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Ilian
® Y10 Takoe cnuH?
® Kakum o00pazoM MOKHO BO31€MCTBOBATH HA CIIUH?

® MoXHO JIM IIyTeM BO3AeiICTBUA HA CIIMH BJIMATH HA
3JIEKTPOHHBIN TPAHCIIOPT?

® BzaumoaeiicTBMEe MATHETHU3MA U CBEPXIIPOBOIMMOCTH.

¢ Kak MbI MOKeM BJIMATH HA CBEPXTOK, YIIPABJIASA CIIMHAMM
3JIEKTPOHOB?

@ nepecTpoiika TUNOB KYNEePOBCKUX Nap 4yepe3 CIUH-
3aBUCHALIME B3aUMOIACHCTBHUSL.



CnuH KaKk BHYTPeHHHMIl MOMEHT.




B3aumoneucTBUsl, KOTOPbI€ BKJIKYAIOT OIEPATOP CIIMHA YJIEKTPOHA
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2D 371eKTPOHBI B cucTeMe ¢ B3aumoaeuncTeueM Pamoa.




2D 3j1eKTpPOHBI B cucTEeMe ¢ B3aumojeuncreiuem Pamida + oOMeHHoe
B3anMO/IeCTBHE.
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Kak nmoBjusiTh HA TOK IJICKTPOHOB, BOSHeﬁCTBYH HA UX CIMH?

SH = h(F)&
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CnuH-opOUTaJIbHOE B3aUMOICHCTBUE M HEB3aUMHbBIN TPAHCHOPT
Magnetochiral anisotropy: breaking of time reversal symmetry and inversion
symmetry
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JIeKTPOHBI B CBepXNpoBoaHNKe. CTPYKTypa KynepoBCKHUX nap

‘ : CnuHoBasi CTPyKTYypa.

Co0cTBeHHBIM MOMEHT
JIEKTPOHOB = CITHH.
s 2X yacTHIl: CMHIJIETHbIE H
TPHUILJIETHBIE COCTOSIHUS

OpOurajabHas CTPYKTYypAa.
MoMeHT MMIYJIbCa B3AUMHOI0
JABUKEHMS.

Kak B aTome!
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Y10 Takoe CBEPXIPOBOASAIIASA CHI/IHTDOHHKa?

= ynpaBjieHHe CBEPXIPOBOAALIUM TPAHCIIOPTOM 4Yepe3 BO3/eliCTBHE HA CIIMHBI 3JIEKTPOHOB

R#0

O0meHHOE B3auMOAeCTBHE NPUBOIAUT K
nosiBJIeHU0 (peppoMarneTusMa (CIiMHbI
3JIEKTPOHOB COHANPABJICHbI)

e

OueBnaeH kKoHPIAUKT! U MargeTnsm moKeH
no0eKIATh:

I >>T

Eciu cnuHBbI 3JIEKTPOHOB B nape
NPOTHBONOJI0KHBI=CUHIJIETHOE COCTOSIHUE
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- Kak Bo31ecTBYyeT MArHUTHOE IOJIe HA
CBEPXIPOBOAUMOCTH?
- Paspyuiaer mapsol.

Mexanuzmol 83aumooeucmaeust
MACHUMHO20 NOJISL C KYNepOoB8CKOU Napou
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Ho nyuwe ynpasaamo ceepxnpoeooumocmoio uepes
NOCpeOHUKa — (heppomazHemu .

Mexanuszmol 8o30eiicmeusn heppomaznemuxka Ha

C6epXNPOBOOHUK.
Maznumnoe nojie MazHemuKka Oomennoe nose mazHemuka
MeENnAem mpaeKkmopuu 3/ieKmpoHoe6 epicmpaueaem CnuUHbBL
U paspyuiaem napbol u paspyuiaem napuol

YUmo 3a06tmo?

Hpeepamenue CUHZ2IIEMHBIX nap 6 mpunjienmHosle

S




@eppoMArHUTHBIC CBEPXIPOBOAHUKH 04€Hb TPYAHO HANTH.
Kak B oqHOM 00pa3ue uMeTh U MAarHeTU3M M CBEPXIPOBOAMMOCTD?
OTtBeT: rerepocTpykrypa ¢ 3¢ dpexroM 011M30CTH

tunneling

Proximity effect.
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Ilpumep ynpasnenus ceepxnpoeooumocmuio:
Jlomennasn ceepxnpoeooumocmso

Cooper pair

1D cBepxmnpoBoasiliie KaHAJIbI
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Electromagnetic (orbital) mechanism. Phenomenological Ginzburg-Landau theory

Inhomogeneous
External field H magnetic field
induced by magnetic
\ / moments
-V + — A(r) Y =
D, &’ (T )
Z
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L |
H, <<H'

Thin superconducting films: Only B, field component is important

Assumption: Domain walls are pinned




3apoxageHue cBepxnpoBoaUMOCTU B HEOAHOPOAHOM
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Busyajausanus 1J0MeHHOU CBEPXIPOBOAUMOCTH NOCPEACTBOM HU3KOTEMIIEPATYPHOM

CKAHMPYIOLIEeH JIa3epHOU MUKPOCKOIIUH

CaepxmnpoBonHuk: Pb
®eppomarneruk: BaFe;,0,4

substrate (50 4™
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Superconducting films with arrays of ferromagnetic dots

Unusual behavior of T.(H):

Y.Otani, B.Pannetier, J.P.Noziers, W.Gillijns, A. Silhanek,
D.Givord (1993) V.Moshchalkov (2006 SRR R
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H FIG. 2. (Color online) (a) Superconducting transition T.{H) of
> the Al film for different magnetic states of the dots. By increasing
_2OG O 2OG the magnetization a clear shift of T (H) and a decrease of T is

observed. (b) Lateral dimension w of the nucleation of supercon-
ductivity as a function of the magnetization of the dots.



Ynpaenenue ceepxnpoeooumocmoio uepes ynpaejieHue
MAZHUMHBIM MOMEHHOM.
Cnoco6: usmenenue pacnpeoeieHus HAMAZHUYEHHOCMU

Co30anue cnoHmMaHHbIX Ynpaenenue kpumuueckoi
HEOOHOPOOHDIX, memnepamypou
MOKOGBbIX, C8EPXNPO0BO0AULE20 NEPex0oa:
BUXPEBLIX COCMOAHUIL: CBEPXIIPOBOAAIINE KaHAJIbI HA
JIODD, mu-KOHTAKTHI B JIOMEHHBIX TPaHUIIaX, CHUHOBBIC

KO3 (PCOHOBCKHX CETSIX, U T.]I. BEHTUJIU



Exchange mechanism. Proximity effect in FS structures.
OoH =ho

Inhomogeneous superconductivity induced by the exchange field:

1. FFLO state

ki -Okg

2. Interference effects for Cooper pairs in FS layered structures

— 4 Y Damped oscillatory — ¥
S N depet}deqce of pair wave S F
function in ferromagnets
j R g P % R
énN(Dn /T)l/2 éf
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h= exchange energy e (éff) cos (é“f)

D
in dirty limit: & =1/



CBepxnpoBoasiinasi CHMHTPOHUKA: MPUMeEPbI YCTPOUCTB

fTucoma 6 XITD, mom 25, gwin. 7, cmp. 314 ~ 318 5 anpers 1977 1, HI/I-KOHTaKTI)I
CBEPXITPOBOAANAA CUCTEMA CO CJABOW CBA3BH

C TOKOM B OCHOBHOM COCTOSAHUU
A.H.Byraescxuit, B.B.Kyaui, A.A.Cobanun S F S
PaccMoTpeHo- CBepXMpoBO/IAIIee KOABIo € 1x03ePCOHOBCKUM KOHTAK- /
TOM, COLEpXAWNM MaruurHsle npuMec, [JokasHo, YTO eciu TYHHeIMpoBa-
HME Uepe3 MarHuTHEe NPUMECH LOCTATOYHO BeJMKO, TO IS TAKOW CHCTEMb

OCHOBHBIM COCTOfAHMEM SABJAAETCH COCTOHHKE C TOKOM M MAriUTHbIM [IOTO~
KOM.
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Critical-current oscillations as a function of the
exchange field and thickness of the ferromagnetic
metal (F) in an S$-F-S Josephson junction

A. . Buzdin, L. N. Bulaevskil, and S. V. Panyukov
P. N. Lebedev Physics Institute, Academy of Sciences of the USSR
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CBepxnpoBoasiinasi CHMHTPOHUKA: MPUMeEPbI YCTPOUCTB

VOLUME 86, NUMBER 11 PHYSICAL REVIEW LETTERS 12 MarcH 2001

Coupling of Two Superconductors through a Ferromagnet: Evidence for a 7z Junction

V. V. Ryazanov,! V. A. Oboznov,! A. Yu. Rusanov,' A.V. Veretennikov,! A. A. Golubov,> and J. Aarts’

PRL 96, 197003 (2006) PHYSICAL REVIEW LETTERS 10 MAY 2006

Thickness Dependence of the Josephson Ground States
of Superconductor-Ferromagnet-Superconductor Junctions

V. A. Oboznov,' V. V. Bol’ginov.' A. K. Feofanov,' V. V. Ry:-lzanm:""‘ and A.I. Buzdin®
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FIG. 1. The F-layer thickness dependence of the critical cur-
rent density for Nb-Cug4;Nijs53-Nb junctions at temperature
4.2 K. Open circles represent experimental results; solid and
dashed lines show model calculations discussed in the second
part of the Letter. The inset shows a schematic cross section of
our SFS junctions.



CBepxnpoBoasiinasi CHMHTPOHUKA: MPUMeEPbI YCTPOUCTB

CruHoBBIC BEHTHJIHN

VOLUME 83. NUMBER 10 PHYSICAL REVIEW LETTERS 6 SEPTEMBER 1999

Low-Field Superconducting Spin Switch Based on a Superconductor/Ferromagnet Multilayer
L.R. Tagirov

Spin-orientation—dependent superconductivity
in F/S/F structures

A. I. BuzDIN, A. V. VEDYAYEV(*) and N. V. RYZHANOVA(*)

A superconductive magnetoresistive memory element using controlled
exchange interaction
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CBepxnpoBoasiinasi CHMHTPOHUKA: MPUMeEPbI YCTPOUCTB
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PRL 109, 057005 (2012) PHYSICAL REVIEW LETTERS 3 AUGUST 2012

Evidence for Triplet Superconductivity in a Superconductor-Ferromagnet Spin Valve
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FIG. 3 (color online). Left: Dependence of T, on the angl
between magnetizations of the Fel and Fe2 layers measured in :
field H = 1 kOe for the samples with dpn = 0.6 (a), 1.0 (b), anc
1.5 nm (c¢). Dashed lines are the reference curves calculatec
according to Eq. (2). Right: Deviations &7, of the actual 7,
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Q. Henwzs nu 2 ekt 61M30CTH UCIIOIb30BaTh €Ilie KaK-HUuOyIb?
C 1enpio ynpaBlIeHUs CTPYKTYPOM KYIIEpOBCKHUX Map.

Apply, e.g., magnetic field

Meramnn, peppoMarHeTuK, WM MOJTYIPOBOIHUK C
3K30TUYECKUMU CBOMCTBAMHM 3JIEKTPOHOB



Examples

Graphene nanowires

nanoribbons i /

superconductor

Topological insulators

2D Y A VA 3D




Examples: Systems with induced superconducting order

substrate

\ I substrate \



IIpumep npeBpanieHus KynepoBCKUX Map B MoOJyNnpoBOAHUKOBLIX NPOBOAAX.
Heab: ynpasjieHue CBOCTBAMHM NIEKTPOHHBIX COCTOHUM, CO31aHUe KYOUTOB U T.1.
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DeHOMEHO0JIOTHYeCKas TEOPUs
ceepxnpoBoauMocTu I'musoypra-Jlanaay

[110THOCTB
n ‘z/ CBEPXIIPOBOASIINX
[Tapamerp mopsinka ¥ = ~e'? PXIPOBOAILL
2 DIIEKTPOHOB

/s meonenHvlx usmeHeHull napamempa nopsao0Ka 6 NPOCmMpancmee:

CBoOOHAas HEPrus F=Fr -|—-“ ‘V\P‘ + a‘\P‘ +—‘\P‘

/

CBoOOAHAs SHEPTHUS a=a(T-T)
HOPMAaJIbHOTO COCTOSIHUSA

> a(T,-T)
b

PaBHOBECHBIN MapaMeTp IMOPSAJIKA B ‘LP‘
OIHOPOJIHOM CBEPXIIPOBOIHUKE
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DeHOMEHOJIOTHYeCKAs TeCOPUs
ceepxnpoBoaumocTtu I'mnzoypra-Jlanaay.
Kak y4yecTb BiUsiHHMEe 0OMEHHOIO IM0JIs1?

F=F, +j ‘V\P‘ +a|®| +—\\P\

m<0/

Ho! Tozoa ona ycmoituueocmu naoo 000ae1amo évicuiue npou3eoonvie!



DeHOMEHOJIOTHYeCKas TeOpUs
ceepxnpoBoaumMocTu I'mH30ypra-Jlanaay.
Kak yyecTb BJIMSIHHE CIIMH-OPOUTAJIBLHOIO
B3aMMOACUCTBUSA?

& s b
— = _D = — 4
f(r)=aly| +4m| V| +2|w| +

(rotA)?
87

4 h;(n % h) . [w* (£D+I]D3) W-l-h.C.].

dm



[Ipumepsl. brucioil cBepXMpoOBOJHUK - (PEPPOMArHETUK

—

CBepxrekyyJas ObmMeHHoe ToJe h

CKOPOCT % ,

OeppOMarHUTHBIN U30JIATOP

v~ |7k]

CBCPXIIPOBOAHHUK

[Tpumepsl. @U-KOHTAKT 7i
Ob6meHHOe

oJie h

/

j=Jj.sin(lp—9,)

Dy ~ [ﬁﬁ
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CBepXIIpOBOAAIINAM TUOA

—I_ I

v

Cc+

Observation of superconducting diode effect

https://doi.org/10.1038/s41686-020-2590-4  Fuyuki Ando', Yuta Miyasaka', Tian LI, Jun Ishizuka?, Tomonori Aral %, Yolchi Shiota',
1 2 14=
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JIEKTPOHBI U JABIPKH B HOPMAJIBLHOM MeTaJljie

JbIpKH A g DJIEKTPOHbI

B hk? B hzkﬁ%
2m 2m
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RN

2m 2m

g =V.(k—k,)

£ <V (ke — k)

N
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sdpdextor: =V, | k—k, |

Ypasuenue llpeaunrepa:

h*V? hzkﬁ hV? hzké
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2m 2m
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JIEKTPOHBI M ILIPKH B HOPMAJIbHOM MeTAaJlJIe
<o o> £0

+ +
- BePOSITHOCTh paccestHusl YJIeKTPOHA U3 cocTosinus 4 O> B cocTosinme d, 0>

N N

+
a,a,

JJIeKTPOHBI M AbIPKU B CBEPXIIPOBOJIHUKE.
AHOMAaJIbHBIE CPeHUE.

a,a,

(0

+
O> # (- BEPOSITHOCTH PACCESTHUS JIEKTPOHA U3 COCTOSIHUS O 0>
B IbIPOYHOE COCTOsIHHE d, O>

@
2 cBsi3aHHbIX ypaBHeHnus llIpequnrepa= ypaBHeHust
TRAvER kﬁ% boroawooBa
— — u+Av=¢u
2m 2m
v Rk
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2m 2m



Some useful details:
Magnetic field, order parameter phase, gauge
invariance, elastic scattering, spin

— - Ey +U u+Av=(s+pHc

( ie =Y
hz(V+th 1202
¢ +—F -V -U v+A*u=(8+,B]76‘)v




Nanowires in magnetic field and strong spin-orbit interaction

2
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Bomnpocsl u 3a1anus:

Bonpoc 1.
ITouemy MarHuTHOE MOJIe Pa3pylIaeT CBEPXINPOBOAMMOCTD ?

Bonpoc 2.
Yro Takoe 3ppexT 6uimzocTu?

3ajgaua.

Huaunap u3 GpeppoMarHMTHOIO U30JIATOPA, HAMArHUYEHHbIN B10JIb
CBOEH OCH, MOMeEleH B cBepxnpoBoaHuK. Haiitu pacnpenesienne TOkoB
U 10JIell B paMKaXx JIOHAOHOBCKOro npudiaun:kenus. Q0Cy1uThb CBs3b €
3¢ pexkToMm AapoHoBa-boma. Kak u3MeHUTCS 0TBET €CJIM UJIUHIP
MeTaJNIM4YeCKUui U eCTh 3PpPekT OuinzocTu? Kak moBjusier Ha OTBET
B3auMoaeucreue Pamoda na unrepgeiice peppoMarHeTux —
CBEPXIPOBOAHUK?



