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Cryogenic Scanning probe microscopy for
superconducting heterostructures

* Nearfield Scanning Optic Microscopy: NSOM
* Nearfield Scanning RF Microscopy

* Hall probe Microscopy or SQUID Microscopy
* Scanning Laser Microscopy

* Scanning Electron Microscopy
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Cryogenic Scanning probe microscopy for
superconducting heterostructures
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Cryogenic Scanning Tunneling Microscopy

Introduction
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Ernst Ruska Gerd Binnig  Heinrich Rohrer

Invention of Scanning Tunneling Microscope

The Nobel Prize in Physics 1986: to Ernst Ruska "for his fundamental work in electron
optics, and for the design of the first electron microscope » and to Gerd Binnig and
Heinrich Rohrer "for their design of the scanning tunneling microscope".
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Center for ] . .
amanced  IMaging of valence and conduction states in a
SRS semiconductor

Nanotechnology

Si(111)-7x7 Surface

Empty-State Image Filled-State Image

The images depend on the applied voltage.
This is a spectroscopic effect, what do we measure exactly with STM?
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Here V(r, is the mutual perturbation of the two systems
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At finit temperature T,
1
f (E/: =
L+exp((E, —p,)/ kT) -,
Iy f(EL)
p (1-f(Ep))

I, <) t, f(E)1-f(E,—eV))
Ap

BIT MIPT Summer school 17-24 July 2023



Mesoscience &
Nanotechnology

Center for .
@mm Tunneling spectroscopy

T

L Yo
ﬂ,\;"%;_',___ A

|"r’ |‘.P‘P.J | l‘, v

‘HL HR HR
Ly R

‘—-——J

L total = Ii-r — Irs

I, = X L, f(E)A- f(E, —eV))

t,, % |M,,|6(E, —E,)
I, t, (- fENS(E,—€V)

(f(E)-J(E,—el)o(E, - E,)

Ifom:’ x Z|M/1p
Ap

BIT MIPT Summer school 17-24 July 2023



eerfr - Calculation of the matrix element for an
s idealized STM tip

Nanotechnology

Mip = [ B3G9V @) (7
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tenerfor——— (Cglculation of the matrix element for an
S idealized STM tip ‘

Nanotechnology

My, = j b3 (W @) (P37

M/lp X MOQDA(FO) // /'\\
[ R }

?0 = (x’ y' ZO) ro

d

Vi

(Phys. Rev. Letters 50, 1998 (1983); PRB 31, 805 (1985))
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tenerfor——— (Cglculation of the matrix element for an
S idealized STM tip ‘

Nanotechnology

My, = j b3 (W @) (P37

M/lp X MOQDA(FO) // /'\\
[ R }

?0 = (x’ y' ZO) ro

)y Ap aw
d

Vi

(Phys. Rev. Letters 50, 1998 (1983); PRB 31, 805 (1985))
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@Eﬂmerfﬂr Calculation of the matrix element for an

My, = j b3 (W @) (P37

M/lp < My, (7)) // /'\\
[ R }

FO = (x’ y' ZO) ro

)y Ap aw

1, V) o M j 3 [0, S(E, ~oX (@)~ f(@eV )do 77777777

(Phys. Rev. Letters 50, 1998 (1983); PRB 31, 805 (1985))

:()‘(EA =)

p(7y, @) % 3 [0, (7)

Local Density of States (LDOS)

Il The tunneling current vs bias contain the information ' 4bout LDOS of ‘the sample measured at the position of tip apex !!
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@Mmm Calculation of the tunneling current

p(ro’ E)

e _ )
I-(r,V) = Tf IM|* [f(w — eV) — f(w)]ps (1o, w — eV) ps(r, w)dw

aIT(T" V)
aV - -~

7
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)I )..L.— ‘} Ep— g e /:
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+ /ﬂ.w(w‘lm'tvu — eV
' d

(Phys. Rev. Letters 50, 1998 (1983); PRB 31, 805 (1985))

olp(r,V) Ame "1 i f (w — eV)
o = puro )M [ pn0) T do
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(Nobel prize: 1972)

John Bardeen Leon Neil Cooper John Robert
Schrieffer
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@ Advanced Quantum Tunneling to superconductors

Conventional (BCS) superconductor:

Gap 24 in the excitation spectrum: Ay
E A(0)
ps((‘))BCS =

VE? = A(T)?

2A(0 g
©) = 3.52 T. T

kT,

lr(r,V) 4me +00 3f (w — eV)
A pt(’"o'“’)|M|zf_oo ps(r, @) = dw
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1960: Quantum Tunneling, Gap, Signatures of

Electron-Phonon Interaction

Leo Esaki Ivar Giaever Brian Josephson

The Nobel Prize in Physics 1973 "for their experimental
discoveries regarding tunneling phenomena in
semiconductors and superconductors, respectively"
and "for his theoretical predictions of the properties of
a supercurrent through a tunnel barrier, in particular
those phenomena which are generally known as the
Josephson effects".

Pb/MgO/Ng
A=1.34X10°° oV
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ENERGY (IN UNITS OF A)
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Tunneling into a Superconductor
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Pan, Davis, Univ. de Berkeley.(APL,1998)

BIT MIPT Summer school 17-24 July 2023




week ending

157003 (2013) PHYSICAL REVIEW LETTERS 12 APRIL. 2013

@ Tunneling spectroscopy of superconductors /\MT

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,'

8
D. Fokin,'" F. 8. Bergeret,” and D. Roditchey' f{]r‘( C{IT“?(I') = J. A’rs (E., l‘)
- E

=, r
—Of (E+el)
(4
Institur des Nanosciences de Paris, Université Pierre et Marie Curie (UPMC) and CNRS-UMR 7588,

-~ i
e o(el)
4 place Jussiew, 75252 Paris, France
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@Eﬁﬂﬁ.ﬁiﬂr Superconducting proximity effect

boundary

Superconductor Non supercond.

metal ]
First theory

First experimental evidences

De Gennes (1964)

McMillan (1968)

Clarke (1969)

Deutscher and De Gennes (1969)

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

Nanotechnalogy In case of diffuse meta
boundary

¢f N Cooper pair density
| F ()= (i, (P, (7))

@Eﬁﬂﬁ.ﬁiﬂr Superconducting proximity effect

L, =hD, | 2rk,T)

Order parametr:

A(r)=V(r)F(r)

Superconductor Non supercond.
metal |F (ol

First experimental evidences st theory
\ LT De Gennes (1964)
Holm and Meissner (1932) S N McMillan (1968)
Bedard and Meissner (1956) ¥ Clarke (1969)
Mei 1958), (1960
eissner ( ) ( ) > Deutscher and De Gennes (1969)
- d,  d,
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@ Modern description of the proximity effect /\ MIPT

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

mean free path :H ( \
(

A : A A "‘ :
coherence length | L,
. I !
;= | hi, : rou
N 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 /\ MIPT

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

k A¢p = 2Et/h

mean free path :H ( \ f;; =h/E
CA : AN R I
coherence length | L, Lrp =+vDtp =+/hD/E
' I y I h' F
— | hD, : The decay length of pair correlations
! ! .
V 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 /\ MIPT

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

th |length | > |
mean free path ermar il "
( [ hD, |
N\ = | '_ . I
coherence length J, \ 27k, T
, phase-breaking length r€ >
I
L = ,-'I hi, LL, - e
\ 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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@ Proximity effect for S-N-S connection [\ MIPT

boundary boundary

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

L,>L ® E<E, =hD, /L

Superconducting correlations propagate for E< E;,
minigap 4, connected with £,
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Cryogenic Scanning Tunneling Microscopy

Experiments
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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/dV

CKaHUPYOWMIM TYHHENIbHbIN 30HA,

tunnel barrier dl/dV
N metal
S boundary S

N metal

f

boundary
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@ Proximity effect in devises /\MT.

VOLUME 77, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMEBER 1996

\ o _ __ 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 Na nOI Ithogra phy

Service de Physigue de I'Etart Condensé, Commissariat a I'Energie Aromigue, Saclay, F-9119] Gif-sur-Yverre Cedex, France

(Received 12 Apnl 1996)
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alfdV (nonmakeed)

diigV (nomalzed)

PRL 100, 197002 (2008)

Proximity effect in devises

PHYSICAL

REVIEW

LETTERS

week ending

16 MAY 2008

wn
s

Phase Controlled Superconducting Proximity Effect Probed by Tunneling Spectroscopy

H. le Sueur, P. Joyez, H. Pothier. C. Urbina, and D. Esteve

B
N

] j\f\

__.f\jrh-__.._
4

. R
2
}L

0
<400 200 200 400

dlidV (normalized)

“%
L

g X
-3 -
H—
= s BB
* Y
Em 200 0 200 &00

BIT MIPT Summer school 17-24 July 2023

MIPT




@ Flux quantization by a superconductor AMT-

Y 60000 Ogj @

Imaging superconducting vortex cores
and lattices with a scanning tunneling o O O
microscope D

Suderow'”, | Guillamon'*', J G Reodrigo’~ and S Vielra
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Proximity effect at the boundary of a superconductor f\ MIPT
with a nonsuperconducting metal in the diffuse limit

dl/dV

Scanning tunnel microscopy

tunnel barrier dl/dV
N metal
S boundary S

N metal

f

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

dlI/dV
> P
N metal
S boundary
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Proximity effect at the boundary of a superconductor /\ MIPT
with a nonsuperconducting metal in the diffuse limit

o

Expansion of a superconducting vortex core into a
diffusive metal

.
@

Vortex size?

3D- proximity effect
minigap A, related to 71D, /

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

50 nm Cu

100 nm Nb

Vortex core

Cu, Nb:
Magnetron sputtering
dy, =100 nm
de,= 50 nm in air
dgip, =270 nm
d;=0.3 mm

scanning tunneling spectroscopy

V. S. Stolyarov, '
0. V. Skryabina,” A. Yu. Rusanov,”
WIMR 7588, Institut des Nanosciences di
Frasice

BIT MIPT Summer school 17-24 July 2023

APPLIED PHYSICS LETTERS 104, 172604 {

b, Sorbonne

L mive rsit

1. F-75005

in UHV

Ex situ elaborated proximity mesoscopic structures for ultrahigh vacuum

45681, Cren,">* F. Debontridder," C. Brun,"# I. S. Veshchunov, ™
and D. Roditchev ">

It v dee Paris, UPMC Univ Paris (K Paris

[\ MIPT



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

STM topography
L =

50 nm CuI

.
@

100 nm Nb

D\=€y\V;/3 = 100 cm?.st
€ = (hDy/A)Y2 =37 nm

Grain size ¥ €~ 20 nm

Vortex core
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Proximity effect at the boundary of a superconductor f\ MIPT
with a nonsuperconducting metal in the diffuse limit

STS map T=3OO mK STM topograph _

®

B=5mT Dy= €\Ve/3 = 100 cm?.s?
di/dV(V=0) € = (hDy/A)Y2 =37 nm

Grain size ¥ €~ 20 nm

.
@

‘?.1_"I.... » ‘ .
i < - ‘/
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Proximity effect at the boundary of a superconductor /\ MIPT
with a nonsuperconducting metal in the diffuse limit
SS _ — T_3OO mK . STM___topograph _

.
@

B=55mT DN BNVF/B 100 sz. -1
di/dV(V=0) € = (hDy/A)Y2 =37 nm

Grain size ¥ €~ 20 nm

BIT MIPT Summer school 17-24 July 2023



@ Proximity effect at the boundary of a superconductor /| MmIPT
with a nonsuperconducting metal in the diffuse limit

» =300 mK

1.0 §

05

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

0 100 200 300
S ho g b Distance (nm)
B=55mT DN= eNVF/3 ~ 100 cm?.s?!
di/dV(V=0) € = (hDy/A)Y2 =37 nm

Grain size ¥ €~ 20 nm
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Film thickness (nm)

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

-

50 : 1;- o el
1 Cu e i
0] ” f
] Nb _ 0.8 p—
] Rb =150 Ohm
- \ o
] o | r.=220 nm
-100 | . T T LR T T T ] """-t_. . 00— "f__' e = '_f" >
0 200 400 600 800 L d
50 , % —
Cu 3
O To g8 T }
-50 g !
4 & , 1L
-100 T T T T T T T T T o i . ll”':.”.“ "
0 200 400 600 o e
50 I
1Cu - Ex
u 1 ) ::
-50 gosf
1 - 0.4
_1 OD L) T T L) T T T T T 1 76 1
0 200 400 600 800 .- 0.0 " :
Distance (nm) " _ = < (R T 1 - il
Max Min Max | I:I:E Min Bias voltage (mV
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@ Proximity effect between [\ MIPT

two superconductors

dl/dV

Scanning tunnel microscopy

—
RIAY
N metal
S boundary S
(N «> S)
boundary
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@ Proximity effect between [\ MIPT

two superconductors

Scanning tunnel microscopy

dl/dVv

S1

f

boundary
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@ Proximity effect between [\ mIPT

two superconductors

PHYSICAL REVIEW X 4, 011033 (2014)

Proximity Effect beiween Two Superconductors Spatially Resolved
by Scanning Tunneling Spectroscopy

V. Cherkez, ™ J. C. Cuevas,” C. Brun, ™ T. Cren, ” G. Ménard, ~ F. Debontndder,
| V. 8. Stolyarov,"""" and D. Roditchev'”
—— - Institut des Nanosciences de Paris, Sorbonne Universités, UPMC Université Paris (¥
& — A,;=1.2 MB A ,=0.23 MB
- .: g & T = TC1=6'2 K, TC2= 1.8 K
& ." - v =
L 28" “. | = - = T=0.3K <T¢y, T,

9
T

!H
‘j_%il

| daza V7xV3-Pb/Si(111)
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Proximity effect between /\ MIPT
two superconductors

PHYSICAL REVIEW X 4, 011033 (2014)

Proximity Effect between Two Superconductors Spatially Resolved
by Scanning Tunneling Spectroscopy

V. Cherkez,"* J.C. Cuevas,”” C. Brun,""" T. Cren,"* G. Ménard,'” E Debontridder,'
V.S. Stolyarov,'*"* and D. Roditchev'”
Institur des Nanosciences de Paris, Sorbonne Universités, UPMC Université Paris (6
UMR 7588, F-75005 Paris, France

A,=1.2 MB A ,=0.23 MB
T;=6.2K, Te,= 1.8K

1) T=0.3K <T¢, T,

Vbias (MmV)

BIT MIPT Summer school 17-24 July 2023




@ Proximity effect between [\ MIPT

two superconductors

PHYSICAL REVIEW X 4, 011033 (2014)

Sy

Proximity Effect between Two Superconductors Spatially Resolved
by Scanning Tunneling Spectroscopy

V. Cherkez,'~ J. C. Cuevas,”” C. Brun, I Cren,'” G. Ménard,'” F. Debontridder,'
-~ V.S. Stolyarov,'*"* and D. Roditchev'”

Insiitur des Nanosciences de Paris, Sorbonne Universités, UPMC Université Paris 06,

”f‘*mn‘“ UMR 7588, F-75005 Paris, France
/‘

A,=1.2 MB A ,=0.23 MB
T;=6.2K, Te,= 1.8K

1) T=0.3K <T¢, T,

2) Te, < T=2.05K < T,

Vbias (MmV) - Vbias (mV)

BIT MIPT Summer school 17-24 July 2023




xinm)

8

X (nmj

(=]

L =]
L=

1
(=]

)
-2

Y

m\-’

al/ u’V

E
D

t ;

Proximity effect between /\ MIPT

two superconductors

PHYSICAL REVIEW X 4, 011033 (2014)

Proximity Effect between Two Superconductors Spatially Resolved
by Scanning Tunneling Spectroscopy
V. Cherkez,'~ J. C. Cuevas,” C. Brun, I. Cren,'” G. Ménand,'” F. Debontridder,'~
V. S. Stolyarov,"" and D. Roeditchev'”

Institut des Nanosciences de Paris, Sorbonne Universités, UPMC Université Paris (6,
UMR 7588, F-75005 Paris, France

A,=1.2 MB A ,=0.23 MB
T;=6.2 K, Te,= 1.8K

| 'y
£ o , 1) T=0.3K <TepTer
2) T, < T=2.05K < T,

Vbias (mV)
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Proximity effect between /\ MIPT

-

two superconductors

PHYSICAL REVIEW X 4, 011033 (2014)

“ 0.0 ' 1
-50 0 50 100
distance from the edge (nm)

Proximity Effect between Two Superconductors Spatially Resolved
by Scanning Tunneling Spectroscopy

V. Cherkez,'~ J. C. Cuevas,” C. Brun, ~' T. Cren,’ * G. Ménard,'” F. Debontridder,'*
V.S. Stolyarov,'*"* and D. Roditchev'”
Institut des Nanosciences de Paris, Sorbonne Universités, UPMC Université Parix 06
UMR 7588, F-75005 Paris, France

A,=1.2 MB A ,=0.23 MB
T;=6.2 K, Te,= 1.8K

1) T=0.3K <T¢, T,

2) Te, < T=2.05K < T,
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@ Proximity effect in a superconductor in the ballistic limit /\,MT..

Scanning tunnel microscopy

dl/dVv

S1

!

2paHuyua

BIT MIPT Summer school 17-24 July 2023



@ Proximity effect in a superconductor in the ballistic limit /\MT,

Scanning tunnel microscopy

dl/dV

NbSe2

BIT MIPT Summer school 17-24 July 2023



@ Proximity effect in a superconductor in the ballistic limit | PT

Scanning tunnel microscopy

dl/dV
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@ Long-range Shiba bound states /\ MIPT

—
L. Yu. Acta Phys. Sin (1965) S
H. Shiba. Prog. Th. Phys. (1968)

A. I. Rusinov JETP Lett. (1969)

JS - ~ ,
J ¢ t et t
Hfmp — _T("(]-T-('{)“ - ('”L('”_'_) + K (('{}-[-"U"' G i ('[];f'{J.v.)
1 w ™ e A 3 JS
Lf}‘h‘p‘b” — :tA (.()H (()—'— o (.) } Ir:lll I".'+ N 1\ 'U“ :t ._) '“”
1 sin(kpr + (Si) sin(d+ —&5— 2 &t
E_A sin(0™—467 )r/hvp  hy,

Q':}:(%) — \W A.:F,r
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Long-range Shiba bound states /\ MIPT

.- a 8l b l i Deconvoluted Cr/Pb (111)
' Nb tip ol & : |
08 o0 4- .;E ;E - 2+
{ Bare Nt Pb EE f.t (:ul
~ 04 - BCS M “ 21 ; Il Pb a
E | ._.J' fL_
__3 - 0} 8 1
: c o EETL -
©,l 1 | | 04 __ : . : )
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Lower dimensionality -> larger extents of YSR bound states
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