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Superconductor-Insulator Transitions

Haviland et al, PRL 62 18 1989
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Disorder-induced transition

Haviland et al, PRL 62 18 1989
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Electronic inhomogeneities

Haviland et al, PRL 62 18 1989
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Electronic inhomogeneities

Haviland et al, PRL 62 18 1989

'_!_._l I’V‘I‘ITI_! 1 I TT l'rFT_l"rIT_!ﬁr_l—!_T_l_f

o3 = . E

- a-Bismuth

103t E
4.36 A

oL\ Disorder |

_ | rf,“ S
o2

M,ulnLuluu

0 5 10 15

Superconducting side

Local gap wgos(r) Inhomogeneous order paramygfer

- d'" L
-

x [nm]

Sacépé et al., PRL, 101 157006 2008

Insulating side

(7

v

6=
——70°C
2 | -~ 90°C
4x107 Fe— fio'e
130°C
— 140°C
() 2 | 150°C
2 x0T Fe———x = ——170°C
St -~ 190°C
8 / —210°C
{ ——250°C
8 a0 |
R §i q
3 {1 e
x 1x10° | | !
/ [ {0028
11 Ll AR
0 L ,( J 000 004 008 012 000 0,02 004
0,0 01 0,2 03 04 05

Temperature (K)

Skvortsov & Feigel’'man, JETP, 117, 487 2013 Couédo et al., Sci. Rep., 6 35824 2016

\_

Homogeneous phase ?

v' Superconducting grains ?

Influence on electronic
transport ?

~

QuanDi — 2023 — Les Houches



Electronic inhomogeneities

Haviland et al, PRL 62 18 1989
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Expected behaviors

Haviland et al, PRL 62 18 1989
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Expected behaviors .

Haviland et al, PRL 62 18 1989
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Unexpected behaviors

Shahar JETP Lett 88 752 2008 To
18 _ Systems with R «< e T at the lowest temperatures
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X Tuning the disorder

. . P 1 Disordered superconductor
Usual disorder parameter in 2D: Rg = X P
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Activated law at low temperature

Crauste PRB 90 060203 2014
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Activated law at low temperature

T
[ Mechanisms for R « e?o atlow T ]

/ Charging energies \ / Divergent localization length &, \
(inhomogeneous systems) close the transition
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Activated law at low temperature

Top view
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Activated law at low temperature
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Activated law at low temperature
/\/ Electronic granularity due to: \

v" Inhomogeneities
v’ High dielectric constant k

e e? ' K d
BT0 47‘[60Kdn a

\ with k = ko + 4 1f5, %N(Ep)flzoc /

QuanDi — 2023 — Les Houches Humbert Nature Comm. 12 6733 2021 18



‘Theoretical model

Activated law at low temperature

/\/ Electronic granularity due to: \ v’ Electrons hopping
v" Inhomogeneities between grains
v’ High dielectric constant k

g e? ' K d
BT0 47‘[60Kdn a

\ with k = ko + 4 1f5, %N(EF)EZZOC /
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Activated law at low temperature
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‘E-Phonon coupling

Basics

Exact value not really known

Electrical measurement v' Heat balance equation ;—'
.................................................. _ _ _ s 5
: Thin film P=VI=gepn (Te Ton
I
. (" A
e-/ph coupling Expression valid for metals
: * Assumes all power go
[ Phonons ] to phonons 1E9,
: _ : . J
Strong coupling | N g 157.; .
Cold bath Determined by R(T) curve: g 1000000 \
* Assumes resistance is ; .\
only fct of T.. y 10000 —~——
100001..... . ————y
0,1 1

Temperature (K)
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Bistability

McArdle and Lerner Scientific Reports 11 24293 2021

0.12- 0.12- | Evolution in temperature l
0.08 1 0.08 1
v? v
0.04 0.04 - tpn = 0.T5E,
— tpn = 0.915,
—e— Stable — =t
—e— Unstable — = 1245
0.00 T T T 0.00 ; T :
0.05 0.15 0.25 0.35 0.05 0.15 0.25 0.35
Tel tel
9 4 )
p_ Ve B B v At low enough T, there is always a bistability
- R - ge—ph e ph v" The max T at which bistability observed does not
evolve with g,_,n (@ssuming constant R(T)).
\_ J
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Many Body Localization

Ao (T)
O =777 77777777 i : \
v Disordered superconductors as a possible
platform for MBL
<Insulators i
: : v' Weak e-/phonon coupling
\\/ Zero conductivity below T, /
_'_._!c' : -
Te O¢/A oc/N* T

Basko, Aleiner, Altshuler PRB 76, 052203 2007

Altshuler, Kravtsov, Lerner, Aleiner PRL 102, 176803 2009
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) G .
Synthesis

E-beam co-deposition TEM

Sample
AN

Si quartz %/jﬂ‘-\éf’ Y quartz

/N

- -
Si source Y source

v' Amorphous
v' Mean freepath | ~ 2 —§ A
v' Electronic density n ~ a few 102" m-3

v' Heat treatment until 500°C:
v" No modification of the composition x

l

- TN

-
-
%
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Phase diagram

Composition As deposited, d € [30,60] nm
0.1 5 x=146% . x=233% 1,0 4 -
3 x=169% o« x=254% Insul. M . Metal
; X=181% « x=255% "
0.01 5 x=19.3% x=29.5% HT4 08
E Xx=21% + x=295% HT2 »8 4
1 Xx=215% * x=296%_HT3
1E-3 4 1 .
_ § 0,6 -
E ] —
T = . < .
1E-5 - 33
] Y
] 0,2 4 a
1E-6 <
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1 H 0,0 ++—s—n—n—um - —
1E-7 4 T !'I'I'l'l'l' — 77777
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0 5 10 15 20 25 30 35 40 45 50

Température (K)

Composition (Y percent)

v' Metal-to-Insulator transition: x ~ 16%
v" Superconducting for 20% < x < 40%

Heat treatment

14,4%, d = 30 nm

8

10

10" 4

Resistance (Q)

10" 3

10° 2

3 -

* 14.4 % as deposited

= 14.4 % annealed 80°C
= 14.4 % annealed 90°C
* 14.4 % annealed 95°C

10* +——r

Temperature (K)

v Heat treatment renders film more
insulating
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Low disorder .

24
) _ Heat treatment = 80°C
29 - = As deposited .
= Annealed 80°C =
1 = Annealed 90°C . -
201 . Annealed 95°C . ) 1E-8
18 - .- " L 4 169 1"
o ' . ™~
£ 161 . . ]
. " 7 1E-10 4 m 14mK
- — 5 = 20mK
< : = 25mK
— = 30mK
*S' 1E-11 1 L aEmK
- ] = 40mK
6 8 10 12 14 16 18 8 1E-12 1 . ;gmﬁ
— m
AT (1/K) ] m 55mK
= 60mK
1E-13 ® 65mK
= 70mK
. . B 75mK
v' Activated behavior at low temperature 1E-14

10 -8 -6 -4 -2 0 2 4 6 8 10
Voltage (mV)
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Low disorder .

24
] | Heat treatment = 80°C Another sample
22 J = As deposited -
= Annealed 80°C =
1 = Annealed 90°C . - 1E-9
20 - - Annealed 95°C . )
18 - o P
o ' . 1E-10 4
g 1% e )
to g 1E-11 4
= m 20mK
Q B 25mK
N — S 1E-12- " 30mK
6 8 10 12 14 16 18 %) ] : ing
- m
UT (1/K) . 45mK
1E-13 4 50mK
) = 55mK
m 60mK
v’ Activated behavior at low temperature 1E-14

: B
10 -8 -6 -4 -2 0 2 4 6 8 10
Voltage (mV)
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curves

Low disorder

24

1 Heat treatment = 80°C Another sample
22 J = As deposited -
Annealed 80°C =
1 = Annealed 90°C . - 1E-9
20 - - Annealed 95°C .
18 - L
3 ' 1E-10 -
E 16 . -
g 1E-11 -
=) m 20mK
Q B 25mK
S 1E-12- = 30mK
6 8 10 12 14 16 18 O ) m 35mK
- 40mK
1T (1/K) . 45mK
1E-13 1 50mK
) = 55mK
B 60mK
v' Activated behavior at low temperature 1E-14 +————1——1— et

]
10 -8 -6 -4 -2 0 2 4 6 8 10
Voltage (mV)
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In(R)

24

Low disorder .

22 -
20 4

18 4

16 4

As deposited

Annealed 80°C
Annealed 90°C
Annealed 95°C

Heat treatment = 80°C

1E-10

v’ Activated behavior at low temperature

8 10 12 14 16 18

1T (1/K)

1E-11

|Current| (A)

1E-12 4

Voltage (mV)

Another sample

20mK
25mK
30mK
35mK
40mK
45mK
50mK
55mK
60mK
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In(R)

urv

Higher disorder

Heat treatment = 90°C

24
22 _ = As deposited .
Annealed 80°C =

1 = Annealed 90°C . " <
20 - - Annealed 95°C .
18 - L
16 - ]

- . "

L]

6 8 10 12 14 16 18
1/T (1/K)

v Activated behavior at low temperature

1E-6
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/

1E-14 +——7——
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—u— 14 5mK
—e—20mK
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—a— 70mK
—a— 80mK
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curves

Even larger disorder

24
) _ Heat treatment = 95°C
29 - = As deposited .
Annealed 80°C " &
1 = Annealed 90°C -
20 1 - Annealed 95°C 1E-7 4 /'
18 - _ \
= : ) 1E-8
- : . 1 —=— 20mK
: 1E-9 4 e 3omK
— E —4— 35mK
4 —v— 40mK
§1E'101 45mK
= ] —< 50mK
5 E 55mK
| —T1T r 1 v 111 E1E-111 :::igmi
6 8 10 12 14 16 18 o o oome
1T (1/K) 1E-12 4 T 108mK
3 —%—125mK
1E-13 s
—u—400mK
v' Activated behavior at low temperature 1E_141 s |
-100 -80 -60 -40 -20 O 20 40 60 80 100

Voltage (mV)
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Comparison with heat balance equation

McArdle and Lerner Scientific Reports 11 24293 2021

v' Heat balance equation

p T B T 5 Heat treatment 95°C
= Ye—ph ( e ph) 1E-8 4
0.08 ]
v' Activated transport v 1E-9
_ n. T . 15101
R = RO € = 098 1E-11 .!
— =1 E
fon = 1205, 1E-12 4
000G 0.15 0.25 0.35 g ]
b = 1E-13 4
. ; .- o ]
v’ Maximum T, for bistability 1E-14 {
T, 0T 15 SEL 7
c=(B+1) 0 1E-16 - S
0,05 0,1 0,15 0,2 0,25 0,3
R T’B 6,8—1—1
V2 - ge—ph 0 6 0 See also V. Kravtsov’s talk (expmtl Te (K)
c (5 I 1)5—}—1 value of g,_,, larger than predicted)
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V) curves

v' Heat balance equation
P = ge pn (Teﬁ — Tpﬁh)
v Activated transport
R =Ry 10/ Te

v’ Maximum T, for bistability

Bl
Tc:(ﬁ"‘l) P TO

v' Voltage at which the current jumps

_ ge—thO 5 T(')B P+l
(8 +1)P+1

V2

Tc (K)

Comparison with heat balance equation
0,10 0,10
0.00 . = Experimental 0,00] | = Experimental
e = E-ph coupling model . = E-ph coupling model
0,08 -
0,08 - ]
; 0,07 -
uprt 0,06
0,06 1 > 0,051 . -
] o ] (]
0,05 - > 0,04 -
i 1 m n
0,041 ' 0,03 1
1 0,02 -
0,03 - ] .
| 0,01 - .
0,02 +4—4—v—v—"—F—"7—"T—"""—""T"—"""T"""T— 00 b
045 050 055 060 0,65 070 075 080 085 " o045 o509 055 0,60 0,65 070 0,75 0,80 0,85
TO (K) T0 (K)

v Qualitatively explains the features

v Needs to explain the disappearance of current jumps
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Model

Site i Field E Site |
Monte Carlo simulations

v' Metallic grains

v No interaction between grains

v' Coulomb interactions effect:
v" Coulomb blockade (activated transport)
v' Ensures common T, for all grains

4;; Energy used to heat e-

v" Phononless transport
v" Phonons involved in dissipation only

v

Ai,j = Ej — € + ZEC — (x] — xl)F

Al,_]
Aij
ekT — 1

Transition rate: I;; =
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Results .
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Simulations Experiments
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1. Activated behavior due to: 2. Revisiting e-/ph coupling model
v Hopping e- v' Want to compare quantitatively
v’ High dielectric constant k expmt/simulations

Thank you for your attention !
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Thank you for your attention !




1. Motivation

»  Superconductor-Insulator transition (SIT)

2. Activated electronic transport at the onset of the insulating regime

»  a-NbSi
» 3 ways of tuning the disorder

> a-NbSi: an activated insulator

3. Electron-phonon decoupling in a-YSi films

» a-NbSi : an activated insulator
» Toward an over-activated regime close to the SIT

»  Application of our model on other system
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Qualification du désordre
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Crauste et al. PRB 87 144514 2013
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‘Désord,e

Qualification du désordre
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Recuit — un parameter de controle du désordre .
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FIGURE 4.28 — Evolution des T, en fonction du recuit. Les courbes en pointillées correspondent
aux régressions linéaires, dont les valeurs sont indiquées dans la figure.
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Qualification du désordre
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Over-activated law at low temperature

x =13.5% d = 354
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[ Scaling of the resistance does not work at low temperature ]
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‘Over-activated regime

Influence of local superconductivity?

Crossing temperature ~ T, of the grains

ﬂ«ﬁg& """ I
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;,L Non superconducting material
:‘- Superconductor
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‘Over-activated regime

Numerical simulations

p = proportion of superconducting grains

Teross=p Ty

Disorder increases (move further from
SIT)
—> Less superconducting puddles
- Less deviations from simple R ~ eTo/T
—> crossover temperature decreases

10°
YA
103 '
; 107 3
102 1g ﬂ
o 105 ;
| J * data 3
101 E Arrhenius behavior
103 - Model 3
100 . L . L . 1 . 1 . L . 1 L 1 1
20 40 60 80 100 120 140 0 2 4 6 8
1/T (a.u.) 1/T(K™Y)

[ Excellent agreement with expmts! ]
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‘Over-activated regime

Numerical simulations
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Numerical simulations
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Even larger disorder

v' Heat balance equation 1512_]
_ B _ B ] )
P = ge pn (Te _Tph) ‘
v Activated transport i 1E114
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