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Abstract

Polaritonic interactions are pivotal in advancing sensing technologies, optical devices, and
waveguides. This study presents a theoretical investigation into polaritonic interactions at the
interface of chiral-loaded temperature-sensitive materials (TSMs). Indium antimonide (InSb),
known for its temperature-dependent phase-transition optical properties, is utilized as the TSM.
The electromagnetic (EM) behavior of InSb is described using the extended Drude model, while
the isotropic chiral medium is characterized through coupled constitutive relations. By applying
tangential boundary conditions for EM field continuity at the chiral-InSb interface, the
dispersion relation governing hybrid polaritons is derived. Numerical computations performed
in Wolfram Mathematica, utilizing the contour plot technique, reveal the dispersion
characteristics, effective mode index, and field distributions under varying temperatures. The
findings demonstrate the existence of two distinct polaritonic regimes: (i) hybrid
polariton—phonon coupling at temperatures below 200 K, and (ii) hybrid polariton—plasmon
coupling at temperatures exceeding 260 K. Additionally, the effects of chirality and temperature
on the dispersion curves, effective mode indices, and field profiles are systematically analyzed.
Results reveal that polaritonic surface modes can be dynamically tuned by manipulating
external temperature and material chirality. These insights hold significant promise for the
development of temperature-responsive terahertz-infrared sensors, enantiomeric detectors,
thermo-optical surface waveguides, and near-field imaging systems.

Keywords: polaritons, plasmons, phonons, terahertz, infrared, thermo-optical,
indium anstimonide
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1. Introduction

Polaritonic interactions have garnered significant interest from
many researchers because of their crucial role in sensing,
communication, and optoelectronic devices [1]. Polaritons are
quasi-particles that emerge as a consequence of strong light—
matter interactions [2]. Polaritons are sensitive to material
types and light frequencies. Depending upon the features of
materials and interacting light, polaritons can be classified
into various types (i.e. phonon-polaritons, plasmon-polaritons,
magnon-polaritons, and exciton-polaritons) [3]. Generally, the
excitation of plasmon-polaritons, phonon-polaritons, exciton-
polaritons, and magnon-polaritons requires metallic materi-
als, dielectric crystals, semiconductor materials, and magnetic
materials, respectively [4]. Recent technological innovations
in device fabrication techniques, controlled material growth,
imaging, and spectroscopic techniques have enabled research-
ers to realize a wide range of polaritonic resonances, which can
be used to control coherence, nonlinearity, and light-matter
interactions [5].

In the literature, polaritonic interactions have been stud-
ied via two approaches (i.e. cavity-based optical systems and
surface optics) [6, 7]. In cavity-based optical systems, the
confined photons interact with the materials inside to excite
the polaritonic resonances within the mirrors [8], while in
the surface optics approach, the free photons interact with
the surface materials/coatings/geometry-based oscillations to
evolve the polaritonic interactions [9]. Santos and Fainstein
recently introduced a new field of physics, polaromechan-
ics, combining cavity polaritons and optomechanics, and
discussed its challenges and opportunities [10]. The differ-
ent types of polaritonic interactions have been studied via
optical cavities based upon different materials. For example,
Harrison et al the oretically investigated the existence of
polariton vortices supported by the Chern insulator and pro-
posed optical-based topological signal processing techniques
[11]. Baranov et al conducted transfer-matrix-based ana-
Iytical and finite-difference time-domain simulations of the
enhancement of the polaritonic modes within the reson-
ant optical cavity due to chiral molecules and reported that
the circular dichroism (CD) of the chiral material intro-
duces the splitting of the polaritonic and plasmonic modes of
the microcavity [12]. Bennenhei et al analyzed the thermal
polaritonic interactions of protein-filled elliptical microcavit-
ies under controlled polarization schemes at room temperat-
ure and observed photoluminescence-based exciton-polaritons
emerging from elliptical microcavities [13]. Further, Krol
et al discussed microcavity-based general schemes for the
excitation of polaritonic modes in WS2 monolayers, spin-
coated PEPI perovskites, and CdTe quantum wells [14].
Recently, Salij et.al theoretically investigated the rare oppor-
tunity of developing 2D chiral polaritons due to achiral Fabry-
Pérot cavities and reported that apparent CD can excite 2D
chiral polaritons and their chirality can be optimized for the
advancement of lasing applications, sensing, and quantum
computing [15].

Meanwhile, on the other side, the surface optics domain
provides the active control and tuning of polaritonic inter-
actions in terms of electromagnetic (EM) surface modes
for the different spectral ranges (i.e. metastructures, nano-
structures, and zero indexed materials) [16-18]. Many plas-
monic platforms for the visible range have been investig-
ated for their strong interactions with nanostructures and bio-
molecules, offering potential applications in waveguides, bio-
sensing, drug delivery, and nanophotonics [19-21]. Generally,
the dichroism phenomenon has been observed in organic, inor-
ganic, and biological molecules. This phenomenon can be con-
trolled by the strength of the chirality, which normally ranges
from 1072 to 10~7, depending on the type and structure of
the molecules [22, 23]. These molecules are regarded as chiral
materials and have attracted the interest of several research-
ers and scientific communities as tools for enantiomer detec-
tion, chemical or analyte sensing, and chiral sensing [24].
In order to generate hybrid SPP waves for chiral sensing
and enantiomeric detection, researchers have recently focused
on the chiral-metal interface. It has also been reported that
the propagation length can be used to tune chirality [25].
Many researchers have recently developed a keen interest in
graphene-based temperature-assisted devices due to their uses
in thermographers, wearable temperature sensors, thermal cur-
rent production, thermal rectifiers, and infrared (IR) detectors
[26-28]. Hybrid SPP waves along the chiral-graphene—-metal
interface whose properties can be tuned for various applica-
tions, including wave modulation and optical sensing in the
terahertz (THz) region, have been reported [29]. Recently, it
has been reported that the characteristics of surface waves sup-
ported by graphene loaded InSb can be controlled by tuning
the temperature [30]. Similarly, it has been hypothesized that a
chiral-temperature-sensitive material (TSM) structure may be
used to control the characteristics of such surfaces as plasmon-
polaritons, and this has motivated the present work.

Indium antimonide (InSb) is a TSM known for its
semiconductor-like properties. The optical, electronic, struc-
tural, and phase characteristics of TSMs can be tuned by chan-
ging the external temperature [31]. InSb has recently gained
interest as a promising material for IR detectors and high-
speed devices due to its small bandgap [32].

InSb is recognized for its temperature-dependent phase-
changing optical properties, making it a key TSM. This work
investigates the temperature-dependent polaritonic interac-
tions governed by the chiral loaded InSb interface. To study
the influence of thermal agitation, polaritonic interactions and
coupling schemes are investigated. Further, to investigate the
impact of the dichroism of the chiral material on the right-
handed circularly polarized (RCP) and left-handed circularly
polarized (LCP) field coupling, enhancement parameters are
investigated. The thermal tuning of chiral surface modes is
the most challenging task and is needed for the realization
of real-time chiral recognition, enantiomeric measuring, and
chiral sensing devices. To fulfil this need, the chiral loaded
InSb is modeled and analyzed numerically for the active tun-
ing and control of such hybrid surface waves in the IR and
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THz region. This paper investigates wave propagation along
the chiral-TSM interface. The effects of chirality (§) and tem-
perature on the dispersion curves, effective mode index, and
field profiles of hybrid surface waves are studied for the lower
and the upper propagation modes. The analytical modeling and
formulation of the problem are presented in the second section,
while the numerical results and discussion are detailed in the
third section. Concluding remarks are provided in the fourth
section.

2. Modeling of problem

The present polaritonic waveguide system comprised of the
temperature-sensitive InSb substrate loaded with the chiral
material is shown in figure 1. The propagation of the surface
polaritonic modes is considered along the z-axis with propaga-
tion constant 5. The region of space x > 0 is realized as iso-
tropic chiral material and the region x < O is taken as a TSM
with temperature-dependent permittivity €r(w,T) [33].

2.1. Field phasors in isotropic chiral material

The isotropic chiral material is modeled in the frame work of
coupled constitutive relations as [34, 35],

H=—i¢E+B/pu M

D=cE—-iB }
where the ¢ is permittivity, p is the permeability and £ is the
chirality of the chiral material. The generalized expression for
the EM wave in the chiral material is

2

OPE 0
VZE—,uaW—i—tfugt(VxE):O. )

For the planar interface, it is assumed that electric (E)
and magnetic (H) fields are functions of spatial coordinates
(x,y,z). The EM wave is considered to propagate along the
z-axis while exhibiting an exponential decay along the x-
axis. The field phasors represented as a superposition of right-
handed circularly polarized (RCP) and left-handed circularly
polarized (LCP) modes (i) & 1),) are expressed as:

E =[{)+)e 3)
H,=jne\/1+x2 (01 —1ha]e % 4)

where the modes 1| = Bje™ ", ¥, = Bye™ ¥, and decay

constants are vy 2 = 4 /8% — ’yi. The B and B, are considered

as unknown coefficients associated with RCP and LCP modes
respectively. The propagation constants for RCP and LCP
are expressed as v+ = n.(£x ++/1 + x2)k,, in this expres-
sion k, is wavenumber in free space, k, = w+/to €y, N 1S the
refractive index of chiral material and x = & /7, is the normal-
ized chirality admittance.

Figure 1. Isotropic chiral loaded TSM structure for polaritonic
interaction.

The associated field components within the chiral medium
can be derived from the coupled wave equation as follows:

Ex - |:<]£> Ble—’le + (J_B> Bze—’sz:| e—jﬂz (5)
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m 72
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2.2. Field phasors in TSM

The field phasors for the TSM space region (x < 0) are given
as:

Ez = Cleka (9)

H, = Cyet™ (10)

E, :’k—ﬂT E. (11)

%_gﬂ (12)

E,— ’“’I’;j’BHZ (13)
Jwerp

Hy =~ CE, (14)

where k7 = /3% — w?p,Er is the decaying constant, C; and
C, are supposed as unknown field coefficients. The €7 is the
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relative permittivity of InSb and is expressed according to the
extended Drude model and can be tuned by varying the tem-
perature, the detail of the model has been provided in sub-
sequent section.

The characteristic equation for surface polaritonic excita-
tions at the chiral-TSM interface (x = 0) can be computed by
securing the continuity of the fields governed by the boundary
conditions [29]

Uy, X (EC 7ET) =0

(15)
U, X (HC 7HT) =0
expressed as
wer
whoNeV 1+ X2y +y1kr) | ——=m2 +v-kr
( ) 7]4'\/1+X2
€r
+ (wponeVTH X2y +v-kr ) | — =Ly +y1kr | =0,
(un X 2T T)<mm’h T+ T)
(16)

where the terms (E., H;) and (Ey & Hry) in the boundary
conditions are the total EM fields in the chiral and TSM
materials. The first and third terms in the above expression
represent dispersion relations for the TE waves, whereas the
second and fourth terms represent dispersion relations for
the transverse magnetic (TM) waves. At v; = y_, the above
relation simplifies to the same dispersion relation for SPPs
at the metal-dielectric interface, which supports only T™M
mode [36].

3. Numerical results and discussion

The characteristics of polaritonic interactions at the inter-
face of chiral loaded TSM InSb, including dispersion rela-
tions, effective mode index, and field profiles, were obtained
numerically using the contour plot technique. The Wolfram
Mathematica software Pack was used for the numerical simu-
lation of each characteristic of the surface waves. In the first
part, the modeling of the InSb based upon the extended Drude
model [33, 37] as a function of the static permittivity (€o),
plasma frequency (w,), and damping constant () has been
presented as

2

e 17
w? + iyw (17

. _ Nq( .
wp, 1is expressed as wp—,/io_mssomﬂ, where N is the

intrinsic carrier density, m, is the mass of an electron,
and ¢, is the charge on an electron (i.e. g.=—1.6 X
107°C, m,=9.1x103"kg, ~y=m x10"rads™!).
Mathematically, the intrinsic carrier density N (T) is
expressed as a function of external temperature as N (T) =

ET =€ —

5.76 x 102 T3/2exp (— %), while E, and kg correspond to

2kBT>’
the energy bandgap and Boltzmann constant with values of
0.26 eV and 8.62 x 107> eV K~!, respectively. The intrinsic
carrier density ’N’’ depends upon the temperature 'T' which
implies that the plasma frequency is driven by the temperature
of InSb. Consequently, the relative permittivity of InSb (€7)
can be tuned by varying the temperature. The influences of the
temperature of InSb and the chirality of the chiral material on
the characteristics of polaritonic interactions at the interface
of chiral InSb were explored.

In figure 2, we plot the graph of the plasma oscilla-
tion (w,) of the InSb slab for the temperature range T €
[150 — 200] K (insulator case) and T € [260 — 400] K (metallic
case). It shows that the polaritonic interactions increase signi-
ficantly with the temperature of InSb. Thus, the permittivity of
InSb can be tuned by changing the temperature according to
the desired spectral region [37].

Given the active thermal tunability of InSb, the external
temperature plays a significant role in tuning the light—
matter interaction characteristics. To study the temperature-
dependent surface polaritonic interactions for InSb, a disper-
sion curve analysis was conducted. The results of the com-
parative dispersion curve analysis for bare InSb and chiral
loaded InSb are presented in figures 3 and 4, respectively. In
figures 3(a) and (b), the dispersion relation for bare InSb is
plotted for the insulator and metallic states for the temperat-
ures 190 K and 300 K, respectively. The coupling between
plasmons and phonons, which gives rise to polaritonic inter-
actions, is evident from the graph. Figure 3(a) depicts the
phono-polariton coupling at the interface of bare InSb under
the insulator phase, while figure 3(b) presents the plasmon-
polariton coupling under the metallic phase of InSb. It can
be concluded that the excitation of phononic resonance at
low THz frequency is due to the insulator phase of InSb,
while the plasmonic resonance at high THz frequency cor-
responds to the metallic phase of InSb. This trend is visual-
ized in figure 2, where w), corresponds to low THz frequency
for T € [150 — 200] K (insulator state) of InSb, while for T €
[260 — 400] K (metallic state) of InSb, it corresponds to high
THz frequency, as reported in [38].

After estimating the phononic and plasmonic interactions
at the interface of bare InSb, the dispersion curve analysis
for the chiral loaded InSb interface is discussed. Figure 4
depicts the influence of CD or chirality (£) on the light coup-
ling phenomenon on the surface of InSb. It is observed that
the presence of chirality (§) initiates hybridization-based split-
ting among the polaritonic interactions (i.e. hybrid phonon-
polariton modes for 7= 190K and hybrid plasmon-polariton
modes for 7= 300K). Figures 4(a) and (b) reveals that there
exist two propagation modes for this geometry (i.e. the
lower and upper modes for the low and high frequencies,
respectively, collectively known as hybrid modes). Similar
splitting in plasmonic modes has been reported with the
cavity-based chiral optical system, which validates the present
findings [12].
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Figure 2. Modeling of InSb as temperature sensitive material (TSM) (a) insulator case (b) metallic case.

The dispersion curves for the polaritonic interactions at the
chiral loaded InSb at different temperatures (i.e. T = 280 K,
T =300K, T =320K, and T = 340 K) are plotted in figure 5.
Figure 5(a) depicts that high-frequency surface waves and
propagation modes (lower and upper) can be achieved with
the increase in temperature even in the dielectric case of TSM
(T =160 K, T = 180 K, and T = 200 K). It is also clear
from figure 5(b) that with the temperature rise, the behavior
of the TSM (i.e. InSb) moves toward metallic from dielectric,
and surface waves of high frequency with both modes (lower
and upper) can be achieved and tuned. The effect of chiral-
ity on the dispersion curves for chiral loaded InSb at different
temperature values is plotted in figure 6. The graph shows a
clear increase in the polaritonic interactions at the interface
and propagation bandgap between the modes with an increase
in the chirality in both the dielectric (7' = 190 K) and metal-
lic (T = 300 K) cases. As depicted in figures 6(a) and (b),
the forbidden region between both modes gradually narrows
as chirality increases. Thus, chirality, acting as a controlling
parameter, can be effectively used to tune the propagation of
hybrid surface waves.

To evaluate the propagation losses and attenuation charac-
teristics of polaritonic interactions at the chiral-TSM inter-
face, the relationship between the operating frequency (w) and
the imaginary part of the propagation constant, Im(f), is ana-
lyzed in figures 7 and 8 under the influence of temperature
and chirality, respectively. The magnitude of Im(f3) serves as
a measure of attenuation and propagation losses of EM waves,
with higher Im(3) values indicating greater damping [39].

In figure 7, the impact of temperature on the propagation
loss of polaritonic modes is analyzed. Figure 7(a) illustrates
the damping and propagation losses of polariton modes when
InSb behaves as an insulator, while figure 7(b) presents the
propagation losses at the chiral-TSM interface under metallic
conditions. It is observed that as the temperature increases, the
propagation loss rises with the operating frequency up to the
resonance frequency for each case. As discussed in figure 2,
the plasma frequency of InSb is directly influenced by tem-
perature. Consequently, in this scenario, the propagation losses

stabilize at the resonance frequency and decrease to minimal
values for frequencies exceeding the resonance condition.

To investigate the influence of chirality on the damping
characteristics of the chiral-TSM interface, results are presen-
ted in figures 8(a) and (b) for 7= 190 K (insulator case) and
T = 300 K (metallic case), respectively. A comparison of these
figures reveals that the propagation losses are lower in the insu-
lator case than in the metallic case. However, the frequency-
dependent behavior of Im(p3) follows a similar trend in both
cases. Notably, the propagation loss increases with rising chir-
ality in both scenarios. Additionally, it can be concluded that
chirality does not influence the damping response at the reson-
ance frequency of InSb. Furthermore, Mackay and Lakhtakia
have theoretically investigated the simultaneous amplification
and attenuation of surface waves in isotropic chiral materials
[40]. Their findings indicate that the attenuation of surface
waves at high chirality can be effectively managed and reduced
by incorporating active material-based mixing into the chiral
medium. Similarly, adopting such approaches could enhance
propagation characteristics and minimize surface wave attenu-
ation, offering practical avenues for the implementation of the
present work.

The figure 9 provides the physical insight how the chiral
sensing response against the effective mode index of polari-
tonic modes under different values of the temperature. The
graph clearly shows that the chiral strength increases as the
temperature increases for both cases of InSb. The results indic-
ate the chiral strength enhancement as the K¢ (5] /| increases
for respective temperature. Meanwhile, the tempe?ature has
the significant impact on the chiral strength against the effect-
ive mode of polaritonic modes depicts that the thermal agit-
ation can control the CD response of the material. Thus, the
temperature can be used as a controlling parameter to tune the
characteristics of hybrid surface waves by varying the chirality
strength of chiral materials.

To further confirm the physical presence of hybrid surface
modes corresponding to the upper and lower modes suppor-
ted by the loaded InSb at T = 190 K, the field distribution
is plotted in figures 10(a)—-(d). All the fields are normalized
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Figure 3. Dispersion curve for free space-InSb interface with £ = 0.007! (a) InSb as Insulator (T = 190 K) (b) InSb as metal (T = 300K).

by the peak value. The |E,| & ]Ey‘ fields components corres-
pond to the TM and transverse electric (TE) components. The
presence of both transverse field components in figures 10(c)
and (d) indicates that the modes supported at the chiral-InSb
interface are hybrid in nature. The figures 10(b) and (d) for
the upper modes, illustrate that they decay exponentially as
they propagate away from the interface, which confirms the
surface polariton like nature of the modes. Moreover, it can
be seen that the lower modes do not decay exponentially as

the upper modes do. This could be because these modes do
not correspond to the surface modes but to the chiral phononic
polaritons with distinct co- and cross-polarized fields, as given
in figure 10(3). The upper mode is more tightly confined to the
interface, as evidenced by the rapid exponential decay of all
field components in subplots 10(b) and (d). The lower mode
shows weaker confinement, with fields extending farther into
the chiral medium, as seen in subplots 10(a) and (c). Similarly,
the field distribution for the lower and upper modes supported
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Figure 4. Dispersion curve for free space—InSb interface with £ = 0.012" (a) InSb as Insulator (T = 190 K) (b) InSb as metal (T = 300K).

plasmon-polariton propagation modes. However, figures 11(b)
and (d) suggest that hybrid surface plasmon-polaritons decay
more quickly than hybrid surface phonon-polaritons, as given
in figures 10(b) and (d).

at the chiral-InSb interface at T = 300 K is plotted graphically
in figure 11. It is shown that the upper modes correspond to
the surface-like modes and behave as hybrid surface plasmon-
polaritons, while the lower modes correspond to the chiral
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(d) Field profile of |E,|,

4. Concluding remarks

The surface optics approach was utilized to study the char-
acteristics of polaritonic interactions at the chiral-TSM inter-
face. In the presence of the chiral material, the splitting of the
phononic and plasmonic modes was reported, and the exist-
ence of trends similar to those seen in the chiral material-based
microcavity system was identified. Here, the hybrid modes
of propagation were labeled as the lower and upper modes.
The field profiles revealed that the upper modes correspon-

B

for lower mode with values 8 = 0.0825 yum ™!, w = 5.791 THz

Ey

Ey| for upper mode with values 8 = 0.266 um™!, w = 6.537 THz.

ded to the surface evanescent polariton modes, while the lower
modes corresponded to the chiral polaritons non-degenerate
modes. It was found that the propagation gap between the
lower and upper modes could be tuned or detuned by the CD
or chiral strength of the chiral material. Further, the reson-
ance frequency and type of polaritonic (phononic/plasmonic)
interaction could be controlled by the external temperature
of the TSM. The results may have significant importance in
thermo-chiral and optical sensing, enantiomeric detection, and
near-field communications.
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with values 8 = 0.266 pm’l, w = 6.537 THz, (c) Field profile of |E,
Ey| for upper mode with values 8 = 0.266 um™!, w = 6.537 THz.

(d) Field profile of |E,|,
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