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Developed research complex 2010-2023

He3-STM 300 мK 10 Тл JT-SPM 1 K JT-SPM 1 K 3 Тл LH 4K 20 л/сут.
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2 BlueFors 20мK 10TAr-PVD 900-300C UHV-LS-204 6-magnetrons 
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+ Equipment sharing 
Center at MIPT
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• UHV-magnetron sputtering
P=10 -9 mbar
5 magnetrons
5 e-beam sources
In-situ etching,
Materials: Al, Nb, MoRe, Pb, Ta, Cu, 
Pt, Au , CuNi, Ni,  PdFe, Co, Fe

Prof
Ryazanov V.V.

Was created during my PhD 
at the lab of 



• JT-STM SPECS (Joule-Thomson
• Scanning Tunneling Microscope) 
• P≤10-10 mbar, T = 1.2 K, 
• Magnetic Field up to 3 T
• Scanning area 2 mkm2
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• AFM/MFM AttoDry1000/2100 (Attocube, Pulse Tube) T = 1.2 K - 150 K, scan area 20 mkm2, Н=9 T 
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• Dilution refrigerators BlueFors LD250 10мK 10T and XLD1000 10mK 1/1/6T 

2014 2020 Yesterday..



Part 1: Proximity effect
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Josephson vortex as a logical state 
of low-dissipative devices



Superconducting proximity effect

First experimental evidences

Holm and Meissner (1932)
Bedard and Meissner (1956)
Meissner (1958), (1960)

First theory

De Gennes (1964)
McMillan (1968)

Clarke (1969)
Deutscher and De Gennes (1969)
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Superconductor Non supercond. 
metal

boundary
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Superconductor Non supercond. 
metal

Cooper pair density

Order parametr:

In case of diffuse metal

LT

boundary



Andreev (1964),
Eilenberger (1968), 
Usadel (1970),
Eliashberg (1971) 
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Andreev reflection at the S/N boundary + extended phase coherence in N

Modern description of the proximity effect

Larkin et al. (1968,75,77), 
Schmid & Schön (1975), 
Blonder et al. (1982), 
Zaitsev (1984)
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Andreev reflection at the S/N boundary + extended phase coherence in N
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Andreev reflection at the S/N boundary + extended phase coherence in N
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Proximity effect for S-N-S connection

S N

L

S

Superconducting correlations propagate for E < ETh

minigap ∆g connected with ETh

LE > L  

Golubov & Kupriyanov (1988)
Zhou et al. (1998)
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N

boundary boundary



Tunneling as a way to study the proximity effect

границаS

N металл

Электрод

Туннельный барьер

dI/dV

граница

S

STM tip

Development: Direct information on 
the spatial evolution of the density of 
states

N металл

Lithographic technologies
Fixed tunnel contact

Сканирующий туннельный зонд
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dI/dV



Tunneling spectroscopy of superconductors

N

S

∆ = 1.20 meV Teff = 0.38K

14 ML
Pb/Si(111)
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BSC DOS

Сonvolution



Proximity effect in devises

First Study of Spatial Dependency: 
Nanolithography
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Proximity effect in devises
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Flux quantization by a superconductor



boundaryS

N metal

Electrode

tunnel barrier

dI/dV

bondary

S

STM tip

N metal
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dI/dV

Scanning tunnel microscopy

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit
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N metal

tunnel barrier
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S

STM tip
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dI/dV

?

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit

bondary

N metal

Scanning tunnel microscopy



3D- proximity effect

minigap ∆, related to

L

Vortex size?
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Vortex core

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit



L
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50 nm Cu

100 nm Nb

Vortex core

dSi02 = 270 nm

dSi = 0.3 mm

dCu = 50 nm

dNb = 100 nm

Cu, Nb:
Magnetron sputtering

L

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit



L
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50 nm Cu

100 nm Nb

Vortex core Grain size ~ ℓN ~ 20 nm

DN= ℓNvF/3 ≈ 100 cm2.s-1

ξN = (ћDN/Δ )1/2 ≈ 37 nm

STM topography

L

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit
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Grain size ~ ℓN ~ 20 nm

DN= ℓNvF/3 ≈ 100 cm2.s-1

ξN = (ћDN/Δ )1/2 ≈ 37 nm
B = 5 mT

dI/dV(V=0)

T=300 mK STM topographySTS map

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit
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Grain size ~ ℓN ~ 20 nm

DN= ℓNvF/3 ≈ 100 cm2.s-1

ξN = (ћDN/Δ )1/2 ≈ 37 nm
B = 55 mT

dI/dV(V=0)

T=300 mK STM topographySTS map

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit
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Grain size ~ ℓN ~ 20 nm

DN= ℓNvF/3 ≈ 100 cm2.s-1

ξN = (ћDN/Δ )1/2 ≈ 37 nm
B = 55 mT

dI/dV(V=0)

T=300 mKSTS map

Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit



B = 55 mT

B = 120 mT

B = 5 mT

Rb = 150 Оhм
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Proximity effect at the boundary of a superconductor 
with a nonsuperconducting metal in the diffuse limit



bondaryS

dI/dV

S

STM tip

N   
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dI/dV

Josephson vortex: direct observation

bondary

Scanning tunnel microscopy

N metal

tunnel barrier



границаS

N металл

Туннельный барьер

dI/dV STM tip

12.07.2023 SMHS Workshop "BLTP-Dubna" 2023 34

S

dI/dV
STM tip ?

N   

Josephson vortex: direct observation

Scanning tunnel microscopy

bondary
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S

dI/dV
STM tip

S
N

Josephson vortex: direct observation

Scanning tunnel microscopy

bondarybondary



Part 2: Josephson vortex at SNS
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Josephson vortex as a logical state 
of low-dissipative devices



TC≈ 0 K (<0.3 K)

TC≈ 6.2K

TC≈ 6.2K

topography

STS (V=0) map

4 nм

0

40 nм

0

SMHS Workshop "BLTP-Dubna" 2023 3712.07.2023

V
 (
м
В

)

расстояние (нм)

1,0

-1,0

0

430

Josephson vortex: direct observation

dI/dV- spectroscopy in linear distribution

Minigap

present in N 

region
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Josephson vortex: direct observation
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120 mТ

Josephson vortex: direct observation



120 mТ
180 mТ

12.07.2023 SMHS Workshop "BLTP-Dubna" 2023 41

Josephson vortex: direct observation
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180 mТ
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0 +π/2

+π2π 3π/2

+π

Josephson vortex: direct observation
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Josephson vortex: direct observation
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Josephson vortex: direct observation
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Вихрь Джозефсона: прямое наблюдение



Suggested logical device
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Josephson vortex: direct observation

How to measure the presence of a vortex without destroying 
the superconductivity?



STM & MFM

топография AFM

FexBi2Te3

Scanning probe microscopy from SPECS к Attocube

Topoграфия STM
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МФТИ



✓ MFM - what is being 
measured: deformation of 
a thin cantilever due to a 
local magnetic force 
between the magnetic tip 
and the magnetic sample

✓ STM - what is being 
measured: tunneling 
current between the 
metal tip and the 
conductive sample

Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope



12.07.2023 SMHS Workshop "BLTP-Dubna" 2023 51

Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope



e: spatial change in the phase 
signal along the line indicated by 
the red arrow on the map.

d: each phase drop limits different 
Josephson configurations with 
vortex numbers n=0, 1, 2.

f: phase change with tip height 
when the tip is above the center 
of the device. Red arrows and 
numbers of vortices n=0, 1, 2 are 
the same as in e

a: topographic AFM image 
of the device

b: when the device is field 
cooled in a 90 Oe (the tip is 
raised by 150 nm).

c: when a field of 90 Oe is 
applied to the device in zero 
field cooled (the tip is raised 
by 70 nm).

d: when no magnetic field is 
applied to the in zero field 
cooled device (the tip is 
raised by 70 nm).
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope



a. MCM Frequency Shift Maps
b. Drive voltage shift. These images were measured using

constant amplitude phase locked loop (PLL).
c. Resonance curve of cantilever oscillations.
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Магнитное поле Поток Ф/Ф0 Ток

время

Instantaneous flux 
exceeded in relation 
to the unescaped
value

усредн. напряжение

What happens in one period of oscillation of a cantilever?

Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope
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Investigation of the dynamics of Josephson vortices using a 
magnetic force microscope



Part 3: Logical state by SNS
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Josephson vortex as a logical state 
of low-dissipative devices



12.07.2023 SMHS Workshop "BLTP-Dubna" 2023 60

Implementation of a logical device on a chip
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Implementation of a logical device on a chip
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Implementation of a logical device on a chip
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Implementation of a logical device on a chip
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Implementation of a logical device on a chip

Submitted to the Nature Electronics



- To study vortex matter in hybrid systems of the S--N--S type, a self-organized network of lead islands on the Si(111) surface, interconnected by a
wetting layer of amorphous lead 1~nm thick, was implemented. Experimentally, using scanning tunneling spectroscopy with high spatial and energy
resolution, the presence of eddy currents that form Abrikosov (in islands) and Josephson (in regions with induced superconductivity) vortices has
been demonstrated. The absence of a superconducting gap in the core of the discovered Josephson vortices, as was observed for Abrikosov
vortices, is demonstrated. A self-consistent numerical simulation is carried out, which describes the experiment well.

- To demonstrate the possibility of implementing devices operating with Josephson vortices, a new method was found for generating, detecting and
controlling Josephson vortices inside planar Josephson junctions using a low-temperature MFM. The experimental result is the observation of a
singular response in the phase of the MFM cantilever at a certain set of parameters, which leads to pronounced rings/arcs on the MFM maps due to
phase drops in the oscillations of the cantilever. The features found are identified as bifurcation points between adjacent Josephson states
characterized by different numbers/positions of Josephson vortices within the junction.

Conclusions

- To describe the dynamic phenomena detected using the MFM, a synchronous experiment was implemented, which consists in simultaneously
passing a current through the sample, applying an external magnetic field, and measuring the phase of the microscope's magnetic cantilever. To
describe the experiment, a model has been developed and debugged that fully reproduces the experiment. The model describes the interaction
between the cantilever and the device at bifurcation points and demonstrates that MFM can provide unique information about the state of the
Josephson vortex, much richer than traditional transport measurements.

- To estimate the energy of low-dissipation processes in planar S--N--S JJ, it was experimentally demonstrated and theoretically confirmed that
when generating a spatially inhomogeneous magnetic flux inside the contact, it becomes possible to create peculiar Josephson states and switching
between them while globally maintaining the superconducting state of the contact.
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Thanks to my colleagues for 
the fruitful collaboration!

Thank you for attention!



12.07.2023 SMHS Workshop "BLTP-Dubna" 2023 67

CoLab.ws
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