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Beam control in tri-core photonic lattices∗
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We report on theoretical investigations of beam control in one-dimensional tri-core photonic lattices (PLs). Linear
splitting is illustrated in tri-core PLs; the effect of defect strength on the splitting is discussed in depth for single-wavelength
light. We reveal that splitting disappears when the defect strength trends to zero, while reoccurring under nonlinearity.
Multi-color splitting and active control are also proposed in such photonic structures.
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1. Introduction
In the past decade, photonic band-gap structures (PBGs),

including photonic crystals (PCs) and periodic waveguide ar-
rays, have attracted great attention due to their fundamental
physics and potential applications.[1–3] All this research, based
on total internal reflection, mainly focused on high refrac-
tive indices with little work on low refractive indices. How-
ever, the behavior of light in the low index regime, such as
band-gap guiding due to Bragg reflection, is also fascinat-
ing and has many advantages.[4–7] Light bending in the sharp
low refractive index corners exhibits lossless transmission
while light bending for high indices or conventional waveg-
uides always suffer from energy losses by leaking.[8] Sin-
gle defect modes, both in theory and experiment,[9,10] have
been widely discussed. Some potential applications, such
as the circling, redirecting and blocking of light beams, are
also demonstrated in defected PLs and PCs.[11–13] Further-
more, dual-core photonic crystal fiber (PCF) couplers in op-
tical communication[14–17] and optical switching between two
low-index sites[18] have been investigated. Broad-band trap-
ping and splitting of light beams and surface plasmon polari-
tons (SPPs) due to the adiabatic photonic bandgap in the time
domain are also realized.[19–21] The problem of dual-core cou-
plers is easiest for two-level systems. The extension to the
three-level system of optical waveguide arrays with low refrac-
tive index sites is a more complicated task. We will demon-
strate a way to split the monochromatic and multi-color light
by introducing tri-core photonic lattices.

2. Theoretical model
In this paper, we numerically study the control and dy-

namic characteristics of light beams in one-dimensional tri-
core PLs by exploiting the optical analogy between three-level
systems and tri-core PLs. The structural parameter domain and
the coupling length for beam splitting and combining in the
tri-core PLs are discussed in depth. Moreover, with the same
parameters, nonlinear splitting is demonstrated while it disap-
pears in the linear region. In addition, multi-color splitting is
revealed for the structure under discussion.

We begin from the governing equation for the complex
amplitude of the field q of a monochromatic light beam propa-
gating in a medium with a shallow transverse refractive index
modulation that can be derived from Maxwell equations for a
dielectric medium with Kerr nonlinearity. In the spirit of the
slowly varying amplitude approximation, we have to deal with
the following nonlinear Schrödinger equation:

i
∂q
∂ξ

=−1
2

∂ 2q
∂η2 +σ |q|2− pR(η)q. (1)

Here the transverse η and longitudinal ξ coordinates are
scaled to the characteristic beam width and diffraction length,
respectively; the parameter p characterizes the lattice modu-
lation strength; and the function R(η) describes the refractive
index profile. In our case,

R(η) = {1+hD fD(η)}{1+hD fD(η−Ls)}
×{1+hD fD(η +Ls)}{1+ cos(2πη/T )} (2)
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describes the tri-core PLs with three low-index defect sites
imprinted in a uniform lattice [Fig. 1(a1)], fD is a localized
function describing the shape of the defect and hD controls the
strength of the defect.[5] The length Ls = nT is the spacing of
the defected sites, consisting of n lattice periods T . The pa-
rameter σ = ±1 defines the type of nonlinearity (defocusing
or focusing).

Three negative site defects are introduced by removing
the refractive index modulation; we obtain the eigenmodes lo-
calized at the line defects [Figs. 1(a1) and 1(a2)] with the prop-
agation constants located in the photonic bandgap. Note that
there are three defect modes and we only show two of them
here because they are associated with beam splitting dynam-
ics. In a future publication, we plan to discuss the last one and
some of its relevant propagation properties. In Figs. 1(a1) and
1(a2), the a2 mode has a staggered phase at the low-index site
while the a1 mode is in phase. To explore in depth, we show
that the propagation constants of the two modes depend on dif-
ferent separations of the defect sites. We find that the propa-
gation constants of the two modes flip up and down alternately
[see Fig. 1(b)]. Both are leading to an exponential decrease to
a constant value when the separation is too far, arising from
the degeneration of the system. We also study the system un-
der different physical parameters, such as lattice strength (p)
and defect strength (hD). We obtain the zone [Fig. 1(c)] where
the two modes coexist. Note that this zone is very important to
help us clarify the beam propagation features in this system.
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Fig. 1. (color online) (a1) and (a2) Profiles of a1 = 0.741 (black line)
and a2 = 0.788 (red line) linear modes supported by the tri-core PLs
at p = 2 and Ls = 3T . (b) Propagation constants versus number of lat-
tice periods between cores at p = 2. (c) Green regions show the struc-
ture parameters at which splitting occur in gap 1. Blue circles (b–e)
represent the structural parameters of the splitting dynamics in Fig. 2,
respectively. All quantities are plotted in arbitrary dimensionless units.

3. Linear and nonlinear splitting dynamics
In the beam propagation simulation, we launch a Gaus-

sian beam into the central defect site of the tri-core PLs with

defect separation 3T . When the parameters (lattice strength p
and defect strength hD) are located outside the zone indicated
by circle b in Fig. 1(c), the output beam experiences strong
diffraction [see Fig. 2(b)]. When the parameters are inside the
zone, typical examples of splitting and combining dynamics in
the tri-core PLs are depicted in Figs. 2(c) and 2(d) for differ-
ent system parameters indicated by the circle c–d in Fig. 1(c).
Light exited in the central defect site is slowly tunneling into
two low-index neighborhood channels. After a certain propa-
gation length, light energy is totally transferred to both defect
sites close to the central one, and then backward tunneling sets
on to where it was launched initially. The light splitting and
combining dynamics is arising from a1 and a2 modes con-
structive or destructive interference during propagation. Thus
the coexistence of these two defect modes plays an important
role in the coupling and splitting dynamics. The coupling
length Lc is an important parameter that describes the splitting
dynamic characteristics. It is based on the difference between
the corresponding propagation constants. With fixed p = 2,
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Fig. 2. (color online) (a) The tri-core PLs with separation of Ls = 3T . Lin-
ear splitting with fundamental modes at (b) p = 0.5, hD = −0.5, (c) p = 2,
hD =−0.5, (d) p = 2, hD =−0.3, and (e) p = 2, hD =−0.1. In all the cases,
the middle channel is excited. The numbers at the top right corner in panels
(c)–(e) are the propagation length. (f) The coupling length depends on the
defect strength under p = 2. Red circles [panels (c)–(e)] indicate the propaga-
tion dynamics (c)–(e), respectively. White circles mark the boundaries of the
gap 1. All quantities are plotted in arbitrary dimensionless units.
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we obtain the coupling length Lc versus hD and plot the results
in Fig. 2(f). As hD = −0.3, Lc reaches its maximum 87.5.
The coupling lengths are in agreement with a beam propaga-
tion simulation, the results are shown in Figs. 2(c) and 2(d).
Note that the coupling coefficient can be controlled by the de-
fect strength, and the curve presents the maximum values for
a certain defect strength. It is very different from the one of
the coupling coefficient versus the lattice modulation strength
which is monotonous, referred to in Ref. [18]. All these find-
ings are rather interesting, as they reveal that the splitting and
combination dynamics can be finely tuned by the system’s pa-
rameters.
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Fig. 3. (color online) (a1) the parameters of the tri-core PLs, marked by
red circle p = 1.2, hD = −0.16. (a2) linear diffraction (a3) nonlinear
splitting happens when out of existence domain of linear splitting in de-
focusing media. (b1)–(b3) the parameters marked by red circle (p = 2,
hD =−0.94) in the focusing media, respectively. The input powers are
Uin = 0.01 (a2), Uin = 0.48 (a3), Uin = 0.01 (b2), and Uin = 0.55 (b3).
The numbers at the top left corner in panels (a2), (a3), (b2) and (b3) are
the propagation length, and all quantities are plotted in arbitrary dimen-
sionless units.

If we choose the parameters outside the linear splitting
existence region, the beam will rapidly diffract. A natural
question is whether we can make the splitting happen again
according to nonlinearity while it disappears under the linear
conditions. We choose the two groups of parameters shown in
Figs. 3(a1) and 3(b1). At the circle [(p,hD) = (1.2,−0.16)]
in Fig. 3(a1), the beam experiences diffraction [Fig. 3(a2)] at
low power (Uin = 0.01). The defect modes touch the bottom
of the first Bloch band, thus we assume a defocusing nonlin-
earity to lower the defect strength and pull the defect mode

back to the photonic bandgap. With growing input power, less
energy is transmitted to the hole space, and nonlinear splitting
is reached at Uin = 0.48 [Fig. 3(a3)]. A similar situation is
demonstrated at the circle [(p,hD) = (2,−0.94)] in Fig. 3(b1).
However, we take advantage of a focusing nonlinearity to bal-
ance the diffraction because the defect strength causes the de-
fect mode to touch the second Bloch band in this case. At
UD = 0.55, nonlinear splitting is obtained [Fig. 3(b3)] while
it quickly spreads out [Fig. 3(b2)] to the linear region. Thus,
the domain for splitting is enlarged when nonlinearity is in-
troduced; therefore, it will help to better understand nonlinear
coherent beam beating.

4. Multi-color linear splitting dynamics
Finally, multi-color linear splitting and active signal con-

trol are proposed in the tri-core PLs. Recall that the discussion
so far assumes a single wavelength. In photonic lattices, defect
modes with different wavelengths can be supported in defect
sites, which differs from the case of photonic crystals.[4] A set
of equations describes the multi-color beam linear evolution at
different vaccum wavelengths λm:

i
∂qm

∂ξ
=− ξsλm

4πn0η2
s

∂ 2qm

∂η2 −
2πξs ps

λm
pR(η)qm, (3)

where ηs = 1 µm and ξs = 1 mm are characteristic values, re-
spectively; n0 is the average refractive index of the medium
and ps = 1e−4 is the normalized value of refractive index vi-
bration.
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Fig. 4. (color online) Splitting dynamics of a light beam with different
wavelengths in the same setting of the tri-core PLs (hD =−0.6, p = 2,
z= 500) shown in panel (a). Panels (b)–(d) show the beam propagations
with the wavelengths 488 nm, 532 nm, and 633 nm, respectively.

Figure 4 shows the splitting dynamics of a probe beam at
488 nm, 532 nm and 633 nm in the same photonic structure.
Since the beam has three different wavelengths, the splitting
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dynamics differ due to different coupling lengths. The cou-
pling length Lc becomes small as the wavelength increases, as
shown in Figs. 4(b)–4(d). The beam energy for different wave-
lengths hits different location sites. For example, under finely
designed device length (L = 500), the 488-nm probe beam dis-
tributes its energy in the central defect site while the 633 nm is
located at the neighbor defect sites after the same propagation
length. This feature has a potential for applications in signal
splitting of white-light or fs-second laser light.

5. Conclusion

We demonstrated the main features of light splitting and
combining between three low-index defect sites in photonic
lattices. The parameter domain for the existence of splitting
is determined. The coupling lengths can be adjusted by the
lattice modulation strength, the defect strength and the defect
site spacing. Under the same conditions, nonlinear splitting
is demonstrated while it disappears in the linear case. Finally,
we showed that multi-color splitting can be achieved in the mi-
cron scale in defective photonic lattices. These results might
be useful for all-optical manipulation and photonic structure
engineering.
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