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Abstract:   We demonstrate one-dimensional optically-induced photonic lattices 
with a negative defect and observe linear bandgap guidance in such a defect. We 
show that a defect mode moves from the first bandgap (between the first and 
second Bloch bands) to a higher bandgap as the lattice potential is increased. Our 
experimental results are in good agreement with the theoretical analysis of these 
effects. 
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It is well known that one of the unique and most interesting features of the photonic band-gap 
(PBG) structures is a fundamentally different way of waveguiding by defects in otherwise 
uniformly periodic structures as opposed to conventional guidance by total internal reflection. 
Such a waveguiding property has been demonstrated with an “air-hole” in photonic crystal 
fibers (PCF) for optical waves [1, 2], in an isolated defect in two-dimensional arrays of 
dielectric cylinders for microwaves [3], and recently in all-solid PCF with a lower-index core 
[4, 5]. In fact, PBG guidance has been studied for a wide range of spectra, and laser emission 
based on photonic defect modes (DMs) has been realized in a number of experiments [6, 7].  

In photonic crystals and PCF, bandgap guidance is associated with the time-domain 
frequency modes where the propagation constant is imaginary (i.e., propagation forbidden – 
band gaps). Within the gaps, frequency modes cannot exist but light can be localized by 
defects that support evanescent defect states [1-5].  On the other hand, in waveguide lattices 
often the analyses of how a monochromatic light field distributes itself focuses on the 
bandgaps of spatial frequency modes (i.e., propagation constant vs. transverse wave vector) 
[8-10]. In one-dimensional (1D) fabricated waveguide arrays, previous experiments have 
investigated nonlinearly induced escape from a defect state [11] and interactions of discrete 
solitons with structural defects [12]. In optically-induced photonic lattices such as those 
created in photorefractive crystals, recent work has also revealed the existence of linear DMs 
[13, 14]. Although nonlinear discrete solitons in uniform lattices without defects have been 
observed in a number of experiments [15-18], demonstration of PBG guidance at different 
bandgaps of the lattices with defects has remained a challenge.  

In this paper, we report the demonstration of light confinement as DMs in optically-
induced 1D photonic lattices with a single-site negative defect. In such a defect, the lattice 
intensity is lower than that at nearby sites (akin to an “air defect” in photonic crystals [1, 2]), 
so light has a tendency to escape from the defect site rather than to be confined in it. 
However, as predicted recently [13], localized DMs do exist under appropriate conditions due 
to repeated Bragg reflections. Experimentally, we first create a single-site negative defect by 
optical induction, which maintains its identity as a defect through a 20-mm-long 
photorefractive crystal. We then launch a quasi-1D Gaussian probe beam into the defect and 
observe the formation of localized DMs. Such light localization does not come from the 
nonlinear self-action of the probe beam itself, nor does it come from the traditional total-
internal-reflection guidance. Furthermore, we demonstrate a DM transition from a lower 
bandgap (between first and second Bloch bands) to a higher bandgap (between second and 

  



 
 
 
third Bloch bands) by fine-tuning the lattice potential. Our experimental results are in good 
agreement with theoretical predictions. 

Our experimental setup shown in Fig. 1 is similar to those used in our previous work [18, 
19], but here we focus on 1D lattices with a defect. The defect is created by launching into a 
SBN crystal a partially incoherent light beam (λ=488 nm) spatially modulated by a specially-
designed amplitude mask, which gives rise to a periodic input intensity pattern with a defect 
as shown in Fig. 2(a). This intensity pattern remains nearly unchanged through the 20-mm 
long crystal under appropriate conditions [Fig. 2(b)], as achieved by suppressing the Talbot 
effect with spatial filtering and employing a weak nonlinearity. By fine-tuning the 
nonlinearity (or the index change) as controlled by the lattice beam intensity, polarization, 
and the bias field [16-19], the lattice structure with the defect remains throughout the crystal. 
For probing the defect, a cylindrically-focused laser beam of FWHM 16 μm [Fig. 2 (c)] is 
aimed into the defect site, propagating collinearly with the lattice beam. The probe is 
extraordinarily polarized, but it is either very weak (for λ=488 nm, as in Fig. 2) or at a 
photorefractive insensitive wavelength (λ=632.8 nm, as in Fig. 3 and Fig. 5 below) so it does 
not experience any nonlinear self-action. Typical results of bandgap guidance is shown in 
Fig. 2(d), where good confinement of the probe beam by the defect channel is obtained. Such 
guidance is not attributed to total internal reflection because the defect forms an anti-guide in 
the self-focusing crystal. When the lattice beam is removed, the probe beam alone does not 
exhibit self-focusing under the same bias field. Thus, the observed guidance is not attributed 
to nonlinear self-induced waveguiding either. 

One of the interesting characteristics of linear DMs is that, like discrete solitons, they can 
only exist in certain parameter regions, and they typically have “tails” if less localized. Since 
a DM bifurcates from the edge of a Bloch band, its “tails” have different symmetry and phase 
distributions in order to “match” the Bloch waves in a given band [13]. Under proper lattice 
conditions, a Gaussian probe beam can evolve into a symmetric DM which has part of its 
energy concentrated in the defect site while the tails have characteristic intensity and phase 
profiles. By examining those features and comparing with the theory, one can determine 
which bandgap the DM is located. Experimentally, we have demonstrated a controlled 
transition of DMs from a lower bandgap [between first and second bands] to a higher 
bandgap [between second and third bands] by fine-tuning the bias field. 
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Fig. 1: Experimental setup. PBS: polarizing beam splitter; SBN: strantium barium niobate.  
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Fig. 2   Intensity patterns of lattice beam at crystal input (a) and output (b) with a single-site 
defect, and those of probe beam at input (c) and output (d) after 20-mm of propagation through 
the defect channel.  (Bias field: 1.1 kV/cm). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3:  Top: output lattice pattern with defect site marked by red arrow. Bottom: output probe beam.    
(a) and (c) correspond to DM in first and second bandgap, respectively. From left to right: bias field 
is 0.7, 1.1, 1.5, and 2.3 kV/cm for normalized lattice intensity of 0.28. (Lattice spacing is the same as 
in Fig. 2, but more lattice sites are shown in this figure.) 

 
Typical results are shown in Fig. 3 (a-d) for gradual increase of the bias field while other 

experimental conditions kept unchanged. The top panel shows the output intensity patterns of 
the lattice with a negative defect, where the red arrows mark the locations of the defect which 
was maintained for a large range of the bias field. The bottom panel shows the patterns of the 
probe beam (initially a Gaussian-like profile launched at the defect site) after 20-mm of 
propagation collinearly with the lattice beam. From these figures, one can see that the probe 
beam evolves into a nontrivial intensity pattern after exiting the crystal, but it shows a certain 
degree of guidance inside the defect in some bias conditions [Fig. 3(a-c)]. Corresponding to 
the two waveguides next to the defect site, the probe beam either has single peaks (Fig. 3a) or 
double peaks (Fig. 3c), suggesting the probe beam evolves into DMs lying in different 
bandgaps. In some other conditions, within the defect channel the probe has minimum 
intensity (Fig. 3d), which does not correspond to a DM state. These observations agree well 
with the DM solutions presented below [Fig. 4]. 

Our theoretical model for a probe beam propagating in the lattice with a defect is [9, 13]  
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where  is the amplitude of the electric field,  is the direction of propagation, U z x  is the 
transverse coordinate, 0I  is the lattice peak intensity,  is the applied dc field, and 

 accounts for a local defect. Here all quantities have been non-
dimensionalized [13]. In respect to experimental conditions, one  unit corresponds to about 
8 mm, and one unit corresponds to about 7 V/mm. DMs are found to bifurcate from the 
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edges of different Bloch bands. Typical results for 0I =0.5 (close to the experimental value) 
are displayed in Fig. 4(a-d), where Fig. 4(a) shows the band diagram. The amplitude profiles 
of DMs show that, in the first bandgap (between the first and second Bloch bands), a DM has 
one intensity peak with respect to one lattice site [Fig. 4(b)], while a DM in the second 
bandgap has two intensity peaks with respect to every lattice site [Fig. 4(c, d)]. 
When increases, the DM disappears in lower bandgaps but appears in upper bandgaps. 
Similar results have been found before [14], but here we used parameters from the 
experimental conditions, and the bandgaps are narrower than those in [14] due to lower 
values of 

0E

0I  used.  The existence or non-existence of DMs and their symmetry behavior has 
a profound effect on the propagation dynamics of a probe beam aimed into the defect. To 
illustrate this, we launch a Gaussian beam (16 μm) into the center of the defect at three 
different bias fields (  = 4, 11 and 19). Evolution up to 40 mm is displayed in Fig. 4(e, f, 

g). At = 4, only one symmetric DM exists in the first bandgap. Correspondingly, the 
Gaussian beam evolves into that symmetric DM profile upon propagation [Fig. 4(e)]. At 

=11, even though there exists a DM in the second bandgap, it is anti-symmetric [Fig. 
4(c)], thus the Gaussian beam cannot evolve into that DM but rather diffracts away [Fig. 
4(f)]. At =19, a symmetric DM exists in the second bandgap [Fig. 4(d)]. Consequently, 
the input beam evolves into this higher-order DM [Fig. 4(g)], whose tails exhibit double 
peaks in the intensity profile different from that of Fig. 4(e). These characteristics of beam 
evolution agree well with the experimental results of Fig 3.  
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Fig. 4:   (a) Bandgap diagram.  (b-d) DM solutions at  for = 4, 11 and 19, also 

marked by circles in (a). Shaded stripes correspond to lattice sites.  (e-g) Evolution of a Gaussian 

beam through defect for  = 4, 11 and 19. The length of propagation is 40 mm.  
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To further confirm that what we observed indeed corresponds to the DM formation at 
different bandgaps found in theory, we repeated the experiments of Fig. 3 under slightly 

  



 
 
 
different conditions. Furthermore, we recorded the interferograms between the output probe 
beam and a broad plane wave to see the relative phase relation of the DM peaks. These 
results  
are shown in Fig. 5.  At a low bias field (0.5 kV/cm), the output probe beam [Fig. 5(a)] 
exhibits properties of a DM located in the first bandgap. First, the probe beam maintains a 
central lobe at the defect site. Second, there is only one intensity peak with respect to each 
lattice site away from the defect. Third, there is an anti-phase relation between the central 
lobe in the defect and two side lobes in the tail, since the interference fringes interleave at off-
site locations. At a higher bias field of 1.1 kV/cm, the probe beam scatters away from the 
defect site, indicating the Gaussian beam cannot evolve into a DM under this condition [Fig. 
5(b)]. However, as the bias field is increased to 1.7 kV/cm, the beam evolves into a DM of a 
higher bandgap [Fig. 5(c)]. This can be examined not only from the intensity pattern which 
shows double peaks corresponding to each lattice site except for the central defect site [see 
also Fig. 3(c)], but also from the interferogram which shows the anti-phase relation for 
adjacent peaks. At an even higher bias (2.3 kV/cm), the probe beam scatters away from the 
defect site again [Fig. 5(d)]. These results illustrate clearly a DM transition from the first 
bandgap [Fig. 5(a)] to the second bandgap [Fig. 5(c)] as we increase the bias field. These 
observed DMs are symmetric modes (even functions of x). According to the theory, anti-
symmetric modes should also exist under appropriate conditions, for which two peaks with an 
anti-phase relation within the defect channel are expected [Fig. 4(c)]. However, probing with 
a symmetric Gaussian profile, we did not observe formation of such an anti-symmetric DM. 
This suggests that an initially symmetric profile cannot evolve into an anti-symmetric DM, as 
found also in our numerical simulations. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5:  Top: output probe beam. Bottom: interferogram of the probe beam with a plane wave. 
From left to right: bias field is 0.5, 1.1, 1.7, and 2.3 kV/cm for normalized lattice intensity of 0.25.  

 
In summary, we have demonstrated for the first time the formation of DMs at different 

bandgaps of an optically-induced 1D photonic lattice with a negative defect. Guiding light by 
defect has been demonstrated recently in PCF-like structures with a low-index core as well as 
in 2D square lattices with a negative defect [20, 21], but in this work we showed controlled 
excitation of DMs at different bandgaps by tuning parameters. Our results pave the way for 
studying many interesting phenomena mediated by defects and defect dynamics in optical 
lattice structures [22-24]. 
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