











walk is fully deterministic and unitary, the multi-
path interference can be reversed by inverting
coin and shift operations.

We realize a quantum walk with single laser-
cooled cesium (Cs) atoms, trapped in the
potential wells of a 1D optical lattice (1/2) with
site separation of A/2 = 433 nm (here, A is the
wavelength of the lattice laser light). The atoms
are thermal with a mean energy of kg x 10 uK,
whereas the optical potential depth is kg x 80 uK
(here, kg is the Boltzmann constant). They are
distributed among the axial vibrational states
with a mean occupation number of 7, = 1.2.
Initially, the atoms are prepared in the |0) = |[F =
4, mp = 4) hyperfine state by optical pumping,
where F is the total angular momentum, and mp
its projection onto the quantization axis along
the dipole trap axis. Resonant microwave ra-
diation around 9.2 GHz coherently couples this
state to the |1) = |[F = 3, mp = 3) state. A ©/2
pulse of 4 ps initializes the system in the
superposition (|0) + i|1))/v/2. Coin operators
are realized in the form of Hadamard-type gates
C:{10)— (0} = 1)) /V21)—(10)+[1))/v/2}.
The state-dependent shift operation is performed by
continuous control of the trap polarization, moving
the spin state |0) adiabatically to the right (whereas
state |1) moves to the left) along the lattice axis
within 19 us (26). After N steps of coin operation
and state-dependent shift, the final atom distribu-
tion is probed by fluorescence imaging. From
these images, the exact lattice site of the atom
after the walk is extracted (27) and compared to
the initial position of the atom. Spin echo opera-
tions are combined with each coin operation (26),
leading to a coherence time of 0.8 ms.

The final probability distribution Py(§) to
find an atom at position § after N steps (Fig. 1) is
obtained from the distance each atom has walked
by taking the ensemble average over several hun-
dreds of identical realizations of the sequence.
Ideally, one expects a double-peak distribution
with large amplitude close to the edges of the
distribution (7). The relative heights of the left and
right peaks—and therefore the symmetry—depend
on the choice of the initial state. Decoherence grad-
ually suppresses the pronounced peaks (12, 28).
We compare the measured distributions for the
symmetric and asymmetric quantum walks of N=6
steps (Fig. 1, D and E) with the theoretical expec-
tations for the ideal case and find good agreement.

In contrast, a random walk distribution can be
recovered by introducing decoherence after each
step of the walk. Omitting the spin-echo from the
coin operation and additionally waiting 400 ps
between coin and subsequent shift operation de-
stroys the phase relation between subsequent steps
of the walk. The resulting probability distribution
is described by a binomial distribution (Fig. 1G),
as expected for a purely classical random walk.

The scaling of the width of the quantum and
the random walk distribution with the number of
steps is one of the most prominent distinguishing
features. We have investigated this scaling be-
havior for both walks for up to N =24 steps (Fig.
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2). For the quantum walk, the width follows
closely the expected linear behavior for up to 10
steps. The subsequent deviation is due to deco-
herence (26), which asymptotically turns the quan-
tum walk into a classical random walk. In contrast,
for the random walk, the typical square-root scal-
ing is recovered.

To get a more detailed characterization of the
wave function prepared by a six-step quantum
walk sequence, we extract information on the
internal state populations and relative phase by
local quantum state tomography. This is based on
site-resolved, state-selective detection combined
with single-particle operations (26, 29), provid-
ing a population distribution for each eigenstate
of the Pauli spin operators 6;(i = x,y,z) (Fig. 3).
Essentially, at each lattice site, the internal quan-
tum state is represented by a vector on the Bloch
sphere, which we reconstruct from the result of
the tomography. These Bloch vectors fit well to
the theoretical prediction at the edges of the dis-
tribution, but they show increasing deviations in
a region close to the initial site of the walk. At
these lattice sites, matter wave interference oc-
curs at almost every step during the sequence,
which makes these lattice sites more sensitive to
decoherence compared with sites further apart.

The local tomography, however, does not yield
information about the off-diagonal elements of the
position space density matrix, which essentially
contain information about the phase relation be-
tween the wave function at different lattice sites
rather than at each site. To demonstrate the spatial
coherence of the state over all populated lattice
sites, we invert the coin operation C': {|0) —
(10) + [L)YV2, | 1) = (0) — [1))/V/2}, as well as
the shift operation, and continue the walk for six
additional steps (Fig. 4). Ideally, the inversion
acts as an effective time-reversal and refocuses
the multipath interference pattern of the wave
function back to the initial lattice site. We find
partial refocusing of 30% of the atomic popula-
tion to the expected lattice site reflecting the
fraction of atoms which have maintained
coherence throughout the sequence.

We have studied the quantum walk of single
neutral atoms in an optical lattice and charac-
terized the quantum state of the delocalized atom.
We have found good agreement with the ideal
case of a quantum walk for up to 10 steps. Inver-
sion of the walk causes the delocalized wave
function to refocus to the initial lattice site. Al-
though the atoms in our experiments are ther-
mally distributed among several vibrational states,
we obtain large coherence over a macroscopic
distance. In the ideal case, motional state and
internal states factorize so that the coherence
created in one degree of freedom is not affected
by the other. We have found that, as soon as
internal and external degrees of freedom are
coupled by diabatic transport leading to vibrational
excitations, for instance, the matter wave inter-
ference is quickly suppressed.

It will be interesting to investigate the be-
havior of quantum walks for different conditions
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when coin operations depend on position or time.
In particular, monitoring the decay of coherence
under the influence of different noise sources will
further elucidate the transition from the quantum
to the classical regime. Performing the quantum
walk with more than one atom and enabling
coherent interactions between the atoms (30) will
realize first operational quantum cellular automata
that can be probed by full quantum state tomog-
raphy, opening another experimental route toward
quantum information science.
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