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When discussing the spin-dependent optical perfect absorption (PA) phenomenon in a micro-nano structure, the de-
signed structure should contain symmetry-breaking compositions that generally require an applied magnetic field. For-
tunately, the multi-Weyl semimetal (mWSM) with natural time-reversal symmetry breaking property provides feasible
schemes to investigate the spin-dependent PA without an external magnetic field. Recently, most existing schemes are
primarily restricted to single- or dual-band spin-dependent PA in mWSM-based systems. Here, we present a heterostruc-
ture comprising five one-dimensional photonic crystals (PCs) and four identical mWSM layers to discuss the tetra-band
spin-dependent PA. Results show that, due to the topological edge state-coupled mode and the nonzero off-diagonal term of
mWSM, the PA of left-hand circularly polarized and right-hand circularly polarized light is attained at four distinct frequen-
cies, respectively. More importantly, the tetra-band spin-dependent PA phenomenon can be regulated effectively via the tilt
degree of Weyl cones, Fermi energy, topological charge, Weyl nodes separation, mWSM thickness, and the periods of the
middle three PCs. This study provides an efficient scheme to achieve tetra-band adjustable spin-dependent PA without an
external magnetic field, which may have potential applications in spin-dependent photonic devices.

Keywords: perfect absorption, multi-Weyl semimetal, photonic crystals, topological edge state
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1. Introduction

Recently, optical absorbers have attracted broad attention
due to their practical applications in solar photovoltaic cells
and numerous optoelectronic fields.!"-?! A variety of schemes
and compositions have been proposed to achieve optical per-
fect absorption (PA), such as epsilon-near-zero materials, !
graphene-hexagonal boron nitride hyper-crystals,* and sur-
face plasmon resonance,>! among others. In particular, one-
dimensional (1D) photonic crystals (PCs), which are manufac-
turable 1D microstructures with cyclical spatial modulation in
refractive index, can generate photonic bandgaps to prevent
light propagation.!®-8 Exploiting photonic bandgaps enables
feasible schemes to achieve PA, such as critical coupling,”!
optical Tamm states, % and related methods. However, these
schemes generally focus on linear-polarization PA.

Spin-dependent optical absorption, a particular optical
absorption phenomenon, arises from distinct absorption be-
haviors of right-hand circular polarization (RCP) and left-hand
circular polarization (LCP).['! Circular polarization, carrying
spin angular momentum, shows unique advantages due to its
specific interaction with chiral materials, its ability to carry
quantum information, its stability during propagation, and its
rich physical effects. These features make it a key research
focus in fields such as biology, quantum technology, com-
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munication, and imaging.!'>~'4! Investigating spin-dependent
optical absorption in micro-nano structures usually requires
symmetry-breaking chiral compositions, often achieved with
an external magnetic field.['> However, the large size of mag-
netic systems limits experimental investigation and potential
applications. Therefore, developing chiral materials that func-
tion without applied magnetic fields is of great significance for
studying spin-dependent PA.

Weyl semimetals (WSMs) have recently attracted grow-
ing attention due to their prominent optical properties, such
as graphene-like tunable plasmons and excellent optical
nonlinearity.'®!”] The Weyl nodes in a WSM act as sources
or sinks of Berry curvature, effectively serving as a magnetic
field in momentum space.!'®) WSMs arise when either spatial
inversion or time-reversal symmetry is broken. In WSMs with
broken time-reversal symmetry (TRS), chiral features persist
even without an external magnetic field. Typically, conven-
tional WSMs carry topological charge n = 1, as identified
in NbAs, TaP, and TaAs.!'*~?!1 Recently, higher topological
charges of 2 and 3 have been discovered.>?l WSMs with en-
hanced topological charge are called multi-WSMs (mWSMs),
found in SrSiy, HgCr>Ses, TI(MoTe)s, and Rb(MoTe)3.[23-2]
Generally, mWSMs exhibit optical performances similar to
conventional WSMs. (%]
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The chiral features of WSM and mWSM have

been widely studied, including applications in circu-

lar polarizers,m] Kerr and Faraday effects,[27:281

optical
isolators,!*”! and circularly polarized thermal radiation. 3]
Recently, a Fabry—Pérot cavity with mWSM was proposed to
discuss spin-dependent PA, 3" and a conventional Otto config-
uration with WSM was presented by Ma et al.3%! to achieve
spin-dependent PA. However, most existing schemes are lim-
ited to single- or dual-band spin-dependent PA. Multi-band
spin-dependent PA remains largely unexplored. Compared
with single- or dual-band PA, multi-band spin-dependent PA
can accommodate complex multi-band signals, enhance in-
formation processing capabilities, and broaden application
scenarios such as multispectral imaging and multi-channel
communication.?*34 Therefore, developing mWSM-based
systems to achieve multi-band spin-dependent PA is of great
significance.

Topological edge states (TES) have recently gained at-
tention for their topological protection and enhanced local-
field features.!*-37) Various designs have been developed to
generate photonic TES modes.?%3°! In particular, the sim-
ple and manufacturable nature of 1D PCs allows the exci-
tation of TES modes for studying optical phenomena such
as optical bistability,!*° optical group delay,!*!! and ther-

mal radiation. %

TES modes emerge in 1D PCs when two
contiguous PCs possess opposite topological characteristics
within overlapping bandgaps. Excitation of TES modes leads
to narrow frequency peaks within the TES bandgap.*3! Hence,
exploiting TES modes in 1D PC heterostructures provides a
feasible scheme to realize optical PA.

In this work, we propose a heterostructure comprising
five PCs and four identical mWSM layers to achieve tetra-
band spin-dependent PA by combining TES-coupled modes
with the chiral properties of mWSMs. By tuning the tilt of
Weyl cones, Fermi energy, topological charge, Weyl nodes
separation, mWSM thickness, and periods of the middle three
PCs, the four PA frequencies for LCP and RCP can be flex-
ibly controlled. This study provides an effective scheme to
achieve tetra-band adjustable spin-dependent PA without an
external magnetic field and may hold potential for tunable
multi-band spin-dependent photonics, including multispectral
imaging and multi-channel communication.

2. Model and theoretical method

To realize tetra-band spin-dependent PA, we design a
heterostructure comprising five 1D PCs and four identical
mWSM layers, as illustrated in Fig. 1. PC1, PC3, and PC5
consist of the unit cell ABA with periods N, N3, and N5, re-
spectively, while PC2 and PC4 consist of the unit cell BAB
with periods N, and Njs. The thicknesses of constituents A
and B in the unit cells ABA and BAB are d;, d», d3, and
dys, respectively. Materials A and B are Si and SiO,, with

refractive indices np = 3.48 and ng = 1.45 in the operating
frequency range. The thicknesses di, d, d3, and d4 are cho-
sen as 0.27A, 0.46A, 0.36A, and 0.32A, respectively, where
A =Ay/(4na)+ Ao/ (4np) and A9 = 4 pm is the central wave-
length. The C layer represents the mWSM layer with thickness
dm = 1.36 pm, and the D layer is a PEC substrate to block light
transmission.

PC1

PC3
T
| l \
i la., ld,, la,
| | \
Linear | | ‘
polarization light
| l \
| | \
X L] I |

N, periods N2 pprlod% N’; perlodﬁ N4 perlod
Z
. Si . SiO, C mWSM

Fig. 1. Schematic diagram of the proposed heterostructure for tetra-band
spin-dependent PA. The structure consists of five 1D photonic crystals
(PCs) and four identical mWSM layers. PC1, PC3, and PC5 comprise the
unit cell ABA with periods Ny, N3, and Ns, respectively, while PC2 and
PC4 comprise the unit cell BAB with periods N, and Ng, respectively.
The thicknesses of components A and B in the unit cells ABA and BAB
are dy, dp, d3, and dy, respectively. The mWSM layers have thickness dp,,
with the two discrete multi-Weyl nodes oriented along the z-axis.
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Considering the TRS-broken mWSM containing two sep-
arate multi-Weyl nodes along the z direction, its conductivity

is described by a 3 x 3 tensor!??!
- Oxx Oy 0
G=|onxo0y 0|, ey
0 0 o

where 0, = 0y, denote the longitudinal conductivities, Oy, =
— 0y, the Hall conductivities, and o, the longitudinal conduc-
tivity along z, which does not affect the Fresnel reflection un-
der normal incidence.

Using the Kubo formula with conduction and valence
band wave functions, the longitudinal and Hall conductivi-
ties of type- mWSMs with C = Cy = —C_ < 1 are obtained,
where C, is the tilt degree of the Weyl cones and y = %1
denotes the opposite chirality of the pair of Weyl nodes. Ex-

plicitly, these conductivities are written as!??!
0, o < o,
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The relevant dielectric tensor of the mWSM is then

sxxfebJr— &y =

08 ——(Oxy +0p). ®)

we&y

To evaluate optical absorption, the Fresnel reflection co-
efficients are computed via a 4 x 4 anisotropic transfer matrix
to account for the off-diagonal term y = €, /i. For our struc-
ture with a PEC substrate, the absorption of LCP and RCP
light is

A_=1-R_, A,=1-R,.

The four degenerate TES modes in the PC/mWSM het-
erostructure split into four linear-polarization absorption

peaks, and the nonzero 7y allows realization of tetra-band PA
for LCP and RCP light.

3. Results and discussions

To investigate the excitation of TES modes in a het-
erostructure composed of two 1D PCs, the band structures
of the individual PCs are first analyzed using the dispersion

relation[43:44]

cos(KL) = cos(kada)cos(kpdp)

+ (ZA + ZB) sin(kady)sin(kgdg),  (9)
Zs  Z

where L is the unit cell width, K the Bloch wavevector, k;

the wave vector along the z direction, d; the total thickness

v/ i/ & is the impedance of medium i

with permeability ; and permittivity & (i = A or B).

of medium i/, and Z; =

The Zak phase of the mth isolated passband between the
mth and (m — 1)th bandgaps, 62, is calculated by#344]

sgn(gn1)

:nZaky __
o) = = en(om)

exp(i ) (10)

where @, and ¢,_; are the reflection phases of the mth and
(m — 1)th bandgaps, respectively. The sign function is defined
as sgn(@,,) = —1 for ¢, € (—x,0) and 1 for ¢, € (0,7).

For the lowest Oth isolated band, the Zak phase simplifies
tol43:44]

exp(i67%) = sgn (1 - gA‘uB> . (11)

EBUA

Finally, the topological property of the gth bandgap is

identified using[4344]

sgnfg ] = (—1)7(~ exp( Z 92““) (12)
where [ is the number of band crossings below the gth
bandgap. A positive sign of g(q) indicates a positive topo-
logical feature, whereas a negative sign indicates a negative
topological feature. The TES mode can be excited when the
overlapping bandgaps of the two PCs exist and their topologi-
cal signs are opposite.

PC2/4

TES lbarlldgap

40 80 120 160 200 240
Frequency (THz)

Fig. 2. TES bandgaps in the designed heterostructure with two 1D PCs.
(a) Reflection spectra of PC1/3/5 and PC2/4. (b) and (c) Corresponding
band structures of PC1/3/5 and PC2/4, respectively. Magenta rectangles
indicate bandgaps with positive topological features, while cyan rectan-
gles indicate bandgaps with negative topological features. The Zak phase
of 0 or & is labeled in red within the pass bands.

To further demonstrate the feasibility of the TES mode
in the designed heterostructure comprising two 1D PCs,
Figs. 2(a)-2(c) show the reflection spectra of PC1/3/5 and
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PC2/4, the band structures of PC1/3/5, and the band structures
of PC2/4, respectively. Here, all five PCs are chosen to have
identical periods of 10.

As seen in Fig. 2(a), three bandgaps appear in the reflec-
tion spectra of both PC1/3/5 and PC2/4, with the first and
second bandgaps partially overlapping. The band structures
shown in Figs. 2(b) and 2(c) are in good agreement with these
reflection characteristics. Notably, while there are two over-
lapping bandgap regions between PC1/3/5 and PC2/4, only the
first overlapping region exhibits opposite topological features.
Therefore, the TES mode is expected to appear solely within
this first overlapping bandgap, corresponding to the frequency
range from 51.7 THz to 70.6 THz.

Modes 1 2 3 4
1.0 Modes L2 84
(a) ~ l | Heterojunction with
0.8}¢ . | ! ! ' Two PCs and one |
= ’ ! ‘ ! "] . mWSM layer
9 b ! | | — - Three PCs and two
2 0.6 Fyrff ot mWSM layers |
S { — - —=Five PCs and four
__8 0.4 { mWSM layers
< |
0.2 !
0
1.0 ——
(b) | | i [
0.8F A |
=) |
Q - AL o
T 0.6 A
= P
g I
2 047 R
I
0.2 |
{ g
: —

0 —r T
54 56 58 60 62 64 66 68 70

Frequency (THz)

Fig. 3. The tetra-band spin-dependent PA induced by TES cou-

pled mode. Panel (a) shows the absorption spectra of the

structures PC1/mWSM/PC2, PCl/mWSM/PC2/mWSM/PC3, and

PC1/mWSM/PC2/mWSM/PC3/mWSM/PC4/mWSM/PC5, where the

off-diagonal term 7 is hypothetically ignored. Panel (b) displays the

tetra-band spin-dependent PA phenomenon for LCP and RCP light.

Based on the above discussion, the TES mode can be
excited in the frequency range from 51.7 THz to 70.6 THz.
To first demonstrate that TES coupled mode induces four ab-
sorption peaks of linear polarization, Fig. 3(a) shows the ab-
sorption spectra of the heterostructures with two PCs and one
mWSM layer, three PCs and two mWSM layers, and five PCs
and four mWSM layers. The Weyl nodes separation, Fermi
energy, topological charge, and tilt degree of Weyl cones are
chosen as 0.12 nm~!, 0.5 eV, 2, and 0.4, respectively. The
periods of five PCs are all optimized to 3.
It is found that for the structure PC1/mWSM/PC2, a

PA peak appears at 61.5 THz within the TES bandgap, in-
dicating that the PA phenomenon is enabled by the TES
mode. For the structure PC1/mWSM/PC2/mWSM/PC3, two
degenerate TES modes supported by PC1/mWSM/PC2 and

PC2/mWSM/PC3 interact. The optical distance between

the two mWSM layers, determined by the period of PC2,
controls the strength of this interaction. Properly selecting
this distance splits the original degenerate TES modes into
two independent TES modes, forming two narrow absorption
peaks at 60.6 THz and 62.38 THz. Finally, for the structure
PC1/mWSM/PC2/mWSM/PC3/mWSM/PC4/mWSM/PCS5,
coupling among four degenerate TES modes in
PC1/mWSM/PC2, PC2/mWSM/PC3, PC3/mWSM/PC4, and
PC4/mWSM/PCS5 splits them into four independent TES
modes, denoted as modes 1-4, generating four narrow ab-
sorption peaks at 60.05 THz, 60.94 THz, 62.07 THz, and
62.85 THz, respectively. Thus, TES coupled mode induces
the four absorption peaks of linear polarization.

Furthermore, Fig. 3(b) illustrates the absorption spectra
of LCP and RCP light, showing the tetra-band spin-dependent
PA phenomenon. Due to the TES coupled mode and the off-
diagonal term of mWSM, PA of RCP and LCP is realized at
four distinct frequencies. Specifically, TES mode 1 induces
PA at 55.84 THz (LCP) and 65.66 THz (RCP); TES mode
2 at 56.95 THz (LCP) and 66.38 THz (RCP); TES mode 3
at 58.25 THz (LCP) and 67.38 THz (RCP); TES mode 4 at
59.1 THz (LCP) and 68.11 THz (RCP). In summary, the tetra-
band spin-dependent PA enabled by TES coupled mode is
demonstrated in our structure.

Subsequently, the adjustability of the spin-dependent PA
phenomenon is discussed. The dependence of mWSM per-
mittivity on the tilt degree of Weyl cones and Fermi energy
provides feasible schemes to manipulate PA. Figure 4 shows
the absorption spectra of LCP and RCP at various tilt degrees
and Fermi energies. As seen in Figs. 4(a) and 4(c), increasing
the tilt degree causes PA frequencies of LCP and RCP for the
same TES mode to increase and decrease, respectively. This is
because a larger tilt reduces the off-diagonal term Y, weaken-
ing the chiral feature of mWSM. When 7 vanishes, absorption
curves of LCP and RCP coincide. As seen in Figs. 4(b) and
4(d), increasing Fermi energy shifts PA frequencies of both
LCP and RCP to higher values, mainly because the diago-
nal term &, decreases with growing Fermi energy, requiring
higher TES mode frequency to maintain phase change in the
mWSM layer. The PA frequency difference between LCP and
RCP slightly decreases with increasing Fermi energy due to
the reduced off-diagonal term 7.

Furthermore, thanks to the dependence of mWSM per-
mittivity on topological charge and Weyl nodes separation,
the tetra-band spin-dependent PA can be tuned by altering the
topological charge and Weyl nodes separation. The absorp-
tion of LCP and RCP at various topological charges and Weyl
nodes separations is shown in Fig. 5 to illustrate the adjustable
role of topological charge and Weyl nodes separation on the
PA. Tt is found that the tetra-band PA of LCP and RCP can be
realized at different Weyl nodes separations and topological

047801-4
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charges. As seen in Figs. 5(a) and 5(c), with increasing Weyl
nodes separation, the PA frequency of LCP and RCP enabled
by the same TES mode decreases and increases, respectively.
The main reason is that as the Weyl nodes separation grows,
the off-diagonal term 7y increases, enhancing the chiral feature
of mWSM. As shown in Figs. 5(b) and 5(d), with increasing
topological charge, the PA frequency of LCP and RCP enabled
by the same TES mode decreases, while the relative PA fre-
quency difference between them slightly increases. This phe-
nomenon is primarily caused by the fact that with increasing
topological charge, both off-diagonal and diagonal terms in-
crease, enhancing the chiral feature of mWSM and decreasing
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the TES mode frequency to maintain the phase change in the
propagation of the mWSM layer.

Finally, the effect of the mWSM thickness and the pe-
riods of the middle three PCs on the spin-dependent PA
phenomenon is investigated, as displayed in Fig. 6. Here
the periods of the middle three PCs are identical, denoted
It is indicated that the tetra-band PA of LCP and
RCP can be achieved at different thicknesses and periods.

as Nj.

As seen in Figs. 6(a) and 6(c), with increasing thickness,
the PA frequency of LCP and RCP enabled by the same
TES mode decreases. The main reason is that as the thick-

ness grows, the PA frequency induced by the TES mode
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Fig. 4. Tetra-band tunable spin-dependent PA via tilt degree and Fermi energy. (a) and (c) show the absorption of LCP and RCP at different tilt
degrees, respectively. (b) and (d) show the absorption of LCP and RCP at different Fermi energies, respectively.
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Fig. 5. Tetra-band tunable spin-dependent PA via topological charge and Weyl nodes separation. (a) and (c) show the absorption of LCP and RCP
at different Weyl nodes separations, respectively. (b) and (d) show the absorption of LCP and RCP at different topological charges, respectively.
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Fig. 6. Tetra-band tunable spin-dependent PA via mWSM thickness and the periods of the middle three PCs. (a) and (c) show the absorption of
LCP and RCP at different mWSM thicknesses, respectively. (b) and (d) show the absorption of LCP and RCP at different periods, respectively.

must decrease to maintain the phase change in the propaga-
tion of the mWSM layer. It is found in Figs. 6(b) and 6(d)
that with N> increasing from 2 to 4, the four PA frequencies of
LCP and RCP shift toward their respective central frequencies.
The main reason is that as N, grows, the interaction strength
among the four TES modes decreases, resulting in a weakened
mode-coupling splitting phenomenon.

4. Conclusion

In this article, a heterostructure containing five 1D PCs
and four identical mWSM layers is developed to investigate
the spin-dependent PA phenomenon by effectively combining
the TES mode and the characteristics of mWSM. Results show
that, due to the TES coupled mode and the chiral features sup-
ported by the off-diagonal term of mWSM, the PA of LCP
and RCP is realized at four distinct frequencies, respectively,
demonstrating the realization of tetra-band spin-dependent PA.
Furthermore, the four PA frequencies of LCP and RCP can be
flexibly regulated via the tilt degree of Weyl cones, Fermi en-
ergy, topological charge, and Weyl nodes separation. Finally,
the effect of the mWSM thickness and the periods of the mid-
dle three PCs on the spin-dependent PA phenomenon is dis-
cussed. The study reveals an efficient scheme to attain tetra-
band tunable spin-dependent PA without an applied magnetic
field, and may provide potential applications in tunable multi-
band spin-dependent photonic aspects, such as multispectral
imaging and multi-channel communication.
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