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Cold Bosonic Atoms in Optical Lattices

D. Jaksch,'? C. Bruder,'? J.I. Cirac,"* C. W. Gardiner,"* and P. Zoller'~
Vnstitute for Theoretical Physics, University of Santa Barbara, Santa Barbara, California 93106-4030
2Institut fiir Theoretische Physik, Universitdt Innsbruck, A-6020 Innsbruck, Austria
3Institut fiir Theoretische Festkérperphysik, Universitit Karlsruhe, D-76128 Karlsruhe, Germany

4School of Chemical and Physical Sciences, Victoria University, Wellington, New Zealand
(Received 26 May 1998)

The dynamics of an ultracold dilute gas of bosonic atoms in an optical lattice can be described
by a Bose-Hubbard model where the system parameters are controlled by laser light. We study the
continuous (zero temperature) quantum phase transition from the superfluid to the Mott insulator phase
induced by varying the depth of the optical potential, where the Mott insulator phase corresponds to
a commensurate filling of the lattice (“optical crystal”). Examples for formation of Mott structures
in optical lattices with a superimposed harmonic trap and in optical superlattices are presented.
[S0031-9007(98)07267-6]

PACS numbers: 32.80.Pj, 03.75.Fi, 71.35.Lk
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Communication
Creation of knowledge




Quantum Simulator

What should it look like?

What should it do?






What should a Quantum Simulator do?
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Which Hamiltonian?



Metals Insulators

Superconductivity Photovoltaic Quantum Hall effect .Quantum Hall Effect
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Quantum Magnetism

e

Topological Insulators

Weyl Fermions ) e

Quantum Phase Transitions € Dirac Fermions
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Why quantum simulation?

Different approach

New problems

Surprises



Quantum Simulation of Devices

Short and long-range interactions



Quantum Simulation of Devices




Simulation of Quantum Devices?




Quantized Conductance

Conductance of a
narrow channel
COﬁﬂE‘(_’flﬂg 'woO 'wo-
dimensional reservoirs
of electrons increases
in steps of 2e?/h when
the width of the
channel increases. The
more negarive rhe
gare volrage is, the
narrower rthe channel
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Is. (Ada pf@d from Figure 1. The channel resistance at T ~ 0.1 K is plotted as a function of gate voltage for two
reference 1)) different carrier concentrations induced by illumination. The existence of a resistance
16 14 quantised in units of h/2ie?, where i is the number of occupied sub-bands, is illustrated. The
~ inset shows a schematic diagram of the device used in this work. The split gate itselfis 0.5 um
GATE VOLTAGE (V) wide and 0.4 um long. Two split gates are illustrated, one of which is selected for the
experiment.

B. J. van Wees, H. van Houten, C. W. D AWharam, T J Thornton, R Newbury,

J. Beenakker, J. G. Williamson, L. P. M Pepper, HAhmed, J E F Frost, D G

Kouwenhoven, D. van der Marel, C. T. Hasko, D C Peacock, D A Ritchie and

Foxon, Phys. Rev. Lett. 60, 848 (1988); G A C Jones, J. Phys. C: Solid State
Phys. 21 L209



0.7 Anomaly

FRG (U=057, T=0) |[N=101, 2 =004t | sopT (U =0.350)

Florian Bauer, Jan Heyder, Enrico Schubert, David Borowsky,
Daniela Taubert, Benedikt Bruognolo, Dieter Schuh, Werner Wegscheider,
Jan von Delft & Stefan Ludwig, Nature 501, 73—78 (05 September 2013)
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Why"?



Left Reservoir Constriction Right Reservoir
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Current for 7=0, T_=1:

er+A

[, = 2[ de g, (5) v, (5) T, (5)
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Current for 7=0, T_=1:

er+A

[, = ;[ de g, (5) v, (5) T, (5)



Current for 7=0, T_=1:

et A A
L= [ dea,(e)vle) Tl =4
velocity: v, (5) = h:qa = \/2<5—€a)/m
density of states: g, ()= 1ok, 1

(right movers)

Landauer, Buttiker, Imry



Current for 7=0, T_=1:

er+A

L= [ deg,(c) v, () ra(g):%
Conductance G= 1
h

Landauer, Buttiker, Imry



Multimode Conductance

Landauer, Buttiker, Imry



Quantized Conductance in Neutral Matter?

Cold atoms proposal: Thywissen, J. H., Westervelt, R. M.
& Prentiss, M. Quantum point contacts for neutral atoms.
Phys. Rev. Lett. 83, 3762-3765 (1999).



Quantized Conductance in Neutral Matter?

On the Feasibility of Detecting Quantized Conductance &

in Neutral Matter

Cell Lid nanohole

SiN Wafer
Indium seals & Epoxy Seal

Yuki Sato, Byeong-Ho Eom, and Richard Packard

Department of Physics, University of California, Berkeley, CA 94720-7300, USA

E-mail: ysato@socrates.berkeley.edu Cell Body

(Received May 18, 2005; revised July 18, 2005)

When an electrochemical potential difference (i.e., a voltage) is applied
across a metal wire whose transverse dimensions are on the order of the
electron’s Fermi wavelength, the conductance G=1/AV becomes quantized
in units of 2¢%/h. We present calculations that show that when a chemical
potential difference Aws is applied across an array of small apertures whose
sizes are comparable to the Fermi wavelength of *He in a *He:*He mixture,

) will be quantized in units of 2m§2/h

the mass conductance G E(

where m3 is the *He effective mass. We show that the mass conductance will M . Sava rd, C . Trem blay-DaﬂleaU,
be tized fc 0.1% mixt ing through 10nm diamet t .
temperatures below 25mK. The phenomenon should be observable i a fite and G. Gervais, PRL 103, 104502 (2009)

material made by nuclear track etching.

I3
Apz/m3

See also: G. Lambert, G. Gervais, and W.J. Mullin, Low Temp. Phys. 34, 249 (2008).



Quantized Conductance in Neutral Matter?

 Method to measure conductance
« Ballistic channel
* Quantum degenerate Fermi gas
 Resolve individual conduction channels
* Adiabatic regime
* Applicability of Landauer theory

(mean free path > trap)



Jean-Philippe Brantut, Charles Grenier, Sebastian Krinner, Martin Lebrat,
Dominik Husmann, Shuta Nakajima, Samuel Hausler



Thanks to Henning Moritz now @ Hamburg









AN/N

Battery discharge

time (s)

G: conductance
C: compressibility IN/d



Resistance?




Ballistic Multimode Channel
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J.-P. Brantut, J. Meineke, D. Stadler, S. Krinner, T. Esslinger, Science 337, 1069 (2012)



eams and worries



Single Mode Channel?







Connecting two strongly correlated superfluids
with quantum point contact




Connecting two strongly correlated superfluids

with quantum point contact

controlfu




Quantum Point Contact
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Quantum Point Contact

Measure number imbalance after 1.5 s
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(Etot _ EO)/th
v.=31 8 kHz v,=10.4 kHz
- v,=8.2 kHz

T= 35 nK (=0.1 T¢) < hv,= 500 nK

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)



Quantum Point Contact

fixed gate potential
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QPC horizontal confinement v, (kHz)

S. Krinner, D. Stadler, D. Husmann, J.P. Brantut and T. Esslinger, Nature 517, 64 (2015)



Connecting two strongly correlated superfluids
with quantum point contact



Connecting two strongly correlated superfluids
with quantum point contact
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Connecting two strongly correlated superfluids
with quantum point contact

controlfi




Connecting two strongly correlated superfluids
with quantum point contact

Transport time (s)




Connecting two strongly correlated superfluids
with quantum point contact

—~~
=
~~
<
(N
<
~
-+
(e
)
| -
| -
-}
O

Bias Au/A




Connecting two strongly correlated superfluids
with quantum point contact
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Theory:
Shun Uchino,
Thierry Giamarchi

Bias Au/A

Dominik Husmann, Shun Uchino, Sebastian Krinner, Martin Lebrat, Thierry Giamarchi,
Tilman Esslinger, Jean-Philippe Brantut, Science 350, 1498-1501 (2015)




Connecting two strongly correlated superfluids
with quantum point contact

large proximity effect
point-like connection (transparency «)
Keldysh formalism in mean-field approximation

Shun Uchino,
Thierry Giamarchi

Dominik Husmann, Shun Uchino, Sebastian Krinner, Martin Lebrat, Thierry Giamarchi,
Tilman Esslinger, Jean-Philippe Brantut, Science 350, 1498-1501 (2015)




Connecting two strongly correlated superfluids
with quantum point contact

Superfluid

Theory: Gap for single particle transfer bridged by
Sh.un UCh_mO, | coherent transfer of n pairs
Thierry Giamarchi (multiple Andreev reflection)

Dominik Husmann, Shun Uchino, Sebastian Krinner, Martin Lebrat, Thierry Giamarchi,
Tilman Esslinger, Jean-Philippe Brantut, Science 350, 1498-1501 (2015)
Josephson Effect: G. Valtolina, , A. Burchianti, A. Amico, E. Neri, K. Xhani, J. A. Seman, A. Trombettoni, A.
Smerzi, M. Zaccanti, M. Inguscio, G. Roati, Science 3501505-1508 (2015).




Finite temperature transport properties
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Dominik Husmann, Shun Uchino, Sebastian Krinner, Martin Lebrat, Thierry Giamarchi,
Tilman Esslinger, Jean-Philippe Brantut, accepted Science, arXiv:1508.00578




Changing Interactions




Changing Interactions

Scattering length (a0)
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Changing Interactions

Scattering length (a0)
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Changing Interactions

Scattering length (a0)
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Changing Interactions

Scattering length (a0)
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Changing Interactions

Scattering length (a0)
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Conductance Map
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Spin Conductance




Spin Conductance
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Spin Conductance
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Spin Conductance

—
=
<
—
~
[}
Q)
O]
[&]
c
]
—
[&]
>
©
c
Q
[&]
=
Q.
w

04 0.6 0.8
Gate potential Vg (LK)




More Possibilities

Thermoelectric Effect

J.-P. Brantut, C. Grenier, J. Meineke, D. Stadler, S. Krinner, C. Kollath,
T. Esslinger, A. Georges, Science 342, 713 (2013).

Disorder S. Krinner, D. Stadler, J. Meineke, J.-P. Brantut, and
T. Esslinger, Phys. Rev. Lett. 110, 100601 (2013).

S. Krinner, D. Stadler, J. Meineke, J.-P. Brantut, and
T. Esslinger, Phys. Rev. Lett. 115, 045302 (2015).




Competing short- and long-range
interactions



Long-range interactions

Dipolar molecules/atoms

Rydberg atoms

cavity mediated interactions



Short-range interactions Long-range interactions



Competing short and long-range interactions

Renate Landig, Lorenz Hruby, Nishant Dogra, Manuele Landini, Rafael Mottl, Tobias
Donner, TE, accepted for publication in Nature, arXiv:1511.00007

Related work: J. Klinder, H. Kel3ler, M. Reza Bakhtiari, M. Thorwart, and A.
Hemmerich, Phys. Rev. Lett. 115, 230403 (2015), arXiv: arXiv:1511.00850












I Superfluid
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strength
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Cavity + Atoms Theory: Ritsch, Mekhov, Domokos, Larson, Lewenstein, Morigi, Keeling, Strack, Kollath, Brennecke
Review: H. Ritsch, P. Domokos, F. Brennecke, and T. E., Reviews of Modern Physics 85, 553-601 (2013).



Blue detuned lattice depth: 30E,
Red detuned lattice depth: 3-25E .

p
Ulong X A7i5

Ushort X P785

40,000 Rb-87 atoms




Coherence: Measure of superfluid order parameter

Cavity output: measure of checkerboard order parameter

14 detlunlng = -10.0 MHZ

|
o_crit : 0.016(3)
x0_crit : 4.8258(10)
exp_crit : 0.4771(5)
a_crit: 4.638(5) '
P_crit : 4.8258(10),
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Detuning A, /21 (MHZz)

Phase diagram
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2D lattice depth V5 (Eg)
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Imbalance ©

Evolution between CDW & M
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Hysteretic behavior: Energy landscape
0
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CDW energetically
favorable, but blocked
by energy barrier

System driven out of
metastable state
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now@University

Tobias Lorenz Manuele Nishant
Donner Hruby Landini Dogra




Deep understanding of many-body quantum physics

Identified the hard problems
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