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2Laboratoire de Physique de la Matière Condensée, CNRS UMR 6622,
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Materials and Methods

Detailed descriptions of the general experimental setup are given in (1–3). More details con-

cerning the construction and the control of the Brownian motor are found in (3–5). In short,

cesium atoms are first accumulated in a magneto-optical trap (6–9), from where they are trans-

ferred to the double optical lattice (1). Both lattices have a 3D topography and are constructed

from a four beam configuration, in which two beams are propagating in the xz-plane, and two

in yz-plane. All beams have a 45◦ angle with respect to the vertical z-axis with polarizations

perpendicular to the plane of propagation (“3D lin⊥lin configuration” (10)).

The optical lattices are state-dependent and operate from different hyperfine ground states

within the Cs D2 line, 6s 2S1/2→ 6p 2P3/2 (11). Lattice S operates close to the Fg = 3→ Fe = 4

transition and lattice L operates close to the Fg = 4→ Fe = 5 transition. The detuning from

atomic resonance where kept around 15Γ in lattice S and 35Γ in lattice L, where Γ is the natural

linewidth of the excited state. This near-resonance makes incoherent light scattering important,

including optical pumping within the manifold of Zeeman substates for a given ground state Fg,
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and results in diffusion within each lattice even tough the potential depths are significantly larger

then the average kinetic energy of the atoms. Moreover, the optical lattices are dissipative, that

is, an effective friction is present due to Sisyphus cooling (6–8). The results presented are taken

for potential depths around 1000Er in lattice S and 2000Er in lattice L, where Er is the recoil

energy, while the typical root-mean-squared atomic velocity is of the order of 10vr, where vr is

the recoil velocity (11, 12). The latter corresponds to a kinetic temperature around 10 µK, with

potential depths around 100 µK in lattice S and 200 µK in lattice L.

The incoherent light scattering also provides a route between the two optical lattices, via a

manifold of short-lived excited states. Since one of the lattices is based on a open transition

(Fg = 3→ Fe = 4), and the other on a closed transition (Fg = 4→ Fe = 5), the transfer rates

between them will be highly unequal (1), which generates one short-lived and one long-lived

optical lattice (denoted S and L, respectively). The relative size of the transfer rates depends on

the parameter settings of the lattices, but typically the atoms spend around 90% of their time in

lattice L (2).

The optical lattice configuration consists of four arms, each with two laser beams (one for

each optical lattice) of slightly different wavelengths with orthogonal polarizations. In each arm

an electro-optical phase modulators (EOM) is placed, which controls the relative phase between

the two beams through an applied voltage over the crystal inside the EOM. These crystals have

one electro-optical active axis and one passive axis. Along the active axis the index of refraction

is dependent on the applied voltage, modifying the optical path length, while the latter remains

unchanged along the passive axis. After the EOMs, but before the different arms start to overlap,

the polarizations of the two beams in each arm are turned to the same direction. When the four

beams overlap, the resulting interference pattern creates a position-dependent potential for each

Zeeman substate for a given ground state (10).

Since the two optical lattices are build with lasers of different wavelength, their spatial peri-
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odicity differs slightly. However, a complete dephasing of the two lattices due to this difference

occurs on a scale of the order of centimeters, while the size of the optical lattices in the experi-

ment is of the order of millimeters. For our purposes, we can therefore consider the periodicities

of the two lattices to be equal.

The dependence of the induced drift on the relative phase in one dimension is close to

sinusoidal, with a flattening for small phases, see figure S1A. The shape of the curves depends

slightly on the chosen parameters, but the maximum drift occurs around ϕ= 2π/3. The relative

phase settings for inducing drifts in other directions than along the Cartesian axes is non-trivial,

due to a dimensional coupling in the system (13). In addition, the kinetic temperature of the
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Figure S1: (A) Induced average velocity versus relative phase of the potentials. (B) Kinetic
temperature versus relative phase of the potentials.

atoms is dependent on the relative phase between the lattices (2). This dependence is close to

perfectly sinusoidal in our system, with a minimum for ϕ = 0, see figure S1B, and is used to

ensure that the correct relative phases are applied (14, 15). To measure the temperature of the

atomic cloud a time-of-flight technique is used (14). This detection technique is destructive, that

is, for each measurement all atoms are lost from the interaction region. To follow the evolution

of the same atoms is therefore impossible, and data presented with this detection technique are
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the result of several repetitions of the experiment, with a stepwise increase in interaction time

(figure 2C) or relative phase (figure S1).

For this experiment, a non-invasive detection system has been realized. The incoherent

light scattering gives the atoms in the optical lattices an inherent fluorescence, which we detect

with an infrared-sensitive camera. The detection does therefore not interfere with the system

and, unlike time-of-flight detection or absorption imaging, the same atoms can therefore be

continuously monitored. With the current camera, images of the atomic cloud are extracted

with a rate of 25 frames/sec. These images are saved and analyzed by the control system,

extracting the center of mass position and the size of the atomic cloud. This analysis could be

done in real time, and hence a feedback system could be realized.

As mentioned in the main text, in addition to the relative phase shift between the lattices, an

additional difference between the two lattices is needed to break the spatio-temporal symmetry.

In our case, we consider that the unequal transfer rates between the lattices is the main compo-

nent of the symmetry breaking. In principle, any parameter characterizing the optical lattices

(e.g., potential depth) can be used to break the symmetry, by setting unequal values for the two

lattices.
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