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We report the observation and characterization of position-space Bloch oscillations using cold
atoms in a tilted optical lattice. While momentum-space Bloch oscillations are a common feature of
optical lattice experiments, the real-space center-of-mass dynamics are typically unresolvable. In a
regime of rapid tunneling and low force, we observe real-space Bloch oscillation amplitudes of hun-
dreds of lattice sites, in both ground and excited bands. We demonstrate two unique capabilities en-
abled by tracking of Bloch dynamics in position space: measurement of the full position-momentum
phase-space evolution during a Bloch cycle, and direct imaging of the lattice band structure. These
techniques, along with the ability to exert long-distance coherent control of quantum gases without
modulation, may open up new possibilities for quantum control and metrology.

Quantum particles in a periodic potential exhibit an
oscillatory response to constant forces [1, 2]. During
these Bloch oscillations, both the quasimomentum and
the position of the particles evolve periodically, as a di-
rect consequence of the periodicity of the band struc-
ture. The resultant localization is a fundamental feature
of coherent transport in a lattice. In conventional elec-
tronic systems rapid decoherence complicates the obser-
vation of Bloch oscillations, though their realization is
possible using superlattices [3] and photonic waveguide
arrays [4]. Ultracold atomic gases in optical lattices,
however, provide a nearly ideal platform for the obser-
vation of momentum-space Bloch oscillations [5, 6] and
related phenomena, including interaction-dependent ef-
fects [7—11], spatial breathing modes [12], and control of
Bloch dynamics using applied modulations [13, 14]. How-
ever, even in cold atom experiments, direct observation of
position-space Bloch oscillations of the center of mass has
remained elusive. Position-space center-of-mass Bloch
oscillations have generally either been inferred through
observations of the quasimomentum evolution [5], or arti-
ficially magnified using dynamical perturbations for recti-
fication of Bloch dynamics [13]. Thus, in a sense, Zener’s
original conception of Bloch oscillations has yet to be
directly observed with cold atoms.

In this letter, we report the observation and character-
ization of position space-Bloch oscillations using ultra-
cold 7Li in a tilted optical lattice. Lithium’s low mass
facilitates the simultaneous realization of fast tunneling
and weak tilt which are required for observation of real-
space Bloch oscillations, and the shallow zero crossing of
lithium’s Feshbach resonance allows elimination of inter-
actions. Our experiments begin with a Bose condensate
of lithium in an optical lattice. The mean-field behavior
can be described by the Gross-Pitaevskii equation (GPE)
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FIG. 1. Position-space Bloch oscillations. (a) Time sequence
of in-situ absorption images of atoms in a 5.4 Egr-deep opti-
cal lattice subjected to a force corresponding to a Bloch fre-
quency of 21.1 Hz. Each image corresponds to an individual
experimental run with the indicated hold time. (b) Measured
evolution of integrated density distribution as a function of
axial position during a Bloch oscillation. (c) Numerical GPE

prediction for (b), using the split-step Fourier method [15].
Asymmetrical width variation is due to force inhomogeneity.

The potential due to the lattice beams with wavelength
A=2d=1064 nm and an axial parabolic trap of frequency
wo~27 x 15.6 Hz is (in cylindrical coordinates)

V = —Vp cos? (nz/d) exp (—1%/20%) + mwiz? /2. (2)

Here 0 ~42.5 pym is the transverse trap width, F is the
applied force, m is the atomic mass, and g is the inter-
action amplitude which we make negligible by Feshbach



tuning. This 3D potential is non-separable, but as trans-
verse dynamics do not play a significant role a 1D Bose-
Hubbard Hamiltonian,

= *szhldi +2 %n(n — D)+ F) ini, (3)

provides an alternative tight-binding single-band descrip-
tion capturing the main features of Bloch oscillations.
In Eq. (3) d;r and @, are bosonic creation and annhila-
tion operators at lattice site ¢, J is the tunneling energy,
n; = &j&i, U is the onsite interaction energy, and F' = Fd
the energy offset per lattice site due to the force F. Be-
low we quote values for F' and J in Hz; multiplication by
Planck’s constant h yields an energy in Joules. By Fes-
hbach tuning to the scattering length zero-crossing we
are able to operate in the J > F > U regime for the
entirety of the experiment, avoiding interaction-induced
dephasing and instabilities [16-19]. When an atomic en-
semble is subjected to this Hamiltonian in this regime,
the center of mass position oscillates at the Bloch fre-
quency fp = F/h with oscillation amplitude given by the
Wannier-Stark localization length iy s = 2J/F [2, 5.

The experiments begin with creation of a Bose
condensate of approximately 10° 7Li atoms in the
|F=1,mp =1) hyperfine state in a crossed optical
dipole trap. After evaporation, the magnetic field
is ramped to the scattering length zero crossing near
543.6 G in 100 ms [20]. The condensate is then loaded
into the optical lattice in 100 ms, initializing the atomic
ensemble into the ground band around zero quasimomen-
tum. By varying the lattice laser power the depth V7, is
adjusted between 4 and 15 E (calibrated with amplitude
modulation spectroscopy), where Er = h?k? /2m is the
recoil energy and kr = 2w /) is the lattice wavevector.
For a given Vi, band structure calculations determine
J [21]. A magnetic field gradient along the lattice direc-
tion creates a tunable applied force giving rise to a Bloch
frequency fp between 20 and 50 Hz. The optical dipole
trap is suddenly switched off to initiate Bloch oscillations
at a constant force. For an atomic ensemble in a band
with a dispersion relation E(k), the mean position x(t)
evolves in time according to the group velocity:

de(t)  10E(t)
dt ~— h 0k

(4)

After a variable hold time during which Bloch oscilla-
tions occur, the in-situ spatial distribution of the atomic
ensemble is measured using absorption imaging.

Fig. 1 presents a typical measurement of position-space
Bloch oscillations. As the quasimomentum linearly in-
creases, the center of mass position evolves according to
Eq. (4), changing direction after a Bragg scattering event
at the edge of the Brillouin zone and oscillating with an
amplitude of over 150 pum (~300 lattice sites). The mea-
sured oscillation amplitude and frequency are consistent
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FIG. 2. Characterization of position-space Bloch oscillations.
(a) Ensemble position versus time during Bloch oscillations at
different forces with a constant tunneling rate J = 1.55 kHz.
(b) Position versus time during Bloch oscillations with differ-
ent tunneling rates at a constant force of F' = 23 Hz. Solid
black lines in (a) and (b) are fits to damped sinusoids; thicker
solid red lines in (a) are the result of numerical GPE calcula-
tions. (c) Bloch oscillation amplitude as a function of force at
J = 1.55 kHz. (d) Bloch oscillation amplitude as a function
of tunneling rate at F = 23 Hz. Solid lines in (c) and (d)
represent the predicted lwgs = 2J/F with no fit parameters.

with theoretical predictions for Iy and fp, and the de-
tailed dynamics are in agreement with the results of nu-
merical GPE calculations shown in Fig. 1c. The direct
measurement of position-space atomic Bloch oscillations
of the center of mass in the absence of any external mod-
ulation is the first main result of this paper.

To characterize the position-space Bloch dynamics, we
directly probe the dependence of the Wannier-Stark lo-
calization length lyys on tunable system parameters by
repeating the measurement of Fig. 1 at varying values of
J and F. Fig. 2a shows position-space Bloch oscillations
for different applied forces at a constant tunneling rate
J = 1.55 kHz. The measured initial oscillation ampli-
tude depends inversely on the force (Fig. 2¢), and agrees
quantitatively with the expected localization length lyy .



a b
= = -
o TTOF 3ms TH 21 ms o
s [ M ' - "z
E 02 { { ! s 02 £
c | } =
2 o3p ! l ‘ 03 8
= =2
o | | - 2
a 04p '..'..“‘ : —— 04 g
0.5 a1 0.5
0 18 36 54 0 15 3 4
Hold Time (ms) Time of Flight (ms)
Cc ) d
0.35 °, .*J'I 1
_ @ o, &
IS (<) e ° @ -0.54<
£ e 0 —
£ 04 ° ™) ?
c () @ E
S ° ° o * o 0 2
= o)
08_ 045} © e *’ 05 E
ro % #.{ 1 =
0.5 I
0 20 40 60 O 20 40 60
Hold Time (ms) Hold Time (ms)
e K ! 1
3 025T,
= "o
£ .
()
E £
= [
o k=
5 §
=

0.5 1

-1 -0.5 0
Position (lws)

FIG. 3. Phase-space evolution during a Bloch oscillation.
Here J =1.55 kHz and F =23 Hz. (a) Absorption images
of the atomic distribution after a 3 ms time of flight. The dis-
tribution at each hold time is a convolution of initial quasimo-
mentum and position. (b) Absorption images after varying
times of flight, for a hold time of 21 ms. The initial quasi-
momentum can be extracted via a linear fit. (c,d) Ensemble
position and momentum versus time during a Bloch oscilla-
tion. Where multiple momentum peaks can be distinguished,
both are plotted. (e) Combining (c) and (d) yields the phase
space evolution of the ensemble during the first Bloch period
Ts=1/fp. Color map corresponds to the hold time in units of
Tp. Where multiple momentum peaks can be distinguished,
both are plotted with symbol size indicating relative atom
number. At 0.57s, Bragg scattering is observed as a discon-
tinuity of 2hkr in the measured momentum distribution.

The observed decrease of the oscillation amplitude with
increasing hold time is consistent with expectations due
to the axial harmonic confinement [22], and with numeri-
cal GPE calculations. Fig. 2b and Fig. 2d present a com-
plementary measurement, in which tunneling rates were
varied at a constant force. The measured oscillation am-
plitude increases linearly with the tunneling rate J and is
again in agreement with the theoretically expected value
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FIG. 4. Ensemble width evolution during Bloch oscillations.
Measured time evolution of the second moment of the atomic
distribution w, for different forces with J = 1.55 kHz. Black
lines correspond to semi-classical evolution, using the calcu-
lated band dispersion, of an ensemble with the measured ini-
tial width, and red lines to numerical GPE results. At lower
values of F' (higher values of lws), the effects of force inho-
mogeneity are more pronounced.

of lw s, with no adjustable fit parameters.

To elucidate the connection between real-space Bloch
oscillations and previously-studied momentum-space
Bloch oscillations, we measure the quasimomentum evo-
lution. In these experiments, instead of imaging the in-
situ distribution, we ramp down the lattice depth over
100 ps to map the quasimomentum onto momentum,
turn off all traps, and perform absorption imaging of the
spatial distribution after some time of flight. For finite
time of flight, this image represents a convolution of the
quasimomentum distribution and the initial spatial dis-
tribution. By performing this measurement at multiple
different times of flight we can deconvolve these distribu-
tions to measure the evolution of both quasimomentum
and position. Fig. 3a shows the image of the atomic en-
semble after variable hold times and a constant time of
flight of 3 ms. The asymmetrical evolution is a result of
the position-momentum convolution. At each hold time
we repeat the measurement for various times of flight
(Fig. 3b) and fit the linear translation of the ensemble to
extract the quasimomentum. This procedure allows di-
rect comparison of the time evolution of position (Fig. 3¢)
and quasimomentum (Fig. 3d). The measured quasimo-
mentum evolves linearly until it Bragg scatters at the
edge of the first Brillouin zone. The turning points of
the position-space Bloch oscillations are coincident with
the measured Bragg scattering events. As a demonstra-
tion of the unique scientific utility of accessing both real-
and momentum-space Bloch dynamics in the same exper-
iment, we plot in Fig. 3e the position-momentum phase
space evolution over a single Bloch cycle with period T'5.
This directly-measured phase-space image of a Bloch os-
cillation is the second main result we report.

In addition to center-of-mass oscillations, we also ob-
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FIG. 5. Band imaging with position-space Bloch oscillations.
(a) Time-series images of atomic ensembles undergoing Bloch
oscillations in lattice depths of 6 Fgr, 7.4 Egr, and 10.3 Eg.
(b) Measured band structure E (k) for the three lattice depths
(circles), determined by scaling the measured center positions
from (a) according to Eq. (5). Lines show independently-
calculated band structures with no adjustable parameters.

serve oscillations in the width of the atomic cloud. In con-
trast to previous experiments initialized at a single lattice
site [12] and previous theoretical predictions for an en-
semble [23, 24], here the width oscillations are dominated
by the inhomogeneity in applied force across the large
transport distance. We confirm this by measuring the
width oscillations for different forces at a constant tun-
neling rate and comparing them to semi-classical predic-
tions and numerical GPE calculations which include the
independently-measured harmonic axial potential (see
Fig. 4). The good agreement with the two theoretical
calculations indicates that the width evolution is a well-
understood consequence of force inhomogeneity.
Strikingly, macroscopic position-space Bloch oscilla-
tions can also be used to directly image the lattice band
structure. Eq. (4) indicates that for constant force the
band dispersion E(k) is simply the center-of-mass time
evolution z(t) during a Bloch cycle with position and
time scaled as
hip kr
E = 7 k= 2TBt (5)
CCD images of real-space Bloch oscillations like those
shown in Fig. 1a can thus be interpreted as direct images
of the lattice band dispersion E(k), in a manner rem-
iniscent of the interpretation of angle-resolved photoe-
mission maps in condensed matter experiments [25, 26].
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FIG. 6. Position-space Bloch oscillations in an excited band.
The lattice depth is set to 9.5Er and the Bloch frequency
to 50.7 Hz. (a) Time-series absorption image of ground-band
Bloch oscillations. (b) Time-series image of Bloch oscillations
in the first excited band, which are characterized by the same
frequency as ground-band oscillations, but exhibit a signif-
icantly larger amplitude due to the larger bandwidth. Also
visible is a remnant fraction of atoms in the ground band, due
to imperfect excitation. These Bloch-oscillate independently.

The Bloch frequency fp sets the spatial magnification
of the band imaging, which can be varied. For a Bloch
frequency of 22 Hz, the calculated energy-position con-
version factor is 41.6 Hz/um. In Fig. 5 we demonstrate
this band imaging technique by comparing the measured
position-space Bloch oscillations to the theoretically cal-
culated band structure for a variety of lattice depths. We
find good agreement with the expected band structure at
each lattice depth without the use of any fit parameters.
Asymmetries in the measured band structure are consis-
tent with expectations from the measured force inhomo-
geneity, and represent the current technical limit on this
new band imaging technique. The demonstration of di-
rect band imaging with position-space Bloch oscillations
is the third main result we report.

Real-space Bloch oscillations are not limited to the
ground band of the lattice. In excited bands of a si-
nusoidal lattice, much larger-amplitude position-space
Bloch oscillations should be possible due to the increased
bandwidth. To explore excited-band real-space Bloch dy-
namics, we transfer population to the first excited band
by applying a resonant amplitude modulation pulse af-
ter the atoms have Bloch oscillated to k£ = 0.5k, in the
ground band. The resulting excited-band dynamics are
compared to ground-band dynamics in Fig. 6. Measured
Bloch oscillations in the excited band are, as predicted,
characterized by a larger amplitude than ground-band
oscillations. The amplitude ratio is consistent with the-
oretical expectations from band structure calculations.

In addition to their fundamental interest, real-space
Bloch oscillations may serve as a useful tool for quan-
tum metrology and spatiotemporal control. The fine
control over transport enabled by the techniques demon-
strated here may be of use for atom-interferometric force
sensing and gradiometry [27-30]. New dispersion-control



schemes may be enabled by spatially addressing different
phases of a Bloch oscillation. Interferometric probes sim-
ilar to those reported in [31] but in real space are another
possible avenue of exploration. Finally, the simplicity of
the full phase-space evolution and band dispersion prob-
ing techniques we demonstrate opens up the possibility of
imaging dynamics and band structures in more complex
systems; particularly interesting possibilities include the
study of higher-dimensional lattices, Floquet-hybridized
bands, and topologically nontrivial bands [32-34].

In conclusion, we report the experimental observation
of position-space Bloch oscillations in an ultracold gas,
in both ground and excited bands. The dependence of
oscillation amplitude on applied force and lattice depth
are in good agreement with theory. We have used these
real-space Bloch oscillations to directly image the full
phase-space evolution during a Bloch oscillation, and to
perform direct imaging of the structure of a Bloch band.
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