
9acCToTE M.
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Peculiarities of synthesis of Ag-doped hydroxyapatite ceramics

M. Tkachenko, Z. Zyman
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ORCID: 0000-0003-3174-0290
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The study is devoted to the preparation of antimicrobial Ag-containing bioactive calcium phosphate ceramics based on
carbonated hydroxyapatite and to the determination of the dependence of its phase composition and microstructure on the synthesis
temperature. Composite ceramics was obtained by sintering powders of carbonated hydroxyapatite (CHA), synthesized as a result of
a reaction between calcium carbonate and phosphoric acid, with the addition of silver nitrate. Ceramics were sintered at 900 and 1000
°C temperatures, i.e., temperatures below and above the melting point of silver. X-ray analysis, electron microscopy, and infrared
spectroscopy showed that synthesis at a 900 °C temperature (below the melting point of metallic silver) produces a two-phase
composite based on CHA with inclusions of silver nanoparticles smaller than 50 nm in size. From X-ray analysis, with an increase in
silver concentration, the lattice constant a remains practically unchanged, while the constant ¢ — increases. This behavior, due to the
significant difference in the ionic radii of calcium and silver (Ca?* — 0.99 A, Ag* — 1.28 A), usually leads to the preferential
substitution of Ca(1) sites in the CHA and a linear increasing in the lattice parameters of the CHA with the Ag concentration. That is,
even at relatively low temperatures, as a result of the solid-phase reaction in CHA, partial replacement of calcium ions by silver ions
occurs and Ag-substituted ceramics are formed. At temperatures above 1000 °C, a single-phase silver-substituted product is
synthesized where part of the Ca®" ions is replaced by Ag* ions. At the same time, the lattice constant ¢ continues to increase, and in
the electron microscopic images only the apatite grain structure is visible without any inclusions. Sintering of composite ceramics at
a temperature when silver is in the liquid phase and more easily dissociates into ions compared to the solid phase, results in a single-
phase silver-substituted ceramic.

Keywords: carbonated hydroxyapatite, silver nanoparticles, bioactive calcium phosphate ceramics, antimicrobial ceramics.

Ocob6nuBocTi cuHTe3y AQ-MICTKOI TIPOKCHANIATUTHOI KEPAMIKH
M. Tkauenko, 3. 3uman

Xapxiscokutl nayionansHutl yrisepcumem imeni B.H. Kapasina, m. Ceéo600u 4, 61022, Xapxkie, Yrpaina

PoGota mnpucBsiueHa OJEep)KAaHHIO AHTHMIKPOOHOT Ag-MiCTKOI 0i0aKTHBHOI Kanblil-pocdaTHOi KepaMiku Ha OCHOBI
KapOOHI30BaHOTO TiJPOKCHANIATHTY 1 3'ACyBaHHs 3aleKHOCTI 11 (a30BOro CKiIamy i MIKPOCTPYKTYPH Bifl TEMIIEpaTypH CHUHTE3Y.
Kommo3utHa kepamika OTpHMMaHa I[UIIXOM CITIKaHHS MOPOLIKIB KapOoHizoBaHoro rigpokcuanatuty (KI'A), cuHTe30BaHUX Yy
pe3ysbTaTi peakiii MK KapOOHATOM Kajblliio i opTodGocopHOi KHCIOTOI, 3 A00aBKaMu HiTpary cpibna. CrikaHHS KepaMiku
BUKOHaHO mpu Temreparypax 900 i 1000 °C, Todto Temmeparypax, sIKi 3HaXOJSTHCS HIDKUE 1 BHINE 3@ TEMIIEpATypy IUIaBICHHS
cpibima. MerogaMu PEeHTreHIBCHKOTO aHalidy, eJIeKTPOHHOI MiKpockomii Ta iHdpadepBOHOI CIEKTPOCKOMil IMOKa3aHO, IO B
pe3ynbTaTi cuHTe3y mpu Temmepatypi 900 °C (Hmkde TeMmepaTypH IUIaBIEHHS METaleBOTO cpibiia) yTBOPIOETHCS IBOGa3HUMA
KoMro3uT Ha ocHOBI KI'A 3 BKIIIOUEHHSIMHM HAaHOYACTHHOK cpibyia po3mipom MeHuie 50 HM. 3 JaHUX PEHTTeHIBCHKOTO aHAIi3y MpU
30ibIIeHH] KOHIEHTpallii cpibia mocTiliHa IpaTKM @ MPaKTUYHO HE 3MIHIOETHCS a MOCTiiHa ¢ — 30imblryerhesi. Taka moBemdiHKa,
gepes 3HAYHE PO3XOLKEHHS IOHHIX PaiyciB Kabiiio i cpibma (Ca®" — 0,99 A, Ag" — 1,28 A) 3a3Buuail IpH3BOINTE 10 IEPEBAKHOTO
samimenus C (1) micus y KI'A i ninifinomy 36iiblieHHio napamerpiB rpatku KI'A 3 konnentpaunieo Ag. ToOTo, HaBiTh HpH
BITHOCHO HU3BKHX TEMIIepaTypax y pe3ynbTari TBeprodasznoi peaxmii B KI'A BigOyBaeTbcs yacTKOBE 3aMIIICHHS 10HIB KaJbIIIO
ioHamu cpibna i popmyerbcs Ag-3amimieHa kepamika. IIpu Temneparypax Buiie 1000 © C cuHTe3yeThest onHO(a3HuiA cpibdio-
3aMilleHui OPOAYKT, B sIKOMy dactiHa jomiB Ca®* samimena iomamu Ag'. IIp poMy 36epiracThCsi TEHICHIS 10 3POCTAHHS
MIOCTIHHOT I'PAaTKH ¢, @ Ha eIEKTPOHHOMIKPOCKOIIYHHX 3HIMKAX BH/HO TUIBKH 3€peHHA CTPYKTypa amaTuty 0e3 Oyab-sSKIX BKIIOUCHb.
CriikaHHsI KOMIIO3UTHOT KepaMiKu TpH TeMIepaTrypi, Koiu cpibiio 3HAXOMUThCS B Piakii ¢asi i Jjerme JUCOLIIOE HA 10HU B
MOPIBHSHHI 3 TBEPI0I0 (pa3010, MPU3BOAUTE A0 OTPUMAHHS OAHO(BA3HOI CpidI0-3aMilleHOT KepaMiKH.

KirouoBi cioBa: kapOOHI30BaHUI TiApOKCHANaTHT, HAHOYACTHHKU Cpibia, OiloakTWBHA Kaiblili-¢ochaTHa Kepamika,
aHTUMIKpoOHa KepaMika.
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M. Tkachenko, Z. Zyman

Ocobennoctu cunTe3a Ag-coaepxaiieid rTuIpoOKCHanaTuTHON KepaMUuKU
H. Tkauenko, 3. 3piMan

Xapvrosckuii hayuonanvhwiil ynueepcumem umenu B.H. Kapasuna, m. Ce0600w1 4, 61022, Xapvros, Ykpauna

PaboTa mocBsmeHa MONyYeHUIO aHTUMUKPOOHOH Ag-comeprKamieil OMOaKTHBHOM KalnbUUi-(pocdaTHON KepaMUKH Ha OCHOBE
KapOOHN3UPOBAHHOTO THAPOKCHANATHTA M BBLICHEHHIO 3aBHCHMOCTH ee (ha30BOTO COCTaBa M MHUKPOCTPYKTYPHI OT TeMIIEpaTyphI
cuHTe3a. KoMmosuTHas KepaMuKa NOJNydYeHa IIyTeM CIEKaHUS MOPOIIKOB KapOOHM3MpOBaHHOTO ruapokcuamnatuta (KIA),
CHHTE3MPOBAHHEIX B pe3yJbTaTe PEakIMy MEXAy KapOOHATOM KaibIMsi W opTodochOopHON KHCIOTOH, ¢ J0OaBKaMM HUTpaTa
cepebpa. CriekaHne KepaMHKH BBIIOJIHEHO Ipu Temmepatypax 900 u 1000 °C, 1. e. TemmepaTypax, JEKallMX HIKE U BbIIIE
TeMIlepaTyphl IUIaBICHHS cepebpa. MeTomaMm pEHTI€HOBCKOTO aHaln3a, JJISKTPOHHOW MHKPOCKONMH W HH(paKpacHOH
CIIEKTPOCKOIINH TI0Ka3aHo, YTO B pe3ylbTaTe cuHTe3a npu Temmeparype 900 °C (Hmke TemIiepaTyphl IUIaBICHUS METaUINYECKOTo
cepebpa) obpasyercs IByxQa3Hblii KOMIO3UT Ha ocHOoBe KI'A ¢ BKIIIOUEHHSIMU HaHOYACTHL cepedpa pasmepoMm MeHbie 50 HMm. U3
JTAaHHBIX PEHTT'CHOBCKOTO aHAIN3a IPH yBEINUSHNE KOHIIEHTPAIMN cepeOpa MOCTOSIHHAS PEIeTKU g MPAKTUYECKH He M3MEHseTCs a
IIOCTOSIHHAS ¢ — YBENHUMBACTCA. Takoe MOBEICHNE, H3-3a 3HAUNTEIBHOTO Pa3IHdKs HOHHBIX PASHyCOB Kambius i cepebpa (Ca®t —
0,99 A, Ag — 1,28 A) o6b1uHO mpuBoAMT K NpenmymiecTBeHHOMY 3amernenuto Ca(1) mect B KI'A u nuHeHHOMY YBeJTHYEHHIO
napametpoB perreTkn KI'A ¢ konnenTpanueit Ag. T. e. jaxke Ipu OTHOCHTEIBHO HU3KUX TEMIIEpaTypax B pe3ynbTare TBepaoha3sHou
peakunu B KI'A mpoHCXOANUT 4acTUYHOE 3aMEIIeHHE HOHOB KalbLUs HOHAMH cepedpa u Gopmupyercst Ag-3amMenieHHas KepaMHKa.
ITpu temneparypax Boime 1000 °C cunTe3npyeTcss oxHO(pa3HEINH cepeOpo-3aMelleH bl MPOIYKT, B KOTOPOM YacTh HOHOB Ca®
3aMelIeHa Ag'. Tlpu COXpaHseTcs TEHJICHIMA K BO3DACTAHUIO IIOCTOSHHOM pemeTrkd ¢, a Ha
JIEKTPOHHOMHUKPOCKOIIMYECKHX CHUMKaX BHIHA TOJIBKO 3€pEHHasl CTPYKTypa amaTtuTa 0e3 Kakux-aubo BmodeHHiH. CriekaHue

HOHAMH 3TOM

KOMIIO3UTHON KEpaMHKH IIPU TeMIepaTrype, Korja cepedpo HaXOTHUTCS B KHAKOH (ase M Jerde AUCCOLHUUPYET HAa HOHBI IO

CpaBHEHHIO C TBEpAOH (a3oii, PHBOAXT K MOTYIEHHUIO 0JHO(Da3HOU cepedpo-3aMeIIeHHON KePaMUKH.

KaoueBble cioBa:
KepaMHuKa, aHTUMHUKPOOHAs KepaMHKa.

1.Introduction

Synthetic hydroxyapatite (HA) and other calcium
phosphates are widely used in surgical orthopedics, due to
their  good  bioactivity,  biocompatibility,  and
osteoconductivity [1-3]. However, in the post-surgery
period, the presence of implantable material in the body is
often accompanied by infections. To prevent infection,
antibiotics are often used, the effect of which is short-term
due to their rapid washing out by body fluid from a bone
defect and weak penetration into bone tissue. In addition,
to increase the duration of the action of antibiotics, their
content in the implant should be quite high, while the
concentration of the released antibiotic into the space
surrounding the implant should not exceed the threshold
above which irreversible side effects are observed [4-6].
These problems may be avoided by using metal ions or
nanoparticles such as silver, copper, zinc as an
antimicrobial agent [7-10]. In terms of imparting
antimicrobial properties to a bone implant, the effect of
silver additives in HA [5, 6, 11-21] having a strong
inhibitory effect on a wide range of bacteria, was studied
in more detail. Literature suggests that regardless of the
form in which silver is in the implant - either in the form
of ions substituting calcium isomorphically, or in the form
of nanoparticles located on the surface of HA particles, or
in the intergranular space of silver-containing ceramics, to
a concentration about 1.5-2 wt.%, the material exhibits
excellent bactericidal properties [5, 6, 11, 12]. According

KapOOHHM30BaHBIH THIPOKCHANATUT, HAaHOYACTHIBI cepebpa, OHoakTHMBHas Kaiblui-(ocdarHas

to some authors, the presence of Ag® ions in the HA
lattice instead of Ca”" ions results, on the one hand, in
calcium-deficient HA, which negatively affects the
structural stability of HA and its osteoconductive ability,
and, on the other hand, in the rapid release of silver,
depending on pH, into the surrounding tissue and
cytotoxic effect [6]. Therefore, the presence of silver in
the composite in the form of metal nanoparticles is
considered more preferable, due to the poor solubility of
which, the antimicrobial effect in the body fluid will be
prolonged and will not have a significant toxic effect on
surrounding tissues. Therefore, the question of what type
of implants exhibits the best functional properties remains
open and requires detailed biological research.

To date, it is known that the maximum concentration
of Ag” substituting isomorphically the Ca®* ions does not
exceed 1.5 wt.% [11]. On the other hand, papers on silver-
containing HA with a lower silver concentration are very
often published, where silver does not substitute calcium,
but is released as a separate phase [12, 13]. Therefore,
there is a concern about the synthesis of ceramics with a
predicted microstructure and phase composition.

In this paper, an attempt is made to synthesize HA
ceramics with silver additives and to determine the
conditions under which a single-phase synthetic silver-
substituted ceramic and a two-phase composite consisting
of HA and silver nanoparticles are realized.
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2.Experiment
2.1. Preparation of materials

Earlier, we showed the possibility of obtaining dense
carbonized ceramics in an atmosphere of carbon dioxide
at temperatures much lower than the accepted sintering
temperature of HA [14]. Therefore, to ensure high
mechanical properties at relatively low synthesis
temperatures, the initial components in the sintering of
silver-containing ceramics were, on the one hand,
carbonated HA (CHA) powders obtained as a result of the
reaction between calcium carbonate and orthophosphoric
acid, and on the other hand, water-soluble silver nitrate
powder.

To obtain CHA, the required amount of fine CaCO;
powder (Merck, Darmstadt, Germany, analytical purity)
was mixed in distilled water. An HsPO, solution (Merck,
Darmstadt, Germany, analytical purity) was rapidly
poured into the suspension with continuous mixing of the
reaction medium at 45 °C. The precipitation was aged
within 24 hours. Then it was centrifuged, dried in a drying
cabinet at 90 °C, ground in an agate mortar, and sieved
through a 100 pm sieve.

The obtained powder was mixed with a solution of
AgNO; of a certain concentration providing silver-
containing compositions with a silver concentration of
0.25 to 1.5 wt.% with a pitch of 0.25 wt.%.

Samples were prepared from powders in the form of
tablets with a height of 3 mm and diameter of 8 mm by
compacting the powder in a steel mold under the pressure
of 120 MPa. Average porosity of the compacts was 51%.
The compacts were annealed in a stream of dry CO, (4
ml/min) at 900 and 1000 °C for 2 hours at each
temperature. Seven batches of annealed compacts were
prepared (10 samples per a batch). The choice of sintering
temperature is related to the melting point of metallic
silver, which is 960 °C. That is, in the first case, silver
additives were in solid form, in the second — in molten.

2.2. Research methods

Structural measurements were performed on a Philips
APDW 40C diffractometer in copper K, radiation
(A=0.154 nm) with a nickel filter in the range of
diffraction angles of 20 20+70, with scanning pitch of
0.01 degrees and scanning time of 0.6 s.

IR spectra were recorded using BIO-RAD FFS 175
spectrometer (Germany) with a resolution of 2 cm™
according to the KBr method, operating in the
transmission mode of wave numbers between 400+4000
cm™* with averaging over 200 scannings.

The morphology and microstructure of the samples
were studied using an ESEM Qunta 400 scanning electron
microscope (Germany).

Thermogravimetric (TG) studies were performed at up
to 1200 °C in an air atmosphere (MVT Instrument,
Ukraine) with a heating rate of 5 °/min; the absolute
measurement error was 2%.

3. Results and discussion

The choice of temperature at which sintering of the
silver-containing powder compacts was carried out is
based on silver nitrate DTA, used as the silver source
shown in Fig. 1. During heat treatment of AgNOs;, all
known transformations take place: at ~ 160 °C a
polymorphic  transformation  from  rhombic to
rhombohedral modification occurs, then at ~ 210 °C the
last modification is melted without decomposition,
decomposition of silver nitrate begins at ~ 300 °C. This
process is intensified at ~ 500 °C and in the range of 500 -
960 °C the crystalline silver is the product of
decomposition of AgNOs. Its melting occurs at 960 °C.
All observed effects are endothermic.

)
o
L,

n 1 1 1 " 1 n 1 1 3
0 200 400 600 800 1000

Temperature, ko
Fig. 1. DTA of silver nitrate

In this regard, when sintering compacts from a
composite powder at 900 °C, the decomposition product
of silver nitrate - silver particles - should be released as a
separate phase. And ceramics formed during sintering will
be biphase.

X-ray diffraction patterns of Ag-containing ceramics
shown in Fig. 2, confirm the assumption: Starting from
the concentration of 0.5 wt.% at 20 = 38.116°, a line
appears corresponding to the (111) reflection of metallic
silver. In electron microscopy images made for ceramics
with an Ag additive of 1.5 wt% (Fig. 3), silver
nanoparticles with a size of less than 50 nm are visible
against apatite grains.
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Fig. 2. X-ray diffraction patterns of Ag-containing ceramics
with various silver concentrations synthesized at 900 °C:
1-0wt % Ag™, 2 — 025 wt % Ag*, 3 — 0.5 wt % Ag",
4-0.75 wt % Ag', 5 — 1.0 wt % Ag", 6 — 1.25 wt % Ag",
7-1.5wt%Ag".

Fig. 3. SEM image of ceramic with 1.5 wt% Ag"
synthesized at 900 °C. The inset shows a fragment with a
large magnification

However, calculation of the lattice constants (Fig. 4)
showed that, at almost constant value of a parameter, an
increase in the concentration of silver in ceramics results
in increase in ¢ constant. This behaviour, due to the
significant difference in the ionic radii of calcium and
silver (Ca*" — 0.99 A, Ag — 1.28 A), usually results in the
preferential substitution of Ca(1) places in the HA and
linear increase in the HA lattice parameters with Ag
concentration.
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Fig. 4. Dependence of lattice constants of the composite
ceramics synthesized at 900 °C vs silver concentrations

These data suggest that during composite sintering (even
at relatively low temperatures) as a result of solid-phase
reaction, partial substitution of calcium ions by silver ions
takes place and Ag-substituted ceramics are formed. The
resulting charge mismatch is compensated by the
presence of carbonate ions in the apatite structure. Thus
formed, the composite apatite matrix is a silver-
substituted carbonized hydroxyapatite.

According to the IR spectra presented in Fig. 5, the
concentration of carbonate groups in the material is
almost independent of the concentration of additives.
CO3% groups in the apatite lattice are predominantly in the
B positions (transmission bands of 873, 1410, and 1455
cm™ and lower values of ¢ lattice constants compared to
stoichiometric HA).

Transmittance, a. u.
—— ;
l

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber, cm

Fig. 5. IR spectra of ceramic samples synthesized at 900 °C
with different silver contents: 1 — 0 wt % Ag" ,
2-0.25wWt% Ag’, 3 — 0.5 wt % Ag", 4 — 0.75 wt % Ag’,
5-1.0wt%Ag",6-125wt% Ag", 7—-1.5wt % Ag".

For ceramics synthesized at 1000 °C, the IR spectra
are similar. Only diffractograms and microstructure differ.
In the diffraction patterns over the entire range of
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concentrations of silver additives, the synthesis at 1000
°C results in the disappearance of the most intense silver
line (111). At the same time, the c lattice constant
continues to increase, and in the electron micrographs
only the apatite grain structure is visible without any
inclusions (Fig. 6).

Fig. 6. SEM image of ceramics synthesized at 1000 °C with
15 wt% Ag’. The inset shows the energy-dispersive
spectrum indicating the presence of silver in the sample

The performed energy dispersive studies of such ceramics
(inset in Fig. 6) indicate the presence of silver in the
sample.

Thus, sintering of the compacts at a temperature
higher than the melting point of silver, when it is in the
liquid phase and dissociates into ions more easily
compared to the solid phase, resulted in the synthesis of
single-phase silver-substituted ceramics.

Conclusion

For the first time, the possibility of obtaining silver-
containing ceramics with silver content not exceeding 1.5
wt.%, where silver is in different structural states — in the
form of nanoparticles or ions substituting calcium ions in
the CHA structure, is shown in the paper. At synthesis
temperatures (in the paper it is 900 °C), when the added
silver additives are in solid form, the ceramic is a two-
phase composite based on CHA with inclusions of silver
nanoparticles. At the synthesis at above 1000 °C, a single-
phase product is synthesized where some Ca®* ions are
substituted by Ag” ions.
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We present the results of our analytical and numerical study of quantum stationary states and the thermodynamics of exactly
solvable finite linear spin-1/2 XX chain with one or two distorted links. The exact dispersion equations for the stationary states with
one inverted spin for both cases have been derived. The corresponding spectrum consists of one quasi-continuous band and some
localized impurity levels. The analytical inequalities for the values of the critical model parameters describing the appearance of local
energy impurity levels above and below quasi-continuous band are obtained and analyzed. The field and the temperature
dependences of the main thermodynamic characteristics of these models are studied. It is shown, that the appearance of the localized
levels near the distorted links may effect significantly on the thermodynamic properties at low temperatures, leading to the additional
singularities in the field and the temperature dependences of the principal thermodynamic characteristics. For example, the field
dependence of z-projection of average total spin and the field dependence of the magnetization at zero temperature have the finite
jumps associated with the quasi-continuous spectrum, and the impurity levels. The remnants of these jumps at rather low temperature
are clearly visible. The average z-projections of the spins of distorted link(s) may decrease with the increasing of the magnetic field
for some values of model parameters. The temperature dependence of the specific heat may demonstrate additional maxima at very
low temperatures. The complex oscillatory pattern of the time dependence of the dynamical longitudinal pair correlation function and
the autocorrelation function is associated with the finiteness of the models and the appearance of associated localized energy levels.

Keywords: spin, Heisenberg Hamiltonian, spin-1/2 XX-chain, energy spectrum, thermodynamic characteristics, quantum
phase transition.

HusbkoTemneparypHa TEpMOJAMHAMIKA CKIHUEHHOTO XX JaHII0KKA 31

CIIHOM Y2 3 KUJTbKOMa 1e(pOPMOBAaHUMHU B3aEMOJIISIMU
O.C. Txenxepos, O.B. €3epcbka

Xapriecvkui nayionanvnuil ynieepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina

ITpoBeeHO TEOPETHYHE JOCIHIPKEHHS KBAHTOBUX CTAalliOHAPHHMX CTaHIB i TEPMOAMHAMIKH TOYHO DPO3B’S3yBaHOI MoJei
CKIHYEHHOTO JiHiiHOro XX JTaHIfokKKa 31 criiHoM 1/2 3 oHiero abo ABOMa ABOXIIEHTPOBUMH JIAHKaMH 3 1e()OPMOBAHUMHU 3B’ I3KaMH.
OTpUMaHO TOYHI AUCHCPCiiHI CIiBBIAHOMICHHS /IS CTAIliIOHAPHUX CTAHIB 3 OJJHUM MEPEBEPHEHUM CITIHOM Tl 000X BUMaKiB. llei
CIIEKTP CKIIAJA€THCS 3 OJHI€T KBa3iOe3nepepBHOT 30HN 1 JEKITBKOX JIOKai30BaHMX JOMIIIKOBUX piBHIB. OTpUMaHO i MPOaHATiI30BaHO
aHATITHYHI HEPIBHOCTI [UIs 3HAYE€Hb KPUTHYHUX MapaMeTpiB MOJEIEH, 110 ONUCYIOTh TOSIBY JIOKAIBHUX €HEPreTHYHUX AOMIIIKOBHX
piBHIB BHIIE i HIDKUe KBazibesmepepBHOI 30HH. J[OCTIIKEHO MOJILOBI 1 TEMIEpaTypHi 3aJeKHOCTI OCHOBHHUX TEPMOIMHAMIUHHX
XapaKkTepucTHK Mozelneil. [Toka3aHo, 1110 MosiBa JIOKaIi30BaHUX PIBHIB MOOJM3Y CIIOTBOPEHUX JTAHOK MOXKE MaTH CYTTEBHIl BIUIMB Ha
TEpPMOAMHAMIYHI BIACTHUBOCTI TNpPH HHU3BKUX TEMIlepaTypax, MPHUBOSIYM 1O JOAATKOBHX OCOONMBOCTEH Ha TOJILOBHX i
TEMIIEPaTypHUX 3alEKHOCTAX OCHOBHHUX TEPMOJMHAMIYHHUX XapakTepHCTHK. Hampukmaza, mMoJbOBa 3aleKHICTh Z-TIPOeKil
CEepeHBOT0 MOBHOTO CIHHA 1 TTOJIbOBA 3aJIEKHICTh HAMATrHIYEHOCTI IPU HYJIFOBIH TEMIIEpaTypi MarOTh KiHIIEBI CKaYKH, ITOB’s3aHi SIK
3 KBa3iHENEPepUBHUX CIEKTPOM, TAaK 1 JOMIIIKOBUMH pIBHAMH. 3alUIIKH IMX CTPUOKIB JOOpe BHIHO NPH IyXKe HHU3BKHX
Temmeparypax. CepelHi 3Ha4YeHHs Z-TPOCKLIl CIiHIB CIIOTBOPEHOIo 3B’SI3KY (3B’SI3KiB) MOXKYTh 3MEHIIYBATHCS 3i 301IbLICHHSIM
Mar"iTHOro MO IS JESKUX 3Ha4YeHb MapaMerpiB Mopeni. TeMmeparypHa 3aleXHICTh NHUTOMOI TEIIOEMHOCTI MOXKe
JIEMOHCTPYBAaTH JI0JaTKOBI MAKCHMYMH IIPH AyXke HU3bKUX Temieparypax. CKiIaJHUH KOJIMBAIbHMIT XapaKTep 3aIe)KHOCTI BijJ yacy
JIUHAMIYHOI MO3JOBXHBOI MapHOi KopesswuiiHoi (yHKUii i aBTOKOpeNsAiiHOT (GyHKUIT HOB’s3aHi 31 CKIHYEHHICTIO MOAeNeH i 3
BUHUKHEHHSM 3B’S3aHMX JIOKAJII30BaHUX PiBHIB €HEPTii.

KurouoBi ciioBa: criH, raminsronian ['eiisen6epra, XX naHIioxkok 3i cmiHoM 1/2, eHepreTUUHHI CIIEKTp, TEPMOANHAMIYHI
XapaKTepPHUCTUKH, KBAHTOBHI (a30BHil mepexin.
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HuzkoremmneparypHas TepMoaHaMKUKa KOHEYHON XX IIEMOYKH CO

CIIMHOM 72 C HECKOJIBKUMU JIePOPMUPOBAHHBIMU B3aUMOICUCTBUSIMU
A.C. Ixenxepos, E.B.Ezepckas

Xapuvrosckuil nayuonanvhwlil ynusepcumem umeny B.H. Kapasuna, m. Ce0600wb1 4, 61022, Xapvros, Ykpauna

ITpoBeneHo TeopeTHdecKoe HCCIEIOBAaHUE KBAHTOBBIX CTAI[MOHAPHBIX COCTOSHUM M TEPMOAMHAMHUKH TOYHO peIIaeMoit
KOHEYHOI ymHeiHoH XX IEeNO0YKH cO CITIUHOM 1/2 ¢ OJHUM WIIH ABYMSI ABYXIIEHTPOBBIMHU 3BEHBSIMH C JIe()OPMHUPOBAHHEIMH CBSI3SIMU.
[Momy4yeHs! TOYHBIE MUCHEPCHOHHBIE COOTHOUIEHMS JUI1 CTAllMOHAPHBIX COCTOSHHUH C OJHUM HEpPeBEPHYTHIM CIHHOM JUIsi 000MX
cilyqaeB. OTOT CHEKTP COCTOMT U3 OJHOM KBa3MHENPEPHIBHOW 30HBI M HECKONBKHX JIOKAIN30BAaHHBIX INPHUMECHBIX YPOBHEH.
[Tonmy4eHs! U MpoaHAIN3UPOBAHBl AHATUTUYECKHEC HEPABEHCTBA AJI 3HAYCHUM KPUTUYECKHX I1apaMeTpoB MOJEIel, OIMMCHIBAIOIIUX
MOSIBJICHUE JIOKAJBHBIX dHEPreTHUECKUX NPHMECHBIX YPOBHEH BBIIIE U HUXKE KBa3HHEIPEpPhIBHON 30HBIL VccienoBaHbl MONEBBIE U
TeMIepaTypHbIe TEpMOAMHAMUYECKHX XapakTepucTHK Mozenei. IlokazaHo, dTO
JIOKQJTM30BaHHBIX YPOBHEH BOJM3M HMCKOKEHHBIX 3BEHBEB MOXKET OKa3bIBAaTh CYIIECTBEHHOE BIMSHHE Ha TEPMOJUHAMHYECKUE
CBOMCTBa NPU HU3KUX TEMIIEpaTypax, NPUBOISI K JOMOIHUTEIHHBIM OCOOCHHOCTSM Ha MOJICBBIX M TEMIIEPATYPHBIX 3aBHCHMOCTSIX
OCHOBHBIX TE€PMOJMHAMHYECKUX XapaKTepUCTHK. Hampmmep, moneBas 3aBUCHMOCTh Z-TIPOSKIUH CPEJHETO IOJHOTO CIHMHA H
[ojieBas 3aBUCUMOCTh HAMarHUYEHHOCTU IIPU HYJEBOM TeMIepaType MMEIOT KOHEYHble CKAa4yKH, CBS3aHHBIE KaK C
KBa3HMHENPEPBIBHBIM CIEKTPOM, TaK U INPUMECHBIMH YpOBHAMH. OCTAaTKU 3TUX CKAYKOB OTYETJIMBO BHUJHBI IIPU OUYEHb HM3KHX
Temmeparypax. CpenHue 3HA4eHHs Z-TIPOSKIUH CIMHOB HCKOXEHHOH CBA3M (CBSI3eH) MOTYT yMEHBINAThCS C YBEIHYCHHEM
MarHUTHOTO HOJISL U HEKOTOPBIX 3HAUCHUH MapaMeTpoB Mojenu. TemmepaTypHas 3aBUCUMOCTD yAEIbHON TEIIOEMKOCTU MOXKET
JIEMOHCTPHPOBATh JOTOJHATEIbHBIE MaKCHMyMBI HpPH OYCHb HH3KUX TeMmreparypax. CIOXHBIH KoIeOaTeNbHBIH XapakTep
3aBHCHMOCTH OT BpPEMEHH IHHAMHYECKOH IMPOAOJIFHON MapHOW KOPPESIUOHHON (PYHKIMH W aBTOKOPPEISALHUOHHOW (YHKIHU
CBsI3aHBl C KOHEYHOCTBIO MOJIeJIell ¥ C BOSHUKHOBEHUEM CBSI3aHHBIX JIOKAIN30BAHHBIX YPOBHEH sHepruu.

KnroueBble cioBa: cnuH, raMuibToHMaH [ei3eHOepra, XX 1emnodyka co CHMHOM 1/2, SHEPreTHYECKHH CIIEKTp,
TEepPMOANHAMHUIECKHE XapaKTEePHCTHKN, KBAHTOBBIN (ha30BEIil epexo.

3aBHCUMOCTH  OCHOBHBIX TIIOSABJICHHUC

1. Introduction

Last decades the discovery of a big number of new
compounds with quasi-one-dimensional and quasi-two-
dimensional magnetic structures has given further impetus
to the theoretical studies of low-dimensional systems [1-
3]. In this context the exactly solvable models like spin-
1/2 XX chain attract much attention of theoreticians [1-
11]. For many years, above chain model was one of the
theoretical instruments for checking the numerical results
for more general spin systems, and also applied for
adequate simulation of the magnetic properties of real
compounds [12, 13]. Any real magnetic material has
different types of structure defects. The theoretical study
of the influence of these defects on the energy spectrum
and the thermodynamics of spin chain structures is of
interest.

2. The Hamiltonians

This work is devoted to the theoretical treatment of
the low temperature thermodynamics of some exactly
solvable quantum models based on spin-1/2 XX-chain.
We study analytically and numerically the finite spin-1/2
XX chains with defects of different nature: finite linear
XX-chain with one and two distorted XX bond.

The corresponding Hamiltonians for these models
have the following form

H=—guH i S:-1
n#gi:,}{i +1 N (1)
3082 +82.)~ 3,878+ 8180

N-1
Y, (5287, +8]S)

n+l

Here J,J; >0 are the exchange integrals for spin-1/2
XX chain and distorted link(s) respectively, ug is the Bohr
magneton, g, ¢; are g-factors for the chain link(s)
respectively, H is the longitudinal uniform magnetic field,
and i=1 or i=12 for one or two distorted links
respectively. Note, that the total “length” of the chain is
N =n,+n, for the first case (one distorted link) and

N =n, +n, +n, for the second one (two distorted links).

The spin-1/2 XX chain is a well-known example of an
exactly solvable spin system (see, for example, [2-4]).
Jordan-Wigner transformation [14] reduces (1) to the
Hamiltonian of the ideal gas of spinless fermions, so both
models are exactly solvable.

3. Stationary states with one inverted spin
We diagonalized the Hamiltonian (1) by solving the
one particle Schrodinger equation in the lattice site
representation and derived the following dispersion
relations for the stationary states with one inverted spin

J 1
gzgﬂBH—E(X'i‘;] (2)

for both models and

1— X2(r11+1) 1— X2(n2+1)
(ﬂl - 1— x2 B- 1— 2" _alzxz =0 (3

for i =1, and
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for i=1,2.Here o, =J,/3, B =[2(9-0;) s H1/J .
The above spectra consist of one quasi-continuous
band

&=0guH —Jcosk, (5)

where x = exp(ik) is the solutions of (2), (3) with | X|=1
, and may have some localized impurity levels, if X isthe
real number with | X|<1. The total number of localized

impurity levels is up to two levels and up to four levels
for the models with one and two impurity links,
respectively. The analytical inequalities for the values of
the critical model parameters describing the appearance of
the localized energy impurity levels were found for both
models. The corresponding formulas for critical values of
model parameters are presented below

2 2
1(1 1 1(1 1
1+ —+=|F —al=Z| =-= 6
{ Z[n1 nz}rﬂi % 4{n1 nzj ©)

for the chain with one distorted link, and

(alzc +6) _712c)(a22c +5, _722c):

— (alc _7/1c)(a2<: _)/Zc) .
(nz _1)2 ,

7’1,2c=iﬂ1,2c_1_l{i+ ! J; )

2{n, n,-1

111 1
)
n, n,-1

for the chain with two distorted links.

4. Thermodynamics
Using the dispersion relations (2-4), one can
investigate the thermodynamic properties of the models

considered. We need only the total number of stationary
states and the degeneracy rate of each state for the
calculating of the partition function and a several
thermodynamic quantities.

We derived the analytical formulas for some principal
and local thermodynamic characteristics and studied
numerically their field and temperature dependence as the
functions of the model parameters.

In particular, we found a complex dependence of the
heat capacity on the applied magnetic field with numerous
minima and maxima (see fig. 1(a, b)).

We associate the maxima and minima in the weak
fields with the quasi- continuous spectra, and the
additional extrema in strong magnetic field with the
localized levels.

The field dependence of the magnetization and the

average value of z-projection <SZ> at zero temperature

have the finite jumps, which are associated with the
transitions of level’s energies through zero value.
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Fig. 1. Field dependence of specific heat per spin for model
with (a) one and (b) two distorted links at T =0.04K with

n =14,n, =5, n=60g=2 g,=25g9,=3 J=1K,
J;=8K, J,=6K.
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Low temperature thermodynamics of finite spin-1/2 XX Chain with some distorted links

The remnants of these jumps at rather low temperature are
clearly visible (see fig. 2). We associate the maxima and
minima in weak fields with quasi-continuous spectra, and
additional extrema in strong magnetic field correspond to
the localized levels.
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Fig. 2. Field dependence of magnetization and total <SZ>

per spin for model with two distorted links at T =0.01K
for n,=n,=n,=6,9=2,J=1K, J; =12K, J, =6K, and
different values of distorted links g-factors

In the case of weak interaction with the main XX chain
the field dependence of average value of the spins of
distorted link may be decreased and even becomes
negative with the increasing of magnetic field, and jumps
in the critical field along the direction of the magnetic
field (see fig. 3a). Pair correlation function (fig. 3b) is
negative for nearest neighbors at zero and weak fields.
We associate this behavior with antiferromagnetic
character of XX exchange interaction.

The temperature dependence of specific heat per spin
for both models with the same number of lattice spins and
the same parameters for the first “distortion” at n;, n, +1

positions in very weak magnetic field is presented at Fig.
4.

The temperature dependence of the specific heat per
spin for the model with one distorted bond (dashed line at
fig. 4) has no additional low temperature peaks of XX
chains with two distorted links (solid line at fig. 4). The
low temperature peaks for the model with two distorted
links can be associated with the second “distortion” at
n,, n, +1 for the model with two links.

The absolute values of longitudinal pair dynamical
correlation function and autocorrelation function for the
spins of distorted link are pictured at fig. 5. These
characteristics also affected noticeably by the local levels,
which leads to the complex oscillations pattern, including
some kind of beats.
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Fig. 3. Zero temperature field dependence of the average
value of z-projection of spin (a) and pair correlation

function (b) for both models at J=1K,J =0.2K,
J,=6K,g=2,0,=19,=3 for two different location of
distorted bonds n, =6,15 for the chains with total number

of spins N = 30. For the model with two distorted bonds
n,=10,n, =14 or n, =5, respectively.
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Fig. 4. The specific heat per one spin as a function of

temperature for XX chain with one (dashed line) and two

distorted links (solid line) for the same total number of

spins N=15 with n =4,n,=5n,=6 in the weak
magnetic field ;H=0.02K J=1J,=12K,J, =8,

9=2,0,=059,=3
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Fig. 5. Longitudinal dynamic pair correlation function
<S,Z(t)Snﬁ> (black line) and autocorrelation function

<S|Z (t)SIZ> (gray line) for the model with two distorted links
J,=J,=2H=0 at
I=n=8m=n+n,+1=15 and | =m =8, respectively.

for n=n,=8n,=6J=I1K,

5. Summary and conclusions

Two exactly solvable spin-1/2 models with XX
exchange interactions with one and two distorted links
and finite total number of spins are investigated
analytically and numerically.

In particular, we obtained the dispersion equations for
the stationary states with one inverted spin are derived,
and the analytical relations for the critical values of model
parameters which correspond to the appearance of the

localized impurity levels. The low temperature
thermodynamics of above models are studied
numerically.

We found a complex character of the dependence of
the heat capacity on applied longitudinal magnetic field
with numerous minima and maxima.

The field dependence of z-projection of the average
total spin and the field dependence of magnetization at
zero temperatures have the finite jumps associated with
the quasi-continuous spectrum, and the impurity levels.
At rather low temperatures the remnants of these jumps
are clearly visible. The average z-projection of the spins
of distorted link(s) may decrease with the increasing of
the magnetic field for some values of model parameters.

The temperature dependence of specific heat may
demonstrate additional maxima at very low temperatures.

The pair dynamical correlation function and
autocorrelation function also affected noticeably by the
local levels, which results to the complex oscillations
patterns. So, the finite nature of the models, and the
appearance of the localized levels may effect noticeably
on the local thermodynamic characteristics.
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Electroosmotic pressure in the process of a biocompatible coating
applying on the inner surfaces of nanostructured ceramics

Yu.l. Boyko, V.V. Bogdanov, R.V. Vovk, V.F.Korshak

V.N. Karazin Kharkiv National University, 4 Svoboda sq., Kharkiv, 61022, Ukraine
rvvovk2017@gmail.com

ORCID: 0000-0002-9008-6252
DOI:10.26565/2222-5617-2019-31-05

The role of the effect of electroosmosis in the process of electrochemical deposition of a biocompatible coating on the inner
surfaces of porous nanostructured ceramics, a material used to make endoprostheses and implants in medicine, is discussed.

The biocompatibility of endoprostheses and implants with the human body is ensured by applying a special coating on the
internal and external surfaces of the base material. The commonly acepted chemical compound used to form this coating is
hydroxyapatite Ca;o(PO,4)s(OH),. Multicomponent ceramic materials, from which the basis of endoprostheses and implants are made,
are usually obtained by the traditional method of powder metallurgy - sintering, i.e., exposure of a mixture of powders at an elevated
temperature under pressure. The material obtained in this way is a polycrystal. In addition, the structure of such a material contains a
certain amount of voids in the form of individual pores or their associations (capillaries).

The paper shows that the use of nano-structured ceramic materials with a characteristic average size of structural elements
(grains, pores and their aggregations) of the order ~(10°~10")u as a material for the manufacture of implants may determine the
greater efficiency of the process of electrochemical application of a biocompatible coating on them, since the resulting large
electroosmotic pressure in the capillaries leads to a greater degree of filling of the porous system with electrolyte.

The magnitude of the electroosmotic pressure can be increased by increasing the strength of the acting electric field or by
decreasing the dielectric constant of the electrolyte € when additional chemical additives are introduced into the electrolyte.

The maximum degree of hollow channels (capillaries) filling with electrolyte, and, consequently, the efficiency of applying a
biocompatible coating to the internal surfaces of ceramics using the electrochemical method, is achieved with the capillary system of
the material being completely open.

Keywords: Sintering of powder compacts, nano-structured materials, biocompatible coating, electro-osmotic pressure.

EnexTpoocMOTHYHME TUCK Y MPOIIEC] HAHECEHHS 010CYMICHOTO MOKPHUTTS

Ha BHYTPIIIHI TOBEPXHI HAHOCTPYKTYPOBAHOI KEPAMIKH
10.1. boiixo, B.B. bornanos, P.B. Bosk, B.®.Kopmiax

Xapriecvkui nayionanvnuil ynieepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina

OOroBOpIOETECS POIB €(PEeKTy EeNeKTPOOCMOCY B TIPOIECi EeNEKTPO-XIMIYHOTO HaHECEHHS Oi0CYMICHOTO IOKPHTTS Ha
BHYTDIIIHI TOBEpXHI IMOPUCTOI HAHO-CTPYKTYPOBAaHOI KepaMiKM - MaTepialy, L0 BHKOPHCTOBYETbCS [UIS BHTOTOBIICHHS
€HJIOTIPOTE3IB 1 IMIIAHTIB B MEIUIIUHI.

BiocyMicHICTh €HIOMPOTE3iB 1 IMIUTAHTIB 3 JIFOJCHKHM TUJIOM 3a0€3MeUyeThCs HAaHECEHHSM CICIiallbHOTO MOKPHUTTS Ha
BHYTpILIIHI Ta 30BHILIHI MOBEPXHI MaTepialy-OCHOBH. 3araJlbHOBH3HAHOIO XiMIYHOIO CIHOJYKOIO, 1[0 BHKOPHCTOBYETBHCS JUIS
(bopMyBaHHs 3a3HAUCHOrO MOKPHUTTS, € rigpokcuanatut Ca;o(PO,)s(OH),. TlomikoMmOHEHTHI KepamiuHi MaTepiaam, 3 SKHX
BUTOTOBIISIIOTH OCHOBY CHJIONMPOTE3iB 1 IMIIAHTIB, 3a3BHYail OTPUMYIOTH TPAJHULIHHHM METOJOM IOPOIIKOBOI MeTanyprii —
CNiKaHHAM, TOOTO BUTPUMKOIO CyMillli HOPOIIKIB NpPH IiJBUILEHIH TeMneparypi B ymoBax Aii BceOGiyHOro THcKy. OTpUMaHUH y
Takui croci6 Mmarepian, € momikpucragoM. OKpiM IIbOTO, B CTPYKTYpi TaKOTO Marepially € MeBHA KUIBKICTh ITyCTOT Y BHTJIS[L
OKpeMHX Iop abo iX 00'eqHaHb (KaminsapiB).

B po6oTi mokaszaHo, 10 BUKOPHCTAHHS SK MaTepiaja JJs BHIOTOBJICHHS IMIUIAHTIB HAHO-CTPYKTYpPOBAaHMX KepPaMidHHX
MaTepialliB 3 XapaKTEPHHM CEpeHiM PO3MIPOM CTPYKTYPHHX eIEMEHTIB (3epeH, Top Ta ix cKymueHs) mopsaky ~(10°-107")m mosxe
3yMOBUTH Oiblly e(pEeKTUBHICTb MPOLECY ENEKTPOXiMIYHOTO HAaHECeHHs O0IOCYMiCHOTO MOKPHUTTS Ha HHX, OCKIUIBKH BEJIHKHIl
CJIEKTPOOCMOTIYECKiH THCK, IO BHHHMKAE B KamiIsipax, NMPHU3BOJUTH 0 OINBIIOTO CTYIEHS 3allOBHEHHS MHOPUCTOI CHCTEMH
CIICKTPOIIITOM.

BenuuuHy eneKTpOOCMOTHYHOTO THUCKY MOXKHA 30UIBLIMTH LUIIXOM IiABHIIEHHS HAINPYXKEHOCTI AII0YOTO EJIEKTPHYHOTO
noist abo IUISIXOM 3MEHIICHHS 3HAUCHHS AICNIEKTPUYHOI MPOHHUKHOCTI ENEKTPONITY € IIPU BBEJCHHI B €IEKTPOJIT JOJaTKOBUX
XiMIYHHUX 100aBOK.

MakcUMaJIbHAH CTYIIHb 3allOBHEHHS IIOPOXHIX KaHAIIB (KallIIpiB) €IeKTPOJIITOM, a, OTKE, 1 e()eKTUBHICTh HAHECEHHS
610CyMICHOTO MOKPHUTTS HA BHYTPIIIHI MOBEPXHI KepaMiKi MPU BUKOPUCTaHHI €JIEKTPOXIMIYHOTO METOJY, HOCSATAEThCS MIPU MOBHIN
BIZIKPUTOCTI KamiIsIpHOI CUCTEMHU MaTepiaiy.

KurouoBi ciioBa: CriikaHHsI MOPOIIKOBUX MPECCOBOK, HAHO-CTPYKTYPOBaHi MaTepiaiu, HaHECEHHs 0i0CYMICHOTO MOKPHUTTS,
€JIEKTPO-OCMOTHYHUI THUCK.
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DIIEKTPOOCMOTHYECKOE TABJICHHUE B TPOLECCE HAHECCHUS
OMOCOBMECTUMOTO MOKPBITUSI HA BHYTPEHHUE MOBEPXHOCTHU

HAHOCTPYKTYPUPOBAHHOW KEPAMUKHU
1O.U. boiiko, B.B. boraanos, P.B. Bosk, B.®.Kopiak

Xapvrosckuil nayuonanvhwlil ynusepcumem umeny B.H. Kapasuna, m. Ce0600wb1 4, 61022, Xapvros, Ykpauna

O6cyxaaercs poib 3ddheKTa IMeKTPOooCcMOca B MPOLECCe ANEKTPO-XUMHUUECKOTO HAHECEHHUsI OOCOBMECTHMOTO MOKPHITHS Ha
BHYTPEHHHE MOBEPXHOCTH IOPHCTON HAaHO-CTPYKTYPUPOBAaHHOW KEpaMUKH — MaTepuaia, HCIONb3YIOMIErocs A M3TOTOBICHUS
SHJONPOTE30B U UMIUIAHTOB B METUIIMHE.

BrocoBMecTHMOCTS SHIOIPOTE30B ¥ UMILUIAHTOB C YEJIOBEYECKUM TEJIOM OOECIIeUMBAETCs ITyTeM HaHECEHHs CIeNUaIbHOTO
MOKPHITUST HAa BHYTPEHHHE W BHEIIHHE IOBEPXHOCTH MaTeprana-oCHOBBL OOIIENpH3HAHHBIM XHMHUYECKUM COEAUHEHHEM,
HCTIONB3YIOIIUMCS TSl GOPMHUPOBAHUS YKa3aHHOTO MOKPBITHSA, siBisiercst Tuapokcuanatiut Cayg(PO4)g(OH),. TTonrkoMmoHeHTHEBIE
KepaMHUYeCKHe MaTepHallbl, U3 KOTOPHIX M3TOTABINBAIOT OCHOBY SHJOMPOTE30B M MMILUIAHTOB, OOBIYHO MONYYalOT TPAAUIMOHHBIM
METOJIOM NTOPOIIKOBOH METAJLTypTHH — CHEKaHHEM, T. €. BBLAEPKKOH CMECH IOPOIIKOB IIPU MOBBIIICHHOH TeMIlepaType B yCIOBHAX
JIEHCTBUSL BCECTOPOHHETO napiieHMs. [lodydeHHBIH TakuM CIocoO0OM Marepuall, SBISETCA IMOMUKpUcTamioM. Kpome storo, B
CTPYKType TAaKOro MaTepHala COAEPKHUTCA OMNPENEeTICHHOE KONUYECTBO IyCTOT B BHAE OTACIBHBIX IOP MM UX OOBEIMHEHHH
(KanmuLIsIpOB).

B pabote mokazaHo, 4TO HCIOJIB30BAaHUE B KayeCTBE MaTepHasa JUlsl M3TOTOBICHUS] UMIDIAHTOB HaHO-CTPYKTYPHUPOBAHHBIX
KEePaMHUYECKHX MaTepHaJoB C XapaKTepPHBIM CPEAHHM Pa3MepOM CTPYKTYPHBIX 3JIEMEHTOB (3€peH, MOp M WX CKOIUICHHH) MopsiaKa
5(10’9710’7)M MOXET OOYyCIOBHTH OONbIIyI0 3(P(PEKTUBHOCTE MpoIecca 3JICKTPOXUMHUECKOTO HAHECCHUS OHOCOBMECTHMOTO
MOKPHITUSI HAa HUX, ITOCKOJBKY BO3HHUKAIOIIEEe OOJNBIIOE 3IEKTPOOCMOTHYECKOE AABICHHE B KaMLIApax MPUBOAUT K OONbIIeH

CTCIICHHU 3aII0JTHCHHUA HOpHCTOﬁ CHUCTEMBI BJICKTPOJIUTOM.

BenanHy 3JICKTPOOCMOTHYECKOI'O MAaBJICHUA MOXHO YBCJIWUYUTH IIYTEM IIOBBINICHUA HAMNPSKECHHOCTH HCﬁCTByIOHlCFO
QJICKTPUYECKOTO MOJA WA IMYTEM YMCHBIICHUA 3HAYCHUA Z[I/ISJ]eKTpPI‘{CCKOﬁ MPOHUIAEMOCTH DJJICKTPOJIMTA € IIPU BBECACHUU B

SJICKTPOJIUT JOMMOJIHUTEIbHBIX XUMHYCCKUX }106a1301<.

MakcumanbHas CTEIEeHb 3allOJIHCHHS TOJIBIX KaHAJIOB (KaHHJ’IJ’[HpOB) QJICKTPOJIUTOM, a, CJICHOBATCIbHO, U B(b(i)eKTI/IBHOCTL
HaHECEHHsT OMOCOBMECTHMOIO TIOKPBITHA Ha BHYTPCHHHUE MNOBEPXHOCTH KEPAMHUKHU IIPHU HUCIIOJIB30BAHHUU IBJICKTPOXUMHUYECKOTO
METOoZia, 1OCTUTaCTCA IpHU TTOJTHOM OTKPBITOCTH KaHHJ’[J’IHpHOﬁ CUCTEMBI MaT€purasia.

KiroueBbie cJioBa: Cnekanne TIOPOIIKOBBIX

1. Introduction

One of the important areas of modern materials
science is the synthesis of mechanically durable and wear-
resistant materials having biocompatibility with the
human body (bone and fabric). The relevance of obtaining
such materials and of their physical, chemical and
biological properties study are due to the vital need for
producting for medical purposes of orthopedic
endoprostheses and various implants [1-5]. As the main
material in the making of such products traditionally used
metals Ti, Ni or their alloys [6]. However, in recent years,
the possibility of using for this purpose other materials, in
particular, various multicomponent ceramics, has been
actively studied. Such materials include, for example,
ceramics based on the so-called MAX phases; ceramics
made of refractory oxides Al,Os, Y,0; (oxide ceramics);
"Amorphous" ceramics (Si, B, N, C), obtained by
polycondensation [7] and others. Biocompatibility of
endoprostheses and implants with the human body
provided by applying a special coating on the inner and
outer surfaces of the base material. The generally
accepted chemical compound used to form this coating is
hydroxyapatite Ca;q(PO,)s(OH), [3-6].

The multicomponent ceramic materials of which are
made the basis endoprostheses and implants are usually
obtained by traditional powder metallurgy method —

MPECCOBOK,
6MOCOBMECTHMOTO MOKPBITHS, 3IEKTPO-OCMOTHIECKOE TaBICHHE.

HAaHO-CTPYKTYpHPOBAHHbIE ~ MaTepHaNbl, HAHECCHUE

sintering, i.e. by exposure of powder mixture at elevated
temperature under the action of hydrostatic pressure [8].
The material obtained in this way is a polycrystal. In
addition, the structure of such material contains a certain
amount of voids in the form of individual pores or their
associations (capillaries). At sufficient value of porosity
of the material >30%, the capillaries, intersecting with
each others, form a whole network of cavities that
penetrate through it, i.e. open porosity is formed. In
essence, such ceramic material is a specific membrane
through which the liquid can penetrate through the hollow
channels.

In recent years for the synthesis of ceramics began to
use other methods that differ from the traditional method
of the high-temperature sintering of powders under
pressure. A distinctive feature of these methods is a short
exposure time at elevated temperatures: sintering in the
plasma discharge, sintering by passing high-current short-
duration pulses of electric current (method of electro-
consolidation), sintering by the method of pulsed heating
and cooling etc. [9,10]. Herewith, powders with an
average size of ~(10°~10")m (nano-sized powders) are
used as the initial material for sintering by the listed
methods. As a result of using these sintering methods, so-
called nano-structured ceramics is obtained — material
with average size of structural elements (grains, pores and
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their clusters), which coincides with the average size of
the initial powders.

Material with such a small size of structural elements
is characterized by special mechanical properties. In
particular, such a material has a high plasticity, which is a
very important factor for the process of endoprostheses
and implants producting from these materials, since these
products usually have a complicated geometric shape.

The heightened plasticity of nano-structured ceramics
is due to the fact that the main mechanism limiting the
rate of material transport during deformation is not a
classical dislocation mechanism, but a more efficient and
energetically facilitated mechanism of grain-boundary
sliding (Ashby—Ferral mechanism) [11]. In this case, the
rate of plastic deformation is determined by the point
defects reactions (by the generation and annihilation of
vacancies) as the dislocations slip directly at the grain
boundaries. The effectiveness of this material transport
mechanism is due to the movement of grains as a whole
in distinction to conventional coarse polycrystals, in
which the rate of plastic deformation is controlled by the
movement of dislocations or of their clusters in the
volume of grains.

It should be noted that in addition to the increased
plasticity of the ceramic material synthesized from nano-
powders, this material is also characterized by high crack
resistance. This is due to the fact that the grain boundary
network development is a factor contributing to blocking
of the formation of main cracks leading to the material
destruction [12].

In addition to the special mechanical properties of
nano-structured ceramics, the presence in it of a
developed grid of nano-sized hollow channels
(capillaries) is also a factor determining the preferential
use of the material as compared to conventional micro-
structured ceramics in the production of prostheses and
implants. Indeed, the biocompatibility of the material
used for these purposes is provided for coating the
hydroxylapatite layer on its external and internal surfaces.
In the case of nano-structured ceramics, hollow capillaries
significantly increase its total internal surface compared
to conventional coarse grained ceramic materials. This
fact, as well as the very small average size of the
capillaries cross-section, can significantly contribute to
improving the quality of the applied hydroxyapatite layer.
Let’s ground this assumption.

One of the well-known and widely used methods of
applying a coating of hydroxyapatite, is the method of
electro-chemical deposition [13]. It lies in the fact that the
original ceramic material is placed in an aqueous solution
prepared from a mixture of compounds Ca(NO3), and
NH4H,PO,. In fact, this solution is a liquid mixture of
ions with opposite electric charges (electrolyte).
Formation of the coating occurs under the action of a

constant electric field at a voltage on the electrodes of a
few volts and exposure for some time. To maintain of a
homogeneous distribution of ions Ca?* and (H,PO,)*
used solution is mechanically mixed. At the final stage the
samples are dried at the temperature of ~100°C what
ultimately leads to the formation of an amorphous or
crystalline hydroxyapatite layer on the inner and outer
surfaces of the base material sample. Obviously, in the
process of implementing the above-described method of
applying a coating on the internal surfaces of porous
ceramics, conditions arise for development of the so-
called electrokinetic effects, in particular, of the
electroosmosis effect [14]. This effect is due to the
interaction of an external electric field with the double
charged layer of thickness 8~10°m, formed at the
interface of the liquid electrolyte and the solid phase. The
electric field directed along the boundary interface causes
the liquid flow relative to the solid phase with a velocity
v. It is this effect is directly related to the process of a
biocompatible coating applying on the internal surface of
the ceramic material. In this case, the most interesting is
the nano-structured porous material., i.e. the material
containing a network of hollow channels (capillaries), the
radius of which has the value of r =~ (10®-10") mand a
network of crystal grains of the same size.

This paper is devoted to the consideration just of the
electroosmosis effect role when using the electro-
chemical method of a biocompatible coating applying on
the internal surfaces of porous nano-structured ceramics.

2. Electroosmotic pressure in porous nano-structured
ceramics

The To simplify the analysis, all the consideration will
be applied to a defect in the form of a hollow channel
(capillary), having the shape of a cylinder of radius r,
penetrating through the ceramic sample, placed in the
liquid phase (electrolyte). We also suppose that a constant
electric field of strength E acting along the axis of the
capillary. The applied electric field, as already mentioned,
causes the liquid to move relative to the capillary walls
(electroosmotic effect). The direction of liquid flow is
determined empirically by the rule, according to which a
phase with a higher dielectric constant is characterized by
an excess positive electric charge compared to another
(neighboring) phase, which is negatively charged. This
effect has been studied theoretically and experimentally
and has been described in many papers (see, for example,
[14-16]). Herewith, the studies carried out were done
with materials containing capillaries, the radius of which
o was characterized by the size range of ~(10°-10°)m
(micrometric systems).

According to the theory of electroosmosis, the
movement of the electrolyte in the hollow capillary under
the influence of the electric field occurs until the force
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acting from the electric field is balanced by the friction
force, which is determined by the viscosity of the liquid
and by the liquid flow velocity gradient, directed
perpendicular to the velocity vector. At steady state, the
hydrodynamic flow of electrolyte, caused by the action of
an electric field, is balanced by the liquid flow in the
opposite direction, due to the emerging of the so-called
electroosmotic pressure P..

Essentially, the P, value characterizes the maximum
possible degree of the capillary filling with electrolyte.
The equation connecting the magnitude of the
electroosmotic pressure P, with the geometric parameters
of the capillary and the voltage U is [14]

P.=8Ucd 4. (1)

Here o is the surface density of the electric charge
directly at the “solid phase — electrolyte” interface, & is
the thickness of the double electric layer formed in the
electrolyte, r is the radius of the capillary.

From relation (1) it follows that the magnitude of the
electroosmotic pressure P., which determines the
maximum possible degree of the capillary filling with
electrolyte (on reaching of the stationary state),
significantly depends on the capillary radius ro. Note that
in such a record the value of P, does not depend on the
capillary length, which allows using (1) to describe the
filling with liquid electrolyte not only of a single
capillary, but also of a capillary system, i.e. of the porous
material (membrane) as a whole.

From (1) it follows that by ceteris paribus, a decrease
in the radius of capillaries from the value ~10°m
(micrometric system) to ~10®m (nano-sized system) can
lead to an increase in electroosmotic pressure by=~10*
times. Thus, the use of nano-structured porous material
can lead to greater efficiency of the process of
electrochemical deposition of a biocompatible coating
during the production of endoprostheses and implants,
since the higher value of electroosmotic pressure
corresponds to the higher degree of filling of the porous
system with electrolyte. At the same time, it should be
emphasized that the conclusion made is valid only when
the required condition of the electroosmotic pressure
theory is fulfilled: r>>3.

In the case when the radius of the capillaries reaches
the thickness of the double charged layer, i.e. r>8=~10"°m,
the physical description of the discussed effect is
completely changed. [18]. In addition, it should have in
mind that the estimated change in the value of
electroosmotic pressure during the transition from micro-
to nano-structured ceramics has a maximum value. In real
conditions in equation (1) it is necessary to take into
account an additional coefficient (factor) characterizing
the degree of capillary openness. Quantitatively, this

coefficient y<1 is a complex function of the material
porosity. As a rule, its value is measured experimentally.

3. Conclusions

The above discussion suggests that nano-structured
ceramic materials are characterized by the much higher
electroosmotic pressure P, compared to micro-sized
ceramics. The increased value of electroosmotic pressure
contributes to a greater degree of filling of the internal
surfaces of ceramics with electrolyte.

The maximum degree of hollow channels (capillaries)
filling with electrolyte, and, consequently, the
effectiveness of biocompatible coating applying on the
inner ceramic surfaces using the electrochemical method
achieved with full openness of the capillary system of the
material.

For crystallization of hydroxyapatite from a liquid
solution (electrolyte) in the pores of the ceramic material
at the final stage of coating, it is necessary to carry
through heat treatment (drying). The temperature and time
of heat treatment must be selected experimentally.
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In the present paper, we modify the transfer-matrix method to study the dissipation-free transition of electromagnetic waves
of terahertz range through a plate of layered superconductor embedded in the dielectric environment in the presence of external direct
current (dc) magnetic field.

In this work, we consider TM-polarized electromagnetic waves. The setup is arranged in such a way that the dielectric and
superconducting layers in the plate are perpendicular to its interface, and the external magnetic field is directed along the plate and
parallel to the layers. We consider the case of a weak external dc field at which magnetic vortices do not penetrate the plate.

Due to the nonlinearity of the Josephson plasma formed in the layered superconductor, the dc magnetic field penetrates non-
uniformly into the plate and affects the electromagnetic wave. Hence, the magnitude of the external dc magnetic field can be used as
a variable parameter to tune various phenomena associated with the propagation of an electromagnetic waves in layered
superconductors.

In the presence of the external homogeneous dc magnetic field, linear electromagnetic waves in the layered superconductor
turn out to be non-exponential. Therefore we cannot directly apply the transfer matrix method, in which the amplitudes of the
corresponding exponents are compared. However, in the present paper, it is shown that for a sufficiently thick plate, the matrices
describing the wave transfer through the plate can be introduced. The analytical expressions for these matrices are derived explicitly
in terms of special Legendre functions. The obtained transfer-matrices can be used for the further study of the wave transfer through
the layered superconductor in the presence of an external dc magnetic field.

Keywords: layered superconductor, transfer-matrix method, special Legendre functions.

Monudikaiis MmeToay TpaHchep-MaTpUllb AJisl €1EKTPOMATHITHUX XBUJIb Y

IapyBaTOMY HAJIMPOBIAHUKY 3a HAsIBHOCTI MOCTIHHOTO MarHiTHOTO MOJIs
H. Ksitka, T. Poxmanosa, C.C. AnmocTojion

1 Xapkiscokuil HayionaneHutl yHisepcumem imeni B.H. Kapasina, m. Ceo600u 4, 61022, Xapxkis, Yrpaina
2 Incmumym padiogizuxu ma enexkmponixu im. O.A. Ycuxosa HAH Yrpainu, eyn. Ilpockypa 12, 61085 Xapkis, Vkpaina
3 Departamento de Fisica - CIOyN, Universidad de Murcia, Murcia 30.071, Spain

VYV nmamii crarri Mm MoamdikyeMo MeToJ TpaHC(ep-MaTpUIb Ul BUBYCHHS OE3MHCHUIIATHBHOTO MPOXOJPKCHHS
CJIEKTPOMArHiTHUX XBHJIb TEParepleBoro [ianasoHy 4epe3 IJIaCTHHY IIApyBaTOTO HAAINPOBIJHUKA, HOMILIEHOTO B JiCICKTPUUHY
cepeny, B IPUCYTHOCTI 30BHIIIHBOTO MAarHITHOTO MOJIS IIOCTIfHOTO CTPyMY.

B poboti Mu posrispaemo TM-nonsipu3oBaHi eixekTpoMarHiTHi XBuii. [lmactuHa po3TaimioBaHa TaKMM YHHOM, IO LIApH
JieJIeKTpUKa 1 HaANPOBIAHMKA MEPIEHIUKYISIPHI MEXi pO3/ilMy, a 30BHILIIHE MarHiTHE IOJ€ HANpaBIeHO B3/IOBX IUIACTHHHU,
mapaiejbHO IapamM. MU pO3IIISaEMO BHIIAJOK CIaOKOTO 30BHIIIHBOTO MATHITHOTO MOJIS, NPU SKOMY MarHiTHI BHXOpPH He
NPOHUKAIOTh B IIACTHHY.

BHacmiok HemiHIHHOCTI MK03e()COHIBCHKOT TUIa3MH, M0 (OPMYETHCS B IIApyBaTOMY HAANPOBIAHWKY, MarHiTHE MOJe
MOCTIHHOTO CTPyMy HEpiBHOMIPHO MPOHHKA€ B IUIACTHHY 1 BIUIMBAE HA ENEKTPOMATHITHY XBHJIIO. THKMM YHMHOM, BEIHMYHMHA
30BHIIIHBOTO MAarHiTHOTO MOJISI MOCTIHHOTO CTPyMy Moxke OyTH BHKOpPHCTaHa B SIKOCTi 3MIHHOTO MapaMerpa Jyisl YIpaBiiHHS
PI3HMMH SBHIIAMH, MTOB'I3aHUMH 3 MOLUIMPEHHSM SJICKTPOMArHiTHUX XBHJIb B IAPYBATHX HAIPOBITHUKAX.

3a HasBHOCTI 30BHILIIHHOIO MOCTIHHOTO OXHOPIAHOTO MArHITHOIO MOJS JiHIHHI €TeKTPOMArHiTHI XBHJI B IIapyBaTOMY
HaJIPOBIHUKY BHUSBIISIOTHCS HECKCIIOHELiaIbHUMH. TOMY MH HE MOXKEMO 0e3I10CepesiHbO 3aCTOCYBATH METO/ TpaHC(hep-MaTpPHIb,
B SIKOMY 3B'S3YIOTHCS aMIUTITYI¥ IIPU BIJIIOBIJHUX eKCIOHeHTaX. HesBaxaioun Ha me, B faHiif TeopeTHuHiil poOOTi Moka3aHo, 10
JUTSL IOCUTH TOBCTOT INTACTHHU MOJKHA BBECTH MaTPHII, SIKi OIMUCYIOTh IIPOXOKEHHS XBIJI Uepe3 IUIACTUHY. AHAIITHYHI BUPA3H IS
X MaTpUIb OTPHMaHi B SBHOMY BUIUIAI B TepMiHax cremianbHux Qynkmii Jlexanapa. Otpumani Tpancdep-MaTpuIl MOXYTbh
OyTH BUKOpPHCTaHi ISl TIOJANBIIOr0 BHBYEHHS HPOXOUKEHHS EJEKTPOMArHiTHUX XBHJIb depe3 IIapyBaTHH HaIIPOBIAHHK 32
HAsIBHOCTi 30BHIIIHHOTO MarHiTHOTO MOJIS TOCTIHHOTO CTPYMY.

KurouoBi ciioBa: mapyBatuii HaAmpoBiJHUK, METO/] TpaHchep-MaTpullb, cretianbhi GyHkuii Jlexanapa.
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B nmanHO#H craThe MBI MOAMOUIMPYeM MeETOX TpaHc(hep-MaTpuI] A8 HM3YyYeHUs Oe3AUCCHIIATHBHOTO IPOXOXKICHUS
JJIEKTPOMArHUTHBIX BOJIH TEparepLoBOr0 JAMana3oHa uepe3 IIIACTHHY CIOUCTOTO CBEPXIPOBOJHMKA, IIOMELICHHOTO B
JUBIEKTPUUYECKYIO Cpely, B IPUCYTCTBUYU BHEIIHETO MAarHUTHOTO I10JI IIOCTOSIHHOT'O TOKA.

B paGote MbI paccmarpuBaeM TM-mosnsipu3oBaHHBIE IEKTPOMAarHUTHBIE BOJIHBL. [lmacTHHA pacmonoskeHa TakuM oOpas3om,
YTO CJIOM JUANIEKTPUKA U CBEPXIPOBOJHUKA MEPNEHIUKYISIPHBI TPAHHULE pa3fiela, a BHEITHEE MarHUTHOE I10Jie HAalpaBIeHO BJIOMb
IUTACTHHBI, TApaJuIeNbHO CI0SM. MBI paccMaTpHBaeM Cydaif ciaboro BHEITHEr0 MarHUTHOTO MOJIA, IPU KOTOPOM MarHUTHBIE BUXPU
HE MPOHUKAIOT B IIACTUHY.

BcenenctBue HenmuHEHOCTH 1k03e()COHOBCKOW IUIa3Mbl, KOTOpas (JOPMHUPYETCSl B CIOMCTOM CBEPXIPOBOJHHMKE, MarHUTHOE
T10JIe TIOCTOSTHHOTO TOKa HEPaBHOMEPHO ITPOHUKAET B IUIACTHHY U BIIMSET Ha YJIEKTPOMAarHUTHYIO BOJIHY. Takum o0pa3om, BeIMYMHA
BHEIIHEr0 MAarHUTHOTO IIOJIS1 TOCTOSIHHOTO TOKa MOJKET OBITh MCIIOJIb30BaHA B KayeCTBE M3MEHSEMOro IapameTpa Il YIpaBIeHHs
Pa3IMYHBIMU SBJICHUSAMHU, CBSI3aHHBIMH C PAaCIIPOCTPAHEHHEM JIEKTPOMArHUTHBIX BOJIH B CIIOUCTBIX CBEPXIIPOBOJAHUKAX.

B mpucyTcTBHE BHEIIHETO MTOCTOSHHOTO OJHOPOAHOTO MAarHUTHOTO ITOJISI IMHEHHBIE 3TeKTPOMArHUTHBIC BOJIHBI B CIIONCTOM
CBEPXIPOBOJHUKE OKA3bIBAIOTCS HEIKCIIOHEIMANBHBIMU. [103TOMy MBI HE MOXKEM HETIOCPEACTBEHHO MPUMEHHTh METOJ TpaHchep-
MaTpull, B KOTOPOM CBS3BIBAIOTCSI aMIIUTYABI IPH COOTBETCTBYIOMINX 3KCHOHEHTaX. HecMoTps Ha 3TO, B JAHHOH TEOPETHIECKOi
paboTe MOKa3aHO, YTO IS JOCTATOYHO TOJICTOM ITACTHHBI MOKHO BBECTH MATpPUIIBI, ONMHUCHIBAIONINE IMPOXOXKACHUE BOJHBI Yepes3
IUTACTHHY. AHAIUTHYECKUE BBIPAXKCHUS ISl STHX MATPHI] ITOJIyYeHBI B SBHOM BHJE B TEPMHHAX CIIELUAIBHBIX QyHKIUH Jlexxanpa.
[Mony4yenusie TpaHchep-MaTPULBI MOTYT OBITH HCIIOJIB30BAHBI IS JATBHEHIIET0 H3YUSHNUSI IIPOXOXKICHUS SIEKTPOMAarHUTHBIX BOJIH

qyepes CJIOUCTBII CBEPXIIPOBOJAHUK B IPUCYTCTBUE BHEHIHETO MAriMTHOI'O MOJIA IMTOCTOSIHHOI'O TOKA.
KuroueBrble ¢cJIoBa: CIOUCTHIN CBEPXNPOBOAHHK, METO TpaHC(bep-ManI/IH, CIICIMaJIbHbIC (I)yHKLII/II/I He){caHupa,

Introduction
Layered superconductors are periodic structures that
consist of thin alternating superconducting and insulating
layers. Natural crystals Bi,Sr,CaCu,O,,; or artificially

grown compounds NbAI-AIO, / Nb are examples of such

materials. The superconducting layers form array of
intrinsic Josephson junctions [1,2] and determine unusual
strong anisotropy and nonlinearity of current flow.
Therefore, the various non-trivial electromagnetic
phenomena are predicted for layered superconductors
[3,4,5]. Also, these materials are of particular interest due
to possibility of flexible tuning their electromagnetic
properties by an external direct current (dc) magnetic field
[6,7]. The additional interest is related to the operating
frequencies of the Josephson plasma waves that are of
terahertz (THz) range. By present, there is still a gap in
controllable and high-power THz-devices, which are,
meanwhile, considered to be promising for many areas
starting from basic science to medicine or homeland
security [8,9].

To study the transfer of electromagnetic waves it is
convenient to use the transfer-matrix method (see, e.g.,
book [10]). In the absence of dc magnetic field, the
electromagnetic properties of the layered superconductor
can be described by the effective permittivity tensor [11],
and, therefore, the transfer-matrix method can be directly
applied (see, e.g., the recent paper [4]). However, in the
presence of an external dc magnetic field, the problem
becomes more complicated because the electromagnetic
field inside the plate is described not by harmonic

(exponential) functions, but by special Legendre functions
[6].

In this paper, we modify the transfer-matrix method
for the electromagnetic wave propagation through a plate
of layered superconductor in the presence of an external
dc magnetic field and calculate the corresponding
transfer-matrices.

Problem Formulation

We study a dissipation-free propagation of an
electromagnetic wave through the system that consists of
a layered superconductor plate of thickness S placed in
the dielectric environment as shown in Fig.1. Dielectric
and superconducting layers are considered perpendicular
to the interface. The coordinate system is chosen in such a
way that the X -axis is directed perpendicular to the plate,
the Z -axis is orthogonal to the superconducting layers.

The external dc magnetic field I:IO is supposed to be

directed parallel to the plate and to the layers, i.e. along
the y -axis.

We consider TM-polarized wave. In the chosen

coordinate system, its electric E(X,Y,z,t) and magnetic

H(X, Y,Z,t) components can be written as follows:

E(x,y,z,t)= {E, (x),0,E, (x)}exp(-iawt +ik,z),

H(x,y,z,t) ={0,H, (x),0}exp(-iat +ik,2), @
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where @ is the wave frequency, k, is Z -projection of
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the wave vector.
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Fig. 1. Geometry of the problem, where L and R~ are the
amplitudes of the electromagnetic waves incident onto the
plate from the left and right, respectively, while L~ and R*
are the amplitudes of electromagnetic waves running away
from the left and right, respectively.

It is worth noting that the plate is supposed to be
sufficiently thick:

exp(s/ A.)>1, 2

where 4. is the London penetration depth along the
layers of superconductor. On this assumption, the dc
magnetic field deeply inside the layered superconductor is
absent. Also, we assume that the external magnetic field
magnitude is less than the critical value H,:

)
H, <H,=—°

H 3
s 3)

where @, = zAc/e is the magnetic flux quantum, C is

the speed of light, e is the elementary charge, % is
Planck’s constant, and d is the thickness of the

insulating layers.

Main Equations for the Electromagnetic Field
The expressions for the electromagnetic field
components in a dielectric medium can be obtained from
the system of Maxwell’s equations. At the left and right
interfaces, respectively, for magnetic components we
have:

H)I,_(X) — LJreikd (x+s/2) I L,e—ikd (x+s/2),

; (4)
R - D+ —ik, (x-5s/2)
H,/(x)=R"e d

iky (x=s/2) +Re ,

where k, is the X -projection of the wave vector of the
incident wave:

ky, = Jgda)z /c?—Kk?,

where &, is the dielectric permittivity.

For the corresponding electric field components, we
have:

k,c ik | (X+5 _ ik (x+s
EZL (X) =" gda)[lje o -Le o /2)]1
a
5
R de + ik (x=s/2) _ ik, (x=s/2) ®)
E, (x)=———[R"e™ —-Re ™ ]
e,

a

The field inside the plate (—s/2<x<s/2) is
described by the interlayer phase difference ¢(X,z,t),

which obeys the coupled sine-Gordon equations [3]. For
the wavelengths that are greater than the thickness d (i.e.
in the continuous limit), it can be represented as follows:

2 2 2
(1 22 azj{ 1 a¢+sin¢:}—lj gx‘f:o, ©)

2L
® 0% )| & ot

where A, is the London penetration depth across the

layers, o, :1f87zedJc/ he, is the Josephson plasma
frequency, &, is the dielectric constant of the insulator

S

layers in the plate, and J_ is the maximum density of the

Josephson current.

On assumption (2), in the presence of the dc magnetic
field and linear electromagnetic wave this phase
difference can be presented as [6]:

P8, 2.0) = 0, (O) + 94 (O) + 9, (&, 2.), U]

where &= x/ 4, is the normalized X -coordinate, and

4 (&) = Farctan[exp(, +£)] (®)

are static solutions of the sine-Gordon equation (6) that
can be considered as the two virtual magnetic vortices
which partly penetrate into the plate from both sides, and

@, (&, z,t) = T (&) exp(ik,z—iat) 9

is a small wave additive induced by the electromagnetic
wave with amplitude f (&) . In expression (8) parameter

&, determines the positions of the vortices,
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& =& +arccosh(h,'), h, = % 5=s/22.

C

The tangential electromagnetic field components in
the layered superconductor plate [12]:

iQ
E; (&) =-H . —=f(3)
Ve (10)

He () = al £(8),

1+x2 1 (1-Q% 1 y?)

where Q= w/ w, is the normalized frequency, «, =k, 4,

is the normalized Z -projection of the wave vector, and
y = 4. I 4,, is the anisotropy parameter.

By substituting the expression (7) for the interlayer
phase difference ¢ into (6), we can obtain the following

equation for the amplitude f (&) of the wave additive

?,(&,2,1):

f"(c)

2
KS

+[1-u(©)1f () =0, (1)

where
2 _ (02 _ K'z2
K2 = (Q 1)[“—1—92/%}’
1 2 2
= . (12
1 l—QZ[cosh2(§O—§)+cosh2(§o +5)} -

In Eq. (12) the first additive corresponds to ¢ (£) and

the second is related to ¢, () .

First, we construct the solution for the right and left
part of the plate independently. The interaction between
magnetic vortices from the opposite sides can be
neglected due to the assumption (2), then we neglect the
first or second component with cosh in the expression
(12). Then the solution of Eq. (11) can be found in terms
of associated Legendre functions [13]. We present the
solution in the form of superposition for the right half of
the plate:

fe (&) =C (5 +C (&), (13)
and for the left one:
f (&) =Cf,(-5)+C f (=), (14)

where

P™[tanh(& -8
0 pru _
%P“ [tanh(&, —&)] .-

_ R™[tanh(& - &)

+uK, exp(Fud)

f.(&)=

with P/[z] being the associated Legendre functions, and

2v+1= JS(QZ )7+l u=ik,

K = exp[F warccosh(h; )]

- 1+ w)

The specific form of f, (&) allows us interpret these
functions as non-exponential running waves inside
layered superconductor. Indeed, for 1—z <1 there is an
asymptotic expression [13] for Legendre functions:

ul2
P lz]= (1-z)™". (15)
F(1-p)
The approximation (15) can be applied for

tanh(&, + &) =1, i.e. for the external magnetic field that
is close to zero (H, < H_) or for the X-coordinate

deeply inside the superconducting plate. Thus, in the
center of the plate (& < J), the functions f,.(&) take the

exponential form,

f.. (&) ~ exp(ix.S),

and these functions correspond to the running waves.
Taking into account the obvious relation,

f. (&) =-1.(=9) (16)

and matching f (£ =0)= f,(£=0) in the center of the

plate, we relate the constants of the superpositions (13)
and (14):

C* =—C*.

Finally, we should normalize the constants C* in
order to get the expression for magnetic field similar to

(4):

H,

§*=C* .
1+x2 1 (1-Q% 1 %)

Now, the electromagnetic field components are,
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2,2
Q
Q+Kzz7 d
7 =Q
ie,

HJ(§) = S 1/ (&) + 87 f(£).

ES (&) = [£°f, (£ £STF )] (17)

Here the upper sign corresponds to the right part
( £>0) of the plate and the lower one corresponds to the

left part (£ <0).

If the external dc field tends to zero, the expressions
(17) turn out to be harmonic, and the wave transfer
through the investigated system could be described by the
matrices of passing through the boundaries and free
propagation in the medium [4] in a similar way to the
dielectric case. Otherwise, the magnetic field H,(x) can

be considered as a plane wave superposition only in the
center of the plate.

Transfer matrices

The transfer-matrix T that corresponds to the wave
transfer through the plate connects the amplitudes of
outgoing and incoming waves for the magnetic field

H, (X) . According to (4):

R+ R +
=T L .
R~ L
Since the field in the layered superconductor can be
described by exponential functions only in the center, we

(18)

can present the matrix T as T =T®T® | that correspond
to the transition from the left boundary (x = —s/2) to the
center (x=0) and from the center (x=0) to the right
boundary (x = s/2), respectively,

(e} ()

The boundary conditions are the matching of the
tangential components of the electromagnetic field:

(19)

H:(-s/2) = H!(=s/2),
Ei(-s/2) = E(-s/2),

H(s/2)=Hf(s/2),

(20)
Ei(s/2) = ER(s/2).

In accordance with the expressions for the
electromagnetic field (4), (5), and (17), these conditions
can be rewritten as:

S f/(5)+S f'(6) =R" +R"
S*f,(8)+S f (5)=n(R* -R)’

S*f/(8)+S f/(6) =L +L°
S*f (8)+Sf (8)=n(L L)'

(21)

where

—ikyCo, \J&,
n= - ;/_ (22)
O, (1+ 27 )

Comparing the system of matrix equations (19) and
the boundary conditions in form (21), we can obtain the

exact expressions for the transfer-matrices T® and T :

L)

L0 ) +1/(9)
o= fﬂ £
21O gy L0 )|
n
Oty + L9 g
o =_1A U .
2detT(R) f (5) f (5) _ ff(é‘) + f’(é‘)
, ’
Here
2 0 Fu
P[] o M
fLO)r —————o (),
+uK, exp(Fuo) F2uK, exp(Fud)

with h = J1-h? .

It can be seen, that the matrices T® and T® are not
mutually inverse. Nevertheless, the product of their
determinants is equal to 1, det[T®]det[T®]=1,
therefore, the symmetry of the problem is not broken.

Conclusions

In this theoretical work, we have modified the
transfer-matrix method for TM-polarized electromagnetic
waves propagating through a plate of layered
superconductor taking into account the interaction of
Josephson plasma with an external dc magnetic field. It
was shown that although the electromagnetic field inside
the plate cannot be described by harmonic (exponential)
functions, far from the boundaries, it can be considered as
a superposition of a running and reflected waves. Then,
for sufficiently thick plate, the transfer-matrices can be
obtained analytically in terms of special Legendre
functions. The received matrices can be used in the
further studies related to the transfer of electromagnetic
waves through layered superconductors.
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The study of mathematical models of gravitational lenses are not direct observations. A special place in such studies is the
visualization of the lens model. The image of the source and its images in the N-point gravitational lens, in the picture plane,
visualizes the mathematical model - the algebraic equation of the lens. Recently, the number of studies of the equation of the N-point
gravitational lens by algebraic methods has increased [6—-8]. Such studies make it possible to consider the gravitational lens not only
as an algebraic, but also as a topological object.

In the work, the equation of the N-point gravitational lens in the complex form is studied. A bundle above the source plane is
assigned to it. We investigated one subfamily of lens equations. A critical set of equations of this subfamily is a closed Jordan curve.
To the equations of this subfamily we put in correspondence not only a vector bundle, but also a covering.

A method for describing coverings is developed for equations whose caustic in the finite plane is a closed Jordan curve
(Jordan caustic). A special case of such coverings is coverings for the equation of an N-point gravitational lens, the critical set of
which is a closed Jordan curve. These equations, also, have Jordan caustics. The method is similar to the method for describing
Riemann surfaces of algebraic functions, graphs — profiles.

The algorithm for constructing coverings and the developed method for describing these coverings illustrates an example of a
cover given by a rational non-analytic function of a complex variable The covering surface has not only a Jordan caustic, but also a
second-order branch point at an infinitely distant point.

The methods of the theory of functions of a complex variable, algebraic geometry, algebraic topology and graph theory are
used.

Keywords: gravitational lens, lens equation, critical curve, caustic, covering map, covering profile.

N-ToukoBa rpaBiTalliiiHa JIiH3a K HAKPUTTS 1 11 IpoP1ib HAKPUTTA

C. . Bp0H3a1, A.T. KOTBHHBKHﬁz, C.M. KopocTean3

1 Kagheopa suwoi mamemamuxu, Yxpaincokuil Oepoicasnuii ynieepcumem 3aniznuunozo mpancnopmy, ni. Qeiicpbaxa, 7, Xapkie 61050, Vkpaina
2 Xapxiscoxuil nayionanvhui ynisepcumem imeni B.H. Kapaszina, m. Ceéo600u 4, 61022, Xapxis, Yrpaina
3 Kagpeopa Buwyxysans ma npoexnmyeanis wiasxie cnonyyenns, eeooesii ma zemaeycmporo, Yxpaincokuii Oepoicagnuil yHieepcumem 3aii3HU4HO20
mpancnopmy, na. Qeiicpbaxa, 7, Xapkie 61050, Vrpaina

JlocmipKeHHST MaTeMaTHYHUX MOJesel TpaBiTAIllifHUX JIiH3 BIHOCATHCS IO HE MPSIMHUX crocTepeskeHb. OcobnuBe Miclie B
TaKUX JOCIIDKEHHAX 3aliMae Bi3yasizawiss Mojeni JiH3H. 300pakeHHs mKepena i Horo 300paxenb B N-TOUKOBOi rpaBiTaliifHOT
JiH3Y, B KapTUHHIN IUIOLIMHI, Bi3yalli3ye MaTeMaTHYHy Mojenb — aureOpaiyHe piBHAHHS JiH3u. OCTaHHIM 4acoM 30inbIImiacs
KiJIBKICTh JTOCTIKeHb PiBHSHHA N-TOYKOBOI TpaBiTamiiHOI JiH3M anreOpaiuHuMu Metogamu [6-8]. Taki MOCHIIKEHHS Mal0Th
MOJKJIMBICTH PO3TJLIIATH TPaBITAIIHY JIIH3Y HE TUIBKH SIK anreOpaiuyHuid, ane i siK TOMOJIOTYHIHA 00'€KT.

B po6ori nocmimpkeHo piBHSHHS N-TOYKOBOI IpaBIiTAIiHHOI JHH3M B KOMIUIEKCHOMY BHIJIS. MOMy IMOCTaBIEHO y
BIJIIIOBITHICTH PO3MIAPYBaHHS HaJ IUIOIIUHOIO HKepeTa. Mu TOCHiKyBaI OHY MiPOIUHY JTIH30BUX PiBHSIHb.

Kputnuna MHOXHMHA piBHSHB M€l MiAPOJMHU € 3aMKHYTOI >KOPAaHOBOIO KPHBOIO. PIiBHSHHAM IIi€i MiIpoAWHH MU
MOCTaBUIIM Y BiJNOBIJHICTh HE TLNBKKM BEKTOPHE PO3IIApYyBaHHsI, a i HAKPUTTA. PO3po06iIeHO METO/| OIIMCY HAKPHUTTIB, VIS PiBHSHB,
KayCTHKa SIKMX B KIHIEBii IUIOIIMHI € 3aMKHYTOIO JKOPAAHOBOIO KpHBOIO (KopaaHoBa KaycTuka). OKpeMHUM BHIAJKOM TaKUX
HAaKPHTTIB € HAKPUTTS JUIs PiBHSIHHS N-TOYKOBOI IpaBiTalliiHOl TiH3U, KPUTHIHA MHOXKHHA SKOTO € 3aMKHYTa )KOopJaaHoBa kpuBa. Lli
PIBHSIHHS, TaKOX, MalOTh J>KOPJAHOBY KaycTHUKy. Merox € momiGHuii 10 MeTony Ommucy piMaHOBHX IOBEPXOHB anreOpaiuHHX
GbyHKuUii, rpadamu - podiasIMu.

AJTopuTM NOOYIOBH HAKPHUTTIB i PO3POOJICHUH METOA OINCY IIMX HAKPHUTTIB LIIOCTPYE MPHKIAJ] HAKPHUTTS, SIKE 33JaHO
panioHaJIbHOIO HE aHAITHYHOIO (PyHKITI€I0 KOMIUIEKCHOTO 3MiHHOTO. HakpuBaloua moBepxHs Mae He TUIBKH JKOPJIAaHOBY KayCTHKY, a
I TOUKY pO3TayXeHHs APYroro MOPSAKYy B HECKIHYEHHO BifaneHii Tour.

VY po6orti BUKOpHCTaHI MeToau Teopil PyHKIIH KOMIIEKCHOTO 3MIHHOTO, anrebpaiaHol reoMeTpii, anredpaidnoi Tonosorii Ta
Teopii rpadis.

KurouoBi ciioBa: rpasitauiitHa jgiH3a, piBHSHHS JTiH3U, KPUTHYHA KPUBA, KAYCTHKA, HAKPUTTSI, IPOQiIb HAKPUTTS
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N-TouyeuHasi TpaBUTAIMOHHAS JIMH3a KaK HAKPBITHE U €€ TPOPuUIIb

HAKPBITUSA
C.I. BpOHSal, A.T. KorBuukuii?, E.M. KopOCTeJIeB3

1 Kagheopa evicuieii mamemamuku, Ykpaunckuii 20cyoapcmeeHtblil YHUGEPCUMent Jicee3Ho00podicho2o mpancnopma, Peitepbaxa na., 7, 2. Xapvkos
61050, Ykpauna
2 Xapvkosckuil nayuonavhwlil ynusepcumem umenu B.H. Kapasuna, m. Céoboout 4, 61022, Xapvkos, Yrpauna
3 Kageopa uzvickanuil u npoexmuposanisi nymetl CooOweHsl, 2e00e3uu u 3eMaeyCmpoucmed, YKpauncKui 20cyoapcmeeHHbill YHUGepCUmem
Jicene3no0opodicHo2o mpancnopma, Petiepbaxa ni., 7, e. Xapwvros 61050, Ykpauna

HccnenoBanne MaTeMaTH4eCKUX MOJIENel TPaBUTAIIMOHHBIX IMH3 OTHOCATCA K HE MPsMbIM HabmogeHusM. Ocoboe MecTo B
TaKUX HMCCIIENOBAaHUAX 3aHMMAeT BU3yalH3alls MOJETM JIHH3BL. M300paxkeHHe HCTOYHHKA M ero m3oOpaxeHuii B N-TouedqHoi
TPaBUTAILOHHON JMH3€, B KAPTUHHOM IIOCKOCTH, BU3yaIH3UpPyeT MaTeMaTHYECKyI0 MOJENb - alreOpandeckoe ypaBHEHHUE JTHH3BI.
B mocnemHee Bpems YBENIMYMIOCH YUCIO HCCICAOBAHUIN ypaBHEHHS N-TOYEYHOH TPaBUTAIIMOHHOW JIMH3BI aireOpamyecKuMHU
Meronamu [6-8]. Takue wuccrnenoBaHWs [alOT BO3MOXKHOCTH pAacCMaTpHBaTh — TPAaBHTAlMOHHYIO JIMH3Y HE TOJBKO Kak
anreOpandeckuii, HO U KaK TOIIOJIOTHIECKUH 00BEKT.

B pabote wucciaenoBaHo ypaBHeHHe N-TOUeUHOI TpaBHUTAIMOHHOW JHMH3BI B KOMIUIEKCHOM BHzae. EMy mocraBieHo B
COOTBETCTBUE  PACCIOCHHE HAJ IUIOCKOCTBIO HCTOYHHKA. MBI HCCIEloBald OIHO TOJCEMENCTBO JIMH30BBIX YpaBHEHHMH.
Kputnueckoe MHOXECTBO ypaBHEHHHM 3TOro IOACEMEHCTBA SIBIAETCS 3aMKHYTOW JKOPJAHOBOM KPHUBOM. YpaBHEHHUSM 3TOTO
MojiceMeiicTBa MBI MOCTABHIIM B COOTBETCTBHE HE TOJIBKO BEKTOPHOE PACCIOCHHE, HO M HakpbiTHe. Pa3zpaboTaH MeTO] OMHCAHUS
HaKpBITUH, I ypaBHEHUH, KayCTHKa KOTOPBIX B KOHEYHOW IIOCKOCTH SBISIETCS 3aMKHYTOW YKOPJAHOBOH KpWUBOW (KOpOaHOBa
KaycTuka). YacTHBIM CilydaeM TaKHX HAKPBITUH SBISIIOTCS HAKPBITHA U ypaBHEHHs N-TOUedHOIl TpaBHUTAaIMOHHON JIMH3HI,
KPUTUYECKOE MHOXXECTBO KOTOPOIO €CTh 3aMKHYTas XKOpJaHOBa KpHBas. DTU YPaBHEHHUs, TakXKe, UMEIOT KOPJAHOBY KayCTHKY.

Merox nogo0GeH METo Iy OIMCaHMsI PUMAaHOBBIX IIOBEPXHOCTEH anreOpandecknx QyHKIUH, rpadamu - npodusMu.

AJITOPUTM TTOCTPOCHHUSI HAKPBITHH M Pa3pa0OTaHHBIA METOJ ONMCAHWS STHX HAKPBITUI WILTIOCTPHPYET NPHMEP HAKPBITHSA,
KOTOpOE 3aJ[aHO PAllMOHAJIBFHON HE aHAIUTUYECKOH (DyHKIMEeH KOMIUIEKCHOTO IlepeMeHHOro. HakpeiBaromiasi HOBEpXHOCTh HMEET HE
TOJIBKO JKOP/IAHOBY KayCTHKY, HO ¥ TOUKY BETBJICHHS BTOPOTO MOPs/IKa B OECKOHEUHO yalICHHOH TOUKe.

B pabote wncmonp3oBaHBI METOABI TEOPHM (YHKIUH KOMIUIEKCHOTO IEPEMEHHOTO,

anreOpandecKoi TOTIOJIOTHH U TEOPHH TPpadoB.

anreOpandeckoll TeoMETpHH,

KnroueBble cjioBa: rpaBHTAI[OHHAs JIMH3a, YpaBHEHWE JIMH3bI, KPUTHUYECKas KpHBas, KayCTHKAa, HAKPHITHE, MpoduIb

HaKPBITHUA.

Introduction

In this paper, the plano N-point gravitational lens [1]
is specified by the equation in a complex form and is
studied as a vector bundle over the source plane.

We considered the N-point gravitational lens as a
bundle above the source plane. Among other things, one
subfamily of lens equations has been studied. Equations
from this family are assigned not only to the vector
bundle, but also to the covering map. For such equations,
a method of describing covering maps has been
developed.

The developed method is similar to the method of
describing Riemann surfaces of algebraic functions by
profiles.

1. Lens mapping and the equation that specifies it
The plano N-point gravitational lens determines an
unequivocal complex mapping

L:(C,\A)>C,, (1)

from the complex plane CZ — the lens plane to the

complex plane Cg — the source plane, where C is the set

of complex numbers A:{Ah| A =a,+bi,n=1.., N} :

The mapping (1) is specified by the complex equation

¢=2-w(2), v
wherein

“Sm L.
W gmn[z—/w :

N
m, =1, 3)
=1

where m, are normalized point masses of the lens, A,

are their complex coordinates [9]. Function, z—-w(z) is

rational, but not analytical.
Denote a set of the form (2) by ¢, and call it a set of

N-point gravitational lens equations.
The mapping (1) can be extended to unequivocal
complex map by continuity

L:(CZ)—>C§, 4
Note that the mapping (4) is continuous in the entire

extended complex plane 52 . Mapping L™ inverse to the

mapping (4):
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L‘l:((_lg)—ﬂ_iz, (5)

is obviously multivalued.
Consider next a wider family of equations (3). Let

% ={R(z,Z)} be aset of rational functions ¢ =R(z,7)

from variables Z and Z . Obviously, the inclusion of
¢y <M holds. The following theorem holds.

Theorem 1. Let the function f €R. The function

f e, if and only if the function f is conceived of as

a(z)

f=z-r(z), where r(z):ﬁ

rational function Z,

degree dega(z)=N-1 and degree degh(z)=N of
a(z) and b(z)

coefficients, the rational function r(z) has N simple

polynomials have leading zero

poles at the points A, N=1,..., N, with residues r/is r(z)

N
+ 0<resr(z) <1 and ngs r(z) =1.

n=1
Remark 1. The set R is the set of rational, in general,
not analytical functions. The set R includes as a subset
the set of rational analytical functions. These are

functions of the form R=R(z).

2. Solution and critical set of the ¢ =R(z,Z) equation
Let R= R(zj) €R. Let make some remarks about

the solution of the equation
¢{=R(2,7). @)

Equation (7) is equivalent to a system of equations:

. 8
) (8)

Equation (8) is equivalent to a system of polynomial
equations:

©)

The system of equations (9) and therefore (8) can have
one-dimensional zero-dimensional — point solutions, see
[6]. There are algorithms that make it possible to
determine a set of zero-dimensional solutions and a set of

one-dimensional solutions [6]. Equation (7) and the
systems of equations (8) and (9) have no one-dimensional
solutions, if none of the resultant

R,(F(22.9).F(22.0)) and
R7<F(Z,Z,§), IE(Z,Z, f)) is identically zero. It is known

that the family of equations ¢ has a single one-

dimensional solution — the Einstein ring.

Based on this, in considering the R family, we can
restrict ourselves to functions that do not have one-
dimensional solutions.

Let the mapping (4) be specified by equation (7), then
following theorem holds.

Theorem 2. Let J be the Jacobian of the
transformation (8), then the critical mapping set (4) is the

set of solutions of the equation |§£|_|§%|:O' for the
equations of the gravitational lens - the equations |w;| =1

, and for the analytical - the equations ¢, =0.

Remark 2. The set of solutions of the equation
¢, =0 isadiscrete finite set.

3. Bundles and covering maps
Definition. Let M and N be topological spaces, and

f a continuous mapping of the first to the second, that is

f:M —N. A triple of the form (M, f,N) is called a
bundle and denoted by Q. The topological space M is
called the total bundle space and is denoted by tIQ, the
topological space N is the base of the bundle and is
denoted by bSQ , and the f map by the design map and
denoted by prQ.

Definition. The layer, of the bundle AA over point P
is called its inverse image of PP.

The regular point of a bundle of Q is called a point
betlQ if it has a neighborhood of U such that the
reduction of the map of the pré onto it is a
homeomorphism onto the projection of pr&(U). An
irregular point FF is called a singular bundle pointtl Q.

Definition. The bundle @=(M, f,N), with a discrete

layer at each point, is called a covering if the thickness of
all layers is the same. The thickness of the layer is called
the number of sheets. The cover may have a finite or
countable number of sheets. If the number of sheets is
finite and equal to n, then by covering we mean the four

(M, f,N,n).
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Remark 3. A mapping of the form (4) can be
associated with a triple Q:((C_:é\(a), L,(C_:Z\L(®))),

where © is the set of solutions of the equation J =0
(critical set). This triple is two-dimensional bundles over
the complex plane; see [2].

Remark 4. Let the mapping (4) be given by the

equation ¢ =R(z), where R(z) is a rational analytic
function and n=degR(z), Then (4) we can associate the
covering Q:((M \@),L,(C,\ L(G))),n), where M is

the Riemann surface of an algebraic function that is
inverse to the rational function R(z).

4. Construction coverings

The covering for an algebraic function can be defined
by a graph of a special form - a profile of a Riemann
surface, for more details see [4], or a complex of
segments, see [5].

We consider another case where the vector bundle can
be defined as a cover, and the cover is described by a
graph similar to the profile of a Riemann surface.

Let the vector bundle Q be defined by equation (7).
Let, in addition, the critical set of equation (7) is a closed
Jordan curve. Then the one-dimensional vector bundle
over the caustic can be defined before covering. Such
coverings will be called simple.

Let J=J(L) is the Jacobean of the map L, © is the
set of solutions of the J =0 equation (critical set),
K'=L(®) is the caustic, and Q=L"(K)=L"(L(®))is
the image of the caustic for the inverse map (full inverse

image). Let hereditary topologies be given on the sets K
and Q, and let F be the restriction of the map L to Q.

Then ¢ =(Q,F,K) is a one-dimensional bundle. For any

regular point peK, the thickness of the n= pré&™(p)
layer has the evenness of the number of N and the
number of n satisfies the N+1<n<N?+1 inequality.
If the critical set is a closed Jordan curve, then the caustic
is also a closed Jordan curve. In this case, the thickness of
the layer is the same at all regular points, and the one-
dimensional bundle can be defined before covering.

Thus, in the above terms, the following theorem holds.

Theorem 3. A set of four§=(pr§’1(K),f,K,n)
elements, where f is the restriction of the map of F to

pré*(K), is an n-branched covering. Cover & is a

simple cover.
A simple cover uniquely defines a gravitational lens.

Example 1. The complex mapping of L:C, — Cg is

given by the & = 2*+2-7 equation. Build a caustic, its
full prototype and cover.

Decision: Jacobean: J =4|z|2 —4 The critical set is a

circle  of [z]=1. The equation of caustics

£ =e"" 12", ¢e[0,27) is a hypocycloid. Equation of
the full prototype of
e 426" =72 +2-7, p€el0,27].

caustics is

The graphs of the caustic and its full prototype are
shown in Fig. 1.

7.

Fig. 1. Caustic graph (left). Graph of the full prototype
(right). Gray dots are point sources and their images. A
source located outside the caustic (light dot) has two images.
The source inside the caustic (dark dot) has four images.

We construct a covering of &=(M, f,N,n) over the
The set of  solutions of  the
e 42" =72 +2-7, p€e[0,27] equation determines

caustic.

the covering space M . The set of solutions of the
=" +2e", pe[0,27) equation determines the basis
for covering the N. Design mapping f:{=2°"+2-7.
The number of sheetsis n=4.

5. Description of coverings by graphs
The  simple  one-dimensional  covering  of

éz(pré"l(K),f,K,n), from Theorem 3, can be

described by a graph - the covering profile.
We give the necessary definitions.

Definition. Let Gq be a flat contour with q vertices
. q

8 ,J=12...9,and K, =G| Jz; isits union with g
j=1

oriented loops of 7z; (one loop at each vertex). Let 7,

contour and 7z; loops have a positive orientation (faces
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with positive traversal remain on the left). Let the 7;
loops be located outside the face of the Gq graph.

We will call the F :Kq graph a wreath from q

circles, and the Gq contour - the main contour of the

wreath. The arcs of the main contour will be called strong
arcs, and loops weak arcs.

Definition. Let K be a wreath from q circles. By
the TT profile of the thickness of the n and the length q,

we mean an  N-sheet unbranched covering

n =(H, ﬁ,Kq,n) , if the restriction of the mapping of 7

onto the main contour of the wreath is a trivial covering.
The image of the total tl=1II space, when

displaying pr n =, is a wreath Kq .

This image can be considered as a directed graph.

The orientation of the arcs in the 17 graph is induced
by the orientation of the wreath arcs.

In the graph of 17 we will distinguish two types of
arcs.

Strong arcs are prototypes of arcs of the main contour.
Weak arcs are prototypes of loops.

We point out some properties of the profile. Strong
arcs form n of disjoint (strong) contours, q arcs in each.

Weak arcs are connected only vertices from one layer.
Each vertex includes two arcs: one strong and one weak.
Two arcs emanate from each vertex: one strong and one
weak.

The profile has an accurate coverage of n by
alternating contours of the 2q length, see [4].

We accept the agreement on the profile image.

We will depict a profile:

- in layers (vertices from one layer are projected into
your image);

- by sheets (strong contours are depicted as n parallel
segments);

- ends of parallel segments are identified.

Fig. 4 shows a profile of length 4 and thickness 3, the
image of the basis loops are omitted.

6. The Building profiles
We construct the profile of the

&=(pr&*(K), f,K,n) over the caustic K .
We set a positive orientation on K .We associate the
caustic K and its complete inverse image M = pr&é™(K)

covering

with the flat graphs grkK and grM, respectively. The
mapping associating is denoted by gr . Let caustic K
have g caps. We assign the caps of the caustics and their

images to the vertices of the graphs. We assign the arcs of
the graphs to the caustic arcs of their images.
The arcs of the graphs grK and grM are defined as

strong. Incidence in columns is defined as hereditary.The
graph grK has two faces. We will call the inner face of

the graph grK that face whose boundary is positively
oriented. Another facet will be called external.
We define in grM the external and internal faces.
We put in correspondence with the graph grKr the
wreathK,. We supplement grK at the vertices with

loops that lie in the outer fase of the caustic. We set the
loops to positive orientation.

We supplement the graph grM with weak arcs. The
inner faces of the graph grM and their boundaries

(strong contours) are left unchanged. We add weak arcs to
the boundary of each outer face of the grM graph so that

the boundary becomes an alternating contour of length
2q.
The resulting graph is denoted by Mq. Let the

mapping foify=or-f -(gr)_l. Then
nz(Mq, fq,Kq,n), by construction, is a covering, and

this covering is a profile.

Example 2. The cover over the caustic of Example 1
can be associated with the profile of the one-dimensional
cover, which is shown in Fig. 3. The construction of the
profile is illustrated in Fig. 2. Profile in Fig. 3. is depicted
by sheets and in layers.

b}o@@{g

Fig. 2. From left to right, Count grK , Wreath K, Count
grM and Count M, . The inner edges are gray.

) N
) )

a; a as

Fig. 3. The cover over the caustic of Example 1 can be
associated with the profile of the one-dimensional cover,
which is shown in figure.

52 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun.31, 2019



S.D. Bronza, A.T. Kotvytskiy, Ye.M. Korostelov

Fig. 4. The profile of length 4 and thickness 3, the image of
the basis loops are omitted.

The two-dimensional covering, from Example 1,
obviously, has a branch point of the first order at the point
¢ =oo. The profile of this cover is shown in Fig. 4. The

cover profile, in Fig. 4 has a precise coating with
alternating contours.
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Drift wave turbulence and anomalous plasma diffusion in lower hybrid
cavities observed in the ionosphere
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In plasma of the Earth’s upper ionosphere, regions with a depleted plasma density and an increased level of oscillations with
a lower hybrid frequency compared to the environment were found. It was established that such plasma density cavities have
cylindrical symmetry and are elongated along the geomagnetic field, so that the longitudinal dimensions significantly exceed the
transverse ones. Such structures, called lower hybrid cavities, are quite stable, so that during the passage through them spacecraft do
not observe significant changes in the parameters of the cavities. Thus, the nature of the change in cavities over time remains unclear.
In this paper, we theoretically investigate the temporal evolution of a cavity in plasma of ionosphere. Since depletion of the plasma
density is a cylindrically symmetric region, it creates a radial inhomogeneity in the plasma. In turn, the inhomogeneity of plasma
leads to the development of low-frequency drift instability and a turbulent state of plasma. The anomalous plasma diffusion across
the geomagnetic field resulting from the development of turbulence of drift waves of inhomogeneous plasma is considered as a
mechanism for changing the cavity. In this paper the equation of plasma diffusion in cavity is solved, where the initial radial
distribution of plasma density is the upside-down Gaussian. Plasma diffusion occurs radially towards the center, since the plasma
density increases with increasing radial coordinate. Obtained solution of the diffusion equation gives the rate of decrease in the depth
of cavity. In addition to reducing the depth of the cavity, its expansion also occurs, however, the expansion of the cavity is slower
than the decrease in depth. The paper gives plots of the plasma density distribution over the radius for several time values, which
show the temporal evolution of the cavity. These dependences show that in a time of the order of 1 second the cavity changes
significantly, but does not completely disappear.

Keywords: ionosphere, lower hybrid cavities, drift instability, turbulence of plasma, anomalous plasma diffusion.

TypOyneHTHICTh Apeli(POoBUX XBUIIb 1 aHOMaJIbHA TU(Y3is TJIa3MU B

HIKHBOT10pHUITHUX MOPOKHHUHAX, 1110 CIIOCTEPIratoThCs B 3eMHiH 10HOChepi
J1.B. HiGicos

Xapxiscokuti nayionanvHutl yisepcumem imeni B.H. Kapasina, m. Ceéo6o0u 4, 61022, Xapxkie, Yrpaina

B ruta3mi BepxHboi ioHOChepu 3emuti Oynu BusiBiIeHi o0macTi 3 30iIHEHOIO HIIIBHICTIO IUIA3MM 1 MiIBHIIEHHM piBHEM B
MOPiBHSAHHI 3 HABKOJIMIITHIM CEPEIOBHIIIEM KOJIHBAHb 3 HIKHBOTIOPHIHOIO YaCTOTO!0. BCTaHOBIECHO, 1110 TaKi MOPOXKHUHU MIITEHOCTI
IJIa3MH MAlOTh IWIHAPUYHY CHMETPII0 1 BHUTATHYTI Y3[OBX T'€OMAarHiTHOro IOJIs, TaK IO IO3JOBXKHI PO3MIpH 3HAYHO
MIEPEBUIYIOTh MornepedHi. Taki CTpYKTypH Ha3BaHI HIDKHBOTIOPHIHUMHA TIOPOKHUHAMH, JOCHTh CTilKi, TaK IO MPU MPOXOIKEHHI
4yepe3 HUX KOCMIuHi amapaTé He CHOCTEePIraloTh 3HAYHHUX 3MiH MapaMeTpiB NOPOXHHUH. TaKMM YHHOM, XapakTep 3MiHH MOPOXKHUH 3
IUIMHOM 4Yacy 3aJIMIIAEThCs HEICHUM. B Iilf cTarTi MM TEOPETHYHO IOCII/PKYEMO YacOBY EBOJIOLIIO MOPOKHHHHM B IUIA3Mi
ionocdepr. Ockinbkd 30iJHEHHS MIIBHOCTI IDIa3MH € KWIHIPUIHO-CUMETPHYHOI0 O00JAacTIO, BOHO CTBOPIOE pajiallbHy
HEOJTHOPIAHICT, B IUIa3Mi. Y CBOIO 4Yepry, HEOJHOPITHICTh IUIa3MH MPHU3BOAWTH O PO3BHTKY HHU3bKOYACTOTHOI Apei(oBoi
HECTIHKOCTI 1 TypOyJIEHTHOTO CTaHy IUIa3MH. AHOMasbHa JH(Y3is IUIa3MH MONEPEeK MEOMarHiTHOTO IOJsl B Pe3yNbTaTi PO3BUTKY
TypOy/IeHTHOCTI Jpeii(OBUii XBHIb HEOJHOPIAHOI IUIa3MH PO3IIISIAETHCSA SK MEXaHi3M 3MIHM MOPOKHHMHH. Y JaHiii poOoTi
BUPILIYEThCS PiBHAHHA AUQY3il M1a3Mu B MOPOXHUHI, Jie MOYaTKOBE pagiajbHUIA PO3MOIII MIUTBHOCTI IUIA3MH € MePeBEPHYTHM
raycoBuM. Judysis mmasmu BimOyBaeThcs pafialbHO IO IEHTPA, OCKUIBKH IIUTBHICTH TUIa3MH 30UTBLIYETHCS 31 301IBIICHHAM
panianpHOi koopauHatH. OTpHUMaHMi pO3B’S30K pIBHAHHA AuQy3ii mae MBHAKICTs 3MEHIICHHS TTTHOMHM NOpoXKHMHH. Kpim
3MEHIICHHS TITHOMHH OPOXXHHUHH, TaKOXK BiOYBAEThCS 1i PO3IIMPEHHSI, OJIHAK PO3LIMPEHHS MOPOXXHUHHU BigOYBa€ThCS MOBIIbHILIE,
HDK 3MeHIIeHHS rmoOuHu. B poGoti HaBeneHi rpadiku po3mofiny MITBHOCTI IDIa3MU IO pajiycy Ul KUIBKOX 3HAYeHb 4Yacy, sIKi
MOKa3ylTh YacoBY €BOJIOLiI0 MOpOXHUHH. Lli 3a/ie)KHOCTI MOKa3yloTh, L0 3a Yac MOPAAKY | CeKyHIM MOpPOXKHUHA iCTOTHO
3MIHIOETBCS, ajle He 3HUKAE NOBHICTIO.

KurouoBi ciioBa: ioHocdepa, HIKHBOTIOPUIHI TOPOXKHUHH, IpeiidoBa HECTIHKICTh, TYpOYJICHTHICTh IJIa3MH, aHOMajbHA
nudy3is mIa3Mu.

© Chibisov D.V., 2019
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TypOynentHocTh nperipoBuX BOJH U aHOMabHast TU(Gy3usl TI1a3Mbl B

HUKHETHOPUIHBIX MTyCTOTaX HAOIIOJAIOMIUXCA B 3eMHOU HOHOChepe
J1.B.Yubucor

Xapvrosckuii hayuonanvhwiil ynueepcumem umenu B.H. Kapasuna, m. Ce0600b1 4, 61022, Xapvros, Ykpauna

B mma3sme BepxHelt MoHOCheps! 3eMian ObUTH OOHapy)XeHBI o0acTé ¢ 00eTHEHHON IUIOTHOCTBIO IUIA3MbI M MOBBIIICHHBIM
YPOBHEM II0 CPaBHEHHIO C OKPYXKAaIOIIeH cpenoil KoneOaHWi ¢ HIDKHETHOPHIHOW 4acTOTOH. YCTaHOBJIEHO, YTO TAaKHE ITOJIOCTH
IUIOTHOCTH IJIa3Mbl UMEIOT IIMINHIPUUECKYIO CHMMETPUIO U BBITSIHYTHI BAOJIb T€OMAarHUTHOTO OJISI, TAK YTO MPOJIONBHBIE Pa3Mephl
3HAUUTENILHO TPEBBIIAIOT TONEepeuHble. Takue CTPYKTypHl, Ha3bIBa€Mble HIKHETHOPUAHBIMU MOJOCTSIMHU, AOCTATOYHO YCTOHUHUBEI,
TaK 4YTO 3a BpeMs INPOXOXKICHHUS depe3 HUX KOCMUYECKHE ammapaThl He HAOMIOJAI0T 3HAYUTEIbHBIX M3MEHEHHMH NapaMeTpoB
nojocteid. Takum 00pa3oM, XapakTep HM3MEHEHHUs IOJOCTeH C TEUCHHEM BPEMEHH OCTaeTCsl HESCHBIM. B 3ToH craTbe MbI
TEOPETHIECKH HCCIEIyeM BPEMEHHYIO JBOJIONHUIO IOJIOCTH B INIa3Me HOHochepsl. [lockoibky oOeqHeHHe INIOTHOCTH ILIA3MBI
SBJIACTCA IMIMHAPUYECKH CHMMETPHYHOH OOJIACTBIO, OHO CO3JAeT PaiHalbHYI0 HEOJHOPOJHOCTh B IIa3Me. B cBorwo ouepens,
HEOJHOPOJHOCTh IUIA3Mbl NPUBOAUT K PA3BUTHIO HU3KOYACTOTHOW Aped(oBOil HeycTOHYMBOCTH M TypOYJIEHTHOTO COCTOSIHUS
u1a3Mbl. AHOMasbHAs T (y3nst mI1a3MBbl ONEepeK reOMarHUTHOTO 1OJISL B Pe3yJIbTaTe Pa3BUTHUS TypOYJICHTHOCTH Ipeii()OBBIX BOJH
HEOJHOPOJIHOH IIa3MBl pacCMaTpPUBAETCsl KaK MEXaHM3M M3MEHEHHMs MOJIOCTH. B naHHOi pabote pemraercst ypaBHeHHE AUGdy3un
IUIa3Mbl B TIOJIOCTH, T/I€ HAYalbHOE pPaAMaIbHOE paclpeielieHHe IUIOTHOCTH IUIa3Mbl SIBISICTCSl NEPEBEPHYTHIM TI'ayCCOBBIM.
Jucddy3ust ma3Msl IPOUCXOANUT PAANAIBHO K IEHTPY, MOCKOIBKY IUIOTHOCTH ITa3Mbl YBEIHUMBACTCS C YBEIMYECHHEM paJuanbHOI
koopauHathl. [lomydenHoe pemenne ypaBHeHHs Tu(Gy3un 1aeT CKOPOCTh YyMEHBIICHUS TTyOHHBI MOJIOCTH. [IoMIMO yMeHbIIeHHS
I'TyOUHBI TOJNIOCTH, TAKKe MPOUCXOIUT €€ PACIIMPEHHe, OJHAKO PACIIMPEHHE MOJIOCTH MPOUCXOIUT MEJUICHHEE, YeM YMEHBIICHHE
rinyounsl. B paGore mpuBeneHsl rpaduKu pactpeieNeHus IIOTHOCTH IIa3MBbl 10 paguycy JUIl HECKOJIBKHX 3HaYeHHH BpPEMEHH,
KOTOPBIE [TOKA3bIBAIOT BPEMEHHYIO BOJIIOLIMIO MOJIOCTU. DTHU 3aBUCUMOCTH IOKa3bIBAIOT, YTO 3a BpeMs Mopsiika 1 ceKyHAbl MOJI0CTh

CYIICCTBEHHO MCHACTCS, HO HE UCYE3ACT NMOJIHOCTBIO.

KnroueBble ciioBa: noHocdepa, HWKHUE THOPUIHBIC ITOJOCTH, JApeiidoBas HEyCTOHYMBOCTH, TypOyJIEHTHOCTH ILIAa3MBI,

aHOMasnbHasA AU Qy3us TIIa3MBbL.

Introduction

Studies of ionosphere by satellites and sounding
rockets have established that in the plasma of the
ionosphere there are regions with a higher level of lower
hybrid oscillations compared to the surrounding plasma,
which correlate with a depletion of plasma density. These
regions are elongated along the geomagnetic field, so that
the longitudinal dimensions much exceed the transverse
ones were called lower hybrid solitary structures (LHSS),
or lower hybrid cavities (LHC). Since of the high
velocities of the spacecraft and small transverse
dimensions of LHC, which are of the order of tens of
meters, the measurement time is no more than tens of
milliseconds. However, during this time, the structure has
not changed much, that is the LHC is a relatively stable
formation. Despite that there is a number of works to
explain this phenomenon, the references to which are
given in the review [1], the mechanisms of the appearance
of cavities, as well as their stability, are not entirely clear.
There are also no explanations for their disappearance and
estimates of their lifetime.

This article discusses the problem of the time
evolution and disappearance of LHC due to drift
turbulence and anomalous transport of inhomogeneous
plasma across the magnetic field. Drift turbulence
develops due to the growth of unstable drift waves in
inhomogeneous magnetized plasma, the frequency of
which is much lower than the ion cyclotron frequency.
This turbulence has long been a serious problem in
plasma confinement in studies of controlled
thermonuclear fusion, since it led to anomalous plasma

diffusion across the magnetic field. We consider the same
turbulence as a candidate for the role of the mechanism
leading to the diffusion of plasma in the cavity and filling
it with plasma.

Measurements showed that the cavities have
cylindrical symmetry, and therefore, an analysis of
turbulence, as well as diffusion processes in the LHC
plasma, should be carried out using the model of
cylindrical waves. Such a model developed in our works
[2-5] was used in [6] for LHC conditions in plasma. In
[6], we considered both linear and nonlinear stages of
drift instability for cavities, found the level of turbulence
in the LHC, and previously investigated the temporal
evolution of plasma density in the cavity due to
anomalous transport through the magnetic field caused by
drift turbulence.

In this work, the anomalous plasma diffusion caused
by drift turbulence is studied in detail. We give here the
procedure for solving the diffusion equation for the
characteristic distribution of the plasma density over the
radius and give a graphic illustration of the evolution of
the distribution of the plasma density of the cavity.

Drift wave turbulence in lower hybrid cavities
We first briefly consider the conditions in LHC under
which anomalous plasma diffusion across the magnetic
field occurs. Observations showed that the plasma density
distribution in LHC has the form of an upside-down
Gaussian distribution [1], which can be described by the
equation
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n(r)=n, [1—aexp(—2r—;n, @

In (1) n, is the plasma density in the environment, a
is the depth of the cavity, r, is the length of the plasma
density inhomogeneity. The main plasma parameters in
the cavity are [6]: electron temperature T, ~0.3eV , non-
uniformity parameter r,/p, >3, where ol =pl (Te /Ti)
and p;; is the thermal Larmor radius of ions, r, >50m,
B, ~0.2Gs.

Inhomogeneity of the plasma along the radius in the
cavity leads to the appearance of a low-frequency drift
instability, the frequency and growth rate of which is [6]:

geomagnetic field magnetic induction

. ma,.
1+kip!’
\ﬁzeo exp(—zeo)
1+k:p;

@, (k)
Y (k)= @, (K)

Evaluation shows [6] that at altitudes of up to 1000
km where the main ion component is the singly ionized
oxygen, the frequency of the drift oscillations in LHC is
of the order of 3-5 Hz, whereas at the altitudes of 1500-
2000 km, where the main ion component is protons, the
frequency is of the order of 7-9 Hz. The growth time of

instability, which is equal to y,' (k), is estimated as

0.5-1.5s.
An analysis of the nonlinear stage of drift instability
showed [6] that in LHC the short wavelength part of the

drift oscillating
nonlinearly and disappears, whereas long wavelength part

spectrum with  k’p’ >1 damped

of the spectrum at kfpf<1 grows nonlinearly. The
saturation level of the drift turbulence was estimated as

[6]

=

N

w
— A~ @)
i 1o

Anomalous diffusion of plasma in lower hybrid
cavities
Due to drift turbulence in the plasma of LHC, the
distribution of the density of the plasma components
along the radius changes, and is governed by the diffusion

equation
on_10(,, on)
ot ror or

where D, is the diffusion coefficient across the magnetic

field. Note that the diffusion coefficients of electrons and
ions are equal, D, =D, =D, , so that the diffusion is
ambipolar. For the level of turbulence of (3) we have [6]

T
D, = e s (5)
eB; r,

The equation (4) gives diffusion of plasma in the
direction of axis of LHC, since the plasma density

increases from the center.
To solve the equation (4) we introduce the notation

4D, =D and rewrite them as

on 0 on
Tl ®

Take the Laplace transform of (6) by multiplying both
sides by exp(— prz) and integrate over r?

of(% o2 T 2 0 o(r,t
aun(r,t)e p dr2]=_([e p ﬁ(rzD%jdrz.
Denote
N = N(p,t):jn(r,t)e’przdr2 (7
0

which is the Laplace transform for plasma density by the
squared radial coordinate. Then we get the equation

ON T 2 0 on
—=|e"™ —(rZD—jdrz. (8)
ot -([ or’ or?

Now we integrate the right side of (8) by parts twice
and obtain:

(%N =—p]§n(—pep’2r2D+e‘”2 a—fz(rzD))dr2 .

Assume that the diffusion coefficient does not depend
on the radius, and then this equation is simplified

% - pZDI ne ™ r2dr? — pDN . 9)
0

For the first term in (9), we use differentiation by
parameter
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pZD_[ne"”erdrzz—pzDi ‘[ne"”zdrz =—pzDa—N (10)
o P\ ap

As a result, the eq. (9) for N(p,t) becomes

ﬂ=—p2D@— pDN ,
ot op

or

N, pzDﬁz—pDN .
ot op

(11)

To solve the partial differential equation (11), we use
the method of characteristics. First integral of the eq. (11)
is found from the characteristic equation

T o (12)

The solution of eq. (12), i.e. the first integral of eq.
(11) is

1
u=t+—. 13
5 (13)
To obtain the second integral of (11) rewrite it as
@Jr pzDﬁ =—pDN @
ot op oN
Then the second characteristic equation for (11) is
dp = _aN . (14)
p N
Thus the second integral is
v=Np. (15)

First and second integrals yield a general solution of

(12):
v=g(u),

where 9 is an arbitrary function. Substituting (13) and
(15) into (16) we obtain

1
Np=g|t+—
p g[+DpJ’

(16)

or

(17

N(p,t):%g(tJrDipj.

Now we take into account the initial dependence (i. e.
at t =0) of plasma density on the radius (1). Solving the
diffusion equation (11), we consider only second term in
(1), since the first does not depend on either time or
coordinate. Thus we study the evolution of the
distribution

I,2

n(r)= noae_ﬁ . (18)

Find the Laplace transform of (18)

r2

No(p)znoa_"eiﬁe’przdrzz n°a1 :
0

p+

(19)

2
2r,

and substitute it into (17) where we assume t=0.
Thereby we find the function N, (p) for the initial
moment of time
n,a 1 1
et ]

1 p \Dp
er2r2

0

(20)

Thus we found the explicit form of the function g
(16):

9(x)=—F (1)
1+ — X
2r,
Substitute into (21) instead of X the value
Xx=t+ o
Dp
that yields time dependence of N (p,t):
N(p.t)= l%,
P I+ —|t+—
2r, Dp
or, otherwise
n,a 1
N(pt)=r—1 1 (22)
(1+2tj p+
21 2r? (1+ . t]
r0
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To obtain the dependency n(r,t), we take the inverse

Laplace transform for N(p,t) (22):

S0 , _iz 1+%t]71
n(r,t):i J N(p't)ep’ dp: noa e Zro[ 213 .

27i ¢ D
s 1+ —t
2r,

Now in (23) we back to the original diffusion

(23)

coefficient D=4D, and obtain

(24)

r 2D, B

1+

n,a 22[ 2]
n(r,t):{ o ol 4 )

2D
1+—* tj
rO

Finally, we get the dependence of plasma density in
the cavity on the radius and on time as [6]

(25)

Equation (25) determines the temporary change in the
depth of the cavity

a(t)=——, (26)
2D
[1+ -+ t]
rO
as well as its root mean square radial size
2D
o(t)=r, f1+—;t ) 27
rO

From equation (26) we obtain the time to decrease the
depth of the cavity by a factor of k =a/ a(t) [6]:

k-1
t,= ( - )r; ~0.25(k—1)

1

(28)

as well as from equation (27) the root mean square radial
size of the cavity over the time t, :
o(t)=rk

(29)

Thus, if the depth of the cavity decreases by a factor
of k, then its transverse dimension increases by a factor

of Jk , so that anomalous diffusion leads not only to a
decrease in the depth of the cavity, but also to its
expansion, however at a lower rate.

Figure 1 shows the temporal evolution of the plasma
density distribution over the radius, where dependence
(25) is  plotted for  several time  values:
initial

t, =0s,t =0.25s,t, =0.5s5t, =0.75s, t, =1s at
cavity depth a=0.6. The diffusion coefficient for the
plasma parameters given in
D =5-10"cm* s,

disappears in a time longer than 1 second.
nityn,

the first section is

Figure 1 shows that the cavity

02 |

rarb. un.

00
T T T T
-3 0 3

Fig. 1. The dependence of plasma density in cavity on the
radius for several moments of time

Conclusions

Radial inhomogeneity of the plasma density and
temperature in the plasma of LHC leads to the
development of the drift instability and drift turbulence of
plasma in the cavity. In turn, drift turbulence causes an
anomalous diffusion of the plasma across the magnetic
field, which leads to the disappearance of the cavity, and
the cavity disappearance time exceeds 1 s.
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During last decade, considerable efforts were made to achieve coherent emission from stacks of many Josephson junctions. It
is known that strong emission from a junction in the presence of external magnetic field appears at the so-called Fiske steps in the
IV-characteristic at voltages which correspond to frequencies of geometrical resonances. However, it is possible to obtain resonant
steps in long junctions without external magnetic field. The periodical movement of fluxons is excited due to some disorder in the
distribution of critical currents along junctions. The so-called zero-field steps are formed in the 1V-curve due to the interaction of
fluxons with oscillations of voltage at Josephson frequencies. We investigated numerically 1\VV-characteristics and the dependence of
the average square of ac voltage at the end of the stack of two long Josephson junctions on the average voltage. Junctions interacted
inductively with each other. We introduced not only the Gaussian distribution of critical currents along junctions but also the
Gaussian distribution of coefficients of the interaction between junctions (mutual inductances). Zero-field steps in the IV-
characteristic were found at voltages which corresponded to frequencies of in-phase collective modes in the stack as well as to
frequencies of uncoupled junctions. Zero-field steps appeared in the hysteretic region of the I\V-curve. There appeared also jumps of
voltage from the resistive branch to the zero-field step. We showed that there existed distributions of mutual inductances along
junctions which provided jumps to voltages at which the average square of ac voltage at the end of the stack (which is proportional to
power of emission) was larger than that for the stack with the uniform distribution of mutual inductances.

Keywords: coherent emission, zero-field steps. Josephson junctions, inductive interaction.

KorepenTHa eMicis nayok KOHTaKTiB J[>ko3edcoHa 3 HEOJHOP1THOIO

1HIYKTUBHOIO B3a€MO/IIEI0
O.M. I'pu6, O.JI. Camconik, P.B. Cyxos

Xapxiscokuti nayionanvHutl yisepcumem imeni B.H. Kapasina, m. Ceéo6o0u 4, 61022, Xapxkie, Yrpaina

[IpoTaroM OCTaHHBOTO AECATWIITTS 3HAYHI 3ycWUIsS Oyiu 3poOJieHI Al JOCSTHEHHS KOTEPEHTHOI eMicii Mmadok 0araTthbox
KoHTakTiB J[xo3edcona. Bimomo, mio cuibpHa eMmicis Bi OJHOTO KOHTakTy B TNPHUCYTHOCTI 30BHIIIHBOTO MAarHiTHOTO IOJIS
JIOCATAEThCS HA TaK 3BaHMX CXOAMHKax (Dicke Ha BOJIBT - aMIICpHiH XapaKTEPUCTHII MPH HANpyrax, sKi BiANOBIJAIOTH 4acTOTAM
reOMETPUYHHUX pe3oHaHciB. OHAK, MOXIIMBO OTPHMATH PE30HAHCHI CXOJMHKH B JIOBIMX KOHTAaKTax 0e3 30BHILIHBOIO MarHiTHOTO
mons. [lepiogmuanii pyx (UIyKCOHIB 30yIKY€ThCS 3aBASKU NESKi HEBIOPSIKOBAHOCTI B PO3MOMALTI KPUTUYHUX CTPYMIB B3JOBXK
KOHTAaKTiB. Tak 3BaHi CXOJMHKU HYJIBOBOTO TOJISI ()OPMYIOTHCS HA BOJIBT - aMIIEPHiil XapakTepHCTHII 3aBISIKK B3aeMOJI1 (IIyKCOHIB
3 OCUWJISILISIMH HAIMIPYTH Ha JUKO03e()COHIBCHKUX YacTOTax. MM YHCEIBHO JOCIIIUIN BOJIBT-aMIIEPHI XapaKTEPUCTUKHU Ta 3aJICKHICTH
YCepEeIHEHOT0 KBaJapary 3MiHHOI Hamlpyrd Ha KiHII [a4kd JBOX JOBIHMX KOHTakTiB J[xo3edcoHa BiJ ycepeHEHOI HampyTH.
KoHTakTH B3a€MOJIIOTH iHIYKTMBHO OIHMH 3 OJHMM. MU BBENM HE TUIBKH TayCiBCHKHMH PO3MOIIT KPUTHYHUX CTPYMIB B3IOBXK
KOHTAKTIB, ajlé TaKOXX rayCiBCHKH pO3MOMiT KoediIlieHTIB B3aeMOJil MiXK KOHTAKTaMH (B3a€EMHHX IHIYKTHBHOCTeH). CXOAWHKH
HYJIbOBOTO TOJISI Ha BOJIBT-aMIICPHIH XapakTepHCTHI[ OyJu 3HaijieHi MpH Hampyrax, sKi BiANMOBIJAIOTh 4acTOTaM sIK CHH(pA3HHX
KOJIGKTUBHUX MOJ Y TIaulli, TaK i 4aCTOTaM BiJIOKPEMJICHHUX OJHH BiJl OJHOTO KOHTaKTiB. CXOJMHKH HYJILOBOTO IOJIS 3'SIBUIIHCS Y
riCTepe3UCHOMY pETiOHI BOJbT-aMIEpHOI XapakTepucTUKH. CTPHOKH HAMPyrH 3 PE3UCTHBHOI TJIKM Ha CXOAMHKY HYJIBOBOTO IOJIS
BHUHHUKIJIM HA BOJIbT-aMIICPHIN XapakTepucTHili. My HoKa3aiu, 0 iCHYIOTh PO3MOIiTH B3aEMHHX IHIYKTHBHOCTEH B310BXK KOHTAKTIB,
sIKi 3a0e31edyIoTh CTPUOKH 0 HANpyT, IPH SKUX yCepeJHEHHI KBaJpaT 3MIHHOI HAIPYTH Ha KiHI KOHTAKTYy (KW IPpONOpIiiHIHA
MOTY)KHOCTI eMicii) € GLIBIIMM, HIXK JUIsl Ta4KH 3 OJHOPIAHMM PO3MO/ITIOM B3aEMHHUX 1HAYKTHBHOCTEH.

Koro4oBi ci1oBa: korepeHTHA eMicis, CXOJUHKH HyJILOBOTO IOJIS, KOHTaKTH JIo3edcoHa, iIHIyKTHBHA B3a€MOIS.
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KorepenTtHas smMuccus mauek KOHTakToB J[xo3edcoHa ¢ HEOJHOPOTHBIM

HNHAYKTHUBHBIM BSaHMOHeﬁCTBHeM
A.H. I'pu6, A.JI. Camconuk, P.B. CyxoB

Xapvrosckuii hayuonanvhwii ynueepcumem umenu B.H. Kapasuna, m. Ce0600b1 4, 61022, Xapvros, Ykpauna

Ha mpoTspkeHHM TOCNERHEro HeCSTUWIETUs ObLIM TPHUIIOKEHBl 3HAUUTENbHBIE YCHIMS IJIsI JOCTIDKEHHS KOTe€peHTHOI
SMHUCCUH MayeK MHOTUX JK03e(COHOBCKHUX MEpeXoaoB. M3BECTHO, YTO CHIbHAS 3MHCCHA OT OJHOTO INEpexoja B MPHUCYTCTBHU
BHEIIHET0 MAarHUTHOTO IOJsA JOCTHraeTcs Ha TaK Ha3blBaeMBIX CTyNeHbkax (DHcke Ha BONBT - aMIEPHOM XapaKTEPUCTHKE MpPHU
HaMpsOHKEHUSAX, KOTOPbIe COOTBETCTBYIOT 4acTOTAM T'€OMETPUYECKHX pe3oHaHcoB. OJHAKO, BO3MOXKHO TONYYUTb PE30HAHCHBIE
CTYIIEHBKM B JUIMHHBIX KOHTAaKTax Oe3 BHEIIHEro MarHuTHoro mois. Ilepnomnmdeckoe ABMKEHHE (UIYKCOHOB BO30YyXKIaeTcs
Onaromapsi HEKOTOPOH HEYNOPSIOYEHHOCTH paclpeieNieHNss KPUTHIECKUX TOKOB BJOJb Iepexo]oB. Tak Ha3bIBaeMble CTYINECHBKH
HYJIEBOTO TIOJIS1 ()OPMHPYIOTCSI Ha BOJBT - aMIIEPHOH XapaKTepHUCTHKe Onarofaps B3aUMOJCHCTBHIO (NIYKCOHOB C OCHMIIIAIMSIMH
HanpsDKEHUs Ha Iepexofax. Mbl 4HCIEHHO UCCIEOBAIN BOJIBT - aMIIEPHBIC XapaKTEPUCTHKH U 3aBUCHUMOCTb CPEIHEro KBajpara
MIEPEeMEHHOT0 HANPsDKEHUS] Ha KOHIE IMAaYKH W3 JBYX UIMHHBIX JDKO3€()COHOBCKMX HEPEXOJOB OT YCPEIHEHHOTO HAaIlpsIKEHHMS.
Iepexonsl MHIYKTHBHO B3aUMOMAEHCTBYIOT APYT C ApyroM. MBI BBENH HE TOJIBKO TayCCOBO PaclpelelieHHe KPHUTHUECKUX TOKOB
BIOJIb IIEPEXOJOB, HO TAKXKE M TayCCOBO paclpeneneHrue Kod(p@UIMEHTOB B3aMMOJECHCTBUS MEXTY IepexoJaMH (B3aMMHBIX
MHIYKTUBHOCTEH). CTYNEeHbKN HYyJIEBOTO IOJS HA BOJBT - aMIEPHON XapaKTePUCTHUKE ObLIM HAMACHBI IPU HANPSKEHHUAX, KOTOPHIE
COOTBETCTBYIOT YacTOTaM KakK CHH(A3HBIX KONIEKTHBHBIX MOJ B Ia4Ke, TaK U YacTOTaM pa3beAMHEHHBIX mepexonoB. CTymeHbKH
HYyJEBOTO MOJI IMOSBUIMCh B TUCTEPE3UCHOM PETHOHE BOJIBT - aMIIEPHOM XapakTepucTuku. Taxke Ha BOJIBT - aMICpHOU
XapaKTEepPUCTUKE BO3HMKIM CKAayKM HaNpsDKEHMS C PE3UCTHBHONW BETBU HA CTYIEHBKY HYJIEBOrO moyii. MBI IOKasald, 4TO
CYIIECTBYIOT paclpe/eeHus] B3aNMHBIX HHIYKTHBHOCTEH BIOJb IEPEX010B, KOTOPEIE 00ECIIeUNBAIOT MIPBDKKU K TEM HaIlpsHKEHUSM,
IIPY KOTOPBIX CPEIHMUIT KBaApaT IEPEeMEHHOT0 HAIPsDKEHHSI Ha KOHIIE Iepexo/a (OH IPOIopIHOHAIeH MOITHOCTH AIMUCCUH) OOJbIIe,

YEM UIA MMAaYKU ¢ HCOOHOPOIHBIM PacpeACICHUEM B3aUMHBIX PIHZ[yKTI/IBHOCTeﬁ.
KiroueBble cioBa: KOT€pCHTHAsA JMUCCHUA, CTYINCHBKU HYJIEBOI'O II0JIA, HX(OSC(bCOHOBCKHC nepexonpl, UHAYKTUBHOC

B3aMMOJICHCTBHE.

1. Introduction
One of the most important applications of the ac

Josephson effect is the development of powerful emitters
of high-frequency radiation from many Josephson
junctions. To achieve this aim, special schemes of high-
frequency connections between junctions were applied
[1]. One of these schemes is based on the use of coherent
modes in the stack of junctions placed in external
magnetic field which is parallel to the interfaces of layers
[2]. If the thickness of each of the superconducting layers
q is larger than two London depths of penetration of
magnetic field in these layers A., junctions are separated
and voltages over different junctions oscillate
independently. However, if g< 2. then circulated
currents of neighbor junctions in each of the
superconducting layers are superposed and junctions
interact with each other. Due to this interaction,
oscillations of voltages on individual junctions are
transformed to normal modes just like it appears in
coupled pendula, coupled LC-contours or vibrations of
atoms in the solid [2]. Amongst these normal modes there
always is the so-called in-phase mode, i.e. the mode in
which all voltages over junctions oscillate in-phase. This
in-phase mode interacts with standing waves which
appear at frequencies of geometrical resonances of the
system and as a result of this interaction resonant Fiske-
like steps appear in IV-characteristic of the stack [2, 3].
There is strong coherent emission from the stack at these
steps.

Further investigations of coupled junctions in a stack
showed that magnetic field is not required for the
formation of coherent modes as well as for the formation

of resonant steps [4, 5]. In junctions with inhomogeneous
distribution of critical currents, interacting circulated
currents appear due to different drops of voltages in
neighbor parts of the same junctions, and normal modes
are excited in the stack [5]. Resonant steps in the IV-
characteristics in this case are called zero-field steps [6,
7]. There is also strong emission at zero-field steps which
correspond to the coupling of the in-phase mode with
standing waves [4].

In the present paper we investigate the formation of
zero-field steps in IV-curves of the stack of two long
junctions (i.e. junctions which have the length that is
larger than the Josephson length of penetration of
magnetic field) in the presence of the disorder of both
critical currents and coefficients of the interaction
between circulated currents in the stack. It was shown that
these coefficients can be described as mutual inductances
L between junctions [4]. We show that in such a system
there are as collective modes of voltage oscillations as
modes of non-coupled voltage oscillations. Jumps of
voltage from the resistive branch to the zero-field step
appear in the hysteretic region of IV-characteristic. We
show that there exist some distributions of L; along
junctions which provide jumps to voltages at which
coherent emission is stronger than that for the stack with
the uniform distribution of L.

2. The model
For calculations we used the scheme of two

inductively interacting long Josephson junctions which
was described elsewhere [4, 5, 8], so here we give only its
brief description. According to this scheme, each of long
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junctions with indices i=1, 2 is divided to n segments.
Junctions in segments are described by the capacitively
and resistively shunted model, so each of these junctions
has its own capacitance Cj, the resistance R; and the
source of Josephson current I¢-sing;; (here j=1...n is the
number of the segment and ¢;; is the difference of the
phase of the order parameter across the junction with
indices i and j). Junctions are connected by inductances L
in such a way that the relation ¢*’LC,,= &7 is valid (here ¢’
is the velocity of light in the long junction, C,, is the
averaged capacitance and § is the linear size of the
segment). Segments of different long junctions interact
with each other by means of mutual inductances Lgj.1j,
where indices j-1 and j relate to the segment between
junctions with these indices. Then dynamic equations
describing the behaviour of each of the phase difference
¢i; together with magnetic flux quantization conditions
are as follows:

d’¢ dg,; .
| _dt_zj +8, T+ Iy sing | = O
=l =l 1
Lll,j—l,j - Lf2,j—l,j I2,j—l,j =
@ : (2)
2_2_;[751,1'—1_%]
_Lfl,j—l,j Il,jfl,j + LI2,j—1,j_ =
@ : ©))
=_2_7:_|:¢2,j—1_¢2,j]
where 1=1,2; j=1...n, a=0C, /(27),

B.; =D, /(27R, ;) with @, is the quantum of magnetic

flux, lij1; are circulating currents flowing between
junctions with indices i,j-1 and i,j. Equations (1)-(3) must
be supplemented with two pairs of boundary conditions
(one pair for each of the long junctions), so we added two
more fictive segments with indices j=0, n+1 at edges of
each of the long junctions and stated boundary conditions
for the transmission line with open ends:

lio:=0; I, =0,i=1,2, 4)
The system of equations (1)-(4) is different from that
which we used in our previous calculations [4, 5, 8]. Due

to inequality of coefficients L ; ,;, phase differences ;;
obtain additions besides additions due to inequality of

critical currents and resistances of segments. It is
precisely the influence of such additions on IV-

characteristic of the system and its emission that is
investigated in the present paper.
We calculated values of averaged voltages over the

system
n(dg . dé, .
V _ 1 ﬂ z ¢1,J + ¢2,j (5)

with M=2 is the quantity of long junctions and angle
brackets mean averaging on time. The averaged square of
voltage U? at the left end of the system (which is
proportional to the power of emission from this end) is
equal to

Y CRmIT)

where (V;,)=(®,/27)(dg, /dt) is the average voltage

over the junction with indices i=1, j=1. Note that for the
averaged square of voltage at the right end of the system
one should change indices 1,1 and 2,1 to 1,n and 2,n in
the right part of Eq. (6).

We solved the system (1)-(4) by the method of Runge-
Kutta. Values of l,; and Ly,j. j were set randomly with the
use of Gaussian distribution with different values of the
mean-square-root deviation o, = §,-Icy and o = 8, -Lyp with
lo and Ly are averaged values of critical currents and
mutual inductances, correspondingly, so  Values of
resistances R;; were calculated from the expression
Rij=Vd/l.ij, where V; is the characteristic voltage set the
same for all segments. In the following consideration we
will use normalized units u%=U%/Vc? for the averaged
square of voltage U% at the left end of the system,
v=<V>/V, for the averaged voltage over the junction and
i,=1,/l for the bias current.

For calculations we set the length of the system D=
6-10° m, the fictive width of the system W= 1-10"* m, the
critical current density J.= 4-10° A/m? and the
characteristic voltage V.=2-10% V. The obtained critical
current of the system is equal to Iy =n-1;e=24mA. Then
we set the capacitance per unit square Cy= &o-¢/d, where
€0=8.854-10"? F/m, £=2 and the thickness of the barrier
d=2-10° m. The average value of the velocity of light in
the long junction ¢' was obtained with the use of the
expression ¢'=co-[d/(e-q)]"? [6], where ¢, is the velocity of
light in vacuum and q=2-cth(z/A)+d with z is the
thickness of the superconducting layer A, is the London
depth of penetration. We used z=2-10® m and 1,=4-10% m
and obtained ¢'= 2.265-10" m/sec. Then we divided the
long junction to n segments and obtained the set of
parameters of segments such as , L, I etc. The averaged
value of the mutual inductance was equal to 0.35-L.
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3. Results and Discussion
The 1V-characteristic for the system with random

distributions for critical currents 8, = 10° and &, = 0.3 for
values of Ly is shown in Fig. 1. It is seen that there are a
set of zero-field steps in the IV-characteristic. Steps at
Vp=1=0.2 and v,-,=0.4 correspond to the first (p=1) and the
second (p=2) geometrical resonances in the system
Vp=(Do-C"-p/(2:D), whereas steps at V=1, s=0.24, Vp=2=0.49
and v,—3,=0.49 correspond to in-phase resonances of
normal modes at steps with p=1, p=2 and p=3,
correspondingly. Positions of steps we marked by arrows
in Fig. 1. Equations for positions of these zero-field steps
are as follows: v,s=vy/[1-(L/L)]"* [4]. Thus, collective
modes as well as non-coupled modes exist in the system.
It is interesting to note that instead of the step at
Vp=2,=0.49 there exists the long jump to smaller voltages.
This jump appears because of the hysteretic behavior of
the 1V-curve in the region of the zero-field step at the
backward movement of the bias current [8]. Jumps in the
IV-curve as well as steps show the presence of resonance
particularities.

0, 0 o
E Vp=3, s
.88 v
08 8 Vp=2 p=2,s
0.6-§ VP_1 " | |f¢5
-l 3 |l
.. 18 p=1 l , &
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Fig. 1. The IV-characteristic of the stack of two Josephson
junctions with the Gaussian distributions &, = 10° and
8,.=0.3. Arrows show positions of zero-field steps.

The averaged square of voltage at the left end of the
system for n= 60, §, = 10° and §,= 0 is shown in Fig. 2
(triangles). We also showed data (circles in Fig. 2)
obtained for fourteen different random realizations of the
stack with 8§ = 0.3 but with the same relief of the
distribution of bias currents along junctions calculated
only one time with & = 10°. Maxima in Fig. 2 correspond
t0 Vp=1=0.2, Vp==0.4, V;-15=0.24, v,,=0.49 and v;¢=0.72
that is characteristic of the in-phase synchronization. It is
important to note that for junctions in the stack the mean
Josephson length of penetration of magnetic field A; is
equal to 1.9-10° m, so the condition D > A, is valid. The
so-called Fulton-Dynes mechanism of the movement of

fluxons appears at frequencies of geometrical resonances
[9]. The coherent movement of fluxons in stack of
junctions in magnetic field was considered in Ref. [10]. In
our calculations maxima of u?; at Vp,u in Fig. 2 correspond
to the interaction of fluxons with the collective modes
without magnetic field.

It is seen from Fig. 2 that due to randomization of
mutual inductances the large zero-field step at vy=,=0.49
can be shown in full. Maxima of u?; for some realizations
of the random distribution of mutual inductances are
higher than those for 3,= 0 (see Fig. 2). This does not
mean that there exist random realizations of mutual
inductances which provide stronger emission at this zero-
field step than that for the case & = 0. Due to the
hysteresis of the IV-curve in the range of the zero-field
step, there is the jump of voltage from the resistive branch
to some voltage of the zero-field step. The value of this
voltage was up to now considered as arbitrary. However,
our data showed that at some distributions of mutual
inductances jumps of voltage appeared to the very top of
the zero-field step. Objective laws of jumps of voltage at
zero-field steps should be investigated in details in further
investigations for obtaining of maximal emission from the
stack.

0.4 N
—A— SL_

o -5,=03

Fig. 2. The dependence u? on the normalized averaged
voltage for the system with &, = 10® and &= 0 (triangles,
solid line) and for fourteen realizations with &, = 10 and
5.= 0.3 (circles). Arrows show positions of zero-field steps.

Conclusions

In the present paper we investigated IV-characteristics
and the averaged square of ac voltage at the edge of the
stack u®, of two long Josephson junctions with the
random inductive interaction between junctions. Values
of u?, are proportional to power of emission. We found
zero-field steps in the 1\VV-characteristic of the stack. These
zero-field steps correspond to the first, second and third
geometrical resonances in the system. We calculated
values of u?; at different random distributions of the
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parameter of the inductive interaction along junctions. We
found that there are distributions of mutual inductances at
which values of u?; at zero-field steps are large than those
for the homogeneous distribution of mutual inductances.
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Phisycs faculty seminar

The purpose of the seminar is to inform colleagues about the research results, current scientific
publications, recent achievements in physics; discussing the prospects for joint research,
strengthening the interaction between the theoretical and experimental links of the faculty, and the
possibilities of more efficient use of experimental equipment.

Colleagues from other universities and research institutes are invited to report.

Please send applications to the report at olena.m.savchenko@gmail.com. In the application it is
necessary to specify the regalia of the speaker, the place of work, the contact phone number, the title
of the report, the desired date. Reports are accompanied by a computer presentation. Simultaneously
with the application, the speaker must submit abstracts (abstract) in English for publication in The
Journal of V.N. Karazin Kharkiv National University "Physics series".

Below are abstracts of reports of 2019 year.

January 23

Tpanuuiiii 1 HeTpaaUIIHI MATHETOONTUYHI €(DEeKTH B (PI3UMYHUX €KCIIEPUMEHTAxX
M.®. XapueHko

B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine, 47 Nauky Ave.,
Kharkiv, 61103, Ukraine

February 27
Photometry of asteroids

V.G. Shevchenko
V.N. Karazin Kharkiv National University, Svobody sg. 4, 61022 Kharkiv, Ukraine

Photometry is one of the most productive techniques of investigations of physical properties of small Solar system
bodies. This technique is successfully used for asteroids for a long time. A big massive of various data for many thousand
asteroids is obtained with this method and a correctness of these data is confirmed by space missions for some of
asteroids. The primary information obtained from single photometric observations of an asteroid is the absolute
magnitude that allows to make an estimation of the object size. This is widely applied first of all to the newly discovered
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asteroids, particularly for potentially hazardous ones that may come into collision with the Earth. Long-term photometric
observations allow obtaining a lightcurve of an asteroid to determine its rotational period, direction of rotational axis in
the space, shape of the body, and optical properties of surface. At present the rotational periods for about seventeen
thousand asteroids were determined and about three hundred of binary asteroid systems were found for last ten years.
More than one thousand positions of rotational axes and reconstruction shapes of asteroids were obtained from an
analysis of the lightcurves, occultation silhouettes and direct images. Also new effects in the light scattering by asteroid
surfaces were discovered, and it was proposed some new functions for determination of an asteroid absolute magnitude
and for the ephemerid computation of the apparent magnitude. The main directions of asteroid photometry for the nearest
years can be summarized as following: study of the rotational characteristics of the asteroid groups and families (rotation
periods, coordinates of poles, YORP-effect, etc.); observations of the lightcurves for the selected asteroids for modeling
their shape; ground-base photometric observations in support of radar research and space missions; search for binary and
multiple systems, especially in the outer part of the main-belt; obtaining high-precision magnitude-phase dependencies of
main-belt asteroids and NEAs to study the optical properties of their surfaces and to verify approximation functions used
for determination of absolute magnitude.

March 27
Vibration Effects in Electron Transport in Single Molecule Transistors
I.V. Krive

B. Verkin Institute for Low Temperature Physics and Engineering, NAS Ukraine, Kharkiv,
V.N. Karazin Kharkiv National University, Kharkiv

Single molecule transistors (SMT) are promising candidates for basic elements in nanoelectronics. Current-
voltage (I-V) characteristics of SMT demonstrate all main effects known for single electron transistors — Coulomb
blockade and Coulomb blockade oscillations on gate voltage. Besides |-V curves of SMT show specific low energy
features (steps) attributed to vibration degrees of freedom. A theory of vibration effects in molecular transistors predicts
steps caused by inelastic channels of electron tunneling in I-V characteristics and Franck—Condon (polaronic) blockade
of conductance at low temperatures. With the increase of temperature polaronic blockade is lifted and this behavior in the
case of strong electron-vibron interaction results in anomalous (non-monotonic) dependence of conductance on
temperature. Franck—Condon steps, Franck—Condon blockade and anomalous temperature dependence of conductance
were observed in experiments with suspended single-wall nanotubes and carbon nano-peapods.

One more novel effect in electron transport in SMT is single electron shuttling. We consider shuttling of spin-
polarized electrons in a spintronic molecular transistor with magnetic leads. In particular, the properties of thermally
driven magnetic shuttle are discussed.

April 24
Determination of Characteristics of Substructure and Orientation Inhomogeneity in
Polycrystalline Specimens

E.E. Badiyan
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine
E-mail: Evgeny.E.Badiyan@univer.kharkov.ua

It is well known that the structure, substructure and orientation inhomogeneity affects the physical and more
mechanical properties of a crystalline materials. Therefore, the problem of determining the orientation and structure
inhomogeneity of crystalline specimens seems quite important and actual. As a rule, the inhomogeneity is determined by
diffraction methods from a small area of the specimen as compared to its size. These methods do not allowed in situ
study of structural and orientational changes in specimens during external action. The suggested opto-electronic
technique for the study of orientation and structure inhomogeneity of the surface of a crystalline specimens allows to
solve this problem.

The technique is based on the observed effect of diffraction of white light by quasiperiodic etching relief of the
surface of a crystalline materials. The recording scheme includes a special lighting system and a digital photosensitive
device connected to a computer. It allows to obtain the color orientation maps of the whole surface of a specimen in the
RGB space, where the crystallographic orientation of individual segment of the specimen’s surface and the color of her
image is in one correspondence.

It should be noted that the RGB color space, where there is the ability to differentiate 16,7 million hues, was used
for color orientation mapping of the surface of a Al polycrystal. The number of hues of each of the three primary colors is
256. Such a large number of hues of color in the RGB color space does not allow to visualize the area of the specimen’s
surface with a specific crystallographic orientation and clearly establish the connection between the color hue of the
specific area of the specimen’s surface and its crystallographic orientation.
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May 22
TyHHENTBHO - TEPMOAKTUBAIIMOHHBINA MeXaHU3M MU (Py31r BaKaHCHI W PUMECHBIX

ATOMOB B KBAHTOBBIX KpHUCTAJJIaX

B.J1. Haiuk
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine
B.Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine, 47 Nauky Ave.,
Kharkiv, 61103, Ukraine

PaccmarpuBaeTcsi HOBBII MEXaHM3M TpPAHCIIOPTa BELIECTBA B KBAHTOBBIX KPHCTAUIAX - IUPQY3UI0 TOYESUHBIX
ne(heKTOB Kak IICeBAOYACTHI[ C METACTAOWIBLHBIMH KBAaHTOBBIMH COCTOSHUSIMH, CIIOCOOHBIX K TYHHEIBHOMY H
TEePMUYECKU aKTHBUPOBAHHOMY IEPEMEICHHUIO MEXIY y3IaMH KPUCTAIUINYECKON PEIeTKH.

JanHass paboTa CyIOIECTBEHHO MJONONHACT pa3pabOTaHHYI0 paHee TEOPHIO KBAHTOBOH  IUQy3UH
nenokanu3oBaHHbIX kBazudacTui (M. M. JIndmwm u np., YOH, 1. 118, ¢. 251, 1976; YOH, 1. 147, c. 541, 1983).

BEIBOIBI MPOBEACHHOTO TEOPETHYSCKOTO aHAlM3a CPaBHUBAIOTCSA C PE3yIbTaTaMH JKCIICPUMEHTAILHOTO
WCCIIeIOBAaHMUS TpoIiecca IoNI3ydecT KpuctauioB He B oomactu temmneparyp: 0,1 ' K< T <2°K.

June 26
Lower hybrid cavities in the Earth ionosphere

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

In plasma of the Earth ionosphere the axially symmetric regions elongated along the geomagnetic field are
observed, which are characterized by a depleted density of plasma in comparison with the environment as well as an
increased level of oscillations in the range of the lower hybrid frequency. Such regions called the lower hybrid cavities
(LHC) have transverse dimensions of several thermal ion gyroradii usually several tens of meters. The registration and
measurements of the LHC are carried out by satellites as well as sounding rockets, and it occurs only when they pass
through these structures. Although there are a number of works on the explanation of this phenomenon, the mechanisms
for occurrence of LHC, as well as their stability, are not completely clear. There are also no estimates of the time of their
existence and the explanations of their disappearance. In this report, we discussed the problems of the formation of
cavities in ionosphere plasma as well as their disappearance.

As a possible mechanism for the formation of cavities in plasma, we consider the effect of the interaction of
charged particles with the electrostatic turbulence of plasma. In the Earth's ionosphere upflowing and downflowing
beams of charged particles are observed. It is known that the passage of charged particle beams through plasma leads to
various instabilities and to the turbulent state of plasma. In turn, the turbulence of uniform plasma is the cause of the
change in its distribution function, that is, the heating of plasma. However, in addition to heating, electrostatic turbulence
can also lead to the diffusion of plasma particles. Such motion of charged particles is similar to the motion of Brownian
particles, which is caused by collisions with molecules of a liquid. Charged plasma particles (ions or electrons) "collide"
with chaotic pulsations of the electric field, which leads to diffusion motion. If the electrostatic turbulence is spatially
nonuniform, then in addition to the diffusion process, the drift motion of the plasma particles induced by the
ponderomotive force also occurs, which leads to transport of particles from region with an increased level of turbulence.
As a result, a region with a depleted density of plasma is formed.

As a possible mechanism for the disappearance of LHC we consider the anomalous diffusion of inhomogeneous
plasma across the geomagnetic field. It is known that in magnetized plasma the excitation of various instabilities due to
the radial inhomogeneity of the plasma density is possible. One of them is the drift lower hybrid instability due to which
an increased level of low hybrid oscillations in the LHC is believed to occur. In addition, it is possible the excitation of a
drift instability with a frequency much less than the ion cyclotron frequency, which can lead to the lower frequency drift
turbulence of plasma. In turn, due to the drift turbulence, an anomalous diffusion of plasma across the magnetic field
occurs, which should lead to the filling of the LHC with plasma and its disappearance.

September 25
["anbBaniuni nocniau B IMnepaTtopcbkomy XapkiBcbkoMy yHiBepcuteti. Jlo 160
piuHUII 3 JHS TipoBeeHHs Ta 210 piuHuUIll 3 THS HapOKEeHHS npodecopa Jlammmaa
B.I.
B.I1. IToiina
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine

BinOynocs 3acigaHHs HayKoBOro ceMiHapy ¢isuuHoro Qakymabrery Ha skomy npodecop Iloiina B.I1. 3pobus
JonoBine Ha TeMmy «['anmpBaHiuHi mociizm B ImmeparopcbkoMy XapKiBCHKOMY YHIBEPCHTETi», B SIKIH PO3MNOBIB IIPO
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0cOOJIMBOCTI NMPOBEJCHHS TaJbBaHIYHUX A0chiniB y ImmepatopcekoMy XapkiBcbkoMmy yHiBepcureti. Lli mocmiam, ski
OyJIM TepUIMMHU KOMILUIEKCHUM JOCIIJDKCHHSIMH, MPOBEICHUMH Y Taily3i eKCHepuMeHTalbHOI (izuku y Pocilichbkiii
Immepii. Boum 3paiiicHeni B ImmepaTtopchkoMy XapKiBCbKOMY yHIBepcHTEeTi y ceprHi-BepecHi 1859 poky 3
BUKOPHCTAHHSIM IOTY)KHOT'O JUKEpeIIa eJIEKTPUIHOr0 CTPYMY, sKe ckiananocs i3 1000 rampBaHiYHUX eeMeHTiB byH3ena.

Y Xoai TaneBaHIYHMX JOCIHiAIB, sKI Oynum mpoBeneHi mix KepiBHHUTBOM mpodecopa Jlammmua B.l. Ta
MIPOIEMOHCTPOBAHI «OCBIYEHUM» XapKiB’sTHaM, BUBUYCHI TEIUIOBA Jisl €IEKTPHUYHOTO CTPYMY i OCOOIMBOCTI €NEKTPOIIi3Y
JESKUX HEOPraHidYHMX Ta OPTraHIYHMX pEYOBHMH. Byllo TakoX OTPHMaHO EINEKTPHYHY IyTy, BHBYCHO ii CIIEKTp Ta
ToJIIpu3aIiifo i cBiTia, mpoBeneHo ¢ororpadyBaHHS Pi3HUX MPEAMETIB Y ONTHIHOMY MIKPOCKOMI 3 BHKOPHCTaHHIM
CBITIIa eNeKTpW9YHOI Iyru. Bymm TakoX MpoBemeHI MOCHIAHN, CHPSAMOBaHI Ha TPOBEACHHS OCBITIEHHS CBITIOM
eIEeKTPUYHOI AyTH (Pi3HIHOTO KabiHeTy, CBATKOBOI 3aJI YHIBEPCHUTETY, JIOMMAHCHKOTO MOCTY Ta 3alIOIaHChKOI TEPHUTOPIi.
Ha mpoxanns Bimomoro Himenpkoro ¢izionora npodecopa Jlioasira Byare Oymm mpoBeneHi AOCHIIKEHHS, B SKHX
BUBYABCS BIUTMB (hi310J0TIYHOI Aii €JEKTPUYHOro CTpyMy Ha OpraHisM JioanHH. HU3Ky rajipBaHi4YHHX JOCTIIB OyIio
npexacrasiaeHo Imneparopy Omnekcanapy II 17 BepecHs 1859 p. mim wac BinBigyBaHHS HUM IMIepaTopchbKOrO
XapKiBCHKOTO YHIBEPCUTETY.

Pesynpraty ranpBaHiuHUX JociaigiB Oynu omyoOsikoBani B.l. Jlammumanm y 1859 p. y xypHani «BecTHHK
€CTECTBEHHBIX Hayk», (Ne37-39). Ilpo HmMX Takok mHucaim XapkKiBChKi raszeTtu. [Ipo pesynbratu HoCHiKEHb OYyIo
HOBiZTOMJICHO 1y )KypHaii «Annalen der Physik und Chemie» 3a 1860 pik.

October 23
du3uka B maremaruke. O IIpenoJjaBaHu MaTECMaTHUKHU Ha (bI/ISI/IIIGCKOM

(dakynpTeTe

C.H. 3uHenko
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine

[Tporpammsbl o MaTeMaTHKe Ha (u3nueckoM (axyibTeTe BKIIOYAIOT HEOOXOAMMBIN MaTepHai 10 BayKHEHIIUM
paszenaM IIMPOKOTO CHEKTpa MaTeMaTHYeCKUX NUCHMIUIMH. MHOTrIa U3JI0KEeHHE 3TUX Pa3liesioB HOCUT OTHOCHUTEIBHO
(opManbHBIl XapakTep. DTO €CTECTBEHHO, IIOCKOJIBKY COJEpKaHIe MaTeMaTH4eCcKOro anmnapara Haubosee MOJHO MOXKET
OBITh PACKPBITO B TEX CIEIHATBHBIX AUCIHUIUINHAX, KOTOPHIE €ro MCIOJB3YIOT.

OnHako Takoe “pasziesieHue Tpyaa” MpU YTCHUH MaTeMaTUKU Ha pU3MYecKOM (haKyJbTeTe TIOCTOSIHHO TIOPOKAAET
y CTYyZI€HTOB HEMOH Bompoc “3adeM 3To HykHO”. IlpencrapiseTcs pasyMHBIM IMOJTydaeMbI MaTeMaTH4eCKHi ammapar
WUTIOCTPUPOBATH MO MEPE BO3MOKHOCTH (PH3NYECKUMHU TPUIIOKCHUSIMH.

B MaremaTtmueckoM aHanmM3€ HAaXOXICHHWE KpAaTHBIX HHTErpajioB (QOPMYyIHpYeTcs, KaK HaXOXICHHE
Macchl/3apsa, eHTpa Mace (Tela, MOBEPXHOCTH, KPHBOW), paOOTHI CHIIBI (TPaBUTAIUH, YIPYTOCTH), MOTOKA (KUIKOCTH,
3apsina). B nmuHeiHON anreOpe MpoBOAMTCS CBSA3b MEXKIYy CaMOCONPSDKCHHOCTBIO ONEPAaTOPOB M COXPAHECHHEM JYHEPTHH
3aMKHYTOH (PHU3HYEecKOl CHCTeMO#, YTO WCIIOABONE TOTOBHT CTYIACHTOB K BOCIPHATHIO “‘KOIIMapa” KBaHTOBOH
MeXaHUKH. MHOTOYHCIIEHHbIE WHTETPaJbHBIE TEOPEMBbl BEKTOPHOIO aHAIN3a IMOSICHSAIOTCS NPHMEPaMH W3 Pa3INYHBIX
pa3nenoB GpU3MKHM, B YACTHOCTH, DJIEKTPOJMHAMUKH MPU aHAIN3€ AJIEKTPOCTATHYECKOTO ¥ MArHUTOCTATHYECKOTO IMOJIeH.
[MoapoOGHO WCcCIeayIOTCS TEH30pPhI YIJIOBOM CKOPOCTH, HWHEPLUH, Ne(opMallii, HANpsDKEHWH C BBIICHEHHEM HX
(hU3UYECKOTO CMBICTA.

Takoe npoHUKHOBeHHE (HU3UKH B MATEMATHKY IUIOJJOTBOPHO CKa3bIBAaeTCsl HA MOHMMAaHHUU CTylIeHTaMH-(DU3UKaMU
abCTPaKTHOTO MAaTeMaTHYECKOro armapara, BOCIPUHUMAs €ro YyTh JIK HE KaK pa3fenbl (DU3UKH.

November 27
Ex3omianeru: B BIAKPUTTS 10 MOLITYKY O10MapKepiB

L.T'. CntocapeB
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine

C MOMeHTa OTKPBITHS MEPBOM IJIAHETHl y COJHIETIONO0HOW 3Be3Abpl B 1995 romy 10 HACTOSIIETO BPEMEHU
oTKpbITO Oonee 4100 mnanet y apyrux 3Be3n. Cpenu aux 670 cucteM ¢ 6oiee 4eM AByMsI TNTAHETaMH.

W3yueHne CBOWCTB IK30ILIaHET - camas ObICTpO pa3BuBatomasics obmacte actpodusuku. [locne nzmepeHus
pamnMycoB M MacC Ha IEPBOM 3Tale MCCICAOBAHWM, yIAIOCh MMOJYYUTh MEPBBIC NPSMbIC H300paKEHUS ILIAHET, TeIEPh
YK€ CTaJo BO3MOXKHBIM ONpEICHATh HaJMYUe HEKOTOPBIX MOJIEKYN B HX arMocdepax. B nampHeimmem craHet
JIOCTYITHBIM HM3MEPCHHE MATrHUTHBIX IIOJIH Ta30BBIX TUTAHTOB M OTKPBITHE CIIYTHHKOB y 3K30muiaHeT. Kpome Ttoro,
3HAYHTEIIFHOE YUCIIO IIAHET OTKPBITO Y OTHOCUTEIBHO SAPKUX 3BE3/ H YTOYHECHHUE IMEPHOAOB OOPANICHUS TUIAHET BOKPYT
9THX 3BE€3]] BO3MOXKHO U3 HAOIIOICHUI HA TOCTATOYHO CKPOMHBIX TEJIECKOTaX.

B noknanme miaHuUpyeTCs O3HAKOMHTH C METOJaMHU OTKPBITHS W HCCIICOBaHUS IUIAHET W IMPOAHATU3UPOBATH
OCHOBHEIC CBOWCTBa M COCTaB aTMOC(ep 0OHAPYKEHHBIX IIJIAHET.

Taxoke kpaTko OyJeT pacckazaHo o0 paboTax, 3a KOTOpble Oblna mpucyxkneHa HobeneBckast mpeMus o Gu3uke 3a
2019 rog.

BicHuk XHY imeHi B.H. KapasiHa, cepis «®isukay, sun.31, 2019 67



Section: Physics seminar

December 18
Nonlinear electromagnetic phenomena in layered superconductors

S.S. Apostolov
V. N. Karazin Kharkiv National University, Svobody Sq. 4, 61022, Kharkiv, Ukraine
0.Ya. Usikov Institute for Radiophysics and Electronics NASU, 12 Ac. Proskura st., 61085 Kharkiv, Ukraine

The results of the research on the nonlinear electromagnetic phenomena in the structures containing the layered
superconductors are reported. A special type of solid-state plasma, called the Josephson plasma, is formed in such
superconductors. This plasma is strongly anisotropic and nonlinear, because of the nonlinear Josephson relation between
the superconducting current and interlayer phase difference. In such a plasma, the so-called Josephson plasma waves can
propagate at THz frequency range, which provide some non-trivial phenomena. Among them are the self-induced
transparency, nonlinear transformation of polarizations, nonlinear impact of dc magnetic field on linear electromagnetic
waves, and anomalous dispersion of localized waves. In particular, the nonlinear effect of the self-induced transparency
of the layered superconductor slab irradiated by the terahertz wave is predicted. It is shown theoretically that the
transparency changes widely from the almost opacity to the total transparency varying the amplitude of the incident
wave. An analogue of the superposition principle for the nonlinear Josephson plasma waves has been formulated. The
use of this principle allows to study theoretically the nonlinear transformation of polarization. The effect of dc magnetic
field on the propagation of electromagnetic waves are investigated. The possibility to control the transport characteristics
of the layered superconductors by means of such a magnetic field are discussed. The dispersion relations for the linear
and nonlinear electromagnetic modes localized on a plate of a layered superconductor are obtained and analyzed. it is
shown that such modes may have anomalous dispersion over a wide range of parameters. The reported results
supplement and extend the existing conceptions of the electromagnetic transport in the layered superconductors, and can
be used for the development of the terahertz electronic devices potentially important for the practical application.

Keywords: Josephson effect, layered superconductor, terahertz frequency range, polarization, localized waves.
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IHOOPMALIIA JIIST ABTOPIB CTATEN
xypHaiy «Bicank XHY imeni B.H. Kapazinay. Cepis «®Piznuka»

VY xyprani «Bichuk XHY imeni B.H. Kapasina». Cepis «®Di3uka» IpyKyIOTbCS CTaTTi Ta CTHUCII 32 3MIiCTOM
MTOBITOMJICHHS, B SKWX HaBEJICHI OpUTIHAIBHI PE3yNbTaTH TCOPETHYHUX Ta CKCIIEPHUMEHTATBHIX TOCITIKCHD, a TAKOXK
AQHAJITUYHI OTJISIIM JTITEpaTyPHHUX JDKEPEIT 3 PI3HOMaHITHUX aKTyaJIbHUX po0ieM (i3uKu 3a TEeMaTHKOIO BUJIAHHS.

Mosga crareii — ykpaiHCbKa, aHIUIifiCbKa Ta poCiiChKa.

TEMATUKA XXYPHAITY

1. Teopetnuna ¢izuka.

2. dizuKa TBEpAOTO Tila.

3. di3uKa HU3BKHUX TEMIICPaTypP.

4, ®i3uKa MardiTHUX SIBUIII.

5. OnTuka Ta CHeKTPOCKOTISL.

6. 3arampHi TMUTaHHSA (I3UKK 1 cepel HUX: METONOJIOTIS Ta icTopis (i3MKH, MaTeMaTHYHI METOMH (Di3HMIHIX

JIOCTIKeHBb, METOIMKA BUKJIaIaHHA (i3UKH Y BHIIIH KO, TEXHIKA Ta METOANKA (Pi3MIHOTO EKCIICPUMEHTY TOIIIO.

BUMOT'U JIO O®OPMJIEHHS PYKOITMCIB CTATTEM

3araibHUi 00CAT TEKCTY PYKOMUCY CTATTI MOBUHEH 3aiiMaTu HE OiIbIie, HiXK 15 CTOPIHOK.

Pykommc cTarTi CKIIama€eThes 3 TUTYIBHOI CTOPIHKM, Ha SKiH BKAa3aHHO: Ha3Ba CTATTi; iHIIIaNd, Mpi3BUIIA Ta
ORCID Bcix aBTOpiB, HOIITOBa aJpeca YCTaHOBH, B sKiii Oyna BHMKOHaHa po0OoTa; kiacu@ikamiiHUNA IHAEKC 32
cucremamu PACS ta YIK; aHoTamii i3 KIFOYOBUMHE CIOBAMH HAa OKPEMOMY apKyIIIi 3 MPi3BUILEM Ta iHiI[ialaMHi aBTOPiB
1 Ha3BOIO CTaTTi, BUKJIAACHI YKPaiHCHKOIO, POCIIICHKOIO Ta aHIIIHCHKOIO MOBAMH; OCHOBHHMH TEKCT CTaTTi; CHHCOK
JTepaTypu; MiAMUCH i pPUCYHKaMHU; TaOJHIIi; PUCYHKH: Tpadiku, POTO3HIMKH.

AHoTAIlis1 YKpaTHCHKOI0 MOBOKO TMOBHUHHA OyTH 3a 00'eMoM He MeHbIn HiK 1800 cimBosnis. CtaTTst moBuHHA OyTH
CTpYKTOpOBaHa. BUCHOBKHM MOTPiOHO MPOHYMEPOBATH Ta B HUX IMOBUHHI OYTH BHCHOBKH, a HE NEpPEIICcaHa aHOTALlis.

EnexTpoHHMI BapiaHT pyKOIMCY CTATTi MOBUHEH BIAINOBIZATH TAKUM BHMOIAaM: TEKCT PYKOIHUCY CTATTi MOBUHEH
Oytu nHabpanwuii y popmari MicrosoftWord sepcii 2013, BupiBHIOBaHHS TEKCTY HOBUHHE Oy TH 3/1IHCHEHE 3a JIIBUM KPAEM,
rapaitypa TimesNewRoman, 6e3 npornucHux OykB y Ha3Bax, OyKBM 3BHYAMHI PSIIKOBI, 3 MOJSIMH JIBOPYY, PaBOpyY,
3Bepxy 1 3HU3Y 10 2,5 cM, popmyiu nmoBuHHI OyTH HaOpani B MathType (He Hmkde Bepcii 6,5), y GopMyIax KUPHITHI
HE JIOMYCKAEThCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMU iHAEKcaMu ciii HabupaTtu B MicrosoftWord, mmprna Gpopmysu He
oimpime 70 MM, rpadiku Ta Gororpadii HeoOXimHO MOAaBaTH B TpadigHOMY opmari, po3pisHeHHS He MeHme 300 dpi,
nommpeHHs (GaiiiB moBUHHO OyTH *.jpg, IIMPHHOO B OJIHY UM JIBI KOJIOHKH, JIJIsl OJIHIET KOJIOHKH PO3MIpH: 3aBIIUPIIKA
8 cM, I IBOX KOJOHOK — 16 cM. Macmtad Ha MikpodoTtorpadisx HEoOXiTHO TPEACTABIATH y BUTISAI MaciiTaOHOL
JIHIAKH.

BUMOT'M 1O OPOPMJIEHH I'PADIKIB
ToBumHa niHii He Oinbuie 0,5 MM, ane He MeHme 0,18 M. BennunHa nitep Ha mignucax 10 pucyHkiB He Ounbin 14
pt, ane He menure 10 pt, rapHiTypa Arial.

[MPUKJIAZL O®OPMJIEHHS CITUCKY JITEPATYPU
1. JL.A. Jlangay, E.M. Jlupmun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. .1 Isanos. ®TT, 25, 7, 762 (1998).
3. AD. 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.
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2. EnexTpoHHa Bepcisi pyKONHUCY Ta JJaHi 1010 KOHTAKTIB JUIsl CHIUIKYBaHHS 3 11 aBTopamH. J{ist 11boro notpioHo HagicaaTn
SNIEKTPOHHOIO MOIITOO, TIIBKU Ha ajapecy physics.journal@karazin.ua.

3. HampasneHHs Bix ycTaHOBH, Ji¢ Oysia BUKOHaHA po0OTa, 1 aKTH SKCIEPTH3H Y IBOX MPUMIPHHUKAX; aapecy, MPIi3BHIIE,
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CBobonu, 4, XapkiBchbKkuid HarioHabHKH yHIBepeuTeT iMeHi B.H. Kapasina. Ten. (057)-707-53-83.
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MH®OPMAILMA JIII ABTOPOB CTATEN
xKypHana «Bectank XHY umenn B.H. Kapasuna». Cepust «Duszuxar

B xypnane «Bectouk XHY umenn B.H. Kapasuna». Cepus «®Dusuka» nedataroTcs CTaTbU U KOPOTKHE IO
COJICP’KAaHNIO COOOIICHUS, B KOTOPBIX NPHUBEICHBI OPUTHHAIBHBIC PE3YIbTaThl TEOPETHIECKUX M IKCIIEPUMEHTAIBHBIX
UCCJIEJOBAaHMH, a TaKKe aHAJTUTUYECKHE 0030PbI JIMTEPATYPHBIX UCTOYHUKOB IO PA3IMYHBIM aKTyaJlbHBIM MpobiieMaM
(U3UKH IO TEMATHKE U3IAHUSL.

SI3bIK cTaTel - YKPaUHCKUM, aHTTIMIMCKUI U PYCCKUIA.

TEMATUKA XYPHAJIA

Teopernueckas duzuka.
®dusuka TBEpPLOIo Tela.
®u3nKa HU3KUX TEMIEPATYP.
@du3KMKa MarHUTHBIX SIBJICHU.

Onruka u CIICKTPOCKOIIUA.

AR

OOuie Bompochl (DU3MKM W CPEAM HHUX: METOIOJIOTHS M HUCTOpUS (DU3IUKH, MATEMATHYCCKAC METOJBI
(U3NIECKUX HWCCIECIOBAHUM, METOAWKA IPEroJaBaHus (HU3WKH B BBICHICH IIKOJIE, TEXHWKAa W METOIUKa
(U3MYECKOTO IKCIIEPUMEHTA.

TPEBOBAHI K O©OPMIIEHUIO PYKOITNCHU CTATBU

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

Pykomuce cTaThi COCTOUT U3 TUTYIBHOTO JIFCTa, HA KOTOPOM YKa3aHHO: Ha3BaHWE CTAThU; MHUIHAIBL, (DaMILTHH 1
ORCID Bcex aBTOpOB, MOYTOBBIA aapeC YYPCSIKICHUS, B KOTOPOM ObLIa BBINOJHEHA pab0Ta; KIACCH(DUKAIMOHHBIN
nanekc mo cuctemamM PACS wm V]/IK; aHHOTamum ¢ KITIOYEBBIMH CIOBAaMHU Ha OTIENBHOM JIHCTE C (aMHUiIned u
WHUIIMATaAMH aBTOPOB U HA3BaHUCM CTAThH, U3JI0)KCHHBIC Ha YKPAMHCKOM, PYCCKOM M aHIJIMHCKOM SI3bIKAaX; OCHOBHOM
TEKCT CTAThH;, CIUCOK JINTEPATYPhI; IIOAIUCH IOl PUCYHKaMU; TaOIUIBl; PUCYHKH: TPaQUKH, (POTOCHUMKH.

AHHOTaIMsI HA YKPAWHCKOM SI3bIKE TOJKHA ObITh O 00beMy He MeHee ueM 1800 cumBosioB. CTaThs HOKHA OBITH
CTPYKTYpHpOBaHa. BBIBOIBI HYKHO MPOHYMEPOBATHI M B HUX JOJDKHBI ObITh BBIBOJIBI, @ HE MICPENHCaHast aHHOTALUS.

DNEeKTPOHHBIA BapHUaHT PYKOIHCH CTAThH JOJDKEH COOTBETCTBOBATH CIEAYIOMIMM TPEOOBAHMSM: TEKCT PYKOIHCH
cTaThu JOJDKeH ObiTh HaOpan B (opmate MicrosoftWord Bepcuu 2013, BhipaBHMBaHHE TEKCTa IOJDKHO OBITh
OCYIIECTBIICHO IO JICBOMY Kparo, rapHuTypa TimesNewRoman, 6e3 mpomucHBIX OYKB B Ha3BaHUSIX, OYKBBI OOBIYHBIC
CTPOYHBIC, C MOJIIMHU CJICBa, CIIpaBa, CBEPXY U CHH3Y MO 2,5 cM, GopMysisl JOJDKHBI ObITh HaOpaHsl B MathType (He
HIDKE Bepcuu 6,5), B (hopMynax KHPWLIHIA HE IOMYCKAETCs, CHMBOJIBI C HIDKHUMH U BEPXHUMH HHICKCAMH CIICIYCT
Habuparp B MicrosoftWord, mmpuna dopmyisl He Gosiee 70 MM, rpaduku u dortorpaduu HEOOXOAUMO NOAABATH B
rpaduaeckom opmarte, paspemenue He MmeHee 300 dpi, pacmmpenue (ailioB TOMHKHO OBITH *.jpg, MIUPUHON B OTHY
WIA JBE KOJIOHKH, IUJIsi OMHOW KOJOHKM pa3Mephbl: IIMPHHA 8 CM, ISl OBYX KOJOHOK - 16 cm. Macmrab Ha
MUKpodoTorpadusx HeOOXOAUMO MIPECTABIATH B BUIC MACIITAOHON IMHEHKH.

TPEBOBAHU A K O©OOPMJIEHNIO TPA®UNKOB

Tonmuna auaui He 60see 0,5 MM, HO He MeHee 0,18 M. Pazmep OykB Ha MOAMKCSX K pUCYHKaM He Oosbiie 14 pt,

Ho He menee 10 pt, rapautypa Arial.
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1. JL.A. JTangay, E.M. Jluduun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. N.N. IBanos. ®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.
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2. DJeKTpoHHasl BepCHsl PYKOIMCH M KOHTaKTHbIE JaHHbIE JUisi OoOlieHHs ¢ ee aBropamu. s 3TOro HeoOXoanMo
OTHPaBHUTH PYKOTIHCH 10 MIEKTPOHHOI! 1oure, Ha aapec physics.journal@karazin.ua.

3. HampaBienue oT yupexjaeHus, rje Oblia BbINOJHEHA padoTa, M aKThl KCIEPTU3bl B JIBYX 3K3EMIUIIpax; ajpec,
(ammus, MOJHOE MMsI W OTYECTBO aBTOPOB; HoMmepa TeyieoHOB, E-mail, a Takke ykazaTb aBTOpa pPYKOIHCH,
OTBETCTBEHHOT'O 32 OOIIEHNE C PeAaKiiel KypHaa.

Marepuaibl pyKOIHCH CTaThbi HEOOX0AMMO HAIPaBIIATH 110 ajapecy: Penakuus xypHana «BecTHHK XapbKOBCKOTO

HannoHalbHOTO yHHUBepcuTera nMeHn B.H. Kapasuna. Cepus «@msuxa», JlebeneBy C.B., dumsmueckuii dakynsrerT,
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