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Many-body physics with superconducting circuits
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“Antipasti” 

A three legged SQUID
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Superconducting Quantum Interference Device (SQUID)

• New fabrication process (1 step)

S I S

Josephson junction

Iin

Φext

Normal

superconductor

𝐼𝑖𝑛

I i
n
[μ

A
]

Φext/Φ0

Normal

Superconducting

V=I∙R

0                      1                      2

200

160

120

V [mV]
15

0

𝚽𝒆𝒙𝒕



Emanuele Dalla Torre

Technion – Cond.Mat. Seminar – October 22, 2019

Bar-Ilan University

NEW : 3 legged SQUID

𝐼𝑖𝑛
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Device 1 Phase modulation
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𝐼𝑖𝑛

𝐼𝑔

𝐼𝑖𝑛 + 𝐼𝑔

3-legged SQUID - phase mode

𝜹𝝓
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Device 2 Amplitude modulation
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Winik, Holzman, Dalla Torre, Buks, Ivry, Applied Physics Letters (2018)
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“Main dish”
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Quantum circuits: the challenge

quantum error correction

open quantum systems

Model : Unitary 
quantum computer

Reality : Noisy 
Josephson junctions
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Many-body open quantum systems

Time dependent drive

Dissipative bath

Quantum system

Floquet

engineering

Quantum bath 

engineering

Symmetries and 

topology

Nonequilibrium

universality

*  Nir Bar Gill

*  Inbar Shany

* Klaus Molmer

* Bartolo Albanese

* Alex Retzger

* Jason Ball

*  Mor Roses

* Eran Ginnosar
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Introduction : phases of matter

Haldane (1982), AKLT (1987), den Nijs&Rommelse (1989), Dalla Torre,Berg&Altman (2006), ….

Ordered 

0 1 0 1 0 1 0 1

0 +1 0-1 0 +1 0 -1

Topological

Disordered 

0 1 01 0 1 0 1
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Symmetry protected topological phases

Pollmann, Turner, Berg, & Oshikawa (2010) Chen, Gu & Wen (2011)

Subsystem probabilities:

𝜌𝐴 = Tr𝐵 𝜌

0 1 0-1 0 +1 0 -1

A B

Eigs(𝜌𝐴) =    0.3, 0.3, 0.15, 0.15, 0.05, 0.05, … 

Degeneracy is “protected” by a symmetry
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Noisy symmetry protected topological phase

Extension to open quantum systems ?

𝜌𝐴 = Tr𝐵 𝜌

0 1 0-1 0 +1 0 -1

A B

Eigs(𝜌𝐴) =    0.25, 0.25, 0.1, 0.1, 0.03, 0.03, … ?

Atzitz, Sela, Dalla Torre (in preparation)
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Background : Quantum phases with qubits

Friedman, Rajak, Dalla Torre (EPL, 2019) and ref. therein 

𝐻 =෍

𝑖

𝜎𝑖
𝑥

Trivial model (disordered)

𝐻 =෍

𝑖

𝜎𝑖
𝑧𝜎𝑖+1

𝑧

Ising model (ordered)

𝐻 =෍

𝑖

𝜎𝑖
𝑧𝜎𝑖+1

𝑥 𝜎𝑖+2
𝑧

Cluster model (topological) 

Duality transform
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Cluster Ising model on a quantum computer

Choo, von Keyserlingk, Regnault & Neupert (PRL, 2018) 

Trivial state Topological state

𝜌𝐴Topology : Full tomography of

𝜆𝐴
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How to measure entanglement ? 

𝑆𝑛 = 𝑇𝑟 𝜌𝐴
𝑛

Renyi entropy: 

PROOF: 𝑆𝑊𝐴𝑃𝐴𝐵 = 𝑇𝑟 𝜌𝐴𝜌𝐵 𝑆𝑊𝐴𝑃𝐴𝐵 = σ𝑖,𝑗〈𝑖𝐴𝑗𝐵|𝜌
𝐴𝜌𝐵𝑆𝑊𝐴𝑃𝐴𝐵|𝑖𝐴𝑗𝐵〉

= ෍

𝑖,𝑗

〈𝑖𝐴𝑗𝐵|𝜌
𝐴𝜌𝐵|𝑗𝐴𝑖𝐵〉 = ෍

𝑖,𝑗

𝑖𝐴 𝜌𝐴 𝑗𝐴 〈𝑗𝐵 𝜌𝐵 𝑖𝐵〉 = 𝑇𝑟 𝜌𝐴𝜌𝐵 = 𝑇𝑟[𝜌2]

SWAPCopy A Copy B

Daley, Pichler, Schachenmayer, Zoller, PRL (2012)

Replica trick

𝑛 = 2
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How to measure topological entanglement?

Goldstein & Sela (PRL, 2018) , Atzitz, Dalla Torre, Sela (work in progress) 

𝑆𝑛 = 𝑇𝑟 𝜌𝐴
𝑛 =෍

𝑖

𝜆𝑖
2

𝑆𝑛 = 0.3𝑛 + 0.3𝑛 + 0.15𝑛 + 0.15𝑛 + 0.05𝑛 + 0.05𝑛

𝑆𝑛
+ = 0.3𝑛 + 0.15𝑛 + 0.05𝑛

𝑆𝑛
− = 0.3𝑛 + 0.15𝑛 + 0.05𝑛

𝑆𝑛
+ = 𝑆𝑛

− ?

Renyi Entropy

𝜌𝐴
± = 𝑃±𝜌𝐴

Symmetry resolved reduced density matrix

⇒ 𝑆𝑛
± = 𝑇𝑟 𝜌𝐴

± 𝑛
=෍

𝑖

𝜆𝑖
± 2
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Our circuit
1) Initialize trivial state

3) Measure SWAP and Symmetry

2) Unitary transformation to a topological state
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Simulation         vs.          Experiment
𝑆 2

=
𝑇
𝑟[
𝜌
𝐴2
]

subsystem size

1               2                3               4

subsystem size

1               2                3               4

Topological

Non-topological

Atzitz, Sela, Dalla Torre (in preparation)

𝑆 2
=
𝑇
𝑟
[𝜌

𝐴2
]

𝑆 2
=
𝑇
𝑟[
𝜌
𝐴2
]
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Summary

All I need is … 8 qubits : 

New phase of matter (?) : Noisy symmetry protected topological states

Many-body physics with superconducting circuits

P
u

ri
ty

subsystem size

Noise characterization: 
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“Desert”



Emanuele Dalla Torre

Technion – Cond.Mat. Seminar – October 22, 2019

Bar-Ilan UniversityBar-Ilan, December 16-18, 2019



Emanuele Dalla Torre

Technion – Cond.Mat. Seminar – October 22, 2019

Bar-Ilan University



Emanuele Dalla Torre

Technion – Cond.Mat. Seminar – October 22, 2019

Bar-Ilan University

EXTRA SLIDES
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