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• S.K. Tolpygo et al., 
Low Temp. Phys. 42, 361 
(2016)

 ~1980 SFQ circuits development

 2000 Digital and mixed signal devices 

of several 1K JJ/cm2 complexity

 2013 Cryogenic Computing Complexity 

(C3)

 2020 Functional complexity ~ 1 Mb/cm2

Digital superconducting circuits

One of the ways is to develop
 new basic structures!!!
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p-transition at 

IS (j) = IC  sin (j + p) = -IC sin(j) 

S SF

SFS junctions

Superconductor-Ferromagnet proximity effect

2FFd 

NbNiCuNb  53.047.0



Coherence length

In calculations and normalization, it is 
convenient to use the characteristic length of 
material determined by diffusion coefficient

The effective damping and oscillations length 
depend on temperature, exchange field, and 
geometrical parameters. In a ferromagnet, it has 
the form:

It is often suitable for describing 
experimental data, but it is not always 
possible to introduce it.

NbNiCuNb  53.047.0



Proximity effect in SF…F  structure  in antiferromagnetic 
configuration for different  F layers thickness di



Proximity effect in SF structures: domain effect



Proximity effect in SF structures: domain effect
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Spin valve

Sangjun Oh, D. Youm, and M. R. Beasley
Appl. Phys. Lett. 71, 2376 (1997);

     1) Control of the critical temperature

Three types of spin-valve

     2) Control of the critical current

     3) Control of the pair amplitude 
in the part of the structure



SFF spin valves for control of the 
critical temperature  of S film

A.A. Jara et al., 
Phys. Rev. B 
89, 184502 (2014)

P.V. Leksin et al, 
Phys. Rev. Let. 
109, 057005 (2012)

V. I. Zdravkov et al, 
Phys. Rev. B 
87, 144507 (2013)

X. L. Wang et al., 
Phys. Rev. B 
89, 184508 (2014)

A.A. Kamashev et al., 
Beilstein J. of Nanotech., 
10(1), 1458-1463 (2019)

ΔTC – 510 mK



A.A. Jara et al., 
Phys. Rev. B 
89, 184502 (2014)

Y. V. Fominov, et al., 
JETP Lett.
91, 308 (2010).

R.G. Deminov et al.,
 JMMM (2014). 

SFF spin valves for control of the 
critical temperature  of S film



Y. Zhu, A. Pal, M. G. Blamire, Z. 
H. Barber, Nature Materials, 16, 
195–199 (2017)

You can even control 
magnetization with 
superconductive order

Stronger effect!

Spin valve with ferromagnetic 
insulator



Josephson spin valve devices

B. Baek et al., Nature Communications,  5,  3888 (2014)

Nb/Cu(3 nm)/Ni0.7Fe0.17Nb0.13(2.1 nm)/Cu(5 nm)/Ni/Cu(3 nm)/Nb.



Structures with long range proximity effects
 
M. Houzet and A. I. Buzdin, Phys. Rev. B 76, 060504_R_ (2007)

B. M. Niedzielski et al.,  IEEE Tran. on Appl. Supercond.  (2014)  



Structures with long range proximity effects

Khaire, T. S., Khasawneh, M. A., Pratt Jr, W. P., & Birge, N. O. (2010). 
Observation of spin-triplet superconductivity in Co-based Josephson junctions. 
Physical review letters, 104(13), 137002.

With or without X



Structures with long range proximity effects

B. M. Niedzielski et al.,  IEEE Tran. on Appl. Supercond.  (2014)  



 Bol’ginov V.V., Stolyarov V.S et al, JETP letters, 95, 7, 366, (2012)       T. I. Larkin et al, Appl. Phys. Lett. 100, 222601 (2012)
I.V. Vernik et al, IEEE Trans on Appl. Supercon., 23, 1701208 (2013)    S.V. Bakurskiy et al., Appl. Phys. Lett., 102, 192603, (2013)
I. A. Golovchanskiy et al., Physical Review B 94 (21), 214514, (2016)

Devices with single ferromagnetic layer

Control of the shift 
on Fraunhofer dependence



Josephson magnetic rotary valve

0 + p 0 + 0



Spin-orbit valve

Complicated  dispersion law



Tunable kinetic inductance
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RSFQ logic

Semenov, V. K. Erasing logic-memory boundaries in superconductor electronics. In 
Rebooting Computing (ICRC), IEEE International Conference on (pp. 1-6). IEEE. (2016). 

Soloviev I.I. et al, . After Moore's technologies: operation principles of a superconductor 
alternative, arXiv preprint arXiv:1706.09124 (2017)



Flux trap near Josephson junction

T Golod, A Iovan, VM Krasnov - Nature 
communications, Nature communications, 
6, 8628 (2015)



Flux trap in nanowire

Murphy, A., Averin, D. V., & Bezryadin, A. Nanoscale 
superconducting memory based on the kinetic inductance of 
asymmetric nanowire loops. New J. Phys, 19, 063015, (2017).



Flux based memory

Density -1Mbit/cm2

(2019)
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Current Phase Relations
IS(φ) = A sin(φ) + B sin(2φ)+…

0-
state

π-state

0+π-state φ-state

A>0 
|B|<|A/2|

A>0 
|B|<|A/2|

B>0 
|B|<|A/2|

B<0 
|B|<|A/2|



+

=

FS S

NS S

2nd harmonic in the current-phase relation of SFS junction
Red line is sin(j) and blue line is sin(2j) amplitudes 



0-π transition

Critical current JC    CPR                 Energy

Critical current JC    CPR             EnergyCritical current JC    CPR           Energy

JCI>JCF

JCI<<JCF



Memory cell based on φ-junction

H Sickinger, A Lipman, M Weides, RG Mints, H Kohlstedt, D Koelle, R Kleiner, E 
Goldobin, Physical review letters 109 (10), 107002

E Goldobin, H Sickinger, M Weides, N Ruppelt, H Kohlstedt, R Kleiner, D Koelle 
Applied Physics Letters 102 (24), 242602-242602-4



Memory cell based on φ-junction



φ-state in Nb-CuNi-Nb structures



Josephson SIsFS structure
0+π-state also has double-well potential, 

It can be obtained in the structure with single F-layer 

CPR of SFS junction 
in the region of 0-π transition



CPR transformation during decrease of ds

JCI0
JCIπ

CPR of SIsFS junction for 
decrease of s-layer thickness

Energy phase relation of sFS 
junction for decrease of s-layer 
thickness

Local minimum of 0-state 
disappears near critical thickness 
ds=2.7 ξ

(1) ds=5ξ, (2) ds=3.5ξ, 
(3) ds=3ξ, (4) ds=2.9ξ, 
(5) ds=2.8ξ, (6) ds=2.7ξ, 
(7) ds=2.6ξ,



JCI0

JCIπ

EB+Eπ EB

Characteristic energies in SIsFS

At small thickness of the s-layer 
the properties of s-layer in 0 and 
π are different



JCI0

JCIπ

EB+Eπ EB

Characteristic energies in SIsFS

At small thickness of the s-layer 
the properties of s-layer in 0 and 
π are different

Measurement of this 
effect requires very 
untransparent I layer



CPR of SIsFS with thin s-layer
Truly Josephson

Memory?

Narrow area 
of parameters

Non-destructive read 
operation

Read performance 
of SIS junction

Remagnitization is 
not need to write

Nonequilibrium 
effects?

Scalability

Small critical 
current

Electrical control



Superconducting Phase Domain Memory Element

If the size of electrode dS is finite, the other solution exists.   

Considering energy of the system we should take into account 3 terms

• Josephson Energy of SFs junction ΔESFs

• Josephson Energy of SNs junction Δ ESNs

• Pairing Energy of certain volume Δ EDW

S.V. Bakurskiy, N.V. Klenov, I.I. Soloviev, M.Yu Kupriyanov, A.A. 
Golubov, Appl.Phys. Lett., 108(4):042602–1–5, (2016) 

              S
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• Josephson Energy of SNs junction Δ ESNs
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S.V. Bakurskiy, N.V. Klenov, I.I. Soloviev, M.Yu Kupriyanov, A.A. 
Golubov, Appl.Phys. Lett., 108(4):042602–1–5, (2016) 



S-F/N-s system with thin s electrode

Numerical Solution
for Pair Potential Δ



Is it possible to use it for memory element?

Yes!

Choose critical parameters
ESFS = EDwall 

This system has double well 
potential with 2 possible states:

domain and single



Superconducting Phase Domain Memory Element

Domain states can be controlled by current pulses

Critical current of SPD-wall < Critical current of SFS junction

Reverse current of SPD state is smaller than in single state

SPD-state has larger critical current

Switch to SPD state

WRITE SPD-state operation



Superconducting Phase Domain Memory Element

Domain states can be controlled by current pulses

Critical current of SPD-wall < Critical current of SFS junction

Reverse current limited by SPD-wall

Total current: JSFS-JSPD is much smaller JSNS

Switch to Single state

WRITE Single-state operation



Superconducting Phase Domain Memory Element
READ operation

Additional electrode is protected by tunnel barrier and 
doesn’t impact on the properties of the system

Critical current of domain state (b) is much less, 
than critical current of single state (a)! 

S.V. Bakurskiy, N.V. Klenov, I.I. Soloviev, M.Yu Kupriyanov, A.A. 
Golubov, Appl.Phys. Lett., 108(4):042602–1–5, (2016) 
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SN-N-NS Bridges

Motivation: scalability
and reproducibility!

In short limit LB<<ξN

properties are determined by
under-electrode area 

Perspective candidate for 100 nm-scale electronics



Short bridges LB<<ξN

Untransparent interfaceTransparent interface



Long SNS junction, L>>ξ

Thouless energy:

At zero temperature



External flux dependence

Nanowire limit

  

Change of operator



Transport in electrodes

S S

N



Example: Nb-Cu nanowire bridge

Long SN-N-NS bridge



Example: Nb-Au nanowire bridge



Resistance calculation

Conversion resistance

Bridge in resistive state



Measuring current
I = 1 μA

At high temperature it larger than
critical current

Bridge in resistive state



Bridge overheating

Power gain

Power loss in electrodes

Power loss in phonons

Main channel at 4.2 K
Main channel at 10-100 mK



Measured IC depends on method



Overheat induced by neighboor
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Bio-inspired Au-Nanowire-Based Neurons



Bio-inspired Au-Nanowire-Based Neurons

It is possible to switch modes by
bias current!
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Magnetic JJ (p-, j- or 2j-
JJ)

Energy-phase relation of
0-JJ and 2j-JJ

Phase drop in the input circuit in response to incoming 2p phase kink

 In the "inductanceless" circuit the 
superconducting phase kink is no more 
correspond to the magnetic flux

All-JJ electronics
Superconducting circuits without inductances



Basic block 
with readout 
circuit

NDRO

DRO 
similar to 

DFF

Basic block with inverted 
readout circuit

NDRO 
with 
inverted 
output

DRO with 
inverted 

output

Schematics of the All-JJ triggers



All-JJ 8-bit parallel adder



Destructive 
readout

State 1

State 0

π-JJ based all-JJ circuits



Thank you for your attention!
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