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Abstract. We present a universal method to create a tunable, artificial vector gauge potential for neutral
particles trapped in an optical lattice. A suitable periodic shaking of the lattice allows to engineer a Peierls
phase for the hopping parameters. This scheme thus allows one to address the atomic internal degrees of
freedom independently. We experimentally demonstrate the realisation of such artificial potentials in a 1D
lattice, which generate ground state superfluids at arbitrary non-zero quasimomentum [4].
This scheme offers fascinating possibilities to emulate synthetic magnetic fields in 2D lattices. In a
triangular lattice, continuously tunable staggered fluxes are realised. Spontaneous symmetry breaking has
recently been observed for a -flux [23]. With the presented scheme, we are now able to study the influence
of a small symmetry breaking perturbation.

1. INTRODUCTION
Emulation of gauge fields for ultracold atoms provides access to a class of exotic states arising in strong
magnetic fields [1, 2]. Standard electromagnetic fields indeed do not couple to the motional degrees of
freedom of chargeless atomic species investigated in optical lattices.
In quantum mechanics, a vector gauge potential impacts onto the kinetic part of the Hamiltonian.
For systems discrete in space, its effects can be absorbed into a complex hopping parameter J = |J |ei
as depicted in Figure 1(a), where  is a directional phase factor, called the Peierls phase. This can
be easily apprehended via the example of the Aharonov-Bohm phase acquired by a charged particle
when it travels along a closed contour pierced by a magnetic field [3]. Therefore, the quest for artificial
magnetism is to realise situations where a neutral particle acquires a geometrical phase when it follows
a closed contour.
We experimentally demonstrate the realisation of complex tunneling matrix elements in periodically
forced optical lattices [4]. Jiménez-García et al. achieved a similar result by using a combination of
Raman lasers and radio frequency fields in order to simultaneously create a state-dependent optical
lattice and modify the hopping parameters [5]. On the contrary, our scheme does not impose any
requirements onto the internal structure of the atoms since it relies on inducing a time periodic inertial
force by accelerating the optical lattice.
In the first part, the generation of tunable Peierls phases via a suitable periodic forcing will be
demonstrated in a one-dimensional lattice. The second part will concentrate on the extension of this
scheme to generate staggered magnetic fluxes in a two-dimensional (2D) triangular lattice. Especially
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Figure 1. Periodic driving of the 1D lattice. (a) Realised complex tunneling elements on a 1D lattice, with spacing
d. (b) Inertial force F of zero mean value resulting from the real space lattice periodic driving. T1 /T2 is the
asymmetry parameter. (c) Effective single-particle dispersion relation. The presence of a Peierls phase  induces
a shift of the dispersion relation minimum towards /d (solid line). As a reference, the dashed line represents the
dispersion relation in absence of Peierls phase.

interesting is the regime of large flux strengths, where frustration – reflected by a two-fold degenerate
ground-state – plays a key role.

2. EXPERIMENTAL CONTROL OVER THE COMPLEX TUNNELING PARAMETERS
Ultracold atoms confined in time-periodically driven optical lattices raise a large interest since the
prediction of a metal-insulator like transition induced by a time-periodic driving force [6]. Several
experimental groups have investigated the dynamical behaviour of non-condensed cold atoms [7, 8] or
Bose-Einstein condensates [9, 10] under the combined effect of both a homogeneous time-independent
and a time-periodic driving force. For a sinusoidal driving of an optical lattice, dynamical tunneling
suppression and sign inversion of the tunneling matrix element have been reported [11, 12], leading to
the coherent control of the superfluid-to-Mott insulator transition [13].
Here we show how to engineer complex tunneling matrix elements using a non-sinusoidal periodic
forcing. This constitutes an essential prerequisite for the realisation of artificial gauge fields for
uncharged particles [14].

2.1 Periodical lattice forcing and renormalisation of the tunneling matrix elements
The physics of ultracold bosons in the tight-binding regime of a lattice is governed by the Bose-Hubbard
Hamiltonian:
H = −J


i,j 

âi+ âj +

U
n̂i (n̂i − 1)
2 i

(1)

where âi (âi+ ) is a annihilation (creation) operator for a boson on the site i, and n̂i denotes the
corresponding number operator. The sum runs over all lattice sites and i, j  denotes nearest neighbour
sites. In the following, we consider a system in the weakly interacting regime where U/J  1, with J
quantifying the tunneling amplitude and U the on-site interaction energy.
Ultracold atoms in optical lattices, which are periodically forced with frequencies on the order of a
few to tens of kilohertz, might appear as typical examples of non-equilibrium systems. On the contrary,
Floquet theory allows to demonstrate that under high frequency periodic driving, the driven system
behaves as the undriven system, but with renormalised matrix element J eff [15]. This renormalisation
results from a time-averaging of the fast dynamics occuring in the lattice band-structure. As the only
prerequisite, the modulation frequency has to be large with respect to the tunneling frequency but small
compared to band excitation energies. In this regime, one can show that the driven system is to good
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approximation described by the effective time-independent Hamiltonian [16]:

U
Heff = −
n̂i (n̂i − 1)
|Jijeff |eiij âi+ âj +
2 i
i,j 

(2)

the periodic
An homogeneous inertial force F = −mRb ẍ which is created by shaking the

 lattice along
orbit x(t) in space gives rise to complex tunneling parameters |Jijeff |eiij = ei(j −i )/h̄ T , where i (t) =


t 
t



dt
r
.F(t
)
−
dt
r
.F(t
)
.
i
i
t0
t0
T
The phase factors are non-trivial provided the forcing time-dependency breaks the two following
symmetries: (a) reflection symmetry for a suitable time , i.e. vi (t − ) = vi (−t − ) and (b) shift
(anti)symmetry, i.e. vi (t − T /2) = −vi (t). This requires forcing with more than one frequency
component.
Experimentally, the one-dimensional lattice is generated by two independent, phase stabilised laser
beams at  = 830 nm. The trapped 87 Rb atoms are accelerated along the lattice axis by modulating
the frequency of one of the lattice beams with an acousto-optical modulator, a technique which is
experimentally straightforward. As reported in Fig. 1(b), the forcing function used in our experiment
is comprised of a train of sinusoidal pulses separated by periods with no forcing of periodicity
T = T1 + T2 = 1ms. The zero mean value of this force prevents the transfer of a net-acceleration to
the lattice. This leads to the following renormalised tunneling matrix element:
T1
T2
T2
T1
J eff (K)
= eiK T + J0 (K)e−iK T
(3)
J
T
T
where T1 /T2 is the asymmetry parameter and J0 the zero-order Bessel function. The forcing parameter
K is defined as K = md 2 ν/h̄, with ν the amplitude of the frequency modulation, ranging here from
0 to 30 kHz.
For T2 /T → 0, one recovers the harmonic driving which only allows to control the magnitude and
sign of J eff , as already investigated in [11, 12]. In the opposite limit of small T1 /T , the tunneling
amplitude |J eff | is only marginally affected whereas the phase depends linearly on the forcing amplitude
K. In order to avoid unwanted excitations of the system induced by strong forcing, an intermediate value
T1 /T2 = 2.1 has been chosen for the experiment realised here. This induces a Peierls phase increasing
monotoneously with the amplitude of the force.

2.2 Detection of the Peierls phase
The engineered complex phase of the hopping parameters manifests itself via a shift of the singleparticle dispersion relation by /d as depicted in Figure 1(c). It follows directly from the effective
Hamiltonian (2), whose eigenstates are Bloch waves with the following dispersion relation:
E(k) = −2|J eff | cos(kd − ).

(4)

Therefore, this allows for the generation of superfluid ground-states at finite and tunable
quasimomentum k = /d for which the group velocity vg = dE/dk is zero. Experimentally, we observe
the relaxation of the condensate quasimomentum towards the minimum of the effective dispersion
relation (see [4] for more details). Hence, the imprinted Peierls phase can be read out directly from
the quasimomentum distribution revealed in time-of-flight after a sudden switch off of the lattice and
the external potential.
As a central result Fig. 2(a) shows the experimental data together with the theoretical predictions
from equation (3). After increasing the forcing amplitude slowly to the desired value, the corresponding
quasimomentum distribution is recorded. From the obtained time-of-flight images, examples of which
are shown in Fig. 2(b), we extract the Peierls phases . The excellent agreement between experiment
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Figure 2. Creation of complex tunneling matrix elements. (a) The measured Peierls phases in a 1D driven optical
lattice for different values of the forcing amplitude K are depicted as circles. The dashed red curve corresponds to
the theoretically expected values (equation (3)). (b) Quasimomentum distribution of the BEC after 27 ms time-offlight for different values of K. The Peierls phase as a function of K is deduced from the observed shifts of the
interference patterns.

and theory proves the controlled generation of Peierls phase  ∈ [0, 2]. In addition, the experimental
images demonstrate the large degree of coherence maintained in the atomic sample throughout the
shaking process.

3. STAGGERED MAGNETIC FLUXES IN A TRIANGULAR LATTICE
Recently, several experimental ways have led to the realisation of artificial magnetic fields for ultracold
atoms. The applied methods vary from trap rotation [17] to Berry phase imprinting either in a continuous
system [18, 19] or in optical lattices [20, 23] (for a review see [21]). Such artificial fields have a strong
impact on the single particle dispersion relation and result in cyclotron-like mass currents in discrete
systems or the creation of vortices in a bulk. Additional phenomena arise in the presence of large
amplitude staggered fluxes, where frustration plays a key role.
The technique employed here to engineer complex hopping parameters can be easily scaled to
lattices of higher dimensions. We report on the experimental realisation of staggered fluxes in a 2D
triangular lattice.

3.1 Forced triangular lattice
A two-dimensional triangular lattice is created by interfering three phase-locked laser beams in the xy
plane [22]. Our system, well within the weakly interacting regime, consists of an array of superfluid
tubes arranged on a triangular pattern. The lattice is accelerated along a closed two-dimensional orbit by
frequency modulating two of the three laser beams. The time-averaged effect of the inertial force leads
to the renormalisation of all tunneling parameters. Varying the relative amplitudes of the forcing along
x and y results in the independent control of two Peierls phases  and  (see Fig. 3(a)).
The total phase accumulated by the wavefunction after completing a loop around a plaquette is
a gauge invariant quantity, called gauge flux. Homogeneous forcing, implemented by lattice shaking,
cannot give rise to a non trivial flux through plaquettes with pairwise parallel edges like square or
honeycomb. As a consequence, the total flux through the unit cell of the triangular lattice must be
zero. However a non-zero flux through a single triangular plaquette can be realised in our system. The
magnitude of the flux, denoted , has thus opposite sign for upwards and downwards pointing triangular
plaquettes as depicted in figure 3(a) and can be tuned continuously between 0 and .
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Figure 3. Creation of gauge fluxes in triangular lattices. (a) Complex tunneling elements created by the 2D forcing
and resulting staggered magnetic fluxes in a 2D triangular lattice. (b), (c) Control over the frustration of the
system illustrated for  =  and  = 0.81  respectively. The calculated dispersion relation is ploted along the
x axis, demonstrating the control over the frustration of the system. From roughly 100 successive measurements,
the summed time-of-flight images and the histograms are extracted. In the degenerate case, the occupation of
both ground-states is equiprobable and spontaneous symmetry breaking can be evidenced. For a flux strength of
 = 0.81 , only the global minimum of the band structure is occupied.

As gauge fluxes influence the kinetic part of the Hamiltonian, they strongly modify the single particle
dispersion relation, which now reads:
√
√


(kx 3 − ky )d
(kx 3 + ky )d


E(kx , ky ) = −2|J | cos dky +  − 2|J | cos
+  + cos
−  ·
2
2
(5)
For a maxinmal flux strength || = , frustration is reflected by the presence of two energetically
degenerated minima within the first Brillouin zone (see Fig. 3(b)). As shown in Figure 3(c), this
degeneracy is lifted for flux amplitudes differing from .
3.2 Spontaneous symmetry breaking
The presence of non-zero staggered fluxes enlarge the spectrum of the physics that can be investigated
with cold atoms in optical lattices. Staggered -fluxes introduce a discrete symmetry in the system
since the superfluid state may occupy two energetically equivalent quasimomentum states. Frustration
leads to fascinating effects, amoung them spontaneous symmetry breaking as already observed in our
group [23]. Finding a clean testing ground to experimentally study the process of symmetry breaking is
notoriously difficult, as external fluctuations and asymmetries have to be minimised or controlled. The
recent achievement of the control over the amplitude of the staggered fluxes allows to investigate this
fundamental aspect of frustration in more detail.
In the fully frustrated case, the two degenerate ground states correspond to opposite quasimomentum
states along x and can thus be distinguished after a time-of-flight measurement (see Fig. 3(b)). We
realised successive measurements of the quasimomentum of the superfluid under the same experimental
conditions, which are depicted in a histogram. As an essential result, the system resides in only one of
the ground states for each single experimental realisation – the occupation of both momentum states
being equiprobable. This is a clear signature for spontaneous symmetry breaking, expected for low
energy phases of systems governed by a discrete symmetry.
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By varying the amplitude of the flux, the degeneracy between the ground states can be lifted.
Realising the same series of measurement for a flux of amplitude 0.81, both the summed time-offlight images and the histogram of Figure 3(c) show that only the global minimum of the single particle
dispersion relation is occupied.
4. CONCLUSION
Time-periodic driving offers a robust technique to generate gauge fluxes in optical lattices. As reported
in these proceedings, our method enables one to continuously control the strength of staggered gauge
fluxes in triangular lattices. For maximal staggered -fluxes, an additional discrete symmetry impacts
the system and leads to the observation of spontaneous symmetry breaking.
As already mentioned, such a spatially homogeneous forcing can not produce finite magnetic fluxes
through plaquettes having pairwise parallel bounds as cubic lattices for instance. This restriction can be
overcome if a periodically driven superlattice is added. Moreover the presence of the superlattice leads to
a flux-rectification over large patches, where strong-field quantum Hall-type physics can be studied [24].
Beyond the engineering of the hopping element, another essential aspect of our scheme is the possibility to address the atomic internal degrees of freedom independently. Here a spin-dependent hexagonal
lattice provides a promising system [25]. In such a geometry the interplay of next-nearest neighbour
coupling, complex tunneling matrix elements and spin can lead to topological states of matter [24].
The general method presented in these proceedings will facilitate the creation of large sets of gauge
fields for various particle classes in optical lattices.
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