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HaHO03/1eKTPOHUKA KBAHTOBBIX

CBEPXINPOBOASIIMUX CUCTEM
* Teopust CBEpXIIPOBOAUMOCTH

* MakpOCKOIMMYECKOE KBAHTOBOE TYHHEJIMPOBAHUE
(apdexT Ixo3edcona)

* AHTaroHM3M U COCYIIECTBOBAHUE
CBEPXIPOBOJIMMOCTH U MarHeTU3Ma

* TpunuieTHas CBEpXIIPOBOAUMOCTD

* KBaHTOBBIE CBOMCTBA HAHOOOBEKTOB IJIA

BBIYUCJIMTCJIBHBIX CUCTCM
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BCS theory: Electron phonon attraction

Electron

Lattice

I 117

Paired Electrons

Puc. 3. TunuuHas Bo36GyxAeHHAA
KOHPHIrypauud HOPMaJbHOTO CO-
CTOAHUA.
KBasuuacTuuusie BO3SYXIAEHHSH — 3aNOJNHEH-

HHE COCTOSIHMA HAJ IOBEpPXHOCTbio PepMu
¥ AHPKY IOA HOBEPXHOCBIO PEpMu.

Elementary excitations

Pk p,+hk

Cooper pairs

Cooper pair: Two electrons with
Opposite momentums p’=-p

Orbital momentum of electrons relative
movement /=0, (s-pairing) => central
interaction => they may appear in the
same point of space =>

Two electrons have opposite spins 1+



BCS Superconductivity: no gap — no supercurrent!
Energy gap A Y
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The order parameter ¥ has a physical meaning of the wave function
of the superconducting condensate and the gap in the quasi-particle
spectrum determines its modulus:

W = A4 In normal state ¥ = 0

The characteristic length of the superconducting interaction : coherenc

length
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Josephson Effect

superconcuctor ) Superconductor
A |Wgl
Electron Pair \-_____ Ohicle Layer
Fig. 13
-a 0 +a
1(©), O=¢,-¢, I=1 sin(¢p,-¢p,;)=1_sin(®) stationary eff.
1) Periodic function /. = TA(D) tanh 2 (T).
2eRy 2T SIS Josephson junc.

2) Odd function I(-©)=-1(®) I=1 sin(©(1)) nonstationary eff.

2¢V(t) =hw= hcil_@ V(1) - voltage
5

Josephson effect — the effect of MACROSCOPIC quantum

tunneling of superconducting condensate (Cooper pairs) through a
nonsuperconducting barrier



W =W exp(ig),

Explanation of the Josephson effect

¢1_¢2 =0

Amplitude

the finite phase difference
must create persistent
current transferring Cooper
pairs between the leads

Josephson Junction
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Applications of the Josephson effect

\Volt standard

*SHF (microwave) generators

Single-electron transistors (Coulomb blockade)

*SQUIDs (Superconducting Quantum Interference Devices)
(magnetometry)

Magnetischer Fluss
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STONY
Summary RSFQ BROWSK

STATE UNIVERSITY OF NEW YORK
.

Superconductor electronics:

« very useful for niche applications, including
- numerous physics experiments,
- ultrasensitive radiation/photon receivers/detectors,
- fundamental standards.

« digital applications hard because of:
- need in liquid refrigeration,
- current focus on communications / entertainment

« still, unbeatable opportunity for low-latency, low-power supercomputing

Keeps me (cautiously) optimistic about the future prospects of the field

K. Likharev (USA)



Neuro

Optical

Reversible

Courtesy of the Oak Ridge National Laboratory, U.S. Department of Energy

Hybrid technologies: digital (CMOS, SFQ), probabilistic, analog, neuromorphic,
reversible, and quantum computing (QC)
— whatever works best!

SFQ digital platform supports multiple cryogenic technologies

Requires optical interconnects between room temperature and cryogenic nodes

D. Scott Holmes ... N.P, ...et. al. IRDS Roadmap 2018




SF proximity effect and FFLO states

What happens when the Cooper pair 1| penetrates into F?
In F the sum momentum of the pair 1| cannot be zero.
kpy # kpy kpy - kg ~h, b - exchange field, (ph>A,

nonzero pair momentum

Non-uniform superconducting order parameter in F
Y=Y, cos(Or),

0 is wave-vector, Q ~ hlv

Yx) spatially nonuniform states
W T T T w Th Fulde, Ferrel (1964),
\ 7\ X Larkin, Ovchinnikov (1964)
U T
S F

Does the exchange magnetic field strongly suppresses
Qx=Tt, &Yoo the BCS correlation and destroys the Cooper pairs in F*

W
) ;‘\ S' Nonuniform exchange field may produce
the spin triplet (11) superconducting correlation!

T-junction *A.F. Volkov PRB (2001)




Oscillating superconductivity, FFLO states

h— exchange field lP(X)
s I,
S v F
Y
SN hH ~_ X
S N

* Zdravkov et al.

PRL 97 (2006) 057004

Non-uniform superconducting order parameter in F
W(x)~exp(-kx)cos (-Ox) It decays with oscillations —
FFLO staizs (Fuae-Fesrell- Larkin-Ovchinnikov)
$r1.p2 ~(ND/ hg,) 2= 1-4 nm (h_, >>
kgT),
&, = [AD/(2TkT)]"2 ~= 10-100 nm

much smaller compared to the ¢, decay
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« 0 phase »

S F S

« 1t phase »

O = 77= 271/ PO)JAdl =271D /D,
d=0, /2
Spontaneous circulating current
in a closed superconducting loop

Josephson 7T-junction

Nb-Cu, 4;Ni, 53-Nb
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“0”’-state
I=I sin¢
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- “(0’-state

I=I_sin¢

May be used as a phase battery,

E=E,[1-cos(Tt+¢ )]=E,[1+cosd]

We donot.ness. sn.exterpglsmagnetic field o qp - O o1 PRL



Josephson Magnetic Memory with Fast Reading
(in co" aboration With HYPRES) Magneto-hysteretic behavior of the critical current of Nb-PdFe-Nb

Josephson junctions
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SISFS junction

with thin s-layer and tunnel junction I
d,=15mm; {;<d << A

SIs tunnel junction “feels” F-layer
remagnetization

non-volatile switchable Magnetic
Josephson junctions (MJJs)
programmable using small field

V.R. et al, Phys. Procedia 36, 35 (2012)

Appl. Phys. Lett. 100, 222601 (2012)
S. Bakurskiy, M.Yu. Kupriyanov, ... N.P.
Appl. Phys. Lett. 2018




Prehistory: Long range proximity effect

Symmetry break -> | H

1sotropic -
N -3 €

“ %+

(=1 = (e = htet) = .
= (1l = Mcos(0) + (1l + I)sin(0)

Spin rotation

Normal metal
singlet: |T>1|l>2‘ |l>1 |T>2
& = /iDs2rkgT. |

Homogeneous magnetization

singlet S=0: |1>,[{>,- 1>, |1>,

triplet S,=0: 1> |{>+ 1>, [1>,
C(':—1 — C(‘,’1—1 +i£2_1

&=¢&=.nD, I'h

—
=1
H Singlet
super-
conductor

H’ th+ 1t

fl+11

Weakl y

(t=1t),

(th+ H},J,

SUPERCONDUCTING PAIR AMPLITUDE

spin-polarized I
ferromagnet
I. .
(th+ n)y'

= i(11+ L),

© M. Eschrig (2011)

Nonhomogeneous magnetization

singlet S=0: [1>,|1>,

-[1>1 1>, }f
triplet S.=0: [1>|1>+ 1> 1>, [/
triplet S.=1: [1>, [1>,,
triplet S=-1: ||>,[1>, }50
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