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MIKPOCKOIITYHII PO3PAXYHOK
J2KOBE®COHIBCBKOTI'O CTPYMY B TYHEJIbBHUX
HAAIIPOBIZIHNX KOHTAKTAX HA OCHOBI

VK 538.945

ABOIIIJIMHHNX HAAITPOBIZIHUKIB

Memod K6a3iKkAACUMHUT PIBHAHD, N0OYJosarutl Yy meopii 0dHOUIAUHHOT HAONPO8IdHOC™E, 3a-
€Mocosaro 0as 6unadky HaodnposioHukie 3 deoma enepzemuynumy wisunamy. Ilo6ydosari
pisHARHA OasA Gynkyit ['pina y t-npedcmasaenni 0aoms MOHCAUBICND 00YUCAIOEAMYU 2Y-
CMUHY CMPYMY, AKUL NMPOMIKAE KPi3b MOHKY EeACKMPUNHY NAIBKY Y MYHEALHUT 0HCO3€-
PCOHIBCHRUT KOHMAKMAT HA 0CHOBT 080WIAUHHUTL HAONPOGIOHUKIS. OMmpumana 3aiexcHicms
2YCMUHY CMPymy 610 PidHuYL Gas MICTUMD KOEPIUIEHU 3PO3YMIN020 NOTOOHCEHHA.

Karwwoei caoea: KBa3ikjacMyHe DIBHAHHsI, €HepreTwdHa IijinHa, dyHkiis ['pina, t-
[IpEe/ICTaBJIEHHSI, TYCTHHA CTPYMY, JieJIEKTPUYHA ILIIBKA, M2KO3e(PCOHIBCHKWII KOHTAKT, JBO-
ITMHHWA HaOPOBIIHUK, pi3HUIA das.

1. Bcryn

HocmimreHH0 1K03eCOHIBCHKOTO €heKTy MPUCBsI-
4eni uucstenni poboru (mus. ormsamm [1, 2]). Sokpe-
Ma, JIOCJII?>KEHHS CTPYMOBHUX CTaHIB Y Ha/IITPOBITHUX
koHTakTax Ty SIS Oyso 3xiiicneHo GaraTbMa Ha-
YKOBIsIMI: B po0oTi [3] orpuMaHo HecrarjioHapHU
crpyM JIxko3edcona, BUKOPUCTOBYIOUN KiHETHIHUIMA
MAXiA; A1 TeMmepaTryp, OMu3bKUX 10 KPUTUIHOL,
KO3 COHIBCHKHI CTPYM OOUMIIOBAIN /I IUCTO-
ro KOHTaKTy [4] Ta ;s KOHTAKTy 3 HeMarHITHUMHI
npoumimkamu [5-7]. Y poborax [8,9] nobynosano 3aJe-
JKHICTb TYCTHHH CTPYMYy Bij pisuuni dbaz y TyHe b
momy SIS-koHTaKTI 3 BpaxyBaHHAM e(deKTiB po3ma-
DPOBYBaHHSI, BAKOPUCTOBYIOYN aCUMITOTHIHY (HOPMY
MiKPOCKOIIITHO1 Teopil HAAITPOBITHOCTI OOy KpH-
tuaHOl Temieparypu T.. OaHak, yci mepesideHi Bu-
1e POOOTH CTOCYIOTHCS JIUIITE HAIITPOBITHUKIB 3 O/THI-
€10 eHepreTUdIHOI0 mrianHow. MoximBicTs icHyBaH-
HS HaJIITPOBITHUKIB 3 JIBOMa €HEPreTUIHUMU IIIiJIN-
HAMU PO3IVIAHYTO Iie B poborax [10] Ta [11]. Ase mo-
9aTKOM aKTUBHUX JIOCJIJ?KEHb Yy TaJjy3i JIBOIILINH-
HOI HA/ITPOBITHOCTI CTAJIO BIIKPUTTS JIBOX €HEPreTH-
gHEX miauH y Ginapwiit cosyni MgBs [12] 3 kpurn-
qnoio Temieparypoo T, = 39 K, aka e maiiBumoio
cepe/l HaIMPOBIAHUKIB 3 (DOHOHHUM MEXaHI3MOM CITa-
pIoBaHHs €eKTPOHiB. BuBuennio BracTuBocTeit Cro-
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ayku MgBs npucssueni poboru [13-21], ge nogamo,
Biacue, Teopito BKIII st gBOMIIMHHOT HAIIPOBII-
HocTi. Y poGoti [22] oTpuMaHO 3aJIeKHICTh IYCTHHA
cTpyMy Bij pizuuip da3 y TyHEJbHOMY I2K03edCo-
HIBCBKOMY KOHTaKTi Ha ocHOBi cmonyku MgBs, Bu-
KOPHUCTOBYI0YH (peHoMeHooriaHy Teopito ['in3dypra—
Jlannay. B paniit pobori 6y1e BUKOHAHO MiKPOCKOIIi-
YHUN PO3PAaXYHOK J2K03e(PCOHIBCHKOTO CTPyMy B TY-
HEJIbHUX HAJIIPOBIIHINX KOHTAKTAX HA OCHOBI JIBO-
MIJIMHHUX HA/IIPOBIIHUKIB, BUKOPUCTOBYIOUH METO]T
KBa3iKJacHIHuX piBHAHDL. [leit mMeTosm neTajgbHO BU-
kianeHnii B MoHorpadii [23], ae pisusinHs [opbKo-
Ba Juist dyHKIi ['pina 3amucani y Tak 3BaHOMY -
[IPEJICTABJICHH], SIKE BXKE JI0BEJIO CBOIO €(PEeKTUBHICTH
y Teopil OAHOIIIINHHOI HAIIPOBiHOCT. THITTIMYT CITO-
BaMM, MU IIOCTABUJIN COD1 33 MeTy IONIMPHUTUA MeTOJ
KBa3iKJIaCUYHUX PIBHSIHb HA BUIIAJIO0K HAa IIPOBIIHO-
CTi 3 JIBOMa €HEPreTUYHUMHU IIJTHHAMHA.

2. PiBuaunus aia ysakniin I'pina

SanunemMo raMiJIbTOHIaH CHCTEMU BITBHUX €JIEKTPO-
HiB, gKi 1epebyBaloTh y MOJi KOMIJIEKCHUX J2Kepet
€JIEKTPOHHUX T1ap [24]:

i = Y [ dvif, (0 (x) -
l,o
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OCKinbKY HAAMPOBITHICTD € JABOIIJIUHHOIO, TO iHIe-
Keu 30H [ Ta I’ MoxKyTh HabyBaTu 3HadeHb 1 Ta 2.
Craui g onucyIoTh B3a€MOAII0 Mi 30HaMu [ Ta I’
Posrnsgnarodn BuUma oK BifCyTHOCTI MarHiTHOTO IO-
JIsT, MOYKHA 3aIUCATH, IO

- p?

&= om M

Komtekcni dbysxmil A; (r) Ha3uBaOThL napamerpa-
Mu BropaakyBaHHs. [llykatuMemo Bupas jist TYCTH-
o cTpymy y dopmastiami dyukiiit I'pina, aki Busmna-
qaTuMeMO 3a (popMyIaMu

Fy(r1,r0571,72) = <TH/AJZF¢ (r1, ) 07, (r2,7’2)>,
Gi(r1,r2;71,72) = — <T71/31,¢ (1‘1,71)7/351 (r2,72)>.

Ocranni piBHOCTI MiCTSITh TaK 3BAHUU ysIBHUIT YacC T,
sakuil 3minoersesa Big 0 go 1/7. Oneparopu mopo-
JIPKEHHSI Ta 3HUINIEHHSA 0epyThCs y Traii3eHOepriBChbKO-
My mpegcrasiienti. i pyskmii I'pina 3a/10BOIBHSIOTH
3aMKHEHY CHCTeMY DiBHSIHb | OpbKOBa:

o .
<8 + 51) Gy (r1,12;71,72) —
T1

—ZQWAV (r1) Fy (ry,12;71,72) =
l/

= *5 (7'1 — 7'2)(5(1‘1 — 1‘2)7 (2)
0

<87’1 - 51) Fy(ri,ro;71,70) —

- ZQZ,I’A; (r1) Gi (r1,ro;7m1,7) =0.
l/

OcKiJIbKY mapaMeTpu BIOPSJIKYBAHHS HE 3aJI€KaTh
Bil 3MiHHUX T1 Ta To, TO dyukmil I'pina MaTuMyThH
Taki BJIACTUBOCTI:

Fy(ry,r9;71,72) = Fy (r1,12; 71 — T2),

Gy (r1,12;71,72) = Gy (r1,r9; 71 — T2).
SIkimo ckopucrarucs po3KJagaMu

Fi(ri,v0im = 75) =T Y Fl, (ri,ro) e (077,

Wn

Gi(r1,r9;71 —72) =T Y Gi, (r1,19) e n (77,

Wn

32 HENapHOI MaIly0apiBCbKOIO YaCcTOTOI Wy =
=aT(2n+ 1), To 3 cucremn pisasiub [opbkoBa (2)
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MO2KHa OTpHUMaTH TaKy
(iwn - 51) Gl,wn (rh 1‘2) +

+ Zgl,l’Al’ (r1) Fiu, (r1,1r2) =6 (r1 —1r2),
v )
(an + 51) Fio, (r1,r9) +

+> g Af (r1) Gr, (r1,12) = 0.
l/
Hortinibao 6y1e 3amnpoBaauTu e Taki ¢pyukrii ['pina:

Fy(r1,12;71,7) = <TT?$1,¢ (1‘177'1)151,¢ (I“2,7'2)>,
Gi(ry 10371, 72) = — <Tr@?} (r1,71) g (r2772)>~

IIi dyHKIT 33/10BOJIBHAIOTH CUCTEMY
O +&) A )
— r1,r9;7T1,T2) —
o 1) £y (ry, o571, T
= g Av (r1) Gy (r1,12;71,72) = 0,
l/

o .\ -
(87-1 51) Gy (ri,re;71,72) —

=Y g A (x1) Fy (v1,70571,70) =

=0 (7’1 — TQ) 1) (1‘1 — 1‘2).
Bukonanus nepersoperb Dyp’e jjae 3MOry oTpuMaTi
3 cucremu (4) Taky cucremy:

(iwn — 51) Fl,wn (ry,ro) +

+ Zgl,l/Al’ (r1) G, (r1,12) =0,
N - (5)
(lwn + 61) G, (r1,12) +

+3 g A (r1) Fr, (r1,12) =8 (r1 — 12).
Z/
SamnpoBa kyoun MarpudHy ¢yHKIio ['pina

A N _ [ G, (x,¥) —Fig, (r,1)
G (5,7) = (-Fl w (0,) G, (r,1) )

MoxkHa 00’¢HaTu cucremu (3) i (5) B oHe MaTpuuHe
pPiBHSTHHS

(z'wn — O'Zg - Zgl,l’Al/ (I‘)) Gl,wn (I‘7 I‘/) =
I
=0(r—1'), (6)

aer= (0 S0
0= (a1t *07)
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3a HasgBHOCTI NOTEHIiaxy MaTpuyHe piBHsaHHS (6) Ma-
THMe TaKUi BUIVISAL:

(iwn —0. (é +U (r))) Glw, (r,r') —

— Z gl,l/Al’ (I‘) él,wn (I‘, I‘/) =4 (I‘ — I'/).
l/

3. KBazikylacu4Hi piBHsIHHSI

s mobymoBr MeTOMY KBa3iKJIACHIHUX PIBHSHB Y Te-
Opil JIBONTIIMHHOT HA/IIPOBIIHOCT] 3aIIPOBAIUMO Ma-
Tpuuni ¢yuKIil ['pina B iMIyIbcHOMY TpOCTOPi

Gt (oup')= [ dn [y )0l () G, ).

Innexkcu ¢ Ta k MOXyTh HaOyBaTu 3HadeHb 1 Ta 2.

- . .
OynKmil z/;l(, ) (r) € pos’azkamu pisasnus [pemginre-
pa 3 IOTEeHITiaIoM

U(r) =U(z) = Uod (2),

AKIH MOJIEIIOE TOHKY JieJTeKTPUYHY ILTBKY. Y TaKo-
My BUIaJKy HapaMeTPH BIOPAAKYBaHHS Ta I'yCTHHA
CTPYMY 3aJI€?KaTUMYTh JIUIIE Bijl KOOpJAWHATH 2. Bu-
KOPHCTOBYIOUH CXEMY, aHAJIOTIYHY JI0 CX€MH B MOHO-
rpadii [25], MoxkHA AIHTH 70 TAKUX MATPUYHHUX DiB-
HSIHb y 3MiHHUX ¢ 1 t':

: O Ak
(zwn + wZ@t) G, (1) —
~NUE () GLE () = 80 (8~ 1), (7)
i/

B pisusiaHi (7) BUKOPUCTAHO IO3HAUEHHSI
Eli7i/ (t,z) =

0 S AL (L)

l/
(=D g A (t o) 0
l/

)

e
AN (t,x) = DA (voxt) +

F R0 (—t) A (vort) + 0 (£) A, (—voat))],

A} (t,x) = iVDRO (t) [A; (—vot) — Ay (vot)],

AP (t,2) = iV'DRO (t) [A; (voxt) — A; (—vot)],
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AY? (t,z) = DA (—vot) +
+ R0 (t) A; (voxt) + 0 (—t) Ay (—voxt)].
Qi3nYHy BeJIMYUHY Vo Ha3uBaIOTh mBUIKicTIo Pepmi.
Bapro 3ayBaxknuru, mo
Pz

\/ P2+ P+l

IMTomo xoedirmienTis BixduTTas R Ta mpoxomkenus D
€JIEKTPOHIB KPi3b MOTEHITaILHII 6ap’ep, TO BOHU 00-
YUCJIIOIOTHCS 38 TAKUMEU (DOPMYJIAMU:

xTr =

m2U2

2.2
Pox

M D) =

p3z? + m2Ug ()

R(z) = S A
(@) paz? + m2Ug

Bemmuuny pg Hasubarorh depmi-imiysnscom. Ile ca-
M€ Te 3HAYEHHSI IMILYJIbCY, B OKOJI $IKOTO BHKOHAHO
BCl HEOOXi/THI OOYMC/IEHHS B XO/Ii ITONTYKiB MATPUIHUAX
piBHaHD A1 yukiii ['pina y t-ipemcraBieHHi.

4. I'yctuHA CTpyMYy

I'ycrury cTpyMy A1 BUIAIKY HaIITPOBITHOCTI 3 1BO-
Ma €HEPreTUYHUMU IIIJINHAMEA OOUUCIIIOEMO 38 TaKOIO
dopmytoro:

jiry==—T lim (Vy — Vi) Gia, (v, 7). (8)
m —r

Bukopucrosyroun ¢yukmniil I'pirna B t-npeacraBienmHi,
3 BUpAa3y JJIsl TYCTUHU CTPyMy (8), MOXKHA OTPUMATH
Taky HopMyIIy:

J(z) =2mevgN (0) T x

1
3 / wdz [D {eih, - GR2 (—t, -0+
Lwn
+ R{e (=) [GIL, 6D -Gl (-] +
e [Gi’jn (t,t) — G22 (—t, —t)}}+
+ i\/DR{9 () [Gi2, () - Ghb )|+

+0(-2) [612, (10 - G2, (-t -] |

M — zZ
Ocranas dopMysia MICTUTD TO3HAYEHHS ¢ = T T
2 .
semmanny N (0) = %552 Hagazi Gyne BukopucTano
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MOJIETb 3 KYCKOBO CTAJIMMU TapaMeTPaMU BIIOPSIIKY-
BaHHs. Y Iilf MOJIEJi BBAXKAIOTh, 110 MOJYJI I1apamMe-
TPIB BHOPSIKYBaHHS CTaJ B MeXKaxX KOXKHOTO 3 Ha/l-
NIPOBiTHUKIB, a da3u € pizuumu. Tomi MOKHA 3amuca-
TH, IO

Ap(2) = Ar[f (=2) exp (ipr) + 0 (2) exp (ixa)]-

Posp’szaBmn  piBusung s dyokniit 'pina B t-
npesicTasienti (7) st BUIIAJIKY MAJIOl IPO30POCTi Ta
BUOPAHOI anpoKcUMaIlil mapamMeTpiB BIOPSIKYBaHHS,
MOXKH& ODOYUCTUTH TYCTUHY CTPYMY B Iomuni z = (

J=">diksin(xi — k). (9)
ik

VY Bupasi mis crpyMy (9) BUKOPUCTAHO MO3HAUEHHST

Jik = mevgN (0) TA; Ag X

1

1
X E 91391k E a2 /mD (z) dx,
l Wn l

lwn Wno

e
/ 2
fon = |wn|2 + ‘Elk’k )

EM = g Av exp (i),
ll

EP? =" gy exp (ixr).
l/

5. Bucuosku

Metos kBa3iK/IaCHYHUX PiBHAHB, TPO AKHl BiZIOMO 3
Teopil OJHONIIJIMHHOT HAIIPOBIIHOCTI, IOIIUPEHO HA
BUIIAI0K HAJIMPOBIMTHUKIB 3 JIBOMA €HEPreTHIHIMHI
miymaamu. Opepxkano piBHsHHS A1 GyHKIEH ['pi-
Ha y t-IIpeJICTaBJIEHH] Ta 3HAWIEHO BUPA3 JijId TYCTU-
o ctpymy depe3 dyukmii ['pina y mmbomMy npencras-
JtleHHi. Yci obumc/IeHHsT BUKOHaHI Ha moBepxHi Pepwi.
Posrngnaroun Bumasiok masol mpo3opocTi, oTpuMa-
HO I[ITKOM KOMIIAKTHY 3aJIE?KHICTb T'YCTHHHU CTPYMY
Bix pisuune daz. 3HaiieHuil pe3ysbTar 3a MaTeMa-
TUYIHOIO CTPYKTYPOIO aHAJOTIYHUIT JTIO TOTO pe3yabTa-
Ty, sIKAI BXK€ OTPUMYyBaJId Ha OCHOBI (peHOMEHOJIO -
qroro migxomy [22]. Ila pobora CKpaBo JeMOHCTDYE
repeBaru MiKpOCKOIIIYHOTO ITiIX0/y, aJI2Ke OTPUMAHO
3aJeKHICTh TYCTUHU CTPYMY 3 TaKUMU KoedirieHTa-
MH, dKi Bxke MoOxKHa obumciioBaTu. 1li KoedirienTn
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MAaIOTh ILIKOM 3PO3YMIiTy TPUPOLY, 90r0, BIACHE, HE
MOYKHA OTPUMATH Ha OCHOBI (DEHOMEHOIOTITHOT Teopil
Ha/IITPOBITHOCTI.

ITybrixauisa micmums pe3yavbmamu 00CAI0HCEHD,
nposederuxr npu 2parmosit nidmpumyi /leporcagro-
20 pondy yrndamernmanvruxr docaidHcens 3a KOHKYD-
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Onepzkano 30.10.18

A.M. Shutovskyi, A.V. Svidzinskyi,

V.E. Sakhnyuk, O.Yu. Pastukh

MICROSCOPIC CALCULATION
OF JOSEPHSON CURRENT IN TUNNEL
JUNCTIONS WITH TWO-GAP SUPERCONDUCTORS

Summary

Quasiclassical equations of the one-gap superconductivity the-
ory have been applied to superconductors with two energy
gaps. Using the equations for Green’s functions obtained in the
t-representation, the Josephson current density through tunnel
junctions with two-gap superconductors is calculated.
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