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1. Introduction

Photonic crystals (PCs)!12! [phononic crystals (PnCs)P!] are
artificial microstructures in which dielectric constants (density
and elastic moduli) are arranged in periodic or quasi-periodic
order. When electromagnetic waves (elastic waves) propagate
inside PCs (PnCs), waves in a certain frequency region cannot
propagate due to the internal structure, that is, a bandgap (BG) is
formed. The BG can be changed and thus regulated by adjusting
the material or structure of PCs (PnCs). PCs and PnCs

offer broad application prospects in the fields of filters'”),
isolators'®”),  sensors’® "% lenses!"' "], resonators!'>'®),
lasers!" 78], etc.

Interface states can be used to regulate the propagation of
waves, and they are widely applied in waveguide devices!'*~!].
For PCs, the condition to realize interface states is that, in a
common BG, there exists a frequency region where the sum
of surface impedances is zero'*?.. Based on this, one-dimen-
sional (1D) interface states were realized!?*!, and then interface
states were expanded to two-dimensional (2D) periodic square
lattice PCs when two kinds of dielectric cylinders with the inter-
change of their materials of background and dielectric cylinders
are arranged in mirror symmetry'>*?*), Further, interface states
were expanded from straight-line to circular shape, which indi-
cated the change in propagation direction to curved paths(®].
Thereafter, interface states were also realized in rectangular lat-
tices’®”). PnCs possess the similar property of band manipula-
tion to PCs, and interface states can also be realized in 1D
periodic PnCs?%%1. However, it was difficult to guarantee the
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Interface states are widely applied in waveguide devices. However, previous studies failed to achieve photonic and phononic
interface states independent of each other in the same crystal structure depending on the behavior of the crystal structure,
i.e., photonic or phononic crystals, making the function of interface states single. In this study, straight-line and circular
photonic and phononic interface states were realized independently in sunflower-type crystals. In addition, with a defect
and a metal barrier, interface states could remain almost undamaged. The results have the potential to achieve multi-
function devices and reduce the cost of engineering applications.

Keywords: interface states; photonic and phonaonic crystals; sunflower-type crystals.

complete translational symmetry of the structure in the actual
preparation process. As a result, researchers introduced quasi-
periodic structures and realized interface states in phononic
quasi-crystals”®®). According to previous studies!"*~*"), most
structures capable of realizing interface states can only allow
the transmission of electromagnetic waves or elastic waves alone
and thus the function of relevant devices is limited, especially
structures without translational symmetry. In order to realize
photonic and phononic interface states independently in the
same nontranslationally symmetric crystal structure, construc-
tion of a workable structure is required. Photonic and phononic
phenomena realized in the same structure are used in many
devices, such as filters'*>**), microcavities'****), and sensors'*®!.
Combined electromagnetic and elastic waves can also be used
for detecting nonmetallic buried objects”®”), or creating optical
isolation by means of elastic waves in an optical waveguide!*®!.
In order to enrich the function of interface states and reduce the
cost of device preparation, it is urgent to research the achieve-
ment of photonic and phononic interface states independent of
each other in the same structure, which can be used to carry dif-
ferent information, remove interferences, and retain useful
signals.

In this study, photonic and phononic interface states were
realized independently in the same crystal structure at the inter-
face of two inverted square lattices (the materials of their back-
ground and cylinders were interchanged). By using the same
material and structural parameters, the upper-lower and the
inner—outer combination structures of sunflower-type crystals
were constructed. When electromagnetic waves and elastic
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waves are incident, respectively, periodic modes propagating  sensitivity and high propagation efficiency'**. Moreover, sun-
along the interface appear, which indicates that both photonic ~ flower-type PCs and PnCs also show good application prospects
and phononic interface states can be realized independently in lasers*”), microcavities'*!), curved waveguides'*?!, and one-
in this structure. The interface states realized in sunflower-type ~ way rotating state devices'**). The realization of interface states
crystals are possessed with good robustness and can be output  in sunflower-type crystals can expand their application fields.
from any angle. In structures with translational symmetry, two types of PCs

need to have a common BG to realize interface states. Within

the common BG, there must be a region satisfying the condition
2. Structural Design and Theoretical Aspects that the sum of surface impedances is zero.

Sunflower-type PCs (PnCs) exhibit periodicity in circular direc- That is,

tion, which can be regarded as the translational symmetry in a
polar coordinate system. The position of each dielectric (elastic)
cylinder can be expressed as follows:

Z1(w, k),) + Z,(w, k),) =0, 2)

where Z,(w, k,) and Z,(@, k,) are surface impedances of two
x = aN cos(2nz/6N) types of PCs under given w and k,, respectively, which are
defined as follows:

y=aNsin(2nz/6N), n=1 to 6N, (1)
. . . . . Z,=E/(z=07)/H,(z=07), 3)

where a is the lattice constant, N is the ordinal of the ring (N
starts from 1 without including the centric cylinder of the entire Zy=E(z=0%)/H,(z=0"), (4)

structure), and n denotes the ordinal of a certain cylinder in the
Nth ring. Equation (1) indicates that in the Nth circle, the angle
is 27z/6N when two adjacent cylinders are connected to the
center of the entire sunflower-type crystal. In addition, the num-
ber of cylinders in each circle is 6N. Based on this, two types of

The interface of two PCs is marked as z=0. The surface
impedance is related to the reflection coefficient r and the trans-
mission coefficient ¢. The relation between them is defined as

sunflower-type crystals with interchangeable materials can be follows:

constructed, as shown in Figs. 1(a) and 1(b). When the interface

. . . . . . VA + r)2 — 2

is required to be straight-line and circular, respectively, the Z(w, k) =+ ; (5)

upper-lower and inner-outer combination structures of sun- i’ V=12 =12/1-k?/K

flower-type crystals can be constructed, as shown in Figs. 1(c)

and 1(d). where k is the amplitude of wave vector k, and k, is the tangential
Sensors and optical fiber devices based on sunflower-  component of k along the interface. When incident waves are

type crystals exhibit fascinating characteristics, such as high  located in the BG and perpendicularly incident to the surface
of PCs, total reflection occurs. At this time, the surface imped-
ance has nothing to do with the transmission coefficient and can
be reduced to a pure imaginary number.

When the imaginary part of the surface impedance is negative
(positive), the surface impedance decreases (increases) mono-
tonically from zero (positive infinity) to negative infinity (zero)
with the increase in the frequency. Based on this, when imagi-
nary parts of surface impedances in the common BG of two PCs
are opposite (one is positive and the other is negative), there
must be a certain frequency where the sum of surface imped-
ances is zero [Eq. (2)], that is, a deterministic interface state is
generated?*), Therefore, to verify the generation of interface
states, the imaginary part of the surface impedance of each
BG should be obtained.

PCs and PnCs exhibit high similarities in the manipulation of
Fig. 1. The sunflower-type crystal and its combination structures. (a) Radius bands; thus the interface states in PnCs need to satisfy the con-
of crystal with glass as dielectric (elastic) cylinders, r, = 0.5a (b) radius of ~ dition of surface impedance®®"), Based on the theory of sur-
crystal with water as dielectric (elastic) cylinders, r, = 0.34; (c) upper-lower face impedance, deterministic interface states in PCs with
combination structure; (d) inner-outer combination structure. The parame-  translational symmetry can be realized by combining inverted
ters of glass (gray) and water (blue) are as follows: relative dielectric constant PCs. Similarly, interface states can also be realized when inverted
en=375and &, =78.5; bulk modulus K; = 3.7 x 10" and K, = 2.2 x 10% density PnCs are combined. Therefore, under the same material and
p=2500kgm~*and p, = 1000 kg m~*. The zoom-in schematics of these four ~ structural parameters, photonic and phononic interface states
structures are attached to the upper right corners. can be realized independently in the same structure. By
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combining these two inverted PCs (PnCs), the interface statecan ~ phononic interface states can be realized independently in the
be generated in the common BG. same square lattice structure by adjusting the material and struc-

Based on previous studies'*>**, imaginary parts of surface  tural parameters of crystals. In order to directly exhibit the
impedances of two adjacent BGs are related to the Zak phase  propagation characteristics of interface states in square lattices,

of the band between them, which can be expressed as follows: the distributions of electric field and sound pressure field were
Sgn[Im(Z, (@, k,))] calculated by the finite-element method in 2D simulation. The
B Wt (6) port is set at the left boundary and covers a range of one dielec-

Sgnllm(Z,, (e, kJ’))] tric (elastic) cylinder. Electromagnetic (elastic) waves are inci-

dent from the port with initial value E=1V (P =1Pa) and
the simulation is set at the temperature of 273.15 K and pressure
of 1.013 x 10° Pa. The results are shown in Fig. 3.

The electric field and sound pressure field are distributed peri-
odically along the boundary and decay rapidly on both sides of
the boundary. It indicates that the photonic and phononic inter-
face states are realized independently in this square lattice struc-
ture. The advantages of propagation are reflected.

In this study, material and structural parameters in a square
lattice were applied to the upper-lower and inner-outer combi-
nation structures of sunflower-type crystals. Then the transmis-
sion spectra, electric field, and sound pressure field distributions
were calculated to analyze the realization of straight-line and cir-
cular interface states in sunflower-type PCs and PnCs.

In order to find appropriate parameters that could be applied in When the upper-lower combination structure of sunflower-
sunflower-type crystals, photonic and phononic interface states ~ type crystals is constructed according to Fig. 1(c) and electro-
in the same square lattice were first realized independently. In ~ magnetic waves are incident on the left port, the structure is used
Fig. 2, the combination structures of two kinds of square lattice as PCs. When incident waves are elastic waves, the structure is
[one with glass as dielectric (elastic) cylinders and the other with ~ used as PnCs. In order to find out whether interface states can
water as dielectric (elastic) cylinders] are calculated, with the  exist in the upper-lower combination structure of sunflower-
radius shown in Fig. 1. For the square lattice PCs with glass  type crystals, we calculated the transmission spectra of two types
(water) as dielectric cylinders and water (glass) as background, of sunflower-type crystals, respectively, and the upper-lower
the projected band structures are the green (blue) color lines,as ~ combination structure of the sunflower-type crystals.

shown in Fig. 2(a). An additional band appears at the common The transmission spectra of PCs and PnCs are shown in
BG when these two types of PCs are combined into a complete Fig. 4. Figure 4(a) demonstrates that when electromagnetic
structure. The same phenomenon occurs with PnCs shown in waves are incident, this structure is used as PCs. BGs of two
Fig. 2(b). This indicates that, in the original frequency range types of sunflower-type PCs are f 1photonic € [27 GHz, 36.1 GHz]
where waves cannot propagate in these two types of PCs and f 2photonic € [25.7 GHz,37.4GHz],  respectively.  The
(PnCs), a propagable state is generated after combination. ~ common BG of the two PCs is fcphotonic € [27 GHz,36.1 GHz],
This is denoted as the interface state and it is shown as red lines as indicated in Fig. 4(a). When elastic waves are incident, this
in Fig. 2. The results indicate that the interface state of square structure is used as PnCs. BGs of two types of sunflower-
lattice PCs is generated in the region of fsquare_photonic € type PnCs are flphononic6[0‘84MHZ’1‘29MHZ]’ f2ph0n0nic S

[29.77 GHz, 33.51 GHz], while that of PnCs is generated in the [0.79 MHz, 1.44 MHz], respectively. The common BG of the
region of fuare_phononic € [0-92 MHz, 1.04 MHz]. Photonic and

where y,,_; represents the Zak phase of the (n — 1)th band. The
Zak phase in the 1D band can only be 0 or z. Considering the
center of the Brillouin zone or the midpoint of the left boundary
of the unit cell as the calculating center, the Zak phase can be
obtained according to the symmetry of electric field distribution
of the two high symmetry points of the band'*?. The imaginary
part of surface impedance of each BG can be obtained from
Eq. (6), with the lowest BG being negative. When two types
of PCs (PnCs) have opposite signs in the common BG, the reali-
zation of interface states can be proven.

3. Results and Discussion
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Fig. 3. Electric field (sound pressure field) distribution when electromagnetic
Fig. 2. Projected band structures. Interface states are expressed in red (elastic) waves propagate in the combined structure of two types of PCs
lines, and bands of square lattice are expressed in green lines [with glass (PnCs). (a) PCs at f=30.6 GHz; (b) PnCs at = 0.96 MHz. The material of bigger

as dielectric cylinders in (a) and elastic cylinders in (b)] and blue lines [with cylinders is glass, and the background material is water. The material of
water as dielectric cylinders in (a) and elastic cylinders in (b)]: (a) PCs; smaller cylinders is water, and the background material is glass. The param-
(b] PnCs. eters of glass and water are shown in Fig. 1.
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Fig. &4 Transmission spectra of models shown in Figs. 1(a) and 1(b). (a) PCs;
(b] PnCs. Transmission spectra of the model shown in Fig. 1(c) [the radius of
upper (lower) cylinders is r; = 0.5a (r, = 0.3a)]: (c) PCs; (d) PnCs.

two PnCs is fcpnononic € [0.84 MHz, 1.29 MHz], as indicated in
Fig. 4(b). The transmission spectra of the upper-lower combi-
nation structures of sunflower-type crystals are shown in
Figs. 4(c) and 4(d), respectively. In the transmission spectrum
of PCs (PnCs), some transmission peaks appear in the
region of fy photonic € [29:05GHz,33.3GHz] (f_phononic €
[0.91 MHz,1.04 MHz]), which belongs to the region of
f Cphotonic (prhononic)‘

The result indicates that some propagable states are generated
after combination, that is, interface states are generated. The
propagation constant k of waves at different frequencies is differ-
ent, resulting in different modes. The phenomena in the upper-
lower combination structures of sunflower-type crystals are
consistent with the phenomena in the square lattice. With the
same simulation environment and setting conditions shown
in Fig. 3, the distributions of the electric field and sound pressure
field are shown in Fig. 5. Figure 5 demonstrates that irrespective
of PCs or PnCs, the distributions of the electric field and sound
pressure field are periodic along the boundary as in the square
lattice. It shows that photonic and phononic interface states can
be realized independently in the upper-lower combination
structure of sunflower-type crystals. The arrangements of dielec-
tric (elastic) cylinders in the square lattice and the upper-lower
combination structure of sunflower-type crystals [Fig. 1(c)] both
show a mirror symmetry on average along the boundary.

Max| [Max

Min [ Min

Fig. 5. Considering Fig. 1(c) as the model, the field distributions of the upper-
lower combination structure of sunflower-type crystals. (a) PCs at
f = 3054 GHz; (b) PnCs at = 0.96 MHz.
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According to the inner-outer combination structure of sun-
flower-type crystals shown in Fig. 1(d), the mirror symmetry
is broken and the translational symmetry in the rectangular
coordinate system is transformed into the translational sym-
metry in the polar coordinate system (that is, the rotational sym-
metry). In order to find out whether interface states can exist in
structures with rotational symmetry rather than translational
symmetry, the transmission spectra of the inner—outer combina-
tion structure of sunflower-type crystals are calculated in Fig. 6,
respectively.

As shown in Fig. 6, transmission peaks appear in the region of
Sio_photonic € [29.05GH2z,33.3GHz]  (fiy_phononic € [0.91 MHz,
1.06 MHz]), which belongs to the region of f cphotonic (f cphononic)-
Frequencies of transmission peaks occurring in the BG are
selected to calculate the distributions of electric field and sound
pressure field, as shown in Fig. 7. Both the electric field and the
sound pressure field are distributed periodically along the circu-
lar interface, and decay rapidly as they extend to the interior of
the crystal on both sides. The transmission spectra of PCs and
PnCs [Figs. 6(a) and 6(b)], and the field distribution [Figs. 7(a)
and 7(b)] analysis indicate that photonic and phononic interface
states can still be realized in the inner-outer combination struc-
ture of sunflower-type crystals.

In the application process of PCs and PnCs, due to the lim-
itations of the preparation technology or the loss in the use proc-
ess, the crystal structure may be incomplete, defective, or
obstructed. Therefore, we explored the formation of interface
states of the inner-outer combination structure of sunflower-
type crystals with a defect and a metal barrier, as shown in
Figs. 8 and 9.

The transmission spectra of PCs and PnCs with a defect and a
metal barrier are shown in Fig. 8. Irrespective of defect (repre-
sented by red lines) or metal barrier (represented by blue lines),

(a)1 (b)1
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0.2 0.2
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24 30 36 42 48 (2).750.9 1051213515
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Fig. 6. Transmission spectra of models shown in Fig. 1(d) [the radius of outer
(inner) cylinders is i, = 0.5a (r, = 0.34)]. (a) PCs; (b) PnCs.

Min

Fig. 7. Considering Fig. 1(d) as the model, the field distributions of the inner-
outer combination structure of sunflower-type crystals. (a) Electric field of
PCs at f = 30.54 GHz; (b) sound pressure field of PnCs at f = 0.96 MHz.
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Fig. 8. Transmission spectra of PCs and PnCs with a defect and a metal
barrier. (a) PCs: (b) PnCs.
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Fig. 9. Field distributions of the inner-outer combination structure of sun-
flower-type crystals with (a), (b) a defect and (c), (d) a metal barrier.
(a) Electric field of PCs at = 3054 GHz; (b) sound pressure field of PnCs
at f= 0.96 MHz; (c) electric field of PCs at f = 30.54 GHz; (d) sound pressure
field of PnCs at f= 0.96 MHz.
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Fig. 10. Field distributions of output from angles of 120°, 90°, and 60°.
(a) Electric field of PCs at f = 30.54 GHz; (b) sound pressure field of PnCs
at f=0.96 MHz.

transmission peaks exist in the region of fgu photonic €
[29.05GHZ,33.3GHz]  (fum_phononic € [0-91 MHz, 1.06 MHz])
where interface states of the complete inner-outer combination
structures of sunflower-type PCs (PnCs) exist.

As shown in Figs. 9(a) and 9(b), when a dielectric (an elastic)
cylinder is removed from the crystal, the completeness is dam-
aged, while the electromagnetic (elastic) waves can still propa-
gate along the interface. That is to say, interface states are

Vol. 21, No. 6 | June 2023

almost undamaged. When a metal barrier is inserted at the inter-
face of the crystal, the barrier cannot prevent the formation of
interface states, as shown in Figs. 9(c) and 9(d). The transmis-
sion spectra and field distributions show that interface states
possess good robustness.

Sunflower-type crystals can make interface states realized as a
circular shape, which allows electromagnetic waves or elastic
waves to be output from any angle when the input port is deter-
mined. The results shown in Fig. 10 are output from angles of
120°, 90°, and 60°, respectively. To achieve the same angular out-
put in square lattices, it is necessary to use straight waveguides
with obtuse, right, and acute angles, which may cause greater
loss when waves propagate through these angles and even
destroy interface states.

4. Conclusion

Based on the material and structural parameters that could real-
ize photonic and phononic interface states independently in the
same square lattice, interface states in PCs and PnCs were real-
ized independently in the upper-lower and inner-outer combi-
nation structures of sunflower-type crystals. For these crystal
types, materials of background and dielectric (elastic) cylinders
were interchanged, which enabled the independent realization
of straight-line or circular photonic and phononic interface
states in the same sunflower-type crystals. These interface states
are possessed with good robustness and can be output from any
angle. This result can expand the function of waveguides, filters,
isolators, and so on, realizing the dual use of devices and reduc-
ing the cost of production.
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