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2024/04/01 ～ 2025/03/31 （12 months）  

 
◆  Summary of the research outcome （ approx .  2 ,500  words）  
Please write down the outcomes in detail regarding the research theme above. 
   Photonic crystals (PhCs), which are the optical analog of the conventional crystals, are 
attracting more and more attention by reason of their possible applications in 
telecommunication technology and devices. These photonic materials help controll ing the 
flow of l ight or electromagnetic (EM) wave. Photons in PhCs can also expose some 
interesting effects, which are in analogy with electrons in crystals. Although PhCs are very 
potential materials, the energy-loss due to fabrication and intrinsic properties l imit the 
further development of photonic devices. To overcome this problem, the cross field of 
“topology”, which is originated from mathematics, and PhCs come into play. This concept is 
used to distinguish the geometry latt ice by some invariant quantit ies during continuous 
deformation. The recent studies on topological waveguide states based on PhCs have 
proven the very low energy-loss properties compared to the normal waveguide, which 
stimulate the research of topological properties of PhCs. 
    
   The purpose of our researches is to theoretically design new PhC structures and find 
out their topological characteristics by numerical calculations. We also try to optimize the 
existent photonic structures to make them suitable for each purpose. Along with the study 
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of reducing energy-loss in photonic structures, we wil l  also study the topological properties 
in non-Hermitian photonic systems. 
 

 

Figure 1 :  (a)  Photon ic  band s t ructure o f  the woodpi le  photon ic  crys ta l  (ca lcu la ted f rom pr imi t ive  un i t  ce l l ) .  

The insets  show a schemat ic  o f  a  pr imi t ive woodpi le  un i t  ce l l  and the  corresponding f i rs t  Br i l lou in  zone.  Th is  

s t ructure  shows a re la t ive ly  la rge band gap.  (b)  Photon ic  d ispers ion for  the in ter face s t ructure .  The red l ines 

denotes in ter face s ta tes,  which are in  the band gap and iso la ted f rom others .  A f ie ld  pro f i le  o f  an in ter face 

s ta tes labe led by green arrow is  shown on the r ight .  (c )  and (d)  Wi lson loop on 𝑘!𝑘" p lane for  before-  and 

af ter -sh i f t ing pr imi t ive  un i t  ce l ls ,  respect ive ly .  The b lack bo ld  ha l f - in tegers  ind icate  wind ing number  o f  the 

Wi lson loop on each par t .  (e)Schemat ic  o f  a  superce l l  conta in ing 4  h inges and i ts  photon ic  d ispers ion.  The 

iso la ted h inge s ta tes ( red l ines)  are found at  the band gap between in ter face s ta tes.  A f ie ld  prof i le  o f  a  h inge 

s ta te  is  shown on the r ight  s ide.  

   Following our previous study about microwave hinge states in a 3D simple cubic 
photonic crystal [1], we have extended our study to the system with reduced symmetry, 
named woodpile photonic crystal. This structure is derived from the diamond cubic latt ice. 
Its photonic band structure shows a relatively large photonic band gap. To create the 
difference in topological properties, we introduce the shift ing structure, where the origin of 
the original unit cell is shifted by (¼, ¼, ½) of a latt ice constant. The topological interface 
states emerge at the interface between 2 types of structure are numerically obtained in the 
complete band gap. A numerical method is introduced to calculate the Wilson loop for 
woodpile structure. The interface states are topologically protected by the finite difference 
in the winding number of the Wilson loop. We also examine the hinge states for this 
woodpile structure and found that the emergence of the hinge states is due to the sign fl ip 
of the partial Chern number difference and follows a selection rule. 
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   Most recent studies of topology in three-dimensional structures focus on systems with 
high symmetry (preserving both inversion and time-reversal symmetry), where topological 
properties can be definit ively predicted from wavefunctions. However, studies of less 
symmetric 3D systems often describe topological properties in ambiguous terms. Our work 
offers a robust method for precisely determining topological invariants through 
calculations, rather than relying on wavefunction-based predictions. We also note that 
while higher-order topological states have been extensively studied in sonic crystals, 
research in photonic crystals (PhCs) remains l imited. Moreover, our proposed woodpile 
structure demonstrates the emergence of topological states within a complete band gap, 
isolated from other states. This design facil i tates the confinement of topological states to 
interfaces or hinges, signif icantly minimizing energy loss compared to our previously 
studied simple cubic structure. 
 
   Beside the study of 3D woodpile photonic crystal, we also parallel ly study the 
topological properties of 2D non-Hermitian photonic crystal. 

 

Figure 2 :  (a)  A schemat ic  o f  a  un i t  ce l l  o f  one un i t  ce l l  o f  a  2D non-Hermi t ian photon ic  crys ta l .  The re la t ive 

suscept ib i l i ty  o f  d ie lect r ic  mater ia l  (b lue)  is  an asymmetr ic  tensor .  (b)  Photon ic  band s t ructure  o f  2D 

non-Hermi t ian photon ic  crys ta l  in  (a) ,  where the f i rs t  band is  iso la ted f rom other  bands.  (c )  Complex 

e igenfrequenc ies o f  bu lk  (b lack)  and semi- f in i te  s t ructure  ( red)  in  the same complex p lane.  The inset  shows a 

s ta te ,  where EM wave is  conf ined to  the edge.  (d)  Complex e igenfrequenc ies o f  semi- f in i te  s t r ipe (grey)  and 

f in i te  s t ruc ture ( red)  in  the same complex p lane.  The inset  shows a corner  s ta te  labe led by the green t r iang le .  

   In this study, we theoretically design a 2D non-Hermitian photonic crystal in broken of 
both inversion and mirror symmetries. Relative permitt ivity of the dielectric material is an 
asymmetric tensor. Therefore, this photonic crystal is nonreciprocal. Photonic dispersion 
of this structure shows a complete band gap between the first and the second bands. Due 
to the nonreciprocity, when either 𝑘! or 𝑘" is f ixed, these complex eigenfrequencies form 
closed loop in complex plane. A semi-infinite structure, which is periodic along y-direction 
and finite in x-direction, is also examined. The eigenfrequencies for this structure inside 
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the closed loop when plott ing in the same complex plane. These states exhibit skin effect, 
where electromagnetic waves are confined at one edge of the structure as shown in Fig. 
2(c). Similarly, the eigenfrequencies of semi-infinite structure also form closed loop in 
complex plane. The second order skin effect, where electromagnetic waves are confined to 
the corner of f inite structure, are also numerically observed as shown in Fig. 2(d). A 
winding number of each point on complex plane is determined based on whether its 
posit ion l ies inside or outside the closed loop. Eigenfrequencies of states exhibit skin 
effects are inside the loop. These skin modes are topologically protected by non-zero 
winding number. This study suggest a way to f ine electromagnetic waves in non-Hermitian 
photonic crystals. 
 
   For the future perspectives, we wil l  study the topological phase transit ion in 
non-Hermitian photonic systems, examine the propagation/localization of topological 
modes in non-Hermitian systems. We expect that our studies wil l  impact not only photonic 
systema, but also other f ields of study such as topological insulators, semiconductors and 
quantum phase transit ion in general. 
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