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Motivations

* Tricritical Ising universality class... Why is it interesting?
 Models and experiment proposals

 Hybrid Josephson junctions

Our model

* Single triple junction element

e 1D ladder

e Signatures and observables
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No 1D Quantum physical realization (related proposals)

 Spin 1 quantum Blume-Capel model
» Strong interacting Rydberg atoms  [Slagle et al PRB "21]

. : : : [Oreg et al PRL ’19]
Majorana fermions on a lattice Franz et al PRB "16]

e Staggered fermionic chains Essler et al PRB *17]
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Quantum field theory

e Multi-frequency Sine-Gordon model
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Is there a platform where such QFT arises more naturally?
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Is there a platform where such QFT arises more naturally?
No 1D Quantum physical realization (related proposals)

e Spin 1 quantum Blume-Capel model The quantum sine-Gordon model with quantum circuits
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Quantum Electronic Circuits for Multicritical Ising Models

[PRB "24] Ananda Roy*
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854-8019 USA

Multicritical Ising models and their perturbations are paradigmatic models of statistical me-
chanics. In two space-time dimensions, these models provide a fertile testbed for investigation of
numerous non-perturbative problems in strongly-interacting quantum field theories. In this work,
analog superconducting quantum electronic circuit simulators are described for the realization of
these multicritical Ising models. The latter arise as perturbations of the quantum sine-Gordon model
with p-fold degenerate minima, p = 2,3,4,.... The corresponding quantum circuits are constructed
with Josephson junctions with cos(n¢ + d,,) potential with 1 < n < p and 4,, € [—m,7]. The sim-



* Local degrees of freedom: Cooper pairs on the SC islands
» Josephson effect: Cooper pair tunneling through the normal region

V(p) = — E; cos(p) = — —

(50 = @1~ ¢l) Ly (eiC”Te_iq”l + H. C)
2

 The semiconductor sustains also multiple Cooper pairs coherent
tunneling processes

Semiconducting

Vg substrate » = V) [O 1]
Vip) = = Ay/1 = Tsin’(p/2) = 1(v,) € [0,
T(V,)
[Benakker PRL 1991]
[C. Marcus et al. Nat. Phys. 2018] * The Josephson potential contains higher harmonics

V(g) ~ — A | r. T + L os20 4 |
~ — — —_— COS — COS
v 416 Preq 0

* \We target the local potential

V(@) = u; cos ¢ + p, cos (2§”> T U3 COS (3§”) One JJ is not enough...
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 Tricritical Ising universality class...What is it? Why is it interesting?
 Models and experiment proposals

e Hybrid Josephson junctions

Our model
* Single triple junction element

e 1D ladder

e Signatures and observables
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« Two E-shaped SC islands: 3 junctions 17, 15, 15

2 Loops: 2 magnetic fluxes @, and ®,

 Aharanov-Bohm phases

* Local potential (qﬂ = ¢y — %)
Vieel@) = V(g = @) + V() + VO (g + @)

Q- —Q I Z, — symmetry

3 Parameters:

 Transparencies {Tl = 15, T2}
 Flux {CI)l =0, = CI)}

Vioc(@) = p;COS @ + 1, COS2¢ + p3cOS 3¢ + ...

Tunable transparencies
1, 15



Semiclassical analysis

PRSP

* Three-dimensional parameter space
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We need to promote the phase difference to a field ¢ — @(x)



Ladder construction el == 5
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e Standard Josephson junction along the leg
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e Standard Josephson junction along the leg

 Charging energy E - with respect to a background




Rt = =86, 60 =11

JiJ

e Standard Josephson junction along the leg

 Charging energy E - with respect to a background

« Mutual charging energy V| along the rung




Bosonization - harmonic approximation (g, » k. v,. Vi)

- []Vj’x ’ elqﬂj,’x] T 5jaj'5X,x’el(pj’x
H = V. —
ZO loc (ng X q”l X) e Luttinger parameters
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: C. . EJ
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N, — —a—= Effective potential
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» The first three harmonics are relevant for K, > 9/4. Three-frequency

i SG model
S 1077, In the ‘spin’ sector

o Ihe other harmonics are less relevant. Moreover
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hase-diagram from Tensor Networks (VUMPS)

( Truncation local Hilbert space: < 8, Bond-dimension D = 600)
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The wavefunction is discontinuous

J290) = sin (V24,0
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( Truncation local Hilbert space: ‘ N;
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( Truncation local Hilbert space: ‘N

< 8, Bond-dimension D < 1000)
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* QOrder parameter:

» Finite-entanglement scaling of the spin correlation length &, [Tagliacozzo et al PRB "08]

J290) = sin (V24,0

» At the critical point £, o< D*  [Pollmann et al PRL "09]

Ising phase transition ;g = 1
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Ising phase transition f;q = 1/8



Transfer Matrix spectrum
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VUMPS simulation D = 600
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DMRG finite size simulation

A (Entanglement entropy)

VUMPS simulation D = 600
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 Hybrid Josephson junctions can be electrically tuned

* This opens the path for solid-state analog quantum simulations

* Ladder models offer the possibility of engineering CFTs Niklas Tausendpfund Matteo Rizzi Michele Burrello
(Cologne) (Cologne) (NBI, Copenhagen)

 Ladder geometry and quantum field theory limit
* We can hope to achieve a tricritical Ising point

* The central charge (heat transport!) can be used to distinguish them

e Signature of Fibonacci operator 7

* Away from criticality: can we measure masses with spectroscopy techniques

e Scale up to 2D keeping a massless theory on the edge —» Topological phases in the bulk
With

[Franz et al PRB ’20] : .
Fibonacci anyons

[ArXiv 2310.18300]
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...and happy birthday Andrea!!



No 1D Quantum physical realization (related proposals)

 Spin 1 quantum Blume-Capel model
e Strong interacting Rydberg atoms
 Majorana fermions on a lattice
e Staggered fermionic chains

[Slagle et al PRB '21]
[Oreg et al PRL ’19]
[Franz et al PRB ’106]

[Essler al PRB ’17]

Quantum field theory

o Multi-frequency Sine-Gordon model
[Mussardo, Delfino ’97]

‘S’=:‘Sg=1[99]4'

)

+ | dxdt (,ul COS ¢ + [, COS (2g0) + H; COS (3¢)>

(Y

A

[Toth, J.Phys. A 04] Cir=7/10

[Mussardo et al. J. Phys. Stat. ’08]
[Essler et al. PRB ’17]

Cyy =1

* Advances hybrid Superconductor/Semiconductor Junctions

Gate

[C. Marcus et al. Nat. Phys. 2018]

 Coherence from superconductor
Buffer

. , e Control via electrostatic gate from
N (Semk-insulating) semiconductor

e Scalability and designing capability
from lithography

GEREES o smnnaay. @ e P

[Marcus’s Lab in Copenhagen]



Charge basis

Model [NJX , ei@:x’] = — 5, 5, e

Discrete charge-basis
{ﬁ',x — A/},x — ng}

+ 115 COS (3 (Cbr,x — Py, I—> Diagonal charging terms

E,>E,

L—1
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j=11 x= |y ~ 3 Hopping
|7 < Npa . o s term
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=11 x=0 J,X max
We can define the local
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( Truncation local Hilbert space: ‘N- < 8, Bond-dimension D = 600)
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