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Abstract: Light transmission along dispersive plasmonic gap with varied 
gap widths and its subwavelength guidance characteristics are numerically 
investigated over a wide frequency range. Mode numbers for each guided 
modes of the dispersive plasmonic gaps are properly assigned in order to be 
in consistency with the parallel plate waveguide composed of the perfect 
electric conductor. Overall and salient features of the role of the gap widths 
on the guided propagation characteristics are clearly understood by 
investigating several dispersion curves of varied gap widths. Cutoff 
frequency downshifts of the dispersive plasmonic gap compared with the 
perfect electric conductor based parallel plate waveguides are also observed. 
Finally, surface plasmon polariton modes having subwavelength guidance 
capability are described in more detail, which are directly governed by the 
plasmonic property of the metals. The results are expected to be utilized in 
designing various potential subwavelength nanophotonic devices.  
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1. Introduction 

Enhanced light transmissions through subwavelength single/periodic slits or apertures on 
metallic surfaces have become the focus of extensive study (for instance, see ref. [1] and 
references therein), since Ebbesen’s pioneering work on bidimensional periodic aperture 
arrays was first reported [2]. Such attention is not merely interest in challenging traditional 
tenets [3-5], but also related to the numerous potential nanophotonic applications, e.g., optical 
data storage, near-field optical microscopy, and bio-photonics [6]. Conceptual qualitative 
explanations of the light transmission process through holes are identical for both single and 
arrayed apertures, where the illumination of aperture entrances by incident plane waves is 
coupled with the guided modes (eigenmode solutions) along the guided structures, then the 
guided modes decouple the electromagnetic energy into free space modes through the exit 
apertures. As such, these enhanced transmissions are strongly dependent on the guided modes 
along the guiding structure with a finite length between both ends [7, 8], making precise 
inspection of the subwavelength guided modes important and indispensable in analyzing these 
extraordinary physical phenomena.  

In addition, the subwavelength guidance of light is also becoming more and more 
significant in its own right as regards potential applications in the building blocks of compact 
photonic devices [9-14]. The subwavelength guidance of light is known to be associated with 
the surface plasmon polariton (SPP), i.e., the electromagnetic wave confined to the interface 
between materials with positive and negative permittivities. The negative permittivity of the 
guiding medium is due to the frequency dependent response of the medium to incident 
electromagnetic radiations. Plus, it is well known that the permittivities of metals at high 
frequencies (optical frequency regime) are usually negative below the plasma frequency, pω , 
as they are generally fitted to 2 2( ) 1 /pε ω ω ω= − , which is the famous Drude model.  

Accordingly, this paper investigates the guided electromagnetic waves along dispersive 
plasmonic gaps (DPGs) as one of the simplest candidates for the subwavelength guidance of 
light. A DPG is an air channel sandwiched by metals with infinite transverse extensions, i.e., a 
parallel plate waveguide (PPW) using real metals with a plasmonic response. Analyses and 
applications of this type of electromagnetic or light wave guiding structure have already been 
reported by several other research teams. For example, Lichtenberg et al. focused on fast 
wave solutions for plasma waveguides with an infinite magnetic field along the structure and 
high-field linear accelerator applications [15]. In addition, the fast/slow, forward/backward, 
and TM/TE mode characteristics of a plasma gap have been briefly reported [16] in contrast to 
a plasma slab counterpart [17], where “real” plasmas were assumed. The dispersion relations 
of surface plasmons were investigated for single- and multiple-layered metal films, which 
included a metal-insulator-metal structure [18]. The guided modes and associated attenuation 
characteristics of metal-clad-dielectric-slab waveguides have also been reported [19, 20]. A 
more detailed study on the dispersion characteristics of metal-dielectric-metal heterostructures 
according to the frequency independent/dependent permittivity of the metal clad was 
presented by Prade et al.[21], and more recently, the SPP mode characteristics along negative 
dielectric cladding were reported with an emphasis on the development of a nanometric gap or 
subwavelength gap waveguide [9, 13, 14, 22, 23]. As a simple example of a waveguide with a 
negative refractive index (NRI) metamaterial, a PPW with NRI cladding has even been 
considered [24]. Nonetheless, when considering the definitive demands on photonic devices in 
the realm of nanophotonics or plasmonics, the subwavelength guidance of light by DPGs, as 
one of the simplest guiding structures, needs to be thoroughly investigated. However, previous 
work on the fundamental guided dispersion characteristics is still incomplete. In particular, 
discussions related to the gap width dependence on the dispersion characteristics are 
insufficient, which can be one of the most significant design guidelines for subwavelength 
guidance along DPGs.  

 Consequently, we concentrate on the dispersion characteristics of DPGs as variations of the 
gap width and obtain overall and salient pictures of the guided modes. Thus, the guided modes 
along DPGs, including the SPP modes as well as the PPW modes over a wide frequency range 
below and above the plasma frequency, are discussed with an emphasis on the dependence of 
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the mode dispersion on the gap width variation. Brief comparisons with a PPW composed of a 
perfect electric conductor (PEC) are also made. Finally, the SPP modes with the gap 
dependences are contrasted. Even though we have chosen titanium-like plasmonic media as 
the cladding for the DPGs, this result can also be expected to be applied to other plasmonic 
media based DPGs and utilized to supply the guidelines for designing various compact 
photonic devices, as in ref. [10]. It should be noted that the Drude model used here is lossless, 
which can give physical insights into the behavior of real metals at optical frequencies.  

2. Dispersive plasmonic gap waveguide and its characteristic equation  

2.1 Dispersive plasmonic gap (DPG) waveguide 

Figure 1 shows a schematic cutaway view of the DPG geometry and dielectric constant for the 
cladding employed in this work. In Fig. 1(a), the light guidance is performed in a z+ direction 
and the gap width is 2h. The core region (region 1, x h< ) is assumed to be air, and the 
dielectric constant of the cladding region (region 2, x h> ) obeys the plasmonic response, 
such that 2 2

2 ( ) 1 /r pε ω ω ω= − , where / 2 3600 THz.pω π = This value is quite similar to that 
for titanium (Ti), and has been extensively utilized in other calculations [25-32]. (Practically, 
the collision frequency of Ti in ref. [25-32] is generally accepted as / 2 340 THz.cω π =  
However, cω  is relatively small compared with .pω  Thus, it has a minimal affect on the 
dispersion characteristics and is disregarded here.) The dielectric constant for the air core 
region and magnetic constants for both regions are all assumed to be unity, i.e., 

1 1 2 1.0.r r rε μ μ= = = As shown in Fig. 1(b), below the plasma frequency of 
/ 2 3600 THz,p pf ω π= = the dielectric constant is negative, whereas above the plasma 

frequency, the refractive index of the cladding, i.e.,  ( )1/ 2

2 2 2r rn μ ε=  becomes a positive real 
value and is plotted as a dashed line. The frequency at which 2 1.0rε = −  is referred to as the 
critical frequency and given by / 2c pf f= 2545.58 THz,=  which plays a critical role in the 
dispersion characteristics, as discussed in the next section.  
 

0 1000 2000 3000 4000 5000-10

-8

-6

-4

-2

0

f
c
= 2545.58 THz

-1

 

 

Frequency (THz)

 B
 D
 E
 G
 H
 I

1

f
p
= 3600 THz

ε
r2

(ω)

(b)

 
Fig. 1. (a) Schematic illustration of dispersive plasmonic gap (DPG) geometry and (b) 
dielectric constant of cladding.  

2.2 Characteristic equations  

The characteristic equations for DPG waveguiding systems can be easily derived in similar 
ways to the characteristic equations for metal-dielectric-metal waveguides [19], plasma slab 
waveguides [17, 33], and dielectric slab waveguides [34]. Yet, due to the negative dielectric 
cladding, mode numbers are assigned to each guided mode, which is different from the case of 
well known waveguides such as plasma and dielectric slabs, in order to be in consistent with 
the modes of a PPW with a PEC, which is theoretically the ideal version of DPGs. The 
tabulated characteristic equations for DPGs and their belongings are summarized in Table 1. 
Each equation can be easily obtained from the standard steps of boundary-value problems, 
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where ( 1, 2)ik i =  is the transverse propagation constant for each region, 0k  is the free space 
wave number, and 0( / )kβ β=  is the normalized propagation constant in the propagation 
direction. Slow ( 0kβ > ) and fast ( 0kβ < ) wave modes, i.e., SPP and PPW modes, 
respectively, both exist, however, the SPP modes only have a TM mode, as in the case of a 
plasma slab [17, 33], while the PPW modes include both TM and TE modes, as in the ideal 
case of a PPW with a PEC [34]. The characteristic equations for the SPP modes and PPW TEm 
modes are identical to those for plasma slabs [17, 33] and dielectric slabs [34], respectively. In 
contrast, the mode numbers assigned to the PPW TMm mode are the reverse of the case for 
dielectric slabs, due to the negative dielectric cladding.  
 

Table 1. Characteristic equations for DPGs.  

SPP mode  

( )1 1( 1.0)r rβ μ ε> =  

PPW mode  

( )1 1( 1.0)r rβ μ ε< =  

TMm TMm TEm 

0m = : 

( )2 1
1

1 2

tanh 1 0r

r

k h
k h

k h

ε
ε

+ =  

2,4,6,m = ⋅ ⋅ ⋅ : 

( )2 1
1

1 2

tan 1 0r

r

k h
k h

k h

ε
ε

− =  

1,3,5,m = ⋅ ⋅ ⋅ : 

( )2 1
1

1 2

tan 1 0r

r

k h
k h

k h

μ
μ

− =  

1m = : 

( )2 1
1

1 2

coth 1 0r

r

k h
k h

k h

ε
ε

+ =  

1,3,5,m = ⋅ ⋅ ⋅ : 

( )2 1
1

1 2

cot 1 0r

r

k h
k h

k h

ε
ε

+ =  

2,4,6,m = ⋅ ⋅ ⋅ : 

( )2 1
1

1 2

cot 1 0r

r

k h
k h

k h

μ
μ

+ =  

( )
( )

1/ 22
1 0 1 1

1/ 22
2 0 2 2

r r

r r

k k

k k

β μ ε

β μ ε

⎧ = −⎪
⎨
⎪ = −⎩

 
( )
( )

1/ 22
1 0 1 1

1/ 22
2 0 2 2

r r

r r

k k

k k

μ ε β

β μ ε

⎧ = −⎪
⎨
⎪ = −⎩

 

 

3. Numerical results and discussion 

3.1 Dispersion characteristics relative to variation of gap width  

Figure 2 shows the dispersion characteristics of the DPG waveguides with six variations of the 
gap width, i.e., 50h = , 25, 15, 10, 5, and 1nm, which were arbitrarily chosen for obvious 
contrast and to observe the evolution in relation to the gap width dependence. The shaded 
sections indicate the areas where no guided modes propagated. More detailed discussion on 
this will be available later. The TM0 modes in the slow wave regions had no low-frequency 
cutoff and a high-frequency cutoff at the critical frequency of 2545.58 THz. In other words, 
the TM0 mode only existed in the frequency region where the dielectric constant was smaller 
than the negative unity, which is interestingly identical to the case of a plasma slab [17] or 
plasma column [35]. From the fact that the TM0 mode could exist even when the frequency 
was very low, this mode corresponded to the TEM mode of a PPW (composed of a PEC). 
Furthermore, in a lower frequency regime far away from the plasma frequency, the 
normalized propagation constants tended to be constant at slightly greater than unity, which 
means that a slow wave is supportable in this case. These deviations are due to the penetration 
of the fields into the cladding region. It is noted that such low frequency behaviors have been 
obviously resulted based on the lossless plasmonic response of the cladding. The modes using 
the lossless Drude model at lower frequencies are inconsistent to the real situation. Since an 
additional Lorentzian resonance effect was not added at the lower frequencies [36, 37], the use 
of the simpler plasmonic form of 2 2( ) 1 /pε ω ω ω= −  allowed us to acquire valid physical 
insights in higher optical frequencies, e.g., roughly above 600 THz.  

The TM0 mode also exhibited monotonically increasing dispersions with the frequency, 
representing its forward wave characteristics. Yet, as the frequency approached the critical 
frequency, the normalized propagation constant increased very rapidly.  
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Fig. 2. Dispersion characteristics of DPG waveguides. (a) 50nm,h = (b) 25nm,h = (c) 

15nm,h = (d) 10nm,h = (e) 5nm,h = and (f) 1nm.h =  

 
In the case of a PPW with a PEC, the normalized propagation constant, β , is equal to 

unity for the TM0 (or, more generally, TEM) mode, where the phase velocity is the same as 
that for the light. The 1.0β =  lines in Fig. 2 are shown as horizontal dashed lines, and also 
used for the border between the SPP and PPW modes (or between the slow and fast waves).  

Another mode with a rapidly increased normalized propagation constant near the critical 
frequency was the TM1 mode. Near the critical frequency, the normalized propagation 
constants for the TM0 and TM1 modes were nearly the same, at which point the phase velocity 
of the modes was extremely slow. In spite of the different characteristic equations for the SPP 
and PPW modes, as shown in Table 1, the curves for the TM1 mode were observed to 
continue smoothly from the slow wave (SPP mode) region to the fast wave (PPW mode) 
region and finally cutoff, i.e., 0.β = As shown in Table 1, only the TM1 mode had both SPP 
and PPW modes. The characteristic equation for the SPP TM1 mode was the same as that for a 
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plasma slab [33], yet the PPW TM1 mode was different from that for a dielectric slab [34], 
which may be due to the negative dielectric cladding of the DPG. 

Whereas the above TM0 modes were always forward type, the TM1 modes could also be 
backward waves, as indicated by negative slopes on the curves, when the gap widths were 
narrow, as shown in Figs. 2(c)-(f). As such, among the six gap widths in Fig. 2, the TM1 mode 
for 15 nmh = (Fig. 2(c)) had a very narrow frequency band for propagating, while the others 
all had relatively wider regimes. Despite the dissimilar structures [17, 38-41] and media [42-
45], the backward wave properties here were essentially the same in principle, and mainly 
caused by vortex-like Poynting vectors along the interface between the two different media 
with opposite signs [43-45].  

As shown in Fig. 2, the TE1 modes had identical cutoff frequencies to the TM1 modes. 
The TE1 mode was always a forward wave type, while the TM1 mode could have both types, 
depending on the gap width. From Table 1, the characteristic equation for the TE1 mode 
included tan( ),⋅ while the TM1 modes included cot( ).⋅ Yet, a TM1 mode with cot( )⋅ contradicts 
the mode assigned to the well-established dielectric slab waveguides, where an odd-numbered 
mode is symmetrical (tangent function) in its field configurations, while an even-numbered 
mode is antisymmetrical (cotangent function). Prade et al. just indexed “odd” and “even” 
modes [21], not assigned mode numbers, which was consistent with the dielectric slab case. 
However, here, identical cutoff frequency between two modes leads us to assign them to same 
mode number as in the PPW case, whose cutoff frequency of the TE and TM modes are the 
same. Thus, TE0 mode here is absent and the first TE mode is the TE1 mode as is for the case 
of the dielectric slab waveguides. As shown in the Fig. 2(a), thereby, each of TM and TE 
modes with 1,m = 2, and 3 are very much correlated due to the identical cutoff frequency. In 
the case of the PEC PPWs, the normalized propagation constants are the same. The 
relationships in the dispersion curves between the PEC PPW and the DPG will be shown in 
the next subsection. In Fig. 2(a), higher order modes for 2m ≥  cases are plotted in series with 
an increase of the frequency. Higher order modes are all PPW modes, which are also 
numerically obtained and plotted with the criteria of the mode number assigning in Table 1.  

The cutoff frequency of the TE1 mode is always below the plasma frequency even at very 
narrow subwavelength gap width, as shown in the inset of Fig. 2(f). Beginning from the cutoff 
frequency, which is identical to that of the TM1 mode, the TE1 mode is monotonically 
increased as the frequency increases, even above the plasma frequency seamlessly. At very 
narrow subwavelength gap conditions, e.g., 1nmh = case in Fig. 2(f), the TE1 mode is never 
suppressed. This means that not only SPP mode but also PPW TE modes can contribute to the 
subwavelength guidance. Above the plasma frequency, at least two guided modes always exist 
even at considerably narrow subwavelength gap conditions; one is TM and the other is TE 
mode. The TE mode begins always below the plasma frequency, while the TM mode does 
right at the plasma frequency. 

Shaded region beginning from the plasma frequency of  3600 THzcf = is forbidden 
region, in which any guided mode solutions does not exist. This region is delimited with the 
refractive index of the cladding ( 2n ) as dotted lines, as shown in the Fig. 1(b). Above the 
plasma frequency, there is one propagating TM modes whose normalized propagation 
constants are slightly higher than the refractive index of the cladding. (So, in the scale of Fig. 
2, it is difficult to distinguish 2n  (dotted lines) from 0/ kβ  of the TM modes. In Fig. 2(c), i.e., 

15 nmh = case, the propagating mode (TM2 mode) and the refractive index ( 2n ) are 
distinguishable.) Above the plasma frequency, the refractive index of the core is greater than 
that of the cladding, i.e., 1 2n n> , where 1 1.0n =  and 20.0 1.0n< < . This condition is 
consistent with “index guiding” as in cases of conventional dielectric film guiding or well 
known optical fibers [46, 47].  

As the gap widths decreases, higher order modes are suppressed and the cutoff frequency 
for 1m =  mode increases. At very narrow gap widths, e.g., 1nmh = case, the cutoff frequency 
approached to the plasma frequency. Thus, it is found that the propagations of the TM1 mode 
can exist approximately in the frequency region between the critical frequency and the plasma 
frequency which are corresponding to the frequencies at 2 1.0rε = −  and 2 0.0rε =  cases, 
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respectively. Ideally, there exist propagating modes along the DPGs at considerably narrow 
subwavelength gaps; the forward TM0 mode in the SPP region from DC to critical frequency, 
the backward TM1 mode both in the SPP and the PPW modes from the critical frequency to 
the plasma frequency, and the forward TE1 and TM2 modes in the PPW mode above the 
plasma frequency.  

3.2 Relations with PEC PPW  

Usually, metals in waveguides are ideally assumed to be PECs, while the metal in the DPGs 
here has the plasmonic response. However, there are some connections between the DPGs and 
the PEC PPWs. Mode numbers assigned to the DPGs in the previous subsection were in 
consistency with the PEC PPWs. In Fig. 3, normalized propagation constants of the PEC 
PPWs for 50h =  and 25 nm  are plotted with those of the DPGs. Normalized propagation 
constant of the PEC PPW for the TMm/TEm ( 1m ≥ ) mode is given as follows [34]. 

1/ 22

0 0

1
2

m

k k h

β πβ
⎧ ⎫⎛ ⎞⎪ ⎪= = −⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭

                                                  (1) 

In cases of much narrower gap widths, the cutoff frequencies between the PEC PPW and the 
DPGs are located very far from each other along the frequency axis, i.e., the cutoff 
frequencies of the PEC PPWs are very much higher than those of the DPGs and the 
comparisons between them are meaningless. As shown in the Fig. 3, the cutoff frequencies of 
the DPGs were decreased in comparison with those of the PEC PPWs. This allows the 
propagation along the DPGs possible even when the mode of the PEC PPWs cannot exist. We 
observed that the difference of the cutoff frequencies between the PEC PPWs and DPGs in 
dispersion curves became greater as the increases of the mode numbers and the decreases of 
the gap widths. In spite of the different structures, the decreases of the cutoff frequency can 
also be found in other SPP propagating structures [11, 12]. The dispersion curves of the TE 
and TM modes for the PEC PPWs are identical, but those for the DPGs split each other due to 
the plasmonic response of the cladding medium. Especially, the TM0 and TM1 modes are 
quite different from the higher order modes ( 2m ≥ ). 
 

1000 2000 3000 4000 5000
10-2

10
-1

100

101

10
2

m=3m=2

TE3

TM3

TE2TM2TE1

 

 

β 
/ k

0

Frequency (THz)

 B
 D
 H
 J
 L
 N
 P
 T
 V
 X
 Z
 ###
 ###

(a) h=50nm

TM1

m=1

 
1000 2000 3000 4000 5000

10-2

10
-1

10
0

101

102

m=1

TE2

TM2

TE1

 

 

β 
/ k

0

Frequency (THz)

 B
 D
 E
 G
 K
 M
 R
 S
 ###
 ###

(b) h=25nm

6000 THz

TM1

 
Fig. 3. Dispersion curves for DPG waveguides, plus PEC versions. (a) 50nmh = and (b) 

25nmh = . The curves are the same as those shown in Fig. 2, with the addition of dispersion 
curves for PEC PPWs, represented by dotted and dashed lines. The dispersion curves for the 
TMm/TEm modes of the PEC PPWs are identical. The arrows depict the decreases in the cutoff 
frequencies. In (b), 6000 THz is the cutoff frequency for the TM2/TE2 mode.  

 

3.3 Surface plasmon polariton (SPP) modes  

Figure 4 shows the gap width dependence of the SPP dispersion characteristics of the DPGs 
for more obvious contrasts. As mentioned above, the SPPs of the DPGs have two distinct TM0 
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and TM1 modes, which are ones of the essential subwavelength light guidance modes. (The 
other subwavelength guiding mode is the TE1 mode, which is limited to higher frequency 
regime in its existence.) As shown in Table 1, the SPP modes are directly influenced by the 
signs of the media, i.e., 2 0rε < . The TM0 mode exists only below the critical frequency with 
forward wave type, as mentioned above. As the gap widths are decreased, the normalized 
propagation constants are increased, which means that more power penetrates to the negative 
cladding region in the evanescent form. Thus, the phase velocity of the modes becomes slower. 
The reason why the TM0 mode keeps the forward wave even when the gap width is very 
narrow is that the power flow along the core region is always greater than that of the cladding 
region. Whereas the TM0 mode has high frequency cutoff at the critical frequency, the TM1 
mode can reside both below and above the critical frequency. For the TM1 mode, as shown in 
Fig. 4(b), decreases of the gap widths make the mode backward waves from the forward 
waves. At relatively wider gap widths, e.g., 50h =  or 25 nm cases, the TM1 modes are 
forward waves with positive slopes in the dispersion curves. However, for narrower gaps, 
bifurcation points came into being and backward waves existed, which means that the power 
flow along the cladding region becomes more dominant compared with those along the core 
region. Inset of the Fig. 4(b) shows the position of the bifurcation points, at which the slopes 
of the dispersion curves change from negative (corresponding to the backward waves) to 
positive (corresponding to the forward waves), or vice versa. The dispersion curves of the SPP 
modes of varied gap widths are tightly bound to the critical frequency. This is essentially due 
to the frequency dependent nature of the plasmonic medium which is fitted to the classical 
Drude model, i.e., 2 2( ) 1 / .pε ω ω ω= −  
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Fig. 4. Dispersion curves for SPP modes of DPGs. (a) TM0 mode and (b) TM1 mode. The 
vertical dotted lines represent the position of the critical frequency, i.e., 2545.58 THz. The 
bifurcation points in the inset are the frequency points where the forward and backward waves 
meet.  

4. Conclusions 

Light transmission along the DPG is numerically investigated and their dispersion 
characteristics are analyzed with an emphasis on its subwavelength guidance characteristics. 
Evolutions of the entire guided modes with respect to the varied gap widths are shown and 
contrasted, from which salient views of the role of the gap widths on the dispersion 
characteristics of the DPGs are obtained. Proper mode numbers are assigned to the 
characteristic equations in order to be in consistency with PEC PPWs. At considerably narrow 
subwavelength gap widths, the TM1 mode existed approximately within the region between 
the critical frequency and the plasma frequency over the fast (PPW mode) and slow (SPP 
mode) wave regions. The TM0 mode resided below the critical frequency within the SPP 
mode region and the TM2 mode resided above the plasma frequency within the PPW mode 
region. The TE1 mode of the PPW mode are also supportable, whose cutoff frequency is 
always below the plasma frequency. Decreased cutoff frequencies of the DPGs, which were 
compared with those of the PEC PPWs, were also observed. Since the modern advanced 
nanoscale fabrication techniques allow us to engineer very compact nanophotonic devices, 
fundamental research results here are expected to be applied to the design guidelines in other 
nanophotonic or subwavelength device applications.  
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