Engineering the speedup of quantum
tunneling in Josephson systems via
dissipation

Phys. Rev. B 106, 045408 (2022)
Phys. Rev. Research 3, 033019 (2021)

Gianluca Rastelli
gianluca.rastelli@ino.cnr.it

P\S*/{]}s,
o ds 57 At 2
3 CNR- IN O 2 {43 UNIVERSITA
ISTITUTO NAZION DI OTTICA OQ\ Dl TRENTO
CONSIGLIO NAZIONALE ELLE ICERCHE

cQED@TN, Trento 3-5 Ottonbre 2022 - Speaker: GIANLUCA RASTELLI



Quantum dissipation
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Quantum Brownian motion (Caldeira-Leggett model) % % % % % %
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Quantum dissipation

Quantum Brownian motion (Caldeira-Leggett model) % % % % % % 3
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conventional o unconventional
interaction — 4 interaction A =p A J. Leggett, PRA 30,1208 (1984)

Question: coupling to two baths via two non-commuting observables?
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[see for instance: New J. of Phys. 18, 053033 (2016)]
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Some results

Many-body systems (Josephson junction chains)
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Some results

Many-body systems (Josephson junction chains)
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How to realize it in an experimental system?

v

Josephson junction circuits

Phys. Rev. B 106, 045408 (2022)
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Conventional dissipation in quantum tunneling
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Conventional dissipation in quantum tunneling

. . . AN
current bias Josephson junction V [gp] tilted washboard potential
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superconducting phase
- first experimental observations M.H. Devoret, J.M. Martinis, J. Clarke, PRL 55, 1908 (1985)

[see also: J.M. Martinis, M.H. Devoret, J. Clarke, Nat. Physics 16, 234 (2020)]
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Conventional dissipation in quantum tunneling
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current bias Josephson junction V [gp] tilted washboard potential

shunt
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superconducting phase
- first experimental observations M.H. Devoret, J.M. Martinis, J. Clarke, PRL 55, 1908 (1985)

[see also: J.M. Martinis, M.H. Devoret, J. Clarke, Nat. Physics 16, 234 (2020)]

- environmental assisted quantum tunneling
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Conventional dissipation in quantum tunneling

current bias Josephson junction

I @ C,——

shunt
resistance

- first experimental observations

N
V [90] tilted washboard potential

>
superconducting phase

M.H. Devoret, J.M. Martinis, J. Clarke, PRL 55, 1908 (1985)

- environmental assisted quantum tunneling

[see also: J.M. Martinis, M.H. Devoret, J. Clarke, Nat. Physics 16, 234 (2020)]

- exponential suppression of the escape rate

and?
— ]
A.O. Caldeira, A.J. Leggett, PRL 46, 211 (1981)

~ exp| -
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Conventional dissipation in quantum tunneling

current bias Josephson junction
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- first experimental observations
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M.H. Devoret, J.M. Martinis, J. Clarke, PRL 55, 1908 (1985)

- environmental assisted quantum tunneling

[see also: J.M. Martinis, M.H. Devoret, J. Clarke, Nat. Physics 16, 234 (2020)]

- exponential suppression of the escape rate

and?
— ]
A.O. Caldeira, A.J. Leggett, PRL 46, 211 (1981)

~ exp| — phase dissipation
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Engineered dissipation

phase and charge: non-commuting observables/operators

shunt resistance
phase dissipation

® ® ® ®
R,
ground charge
resistance dissipation
® ® ® ®
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Engineered dissipation

phase and charge: non-commuting observables/operators

® ® ® ®
C,—— XE,
R, I
ground charge
resistance dissipation
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P two non-commuting dissipative interactions

Rs

shunt resistance
phase dissipation
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uantum escape rate without dissipation
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uantum escape rate without dissipation
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Semiclassical regime (path integral method)
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Semiclassical regime (path integral method) 1, > hw;
escape rate
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Electromagnetic environment
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Electromagnetic environment
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Environmental assisted tunneling

I' = Kexp [—SB/ﬁ]
- prefactor K ~ K| Phys. Rev. Research 3, 033019 (2021)

1
-enhancement &£ = exp {— - (SB — Sg))) } ,
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Environmental assisted tunneling
I' = Kexp [—SB/h]
- prefactor K ~ K| Phys. Rev. Research 3, 033019 (2021)

1
-enhancement &£ = exp {— % (SB — Sg))) } ,

Methods

- exact solution for the cubic potential only for Sg)) = 50 [gp(% (7’)}

A.O. Caldeira, A.J. Leggett,

. O O
- perturbative approach S ~ S [9059) (7_)] + Senw [90%) (T)] Annals of Physics 149, 374 (1983)

(undamped bounce)

E. Freidkin, P. Riseborough,

- variational approach Lv (7-) with variational parameters P Hanggl, PRB 34, 1952 (1986)

- numerical solution L.D. Chang, S. Chakravarty,
PRB 29, 130 (1984)
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Results for different dissipations
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General result
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Results

0 0.02 004 0.06 0.08 0 004 008 012

1/Rg 1/Rg
Parameters R,Rswi = constant
lo =21 pA C;<C lines
Ciot = 6 pF

C;/C = 0.02 dots

phase dissipation
and

charge dissipation

PRB 106,
045408 (2022)

cQED@TN, Trento 3-5 Ottonbre 2022 - Speaker: GIANLUCA RASTELLI

11



Experimental detection

- characterisation of the electromagnetic environment

- tunability of the resistances

- accurate experimental control of the parameters
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Metastable systems with
dissipation:
a model with analytic results

Phys. Rev. Research 3, 033019 (2021)



Model potential
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Results with momentum dissipation

V(z)

p dissilpation

33333351
QAN

Phys. Rev. Research 3, 033019 (2021)
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General results
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Phys. Rev. Research 3, 033019 (2021)
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Average energy loss
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sSummary

enhancement of the escape rate from a metastable state in a quantum Josephson
circuit using a simple scheme

possibly of speeding up the relaxation dynamics towards the energy minimum

as proof of concept: perspective of using quantum dissipative Josephson circuits
as quantum simulators for optimization problems
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PRB 106, 045408 (2022)
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Results: fixed barrier height
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Results: fixed barrier height

fixed barrier height
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Results: effect of the capacitance
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Numerics vs variational method
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General formula for the Action
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Limit case (1)
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Limit case (2
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Limit case (3

V(z) |
p dissilpation Lesc
333333V, ]l an _,

€
T Epwo K 1 < Epwe
v o

333333 0
x dissipation

bounce time:

o (<1+fpwop>m<t)MQMB);m<l+gz>+<m>))! 1

T(1+0%) \ o [p2 V1SV +1

action on the saddle point path:

2
Vo (VE/Vo +1+1)
wo 2w (1 + 02?)

2 9
EBWH TpwWo

Sa == (VI+/Vo+1) €puwo -



Average energy loss
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Perspectives

Energy

Tunnel effect

Solution

e Classical Minimum= solution of an optimization problem

» prepare the state in an arbitrary minimum

« switch on the unconventional interaction with the engineered environment
 the incoherent tunneling rate increases (environment assisted)

= adiabatic evolution is not required

= quantum coherence is not required



Josephson junction chains

Superconducting island Josephson junction
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Fazio, van der Zant,Phys. Rep. 355, 235 ( 2001)

Quantum phase transition

T'=0K
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insulating chain Jc  superconducting chain
Bradley, Doniach,Phys. Rev. B 30, 1138 (1984)



Dissipative Quantum Phase Transition

dissipation
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Dissipative Quantum Phase Transition

dissipation

guenching of phase
fluctuations
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PT with dissipative frustration
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D Maile, S. Andergassen. W. Belzig, G.Rastelli, PRB 97, 155427 (2018).



