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Bloch-Zener oscillations, i.e., the coherent superposition of Bloch oscillations and Zener tunneling

between minibands of a binary lattice, are experimentally demonstrated for light waves in curved

femtosecond laser-written waveguide arrays. Visualization of double-periodicity breathing and oscillation

modes is reported, and synchronous tunneling leading to wave reconstruction is demonstrated.
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Bloch oscillations (BOs) and Zener tunneling (ZT) are
fundamental transport phenomena of electrons in periodic
potentials [1]. In the absence of dephasing and scattering
processes, an electron accelerated by an external dc elec-
tric field undergoes a coherent periodic motion (BO) which
is related to the formation of a Wannier-Stark (WS) ladder
energy spectrum. Tunneling to higher-order bands is re-
sponsible for BO damping and broadening of WS reso-
nances. BOs and ZT have been impressively demonstrated
in a number of experiments after the advent of semicon-
ductor superlattices (see, e.g., [2]), and later on extended to
various physical systems such as cold atoms and Bose-
Einstein condensates in accelerating optical lattices [3],
optical waves in photonic lattices [4–6], and acoustic
waves in periodic media [7]. From the theoretical side,
the interplay between BO and ZT has attracted much
interest and different facets of the problem have been
investigated (see, e.g., [8]). In multiband models, a cascade
of ZT to higher-order bands usually occurs, and a rough
estimate of BO damping is provided by the semiclassical
Landau-Zener theory. The BO lifetime, however, does not
decrease monotonically with field strength, but rather
shows pronounced resonancelike drops (resonant ZT)
whenever different WS ladders undergo avoided crossings
[8]. The interplay between BOs and ZT in two-band mod-
els, such as that occurring in two minibands of a binary
superlattice, shows an even richer scenario, including the
possibility of Rabi-like oscillations, periodic reconstruc-
tion of an arbitrary initial wave packet, and complete arrest
of ZT [9,10]. In physical space, a wave packet undergoes a
characteristic double-period motion which is referred to as
Bloch-Zener oscillation (BZO) [10,11]. BZOs have been
theoretically investigated for both quantum particles [9,10]
and classical waves [12], and their application to tunable
matter wave beam splitters and Mach-Zehnder interferom-
etry has recently been proposed [13]. Contrary to resonant
ZT, which has been demonstrated recently in a few experi-
ments for electrons [14], Bose-Einstein condensates [15]

and classical waves [6,7], observation of BZOs has not
been reported yet to the best of our knowledge. In this
Letter, we experimentally investigate ZT and BOs for light
waves in a binary waveguide lattice and report on the
observation of both synchronous and asynchronous BZOs
in real space. As compared to other possible quantum
or classical models of BOs and ZT phenomena, our
waveguide-based superlattice enables a direct visualization
of BZOs in physical space [16] and the possibility to excite
either oscillation or breathing modes.
The paraxial propagation of linearly polarized optical

waves at wavelength � in a shallow one-dimensional lat-
tice is governed by the Schrödinger-like equation
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where � ¼ �=ð2�Þ is the reduced wavelength; x and z are
the transverse and longitudinal coordinates, respectively;
�nðxÞ is the refractive index modulation; and n0 is the
refractive index of the bulk material. Equation (1) is analo-
gous to the Schrödinger equation for a quantum particle in
a periodic potential, provided that the spatial evolution
along the longitudinal coordinate z is replaced by the tem-
poral evolution of the particle wave function and the re-
fractive index modulation �nðxÞ is replaced by the sign-
reversed quantum mechanical potential �VðxÞ. In our sys-
tem, VðxÞ is a binary superlattice of period 2d, composed
by a sequence of alternating deep and shallow wells with
equal spacing, which is superimposed to a linear gradient
[Fig. 1(a)] realized by a circular bending (radius of curva-
ture R) of the waveguides [17], as sketched in Fig. 1(d). In
the waveguide reference frame, the curvature is perceived
as an inertial (fictitious) constant force acting on light rays,
which mimic the role of a dc field responsible for BOs and
ZT. Because of the double-periodicity of the potential, the
lowest band of the array splits into two minibands which
are separated by a small gap [see Fig. 1(c)]. In the tight-
binding limit, the dynamics are well described by the
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following set of coupled equations for the modal ampli-
tudes am of light waves trapped in the various waveguides
[10,18]
�
i
d

dz
þ ð�1Þm�þmF

�
am þ �ðamþ1 þ am�1Þ ¼ 0; (2)

where 2� and � are the propagation constant mismatch and
the hopping rate between two adjacent waveguides of the
array, respectively, and F ¼ n0d=R� is the index gradient
due to waveguide bending. For F ¼ 0, i.e., for straight
waveguides, inserting a plane wave ansatz am /
exp½ið�zz�m�xdÞ� into Eqs. (2) yields the following
dispersion relation for the two minibands [10,18]:

��
z ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ 4�2cos2�xd

q
(3)

where �z and �x are the longitudinal and transverse propa-
gation constants, respectively. Note that the two minibands
are separated by a gap 2�. When the waveguides are bent,
the two minibands are replaced by two interleaved WS

ladders, �ð1Þ
z;m ¼ ð2mþ �0ÞF and �ð2Þ

z;m ¼ ð2mþ 1� �0ÞF,
where m ¼ 0;�1;�2; . . . and �0 determines the relative
distance between the two WS ladders [see Fig. 1(b)]. The
normalized offset �0 turns out to be a function of �=F and
�=F solely and can be numerically computed from a
spectral analysis of Eq. (2). The corresponding surface
�0ð�=F;�=FÞ, depicted in Fig. 3 of Ref. [10], shows an
oscillatory behavior between �1=2 and 1=2, and vanishes
over a sequence of curves in the (�=F, �=F) plane depart-
ing from the points ð0;�1Þ; ð0;�2Þ; ð0;�3Þ; . . . .

The waveguide arrays were realized by femtosecond
laser microstructuring of 75-mm-long fused silica
(Suprasil 311) samples [19]. To fabricate a binary array,

the writing velocities were lowered for every other wave-
guide, resulting in increased refractive index modulations
and increased effective propagation constants of the re-
spective guides [20].
In this special fused silica glass (n0 ¼ 1:46 in the vis-

ible), the femtosecond laser micromachining yields mas-
sive formation of color centers. Excited with a HeNe laser,
these color centers emit fluorescence light and the propa-
gation can be conveniently observed with a CCD camera
by scanning the top of the sample (for details, see [21]). A
coordinate transformation, from curvilinear to straight, is
digitally applied to the images to obtain a better visual-
ization of the beam dynamics.
The experiments were performed for two different lat-

tice excitations, which enable to observe either breathing
or oscillation modes [10]. In the first instance, breathing
modes were observed by single waveguide excitation (� ¼
633 nm) at the input plane. For � ¼ 0, the light broadens
and refocuses again at multiples of the Bloch period zB ¼
2�=F ¼ R�=ðn0dÞ, showing a characteristic breathing
pattern with the barycenter remaining on the input wave-
guide. This is shown in Fig. 2(a) for an array comprising
two complete BO periods (zB ¼ 37:5 mm). In the recip-
rocal space, single site illumination corresponds to excita-
tion of all Bloch modes of the two minibands with a flat
Fourier spectrum. According to the acceleration theorem,
the Bloch vectors drift through the reciprocal space, and
tunneling between the minibands is complete at the band
edge �xd ¼ ��=2, since here the minibands are in touch.
Therefore, the band occupancies do not evolve along the

FIG. 1 (color online). Schematic sketch of the system:
(a) transverse potential of a binary lattice with additional linear
gradient; (b) interleaved WS ladder spectrum; (c) dispersion
curves of tight-binding minibands with equal waveguides
(dashed curve) and detuned (� ¼ �) waveguides (solid curve);
(d) two-dimensional refractive index profile of the circularly-
curved waveguide array. The inset in (d) is a microscope image
showing cross sections of a few waveguides realized in fused
silica glass.

FIG. 2 (color online). Breathing modes in curved binary arrays
for single waveguide excitation and for a Bloch period zB ¼
37:5 mm. (a) � ¼ 0:23 mm�1, no detuning; (b) � ¼
0:23 mm�1, �=� ¼ 0:4, corresponding to synchronous ZT
(z2 ¼ zB); (c) � ¼ 0:20 mm�1, �=� ¼ 0:4, corresponding to
asynchronous ZT. In (a) and (b), d ¼ 13 �m and R ¼ 1:12 m;
in (c), d ¼ 14 �m and R ¼ 1:21 m. Upper figures: measured
fluorescence images, lower figures: corresponding simulations.
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propagation direction, and remain equal for the two mini-
bands. As a gap between the two minibands is created
(� � 0), ZT at the band edges is not complete, and the
breathing motion becomes generally aperiodic and can be
characterized by two spatial periods [10]. The first one, z1,
is determined by mode spacing of each WS ladder and
equals half of the Bloch period, i.e., z1 ¼ zB=2. The second
one, which will be referred to as the Zener period, is
determined by the shift of the two interleaved WS ladders
and is given by z2 ¼ 2�=jFð1� 2�0Þj [see Fig. 1(b)]. If z1
and z2 are commensurate, ZT is synchronous with the BO
motion, and perfect wave packet reconstruction is achieved
[10]. In particular, if the waveguide spacing d, detuning �,
and radius of curvature R are tuned to get �0 ’ 0, one has
z2 ¼ 2z1 ¼ zB and wave packet reconstruction is observed
after a full Bloch cycle. This is shown in Fig. 2(b), where
the numerically computed value �0 ��0:019 corresponds
to a regime with z2 ’ 2z1. Conversely, in Fig. 2(c), the
array parameters yield asynchronous ZT (�0 � 0:0905),
and wave reconstruction is not observed after one Bloch
period.

The double periodicity involved in the breathing modes
is best visualized in Fig. 3, which corresponds to arrays
fabricated with a smaller waveguide spacing (d ¼ 11 �m)
and longer Bloch period (zB ¼ 75 mm). While for the
nondetuned array self-focusing occurs exclusively at zB
[Figs. 3(a)], the detuning of every other site yields a sub-
periodicity with a period length of z1 ¼ zB=2. Depending
on the values of � and �, nearly synchronous [Figs. 3(b),
corresponding to �0 ��0:01] or asynchronous [Figs. 3(c),
corresponding to �0 ��0:248] BZOs can be achieved.

To observe oscillation modes, in a second series of
measurements, a set of three arrays were fabricated and
excited with a broad Gaussian beam covering about 9

waveguides (FWHM) at the input plane. The geometric
parameters of the arrays are d ¼ 11 �m, R ¼ 1:90 m
(corresponding to � ’ 0:55 mm�1 and zB ¼ 75 mm); the
writing velocities were set to achieve, for the three arrays,
� ¼ 0, � ’ 0:22�, and � ’ 0:41�. For broad Gaussian
excitation at normal incidence, a narrow spectrum of
Bloch modes, centered around �x ¼ 0 and belonging to
the first miniband, is excited at the input plane [18]. The
linear potential accelerates the spectrum from �x ¼ 0 at
z ¼ 0 to �x ¼ Fz=d at the generic plane z. Since ZT
occurs when �x is close to the band edges �x ¼
��=ð2dÞ, tunneling zones can be defined in spatial
coordinate z around zT1 ¼ zB=4, zT2 ¼ 3zB=4, zT3 ¼
5zB=4; . . . For propagation distances z smaller than zT1,
the light beam is trapped mainly in the first miniband of the
array and propagates along the direction locally orthogonal
to the band dispersion curve. Around z ¼ zT1, a fraction of
the beam tunnels into the second miniband. The strength of
ZT is strongly dependent on the width and the gap of the
band. Since the refraction angles of light waves in the two
minibands have opposite signs [18], at z ¼ zT1, the beam
breaks up into two parts, which follow different paths and
refocuses at the second tunneling point z ¼ zT2. Here, the
situation becomes more complex since both bands are
occupied and the beams coherently interfere, yielding
generally asynchronous tunneling (see Fig. 4). The beams
belonging to the two different minibands are spatially
separated since far from the crossing regions zT1 ¼ zB=4,
zT2 ¼ 3zB=4; . . . the fractional band occupancies can be
simply estimated from the fluorescence images after inte-

FIG. 3 (color online). Same as Fig. 2, but for d ¼ 11 �m and
R ¼ 1:9 m, corresponding to � ¼ 0:37 mm�1 and zB ¼ 75 mm.
(a) no detuning; (b) �=� ¼ 0:3 (synchronous ZT);
(c) �=� ¼ 0:5 (asynchronous ZT).

FIG. 4 (color online). Oscillation modes in binary waveguide
arrays with zB ¼ 75 mm. Measured fluorescence images and
estimated fractional band occupancies, with corresponding theo-
retical predictions, for (a) � ¼ 0:55 mm�1 no detuning;
(b) � ¼ 0:55 mm�1, �=� ¼ 0:22; (c) � ¼ 0:538 mm�1, �=� ¼
0:41.
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gration of the beam intensities over the transverse x di-
rection. The fluorescence images and corresponding
evolution of fractional band occupancies, measured in the
three arrays for increasing values of �=�, are shown in
Fig. 4 and compared to theoretical predictions based on
the tight-binding model (2). For the first sample (� ¼ 0),
pure BOs are observed [Fig. 4(a)], and tunneling between
the minibands is complete as the gap between them van-
ishes. Detuned arrays with a gap between the two mini-
bands show reduced ZT. For � ¼ 0:22� [Fig. 4(b)], the
tunneling rate is� 65%. With the chosen parameters, ZT is
not synchronous (�0 ��0:155) with BOs and light does
not tunnel back completely into the first miniband after a
full Bloch cycle [Fig. 4(b)], with approximately equal
powers left in the two minibands. At a larger gap, ZT is
weaker, and the initially excited band remains the most
occupied one for the whole Bloch cycle [Fig. 4(c), �0 �
�0:125].

In conclusion, we experimentally investigated the inter-
play between BOs and ZT for light waves in optical binary
superlattices. A direct visualization in physical space of
synchronous and asynchronous ZT regimes, not explored
in previous demonstrations of nonresonant or resonant ZT
[5–7,15], has been reported. Besides their relevance as a
basic dynamical phenomenon found for both classical
waves and quantum particles in periodic systems
[9,10,12], BZOs may offer potential applications for the
realization of tunable beam splitters and interferometers
for matter or light waves [13].
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