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Abstract. This review examines how periodic modulation converts the confined waves of hyperbolic media 
into collective bands, localized states, and accessible optical responses. Artificial multilayers and patterned 
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termination. The analysis connects these mechanisms to measured band shifts, emitter lifetimes, absorption, 
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Experiments establish several propagation and localization functions, while theoretical studies extend the 
design space to nonlinear conversion, gain, nodal bands, and thermal transport. Comparing these levels of 
evidence reveals a recurring design trade-off: field concentration strengthens local interaction, while 
dissipation and coupling determine the energy available to a useful output. This framework relates multiscale 
dispersion design to experimental observables and identifies priorities for finite structures, tunability, and 
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1. Physical concept and scope of photonic hypercrystals 
The appeal of a photonic hypercrystal begins with a question of scale: how can a structure 
much smaller than the free-space wavelength still produce a Bragg band gap? In an ordinary 
photonic crystal, the lattice acts on waves whose wavelength is comparable to its period [1]. 
A hyperbolic metamaterial (HMM) supplies a different starting point, supporting 
electromagnetic modes with large wave vectors and correspondingly short internal 
wavelengths [2]. Narimanov’s photonic hypercrystal (PHC) construction combines these 
properties through additional periodic modulation of a hyperbolic constituent [3]. The 
extraordinary-wave dispersion of a uniaxial medium makes the underlying scale difference 
explicit: 
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Here nk  and k  are the normal and tangential components of the wave vector, 
respectively. The optical axis n  is normal to the layers of a uniaxial laminate, and   denotes an 
in-plane direction. The dimensionless quantities n  and   are the corresponding principal 
relative permittivities;   is angular frequency, c  is the speed of light in vacuum, and 

0 /k c  is the free-space wavenumber. Eq. (1) describes a local, nonmagnetic medium in the 
lossless limit. Opposite signs of the principal permittivities produce an open isofrequency 
surface and permit components much larger than 0k , referred to here as high-k states. 
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For such a mode, the internal phase varies on a length scale far shorter than the free-space 
wavelength  0 02 / k . A larger modulation can therefore scatter it coherently even while the 
lattice remains subwavelength to an incident beam. This opens a route to organizing strongly 
confined fields into propagating bands and forbidden intervals. At sufficiently large 
momentum, the field resolves individual layers and the local continuum approximation loses 
accuracy. Studies of nonlocality, dipole coupling, and finite HMMs show how constituent 
discreteness and spatial dispersion bound the accessible spectrum; absorption then weights 
each mode's contribution to propagation and energy exchange [4–12]. 

This physical picture suggests a hierarchy of three lengths, 0a D  : the fine 
constituent period a , the PHC superperiod D , and the free-space wavelength. Averaging 
over a  gives the effective hyperbolic response, while retaining D  allows the internal waves 
to exchange reciprocal-lattice momentum. In a one-dimensional lattice, this exchange occurs 
in multiples of 2 /G D ; transverse and higher-dimensional patterns extend it to 
reciprocal-lattice vectors. Recent work on transverse hypercrystals and patterned polariton 
media shows how the same idea can be implemented through an in-plane lattice [13-15]. 

PHC development has followed two complementary material routes. Self-assembled 
composites and patterned metal/dielectric multilayers provided early demonstrations of 
reconfiguration, emission control, and angular band engineering [16–19]; semiconductor 
HMM experiments established the constituent negative-refraction response that related 
designs rely on [20]. In the second route, natural van der Waals materials intrinsically supply 
hyperbolic phonon polaritons. Patterning hexagonal boron nitride (hBN), α-molybdenum 
trioxide (α-MoO3), or their surroundings introduces a lattice that couples these confined 
waves [13–15, 21–29]. 

These platforms are connected by the coherent reorganization of a high-k spectrum by a 
second spatial scale. In classical PHCs, both scales arise from artificial structuring; in natural 
polariton crystals, the material supplies the confined wave, and the fabricated pattern 
supplies the lattice. Their different origins matter when choosing a fabrication route or 
spectral range, yet they lead to a shared question: how does the modulation change 
propagation, localization, and optical access? Table 1 organizes the platforms around this 
question and places homogeneous HMMs and patterned anisotropic comparators alongside 
them as sources of constituent and interface physics. 
Table 1. Materials and modulation routes discussed in this review. 

Family High-k medium Modulation Characteristic 
response 

Classical PHC Artificial HMM Larger layered or in-
plane period 

Bloch bands, gaps, and 
phase compensation 

Transverse 
PHC 

Hyperbolic polariton 
waveguide 

In-plane lattice Folded polariton 
bands and multimode 
coupling 

Hyperbolic 
polaritonic 
crystal 

Natural hyperbolic 
material 

Holes or patterned 
substrate 

Bloch propagation, 
resonances, and mode 
selection 

Patterned 
anisotropic 
comparator 

Anisotropic or 
hyperbolic medium 

Geometry selected for 
a particular resonance 

Constituent, interface, 
or scattering response 
used for comparison 
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Existing reviews establish the material and modal foundations for this comparison. 
Poddubny and colleagues survey the electrodynamics and applications of hyperbolic 
metamaterials [2], while Caldwell and colleagues examine hBN photonics [24]. Hu and 
colleagues organize hyperbolic polariton transport across dimensionalities and include 
patterned polaritonic crystals among the emerging functions [23]. The present review 
follows the progression from constituent response through periodic coupling to finite 
boundaries across both artificial and natural platforms. Comparing these stages makes it 
possible to identify which measured changes arise from the hyperbolic medium, which 
require its modulation, and how excitation, dissipation, and extraction determine the 
resulting optical function. 

The two geometries in Fig. 1 make the origin of the confined wave and its periodic 
modulation explicit. In the artificial laminate, the fine layers create the constituent response; 
in the patterned polariton medium, that response is intrinsic. Both geometries require the 
larger lattice to be retained when calculating collective propagation. Table 2 relates each 
structural scale to its electrodynamic description, including the boundary problem that 
selects localized modes. 

 
Fig. 1. Original schematic of two routes to a high-k periodic medium. (a) An artificial laminate of period 
a forms the hyperbolic constituent; a spacer defines the superperiod D. (b) An intrinsic polariton 
medium receives an in-plane pattern of period D. The modulation couples internal wave vectors 
through reciprocal-lattice momentum. Colors and dimensions are schematic; n  is normal to the 
artificial layers. The cited studies describe these physical constructions [3, 13, 15]. 

The aim is to relate this hierarchy of scales to evidence that can guide optical design. 
The discussion first establishes when constituent averaging and explicit Bloch coupling are 
appropriate, then compares the resulting bands, localized states, and control mechanisms. 

Table 2. Structural scales and their electrodynamic descriptions. 

Scale Physical role Description Examples 

Constituent 
period a  

Anisotropy and 
high-k propagation 

Effective tensor at small internal 
phase; resolved layers or nonlocal 
response at large momentum 

[4-12,  
30-32] 

Superperiod 
D  

Coherent mode 
coupling, gaps, and 
angular phase 
control 

Bloch or full-wave model retaining 
the lattice; classically 0a D   

[3, 30,  
33, 34] 

Termination/ 
defect 

Localization, 
hybridization, and 
radiation 

Finite-stack scattering, surface 
impedance, and boundary matching 

[35-45] 
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Emission, absorption, and near-field measurements provide the experimental basis for 
assessing these mechanisms; nonlinear, active, thermal, and inverse-design studies extend 
the comparison to proposed functions. Throughout, the relevant question is how a calculated 
mode becomes a measurable response in a finite structure. This connects the review's scope 
to the choice of model, platform, and experimental control. 

2. Effective media and resolved multiscale electrodynamics 
The first modeling step is to identify the waves supplied by the constituent. In a classical 
PHC, this constituent often consists of finely stratified metal/dielectric or 
semiconductor/dielectric layers. Their contrasting responses allow the electric field parallel 
to the layers and the field normal to them to experience different averages. For local scalar 
permittivities 1  and 2  in a nonmagnetic laminate, the quasistatic arithmetic and harmonic 
averages give 
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Here, f is the volume fraction of constituent 1 and 1-f that of constituent 2; 1  and 2  

are their scalar relative permittivities. The arithmetic average   applies parallel to the 

layers and the harmonic average n  normal to them. This quasistatic effective-medium 
theory (EMT) shows how composition can create opposite signs in the effective tensor. Ali 
used this fine-laminate description for PHC propagation [30], while ferrite–semiconductor 
calculations extend the constitutive response to magnetic and gyrotropic media [31]. These 
averages supply the constituent waves; retaining the larger period then determines how 
those waves couple. 

At the supercell scale, the central question becomes how the constituent waves couple 
from one period to the next. For a one-dimensional lattice of period D, the one-period 
transfer operator M(D) advances the tangential-field state through one cell. Its Bloch 
eigenvalues n  determine the normal Bloch wavenumbers nK : 

      det ( ) exp 0, expn nM D I iK DiKD .  (3) 

In Eq. (3), I is the identity matrix of the same dimension as M(D), K denotes a trial Bloch 
wavenumber, and the subscript n enumerates eigenmodes. This mode index is distinct from 
the spatial-axis label in Eq. (1). The imaginary unit is i, and the time dependence is 

 exp i t . Complex Bloch wavenumbers describe absorbing or active media. For a 

polarization-decoupled system represented by a unimodular 2 2  transfer matrix, the 
characteristic equation reduces to 

 1cos( ) Tr ( )
2

KD M D       (4) 

Here K is the Bloch wavenumber for the selected polarization, and Tr is the matrix trace. The 
identity follows from   det 1M D , including complex matrix entries. With a real half-trace in a 

lossless system,   Tr /2 1M D  identifies a pass band, and larger magnitudes identify a stop 
band. Absorption or gain gives complex K, whose real and imaginary parts describe phase 
accumulation and attenuation or amplification. Coupled polarizations require the full operator 
spectrum. In Fig. 2, MD ≡ M(D) denotes the supercell matrix and Ma ≡ M(a) the fine-cell matrix. 
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Fig. 2. Original lossless TM calculations comparing constituent homogenization and superperiod 
coupling at fixed frequency. TM denotes transverse magnetic polarization. (a–d) A bilayer with metal 
relative permittivity εm = –4, dielectric relative permittivity εd = 3, and metal filling fraction 0.5 is 
compared with its local EMT tensor, ετ = –0.5 and εn = 24, for k0a = 0.12 and 0.5. (e–f) An effective HMM 
block of thickness 0.8D is followed by a dielectric spacer with relative permittivity 3 and thickness 
0.2D, with k0D = 0.8. Shading marks momentum gaps where |TrMD / 2|>1, with MD = M(D) as in Eq. (4). 
The upper gap starts at KDD = π. Open circles sample the resolved result with 256 fine bilayers per 
HMM block (k0a = 0.0025); their overlap with the solid curve shows convergence. Ka and KD are 
normal Bloch wavenumbers for periods a and D. First-zone phase representatives satisfy 0 ≤ Re(KL) 
≤ π  and Im(KL) ≥ 0, with  L=a or D; energy-flow direction follows the modal Poynting flux. Parameters 
are illustrative. Calculation code, numerical checks, and literature tables: 
https://doi.org/10.5281/zenodo.23302061. 

Fig. 2 compares constituent averaging with superperiod coupling through an illustrative 
calculation. In panels (a–d), a resolved lossless bilayer approaches the local EMT limit as the 
phase accumulated within each constituent cell becomes small; the constituent-layer phase, 
material contrast, and proximity to resonance jointly determine accuracy. Panels (e–f) add a 
dielectric spacer to the effective hyperbolic block. The homogeneous HMM supports propagation 
across the plotted momentum interval, while the modulated structure develops gaps. Resolving 
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progressively finer layers within each block recovers the effective-block result; open markers 
make this convergence visible. This distinction follows the homogenization analyses [4, 5]: 
averaging provides a constitutive approximation, and retaining the superperiod provides the 
additional Bloch coupling. Ferrite–semiconductor and graphene–hBN studies illustrate these 
complementary modeling choices [31, 32]. 

As the wavelength decreases further, the field samples the constituent cell more directly. 
Studies of nonlocal propagation, emitter coupling, and finite HMMs show how spatial dispersion 
changes the available high-k modes [4-12]. Resolved-layer calculations or a nonlocal constitutive 
model capture these changes. Including absorption gives the distance over which a wave can 
propagate and the resonance linewidth, making it possible to assess how much of the designed 
spectrum remains accessible in a finite sample. 

An experiment introduces another step: an incident field must enter a finite structure, excite 
its modes, and leave through an observable channel. Thickness and termination influence this 
process through leakage and boundary phase, which can also select surface states, Tamm 
resonances, and defect modes. Finite-stack transfer matrices, scattering matrices, and full-wave 
calculations connect the bulk spectrum to reflection, transmission, and the spatial field 
distribution. This connection becomes especially important when a band feature is used to 
concentrate energy in a device. 

Distributed-feedback lasing illustrates why constituent resolution can affect device 
predictions. In the PHC model considered by Janaszek and Szczepański, nonlocal corrections shift 
Bragg wavelengths, polarization behavior, and calculated lasing thresholds [46]. Changes in the 
complex dispersion alter where feedback occurs and how the field overlaps gain, loss, and escape 
channels. The fine structure can therefore influence the energy balance and the spectral position 
of the response. 

The constituent and the superperiod thus play complementary roles: one supplies the 
waves and the other couples them into collective bands. Because coupling changes the phase 
accumulated across each period, the band shape also controls how a spectral feature moves with 
incidence angle. This relationship underlies the angular phase compensation discussed next. 

3. Bulk bands and dispersion geometry 
3.1. Bragg coupling and angular phase compensation 
In a lossless periodic medium, a Bragg gap is an interval in which lattice-coupled waves 
become evanescent. Narimanov showed how this photonic-crystal mechanism can act on the 
short internal wavelengths of a hyperbolic constituent [3]. Anisotropy provides additional 
freedom to shape the resulting bands and their angular dispersion. In layered PHCs, this 
freedom can be used to keep a filter or resonator near its operating wavelength as the 
direction of illumination changes. 

The mechanism can be understood by following the phase through one layered 
supercell. As tangential momentum increases, the longitudinal phases accumulated in its 
dielectric and hyperbolic blocks can change in opposite directions. Choosing block 
thicknesses to balance these changes reduces the total phase's angular variation. At fixed 
frequency, this balance is expressed by 

    
  

0.A B
k k k  

      (5) 
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Here, ΦA  and ΦB  are the longitudinal propagation phases accumulated in the two blocks of 

one supercell, and  Φ Φ ΦA B  is their sum. The derivative is taken at fixed ω with respect to the 

tangential wavenumber k k ; the subscripts A and B identify the blocks. Compensation 

stabilizes the Bragg phase, while impedance contrast and material dispersion continue to shape 
the gap width and polarization dependence. She and colleagues investigate this balance in visible-
range band-gap designs [34], and Wu and colleagues apply it to calculated near-infrared 
transparent bands [47]; ternary designs introduce magnetic response as an additional control 
[48]. The shared mechanism thus supports both reflection and transmission functions, with their 
usable angular ranges set by the complete finite-stack response. 

For a finite resonator, the wave also acquires phase upon reflection at its boundaries. 
Increasing the number of periods strengthens the reflector and changes field penetration, while 
absorption affects the energy that survives each round trip. The operating wavelength, peak 
amplitude, and linewidth can therefore evolve differently with angle even when the bulk 
propagation phase is well compensated [34,45]. This distinction matters when translating an 
angle-stable band into a filter or absorber: spectral stability sets the operating wavelength, and 
coupling and loss determine how strongly it operates there. 

Band shaping also changes the directions in which energy propagates. Huang and 
Narimanov used the curvature of a PHC isofrequency contour to propose a planar Veselago lens 
with a nearly angle-independent negative relative index [49]. Their extended study examined 
single- and double-source imaging together with absorption and layer-thickness variations [50]. 
These two studies develop one theoretical lens concept and connect its band geometry to image 
formation: the transmitted angular spectrum supplies the spatial information, while loss and 
structural errors limit how much of that information reaches the image. 

Constitutive anisotropy controls another aspect of the bulk response: the geometry of an 
isofrequency surface. For the local uniaxial dielectric model of Eq. (1), positive principal 
permittivities give a closed ellipsoid, while opposite signs give an open hyperboloid. Type-I 
hyperbolicity has  0  and  0n ; type II has  0  and  0n . Crossing zero in a tensor 
component can change the connectivity of the allowed wave-vector surface, often described as a 
photonic Lifshitz transition [51]. This classification characterizes the constant-frequency 
spectrum. Berry phases and topological band invariants describe the eigenmodes and their 
evolution across momentum space [52]. 

Magnetic composites offer additional ways to change this geometry because electric and 
magnetic resonances act on different polarization channels. Tuz and colleagues examined bi-
hyperbolic dispersion in ferrite–semiconductor superlattices, where composition and applied 
field control the open branches [53]. Effective-medium calculations for ferrite–semiconductor 
PHCs likewise show polarization-dependent elliptic and hyperbolic regimes [54]. These results 
identify how a constituent can change the available propagation directions; resolving the 
superperiod then shows how those directions enter the collective bands. Phase-sensitive beam 
shifts offer a complementary probe of the resulting response [55, 56]. 
3.2. Conical crossings and nodal-line bands 
Where coupled bands meet, their local slopes and eigenmodes become as important as the 
overall isofrequency geometry. Narimanov predicted finite-frequency Dirac-like dispersion in 
PHCs [57]. Wang and colleagues studied a related two-dimensional design with an elliptic 
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anisotropic host, aligning TE and TM triply degenerate points into a sixfold crossing at the 
Brillouin-zone center [58]. The resulting near-zero-index response for both polarizations illustra-
tes the interest of such crossings for controlling phase accumulation. Establishing their topologi-
cal character requires the symmetry and eigenmode phases that accompany the aligned bands. 

The constituent can also participate through the resonances of a finite inclusion. In Zheng 
and colleagues' numerical design, layered HMM rods produce twisted bands with degenerate 
self-collimation points [59]. Here, the rod eigenmodes set the fields that can couple, and their 
lattice arrangement shapes the collective dispersion. Self-collimation follows from this combined 
band shape, connecting confinement inside an inclusion to beam propagation across many cells. 

In layered PHCs, a crossing can extend into a nodal ring in the space formed by in-plane and 
longitudinal Bloch momenta. Hu and colleagues showed theoretically how hyperbolic phase 
compensation tunes the slopes around such rings, producing fourfold Dirac nodal lines with type-
I, critically tilted type-III, and type-II local dispersion [33]. The tilt changes the wave trajectories 
available near the crossing. Its classification refers to the crossing bands; the constitutive type-
I/type-II terminology describes the signs of the permittivity components. Fig. 3 places these two 
classifications side by side to clarify which property each one addresses. 

 
Fig. 3. Original analytical illustrations of constitutive isofrequency geometry and local band-crossing tilt. The 
upper row shows cuts of Eq. (1) for an elliptic medium and type-I and type-II hyperbolic media; each panel 
gives the dimensionless principal permittivities. The lower row plots the generic dimensionless dispersion 

  /
   

1 22 2
1 1 2u tq q q  for tilt parameter t = 0, 1, and 1.5, with dimensionless momentum coordinates q1, q2 

and frequency offset u. Blue and orange surfaces denote u+ and u–; their dark u = 0 cuts form a point, a 
critical line, and crossing lines. The classifications concern tensor signs and crossing tilt, respectively [33, 51, 
60]; topological invariants additionally depend on eigenmode structure and symmetry. 
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Conductive sheets make this band geometry adjustable. In the dielectric/gra-
phene/metal PHC proposed by Hu and colleagues, the sheet response separates nodal rings 
of different polarizations and tunes their positions and tilt [60]. For the inversion-
asymmetric unit cells considered there, reflection-phase singularities accompany bilateral 
drumhead surface states. Reducing radiative leakage and absorption brings the scattering 
response toward a quasi-BIC ring. This theoretical construction links a tunable bulk crossing 
to a boundary resonance, providing a bridge from dispersion engineering to localized fields. 

The conical and nodal-line predictions illustrate the range of band structures available 
to PHC design [33, 57, 58, 60]. Experimental work by Orsini and colleagues on patterned 
hyperbolic hBN has established a deeply subwavelength topological edge state [22]. Moving 
from a bulk crossing to an edge mode brings the termination into the physical picture: the 
eigenstates of the periodic medium must meet the boundary conditions of a finite sample. 
The localization problem developed in the next section follows precisely this step. 

For measurements, the accessible momentum range determines how much of a crossing 
can be traced, and loss and finite-size leakage set how sharply its branches appear. 
Polarization and mode symmetry help relate those features to the underlying eigenstates. 
Following the field toward a termination then reveals whether it continues through the bulk 
or becomes localized within a surrounding gap. 

4. Surface, defect, and interface localization 
4.1. Boundary conditions and surface-wave families 
A band gap can do more than suppress propagation: it can provide the decay needed to 
confine a field near a defect or boundary. A localized mode is selected when this decay is 
compatible with tangential-field continuity and the phase accumulated between its 
reflectors. For a single polarization in a spacer or defect layer of thickness d, the round-trip 
pole condition reads 

 L R dr r ik dexp(2 ) 1.        (6) 

The complex amplitudes Lr  and Rr  are the reflection coefficients at the left and right 

faces of the defect, viewed from inside it. The quantity dk  is the normal propagation 

wavenumber in the defect, and d  is its thickness; the subscript d  labels that layer. With the 
time dependence  exp i t  and outgoing exterior boundary conditions, Eq. (6) determines 

poles at complex frequency. Temporal decay includes leakage and absorption. In the high-
reflectivity, weak-loss limit, the real-frequency resonance is approximately located by the 
round-trip phase, 

      2Re( ) 2 , .L R dk d m m      (7) 

In Eq. (7),   argL Lr  and   argR Rr  are reflection phases,  Re dk  is the real part of the 

defect wavenumber, and the integer m  labels a longitudinal resonance order. At a direct 
interface, the spacer phase vanishes, leaving a match between the evanescent fields and the 
termination-dependent reflection or surface-impedance responses [41, 43, 61]. A matrix 
formulation accounts for coupled polarizations; the constitutive response and reflector 
determine which surface, defect, or Tamm mode satisfies the boundary condition. 

The interface response provides several ways to satisfy this matching condition. Surface 
plasmon polaritons rely on adjacent constitutive responses, while Dyakonov-type waves use 
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anisotropy to achieve compatible decay over an angular range [42]. At a PHC boundary, these 
mechanisms can interact with decay supplied by a lattice gap. Effective-medium studies of 
porous-composite/PHC interfaces show how composition and temperature change 
plasmonic and hybrid anisotropic branches [35, 36]. Related nanocomposite calculations 
trace the effect of conductivity and particle filling fraction on surface-polariton dispersion 
[62], and PHC gap studies connect surface branches to red- and blue-shifting spectral 
intervals [37]. Read together, these results explain why localization depends on both the 
medium’s response and the phase supplied by its surroundings. 

Placing a conducting sheet at the boundary or using magnetic constituents makes parts 
of this matching condition tunable. Effective-medium calculations for graphene-based and 
ferrite–semiconductor PHC interfaces follow the resulting changes in propagation constants 
and localization [40, 63, 64]. Their tensor and sheet-current terms identify where electrical 
or magnetic control enters the surface-wave problem. For a state localized by a Bloch gap, 
the resolved periodic reflector adds the termination-dependent surface impedance. 
Combining these descriptions connects constituent tuning to the actual boundary at which 
energy is stored. 
4.2. Defect resonances, Tamm states, and mode hybridization 
Introducing a defect within a PHC gap creates a cavity between Bragg reflectors, so its 
resonance inherits both the defect propagation phase and the host reflection phases. If the 
host is phase-compensated, this offers a way to keep the resonance wavelength stable as the 
incidence angle changes. Mirror-symmetric theoretical designs use the mechanism for 
narrowband transmission filters [65], and a Si/ITO-based model extends it to single and 
coupled defects [38]. The Ag/TiO2 defect-absorber experiment provides a useful quantitative 
perspective: its resonance shifted by only 3.5 nm over 0 – 70 , while peak absorptance fell 
from approximately 0.717 to 0.292 [45]. Thus, the cavity retained its operating wavelength 
as the amount of energy delivered to absorption changed substantially, a distinction directly 
relevant to angularly tolerant device design. 

Adding a second defect couples the localized fields through their overlap. The theoretical 
Si/ITO model reports an avoided-crossing splitting up to 47.0 meV and frequency shifts below 
1% over 0–80° [38]. The Ag/TiO2 experiment instead probes the angular trajectory and 
absorptance of a fabricated defect resonance [45]. These studies connect the same phase-
compensation mechanism to different observables: a calculated splitting tests interaction 
between two modes, while an absorption measurement tests how an incident wave delivers 
energy to a lossy cavity. An experimental assessment of two-mode coupling would additionally 
require the linewidths, mode identities, and excitation strengths across the crossing. 

A metal termination offers a related localization route by replacing the internal defect 
with a metal–Bragg-mirror interface. The metal response and reflector supply the decay and 
reflection phases needed for a Tamm plasmon [43, 44]. In silver/ITO-based PHCs, Shen and 
colleagues measured a TM resonance that red-shifted and a TE resonance that blue-shifted 
as the incidence angle increased [66]. This polarization contrast shows how the dispersion of 
a supporting gap is inherited by an interface mode. It also suggests how the same fabricated 
boundary can address different spectral channels through polarization. 

A further route uses the connection between bulk-band symmetry and gap impedance. 
For inversion-symmetric one-dimensional crystals, quantized Zak phases relate to surface 
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impedance when the unit-cell origin and termination are specified consistently [61]. Joining 
compatible gaps can then select an interface state. Theoretical HMM-containing 
heterostructures extend this approach to angle-insensitive and multimode resonances [67–
69]. Compared with measured Tamm resonances [66], these interface-state designs add 
control through the adjoining lattices and their terminations, though experimental 
verification remains an important step. 

 
Fig. 4. Original schematic of localization geometries and matching conditions. (a) A constitutive surface 
state combines boundary matching with decay into both media. (b) A defect cavity combines reflection 
phases from two periodic reflectors with propagation through the defect. (c) A direct interface joins 
periodic reflectors through their termination-dependent surface impedances within a common gap. 
The sketches indicate interfaces and localization regions; quantitative field profiles require a mode 
calculation. The cited studies develop the surface-wave, Tamm-state, and gap-impedance descriptions 
[41–43, 61]. 

An added metal termination can couple an interface state to a Tamm resonance. The 
proposed hybrid heterostructure uses this interaction within a common gap to produce two 
polarization-dependent absorption branches [39]. Bulk symmetry and gap impedance 
establish the interface state, phase compensation shapes its angular dispersion, and coupling 
and dissipation determine splitting and linewidths. Fig. 4 identifies the boundaries and 
defect regions involved in these mechanisms. A calculated mode profile then determines its 
overlap with a tunable layer, an emitter, or an absorbing region, linking the localization 
geometry to the controls discussed next. 

5. Material, boundary, and geometric control 
5.1. Constitutive tuning and dissipation 
Once a mode has been identified, tuning amounts to changing the part of the structure that 
its field samples. Magnetic bias modifies gyrotropic tensors, graphene gating changes sheet 
conductivity, temperature alters carrier response and damping, and gain supplies energy. 
These controls can move a band or resonance, change confinement, or redistribute power 
among excitation, absorption, and escape. Their usefulness for a particular mode depends on 
its spatial and polarization overlap with the region being changed. 
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A change in a diagonal tensor component shifts the dispersion sampled by the field and 
can alter frequency or confinement. Gyrotropic off-diagonal terms also affect polarization 
and directional response. Consequently, tuning a magnetically biased resonance can change 
its frequency and its scattering between the exchanged source and detector channels, linking 
material control to both spectral and directional measurements. 

Ferrite–semiconductor PHCs illustrate this connection because ferrite and 
magnetoplasma resonances address magnetic and electric channels differently [31, 40, 54]. 
Changing the bias modifies the diagonal components and the gyrotropic terms that reverse 
with magnetization, thereby reorganizing propagation directions and surface branches. 
Which change an experiment detects depends on polarization and field orientation, together 
with the finite geometry that couples light to the mode. Magnetic tuning thus provides 
several possible controls within one material system, with the relevant one selected by the 
modal field. 

Graphene offers electrical control within a fixed fabricated lattice. In graphene–hBN 
PHC calculations, changing carrier conductivity adjusts impedance matching and perfect-
absorption conditions [70] and can enhance transmission in a negative-refraction regime 
[32]. At a graphene–magnetic-PHC boundary, electrical and magnetic parameters influence 
different terms of the same surface-wave problem [64]. This makes the sheet a useful 
boundary control: within the scalar-conductivity effective-medium description, gating shifts 
the spectral response without changing the physical period. The frequency, temperature, and 
momentum dependence of conductivity then determine the available tuning range. 

Electrical control has an experimental counterpart in natural polariton media. Xu and 
colleagues used real-space nano-imaging of a graphene-gated  -MoO3 hole array to 
measure changes in Bloch-mode intensity, wavelength, and spatial distribution [71]. The 
applied gate therefore acts on the collective mode as well as on its excitation. This is useful 
for a tunable polariton structure because a chosen bias can change where energy is 
concentrated and how effectively illumination reaches that region. 

Evaluating such tuning requires following the field both along and away from its guiding 
region. For a passive mode varying as  exp ikx , with   ik k k , the intensity propagation 

length is  1 / 2pL k ; the normal decay constants describe confinement on either side of an 

interface. Material absorption and field overlap can change these lengths differently. 
Temperature-dependent semiconductor models show how changes in carrier response affect 
surface-wave existence and attenuation [36]. This matters when a tuned mode is intended to 
carry energy over a finite distance. 

Gain supplies energy where a mode overlaps an active constituent. Interface and HMM 
calculations explore how this reduces propagation loss [40, 72, 73]. At linear loss 
compensation, the supplied energy balances the calculated modal loss. Pump strength and 
feedback determine the subsequent operating regime and its stability. When feedback 
sustains a field throughout the structure, these same rates enter the lasing problem 
considered in Section 6. 
5.2. Reciprocal geometry and nonreciprocal response 
Geometry supplies a complementary set of controls. Changing period adjusts reciprocal-lattice 
momentum, while thickness and filling fraction alter phase and effective response; termination 
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modifies reflection phase. In an in-plane pattern, rotation relative to the crystal axes selects 
which directions of an anisotropic polariton couple to the lattice. Sahoo and colleagues 
demonstrated resonances controlled by pattern scale and rotation in α-MoO3 [15]. The result 
shows how a fixed material can address different parts of its polariton spectrum through the 
fabricated geometry, offering a design choice alongside electrical or magnetic tuning. 

For a linear, time-invariant structure, electromagnetic reciprocity compares power-
normalized amplitudes between exchanged source and detector channels at fixed bias [74]. 
The comparison includes their polarization and propagation direction. In a planar structure 
with conserved tangential momentum, the reciprocal partner also reverses k : the 

corresponding transmission comparison is  k21 ,S H  with  k12 ,S H . Symmetric 

constitutive tensors can support unequal reflectance and absorptance from opposite sides of 
an asymmetric lossy stack while retaining reciprocal transmission. Magnetic nonreciprocity 
is expressed in the paired-channel response of the gyrotropic constitutive model [74, 75]. 

Hu and colleagues combined magneto-optical response with phase compensation in a 
theoretical PHC absorber [76]. The bias gives its cavity mode different angular trajectories at 
  and  , and the finite lattice and defect turn that phase difference into an absorption 
contrast. At 367 nm, the reported absorptance is approximately 0.99 in one direction and 
0.25 in the other over 20 – 75°. This illustrates the proposed function of the design: 
selectivity over a broad angular range emerges from directional constitutive phase together 
with a resonance that couples incident energy into loss. 

A finite beam provides another way to observe the engineered phase. Calculations of 
photonic spin-Hall and Goos–Hänchen shifts use PHC gaps and graphene tuning to enhance 
beam displacements [55, 56]. The displacement follows phase derivatives across the beam’s 
angular spectrum, so a sharp spectral phase variation can produce a pronounced spatial 
response. The beam profile and absorption determine how that response appears in a 
measurement. Table 3 summarizes the parameters available for controlling such phase 
effects alongside frequency, confinement, and attenuation. 

The controls collected in Table 3 change both a mode’s field distribution and its 
coupling to the surroundings. Their effect on a device depends on where energy is needed: 

Table 3. Control parameters and their primary physical actions. 

Parameter Physical action Response to assess Examples 
Magnetic bias Gyrotropic permittivity 

and permeability 
Polarization-dependent 
bands, surface modes, 
paired-channel scattering 

[31, 40, 54, 
76] 

Graphene gating Sheet conductivity and 
boundary matching 

Resonance frequency, 
coupling, attenuation 

[32, 64, 70] 

Temperature Carrier density and 
damping 

Modal existence, dispersion, 
propagation length 

[36] 

Gain and loss Modal energy balance Attenuation, linewidth, 
feedback and stability 

[40, 72, 73, 
77] 

Period and 
pattern rotation 

Reciprocal momentum 
and optical phase 

Momentum coupling, band 
and angular shifts 

[15, 34] 

Defect and 
termination 

Cavity and reflection 
phase 

Localization, leakage, 
hybridization 

[38, 39, 41, 43, 
66] 
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near an emitter, inside an absorbing layer, or throughout a nonlinear generating region. 
Following the energy into and out of these regions explains how the bands and localized 
states discussed above contribute to light–matter interaction. 

6. Emitter coupling, resonant absorption, and nonlinear response 
6.1. Emission, extraction, and resonant absorption 
An emitter placed near a hyperbolic medium can couple to a large set of confined 
electromagnetic modes. The amount of energy it transfers depends on its position, dipole 
orientation, and spectral overlap, making the local field distribution the starting point for 
emission control. A PHC adds the possibility of coupling some of that energy outward 
through its larger lattice. In the weak-coupling regime, the dipole-projected local density of 
optical states describes the electromagnetic decay rate: 

  
  


     


em

em rad abs
em,0 ,0

( , ) ( , ) , .
( ) ( )

d

d

r r    (8) 

Here, emΓ  is the electromagnetic decay rate of an emitter at position r and angular 

transition frequency  ; radΓ  and absΓ  are its radiative and environment-absorption 

contributions. The local density of optical states d  is projected along the transition dipole 
d. Subscript 0 denotes a reference environment with the same transition frequency and 
dipole. Eq. (8) assumes a weakly coupled dipole emitter. A measured inverse lifetime also 
includes internal nonradiative decay, whereas collected photoluminescence depends on 
excitation, radiative yield, and collection aperture [9, 78]. Reading lifetime and intensity 
together links environmental coupling to the brightness of the external source. 

Periodic patterning supplies a route from a confined high-k mode to external radiation. 
A reciprocal vector G  can shift its in-plane momentum to  k k Gout, mode, m   inside the 

surrounding light cone. Studies of grating-assisted emission examine this combination of 
local interaction and momentum conversion [79, 80]. Galfsky and colleagues measured 
lifetime changes together with enhanced collected emission for two-dimensional 
semiconductor emitters and embedded quantum dots in PHCs [17, 18]. For the quantum 
dots, the lifetimes were 25 ns on glass, 2.97 ns in the unpatterned HMM, and 1.28 ns in the 
PHC [17]. The HMM comparison establishes the change produced by the hyperbolic 
environment; the patterned sample shows the additional contribution of the photonic lattice. 
Combining this lifetime comparison with collected emission gives a fuller account of decay 
and extraction than either observable alone. 

Illumination follows the reverse energy pathway: lattice momentum can couple an 
incident field into a confined mode that dissipates energy. For a reflector-backed structure 
with one accessible radiation channel and an isolated resonance, critical coupling occurs 
when radiative leakage matches internal loss. The grating-coupled hBN design [81] 
demonstrates this balance computationally, while measurements on fabricated PHCs 
establish angular band and resonance control through optical spectra [19, 45, 66]. Their 
comparison separates a calculated matching condition from its implementation with 
dispersive materials, finite thickness, and fabrication error. HMM absorbers [83] provide a 
useful reference for identifying the additional role of PHC modulation in excitation and 
resonance phase. 
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6.2. Frequency conversion, bistability, and lasing 
Frequency conversion extends the energy pathway across two frequencies. Confining the 
pump increases the field driving a nonlinear polarization, and the generated wave must then 
propagate to a collected output. For a bulk second-order medium, the source polarization 
and the external power efficiency of second-harmonic generation are 





      







(2) (2)0

2 ,out
ext

,in

(2 ) (2 ; , ): ( ) ( ),

.
P
P

P χ E E
    (9) 

In Eq. (9),    P 2 2  is the bulk second-order polarization at the generated angular 

frequency 2 , 0  is the vacuum permittivity, and      χ 2 2 ; ,  is the second-order 
susceptibility tensor. The colon denotes contraction over the two Cartesian input-field 
indices: its component form sums   2

j kijk E E  over j  and k , with i  identifying the output 

polarization. The field  E  is the positive-frequency coefficient in       E E i c.c.tt e , 
where c.c. denotes the complex conjugate, and the susceptibility uses the same convention. 
The external power efficiency ext  is the collected second-harmonic power 2 ,outP  divided 
by the incident pump power  ,inP . 

The quadratic source makes pump-field concentration attractive for conversion. The 
detected power also depends on tensor symmetry, phase matching, coherent modal overlap, 
and absorption at both frequencies. A surface nonlinearity enters through a sheet polarization. 
The superperiod shapes the pump distribution and the generated mode, so its effect can be 
assessed through pump delivery, source overlap, and harmonic extraction together. 
Comparison with an unpatterned constituent at matched incident power and collection 
geometry connects the local field enhancement to the external conversion efficiency. 

Theoretical PHC studies have explored this prospect through band-edge enhancement 
and intensity-dependent transmission [84-86]. The transfer-matrix treatment of Buranasiri 
and colleagues follows a second-harmonic source inside an anisotropic HMM block and its 
propagation through the periodic surroundings [85]. Kerr models address a different 
function: near a plasmon–polariton gap, the field changes the medium’s response and can 
create bistable transmission [84]. Recent topological-hypercrystal models use related 
bistability in proposed optical computing elements [87]. These predictions connect field 
enhancement to either generating a new frequency or switching between intensity-
dependent transmission states. 

At an interface, this intensity dependence feeds back into the localization condition 
itself. Ali’s theoretical PHC/nonlinear-dielectric model supports TM surface branches whose 
frequency range and group velocity change with the nonlinear response [88]. The field then 
helps set the boundary conditions that confine it, introducing optical intensity as an 
additional control parameter for surface propagation. 

Experiments on related hyperbolic platforms clarify which parts of this conversion 
process are already accessible. Silver-nanorod HMMs demonstrate phase-matched second-
harmonic generation [89], while patterned Au/ZnO multilayers connect harmonic output to 
slow-light localization and pump coupling [90]. The PHC calculations [85] additionally retain 
a superperiod around the generating region. Comparing these studies therefore requires 
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incident-power-normalized harmonic output and a constituent reference, along with the 
pump absorption and collection geometry. This combination would identify the gain 
supplied by PHC modulation and the loss incurred in delivering and extracting the two fields. 

Lasing adds sustained energy supply and feedback to the confined-field problem. 
Janaszek and Szczepański proposed a gain-bearing distributed-feedback PHC with 
electrically adjustable dispersion to control the predicted lasing spectrum [77], including 
spatial dispersion shifts in its Bragg wavelengths and calculated thresholds [46]. Passive 
emission experiments establish PHC excitation and extraction pathways relevant to this 
development [17, 18]. The theoretical lasers build on those pathways by balancing gain, 
dissipation, and escape. The experimental record considered next places these proposals 
alongside the functions already demonstrated in fabricated structures. 

7. Experimental platforms and measured observables 
7.1. Artificial composites and natural polariton media 
Experimental PHCs have been developed through fabrication routes that provide different kinds 
of control. Smolyaninova and colleagues organized cobalt-ferrofluid inclusions and achieved 
larger modulation with an applied magnetic field, demonstrating a reconfigurable two-scale 
medium [16]. Deposited multilayers offered controlled constituent thicknesses and patterned 
channels for emission [17, 18]. ITO-based PHCs subsequently demonstrated a broad near-
infrared TM reflectance gap with a weakly shifting long-wavelength edge [19]. Silver/ITO 
heterostructures used angular band control to obtain opposite TE and TM shifts of Tamm 
resonances [66], while Ag/TiO_2 defects combined a nearly stationary resonance with angle-
dependent absorption [45]. This progression shows how control of constituent layers can be 
extended through the superperiod to the phase and coupling of a finite resonator. 

Natural van der Waals materials offer a second route by intrinsically providing a  
high-k spectrum [24-29]. Alfaro-Mozaz and colleagues patterned an hBN slab and used far-
field spectroscopy and near-field imaging to reveal deeply subwavelength Bloch modes and 
period-dependent Bragg resonances [21]. Herzig Sheinfux and colleagues pushed the lattice 
scale to 25–160 nm in transverse hBN hypercrystals on patterned gold, directly resolving the 
Bloch modes [13]. In α-MoO3, biaxial in-plane dispersion adds orientation as a design 
parameter: patterned structures demonstrate configurable Bloch modes and far-field access 
controlled by lattice geometry [14, 15]. The experimental sequence shows how a fabricated 
pattern can organize the material’s polaritons and provide access to fields far below the free-
space wavelength. 

Once collective propagation is accessible, the modulation can be used to select where 
and in which mode the field resides. Orsini and colleagues demonstrated an hBN edge state 
with a reported confinement volume of 0.021μm3 and resonance quality factor above 100 
[22]; graphene-gated α -MoO3 experiments subsequently mapped electrically controlled 
changes in Bloch-mode intensity, wavelength, and spatial distribution [71]. Smooth Fourier-
profile substrates address mode selection through a different design choice. Near-field hBN 
measurements show a dominant fundamental Bloch mode with reduced higher-order 
excitation, supported by full-wave calculations [91]. A subsequent α-MoO3 Fourier-crystal 
experiment demonstrated a quasi-single-mode response in the type-I Reststrahlen band 
[92]. These results give modulation profile and field symmetry a practical role in selecting 
the collective response that illumination excites. 
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Table 4. Representative experimental responses in PHCs and related hyperbolic polaritonic 
crystals. The entries pair each experimental platform with its spectral context and 
quantitative response. Lifetimes, quality factors, dimensions, and absorptance describe the 
emission, confinement, and absorption functions of the respective structures. 

Year / spectral 
context 

Platform and probe Measured observable Ref. 

2014 / 
 long-wave IR 

Co ferrofluid; microscopy 
and spectroscopy 

Nanocolumn spacing 20  nm and 
stripe period 2 m; field-
dependent order 

[16] 

2016–2017 / 
visible 

Patterned Ag/Al2O3 and 
emitters; lifetime / 
photoluminescence 

QD lifetimes: glass 25  ns, HMM 
2.97  ns, PHC 1.28  ns; enhanced 
collected emission 

[17, 
18] 

2019 / mid-IR hBN hole array; far- and 
near-field spectroscopy 

600 –1200  nm periods; Bragg 
resonance with estimated 190Q  

[21] 

2022 / near-IR ITO/Nb2O5 PHC; 
reflectance / 
ellipsometry 

Broad TM gap with a weakly shifting 
long-wavelength edge 

[19] 

2023 / near-IR Ag/ITO-based PHC; 
angular reflectance 

Tamm resonance: TM red shift and 
TE blue shift 

[66] 

2023 / mid-IR Transverse hBN on 
patterned Au; s-SNOM 

Bloch modes at 25 –160  nm lattice 
constants 

[13] 

2023–2024 / 
mid-IR 

Patterned  -MoO3; 
near-field imaging / FTIR 

Configurable Bloch modes; far-field 
access and orientation control 

[14, 
15] 

2024 / mid-IR Topological hBN/Au; 
near-field spectroscopy 

Edge-state volume  30.021 m  and 
resonance  100Q  

[22] 

2025–2026 / 
mid-IR 

Fourier-profile hBN /  
 -MoO3 on Au; near-
field imaging 

Fundamental-mode-dominated hBN 
response; quasi-single-mode  -
MoO3 response 

[91, 
92] 

2026 / mid-IR Graphene / patterned 
 -MoO3; nano-imaging 

Gate-dependent Bloch-mode 
intensity, wavelength, and spatial 
pattern 

[71] 

2026 / defect 
resonance 

Ag/TiO2 PHC; angular 
absorption 

3.5 -nm shift over 0 –70 ; peak 
absorptance 0.717 0.292  

[45] 

7.2. Connecting measurements to the mechanism 
The measurements in Table 4 interrogate complementary stages of the optical response. Far-
field reflectance and absorptance resolve resonances with accessible radiation channels; 
near-field maps trace confined propagation and spatial structure. Emitter lifetimes measure 
total decay, and steady-state intensity adds excitation and collection. A useful comparison 
therefore begins with the observable and its reference sample. Measured band dispersion, 
localized mode volume, and collected emission answer different physical questions, and their 
connection emerges by following energy through the same finite structure. 

Patterned and unpatterned samples offer a direct way to isolate the role of modulation. 
In the quantum-dot study, the lifetime changes from 25  ns on glass to 2.97  ns in an HMM 
and 1.28  ns in the PHC [17]; the additional change accompanies pattern-enabled out-
coupling and the modified optical environment. The hBN studies trace Bloch propagation 
and localization through spatially resolved signals [13, 21, 22]. Comparing their results 
requires the relevant controls: emitter position and collection aperture in the first case, and 
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lattice geometry, probe resolution, and tip coupling in the second. These controls explain 
what the measured enhancement or confinement can establish about a proposed device. 

Angular compensation provides a particularly clear comparison between spectral 
stability and response strength. The fabricated ITO-based structures establish weakly 
shifting gaps and polarization-dependent Tamm trajectories [19, 66], while the Ag/TiO2 
defect absorber retains its resonance within 3.5 nm over 0–70° as peak absorptance falls 
from 0.717 to 0.292 [45]. Its remaining peak absorptance is about 41% of the normal-
incidence value. Together, these studies show how a stable phase condition coexists with 
angle-dependent coupling and dissipation. Multilayer roughness and thickness errors 
influence that balance; natural polariton crystals face the related challenge of accessing 
confined modes within material-defined bands. Gate tuning and Fourier-profile selection 
address this access through conductivity and field symmetry [71, 91, 92]. Their practical 
benefit can be assessed by following output strength and linewidth across the same range 
used to report the resonance position. 

8. Thermal transport, inverse design, and research priorities 
8.1. Momentum-resolved thermal transport 
The high-k spectrum also shapes energy exchange between closely spaced bodies. Near-field 
radiative heat transfer samples evanescent momentum channels, allowing PHC bands and 
surface resonances to select contributions to the exchanged thermal power. For laterally 
uniform planar stacks at temperatures H CT T , separated by a vacuum gap of width L, the 

net radiative energy flux per unit area from the hot body to the cold body is 
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In Eq. (10), q is the net radiative energy flux density in W m–2, ω is the angular frequency, 
and k  is the two-dimensional wave vector parallel to the facing surfaces; k2d   integrates over 

its two components. The mean thermal oscillator energy is         Θ , / exp / 1BT k T  , 

with temperature T , reduced Planck constant  , and Boltzmann constant Bk . The labels H  

and C  identify the hot and cold bodies. The dimensionless transmission factor   k, ;L  

sums the energy-transmission contributions of the polarization channels across the gap. The 
expression includes propagating and evanescent waves [93–95]. Finite-stack reflection 
operators determine their transmission; spatial dispersion becomes relevant when the 
dominant momenta resolve the constituent layers. 

When the surface itself is patterned, diffraction couples in-plane momentum channels. 
The scattering formulation then follows a Bloch wave vector in the surface Brillouin zone 
and traces transmission over a matrix of diffraction orders [96]. This provides the 
connection from the planar reference expression to the patterned polariton geometries 
discussed earlier, retaining the momentum mixing introduced by their lattice. 

Cortés-López and colleagues calculate how plasmonic PHC layers open spectral and 
momentum gaps and how their geometry and stacking order reshape the predicted heat flux 
[97]. HMM and graphene/hBN calculations provide constituent-level comparisons [98, 99]. 
Taken together, these studies show that the effect of modulation depends on the channels 
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weighted by separation and temperature, as well as on the gap-facing termination. The 
predicted enhancement or suppression thus belongs to a specified pair of finite structures 
and operating conditions. Measurement of the same geometry would connect this 
momentum-selective mechanism to thermal performance. 
8.2. Inverse design across structural scales 
The preceding examples repeatedly use several design parameters to shape one measured 
response. Composition, layer thickness, period, termination, and bias influence connected 
parts of the same mode, making inverse design a natural way to explore their combinations. 
A target wavelength provides an initial spectral aim; adding linewidth, external efficiency, 
loss, and fabrication tolerance relates that aim to an optical function. Adjoint optimization 
can address coupling and extraction directly, while surrogate and generative models help 
search the larger space of geometries with similar spectra. 

Related platforms provide starting methods for this search: Maxwell-constrained 
prediction for multilayers [100], neural design of hyperbolic dispersion [101], and adjoint 
optimization of an HMM out-coupling grating [102]. The last example directly targets access 
to a measured channel, while the first two establish relations between material or geometric 
parameters and the calculated response. Nonreciprocal and thermal multilayer studies 
extend these strategies to broader spectral objectives [103–107]. Their relevance to a PHC 
lies in retaining the constituent scale, superperiod, and boundary in the forward model and 
checking the selected geometry with an independent resolved calculation. 

A candidate geometry is assessed through forward calculations across its intended 
frequency, momentum, and control range. Passive material models require causal dispersion 
and passivity; active structures also require the gain and feedback conditions governing 
stability. Because several geometries can reproduce a similar spectrum, their tolerance to 
fabrication variations helps distinguish solutions with useful operating margins. Inverse 
design can therefore guide the selection of a realizable structure as well as its nominal 
spectral response. 
8.3. Research directions 
Experimental progress in emission, angular-band engineering, localized resonances, and 
tunable Bloch modes provides a foundation for the next stage of PHC research [13, 17, 19, 45, 
66, 71]. A recurring issue is how stronger confinement changes energy exchange. Increasing 
the local field can strengthen an interaction and increase its exposure to material absorption, 
while lattice momentum and boundary coupling determine the energy that is transported or 
collected. Following confinement, linewidth and output power would connect this local 
enhancement to the improvement sought in a source, waveguide, or absorber. 

For angularly stable and tunable devices, the same issue appears as a changing 
relationship between spectral position and response strength. A resonance can retain its 
wavelength as its amplitude varies with illumination; gating and Fourier-profile selection 
also change both the mode and its optical access. The reported experiments provide concrete 
starting points for examining these linked changes across a tuning range [45, 71, 91, 92]. 
Relating them to measured geometry and fabrication variation would help identify operating 
ranges that survive realistic structural deviations. 

Nonlinear and active proposals extend this question to several frequencies or 
competing energy rates. A converter must combine pump access, coherent source overlap, 



I. Fedorin 

Ukr. J. Phys. Opt. 2027 Volume 28 Issue 2 02020 

and harmonic extraction; a gain-assisted device must balance supply, dissipation, and 
leakage while maintaining stable operation. These requirements connect the proposed PHC 
switching and lasing functions to measurable input–output behavior [77, 84, 85, 87]. Nodal-
band and thermal designs open further momentum-dependent functions, including control 
of crossing geometry and separation-dependent transmission [33, 60, 97]. Resolved 
electrodynamics and inverse design can help select finite structures in which these 
mechanisms remain accessible to excitation and measurement, defining a path from 
theoretical spectra to device tests. 

9. Conclusions 
Photonic hypercrystals connect the short internal wavelengths of hyperbolic media to 
collective optical functions through periodic coupling and finite boundaries. Comparing 
artificial multilayers with patterned natural polariton media reveals a shared sequence: the 
constituent supplies confined waves, the lattice reorganizes propagation, and the 
termination selects localization and optical access. The material and fabrication route 
determine how each stage is realized. 

Experiments establish band control, localized resonances, changes in emitter decay and 
collected emission, and tunable or selectively excited polaritonic modes. Their comparison 
also identifies the controls needed to assign a response to modulation: an appropriate 
constituent reference, a defined excitation and collection geometry, and simultaneous 
attention to spectral position and response strength. Theoretical studies extend these 
mechanisms to active, nonlinear, nodal-band, and thermal functions, supplying specific 
finite-structure predictions for subsequent tests. 

The central design question is how concentrated fields exchange useful energy. A 
localized mode identifies where an interaction can occur; its dissipation, leakage, and output 
coupling determine the accessible response. Following these quantities across a tuning or 
angular range connects a favorable dispersion curve to an operating device. Resolved 
modeling, complementary measurements, and fabrication-aware design provide the next 
steps toward this connection. 
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Анотація. В огляді розглянуто, як періодична модуляція перетворює сильно 
локалізовані хвилі гіперболічних середовищ на колективні зони, локалізовані стани та 
доступний для оптичного збудження відгук. Штучні багатошарові структури й 
періодично модульовані природні поляритонні середовища зіставлено за роллю 
дисперсії складових, взаємодії через ґратку та граничних умов. Фізичні механізми 
пов’язані з виміряними зміщеннями зон, часами життя емітерів, поглинанням і 
ближньопольовими картами мод. Розглянуто контрольні порівняння, необхідні для 
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встановлення внеску періодичності. Експерименти підтверджують низку функцій 
поширення та локалізації, а теоретичні дослідження розширюють можливості 
проєктування на нелінійне перетворення, підсилення, вузлові зони й теплоперенесення. 
Зіставлення цих результатів виявляє спільний компроміс: концентрація поля посилює 
локальну взаємодію, тоді як дисипація та зв’язок із зовнішніми каналами визначають 
енергію корисного вихідного сигналу. Такий підхід пов’язує багатомасштабне 
дисперсійне проєктування з експериментальними спостереженнями й окреслює 
завдання щодо скінченних структур, керованості та стійкості до похибок під час 
виготовлення. 
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кристали, блохівські моди, оптична локалізація, взаємодія світла та речовини 

 


