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Digital superconducting circuits

“* ~1980 SFQ circuits development

% 2000 Digital and mixed signal devices
of several 1K JJ/cm? complexity

% 2013 Cryogenic Computing Complexity
(C3)

» 2020 Functional complexity ~ 1 Mb/cm?

One of the ways is to develop
new basic structures!!!

Number JJs in operational SCE circuits
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Superconductor-Ferromagnet proximity effect

and V. V. Ryazanov, Phys. Rev. B 70, 144505, (2004).
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Coherence length
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In calculations and normalization, it is
convenient to use the characteristic length of
material determined by diffusion coefficient

gir:F = DN:F/Q’FTC

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

. hD
12 = 2772 D) )
VT2 + H2 £ 7T

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



Proximity effect in SF...F structure in antiferromagnetic
configuration for different F layers thickness d.
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U(r) = exp (;) (A + B cos (gz — ;)) :



-

Proximity effect in SF structures: domain effect
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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);

Three types of spin-valve

1) Control of the critical temperature

Current-carrying
layer

Spin-valve
Closed Open

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

Pairing Source

(b)



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

V. 1. Zdravkov et al, P.V. Leksin et al, A.A. Jara et al.,
Phys. Rev. B Phys. Rev. Let. Phys. Rev. B

87, 144507 (2013) 109, 057005 (2012) 89, 184502 (2014)
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SFF spin valves for control of the
critical temperature of S film
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Spin valve with ferromagnetic
insulator

Stronger effect!

You can even control
magnetization with
superconductive order

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




Josephson spin valve devices

B. Baek et al., Nature Communications, 5, 3888 (2014)
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Structures with long range proximity effects

M. Houzet and A. 1. Buzdin, Phys. Rev. B 76, 060504 R (2007)
B. M. Niedzielski et al., IEEE Tran. on Appl. Supercond. (2014)

Au (15 nm

q E g $i0, (120 nm) A4 (13 0m) 550 (120 nm)
(P;
| | | | >
0 d d+d L y

277G — A° 1 god drd>
e E j(Re q +¢ 10 LYR

- — sin sin
shg,d shgyd gic Z qu)

€ w>0 W



Structures with long range proximity effects
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Observation of spin-triplet superconductivity in Co-based Josephson junctions.
Physical review letters, 104(13), 137002.



Structures with long range proximity effects

B. M. Niedzielski et al., IEEE Tran. on Appl. Supercond. (2014)
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Fig 4 Critical current vs applied magnefic field for a Josephson junction of
diameter 3 pm with F=Co(6)/Ru(0.6)/Co(6) and F'=Pd-Fe(15) alloy. The
black squares and red circles represent data taken with the external field
increasing in the positive and negative directions, respectively. At low field
values, hysteresis is observed.

The largest value of /Ry observed in these samples 1s only 50 nV

Fig 6. Critical current vs applied field for a Josephson junction of diameter 3

um with F= Co(6)/Ru(0.6)/Co(6) and F"=Ni-Fe-Nb(1.5) alloy.

The black

squares and red circles indicate positive and negative field sweep directions

respectively. Again, hvsteresis is observed at low field values.



Devices with single ferromagnetic layer
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Josephson magnetic rotary valve
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Spin-orbit valve

Complicated dispersion law

T
075 1

Meilo, A, Bakurskiy, 5., Klenov, M., Soloviev, 1. & Kupriyanov, M.
(2022). Superconducting Valve Exploiting Interplay between Spin-
Orbit and Exchange Interactions. Manomatenals, 12(24), 4426

Meilo, A, Bakurskiy, 5., Klenov, M., Soloviev, |., & Kupriyanaov, M.
(2023). Tunnel Josephson Junction with Spin-Orbit/Ferromagnetic
Valve. Nanomatenals, 13(13), 1970.
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RSFQ logic

Logic cells

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

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



Flux trap near Josephson junction

Vortex trap
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Flux trap 1in 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
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Fig. 5. A ten by four fragment of the 12 x 6 memory cell array fabricated using 600 pA/um’ technology. The word selection and bit selection lines IX and
IY are marked in the picture along with the readout line IS. The chip was rotated about 90° for electrical testing, giving a difference in cell labeling in Fig. 6.
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arXiv:1902.08302 (cross-list from physics.app-ph) [pdf]

Very Large Scale Integration of Josephson-Junction-Based Superconductor Random Access Memories
Vasili K. Semenov, Yuri A. Polyakov, Sergey K. Tolpygo (2019)
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2" harmonic 1n the current-phase relation of SFS junction

Red line is sin(¢) and blue line is sin(2¢p) amplitudes
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Memory cell based on ¢-junction
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Memory cell based on ¢-junction
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FIG. 3 (color online). Domain of existence of ¢ state. The %
shows the position of the investigated JJ at T = 2.35 K.



@-state in Nb-CuNi-Nb structures
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Josephson SISFS structure

0+n-state also has double-well potential,
[t can be obtained 1n the structure with single F-layer

-H CPR of SFS junction

in the region of 0-7m transition
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Characteristic energies in SISFS

0,4

00"
2.6

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

S. V. Bakurskiy, N. V. Klenov, L 1. Soloviev, N. G. Pugach, M. Y.
Kuprivanov, and A. A. Golubov, Appl. Phys. Lett. 113, 082602 (2018).



Characteristic energies in SISFS
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CPR of SIsFS with thin s-layer
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Truly Josephson
Memory?

Electrical control

Read performance
of SIS junction

Non-destructive read
operation

Remagnitization is
not need to write

Scalability

Narrow area
of parameters

Small critical
current

Nonequilibrium
effects?



Superconducting Phase Domain Memory Element

If the size of electrode dg 1s finite, the other solution exists.

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

» Josephson Energy of SFs junction AE

» Josephson Energy of SNs junction 4 E,, S

 Pairing Energy of certain volume 4 £,

AEpw = AFglpwdW + MesdiW g,

[
RjcplpW S
AEspy = “EFZ ~ I

ijcn IvW
AEgyg = HNNZ ~ [y

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



Superconducting Phase Domain Memory Element

If the size of electrode dg 1s finite, the other solution exists.

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

» Josephson Energy of SFs junction AE

» Josephson Energy of SNs junction 4 E,, Sn SO

 Pairing Energy of certain volume 4 £,

AEpw = AFglpwdW + MesdiW g,

[
RjcplpW S
AEspy = “EFZ ~ I

ijcn IvW
AEgyg = HNNZ ~ [y

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



Numerical Solution
for Pair Potential A
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Is it possible to use 1t for memory element?

Choose critical parameters
Eges = Epgan

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

WRITE SPD-state operation

S

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

- Reverse current of SPD state 1s smaller than in single state
- SPD-state has larger critical current

- Switch to SPD state



Superconducting Phase Domain Memory Element

Domain states can be controlled by current pulses

WRITE Single-state operation

S

S

S_~. S

c) — d) —
Critical current of SPD-wall < Critical current of SFS junction

Reverse current limited by SPD-wall

- Total current: J .o-Joop 1S much smaller Jq, ¢
- Switch to Single state

E/E 5

e

0.6

04

02F

0.0

SPD-state ==« SPD-state: s;-direction
]

SPD-state

0.6 0.8



Superconducting Phase Domain Memory Element
READ operation

a)

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

( Side view ) ydk L

Motivation: scalability 2

and reproducibility!

In short Iimit L <<&,

properties are determined by
under-electrode area

Perspective candidate for 100 nm-scale electronics
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Miniaturization of Josephson Junctions for Digital Superconducting Circuits
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Short bridges L, <<&,

Transparent interface Untransparent interface
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Miniaturization of Josephson Junctions for Digital Superconducting
Circuits. Physical review applied, 16(4). 044060,



Long SNS junction, L>>¢

Thouless energy e.=hD/ P
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Dubos, P., Courtois, H., Pannetier, B., Wilhelm, F. K., Zaikin, A. D.,
& Schén, G. (2001). Josephson critical current in a long
mesoscopic SNS junction. Physical Review B, 63(6), 064502.



External flux dependence

hD n o s - e a o
IV (GRVGR) + e[, GR1= =2 A - [63, GRVGE. = ————
s T 1 L L LA L L — W=05%
08l w=ost {11 g:gg
' averaged result =
“R_(ER fR) 0.8 06 8 11— w=3¢
g FR SR L 1]— w=st
T8 5 041 - W= 108
n 06 i 1|— W=200¢
2ie 2 R f R 2ie B 2 € p E 02 B ] - Fraunhofer
L v — v == —2 — P I PR O P B e
h A) yo+ im [( h A)P ] 2‘.’1})? ’ QzOA— %0705 1 152 253 35 4
=
2 R P 2
2ie r [ 2ie \_p € _p
V+—A 1| V+—A =—-2i—y".
(o2 2 2 .
0 1 | 1 1 7 = =
Change of operator v o 0 b ds 2 25 3 35 4
D/D,
Cuevas, J. C., & Bergeret, F. 5. {2007). Magnetic interference
patterns and vortices in diffusive SNS junctions. Physical review . L.
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Bergeret, F. 5., & Cuevas, J. C. {2008). The vortex state and

Josephson critical current of a diffusive SNS junction. Journal of

Low Temperature Physics, 153(5), 304-324.




Transport 1n electrodes
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Ruzhickiy, V., Bakurskiy, 5., Kupriyanov, M., Klenov, N.. Saoloviey,

|, Stolyarov, V., & Golubov, A_ (2023). Contribution of Processes in
SN Electrodes to the Transport Properties of SM-MN-MS Josephson

Junctions. Nanomaterals, 13(12), 1873.



Example: Nb-Cu nanowire bridge

Long SN-N-NS bridge

<
=1
S—
4
c
Sample Geometry L, (nm) d (nm) R(Q) E
(-
NWi# 1 4-p, 20 mK 1765 =116 108 = 10 2.20 =
NW#H2 2p, 1.2K 609 =112 114 £ 6 0.46 o
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D (m?%/s) Ey (nm) I (uA) T./T! (K) Ve &
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0.04 80 30 8.3/5.0 4.4
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Skryabina, OV, Egorov, 5. V., Goncharova, A. 5., Klimenko, A
A Kozlow, 5. M., Ryazanov, V. V., & Stalyarov, W. 5. (2017).
Josephson coupling across a long single-crystalline Cu nanowire.
Applied physics letters, 110(22), 222605
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Example: Nb-Au nanowire bridge

(d) 451 ‘\ Au30 nanowire-based junctions

40 1 * Experiment
\ = = Usadel model: y,=20, £=51 nm

35 \ AuB0 nanowire-based junctions
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Sotnichuk, 5. V., Skryabina, 0. V., Shishkin, A. G., Bakurskiy, 5.
V., Kuprivanov, M. Y., Stolyarov, V. 5., & MNapolskii, K. 5. (2022).
Long Single Au Nanowires in Nb/Au/MNb Josephson Junctions:
Implications for Superconducting Microelectronics. ACS Applied
MNano Materials, 5(11), 17059-17066.
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Bridge 1n resistive state
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Skryabina, O. V., Kozlov, 5. N_, Egorov, 5. V., Klimenko, A_ A,
Ryazanov, V. V., Bakurskiy, 5. V., .. & Stolyaroy, V. 5. (2019).

Anomalous magneto-resistance of Mi-nanowire/MNb hybrid system.

Scientific reports, 9(1), 14470.

Temperature, K

FIG. 4. R(T') for 4-probe measurement scheme (points - ex-

periment, dashed line - model)

pN: =~ 4.26 uf) cm



Bridge 1n resistive state

— 4PS

Resistance (Q)
N

JJ1
2 4 6 8 10
Temperature (K)

pay = 043 n2com.

Skryabina, O. V., Bakurskiy, S. V., Shishkin, A. G., Klimenko, A. A,
Napolskii, K. S., Klenov, N. V., ... & Stolyarov, V. S. (2021).
Environment-induced overheating phenomena in Au-nanowire
based Josephson junctions. Scientific reports, 11(1), 1-6.

Measuring current
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Bridge overheating
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Solaviev, | |, Bakurskiy, 5. V., Ruzhickiy, V. 1., Klenov, M. W,
Kupriyanov, M. Y., Golubow, A. A, . & Stolyarow, V. 5. (2021).
Miniaturization of Josephson Junctions for Digital Superconducting
Circuits. Physical review applied, 16(4). 044060.
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Measured I. depends on method
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Enviranment-induced overheating phenomena in Au-nanowire based



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

Superconducting
nanowire-based neuron

Biological neuron
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— Time —
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Skryabina, O. V., Schegolev, A. E., Klenov, N. V., Bakurskiy, S. V.,
Shishkin, A. G., Sotnichuk, S. V., ... & Stolyarov, V. S. (2022).
Superconducting Bio-Inspired Au-Nanowire-Based Neurons.

Nanomaterials, 12(10), 1671.



Bio-inspired Au-Nanowire-Based Neurons

7 1 T T T T T T T T
6l I It 1s possible to switch modes by
. 1 !
5k g Nen-bielogical mode 1 bias current!
& _
4+ _ ' g
Q. = & b) Non-biological mode
3k ' . 2.5 — ]
2ré &€ & °b° I o |
1 A —9(5 Regular mode ‘._}Oo & ) — 2.0 - «~—— Switching area
I (a), (b) S %o, = BM" RM |
i O o i
0 L 1 L f 1 1 L 1 1 f(c.) I\Q\. *(d?o S - l
00 01 02 03 04 05 06 07 08 09 10 O 15
n % : Dead mode
L &
M E
. ) Injury mode
1 is the ratio of I3 to Iy p = wcRC 10
0.0 0.5 1.0 1.5 2.0
Geometric factor, 7
Skryabina, O. V., Schegolev, A. E., Klenov, N. V., Bakurskiy, S. V.,
Shishkin, A. G., Sotnichuk, S. V., ... & Stolyarov, V. S. (2022). . _
Superconducting Bio-Inspired Au-Nanowire-Based Neurons. Schegolev, A E., Klenov, N. V. Gubochkin, G. 1., Kupriyanov, M.
Nanomaterials, 12(10), 1671. Y., & Soloviev, | |. (2023). Bio-Inspired Design of Superconducting

Spiking Meuron and Synapse. Nanomatenals, 13(14), 2101



Contents
1. Motivation

2. Basic physics of S-F-N hybrids
3. Hybrid S-F-N structures
- spin-valves

- flux traps
- bi-stable phase junctions

- Josephson bridges

4. Implementation in applied schemes
- Bio-inspired neuron
- All-dJ Logic



All-JJ electronics
Superconducting circuits without inductances

Magnetic JJ (n-, @- or 2(p- Energy-phase relation of
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Kupriyanov, M. Y., Golubov, A. A, .. & Stalyarov, V. 5. (2021).
Superconducting circuits without inductors based on bistable
Josephson junctions. Physical review applied, 16(1), 014052,



de/dr

Schematics of the All-JJ triggers

Basic block all-JJTL
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de/dr

All-JJ 8-bit parallel adder
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nt-JJ based all-JJ circuits

2¢-JJ based block n-JJ based block
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Thank you for your attention!
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