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Abstract

Magnetic Weyl semimetals (mWSMSs) enable spin-resolved optical responses at zero magnetic field via
their intrinsic topological magneto-optical effects, making them an ideal material platform for spin-
selective absorption. However, most existing mWSM-based absorption structures rely on periodic
photonic crystal, whose single resonance channel is insufficient to support multichannel parallel spin
information processing. Here we construct a heterostructure composed of a Fibonacci quasi-periodic
photonic crystal and an mWSM thin film, and systematically investigate its spin-dependent absorption
characteristics by using the 4x4 transfer matrix method. Results show that the self-similar fractal energy
bands of the quasi-periodic structure satisfy the optical Tamm states phase matching condition in three
reflection bandgaps simultaneously, inducing triple-band near-perfect absorption with prominent spin
splitting in each band. Furthermore, Weyl node separation, Fermi level and dielectric layer thickness act
as independent tuning parameters to adjust the resonance frequency and absorption intensity of the
three absorption bands respectively. This study breaks the channel number limitation of periodic
configurations and provides a feasible approach for designing integrated multichannel spin photonic
devices.

Introduction

Conventional magneto-optical materials, such as yttrium iron garnet and bismuth iron garnet, exhibit
weak intrinsic magneto-optical responses and rely on external magnetic fields to break time-reversal
symmetry for spin resolution. The resulting bulky devices and complex systems impose severe
constraints on miniaturization and integration [1-3]. Alternative approaches, including chiral
metasurfaces and magneto-optically modified two-dimensional materials, are limited by intricate
fabrication processes and single-channel operation modes [4-6]. Therefore, realizing efficient multi-band
spin-dependent absorption under zero magnetic field has emerged as a critical challenge awaiting
breakthroughs in photonics.

Magnetic Weyl semimetals (mWSMs) offer an ideal material platform for spin-dependent absorption.
The Berry curvature in momentum space functions as an intrinsic effective magnetic field, giving rise to
the anomalous Hall effect and intrinsic magneto-optical responses in mMWSMs at zero external field [7-
9]. Representative mWSMs including Co,MnGa, Co,Sn,S, and Co,TiGe demonstrate strong terahertz
magneto-optical effects under zero field, with their magneto-optical strength jointly governed by Weyl
node separation and Fermi level [10-13]. More critically, their off-diagonal dielectric tensor presents
distinct effective refractive indices for left- and right-handed circularly polarized light, equipping the
material with spin resolution free of external magnetic fields [14-16]. Nevertheless, the intrinsic
absorption capacity of bare mMWSMs remains insufficient for direct device implementation, necessitating
appropriate photonic structures to effectively excite and tailor the spin-dependent absorption of the
system [17, 18].

Page 2/16



Periodic photonic crystal confine electromagnetic fields and enhance absorption via localized modes
within their band gaps. As interface-localized electromagnetic modes, optical Tamm states (OTS)
concentrate electromagnetic energy intensely at the interface between the functional layer and photonic
crystal, representing an effective mechanism for near-perfect absorption (PA) [19—21]. Previous work
has integrated mWSM with one-dimensional periodic photonic crystals to excite OTS at their interface,
and the presence of these states leads to a difference between absorptivity and emissivity as high as
0.94 at a wavelength of 10 um, thereby enabling nearly perfect nonreciprocal thermal radiation [22].
However, periodic photonic crystal possess simple band structures and typically support only one
resonance channel, failing to meet the demand for multi-band spin-dependent absorption. By contrast,
Fibonacci quasi-periodic photonic crystal features both long-range order and broken translational
symmetry. Their self-similar fractal energy bands spontaneously generate multiple-order localized states
across a broad spectral range, enabling multi-channel optical responses without defect layers [23, 24].
This strategy has been adopted to realize graphene-based multi-channel terahertz perfect absorption
[25-27]. While the intrinsic magneto-optical effect of mMWSMs shows broad application potential, the
combination of mMWSMs with Fibonacci quasi-periodic photonic crystal remains unexplored for spin-
dependent absorption. Especially, the multi-band absorption performance, independent tuning
mechanism of each band, and the synergistic physics between OTS modes and magneto-optical effects
in this zero-field system all require systematic investigation.

In this work, we construct a heterostructure composed of an mWSM thin film and a Fibonacci quasi-
periodic photonic crystal to investigate its absorption properties in the mid- to far-infrared regime via the
4x4 transfer matrix method (TMM). Driven by the synergy between multi-order OTS modes and the
intrinsic magneto-optical effect of mMWSM, the structure exhibits triple-band spin-dependent near-PA at
zero magnetic field. We further analyze the modulation rules of Weyl node separation, Fermi level, spacer
parameters and dielectric thickness on the resonance frequency, amplitude and spin splitting of the
three absorption bands, and clarify the physical mechanism based on the OTS phase matching
condition. This work breaks the channel count limitation of periodic configurations and provides a
theoretical basis for multi-band spin-dependent absorption devices.

Models and methods

We propose a heterostructure composed of an mWSM layer, a dielectric spacer layer, and a one-
dimensional Fibonacci quasi-periodic photonic crystal. The schematic diagram of the proposed structure
is depicted in Fig. 1. A perfect electric conductor (PEC) layer is introduced to suppress transmission
completely, which ensures that the absorption A can be simply calculated as A = 1-R, where R denotes
the reflectance. The Fibonacci quasi-periodic photonic crystal is constructed from two dielectric layers A
and B arranged according to the following recursive generation rule [28]:
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where j is the generation order of the Fibonacci sequence, and n is the repetition coefficient of the
sequence (a positive integer). The relative permittivities of layers A and B are € 4 = 1.9044 (MgF,) [29]
and e g = 5.0625 (ZnS) [30], respectively. Their thicknesses are denoted as d, and dg. The dielectric
spacer layer has a refractive index ny = 1.45 (SiO ) and a thickness of d. The C layer represents an
mWSM layer with a thickness of d.=400 nm. Transverse Magnetic (TM) polarized light waves are
vertically incident from the air onto the mWSM layer.

The dielectric constant of the mMWSM is achievable represented by a 3x3 tensor, owing to its inherent
time-reversal symmetry-breaking property [31-33]:

eq 1€, 0
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where the expression for the off-diagonal element ¢, reads [31-33]:
be?
T onhw
3

the diagonal element €; describes the conventional dielectric response of mMWSM, including
contributions from background lattice polarization and intraband/interband electronic transitions. Using
the Kubo-Greenwood formula within the random phase approximation (RPA) two-band model (with spin
degeneracy), we derive the conductivity o and obtain the expression fore:

Yoz

€d = Ep+ ——

Eow

4

where ¢y is the background relative permittivity of mMWSM from lattice ionic polarization, and o is the
complex conductivity of mWSM with the full form [31-33]:
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where g represents the number of Weyl node pairs, kr = Er/(hvg) is the Fermi momentum,

Q) = h(w + i 1)/ Ep represents the normalized complex frequency, G(E) = n(-E)-n(E) is the Fermi
distribution difference function, n(E) represents the Fermi-Dirac distribution, kg is the Boltzmann
constant, T is the thermodynamic temperature, E¢ represents the Fermi level, v is the Fermi velocity, T
represents the electron relaxation time, §. = E/Ef represents the normalized cutoff energy, and ¢ is the
normalized energy integration variable. Unless otherwise stated, all parameters in this work are taken
from reference [34] : g, = 6.2, £, =3, T=1000 ps, g = 2, ve=8.3x10* m-s™!, T=300 K, and Ez=0.3 eV.

To study the light absorption of this structure, we must first obtain its Fresnel reflection coefficient. The
off-diagonal element of MWSM necessitates replacing the 2x2 TMM with the full-vector 4x4 TMM
anisotropic formalism to accurately compute the reflection coefficients of right-handed circular
polarization (RCP) and left-handed circular polarization (LCP) light and capture their anisotropic
response [34], with R, and R_ defined as the reflection coefficients for RCP and LCP light, respectively.

Light transmission through the proposed structure is effectively suppressed by an integrated PEC
substrate. Therefore, the absorption response for both LCP and RCP illumination can be acquired from
the proposed heterostructure, which is expressed as A_=1-R_ and A,=1-R,, respectively.

The 4x4 anisotropic TMM is employed to rigorously derive the reflection coefficients of RCP/LCP light,
and to characterize the spin-dependent PA of the designed structure. The heterostructure comprises
sequentially stacked layers (incident direction, left to right): mMWSM layer C, spacer layer D, a one-
dimensional Fibonacci quasi-periodic photonic crystal, and a bottom PEC substrate. The incident
medium is air, and the cumulative transfer matrix M,,;,, equals the product of the transfer matrices of all

constituent layers [17, 35]:
Miota = (D) Mo Mp(Mp" " M4)N MpD©
6

where the matrices D) and M corresponding to the I-th layer are expressed as [17, 35]:
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where go(il) = %Nf)d(l) gives the phase shifts of RCP and LCP waves in the /-th layer,

Nj(cl) = sg) + z'e((ll) represents their refractive indices, d® represents the I-th layer thickness, and ¢

represents the speed of light in vacuum [36]. The relative permittivity tensors for the isotropic layers A
and B can be expressed as [17, 35]:
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in addition, the reflection coefficients of RCP and LCP waves can be expressed as [17, 35]:
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Thus, the reflectances of RCP and LCP waves are denoted as R, = \r+\2 and R_ = |r_ \2,

respectively. The absorption of RCP and LCP waves are denotedas A, =1 — R,andA_ =1— R_
respectively. In the following discussion, we mainly investigate the realization and tunability of triple-
band spin-dependent near-PA.

Results and discussion

To clarify the excitation frequency range of OTS, we first construct a reference structure excluding the
mWSM layer and calculate its reflectance spectrum, as depicted in Fig. 2(a). In the band from 39.0 to
43.0 THz, the quasi-periodic structure forms three high-reflectance photonic band gaps with reflectance
close to 100%, centered at approximately 39.5 THz, 40.9 THz, and 42.3 THz. This provides a structural
basis for the simultaneous excitation of multi-band interfacial localized states. After integrating the
mWSM layer onto the incident side of the reference structure, the absorption and reflection phase
spectra of the composite structure are shown in Fig. 2(b). In this work, parameters j and n are set to 3
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and 6, respectively. The optimized unit cell parameters are as follows: d =2.63 um, d, = 1.05 ym, and dg =
9 um. Extremely narrow resonant absorption peaks with near-unity absorption emerge within all three
corresponding photonic band gaps, achieving triple-band near-perfect light absorption. The central
frequencies of the three absorption peaks are 39.26 THz, 40.69 THz, and 42.13 THz, respectively, which
match closely with the band gap centers of the reference structure. This indicates that the absorption
resonant modes are strictly confined within the photonic band gaps, in accordance with the frequency
characteristics of interfacial localized electromagnetic modes. As shown in the reflection phase curves
of Fig. 2(b), abrupt phase jumps occur at all three resonant frequencies, which is a typical signature of
OTS excitation and satisfies the total phase matching condition of integer multiples of 27. This directly
confirms that all three narrow-band absorption peaks originate from OTS excited at the spacer layer
between the mWSM layer and the quasi-periodic photonic crystal. Figure 2(c) presents absorption
spectra for incidence of LCP and RCP light. Pronounced spin splitting can be clearly observed across the
three absorption bands, where the resonant frequency and peak absorptance of the absorption peaks
show significant discrepancies for LCP and RCP light.

We then examine the modulation of LCP and RCP absorption by the Weyl node separation b and Fermi
level E¢. As seen in Fig. 3(a) and 3(c), RCP absorption peaks monotonically with increasing b, while LCP
peaks blueshift, enlarging their frequency separation. This is because the off-diagonal element €, grows
linearly with b, increasing the effective refractive index N, for RCP and lowering its resonant frequency,
while decreasing N. for LCP and raising its resonant frequency, thus amplifying spin splitting. The peak
absorptance of the three main resonances stays above 0.93 across the full b tuning range, retaining
near-PA even at b = 1.5x10° m™'. The strong field localization of OTS ensures sufficient light-matter
interaction, so that b induced loss variation does not significantly weaken the main absorption peaks. As
shown in Figs. 3(b) and 3(d), raising Ex from 0.28 eV to 0.32 eV uniformly blueshifts all three absorption
peaks for both polarizations. A higher Fermi level increases the Fermi momentum kg, reducing the real
part of the mWSM effective permittivity and hence the effective refractive index. Per the OTS resonant
phase condition, a lower refractive index yields a higher resonant frequency, causing an overall blueshift.
Peak absorptance decreases slightly with Ex but remains above 0.92, still in the near-PA regime, as the
strongly localized main resonances are insensitive to small loss fluctuations. Notably, the LCP and RCP
splitting magnitude for each resonance order is nearly invariant under E¢ tuning. Since spin splitting is
dominated by &,, which is primarily governed by b and insensitive to Ef, the Fermi level enables
continuous dynamic tuning of the operating band without modifying the spin selection characteristics.

We next investigate tunable triple-band near-PA via spacer layer thickness d and refractive index n;.
Figures 4(a) and 4(c) present the absorption spectra of right- and left-handed circularly polarized light at
spacer layer thicknesses d of 2.53 um, 2.63 um, and 2.73 um, respectively. It can be observed that the
absorption peak positions undergo a synchronous redshift with increasing thickness, whereas the
evolution trends of peak absorption intensity for the two circular polarizations show marked divergence.
For RCP light, the peak intensities of the three absorption peaks decrease monotonically as the spacer
layer thickness rises from 2.53 um to 2.73 um. At d = 2.53 um, the RCP absorptance A, in all three
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frequency bands approaches 1.0. When d increases to 2.63 um, the peak absorptance drops to
approximately 0.92. At d = 2.73 um, the peaks further decline to the range of 0.6-0.7. For LCP light, the
absorption peak follows a non-monotonic trend of first increasing and then decreasing with growing
thickness. At d = 2.53 um, the peak value of LCP absorptance A_is around 0.80. When d reaches 2.63 um,
the peak rises to about 0.95, approaching near-PA. As d further increases to 2.73 um, the peak decreases
slightly but remains near 0.9. The physical origin of this differentiated evolution lies in the difference in
effective refractive index corresponding to the two circular polarizations. RCP light is associated with a
larger effective refractive index N, which means that a smaller physical thickness of the spacer layer is
required to satisfy the OTS phase matching condition. Accordingly, the phase matching condition can be
satisfied at a smaller spacer layer thickness. In contrast, LCP light corresponds to a smaller effective
refractive index N_and thus a longer equivalent cavity length, so its optimal field localization occurs at a

larger spacer layer thickness.

Figures 4(b) and 4(d) show the absorption spectra of RCP and LCP light at spacer layer refractive indices
ny of 1.35,1.45, and 1.55, respectively. Like the regulation behavior of thickness tuning, an increase in
refractive index also induces a synchronous redshift of the absorption peak positions, while the
evolution of absorption intensity for the two circular polarizations exhibits marked asynchronism. For
right-handed RCP light, the peak absorptance decreases monotonically with rising refractive index. At ny
=1.35, the RCP absorptance A, in all three frequency bands approaches 1.0, achieving near-PA. When n,
increases to 1.45, the peak value drops to approximately 0.9. At ny =1.55, the peak declines substantially
to around 0.5.For LCP light, the peak absorptance follows a non-monotonic trend of first increasing and
then decreasing with growing refractive index. At ny =1.35, the peak value of A_is only about 0.6,
corresponding to low absorption efficiency. When n, reaches 1.45, the peak rises to above 0.95, attaining
a near-PA state. As n, further increases to 1.55, the peak decreases slightly but remains at
approximately 0.9. This phenomenon is directly governed by the difference in impedance matching
conditions between the two circular polarizations. Located between the air incident medium and the
composite structure, the spacer layer functions as an impedance transition layer. When the refractive
index of the spacer layer is close to the geometric mean of the equivalent refractive indices of air and the
structure, interfacial reflection is minimized and absorption efficiency is maximized. Since the structure
corresponding to RCP light has a higher equivalent refractive index, a lower spacer layer refractive index
is sufficient to realize impedance matching and achieve optimal absorption. In contrast, the structure
corresponding to LCP light has a lower equivalent refractive index, so a higher spacer layer refractive
index is required to reach optimal impedance matching.

Finally, we examine the impact of layer thicknesses of media A and B in the quasi-periodic photonic

crystal on triple-band spin-dependent near-PA. In Figs. 5(a) and 5(c), increasing d, from 0.95to 1.15 ym

induces a synchronous redshift of all three absorption peak centers. The photonic band gaps of the

Fibonacci quasi-periodic structure originate from multiple interfacial reflections and interferences, and

the localized resonant modes satisfy the equivalent cavity condition: total optical thickness scales

positively with resonant wavelength. A larger d, raises the unit optical thickness (n,-d,), lengthening the
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resonant wavelength and lowering the resonant frequency. All three peaks, corresponding to different-
order quasi-periodic localized modes, follow the same interference law, yielding a uniform redshift. As
shown in Figs. 5(b) and 5(d), raising dg from 8.95 to 9.05 um also redshifts the three main peaks, with a
far greater magnitude than d, at comparable relative variation. As the core unit for Bragg reflection and
band gap formation, the high-index ZnS layer B occupies a larger fraction of the structure. Minor dg

changes cause substantial variations in total optical thickness, delivering much higher frequency tuning
sensitivity than the low-index layer A. Furthermore, dg variation triggers pronounced mode splitting in the
quasi-periodic band structure. Deviating dg from the optimal value generates multiple secondary peaks
between the original three main peaks, increasing absorption channels. This is attributed to Fibonacci
quasi-periodic structures feature self-similar bands and broken translational symmetry, where small
perturbations split localized modes and generate extra localized states. A comparison shows that both
d, and dg enable continuous peak tuning, but differ fundamentally in sensitivity, mode evolution, and
mechanism. The high-index layer B offers higher tuning efficiency, where small thickness changes yield
large frequency shifts, while the low-index layer A produces gentler frequency modulation. The d, mainly
adjusts the absorption intensity of main modes and preserves the stable triple-band structure, whereas
dg readily induces band splitting and forms multi-peak absorption.

Conclusions

In summary, we have demonstrated triple-band spin-dependent near-perfect absorption without external
magnetic fields in an mMWSM-Fibonacci quasi-periodic photonic crystal heterostructure. The absorption
originates from OTS, which satisfy the phase-matching condition at three resonant frequencies within
distinct photonic band gaps. Each band exhibits pronounced spin splitting, with distinct shifts in
resonant frequency and peak absorptance for LCP and RCP light. Parameter studies reveal that the Weyl
node separation and Fermi level govern the magneto-optical strength and spin-splitting degree, while the
spacer and dielectric layer thicknesses enable continuous frequency tuning. Among all constituent
layers, the high-index ZnS layer offers the highest tuning sensitivity, owing to its dominant role in Bragg
reflection. With these independent control knobs, the three absorption bands can be flexibly tailored in
both frequency and intensity. Accordingly, this design overcomes the single-channel limitation of
periodic photonic structures and opens an avenue toward integrated multi-channel spin-dependent
photonic devices.
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Figure 1

Schematic diagram of the proposed heterostructure for achieving multi-channel spin-dependent
photonic absorption. The heterostructure consists of an mWSM layer, a spacer layer, and a one-
dimensional Fibonacci quasi-periodic photonic crystal. Layer D denotes the spacer layer with thickness
d, and layer C denotes the mMWSM layer with thickness d.. The two Weyl nodes of opposite chirality in the

mWSM are aligned along the z-axis.
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Triple-band spin-dependent near-PA is tunable via Weyl node separation and Fermi level. Panels (a) and
(c) present the absorption spectra of LCP and RCP light for different values of the Weyl node separation
b, while panels (b) and (d) show the corresponding spectra for different Fermi levels Ep.
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Spin-dependent absorption spectra under different spacer parameters. (a) and (c) absorptance versus
incident frequency for LCP and RCP light at various spacer thicknesses. (b) and (d) absorptance versus
incident frequency for LCP and RCP light at various spacer refractive indices.
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Figure 5

Modulation of spin-dependent absorption spectra by dielectric layer thicknesses. (a) and (c) absorptance
versus frequency for LCP and RCP light at various d, values. (b) and (d) absorptance versus frequency

for LCP and RCP light at various dj values.
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