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Abstract: We report and analyze hybridization of s-state and p-state modes 
in photonic crystal one-dimensional defect cavity array. When embedding a 
nano-strip into a dielectric rod photonic crystal, an effective cavity array is 
made, where each cavity possesses two cavity modes: s-state and p-state. 
The two modes are laterally even versus the nano-strip direction, and 
interact with each other, producing defect bands, of which the group 
velocity becomes zero within the first Brillouin zone. We could model and 
describe the phenomena by using the tight-binding method, well agreeing 
with the plane-wave expansion method analysis. We note that the reported 
s- and p-state mode interaction corresponds to the hybridization of atomic 
orbital in solid-state physics. The concept of multiple period s-p 
hybridization and the proposed model can be useful for analyzing and 
developing novel photonic crystal waveguides and devices. 
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1. Introduction 

Photonic crystal waveguides have inherent advantages in photonic integrated circuits (e.g., 
photonic band gap (PBG) confinement of optical wave, small group velocity and group 
velocity dispersions different from those of the conventional waveguides) and have been 
researched actively using various concepts for novel applications. Practical slab waveguide 
structures were reported analyzing the height confinement effect of the slab structure [1, 2]. In 
addition, a coupled-resonator optical waveguide (CROW), which uses the peculiar weak-
coupling characteristics of photonic crystal resonators, was proposed, facilitating a great many 
applications [3-6]. For certain types of photonic crystal waveguides, it was found that multiple 
waveguide defect bands can occur with multi-mode characteristics, large group velocity 
dispersion and zero-group velocity inside the first Brillouin zone [7, 8]. Many research studies 
have been performed for analyzing and exploiting their defect band characteristics, such as 
controlling the guided mode frequencies and dispersion characteristics for device applications 
[8-10]. However, we note that although some physical interpretation was made of such 
structures [6, 7, 10], theoretical modeling providing physical insights to the photonic 
interactions for the corresponding defect band dispersions has not been well established. 

We found that similar multi-mode/multi-band defect bands occur in the nano-strip 
embedded photonic crystal (NEPC), where a nano-strip causes one-dimensional defect inside 
a dielectric rod photonic crystal. In this paper, we attempt to show and model such phenomena 
as photonic correspondence of the atomic orbital hybridization over multiple periods in solid-
state physics. Similar to the general wave propagation within periodic structures and electron 
propagation in the solid-crystals [11, 12], the NEPC defect bands become a photonic version 
of multiple period s-p state hybridization. In the NEPC, photonic s- and p-state cavity modes 
are interacting with each other over the multiple periods in the propagation direction. This 
interaction can be described by the tight-binding method with multiples of resonating modes 
[3, 5, 13-15]. Actually, it was reported that in photonic crystal, any finite number of cavity 
modes could interact with one another under the tight-binding method description [15]. It was 
also predicted that in certain cases cavity mode interactions up to the second-nearest 
neighbors might occur. 

What we show in this paper is the existence and tight-binding method description of such 
phenomena realized in NEPC as multiple period s-p hybridization. The s-p hybridization 
occurs between laterally even modes versus the propagation direction (i.e., nano-strip 
direction), which should be distinguished from the even and odd mode interaction as in [5] 
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and [7]. This hybridization and its tight-binding approach description can be useful for design 
and analysis of novel waveguide and photonic device development. We note that similar 
phenomena in photonic crystals have been found, such as in the cases of the metallodielectric 
photonic crystals [16] and also for the defect chains in the three-dimensional photonic crystal 
[17]. In the electronic solid-state case, similar multiple period interactions of atomic orbital 
can also be found [18, 19]. Similar to our NEPC structure, dielectric waveguide embedding in 
photonic crystal has previously been proposed [20]. However, in [20], the authors aimed at 
obtaining single-mode bands with large bandwidth by embedding relatively large dielectric 
waveguide compared to our NEPC nano-strip. In this case, we note that the hybridization of 
cavity modes does not occur, since well-localized cavity modes are not well defined. This is 
manifested in the resulting defect band dispersions, whereas in [20], the dispersion is low and, 
on the contrary, in our case it was quite large. In the following analysis, to simplify the 
problem we consider the NEPC as a two-dimensional structure. However, for a three-
dimensional slab-structure, similar generalization may be possible, including vertical 
symmetry mode effect and light line slab guiding limitations [21].  

2. NEPC: effective defect cavity array with s and p cavity modes 

Figure 1 shows the NEPC’s structure (Fig. 1(a)) and its band dispersion characteristics (Fig. 
1(b), i.e., its projected band diagram). The NEPC is obtained by embedding a nano-strip 
within a dielectric-rod/air-background photonic crystal, shown as a horizontal red line in Fig. 
1(a). By embedding this nano-strip, a high index defect waveguide is made, causing two 
defect bands to come down from the upper air band, as seen in Fig. 1(b). For the following 
analysis, GaAs with a refractive index of 3.4 was assumed for the dielectric material of the 
photonic crystal rod and nano-strip. Rod diameter and nano-strip width were 0.4a and 0.1a, 
respectively, where a is the period of the photonic crystal structure. The band diagram was 
obtained using plane wave expansion (PWE) calculation with 8 by 1 (x by z direction) 
supercell method [22]. In the calculation, electromagnetic variational theorem [23] was used 
with iterative minimization techniques. The band diagram of Fig. 1(b) is for the case of TM 
polarization, in which only y-directional electric field exists. Within the PBG, the two defect 
bands become waveguide bands with multi-mode characteristics for certain frequencies and 
zero group velocity away from the Brillouin zone edge (i.e., near normalized frequency 0.34). 
However, for the upper defect band (blue line in Fig. 1(b)), the low wave vector part goes into 
the upper air band so that large loss occurs due to interactions with the air band extended 
modes. Although this is an artificial structure to analyze and interpret the hybridization, actual 
realization of the hybridized band structure may use some lower index background even with 
three-dimensional slab structure [2]. Figure 1(c) shows a conceptual interpretation of the 
NEPC as an effective defect cavity one-dimensional array with period a. This interpretation 
forms the basis of the theoretical modeling in the following section.  

  

   

  
  
  
  
  
  
  
   
  

Fig. 1. Two-dimensional NEPC: (a) dielectric rod photonic crystal with nano-strip embedding, 
(b) projected band diagram, red and blue lines: NEPC defect bands, (c) conceptual 
interpretation of NEPC: one-dimensional defect cavity array. 
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Fig. 2. Effective defect cavity of NEPC: (a) elementary effective defect cavity, (b) s-state 
cavity mode field distribution, (c) p-state cavity mode field distribution. 

  

The characteristics of the NEPC effective defect cavity are shown in Fig. 2. A portion of 
the nano-strip interacting with two adjacent dielectric rods forms an effective defect cavity 
within each period along the nano-strip direction. In Fig. 2(a), one elementary effective defect 
cavity is shown to be made by embedding a nano-strip with length a. The NEPC structure of 
Fig. 1(a) is considered to be composed of elementary defect nano-strips, like Fig. 2(a), 
forming an effective cavity array, as seen in Fig. 1(c). By using the PWE calculation with 8 by 
10 (x by z) supercell method for the defect cavity of Fig. 2(a), we could find that there are two 
cavity modes with field distribution, as plotted in Figs. 2(b) and 2(c). With respect to the one-
dimensional periodicity along the defect cavity array direction, we can see that each mode 
corresponds to the s-state (Fig. 2(b), normalized resonant frequency 0.354) and p-state (Fig. 
2(c), normalized resonant frequency 0.385) similar to the atomic crystal orbital states [2]. We 
note that field confinement along the nano-strip direction mainly originated from the PBG 
reflection effect rather than from the Fresnel reflection at the nano-strip defect ends. Since 
nano-strip width is much smaller than the resonating optical wavelength (i.e., about 30 times 
smaller), the nano-strip can only support fundamental guiding mode [24]. For this guiding 
mode, most field energy should distribute outside the nano-strip as an evanescent field. This 
field distribution can also be observed in the PWE calculation of Fig. 2(b) and 2(c). This 
means that in the NEPC structure, a wave propagating along the nano-strip feels the PBG 
mirror at every period and bounces back and forth within each period along the nano-strip 
direction. This supports our assumption of the effective defect cavity array to be appropriate.  

3. Tight-binding model: multiple period s-p hybridization 

For the description of the defect cavity array, we use a tight-binding method with multiple 
cavity modes. We follow the general approach described in [4] and [5] for the hybridization in 
NEPC and explain the physical characteristics from the model. According to the tight-binding 
approximation, when the coupling between the adjacent cavity modes is sufficiently weak to 
maintain each cavity resonance at each lattice site but, induces corrections to the isolated 
cavities, we can take the defect band of the coupled-cavity array as linear combination of the 
cavity modes. Specifically, 
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Here a is the period along the cavity array direction, Al and 

l
EΩ

�

are relative amplitude for each 

elementary cavity mode, l, and its resonating mode profile (i.e., s and p modes), and n is an 
integer for multiple period interaction. Since the cavity array is periodic along its direction, 
the defect band mode also becomes Bloch wave, where we can consider only the first 

Brillouin zone of the wave vector k (i.e., -π /a≤ k≤ π /a) in characterizing its band dispersion.  

Then, ( )trEk ,
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 satisfies the Maxwell equations, as 

  

( ) k
k

k E
c

rE
�

�

���

2

2ωε=×∇×∇        (2) 

  
where ( )r

�ε  is the dielectric constant of the NEPC system and ωk is the waveguide mode 

eigenfrequency.  In the same way, 
l
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 satisfies Eq. (2), where ( )r
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effective defect cavity dielectric profile, and ωk is replaced with Ωl, the resonance frequency 
of the effective cavity. We take orthonormal condition to the cavity modes as  
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We note that due to the symmetry of the p-state cavity mode along the defect cavity array 
direction (i.e., z-direction), the symmetry relations of the parameters of Eq. (5a) and (5b) 
become n
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where, m and l denote different cavity mode states, respectively. Equation (6) can have 
nontrivial solution when its determinant becomes zero, which gives amplitude ratio between 
As and Ap, and the band dispersion relations.  

From this condition, we know that the two resulting defect bands of the coupled defect 
cavity array have some interesting characteristics, such that at the Brillouin edge and zero 
wave vector, only one cavity mode vibrates and, in the intermediate wave vector region, the 
two cavity modes vibrate with 90-degree relative phase difference. We note that for the 
multiple period interaction, we can also define a coupling factor n

lm,κ  like  

  

( ) ( )[ ] ( ) ( )∫ −⋅−−−=

−=

ΩΩ zzzo

n
lm

n
lm

n
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to estimate the weak coupling between cavity modes, which are multiple period distant from 
each other. 

4. Numerical analysis : tight-binding model and PWE analysis 

Figure 3 shows comparison of the NEPC band dispersion calculation between the PWE 
method (numerically stable [15]) and the proposed tight-binding model for the multiple period 
s-p hybridization. We can see that by increasing the interaction lengths from just the nearest 
neighbors (Fig. 3(a)) to the fourth-nearest neighbors (Fig. 3(c)), the proposed model correctly 
converges to the PWE results. This means that the defect bands of the NEPC comes from the 
s- and p-state cavity mode interactions over up to the fourth-nearest neighbors. For the upper 
defect band (blue in Fig. 3(c)) with low wave vector, there occurs large deviation of the 
proposed model from the PWE calculation. This is due to the coupling between the upper s-p 
hybridized band mode and the extended band modes of the air band (Fig. 1(b)), where the 
two-cavity modes assumption of the proposed model is not satisfied. Figure 4 is a contour 
map of the mode profiles of the two defect bands. Mode profiles in 8 by 1 (x by z) unit area 
are obtained using the proposed tight-binding model as well as the PWE calculation. We can 
see the results of the two methods to be agreeing well with each other, although in the vicinity 
of the air band, the upper defect band mode does not match the PWE result (i.e., Fig. 4(a) and 
(b) upper contours). In Fig. 5, the relative amplitudes of the two cavity modes in each defect 

band are plotted. These amplitudes were normalized as 1
22 =+ ps AA . We can see that at 

the Brillouin zone edges and the zero wave vector, only one cavity mode vibrates and the 
amplitude is monotonically decreasing or increasing in the intermediate wave vector regions. 
This hybridization of the s- and p-state modes originates from the relationship of the 
coefficients n

lm,α ’s and n
lm,β ’s, and cavity resonance frequencies Ωl’s. From Eq. (6), we can 

see that at the zero wave vector and at the Brillouin zone edge, only one cavity mode vibrates 
for each band. Generally, when the coefficients and cavity resonance frequency relationship 
induces relative frequency change for the two vibrating cavity modes at these two wave 
vectors, the s- and p-state hybridization occurs over the Brillouin zone wave vectors. We also 
note that at the Brillouin zone edge, the two bands can support two lasing modes if we 
consider fabricating distributed feedback (DFB) laser. The p-state mode for the lower 
frequency and the s-state mode for the higher frequency of the NEPC case (i.e., Fig. 4(d)), 
correspond to the lasing modes of the uniform corrugated DFB laser [25]. Actually, 
fabrication of the photonic crystal DFB laser with optical pumping was recently reported 
using similar band structures [26]. In this laser scheme, multi-quantum well structure was 
introduced into the photonic crystal slab waveguide. In photonic crystal DFB lasers, like in 
[26], we can expect that the overlap area of each mode profile relative to the active region will 
affect the optical gain of each mode.  
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Fig. 3. Multiple period s-p hybridization in NEPC: solid lines; PWE results, circles; tight-
binding model results for (a) nearest neighbor interaction only, (b) up to third-nearest neighbor 
interactions, (c) up to fourth-nearest neighbor interactions. 

        
  
  
  

  
  
Figure 6 shows convergence of the proposed tight-binding method (red, up to fourth 

nearest neighbor interactions) to the PWE calculation (blue line) for the lower defect band. 
The red dashed line in Fig. 6 is for the case in which the effective defect cavity is only a 
length, a, of the nano-strip, as in Fig. 2(a). Note that there are some deviations from the PWE 
calculation (blue line in Fig. 6). However, when we increase the nano-strip length of the 
effective defect cavity to 1.2a (red crosses) and then increase the refractive index of the strip 
to 3.9 (red circles), we can see that the tight-binding approach converges more well to the 
PWE calculation result. It means that for the optical field confinement along the propagation 
direction (i.e., z direction in Fig. 2(a)) in each cavity, the nano-strip waveguiding effect needs 
to be considered, to some extent, differently from the simple cavity model of Fig. 2(a), based 
on just the PBG reflection effect. However, with some clever cavity structures or theoretical 
method development for the real effective cavity, we are expecting that practical application 
of the multiple period s-p hybridization might be possible. In relation to the weak coupling 
condition of the tight-binding method, we note that the coupling factors (i.e., n

lm,κ  in Eq. (7)) 

for the effective cavity model of red circles in Fig. 6, are of the order 10-2 or less for all the 
multiple period interactions. For this cavity model, Fig. 7 shows comparison of the guiding 
mode profiles (for 8 by 1 (x by z) unit area) between the tight-binding model and PWE 
calculation. We can see that the proposed model’s results agree very well with the PWE field 
results. 

Fig. 5. Relative amplitudes of the s-state (solid line) 
and p-state (dashed line) cavity modes for (a) lower 
defect band, (b) upper defect band. 
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Fig. 4. Mode profiles for (a) k = 0 (amplitude), (b) k = 0.25 
(intensity), (c) k = 0.4 (intensity), (d) k = 0.5 (amplitude), 
left side; tight-binding model, right side; PWE analysis, 
upper side; upper band mode, lower side; lower band mode. 
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Fig. 6. Effective cavity fitting for tight-binding model convergence to the PWE method: blue 
line; PWE method, red dashed line; tight-binding method (nano-strip with length of a), red 
crosses; tight-binding method (nano-strip with increased length of 1.2a), red circles; tight-
binding method (nano-strip with increased length of 1.2a and increased refractive index of 3.9). 

  

 
  

Fig. 7. Mode field profile comparison for (a) k = 0 (amplitude), (b) k = 0.32 (intensity), (c) k = 
0.5 (amplitude), left side; tight-binding model, right side; the PWE method. 

  

5. Conclusion 

This paper has found and shown the existence of the multiple period s-p hybridization in the 
case of photonic crystal. This phenomenon is possible in NEPC structure, where the 
embedded nano-strip forms an effective defect cavity array along its direction. Using the tight-
binding method, we could analyze and describe the characteristics of the hybridized bands that 
agree well with the PWE calculations. We note that the proposed multiple period 
hybridization is a novel concept in photonic crystal one-dimensional defects, which is 
distinguished from other defects like CROW (i.e., nearest neighbor interaction) and 
conventional waveguides (i.e., long range interaction). Although the phenomena were 
considered only in NEPC structure, by developing some clever structures or theoretical 
methods for design (e.g., effective cavity defining method), various applications will be 
possible from waveguides to photonic devices. 
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