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Synthetic Quantum Platforms in search of exotic phases of matter
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• We focus on Bosonic systems, described by low-dimensional interacting 
systems (e.g. – two leg ladder ). 

• We try to go beyond ‘Flow-no-Flow’ binary of Bose-Hubbard model.

Phases of interacting bosons from Bose-Hubbard Model ( Phys. Rev. A 85, 053644, 2012 )
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We introduce Ring-Exchange processes to obtain non-trivial pairing

The bare minimum of a reduced Two-Dimensional systems: quasi-one-dimensional Ladder. 

The Ring Exchange requires another dimension. The physics may not remain effectively 
one-dimensional !!
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The Importance of Ring Exchange has been studied before !!!



Spontaneous Symmetry breaking

“Conventional” Bose-Hubbard
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It enables us to investigate exotic phases where :
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INSTEAD,

A gapless/metallic state with Fermi-surface like singularity can be 

achieved in a bosonic system. It emerges as a gapless many-body 

state with ‘d-wave pairing’ due to Ring-Exchange!! 
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But How to Realize them !!?



A chain of trapped three-level Ions can be an answer !
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A bird eye view :

The Hilbert Space

Ions Motional DoF, as 
vibrations/phonons

A Schematic Set up

ref: Entangled states of trapped atomic ions, Blatt-
Wineland, Rainer Blatt & David Wineland, Nature 
2008 



Ring-exchange physics in a chain of three-level ions

Quantum 9, 1683 (2025)
By

S. Biswas, E. Rico, and T. Grass
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https://quantum-journal.org/papers/q-2025-04-01-1683/
https://quantum-journal.org/papers/q-2025-04-01-1683/
https://quantum-journal.org/papers/q-2025-04-01-1683/
https://quantum-journal.org/papers/q-2025-04-01-1683/
https://quantum-journal.org/papers/q-2025-04-01-1683/
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Remember !!

Long range processes occur naturally in trapped-
ions. They are inevitable due to phonons.
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We think of a two-leg ladder, with itinerant hardcore bosons, 
under ring exchange !

We begin by NN + NNN….

Notation:

↑∶ 𝐿𝑒𝑔 − 1
↓: 𝐿𝑒𝑔 − 2
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the claim is:

** This system can host a phase of interacting bosons,         
which does not condense but show non-trivial 
correlations. **
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The physics of frustrated bosons {𝒂𝒋𝝈} can also be understood 

in terms of three level spins:                                    , such that 

Two leg 
ladder is 
known to 

host such a 
phase, 

theoretically.

We want to 
utilize 

synthetic 
platform

in order to 
realize it

with,                                                                 &
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D-wave Bose liquid  (DBL)

Notation:

↑∶ 𝐿𝑒𝑔 − 1
↓: 𝐿𝑒𝑔 − 2
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But that cannot be all……
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Connected Correlator:

DW : Domain Wall

DBL : D-wave Bose liquid
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But what lies beyond NN + NNN ???

𝑡𝑖𝑗 ∼ 𝑖 − 𝑗 α  &   𝐾𝑖𝑗 ∼ 𝑖 − 𝑗 α

 

We use Exact diagonalization 
(ED) method with 16 three 
level ions.



Trapped ion is not the only synthetic matter platform one

can think of for realizing this………
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Optical 
lattice
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ref: Many-Body Physics with 
Ultra Cold Gases, Bloch et al, 
RoMP, 2007 



Frustrated Bose ladder with extended range 
density-density interaction 

Phys. Rev. B 112, 115122 (2025) 
By

S. Biswas, E. Rico, and T. Grass
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*𝑉𝑑 =
𝑉

2
3
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momentum distribution momentum peak position

pair correlator

density wave order

superfluid stiffness

ORDER 
PARAMETERs
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Superfluid

Density modulated
S-wave pairing D-wave correlated 

Bose liquid
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D
B

L

D
M

SP

Two Types
 of 

Pairings
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𝑉 = 𝑈𝑝 = 0

𝑉 = 𝑈𝑝 ≠ 0

Extended Interaction stabilizes DBL
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Works even for Fermions : 



Conclusions :

• Synthetic quantum platforms offer new possibilities for the 
application of new quantum technologies in search of exotic phases 
of matter.

• In the trapped ion set-up, the DBL is obtained as long as the decay 
exponent is of the order of 2 or more. 

• The transition to DBL is discussed in detail, as a function of “K”. 

• In a Cold atomic setup, extended interaction is shown to stabilize DBL.

• We report the emergence of a novel DMSP phase.

• Can be extended to Fermions.
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