Circuit-QED based spectroscopies of quantum impurities

Nicolas Roch
Superconducting quantum circuits team
Neel Institute, Grenoble, France




NUKIH
ATLANTIC
OCEAN

English Channel |

ENS] ,r‘\\ = ROMANIA

[_ lf:-l “l'?q [

9 N
: {i._\_ lLLu at

[ )
ajevo.

L -
:

Larij
e
.Y

Mediterranean Sea

Algiers

AMadibadennann Can



EAAA L A LA

Y ’r:‘g - : NORWAY Helsinki
Q i OS[O;’ ; ARD “Tallinn
;{E\‘ -‘,‘,_4‘('3? i Stockholm ™ ESTONIA
¥ -';z:".' < o Moscow
R o e op s
R b T ? -
g Riag® LATVIA
) iga
DENMARK - LITHUANIA
B Kebenhavn Vilnius
2 a Minsk
BELARUS
S A
Waam Berlin. \.ar'saw
POLAND p Kiev
s GERMANY UKRAINE
BELGIUM Prague
LUXEMBOURG * CZECH
;, Paris Luxembourg REPUBLIC SLOVAKIA
Chisinau
V'Pﬂﬂé: Bratislava ®
+ Budapest MOLDOVA
AUSTRIA HUNGARY
-Vad
FRANCE BN S ECHTENSTEIN ROMANIA
SWITZERLAND SLOVENIA
‘ L iublj:ma o;;-l"*A‘J’eb Bucharest
G re n O b | e JLi2 p BOSNIAAND ~ Belgrade
Mkino RERZECOVINA. JSERBIA
@Monaco S;N Sarajevo e . BULGARIA
S HORAL MARINO NEG--RO,(OS;S;M “Sofia
ANDORRA vinc Podgoric: ®Skopje
Vatican City ¥ATI Tirana  MACEDONIA
PORTUGAL _ Madrid ®rome i
| - ALBANIA
gtisbon SPAIN TURKEY
GREECE
Athens
Algiers
Tuni O
She MALTA



PORTUGAL

&Lisbon

D akuar

AT R

NORWAY " .Helsinkiﬁ‘ 2
F - A allinn
Stockholm ™ ESTONIA

« Moscow

BELGIUM
_LUXEMBOU
& Paris “Luxembo
<+ Budapest MUELIVYS
Vad b HUJGARY
FRANCE <Bem  SlEcHTENSTEIN ROMANIA
SWITZERLAND SLOVENIA
O L iublji;na ® Zagreb Bucharest
- ROATIA N ®
G re n O b | e nr2 ) BOSNIA AND ~ Belgrade
\ VIN
e HERZEGOVINA g oo)a
wMonaco S:N : Sarajevo e ‘ BULGARIA
Andorra MONACO MARINO 'ﬁgggso'm:;a'"" (’.'"Soﬁa
® - =
ANDORRA A ) Podgor'ica\9 ®Skopje
Vatican City VATICAN Tirana  MACEDONIA
@) Madrid “Rome -
ALBANIA
SPAIN TURKEY
GREECE
Athens',ii
Algiers
. K
Tunis

'MALTA



PORTUGAL

&Lisbon

D akuar

EAAA L A LA

NORWAY ' Helsinkiﬁ
o Oslo“’_ 4 ALAND "A?Talli -
Stockholm ™ ESTONIA

« Moscow

BELGIUM
LUXEMBOU
& Paris Luxembo
_ Budapest MULUUVA
W AUSTRIA HU;’GARY
ERANCE +BEM @ iECHTENSTEIN R

SWITZER! "\ OVENIA

@
Grenoble

Andorra
ANDORRA"~

& Madrid

SPAIN

Algiers
-



Superconducting quantum circuits team

Sébastien
Leger Luca Olivier

I(.)anna. | & | Planat | Buisson
KriekouKi | /,,\

»

Farshad Foroughi

‘ L :
\\

b o}

T
’:i ”?
| ~\ ‘b : Gwchard ko

. Javier Puertas- | ~ AN

Rem
I\/Iartmez y

: ‘ Dassonnewlle =

é‘é *@* Quantum Engineering
Univ. Grenoble Alpes

institut




FEL

institut

Neéel Institute
Grenoble

U. Witwatersrana
Johannesburg

Acknowledgments

Serge
Florens

See Poster!

Nicolas
Gheereart




What is a guantum impurity?

Ingredients:

one impurity
ﬂ_ many degrees of freedom
& Multi-Mode UltraStrong Coupling: T' ~ wqg




Why a quantum impurity?

The "hydrogen atom” of many-body physics
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Why a quantum impurity?

The "hydrogen atom” of many-body physics

New physics: dynamics

What about the bath? Non-markovianity, entanglement...



—ermionic bath

Heavy fermions Exotic superconductors
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Credit: Luis Dias - Ohio University Knap et al., Phys. Rev. X (2012)



B0osonic bath: back to basics

Two-level system
+ 1 bosonic mode

Strong coupling:
g > RK,Y

Magnetic flux

—— qubit mode
—— photonic mode
—— coupled modes

Transition frequency




Bosonic bath: back to basics

Aw > 2g

Magnetic flux

Aw

Transition frequency

Two-level system + 1 bosonic mode at once



Bosonic bath: back to basics

s il i\

Transition frequency

Two-level system + N bosonic modes
(Spin-Boson model in the strong dissipative regime)

¢
DO
N
Magnetic flux




Outline

Q-impurities in circuit-QED: the recipe

A low loss, high impedance meta-material

A Transmon qubit ultra-strongly coupled to a
guantum meta-material



Circuit-QED:

Superconducting circuits and microwave photons
Quantum bits NEMS
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CII’CUI’[ QED coupling to many modes

Input |
Sundaresan, N. M., et al. Phys. Rev. X (2015)

F/wm ~ 1%

g/wor ~ 1

= Mesoscopic bath
- @/, (107 +

R, g;;g:%; Ultrastrong coupling

0.0

f(GH2)

Forn-Diaz, P., et al. Nat. Phys. (2016)

F/Cd()l ~ 1



What about the many modes (large N)?




What about the many modes (large N)?

Infinite number of LC oscillators

A. Caldeira and A. J. Leggett ‘81



e N)?
What about the many modes (larg
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Monitoring
the bath




Coupling: a simple example

“‘Bath” or Superconducting qubit
Environment Wq
_]> —WW— Qin ¢
A
@ 4 E L )‘l IES Ly

<_WWV\I_ a/()ut
I _ /Ty

coupling strength
or inverse lifetime



Coupling: a simple example

‘Bath” or Superconducting qubit
Environment wq
L e Gin ¢
\ : |—|
-W— Qout
1
YT T 0
Classical treatment ! £ _ é Q
N — ZC Wq 2 LJ




Coupling: a simple example

“‘Bath” or Superconducting qubit
Environment wq
_]> —\WW— Ain ¢
A : |—I
W Qout

Quantum treatment: fine structure

constant
! ith R & 6.5k
atoms ™ T oo circuit ~ Wi — ~ 0.
ot 137 Ceirewit ™ Ro 97 (20)2



Reaching high impedances

Josephson junction meta-material




Reaching high impedances
Josephson junction meta-material

Seminal work:
S. Corlevi et al 06’ (Haviland’s group)

See also:
N. Masluk et al 12’, Bell et al 12’, S. Butz et al. 13’, C. Altimiras et al. 13’



Reaching high impedances
Josephson junction meta-material

Low loss: superconducting state

Josephson (kinetic) inductance
can be very large:

Ly~ 10%L

Josephson (kinetic) inductance
'S tunable In-situ

Josephson junction = “superinductor”



JJ meta-material;

Number of samples

(c)

3ridge
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1250 1300

—ree Fabrication

Lecocq et al.
Nanotechnology (2011)

Low disorder
Mean: 1.2 kOhms
Deviation: 22 Ohms



JJ meta-material: Bridge Free Fabrication

Long array of SQUIDs:
5000 cells

asymmetric junctions

SvmlA | e = Date :14 Mar 2016

Torw 30004

Challenges faced: stitching errors, resist homogeneity, focus
homogeneity, proximity effect....



JJ meta-material: Measuring

coil % 500 [ﬁ 509[3

samplerso— (A4

-20dB

40mK

-20dB

4K

-23dB K7 39dB

_50dB room temperature K7 33dB

Vector Network
Analyser

Quantum regime:  hw > k'l



Josephson junction meta-material

Fabry-Pérot

IS




Josephson junction meta-material
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Probe frequency (GHz)



Frequency (GHz)
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A Transmon coupled to a JJ meta-material

Qur artificial atom: transmon qubit
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A Transmon coupled to a JJ meta-material

Puertas-Martinez et al., in prep



A Transmon coupled to a JJ meta-material

Frequency (GHz)



A Transmon coupled to a JJ meta-material

Coil current (mA)
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Puertas-Martinez et al., in prep



A Transmon coupled to a JJ meta-material

Coil current (mA)
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Puertas-Martinez et al., in prep



A Transmon coupled to a JJ meta-material

(gp) |tzsl
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Puertas-Martinez et al



A Transmon coupled to a JJ meta-material
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A Transmon coupled to a JJ meta-material

Flux (=®/®,)



Frequency (GHZ)

A Transmon coupled to a JJ meta-material
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A Transmon coupled to a JJ meta-material
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Theory: Self-Consistant Harmonic Approximation

For a review: Giamarchi and Orignac in “Theoretical Methods for Strongly Correlated
Electrons”, CRM Series in Mathematical Physics, Eds. D. Senechal et al., Springer,

New York, 2003



Frequency (GHZ)

Conclusion

High impedance
Josephson junction metamaterials

B enesow  SwwAtmm
WD = 3.4 mm Migs S586 KX (Potunid mdonnce)

Date 14 Mar 2016 /‘&l
Torw 240004
ratitut

Coil current (mA)
-1.11 -0.72 -0.34 0.05 0.43

-50

monitoring the qubit
AND the bath:

10 hylbridized bosonic
oL modes
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Perspectives: linking guantum optics
and many-body physics

Inelastic scattering Gheeraert et al..
of coherent states on a many-body system in prep

Shape the bath:
Multi-bands, Edge states...

Other models:
Kondo model, Sine-gordon model....
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