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JT-STM SPECS (Joule-Thomson
Scanning Tunneling Microscope)
P<109mbar, T=1.2 K,

Magnetic Fieldupto 3T
Scanning area 2 mkm?
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AFM/MFM AttoDry1000/2100 (Attocube, Pulse Tube) T= 1.2 K- 150 K, scan area 20 mkm?, H=9 T
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@ Superconducting proximity effect MIPT

boundary

v

Superconductor Non supercond.

metal First th
First experimental evidences e
Holm and Meissner (1932) DEACC;:A?R:S gggg;
Bedard and Meissner (1956) Clarke (1969)

Meissner (1958), (1960) Deutscher and De Gennes (1969)
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@ Superconducting proximity effect

boundary

In case of diffuse metal

\

Superconductor Non supercond.

metal
First experimental evidences

Holm and Meissner (1932)
Bedard and Meissner (1956)
Meissner (1958), (1960)
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A(r)=V(r)F(r)

First theory

De Gennes (1964)

McMillan (1968)
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@ Modern description of the proximity effect

Andreev reflection at the S/N boundary + extended phase coherence in N

mean free path :4-b ( N

Cn : JENN
coherence length ! L,
[} I
hD,, : ve
Ly = ]— i
E |
Andreev (1964), Larkin et al. (1968,75,77),
Eilenberger (1968), Schmid & Schon (1975),
Usadel (1970), Blonder et al. (1982),
Eliashberg (1971) Zaitsev (1984)
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@ Modern description of the proximity effect

Andreev reflection at the S/N boundary + extended phase coherence in N

1}
K k™ A¢p=2FEt/n
_ik

mean free path :d-b ( N AN = - — - E, f]_) — h/ﬁ
Cn : NYTRIL

coherence length L,

Ly =\/Dip = /hD/E

& /"“\1 : The decay length of pair correlations
/ -
E | depends on the energy

Andreev (1964), Larkin et al. (1968,75,77),
Eilenberger (1968), Schmid & Schon (1975),
Usadel (1970), Blonder et al. (1982),
Eliashberg (1971) Zaitsev (1984)
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@ Modern description of the proximity effect

Andreev reflection at the S/N boundary + extended phase coherence in N
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Andreev (1964), Larkin et al. (1968,75,77),
Eilenberger (1968), Schmid & Schon (1975),
Usadel (1970), Blonder et al. (1982),
Eliashberg (1971) Zaitsev (1984)
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@ Proximity effect for S-N-S connection MIPT

boundary boundary

s

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

Le>L ©® E<E, =hD, /L

Superconducting correlations propagate for E< E,
minigap 4, connected with Ep,
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@ Tunneling as a way to study the proximity effect MIPT

Lithographic technologies Development: Direct information on
Fixed tunnel contact the spatial evolution of the density of
states

di/dVv
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PHYSICAL REVIEW LETTERS 12 APRIL 2013

@ Tunneling spectroscopy of superconductors
157003 (2013)

Scanning Tunneling Spectroscopy Study of the Proximity Effect
in a Disordered Two-Dimensional Metal

L. Serrier-Garcia,' J.C. Cuevas,” T. Cren,"” C. Brun,' V. Cherkez,' F. Debontridder,’ o0 — a E + eV
D. Fokin,'” E.S. Bcrgcrct._" and D. Roditchev' d]/ dV(r) = .[ Ns (E’ r) f( ) dE
"nstitut des Nanosciences de Paris, Université Pierre et Marie Curie (UPMC) and CNRS-UMR 7588, —a0 . a(e V)
4 place Jussiew, 75232 Paris, France
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Proximity effect in devises MIPT

CINTIR FOR ENGasl TG AuD TECAm O Ogy

VOLUME 77, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1996

. ‘ First Study of Spatial Dependency:
Superconducting Proximity Effect Probed on a Mesoscopic Length Scale
S. Guéron, H. Pothier, Norman O. Birge * D. Esteve, and M. H. Devoret N a n O I It h Og ra p hy
Service de Physique de |'Etat Condense, Commissariat a |'Energie Atomique, Saclay, F-0119] Gif-sur-Yvette Cedex, France
(Received 12 April 1996)
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Proximity effect in devises MIPT
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week ending
PHYSICAL REVIEW LETTERS 16 MAY 2008

Phase Controlled Superconducting Proximity Effect Probed by Tunneling Spectroscopy

PRL 100, 197002 (2008)

H. le Sueur, P. Joyez, H. Pothier, C. Urbina. and D. Esteve
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Flux quantization by a superconductor ]\#f_

BOP Publishing
Suparcond. Sci. Technol. 27 (2014) 053001 (32pp) doi-10.1088/0953-2048/27/6/063001

Topical Review

Imaging superconducting vortex cores
and lattices with a scanning tunneling
microscope

H Suderow'?, | Guillamén'*, J G Rodrigo'~ and S Vieira'?

L io de Bajas Dy de Fisica de la Materia Condensada, Instituto de
Ciencia de Materiales Nicolas Cabrera and Condensed Matter Physics Center (IFIMAC), Universidad
Auténoma de Madrid, E-28049 Madrid, Spain
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@ Proximity effect at the boundary of a superconductor [\ MIPT
, with a nonsuperconducting metal in the diffuse limit .

di/d

Scanning tunnel microscopy

di/dVv

tunnel barrier
N metal

boundary

N metal

i

bondary
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Proximity effect at the boundary of a superconductor [\ MIPT
with a nonsuperconducting metal in the diffuse limit I

di/dVv

tunnel barrier

N metal

N

S boundary

~
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Proximity effect at the boundary of a superconductor

with a nonsuperconducting metal in the diffuse limit

—

12.07.2023

Vortex core

ARTICLE —
; §7-01B-D45 OPEN

Expansion of a superconducting vortex core into a
diffusive metal

Vasily 5. Stolyarov! 2345, Tristan CrenZ, Christophe Brun?, |gor A, Golovehanskiy'®, Olga V. Skryabina?,
Daniil I, Kasatonov', Mikhail M, Khapaey'®7, Mikhail Yu, Kupriyanov"™®, Alexander A. Goluboy'?
& Dimitri Roditchey 2101

Vortex size?

3D- proximity effect
minigap 4, related to 71D, /[

SMHS Workshop "BLTP-Dubna" 2023 26



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

CONTIR F08 ENGLENG A TECAN0COgY

Cu, Nb:
Magnetron sputtering
dy, = 100 nm
d.,= 50 nm in air in UHV
dsg, =270 nm

N dg;=0.3 mm
50 nm Cu

v

-—/

100 nm Nb

__"//

APPLIED PHYSICS LETTERS 104, 172604 (2014) cm”M:f’.k

Ex situ elaborated proximity mesoscopic structures for ultrahigh vacuum
scanning tunneling spectroscopy

V. S. Stolyarov, 1’234’5‘5T Cren," 2 F. Debontrldder'ac Brun,"? 1. S. Veshchunov,”?
O. V. Skryabina,® A. Yu. Rusanov,® and D. Roditchev "

'UMR 7588, Institut des Nanosciences de Paris, UPMC Univ Paris 06, Sorbonne Universités, F-75005 Paris
France
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Proximity effect at the boundary of a superconductor

with a nonsuperconducting metal in the diffuse limit
STM topograph

A

50 nm Cu

v

100 nm Nb

D\= €\V;/3 = 100 cm?.s?
& = (hDy/A)Y? =37 nm

Grain size ~ €~ 20 nm

Vortex core
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Proximity effect at the boundary of a superconductor

with a nonsuperconducting metal in the diffuse limit

STS
map T=300 mK ST toorahy
| ' =

B=5mT D\= €\V/3 = 100 cm?2.s?
di/dV(V=0) & = (hDy/A)Y? =37 nm

Grain size ~ €~ 20 nm
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Proximity effect at the boundary of a superconductor |\ MIPT
with a nonsuperconducting metal in the diffuse limit |

STS map T=300 mK . STM tquograph

— '-:‘_ ( 4';: - : 2
B=55mT DN= BNVF/3 =~ 100 cmZ.s1
di/dV(V=0) & = (hDy/A)Y? =37 nm

Grain size ~ €~ 20 nm
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Proximity effect at the boundary of a superconductor |\ MIPT
with a nonsuperconducting metal in the diffuse limit |

o> e T=300 mK

—)

Normalized (d//dV/(0) (u.e.)

0 100 200 300

Distance (nm)
B=55mT DN= BNVF/3 =~ 100 cmZ.s1
di/dVv(V=0) & = (hDy/A)Y? =37 nm

Grain size ~ €~ 20 nm
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Proximity effect at the boundary of a superconductor /\ MIPT
with a nonsuperconducting metal in the diffuse limit
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@ Josephson vortex: direct observation MIPT

di/dVv

Scanning tunnel microscopy

tunnel barrier di/dVv
N metal \

bondary S

i

bondary
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Josephson vortex: direct observation MIPT

Scanning tunnel microscopy

di/dVv

bondary
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Josephson vortex: direct observation MIPT

Scanning tunnel microscopy

di/dVv

A A

bondary bondary
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Josephson vortex as a logical state
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Part 2: Josephson vortex at SNS
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@ Josephson vortex: direct observation

nature
topography 4nm
Direct observation of Josephson vortex cores
Dimitri Roditchev'2, Christophe Brun', Lise Serrier-Garcia', Juan Carlos Cuevas?,
Vagner Henrique Loiola Bessa*, Milorad Vlado Miloevi¢*®, Francois Debontridder’,
Vasily Stolyarov' and Tristan Cren'™
d1/dV- spectroscopy in linear distribution
A T~ 0K (<0.3 K) .
Lo STS (V=0) map | 40 nm
: Minigap
) present in N
20 / region
>
-1,0 0

v

0 43

paccTosHue (Hm)
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@ Josephson vortex: direct observation MIPT

Direct observation of Josephson vortex cores

Dimitri Roditchev'2, Christophe Brun', Lise Serrier-Garcia', Juan Carlos Cuevas?,
Vagner Henrique Loiola Bessa*, Milorad Vlado Miloevi¢*®, Francois Debontridder’,
Vasily Stolyarov' and Tristan Cren'™

d1/dV- spectroscopy in linear distribution
N

1,0
Minigap
) ‘ present in N FWL
20 r region
> Pb island Pb WL Pb island
-1,0 5

\ 4

0 43

paccTosHue (Hm)
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@ Josephson vortex: direct observation

Direct observation of Josephson vortex cores

Dimitri Roditchev'2, Christophe Brun', Lise Serrier-Garcia', Juan Carlos Cuevas?,
Vagner Henrique Loiola Bessa*, Milorad Vlado Miloevi¢*®, Francois Debontridder’,
Vasily Stolyarov' and Tristan Cren™

2.0
OmT

1.5

1.0

0.5

dl/dV (normalized)

0.0
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@ Josephson vortex: direct observation

120 mT

Direct observation of Josephson vortex cores

Dimitri Roditchev'2, Christophe Brun', Lise Serrier-Garcia', Juan Carlos Cuevas?,
Vagner Henrique Loiola Bessa*, Milorad Vlado Miloevi¢*®, Francois Debontridder’,
Vasily Stolyarov' and Tristan Cren'™

2.0

1.5

1.0

0.5

dl/dV (normalized)

0.0
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Josephson vortex: direct observation

- . = .
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Josephson vortex: direct observation

— 0 w2 o
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@ Josephson vortex: direct observation MIPT

20 |
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Buxpb [ko3edpcoHa: npamoe HabawoaeHne [\ MIPT

CENTIR FOR EnGasdiinng AnD TRCAm(KOgy

*2.8x10™0 cM?, r=98 UM S$=2.2x10"" c™?, r=83 oM S$=1.7x10""° cu’ r=73 Hm

1o
N

120 MTn
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Josephson vortex: direct observation

Suggested logical device

WRPONPUO

SUOI9.000 B npuoosxdng

How to measure the presence of a vortex without destroying
the superconductivity?
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STM & MFM MOTU

Fe Bi,Te;

Scanning probe microscopy from SPECS k Attocube

» e
P . "
~w ~» » i — - 1 I.I ]
» ) - *’ -~ | = 1 IIII (=]
. - - | !

APPLIED PHYSICS LETTERS 111, 251601 (2017) ®?’““"‘“’k

Double Fe-impurity charge state in the topological insulator Bi,Se;
V. S. Stolyarov, 234568 g v Remizov,”® D. S. Shapiro,”®2 S. Pons," S. Vlaic," H. Aubin,’

D. S. Baranov,>*®° Ch. Brun,® L. V. Yashina,* S. I. Bozhko,® T. Cren,® W. V. Pogosov,?7+1°
and D. Roditchev'-2°

T ST M 'Laboratoire de Physique et & Etudes des Materiaux, ESPCI-Paris, CNRS and UPMC Univ Paris 6-UMR
O p o r p a M H 8213, 10 rue Vauguelin, 75005 Paris, France
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Investigation of the dynamics of Josephson vortices using a

magnetic force microscope

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

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




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
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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

PHYSICAL REVIEW RESEARCH 2, 023105 (2020)

a: topographic AFM image
of the device

Observation of interacting Josephson vortex chains by magnetic force microscopy
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the red arrow on the map.
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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
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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
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Josephson vortex as a logical state
of low-dissipative devices

Part 3: Logical state by SNS
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@ Implementation of a logical device on a chip
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Conclusions

- 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.

- 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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Applying magnetic field
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