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Abstract We report on our recent theoretical and experi-
mental studies of three-dimensional (3D) photonic lattice
structures which are established in a bulk nonlinear crystal
by employing different optical induction techniques. These
3D photonic lattices bring about new opportunities for con-
trolling the flow of light via coupling engineering origi-
nated from the lattice modulation along the beam propa-
gation direction. By fine tuning the lattice parameters, we
observe a host of unusual behaviors of beam propagation in
such reconfigurable 3D lattices, including enhanced discrete
diffraction, light tunneling inhibition—better known as co-
herent destruction of tunneling (CDT), anomalous diffrac-
tion, negative refraction, as well as CDT-based image trans-
mission. In addition, we propose and demonstrate a new way
of creating 3D ionic-type photonic lattices by controlled Tal-
bot effect.

1 Introduction

Photonic band gap materials and optical periodic structures
in general have been studied for decades due to their ca-
pabilities of controlling the flow of light [1]. The ‘holy
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grail’ of photonic structures is to manipulate light with pe-
riodic index modulation in all three dimensions. However,
it has been a great challenge to create three-dimensional
(3D) structures in bulk media at microscopic length scale.
Thus far, various techniques have been proposed and de-
veloped for fabricating 3D photonic structures, from me-
chanical hole drilling to semiconductor microfabrication,
from self-assembly and colloidal crystallization to advanced
layer-by-layer fabrication, and from laser-induced deposi-
tion to holographic lithography [2–8]. Instead of manipulat-
ing wave propagation in time-domain frequency with pho-
tonic crystals fabricated for microwaves and visible light,
closely spaced waveguide arrays (photonic lattices) have
been identified as ideal band gap materials for controlling
light dynamics in the spatial-frequency domain [9–12]. A
convenient way for creating reconfigurable photonic lattices
is to use ‘optical induction’ in nonlinear crystals [13]. Thus
far, optically induced one- or two-dimensional (1D or 2D)
photonic lattices have served as a platform for investigat-
ing a variety of fascinating linear and nonlinear wave phe-
nomena, especially for the demonstrations of spatial dis-
crete or gap solitons [14–17]. However, experimental study
of beam dynamics in 3D photonic lattices has been ham-
pered due to the difficulties in fabricating or inducing de-
sired 3D lattice structures. Even in 1D and 2D domains,
lattice reconfiguration or modulation along the longitudinal
propagation direction can lead to many intriguing discrete
wave phenomena (e.g. diffraction and refraction manage-
ment, inhibition of light tunneling, multi-color dynamic lo-
calization, Rabi oscillation and negative coupling [18–31]).
Therefore, it is expected that much richer phenomena could
occur in 3D photonic lattices. For instance, it has been pro-
posed that 3D photonic structures can be used for image
transmission [32] and for studying 3D vortex structures [33].
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Recently, 3D photonic lattices have been successfully cre-
ated with the optical induction technique [34–38], and some
unusual beam dynamics in these 3D lattices have been ob-
served [34, 35].

In this paper, we provide a brief overview of our re-
cent work on controlling beam propagation with optically
induced 3D photonic lattices. We show that various 3D pho-
tonic lattice structures can be established in a bulk nonlin-
ear crystal by employing different optical induction tech-
niques, including the superposition of a pair of 2D pho-
tonic lattices along different directions and precise con-
trol of the Talbot effect. By fine tuning the lattice param-
eters such as lattice modulation and spacing, we demon-
strate unusual behaviors of beam propagation in these re-
configurable 3D photonic lattices, including enhanced dis-
crete diffraction, light tunneling inhibition or coherent de-
struction of tunneling (CDT), anomalous diffraction, as well
as negative refraction. In addition, CDT-mediated image
transmission in 3D photonic lattices is proposed and an
example is demonstrated as a proof of principle. We also
discuss the possibility of formation of 3D ionic-type pho-
tonic lattices by controlled Talbot effect for beam manipula-
tion.

2 Enhanced diffraction in scaffold and fishnet photonic
lattices

Firstly, we optically induce 3D photonic lattices in a bulk
nonlinear crystal by overlapping a pair of 2D square lat-
tices and monitor the linear discrete diffraction of a probe
beam through the induced lattices. Our method is depicted
in Fig. 1a, where two 2D grid-like lattice-inducing beams
are launched into the crystal from two orthogonal directions
(both perpendicular to the crystalline c-axis) and are super-
imposed to form 3D lattice structures inside the crystal. Sim-
ply by switching the polarity of the bias field, a scaffold- or
fishnet-type 3D lattice structure (Figs. 1b and 1c) is gener-
ated under a self-focusing or self-defocusing photorefractive
screening nonlinearity [13–17]. Our experimental setup with
a biased photorefractive SBN:60 crystal (strontium barium
niobate, dimension: a ×a ×c = 5 mm × 10 mm × 5 mm) is
shown in Fig. 1d. Two sets of square lattices are induced by
sending ordinarily polarized partially coherent light beams
(diffused light from an argon ion laser operating at 488 nm)
through amplitude masks, as used in our earlier work [16,
17]. The two lattice-inducing beams spatially modulated by
the masks are sent through the crystal from two orthogo-

Fig. 1 (a) Schematic drawing of the optical induction method for scaf-
fold and fishnet photonic lattices. The crystalline c-axis of the nonlin-
ear crystal is oriented along the y-direction. The two lattice-inducing
beams are launched along two crystalline a-axes (oriented along x-
and z-directions). (b, c) Illustration of induced scaffold and fishnet
lattice structures under self-focusing and self-defocusing nonlinearity,
respectively. (d) Experimental setup for inducing and monitoring 3D

photonic lattices in a biased SBN crystal. The left two beam paths
are for two lattice-inducing beams, the third path is for Brillouin zone
spectrum measurement, and the fourth (far right) path is for testing the
diffraction of a focused probe beam. RT: reversed telescope; BS: beam
splitter; RD: rotating diffuser; L: lens; MS: amplitude mask; M: mirror;
F: Fourier-plane filter; λ/2: half-wave plate
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nal directions. By employing a proper spatial filter at the
Fourier plane of each mask, the Talbot self-imaging can be
totally suppressed, so that the transversely periodic light pat-
tern remains invariant during the propagation throughout the
crystal [16, 17, 39–41]. A dc field is applied along the y-
direction (corresponding to the crystalline c-axis, which is
oriented perpendicular to the propagation directions of all
beams in the crystal). With the bias field, the periodic inten-
sity patterns induce periodic index changes in the otherwise
uniform crystal, resulting in 3D photonic lattice structures.
To probe the induced lattice structures, a broad beam (close
to a uniform plane wave) is sent through the lattice to obtain
a near-field pattern of plane-wave guidance. Another par-
tially coherent beam (generated by a third rotating diffuser)
is focused and split into two parts to obtain the Brillouin
zone (BZ) spectrum from two orthogonal directions using
the method as depicted in [42, 43]. In addition, a coherent
beam from the same laser (not passed through a diffuser) is
used as a probe beam to test the discrete diffraction prop-
erties of the induced 3D lattices. Note that, when inducing
the lattice structures, ordinarily polarized light beams are
used, but for probing the induced lattices (including plane-
wave guidance, BZ spectrum, and discrete diffraction), ex-
traordinarily polarized probe beams are used [16, 17]. The
near-field and far-field patterns of the lattice beams and the
spatial Fourier spectrum of the probe beam are monitored
with imaging lenses and CCD cameras. For all experiments,
the crystal is illuminated when necessary with an incoherent
background beam from a white light source to fine tune the
nonlinearity [14–17].

Typical experimental results of optically induced 3D pho-
tonic lattices are shown in Fig. 2. The two 2D lattice-
inducing beams with the same periodicity (20 µm) and in-
tensity are fine tuned to overlap from two orthogonal direc-
tions to generate the 3D periodic intensity pattern in the SBN
crystal. With a bias field of 1.8 kV/cm applied appropri-
ately along the crystalline c-axis, the crystal turns into a self-
focusing medium. The induced lattice structures monitored
under this condition are shown in Figs. 2a and 2b, where the
near-field patterns from plane-wave guidance (a) along with
the BZ spectra (b) of the index lattices from the two orthog-
onal directions are displayed. It can be seen that due to the
lattice superposition, the near-field pattern possesses 2D pe-
riodic modulation in both orthogonal directions, as shown
in Fig. 2a. The 2D square-like lattice structures are further
visualized by the BZ spectrum (Fig. 2b). It is evident that
the 2D index lattices are established in two orthogonal di-
rections, thus forming effectively a 3D lattice in the bulk
nonlinear crystal.

Next, solely by reversing the polarity of the bias field
(i.e. changing it to −1.8 kV/cm), 3D photonic lattices under
self-defocusing nonlinearity are also established. Figures 2c
and 2d depict our experimental results, where (c) and (d)

Fig. 2 Experimental results for optically induced scaffold (a, b, e–h)
and fishnet (c, d) 3D lattices. (a, c) Plane-wave guidance in induced
3D lattices; (b, d) Brillouin zone spectra of (a, c), where the upper
and lower rows correspond to results obtained after 10 mm and 5 mm
propagation inside the crystal. (e–h) Diffraction enhancement in a 3D
scaffold photonic lattice, where (e) is the output of a probe beam propa-
gating along the z-direction without lattice and (f–h) its output discrete
diffraction patterns after propagating through the lattice when the in-
tensity of the lattice-inducing beam along the x-direction (see Fig. 1)
is gradually increased

correspond to lattice near-field patterns and BZ spectra ob-
tained from two orthogonal directions, respectively. From
the near-field patterns of Fig. 2c, it is clear that the induced
index lattices possess a ‘backbone’ or “fishnet” structure,
quite different from those of Figs. 2a and 2b obtained under
the self-focusing nonlinearity, although the BZ spectra are
somewhat similar. We expect that waveguide coupling, band
gap structure, and beam dynamics in such lattices should be
quite different from those in self-focusing lattices. In addi-
tion, it is apparent that the index modulation (contrast) of
the lattices is lower than that created under the self-focusing
nonlinearity. Indeed, under a negative bias field, the SBN
crystal is susceptible to depolarization, so it is a challenge
to achieve a high index contrast for opening the higher band
gaps in the ‘backbone’ photonic lattices [44].

Finally, we present experimental results on discrete
diffraction of a probe beam propagating along the z-
direction through the 3D lattice induced under self-focusing
nonlinearity. To assure linear propagation of the probe beam,
its intensity is adjusted to be very low and its output patterns
are taken nearly instantaneously once the beam is launched.
Typical experimental results are summarized in Figs. 2e–
2h. For these results, the period of the two lattice beams is
about 40 µm, the intensity of lattice beam 2 (see Fig. 1a)
is fixed, but the intensity of lattice beam 1 is varied. Three
examples of discrete diffraction patterns in the x–y output
plane from the crystal are shown in Figs. 2f–2h, where the
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Fig. 3 (a) Schematic of optical induction of 3D lattices in a biased
nonlinear crystal by superposition of two lattice beams with opposite
intensity gradient along z; (b) experimental results of transverse pat-
terns taken at three different z-positions marked in right-hand panel
of (a), corresponding to input, middle, and output facets of the crys-
tal; (c) numerical (shaded areas) and analytical (dashed curve) results
of Floquet quasi-energies εj vs. lattice modulation for the induced 3D
photonic lattices

intensity ratio between lattice beam 2 and lattice beam 1 is
varied from 1:0, to 1:1, and to 1:2. Thus, discrete diffraction
is enhanced dramatically in 3D lattices (Figs. 2g and 2h) as
compared to that in the 2D lattices (Fig. 2f), and it is ap-
parent that the enhancement increases as the lattice modu-
lation gets stronger in the propagation direction. Intuitively,
we can understand that such diffraction enhancement re-
sults from increased coupling among waveguides oriented
along the z-direction when they are joining by waveguides
oriented along the transverse direction. Indeed, these ex-
perimental results are also corroborated with our numerical
simulations [34].

3 Coherent destructive tunneling in out-of-phase
z-modulated lattices

It has been shown that light inhibition due to CDT can oc-
cur in photonic lattices with out-of-phase index modulations
along the longitudinal direction [23–25]. To construct such

lattice structures in three dimensions, we propose an opti-
cal induction method as shown in Fig. 3a, where the 3D
lattice-inducing beams are composed by superposition of
two mutually incoherent lattice beams with opposite inten-
sity gradient along the z-direction (note that each lattice
beam has in-phase z-modulation, and only a half of a z-
period is shown here). In our experiment, due to the need to
match the waveguide coupling length and the limitation of
our crystal length (2-cm-long SBN:60 crystal), we generate
a 3D lattice (30 µm transverse lattice spacing) with only a
half modulation period along the z-direction by overlapping
two mutually incoherent lattice beams—one has decreasing
intensity from input to output facets of the crystal while the
other has increasing intensity, yet it is enough for observing
the predicated phenomena in the 3D photonic lattices as a
proof of principle [35]. By adjusting the imaging plane of
the amplitude mask and the spatial coherence of the lattice-
inducing beams, the intensity gradient along the z-direction
for each lattice beam is changed individually. Therefore, the
induced structure can be ‘fine tuned’ by varying the intensity
gradients of the two lattice-inducing beams while keeping
the total beam intensity in the middle of the crystal essen-
tially unchanged. Figure 3b shows a few typical snapshots
of the lattice pattern taken at different transverse planes of
the crystal.

To analyze the beam dynamics in our optically induced
3D lattice, let us start with a coupled-mode theory model

i
dum,n

dz
+ C(um+1,n + um−1,n + um,n+1 + um,n−1)

+ A

2
(−1)m+n cos(Kz)um,n = 0 (1)

where C is the coupling coefficient between adjacent waveg-
uides, A/2 is the amplitude, and K determines the spa-
tial frequency of the propagation constant modulation along
z. Note that the propagation constant modulation is out-
of-phase between nearest neighbors. Using the asymptotic
analysis, we obtain the effective (or average) coupling coef-
ficient as C̄ = CJ0(A/K). Thus, asymptotically the optical
field will satisfy

i
dvm,n

dz
+ C̄(vm+1,n + vm−1,n + vm,n+1 + vm,n−1) = 0, (2)

where

um,n = vm,n exp

[
i
(−1)m+nA

2K
sin(Kz)

]
. (3)

In addition, by numerically employing the Floquet theory
[45], the coefficient C̄ is computed from the quasi-energy
band edges. In particular, (1) can be expressed in vector form
as

i
dU

dz
+ A(z)U = 0, (4)
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where U = [u1,1, u1,2, . . . , uN,N ]T and A(z) is the corre-
sponding matrix. We formally integrate (4) to obtain

U(z) = exp

(
−i

∫ z

0
A(s)ds

)
U(0) = F(z)U(0), (5)

where z ordering should be applied to evaluate the above
operator. We define the Floquet operator as B = F(2π/K),
where 2π/K is the period of the oscillations along z. Then,
according to the Floquet theorem, the eigenvectors and
eigenvalues of the Floquet operator are given by

BUj = exp(−iεj )Uj , (6)

where εj are referred to as the Floquet quasi-energies. The
quasi-energies form a band, and the band edges can be asso-
ciated to the effective coupling coefficient via the relation
|C̄| = K max(εj )/8π . As a result, the theoretical predic-
tion for the quasi-energy band edges is given by max(εj ) =
8π(C/K)|J0(2A/K)|. Figure 3c depicts typical numerical
(solid curve) and analytical (dashed curve) results, which
show that the coupling coefficient oscillates between posi-
tive and negative values as the modulation parameter A/K

along the z-direction varies. In particular, the coefficient C̄

approaches zero at certain points, which corresponds to the
CDT condition under which inhibition of light tunneling oc-
curs. Near these zero-coupling points, discrete diffraction of
light due to waveguide coupling is dramatically suppressed,
providing a new way for distortion-free image transmis-
sion. Furthermore, C̄ can become negative at some increased
modulations, leading to possible reversal of band gap struc-
tures [46, 47]. It is in these negative-coupling regimes that
one expects to see anomalous diffraction and negative re-
fraction associated with band reversal within the first Bril-
louin zone [46–49].

Our experimental demonstration of the aforementioned
phenomenon is summarized in Fig. 4. By sending a circular
Gaussian beam (Fig. 4a1) into the 3D lattice established in
Fig. 3b, the property of discrete diffraction in the 3D pho-
tonic lattice at different z-modulations is examined. As ex-
pected from the theory, without z-modulation (correspond-
ing to a 2D lattice), the probe beam exhibits strong discrete
diffraction (Fig. 4a2), but such diffraction is completely
suppressed at a certain increased z-modulation correspond-
ing to the CDT condition (Fig. 4a3). However, coupling-
induced diffraction comes back with further increase of the
z-modulation (Fig. 4a4). In fact, as the modulation is in-
creased even further, we found that higher-order CDT also
takes place due to the oscillation of the coupling coefficient
as shown in Fig. 3c. Under similar conditions, we demon-
strate the principle of image transmission at the CDT condi-
tion. To do so, we simply launch an input image of a ‘+’ pat-
tern (Fig. 4b1) into the lattice structure and examine the out-
put at different levels of z-modulation. In the 2D lattice, the

Fig. 4 Experimental demonstrations of coherent destructive tunnel-
ing of a focused Gaussian probe beam (a) and image transmission of
a ‘+’ shape (b), where (1) depicts the input and (2–4) show output
transverse patterns at gradually increased index modulations along the
z-direction. (c) and (d) show numerical (upper panels) and experimen-
tal (bottom panels) results of beam diffraction (c) and refraction (d) in
2D (left, c1 and d1) and 3D (right, c2 and d2) lattices. For diffraction
(c), the Gaussian probe beam is launched straight along the z-direction
but initially focused at the crystal output. For refraction (d), the beam is
initially toward left relative to the z-direction. The upper panels show
side views of a probe beam propagating inside the lattices, while the
bottom ones show output transverse patterns

input image is strongly distorted after propagating through
the lattice (Fig. 4b2). However, in the 3D photonic lattice un-
der the CDT condition, the input image maintains its shape
after linear propagation without severe distortion (Fig. 4b3).
As expected, further increase of z-modulation leads to image
distortion again (Fig. 4b4). Next, we demonstrate anomalous
diffraction and negative refraction in the negative-coupling
regime. According to our theory, the index modulation of
the 3D lattice corresponding to Figs. 4a4 and 4b4 leads
to a negative effective coupling coefficient. Results for the
diffraction/refraction management under this condition are
displayed in Figs. 4c and 4d. To visualize the anomalous
diffraction under the linear condition, a focused Gaussian
beam is launched and monitored while propagating through
the crystal (Fig. 4c). For the experiment of negative refrac-
tion, the Gaussian beam is tilted toward the left at the half



558 P. Zhang et al.

of the 1st-order Bragg angle of the 2D lattice (without z-
modulation) (Fig. 4d). Obviously, in the 2D lattice, the beam
undergoes normal diffraction and refraction, as it does in a
homogeneous medium (Figs. 4c1 and 4d1). However, when
the effective coupling coefficient is negative, the initially fo-
cused Gaussian beam diverges (Fig. 4c2), and the initially
left-tilted beam bends toward the right (Fig. 4d2), exhibit-
ing typical behavior of anomalous diffraction and negative
refraction [35]. These experimental observations agree well
with our theoretical results. Note that the negative refrac-
tion observed here does not require the two-beam excitation
scheme as used in previous experiments [30, 48], reflecting
a rather different mechanism.

4 Three-dimensional ionic-type photonic lattices by
controlled Talbot effect

Our previous work demonstrated that active control of the
Talbot effect of a broad beam as periodically modulated by
an amplitude optical mask provides an effective tool for gen-
erating various 2D photonic lattices (including ionic-type
photonic lattices) in bulk nonlinear crystals [16, 17, 39–41,
49, 50]. Here, we show that reconfigurable 3D photonic lat-
tices can be optically induced as well by tailoring the Talbot
effect. As a matter of fact, the Talbot effect can be explained
by multi-beam interference. Therefore, to understand the
principle of our method, we first analyze the optical field
generated by five-beam interference (such as by selecting
the 0th- and the four 1st-order diffraction patterns from a
typical square lattice) as follows:

U(x,y, z) = A0 exp(ikz)

+ A1 exp
[
ik(x + y) cosα + ikz cosγ

]
+ A1 exp[−ik(x + y) cosα + ikz cosγ ]
+ A1 exp

[
ik(x − y) cosα + ikz cosγ

]
+ A1 exp

[−ik(x − y) cosα + ikz cosγ
]
, (7)

where A0 and A1 determine the amplitudes of the 0th- and
1st-order diffracted light, k is the wave number, and α and
γ denote the angles between the beams and the principal
coordinate axes. Then the intensity distribution of the lattice
beam I (x, y, z) can be expressed as

I (x, y, z) = |A0|2 + 16|A1|2 cos2(kx cosα) cos2(ky cosα)

+ 8A0A1 cos
[
kz(1 − cosγ )

]
× cos(kx cosα) cos(ky cosα). (8)

Apparently, the first term is a uniform background, the
second one represents a square lattice without z-modulation,
and the last one represents a 3D ionic-type photonic lattice

Fig. 5 Numerical (a, b, e–f) and experimental (c, d, g, h) demonstra-
tion of optical induction method for generation of 3D photonic lattices
with controlled Talbot effect. (a, e) Transverse intensity patterns of lat-
tice-inducing beam at input; (b, f) side views of grid-like patterns in
(a, e) propagating along longitudinal z-direction; (c, g) spectra of the
lattice-inducing beam; (d, h) transverse intensity patterns of lattice-in-
ducing beam at different propagation distances marked by dashed lines
in (b, f). Top two panels correspond to square lattices with low modula-
tion depth, while bottom two panels correspond to ‘ionic-type’ lattices
with high modulation depth

with out-of-phase modulation along the z-direction. There-
fore, by adjusting the relative intensity between the 0th order
(|A0|2) and the 1st order (|A1|2), which can be done by fine
filtering at the Fourier plane of the amplitude masks, we can
obtain 3D photonic lattices with different z-modulations.
Figure 5 shows typical examples of our numerical simu-
lation and experimental results. As shown in our previous
work [16, 17, 39–41], when the 0th order is totally blocked,
perfect 2D photonic lattices are created. When we gradually
increase the intensity ratio between the 0th-order and the
1st-order diffracted beams at the Fourier plane, the out-of-
phase index modulation along the z-direction appears and
increases gradually, as depicted in Figs. 5a–5d. With a fur-
ther increase of the intensity ratio to a certain value, the
square lattice turns into a ‘chess-board’ lattice, and a com-
plete out-of-phase modulation is achieved (meaning the in-
tensity in a lattice site can change from bright to dark com-
pletely). In fact, the lattice induced in this latter case repre-
sents a typical 3D ionic-type photonic lattice (Figs. 5e–5h),
which could be used for unusual beam control such as sup-
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pression of Bragg reflection [49, 50]. Our experimental re-
sults agree well with those obtained from numerical simula-
tions.

Further numerical simulations indicate that beam propa-
gation in optically induced 3D ionic-type photonic lattices
exhibits a variety of intriguing properties in comparison
with previously studied 3D lattices due to the coexistence
of the positive and negative index potentials, including self-
imaging, phase conjugation, as well as anomalous diffrac-
tion and refraction. With the 3D ionic-type photonic lat-
tices (which can be made with several modulation periods
along the z-direction even within a 10-mm-long crystal), we
are actively improving our linear image transmission results
based on CDT [35], as an alternative yet effective image
transmission scheme compared to those based on nonlinear
arbitrarily shaped gap solitons [51]. Detailed theoretical and
experimental studies are currently being undertaken and will
be reported elsewhere.

5 Summary

We have successfully generated 3D photonic lattices in a
bulk nonlinear crystal by employing different optical in-
duction techniques, including superposition of a pair of 2D
photonic lattices and reconfiguration of z-modulated 2D lat-
tices with controlled Talbot effect. By fine tuning the lat-
tice parameters such as lattice modulation and spacing, we
have demonstrated some unusual behaviors of beam dynam-
ics in such reconfigurable 3D photonic lattices, including
enhanced discrete diffraction, CDT, anomalous diffraction,
negative refraction, as well as CDT-based image transmis-
sion. Due to the additional periodic modulation along the
propagation z-direction, these induced 3D photonic lattices
provide a new opportunity for experimental exploration of
discretizing light behavior and band gap control in three
dimensions. It might be possible to realize a new type of
all-optical beam steering and orientation-selective nonlinear
self-trapping in 3D lattices. In addition, the study of wave
dynamics in 3D photonic lattices may prove to be relevant
to similar phenomena in other 3D discrete systems including
solid-state physics and Bose-Einstein condensates (BECs)
trapped in 3D optical lattices.
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