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Comparison between atomtronics (iontronics) and electronics

Semiconductors
materials

Electronics Atomtronics

Carriers: Electrons

Carriers: Ultracold
atoms or ions

Optical 
lattices

Electric potential Chemical potential
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Atoms in an optical lattice

Optical lattice are free of 
dislocations or 

impurities…yet we can add 
defects, etc

No long range (Coulomb) 
interaction though …. 
Though  dipole dipole 
forces can be possible

No phonons…. Yet we can 
engineer them

Lattice constant
(& disorder) can be tuned…

Potential is exactly known 
and controllable.  It can be 

switched on and off and 
modulated…..

Lattice dimensionality and 
crystallography can be 

chosen at will, 
quasiperiodicity is easy and 

so is shaking potential…

Flexibility with the 
statistics



Source: Charles Clark

Macroscopic transport devices

Topological effects and exotic particles…
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Bose-Hubbard Model

Ref:  Seaman et al, PRA, 75, 023615 (2007)  

Mo 	Insulator	

Mo 	Insulator	

Bandwidth	

Band	Gap	

C
h
e
m
ic
a
l	p
o
te
n

a
l	

Hopping	strength	

Superflui d	r egime	

2 3 4

Coulomb interaction





N-Doped lattice

P-Doped lattice

B. T. Seaman, M. Kramer, D. Z. Anderson, and M. J.
Holland, Phys. Rev. A 75, 023615 (2007).



Battery



The top image shows the Bose-Einstein condensate (BEC) in a cigar-shaped trap. The middle image shows the BEC after the atoms are swept to the 
left by an optical potential. The bottom image shows a current of atoms flowing from the left half of the trap into the right. (Courtesy: Seth Caliga
et al./New Journal of Physics).







Gross–Pitaevskii Equation



doi:10.1038/nature12958







Atomtronics in a Line



Experimental realization of interacting rings and 

AQUIDs

Effect of the axial translation ΔR/R = 0.0097z

-500 µm (-5.6*R)

Z= 0 

+200 µm  (2.2*R)

+500 µm  (5.6*R)

-200 µm (-2.2*R)



Coupled rings without impurity
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Single qubit gates
Hamiltonian in the two level basis takes form:

Phase gate

NOT gate

WKB estimate for the energy gap is given by:



Two-qubit gates
In the limit <<    and Φa = Φb = Φ the Hamiltonian of 

coupled rings takes form:

By choosing ε=0 and Φ= π-(δ π)/ :



Lattice potential with one weak link
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Site dependent hopping element:

Flux generated by the artificial gauge field:

Weak link:

Atomic Squid



AQUID state readout

Eckel,  et al. Physical Review X, 4, 031052, (2014)

The chirality of the spiral like 
interferogram determines direction 
of the current

Aghamalyan et al New J. Phys. 17, 045023 (2015)

It is possible to see signatures of the 
superposition states by studying TOF



From the Straits Times…..



AQUID system based on the clockwise and anti-clockwise currents 

Double well for AQUID. 
Parameters: J’(N-1)/J = 16, Φ = π.

Energy spectrum. 
Same parameters with U=2. Due to 
avoided crossing near Φ=π, I0=-I1.

I k µ
dEk(F)

dF

The current in the k-th
energy state is given by:
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Our model

on-site 

interactions

local

potential

tight-binding

artificial magnetic flux

An effective Bose-Hubbard model

→ hopping renormalized by the magnetic 

flux
Niemeyer, Freericks, Monien (1999)

Interacting bosons on a 1D lattice

Localized potential on one lattice site

Magnetic flux piercing the ring



Effective two-level system

WITHOUT barrier:

rotational invariance

→ set of parabolas with 

defined angular    momentum

WITH barrier:

symmetry breaking

→ avoided crossing

gap 

separating 

first two 

bands@ large fillings: quantum phase model

@ normal fillings, n≈ 1:   Bose-Hubbard



Bose-Hubbard model:  low-lying spectrum

Check the dependence of   ΔE
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Interactions & barrier strength

ED

N = 4 bosons

M = 16 sites

✔ U / t = 10, L / t = 0.5

→ large interactions

→ moderate barrier

✖ U / t = 2, L / t = 5

→ weaker interactions

→ larger barrier

Moral: Weak interaction does not isolate the qubit !

L/t = 0.1

L/t = 10



System size

DMRG, filling: N / M = 1/4

small barrier intermediate barrier large barrier

best

regime:

small barrier

mesoscopic

size



From one weak link to three!

A more verstaile SQUID!!!
DC squid!



Arxiv: 1403.4565

Science, 326, 113 (2009)

Source:  http://qulab.eng.yale.edu/devices.html







Mesoscopic physics
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• No electron-electron interaction



Aharonov-Bohm for interference effects and 

controls transmission in mesoscopic systems

Study how 
interaction affects 
Aharonov-Bohm

effect

Time dynamics?Possible 
applications!



Model

Ring with L sites coupled to leads

Source

Drain



Φ=0.0

U/J=0.2,L=14,N=4



Φ=0.0

Φ=0.5

U/J=0.2,L=14,N=4



Time Evolution



Parity effect

• Dynamics depend on number of ring sites L

• Best visible in weak coupling (K/J=0.1)

• Parity L/2

U/J=3, U/J=1



Weak coupling





Negative reflection: Andreev-like 



Add…shaking potential



Topological 
Pumping





Two species pumping…..





Chiral momentum Kc plotted against inter-
ring coupling g/t for different values of 
interaction U/t

Phase jump of two point correlations



Analogs from quantum optics……

arXiv:1808.04129







Source: Charles Clark
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Unpredictability of blue sky research

Laser (1960s)

Optical fibers 
(1970s)

Integrated circuits 

(1950s-90s)

Global commuication network

Towards a global quantum 
network???

Adapted from Serge Haroche slide



What probably is the Grand Scheme?

Replacing electronics with atomtronics?



What probably is the Grand Scheme?

Electronics

Atomtronics

Optical devices

microfluidics

Spintronics

Turbulence

Interface with circuit QED

Better sensors and imaging devices

Quantum simulators, especially with transport phenomena!



“People in the entertainment 
industry didn't discover 
lasers for DVDs and BluRays. 
That was the work of 
scientists. Dentists didn't 
discover X-rays for improved 
medical imaging. That was 
the work of scientists.”

Wolfgang Ketterle

http://www.businessinsider.com/why-quantum-technology-matters-2013-7?IR=T&



”….not only should scientists be 
allowed to investigate technologies 
that might not have an obvious 
application, they should be 
encouraged to do so. Improved 
clocks are an important part of 
driverless cars. Improved sensors 
make it easier to find cancer. When 
you build a bridge to an 
uninhabited island, people move 
there, build houses, and start an 
economy. We're building these 
bridges."

Misha Lukin



It is hard to make predictions,
especially about the future... 
(Attributed to Niels Bohr)
... but one thing is sure: without 
basic research, novel technologies 
cannot be invented...
...and the past teaches us that 
wonderful applications always 
emerge serendipitously from blue 
sky research.

Serge Haroche
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Aims & Scope
The International Journal of Quantum 
Information (IJQI) provides a forum for the 
interdisciplinary field of Quantum Information 
Science. In particular, we welcome 
contributions in these areas of experimental 
and theoretical research:

• Quantum Cryptography
• Quantum Computation
• Quantum Communication
• Fundamentals of Quantum Mechanics

Authors are welcome to submit quality 
research and review papers as well as short 
correspondences in both theoretical and 
experimental areas. Submitted articles will be 
refereed prior to acceptance for publication in 
the Journal.



Thank you


