ISSN 1024-588X. BicHnk JlbBiBcbkoro yHiBepcutety. Cepis hiznyna. 2023. Bunyck 60. C. 183-195
Visnyk of the Lviv University. Series Physics. 2023. Issue 60. P. 183-195

VIK 530.182; 538.945.6 DOTI: https://doi.org/10.30970/vph.60.2023.183
PACS 03.75.Lm, 05.45.Yv, 74.50.+r

BnymB aHrapMOHIYHOCTI cTpyM-(da30Boi
3aJIEXKHOCTI HA AMHAMIKY (DJIFOKCOHIB y JOBrOMY
J12k03e(PCOHIBCLKOMY KOHTAKTI

A. IMTyTtoBcbkuii, M. CkinanbcbKuii,
B. Haxoa, O. 3amypyeBa

Boauncvrut nayionasvrutl ynisepcumem imens Jlect Yrxpainru,
npocn. Boai, 18, 43025, /lyuyvk, Yxpaina
e-mail: zamuruyeva.oksana@unu. edu.ua

TeopeTndHO [OCTIIKEHO BILIMB aHTAPMOHITHOCTI ¥ CTpyM-a30Biil 3a1eKHOCTI
Ha JInHAMIKY (DIIIOKCOHIB y TYHEJbHUX /12K03€(COHIBCHKUX KOHTAKTaX /st 00J1a-
cTi TemMmeparyp, OMU3bKUX 10 KPUTUIHOL. B OCHOBI JOC/TiI?KeHHsT BUKOPHCTOBY-
erbest MoaudikoBane piBHSHHS CHHYC-LOpIOHA /ISt OIUCY IIPOCTOPOBO-YACOBOL
eBostoniii pizauni da3 y J0Bromy J12k03e(pCOHIBCHKOMY KOHTAKTi. SHANHEHO aHa-
JAiTHYHMH pO3R’sI30K MOAM(IKOBAHOrO pIiBHSHHS cHHyCc-LOpIOHA AJIs BUTMAIKY
MaJIOTO 3HAYEHHS TMapaMeTpa, M0 XapaKTepru3ye Mipy BIIMIHHOCTI Bif CHHYCOI-
JTHOT 3a7Ie2KHOCTI CTpyMy Bix pizuuri ¢pas3. B 3arambHOMY BHITAIKY OTPHAMAHO UH-
cenbHi pedynbraru. [IpomeMoHCTPOBAHO, IO IPKU 3HAYHOMY BiIXWJIEHHI CTPYM-
Gdaz30BOI 3a/1€2KHOCTI BiT CHHYCOITHOL, Kpal (pJ/IIoKCOHa Bupa3Hiti, a pisautid ¢as
€ JHIHHOW (DYHKITED KOOPANHATH Y CEpIEeBUHI (DIIOKCOHA, 1€ 3aJIEKHICTH Ma-
THITHOTO MOJIS BiJl TPOCTOPOBOI KOOPAWHATH OJIU3bKA 10 MPAMOKYTHOI (DOpMU.
3i 3MmeHIeHHAM Mipu BiamiHHOCTI cTpyM-ha30BOl 3a/I€KHOCTI Bifl CHHYCOITHOL
Mexki (DJIIOKCOHA JOCHTH PO3MHUTI. Y I[BOMY BHUIMAJIKy MAKCHMAJIbHE 3HAYCHHS
MarHiTHOI'O IOJIsA, siKe IIPOHUKAE B CePIeBUHY (DIIOKCOHA, 301IbIIYETHCS.

Kurouosi ciosa: pisasmust cunyc-Topaona, cTpym-(ha3oBa 3ajesKHICTD,
PIIOKCOH, 13K03ePCOHIBCHKMI KOHTAKT.

Beryn

Y 1962 poui Bpaitan [Ixx03edcon TeoperndHo mepeadaduB, M0 Ye€pe3 KOHTAKT JBOX
HAAMTPOBIAHUKIB, PO3MIIEHUX TIIIBKOIO [JieJeKTPUKA, MOXKe TTPOTIKATH 0e3aMCUTIaTUBHII
crpyw™ [1]. YuncsaoBe 3HAUEHHS [[HOTO CTPYMY 3aJI€sKUTh Bif pisuuii dba3 ¢ = 0, — O ma-
KPOCKOMIYHUX XBUJIBOBUX (DYHKIL# JIIBOr0 Ta MpaBoOro HaJNpPOBIAHUKIB (TAKOXK BigOMOL
sk dasa Txozedcona). Y OGLIbIIOCTI HAYKOBUX Npallb, dKi cToCyOThCs edekty JIKo-
3edpcoHa, L0 3AJIE€KHICTH BBAXKAKOTH CUHYCOLIHOWO [2,3]. 3a BiacyTHOCTI 30BHIIIHBLOIO
MAarHITHOTO MOJIsi Ta 3HAYECHHAX CTPYMY MEHIIUX KPUTHUYIHOIO CTPYMY KOHTAKTY Pi3HH-
st a3 @ € CTajon B3IOBXK KOHTAKTY. KO MK03e(COHIBCHKUI KOHTAKT MOMIIIAIOTH
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y 3OBHIIIHE MATHITHE MMOJe, TO pi3Huilsd a3 ¢ 3aJeKUTh BiJ MPOCTOPOBUX KOOPAWHAT i
1151 3AJIEKHICTh OnucyeTbes piBaHgHuaM Papena-IIpenmka abo cramioHAPHAM PiBHIHHIM
cunyc-Topuona [4].

Axmo BesmunHa CTPyMy B KO g 3 13K03€(COHIBCAKUM KOHTAKTOM OLJIBINA 33 KPHU-
TUYHUH CTPYM KOHTAKTy I, TO HA KOHTAKTI 3’SBJISETHCA CIAJ, HANPYTH 1 pi3auis a3
¢, KpiM [POCTOPOBHX KOOPJMHAT, TAKOXK 3asexkaTuMme 1 Bij wacy [4], a 1 mpocTopoBo-
4aCOBA €BOIONs OIICYBATHMEThCS HECTAIIOHADHIM piBHsHHAM cuayc-Iopaona [5, 6].
Po3B’s13K1 HeCTAiOHAPHOrO pIBHAHHA CHHYC-LOpIOHA € COMITOHHOIO THUIY i OLNUCYIOTDH
TIPOHUKHEHHS 30BHINTHHOTO MATHITHOTO TOJIS Yepe3 KOHTAKT Y BUTISII OKPEMHUX BUXOPiB
(bIoKCOHIB), 110 HECYTHh KBAHT MArHITHOTO TOTOKY. 3aBASKH CTabLIbHOCTI (hJIIOKCOHIB,
BOHM MAIOTh XOPOIIi TE€PCIEKTHBH MPAKTHYHOTO BUKOpUCTaHHs [7-9]. JociinkenH:o u-
HaMiK¥ (DIIOKCOHIB y MK03e(COHIBCLKIX KOHTAKTAX MPUCBAIECHO OAraTo Mpalib, aje B
mepeBazKHiil OIIBIIOCTI MUX Mpalmb 3aJeKHICTh HAAMPOBIAHOrO cTpymy Ig Bim pizmuri
das ¢ BBakaerbcs cunycoinHoio [3,06].

OnHak, 3a/IeKHO Bif mapaMerpiB KOHTAKTY TAa YMOB MPOTIKAHHS CTPYMY, CTPYM-
dazopa 3asexknicTb Moxke OyTH BinmminHO©O Bin cnuycoinHoi [10,11]. OauH i3 ynHHUKIB,
1[0 TPUBOJAWUTH 70 AHTAPMOHIYHOCTI y cTpyM-}a30Biii 3a/€KHOCTI, — BpaxyBaHHs ede-
KTiB po3napoByBanus. st Magux 3HAYEHb CTPYMY, PO3MAPOBYBAHHS CTPYMOM MOXKHA
HE BPAxXOBYBaTH, NPUIMAIOYN APAMETDP BIOPSIKYBAHHS B IVIMOMHI HAAIPOBIIHUKA Ta-
KWM, IO JIOPiBHIOE HOTO TPOCTOPOBO OJTHOPITHOMY 3HAYMEHHIO i, Bi/MOBiAHO, BiAKMIATH
JIONIAHOK 3 HAJTUIMHHOIO MBUKICTIO B piBHsHHI ['iH30ypra-Jlangay [12] aus obaacti Tem-
meparyp, 0au3bkux g0 Kpuruduol. OmgHak i3 30iabieHHsM KOedIIieHTa MPOXOMKEHHST
€JIEKTPOHIB 3HAYEHHsI KPUTUIHOTO CTPYMY KOHTAKTY MOXKe OyTwm Onm3bKe 10 CTPpyMy
PO3MapoByBaHHs B OJIHOPIAHOMY HAAUPOBIAHUKY. ¥ [IBOMY BHIIAJKY [JIsi OIE€PIKAHHS KO-
PEKTHOIO Pe3yJIbTary /i CTpyM-(ha30BOl 3aJ€KHOCTI PO3LIAPOBYBAHHS CTPYMOM Tpeba
BpaxoByBaTh. YpaxyBaHHs eheKTiB PO3MAPOBYBAHHS MPUBOIUTH A0 CYTTEBOI aHTapPMO-
HIYHOCTI 3aJIE2KHOCTI CTPYMY Bi pi3uumi ¢a3 He TiIhKHU 33 HU3BKUX TEMIEPATyp, a i 33
remneparyp, 6au3bKux 10 Kpurudnol [11,13-16].

Mera Harmoi mparmi — JOCTiIUTH BIUIMB AHMAPMOHITHOCTI CTpyM-(a30oBoi 3asmekHO-
cTi HA AEHAMIKY (DJIFOKCOHIB y TYHEJIbHUX HAIIPOBIIHUX KOHTAKTAX, IO IIPUBOJUTDL 0
BigmosimHOT Mommdikalii HeCTAIIOHAPHOTO PiBHAHHS anyc—fop;LOHa 3 HeTPHUBIAJIHLHOIO
cTpyM-ha30BoI0 3aJIEKHICTIO, AKY OTpuMaHO B [15]. Takoxk BBakKaTHMEMO, 10 JKo3eb-
COHIBCHKUU KOHTAKT TPAHWUIHO UYUCTHUH.

1. Monenp Ta OCHOBHI PiBHAHHHA

Pozrngnarumemo TyHeJIbHWIT HAAMPOBIIHUI KOHTAKT, BBAXKAIOUH, IO HAJAITPOBLTHIK
3ajimae obaacrb |z| > 0, a miiBka giesekTpuka po3mimena B miomuni z = 0. Ockiib-
KU TPOCTOPOBA HEOJHOPIHICTH mopylneHa Jmine B HanpsMmi oci Oz, T0 J0CaimKyBaHi
BEJIMYMHY 3AJI€ZKATUMYTh JIAIIE Bij z-KOOpAauHartu. BBakarmmemo, 1m0 o6sacTh 10CIi-
JIZKYBAHUX TEMIEPATYP OMU3bKa J0 KPUTUIHOI, & KOeDIIIEHT MPOXOIKEHHS €JIEKTPOHIB
Kpi3b IUIBKY [JieJIEKTPUKA MOXKe HADyBaTW 3HAYEHDb Bif HY/Is 10 OMU3BKUX 0 OJUHUII.
3a Takux 0OCTABUH JIsI KOPEKTHOIO OIMKUCY CTPYMOBUX CTAHIB Yy KOHTAKTI HEOOXiTHO Bpa-
XyBaTu epEeKTH PO3MAPOBYBAaHHs, IO IPUBOINATD /10 3aJEKHOCTI CTPyMy Bif pisuuii ¢as
Biaminuol Bl cunycoinnol. Bianosigue gociikenns BukonyBsaiaocs B [14,15], a onepxa-
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Ha A7 cTpyMy (opMmysia, Y CIPOIIEHOMY BHIJISAAL Ta 3a BiACYTHOCTI JOMIIIOK, HAOYIA
BUIJISITY:

sin
1 =IloV1—e2——F— | 1
() c 1 —ecosyp (1)
€
ne I = ————— — KpUTHYHHUI CTPYM KOHTAKTY.
(1+¢e)v2
[Tapamerp

1
em—— (2)
v 14 272q%,
JlJIsl IKOI'O BUKOHYEThCs HepiBaicTh 0 < € < 1, € mipoto Biaminnocti 3anexuocti (1)
Bl CUHYCOTIHOI. 3HAYEHHS £ 3aJ1eXKUTh Bijl TEMIIEPATYPU Yepe3 Hapamerp:

T22{5f3’>}2:7<1(23> (1_71;)' )

Tyr T. — xkpuTuyHa temmeparypa. ¥ MOAJIbIIAX PO3paxyHKax mnpuiimemo 1T =
0.98 T, Toni 72 = 0.028522. 3asexnicts € B Koedinienra nposopocri AiejekTpudHol
MJIIBKY BU3HAYAETHCST Yepe3 MapaMerp:

1 2
, / ¥’ R (y) dy
R — /y3R (y) dy + 217§T2(3) : : (4)
0

0/ yD (y) dy

mUo
y2po

2
) ta R (y) =1— D (y), aki Hazw-

BalOTHbCs KoedilieHTaMy TMPOXOMXKEHHA 1 BimOuBanusa, Biamosizno. IlniBka miemekTpuka
mMozenoerbes 0 — dyukuiiinum 6ap’epom: U(z) = Upd(z). Bukopucrano rakox 1mo3Haden-
Hst iy = cos 6, me 0 — KyT namiHHS €JIEKTPOHIB Ha TIomuHy 6ap’epa. Iarerpanu y dopmysti
(4) ;merko OGUMCITIOIOTHCS, TOMY OTPHMAEMO:

o=t (5 ) o o]

42¢ (3) (1 _1>3 {m_amtgm}a

COAD 1—|—{é—1}ln(1—D)

Tyt mu maemo api dbynxmii D=1 (y) = 1+ (

+

™

V uiit dopmyni D =D (1).

Ha puc. 1 6aunmo, 1110 mapamerp (o € 9y TIuBimmmM 10 3Mia D npu manux D. dxmo D
HaAOMMKAETHCS IO OTUHUIL, TO MAPAMETP (oo CTAOKO 3aJIEKUTH Bif KoedilieHTa mpoxo-
2KEHH$ eJIEKTPOHIB.
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Puc. 1: 3asexHicTh mapaMeTpa (oo Big Koedili€eHTa IPOXOIKEHHS €JIeKTPOHIB, sIKi HAJITAIOTH
Ha TPAHMUITIO HAAMPOBLIHUKA 3 TI€TEKTPUKOM IIi/T IPIMUM KyTOM

Fig. 1: Dependence of the parameter g., on the transmission coefficient of electrons striking the
superconductor-dielectric interface at right angles

2. Jlumamika MarfHiTHOrO IOTOKY KPi3b JIOBruii JKo3e-
dCcoHIBCbKUIT KOHTAKT

Hani 6yme po3risgHyTO Te, K BIAMIHHICTD BiZl CHHYCOIZHOI 3aJI€:KHOCTI CTPYMY Bif
pisHuti ¢a3 BIIUBATHME HA i1 IPOCTOPOBO-IACOBY €BOJIIOINI0 Y JOBIOMY J12K0O3€dCOHIB-
cbkOMy KOHTakTi. [lyia merpusianbaoi cTpyM-bazosol 3anexnocti (1) maemo momudiko-
BamHe piBHstHHES cunHyc-IopIoHa:

o 10% 1 1—e?sing 0 (©)
dx? e ot? AN l—ecosp

P L~ [ c
Ko 3ampoBauTr 0€3pO3MipHi 3MIHHI T = X it= X (B HOZAJIBINIUX 3aMUCAX 3HAK
J J

“muabda” 6yJeMO OlyCKAaTH) Ta JOHOMIKHUN [IOTEHIIaAL:

Up) = mln(lscosgo)’

€ 1—¢

(7)
TO piBHAHHS (6) MEpenuIeThes y BUTIISAIL:

o 0% V1 —e2sing ,
92 022 l—ccosp =—Ule). ®)

dkmo ¢ — 0, TO BiATBOPIOEMO CTaHAApTHE piBHsHHS cuHyc-IOpIOHA, OCKIIBKM
lin(l)U(cp) =2 (sin g) . Opu ¢ — 1 minimymu norenuiany U (@) craioTh By:KUUMH,
E—r

a Bucota bap’epa:
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AU = U (m) = U (0) = *— —

mln(1+s>

PAMY€E 10 HYJIA.

Puc. 2: SasmexHicTh BrcoTH momomixkuoro morenriany U () Bix €
Fig. 2: Dependence of the height of the auxiliary potential U (¢) on €

Ha pwuc. 2 6agnmo, 1m0 BIJIMB mapaMerpa € HA BUCOTY JOMOMiXKHOTO TIOTEHIaTy He-
CYyTTEBUI y MaMX 3HAYCHHSAX, a IpU HabmmkerHi £ 10 oguawni AU MBHIKO MPAMYE 110
HYJISA.

Ao 30BHiNTHE MaruiTHe moOJE cIabke, Tomi ¢ < 1, 10 A€ MiICTaBu CKOPUCTATHUCS
HabMKeHHAM: cosp = 1 Ta sing = . Y nigcymky MonmdikoBaHe DiBHSIHHS CHHYC-
fop;LOHa (8) 3BOAMTBLCH 10 JHIFHOrO OMHOPIAHOTO NuEPEHIIATHLHOTO PIBHIHHS JIPYTOro
MOPS/IKY B YACTUHHUX TIOX1THUX:

%y 0% 1+4+¢ /2
ot2  Oz2 1—¢

3araJibHUil PO3B’sI30K KOO MOTPIOHO ITYKATH Y BUIJISI:

»=0,

¢ (x,t) = ¢ (0,0) exp {7’ (qm - Wt)}'

Bracniziok 4oro orpumyemo ananituany hopMysIy:

1/2
_ 1+€ 2
w(q) = (15) +q

1/2
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Jst mK03epCoHIBCHKOI mma3mMoBol gactoru. 1o crocyerhes mKo3edCOHIBCHKOT mTa-
3MoBOI YacToru w (0) U1 HECKIHYEHHO BEJIMKUX JIOBXKMH XBHUJIb, TO BOHA Oy/e 3pocTarTy,
SAKIIO 3POCTATUME IIapaMeTp &.

3. Pos3p’a3km  Moam@pikoBaHOTO pIiBHIHHS CHHYC-
Topmona

Mu 3anposaauiu Momudikosane piBusuus cumyc-Iopaona (8), sike oumcye puHaMiky
GbITIOKCOHIB ¥ HOBTOMY 13K03€(DCOHIBCHKOMY KOHTAKTI 3 HETPUBIAIBLHOIO CTPYM-(ha30BOI0
sanexknicrio (1). Hac nikaBuTh OKpemuil BUMaI0K po3B’si3kiB ¢ = ¢ (z — Vt), mo onucy-
IOTh TIONTUPEHHS XBUJII 31 CTAI00 6€3p03MipHOI0 MBUAKICTIO V. AKIIMO 3ampoBaanTu HOBY
npocTopoBy 3mianay & = x — Vi, To qudepeniianibue piBHAHHS APYrOro MOPSAKY B 9ac-
TUHHUX 1HOXigHuX (8) meperBopurbcs Ha 3BUuaiine JudepeHiiajibHe PIBHAHHA APYroro
MOPSIIIKY':

(1_V2)d27g0_ V1—e2sing _
€2 1l—eccosp

(), (9)

st pisnuni das ¢ (€), ske MOKHA BBAXKATH HHIOTOHIBCHKUM DIBHSHHSAM DYyXy 4ac-
ke Macu 1 — V? > 0y norennjaasaomy nomi —U (¢). Bigomo, 1110 KBaHT MarHirHOro
MMOTOKY B JIOBFOMY 12K03€(COHIBCHKOMY KOHTAKTi MEPEHOCHTHCST TOMOJOTITHUMHU COJTITO-
vamu (duokcornamu). CosiToHN — 1€ TPOCTOPOBO JIOKAJII30BaHI XBUJI, [IJIf AKUX MAIOTh
BUKOHYBATUCh TaKi TPAHUYHI YMOBU:

do
li =0, I =227, lim — =0. 10
{—11—1100 ¥ (f) f—}zloo v (g) T f—yinoo df ( )
Buakn “+4” Ta “—" obupaemo 11 GIIOKCOHA Ta aHTUQIIOKCOHA, BiamosigHo. be3 Brpa-

TH 3arajJbHOCTI OymemMo po3rysmaru TuthbKu (irokconu. s moandikoBaHOrO piBHAHHS
cunyc-Toprona (9) BAaeThCa OTpUMATH TIePIIHi iHTerpast:

<d<p>2_ V- | <1—€cos<p>' 1)

= n

dg e(l-V2) 1—¢

L7151 MoaibInoro aHasi3y 1boro piBHAHHS 300pa3uMo HOro MpaBy YaCTHHY y BUTIISIL
PO3KJIQLy B DA 33 IapaMeTPOM E:

(d(p>2 - Wi-e {1 —cosg+ +ZOO [1 - (cosap)"“} < } : (12)

dé 1-V2 n+1

Axkmo D < 1, 10 B TaKOMy 4acTUHHOMY Buuajky 3amicrs dopmysu (5) mis crasol
BEJIUYINHA (o, MATUMEMO TAKYy ACUMIITOTUKY:

n=1

L 28C(3) 1
>~ 32 D’ D «1. (13)
OCKi/IbKM KOHCTaHTA (oo HECKIHYEHHO BesiuKa, TO 3 dhopmysu (2) BUIHO, IO Hapa-
Merp € € Heckinyenuo mauuMm. Toni pudepenuiasbhe piBusnus (8) 1EepeTBOPIOETHCH HA
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cramgaprHe piBusiHHs curyc-IopaoHa Pt — Pgo + sin = 0, comiTOHH]I PO3B’SI3KU AKOTO

Jo6pe Bimowmi [5]:
T —x0—Vt
z,t) = 4arctg | e +— .
o (r.) = dusrs (oxp {7 L )

Aue sk B npasiit yactuni qudepennianbHoro pisusuns (12) obmekuruch JiHiiHO0O
3aJIEKHICTIO 34 IapaMeTpPoOM €, TO MOXKHA HMPUUTH /10 ILJIKOM IHTErpOBHOrO mudepeHntii-
AJBHOTO PIBHSIHHS MEPITTOTO TOPSAIKY:

(C§§>2 = 1:17‘/2 (Sin%)Q {1 +e (COS 5)2};

SIKe € TOTOXKHIM JI0 MOJBiiHOro piBasHEs cunyc-Ioprona. Po3s’s3yioun e piBHAHHS,
OTPUMAEMO:

/2
oy Vite 1+e\'

— _— ::I: — — _— .
tg(2>+ sh (2) 0, = (& =20 Vt)(l—V2>

SIkimo B mpasiit vacTuHi audepennianbHoro piBHsHHSA (12) 0OMEXUTHCH KBAIpATHY-
HOIO 3aJIEXKHICTIO 33 TTapaMeTpoM £, TO OJEP>KUMO TOTpiifiHe piBHSAHHSA anyc—fop;LOHa.

Akmo D < 1, roxi 3amicrs dopmynu (5) mis crajiol BEIMYUHU (o, MAEMO TAKY
ACHMIITOTHUKY:

4
go® -2 (1-D), D<I. (14)
56 (3)

Ha »xajb, HEMOXKJINBO 3HANUTH TOYHWI AHAMITUYHUN DPO3B’A30K audepeHIiaIbHOTO
piBHsHHS Tepinoro nopsaaxy (11) ajg noBiibHEX 3HAYEHb mapamerpa €. Tomy mu 3my-
IeHi BAABATUCSA 10 UHCETbHUX po3paxyHkKiB. lle 6ymo 3pobmeHo s KimTbKOX 3HAYEHD
nmapaMeTpa €, cepel] AKUX € KpaifHi Ta NPOMIiXKHI 3HAUEHHS.

IIpocropoBy noeeninky da3u I:xo3edcoHa, sKa 33I0BOJIbHSIE MOAMMDIKOBAHE PiBHSI-
uus cunyc-Topmona (9) aas dbmokcona, 306paskeHo Ha puC. 3 y BUMAKY PI3HUX 3Ha-

. . . d
4genpb mapamverpa €. [IpocropoBy noseminky 6e3pO3MipHOrO MAarHiTHOrO MOJIsS o= d—?,
0
sIKe TIPOHUKAE B cepreBuHy (DIIOKCOHA, MOKa3aHo Ha puc. 4. Tyr Mu MaeMO BETUIHHY

Hy = —————, aKy TOmaHo 1Yepe3 MOBHY TIHOMHY mpoHuKHEHHS A = A1 + Ao + d. Be-
26/1,0)\]‘A

JUYUHA A1 Ta Ay € JOHJOHIBCHLKWUMH TIMOMHAMM TPOHWKHEHHS JIJIS HaIMPOBITHUKIB, a
BEeJINYMHA, d € TOBIINHOK TOHKOI Ji€JIeKTPUIHOI IIJIiBKH.

Ha nizcrasi puc. 3 i puc. 4 MmoxkeMO 3pobuTH Taki BUCHOBKH: 1) SKINO IapaMerp &
3pPOCTAaE, TO 3POCTAE TAKOXK 1 MPUOIU3HA MUPHUHA (proKcoHa, Take 3pocTaHHs HAROIIbII
HOMITHE i € — 1, ajie € HE3HAYHUM ISl 1HIIMX BUIAJAKIB; 2) 3HAYHE BLAXUJIEHHs Bij
CHUHYCOITHOI cTPYM-(a30BOi 3aJI€KHOCTI POOUTH MekKi (DIIOKCOHA BUPA3HIMuMu. AKIINO
€ — 1, To mpocTopoBa MOBeMiHKA pisHuIli (a3 ¢ Maiixke JiHiiiHa y cepreBuni (IIOKCOHA.
T'padik 3amexkuocTi 6e3pO3MIPHOrO MArHITHOTO OIS £ BiZl TPOCTOPOBOI KOOPANHATH

0
¢ nabmmKkaeTbed 10 IPAMOKYTHOI hbopmu. Ko 3nadenns napamMerpa € € HeOIM3bKUMU
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10 1, To mexi IoKCOHA JOCATH PO3MUTI. ¥ IIbOMY BHUMAJAKY MAaKCAMAaJIbHE 3HAYCHHS
H (£ = 0) MaruiTHOrO 110J181, sIKE IPOHUKAE B CepleBUHY (DJIIOKCOHA, 301IbIILYETHCS.

3 acumnroruku (14) BUIHO, IO CTANA BEJIMYUHA (o, € HECKIHYEHHO Masiorwo s D < 1.
VY TakoMy 4aCTHHHOMY BHIAJKY Oe3po3mipuuii napamerp € Oyae 6auzbkum 10 1. Ockinb-
Ku gonoMixkuuii norenuiasn U (@) crae mwioCKiuM Jisi aCUMITTOTUYHOIO BULIAJKY, KOJIU
e < 1, To MmoxkeMo po3BuHYTH monoMmixkuuit norennian U (¢) B psx Teiinopa B okoui
pizaumi das3 ¢ = 7. Orxe,

Ue) ~ U (m)+ L™ (o) =
V1—¢g2 1+¢ 1/1—¢e\"? 9
R ln(1—5> 2 <1+<€) (p=m)". (15)

YucenbHi pe3yabTaTu puc. 3 JEMOHCTPYIOTH, III0 MPOCTOPOBA, MOBEIIHKA pi3Huii ¢ha3
'y ceprieBuHI (DIIOKCOHA € MaiiKe JHIHHOIO 1JIsT ACMMIITOTHYIHOIO BUMIAIKY, KO € < 1.
Ie o3nauae, o mu MaeMo 0bMeKUTUCH Y Po3kIazi (15) suine craiaum JogankoM. Ko
3alpoBaUTU HOBUi napamerp 6 =1 — &, 1o 6 — 0 jyisi BUnaJIKy, Koinu € — 1. 3a Takux
obcrasun mocTiiinmit wien y poskmasi (15) cnagae sx 62 1n (1/6), Tosi s KBaparTummii
4JIEH CIIaJIA€ IIBUJIIE, dK 512, Hudepennianbhe piBusHHs neprioro nopaiaxky (11), y
ceprieBuHiI PJITOKCOHA, MOYKHA 3aMiHUTH OLTbII CIPOIIEHOI0 BEPCIEI:

dp | 2v1—¢g? 1+e\
dg_\/g(1_v2)1“(1_ ):C(s% €] < &, (16)
#Oro po3B’sa30K:

) =CE)E+ A, €l <& (17)

Ilpu & < =& ¢ =0, Toxi cosp =2 1 Ta sinp = ¢. lle gae 3Mory nmeperBopuTu MO/ -
dikoBaHe piBHAHHS CI/IHyc—fopJIOHa (9) Ha niniitre ogHoOpinHe AudepeHtiaIbHe PIBHIHHS
JIPYTOrO TOPSIIKY 3i cTajuMu KoedilieHTaMu:

2

d%p 1+e\Y* 1
ae _ — ¢, 18
P0o3B’5130K 1OTO PIBHSIHHS:
1+e¢ 1/4 13
s@(f)—AeXp{<1€) 1 e<-& (19)

ITpu € > &; p = 2. BacTocyBanHs HAGIMKEHD COS = 1 Ta sin p = sin (¢ — 27) = p—
27 OTIOMATAIOTh epeTBOPHTH MOaubiKOBaHe PiBHAHHS cHHYC-1 0pIoHa (9) o mpocrimnioi
dopwmmu:

22 1/4 2
df—{(ﬁ) ﬂliv} (p—2m) =0, €£>¢ (20)
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Puc. 3: [Ipocroposuit po3noxin pizaumni $a3 ¢ gas omHOro (GJIrOKCOHA B JOBrOMY 12K03edCOHIB-
CHKOMY KOHTAKTI 3 PI3HUME 3HAMEHHSIMY IIPO30POCTI JieIeKTpIIHOro npormapky D. Obuncienss
mposeseno s temeparypu 1 = 0.98 T, ta 6e3po3mipuoi mBumkocTi ¢aiokcona V = 0.5

Fig. 3: Spatial distribution of the phase difference ¢ for a single fluxon in a long Josephson juncti-
on with different values of the dielectric layer transparency D. The calculation was performed
for the temperature 7' = 0.98 T, and the dimensionless fluxon velocity V = 0.5

Sarajbauii PO3B 430K OO PIBHSHHSL:

1/4
@(5)22W+A26XP{—<1+6> ¢ }a §> & (21)

1—-¢ V1-V?2

Yorupu Hepigomi crani A, A1, As 1a & 3HAXOAMMO 3a JOLOMOIOK TAKUX YOTUPLOX
YMOB:

p(=&—0)=9(=&+0), @' (=& —0) =¢' (=& +0),
e —0)=p(&+0), P& —0)=¢ (& +0).

VY migcymMKy OTpmMMyeMo:

§i:_m(l—g>l/4+ﬂ_{2m 1n(1+€>}_1/2, (22)

1+e¢ e(l1-V2) 1—¢

2(1— 1
A1:7T,Ag:—ATaAzxeXp(ﬂ-—l)7ﬂeXz\/( E)ln( +E>.
X € 1—¢
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Puc. 4: IIpocToposwuii po3nomin 6e3p0o3MipHOTO MArHiTHOTO OIS —— TSt OZTHOTO (DJTIOKCO-

_ 9
Hy d&
Ha B I0BrOMY 12k03€(COHIBCHKOMY KOHTAKTI 3 PI3HUMU 3HAYUEHHSIMHY IIPO30POCT] [TieJIeKTPUIHOIO
npomapky D. 3HaueHHsa napamMeTpiB € TAKMMU K, fK 1 y BULAJKY puc. 3

Fig. 4: Spatial distribution of the dimensionless magnetic field H£ = fl—? for a single fluxon
0

in a long Josephson junction with different values of the dielectric layer transparency D. The
parameter values are the same as in the case of fig. 3

Bucuoskn

HocmiazkeHo BIJIMB aHTAPMOHITHOCTI Ha AUHAMIKY (DIIOKCOHIB y JOBroMy a:K03edco-
HiBCbKOMY KOHTaKTi. IIpogemMorcTpoBaHO, M0 31 30i/IbIIIEHHIM aHTAPMOHIYHOCTI IPOHUK-
HEHHsI MArHITHOTO TOJI B 00/1aCTh (DJIFOKCOHA € Oibin piBHOMIpHUM. Kpim dncenbHux
pe3yabTaTiB, AjId ACUMITOTUYHUX BUIMAIKIB OTPUMAHO i aHamiTudHi dopmymu. dnsa ma-
X 3HAYEHD KOeMIIMiE€HTa TPOXOIKEHHsT €TEKTPOHIB KPi3hb 6ap’ep miATBEPIKEHO, IO 115
BHYTPiHBOI obaacri |£| < & npocropoBa nopeiinka pizuuii a3 onucyerbes JiHIHO
sanexuicrio ¢ (§) = C(e) € + m. Haxun duokcona Busnagaersea cranowo C (), dxa
cnagae ax 0/%/In (1/6) nna Bunazaky, koau € — 1. Ockinbku cepuebuHa (HIIIOKCOHA
posramoBana B obsacti €] < &;, To Beaudyuna &; 3a cBoiM (bi3udHUM 3MICTOM € HAIIBLIK-
putoto dutokcona. 3 dopmyiu (22) aist HauiBumpuau (QIIOKCOHA BUIHO, AKLIO € — 1,
To & > 0. Ile € Hacaigkom Toro, 110 TepImii JOJaHOK y mpaBiit yactnai dhopmynn (22)
CTa€ HECKIHYEHHO MAJINM, 3 APYTruil 30i1bimyeThed. Po3paxyHok HamiBmmpuan (HIIOKCOHA
Ha ocHOBI anajiTuynoi dbopmynu (22) nae 3uadenns & ~ 2.74 njs mapamerpis puc. 3,
10 € OJIM3BKUM 70 YUCETHHOTO PE3YJIbTaTy.
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Effects of the anharmonicity of the current-phase
relation on the dynamics of fluxons in a long
Josephson junction

A. Shutovskyi, M. Skipalskiy,
V. Nahod, O. Zamurujeva

Lesya Ukrainka Volyn National University,
13, Volya Ave, 43025, Lutsk, Ukraine
e-mail: zamuruyeva.oksana@unu. edu.ua

The influence of anharmonicity in the current-phase relation on the dynamics
of fluxons in tunnel Josephson junction for the temperature region close to the
critical one is theoretically investigated. The modified sine-Gordon equation that
describes the fluxon dynamics in the long Josephson junctions with the nontrivial
current-phase relation is derived. This relation originates because the depairing
effects are taken into account. The dimensionless parameter £ measures the
deviation from the standard sinusoidal current-phase relation. This parameter
is related to the transmission coefficient through the insulating barrier, D. The
presented second order partial differential equation is reduced to the first order
ordinary differential equation with respect to the new space variable, because
a general solution to the modified sine-Gordon equation is considered to be
the traveling wave solution that propagates with the constant dimensionless
velocity. The numerical methods are used to analyze the spatial behavior of the
dimensionless magnetic field, because it is impossible to solve the problem for
arbitrary values of the dielectric layer transparency. This have been done for
several values of ¢ that include the extreme values and the intermediate ones.
The analytical results can be obtained in the case of infinitesimal dielectric
layer transparency. In this case the the modified sine-Gordon equation can be
simplified. If only the lowest order of ¢ is taken into account we end up with
the standard sine-Gordon equation. The numerical analysis allows us to make
several conclusions. As the parameter ¢, which measures the deviation of the
current-phase relation from the sinusoidal form, grows the approximate width
of the fluxon increases. This increase is well seen in the limit ¢ — 1 but is
insignificant otherwise. Significant departure from the sinusoidal law makes the
fluxon borders more sharp. In particular, the phase distribution for ¢ < 1 is
almost linear in the fluxon core. The magnetic field distribution in the limit e —
1 is more box-like. For small and intermediate values of € the fluxon borders are
rather blurred. At the same time the maximal value of the penetrated magnetic
field decreases.

Key words: sine-Gordon equation, current-phase relation, fluxon, Josephson
junction.



