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This article investigates the coherent control of spatio-temporal bright and dark soliton pulses along 
with the associated intensity of surface plasmon polariton (SPP) waves at the interface of silver-silica 
nano-composite materials and a gain-assisted medium. A considerable control over SPPs soliton pulses 
is revealed by varying the position, time, and characteristics of the applied driving fields. The strength 
of solitonic pulses can vary based on system factors, potentially increasing, decreasing, or remaining 
constant over time. Periodic dark and bright solitons are also observed, with intensity patterns 
exhibiting exponential decay over time. When dispersion and nonlinearity are compared, stable 
solitons may maintain a constant intensity level of 60%. Moreover, the strength of surface plasmon 
polaritons (SPPs) can be adjusted between 0 and 100%. This adjustment is achieved by modifying 
external fields, allowing for either complete enhancement or total suppression of the SPPs. These 
findings provide a solid foundation for the development of active, compact, and fast photonic devices. 
They bridge the gap between light-matter interactions at the quantum level and the advancement of 
integrated nano-photonic devices. Such devices encompass applications in nano-scale sensing, logic 
gates, electrochemical sensing, optical switching, and biomedical imaging.

Keywords  Surface plasmon polaritons, Density matrix formalism, Atomic coherence, Spatio-temporal 
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A soliton is a localized and stable wave packet that occurs in nonlinear systems and maintains its shape 
owing to its self-strengthening characteristics. It is defined as any localized and stable solution of a nonlinear 
differential equation. Self-preserving wave packets manifest in several physical systems and phenomena1. 
Solitons demonstrate characteristics similar to particles, and have been thoroughly examined in Bose-Einstein 
condensates2, nonlinear optical media3, and field theories4. They may engage with one another either by 
annihilating, merging, or experiencing particle-like interactions such as repulsion, attraction, or collision5. 
Vector solitons are a specific type of solitons that travel through a medium with the same group velocity and 
have several interlinked components. The interactions of bound vector solitons and soliton complexes have been 
investigated by coupled nonlinear Schr dinger equations6,7. Cross-phase modulation assists in trapping soliton 
and the creation of vector solitons, which are beneficial for optical switching and in simulating gravitational-like 
phenomena in optics8. Solitons have importance in both theoretical and practical domains. Mathematics offers 
essential insights into nonlinear differential equations, symmetries characterized by Lie groups and algebras, and 
their applications in differential and algebraic geometry. Solitons play a key role in contemporary communication 
systems, facilitating efficient data transmission9, facilitating long-distance digital signal transmission10, and 
improving high-speed optical routing and advanced communication technologies11. Solitons endure in 
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gathering substantial theoretical and experimental attention due to their wide applications in quantum and 
nonlinear systems. Zhang et al.12 demonstrated the creation of vector solitons by four-wave mixing between 
two polarization components in passively mode-locked fiber lasers. Yang13, attained substantial improvements 
in the analysis of results to non-integrable nonlinear Schr dinger equations, while Kaup14, inspected the interior 
dynamics of vector solitons in nonlinear optical fibers. Dumitru et al.15, examined the firmness of moving vector 
solitons controlled by connected nonlinear Schr dinger systems. Stone et al.16, explored complicated soliton 
interactions in graphene-based mode-locked fiber lasers, whereas Lu et al.17, recognized soliton fission in 
isotropic nonlinear media. Hani et al.18, investigated polarization effects on the creation of vector solitons in 
erbium-doped fiber lasers using carbon nano-tube mode-locking. On the theoretical side, Ye et al.19 applied the 
Darboux transformation to obtain dark vector soliton solutions of the modified Korteweg de Vries equation. 
Zhu et al.20 examined the influence of fourth-order dispersion on vector solitons in weakly birefringent fibers, 
while Ding et al.21 classified degenerate and non-degenerate vector solitons based on distinct wavenumber 
configurations. Xu et al.22 studied dark bright vector solitons in spin orbit-coupled Bose Einstein condensates, 
and Tang et al.23 explored various soliton types including bright-dipole, tripole, dark bright, and valley-Hall edge 
solitons in super-honeycomb lattice structures. Djazet et al.24 proposed stability criteria for dissipative vector 
solitons, and Huang et al.25 investigated quantum squeezing in vector slow-light solitons within coherently 
driven atomic media. Complementary studies on scalar solitons are reported in Refs.26–31, while the interplay 
between nonlinear polarization states and cavity solitons in Kerr resonators has been extensively explored32–34. 
Some of the problems are solved mathematically in the regime of a coupled non-linear differential equation 
systems35–37. Recent works also reveal the coexistence and mutual interaction of dark vector soliton Kerr combs 
and polarization-dependent nonlinear states38,39.

Surface plasmon polariton (SPP) waves are non-radiative electromagnetic excitations resulting from the 
coupling of light with collective electron oscillations at a metal dielectric interface40–42. These waves propagate 
along the interface until dissipated by losses. When light excites surface plasmons, the associated refractive-
index change can be detected using surface plasmon resonance (SPR) sensors43. Surface Plasmon Polaritons 
have significantly influenced advances in plasmonics, optics, and photonics44–47, with so many applications 
like terahertz technology48, drugs49, sensing and imaging50,51, optical logic gates52, and nano-scale switching53. 
Advanced sensing platforms employing plasmonics include bio-sensors54, gas detectors55, DNA sensors56, 
temperature sensors57, and electrochemical detectors58,59. However, high propagation losses remain a key 
limitation. To overcome this, hybrid and composite plasmonic waveguides have been developed to enhance 
performance and reduce dissipation60. Saeed Asgarnezhad and colleagues theoretically explored surface 
polaritonic dynamics in various metamaterial atomic systems. They proposed coupler-free and reconfigurable 
waveguides enabling controlled excitation and propagation of rogue waves, breathers, and frequency combs 
through electromagnetically induced transparency. Their studies also demonstrated stable linear and nonlinear 
surface polariton propagation with active Raman gain, field enhancement, group velocity control, and enhanced 
Kerr nonlinearity at dielectric metamaterial interfaces61–64

In this work, we investigate the coherent control of spatio-temporal bright and dark soliton pulses and their 
corresponding SPP intensity modulation at the interface between a silver silica nano-composite and a gain-
assisted atomic medium. The results show that bright and dark SPP solitons can be precisely tuned in both 
space and time by adjusting the driving-field parameters. Depending on the configuration, soliton intensity 
may increase, decay, or remain stable. Periodic bright and dark soliton patterns are also observed. By precisely 
manipulating the phase, amplitude, and temporal characteristics of optical fields at the nano-scale, such control 
enables tunable bright and dark SPP solitons, which are capable of sub-wavelength light confinement and ultra-
fast response dynamics. These findings offer potential applications in optical communication, switching, and 
nonlinear nano-photonic systems

Model and equations
This study focuses on the interaction between silver-silica nano-composites and a gain-assisted atomic system 
arranged in an N-type four-level configuration, as shown in Fig. 1. In this configuration, the lowest energy state |4⟩ 
is linked to the excited state |1⟩ through a pump field E1, characterized by the Rabi frequency R1. Additionally, 
the intermediate state |3⟩ interacts with the two higher energy states |1⟩ and |2⟩ via a probe field Ep, and a control 
field Ec, corresponding to the Rabi frequencies Rp and Rc, respectively. The frequency detuning of the pump 
and probe fields are defined relative to the atomic transition resonance frequencies, such that ∆p = ω13 − νp 
and ∆1 = ω14 − ν1. To analyze the system and derive its time-evolution equations, we employ the Hamiltonian 
under the dipole approximation and within the framework of the rotating wave approximation (RWA). The total 
Hamiltonian is expressed as H = H0 + HI , where H0 represents the unperturbed (self-energy) component of 
the Hamiltonian, given by

	 H0 = ℏω1 |1⟩ ⟨1| + ℏω2 |2⟩ ⟨2| + ℏω3 |3⟩ ⟨3| + ℏω4 |4⟩ ⟨4|� (1)

The Hamiltonian in the interaction picture, HI , is expressed as:

	
HI = −ℏ

2 R1e−i∆1t |4⟩ ⟨1| − ℏ
2 Rpe−i∆pt |3⟩ ⟨1| − ℏ

2 Rc |3⟩ ⟨2| + H · c� (2)

The following is the master equation that is used to solve a system’s dynamics at room temperature65:

	
ρ̇ = − i

ℏ
[HI , ρ] −

∑ 1
2γ

(
κ†κρ + ρκ†κ − 2κρκ†)

� (3)
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where the operators κ† and κ are raising and lowering. The following is the atomic coherence of the probe field 
as determined by the second order [ρ(2)

13 ].

	
ρ

(2)
13 = −i

[
4R2

1
(
4 (γ12 − i∆p) (γ24 + ∆p − ∆1) − iR2

c

)
(−iγ14 + ∆1) (4(iγ12∆p) (iγ13∆p) − R2

c) A2
+ 8γ14 (iγ12 + ∆p) R2

1

(γ13 + γ14) (γ2
14 + ∆2

1) [4A1 + iR2
c ]

]
� (4)

The contraction of the equation of motion involves making internal assumptions such as:

	

A1 = (γ13 − i∆p) (iγ12 + ∆p)
A2 = 4 (iγ24 + ∆p − ∆1) (−iγ43 − ∆p + ∆1) + R2

c

For this Gain-assisted media, the computed susceptibility is expressed as follows66:

	
χ = 2N0ϱ2

13

ϵ0ℏRp
ρ

(2)
13 � (5)

where N0 is the atomic number density and ϱ13 is dipole matrix element which shows transition between the 
atomic states.

	
ϱ13 =

√
3γ13ℏϵ0λ3

8π2
� (6)

The assisted mediums dielectric function interacted with the field is given by

	 εa = 1 + 4πχ� (7)

The nano-composite materials dielectric function is formulated67 as:

	
εc =

[
1 + fm (εAg − εd)

εd + 1
3 (1 − fm) (εAg − εd)

]
εd� (8)

In the composite material, fm represents the volume fraction of silver nano-particles and ranges from 
0 < fm < 1 corresponding to pure dielectric and pure metal. The dielectric function for silver is given67 by:

	
εAg = ε∞ − (ωp)2

ω2 + iγsω
� (9)

In this context, ωp, γs, and ε∞ represent the plasma frequency or collective oscillation frequency, scattering rate 
(accounting for energy losses due to collisions), and lattice contribution, respectively. The dispersion relation for 
SPPs under complex conductivity is given by65:

	
ksp = 2π

λ

√
εaεc

εa + εc
� (10)

c
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g
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Fig. 1.  Scheme for an N-type rotating gain assisted atomic configuration.
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Parameters such as velocity, damping, wavelength, energy, propagation and penetration lengths, and 
propagation modes define the dispersion relation of SPPs. The propagation length, denoted by Lx, is defined by 
Lx = 1

2 Im(ksp) . The SPP intensity decreases exponentially with propagation length, given by e−2kspLsp . This 
length indicates the distance along the interface where the SPP intensity is reduced to 1/e of its original value. 
The refractive and group indices of SPPs are given by:

	
nsp =

√
εaεc

εa + εc
� (11)

	
nsp

g =
√

εaεc

εa + εc
+ ω

∂

∂∆p

(√
εaεc

εa + εc

)
� (12)

The group velocity is given by c/nspg, and the propagation time is expressed as Lsp/vsp
g . To incorporate Kerr 

nonlinearity into SPP propagation, the refractive index of SPPs is expanded as follows68:

	
nk

sp = n(0)
sp + I

∂nsp

∂I
|I=0� (13)

where I = |Ωc|2 and n(0)
sp  is refractive index without I or Kerr field Ωc. The self Kerr nonlinearity is generated 

by third order of susceptibility, while cross Kerr nonlinearity is generated by the above method of Eq. (13). The 
envelope of the SPPs soliton pulse wave packet is given by65:

	 Ssp(z, t) = exp(i(ωt − kz))ξ(z, t)� (14)

where

	
ξ(z, t) = ξ0Sech

[
γ

(
t − z

vsp
g

)]
exp(igz)� (15)

where ξ0 =
√

g/Γ indicate the pulse amplitude and Sech[γ(t − z
v

sp
g

)] is the function of hyperbolic secant 

shows the shape of the pulse. In addition, γ(t − z
v

sp
g

) represent the pulse travelling with group velocity vsp
g . The 

pulse width is given by

	
Γ = ϵ0ωn

(0)
sp nsp

2
2

� (16)

The linear refractive index without Kerr field is formulated as:

	
n(0)

sp =
√

(1 + 2πχ(0)) εc

1 + 2πχ(0) + εc

� (17)

The nonlinear refractive index contributed by Kerr effect is written as:

	
nsp

2 =
2πF

(
1 + 2πχ(0) + εc

)
εc − 2πF

(
1 + 2πχ(0)) εc

[1 + 2πχ(0) + εc]2
� (18)

where g = −βγ2/2, β = 1/(vsp
g )2, F = ∂χ/∂I|I=0 and I = |Ωc|2 and χ(0) is susceptibility without intensity 

I or Kerr field Ωc.

Results and discussions
This study presents the outcomes of coherent control over the spatio-temporal soliton output pulse and the 
intensity of surface plasmon polaritons (SPPs) at the interface between a silver-silica nano-composite and a gain-
assisted medium, as functions of the normalized time t/τ0 and normalized propagation distance z/λ. The decay 
rate is used as γ = 2π GHz and other frequency parameters are related to γ. Atomic units are used through 
out this works. Further ω = 103γ, k0 = 2π/λ, λ = 2πc/ω, ε∞ = 6, εd = 2.25, f = 10%, γs = 17.94γ and 
plasma frequency is 1.94 × 102γ.

Figure 2 shows the graphs depicting the behavior of soliton pulse propagation and the associated surface 
plasmon polariton (SPP) wave intensity at the interface of a silver-silica nano-composite material and a gain-
assisted atomic medium, plotted against the normalized spatial coordinate z/λ and normalized time t/τ0. Here, 
λ stands for the free-space wavelength, and τ0 represents the duration of the pulse in the time domain. The 
plasmon polariton pulse Ssp(z, t) and intensity Isp(z, t) = |Ssp(z, t)|2 are plotted in the position and time 
ranges of −λ ≤ z ≤ λ and 0τ0 ≤ t ≤ 3τ0 at the parameters ∆p = 0.2γ, R1 = 3.5γ, Rc = 4γ, ∆1 = 5γ. The 
nonlinearity is larger with z-axis and constant value with forward time flowing. Larger nonlinearity occur at 
position region of −0.2λ ≤ z ≤ 0.2λ where alternate dark and bright plasmon polariton soliton is investigated 
which fluctuated with forward time flowing. The stable solitonic pulse propagation is obtained by the cancellation 
of dispersion and nonlinearity. At z = 0λ bright soliton SPPs soliton is control around which two dark solitons 
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behaviors are exist on the left and right sides. The left dark soliton behavior is decreases and right side dark 
soliton behavior increases with increasing time t/τ0. The bright soliton behavior is also slowly increase with 
forward time growing as shown in Fig. 2a. The Solitons pulse intensity of SPPs at the interface is maximum of 
100% in the position range of −0.2λ ≤ z ≤ 0.2λ and constant with forward time flowing. The intensity is zero 
in other region z ≥ ±0.2λ and the maxima of intensity is slowly shifted to positive position with forward time 
increasing as demonstrated in Fig. 2b.

The results are displayed for the spatio-temporal propagation of bright and dark soliton pulses,as well as 
the intensity of the SPP waves at the interface between the material of silver-silica nano-composites and the 
gain-assisted atomic medium, as shown in Fig. 3 as a function of position z/λ and time t/τ0 using additional 
parameters. The surface plasmon polariton pulse Ssp(z, t) and intensity Isp(z, t) = |Ssp(z, t)|2 are plotted in 
the position and time ranges of −λ ≤ z ≤ λ and 0τ0 ≤ t ≤ 1τ0 at the parameters ∆p = 0.5γ, R1 = 3.5γ, 
Rc = 4γ, τ0 = 1/γ, ∆1 = 5γ. Again the nonlinearity is larger with z-axis and varies with with forward time 
flowing. Larger nonlinearity occur at position region of −0.3λ ≤ z ≤ 0.3λ where alternate spatio-temporal 
dark and bright surface plasmon polariton soliton is investigated, which fluctuated and shifted to positive 
position with forward time flowing. The stability is obtained due balancing of Kerr nonlinearity and dispersive 
effects. At z = 0λ bright soliton of SPPs soliton is controlled around which two dark soliton behaviors exist on 
the left and right sides. The left dark soliton behavior decreases and right side dark soliton behavior increases 
with increasing time t/τ0 and shifted to positive domain of position. The bright soliton fluctuates and shifts 
to positive position with forward time flowing as shown by Fig. 3a. The solitonic pulse intensity of SPPs at the 
interface is initial zero and become maximum, 100% in the position range of −0.1λ ≤ z ≤ 0.1λ and with 
forward time growing. The intensity is zero in other region z ≥ ±0.2λ and the maxima of intensity is shifted to 
positive position with forward time as displayed in Fig. 3b.

The bright soliton pulse propagation and intensity of the SPP waves at the interface of silver-silica nano-
composites material and gain assisted atomic medium are plotted against position z/λ and time t/τ0 in Fig. 4. 
The parameters used are ∆p = −5γ, R1 = 2γ, Rc = 15γ, and ∆1 = 5γ. The SPP pulse Ssp(z, t) and intensity 
Isp(z, t) = |Ssp(z, t)|2 are plotted in the position and time ranges of −λ ≤ z ≤ λ and 0τ0 ≤ t ≤ 1τ0. Again 
the nonlinearity is larger with z-axis and constant with forward time increasing. The larger nonlinearity occur 
at position region of −0.1λ ≤ z ≤ 0.1λ, and bright spatio-temporal SPP soliton is controlled by balancing 
of dispersion and Kerr nonlinearity with forward time t/τ0. The bright spatio-temporal soliton is constant 
in the position range of −0.1λ ≤ z ≤ 0.1λ over all the time as shown in Fig. 4a. The spatio-temporal bright 
soliton pulse intensity of SPPs at the interface is constant with the value of 60% in the position range of 
−0.1λ ≤ z ≤ 0.1λ with forward time growing as illustrated in Fig. 4b.

t/
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z/
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Fig. 2.  The output pulse and intensity of surface plasmon polariton at interface of silver silica nano-composites 
material and gain assisted medium versus t/τ0 and z/λ. The proposed parameters are γ34,24,14 = 2.05γ, 
γ12 = 0.05γ, ∆p = 0.2γ, R1 = 3.5γ, Rc = 4γ, τ0 = 1/γ, ∆1 = 5γ.
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Figure  5 shows the plots of bright and dark soliton pulse propagation along with the intensity of SPP 
waves at the interface between silver-silica nano-composites and gain-assisted media, presented as functions 
of normalized position (z/λ) and normalized time (t/τ0). These results are obtained using the parameters 
∆p = 10γ, R1 = 5γ, Rc = 3γ, τ0 = 1/γ, and ∆1 = −10γ. The surface plasmon polariton pulse Ssp(z, t) and 
intensity Isp(z, t) = |Ssp(z, t)|2 are plotted in the position and time ranges of −λ ≤ z ≤ λ and 0τ0 ≤ t ≤ 3τ0. 
The nonlinearity is larger with z-axis and increasing with forward time growing. The larger nonlinearity occur at 
position region of −0.1λ ≤ z ≤ 0.1λ, where single bright and dark spatio-temporal surface plasmon polariton 
soliton is controlled by balancing of dispersion and Kerr nonlinearity with forward time t/τ0. The bright and 
dark spatio-temporal soliton is increasing in amplitudes in the position range of −0.1λ ≤ z ≤ 0.1λ with the 
increasing of time as shown in Fig 5a. The spatio-temporal bright and dark soliton pulse intensity of SPPs at the 
interface is increasing with time and reach to 100% in the position range of −0.1λ ≤ z ≤ 0.1λ with forward at 
t = 3τ0 as presented in Fig. 5b.

In Fig. 6 the plots are depicted again using the parameters, ∆p = 0.1γ, R1 = 1γ, Rc = 1γ, ∆1 = −0.1γ. 
The surface plasmon polariton pulse Ssp(z, t) and intensity Isp(z, t) = |Ssp(z, t)|2 are plotted in the position 
and time ranges of −λ ≤ z ≤ λ and 0τ0 ≤ t ≤ 3τ0. The larger nonlinearity occur at position region of 
−0.3λ ≤ z ≤ 0.3λ, where single bright and dark spatio temporal surface plasmon polariton soliton is controlled 
by balancing of dispersion and Kerr nonlinearity with forward time t/τ0. The bright and dark spatio-temporal 
soliton is slowly decreasing in amplitudes in the position range of −0.3λ ≤ z ≤ 0.3λ with the increasing of 
time as shown in Fig. 6a. The spatio-temporal bright and dark soliton pulse intensity of SPPs at the interface is 
decreasing with time and reach to 0% in the position range of −0.3λ ≤ z ≤ 0.3λ with forward at t = 4τ0 as 
displayed in Fig. 6b.

The periodic bright and dark soliton pulse propagation and intensity of the SPP waves at the interface of 
silver-silica nano-composites and gain assisted media are plotted against position z/λ and time t/τ0 in Fig. 7. 
The parameters used are ∆p = −20γ, R1 = 15γ, Rc = 20γ, τ0 = 1/γ, and ∆1 = 20γ. The SPP pulse 
Ssp(z, t) and intensity Isp(z, t) = |Ssp(z, t)|2 are plotted in the position and time ranges of −λ ≤ z ≤ λ 
and 0τ0 ≤ t ≤ 0.8τ0. The nonlinearity is smaller both space and time. Periodic spatio-temporal dark and 
bright solitons are controlled at position region of −1λ ≤ z ≤ 1λ of surface plasmon polariton by balancing 
of dispersion and Kerr nonlinearity with forward time t/τ0. The bright and dark spatio-temporal soliton is 
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Fig. 3.  The output pulse and intensity of surface plasmon polariton at interface of silver silica nano-composites 
material and gain assisted medium versus t/τ0 and z/λ. The proposed parameters are γ34,24,14 = 2.05γ, 
γ12 = 0.05γ, ∆p = 0.5γ, R1 = 3.5γ, Rc = 4γ, τ0 = 1/γ, ∆1 = 5γ.
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oscillating in amplitudes in the position range of −1λ ≤ z ≤ 1λ with the increasing of time as shown in Fig. 7a. 
The spatio-temporal bright and dark soliton pulse intensity of SPPs at the interface is decreasing with time and 
vanished in the position range of −1λ ≤ z ≤ 1λ with forward at t = τ0 as shown in Fig. 7b.

Conclusions
The interface between the gain-assisted atomic medium and the silver silica nano-composite material was 
analyzed for the formation of bright and dark surface plasmon polariton (SPP) solitons. The combined dielectric 
response of the gain medium and the nano-composite determines the dispersion relation of SPPs, which governs 
their wavelength, velocity, damping, propagation, and penetration lengths. Under appropriate phase-matching 
conditions between the plasmon and photon modes, solitary SPP waves are generated. The coherent manipulation 
of spatio-temporal SPP soliton pulses at this interface has been thoroughly investigated. Alternating dark and 
bright plasmonic solitons were observed, exhibiting temporal oscillations. Stable soliton propagation occurs 
when the effects of dispersion and nonlinearity are balanced. The intensity and position of bright and dark 
SPP solitons can be effectively controlled by tuning the spatial coordinate, time, and driving-field parameters. 
The solitonic pulse intensity may increase, decrease, or remain constant with time depending on the chosen 
parameters. Periodic bright and dark solitons were also observed, with their intensity following an exponentially 
decaying trend. The intensity of SPPs varies within the range 0 ≤ Isp ≤ 100% and can be modulated through 
external field parameters. In specific regimes, the bright-soliton intensity increases up to 100% while in others it 
decays from 60 to 0%. At the exact balance of dispersion and Kerr nonlinearity, the intensity remains constant at 
approximately 60%, indicating stable soliton formation. The maximum soliton intensity shifts along the positive 
or negative z-axis over time, reflecting the nonlinear field distribution along the interface. Stability is attained 
in gain areas where Kerr nonlinearity counteracts dispersion. Additionally, kink and anti-kink soliton patterns 
were found, confined inside certain control-field detuning regions. A luminous temporal soliton was also seen, 
becoming more localised under significant detuning and exhibiting a gradual decline over time. This study offers 
a fundamental theoretical framework for understanding and controlling SPP soliton dynamics, rather than 
serving as a direct blueprint for immediate device fabrication. The findings illustrate the viability of manipulating 
plasmonic solitons via coherent gain field interactions, presenting potential applications in electrochemical 
sensing, biomedicine, nano-scale imaging, signal processing, logic devices, and optical switching.
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Fig. 4.  The output pulse and intensity of surface plasmon polariton at interface of silver silica nano-composites 
material and gain assisted medium versus t/τ0 and z/λ. The proposed parameters are γ34,24,14 = 2.05γ, 
γ12 = 0.05γ, ∆p = −5γ, R1 = 2γ, Rc = 15γ, τ0 = 1/γ, ∆1 = 5γ.
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Fig. 5.  The output pulse and intensity of surface plasmon polariton at interface of silver silica nano-composites 
material and gain assisted medium versus t/τ0 and z/λ. The proposed parameters are γ34,24,14 = 2.05γ, 
γ12 = 0.05γ, ∆p = 10γ, R1 = 5γ, Rc = 3γ, τ0 = 1/γ, ∆1 = −10γ.
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Fig. 6.  The output pulse and intensity of surface plasmon polariton at interface of silver silica nano-composites 
material and gain assisted medium versus t/τ0 and z/λ. The proposed parameters are γ34,24,14 = 1.05γ, 
γ12 = 0.05γ, ∆p = 0.1γ, R1 = 1γ, Rc = 1γ, τ0 = 1/γ, ∆1 = −0.1γ.
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