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Quantum system coupled to an

environment
FSR = w,, — w,,_1
(Free Spectral Range)
2
1 r _y
10 I < k
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Quantum system coupled to an
environment

(Free Spectral Range)

Dy
1 Y

on | o= +

Non-trivial many-body system if

- The environment has many degrees of freedom
- System ultra-strongly coupled to the environment I' ~ W10

- System fully hybridized with the environment ' ~ FSR
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Example: atom in a cavity
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Example: atom in a cavity

S

B | -

(@10 | L~

’)/ )

= Coupled mode
= = System mode

= = Photonic mode ¢

Strong coupling g > K, 7Y
but g < Wio

Two-level system coupled to
one photonic mode

Transition frequency
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Example: atom in a large cavity

Several modes but 29 < FSR
g < wig

qsd

Two-level system coupled to
one photonic mode at once

Transition frequency

—=
—=
/_,;2[
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Example: atom in a large cavity

qsd

Several modes coupled 29 ~ FSR

Ultrastrong coupling g/wlo ~ 1

At every point the system is entangled
with several modes

Transition frequency
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How to get there?

Circuit QED: Superconducting circuits and microwave photons.

Circuits allow large system-environment coupling
- Strong coupling: A. Wallraff et al (2004)

- Ultra-strong coupling: T. Niemczyk et al (2010)

- Many-body ultra-strong coupling: P. Forn-Diaz et al (2017)
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How to get there?

Circuit QED: Superconducting circuits and microwave photons.

Circuits allow large system-environment coupling
- Strong coupling: A. Wallraff et al (2004)

- Ultra-strong coupling: T. Niemczyk et al (2010)

- Many-body ultra-strong coupling: P. Forn-Diaz et al (2017)

but also:
In situ tunability of the environment

Monitoring of the environment

Fully microscopic model from lumped elements
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Outline

System-environment coupling in circuit QED
Tunable high impedance environment

Transmon qubit coupled to a JJ metamaterial

Monitoring the environment
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Coupling between the system and the
environment

Our system is a transmon qubit
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Coupling between the system and the
environment

Our system is a transmon qubit

4 N “
Z(W) — * I' ~ wqg
\
w T T T T T
Largest coupling obtained when sl ]
impedance matched to the . |
environment = 1.0} i
< \

Re [Z] ~ ZTransmon ~ k() — o5 Re [Z] ~ ZTransmon |
A high impedance environment is 0.0L,

_ 51000 2000 3000 4000
required Re [Z] ()
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Tunable high impedance environment

T Standard transmission line
e Y Y MY\ YYY\_____ Zo = 1 /L/Cg =500
[ — g ' — Environment as an infinite number
e of harmonic oscillators
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Tunable high impedance environment

L
= =C, = =
L;C;
¢ X
eIl el
- I L ] g [ ] _---
- N >

Seminal work: S. Corlevi et al (2006)
See also: N. Masluk et al (2012) Bell et al (2012)
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Standard transmission line

Zo = +/L)C\ =500

Environment as an infinite number
of harmonic oscillators

Array of N SQUIDs

BNGT

In situ tunable environment

) /Oy ~ kQ

Great control on the environment
parameters during fabrication.

C. Altimiras et al (2013)
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Fabrication of the environment

Fabricating the environment: thousands of identical SQUIDs

(c)

16/11/17

1um

Fabricated using the BFF technique
F. Lecocq et al (2011)

- No shadow pattern

- Allows cleaning of the substrate before
evaporation

ICQSIM Paris 2017
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Fabrication of the environment

Fabricating the environment: thousands of identical SQUIDs

(c) 1um Fabricated using the BFF technique
F. Lecocq et al (2011)

N
o

O

o
& 15

A

Mean 1 =1200Q 5
_ =10

Deviation 0 = 25§} é

>

=

U

Very low disorder, around 2%

1125 1175 1225 1275

R300k(£2)
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Fabrication of the environment

1cm

N = 5400 SQUIDs

18
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Characterization of the environment

Samp!
20mK  /° > aRE >

e ———————————
s
: 50 Q
Coil
20 dB
50 Q C
40 mK
20 dB
4 K
3dB
I HEMT Y7
20 dB +39 dB
300 K MITEQ JS4
20 dB +33 dB
VNA Current source
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Characterization of the environment

— ()ﬂ_@__@__wﬁo —

o T T T T T,

Fabry-Pérot cavity
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Characterization of the environment

— ()ﬂ_m__@__wﬁo —

o T T T T,
Fabry-Pérot cavity

-15

~ FSR Free Spectral Range
j: NN | FSR =300 ML
g 30} |
5 5| ' | | ' ' n
40;}\} U - Internal losses  Impedance mismatch
VPPN -0t ua—1o

4 5 6 7 8
Probe frequency (GHz)
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Characterization of the environment

— () ﬂ...._@__@__w._& O —

o T T T T T,

Fabry-Pérot cavity

25
-15
20l -~ Weut-off = 1/\/LJCJ ~ 21 GHz
o 25| 5
© =
~ -30} >
N @)
< -35) C
O
VWA 2
T R
Probe frequency (GHz) C§D
Y. Krupko et al. in prep. 00 20 40 60 80 100 120 140

Mode index
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Characterization of the environment

(zHD) Aduanbau} agoud

Flux (& /®g)

N = 5400 SQUIDs

ZC((I)) —

Tunable impedance

23
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Characterization of the environment

(zHD) Aousnbauy aqoud
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Transmon coupled to an array of SQUIDs

. E;r,C
_,Wwf_,_a.ln C J,T J,T C

——

C
;[c |
_ll_
50 Q2 ( — —

sh, TT

T TGT _ T,
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Transmon coupled to an array of SQUIDs

W Gin o EurCur Ly,C;  4700SQUIDs ~ Gout—~il—

50 Q2 <9Ji il : “ @ @_=AC[§£_'LT I \-é ' 50 Q
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Transmon coupled to an array of SQUIDs
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15211 (dB)

Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs

(ap) |TzS|

(zH9) Adusnbauj aqoud

(©/®o)

Flux

(ap) [TeS|

) < M

(zHD) Aduanbau) aqoud

Flux (®/®)
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Transmon coupled to an array of SQUIDs

(ap) |TzS|

(zH9) Adusnbauj aqoud

(©/®o)

Flux

(ap) [TeS|

) < M

(zHD) Aduanbau) aqoud

Flux (®/®)
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Transmon coupled to an array of SQUIDs

|S21] (dB)

Probe frequency (GHz)

e
2=—04 -02 00 0.2 o4 -loo

Flux(®/®y)
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Transmon coupled to an array of SQUIDs

What is the qubit width ?

Transmission
Transmission

Frequency Frequency
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Transmon coupled to an array of SQUIDs

What is the qubit width ?

Transmission
Transmission

Frequency Frequency

Resonance fluorescence

O. Astafiev et al (2012)

sw/2r (MHz)
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Transmon coupled to an array of SQUIDs

What is the qubit width ?

c
=

Transmission
Transmission

Frequency Frequency

Resonance fluorescence

O. Astafiev et al (2012)

sw/2r (MHz)
16/11/17 ICQSIM Paris 2017 34



Transmon coupled to an array of SQUIDs

What is the qubit width ?

c
=

Transmission
Transmission

Transmission
Transmission

Frequency Frequency
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Transmon coupled to an array of SQUIDs

:

U

Probe frequency (GHz
UJ‘ | ST =

N
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Transmon coupled to an array of SQUIDs

:

U

Probe frequency (GHz
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Transmon coupled to an array of SQUIDs

:

U

Probe frequency (GHz
UJ‘ | ST =

N
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Transmon coupled to an array of SQUIDs

-50
—6 The transmon phase shift
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Transmon coupled to an array of SQUIDs

-50
—6 The transmon phase shift
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Transmon

:

U

Probe frequency (GHz
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coupled to an array of SQUIDs
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Transmon

:

U

Probe frequency (GHz
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coupled to an array of SQUIDs
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Transmon

:

U
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Transmon

:

U
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs
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Transmon

:
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coupled to an array of SQUIDs
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Transmon
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs

:
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs
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Transmon coupled to an array of SQUIDs

:
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Transmon coupled to an array of SQUIDs

~WW— @in

e Aout —WWw—
I I I A _
O PEETR g

System
Array of 4700 SQUIDs = 4700 modes
n = ‘n17n27 s 7nN—17nN>

Transmon levels

)
Huge Hilbert space!

Brute force diagonalization is impossible

- Different approach

16/11/17 ICQSIM Paris 2017
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Transmon coupled to an array of SQUIDs

—r— CLin Qout ~Wi—

% o o SRR B g
o O LTI 1

System Theoretical assumptions

Array of 4700 SQUIDs = 4700 modes - Lumped element model with the chain

n = ‘nl, No, ..., MN_1, nN> assumed linear
Transmon levels Ej chain/Ec chain =~ 8000
£) - Non-linearity of the transmon treated using
Huge Hilbert spacel the Self Consistent Harmonic Approximation.

- Thermodynamic limit, we assume that
the chain is semi infinite

- Different approach N — o0

Analytically solvable

Brute force diagonalization is impossible
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Probe frequency (GHz)

Transmon coupled to an array of SQUIDs

The transmon phase shift
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Probe frequency (GHz)

Transmon coupled to an array of SQUIDs

The transmon phase shift
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Transmon coupled to an array of SQUIDs

The transmon phase shift
AO=[p(E;r=0)—9¢(E;r#0)] /7

N — o0
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I
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o = & Wy 2 WT
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Transmon coupled to an array of SQUIDs

The transmon phase shift

A =[p(E;r=0)—¢(E;r£0)] /7

Probe frequency (GHz)
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-100
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Transmon coupled to an array of SQUIDs

The transmon phase shift

Af=[¢p(E;jr=0)—¢(Esr#0)] /7 . Wn > W
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e 50
N ol T
\L—D’ i
o [a2)
o = § Wnp = W
g —
g § AO ~ 0.5
I o T
O
o ) 1 I \ | Ll 100
—04 —02 00 02 04 . W, < W
Flux (® /®y) > AfO ~ 0
T

16/11/17 ICQSIM Paris 2017 62



Transmon coupled to an array of SQUIDs

The transmon phase shift

Af=[¢p(E;jr=0)—¢(Esr#0)] /7 . Wn > W
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Transmon coupled to an array of SQUIDs

The transmon phase shift

A= (Esr=0)—¢(Lyr #0)]/m
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Transmon coupled to an

The transmon phase shift

array of SQUIDs

wTr
Al = [¢(Esr=0)—¢(Esr 7 0)] /7 e
N — OO Q<D] 0.6} ->.<F-T ]
Wt B ﬁ
T T | — T T oo/_/ :
1.25} E |
1.00f :
2 o7s) | ' ]
~—
2 —_—> —
= 0.50F -
0.25F .
0.00_1 1 L 1 l ]

Frequency

16/11/17 ICQSIM Paris 2017

65



Transmon coupled to an array of SQUIDs

e B '50
—6 The transmon phase shift
N
I ’
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3 s 2
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] I 1 1 1 g = /
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Good data theory agreement ' e T
. S IR 0, .
with no fitting parameter 0.0F |, ! > T >~ | il
: : : e 3 4 5 6
Mesoscopic environment effectively infinite
Equb1t,n(GHZ)

Up to 10 hybridized modes!
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Probe frequency (GHz)

Tuning the enwronment
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Probe frequency (GHz)

Tunlng the environment
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Probe frequency (GHz)

Tunlng the enwronment

Probe frequency (GHz)

% ) : ,
&2 =015 01L1=012 5200 021k 012 S WAL 015 0 LRI 00

5.5

5.0

4.5F

4.0

3.5)

I,V/ rl Y ‘l |

1
-0.50

1 L 1 L -100 B A il |
-0.25 0.00 0.25 0.50 g —0 50 —0 25007 00 0 25 0 50

16/11/17

Flux(®/®g)

ICQSIM Paris 2017

1521 (dB)

|S21] (dB)

70



Probe frequency (GHz)
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Tunlng the enwronment
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Probe frequency (GHz)
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Tuning the environment
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Probe frequency (GHz)
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Tuning the environment

0.45
< # { Pt
= 035 | | ~+ H*++*+H i++++
g o
ool 1 |
0.15f
10 =05 00 0.5 1.0
Flux (®/®g)
ICQSIM Paris 2017

|S21] (dB)

76



0.45
. 0.35
N
& 0.25
a

0.15

16/11/17

Tuning the environment
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In situ environment tuning
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- No fitting parameter
- Theory for an infinite environment
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Conclusions

Transmon coupled to a mesoscopic tunable environment

- Mesoscopic environment effectively infinite
- Up to 10 modes coupled to the system
- Ultra-strong coupling and many-body system

FT/(,UT = 10%

't ~ FSR

- Good data theory agreement with no fitting parameter
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Thanks for your attention
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Monitoring the environment

| T I ' ' System hybridization

Ler } At every point the transmon width
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