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Abstract: We numerically demonstrate negative refraction of the Poynting 
vector and sub-wavelength focusing in the visible part of the spectrum using 
a transparent multilayer, metallo-dielectric photonic band gap structure. Our 
results reveal that in the wavelength regime of interest evanescent waves are 
not transmitted by the structure, and that the main underlying physical 
mechanisms for sub-wavelength focusing are resonance tunneling, field 
localization, and propagation effects. These structures offer several 
advantages: tunability and high transmittance (50% or better) across the 
visible and near IR ranges; large object-image distances, with image planes 
located beyond the range where the evanescent waves have decayed. From a 
practical point of view, our findings point to a simpler way to fabricate a 
material that exhibits negative refraction and maintains high transparency 
across a broad wavelength range. Transparent metallo-dielectric stacks also 
provide an opportunity to expand the exploration of wave propagation 
phenomena in metals, both in the linear and nonlinear regimes.  
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1. Introduction 

Pendry predicted that a flat slab of an isotropic material having ε= μ=-1 would make a perfect 
lens capable of focusing both the far and near field components of a point object, thus 
achieving super-resolution [1], which refers to the ability to resolve details of an object below 
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the Rayleigh limit, set at ~0.6λ.  Materials that exhibit simultaneously a negative permittivity 
and magnetic permeability were first considered by Veselago and termed negative index 
materials [2]. However, there are no known natural materials that exhibit a negative index of 
refraction.  In order to circumvent this shortcoming, Pendry considered the case where electric 
and magnetic effects may be decoupled such that for TM-polarization only the requirement 
that ε=-1 needs to be satisfied.  He showed that a thin metal layer acts as a superlens for TM 
polarized light [1]. The image is formed by negative refraction [2] that occurs inside the 
metal.  The metal transmits evanescent waves and focuses a diverging wave-front to a tight 
spot inside the medium.  The presence of evanescent modes makes it possible for the image to 
be resolved beyond the limits imposed by ordinary optical materials and by diffraction [1].  If 
the metal layer is sufficiently thick, and the object is sufficiently close, the light may form a 
first focus inside the metal layer, and a second focus outside it, where the object is imaged 
with features that exceed the diffraction limit, i.e. superresolution, as a direct consequence of 
the preservation of evanescent wave vectors [1]. The effect predicted in reference [1] has been 
experimentally observed and verified [3, 4].  

A shortcoming with the single-layer super-lens is the opacity of metals. The first 
theoretical predictions and experiments were carried out using silver layers 40-50nm thick, at 
a frequency just below the plasma frequency, which occurs at ~320nm, where the dielectric 
constant of silver is negative, and the material is still somewhat transparent. The super-
resolution is based on the excitation of surface modes, which evanescently couple the light to 
the other side of the barrier.  In general, transmittance through a single metal layer is rather 
low, and gets rapidly worse in the visible range and beyond as the wavelength increases.  The 
opacity of metals has thus driven researchers to seek negative refraction and super-lensing by 
first engineering a negative index material in the microwave regime using metallic rods and 
loops to induce an electric and magnetic resonance [5-7], and then by seeking a way to scale 
down the size of magnetic circuits using nano-wires or nano-strips, for example, in order to 
access the visible region [8, 9].  However, the containment of material and scattering losses in 
the visible range, along with the successful achievement of size reduction, remain formidable 
challenges.  

In order to reduce the losses incurred in the single metal layer lens, a structures was 
proposed consisting of alternating layers of metal and dielectric materials having thicknesses 
much smaller than the incident wavelength [10]. In this arrangement, and in this regime, the 
structure displays strong anisotropic properties that make it possible for it to behave as a 
waveguide, with little or no diffraction taking place, in a scheme that helps the formation of a 
super-resolved image of the object (two apertures) on the exit surface [10].  The problem of 
extending the use of structures that contain metallic components to the visible range has since 
been addressed in several publications [11, 12, 13].  The common themes that emerge every 
time are the inherently large absorption and scattering losses that are not easily overcome.  

Historically, the study of the propagation of light in metals has received limited attention 
because bulk metals are opaque across the entire electromagnetic spectrum. A quasi-
transparent region naturally occurs near the plasma frequency, where the real part of the 
dielectric constant approaches zero, and absorption is minimized.  One of the more significant 
optical properties of a metal is its skin depth, a measure of the distance where the magnitude 
of the electric field has decreased to approximately 1/3 of its value at the surface. Since metals 
are very dispersive across the spectrum, the skin depth is a strong function of frequency.  For 
example, the skin depth of silver and other metals such as copper, aluminum and gold, at 
optical frequencies is approximately 10nm, and at microwave frequencies it is ~1μm.  The 
small skin depth at optical frequencies has motivated the choice of very thin metal layers for 
applications in the visible range, and so it is not unusual to find designs of metallo-dielectric 
stacks containing layers that are less than 5nm thick, even in the ultraviolet region [10, 12], in 
order to access the natural transparency that characterizes noble metals for such thicknesses. 
Unfortunately, multilayer stacks composed of very thin layers are difficult to fabricate in 

#77357 - $15.00 USD Received 27 November 2006; revised 22 December 2006; accepted 2 January 2007

(C) 2007 OSA 22 January 2007 / Vol. 15,  No. 2 / OPTICS EXPRESS  510



 

practice. 

2. Metallo-Dielectric Photonic Band Gap Structures: Resonance Tunneling 

In this paper, we consider a configuration based on metallo-dielectric photonic band gap 
structures.  It has already been shown, both theoretically and experimentally, that it is possible 
to significantly curb absorption and scattering losses in the visible range using metallo-
dielectric photonic band gap (MD-PBG) structures [14-16].  Although the concept of 
transparent MD-PBGs has already been discussed in our previous work, here we review some 
of the important features that are relevant to the current studies. Transparent, MD-PBGs are 
based on the principle of photonic band gap materials consisting of alternating two different 
materials having different indices of refraction. A typical structure may contain several 
metallic layers, each tens of nanometers or many skin depths thick, so that individual metal 
layers may be relatively opaque.  Resonant tunneling occurs for those wavelengths that are 
resonant with the metal cavities that are stacked together to form the photonic band gap 
structure. Metal layer separation is typically chosen to be ~λ/4-λ/2, where λ is the tunneling 
wavelength in the medium.  Since the index of refraction for most metals is of order unity or 
less in the visible range, interference effects tend to change the resonance tunneling condition 
away from the characteristic λ/2 thickness, and to allow mostly unimpeded propagation of 
light with minimal scattering and absorption losses [14-16].  Modifications of the resonant 
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Fig. 1. Transmittance vs. separation distance between two metal layers 32nm thick, for a 
dielectric spacer medium having n=2 (inset), and incident wavelength of 500nm.  The 
resonance tunneling condition occurs for dielectric layer thickness of 72nm, or 0.29λ, where λ 
is the wavelength in the material.  

tunneling condition can be observed in the simple case of a metallic Fabry-Perot cavity.  We 
depict this situation in Fig. 1, where we plot the transmission as a function of the separation 
between two metal layers approximately 32nm thick, and use actual material data for 500nm 
incident light [17].  Although the dielectric spacer is assumed to have n=2, similar 
considerations hold for arbitrary index.  In the figure, a transmission resonance can be 
observed for plate separation of ~72nm, and then again for ~197nm.  These conditions are 
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actually quite far from the more familiar λ/2 condition (or multiples of it), which is 125nm for 
n=2.  This relatively large shift is due to the finite thickness of the metal layers, and to the fact 
that we are not using a perfect conductor.  As a result, resonance tunneling is pushed closer to 
a thickness of ~λ/4, and to non-integer multiples of it.  In general, the resonance tunneling 
condition depends on tuning, metal and dielectric layer thickness, and index of refraction. 

Even though these shifts are easy to understand, the most surprising aspect of resonance 
tunneling in MD-PBGs is that the addition of more, thick metal layers does not reduce the 
maximum transmission [14-16], as we will see below.  A typical transparent metal stack may 
contain hundreds of nanometers of metal, and it can have transparencies well above 50%, 
within pre-selected, broad wavelength ranges, across the entire visible region and well 
beyond.  The location of the transparency window depends on the thickness of the intervening 
dielectric material, and can be engineered by using a combination of appropriate metals, 
and/or dielectric materials, from the visible well into the mid-infrared range. For instance, one 
may use almost any dielectric or semiconductor material, in combination with aluminum (for 
work in the ultraviolet range), silver (best used in the visible part of the spectrum), gold, and 
copper (both better suited for near-infrared applications). As an example, an 11-layer, 
Ag/MgF2 stack containing 150nm of silver was fabricated [15, 16] using thermal evaporation 
techniques, that featured a peak transmittance of about 52% at 532nm, with a full width at 
half maximum well in excess of 100nm.  Metal layer thicknesses ranged from a low of 20 to a 
high of 40nm, and so it is possible to further increase transmittance by thinning out Ag layers, 
and by choosing a material with a relatively high index of refraction, such as ZnO [18] or 
TiO2. We note that nonlinear effects have also been studied in Cu/SiO2 stacks similar to those 
that we describe here, both theoretically [19] and experimentally [20]. In reference [20], for 
example, the localization of the light inside the Cu layers was confirmed by directly 
measuring nonlinear phase and transmittance changes as a function of incident intensity.   

Given these structures' ability to be transparent in the visible range and beyond, even 
when hundreds of nanometers of metal are present, we are thus naturally led to ask the 
following question: could transparent, MD-PBGs be useful for the purposes of achieving 
negative refraction and/or sub-wavelength imaging in the visible range?  Since metal is 
required for the anomalous refraction process described in reference [1] to occur, it would 
seem that a combination of transparency and metals should yield an affirmative answer to our 
query.  Therefore, we set out to study propagation effects in these structures, in a regime 
where each metal layer may be several tens of nanometers thick and be relatively opaque, and 
typical dielectric layer width is between one quarter- and a half-wavelength thick.  This 
combination sets the stage for the resonance tunneling phenomenon to occur, which in our 
case regulates every aspect of the passage of the light through the stack. The propagation 
effects that we discuss thus relate to the ability to localize light inside individually thick metal 
layers to increase local energy and momentum values [20, 21].  As a result, surface waves are 
not necessarily excited inside the stack, and we report negative refraction and sub-wavelength 
focusing in transparent metal stacks due to propagating rather than evanescent modes, a 
combination that makes these findings unique. As we will show below, these structures can 
have high transparency for both the propagating and evanescent waves.  However, in this 
paper we concentrate on the propagating modes which are important if the object or image 
plane is far from the lens. While the relative absence of evanescent modes at the external 
focus may not make this device the most efficient in terms of resolving power, the stack 
amounts to a lens that extends the regimes accessible using any single metal layer [1], or by 
using densely-packed, thin, non-resonant metallo-dielectric layers [10].  In addition to 
providing new opportunities to study wave propagation phenomena inside metals, transparent 
MD-PBGs may also be attractive because they have already been fabricated and their 
operation tested against model calculations. Resonance tunneling has been experimentally 
verified in the visible range, in both linear and nonlinear regimes, and it is discussed in details 
in references [14-21].  The propagation model that we use is described in details elsewhere 
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[21].  Here we simply state that we use a pulse propagation model that integrates the vector 
Maxwell's equations in the time domain with two spatial coordinates and time, that includes 
proper treatment of material dispersion and absorption. The integrations are carried out using 
a time-domain, fast Fourier transform based algorithm [21], and the results show good 
convergence for a longitudinal spatial discretization of ~3.57nm, a sampling of the transverse 
coordinate of ~12.5nm, and a time step of ~1.19x10-17 sec.   

3. Propagation effects inside the Transparent Metal Stacks: Negative Refraction 

To illustrate the negative refraction process through a transparent metal lens, we examine the 
propagation of short, sub-picosecond pulses through a Ag/dielectric stack.  We define a 
transparent metal as a series of coupled Fabry-Perot cavities with anti-reflection (AR) 
coatings at the entrance and exit faces of the stack. The AR coatings are 1/2 the thickness of 
the internal dielectric layers and of the same material. The transparent metal under discussion 
is a 5.5 period Ag(32nm)/X(21nm) stack, where X represents a generic material having 
refractive index n=4, and AR coatings of X(11 nm) at the entrance and exit of the stack.  The 
transparent metal thus contains 192nm of silver, and it is approximately 318nm thick.   This 
particular choice of entry and exit layer thicknesses is crucial because it single-handedly 
increases the transmittance many times across the transparency range, and can also 
significantly change the field localization characteristics inside the stack compared to those of 
a periodic structure without the AR coating [21].  As an example, in Fig. 2 we depict the 
plane-wave transmittance as a function of wavelength for normally incident light, for the 
transparent metal and a structure that has six periods of Ag(32nm)/X(21m).  The two 
structures are shown in the inset, and they are almost identical were it not for the disposition 
of the first and last layers.  A cursory look at the curves suggests that the degree of 
transparency can be drastically different, and proper design can thus fulfill the demand for 
adequate transparency anywhere in the visible range [16, 21].   
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Fig. 2. Plane-wave transmittance vs. wavelength at normal incidence from a symmetric, 13-
layer stack composed of Ag(32nm)/X(21nm), inclusive of entry and exit X layers 11nm thick 
(transparent metal), and from a periodic stack composed of 6 periods of Ag(32nm)/X(21nm). 
Halving the thickness of first and last layers increases transmittance significantly across the 
transparency range, and affects field localization properties (Fig. 8 below).  

Increasing dielectric layer thickness (even by factors of two) generally redshifts the location 
of the transparency window without impacting the transmittance to a significant degree.  The 
basic characteristics that these structures share is that light can actually dwell inside the metal 

#77357 - $15.00 USD Received 27 November 2006; revised 22 December 2006; accepted 2 January 2007

(C) 2007 OSA 22 January 2007 / Vol. 15,  No. 2 / OPTICS EXPRESS  513



 

layers without being completely absorbed, a fact that is reflected in experimental observations 
[15, 16, 18, 20].  The metal layers thus feature the simultaneous localization of both electric 
and magnetic fields. When combined with the transparency of the stack, the stack's ability to 
store energy and momentum with minimal scattering or absorption losses translates into a 

 
Fig. 3. A Gaussian, TM-polarized wave packet is incident at 45° on the transparent metal stack 
described in Fig. 2.  The figure shows several snapshots of the magnetic field intensity.  The 
centroid of the pulse that exits to the right of the stack is shifted upward by approximately 
266nm. Plane-wave reflectance is ~5% at 400nm. 

 
relatively efficient negative refraction process, with negative angles that can easily approach 
45º, as we will see below.  

As an example, we tune the carrier wavelength of an incident pulse at 400nm, and launch 
it with an incident angle of 45º.  At this wavelength the dielectric constant of Ag is 

3.77 0.67iε = − +  [17]; at this angle the transmittance and reflectance of the stack are ~30% 
and ~5% respectively.  We note that we use actual material data already tested and verified 
specifically for transparent metal stacks [14-21].  For simplicity, but only for the moment, we 
assume that material X is dispersion-less and absorption-less, that our incident pulse is 

Gaussian, 
2 2 22 2 2

00
( ) /( ) /

0( , , 0) y
y y wwH y H e eξξ ξξ τ − −− −= = �

� �

� , and that yw wξ =
�

, so that the spatial 

width translates to a ~30fs duration (1/e width).  At the carrier frequency of 400nm the pulse 
is ~20 optical cycles in duration; this means that the curvature of the wave front changes 
imperceptibly and there are no extra complications due to diffraction over the entire 
propagation distance.  Figure 3 contains several snapshots that chronicle the dynamics of the 
pulse as it traverses the stack.  The centroid of the transmitted wave packet appears to be 
shifted upward, a detour that is best perceived for short, well-localized wave packets, but that 
clearly holds for any pulse of larger but finite spatial extension and longer temporal duration. 
This shift can only be understood in terms of additional upward momentum supplied to the 
pulse by the structure, and is associated with the negative refraction of the Poynting vector.  

The lensing effect described in reference [1] is based on a change in direction of the 
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longitudinal component of the electric field, which points along the direction of propagation, 
and that brings about a change in direction of the Poynting vector.  In other words, the 
Poynting vector of a TM-polarized beam, obliquely incident on a metal surface or layer, 
refracts with a negative angle inside the metal.  We depict this situation in Fig. 4. It is the 
continuity of the longitudinal component of the electric displacement field, D=εE, at the  
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Fig. 4. A TM-polarized beam or pulse is incident from vacuum (or other medium with positive 
permittivity) on a metal layer, at frequencies below the plasma frequency where the real part of 
its dielectric constant is negative. The x inside the circle indicates that the H field points inside 
the page.  Then, preservation of the continuity of the longitudinal component of the 

displacement field, out in
z zD D= , requires that out in

out z in zE Eε ε= . As a result, a sign change of the 

field Ez occurs when the dielectric constants have opposite signs.   

boundary between two adjacent media that have opposite dielectric constants, that forces the 
change in the direction of propagation of the Poynting vector. For a pulse of finite spatial 
extension, the negative refraction process is best described by calculating the electromagnetic 
momentum inside the stack as a function of time, as the pulse sweeps across the structure.  
The results are summarized in Fig. 5.  The total electromagnetic momentum may be defined 

as usual [22]: 
2

( , , )
( )

4

y yz z

z y z y

y z t x
t dy dz dy dz

c cπ

=∞ =∞=∞ =∞

=−∞ =−∞ =−∞ =−∞

= =∫ ∫ ∫ ∫
S E H

P where y and z are the 

transverse and longitudinal coordinates, respectively.  Although the quantities we calculate 
are generally instantaneous, one may proceed by either performing a time average as the pulse 
dwells inside the stack, or by simply taking the most dominant values, which occur when the 
peak of the pulse arrives at the structure, in order to mimic near plane-wave conditions.  We 
find that the total average momentum vector, when the peak of the pulse reaches the stack, 
refracts upwardly as shown, forming an angle of~-40º with respect to the normal.  Given a 
structure length of ~318nm, the calculated upward shift is δ~266nm.  Furthermore, 
calculations similar to those exemplified in Fig. 5 were carried out for incident angles of 15º 
and 30º.  The resulting momentum refraction angles are ~-14º and ~-27º, respectively.  Note 
that this is not a perfect lens condition for negative refraction.  In the perfect lens, the incident 
and refracted angles have the same magnitude because the space 
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Fig. 5. Schematic representation of the refraction that occurs inside the stack. PT is the total, 
averaged momentum inside the stack. Upper right: the local momenta inside two adjacent 
metal and dielectric layers are shown.  The local momentum density, i.e. the Poynting vector, 
generally differs from the total momentum within a given layer. The refraction process should 
be viewed from a global perspective, by collecting information across the entire layer. 
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Fig. 6. Schematic representation of twin momentum vectors that lead to the formation of 
internal and external foci, based on the results depicted in Fig. 5.  In this picture the location of 
both foci are approximate, as the averaging process neglects effects of field curvature.  Both 
internal and external focal points generally depend on the slit-stack distance.   
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preceding the lens has an index of refraction equal to, but opposite, that of the lens. Although 
the lens is not “perfect”, it is a realistic lens, and as we will see below, it retains sub-
wavelength focusing properties.  

The approximate dynamics that ensues for typical twin momentum vectors emanating at 
~45º from a narrow slit is shown in Fig. 6.  The picture that emerges suggests that two foci 
should form, one inside the stack, and a second approximately 216nm away from the stack.  
We emphasize that both Figs. 5 and 6 are only schematic renditions of what actually occurs, 
because ultimately the momentum density (i.e. the Poynting vector) is a local, instantaneous 
quantity subject to variations dictated by local field curvature and localization. A similar 
reconstruction done for the two sets of twin momentum vectors incident at 15º and 30º, also 
emanating from an aperture ~50nm away from the stack, yields focal positions of ~246nm 
and ~230nm, respectively. The geometry suggests that the estimated focal positions also vary 
depending on the aperture-multilayer distance. These propagation exercises thus reveal that a 
diffracting wave containing a span of transverse k-vectors, emanating from a small aperture 
and traversing the transparent metal stack, will tend to form an extended focus having a rough 
diameter of ~20-30nm.   

Now that we have established that negative refraction occurs in the visible range, we wish 
to test the performance of this particular structure across the transparency window. The 
situation is depicted in Fig. 7, where we plot the negative refraction angle as a function of  
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Fig. 7. Negative refraction angle as a function of incident wavelength.  The incident angle is 
fixed at 45º.  The angle decreases as the carrier wavelength is increased.  This is due in large 
part to the metal dispersion, which causes a drop in the magnetic field intensity inside the metal 
layers only, resulting in a reduction of anomalous momentum. 
 

incident wavelength, for an incident angle fixed at 45º.  Although the basic cause and effect 
for the pattern that emerges is quickly identified, namely that the magnitude of the dielectric 
constant of silver eventually overtakes that of the dielectric material (ε=16) at longer 
wavelengths, more is at play here than just the ratio of dielectric constants.  At 400nm, the 
magnitude of the ratio between the real parts of the dielectric constant is 16/3.77.  At 500nm 
the ratio drops to 16/8.57, and by the time we reach 600nm the ratio is ~16/14. So a measure 
of transmittance, which may be higher at 500nm relative to 400nm, for example, is not always 
a good indicator of how the stack may perform.  This effect is due to the large degree of 
material dispersion that impacts the metal in transitioning toward longer wavelengths, 
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resulting in large variations in the localization properties of the magnetic field.  More 
specifically, Fig. 8 depicts the electric and magnetic field intensities for normal incidence at 
400nm.  At 500nm the electric field intensity changes little across the stack, but the magnetic 
field intensity drops by an average factor of three only inside the metal layers.  This 
dynamical behavior impacts the Poynting vector, and causes a simultaneous drop in 
anomalous momentum and negative refraction angle. We remark that the momentum 
refraction process is generally always anomalous (upper, right quadrant in Fig. 5 in each 
metal layer, just as it occurs for the isolated metal layer in Ref. [1], and normal (lower, right 
quadrant in Fig. 5) in each dielectric layer. However, given the high degree of  
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Fig. 8. On-axis |E|2 and |H|2 vs. position inside the chirped stack described in Fig. 2, for a field 
incident from the left.  The real part of the dielectric constant alternates between the values of 
16 and -3.77 (thin, black curve; right axis).  The fields are unusually intense inside each metal 
layer, leading to large energy and momentum values inside each metal layer. At 500nm, for 
silver Re(ε)= -8.57.  The shape and amplitude of the electric field intensity change little across 
the stack.  While the shape of |H|2 remains almost identical, it decreases by an average factor of 
3 only inside the metal layers, causing a drop in stored anomalous momentum, and a 
consequent reduction of the negative refraction angle.  

 
transparency that may be achieved, our multilayer stack effectively extends the operational 
range of negative refraction well into the visible range and beyond. This aspect of the 
dynamics is shown in the inset of Fig. 5, where the arrows depict the momentum vectors in 
each type of layer; the direction of each strongly depends on field localization properties, 
which in turn may be controlled by the relative amounts of metal and dielectric material.  The 
high index of refraction in the dielectric layer leads to smaller refraction angles inside that 
layer.  At the same time the electric and magnetic fields become localized inside the metal 
layers in almost equal measure compared to the dielectric layers [14-21].  We note, however, 
that a high index of refraction is not strictly required for negative refraction: lower indices 
lead to smaller negative refraction angles. To summarize this section, the transparent metal 
that we have considered contains individually thick metal and dielectric layers. In the case of 
negative refraction, the coupled-cavity environment acts as a catalyst for the simultaneous 

#77357 - $15.00 USD Received 27 November 2006; revised 22 December 2006; accepted 2 January 2007

(C) 2007 OSA 22 January 2007 / Vol. 15,  No. 2 / OPTICS EXPRESS  518



 

localization of magnetic and electric fields inside relatively thick metal layers, to yield an 
unusually large momentum and energy concentration that may be exploited in various ways, 
for instance, to access the large χ(3) of copper [19-21].  

4. Focusing properties: Sub-wavelength resolution  

Up to this point we have only addressed the issue of the existence of negative refraction.  
However, we also wish to know whether or not it is possible to resolve an object at or near the 
Rayleigh limit in the negative refraction regime.  Although the issue of near-field focusing has 
been addressed in different types of media, especially having anisotropic permittivity [12, 23-
26], we are deliberately focusing here on propagation effects inside resonant, metallo-
dielectric photonic band gap structures to illustrate the new opportunities that they offer. One 
previous study had discussed the ability of these types of structures to slow down the 
diffraction process in a different regime [27].   

In a related paper it was shown that transparent metals have high, broadband transmittance 
for evanescent waves [28]. In the present paper we investigate a regime where propagating 
modes dominate, and so we operate at wavelengths where the transmittance of the evanescent 
waves is low [28].  To demonstrate the focusing  
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Screen

318nm
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Fig. 9. A quasi-monochromatic Gaussian wave packet is incident from the bottom on a 140nm-
thick germanium substrate with an aperture ~125nm wide.  The transparent metal stack is 
described in the caption of Fig. 2, and is located ~50nm away from the slit.  The distance to the 
collection point (screen) may vary. 
 

capabilities of our stack, we begin by once again considering a pulse tuned at 400nm, but this 
time it is incident on a 140nm-thick, opaque germanium substrate with an aperture ~125nm 
wide. Without the aperture, the substrate displays a calculated reflectance of ~47%, and a 
transmittance of ~0.001% [17].  The situation is quite realistic because it takes into account 
edge effects and the finite depth of the aperture, and it is schematized in Fig. 9.  In this 
example, the slit is located ~50nm away from the stack.  Figure 10 captures a snapshot of the 
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magnetic field intensity as the peak of the pulse just reaches the stack.  Part of the wave 
packet forms a slightly extended focus just passed the stack, at an approximate distance of 
200nm, consistent with the average momentum picture (the location of the internal focal point 
is also estimated well in Fig. 5.  In Fig. 11 we plot the respective, relative field intensities 
(longitudinal and transverse electric fields) at an approximate distance of ~200nm from the 
stack, as a function of the transverse coordinate.  The slit casts a bright, discernable spot, with 
a full width at half maximum ~200nm wide, with an incident wavelength about three times 
larger than slit size.  In comparison, the transverse profile of a field diffracting in free space 
from a similar slit is approximately five times broader at the same location. This minimum 
width is determined by the spectral characteristics of the transmission function of the stack at 
hand, and by the degree of excitation of evanescent modes, which as we will see below is 
minimal in this case. Nevertheless, the focusing capabilities of the stack are already evident in 
Figs. 10-11, and they are substantial, considering the amount of metal we are using and the 
distances involved: the object-image distance is ~ 600nm. 

In Fig. 12 we depict the magnetic field intensity's interference pattern that results when the 
pulse is incident on two adjacent apertures 125nm wide, separated by an opaque region 
~200nm thick. With reference to Fig. 10 and Fig. 12, it is clear that there are qualitative 

 
Fig. 10. Bird's eye-view of a snapshot of the magnetic field intensity inside and passed the 
stack. A focal point is clearly visible outside the stack.  

 
aspects of the interaction that persist in the formation of both internal and external foci, 
although the interference pattern inside the stack is more complex for the double slit.  For 
example, in Fig. 12 a third bright spot develops further downrange, and comes as a result of 
interference of the main external foci: side by side the foci become secondary sources that 
interfere constructively along the longitudinal axis, giving rise to a classic Poisson spot 
phenomenon.  In order to gauge the relative importance of evanescent modes, in Fig. 13 we 
plot the quantity Sz(ky/k0,z), which is the Fourier transform along the transverse coordinate of 
the longitudinal Poynting vector Sz(y,z). This quantity reveals the spectral content of the 
fields inside and just outside the stack, and confirms that evanescent k-vectors are largely 
absent inside the stack.  Although the conditions that we have studied are not optimized for 
maximum visibility, we already see evidence of sub-wavelength resolution without the 
excitation of evanescent modes or surface waves. The performance of this particular device  
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Fig. 11. Image produced by the slit on the image plane indicated on Fig. 9.  The full width at 
half maximum of the H-field that propagates through the stack is ~200nm and it is roughly five 
times narrower compared to the same field propagating in free space. 

 
 

 
Fig. 12. Bird's eye-view of a snapshot of the magnetic field intensity inside and passed the 
transparent metal stack.  The image is produced by two 125nm apertures located on the Ge 
substrate, having a center-to-center distance of ~325nm.  The slits are resolved with a visibility 
of approximately 40%, yielding diffraction-limited, sub-wavelength resolution.  A third bright 
spot, Poisson' spot, appears down-range, as a result of constructive interference between the 
primary spots, which in turn become secondary sources in the Poisson' spot formation process. 
 

should be assessed considering that: (i) we are operating in the visible range; (ii) the object is 
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located ~50nm away from the stack; (iii) the object-image distance is more than one 
wavelength.  We note, however, that it is possible to find regimes and/or alternative geometry 
that will better lend themselves to the realization of a super-resolving, transparent metal lens 
[28].  

5. Closing remarks 

We have identified several candidates that are suitable in the visible range, for example TiO2, 
Si, GaP, and GaAs.  The indices of refraction of Si and GaAs are above 4, while that of GaP 
is between 3 and 4.  Although bulk Si and GaAs are opaque in the visible range, a number of 
relatively thin but resonant layers may be combined with varying thicknesses of Ag to yield a 
transparency range, as a simple, standard, matrix-transfer calculation reveals.  For instance, 
we find that a chirped, 13-layer stack composed of Ag(32nm)/Si(22nm), with first and last 
layers 11nm thick, yields a transmittance window centered around 500nm (where the real part 
of the dielectric constant of Si is ~18), with maximum transmittance of ~20%.  At this 
wavelength, our model yields a negative refraction angle of ~ -10º.  Even though GaP has a 
lower index of refraction than Si, one may obtain substantially similar results with a stack that 
contains almost 260nm of Ag.  Finally, at 632nm we find that the transmittance from a 
chirped stack composed of Cu(32nm)/Si(43nm) is still approximately 30%, and yields a 
negative refraction angle of ~ -3º.  So, it is possible to find common materials and to design 
transparent metal stacks, and still have negative refraction and sub-wavelength resolution 
occur in the visible range. 

In conclusion, we have presented theoretical evidence that negative refraction and sub-
wavelength focusing, above the Rayleigh limit, can occur throughout the visible range in 
transparent, metallo-dielectric, photonic band gap structures, in a regime dominated by 
propagating modes.  These structures may contain hundreds of 
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Fig. 13. Sz(ky/k0,z) is the Fourier transform of the longitudinal Poynting vector Sz(y,z).  The 
contiguous arrows to the left indicate the beginning and the end of the stack, and where 
vacuum begins.  This spectral snapshot reveals the longitudinal dynamics of each transverse k-
vector.  It is evident that in this example evanescent wave vectors (ky/k0>1) are hardly excited, 
an indication that in this regime surface waves are not supported.    

 
 nanometers of metal, and yet they can be transparent to visible light and beyond. Our 
simulations show that incident TM-polarized waves undergo negative refraction, and that 
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further optimizations and improvements are possible [28]. These results open a new point of 
view regarding the propagation of light in metals, and may help pave the way to the 
achievement of practical devices and applications based on negative refraction, with realistic 
numerical apertures.  Since transparent metal structures have already been fabricated in the 
visible part of the spectrum using a number of different dielectric materials, the experimental 
realization of negative refraction in such structures presents no new discernable technical 
challenges.  Taken together with the tunable aspects of the process, which we have touched 
upon, the search for suitable, high-index materials may yield candidates that could also make 
it possible to further increase the object-lens distance, and to push the process well into the 
infrared region of the spectrum, with possible, significant applications to IR imaging.  
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