]G\u ,
MA
ITI\EIERlALSSCIENCE

jonannes GUTENBERG MAINZ = 4
UNIVERSITAT MAINZ

Optimal persistent currents for
interacting bosons on a ring with gauge field

Matteo Rizzi

Johannes Gutenberg-Universitit Mainz

KOMET Seminar - 27.05.2014

M.Cominotti, D. Rossini, M. Rizzi, F. HeRRing, A. Minguzzi, arXiv:1310.0382



The system Hamiltonian

Problem

® 1D mesoscopic ring (PBC’s, length L)
® ultracold bosons (T=0)

® contact interactions (g)

® rotation or gauge field (())

® localized barrier (U)

® density (n) of particles with mass (m)
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Bloch, PRB 2, 109 (1970)

TARGET: Persistent current 1(Q)) = in all physical regimes
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‘Atomtronics’

Motivation
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Thermoelectric Heat Engine Mesoscopic Ohmic Conduction
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' = . and many more
proposals

& experiments

it in the last few years !
Brantut, et al., Science 342, 713 (2013)  Brantut, et al., Science 337, 1069 (2012)




Cold atoms in ring traps

Motivation
& | .\../%>
(d)

A. Ramanathan et al, PRL 106, 130401 (2011) Wright et al., PRL 110, 025302 (2013)

Norm. Density

-

v Mesoscopic size (J ~ tens um)
v Long coherence times (~ 40 s observed)

* Still in 3D regime...
(vortex => phase slip decay)
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Motivation
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A. Ramanathan et al, PRL 106, 130401 (2011) Wright et al., PRL 110, 025302 (2013)

Norm. Density

-

v Mesoscopic size (J ~ tens um)
v Long coherence times (~ 40 s observed)

* Still in 3D regime...
(vortex => phase slip decay)

v Proposals for 1D confinement around !

Amico et al., arXiv:1304.4615 (2013)




Richness & oddness of 1D

Motivation

Strong transverse confinement

th_ > k‘BT, 9

Effectively reduced dimensionality
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Lattice Beams*

Greiner et al., PRL 87, 160405 (2001)
Moritz et al,, PRL 91, 250402 (2003)




Richness & oddness of 1D

Strong transverse confinement

th_ > kBT, 9

Lattice Beams

Greiner et al., PRL 87, 160405 (2001)
Moritz et al,, PRL 91, 250402 (2003)

Motivation

v Lots of analytically treatable regimes

@ Interaction growth with diluteness !
B —m g N
e e T ) ik

® “Fermionization” of hard-core bosons

")/:

Luttinger parameters

Quantum fluctuations: extremely relevant !
=>no long-range order ... “only” Luttinger K

(¥ () b(a)) = — ;,WQK




Richness & oddness of 1D

Motivation

Strong transverse confinement v Lots of analytically treatable regimes
hw e k‘BT, 9

@ Interaction growth with diluteness !
B —m g N
e e T ) ik

® “Fermionization” of hard-core bosons

")/:

Luttinger parameters

Quantum fluctuations: extremely relevant !
=>no long-range order ... “only” Luttinger K

(¥ () b(a)) = — ;,’1/2[(

Lattice Beams

Greiner et al, PRL 87, 160405 (2001) v Reduced amount of entanglement
Moritz et al.,, PRL. 91, 250402 (2003) => efficient numerics by DMRG !




The system Hamiltonian

Problem

. ® 1D mesoscopic ring (PBC’s, 8 € |0, 27])
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The system Hamiltonian

Problem
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The system Hamiltonian

Problem

i ® 1D mesoscopic ring (PBC’s, 8 € |0, 27|)
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® contact interactions (g)
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Presence of a barrier/defect

Problem

A = (0 Rotational Invariance

|
V

Periodicity in angular momenta

|
V

Current is a perfect sawtooth V~y

Loss, PRL 69, 343 (1992); Mueller et al,, EPL 22, 193 (1993)




Presence of a barrier/defect

"~ no barrier lXa_

‘'weak barrier
strong barrier

Problem

A = (0 Rotational Invariance

|
V

Periodicity in angular momenta

|
V

Current is a perfect sawtooth V~y
Loss, PRL 69, 343 (1992); Mueller et al,, EPL. 22, 193 (1993)

A > 0 Symmetry Breaking
|

V

.., Degeneracy lifted (flux qubit !?)

el I

V
Current (¢depends on 7y & A




Non-Interacting regime
Problem
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Hard-core regime
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Weak[y interacting regime

Problem
0,

v mean-field (~ classical) approach
with order parameter 0.8

((8)) = [T(B)] €®) 05

@ non-linear Schrédinger equation O-4i
(Gross-Pitaevski equation) 02!
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Pitaevskii I Stringari, Bose-Einstein Cond., Oxford (2003)




Weak[y interacting regime

Problem
B

v mean-field (~ classical) approach
with order parameter 0.8
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0.3 =

v soliton get pinned at defect... 5|
width depends on healing lengthm

Kanamoto et al., PRL 100, 060401 (2008)
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Strongly interacting regime ;
Problem

v 1D breakdown of Fermi Liquid w(k) = hv,|k
==> Luttinger liquid description! no = N/L
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leZ
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Luttinger parameters

Y(presence of gauge field)~ shift in the phase field
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Strongly interacting regime
Problem

v effective field theory (no mean-field!) 1-0: Sy BT e e TS ke B g R
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Strongly interacting regime

Problem

J effective field theory (no mean-field!) 10—
=> Luttinger liquid 08 %
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Scanning through diverse regimes: MPS

@ lattice discretization (@ low filling):
Bose-Hubbard + Peierls phase

Neg
Hilnor— Z( Z
FEZ

N

(n;—1)+ ) (ABH 6115 — pny)

J

2w 1)
Ng

b;f bj_|_1 —I—HC>

v matrix product state
variational ansatz (MPS/DMRG)

T Mi,@

S

84

B )

Problem

1O e
0.8
0.6
Sy
04F

0.2

* % X=38:2:=+
2 L ! 5 A:955 \7

100

1000

|

I

04

Vsy..sp = 1T {M[f] M[LL]

@ not so trivial & stable with PBC’s ... but some tricks help :)

Verstraete, Porras el Cirac, PRL. 93, 227205 (2004)
Schollwock, Ann. Phys. 326, 96 (2011)
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Scanning through diverse regimes: MPS

Problem

5
@ lattice discretization (@ low filling): 2 é

Bose-Hubbard + Peierls phase
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Vicinity to experiments

Problem
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v gaussian barriers (closer to experiments) only weakly affect results !




Vicinity to experiments

Problem
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v gaussian barriers (closer to experiments) only weakly affect results !

7Th2n0

v further smearing by thermal fluctuations above KgT ~ NE, = e

e e h v Ro=ibigisr > b KyT ~ 550Hz ~ 25nK

not dramatic but should be taken into account in further studies




Take-Home message

Conclusion

X MF regime, i.e. low v = (gm)/(hzn) :
interaction ==> barrier effect

(shorter density-density healing length ...)

* LL regime, i.e. large v = (gm)/(h2n) ;

interaction —==> barrier effect 02"

* - 1=382 ]
(faster decay of phase-phase correlations...) PP e ' | T 2055

GO0 R0 20 L e e 2007 000
)

**existence of an optimal regime where the defects are less influential !

¢ need to choose extremals for an effective quantum state manipulation !
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* MF regime, i.e. low v = (gm)/(hQTL) ;
interaction = ogrricreticct

(shorter density-density healing length ...)

* LL regime, i.e. large v = (gm)/(hQTL) ;

interaction —==> barrier effect 02

(faster decay of phase-phase correlations...)

* % A=382:7
OO&_=.===.==--.--T......-\ e et L RPN S S e P el Y o \A:955 |

0001 001 . 1 10 100 1000
y

**existence of an optimal regime where the defects are less influential !

¢ need to choose extremals for an effective quantum state manipulation !
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» effects visible in time-of-flight momentum distributions (in progress) 20(
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