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Abstract

The electromagnetic waves propagate in the interface between metal and dielectric can be simply called
surface plasmon polariton. The surface plasmon polaritons were produced by the coupling of incoming
electromagnetic waves and collective vibrations of free charges on metal surface. The generation of
surface polaritons may be done using attenuated total reflection (ATR) method which was based on total
internal reflection. The method can be performed numerically by analyzing reflections on each involved
inter faces.The generated surface plasmon polaritons were represented by the appearance of the dip in the
ATR spectroscopy. In this paper, we presented the ATR spectroscopy for surface plasmon polaritons
generated on gold-castor oil interface. The results showed the predicted dispersion relation from
calculated ATR of the surface plasmons polaritons were in good agreement with the dispersion relation
from the theory.
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Introduction

Surface plasmon polaritons (SPP) were electromagnetic waves, which propagate along the interface between
dielectric and metal. Here, metal is an active medium, which provides collective free electron vibrations
while dielectric is a passive medium that maintain electric fields at the interface. The features of SPP had
already reported in the early of 20th century (Wood, 1968; Garnet, 1904; Mie, 1908). Since then, the SPP
have received high attention due to its potential application such as: biosensors using plasmonic
metamaterials (Kabashin et al., 2010), data storage capable to store data in the scale of terabits cells using
plasmonic near-field transducers (O’Connor et al., 2009), wave-guides by fabricating patterned structure of
metals and silicon (Nagpal et al., 2009) and also solar cells in increasing absorption by grooving Si thin film
(Ferry et al., 2008).

There were several methods to excite SPP, such as gratings method, diffraction of roughness surface (Zayats
et al., 2003; Zhang et al., 2012) and attenuated total reflection (ATR) (Otto, 1968; Kretchmann et al., 1968).
The concept of ATR method based on the total internal reflection. Hence, it is required a high index prism to
produce evanescent waves which then excite SPP at the interface between dielectric and metal. The ATR
have used to study the properties of polaritons in several materials both experimentally and numerically.
Analisis of both surface and bulk polaritons in dielectrics were analyzed using ATR method (Borstel et al.,
1974). Surface phonon polaritons on the surface of dielectric GaN were studied using ATR (Torii et al.,
2000). The ATR method is applied in explaining magnon polaritons in magnetic FeF; (Jensen et al., 1995;
Jensen et al.,1997). The reciprocal property of surface polaritons on the surface of semi-infinite
multiferroics was shown in ATR spectroscopy (Gunawan et al, 2011). The existence of surface polaritons
on multiferroic film were also predicted numerically using calculated ATR (Gunawan et al., 2017; Gunawan
etal., 2021).

The ATR spectroscopy was obtained by measuring the ATR reflectance. The sharp dip in ATR spectroscopy
represents the existence of surface polaritons. The dip’s frequency and the related vector propagation lead
to the point at dispersion relation curves. Then, if we vary the vector propagation of initial electromagnetic
waves by changing the initial angle, the set of related surface modes frequency can be obtained. Hence, the
part of surface polariton’s dispersion relation can be constructed using the resulted data. The dispersion
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relation was important parameter since it reflected the properties of polaritons. The analysis of dispersion
relation is one way to study polaritons, especially the surface modes.

In this present report, we predict the dispersion relation by analyzing the calculated ATR. Here, we focus on
the surface plasmon polaritons which is generated at the interface metals and liquid dielectrics. In numerical
process, we used parameters appropriate for gold to represent metals while parameters for castor oils were
used to illustrated liquid dielectric.

The method and formulation

In this numerical analysis, we used high index prism in the top of liquid dielectric while metal was placed
below as illustrated in Figure 1. Here, we set all of surfaces at the x-y plane. Incoming electromagnetic
waves with initial angle 6 was propagating into the prism. Then, the total internal reflection occurred at the
bottom of the prism creating evanescent waves that might travel to the interface between dielectric and
metal. When the frequency of incoming waves near the frequency of surface plasmons, the evanescent wave
can excite those plasmons lead to the generation of surface plasmon polaritons (SPP) that propagate along
the interface, parallel to the x"axis. In Figure 1. The red arrow represent SPP.
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Figure 1. Geometry of the ATR. Dielectric and metal were placed under high index prism. The total internal
reflection happened when incoming waves with initial angle 8 travelled into the bottom of the
prism. The obtained evanescent waves propagated to the interface between dielectric and medium
result in the generation of SPP that travel along the interface

The calculation of ATR spectroscopy was performed by firstly determine the involved field in each region.
Since in this analysis we focused on the transversal magnetic (TM) modes where the magnetic component of
electromagnetic waves was perpendicular to the plane of incidence, then we may determine the magnetic
component as

H= jH,, exp(ﬁz)ei(kxx_“’t) forz<O0, (1)
H = j|Hqexp(Boz) + Hyexp(—Boz)|e =t for0<z<d )
and
H= j[Hpexp(—ikzz) + Hpexp(ikzz)]ei(kxx_“’t) ford<z. (3)
291/2
Here, the attenuation constant was given as f§ = [kﬁ — Em ‘:—2] where &, represented dielectric constant

291/2
© ] represented attenuation constant with ; was permittivity for

for metal. The parameter 5y = [kﬁ —&a

dielectric. Using Ampere’s law in Maxwell’s equation, V X H= %Z—f, we can derive the normal component
of displacement fields as
D, = _ij{x H, exp(ﬁz)ei(kxx_“’t) forz<0 4)

D, = % [Hoexp(Boz) + Hoexp(—Boz)]ex~0 for0<z<d  (5)and
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D, = wkx [H,exp(ik,z) + ﬁpexp(ikzz)]e"(kxx_m). ford<z (6)

Tangential components of electric field can be derived using tangential components of D field and
consecutive equation, D = ¢, lead to the form

Ex= %Hmew(ﬁz)ei[k"xwt) for z<0 ©)
Ey = _;Cio [Hoexp(ﬁoz) — Hoexp(—ﬁoz)]ei(kxx_m) for0<z<d (8)
d
< [ i P ik, x—w
E, = sp_w [—Hpexp(—r.kzz) + Hpexp([kzz)]e (k t) ford<z. 9)

The next step was analyzing the continuity of the fields at the interfaces. Continuity of the fields at z = 0
leads to the reflectivity at the interface between dielectric and metal as
_ €mBo—€4P
" enBoreaB’ (10)
while the continuity of fields at z = d, result in the relation as
. [sdky(l+re_zﬁﬂd)—ispﬁo(l—re_zﬁﬂd)]
d [sdky(l+re_230d)+ispf30(1—?’e_2180d)]'
Then, the ATR reflectivity was determined by
R = (rgr)'/%. (12)
The calculated ATR spectroscopy was obtained by scanning frequency at the certain interval using Eq.(12).

(11)

Results and Discussion
In this report, we used plasma frequency of metal, «, =58 eV that is equivalent to

w, = 2.94 X 10° cm™? appropriate for gold. The dielectric constant for gold was calculated using relation,
2

En = (1 — %) We also used the dielectric constant, e; = 14.78 representing castor oil as liquid dielectric.
Permittivity for high index prism was &, = 32.5 representing thallium halogenide (KRS-5) crystal. The
calculated ATR spectroscopy of surface plasmon polariton generated at the interface between gold and
liquid dielectric (castor oil) was presented in figure 2a, while intersection between ATR line and dispersion
relation was illustrated in figure 2b.

The calculated ATR spectroscopy showed the generation of the SPP by the existence of the dip in the
spectroscopy curve. In our calculated ATR spectroscopy using castor oil-gold as at figure 2a, we obtained a
dip around frequency 0.4 x 10° cm™ which showed the probability to generate SPP. Here, we used the
dielectric thickness 0.35 cm and damping 0.12 x 10° cm. The trend of the calculated ATR in this paper
(figure 2a) was similar to the trend of the ATR spectroscopy from the previous studies(Jensen, 1997;
Gunawan, 2021).
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Figure 2. The calculated ATR spectroscopy and ATR line. In (a), the curve illustrated the dip in ATR
spectroscopy. In (b), the figure showed the cross section between ATR line (red line) and
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dispersion relation’s curve (black curve). The blue line in figure 1b represented the vacuum
light line.

The dip in ATR spectroscopy was related to the intersection between ATR line and dispersion relation curve
curve (see figure 2b). It can be seen that the frequency of the dip at figure 2a was relatively similar to the
frequency of the intersection at figure 2b. In those two figures, the value of propagation vector k in ATR
was similar to the propagation vector at the intersection in figure 2b.  Then, by analyzing the ATR
spectroscopy at the various values of propagation number, we may predict the dispersion relation curve. In
ATR spectroscopy, the ATR line can be varied by adjusting the initial angle through the relation
k, = \/s_p%sin 6. The results of our calculation for various initial angle were presented in figure 3 below.
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Figure 3. The Dispersion relation of SPP. The red cross markers were the data from ATR spectroscopy
while the black dashed line represented the dispersion relation from the theory.

The figure 3 showed the good agreement between the results from calculated ATR, which were represented
by red cross markers, with the dispersion relation from the theory, which was drawn using dashed line with

the formulation was k, = = /:;i% Since critical angle for total internal reflection in KRS-5 crystal and
P

[

castor oil system relatively high, around 43°, then we only vary the initial angle from around 50° to 80°.
Hence, there were only little part of dispersion relation that could be constructed using calculated ATR. The
increase of initial angle interval might be achieved by reducing the critical angle. Changing the castor oil by
other dielectric materials with the low dielectric constant will decrease the critical angle. Then, the better
part of dispersion relation may be obtained. However, the values of dielectric constant from other vegetable
oils such as crude palm oils (CPO), coconut oils and sunflower oils were high. Hence, the calculated ATR
spectroscopy can only predict the existence of surface plasmon polaritons generated in the vegetable oil-
metal interface.

Conclusion

The numerical ATR can predict the generation of surface plasmon polaritons in vegetable oil-metal
interface. However, since the value of dielectric constant of vegetable oil is high, the results from calculated
ATR can only construct little part of dispersion relation
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