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Abstract: We present a theoretical analysis of planar plasmonic waveguides 
that support propagation of positive and negative index modes. Particular 
attention is given to the modes sustained by metal-insulator-metal (MIM), 
insulator-metal-insulator (IMI), and insulator-insulator-metal (IIM) 
geometries at visible and near-infrared frequencies. We find that all three 
plasmonic structures are characterized by negative indices over a finite 
range of visible frequencies, with figures of merit approaching 20. 
Moreover, using finite-difference time-domain simulations, we demonstrate 
that visible-wavelength light propagating from free space into these 
waveguides can exhibit negative refraction. Refractive index and figure-of-
merit calculations are presented for Ag/GaP and Ag/Si3N4 - based structures 
with waveguide core dimensions ranging from 5 to 50 nm and excitation 
wavelengths ranging from 350 nm to 850 nm. Our results provide the design 
criteria for realization of broadband, visible-frequency negative index 
materials and transformation-based optical elements for two-dimensional 
guided waves. These geometries can serve as basic elements of three-
dimensional negative-index metamaterials. 
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1. Introduction  

The interaction of light with matter is almost exclusively determined by the electric 
permittivity ε and magnetic permeability μ, two intrinsic material properties that describe the 
response of charges and currents to an applied electromagnetic field. At optical frequencies, 
both the permittivity and the permeability of all transparent natural materials are positive, 
leading to a positive index of refraction. However, if the sign and magnitude of the index 
could be tuned at will, the flow of light could be controlled in unprecedented ways [1,2]. 
Among the many unusual applications of index tunability are sub-diffraction-limited 
superlenses [3-6], optical nanocircuits [7], and cloaks to render objects invisible [8,9].  

In recent years, metamaterials have received considerable attention for their ability to 
precisely control the dispersion and propagation of light. These engineered materials are 
generally composed of subwavelength resonators – such as metallic coils or rods – that serve 
as ‘artificial’ atoms of the material [10-12]. Considered as a bulk material, these 
metamaterials will exhibit properties altogether distinct from their constituent resonator 
elements. Through variation of the resonator materials or dimensions, metamaterials allow for 
refractive index tunability that can span positive, negative, and near-zero indices. Resonator-
based metamaterials have been shown to effectively cloak two-dimensional objects at 
microwave frequencies [8], and have recently exhibited negative refraction at infrared 
frequencies [13]. 
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Apart from resonator-based metamaterials, surface-plasmon-based geometries have also 
been shown to exhibit broad index tunability [14, 15]. Unlike traditional metamaterials, these 
geometries consist of planar waveguides with alternating layers of metals and dielectrics. 
Light propagates through the structure via one or more surface plasmon waves, which are 
characterized by group and phase velocities distinct from the incident light. If the waveguide 
is characterized by only a single propagating mode, light will emerge from the structure as if it 
had passed through a material with an index equal to the mode index. Such plasmon-based 
geometries have the potential to exhibit the same response as resonator-based metamaterials 
[12, 16-19], without the necessity of patterning discrete resonator elements. Of course, single 
slab waveguides will exhibit an anisotropic response, restricting guided wave propagation to 
two dimensions. This characteristic renders planar waveguides particularly useful for on-chip 
applications, where optical components are interconnected in-plane.  However, plasmonic 
waveguides can also potentially serve as basic elements of fully three-dimensional 
metamaterials, when arranged in stacked geometries [17, 20].  

Experimentally, negative refraction at visible frequencies has been directly observed in 
metal-insulator-metal (MIM) surface plasmon waveguides [21]. In addition, superlensing has 
been reported for plasmonic waveguides coated with a thin insulating layer (an insulator-
insulator-metal, or IIM geometry) [22]. Still, debate remains as to whether these structures 
exhibit the requisite condition of negative index materials: namely, light propagation 
characterized by oppositely-oriented phase and energy velocities. Moreover, the attainable 
mode indices and propagation lengths, as well as constraints on geometrical parameters, 
remain largely unexplored. 

In this paper, we theoretically investigate the range of negative and positive indices 
accessible in these surface plasmon waveguides, including calculations of dispersion and 
absorption. Attention is given to the modes of MIM, IIM, and insulator-metal-insulator (IMI) 
waveguides. Our analysis considers both Ag/Si3N4 and Ag/GaP - based geometries, to 
compare the effect of different insulator permittivities. We vary the core waveguide 
dimensions from 5 nm to 50 nm in 1 nm increments and the excitation wavelength from the 
ultraviolet to near-infrared. By carefully exploring the magnitude and sign of complex 
wavevectors accessible in these structures, we explicitly determine their utility as negative 
index materials. Our analytic results are confirmed with finite difference time domain 
simulations that directly demonstrate the refraction of free-space waves into these plasmonic 
materials. In addition, our analysis provides detailed maps of plasmonic indices and figures of 
merit as a function of wavelength and geometry. Such maps serve as a “guide to the 
experimentalist” in designing future plasmon-based negative index materials and 
transformation-based (i.e., index-tuned) optical elements.  

2. Theoretical formalism 

In conventional materials, the complex refractive index can be derived from knowledge of the 
wavelength and absorption of light in the material. Surface-plasmon-based geometries are no 
exception. The plasmon wavevector kx can be used to uniquely determine the complex 
refractive index of waves traveling along a direction x parallel to a metallo-dielectric 
interface. A dispersion relation relates the wavevector kx and frequency ω, which are both in 
general complex quantities [23]. However, in the context of monochromatic excitation of a 
waveguided mode, it is sensible to impose the frequency to be real. The complex wavevector 
then describes spatial propagation and decay of the surface plasmon wave along the 
waveguide. This mode’s wavelength λSP and index n are related to the magnitude of the real 
component of kx via 

|}Re{|
2

x
SP k

πλ =                         .}Re{
ω

xkcn ⋅=   

 
The extinction of the wave can be extracted from the magnitude of the imaginary component 
of kx, with mode propagation lengths LSP given by:  
 

and (1) 
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Solving Maxwell’s equations subject to continuity of the tangential electric fields and normal 
displacement fields yields the wavevector. Assuming wave propagation along the positive x-
direction, surface plasmons take the form of transverse-magnetic waves:  
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For a three-layered geometry with each interface parallel to x and perpendicular to z (see inset 
of Fig. 1(a)), the electric field components of each jth layer may be written as: 
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with kzj defined by momentum conservation: 
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The in-plane wavevector kx is then determined by applying the boundary conditions at each 
interface.  The determinant of the coefficients aj and bj yields the dispersion relationship 
connecting kx and ω:   
 

0

010000

00

00

00

001111

000010

det

12

2

212

2

211

1

111

1

1

12121111

1

1

1

1

0

0

0

0

=

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−−
−−

−−
−−

−−

−−

dk
k

dk
k

dk
k

dk
k

dkdkdkdk
kkkk

z

z

z

z

z

z

z

z

zzzz

zzzz

eeee

eeee
εεεε

εεεε

 

 
Note that the waveguide is assumed to be infinite in the y direction. Each layer {0,1,2} is 
described by either a real or complex electric permittivity ε0,1,2 and a thickness d, with d0 and 
d2 assumed to be semi-infinite. All materials are considered linear and non-magnetic, with the 
magnetic permeability μ = 1. Roots of the dispersion relation are found in the complex kx 
plane by a minimization algorithm.    

It is well known that light propagation in isotropic negative index materials is 
characterized by antiparallel phase and energy flow [24]. For all propagating plane waves 
(with Real{kx} ≠ 0), the phase velocity is defined by vp = ω/Real{kx}. In the absence of losses 
and high dispersion, the energy velocity vE is equal to the group velocity vg = dω/dkx. 
Therefore, for lossless materials, negative indices will manifest themselves by a region of 
negative slope on a plot of ω versus |kx|. 

(2) 

(3) 

(5) 

(7) 

(4) 

(6) 

(8) 
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Fig. 1. Lossless dispersion for three plasmon geometries: (a) a MIM waveguide composed of 
50 nm GaP clad by Ag; (b) an IIM waveguide composed of a semi-infinite Ag film coated with 
20 nm GaP; and (c) an IMI waveguide composed of 50 nm Ag clad by GaP.  The dotted line 
indicates ωSP. Insets show the waveguide geometry and the associated Hy mode profiles for 
both the symmetric mode (light gray) and the antisymmetric mode (dark gray).  Notice that all 
three geometries are characterized by regions of negative slope and hence negative indices.  
However, this negative index regime is single valued in kx for the MIM geometry only. 

 
Figure 1 plots the dispersion relationships ω versus |Real{kx}| for lossless MIM, IIM, and 

IMI geometries with Ag as the metallic layer and GaP as the dielectric. Here, the Ag is 
described by a lossless Drude model with a bulk plasma frequency ħω = 9.01 eV. The index 
of GaP is taken as 3.31. For reference, the surface plasmon resonance frequency is shown as a 
dotted line. In Fig. 1(a), 50 nm of GaP is surrounded by two semi-infinite layers of Ag. As 
seen, the dispersion curve of this MIM geometry is characterized by three distinct bands, 
including a region of negative slope between the bulk and surface plasmon frequencies and 
regions of positive slope below the surface plasmon resonance and above the bulk plasma 
resonance. Note that these three bands correspond to two different modes with varying 
magnetic field distributions across the waveguide. Below the surface plasmon resonance, 
Hy = B/μ is symmetric across the waveguide (light gray branch). The wavevectors of this 
mode are purely real below the surface plasmon resonance, but become purely imaginary for 
frequencies between the bulk and surface plasmon resonance frequencies. In contrast, Hy is 
antisymmetric throughout the regime of negative slope (dark gray branch). Interestingly, the 
wavevectors of this antisymmetric mode become purely imaginary for frequencies below the 
surface plasmon resonance. Thus, the MIM modes allowed to propagate in the traditional 
surface plasmon bandgap (between the bulk and surface plasmon resonant frequencies) have a 
field distribution altogether distinct from the propagating plasmon modes below resonance.  

As seen in Fig. 1(a), each input frequency is assigned to a unique MIM wavevector 
throughout the entire k-space domain. Therefore, for a given excitation wavelength, this 
lossless MIM geometry will be characterized by a single propagating mode. Provided 
excitation wavelengths are between the bulk and surface plasmon resonance frequencies, the 
plasmon mode will exhibit a negative index, rendering the entire MIM composite an effective 
negative index material. 

Like the lossless MIM geometry, IIM and IMI waveguides are also characterized by 
regions of negative slope, and hence negative indices. For example, Fig. 1(b) plots the 
dispersion relationship for the bound modes of a semi-infinite layer of Ag coated with a thin, 
20 nm thick layer of GaP. As seen, this geometry is characterized by a single continuous 
bound mode for frequencies below and above the surface plasmon resonance. Its dispersion 
follows that of surface plasmons at a single Ag/air interface for low frequencies and 
wavevectors, but as a larger fraction of the field is contained in the GaP for higher 
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frequencies, the wavevector diverges at the Ag/GaP surface plasmon resonance. For 
frequencies above the surface plasmon resonance, this mode can exhibit negative slope, 
corresponding to oppositely-oriented group and phase velocities. Note, however, that this 
geometry is not characterized by a unique wavevector assignment at each frequency. Above 
the surface plasmon resonance, for example, this lossless IIM geometry is characterized by 
two wavevectors, and hence two propagating waves of different wavelength. Since each 
excitable wavevector resides in regimes of opposite slope, these two waves will be 
characterized by counter-propagating phase. Note, however, that a frequency regime with 
double wavevector solutions exists only for insulator thicknesses smaller than a critical cutoff 
thickness [25]. 

Similar features can be observed for the bound modes of the IMI geometry, plotted in 
Fig. 1(c). Here, 50 nm of Ag is clad by two semi-infinite regions of GaP. Like the MIM 
geometry, this structure is characterized by both a Hy-field anti-symmetric mode (light gray 
curve, located exclusively below the surface plasmon resonance) and a Hy-symmetric mode 
(dark gray, located both above and below the surface plasmon resonance). The symmetric 
mode exhibits a regime of negative slope for certain frequencies above the plasmon resonance 
frequency. However, as with the IIM geometry, this negative index regime is accompanied by 
wavevectors that exhibit positive slope – and hence a positive index – throughout the same 
frequency range. 

As Fig. 1 reveals, in the absence of losses all three plasmonic geometries appear to 
support propagation of negative index modes over a finite frequency range. However, the 
MIM geometry is the only structure that can be characterized by a single propagating negative 
index mode – and hence a unique negative index – for these frequencies. Of course, the many 
enabling and exotic applications of plasmonic systems, including negative indices, do not 
come without an expense: namely, the cost of losses. Metals are characteristically lossy, 
particularly near their resonant frequencies, and Ag is no exception. While this section 
outlined the potential for plasmon waveguides to support propagation of negative index 
waves, the next section explores the extent to which these results are altered when losses are 
included. 

3. Lossy dispersion and the necessary condition for negative indices 

The equivalence between the energy velocity vE and the group velocity vg described above 
provides a simple way of identifying negative index regimes directly from a dispersion 
diagram. However, this equivalence only holds for non-absorbing media. For absorbing (i.e., 
lossy) materials, the more general expression of the energy velocity must be used:  

W
SvE =  

 
where S is the average power flow in the waveguide and W is the time-averaged energy 
density [26]. The average power flow can be derived from the integrated Poynting flux, and 
always points in the direction of wave propagation. Therefore, the direction of power flow 
will be collinear with the direction of wave decay for lossy materials:  
 

sign(vE) = sign(Imag{kx}). 
 

In contrast to power flow, phase can flow in either direction, either parallel or opposite to 
the direction of wave decay. For plane waves, including plasmons, phase flow is described by 
the ratio of the excitation frequency to the mode wavevector via vp = ω/Real{kx} and so: 

 
sign(vp) = sign(Real{kx}). 

 
Therefore, to achieve the antiparallel energy and phase velocities associated with negative 
indices, the plasmon wavevector must satisfy the criteria: 

(9) 

(10) 

(11)
) 
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sign(Real{kx}) ≠ sign(Imag{kx}), 

 

assuming the electromagnetic fields take the form )( txki xe ω− .  Note that this condition on the 
sign of the real and imaginary components of k is both a necessary and sufficient condition for 
achieving negative indices in absorbing media, including plasmon-based geometries [25].  

Because of point symmetry in the complex kx plane with respect to the origin, we can 
impose sign(Imag{kx}) ≥ 0. This choice restricts the direction of net energy flow to the 
positive x direction. Then, negative index plasmonic geometries will necessarily be 
characterized by a negative real component of the plasmon wavevector.  Assuring consistency 
with Fig. 1, we note that the choice of sign(Imag{kx}) ≥ 0 also affects the sign of Real{kx} 
obtained in the lossless dispersion curves. Notably, the branches plotted in Fig. 1 are 
accompanied by counterpropagating modes that have kx < 0. Imposing a constraint on the 
energy flow direction allows only curves with positive slope in the lossless case. The branches 
with negative slope in Fig. 1 (which were recognized as exhibiting a negative index) are then 
omitted. Instead, their counterparts with kx < 0 remain, reflecting the connection between the 
signs of kx and n when imposing this restriction on the direction of energy flow. As we will 
see, these dispersion curves can still be recognized when realistic material parameters, 
including absorption losses, are used. 

3.1 The metal-insulator-metal waveguide as a negative index material 

Figure 2 plots the real and imaginary components of the plasmon wavevector kx versus energy 
for MIM geometries. Here, the metallic layer is Ag, described by the empirically-determined 
optical constants reported in Johnson and Christy [27]. The insulating layer is again taken to 
be GaP, with absorption both above and below the bandgap included [28]. GaP core 
thicknesses of 10 nm, 17 nm, and 25 nm are considered. For reference, the surface plasmon 
resonance is shown as a dotted horizontal line. As noted in Fig. 1(a), MIM geometries are 
characterized  by  both a Hy field symmetric mode and a  Hy field  antisymmetric  mode.  Both  
 

 
Fig. 2. Lossy dispersion for MIM waveguides consisting of GaP clad by Ag. Three GaP 
thicknesses are included (d = 25 nm, 17 nm, and 10 nm), and dispersion relations for both Hy- 

field symmetric (blue hues) and antisymmetric (red hues) modes are shown.  Including losses, 
the necessary condition for negative index modes is: sign(Real{kx}) ≠ sign(Imag{kx}). This 
condition is clearly satisfied for the Hy-field antisymmetric mode, which can exhibit negative 
indices with very low loss above the surface plasmon resonance (shown as a dotted line). 

 

(12)
) 
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modes are also found in this lossy geometry, with the Hy-symmetric mode (with Real{kx} > 0) 
shown in blue and the Hy-antisymmetric mode (with Real{kx} < 0) plotted in red. Schematics 
of these mode profiles are also plotted in Fig. 2.  

As seen in Fig. 2, the losses of the Hy-symmetric mode are quite low below the surface 
plasmon resonance frequency. Recall that between the surface plasmon and bulk plasma 
frequencies, this mode exhibited a bandgap in the lossless case, where kx was purely 
imaginary. The introduction of loss now causes the real component to be non-zero in this 
frequency regime as well. However, since Imag{kx} >> Real{kx} above the surface plasmon 
resonance, the mode is in essence still a nonpropagating evanescent wave. Importantly, 
although this mode exhibits a regime of negative slope in the plot of Real{kx}, its real 
wavevector component, and hence the phase velocity, remains exclusively positive. Since 
Imag{kx} > 0, both energy velocity and phase velocity of the mode are always positive.  
Accordingly, these Hy-symmetric modes will be characterized by refractive indices that are 
exclusively positive throughout all frequencies. 

While the Hy-symmetric modes do not exhibit negative indices, MIM waveguides can 
also support Hy-antisymmetric modes. The real and imaginary wavevector components of 
these modes are shown in Fig. 2 in red. As seen, the sign of Real{kx} is negative throughout 
the entire frequency domain, corresponding to a negative phase velocity. In contrast, the sign 
of Imag{kx} is positive. Therefore, these antisymmetric modes will exhibit oppositely-oriented 
energy and phase velocities, and hence negative indices. Note that Imag{kx} >> Real{kx} for 
frequencies below the surface plasmon resonance, indicating that these modes are essentially 
non-propagating below resonance. Such results are consistent with the lossless dispersion 
curves of Fig. 1(a), where the wavevector of the antisymmetric mode was purely imaginary 
below the surface plasmon resonance. However, above resonance, the losses of this Hy-
antisymmetric mode become remarkably low – so low, in fact, that losses begin rival the low 
Imag{kx} components seen for the propagating positive index mode.  The low losses reflect 
the allowed band of propagation for this mode seen in Fig. 1(a).  Therefore, between the bulk 
and surface plasmon resonant frequencies, the Hy-antisymmetric mode will be the only 
propagating   mode.   As   this   mode  exhibits  opposite  phase  and  energy  velocities,  MIM 

 

 
Fig. 3. Lossy dispersion for insulator-insulator-metal waveguides composed of a semi-infinite 
Ag film coated with a thin layer of GaP and embedded in air. Three GaP thicknesses are 
included (d = 25 nm, 17 nm, and 10 nm), and dispersion relations for both positive index 
(solid) and negative index (dotted) branches are shown.  While solutions satisfying 
sign(Real{kx}) ≠ sign(Imag{kx}) may be found, the losses are quite high, with propagation 
lengths comparable to or smaller than the mode wavelength. 
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geometries will indeed be characterized by negative indices in this frequency range. The range 
of achievable refractive indices and figures of merit (Real{kx}/Imag{kx}) will be discussed in 
detail in Section 4. 

3.2 Insulator-insulator-metal and insulator-metal-insulator waveguides as multimode 
metamaterials 

Figure 3 plots the dispersion relationship for the bound modes of an IIM waveguide, 
considering both the sign and magnitude of Real{kx} and Imag{kx}. A thick Ag slab is coated 
with a thin layer of GaP (d = 10 nm, 17 nm, and 25 nm) and embedded in air. The dielectric 
functions of Ag and GaP are adopted from empirically-determined optical constants, and thus 
include realistic losses for all plotted frequencies. As with the MIM waveguides, this 
geometry exhibits real wavevector components that are both positive and negative, 
corresponding to positive and negative indices, respectively. Below resonance, only the 
positive index mode exhibits long-range propagation. Above resonance, the losses of this 
positive index mode increase, while the losses of the negative index mode are reduced. Note 
however that unlike the MIM geometry, the losses of the IIM negative index mode are 
generally comparable with those of the positive index mode. For example, GaP thicknesses of 
10 nm and 17 nm exhibit negative-index Imag{kx} components that are higher than for the 
positive index mode. As the thickness of GaP is increased to 25 nm, the losses of both modes 
increase dramatically. This increased loss reflects the presence of the cutoff thickness for the 
negative index mode. For thicker dielectrics both modes exhibit very short propagation 
lengths above the surface plasmon resonance frequency that are comparable to or smaller than 
the mode wavelength. 

Similar features are observed for the Hy-symmetric mode of an IMI waveguide, shown in 
Fig. 4. Recall that this mode exhibited simultaneously positive and negative indices above the 
surface plasmon resonance for the lossless geometry (Fig. 1(c)). Here, a thin Ag slab is 
embedded in GaP. Ag thicknesses of d = 10 nm, 17 nm, and 25 nm are considered. Note that 
the wavevectors of the Hy-antisymmetric mode are not shown, since this mode is 
characterized  by  exclusively  positive wavevectors with Imag{kx} components that generally  

 

 
Fig. 4. Lossy dispersion for insulator-metal-insulator waveguides composed of a thin Ag film 
clad with GaP. Three Ag thicknesses are included (d = 25 nm, 17 nm, and 10 nm), and 
dispersion relations for the positive and negative index branches of the Hy-field symmetric 
mode are shown.  While solutions satisfying sign(Real{kx}) ≠ sign(Imag{kx}) may be again 
found, the losses of this branch always exceed those of the positive index mode. 
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exceed those of the symmetric mode. As with the MIM and IIM geometries, losses for the 
positive index IMI modes are low below resonance, but increase strongly in the bandgap 
region. In contrast, losses for the negative index mode are high below resonance, and can be 
substantially reduced above resonance. However, the losses for these negative index modes 
are generally never lower than the losses for the positive index modes. 

As Figs. 3 and 4 reveal, both IIM and IMI geometries can support negative index modes. 
However, these negative index modes are generally found in a frequency regime where 
additional positive index modes also exist. Such characteristics prohibit assignment of a 
single, unique index to the IIM and IMI geometries above the plasmon resonance, even 
including realistic material losses. Therefore, unlike the MIM geometry, planar IIM and IMI 
waveguides may not be regarded as single-mode, negative index materials. Nevertheless, the 
existence of multiple modes propagating with opposite phase and comparable absorption may 
be interesting for a variety of on-chip photonic applications. Moreover, their symmetric mode 
profiles may render these waves more easily excitable than the asymmetric negative index 
modes of MIM geometries.  

4. Mapping plasmonic material indices and figures of merit: A guide to the 
experimentalist 

Design of practical metamaterials requires precise knowledge of the index and absorption. For 
plasmonic geometries, such parameters strongly depend on the constituent materials, the 
structure  dimensions,  and  the  excitation  wavelength.   The  preceding  sections outlined the  
 

 
Fig. 5. Plots of MIM indices and figures of merit (FOM) for Ag/GaP/Ag waveguides as a 
function of energy and core thickness. Maps for both positive and negative index modes are 
shown. While the FOM for positive index modes drops to zero above the plasmon resonance 
frequency, it can be as high as 20 above resonance for negative index modes. 
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potential for vast index tunability in plasmonic waveguides: while MIM geometries can 
achieve low-loss, single-mode negative indices above the plasmon resonance, IIM and IMI 
geometries can sustain simultaneous propagation of waves with positive and negative phase. 
In addition, the magnitude of the wavevectors (and hence the mode indices) can span from 
near-zero to large positive and negative values. In this section, we explore the range of 
achievable indices and figures of merit in plasmonic waveguides. The associated plots are 
intended as a guide to the experimentalist in designing plasmonic materials for a variety of 
metamaterial and transformation-based applications. 

4.1 Ag/GaP and Ag/Si3N4 MIM metamaterials: Negative indices and negative refraction 

Figure 5 plots the achievable refractive indices and figures of merit for MIM geometries, 
using GaP as the core and Ag as the cladding. Here, the figure of merit (FOM) is defined as 
the magnitude of the ratio of Real{kx} to Imag{kx}, or equivalently, Real{n} to Imag{n}.  GaP 
core thicknesses are varied from 5 nm to 50 nm in 1 nm increments, and excitation 
wavelengths are varied from the near-infrared to the ultraviolet (energies of 1.5 – 3.5 eV).  
Note that each vertical cut through the chart depicts one dispersion diagram, with the index 
and FOM plotted on the color scale. Index maps are provided for both the negative and 
positive index modes. 

As seen in the figure, both modes achieve refractive index magnitudes spanning from 
|n| ≈ 0 to |n| > 60 as the core GaP thickness is reduced. As expected, figures of merit for the 
negative index mode are near zero for frequencies below the surface plasmon resonance, but 
approach 20 for thinner waveguides excited above resonance. Interestingly, these figures of 
merit can be orders of magnitude higher than the FOM for positive index modes above 
resonance.  Moreover, the FOM for the negative index modes actually increases with 
decreasing core thickness. For example at a wavelength of ~480 nm (2.57 eV), negative 
indices of n = −23 can be achieved with figures of merit equal to 19.7, using a 5 nm thick GaP 
core. In contrast, the FOM for the positive index mode at the same wavelength is smaller than 
0.5. Note, however, that the increasing FOM with decreasing core thickness does not 
necessarily imply an increase of the propagation length, as n becomes larger as well.  

To investigate the refraction of light into such a negative index MIM waveguide, we 
performed a three-dimensional finite-difference time-domain simulation [29] of the structure 
depicted in Fig. 6(a). A 488-nm plane wave of infinite extent is incident from free space on a  

 

 
Fig. 6. Finite difference time domain simulation of negative refraction of a 488-nm plane wave 
into a MIM waveguide. (a) Schematic of the simulation geometry. The plane wave is incident 
at an angle of 30o with respect to the xz plane and 10o with respect to the xy plane. (b) Hy field 
component snapshot in a plane through the waveguide core. Bloch boundary conditions are 
used to simulate an incident plane wave that is infinite in extent.  For clarity, the color scale in 
the waveguide to the right differs from that in the air region to the left.  The arrows depict the 
calculated Poynting vector directions of the incident and refracted waves. 
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30-nm-thick GaP slot clad with 400nm Ag. At this wavelength, this geometry has a negative 
index of n = −2.86 with a figure of merit equal to 10. In order to allow excitation of the Hy-
antisymmetric mode in the waveguide, the wave is polarized in the z direction and incident at 
a slightly oblique angle (10°) to the xy plane.  Bloch boundary conditions are used to simulate 
an incident plane wave that is infinite in extent. Figure 6(b) shows the simulated Hy field in a 
plane through the waveguide core at a distance of 5 nm from the top Ag/GaP interface. To the 
left, the incident wave makes an angle of 30° with respect to the x axis, as shown by the arrow 
indicating the calculated Poynting vector. Inside the MIM waveguide, a wave can be seen to 
propagate over a micron-sized distance. The wave front angle is consistent with a negative 
index of n = −2.86, as predicted. Additionally, in the first 100 nm from the edge of the 
waveguide, the quickly decaying contribution of the largely evanescent Hy-symmetric mode 
can be recognized. By calculating the Poynting vector in the waveguide beyond the first 100 
nm, power is seen to flow away from the normal in the direction associated with negative 
refraction. This result proves that the negative index mode can indeed enable negative 
refraction of light.    

Replacing the GaP with Si3N4 (n ~ 2.02) shifts the surface plasmon resonance to higher 
energies.  Figure 7 shows index and FOM maps for Ag/Si3N4/Ag MIM geometries, again with  
core thicknesses spanning 5 nm to 50 nm. As usual, the Ag and Si3N4 have been described by 
frequency-dependent dielectric constants adopted from the literature [21, 22]. As seen, the 
region of high figure of merit for negative index modes has increased in energy to 3.1 eV. 
While index magnitudes achievable in this geometry range are comparable with the GaP-
based geometry, the maximum figure of merit has been reduced to 10. Heuristically, reducing  

 
Fig. 7. Plots of MIM indices and figures of merit for Ag/Si3N4/Ag waveguides as a function of 
wavelength and core thickness. Maps for both positive and negative index modes are shown. 
The smaller index of Si3N4, compared with GaP, shifts the region of high FOM negative 
indices to shorter wavelengths, where Ag is more absorbing. 
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the dielectric index shifts the surface plasmon resonance towards the bulk plasma resonance, 
where Ag is inherently more absorbing. Nevertheless, the range of index tunability is 
significant: Not only are high figure-of-merit negative index materials achievable with MIM-
based geometries, but these structures can also exhibit broadband operation. High FOM 
negative indices for this Ag/Si3N4/Ag MIM geometry span wavelengths from 354 nm - 397 
nm; in this wavelength range, FOMs range from 7-10. Likewise, high figure-of-merit negative 
indices for the Ag/GaP/Ag MIM geometry span wavelengths of 456 – 524 nm (energies of 
2.37 – 2.72 eV) – a wavelength range of nearly 75 nm, where FOMs range from 12-20. Note 
that for higher energies, figures of merit for this GaP waveguide are predominately limited by 
increased absorption in the GaP.  

4.2 Ag/GaP and Ag/Si3N4-based IIM and IMI Waveguides  

Figure 8 plots the index and FOM maps for the bound modes of an IIM waveguide, 
considering a thick Ag slab coated with a thin layer of GaP and embedded in air. Figure 9 
plots equivalent maps, but for a Ag slab coated with a thin layer of Si3N4. As before, the 
thicknesses of GaP and Si3N4 are varied from 5 nm to 50 nm in 1 nm increments. Similar to 
the results shown in Fig. 3, Figs. 8 and 9 reveal the existence of high FOM negative index 
modes. For thin insulating layers (d < 10 nm), the figures of merit for these modes can 
approach 16 and 7 for the GaP and Si3N4 geometries, respectively. However, regions of high 
negative-index  FOM  are  generally  accompanied  by  a  positive index mode that has a large  
 

 

Fig. 8. Plots of IIM indices and figures of merit for Air/GaP/Ag geometries as a function of 
wavelength and core thickness. Both negative and positive index branches of the dispersion 
diagram are shown.  While the negative index modes have a high figure of merit for small GaP 
thicknesses above the Ag/GaP plasmon resonance, the positive index modes also have a very 
high FOM there, too.  Note that the abrupt change in index seen for d ~ 20 nm is related to the 
cutoff thickness of the negative index modes. 
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Fig. 9. Plots of IIM indices and figures of merit for Air/Si3N4/Ag geometries as a function of 
wavelength and core thickness. Both negative and positive index branches of the dispersion 
diagram are shown.  As with the MIM geometries, the reduced index of Si3N4 shifts the region 
of high negative index FOM to shorter wavelengths.  However, for this IIM geometry, the 
FOMs for the negative and positive index modes remain comparable in magnitude above the 
Ag/ Si3N4 plasmon resonance. 

 
FOM as well. As seen in the bottom graphs of Figs. 8 and 9, the FOM for the positive index 
mode does not abruptly decay to zero above the Ag/GaP or Ag/Si3N4 surface plasmon 
resonance, as it did with the MIM-based geometries. Instead, as the dielectric thickness is 
decreased, the effective plasmon resonance increases towards the Ag/air surface plasmon  
frequency. Note that the abrupt change in index seen around d = 20 nm is related to the cutoff 
thickness of the negative index modes. Such results confirm the trends observed of Fig. 3: 
namely, that while IIM waveguides can support negative index modes, positive index modes 
with equally high figures of merit will also be present. Therefore, IIM geometries cannot be 
characterized as negative index materials identifiable with a unique index at a given 
wavelength.   

Similar results are observed for IMI-based geometries, shown in Figs. 10 and 11 for GaP- 
and Si3N4-clad Ag slabs, respectively. For these waveguides, decreasing the thickness of Ag 
increases the FOM for both the positive and negative index modes. However, the FOM for the 
negative index modes never exceeds the FOM for the positive index modes. Indeed, as the Ag 
thickness is decreased, the electromagnetic field of this Hy-symmetric mode penetrates farther 
into the surrounding dielectric. For metallic slabs thinner than ~ 30 nm, the mode begins to 
approximate a plane wave traveling in a dielectric with an index equal to the cladding index. 
Therefore, even though negative index figures of merit can approach 18 and 10 for GaP and 
Si3N4-clad waveguides, respectively, the propagation of the traditional “long-ranging” 
positive index plasmon will generally dominate.  
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Fig. 10. Plots of IMI indices and figures of merit for GaP/Ag/GaP geometries as a function of 
wavelength and core thickness. Both negative and positive index branches of the dispersion 
diagram are included. Despite the large accessible negative indices, FOMs for this branch 
never exceed those of the positive index branch. 

 
5. Conclusions 

This paper has explored the range of positive and negative indices accessible in plasmonic 
geometries. Among planar plasmonic waveguides, MIM, IIM, and IMI-based structures all 
exhibit modes with negative indices between the bulk and surface plasmon resonances. Such 
negative index modes arise from an enhanced field penetration in the metal that gives rise to 
oppositely-oriented mode energy and phase velocities. Interestingly, these negative index 
modes can be characterized by high figures of merit despite high field confinement in the 
metal.   

For MIM waveguides, the negative index mode is the only propagating (i.e., high figure-
of-merit) mode between the bulk and surface plasmon resonances.  In contrast, IIM and IMI 
waveguides support propagation of multiple high figure-of-merit modes, which are 
characterized by both positive and negative indices above resonance.  Heuristically, the ‘open’ 
nature of these waveguides makes excitation and detection of IIM and IMI negative index 
modes inherently difficult, particularly since the negative and positive index modes share the 
same field symmetry. Therefore, IIM and IMI waveguides may not be formally considered 
metamaterials with a unique index assignment at a given frequency. However, they do provide 
an interesting platform for index tunability and multimode propagation, and their field 
symmetry makes them readily excitable by scattering or end-fire methods. 

Unlike these “open” geometries, MIM waveguides are effective metamaterials that can be 
characterized by a unique index at each wavelength. For wavelengths below the surface 
plasmon  resonance, the  propagating  plasmon  mode is characterized by a symmetric Hy field  
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Fig. 11. Plots of IMI indices and figures of merit for Si3N4/Ag/Si3N4 as a function of 
wavelength and core thickness. The lower index of Si3N4shifts the plasmon resonance to 
shorter wavelengths, reducing the accessible FOM for both negative and positive index modes.  
However, as with GaP-based IMI waveguides, the FOM for the negative index modes never 
exceeds that of the positive index mode. 

 
distribution and a positive index.  Between the bulk and surface plasmon resonances, this 
symmetric mode becomes evanescent, rendering the antisymmetric Hy plasmon mode the only 
propagating mode.  Interestingly, this antisymmetric mode is characterized by antiparallel 
energy and phase velocities, and hence negative indices. Therefore, light will propagate 
through the MIM waveguide as if through a negative index material, with an index equal to 
the plasmon mode index. Judicious choice of metal and dielectric can enable large negative 
indices with high figures of merit.  For Ag/GaP geometries, such indices can range from 0 
down to n = −60, with figures of merit approaching 20. Moreover, negative indices in MIM-
based metamaterials can be achieved over a wide range of wavelengths (bandwidths of 75 nm 
are readily achievable) that are tunable throughout the entire visible spectrum. Note that 
efficient coupling and impedance matching into these waveguides requires excitation of an 
antisymmetric mode.  Still, the broad index tunability of MIM waveguides, their high figures 
of merit, and their relative ease of fabrication may render MIM-based metamaterials an 
attractive alternative to resonator-based metematerials. Moreover, combined with traditional 
metamaterials, MIM geometries may enable realization of practical negative index and 
transformation-based optical elements, both in two-dimensional on-chip geometries and as 
basic elements of three-dimensional metamaterials. 
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