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Visual Observation of Zener Tunneling
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We experimentally investigate photonic Zener tunneling between the bands of a waveguide array by
directly monitoring the propagating light inside this structure. For strong transverse index gradients we
observe Zener breakdown as regular outbursts of radiation escaping from the Bloch oscillations.
Tunneling to higher order photonic bands and Bloch oscillations in different bands have been detected.
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Particles in periodic potentials or lattices as electrons in
crystalline solids or custom-made semiconductor super-
lattices and Bose-Einstein condensates in optical lattices,
as well as photons in photonic crystals or waveguide
arrays, have energies confined to bands in momentum
space, which may be separated by gaps [1]. Their dynamics
becomes particularly intriguing if a constant force is super-
imposed on the periodic potential. In 1934 Zener [2]
predicted that for this scenario electron wave packets do
not delocalize but undergo high frequency periodic oscil-
lations [Bloch oscillations (BOs)] [3]. The unambiguous
experimental verification of BOs failed for many decades.
Only the invention of superlattices (SLs) made of semi-
conductors [4] led to the observation of electronic
Wannier-Stark ladders (WSLs) [5] and BOs [6]. How-
ever, accounting for the fact that these fundamental effects
require only a Bloch particle or wave (coherent wave in a
lattice) exposed to a linear potential they have been proven
in other physical settings such as, e.g., ultracold atoms in
accelerated optical lattices [7] or photons in photonic
lattices [8–11].

Zener argued that BOs do not persist forever, but are
damped by, e.g., interband transitions [Zener tunneling
(ZT)]. The breakdown of BOs is expected to happen
when the energy difference imposed on a period of the
lattice by the linear potential reaches the order of the gap to
the next band. In view of applications the control of this
breakdown is even more relevant, because in contrast to
ideal BOs it induces a dc current of particles. Examples are
the electrical breakdown in dielectrics [2] or Zener diodes
(see Ref. [12] and references therein), electrical conduction
along nanotubes [13] and through SLs [14], pair tunneling
through Josephson junctions [15], and spin tunneling in
molecular magnets [16]. In some experiments the different
time constants of the decay of BOs and spectral broadening
of respective resonances were attributed to ZT [14]. How-
ever, despite the impressive progress of spectral transmis-
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sion measurements in biased semiconductor SLs [17], it
remained difficult to distinguish ZT from the unavoidable
dephasing, which also limits the BO lifetime. In contrast,
photons may overcome the dephasing problem, because
photon-photon interactions caused by optical nonlineari-
ties can be neglected for common intensity levels. This has
been proven by ZT observation in spectral and time-
resolved transmission measurements in photonic SLs com-
posed of a Bragg mirror with chains of embedded defects
of linearly varying resonance frequency [18]. In this ex-
periment it was attempted to create an identical environ-
ment for photons as that which electrons encounter in
semiconductor SLs. Both enhanced transmission peaks
and damped BOs due to ZT have been observed. But optics
can do even better by really providing a laboratory for a
direct visual observation of BOs and ZT. This has been
verified in recent experiments on photonic BOs [9,10] in
waveguide arrays. There the lattice was formed by an array
of evanescently coupled waveguides, where the external
potential was mimicked by a linear variation of the effec-
tive indices of the modes achieved either by a temperature
gradient across a thermo-optic material [9] or by changing
the waveguide geometry [10]. The major difference to
experiments in SLs is that instead of the temporal photon
dynamics a spatial pattern of fluorescent light is observed
on top of the sample avoiding resolution of fast temporal
oscillations or transmission spectra.

Using this technique we report in this Letter the first
direct visual observation of Zener tunneling and the asso-
ciated BO decay by monitoring the evolution of light in a
photonic lattice. To this end, light was fed into a thermo-
optical waveguide array. For an increasing index gradient a
comprehensive picture of the coherent tunneling phe-
nomena to higher order bands, viz. Zener tunneling, asso-
ciated with the BO decay has been directly observed.

In detail, we have used the setup displayed in Fig. 1(a).
Waveguide arrays with a length of 6 cm were fabricated by
1-1 © 2006 The American Physical Society
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FIG. 1 (color online). (a) Schematic drawing of the polymer
waveguide array used in the experiment (b) Corresponding band
structure of the waveguide array where the second band already
intersects with the spectral continuum of the cladding modes.
The gap between the first and second band is minimal at the edge
of the Brillouin zone.
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UV lithography from an inorganic-organic polymer
(nCo � 1:5615 @ � � 488 nm) on 400 Si-wafers covered
with SiO2 (nS � 1:457 @ � � 488 nm) with a polymer
cladding (nCl � 1:5595 @ � � 488 nm). Every array con-
sisted of 150 rib waveguides being 2.5 to 3:0 �m wide, and
separated from its neighbors by d � 5:5 to 7 �m. For a
clear observation of photonic Zener tunneling ridge wave-
guides of 0.5 and 1 �m height on a 2 mm-thick wave-
guiding layer have been used.

When applying a temperature drop �T between the
simultaneously heated and cooled opposite array sides,
the thermo-optic effect (thermo-optic coefficient of the
polymer rth � �2� 10�4 K�1) causes the required index
gradient. Hence, the wave number grows linearly in the
transverse direction with an inclination of � �
2�rth�T=�W��, where W � 1 mm is the width of the
array and � � 488 nm the laser wavelength. Using a cy-
lindrical telescope and a microscope objective, a variable
elliptical beam was coupled into the array front facet
exciting the desired number of guides. The propagation
of light down the sample was recorded by a CCD camera,
mounted on top of the array and moved along the propa-
gation direction. To eliminate the deteriorating speckle
pattern the intrinsic fluorescence of the polymer was re-
corded in a wide spectral domain (� � 500–650 nm)
rather than detecting the scattered light itself.

Before presenting the experimental results we discuss
some characteristic features of the setup, first without
transverse index gradient. The array is periodic in trans-
verse (x) direction and translationally invariant in propa-
gation (z) direction (see Fig. 1). Thus, eigenmodes are
Bloch waves with a Bloch vector k pointing in the x
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direction. Respective propagation constants kz in the z
direction are arranged in bands with respect to k. Field
distributions belonging to the highest order band are cen-
tered at the waveguides. Eigenstates of lower bands start to
couple to cladding modes, which are barely confined in the
y direction. Because the cladding is fairly thick (10 �m) a
quasicontinuous set of these modes exists and already the
second band of the array dips into this continuum [shaded
area in Fig. 1(b)]. Previously localized modes start to leak
into the cladding, but can still guide light in the array over a
certain distance. The field a�x; y; z� confined to the wave-
guides can be expressed by a superposition of Bloch waves
belonging to distinct bandsm and having a Bloch vectors k
within the first Brillouin zone ��=d � k � p=d defined
by the spacing d between adjacent guides. Thus, a particu-
lar light distribution may be represented by an amplitude
distribution gm�k; z� of the corresponding Bloch waves.

A wide beam, extending over several waveguides, ex-
cites primarily fundamental waveguide modes. Hence, its
Fourier spectrum is localized within the first band (m � 1)
and its amplitude distribution g1�k; z� has its maximum
around some mean Bloch vector k0. For an unbiased array
the modulus of the spectral distribution jg1�k; z�j does not
change upon propagation. However, if a transverse index
gradient � is applied the band structure breaks into a ladder
(WSL) with spectrally isolated eigenstates (Wannier-Stark
states) being localized in real space [3]. Now light evolu-
tion represents a complex interference phenomenon of
these states. However, for a shallow gradient the picture
of continuous bands can be retained [2], but now the initial
spectral distribution jg1�k; 0�j will be drawn towards the
high-index side. According to the ‘‘acceleration theorem’’
[2] the localized excitation moves through the Brillouin
zone with constant velocity like

jg1�k; z�j2 � jg1�k� �z; z � 0�j2 (1)

while preserving its shape. The corresponding evolution of
the excitation in real space is known as BO. It appears as an
oscillatory motion of the beam across the array and repro-
duces the shape of the respective band in momentum space.
It leads to a complete recovery of the initial distribution
a�x; y; z� after each complete crossing of the Brillouin zone
at multiples of the Bloch period

z � 2�=��d�: (2)

For an increasing transverse force higher order bands
come into the play. The index gradient can cause the
propagation constants of different bands to overlap in
adjacent parts of the array, thus inducing phase matching
between the bands. As a result, an excitation consisting of
first band modes will couple to the second and higher
bands. Ultimately, ZT will lead to the decay of lowest order
band BOs. Obviously, this tunneling increases with de-
creasing band gap. Tunneling between the first and the
second band therefore happens predominantly at the
1-2
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FIG. 2 (color online). Bloch oscillations and Zener tunneling
in a waveguide array when several waveguides are excited by a
25 �m wide elliptical beam. (a) Experiment, (b) corresponding
simulation (beam propagation method) for a temperature differ-
ence of �T � 24 K. (c),(d) Positions of outbursts of radiation
caused by Zener tunneling in dependence of the applied tem-
perature difference �T. In correspondence to the Bloch oscil-
lation period, a 1=�T dependence is observed.
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Brillouin zone edge [see Fig. 1(b)]. For small transverse
gradients and narrow band gaps the tunneling rate upon
each Bloch oscillation jRj2 can be approximated by [2]

jRj2 � exp
�
��Imkx�max

�kz�
2�

�
; (3)

where �kz is the band gap width and �Imkx�max the maxi-
mum of the imaginary part of kx in the gap center. To
obtain a sufficiently strong coupling within array dimen-
sions we have chosen a geometry with a fairly small band
gap of �kz � 1:83� 10�3 �m�1, i.e., �kz=kz � 10�4, by
forming the waveguides as shallow grooves (0.5 to 1 �m)
in a thick (2 �m) polymer layer. Thus we follow the
original intention of Zener [2], who studied electron mo-
tion in a weakly modulated linear potential. Because of this
shallow potential the band structure, shown in Fig. 1, has
been calculated by fully accounting for the periodic poten-
tial and not using the tight-binding model which is re-
stricted to nearest-neighbor interactions. A 25 �m wide
elliptical input beam illuminated about five waveguides
entailing a narrow angular spectrum. The height of the
input beam was adjusted to 3 �m in order to excite mainly
modes of the lowest order band. Light propagation for
a transverse index gradient of � � 6:2� 10�5 �m�2

(�T � 24 K) was monitored [see Fig. 2(a)] and compared
with respective numerical solutions [see Fig. 2(b)]. Both
measurement and simulation show that light performs
BOs, the shape of which is notable. While the frequently
used tight-binding (or coupled-mode) model predicts a
sinusoidal trajectory, we observe a kind of connected pa-
rabolas with rounded shapes in the low-index area and
almost cusps on the high-index side. To understand this
phenomenon one has to keep in mind that Bloch waves
always travel normal to their band. The cusps appear, just
when the field distribution reaches the edge of the Brillouin
zone, where the inclination of the band structure changes
suddenly. Therefore the direction of propagation of respec-
tive Bloch waves is also flipped and a steep edge appears in
the trajectory. In contrast, when the field passes the center
of the Brillouin zone, where the first band is only slightly
curved, it experiences a much smoother turn. Note that the
resulting trajectory is solely a consequence of the particu-
lar band structure (see Fig. 1), which considerably deviates
from that obtained by using tight-binding models.

It can be clearly recognized from Fig. 2 that light
escapes from BOs at the high-index turning points corre-
sponding to the Brillouin’s zone edge. This is the very
manifestation of Zener tunneling from the first to the
second band [see Fig. 2(b)]. At these edges the band gap
attains its minimum [see Fig. 1(b)] and the tunneling rate
its maximum with about 8%.

To clearly identify Zener tunneling as the source of these
bursts of radiation we varied the index gradient � by
changing the temperature difference �T. The acceleration
theorem Eq. (1) predicts the BO period to be proportional
02390
to the inverse of the gradient [see Eq. (2)]. The particular
propagation distances, for which outbursts of radiation
were detected followed the same rule—a 1=�T depen-
dence [see Figs. 2(c) and 2(d)]. Hence, the observed radia-
tion was strictly correlated with the BOs as expected from
Zener tunneling.

In principle, light tunneled to the second band follows
the band structure [see Fig. 2(b)] and may again perform
BOs. However, the gaps between higher bands are smaller
than the first gap and light successively tunnels towards
higher bands without having the chance to complete fur-
ther oscillations.

To complete the picture another experiment has been
carried out, which can hardly be performed in semicon-
ductor SLs. Rather than exciting a few waveguides (narrow
Fourier spectrum) light was fed into a single waveguide of
the array (homogeneous excitation of the entire Brillouin
zone). There are also BOs because the existence of the
WSL entails the recovery of any initial excitation. While
for broad excitations BOs are observed as a transverse
motion of the beam center, this center is now at rest but
the field distribution breathes (see Fig. 3). Thus, ZT will
appear too but with a different pattern. Because the entire
Brillouin zone is excited and some part of the spectral
1-3
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FIG. 3 (color online). Bloch oscillations and Zener tunneling
in a waveguide array when the entire Brillouin zone spectrum is
excited by shining light in a single waveguide. (a) Experiment,
(b) corresponding numerical simulation (temperature difference
�T � 35 K).
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distribution is always located at the band edge, tunneling
appears upon the whole BO period. However, at the points,
where the initial field distribution recovers and light fo-
cuses to the initial waveguide tunneling is particularly
pronounced. If light is concentrated in a single waveguide
all radiation escaping due to ZT is in phase and must follow
the same path. Because of constructive interference a well-
defined trace of fluorescence can be observed to cross the
sample. In contrast radiation emanating between the points
of refocusing is distributed over many guides and no
coherent enhancement occurs.

In conclusion, we have reported the first direct visual
observation of Zener tunneling. We displayed both the
trace of damped Bloch oscillations and Zener tunneling.
Zener tunneling was observed as regular outbursts of ra-
diation escaping from the Bloch oscillations into higher
order bands. All measurements are in excellent agreement
with numerical simulations well beyond the tight-binding
model.
02390
This work was supported by grants from the Deutsche
Forschungsgemeinschaft, Bonn, and the Federal Ministry
of Education and Research (InnoRegio).
1-4
[1] F. Bloch, Z. Phys. 52, 555 (1928).
[2] C. Zener, Proc. R. Soc. A 145, 523 (1934).
[3] G. H. Wannier, Phys. Rev. 117, 432 (1960).
[4] L. Esaki and R. Tsu, IBM J. Res. Dev. 14, 61 (1970).
[5] E. E. Mendez, F. Agullo-Rueda, and J. M. Hong, Phys.

Rev. Lett. 60, 2426 (1988).
[6] J. Feldmann, K. Leo, J. Shah, D. A. B. Miller, J. E.

Cunningham, T. Meier, G. von Plessen, A. Schulze,
P. Thomas, and S. Schmitt-Rink, Phys. Rev. B 46, 7252
(1992).

[7] M. B. Dahan, E. Peik, J. Reichel, Y. Castin, and C.
Salomon, Phys. Rev. Lett. 76, 4508 (1996).

[8] C. M. de Sterke, J. N. Bright, P. A. Krug, and T. E.
Hammon, Phys. Rev. E 57, 2365 (1998).

[9] T. Pertsch, P. Dannberg, W. Elflein, A. Bräuer, and
F. Lederer, Phys. Rev. Lett. 83, 4752 (1999).

[10] R. Morandotti, U. Peschel, J. S. Aitchison, H. S.
Eisenberg, and Y. Silberberg, Phys. Rev. Lett. 83, 4756
(1999).

[11] R. Sapienza, P. Costantino, D. Wiersma, M. Ghulinyan,
C. J. Oton, and L. Pavesi, Phys. Rev. Lett. 91, 263902
(2003).

[12] L. Esaki, Rev. Mod. Phys. 46, 237 (1974).
[13] B. Bourlon, D. C. Glattli, B. Placais, J. M. Berroir,

C. Miko, L. Forro, and A. Bachtold, Phys. Rev. Lett.
92, 026804 (2004).

[14] A. Sibille, J. F. Palmier, and F. Laruelle, Phys. Rev. Lett.
80, 4506 (1998).

[15] G. Ithier, E. Collin, P. Joyez, D. Vion, D. Esteve,
J. Ankerhold, and H. Grabert, Phys. Rev. Lett. 94,
057004 (2005).

[16] C. Paulsen, J.-G. Park, M. A. Novak, and R. Sessoli,
in Quantum Tunneling of Magnetization, edited by
L. Gunther and B. Barbara (Kluwer, Dordrecht, 1995).

[17] B. Rosam, D. Meinhold, F. Löser, V. G. Lyssenko, S.
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