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The concept of topology is usually illustrated by consider-
ing a sphere and a torus: Both objects have curved sur-
faces, however, when integrating their Gaussian curvature
over the entire surface, the result is 41t for a sphere, but
zero for a torus. Interestingly, these values do not change
when smoothly deforming these highly symmetric objects
into more complicated ones. For example, when deforming
a sphere into a bowl or a spoon, the curvature of the sur-
face does of course change locally, but the integral remains
4n. All of these objects then belong to the same topological
class. On the other hand, a torus can also be deformed into
a tea cup, but the integrated curvature remains zero. Clearly
then, a torus cannot simply be transformed into a sphere,
it is necessary to cut open the surface and glue it back to-
gether again - they belong to distinct topological classes.

Topology is however not only an abstract mathematical con-
cept; it can also appear in unexpected places in the physical
world. In the context of condensed matter physics, topology
has shifted into focus with the discovery of the quantized
Hall effect, which was shown to arise from a change in the
topology of the electron wave function when an external
magnetic field is applied [1]. In 1988, F. D. M. Haldane pro-
posed a Hamiltonian for a material which could intrinsically
feature non-trivial topological properties [2]. Although physi-
cal implementation has been considered unlikely, Haldane's
model has provided the conceptual basis for theoretical and
experimental research exploring topological insulators and
superconductors [3, 4]. The tight-binding model is based on
a honeycomb lattice with two additional elements (see Fig-
ure 1a). First of all, an offset between neighbouring sites
breaks inversion symmetry. Second, time-reversal sym-
metry is broken by the presence of complex next-nearest-
neighbour tunnelling. Depending on which one of these
broken symmetries dominates, the model features distinct
topological regimes, with a topological transition between
them.

b

!

5
=

FIG. 1: (a) The Haldane model consists of a tight-binding honey-
comb lattice with a variable energy-offset between neighbouring
sites. In addition, it features complex next-nearest-neighbour tun-
nelling (with a phase defined along the blue arrows). (b) The opti-
cal lattice is realised by a combination of laser beams with different
frequencies (indicated by different colours), which are controlled
and phase-stabilised using acousto-optical modulators (AOMs).
The retro-reflecting mirrors are oscillated using piezoelectric trans-
ducers.
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In order to implement Haldane's model [5], ultracold non-
interacting fermionic “°K atoms are trapped in an optical
lattice created by interfering laser beams. The phase and
frequency of three retro-reflected beams is controlled such
as to create a honeycomb lattice, see Figure 1b. This lat-
tice geometry is also the basis for the electronic proper-
ties of Graphene [6]. It gives rise to a band structure where
the two lowest bands touch at two quasimomentum-points
surrounded by a linear dispersion relation, known as Dirac
points. A first experimental challenge consists in detecting
the presence of these Dirac points: This is realised by load-
ing atoms into the lowest band of the lattice, accelerating
them towards the Dirac points and observing where atoms
are transferred to the higher band [7, 8].

The optical lattice can now be deformed such that an offset
between neighbouring sites is introduced. A gap then opens
at both Dirac points, corresponding to an insulating material.
The gap, which has the same value as the energy-offset
between sites, is measured by observing how the transfer to
the higher band reduces. Introducing complex next-nearest-
neighbour tunnelling is more challenging. For electrons, this
would correspond to a staggered configuration of magnetic
fluxes, but atoms are electrically neutral. Therefore a dif-
ferent approach was used, based on a theoretical proposal
in the context of Graphene [9]: If a rotating force is applied
to particles in a honeycomb lattice, the system - on longer
time-scales - behaves as though imaginary next-nearest-
neighbour tunnelling were present. The induced tunnelling
also opens a gap at both Dirac points. This phenomenon
is already very fascinating on its own: it implies that it is
possible to transform a conductor into an insulator by shin-
ing circularly polarized light on it, which promises interesting
technological applications. This approach, realising novel
Hamiltonians by considering the long-term behaviour of pe-
riodically driven systems, is an emerging field of research
known as "Floquet engingeering" [10].

In our experiment, the rotating force is realised in an inertial
frame, by moving the entire lattice on a circular trajectory.
This is done by moving the mirrors which reflect the laser
beams forming the lattice, using piezo-electric crystals (see
Figure 1b). The resulting gap-opening at the Dirac points is
again observed as a reduction of the transfer to the higher
band. In contrast, oscillating the lattice on a linear trajectory
(which does not break time-reversal symmetry and there-
fore does not induce imaginary tunnelling), does not open
a gap.

When time-reversal symmetry is broken, the lowest band is
expected to have a different topology than when inversion
symmetry is broken. However, this difference in topology
cannot be detected by considering the energy of the band;
the eigenstates now play the decisive role. Similar to the
Gaussian curvature in the example of the sphere and torus
above, the topology of a band is characterized by integrat-
ing the Berry curvature of the band. The Berry curvature [11]
is a generalized form of a magnetic field in any parameter
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FIG. 2: (a) Differential drift measurements reveal the topology of
the lowest band. When inversion symmetry is broken by a site off-
set A, (as illustrated), no signal is observed. When the lattice is
modulated on an elliptical trajectory (with phase ¢ between the two
retro-reflecting mirrors), a drift appears, with a sign which depends
on the chirality of the trajectory (as illustrated). (b) The topologi-
cal transition between ftrivial regimes, where the integrated Berry
curvature is zero (grey numbers), and non-trivial regimes (+ 2r),
is mapped out as a function of ¢. On the transition line, the band
structure becomes gapless at one Dirac point, as illustrated.

space (in this case quasimomentum space) and sets the
geometric quantum phase picked up on a closed trajectory,
a generalisation of the Aharonov-Bohm phase.

When a gap is opened at the Dirac points, Berry curvature
appears in their vicinity. For broken inversion symmetry, as
caused by a site offset, this Berry curvature is opposite at
the two Dirac points and therefore adds up to zero, corre-
sponding to a trivial topology. When time-reversal symmetry
is broken by complex next-nearest-neighbour tunnelling, the
curvature is the same at both points. It integrates up to the
quantized value of either +2rm or -2m, depending on whether
the lattice is moved on a clockwise or anti-clockwise tra-
jectory. In order to detect this Berry curvature, atoms are
accelerated through the lowest band such that they sweep
out the entire Brillouin zone. In analogy to a Lorentz force,
the Berry curvature then gives rise to a transverse drift [12,
13]. Comparing this drift for opposite accelerations then al-
lows for distinguishing different topological regimes: In the
trivial regime, no signal is observed, whilst in the non-trivial
regime the signal appears and inverts when the curvature
changes sign, see Figure 2a.

Having shown that the two regimes explored above are
topologically distinct, we also verify that moving from one to
the other implies a process analogous to cutting and gluing.
In the context of a band structure, this corresponds to clos-
ing and re-opening a gap between bands. When both inver-
sion and time-reversal symmetry are broken, i.e. when a
site offset and imaginary next-nearest-neighbour tunnelling
is present, the two contributions to the gap now either add
up or are subtracted from each other - depending on which
Dirac point we consider. Therefore, when both contributions
are equal, the gap closes at one Dirac point, signalling the
transition between two topologies. Using the transfer to the
higher band, we now measure the gap at each Dirac point
separately, and identify the gap-closing points to map out the
topological transition experimentally. The results, as shown
in Figure 2b, are compared to the theoretical expectation
including uncertainties in the lattice structure, and show that
a transition between topologically distinct regimes can be
measured using ultracold fermions.

Whilst theoretically computing this transition line was still
straightforward for the non-interacting system presented
here, the situation changes when interactions between at-
oms are introduced. Theoretical predictions - including nu-
merical simulations - then become very challenging, and in
fact it is not yet clear whether interactions stabilize or de-
stroy the non-trivial topology which appears in the Haldane
model. For ultracold atoms, interactions can be freely tuned
[14, 15], so they should be an ideal platform to answer this
question experimentally, which would be an exciting appli-
cation of the concept of "quantum simulation" [16].
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