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2023/10/01 ～   2024/03/31 （6 months）  

 
◆  Summary of the research outcome （ approx .  2 ,500  words）  
Please write down the outcomes in detail regarding the research theme above. 
   With the development of information and telecommunication technology, the technique 
of manipulating and guiding l ight becomes tremendously attractive. Photonic crystals 
(PhCs), which is the optical analog of conventional crystals, is the potential structure for 
this technique. There are many interesting phenomena of PhCs which can be applied for 
devices such as integrated optical circuit and optical switches. However, the energy-loss 
due to fabrication and intrinsic properties restrict the further development of photonic 
devices. To deal with this problem, the concept of “topology”, which originates from 
mathematics, was applied to photonic systems. This concept can help distinguish geometry 
latt ices by some invariant quantit ies during continuous deformation. Topological photonics 
can be understood as the cross field between PhCs and topological physics which help 
discover the novel phenomena of optical effects. 
 
   The purposes of our research is to theoretically design and find out new topological 
characteristics of PhC systems by using numerical calculations. Designing a topological 
PhC usually requires breaking the discrete particle symmetry of the crystals, such as 
time-reversal symmetry, which is not easy to achieve. Another way is to mimic the existing 
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structure of conventional electronic crystals such as graphene, diamond cubic latt ice, …  
 
   Following the successful application of graphene and other nanoelectronics materials, 
the searching for new carbon materials becomes essentials. Recently, Fan, et al, has 
successfully synthesized the Biphenylene network (BPN). Then, A. Bafekry et al. has 
performed the detailed of density functional theory-based first-principles calculations to 
deeply study the electronic and optical properties of this material. Inspired from the init ial 
studies of the BPN, we have studied the electronic and topological properties of the BPN 
by using tight binding model [1]. We also demonstrate that the topological phase transit ion 
occurs when tuning the inter- and intracellular electron hoppings. The topological edge 
states are induced by the non-zero Zak phase as shown in Fig. 1(b). Furthermore, we 
demonstrate that the exact number of edge states aligns with the number of Wannier 
orbital at the edge boundary. The similar argument can be used to i lustrate the existence of 
topological corner states in the system (Fig. 1(c) and (d)) where uncoupled Wannier 
orbitals are located at the corners. 

 

Fig. 1. (a)  The la t t ice  s t ructure o f  the BPN. The shaded reg ion is  the un i t  ce l l ,  conta in ing s ix  equiva lent  
sub la t t ices o f  carbon atoms (A to  F) .  𝒂! = (𝑎, 0) and 𝒂" = (0, 𝑎#) a re  two pr imi t ive  vectors .  The in t race l lu lar  
( in terce l lu lar )  hopping denoted by red (b lack)  l ines.  (b)  Z igzag nanor ibbon edge s ta tes for  d i f ferent  ra t io  o f  
𝛾$/𝛾.  The emergence of  topo log ica l  edge s ta tes is  cons is tent  w i th  the Zak phase ca lcu la t ion.  (c )  Energy 
d ispers ion for  the BPN nanof lake,  which shows the iso la ted corner  s ta tes in  the band gap.  (d)  Wavefunct ions 
o f  the topo log ica l  corner  s ta tes.  

   Although it is very hard to tune the electron hoppings energies in the actual BPN 
materials, we can design a system having the topological properties of the BPN based on 
photonic crystals (PhCs). In our work, we also introduce a photonic crystal (PhC) structure 
following the BPN structure, so-called the BPN PhC [2] as shown in Fig. 2(a). We use both 
finite element and finite difference methods to study. This BPN PhC shows a complete 
band gap when 𝑑 = 1.3𝑎!/3		and 𝑟" = 0.2𝑑. By examining different ribbon structures, we 
obtained the topological edge states, which is localized at the zigzag and chiral edges. 
These edge states are induced by the non-zero Zak phase in the corresponding directions. 
In Fig. 2(b), the upper panel is the schematic of a ribbon with chiral edges, the middle 
panel present the Zak phase for the first three bands, the lower panel is the frequency 
dispersion of the ribbon structure. The topological edge states are observed in the 
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complete band gap (blue l ine), which is consistent with the Zak phase calculation. 

 
Fig.  2 .  (a)  The le f t  panel  is  the schemat ic  o f  the BPN PhC. The red rectang le  ind icates the pr imi t ive  un i t  ce l l ,  
wh ich conta in  s ix  equ iva lent  d ie lec t r ic  rods,  co lored by cyan.  The rad ius o f  each rod is  𝑟%,  the d is tance 
between each rod and the center  o f  the un i t  ce l l  is  d ,  ) .  𝒂! = (𝑎, 0) and 𝒂" = (0, 𝑎#) a re  two pr imi t ive  vectors .  
The r ight  panel  is  the photon ic  band s t ructure for  𝑑 = 1.3𝑎#/3,  𝑟% = 0.2𝑑.  (b)  A schemat ic  o f  a  r ibbon wi th  ch i ra l  
edges (upper  panel ) ,  the corresponding Zak phase (midd le  panel )  and the f requency d ispers ion ( lower  panel )  
o f  the r ibbon.  The b lue l ine ind icates the topo log ica l  edge s ta tes.  (c )  A BPN corner  s t ructure,  which conta ins 
ch i ra l  edges,  the f requency d ispers ion o f  the corner  s t ructure ,  which shows the iso la ted corner  s ta tes marked 
by red dots  in  the complete  band gap.  The f ie ld  d is t r ibut ion for  the corner  s ta tes.  

  Similar to the studies of the BPN, here we also examine a flake structure, which contains 
chiral edges and four corners as shown in Fig. 2(c). The frequency dispersion show four 
isolated states in the band gap, labeled by re dots. These states are topological corner 
states, where the electromagnetic (EM) waves are localized at the corner and 
exponential ly decay. Compared with the graphene-like PhC, the topological states in 
BPN-like PhC can be found without breaking the symmetry of the crystals. Our results 
suggest a possible way to design in-gap topological waveguide and topological 
confinement of EM waves. 
 
   We studied the electronic and photonic BPN parallel ly. The results of our work on the 
BPN and its photonic counterpart are quite consistent and play an important role in the 
studies of both the BPN and the BPN PhC. 
 
   Beside the studies of the 2D systems, we also extend pur study to 3D PhC systems. 3D 
systems can provide various topological phenomena, as the third dimension expands the 
opportunit ies for the structural design of PhC or metamaterials. The topological states in 
3D systems have been mainly studied in acoustic systems, there are so few report on the 
PhC with complete band gap. In our work, we numerically and theoretically study the 
topological properties of 3D simple cubic PhC [3] as shown in Fig. 3(a). This PhC structure 
show a complete band gap. We focus on examining the topological properties of the 
systems in this band gap. At the beginning, we report a numerical method for calculating 
the Zak phase of 3D PhC. The topological interface states are observed in the interface 
structure due to the finite different in the Zak phase between two types of unit cell. Owing 
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to the inversion symmetry protection, the topological hinge states are found when the red 
unit cells are embedded inside the blue unit cells. Our research finding can be applied to 
the 3D control of microwave  propagation for communication and is an important step 
towards the realization of robust 3D photonic circuits for infrared l ight. 

 
Fig.  3 .  (a)  A schemat ic  o f  two types of  un i t  ce l ls  in  s imple cub ic  la t t ice  and the i r  photon ic  band s t ructure,  
which show a complete  band gap.  (b)  The in ter face s t ructure between two types of  un i t  ce l l  (upper  panel ) .  The 
f requency d ispers ion is  shown in  the lower  panel .  In  the complete  band gap,  two topo log ica l  in ter face s ta tes 
are numer ica l ly  observed,  where the EM wave is  h igh ly  loca l ized at  the in ter face.  (c)  The superce l l  where the 
red un i t  ce l ls  are  embedded at  the center  and surrounded by the b lue un i t  ce l ls .  Th is  superce l l  conta ins 4  
equiva lent  h inges.  The bu lk- in ter face-h inge correspondence is  shown in  the le f t  panel ,  where bu lk ,  in ter face 
and h ingh s ta tes are co lored in  gray,  b lue and red.   

   In conclusion, in the last 6 months, we mainly focus on studying the topological 
properties of photonic crystals. Since the inversion symmetry is preserved in our systems, 
we use the Zak phase as a topological invariant to distinguish topological properties. In the 
next period, we may extend the studies to the systems without inversion symmetry or in the 
non-Hermitian systems. 
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Deadline：Within two months after f inishing the research period. 
Sabbatical leave with grant: Submit this report to President with confirmation by the dean of  

school you belong to. 
※Postdoctoral fel low is required to submit this report with confirmation by the dean of graduate 

school before the end of employment period.  
Where to submit：Organization for Research and Development and Outreach (NUC) 
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◆We put this report on the web of KGU. If there is any problem about i t  because of diff icult ies on 
your research, please let us know. 


