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force was investigated extensively to 
understand electrical currents induced 
by external fields acting on solid mate-
rials. But in contradiction to the classical 
expectation, particles did not follow the 
direction of the driving force but instead 
performed an oscillatory motion, so-called 
Bloch oscillations.[1] It was soon under-
stood that those Bloch oscillations occur 
because the external force causes the par-
ticle to gain momentum, thus changing 
their location inside the Brillouin zone. 
This motion in momentum space con-
tinues going even beyond the edge of 
the Brillouin zone. Since the band struc-
ture is periodic, the initial field distribu-
tion is recovered after one crossing of the 
Brillouin zone. Therefore, one observes 

an oscillatory motion but no net shift of the particle in real 
space. In order to explain the motion of electrons in a crystal-
line lattice under the action of a dc electric field, this single 
band picture had to be extended to take into account the cou-
pling to other bands, an effect known as Zener tunneling.[2] 
While originally predicted in the context of electrons in crys-
tals, Bloch oscillations were also extensively investigated in dif-
ferent physical systems, including electrons in semiconductor 
superlattices,[3] cold atoms in optical lattices,[4–6] and phonons 
in acoustic microcavities.[7]

Additionally, many effects originally predicted in solid-state 
physics have been observed in optics by monitoring light propa-
gation in photonic lattices. Also 1D optical Bloch oscillations 
were observed in arrays of coupled dielectric waveguides with a 
transversely superimposed linear ramp of the effective index.[8,9] 
Later, similar experiments were also performed in silica[10] and 
plasmonic[11] waveguide arrays. In all cases, a periodic distribu-
tion of the refractive index plays the role of the crystalline poten-
tial, and the gradient of the effective indices of the waveguides 
acts similar to an external force in a quantum system. It causes 
the beam to move across the waveguide array where it expe-
riences Bragg reflection on the high-index and total internal 
reflection on the low-index side of the structure, resulting in an 
optical analogue of Bloch oscillations. When many-body effects 
induce nonlinear dynamics, physics becomes even richer. Sev-
eral experiments with quantum fluids of light, using periodic 
potentials, have observed such intriguing phenomena as the 
Mott insulator transition[12] or a breakdown of superfluidity 
in atomic Bose–Einstein condensates.[13] Hybrid light-matter 
states are particularly interesting here, since they match the 

Bloch oscillations are a phenomenon well known from quantum mechanics 
where electrons in a lattice experience an oscillatory motion in the presence 
of an electric field gradient. Here, the authors report on Bloch oscillations of 
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1. Introduction

Already in the early days of quantum mechanics, the motion of 
particles in a periodic potential under the action of a constant 
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before mentioned properties in an excellent way. Microcavity 
exciton-polaritons (polaritons) as hybrid light-matter particles, 
arise from the strong coupling of a photonic cavity mode (light) 
and a quantum well exciton (matter). They inherent a unique 
combination of properties from their part-light, part-matter 
nature, most notably a small effective mass inherited from the 
photonic component, as well as the ability to interact from the 
excitonic component. Consequently, they have been described 
as quantum fluids of light.[14] After the first demonstration of 
the strong-coupling regime,[15] and the possibility to witness 
a phase transition to a macroscopic occupation of a single 
polariton ground state, referred to as polariton condensation,[16] 
researchers have soon begun to study propagating polaritons 
in different waveguiding settings. It turned out that the hybrid 
nature of exciton-polariton systems allows for a unique insight 
into the dynamics of that coupled system by monitoring simul-
taneously the evolution in real and momentum space com-
bined with a high spectral resolution.

2. Free Propagation of Microcavity Polaritons and 
Propagation Within Waveguides
Propagating exciton-polaritons show one of the most spectac-
ular phenomena of quantum fluids, namely superfluidity,[17,18] 
manifesting itself as the suppression of scattering from defects 
when the flow velocity is less than the speed of sound in the 
fluid. For larger flow velocities the perturbation induced by the 
defect gives rise to turbulent emission of quantized vortices 
and to the nucleation of solitons.[19–22] Further experimental 
investigations of the coherently driven semiconductor micro-
cavities provide the evidence of polariton droplets moving on 
top of the condensate background with a velocity as high as  
1.2 × 6 m s−1 (cf. refs. [20,23]). Furthermore, it was found that 
the strong repulsive force between microcavity polaritons, origi-
nating from exciton–exciton interaction results in a substantial 
nonlinearity, which causes a density dependent blue shift of the 
exciton resonance[24] and can be exploited to force polaritons to 

propagate along a single waveguide,[25] or waveguide coupler 
devices.[26] Quite recently, the realization of polariton wave-
guides using perovskite materials at room temperature has 
rekindled the interest in such devices.[27]

So far, very few papers have been devoted to theoretical 
studies of Bloch oscillations of polaritons in solid-state devices. 
However, the required conditions and stability of Bloch oscil-
lations have been theoretically estimated for a 1D lattice 
embedded into a semiconductor resonator operating in the 
strong light-matter coupling regime.[28,29] Here, we implement 
a 1D waveguide array for exciton-polaritons, supporting a sig-
nificant gradient perpendicular to the direction of motion, une-
quivocally demonstrating polariton Bloch oscillations. Addition-
ally, we develop a theoretical framework, to model the experi-
ments presented in this work.

Creating a desired coupling between waveguides has been a 
challenge in various material platforms. In this work, we take 
advantage of the etch-and-overgrowth technique which allows 
for a large range and precise control of the coupling strength 
between two adjacent trapping potentials.

3. Experimental Setup

The specific sample designed and investigated for this work 
consists of 37 bottom and 32 top Al0.2Ga0.8As/AlAs mirror 
pairs. As active material two stacks of four GaAs quantum 
wells with an exciton energy of EX  = 1.614 eV and a width of 
7 nm, were embedded in the structure. The stacks were posi-
tioned in the antinode as well as the first bottom mirror pair of 
the AlAs λ/2-cavity to maximize their overlap with the electric 
field. In this approach, the molecular beam epitaxial growth is 
stopped after the bottom distributed Bragg-reflector (DBR) and 
the cavity layers have been grown. Subsequently, waveguide 
arrays are patterned into a spacer layer using an electron-beam 
lithography process followed by a wet etch step. During this 
etch step the actual cavity length is reduced resulting in a blue 
shifted potential in the etched area. This acts as a potential 
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Figure 1.  a) Schematic of the etch-and-overgrowth microcavity waveguide array investigated here. The red layer indicates the quantum well stacks 
placed between two DBR mirrors. The blue areas indicate the waveguide structures etched into the cavity layer. b) Simulated propagation of a polariton 
condensate, along the x-direction, excited in a single waveguide in a homogeneous waveguide array with no energy gradient. The characteristic fan-like 
pattern of discrete diffraction can be observed. c,d) Simulated propagation of a condensate inside a coupled waveguide array with a potential gradient in 
y-direction and excited in a single waveguide or multiple waveguides, respectively. While for the excitation in a single waveguide the intensity undergoes 
a refocusing of the intensity, for multiple waveguide excitation the intensity shows a sinusoidal oscillation pattern.
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barrier between the patterned waveguides, where the barrier 
height can be tuned accurately with an etch depth of nanom-
eter precision. To complete the vertical confinement another 
DBR is epitaxially grown on top. In the samples employed in 
this study, the etch depth is of the order of 10 nm resulting in 
a confinement potential of approximately 6.7 meV. A rendered 
schematic of the sample is shown in Figure  1a, here the pat-
terning of the cavity is highlighted without the top mirror. It 
has been previously shown that the method is well suited to 
create high-quality polariton waveguides,[30] as well as its suit-
ability to accurately control coupling between adjacent sites.[31] 
The Rabi splitting of the sample was determined using a white 
light reflectivity measurement at 10 K to 11.5 meV. By meas-
uring the photoluminescence (PL) of a photonic detuned area 
of the sample the quality factor of the wafer could be extracted 
to Q ≈ 7500.

The spectroscopic results presented in this work were meas-
ured using momentum-resolved PL spectroscopy. The sample 
was placed inside a liquid helium flow cryostat and kept at 
T  = 4.2 K. Laser excitation was provided using a tunable con-
tinuous wave Ti:sapphire laser, set to the energy of 1.684 eV 
corresponding to the first high-energy Bragg minimum. The 
pump spot was focused via a microscope objective with a 
numerical aperture NA = 0.42 to a diameter of approoximately 
3  μm. The detection path of the setup allowed for real-space 
as well as momentum-resolved measurements. By motorizing 
a lens in the detection path it is possible to make a full tomog-
raphy of the real space and emission energy EPL(x,y). By using a 
real space focus plane, the PL could be spatially selected before 
conversion into Fourier space. The emission is then energy-
resolved by a Czerny–Turner monochromator and detected on a 
1024 × 1024 pixel charge-coupled device camera, cooled down to 
−75 °C by a Peltier cooler.

4. Engineering of Coupled Polariton Waveguide 
Arrays
In Figure 1a, a sketch of a homogeneous waveguide array (blue) 
patterned into the cavity layer is depicted. The propagating 
polariton condensate is formed using non-resonant laser excita-
tion. The gradient needed to invoke Bloch oscillations in this 
waveguide array is oriented in y-direction, perpendicular to 
the propagation direction. While the use of Gross–Pitaevskii 
models has been fairly well established for exciton-polaritons in 
the past, we have successfully expanded these models to take 
into account sophisticated lattice potentials.[32,33] By tuning the 
gradient, coupling properties and excitation conditions, dif-
ferent regimes of propagation patterns can be achieved. Such 
patterns for a propagating polariton condensate are calculated 
in Figure  1b–d. In Figure  1b, the propagation for a homoge-
neous (vanishing gradient) waveguide array, where a fan-like 
pattern typical for discrete scattering emerges, is displayed. 
Additional experimental data can be found in the Supporting 
Information. Note that due to the forward propagation of the 
condensate a fast temporal evolution is transformed into a spa-
tial distribution which can be detected rather easily. Hence, we 
expect to see Bloch oscillations to unfold in real space, which 
is also confirmed by respective simulations. In Figure  1c,d an 

energy gradient in the y-direction is applied with excitation on 
a single waveguide and multiple waveguides, respectively. For a 
single waveguide excitation, the intensity couples to the neigh-
boring waveguides before being refocused to a single spot. This 
behavior is a typical fingerprint of Bloch oscillations and of the 
transformation of extended Bloch waves into localized Wannier 
states due to the action of the linearly growing potential. As all 
energy eigenstates are equally spaced in a so-called Wannier–
Stark ladder, every excitation must recover after a finite evolu-
tion time or propagation length, respectively. Hence, if a single 
waveguide is excited (see Figure 1c) the field must refocus after 
a Bloch period. In contrast, pronounced sinusoidal oscilla-
tions are observed for an excitation of several waveguides (see 
Figure 1d).

To achieve a sizeable and controllable gradient in the energy 
landscape in a polariton system, either the excitonic or photonic 
component of the exciton-polariton can be altered. Here, the 
advantage of the etch-and-overgrowth technique comes into 
play, allowing control of the width and position of the wave-
guides with remarkable e-beam lithography precision while 
preserving an extended mode distribution due to the highly 
controllable and shallow photonic barrier in comparison to tra-
ditional dry etch techniques, for example employed in ref. [34].
Figure  2 displays different waveguide arrays under investi-

gation including experimentally detected momentum-resolved 
energy spectra. We start with a homogeneous array (without 
gradient) displayed in Figure  2a with a lattice constant of 
a = 2.8 μm and a waveguide width of d = 2 μm. Its dispersion 
along the y-direction is depicted in Figure  2b. Here, the cou-
pling between the photonic modes results in the formation of 
a band structure where each waveguide mode gives rise to an 
individual band. The curvature of each band is determined by 
the coupling between the waveguides. With increasing mode 
number and energy, the extension of the modes into the bar-
rier increases, therefore enhancing the coupling. While the two 
lowermost S − and P −modes are nicely confined, the D-mode 
is already at the same energy level as the barrier, indicated by 
the low-intensity parabola at Ebarr(ky = 0) ≈ 1.601 eV. Following 
the linear wave approximation, propagation constants of wave-
guide modes are unambiguously related to their energies. In 
order to create the required transverse gradient, we therefore 
modified the widths of the waveguides such that the propa-
gation constants of the ground modes for the fixed energy 
decreased accordingly. By keeping the center-to-center lattice 
constant at a  = 2.8 μm but gradually increasing the width of 
the waveguides the energy levels were tuned similar to a ladder 
(see Figure  2c). The resulting spatially-resolved energy land-
scape for the different modes and for both arrays is displayed in 
Figure 2d showing a linear gradient, in comparison to the very 
small gradient of the homogeneous lattice originating from the 
epitaxial growth.[35] Respective eigenstates are represented in 
Figure  2e by spectrally and spatially resolving the emitted PL 
of the P-mode (see Figure  2d). Numerically determined Wan-
nier–Stark states for such a gradient-engineered waveguide 
array are depicted in Figure 2f. We find all field profiles to be 
completely localized and to have approximately the same shape. 
States of different energies differ only with respect to their 
position on the energetically inclined lattice. If several of these 
states are excited, their spatial extension defines the elongation 

Adv. Optical Mater. 2021, 9, 2100126
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of resulting Bloch oscillations. It is worth pointing out, that the 
experimental images are limited by the finite spatial resolution 
of the setup, which doesnot allow us to resolve the P-mode pro-
file (see Figure 2f). Besides, our array is slightly spatially inho-
mogenous due to the varying width of the waveguides resulting 
in an artificial compression or stretching of respective field pro-
files. A certain spread of wave vectors in propagation direction 
x causes an additional blurring. Keeping these experimental 
limitations in mind, there is nonetheless a very good agree-
ment between the experimentally determined Wannier states 

and the theoretical model. The induced gradient of the P-mode 
can be fitted to roughly 260 μeV per guide or ~100 μeV μm−1, 
approximately two orders of magnitude larger than the gradient 
naturally occuring in the epitaxial microcavity growth.[35]

5. Optical Study of Polariton Bloch Oscillations

In order to study polariton flow in the waveguide array, the 
sample was excited with a focused laser spot. When the power 

Adv. Optical Mater. 2021, 9, 2100126

Figure 2.  a,c) Rendered schematics of waveguide arrays under investigaton. While (a) has constant waveguide widths, (c) has an engineered energy 
gradient in the y-direction, by adjusting the waveguide widths. In (b) the dispersion along the ky direction of the homogeneous waveguide array (a) is 
depicted by a momentum-resolved energy spectrum. Measured spatially-resolved energy spectra of both arrays are presented in (d). Each waveguide 
mode gives rise to the formation of a flat band in case of the homogeneous (a) and of a ladder like structure - the so-called Wannier–Stark ladder - in 
case of the inhomogeneous (c) array. e,f) Experimentally (e) and numerically (f) determined y-dependent spatial distributions of Wannier–Stark states 
with different energies along the y-direction. f) Theoretical calculations of different Wannier states inside the gradient-engineered waveguide array (d).
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is increased, a distinct condensation threshold is reached at 
Pth  = 3 kW cm−2. Due to the interaction-induced blue shift 
caused by their excitonic fraction, polaritons are expelled from 
the excitation spot due to Coulomb interactions. This can be 
verified by a localized blue shift at the excitation spot accom-
panied by outflowing polaritons with a finite momentum along 
the waveguide direction.[34,36] In Figure 3a–c, propagating con-
densates originating from the S-, P- and D-modes are depicted. 
The images were obtained by plotting the PL at respective ener-
gies ES = 1.5950eV, EP = 1.6005eV, and ED = 1.6040eV. Note that, 
due to the blue shift induced by the condensate, the respective 
energies are upshifted by about 2.5 meV compared with the data 
displayed in Figure  2d. For the S and P-modes, the array was 
excited in the center, while for Figure 3c the laser was shifted to 
the indicated position (see dashed black circle). Due to the dissi-
pative nature of the polaritons, the PL signal in Figure 3a–c had 
to be attenuated using a neutral-density filter to show the propa-
gation along the entire structure. To analyze the intensity distri-
bution we define the center of intensity (COI) described by:
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along the propagation direction. Here, x and y corresponds to 
the spatial position, and Ix,y to the intensity of a given pixel. In 
Figure  3a, the condensate spreads only sparsely to the neigh-
boring waveguides in y-direction and shows almost no oscilla-
tions. This behavior is no surprise as the S-mode is subject to 
the strongest confinement, resulting in a vanishing coupling to 
adjacent waveguides. Therefore the width of the propagating 
condensate of a few waveguides is dominated by the size of the 
excitation spot. Consequentially, for the S-mode the COI results 
in almost a straight line. Opposed to the S-mode, the P-mode 
depicted in Figure  3b unequivocally shows an oscillation in 
the y-direction, perpendicular to the direction of motion. The 
COI highlights this behavior and allows to determine an oscil-
lation amplitude A  = 2.7  μm. Hence, about three waveguides 
are involved in the oscillation which is in agreement with the 
extension of Wannier–Stark states displayed in Figure  2e,f. 
The observed period of oscillations of lλ ≈ 50 μm together with 

the energy spacing per guide, displayed in Figure  2d, hints 
to a speed of the propagating P-mode condensate of roughly 
~ 3.1 × 106 m s−1.

While the engineered gradient is similar for all photonic 
bands (see Figure 2d), the coupling increases with the photonic 
band energy, due to lower confinement of respective Bloch 
modes. Consequently the elongation of P-mode Bloch oscilla-
tions increases. In the experiment, we simultaneously excited 
two to three waveguides and consequently the resulting con-
densate covers only the central part of the Brillouin zone. This 
is the situation displayed in Figure  1d and different from the 
point-like excitation displayed in Figure  1c. The latter one cor-
responds to a simultaneous excitation of all Bloch waves of the 
array including those having a negative effective mass and thus 
initially moving opposite to the direction of the gradient. If the 
coupling is increased even further by switching to D-modes, an 
oscillation pattern with much larger amplitude of A = 11 μm and 
oscillation period lλ ≈ 65 μm is observed which hints to a slightly 
higher speed of the D-mode condensate of 4.1 × 106 m s−1.

These results demonstrate that for sufficient coupling 
between the waveguides while a sizeable gradient perpen-
dicular to the direction of motion is present, the polaritons 
undergo distinct Bloch oscillations.

6. Numerical Study of Bloch Oscillations Using a 
Modified Gross–Pitaevskii Model
To underpin these experimental results, we performed 
numerical calculations of exciton-polariton dynamics in semi-
conductor microcavities. Neglecting polarization effects one 
obtains two coupled Schrödinger equations for the intracavity 
photonic field Ψc and coherent excitons Ψe

[14,17] given as
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Figure 3.  a) Energy-resolved emission of a S-mode condensate propagating along the waveguide array with a gradient but without sufficient coupling 
to other waveguides, with the corresponding COI.b) Propagating P-mode polariton condensate showing a clear oscillation in the y-direction. Its COI 
highlights the oscillation with a period of ≈50 μm. c) Energy-resolved emission of a D-mode propagating in an arch like pattern, underlined by the COI. 
Note that the waveguide array begins at x = 10 μm.
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The complex amplitudes Ψc and Ψe are obtained by aver-
aging related creation or annihilation operators. The effective 
photon mass in the planar region is given by mc = 42.33 × 10−6  
me where me is the free electron mass. The effective mass of 
excitons mex  ≈ 105 mc is so high that independent exciton 
propagation can be neglected. The coupling strength between 
intracavity photons and excitons ΩR defines the Rabi split-
ting 2ℏΩR = 11.5 meV. The parameters Δc,e = ωp − ωc,e account 
for the frequency detunings of the operating frequency ωp 
from the cavity ωc and excitonic ωe resonances, respectively. 
Then the exciton photon detuning of the device is given by 
ℏωc − ℏωe = ℏΔe − ℏΔc = −15.9 meV. gc = ge = 0.01 meV are the 
cavity photon and exciton damping constants. An external 
photonic potential V(x, y) defines the waveguide geometry  
induced by structuring of the planar microcavity. In our mod-
eling, a separate waveguide profile of the array is given by a 
super-Gauss V(y) = V0 (1 − exp(−y24/s24)) with the potential depth 
ℏV0 = 6 meV and waveguide width 2s.

Within the modeling, we skip details of condensation 
dynamics and focus on the propagation of polaritons in the 
waveguide array. Therefore, the initial condensate with a well 
defined frequency and momentum is artificially launched 
by a localized coherent pump term Ep(x, y) with a frequency 
ωp and with a momentum kp. Figure  4 shows the results of 
numerical simulations of polariton propagation dynamics in 
the potential landscape closely related to the experimental con-
figuration. The appropriate choice of the momentum of the 
launched beam (kp) allows for a direct excitation of the desired 
waveguide mode. Similar to the experimental results discussed 
above, exciton-polaritons launched into the S-mode do not 
couple to neighboring waveguides, thus keeping their energy 

in the excitation guides (see Figure  4a). In contrast, typical 
Bloch oscillation dynamics occurs after excitation of a higher 
waveguide mode (P-mode), as it is shown in Figure  4b. Even 
more pronounced periodic motion of the wave packets can be 
recognized for an excitation of (D-modes) as demonstrated in 
Figure  4c in full agreement with the experiments displayed  
in Figure 3.

7. Momentum Distributions of Bloch Oscillations: 
Experiment and Theory
The characteristic sweeping over the whole Brillouin zone 
during the Bloch oscillations can be illustrated by performing a 
spatial Fourier transformation of the propagating polariton field 
emitted from the cavity. In Figure 5a we show the experimental 
momentum distribution of the condensate in y-direction for 
different positions along the propagation direction x, which 
corresponds to the far field of the field distribution displayed 
Figure 3b. In order to directly image the dispersion, a slice of 
the real space image was cut out by an optical aperture, that 
was mounted on a motorized stage to tune the x-position. Next, 
the resulting slice of the optical field was imaged to infinity 
corresponding to a spatial Fourier transformation. Finally the 
energy of the mode of interest was selected using the mono-
chromator. While experimental and numerical data agree very 
well (see Figure  5a,b), one has to mention that the displayed 
images are not a one-to-one illustration of the occupation of 
the Brillouin zone. First, we image the zeroth and the +/– first 
diffracted order corresponding to a three time repetition of the 
periodic Brillouin zone the boundaries of which are marked by 

Adv. Optical Mater. 2021, 9, 2100126

Figure 4.  Simulated propagation of a condensate excited in an array with a potential landscape with an increasing width of waveguides in y-direction. 
a) Excitation of S-modes of three neighboring waveguides by a coherent pump of momenta kp =2 μm−1 and frequency equivalent energy ℏΔe = −15 meV. 
A negligible coupling to the neighboring waveguides can be observed, leaving the main part of signal on the center waveguide. b) By exciting multiple 
waveguides in the P-mode the condensate undergoes periodic behavior along the y-axis, since the coupling within the P-band is sufficient. c) Multiple 
excitation of the D-modes of the array by a coherent pump of momenta kp = 2 μm−1 and frequency equivalent energy ℏΔe = − 9 meV.



www.advancedsciencenews.com

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH2100126  (7 of 8)

www.advopticalmat.de

Adv. Optical Mater. 2021, 9, 2100126

black dashed lines. Second, the whole image is overlaid with 
the Fourier transform of the P-mode profile, covering the whole 
displayed Fourier space. Note, that it has a zero in its center 
thus rendering the lowest order Brillouin zone almost invis-
ible as well as being limited by the dispersion of the cavity for 
higher wave vectors. Nonetheless, the expected dynamics of the 
momentum are clearly visible.

During propagation the wavevector of the P-mode shifts 
toward positive ky. Hence, due to the action of the gradient 
the field gains momentum before undergoing a Bragg reflec-
tion at the edge of the Brillouin zone. The latter process causes 
the beam to deflect back thus performing a Bloch oscillation. 
This characteristic behavior has been directly imaged in cold 
atoms in 1D optical lattices before[37] and now unambiguously 
supports the demonstration of Bloch oscillation in a polaritonic 
quantum fluid of light. Consistently, the numerical simula-
tion shown in Figure 5b of our system agrees and underlines 
our results.

8. Conclusion

In conclusion, we demonstrated the first Bloch oscillations of a 
propagating exciton-polariton condensate in a waveguide array. 
By using an etch-and-overgrowth approach we are able not only 
to create a sufficient coupling between the physically separate 
waveguides, but also to induce a potential gradient for the 
quantum fluid. This approach allows for highly tunable system 
parameters such as waveguide width and coupling strength, 
laying the foundation for future experiments requiring pre-
cise system control, for example Zener tunneling or effects in 
parity-time (PT ) symmetric potentials, involving gain and loss. 
In addition to that, this work opens the way toward the imple-
mentation of other physical effects like self-localization,[38–41] 
implementation of Floquet theory[42–44] as well as topological 
protection[45–50] in a driven-dissipative waveguide system fea-
turing strong interactions as well as a large nonlinearity. The 
unique versatility of the polariton system has also allowed us 
to monitor Bloch oscillations in real and momentum space 
simultaneously. By spectrally resolved imagining, we could 

directly demonstrate the connection between Bloch oscilla-
tions and the presence of equally spaced eigenstates − the 
Wannier–Stark ladder.
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Figure 5.  a,b) ky dispersion of the propagating condensate at various spatial positions. The periodic change of the wavevector as well as the char-
acteristic Bragg reflection at the edge of the Brillouin zone (black dashed lines) is shown for the P-mode oscillation of Figure  3b, at EP = 1.6005 eV, 
experimentally (a) and the theoretical calculation of Figure  4b in (b), respectively. The Brillouin zone is given by π/a, with a = 2.8 μm.
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