
and !x1 ! "2Jx=" # !0
x1, so the resonant tunneling

amplitudes resulting from kx ¼ kL simplify to

K ¼ JxJ1

!
2#

"

"
and J ¼ JyJ0

!
2#

"

"
: (5)

Experimentally, the system is prepared by starting with a
Bose-Einstein condensate of %5& 105 87Rb atoms in the
j2;"2i state in a crossed dipole trap. The Raman lasers are
ramped up to their final intensities in 30 ms at a large
detuning of 200 kHz and are switched to their final detun-
ing after the tilt is applied to the system (see below).
Unwanted interferences between lattice and Raman lasers
are avoided with relative frequency offsets of >30 MHz
using acousto-optic modulators. Next, we adiabatically
load the condensate in 100 ms into a two-dimensional
cubic optical lattice of spacing !latt=2 ¼ 532 nm. For lon-
ger hold times, a weak 2Er lattice beam along the third
direction is simultaneously ramped up to provide addi-
tional confinement. Here, Er ¼ @2k2L=2m ! h& 2 kHz is
the single-photon recoil energy. The two-photon Rabi fre-
quency of the moving Raman lattice is determined using
free-space Rabi oscillations and chosen to be considerably
smaller than the static lattice.

After loading the condensate into the lattice, a uniform
potential energy gradient of mga=h ! 1:1 kHz between
adjacent lattice sites is applied by turning off the confining
crossed dipole traps in 20 ms. Alternatively, we have
successfully used a magnetic field gradient to access a
broader range of tilts. The gravitational gradient has the
advantage of a much faster switching time compared to the
magnetic gradient. The cloud widths "x and "y are
obtained by standard absorption imaging along the direc-
tion perpendicular to the 2D lattice.

The essential feature of our implementation of the
Harper Hamiltonian is that tunneling in the x direction is
suppressed by a potential tilt and reestablished by laser-
assisted tunneling. This is demonstrated in Fig. 2, which
shows the resonance for the laser-assisted process. For this,

tunneling is characterized by looking at the expansion of
the cloud within the lattice. Expansion occurs since the
confinement by the optical dipole trap has been switched
off, and due to some heating during the 500 ms hold time.
Note that for fully coherent time evolution, charged parti-
cles in a magnetic field will undergo cyclotron motion
which would suppress the expansion. The resonance width
of 60 Hz may have contributions from laser frequency
jitter, inhomogeneous lattice potential, and atomic inter-
actions. The Lorentzian fit suggests a homogenous broad-
ening mechanism.
The dependence of K and J on the intensity of the

Raman lasers (described by Bessel functions) allows tun-
ing of the ratio of the two. For low intensities, K increases
linearly with the intensity, and J decreases quadratically.
The latter reflects the depletion of the unperturbedWannier
function by the modulation due to the moving Raman
lattice. Figure 3(a) shows experimental results in qualita-
tive agreement with these predictions.
For a quantitative interpretation of the expansion of the

cloud, we assume an incoherent diffusion process, where
the square of the width " of the expanded cloud is propor-
tional to the tunneling rate times expansion time. For short
times, the expansion of the cloud should be fully coherent,
and the width should increase linearly with time. However,
heating by light scattering and intensity fluctuations of the
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FIG. 2 (color online). In situ cloud width as a function of
Raman detuning #! after an expansion of 500 ms, with a
Raman lattice depth of # ¼ "=4. The solid line is a
Lorentzian fit to the experimental data (dots) centered at
1133 Hz—consistent with the gravitational offset between sites.
Pictures (of size 135& 116 $m) show typical column densities
on or off resonance. Inset: Dependence of the laser-assisted
tunneling on optical lattice depth.
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FIG. 3 (color online). (a) Expansion as a function of resonant
Raman laser intensity shows the laser-assisted tunneling along
the tilt direction (blue circles) and the tunneling rate J along the
transverse direction (red squares). Data taken at lattice depths of
9Er and hold time of 1500 ms. Inset: Theoretical prediction for
the tunneling rates K and J in terms of Bessel functions [Eq. (5)].
(b) Time evolution of the squared width for different Raman
laser intensities. From the slope of the lines, we obtain the laser-
assisted tunneling rates and their statistical errors: 0:2' 0:08
(red squares), 4' 0:5 (blue circles), 12' 1 (black diamonds),
and 8' 0:5 Hz (blue triangles).
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