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We investigate the coherent control of anisotropic surface plasmon polaritons (SPPs) in a symmetric 
double-layer metal/uniaxial dielectric structure. The directional anisotropy introduced by the uniaxial 
dielectric enables tunable SPP dispersion, absorption, and propagation characteristics through 
an external control field. We analyze reflection and transmission spectra, dispersion relations, 
propagation lengths, and the scattering matrix eigenmodes. Our results reveal strong modulation 
of SPP wavelength and enhanced propagation length with varying control field strength and metal 
layer composition. Remarkably, we observe coherent perfect absorption for both symmetric and anti-
symmetric modes, an effect not commonly realized in such layered anisotropic systems. This work 
introduces a novel platform for actively tunable nanoplasmonic devices, with potential applications in 
waveguiding, sensing, and plasmonic circuitry.
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Over the last several decades, plasmonics has developed rapidly, revealing the remarkable potential of surface 
plasmon polaritons (SPPs). SPPs are surface electromagnetic (EM) waves that arise through the coupling of 
incident EM radiation with the collective charge-density oscillations of free electrons in a metal1–3. The 
persistence of SPPs by metallic structures is a fascinating method for applications in biosensing4, plasmonic-
based solar cells5, subwavelength aperture transmission6,7, and photodetectors8. These applications typically 
exploit the strong field enhancement and surface confinement normal to the interface provided by propagating 
SPPs, as well as their high sensitivity to changes in the surrounding dielectric environment9,10. Although 
propagating SPPs provide strong EM field confinement perpendicular to the metal/dielectric interface and 
significant field enhancement near the surface, their in-plane wavelength remains only slightly shorter than the 
free-space wavelength. This distinguishes them from deeply subwavelength phenomena such as localized surface 
plasmon resonances (LSPRs) or spoof SPPs, which exhibit stronger spatial confinement in all directions1.

To achieve more accurate characterization of isotropic SPPs, some researchers have employed various 
methodologies and models11–13. Consequently, graphene-based 2D heterostructures14, 3D hybrid systems15, 
thin-layer and double-layer interfaces of isotropic dielectrics have been studied for unique SPP configurations, 
dispersion/absorption spectra, control over scattering, and loss mitigation. Similarly, metallic double layer 
structures in isotropic media have been used to enhance propagation length, analyze different EM eigenmodes, 
and investigate the nonlinear interactions of SPPs16–19.

The study of SPPs in anisotropic media has attracted increasing attention due to additional degrees of 
freedom in controlling light–matter interaction, which are absent in isotropic media20–23. The anisotropic 
SPPs arise at the interface between a metal and an anisotropic dielectric (typically uniaxial), where direction-
dependent permittivity leads to propagation characteristics that differ from those of conventional (isotropic) 
SPPs. This anisotropy affects the dispersion, confinement, and loss properties of the SPP modes, making them 
highly tunable and suitable for coherent control and waveguiding applications. Anisotropic materials have the 
advantage that their dielectric properties depend on direction24–26. In this context, SPPs have been investigated 
using anisotropic/bi-anisotropic substrates25,27, lossy uniaxial materials28, semiconductor inclusions29, nanowire 
metamaterials30, nanocomposites31, and 2D materials32. Similarly, uniaxial SPPs33 and biaxial34 media offer 
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various tools to manipulate EM waves at the nanoscale, in contrast to isotropic media. In such manipulation, the 
complex dispersion relation of SPPs, their wavelength, propagation length, optical axis orientation, permittivity 
tensors, and polarization states play vital roles and enable precise control over SPP‘s behavior34–36.

The dispersion relations of SPPs in anisotropic layers, especially in double-layer systems, depend on the 
anisotropic properties of the materials comprising the layers37,38. The optical axis in anisotropic dielectrics 
enhances both the confinement and propagation length of SPPs in configurations such as graphene double 
layers39–42. The anisotropic double-layer system allows SPPs to probe the relative permittivity tensors of each 
layer, thereby influencing propagation and inducing birefringence, through which SPP modes split based on 
their polarization directions. The coupling of the plasmon mode between two layers affects the total energy 
transfer and propagation length, while offering tunable characteristics. Anisotropic materials enable the 
adjustment of surface plasmon resonance conditions, thus enhancing the system’s sensitivity to polarization 
states. These anisotropic materials provide an accurate platform for anisotropic analysis, and the application of 
SPPs in double-layer structures opens new horizons in fundamental research36,40,43,44.

Contribution and motivation
SPPs at metal/dielectric interfaces have been extensively investigated due to their ability to confine EM energy 
at subwavelength scales. However, most studies focus on isotropic dielectric environments, where the in-
plane propagation characteristics are uniform. In contrast, our work considers SPPs at interfaces involving 
uniaxial anisotropic dielectrics, where the permittivity tensor features distinct components along the ordinary 
and extraordinary axes. This anisotropy modifies the dispersion relation and field confinement, resulting in 
direction-dependent SPP behavior. The anisotropic nature enables enhanced control of the SPP wavelength, 
propagation length, and absorption via external fields. Such configurations are gaining attention for their 
potential in tunable plasmonic devices, waveguides, and sensing platforms, but remain less explored compared 
to their isotropic counterparts.

Considering the above literature, we observe that no study has yet been reported on the coherent control of 
anisotropic SPPs in a symmetric double-layer metal/uniaxial dielectric structure. Therefore, in this article, we 
study the coherent control of anisotropic SPPs in a three-level Λ-type atomic configuration. We find that the 
wavelength of SPPs increases with increasing fractional ratios of the metallic components, f1 and f2, while the 
propagation length is enhanced by the control field Ωc. The reflection, transmission, and symmetric and anti-
symmetric eigenvalues of the scattering matrix are also modified by probe detuning (∆p), control field (Ωc), 
and f1, f2. The results of this study may find significance in sensing, computing, and waveguiding technologies.

Innovation and organization
The novelty of our work lies in the combination of coherent control and anisotropic plasmonics within a 
symmetric double-layer metal/uniaxial dielectric interface. While prior studies have addressed SPP propagation 
in isotropic or single-interface systems, our model introduces a directionally tunable platform where both field-
induced modulation and material anisotropy play a key role. Furthermore, we report coherent perfect absorption 
(CPA) in both symmetric and anti-symmetric modes of the scattering matrix;an effect that, to our knowledge, 
has not been demonstrated in such anisotropic layered systems. This approach provides a powerful mechanism 
for dynamically reconfiguring SPP characteristics, with implications for integrated plasmonic waveguiding and 
optical switching.

The paper is structured as follows: Section “Theory and model” presents the analytical formulation for SPPs 
propagating along the interfaces of the layered structure, which acts as a plasmonic waveguide. Section “Results 
and discussion” provides our results on dispersion and absorption spectra, wavelength, propagation distance, 
reflection and transmission spectra, and symmetric/anti-symmetric eigenmodes of the scattering matrix. Finally, 
in Section “Conclusions”, we summarize our findings.

Theory and model
Let us consider a symmetric double-layer metal/uniaxial dielectric structure where the dielectric tensors of the 
first and second layers (ϵ1d, ϵ2d) respectively contain a three-level Λ-type atomic configuration. As shown in Fig. 
1, ϵ⊥

1,2 and ϵ∥
1,2 are the normal and parallel permittivity components of the anisotropic materials in both layers. 

The permittivity tensor ϵ̄(1,2) of the uniaxial dielectric medium in both layers is given as:

	

ϵ̄(1,2) =




ϵ⊥
(1,2) 0 0
0 ϵ⊥

(1,2) 0
0 0 ϵ

∥
(1,2)


 ,� (1)

where ϵ⊥
(1,2) and ϵ

∥
(1,2) are the effective permittivity components normal and parallel to the optical axis, 

respectively, for both layers. Note that we assume that the uniaxial dielectric medium has its optical axis aligned 
along the z-direction, leading to a diagonal permittivity tensor of the form ϵ̄(1,2). This model is appropriate for 
aligned, non-gyrotropic uniaxial crystals and neglects magneto-optical or chiral effects that would introduce 
off-diagonal tensor elements. The inclusion of such off-diagonal terms would modify the SPP dispersion by 
coupling transverse field components and possibly breaking reciprocity, which is an important extension we 
plan to consider in future work. These effective permittivities are obtained using the mixing formula for layered 
characteristics45:

	 ϵ⊥
j = fjϵm

j + (1 − fj)ϵjd� (2)
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and

	

ϵ
∥
j = 1

fj

ϵm
j

− (1−fj )
ϵjd

,� (3)

in which j = 1, 2, and by the Drude model, ϵm
j =

(
1 − ω2

p

ω2+iωΓ

)
, where ω = 3.6 × 1015, ωp = 1.5 × 1016 is 

the plasma frequency, and Γ = 138.7 × 1013 is the damping rate.
Our model consists of |1⟩ and |3⟩ as ground states, while |2⟩ is an upper excited state. The probe laser 

pulse Ωp and the control field Ωc, with Rabi frequencies Ωp and Ωc, couple the transitions |2⟩ ⇐⇒ |1⟩ and 
|2⟩ ⇐⇒ |3⟩, respectively, with decay rates γ12 and γ23 (see Fig. 1). The interaction Hamiltonian of this system is

	
H = −ℏ

2 [Ωpe−i∆pt|2⟩⟨1| + Ωce−i∆ct|2⟩⟨3|] + H.c.� (4)

Here, ∆p and ∆c are the probe and control field detunings. By using the rotating-wave approximation, the 
evolution of the density operator ρ is given as:

	
ρ̇ = [H, ρ]

iℏ
− Γρ.� (5)

We use the rotating-wave approximation and the interaction Hamiltonian to derive the density matrix elements 
for the three-level Λ-type configuration, which are obtained as:

Figure 1.  The diagram of a symmetric double-layer metal/uniaxial dielectric structure with a three-level Λ
-type atomic configuration, where SP PL and SP PR impinge on the first layer from the left and right.
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ρ̇11 = (ρ33 − ρ11)γ31 + γ21ρ22 − i

2Ωp(ρ21 − ρ12),

ρ̇12 = ρ12(−γ12 − i∆p) + i

2Ωp(ρ22 − ρ11) − i

2Ωcρ13,

ρ̇21 = ρ21(i∆p − γ21) + i

2Ωp(ρ11 − ρ22) + i

2Ωcρ31,

ρ̇22 = −ρ22(γ23 + γ21) + i

2Ωp(ρ12 − ρ21) − i

2Ωc(ρ32 − ρ23),

ρ̇23 = ρ23(i∆c − γ23) + i

2Ωpρ13 + i

2Ωc(ρ33 − ρ22),

ρ̇32 = −ρ32(i∆c + γ32) + i

2Ωc(ρ22 − ρ33) − i

2Ωpρ31,

ρ̇33 = (ρ11 − ρ33)γ31 + γ23ρ22 + i

2Ωc(ρ23 − ρ32),

ρ̇13 = −ρ13(γ13 + i(∆p − ∆c)) + i

2Ωpρ23 − i

2Ωcρ12,

ρ̇31 = −ρ31(γ31 + i(∆c − ∆p)) + i

2Ωcρ21 − i

2Ωpρ32.

� (6)

For the density matrix elements at the steady state, we get:

	
ρ21 = i(γ31 + (∆p − ∆c))Ωp

(γ21γ31 + iγ21∆c − iγ21∆p − iγ31∆p + ∆p∆c − ∆2
pΩ2

c) .� (7)

 Note that we focus on the steady-state regime, which assumes that the system reaches a time-independent 
density matrix when driven by continuous-wave (CW) or quasi-CW fields. This is a valid approach when 
the pulse duration of the SPP excitation is much longer than the coherence times of the atomic transitions 
involved in the three-level Λ-system. For typical atomic media under weak probe and moderate control fields, 
the coherence time is on the order of microseconds to nanoseconds, while the relevant SPP propagation time 
across the structure is several picoseconds to nanoseconds. Therefore, for excitation with pulses significantly 
longer than the coherence time (e.g., CW or nanosecond pulses), the adiabatic approximation holds well and the 
steady-state solution is justified.

The dielectric tensors of the two uniaxial dielectric layers, denoted by ϵ1d and ϵ2d, are described by

	 ϵ1d = ϵ2d = 1 + χ,� (8)

here χ = ηρ21 with η = N|µ21|
ϵ0ℏΩp

 where µ21 is the atomic dipole matrix element and N is the atomic number 
density. The dielectric constant in terms of coherence term ρ21 is obtained by:

	 ϵ1d = ϵ2d = 1 + ηρ21.� (9)

By using Maxwell’s equations, ∇ × B = ϵrϵ0
∂E
∂t  and ∇ × E = −µ0

∂B
∂t , and the analytical formula for SPPs 

propagating in an external waveguide with a wave vector k = (kx, 0, kz), the longitudinal and perpendicular 
components are given by:

	
kx = ω

c

√
ϵ1ϵ2

ϵ1 + ϵ2
, k(1,2)

z =

√
ϵ(1,2)

ω2

c2 − k2
x.� (10)

For the case of an interface between two uniaxial materials, for wave vector K = (Kx, 0, Kz), a complex 
dispersion relation is given as:

	
Kx = ω

c

√
ϵ

∥
1ϵ

∥
2

(
ϵ⊥

1 − ϵ⊥
2

)

ϵ⊥
1 ϵ

∥
1 − ϵ⊥

2 ϵ
∥
2

,� (11)

	

Kz =

√√√√ϵ⊥
1,2

(
ω2

c2 − K2
x

ϵ
∥
1,2

)
.� (12)

Furthermore, the wavelength (λsppx) and propagation length (Lsppx) are determined by:

	
λsppx = 2π

Re[Kx] � (13)

and
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Lsppx = 1

Im[Kx] .� (14)

Let the SPPs propagate in the z-direction (Kz = kz), then the following equalities can be written as46:

	

ϵ⊥
1

ϵ⊥
2

= ϵ1

ϵ2
,

ϵ
∥
1

ϵ
∥
2

= ϵ1

ϵ2
.� (15)

Now, the amplitudes of the plasmons that are transmitted and reflected at the interface of the metal/uniaxial 
dielectric layers of finite length L are given by:

	
R = r(1 − e2iKxL)

1 − r2e2iKxL
� (16)

and

	
T = eiKxL(1 − r2)

1 − r2e2iKxL
.� (17)

Here, r and t are given by the Fresnel formulas for a plane wave incident on the interface:

	

r =

kx
ϵ2

− Kx

ϵ
∥
2

kx
ϵ2

+ Kx

ϵ
∥
2

, t =
2kx
ϵ2

kx
ϵ2

+ Kx

ϵ
∥
2

.� (18)

When the system is illuminated from both sides, the scattering matrix relates the left (Sl) and right (Sr) input 
and output amplitudes as follows:

	

[
Sout

r

Sout
l

]
= S̄

[
Sin

r

Sin
l

]
,� (19)

where

	
S̄ =

[
R T
T R

]
.� (20)

Finally, S± (with + for symmetric and − for anti-symmetric modes) are the eigenmodes of the slab structure, 
and the eigenvalues of the scattering matrix are given by47,48:

	 S± = R ± T = 0.� (21)

Results and discussion
This section contains our outcomes. We find the dispersion relation of SPPs, wavelength, propagation length, 
and reflection and transmission coefficients (by using the scattering matrix) for a symmetric double-layer metal/
uniaxial dielectric structure. A three-level Λ-type configuration is considered for anisotropic SPPs in the metal/
uniaxial dielectric interfaces of both layers. The incident wavelength of the field is λ = 2πc/ω, the decay rate γ 
is considered 2π × 1012 Hz, and all other parameters are fixed as γ21 = 0.5γ, γ31 = 0.0001γ, ω = 3.6 × 1015, 
ωp = 1.5 × 1016, µ21 = 8.478 × 10−30, N = 1 × 1012 m−3, and Γ = 138.7 × 1013.

Dispersion and absorption spectrum
In Fig. 2a, we plot the dispersion spectrum of SPPs versus probe detuning ∆p for various control field strengths. 
As Ωc increases, this causes strong polarization coupling between different eigenstates, which modifies the 
propagation characteristics of SPPs. We notice a normal slope around the resonance for Ωc = 0.5γ, 1γ, 1.5γ, 
leading to the slow propagation of SPPs. Furthermore, we see two anomalous dispersion curves at SPPs resonance 
(see the red curve Fig. 2a). By changing the value of the fraction ratio of metallic components of both layers 
(f1, f2), the dispersion spectra versus probe detuning are shown in Fig. 2b. We observe a normal slope around 
the resonance for f1 = 0.10; f2 = 0.20, f1 = 0.20; f2 = 0.30 and f1 = 0.30; f2 = 0.40, revealing the slow 
propagation of the SPPs (see Fig. 2b). The absorption spectrum of SPPs as a function of probe detuning with 
increasing values of Ωc and f1, f2 is plotted in Fig. 2c,d. The absorption profile is influenced by strong control 
field coupling between different eigenstates. We notice that zero absorption around the resonance (shifted to 
∆p = 0.5γ) reveals plasmon-induced transparency. Moreover, the width of the transparency window increases 
for Ωc = 1γ and 1.5γ. For both the positive and negative regions of probe detuning, we observe two symmetrical 
absorption peaks; see Fig. 2c. Additionally, Fig. 2d demonstrates the absorption spectrum of SPPs versus ∆p for 
various fraction ratios of metallic components of both layers. At the resonance point ∆p = 0, the absorption 
is zero. A gradual change in f1 and f2 raises the absorption spectrum, which is maximal at f1 = 0.30 and 
f2 = 0.40. We also observe two symmetrical absorption peaks at certain positive and negative values of probe 
detuning.
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Wavelength
Figure 3 illustrates the wavelength spectrum of SPPs , which lie in the sub-wavelength regime. In Fig. 3a, we 
plot the wavelength of SPPs as a function of probe detuning for different control field strengths. We observe 
wavelengths of 470 nm for Ωc = 1γ and 440 nm at the control field Ωc = 1.5γ in the negative detuning region. 
On the positive detuning side at ∆p = 0.15γ, the wavelength is 560 nm. From ∆p = 1γ, the wavelength for 
Ωc = 0.5γ, 1γ and 1.5γ is found to be 190 nm, 270 nm, and 80 nm, respectively (see blue, black, and red curves). 
Figure 3b shows the wavelength spectrum of SPPs versus ∆p for different fraction ratios of metallic components 
of layer 1 (f1) and layer 2 (f2). By increasing f1 and f2, we observe that the wavelength increases from 370 nm 
up to 450 nm for negative values of ∆p, and for positive values of detuning, λsppx increases from 120 nm to 200 
nm. Moreover, Fig. 3c and d depict the wavelength spectrum of SPPs versus control field strength Ωc for different 
probe detunings ∆p and fraction ratios of metallic components. By increasing ∆p, λsppx increases, and we 
observe wavelengths of 250 nm and 290 nm at probe detunings ∆p = 0γ and ∆p = 0.2γ, while for ∆p = 0.4γ, 
we have λsppx = 420 nm. Similarly, increasing f1 and f2 enhances the wavelength spectrum from 195 nm up 
to 475 nm, as can be seen in Fig. 3d.

Propagation length
For the propagation length of SPPs, we plot Lsppx versus probe detuning for different strengths of the control 
field, as shown in Fig. 4a. When we increase Ωc, the propagation distance of SPPs increases, and we observe 
Lsppx = 180µm, 310µm and 420µm for the respective control field strengths Ωc = 0.5γ, 1γ, and 1.5γ, as 
shown in Fig. 4a. For the fraction ratio of metallic components of both layers, f1 and f2, we notice that the 
propagation distance of SPPs is 640 µm at f1 = 0.10, f2 = 0.20, 380 µm for f1 = 0.20, f2 = 0.30, and 
200 µm for f1 = 0.30, f2 = 0.40 (see Fig. 4b). In Fig. 4c,d, we plot Lsppx as a function of Ωc for different probe 
detunings and values of f1 and f2. We find that increasing probe detuning values (0γ, 0.2γ, 0.4γ) enhances the 
propagation distance of SPPs up to 600 µm at distinct control field strengths (see blue, red, and black curves). 
Figure 4d shows Lsppx against Ωc for various fraction ratios of metallic components of both layers. We notice 
Lsppx = 360 µm, 230 µm, and 140 µm for f1 = 0.10, f2 = 0.20, f1 = 0.20, f2 = 0.30, and f1 = 0.30, 
f2 = 0.40, respectively.

It is important to highlight the physical mechanisms responsible for the extended SPP propagation lengths 
reported in this work. In conventional isotropic metal/dielectric interfaces, the propagation length is typically 
limited to about 100 µm due to intrinsic Ohmic losses in the metal and absorptive losses in the dielectric49. In 
our structure, the introduction of a uniaxial dielectric with embedded three-level Λ-type atoms enables coherent 

Figure 2.  Dispersion and absorption spectrum of SPPs.
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control of absorption through electromagnetically induced transparency (EIT)-like effects. By tuning the control 
field strength (Ωc) and probe detuning (∆p), we suppress the imaginary part of the dielectric permittivity, 
thereby reducing absorption losses and extending the SPP propagation length significantly. Additionally, the 
engineered anisotropy further tailors the dispersion relation, enhancing mode confinement and minimizing 
radiative leakage. This demonstrates that the combination of coherent population trapping and anisotropic 
interface design provides an effective route for achieving long-range, low-loss SPP propagation, which is highly 
desirable for practical nanophotonic devices.

Reflection and transmission
In Fig. 5, with the help of Eqs. (16) and (17), we plot the reflection and transmission spectra for different control 
field strengths and fraction ratios of metallic components of both layers. Fig. 5a illustrates the reflection spectrum 
versus probe detuning for three values of Ωc. On the negative detuning side, we see a sharp dip (indicating zero 
reflection) at Ωc = 0.5γ (blue-solid curve), which becomes broader and shifts to ∆p = −0.2γ (the red-solid 
curve) and −0.32γ (the green-solid curve) for Ωc = 1γ and 1.5γ, respectively. At the resonance point, we 
observe 65% reflection, which then becomes partial (50%) on the positive probe detuning side (0.6γ, 0.85γ, 
1.2γ), and reaches a maximum at ∆p = 2γ for all respective values of the control field (see Fig. 5a).

For the transmission spectrum shown in Fig. 5b, as the control field increases, we observe peaks in the 
regime of negative detuning, which indicate complete transmission. At the resonance point, one can see 
35% transmission. Beyond probe detuning ∆p = 0γ, the transmission spectrum gradually decreases, and at 
∆p = 1.3γ to 2γ, the transmission is zero for Ωc = 0.5γ, 1γ, and 1.5γ (see blue, red, and green curves).

Figure 5c,d illustrates the reflection and transmission spectra versus probe detuning for different fraction 
ratios (f1, f2) of metallic components. We observe reflection dips for f1 = 0.10, f2 = 0.20, f1 = 0.20, 
f2 = 0.30, and f1 = 0.30, f2 = 0.40 at ∆p = −0.3γ, −0.2γ, and −0.1γ, respectively. At a probe detuning 
of 0.2γ, we notice 80% reflection, and at ∆p = 0.8γ we have 90% reflection for f1 = 0.30, f2 = 0.40, which 
then reaches a maximum at ∆p = 2γ for all values of f1 and f2. Similarly, in Fig. 5d, we plot the transmission 
spectrum for various values of the fraction ratios of metallic components of both layers. We find maximum 
transmission on the negative side of probe detuning (∆p = −0.3γ, −0.2γ, and −0.1γ) (blue, red, and green 
peaks), and minimum transmission occurs for ∆p = 1.3γ to 2γ.

Figure 3.  Wavelength of SPPs.
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Figure 6 depicts the reflection and transmission spectra against the control field for different probe detunings 
and different values of f1 and f2. In Fig. 6a,b, we plot reflection and transmission versus Ωc for different values 
of ∆p. We observe peaks (blue, red, and green) that show 95% reflection for three probe detunings (0γ, 0.2γ, 
0.4γ) at Ωc = 0.7γ, 0.9γ, and 1.1γ, respectively. Note that beyond probe detuning Ωc = 2γ, the reflection is 
zero. Similarly, for transmission versus Ωc, as ∆p varies, we notice dips (indicating zero transmission) at distinct 
values of the control field, and from Ωc = 2γ to 3γ, the transmission is maximized. Figure 6c demonstrates 
the reflection spectrum for various fraction ratios of metallic components. The reflection peaks exhibit 85%, 
95%, and complete reflection for f1 = 0.10, f2 = 0.20; f1 = 0.20, f2 = 0.30; and f1 = 0.30, f2 = 0.40, 
respectively. Furthermore, for transmission versus Ωc in Fig. 6d, the blue, red, and green dips reveal minimum 
transmission, and subsequently, it reaches a maximum for all values of f1 and f2 at Ωc = 3γ.

Symmetric and anti-symmetric eigenvalues
The graphs of symmetric (|S+|2) and anti-symmetric (|S−|2) eigenvalues are obtained by using Eq. (21). In Fig. 
7a, we plot the symmetric and anti-symmetric eigenvalues for various control field strengths and fraction ratios 
of metallic components of both layers. We observe an interesting and typical behavior of |S+|2 and |S−|2. When 
we increase the value of Ωc, it leads to strong coupling between probe detuning and different eigenstates of the 
system, leading to interference; hence, perfect absorption is the result of destructive interference. We observe 
CPA of symmetric eigenvalues in the negative detuning region (∆p = −0.8γ and −1.1γ), as shown by the blue-
black sharp dips, while anti-symmetric eigenvalues exhibit up to 97% absorption (see red and green dips on the 
negative detuning side). From the resonance point to a probe detuning of 0.8γ, symmetric eigenmodes show no 
absorption, which reaches 50% at ∆p = 1.2γ and 1.5γ for Ωc = 1γ and 1.5γ, respectively. Similarly, for |S−|2 
at ∆p = 0.1γ, we observe 95% absorption, which gradually reduces and hence becomes minimal.

Figure 7b depicts symmetric and anti-symmetric eigenvalues versus probe detuning for different values of f1 
and f2. We detect CPA for anti-symmetric eigenvalues in the negative detuning region, i.e., −0.8γ (green sharp 
dip) for f1 = 0.30 and f2 = 0.40. In contrast, for symmetric eigenvalues of the scattering matrix, we observe 
complete absorption for f1 = 0.20 and f2 = 0.30 at a probe detuning of 1.6γ (see blue and black curves).

Figure 4.  Propagation length of SPPs.

 

Scientific Reports |        (2025) 15:29809 8| https://doi.org/10.1038/s41598-025-12270-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Control field and metal composition ratio influences
The control field modifies the optical permittivity tensor of the uniaxial dielectric through field-induced 
birefringence (or electro-optic modulation), effectively altering the effective refractive index seen by the SPP 
mode. This shifts the in-plane wavevector kx, leading to changes in the SPP dispersion relation and wavelength. 
As the dielectric environment becomes more anisotropic under higher control field intensity, mode confinement 
and energy dissipation (absorption) also change accordingly.

Changing the fractional composition of the metallic layers changes the average plasma frequency and 
damping rate in the system. Since SPP propagation strongly depends on the dielectric function of the metal 
(through the Drude or Drude–Lorentz model), changes in the composition ratio modulate the loss (imaginary 
part of permittivity) and confinement (real part), thus directly affecting both the propagation length and 
absorption profile. This tunability enables engineered resonance conditions that can lead to complete absorption 
under the right phase and amplitude matching.

Conclusions
We investigated the coherent control of anisotropic SPPs through an identical double-layer metal/uniaxial 
dielectric interface. Specifically, we considered the dielectric of the first and second layers (ϵ1d, ϵ2d) to contain 
three-level Λ-type atomic configurations. By employing coherent control, we calculated the reflection and 
transmission coefficients, the dispersion relation, the wavelength, the propagation length of SPPs, and the 
symmetric/anti-symmetric eigenvalues of the scattering matrices. The dispersion and absorption spectra of SPPs 
were enhanced by changing the fractional ratios (f1, f2) of the metallic components of both layers. Furthermore, 
by increasing the fraction ratios of metallic components of both layers (f1, f2), the wavelength increased up 
to 450 nm, and at a control field strength of 0.5γ, we found λsppx = 560 nm. Similarly, by increasing Ωc, the 
propagation distance increased, and we obtained Lsppx = 420 µm. For probe detuning values of 0γ, 0.2γ, and 
0.4γ, we found Lsppx = 600 µm.

Moreover, we examined the impact of these parameters on the reflection and transmission spectra of SPPs, 
and demonstrated how they could be used to enhance transmission while suppressing reflection, and vice versa. 
Additionally, for |S+|2 and |S−|2, we observed CPA at Ωc = 1γ, 1.5γ, and for f1 = 0.30, f2 = 0.40. The 
coherent control of anisotropic SPPs through an identical double-layer metal/uniaxial dielectric interface served 

Figure 5.  Reflection and transmission spectrum of SPPs.
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as a precursor to the fine tuning, accurate control, and confinement of plasmonic modes. Therefore, plasmonic 
modes became more sensitive, and this control capability enabled the realization of compact, high-performance, 
and efficient photonic systems. Hence, our results have significant applications in sensing, plasmonics-based 
logic gates, integrated nanophotonic systems, and waveguiding.

Figure 7.  Symmetric (|S+|2) and anti-symmetric (|S−|2) eigenvalues of scattering matrix.

 

Figure 6.  Reflection and transmission spectrum of SPPs.
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Data availability
All data generated or analyzed during this study are included in this published article.
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