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Motivation for designed superconducting circuits

Quantum matter Quantum circuits

This research line
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Motivation for designed superconducting circuits

Quantum matter Quantum circuits
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What kind of many-body system?

Spin chains

Sanny

Barends et al. Nat. Com. (2015)

Salathé et al. PRX (2015)

Quantum fluids of light
Review: |. Carusotto & C. Ciuti, Rev. Mod. Phys. (2013)

Houck et al. Nat. Phys. (2012) Roushan et al. Nat. Phys. (2016)



What kind of many-body system?

Qur choice: guantum impurities

One gquantum system coupled to a large bath:
The “hydrogen atom”™ of many-body physics



What kind of many-body system?

Qur choice: guantum impurities

Quantum phase transition Scaling behaviour
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What kind of many-body system?

Qur choice: guantum impurities

Quantum phase transition Scaling behaviour
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Mainly ground state properties
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B0sonic quantum impurities



A Josephson junction coupled to
many harmonic oscillators:

h* C
L = Ly 102 2J (87590())2 + E'5 cos L0
Lono = 47TZqC/O dzx [1/0(8,5@:,;) — (0204 }

the “Boundary Sine-Gordon” model
®o boundary value of a continuous field ¥z

‘localized/delocalized” quantum phase transition at 7z, = Z,
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The Josephson junction

ot NP L B PR SR, R ﬁ"—?ﬂ';‘&’k:g"zuih.,e‘

Second Layer

\

“Superconducting tunnel junction”

EHT = 3.00 kV Signal A = InLens Date :3 Jul 2015 éﬂ
WD = 4.2 mm oystem Vacuum = 2.08e-006 mbar Time -19:36:32

Mag= 2042 KX (Polaroid reference) institut



The Josephson junction

Josephson relations

i(t) = Isinp(t) wih  o(t) = 2—;¢(t)

t i(t)
o) = [ olt)it N
Josephson Hamiltonian 4 ° §
g00.gl/CKN5Pk
Ej(p) = /i(t)v(t)dt = Ej(1 — cos p) e—
v(t)

Josephson inductance

9i\ "' Lig
L p— — p— ’
: <3¢> COS




Josephson junction: basics

Circuit element Associated energy Associated variable

(2e)°

Capacitance (' Eo = éCooper pairs number 1
5 ZCJ 5
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' g02
Junction LJ EJ _ 10 . Macroscopic phase

. L difference ¢
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A

Josephson junction: basics

&

Characteristic impedance

Zq [2EC , h

_ N Z, = ~ 6.5k

o\ B VI T T (2e)
Resonant frequency

wy = \/2E;5E,
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Josephson junction: linear regime

AR Zq

Potential Energy landscape
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Josephson junction: strong nonlinearity

Zy ~ Zq
H = Ech? + Ej(1 — cos(¢

))

Potential Energy landscape




A Josephson junction coupled to
a dissipative environment

I Iy 0O\
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C

Infinite transmission line: R = Z,

Dissipation in guantum mechanics

R. P. Feynman and F. L. Vernon Jr. (1963),
A. O. Caldeira and A. J. Leggett (1981)
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A Josephson junction coupled to
many harmonic oscillators:

004 004 UL

h* C
L:Lenv | !

4e? 2
hZ,

_ ~ 2 2
Lenv — 47TZC /() dx [1/6(875(70%) C(@xgpx) }

(p2) ~ 4Z.10(Z3/Zc) | Z,

(ep0)” HEy cos o]
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A Josephson junction coupled to
many harmonic oscillators:

1000 1000 I

L= Lo+ 229 00 fEr o]
— env T o Ty \GHY0) THEI EOP YO0

th ~ 2 2

Lenv — 47TZC/O dx [1/6(87590%) o C(ﬁwgpx) }

(p2) ~ 4Z.10(Z3/Zc) | Z,

Large Z; ~—— Small Josephson junction
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A Josephson junction coupled to
many harmonic oscillators:

1000 1000 I

L= Lo+ 229 00 fEr o]
— env T o Ty \GHY0) THEI EOP YO0

th ~ 2 2

Lenv — 47TZC/O dx [1/6(87590%) o C(ﬁwgpx) }

<g0(2)> ~ A7 . In(Z5/Z.)/ Zq
Large Z; ~—— Small Josephson junction

Ze 2 Zq Challenging since  Zy ~ 20Zyac
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Building a large impedance environment
I ¢ I I Ze = \/L/C,

Josephson junction meta-material

T 1171, Ve

Seminal work: See also:

S. Corlevi et al 06’ N. Masluk et al 12’, Bell et al 12’, S. Butz et al. 13,
(Haviland’s group) C. Altimiras et al. 13", R. Kuzmin et al 18’....




Josephson junction meta-material: Fabrication

V. Milchakov 1D array of Josephson
junctions:
up to 10 000 cells

Challenges taced: stitching errors, resist homogeneity, focus
homogeneity, proximity effect....
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Cooling down the circuit

1st amplifier

2nd amplifier
Ty ~ 10Tsor

Dilution
fridge
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Josephson junction meta-material

% Uin

AR R
I I |

el

% Uout

high frequency
& low temperature

hw > kT’
(T = 20 mK)
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Josephson junction meta-material

TN
% Uin
=

b1

e
A\ 4
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5
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Josephson junction meta-material
0.50 i
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Josephson junction meta-material

: W
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JJ meta-material: dispersion relation
! I | 0.50 ; T

0.25

0.00]

—0.25

|S21| [dB]

_050 J ' -

0750 F i -

B S
1.004 5 6

Frequency [GHz]

high frequency
& low temperature
hw > kT’
(T = 20 mK)
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JJ meta-material: dispersion relation

0.25F ¢

0.00
—0.25

|S21| [dB]

_050 J : =
_0.75F '

_ RS
1.004 5

Frequency [GHz]

L Two scales

o o L
I I I Ly = \/ — ~ 609

L=053nH C=1441F C,=0.147 {F
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JJ meta-material: dispersion relation

0.25F ¢

0.00
—0.25

|S21| [dB]

_050 J : =
_0.75F '

_ RS
1.004 5

Frequency [GHz]

L Two scales

o o L
I I I Ly = \/ — ~ 609

L=053nH C=1441F C,=0.147 {F
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QOutline: Finite-frequency properties
of the Boundary Sine-Gordon model

Rnon—linear

L5 Renormalisation of the Josephson energy
from zero-point fluctuations

Rion-linear . LOSSES from Many-body effects
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A small Josephson junction
N a high impedance environment

small junction (non-linear): Zj ~ 2k

chain junctions (linear):

Ej(®p) = E;(0)|cos(mPp/P,)|
ZJ ~ 102
/. =1.9 k()
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[dB]

521

Transmission measurement

0.50
0.25
0.00

—0.25
—0.50
—0.75

-109 9 —=25 50 55 60 65
Frequency [GHZ]

7.0



Frequency [GHZz]
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Transmission measurement: flux dependence

10 p——
9

w 5 U1 O N 00

([ ] ‘ (N X )
[ ]

- —

|
—0.50 -0.25

|
0.00
®g/Py

0.25

0.50

Tunable nonlinearity

Ej(Pp)

Ej(®p) = E5(0) |cos(mPp/PD,)]



Transmission measurement: flux dependence

10 00 & ooo e ————

9 . .
Tunable nonlinearity
< O
I
S 7
>
O
C 0
5 Ej(®R)
o 5
Y
LL
4
3

050 =025 000 035 o050 (®8)=Ei(0)]cos(rlp/2,)]

®g/Py

How to infer the small junction properties
(frequency, line-width..) 7
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DeWitt (1956)

|dea: relative phase shift

|

|

|

I—
)

A S,

k.1 = Ag cos(kl +|04)
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Phase Shift
zo-M'
L5k

%1.0:‘

0.5 F

0.0

T T ST I T S T
5.0 (.5
Frequency (GHz)

00(wr) = Ok (E]) — O (E] = 0)
- We can infer E7 for each ¢p



Renormalisation of the Josephson energy
from zero-point fluctuations

Self-consistent
harmonic approximation

E?f _ EJ€—<¢(EJ*)2>/2

0
s
S
----- Scaling limit
. (27TCE)2EJ ﬁ
Er =M Ey. FE
J 111( Js J{ 2.

with o = ZC/Rq

40



—xperimental Observation

—1P50 275 5.00 525 550 575 6.00
Frequency [GHZz]

Modes quality factors depend strongly on the magnetic flux
threading the small junction
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Frequency [GHZz]
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Losses from Many-body effect
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Losses from Many-body effect
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Losses from Many-body effect

N Y e

w 171—3 A
|4 X akalnakl,OUtakQ,OUtakS,OUt
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Losses from Many-body effect

N Y S

w Y/71—3 N
- | X ak,lna’kl,outa’kQ,Outa’kS,OUt

Large if (%) is large
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Losses from Many-body effect

[ 4P | .
W\/W\,H Dhein

Wk, in — Wk, out = Wk, out = WEks . out

Coupling between single-photon states
and multi-photons states

b |Nteractions induced losses
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10°

Losses from Many-body effect
Agreement with theory at small flux (no fit)

(I)B/q)q

2.0

A R
5.0

' R
7.5
Frequency (GHz)

Capacitive loss

\

YJ = “Yint — 7/C

Theory: resummation of Josephson-Feynman diagrams

Y(t) = o<—»o0+ &0 +... = Ef[sin(G(t)) — G(t)]
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Quantum simulation of the Boundary
Sine-Gordon model

1025 |
. 10°F
T : o
= _ o Exp data
- i ---  Third order
| —— Second order

Frequency (GHz)
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35G: Conclusion and Perspectives

Dissipation from a lossless environment

Y. Krupko et al., J. Puertas-Martinez et al., npjQl (2019)
Phys. Rev. B (2018) (See also R. Kuzmin et al., npjQl (2019))

Many-body renormalisation and large phase tluctuations
S. Leger et al., Nat. Commun. (2019)

Quantitative understanding using a variational ansatz
K. Kaur, T. Sepulcre et al., Phys. Rev. Lett. (2021)

Circuit QED implementation of the non-perturbative boundary

sine-Gordon model
S. Leger, T. Sepulcre et al., arxiv:2208.03053

What about Quantum Phase Slips?

Houzet & Glazman, PRL (2020), Burshtein et al., PRL (2021) Kuzmin et al., PRL (2021)

Signature of guantum criticality?

Quantum metrology
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Dielectric loss

Capacitive loss in the chain

Frequency[GHZ]
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Dielectric loss

Capacitive loss in the chain

Y (w) = iwRe(C) + wIm(C)

5 10 tan o =
Frequency[GHZ]
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Losses from Many-body effect

Linear response theory

’VJ 2h ”

_ _277
Rorsn 7, (wk)chok)

Self-energy Respose function



Modelling: Self-Consistent Harmonic Approximation

500 ¢Ex)

—
a

N

W calculate the normal

modes

0
M

Implementation 5; _ e (0E?)2 ith (62) = 3 67

¢ k

Wi = 2E; E;
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/PF versus temperature

- (@) oo = = =

o o o o N -l>

o o o
Temperature [mK]
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/

Frequency [GHZ]



Deviation:
SCHA
breakdown

(6%) =

59

/P

— Versus temperature

11 | | | | — sample
e A

Qi © 06 0 0 o N ® B
10| =

*
Wy exp [GHZ]

|
60 80 100 120 140

Temperature [mK]
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/PF versus temperature

Quantum i Classical

Temperature




/PF versus temperature

1.6 | | | | |

Quantum i Classical 1.5

1.4

T o~
N N
- . 1.3
~—— ~—

1.2 =
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I | | | |
Temperature 40 60 80 100 120
Temperature [mK]

What about the many-body nature

61
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(¢2)
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Many-body problem

1.6 | | | | |
Modes
1
3
T 6
. 0.8F —
> — 10
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1.6

0.6
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Many-body problem
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