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In this paper, hybrid plasmonic modes are theoretically investigated in a graphene-loaded
waveguide surrounded by indium antimonide (InSb) and magnetized plasma layers operating in

the GHz frequency regime. The dispersion relation is derived using transfer matrix technique
and the conductivity of graphene is modeled using the Kubo formalism. Hybrid plasmon modes
are observed due to the presence of anisotropic plasma. The influence of material parameters
such as chemical potential (1), cyclotron frequency (w.), plasma frequency (®,), relaxation
time (t), number of graphene layers (N), and temperature (T) on effective mode index (EMI) and
graphene’s conductivity are numerically analyzed. Numerical results show that the variations in
graphene’s chemical potential and relaxation time significantly influence the EMI and cutoff
Jrequencies. Higher chemical potential (u_) increases the cutoff frequency and enhances

Revised: May 17, 2026
Accepted: June 05, 2026
Available Online: June 11, 2026

Keywords:
Plasmonic Modes, Graphene, Waveguide,

M ized P T 11 . . . e . .
agnetized Plasma, Temperature Sensitive plasmonic coupling. Furthermore, tensorial permittivity of magnetized plasma parameters i.e.,

Material cyclotron frequency and plasma frequency play crucial role in modulating the dispersion curves
and shift the plasmonic frequencies. The temperature-dependent permittivity of InSb provides an
additional degree of freedom for tuning electromagnetic (EM) wave propagation. These findings
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Introduction

With the rapid advancement in optical techniques, there is a continuous exploration for the integration of
highly efficient photonic technologies intended for data transmission and communication systems [1].
These optical technologies include silicon photonics, lithium niobate photonics, indium phosphide
photonics, and plasmonics [2, 3]. The rate of data transmission increases by reducing the element size of
the photonic devices up to the nanometer (nm) scale. However, it becomes very difficult for conventional
photonic devices to reduce the element size up to nanometer scale due to diffraction limit of light [4].
Plasmonics has emerged as a highly promising solution by the excitation of surface plasmon polaritons
(SPPs), for next generation electronic-photonic integration, due to its ability to confine and manipulate
light below the diffraction limit. These exceptional features of SPPs allow the integration of ultra-compact
devices with high speed data transfer capacity, low energy consumption, and enhanced bandwidth. SPPs
have become a promising candidate for light sources to control the propagation and dispersion of light at
nanometer scale [5]. SPPs are characterized by strong field confinement close to the interface [6, 7].
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Subwavelength confinement of SPPs offers an effective way to promote photonics and chip electronics
technology in which light signals propagate in nanophotonic devices at optical frequency regime.
Plasmonic technology undergoes a revolution by the emergence of 2D optical materials that offers new
ideas to explore photonic and electronic properties [8]. Graphene has attracted significant scientific
attention due to its exceptional physical properties, exhibiting promising potential for applications in
optoelectronic and nano-electronic devices. Graphene exhibits ultra-high electron mobility, gate-variable
optical conductivity, and ultrafast relaxation time for photo-excited carriers [9]. Graphene also possesses
incredible optical properties such as strong light-matter interaction, high speed and broadband operation
etc [10]. Graphene is an outstanding candidate for designing tunable optical devices that operates in both
optical and GHz frequency ranges due to its tunable conductivity and charge carrier density. Moreover,
the tunable conductivity of graphene opens new doors for tunable optical sensors, tunable GHz absorber,
and tunable metamaterials [11, 12]. Graphene provides a way for controlling the optical bistability by
appropriately varying the applied voltage [13]. Graphene plasmon polaritons show strong field
confinement as well as relatively long propagation distance as compared to plasmon polaritons in noble
metals [14]. A lot of research has been conducted on graphene and isotropic materials. However, isotropic
materials lack polarization sensitivity and less control over dispersion characteristics.

The efficiency of graphene-based devices can be enhanced by integrating them with magnetized plasma.
Plasma, when integrated with graphene exhibits exceptional characteristics. Generally, plasma is
considered to be unmagnetized when no external magnetic field is applied [15] but as the external
magnetic field is applied, an anisotropic behavior is induced in plasma. This behavior is used to manipulate
the SPPs, offering a greater control compared to unmagnetized plasma [16]. Numerous theoretical
investigations have highlighted the role of plasma medium to study the characteristics of SPPs [17-26].
Xu et al. analyzed experimentally and theoretically the wavelength of SPPs at the dielectric-plasma
interface [27]. Shahmansouri et al. examined the collective excitation of SPs in a massless Dirac plasma
by using a relativistic quantum fluid model [28]. Furthermore, plasma-based waveguide offers a novel
approach to nanophotonic devices. Plasmonic modes in graphene-loaded waveguide surrounded by InSb
and magnetized plasma layers have not been explored in the existing literature.

The objective of this study is to theoretically model graphene-loaded waveguide surrounded by
magnetized plasma and indium antimonide (InSb) for thermal control of SPPs. Indium antimonide (InSb),
a small bandgap semiconducting material has emerged as a temperature sensitive material in the field of
plasmonics and nano-photonics, which can significantly guide the SPPs at various temperatures [29].
Optical properties of InSb are highly responsive to temperature variations, making it an ideal candidate
for GHz technology [29-31]. Furthermore, InSb can be fabricated with standard fabrication techniques
which make it easier to incorporate into practical devices. In the present study, we will investigate the
impact of material parameters by plotting dispersion relation to compute effective mode index (EMI) and
graphene’s conductivity in the interested frequency regime. The proposed geometry will allow strong
light-matter coupling, enhance field confinement, and tunable plasmon modes which will lead towards
highly efficient optical devices.

Methodology

The theoretical modelling of the graphene-loaded waveguide surrounded by magnetized plasma and InSb
is presented in this section. Figure 1 illustrates the propagation of EM waves along z-direction.
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Figure 1: schematic view of graphene-loaded waveguide surrounded by InSb and magnetized plasma.
Graphene's conductivity is modelled using the Kubo formula.
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fu(Een) = (eBen=Ho/KBT 4 1 )_1is the Fermi-Dirac distribution. where u., 7, T, e, Kg, w, &, and % are
chemical potential, relaxation rate, temperature, charge on electron, Boltzmann’s constant, operating
frequency, energy, and reduced Plank’s constant, respectively [32].

Magnetized plasma has the following constitutive relations:

D = gy€E 2
H=1/uyB 3
Uo and &, represent the permeability and permittivity of free space, respectively, and £ is the tensorial
permittivity tensor for anisotropic plasma.

& —ig, 0
[E;?J = |:i€z 81 0“ 4
0 0 &3
Where, €, €, and &5 represent the tensorial permittivity of plasma medium as reported in [19] and &; =
_ (wp)z _ wc*(wp)z _ _ (wp)z _ n_ez _¢eB
& (1 —(w)Z—(wc)Z)’ &y = EO(—w*((w)z—(wC)z))’ & =¢&y(1 @7 ), wp = ey We = T W Wy represent

the cyclotron frequency and plasma frequency [17]. e, B,m,n, and ¢, represent the electron charge,
magnetic field, electron mass, number density of electrons, and permittivity of free space, respectively
[33]. The wave equation for H, and E, in the magnetized plasma are as follows [16]:

[V2E,; V2Hy 1 4+ [Uy iU, iUs Uy J[Ep Hyy 1 =0 5
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U — wﬂ0ﬂ£2 8
2= T
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Where, [ and p, denote the propagation constant and permeability of free space, respectively. Model
fields for magnetized plasma are given as:

E,; = (Aje™ 1% + A,e~92%)e 1Bz 11
H, = i(Ajae™ % + A,a,e02%) g~ 1h7 12
The remaining magnetized plasma field components can be derived from [34].

E; =iaV,E,+ bV.E, X a, + cV:H, + idV:H, X a, 13
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H; =eV,E, +ifV.E, X a, +iaV;H, + bV,H, X a, 14
Where a, b, ¢, d, e and f are given by [16]
_ Uswpper—Uysfes
— 3otz T4Pes 15
€1(U1U4+UU3)
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c = — U1®@ko&2+UzEs 17
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The eigenvalues are:
ky =\/%(Ul+U4)+%\/(U1—U4)2—4U2U3 21
1 1
k, = \/E(Ul +U,) — 5\/(U1 — U,)? — 4U,U, 22

The associated eigen functions describe the hybrid nature of SPPs:

41 = ,/ﬂz — ky? 23
q; = ,/ﬂz — ky? 24

a; and a, describe hybrid mode factors [17].

2
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2
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InSb EM fields components are given as:
Eyz = A3 e)/1x 27
Hyz = A4 ehx 28
E,, = —1i (A,e"* 29
z2 (U511_15b( 4€ )
H,, = — - (Aze"* 30
z2 w#o( 3€ )

2
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Where, € = &, — ———, w, describe the plasma frequency, w, = |————, g = —1.60 X 1071°C
> €InsSb ® " o2riyw P p q Y, @Wp 0.01580me’q

charge on electron, m, = 9.11 X 10731 kg electron mass, relative permittivity £, = 15.68, damping
E

' ZKiT

bandgap of value E = 0.26eV and Ky is Boltzmann constant, Kz = 8.62x 107> eV K~ 1.y, =

VB2 — wZepmp o is permittivity of InSb medium [29].

In all calculation e is omitted. 4,, 4,, A5 and 4, are amplitudes constant. Using anisotropic plasma and

InSb fields components following boundary conditions are applied.

xx(H; — H,) = oE 31

Xx(Ey —E;)=0 32

Where, o is the graphene’s surface conductivity

The obtained dispersion relation is:

3
constant y = X 10! rad s™1, carrier density n = 5.76 X 102°T zexp(— ), where E; is the

79| Page



Journal of Computational and Experimental Science (JCES) Volume 1, Number 1, 2026

i (Yl(ﬂow‘h(f + bay)a; — (b* + df)(—ipgow +v1)q1q2(—ay + az) — powqa (f + baz)) -

(emspw + iO'V1)((—iH00'(U +v1)q:1 (b — day) + pow(a; — az) — (—ipeow +y1)q,(b — daz))) =0
33

Results and Discussion

In this section, numerical analysis of proposed planar structure is analyzed in the interested frequency
region. The numerical analytical results are discussed by using dispersion relation 33. The results are
examined by computing dispersion curves, effective mode index (EMI), and conductivity of graphene as
a function of GHz frequency to observe the behavior of SPPs. Two types of SPPs modes i.e., lower, and
higher mode confirm hybrid nature of plasma medium. In all calculations the numerical parameters are

set as: =6 THz, w,=2% 10"*Hz, T=280K, w=8ps and u =0.3eV. Figure 2 presents the EMI as the function
of incident wave frequency (GHz), for different values of chemical potential (). The chemical potential

in graphene controls the position of the Fermi level, which in turn affects the charge carrier concentration
[35-38]. In lower frequency mode, the EMI increases rapidly with frequency for all values of the chemical
potential. For highest chemical potential i.e.,  =0.9 eV, EMI increases more steeply and reaches higher

values, implying stronger coupling and enhanced mode confinement. At lowest chemical potential
#,=0.1 eV, the increase in the EMI is less pronounced, meaning weaker coupling and less confinement.

At lower frequencies, the chemical potential directly impacts the carrier density in graphene, which
governs the plasma frequency. At higher frequencies, the chemical potential has less influence on the
effective mode index. This is because the graphene behavior shifts from plasmonic response to more
dielectric-like response. The increase in effective mode index becomes less sensitive to changes in
chemical potential as the frequency rises above the plasmon resonance. In the high-frequency region, the
plasmonic effects diminish, and the graphene's behavior is more influenced by its dielectric properties
rather than its conductivity. As a result, the EMI starts to stabilize. Hence graphene’s response at these
higher frequencies is less dependent on chemical potential. Lower mode is beneficial for plasmonic
devices, communication systems, and GHz sensors, where the chemical potential in graphene can be tuned
to control mode confinement and enhance signal propagation. In case of higher propagating mode, as the
frequency increases, the EMI increases with the increase in incident wave frequency. Figure 3 depicts the
variation in EMI versus incident wave frequency under different values of relaxation time. In case of lower
propagating mode, for lowest value of relaxation time, the EMI increases quickly and reaches higher
values as reported in [39, 40]. This is because shorter relaxation times lead to higher carrier scattering
rates, which results in stronger plasmonic effects and thus a stronger mode confinement. As the relaxation
time is increased, the dispersion curves moves towards lower frequency region. In case of higher
propagating mode, the EMI increase with increasing relaxation time but the effect of relaxation time
disappears at higher frequency values indicating non-physical region which has no significance in
scientific community. Additionally, higher relaxation time shift the dispersion curves to lower cutoff
frequencies in both propagating modes which is validated from the literature [38].
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Figure 2: Influence of graphene’s chemical potential on EMI versus GHz frequency.
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Figure 3: Influence of graphene’s relaxation time on EMI versus GHz frequency.

The dependence of EMI on number of graphene layers as a function of incident wave frequency is depicted
in figure 4. In case of lower mode, the EMI increases steeply with frequency for all values of N. For N=1,
the increase in the EMI is the steepest, indicating stronger coupling and tighter mode confinement.
Because single layer graphene has higher surface-to-volume ratio, which results in stronger plasmonic
effects enable high-speed communication systems like fiber optics or microwave photonics and increasing
N changes the modal coupling and field distribution. The electromagnetic waves interact more strongly
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with the charge carriers in the graphene, leading to better mode confinement and higher effective mode
index. The EMI increases with increasing incident wave frequency as the number of graphene layer
increase. For upper propagating mode, the EMI increases as a function of incident wave frequency as the
number of graphene layers is increased. It is also observed that the frequency band start squeezing as the
number of graphene layers are increased. These tunable features of graphene may be useful for future
fabrication of nano-photonic devices in the plasmonic community [41].
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Figure 4: Influence of graphene’s layers on EMI versus GHz frequency.

The influence of plasma frequency on EMI versus incident wave frequency is analyzed in figure 5. For
lower propagating mode, the EMI increases with frequency for all values of w,, indicating that the
plasmonic modes became more confined. Increasing plasma frequency modifies the tensor permittivity
components which strengthen electromagnetic confinement. It is observed that when the plasma frequency
increases, EMI increases and the curves move towards lower frequency regime. The plasma frequency is
a function of number density of electrons which exhibits significant role in tunable plasmon modes. It is
of peculiar of interest to note that at lower frequencies (below ~20 GHz), the EMI increases slowly.
Consequently, at lower frequencies, the plasma's effect on the waveguide is less significant, and the wave
propagates more freely. When the frequency increases over 20 GHz, there is drastic increase in EMI. This
shows that the plasma influence becomes more pronounced as the frequency increases, leading to stronger
confinement of SPPs. The EMI increases with increasing plasma frequency as a function of incident wave
frequency for higher propagating mode. The understanding of the behavior of plasmonic modes is crucial
to design plasmonic waveguides. These results offer promising potential for designing tunable high
frequency waveguides and are consistent with literature [40]. Figure 6 illustrates the effect of cyclotron
frequency on EMI as a function of incident wave frequency. In lower propagating mode, the EMI curves
rises rapidly at low cyclotron frequency. As the cyclotron frequency rises, the corresponding EMI curve
increases smoothly with increasing wave frequency and the propagating mode bandgap start squeezing.
Moreover, the effect of cyclotron frequency disappears after 30 GHz and the region become non-
significant region. The EMI start decreasing with increasing value of incident wave frequency, as the
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cyclotron frequency increases. This behavior is crucial for GHz plasmonic applications where precise
control of wave propagation is important for improving the device performance.
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Figure 5: Influence of plasma frequency on EMI versus GHz frequency.
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Figure 6: Influence of cyclotron frequency on EMI versus GHz frequency.

The influence of InSb temperature on EMI as a function of incident frequency is illustrated in figure 7. In
lower propagating mode, as the temperature of InSb increases, the corresponding EMI curve shifts towards
higher frequency region. Temperature variation modifies the carrier concentration and mobility in InSb,
which in turn alters its plasma frequency and effective permittivity. The temperature of InSb exhibits
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strong influence on upper propagating mode, EMI increases as the temperature increases and the bandgap
starts squeezing. This behavior is important for thermo-plasmonic applications where the temperature
dependence of plasmonic properties is critical. Higher values of temperature lead towards strong plasmon
coupling and higher energy excitation in plasmonic devices, which affect their performance in
applications, such as sensing and imaging. This temperature sensitivity plays an important role in system
efficiency and response. The variation in surface conductivity of graphene versus GHz waves frequency
under different plasma frequencies is analyzed in figure 8. As the plasma frequency of the magnetized
plasma increases, there is a sharp increase in conductivity and the curves shifts towards lower frequency
region. Additionally, the frequency band of both modes begins to squeeze as the plasma frequency
increases. The conductivity of graphene sharply decreases near the plasma frequency of the magnetized
plasma, making it valuable for applications such as graphene-based metamaterials. The dependence of
graphene’s conductivity under different cyclotron frequencies is studied in figure 9. As the cyclotron
frequency increases, the conductivity increases and curves shifts towards higher frequency region. This is
because the interaction between the electrons in graphene and the electromagnetic field becomes more
pronounced at higher cyclotron frequencies. Plasma characteristics have strong influence on the
modulation and propagation of hybrid SPPs for the proposed geometry which can be utilized for potential
applications such as nanophotonic and optoelectronic devices in GHz frequency regime. Figure 10
demonstrated how InSb temperature influences the interaction between the incident wave and the
graphene’s conductivity. As the temperature of InSb increases, it influences the graphene’s conductivity
by affecting the electron mobility and the interaction between graphene and electromagnetic waves.
Higher temperatures typically lead to increased electron scattering, which reduces the conductivity of
graphene. Based on numerical results, it can be inferred that temperature-sensitive sensors can be
developed by leveraging the variation in graphene's conductivity to detect temperature changes in the
surrounding environment.
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Figure 7: Influence of InSb temperature on EMI versus GHz frequency.
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Figure 9: Influence of cyclotron frequency on graphene’s conductivity versus GHz frequency.
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Figure 10: Influence of InSb temperature on graphene’s conductivity versus GHz frequency.

Conclusion

This study presented a theoretical model to analyze the hybrid plasmonic modes in graphene-loaded
waveguide surrounded by InSb and magnetized plasma. The extended wave theory is used to derive the
electromagnetic (EM) field components and transfer matrix technique is used to obtain the dispersion
relation. The conductivity of graphene is modeled using Kubo formula. The influence of chemical
potential, relaxation time, number of graphene layers, plasma frequency, cyclotron frequency, and InSb
temperature on effective mode index and graphene’s conductivity is analyzed numerically. Based on the
numerical results, the material parameters reveal significant insights into the SPPs properties. Due to the
anisotropic nature of the magnetized plasma, two plasmon modes (lower and upper modes) are observed
which exhibit different behaviors in lower and higher frequency regions. Moreover, the influence of
material parameters on effective mode index and graphene’s conductivity highlights the sensitivity of
SPPs in the interested frequency regime. The present work offers promising potential for application in
high performance and tunable plasmonic devices, including optical modulators, tunable plasmonic
antennas, GHz sensors, and thermal photonic devices.
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