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The highest impact results supported by this grant are discussed in the text that follows.

Disordered quantum gases

One focus of the work supported by this grant was disordered quantum gases. There are numerous
outstanding questions regarding the role of disorder in many-particle quantum systems, such as
superconductors and electronic solids. These issues are of great technological importance because
disorder can enhance or degrade desired material properties. Our work also impacts fundamental
physics, since what quantum phases result through the interplay of interactions and disorder and how
disorder impacts quantum dynamics in interacting systems is not understood.

Disordered Bose Hubbard model

By combining optical speckle disorder and a three-dimensional optical lattice, we realized the disordered
Bose-Hubbard (DBH) model for the first time. Many open questions revolve around the DBH model,
which is a paradigm for granular superconductors. For example, we do not know the 3D DBH model
phase diagram at finite temperature, and we do not understand dynamical properties such as transport.

In these experiments, we trap bosonic 8Rb atoms in a cubic optical lattice created from counter-
propagating laser beams. Disorder is introduced by passing a 532 nm laser beam through a holographic
diffuser and focusing the resulting optical speckle field onto the atoms (Fig. 1). The disorder strength is
continuously tunable by adjusting the 532 nm laser power, and the equivalent of the “clean” material
parameters can be changed via the lattice laser intensity.

Figure 1. A disordered lattice is formed from three counter-propagating near-infrared laser beams
(red) and an optical speckle field (green). The disordering potential can be measured directly using
optical microscopy.

M. WHITE, M. PASIENSKI, D. MCKAY, S.Q. ZHou, D. CEPERLEY, AND B. DEMARCO, STRONGLY INTERACTING BOSONS IN
A DISORDERED OPTICAL LATTICE, PHYSICAL REVIEW LETTERS 102, 055301 (2009)

In collaboration with Ceperley’s group, we determined the disordered lattice Hubbard parameters (Fig.
2), making our disordered lattice the first example of a quantum “material” where the disorder is
precisely known and completely adjustable. We also measured how disorder impacts condensate
fraction at high density in the superfluid and Mott-insulator regimes (Fig. 3). We found that condensate
fraction was suppressed by increasing disorder, suggesting that the re-entrant superfluid, a unique
phase predicted for the DBH model, is not present.
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Figure 2. The distribution of Hubbard site energy (€), tunneling (t), and interaction (U) parameters for the disordered lattice.
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Figure 3. Measurements of condensate fraction Ny/N in the disordered lattice for increasing lattice depth (a-c). The data in (c)
are taken for mixed Mott-insulator and superfluid phases (in the clean lattice). The hollow points are taken after slowly turning
off the lattice, and demonstrate that disorder introduces negligible heating. The solid points are the condensate fraction
measured in the disordered lattice.

M. PASIENSKI, D. McKAY, M. WHITE, AND B. DEMARCO, A DISORDERED INSULATOR IN AN OPTICAL LATTICE, NATURE
PHysIcs 6, 677-680 (2010)

We also investigated transport in the DBH model by applying a force to the atoms and measuring the
resulting center-of-mass velocity of the atoms (Fig. 4). We observed that disorder induces a transition
to an insulating state for a strongly interacting superfluid. The critical disorder energy required for the
transition matches a superfluid—Bose glass transition predicted using state-of-the-art quantum Monte
Carlo (QMC) simulations. In the Ml regime, we searched for but did not find a disorder-induced



superfluid prediction predicted by QMC calculations.
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Figure 4. Transport measured in the disordered lattice for the superfluid
and Mott insulator regimes. The arrow indicates the observed disorder-

induced superfluid-to-insulator transition. The black point are for a clean
lattice, and the dark (light) blue are for weak (strong) disorder.

3D Anderson localization
S.S. Konbov, W.R. MCGEHEE, J.J. ZIRBEL, AND B. DEMARCO, THREE-DIMENSIONAL ANDERSON LOCALIZATION OF
ULTRACOLD MATTER, SCIENCE 334, 66-68 (2011)

In separate experiments, we realized 3D Anderson localization (AL) for a non-interacting gas. Anderson
localization is a phenomenon in which waves fail to propagate in a disordered medium. There are many
open questions regarding AL in 3D, since all theoretical approaches to predicting AL fail precisely at the
onset of localization. For these measurements, we used a spin-polarized, non-interacting gas of
fermionic “°K atoms. The gas was localized by releasing it into an optical speckle field (Fig. 5). These
measurements we the first demonstration of 3D AL for quantum matter waves and the first experiments
with ultracold fermionic atoms and disorder. By measuring how the fraction of atoms in the localized
component changed at the speckle intensity and temperature was varied (Fig. 6), we systematically
investigated how the mobility edge depends on the disorder strength (Fig. 7). These measurements will
serve as a new benchmark for theoretical approximations.



Figure 5. A spin-polarized gas of fermions is localized by allowing it to expand
into an optical speckle field.
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Figure 6. Images taken of the Anderson-localized gas as the temperature and disorder strength are varied. The number of
atoms in the localized (narrow) and mobile (wide) components is used to infer the mobility edge.
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Figure 7. The mobility edge E. is measured as the disorder strength is varied.

Spin-dependent lattices

Another focus area for work supported by this grant was spin-dependent lattices. In a spin-dependent
lattice, the lattice potential depth—and hence the Hubbard tunneling and interaction energies—
depends on the hyperfine state of the atoms. Spin-dependent lattices have promise for exploring exotic
interacting spin physics in a lattice and for developing new methods for cooling lattice gases to lower
entropy per particle. A fully 3D spin-dependent (cubic) lattice is a unique tool to our group that was
developed under support by this grant.

Mixed Mott insulator—superfluid phases
D. McKAY AND B. DEMARCO, THERMOMETRY WITH SPIN-DEPENDENT LATTICES, NEW JOURNAL OF PHYSICS 12, 055013
(2010)

In these measurements, we used a spin-dependent lattice to realize mixed superfluid and Mott insulator

phases. We created mixtures of mg = —1 and my = 0 atoms. The my = —1 atoms experience the full
lattice potential, while the lattice is absent for the my = 0 state (Fig. 7). The my = 0 atoms therefore
realize a weakly interacting superfluid, while the my = —1 atoms achieve a Mott insulator phase for

sufficient lattice depth.

Figure 8 shows images of each component as the lattice depth is varied; at high lattice depths, the trap
is occupied by mixed superfluid and Mott insulator phases. Exotic spin phases are predicted in this
regime at temperatures too low to currently be achieved in experiments.
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Figure 8. Two species are trapped in a spin-dependent lattice. The m; = 0 atoms (red) do not experience the lattice potential,
while the my = —1 atoms are lattice-bound. As the lattice depth is increased, the free atoms remain a weakly interacting
superfluid, while the lattice atoms become a Mott insulator.

Anomalous thermalization
D. McKAY, C. MELDGIN, D. CHEN, AND B. DEMARCO, SLOW THERMALIZATION BETWEEN A LATTICE AND FREE BOSE GAS,
PHYSICAL REVIEW LETTERS, IN PRESS (2013)

We also explored thermalization between the lattice-bound (my = —1) and free (m = 0) states in the
spin-dependent lattice. By heating the lattice species to infinite kinetic temperature and then
measuring the flow of heat to the free state, we measured the inter-species thermalization rate. We
found that thermalization slowed down for higher lattice depths and became absent for a sufficiently
strong lattice in the superfluid regime (Fig. 9). We showed that this effect is analogous to Kapitza
resistance in a solid and arises from a mismatch in dispersion relations (i.e., energy and momentum
cannot be conserved in inter-species collisions). This experiments represent a new technique for
studying strongly correlated dynamics and are a critical element in a proposed lattice cooling scheme.



Figure 9. Thermalization rate measured for different lattice potential depths.
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