






superconducting gap in the Bi2Se3 films. Bulk
topological insulator Bi2Se3 has a spin nonde-
generate Dirac cone around the G point. For a slab
of Bi2Se3, however, the boundary states from two
opposite surfaces may be coupled by quantum
tunneling so that a gap opens up and the mass-
less Dirac point disappears subsequently. The
crossover thickness where a Dirac cone forms de-
pends on the interface of TI films and substrates.
For example, in the case of Bi2Se3/SiC films (10)
with a very sharp interface, the crossover thick-
ness is 6 QL. In our work, the Dirac point is also
clearly observed on 6-QL films, implying that
our interface is very sharp, which is consistent
with our STM results (Fig. 1). Figure 4 shows
the experimental energy band dispersions of the
Bi2Se3 thin films at different thicknesses mea-
sured with ARPES. There is an energy gap at the
binding energy of 0.6 eVon the ARPES spectra
when the film thickness is 3 QL. Compared with
the electronic states of an intrinsic Bi2Se3 crystal,
the Fermi level of the 3-QL sample is shifted up-
ward as a result of possible charge transfer from
the Bi(110) bilayer and substrate. Quantum-well–
like states (labeled as QW in Fig. 4) were also
observed in our system. The charge transfer gen-
erates a large gradient of electric field that en-
hances the Rashba-type spin-orbit coupling. The
energy band splitting resulting from spin-orbital
coupling is observed at a binding energy of ~0.15
eV (Fig. 4A).When the film thickness is increased
to 6 QL, the gap disappears and the Dirac point
(labeled as DP in Fig. 4) emerges at ~0.45 eV
below Fermi level, indicating decoupling of the
interface and surface (Fig. 4B). The quantum-
well–like bandswithin theDirac cone do not show
spin-orbital splitting, which indicates that the
electric field becomes weak on the surface of
6-QL films. Dirac points are also observed in the
films with a thickness of 9 QL and 12 QL.

Our observation of the coexistence of the su-
perconducting gap and topological surface states
in the surface (interface) of Bi2Se3 thin films
makes this TI/SC heterostructure very useful for
understanding the unusual properties of super-
conductivity with topological order. One imme-
diate possible outcome will be the detection of
Majorana fermions (MFs). Non-AbelianMFs may
emerge as the zero-energy core states in a vortex
(16–22) on the Bi2Se3 surface (interface). Early
theoretical proposals for detecting MFs require a
superconducting overlay, which, however, pre-
vents experimental probing of vortices on the
topological surface. In our geometry, topological
surface states on the superconductor substrate
have a great advantage in that the Majorana-
bound states can be directly probed in the surface
vortex core. There are two independent surface
states in the film when the film thickness is
greater than 6 QL. One is the lower surface or
TI/SC interface; another is the upper surface or
TI/vacuum interface.Onboth surfaces, non-Abelian
MFs may emerge as vortex core states. Although
the Fermi level is not in the bulk band gap, our
SC Bi2Se3 films (>6 QL) are analogous to the
weakly doped superconducting three-dimensional
TIs as proposed in (12, 22). The bulk continuum
states acquire a proximity-induced gap, and this
leaves open the possibility of observing spatially
separated Majorana zero modes on the top sur-
face (22). It is also possible that in our system, the
top gate can be applied on the surface to tune the
Fermi level to the bulk band gap and, hence,
single Majorana zero mode can exist in the
Bi2Se3/NbSe2 interface. In thin TI films (<6 QL),
the Majorana zero modes from the upper and
lower surfaces could couple with each other and
open up a finite energy gap. In this case, one
could introduce magnetic elements into the thin
TI film so that a quantum anomalous Hall state is

obtained. The proximity effect between theNbSe2
superconductor and the thin magnetic TI film
may give rise to a (p + ip)-wave pairing state and
a single Majorana zero mode (30).
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Fig. 4. Energy-band
dispersion from ARPES
measurements of the
Bi2Se3 thin films. QW-
like states are observed
on all thin films. (A) In
the 3-QL film, an ener-
gy gap resulting from
the coupling between
the lower and upper
surfaces was observed.
Rashba-type spin-orbital
splitting of QW was ob-
served (white arrow). The
spectra were taken using
He-I 21.2 eV photon. (B)
At 6 QL. DP at the bind-
ing energy of ~0.45 eV
recovers. Surface states
(SS) form a Dirac cone.
The spectra were taken
using 36 eV photon. (C)
9 QL. (D) 12 QL.
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A 2D Quantum Walk Simulation of
Two-Particle Dynamics
Andreas Schreiber,1,2* Aurél Gábris,3,4 Peter P. Rohde,1,5 Kaisa Laiho,1,2 Martin Štefaňák,3
Václav Potocekˇ ,3 Craig Hamilton,3 Igor Jex,3 Christine Silberhorn1,2

Multidimensional quantum walks can exhibit highly nontrivial topological structure, providing a
powerful tool for simulating quantum information and transport systems. We present a flexible
implementation of a two-dimensional (2D) optical quantum walk on a lattice, demonstrating a
scalable quantum walk on a nontrivial graph structure. We realized a coherent quantum walk
over 12 steps and 169 positions by using an optical fiber network. With our broad spectrum of
quantum coins, we were able to simulate the creation of entanglement in bipartite systems with
conditioned interactions. Introducing dynamic control allowed for the investigation of effects
such as strong nonlinearities or two-particle scattering. Our results illustrate the potential of
quantum walks as a route for simulating and understanding complex quantum systems.

Quantum simulation constitutes a para-
digm for developing our understanding
of quantum mechanical systems. A cur-
rent challenge is to find schemes that

can be readily implemented in the laboratory to
provide insights into complex quantum phenome-
na. Quantum walks (1, 2) serve as an ideal test
bed for studying the dynamics of such systems.
Examples include understanding the role of en-
tanglement and interactions between quantum par-
ticles, the occurrence of localization effects (3),
topological phases (4), energy transport in photo-
synthesis (5, 6), and the mimicking of the for-
mation ofmolecule states (7). Although theoretical
investigations already take advantage of complex
graph structures in higher dimensions, experi-
mental implementations are still limited by the
required physical resources.

All demonstrated quantum walks have so
far been restricted to evolution in one dimension.
They have been realized in a variety of archi-
tectures, including photonic (8–11) and atomic

(12–14) systems. Achieving increased dimen-
sionality in a quantum walk (15) is of practical
interest because many physical phenomena
cannot be simulated with a single walker in a one-
dimensional (1D) quantum walk, such as multi-
particle entanglement and nonlinear interactions.
Furthermore, in quantum computation based on
quantum walks (16, 17), search algorithms ex-
hibit a speed-up only in higher dimensional
graphs (18–20). The first optical approaches to
increasing the complexity of a linear quantum
walk (21, 22) showed that the dimensionality of
the system is effectively expanded by using two
walkers, keeping the graph one-dimensional.
Although adding additional walkers to the sys-
tem is promising, introducing conditioned inter-
actions and, in particular, controlled nonlinear
interactions at the single-photon level is tech-
nologically very challenging. Interactions be-
tween walkers typically result in the appearance
of entanglement and have been shown to im-
prove certain applications, such as the graph iso-
morphism problem (23). In the absence of such
interactions, the two walkers remain effectively
independent, which severely limits observable
quantum features.

We present a highly scalable implementation
of an optical quantum walk on two spatial di-
mensions for quantum simulation, using frugal
physical resources. One major advance of a 2D
system is the possibility to simulate a discrete evo-
lution of two particles, including controlled inter-
actions. In particular, one walker, in our case a
coherent light pulse, on a 2D lattice is topolog-

ically equivalent to two walkers acting on a 1D
graph. Thus, despite using an entirely classical light
source, our experiment is able to demonstrate sev-
eral archetypal two-particle quantum features. For
our simulations, we exploited the similarity be-
tween coherent processes in quantum mechanics
and classical optics (24, 25), as it was used, for
example, to demonstrate Grover’s quantum search
algorithm (26).

A quantum walk consists of a walker, such as
a photon or an atom, which coherently propa-
gates between discrete vertices on a graph. A
walker is defined as a bipartite system consisting
of a position (x) and a quantum coin (c). The po-
sition value indicates at which vertex in the graph
the walker resides, whereas the coin is an an-
cillary quantum state determining the direction of
the walker at the next step. In a 2D quantum
walk, the basis states of a walker are of the form
|x1, x2, c1, c2〉 describing its position x1,2 in
spatial dimensions one and two and the corre-
sponding two-sided coin parameters with c1,2 = T1.
The evolution takes place in discrete steps, each
of which has two stages, defined by coin (Ĉ) and
step (Ŝ) operators. The coin operator coherently
manipulates the coin parameter, leaving the po-
sition unchanged, whereas the step operator up-
dates the position according to the new coin
value. Explicitly, with a so-called Hadamard (H)
coin ĈH =Ĥ1⊗Ĥ2, a single step in the evolution
is defined by the operators,

H% ijxi,þ−1〉 → ðjxi,1〉 þ− jxi,−1〉Þ=
ffiffiffi

2
p

,∀i ¼ 1,2

S%jx1, x2, c1, c2〉 → jx1 þ c1, x2 þ c2, c1, c2〉 ð1Þ
The evolution of the system proceeds by repeat-
edly applying coin and step operators on the ini-
tial state |yin〉, resulting in |yn〉 = (ŜĈ)n|yin〉 after
n steps. The step operator Ŝ hereby translates
superpositions and entanglement between the
coin parameters directly to the spatial domain,
imprinting signatures of quantum effects in the
final probability distribution.

We performed 2D quantum walks with pho-
tons obtained from attenuated laser pulses. The
two internal coin states are represented by two
polarization modes (horizontal and vertical) in
two different spatial modes (27), similar to the
proposal in (28). Incident photons follow, de-
pending on their polarization, four different paths
in a fiber network (Fig. 1A). The four paths cor-
respond to the four different directions a walker
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