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“... for my purpose holds to sail beyond the sunset ...”  

                                             Alfred Tennison, Ulysses
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Conductors vs. Insulators

Sagar Khillar. "Difference between Conductors and Insulators." DifferenceBetween.net



Semiconductors: “the Third Estate”



Optical materials:  dielectric vs. metallic
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Optical materials:  dielectric vs. metallic

Dielectric perittivity ✏, refractive index n =
p
✏

Dielectric :

✏ > 0 ) real n
Metal :

✏ < 0 ) imaginary n
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Hyperbolic Materials:  
“the Third Estate” of optical media

Bismuth strontium  
calcium copper oxide

sapphire

graphite

α - quartz

nanowire metamaterial bismuth 



Roger Bacon, De multiplicatione specierum

Light as “Rays”



Light as a wave

Christiaan Huygens, Treatise on Light

Thomas Young,   sketch of two-slit diffraction from the presnetation to the Royal Society



Erasmus Bartholin

Isaak Newton

•   particles of light create waves        
in the aether                       .


•   light has “sides”
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Polaroid
Edwin Land

Ray Zone, The 3D Zone: Its Past & Its Future







Snel’s (Snellius’) Law of Refraction

Corner of Hogewoerd and Sint Jorissteeg, Leiden

n1 sin ✓1 = n2 sin ✓2

Willebrond Snel van Royen
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Isotropic  Dielectric Materials:
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Anisotropic  Dielectric Materials ?
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Extraordinary Wave:
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What if the material is metallic in one 
direction and dielectric in the other ?
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What if the material is metallic in one 
direction and dielectric in the other ?

✏x < 0

✏y < 0
ε > 0 ! 

 We’re in a dielectric!

ε < 0 ! 
 We’re in a metal!

✏z > 0
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✏x < 0

✏y < 0
ε > 0 ! 

 We’re in a dielectric!

ε < 0 ! 
 We’re in a metal!

✏z > 0

The parable of the blind men and an elephant
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“... there be Dragons...”

dielectric 

metal
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Optical Imaging 

Introduction to polarization

Light: an electromagnetic wave

Light is a wave (imagine a wave moving on a lake), an
electromagnetic wave, represented by a vector (the long arrow on the
figure) where the electric field E (in blue) and the magnetic field B
(in red) are orthogonal (perpendicular) to each other, and also
orthogonal to the direction of propagation. These 2 fields change
with time and space in a sinusoid fashion.

In general, to represent light, we only show the electric field (and do
not show the magnetic field) because it is with the electric field that
detectors (eye, photographic film, CCD, etc.) interact. The
wavelength of light lambda is the distance (in meters for example)
between 2 maxima (or 2 minima).

Natural light

``Ordinary'' light, or natural light, is in general non-polarized: the electric field is on average oriented in an arbitrary direction, and has a
very precise orientation for too short a time to be measured by instruments.

λ
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direction of propagation

Wavelength λ gives 
characteristic scale of 

optical resolution, 
focusing, etc.
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(1821 - 1894)

“ Abbe’s ” Resolution Limit  :
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What it means : 
• resolution of a “hyperbolic” microscope is not 

limited by the (free-space) wavelength  
• (e.g. visible light microscope with X-ray resolution) 

• light (in a hyperbolic medium) can be focused 
to arbitrarily* small spot 

• forbidden optical transitions are not forbidden 

• LED modulation speed is not limited by the 
spontaneous emission rate of its active medium 

• and a lot more
* subject to the atom size constraint



Hyperbolic Materials:  
practical realization



Hyperbolic Metamaterials: practical realization

X. Zhang (Berkeley) 
Ag/Al2O3 system 
ultraviolet and visible 

V. Menon (QUNY) 
Visible 

A. Boltasseva and 
V. Shalaev   (Purdue) 
Visible and 1.55 µm 

C. Gmachl (Princeton) 
Semiconductor system 
Mid-infrared • Low loss

• Broadband
• Bulk size



Hyperbolic Metamaterials: practical realization

M. Noginov (NSU) 
Visible 

X. Zhang (Berkeley) 
Visible 

Start with a hyperbolic metamaterial (e.g. wire-based):

... and introduce roughness to its surface (with a sand-paper!)

Nanowires in dielectric membrane



Hyperbolic Metamaterials: practical realization

• Low loss
• Broadband
• Bulk size

Start with a hyperbolic metamaterial (e.g. wire-based):

... and introduce roughness to its surface (with a sand-paper!)

Nanowires in a dielectric membrane



THz: Bismuth-ology
-  most solid-state “quantum effects” (e.g. Shubnikov-de Haas & 

de Hass – van Alphen effects) were first discovered in bismuth 
– why? 

- Ultra-low losses: carrier mean free path (at helium 
temperatures) on the order of millimeters  

- Highly anisotropic  
Fermi surface 

- Plasma frequency  
in the THz 

    High-quality Bi monocrystals available since 1970s, high-
quality monocrystalline Bi films – since 1990s 



Strong effective mass anisotropy

Anisotropy in plasma frequencies  
- observed in experiments since 1960s!

  for E  || C3   &   for E  ⊥ C3 



Far IR:  Sapphire (Al2O3)

Strong phonon anisotropy

M.Schubert, T.E.Tiwald, C.M.Herzinger, “Infrared dielectric anisotropy and 
phonon modes of sapphire”, PRB 61, 8187 (2000)
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submicrometre-sized beams exhibit non-
paraxial propagation over 1,000 Rayleigh 
lengths. This extraordinary behaviour is 
achieved by using a cooling trajectory 
called ‘thermal shock’, wherein the 
nonlinear crystal is cooled from an initial 
temperature to the operating temperature, 
passing through a lower temperature. By 
controlling the parameters of the cooling 
trajectory, the L > λ transient regime 
is activated. To demonstrate the effect 
experimentally the authors performed 
direct ‘near-field’ measurements of the 
spatial dimensions of the beam at the exit 
of the ferroelectric material by moving a 
knife edge into the beam and detecting 
the light on a photodetector. By fitting a 
Gaussian profile to the measured lateral 
spatial profile, DelRe et al.1 show that the 
633 nm light can be focused down to a 
spot size of 280 nm — smaller than the 
diffraction limit of the focusing objective 
lens — after propagating through 3 mm of 
photorefractive crystal.

The concept of anti-diffraction in 
photorefractive media is very interesting 
as it allows focusing and non-paraxial 

propagation of light at subwavelength 
scales without needing complex 
nanostructuring or intensity dependent 
nonlinear optical effects. The process is 
not direction sensitive, as in plasmon 
waveguides, because it does not involve 
any inhomogeneous medium and has a 
wide operational bandwidth that spans 
the entire photorefractive response range 
of the crystal — from 400 nm to 800 nm. 
These properties make it very promising 
for applications like superresolution 
microscopy or lithography.

One of the limitations of this process 
is the fact that the effect is transient. In 
the current experiments the effect was 
achieved only within a time window of 
around ten seconds. Moreover, to achieve 
this transient regime, a very specific cooling 
trajectory of the photorefractive crystal 
must be used. This makes working devices 
less attractive and widespread technological 
implementation more challenging. However, 
future research into the material properties 
of photorefractive crystals may overcome 
these limitations. A more fundamental 
limitation is that it is impossible to achieve 

ideal point-like focusing. The authors 
predict that for any given value of the 
parameter L there exists a minimum 
beam size below which the Klein–Gordon 
equation regime will break down and the 
anti-diffracting focusing will be replaced by 
a diffracting expansion of the beam, once 
again governed by the Helmholtz equation. 
Thus, the effect is unlikely to generate 
an order-of-magnitude improvement in 
focusing. Further theoretical insight is 
needed to elucidate the exact limits of this 
nonlinear focusing effect. ❐

Hayk Harutyunyan is in the Department of Physics 
at Emory University, 400 Dowman Drive MSC, 
Atlanta, Georgia 30322-2430, USA. 
e-mail: hayk.harutyunyan@emory.edu
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For any material, the nature of its 
electromagnetic response is defined by 
the sign of the dielectric permittivity. 

When it’s positive, the medium behaves 
as a dielectric that supports propagating 
electromagnetic waves. When the 
permittivity is negative, the incident light is 
reflected back, with only an exponentially 
decreasing evanescent field penetrating 
into the material; an image formed by the 
light reflected by a metallic mirror is a good 
example of this behaviour. This essential 
distinction between these two classes of 
electromagnetic media remains even in the 
presence of material loss, which is generally 
accounted for by the imaginary part of the 
dielectric permittivity.

However, if a material is so anisotropic 
that it supports ‘metallic’ conductivity 
in one direction while it is insulating in 
the other (due to, for example, its layered 
structure as in the case of graphite), different 
components of its dielectric permittivity 

tensor will have opposite signs. As a 
result, an electromagnetic field in such a 
medium finds itself in neither the metal 

nor dielectric but instead in a new class of 
material that combines the properties of 
both. Mathematically, light propagation in 

METAMATERIALS

Naturally hyperbolic
Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until 
now no such materials were available for visible light but recent work finally brings down this roadblock.

Evgenii E. Narimanov and Alexander V. Kildishev
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Figure 1 | Isofrequency surfaces in momentum space for different media. The isofrequency surfaces for 
propagating waves in a medium with negative dielectric permittivity (a), in an isotropic material with a 
positive dielectric permittivity (b), in a uniaxial hyperbolic medium with one positive and two negative 
components of the dielectric permittivity tensor (c), and in a uniaxial hyperbolic medium with one 
negative and two positive components of the dielectric permittivity tensor (d). Panels c and d correspond 
to TM (p-polarized) waves.
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submicrometre-sized beams exhibit non-
paraxial propagation over 1,000 Rayleigh 
lengths. This extraordinary behaviour is 
achieved by using a cooling trajectory 
called ‘thermal shock’, wherein the 
nonlinear crystal is cooled from an initial 
temperature to the operating temperature, 
passing through a lower temperature. By 
controlling the parameters of the cooling 
trajectory, the L > λ transient regime 
is activated. To demonstrate the effect 
experimentally the authors performed 
direct ‘near-field’ measurements of the 
spatial dimensions of the beam at the exit 
of the ferroelectric material by moving a 
knife edge into the beam and detecting 
the light on a photodetector. By fitting a 
Gaussian profile to the measured lateral 
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lens — after propagating through 3 mm of 
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scales without needing complex 
nanostructuring or intensity dependent 
nonlinear optical effects. The process is 
not direction sensitive, as in plasmon 
waveguides, because it does not involve 
any inhomogeneous medium and has a 
wide operational bandwidth that spans 
the entire photorefractive response range 
of the crystal — from 400 nm to 800 nm. 
These properties make it very promising 
for applications like superresolution 
microscopy or lithography.

One of the limitations of this process 
is the fact that the effect is transient. In 
the current experiments the effect was 
achieved only within a time window of 
around ten seconds. Moreover, to achieve 
this transient regime, a very specific cooling 
trajectory of the photorefractive crystal 
must be used. This makes working devices 
less attractive and widespread technological 
implementation more challenging. However, 
future research into the material properties 
of photorefractive crystals may overcome 
these limitations. A more fundamental 
limitation is that it is impossible to achieve 

ideal point-like focusing. The authors 
predict that for any given value of the 
parameter L there exists a minimum 
beam size below which the Klein–Gordon 
equation regime will break down and the 
anti-diffracting focusing will be replaced by 
a diffracting expansion of the beam, once 
again governed by the Helmholtz equation. 
Thus, the effect is unlikely to generate 
an order-of-magnitude improvement in 
focusing. Further theoretical insight is 
needed to elucidate the exact limits of this 
nonlinear focusing effect. ❐
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For any material, the nature of its 
electromagnetic response is defined by 
the sign of the dielectric permittivity. 

When it’s positive, the medium behaves 
as a dielectric that supports propagating 
electromagnetic waves. When the 
permittivity is negative, the incident light is 
reflected back, with only an exponentially 
decreasing evanescent field penetrating 
into the material; an image formed by the 
light reflected by a metallic mirror is a good 
example of this behaviour. This essential 
distinction between these two classes of 
electromagnetic media remains even in the 
presence of material loss, which is generally 
accounted for by the imaginary part of the 
dielectric permittivity.

However, if a material is so anisotropic 
that it supports ‘metallic’ conductivity 
in one direction while it is insulating in 
the other (due to, for example, its layered 
structure as in the case of graphite), different 
components of its dielectric permittivity 

tensor will have opposite signs. As a 
result, an electromagnetic field in such a 
medium finds itself in neither the metal 

nor dielectric but instead in a new class of 
material that combines the properties of 
both. Mathematically, light propagation in 
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Naturally hyperbolic
Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until 
now no such materials were available for visible light but recent work finally brings down this roadblock.
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Figure 1 | Isofrequency surfaces in momentum space for different media. The isofrequency surfaces for 
propagating waves in a medium with negative dielectric permittivity (a), in an isotropic material with a 
positive dielectric permittivity (b), in a uniaxial hyperbolic medium with one positive and two negative 
components of the dielectric permittivity tensor (c), and in a uniaxial hyperbolic medium with one 
negative and two positive components of the dielectric permittivity tensor (d). Panels c and d correspond 
to TM (p-polarized) waves.
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such materials is described by a hyperbolic 
dispersion equation, leading to their 
designation as ‘hyperbolic materials’.

Similar to the Fermi surface, whose 
topology describes the electronic 
properties, the key features of light 
propagating in any material can be 
understood from the geometry of the 
corresponding isofrequency surface in 
momentum space. For a metal or any other 
material with a negative permittivity, the 
medium supports no propagating waves 
and the corresponding phase space is 
empty (Fig. 1a). In an isotropic dielectric, 
the isofrequency surface is a sphere, 
whose radius gives the maximum value 
of the electromagnetic momentum in any 
direction (Fig. 1b). It is this limitation 
that gives rise to Abbe’s resolution limit 
of optical imaging1, and defines the 
photonic density of states that determines 
fundamental properties of dielectric media 
such as Planck’s spectrum of the thermal 
energy at thermodynamic equilibrium. In 
contrast to this behaviour, the isofrequency 
surface of a hyperbolic medium is open 
(Fig. 1c), with its extent unlimited by 
frequency. As a result, hyperbolic materials 
are not subject to the limitations of 
conventional dielectrics and metals.

In particular, hyperbolic materials can 
be used to make a ‘hyperlens’, an imaging 
system that is capable of breaking the 
diffraction limit of optical resolution2,3. 
The large number of high-momentum 
states supported by the hyperbolic media 
(Fig. 1c,d) results in a broadband ‘super-
singularity’ of the photonic density of 
states4, leading to an increase of the 
radiative thermal transport, dramatically 
reduced reflectivity and enhanced quantum 
electrodynamics effects5. However, this 

super-singularity is cut off when the 
electromagnetic momentum approaches 
the inverse size of the material unit cell. 
At this point, the material can no longer 
be treated as an effective electromagnetic 
medium, as the propagating wave can 
now ‘resolve’ its internal structure. This 
is especially important in metamaterial 
realizations of hyperbolic media in the 
visible range, where the metamaterial unit 
cell size is, due to fabrication limitations, 
less than an order of magnitude below the 
free-space wavelength. To really exploit 
the potential of the hyperbolic media and 
fully extend the available phase space, one 
therefore needs to dramatically reduce 
the material unit cell, preferably all the 
way down to the atomic size — which 
would firmly place the resulting composite 
in the realm of natural materials. It is 
therefore the natural hyperbolic materials 
that hold the key to the full power of 
hyperbolic media.

Although the strong material anisotropy 
that is necessary for hyperbolic response 
may seem to be a somewhat exotic 
behaviour, hyperbolic materials are actually 
quite common. An anisotropy in the 
effective mass of the free charge carriers 
leads to a direction-dependent plasma 
frequency and the resulting formation of 
the hyperbolic bands between its limiting 
values (as, for example, in bismuth6), as 
does the layered material structure that 
strongly reduces the conductivity in one 
direction (as in graphite7,8, magnesium 
diboride5 or several high-temperature 
superconductors5,9). The anisotropy of the 
optical phonon dispersion common in 
high-quality dielectric crystals generally 
results in multiple hyperbolic bands in the 
Reststrahlen frequency range10–13. However, 

as shown in Fig. 2, none of these materials 
covers the most important part of the 
spectrum — the visible range.

This problem has now been solved 
by Esslinger et al.14, who introduced 
a new class of natural hyperbolic 
materials, the tetradymites. Common 
to this group of materials is the layered 
structure made of atomic monolayer 
sequences, which arrange themselves into 
hexagonal, quintuple layers — which in 
turn are stacked by weak van der Waals 
bonds to form the bulk material. This 
essentially ‘multi-scale’ layered nature of 
tetradymites gives rise to an exceedingly 
strong anisotropy in many material 
properties, including the dielectric 
permittivity — leading to a hyperbolic 
response that covers the entire visible 
range. The hyperbolic bands of two 
examples of this new class of hyperbolic 
materials — Bi2Se3−xTex, with x = 0 (Bi2Se3) 
and x = 3 (Bi2Te3) — are shown at the top 
of Fig. 2.

The tetradymites studied by 
Esslinger et al.14 are relatively lossy. 
Ellipsometry measurements showed that the 
imaginary part of the permittivity exceeds 
the values of its real counterpart for most of 
the visible spectrum. Thus, further progress 
in reducing optical absorption in this class of 
materials would be certainly welcome.

However, numerical simulations 
reported by Esslinger et al.14 demonstrate 
that super-resolution imaging could be 
possible even with the tetradymites that are 
already available.

This new class of natural hyperbolic 
materials therefore offers a viable alternative 
to metal–dielectric multilayers and nanowire 
composites as the hyperbolic medium of 
choice for use in nanophotonic devices, and 

Figure 2 | Hyperbolic frequency bands in natural materials. Blue and orange colours correspond to the bands with one and two negative components in 
the diagonal dielectric permittivity tensor, respectively. The top two lines (Bi2Se3 and Bi2Te3) represent the hyperbolic materials introduced by Esslinger and 
colleagues14. The vertical ‘spectrum bar’ indicates the wavelength range corresponding to visible light.
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such materials is described by a hyperbolic 
dispersion equation, leading to their 
designation as ‘hyperbolic materials’.

Similar to the Fermi surface, whose 
topology describes the electronic 
properties, the key features of light 
propagating in any material can be 
understood from the geometry of the 
corresponding isofrequency surface in 
momentum space. For a metal or any other 
material with a negative permittivity, the 
medium supports no propagating waves 
and the corresponding phase space is 
empty (Fig. 1a). In an isotropic dielectric, 
the isofrequency surface is a sphere, 
whose radius gives the maximum value 
of the electromagnetic momentum in any 
direction (Fig. 1b). It is this limitation 
that gives rise to Abbe’s resolution limit 
of optical imaging1, and defines the 
photonic density of states that determines 
fundamental properties of dielectric media 
such as Planck’s spectrum of the thermal 
energy at thermodynamic equilibrium. In 
contrast to this behaviour, the isofrequency 
surface of a hyperbolic medium is open 
(Fig. 1c), with its extent unlimited by 
frequency. As a result, hyperbolic materials 
are not subject to the limitations of 
conventional dielectrics and metals.

In particular, hyperbolic materials can 
be used to make a ‘hyperlens’, an imaging 
system that is capable of breaking the 
diffraction limit of optical resolution2,3. 
The large number of high-momentum 
states supported by the hyperbolic media 
(Fig. 1c,d) results in a broadband ‘super-
singularity’ of the photonic density of 
states4, leading to an increase of the 
radiative thermal transport, dramatically 
reduced reflectivity and enhanced quantum 
electrodynamics effects5. However, this 

super-singularity is cut off when the 
electromagnetic momentum approaches 
the inverse size of the material unit cell. 
At this point, the material can no longer 
be treated as an effective electromagnetic 
medium, as the propagating wave can 
now ‘resolve’ its internal structure. This 
is especially important in metamaterial 
realizations of hyperbolic media in the 
visible range, where the metamaterial unit 
cell size is, due to fabrication limitations, 
less than an order of magnitude below the 
free-space wavelength. To really exploit 
the potential of the hyperbolic media and 
fully extend the available phase space, one 
therefore needs to dramatically reduce 
the material unit cell, preferably all the 
way down to the atomic size — which 
would firmly place the resulting composite 
in the realm of natural materials. It is 
therefore the natural hyperbolic materials 
that hold the key to the full power of 
hyperbolic media.

Although the strong material anisotropy 
that is necessary for hyperbolic response 
may seem to be a somewhat exotic 
behaviour, hyperbolic materials are actually 
quite common. An anisotropy in the 
effective mass of the free charge carriers 
leads to a direction-dependent plasma 
frequency and the resulting formation of 
the hyperbolic bands between its limiting 
values (as, for example, in bismuth6), as 
does the layered material structure that 
strongly reduces the conductivity in one 
direction (as in graphite7,8, magnesium 
diboride5 or several high-temperature 
superconductors5,9). The anisotropy of the 
optical phonon dispersion common in 
high-quality dielectric crystals generally 
results in multiple hyperbolic bands in the 
Reststrahlen frequency range10–13. However, 

as shown in Fig. 2, none of these materials 
covers the most important part of the 
spectrum — the visible range.

This problem has now been solved 
by Esslinger et al.14, who introduced 
a new class of natural hyperbolic 
materials, the tetradymites. Common 
to this group of materials is the layered 
structure made of atomic monolayer 
sequences, which arrange themselves into 
hexagonal, quintuple layers — which in 
turn are stacked by weak van der Waals 
bonds to form the bulk material. This 
essentially ‘multi-scale’ layered nature of 
tetradymites gives rise to an exceedingly 
strong anisotropy in many material 
properties, including the dielectric 
permittivity — leading to a hyperbolic 
response that covers the entire visible 
range. The hyperbolic bands of two 
examples of this new class of hyperbolic 
materials — Bi2Se3−xTex, with x = 0 (Bi2Se3) 
and x = 3 (Bi2Te3) — are shown at the top 
of Fig. 2.

The tetradymites studied by 
Esslinger et al.14 are relatively lossy. 
Ellipsometry measurements showed that the 
imaginary part of the permittivity exceeds 
the values of its real counterpart for most of 
the visible spectrum. Thus, further progress 
in reducing optical absorption in this class of 
materials would be certainly welcome.

However, numerical simulations 
reported by Esslinger et al.14 demonstrate 
that super-resolution imaging could be 
possible even with the tetradymites that are 
already available.

This new class of natural hyperbolic 
materials therefore offers a viable alternative 
to metal–dielectric multilayers and nanowire 
composites as the hyperbolic medium of 
choice for use in nanophotonic devices, and 

Figure 2 | Hyperbolic frequency bands in natural materials. Blue and orange colours correspond to the bands with one and two negative components in 
the diagonal dielectric permittivity tensor, respectively. The top two lines (Bi2Se3 and Bi2Te3) represent the hyperbolic materials introduced by Esslinger and 
colleagues14. The vertical ‘spectrum bar’ indicates the wavelength range corresponding to visible light.
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submicrometre-sized beams exhibit non-
paraxial propagation over 1,000 Rayleigh 
lengths. This extraordinary behaviour is 
achieved by using a cooling trajectory 
called ‘thermal shock’, wherein the 
nonlinear crystal is cooled from an initial 
temperature to the operating temperature, 
passing through a lower temperature. By 
controlling the parameters of the cooling 
trajectory, the L > λ transient regime 
is activated. To demonstrate the effect 
experimentally the authors performed 
direct ‘near-field’ measurements of the 
spatial dimensions of the beam at the exit 
of the ferroelectric material by moving a 
knife edge into the beam and detecting 
the light on a photodetector. By fitting a 
Gaussian profile to the measured lateral 
spatial profile, DelRe et al.1 show that the 
633 nm light can be focused down to a 
spot size of 280 nm — smaller than the 
diffraction limit of the focusing objective 
lens — after propagating through 3 mm of 
photorefractive crystal.

The concept of anti-diffraction in 
photorefractive media is very interesting 
as it allows focusing and non-paraxial 

propagation of light at subwavelength 
scales without needing complex 
nanostructuring or intensity dependent 
nonlinear optical effects. The process is 
not direction sensitive, as in plasmon 
waveguides, because it does not involve 
any inhomogeneous medium and has a 
wide operational bandwidth that spans 
the entire photorefractive response range 
of the crystal — from 400 nm to 800 nm. 
These properties make it very promising 
for applications like superresolution 
microscopy or lithography.

One of the limitations of this process 
is the fact that the effect is transient. In 
the current experiments the effect was 
achieved only within a time window of 
around ten seconds. Moreover, to achieve 
this transient regime, a very specific cooling 
trajectory of the photorefractive crystal 
must be used. This makes working devices 
less attractive and widespread technological 
implementation more challenging. However, 
future research into the material properties 
of photorefractive crystals may overcome 
these limitations. A more fundamental 
limitation is that it is impossible to achieve 

ideal point-like focusing. The authors 
predict that for any given value of the 
parameter L there exists a minimum 
beam size below which the Klein–Gordon 
equation regime will break down and the 
anti-diffracting focusing will be replaced by 
a diffracting expansion of the beam, once 
again governed by the Helmholtz equation. 
Thus, the effect is unlikely to generate 
an order-of-magnitude improvement in 
focusing. Further theoretical insight is 
needed to elucidate the exact limits of this 
nonlinear focusing effect. ❐
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For any material, the nature of its 
electromagnetic response is defined by 
the sign of the dielectric permittivity. 

When it’s positive, the medium behaves 
as a dielectric that supports propagating 
electromagnetic waves. When the 
permittivity is negative, the incident light is 
reflected back, with only an exponentially 
decreasing evanescent field penetrating 
into the material; an image formed by the 
light reflected by a metallic mirror is a good 
example of this behaviour. This essential 
distinction between these two classes of 
electromagnetic media remains even in the 
presence of material loss, which is generally 
accounted for by the imaginary part of the 
dielectric permittivity.

However, if a material is so anisotropic 
that it supports ‘metallic’ conductivity 
in one direction while it is insulating in 
the other (due to, for example, its layered 
structure as in the case of graphite), different 
components of its dielectric permittivity 

tensor will have opposite signs. As a 
result, an electromagnetic field in such a 
medium finds itself in neither the metal 

nor dielectric but instead in a new class of 
material that combines the properties of 
both. Mathematically, light propagation in 

METAMATERIALS

Naturally hyperbolic
Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until 
now no such materials were available for visible light but recent work finally brings down this roadblock.
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submicrometre-sized beams exhibit non-
paraxial propagation over 1,000 Rayleigh 
lengths. This extraordinary behaviour is 
achieved by using a cooling trajectory 
called ‘thermal shock’, wherein the 
nonlinear crystal is cooled from an initial 
temperature to the operating temperature, 
passing through a lower temperature. By 
controlling the parameters of the cooling 
trajectory, the L > λ transient regime 
is activated. To demonstrate the effect 
experimentally the authors performed 
direct ‘near-field’ measurements of the 
spatial dimensions of the beam at the exit 
of the ferroelectric material by moving a 
knife edge into the beam and detecting 
the light on a photodetector. By fitting a 
Gaussian profile to the measured lateral 
spatial profile, DelRe et al.1 show that the 
633 nm light can be focused down to a 
spot size of 280 nm — smaller than the 
diffraction limit of the focusing objective 
lens — after propagating through 3 mm of 
photorefractive crystal.

The concept of anti-diffraction in 
photorefractive media is very interesting 
as it allows focusing and non-paraxial 

propagation of light at subwavelength 
scales without needing complex 
nanostructuring or intensity dependent 
nonlinear optical effects. The process is 
not direction sensitive, as in plasmon 
waveguides, because it does not involve 
any inhomogeneous medium and has a 
wide operational bandwidth that spans 
the entire photorefractive response range 
of the crystal — from 400 nm to 800 nm. 
These properties make it very promising 
for applications like superresolution 
microscopy or lithography.

One of the limitations of this process 
is the fact that the effect is transient. In 
the current experiments the effect was 
achieved only within a time window of 
around ten seconds. Moreover, to achieve 
this transient regime, a very specific cooling 
trajectory of the photorefractive crystal 
must be used. This makes working devices 
less attractive and widespread technological 
implementation more challenging. However, 
future research into the material properties 
of photorefractive crystals may overcome 
these limitations. A more fundamental 
limitation is that it is impossible to achieve 

ideal point-like focusing. The authors 
predict that for any given value of the 
parameter L there exists a minimum 
beam size below which the Klein–Gordon 
equation regime will break down and the 
anti-diffracting focusing will be replaced by 
a diffracting expansion of the beam, once 
again governed by the Helmholtz equation. 
Thus, the effect is unlikely to generate 
an order-of-magnitude improvement in 
focusing. Further theoretical insight is 
needed to elucidate the exact limits of this 
nonlinear focusing effect. ❐
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For any material, the nature of its 
electromagnetic response is defined by 
the sign of the dielectric permittivity. 

When it’s positive, the medium behaves 
as a dielectric that supports propagating 
electromagnetic waves. When the 
permittivity is negative, the incident light is 
reflected back, with only an exponentially 
decreasing evanescent field penetrating 
into the material; an image formed by the 
light reflected by a metallic mirror is a good 
example of this behaviour. This essential 
distinction between these two classes of 
electromagnetic media remains even in the 
presence of material loss, which is generally 
accounted for by the imaginary part of the 
dielectric permittivity.

However, if a material is so anisotropic 
that it supports ‘metallic’ conductivity 
in one direction while it is insulating in 
the other (due to, for example, its layered 
structure as in the case of graphite), different 
components of its dielectric permittivity 

tensor will have opposite signs. As a 
result, an electromagnetic field in such a 
medium finds itself in neither the metal 

nor dielectric but instead in a new class of 
material that combines the properties of 
both. Mathematically, light propagation in 
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Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until 
now no such materials were available for visible light but recent work finally brings down this roadblock.
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such materials is described by a hyperbolic 
dispersion equation, leading to their 
designation as ‘hyperbolic materials’.

Similar to the Fermi surface, whose 
topology describes the electronic 
properties, the key features of light 
propagating in any material can be 
understood from the geometry of the 
corresponding isofrequency surface in 
momentum space. For a metal or any other 
material with a negative permittivity, the 
medium supports no propagating waves 
and the corresponding phase space is 
empty (Fig. 1a). In an isotropic dielectric, 
the isofrequency surface is a sphere, 
whose radius gives the maximum value 
of the electromagnetic momentum in any 
direction (Fig. 1b). It is this limitation 
that gives rise to Abbe’s resolution limit 
of optical imaging1, and defines the 
photonic density of states that determines 
fundamental properties of dielectric media 
such as Planck’s spectrum of the thermal 
energy at thermodynamic equilibrium. In 
contrast to this behaviour, the isofrequency 
surface of a hyperbolic medium is open 
(Fig. 1c), with its extent unlimited by 
frequency. As a result, hyperbolic materials 
are not subject to the limitations of 
conventional dielectrics and metals.

In particular, hyperbolic materials can 
be used to make a ‘hyperlens’, an imaging 
system that is capable of breaking the 
diffraction limit of optical resolution2,3. 
The large number of high-momentum 
states supported by the hyperbolic media 
(Fig. 1c,d) results in a broadband ‘super-
singularity’ of the photonic density of 
states4, leading to an increase of the 
radiative thermal transport, dramatically 
reduced reflectivity and enhanced quantum 
electrodynamics effects5. However, this 

super-singularity is cut off when the 
electromagnetic momentum approaches 
the inverse size of the material unit cell. 
At this point, the material can no longer 
be treated as an effective electromagnetic 
medium, as the propagating wave can 
now ‘resolve’ its internal structure. This 
is especially important in metamaterial 
realizations of hyperbolic media in the 
visible range, where the metamaterial unit 
cell size is, due to fabrication limitations, 
less than an order of magnitude below the 
free-space wavelength. To really exploit 
the potential of the hyperbolic media and 
fully extend the available phase space, one 
therefore needs to dramatically reduce 
the material unit cell, preferably all the 
way down to the atomic size — which 
would firmly place the resulting composite 
in the realm of natural materials. It is 
therefore the natural hyperbolic materials 
that hold the key to the full power of 
hyperbolic media.

Although the strong material anisotropy 
that is necessary for hyperbolic response 
may seem to be a somewhat exotic 
behaviour, hyperbolic materials are actually 
quite common. An anisotropy in the 
effective mass of the free charge carriers 
leads to a direction-dependent plasma 
frequency and the resulting formation of 
the hyperbolic bands between its limiting 
values (as, for example, in bismuth6), as 
does the layered material structure that 
strongly reduces the conductivity in one 
direction (as in graphite7,8, magnesium 
diboride5 or several high-temperature 
superconductors5,9). The anisotropy of the 
optical phonon dispersion common in 
high-quality dielectric crystals generally 
results in multiple hyperbolic bands in the 
Reststrahlen frequency range10–13. However, 

as shown in Fig. 2, none of these materials 
covers the most important part of the 
spectrum — the visible range.

This problem has now been solved 
by Esslinger et al.14, who introduced 
a new class of natural hyperbolic 
materials, the tetradymites. Common 
to this group of materials is the layered 
structure made of atomic monolayer 
sequences, which arrange themselves into 
hexagonal, quintuple layers — which in 
turn are stacked by weak van der Waals 
bonds to form the bulk material. This 
essentially ‘multi-scale’ layered nature of 
tetradymites gives rise to an exceedingly 
strong anisotropy in many material 
properties, including the dielectric 
permittivity — leading to a hyperbolic 
response that covers the entire visible 
range. The hyperbolic bands of two 
examples of this new class of hyperbolic 
materials — Bi2Se3−xTex, with x = 0 (Bi2Se3) 
and x = 3 (Bi2Te3) — are shown at the top 
of Fig. 2.

The tetradymites studied by 
Esslinger et al.14 are relatively lossy. 
Ellipsometry measurements showed that the 
imaginary part of the permittivity exceeds 
the values of its real counterpart for most of 
the visible spectrum. Thus, further progress 
in reducing optical absorption in this class of 
materials would be certainly welcome.

However, numerical simulations 
reported by Esslinger et al.14 demonstrate 
that super-resolution imaging could be 
possible even with the tetradymites that are 
already available.

This new class of natural hyperbolic 
materials therefore offers a viable alternative 
to metal–dielectric multilayers and nanowire 
composites as the hyperbolic medium of 
choice for use in nanophotonic devices, and 

Figure 2 | Hyperbolic frequency bands in natural materials. Blue and orange colours correspond to the bands with one and two negative components in 
the diagonal dielectric permittivity tensor, respectively. The top two lines (Bi2Se3 and Bi2Te3) represent the hyperbolic materials introduced by Esslinger and 
colleagues14. The vertical ‘spectrum bar’ indicates the wavelength range corresponding to visible light.
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such materials is described by a hyperbolic 
dispersion equation, leading to their 
designation as ‘hyperbolic materials’.

Similar to the Fermi surface, whose 
topology describes the electronic 
properties, the key features of light 
propagating in any material can be 
understood from the geometry of the 
corresponding isofrequency surface in 
momentum space. For a metal or any other 
material with a negative permittivity, the 
medium supports no propagating waves 
and the corresponding phase space is 
empty (Fig. 1a). In an isotropic dielectric, 
the isofrequency surface is a sphere, 
whose radius gives the maximum value 
of the electromagnetic momentum in any 
direction (Fig. 1b). It is this limitation 
that gives rise to Abbe’s resolution limit 
of optical imaging1, and defines the 
photonic density of states that determines 
fundamental properties of dielectric media 
such as Planck’s spectrum of the thermal 
energy at thermodynamic equilibrium. In 
contrast to this behaviour, the isofrequency 
surface of a hyperbolic medium is open 
(Fig. 1c), with its extent unlimited by 
frequency. As a result, hyperbolic materials 
are not subject to the limitations of 
conventional dielectrics and metals.

In particular, hyperbolic materials can 
be used to make a ‘hyperlens’, an imaging 
system that is capable of breaking the 
diffraction limit of optical resolution2,3. 
The large number of high-momentum 
states supported by the hyperbolic media 
(Fig. 1c,d) results in a broadband ‘super-
singularity’ of the photonic density of 
states4, leading to an increase of the 
radiative thermal transport, dramatically 
reduced reflectivity and enhanced quantum 
electrodynamics effects5. However, this 

super-singularity is cut off when the 
electromagnetic momentum approaches 
the inverse size of the material unit cell. 
At this point, the material can no longer 
be treated as an effective electromagnetic 
medium, as the propagating wave can 
now ‘resolve’ its internal structure. This 
is especially important in metamaterial 
realizations of hyperbolic media in the 
visible range, where the metamaterial unit 
cell size is, due to fabrication limitations, 
less than an order of magnitude below the 
free-space wavelength. To really exploit 
the potential of the hyperbolic media and 
fully extend the available phase space, one 
therefore needs to dramatically reduce 
the material unit cell, preferably all the 
way down to the atomic size — which 
would firmly place the resulting composite 
in the realm of natural materials. It is 
therefore the natural hyperbolic materials 
that hold the key to the full power of 
hyperbolic media.

Although the strong material anisotropy 
that is necessary for hyperbolic response 
may seem to be a somewhat exotic 
behaviour, hyperbolic materials are actually 
quite common. An anisotropy in the 
effective mass of the free charge carriers 
leads to a direction-dependent plasma 
frequency and the resulting formation of 
the hyperbolic bands between its limiting 
values (as, for example, in bismuth6), as 
does the layered material structure that 
strongly reduces the conductivity in one 
direction (as in graphite7,8, magnesium 
diboride5 or several high-temperature 
superconductors5,9). The anisotropy of the 
optical phonon dispersion common in 
high-quality dielectric crystals generally 
results in multiple hyperbolic bands in the 
Reststrahlen frequency range10–13. However, 

as shown in Fig. 2, none of these materials 
covers the most important part of the 
spectrum — the visible range.

This problem has now been solved 
by Esslinger et al.14, who introduced 
a new class of natural hyperbolic 
materials, the tetradymites. Common 
to this group of materials is the layered 
structure made of atomic monolayer 
sequences, which arrange themselves into 
hexagonal, quintuple layers — which in 
turn are stacked by weak van der Waals 
bonds to form the bulk material. This 
essentially ‘multi-scale’ layered nature of 
tetradymites gives rise to an exceedingly 
strong anisotropy in many material 
properties, including the dielectric 
permittivity — leading to a hyperbolic 
response that covers the entire visible 
range. The hyperbolic bands of two 
examples of this new class of hyperbolic 
materials — Bi2Se3−xTex, with x = 0 (Bi2Se3) 
and x = 3 (Bi2Te3) — are shown at the top 
of Fig. 2.

The tetradymites studied by 
Esslinger et al.14 are relatively lossy. 
Ellipsometry measurements showed that the 
imaginary part of the permittivity exceeds 
the values of its real counterpart for most of 
the visible spectrum. Thus, further progress 
in reducing optical absorption in this class of 
materials would be certainly welcome.

However, numerical simulations 
reported by Esslinger et al.14 demonstrate 
that super-resolution imaging could be 
possible even with the tetradymites that are 
already available.

This new class of natural hyperbolic 
materials therefore offers a viable alternative 
to metal–dielectric multilayers and nanowire 
composites as the hyperbolic medium of 
choice for use in nanophotonic devices, and 

Figure 2 | Hyperbolic frequency bands in natural materials. Blue and orange colours correspond to the bands with one and two negative components in 
the diagonal dielectric permittivity tensor, respectively. The top two lines (Bi2Se3 and Bi2Te3) represent the hyperbolic materials introduced by Esslinger and 
colleagues14. The vertical ‘spectrum bar’ indicates the wavelength range corresponding to visible light.
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from samples of different hBN thicknesses and different Au disk
diameters. For each of these, we determined the radius r1 of the
first-order ring and computed |tan y|¼ (r1" a)/d as a function of
the infrared frequency (Fig. 3a). As shown in Fig. 3b, all the
data collapse toward a single smooth curve computed from
Equation (2) using optical constants of hBN from ref. 33. Yet
another prediction of the model: the polaritonic rays travel along
the z axis provided that et(o) and therefore y(o) are vanishingly
small. This condition is satisfied at o¼ 1,610 cm" 1 (Fig. 2c)
where we observe almost 1:1 images of Au disks. Similar
behaviour was observed when instead of the disks more
complicated metallic shapes were imaged (Supplementary
Fig. 5). Thus, the totality of our data establishes the notion of
directional propagation of HP2 in hBN over macroscopic
distances with a frequency-tunable slope (Fig. 3b).

Real-space imaging of multiple guided polaritons in hBN. The
outlined real-space picture has a counterpart in its conjugate
momentum space. Mathematically, the resonance cones in the
real space are coherent superpositions of an infinite number of
polariton modes of a slab. Such modes are characterized by
quantized momenta, kz,l¼ (p/d)(lþ a), labelled by integer
index l 33. Here aB1 (in general, o-dependent) quantifies the
phase shift acquired at the total internal reflection from the slab
surfaces. Per Equation (1), the tangential momenta of these
modes are also quantized,

kt;lðoÞ ’ cot y oð Þkz;lðoÞ ¼
2p
d oð Þ

½lþ a oð Þ': ð5Þ

In the last step, we have applied Equation (3). For illustration, the
dispersion curves of such guided modes in the upper stop-band of
hBN of thickness 105 nm are shown in Fig. 1c, where they are
overlaid on the dispersion surface of bulk hBN. The same curves
are replotted as o vs kt in Fig. 4a. In Fig. 4b the dispersion curves
of the guided modes of lower stop-band are shown. An intriguing
aspect of these curves is that their slope qo/qkt is positive
(negative) in the upper (lower) band. This sign difference is a
consequence of the opposite direction of the group velocity vector
for the type I and type II cases, cf. Fig. 1a,b. Central to the
connection between the resonance cones in the real space and
the quantized momenta in the k-space is that these momenta
form an equidistant sequence of period Dkt¼ kt,lþ 1" kt,l¼ 2p/d.

Therefore, if several guided modes are excited simultaneously by
a source, their superposition would produce beats with period
2p/Dkt in real space. This is precisely the spacing d between
periodic revivals of the ‘hot rings’ (Equation (3) and Fig. 2).
Thus, the multi-ring images and the existence of higher-order
guided modes are complementary manifestations of the same
fundamental physics. In our previous work33, we reported nano-
imaging and nano-spectroscopic study of the lowest-momentum
guided mode l¼ 0 in hBN crystals. Below we present new results
documenting the first observation of the higher-order (up to
three) guided modes in such materials by direct nano-infrared
imaging.

To map the dispersion of HP2, we utilized hBN crystals on
SiO2 substrate without any intervening metallic disks (Methods).
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from samples of different hBN thicknesses and different Au disk
diameters. For each of these, we determined the radius r1 of the
first-order ring and computed |tan y|¼ (r1" a)/d as a function of
the infrared frequency (Fig. 3a). As shown in Fig. 3b, all the
data collapse toward a single smooth curve computed from
Equation (2) using optical constants of hBN from ref. 33. Yet
another prediction of the model: the polaritonic rays travel along
the z axis provided that et(o) and therefore y(o) are vanishingly
small. This condition is satisfied at o¼ 1,610 cm" 1 (Fig. 2c)
where we observe almost 1:1 images of Au disks. Similar
behaviour was observed when instead of the disks more
complicated metallic shapes were imaged (Supplementary
Fig. 5). Thus, the totality of our data establishes the notion of
directional propagation of HP2 in hBN over macroscopic
distances with a frequency-tunable slope (Fig. 3b).

Real-space imaging of multiple guided polaritons in hBN. The
outlined real-space picture has a counterpart in its conjugate
momentum space. Mathematically, the resonance cones in the
real space are coherent superpositions of an infinite number of
polariton modes of a slab. Such modes are characterized by
quantized momenta, kz,l¼ (p/d)(lþ a), labelled by integer
index l 33. Here aB1 (in general, o-dependent) quantifies the
phase shift acquired at the total internal reflection from the slab
surfaces. Per Equation (1), the tangential momenta of these
modes are also quantized,

kt;lðoÞ ’ cot y oð Þkz;lðoÞ ¼
2p
d oð Þ

½lþ a oð Þ': ð5Þ

In the last step, we have applied Equation (3). For illustration, the
dispersion curves of such guided modes in the upper stop-band of
hBN of thickness 105 nm are shown in Fig. 1c, where they are
overlaid on the dispersion surface of bulk hBN. The same curves
are replotted as o vs kt in Fig. 4a. In Fig. 4b the dispersion curves
of the guided modes of lower stop-band are shown. An intriguing
aspect of these curves is that their slope qo/qkt is positive
(negative) in the upper (lower) band. This sign difference is a
consequence of the opposite direction of the group velocity vector
for the type I and type II cases, cf. Fig. 1a,b. Central to the
connection between the resonance cones in the real space and
the quantized momenta in the k-space is that these momenta
form an equidistant sequence of period Dkt¼ kt,lþ 1" kt,l¼ 2p/d.

Therefore, if several guided modes are excited simultaneously by
a source, their superposition would produce beats with period
2p/Dkt in real space. This is precisely the spacing d between
periodic revivals of the ‘hot rings’ (Equation (3) and Fig. 2).
Thus, the multi-ring images and the existence of higher-order
guided modes are complementary manifestations of the same
fundamental physics. In our previous work33, we reported nano-
imaging and nano-spectroscopic study of the lowest-momentum
guided mode l¼ 0 in hBN crystals. Below we present new results
documenting the first observation of the higher-order (up to
three) guided modes in such materials by direct nano-infrared
imaging.

To map the dispersion of HP2, we utilized hBN crystals on
SiO2 substrate without any intervening metallic disks (Methods).
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ABSTRACT: Mid-infrared nanoimaging and spectroscopy
of two-dimensional (2D) materials have been limited so far
to scattering-type scanning near-field optical microscopy (s-
SNOM) experiments, where light from the sample is
scattered by a metallic-coated atomic force microscope
(AFM) tip interacting with the material at the nanoscale.
These experiments have recently allowed imaging of
plasmon polaritons in graphene as well as hyperbolic
phonon polaritons in hexagonal boron nitride (hBN). Here
we show that the high mechanical sensitivity of an AFM
cantilever can be exploited for imaging hyperbolic phonon
polaritons in hBN. In our imaging process, the lattice vibrations of hBN micrometer-sized flakes are locally enhanced by
the launched phonon polaritons. These enhanced vibrations are coupled to the AFM tip in contact with the sample surface
and recorded during scanning. Imaging resolution of Δ/20 is shown (Δ being the polaritonic fringes’ separation distance),
comparable to the best resolution in s-SNOM. Importantly, this detection mechanism is free from light background, and it
is in fact the first photonless detection of phonon polaritons.
KEYWORDS: hexagonal boron nitride, photothermal microscopy, phonon polaritons, nanoimaging, atomic force microscopy,
scanning near-field optical microscopy

The first atomic force microscope (AFM) was
evocatively labeled “touching microscope” to convey
that the microscope “feels” the sample’s atoms and can

produce an atomically resolved image of the surface. In their
first paper “Atomic Force Microscope”,1 Binning, Quate, and
Gerber had already envisioned a general-purpose device “that
will measure any type of force; not only interatomic forces, but
electromagnetic forces as well”. Today, the AFM is really a
general-purpose device used in many configurations for specific
force characterization, including electric force microscopy,2,3

magnetic force microscopy,4,5 microwave impedance micros-
copy,6,7 multifrequency force microscopy,8 etc. In its most
recent applications AFM has also been proposed in different
schemes for optical near-field imaging9−13 and spectroscopy at
the nanoscale without detecting any light.14−19

In this paper, we show imaging of optically excited
hyperbolic phonon polaritons (HP2) in hexagonal boron

nitride (hBN) flakes by monitoring only the mechanical
oscillations induced in an AFM cantilever.
Phonon polaritons, as well as surface plasmon polaritons

(SPPs), have attracted great interest for many years due to their
role as energy carriers.20−22 In fact, directional control of
electromagnetic energy propagation in flat optoelectronic
devices needs strong coupling of electromagnetic waves to
local material excitations. SPPs are generated by collective
excitations of electrons (e.g., at a metal−dielectric interface),
while an electromagnetic wave coupled to the lattice vibrations
(phonons) of a polar crystal gives rise to the excitation of
phonon polaritons.
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• resolution of a “hyperbolic” microscope is not 
limited by the (free-space) wavelength  

• (e.g. visible light microscope with X-ray resolution) 

• light (in a hyperbolic medium) can be focused to 
arbitrarily* small spot  

• forbidden optical transitions are not forbidden 

• LED modulation speed is not limited by the 
spontaneous emission rate of its active medium 

• and a lot more (negative refraction, “darker-than-
black” materials, etc.)

* subject to the atom size constraint



The Hyperlens 

Super-resolution      +      Magnification  
⇒ ⇒

Hyperbolic Metamaterial     Curvature 



Inner radius ~ λ, outer radius ~ 5 λ

Z. Jacob, L. Alekseyev, EN, Optics Express 2006 
A. Salandrino, N. Engheta, PRB 2006



X. Zhang et al, 
Science 2007

The Hyperlens : experiment





“Hyperlens” in the text of the article



J. Sun, T. Xu, and N. M. Litchinitser, NanoLetters 16 (12), 7905 (2016)



• resolution of a “hyperbolic” microscope is not 
limited by the (free-space) wavelength  

• light (in a hyperbolic medium) can be focused to 
arbitrarily* small spot  

• forbidden optical transitions are not forbidden 

• LED modulation speed is not limited by the 
spontaneous emission rate of its active medium 

• and a lot more (negative refraction, “darker-than-
black” materials, etc.)

* subject to the atom size constraint
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268 S. Ishii et al.: Sub-wavelength interference in a hyperbolic medium

Figure 3 (online color at: www.lpr-journal.org) Angular depen-
dence of VPPs for a silver-silica lamellar structure. (a) the angular
dependence of the effective permittivity (red, ε′(ϕ); blue, ε′′(ϕ))
calculated from Eq. (6); (b) the critical angle of the resonance
cone θc obtained using the dependence tan θ = (εo/εe) tan ϕ

shown as a solid-red line; (c) wavelength dependence of the
VPP angles: comparison of the critical angles (θc) obtained
either through ϕc from the resonance condition ε′(ϕc) = 0 for
Eq. (6) and θc = tan−1[Re(εo/εe) tan ϕc], or directly from max
|s(ρ, θ )|. (d) normalized Poynting vector amplitude calculated
from the exact formula (Eq. (4) and the far-field approximation
(Eq. (5) plotted against angle (θ).

two-beam interference can be accomplished. Thus, in con-
trast to the imaging devices built on ENZ materials and
dielectric HMMs [8, 9, 26–28], optical devices exploiting
wedge-confined diffraction in the metallic hyperbolic me-
dia may offer lucrative applications for photo-lithography
and light response probing.

Several numerical studies have shown that it is possible
to obtain an interference peak much smaller than the free-
space wavelength [29–33]. There are however many aspects
of light-matter interaction in such hyperbolic metamaterials
to be clarified for experimental realization. These include
the essentially nonlocal response of the free electrons [34]
(defined by the carrier mean-free path) and the defects at the
layer boundaries which can lead to strong scattering into
the high-k modes of the hyperbolic media. These issues
are especially crucial in the case of the metallic range of
hyperbolic media supporting VPPs (see isofrequency curve
in Fig. 2(d)).

3. Experimental demonstration of
sub-wavelength interference in a hyperbolic
medium

Next, we experimentally demonstrate that the metallic
HMMs support propagation of the VPPs along the wedge

Figure 4 (online color at: www.lpr-journal.org) Schematic dia-
gram (a) and a SEM image (b) of the double slit milled in a
chromium film. (c) Schematic diagram of the double slit with a
silver-silica lamellar HMM slab in contact with a photoresist layer.
(d) Schematic diagram of double slit with a reference silica slab
in contact with a photoresist layer. Incident and diffracted fields
are shown in red. AFM images after develop for the silver-silica
lamellar HMM sample (e) and the silica layer sample (f). The di-
mensions of the images in x axis are 600 nm and 1000 nm for (e)
and (f), respectively. The dimensions of the images for (e) and (f)
in x and y directions are 1500 nm and 600 nm, respectively.

surface defined by the condition of crossing zero epsilon
(ε′(ϕc) = 0, i.e. the boundary of the evanescent wave). An
interference of two volume waves from individual double-
slits results in a sub-wavelength pattern, which is clearly
demonstrated in our photolithography experiment. We see
that the interfering waves go through the hyperbolic mul-
tilayer metamaterial and hit the photoresist layer. Differ-
ent power-to-time product of the exposure show similar
patterns at different depths. Due to localized propagations
of the VPPs, a relatively thin structure supports the inter-
ference of the two beams, simplifying its fabrication and
integration into a potential planar photonic device. Thus,
the operation principles and design of our focusing device
are different from imaging or transformation optics devices
such as the designs of cylindrical hyperlens or planar hy-
perlens requiring curved layers [8, 9, 26–28].

The fabrication process began by depositing a 50-nm
chromium film on a glass substrate using an electron-beam
evaporator. The double slit design was then milled into the
chromium film using a focused ion beam (FIB) (FEI, Nova
200). A schematic diagram and a scanning electron micro-
scope (SEM) image of the double slit are shown in Fig. 4(a)
and (b), respectively. The separation of the two slits is
270 nm, and the width of each slit is 50 nm. In order to fill the
slits, we spin-coated diluted PMMA on the chromium film.
The PMMA solution was prepared by diluting 950PMMA
A4 (MicroChem Corp.) with Anisole in a one to four vol-
ume ratio. This gives a final film thickness of 18 nm after
spin coating at 3000 rpm for 40 seconds and a soft-bake

C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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|s(ρ, θ )|. (d) normalized Poynting vector amplitude calculated
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two-beam interference can be accomplished. Thus, in con-
trast to the imaging devices built on ENZ materials and
dielectric HMMs [8, 9, 26–28], optical devices exploiting
wedge-confined diffraction in the metallic hyperbolic me-
dia may offer lucrative applications for photo-lithography
and light response probing.

Several numerical studies have shown that it is possible
to obtain an interference peak much smaller than the free-
space wavelength [29–33]. There are however many aspects
of light-matter interaction in such hyperbolic metamaterials
to be clarified for experimental realization. These include
the essentially nonlocal response of the free electrons [34]
(defined by the carrier mean-free path) and the defects at the
layer boundaries which can lead to strong scattering into
the high-k modes of the hyperbolic media. These issues
are especially crucial in the case of the metallic range of
hyperbolic media supporting VPPs (see isofrequency curve
in Fig. 2(d)).

3. Experimental demonstration of
sub-wavelength interference in a hyperbolic
medium

Next, we experimentally demonstrate that the metallic
HMMs support propagation of the VPPs along the wedge

Figure 4 (online color at: www.lpr-journal.org) Schematic dia-
gram (a) and a SEM image (b) of the double slit milled in a
chromium film. (c) Schematic diagram of the double slit with a
silver-silica lamellar HMM slab in contact with a photoresist layer.
(d) Schematic diagram of double slit with a reference silica slab
in contact with a photoresist layer. Incident and diffracted fields
are shown in red. AFM images after develop for the silver-silica
lamellar HMM sample (e) and the silica layer sample (f). The di-
mensions of the images in x axis are 600 nm and 1000 nm for (e)
and (f), respectively. The dimensions of the images for (e) and (f)
in x and y directions are 1500 nm and 600 nm, respectively.

surface defined by the condition of crossing zero epsilon
(ε′(ϕc) = 0, i.e. the boundary of the evanescent wave). An
interference of two volume waves from individual double-
slits results in a sub-wavelength pattern, which is clearly
demonstrated in our photolithography experiment. We see
that the interfering waves go through the hyperbolic mul-
tilayer metamaterial and hit the photoresist layer. Differ-
ent power-to-time product of the exposure show similar
patterns at different depths. Due to localized propagations
of the VPPs, a relatively thin structure supports the inter-
ference of the two beams, simplifying its fabrication and
integration into a potential planar photonic device. Thus,
the operation principles and design of our focusing device
are different from imaging or transformation optics devices
such as the designs of cylindrical hyperlens or planar hy-
perlens requiring curved layers [8, 9, 26–28].

The fabrication process began by depositing a 50-nm
chromium film on a glass substrate using an electron-beam
evaporator. The double slit design was then milled into the
chromium film using a focused ion beam (FIB) (FEI, Nova
200). A schematic diagram and a scanning electron micro-
scope (SEM) image of the double slit are shown in Fig. 4(a)
and (b), respectively. The separation of the two slits is
270 nm, and the width of each slit is 50 nm. In order to fill the
slits, we spin-coated diluted PMMA on the chromium film.
The PMMA solution was prepared by diluting 950PMMA
A4 (MicroChem Corp.) with Anisole in a one to four vol-
ume ratio. This gives a final film thickness of 18 nm after
spin coating at 3000 rpm for 40 seconds and a soft-bake
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hyperbolic medium the angle between the group velocity and
the material symmetry axis z ̂ ≡ n̂ (see the inset to Figure 1a)
approaches the value of θ = −ϵ ϵτarctan / nc . As a result, for a
point source placed at the edge of such a medium, the emission
intensity diagram forms a conical pattern (see Figure 1b−d,
calculated for a practical realization of hyperbolic media using a
silver-glass layered metamaterial), with the “thickness” of the
expanding conical “sheet” of electromagnetic radiation well
below the free-space wavelength. This phenomenon is now well
established13 and has recently been successfully used for
subwavelength optical lithography.14

As strong material dispersion is inherent to hyperbolic
materials, a change in the frequency ω will result in a substantial

variation of the emission cone angle θc, as illustrated in Figure
1a for three different wavelengths. While generally considered
detrimental to metamaterial applications (since this would
immediately push the system away from whatever resonant
condition it was designed for), it is precisely this property that
is essential to the concept of the hyperstructured illumination.
While a single source (or an opening) at the bottom of the
hyperbolic “substrate” illuminates only a small part of the object
plane at its “top”, a change in the electromagnetic frequency
would allow sweeping the entire object plane (see Figure 1b−
d). As a result, a complete subwavelength image can be
obtained in a single hyperspectral measurement.
This behavior is further illustrated in Figure 2, which shows

the object formed by four silicon nanowires on top of the silver-

glass metamaterial (10 silver and 11 glass layers, each 5 nm
thick; see Figure 2a), illuminated at wavelengths of 425 nm
(panel b) and 575 nm (panel c). Note the subwavelength
localization of the electromagnentic field near the object and a
dramatic difference in the intensity distribution for different

Figure 1. (a) Isofrequency curves in a silver-glass hyperbolic
metamaterial, for three different free-space wavelengths λ0: 425 nm
(blue curves), 550 nm (green), and 750 nm (red). Solid curves are
obtained from the exact calculation taking into account the finite width
(a = 5 nm) and the actual material loss of each layer, while the dashed
lines correspond to the effective medium approximation (see eq 1).
The arrows normal to the isofrequency curves indicate the directions
of the group velocity. The inset shows the schematics of the silver-glass
hyperbolic metamaterial and introduces the coordinate system. (b−d)
Magnetic field intensity for light of different wavelengths (λ0 = 425 nm
(b), 550 nm (c), and 750 nm (d)), incident from z < 0 half-space onto
the hyperbolic metamaterial formed on top of a thick silver film with a
narrow slit centered at x = 0. The slit is parallel to the y-axis and is 5
nm wide in the x-direction. Note the conical emission pattern typical
for any point source in a hyperbolic medium and strong sensitivity of
its directionality to the wavelength.

Figure 2. Hyperstructured illumination, with silver-glass hyperbolic
metamaterial substrate. (a) Geometry of the imaging system, with dark
and light gray regions corresponding to silver and glass layers (each 5
nm thick), respectively. Depending on the illumination wavelength,
light incident from the slit at the bottom of the metamaterial
illuminates different areas of the target; see panels (b) and (c), with a
subdiffraction resolution. The imaging target consists of four long
silicon nanowires with a rectangular cross-section of 20 nm × 10 nm,
aligned along the y-direction. The false-color representation shows the
magnitude of the magnetic field, calculated taking full account of the
material absorption in the system.
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hyperbolic medium the angle between the group velocity and
the material symmetry axis z ̂ ≡ n̂ (see the inset to Figure 1a)
approaches the value of θ = −ϵ ϵτarctan / nc . As a result, for a
point source placed at the edge of such a medium, the emission
intensity diagram forms a conical pattern (see Figure 1b−d,
calculated for a practical realization of hyperbolic media using a
silver-glass layered metamaterial), with the “thickness” of the
expanding conical “sheet” of electromagnetic radiation well
below the free-space wavelength. This phenomenon is now well
established13 and has recently been successfully used for
subwavelength optical lithography.14

As strong material dispersion is inherent to hyperbolic
materials, a change in the frequency ω will result in a substantial

variation of the emission cone angle θc, as illustrated in Figure
1a for three different wavelengths. While generally considered
detrimental to metamaterial applications (since this would
immediately push the system away from whatever resonant
condition it was designed for), it is precisely this property that
is essential to the concept of the hyperstructured illumination.
While a single source (or an opening) at the bottom of the
hyperbolic “substrate” illuminates only a small part of the object
plane at its “top”, a change in the electromagnetic frequency
would allow sweeping the entire object plane (see Figure 1b−
d). As a result, a complete subwavelength image can be
obtained in a single hyperspectral measurement.
This behavior is further illustrated in Figure 2, which shows

the object formed by four silicon nanowires on top of the silver-

glass metamaterial (10 silver and 11 glass layers, each 5 nm
thick; see Figure 2a), illuminated at wavelengths of 425 nm
(panel b) and 575 nm (panel c). Note the subwavelength
localization of the electromagnentic field near the object and a
dramatic difference in the intensity distribution for different

Figure 1. (a) Isofrequency curves in a silver-glass hyperbolic
metamaterial, for three different free-space wavelengths λ0: 425 nm
(blue curves), 550 nm (green), and 750 nm (red). Solid curves are
obtained from the exact calculation taking into account the finite width
(a = 5 nm) and the actual material loss of each layer, while the dashed
lines correspond to the effective medium approximation (see eq 1).
The arrows normal to the isofrequency curves indicate the directions
of the group velocity. The inset shows the schematics of the silver-glass
hyperbolic metamaterial and introduces the coordinate system. (b−d)
Magnetic field intensity for light of different wavelengths (λ0 = 425 nm
(b), 550 nm (c), and 750 nm (d)), incident from z < 0 half-space onto
the hyperbolic metamaterial formed on top of a thick silver film with a
narrow slit centered at x = 0. The slit is parallel to the y-axis and is 5
nm wide in the x-direction. Note the conical emission pattern typical
for any point source in a hyperbolic medium and strong sensitivity of
its directionality to the wavelength.

Figure 2. Hyperstructured illumination, with silver-glass hyperbolic
metamaterial substrate. (a) Geometry of the imaging system, with dark
and light gray regions corresponding to silver and glass layers (each 5
nm thick), respectively. Depending on the illumination wavelength,
light incident from the slit at the bottom of the metamaterial
illuminates different areas of the target; see panels (b) and (c), with a
subdiffraction resolution. The imaging target consists of four long
silicon nanowires with a rectangular cross-section of 20 nm × 10 nm,
aligned along the y-direction. The false-color representation shows the
magnitude of the magnetic field, calculated taking full account of the
material absorption in the system.
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Hyper-Structured Illumination
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Hyper-Structured Illumination
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Hyper-Structured Illumination
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ABSTRACT: An optical metamaterial is capable of manipulating light in nanometer scale that goes beyond what is
possible with conventional materials. Taking advantage of this special property, metamaterial-assisted illumination
nanoscopy (MAIN) possesses tremendous potential to extend the resolution far beyond conventional structured
illumination microscopy. Among the available MAIN designs, hyperstructured illumination that utilizes strong dispersion
of a hyperbolic metamaterial (HMM) is one of the most promising and practical approaches, but it is only theoretically
studied. In this paper, we experimentally demonstrate the concept of hyperstructured illumination. A ∼ 80 nm resolution
has been achieved in a well-known Ag/SiO2 multilayer HMM system by using a low numerical aperture objective (NA =
0.5), representing a 6-fold resolution enhancement of the diffraction limit. The resolution can be significantly improved
by further material optimization.
KEYWORDS: super-resolution, hyperbolic metamaterial, structured illumination microscopy, nanofabrication, plasmonics

The conventional optical microscope has its resolution
limit at one-half of the wavelength due to the
diffraction of light. Modern super-resolution techni-

ques, including single-molecule localization microscopy1− 3 and
stimulated emission depletion microscopy,4 overcome the limit
by taking advantages of the fluorescing mechanism. Although
their resolution could be ultrahigh (sub-10 nm),5 the speed or
phototoxicity must be compromised. Structured illumination
microscopy (SIM),6,7 on the other hand, combines wide-field

capability, high frame rate, and low phototoxicity, leading to
wide adoption in super-resolution applications. However, its
resolution is typically limited at twice the diffraction limit.
Metamaterials provide an alternative solution for super-

resolution that does not necessarily rely on fluorescence.
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=x y E x x yPSF ( , ) ( ) PSF( , )eff (12)

Since E(x) typically has a much smaller full width at half
maximum (FWHM) than the point spread function of a
microscope, hyperstructured illumination has great resolution
improvement along the x direction. The synchronized scan of
the digital aperture and laser focal spot makes the process
similar to a confocal laser scan microscope.31

To test the imaging resolution, we image a tilted line pair in
the Si3N4 membrane shown in Figure 5. The objects are made
by FIB milling. The spectral image is taken by the same
experimental setup used for Figure 4. We use a Zeiss 50×/NA
0.5 objective lens, and hence, the FWHM of the PSF is ∼λ.
From full wave simulation of the prepared Ag−SiO2 multilayer
HMM, the FWHM of E(x) is ∼80 nm (operating wavelength:
500 nm), which mainly determines the resolving power. The
dispersion coefficient D is measured to be ∼0.81 nm/nm
(position/wavelength). The dispersion coefficient D is mainly
determined by the number of Ag−SiO2 pairs and, hence, the
total thickness of the multilayer. In the far-field optical
measurement, it is hard to precisely know x0, which is related
to the location of the slit on the Cr mask. Fortunately, a small
misalignment of x0 will not affect the resolving power.31 For
the imaging reconstruction in Figure 5, a scan of x0 is
performed, and the final x0 is manually selected based on the
quality of the reconstructed images. As observed from the SEM

image, the two slits gradually merge. A similar optical image is
reconstructed. The intensity cross-section revealed that the
hyperstructured illumination method can resolve down to ∼84
nm, which is already close to the simulated FWHM of the
tested multilayer system consisting of Ag−SiO2 stacks (6 pairs;
thickness of each layer, 14 nm). When the two slits are too
close, it becomes a single deep slit milled into the HMM layer,
which dramatically changes the dispersion relationship, causing
a defect at the bottom part of the reconstructed optical image.
The imaging reconstruction forms a super-resolution image

without knowing the exact shape of E(x), which might be
affected by HMM and the nanoslit quality and is hard to
measure directly from the far field. Only the dispersion
property of the HMM needs to be calibrated. It is worthy to
note that wavelength dependence of the point spread function
PSF(x, y) and pattern E(x) is ignored in the above notations.
In practice, the wavelength dependence will result in a spatially
variant effective point spread function.

CONCLUSIONS
We studied a Ag/SiO2 hyperbolic metamaterial to be used in a
metamaterial-assisted illumination nanoscope (MAIN) with
one-dimensional resolution improvement. By making artificial
structures on both sides of the HMM, we characterize its
material dispersion and show a 1D super-resolution image
from a hyperspectral image acquired at the far field. This study
shows that hyperstructured illumination is practically feasible,
which provides an alternative method for nonfluorescent
super-resolution surface imaging.
The resolution is mainly determined by the highest spatial-

frequency wave the HMM can carry, and it is proportional to
the unit pair size of the HMM multilayer.17,24 For the Ag/SiO2
system, a unit pair size of 20 nm is practically achievable by the
sputtering method, which can bring the resolution down to
∼50 nm. Other epitaxial growth metamaterial systems (e.g.,
TiN/dielectric,32 Ag/MgO33) that have a unit pair size down
to a few nanometers can dramatically improve the resolution.
Another practical concern of imaging is the accuracies to

estimate near-field illumination patterns. Distortion of near-
field patterns happens when there is imperfections in the

Figure 4. Verification of spatial-spectral mapping. (a) Schematic
illustration of the relative location between the coupling slit in the
Cr film (dashed yellow line) and the object slit in the Si3N4 film
(solid red line). The angle α is 1.51 degrees (exaggerated in the
drawing). L: 10 μm. (b) Diffraction-limited RGB image of the
tilted slit. The three channels (RGB) are acquired in series by
setting the tunable bandpass filter to [460 nm: 500 nm], [510 nm:
570 nm], and [580 nm: 700 nm], respectively. (c) Scanning
electron microscope (SEM) image of the entire slit in the Si3N4
membrane. (d) Spectral response along the y direction (and
distance d along the x direction) in (c) at indicated locations
(white dashed line). Distance d is calculated based on the known
geometrical relationship with y. Red circles: Peak positions of each
measured spectrum. Blue dashed line: Full wave simulation of
near-field beam locations versus wavelength for the same Ag/SiO2
multilayer.

Figure 5. Super-resolution image demonstration. Left: SEM image
of a tilted pair of slits milled into the Si3N4 layer. Slit width: ∼35
nm. Middle: Super-resolution image. Right: Cross-section of the
image at indicated locations. Blue solid line: Super-resolution
image. Black dashed line: SEM image (inverted). Scale bar: 100
nm. The field of view is affected by the wavelength range of the
hyperspectral image. Wavelength range: 460−700 nm.
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Single “line” object

solid 3D letters of various heights, etched in a dielectric
surface) and the corresponding Motti projection. Note that the

changes in intensity of the image represent the differences in
the variations of the local height of the object in the z-
direction.

Sample Preparation. The test sample of hyperstructured
illumination consists of a layer of Cr mask, an HMM made by
multiple pairs of Ag and SiO2, and a Si3N4 layer serving as an
object, as illustrated in Figure 3a. The fabrication process starts
from a Si3N4 membrane window (Figure 3b). Six pairs of Ag/
SiO2 (thickness per layer: 14 nm, ratio: 1:1) is deposited on
the 50 nm thick Si3N4 membrane. Then the HMM is covered
by a 40 nm Cr layer. All layers are deposited by magnetron
sputtering. The quality of the hyperbolic metamaterial is
examined by imaging its cross-section by FIB-SEM. The Ag
and SiO2 layers are well separated from each other (Figure 3c).
The same focused ion beam (FIB) is used to make nanoslits on
both sides of the sample. Straight lines (∼few micrometers
long) are milled on the Cr mask to couple light into the HMM.
The SEM image of the milled straight line shows a line width
of ∼27 nm (Figure 3d). The 50 nm thick Si3N4 layer is used as
the artificial object layer. Two different objects are milled into
it by FIB to demonstrate the performance of hyperstructured
illumination in the following two sections.

Verification of the HMM Dispersion. The first artificial
object is designed to experimentally measure spatial-spectral
mapping: the relationship between the illuminated position
and the incident wavelength. This spatial-spectral mapping is
mainly determined by the dispersive permittivity of the HMM.
A ∼10 μm long line is milled into a Si3N4 membrane to
interact with one of the two symmetrical near-field “rainbow”
patterns generated by the single nanoslit in the Cr mask. A
small tilting angle (α = 1.51 degree) between the slits on either
side of the HMM makes separation d changes along the y
direction, as illustrated in Figure 4a and imaged by a scanning
electron microscope (SEM) in Figure 4c. The sample is
measured by a dark-field microscope shown in Figure 1 (see
Methods/Experimental for setup details). Based on the HMM
dispersion property, as d increases, the spectrum of this tilted
line shifts to longer wavelength. This phenomenon is first
observed from an RGB image (Figure 4b) in the far field and

Figure 1. Hyperstructured illumination and its experimental setup.
The hyperbolic metamaterial (HMM) sample is imaged under a
conventional microscope in dark-field configuration. A super-
continuum laser, equipped with a tunable bandpass filter, which
serves as a light source, scans its output wavelength from 460 to
840 nm in series, while the HMM sample is imaged by a camera to
form a hyperspectral image I(x, y, λ). The dark-field mode ensures
that only scattered signal (drawn in light yellow) from the objects
(on top of the HMM sample) is collected. (a) Scattering signal
from particles at different positions have a different wavelength,
respectively. (b) The hyperstructured illumination device has
incoming light coupled through a nanoslit. The HMM then
projects a nanoscale “rainbow” on its top surface to illuminate the
object.

Figure 2. Motti projection. Three examples of a solid object: the word “Abbe” etched in a dielectric surface, with different variations of the
height of the letters (left column), and the corresponding Motti projections. Note that an increase in height of the object leads to an increase
in the brightness of the image at the corresponding location.
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ABSTRACT: An optical metamaterial is capable of manipulating light in nanometer scale that goes beyond what is
possible with conventional materials. Taking advantage of this special property, metamaterial-assisted illumination
nanoscopy (MAIN) possesses tremendous potential to extend the resolution far beyond conventional structured
illumination microscopy. Among the available MAIN designs, hyperstructured illumination that utilizes strong dispersion
of a hyperbolic metamaterial (HMM) is one of the most promising and practical approaches, but it is only theoretically
studied. In this paper, we experimentally demonstrate the concept of hyperstructured illumination. A ∼ 80 nm resolution
has been achieved in a well-known Ag/SiO2 multilayer HMM system by using a low numerical aperture objective (NA =
0.5), representing a 6-fold resolution enhancement of the diffraction limit. The resolution can be significantly improved
by further material optimization.
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The conventional optical microscope has its resolution
limit at one-half of the wavelength due to the
diffraction of light. Modern super-resolution techni-

ques, including single-molecule localization microscopy1− 3 and
stimulated emission depletion microscopy,4 overcome the limit
by taking advantages of the fluorescing mechanism. Although
their resolution could be ultrahigh (sub-10 nm),5 the speed or
phototoxicity must be compromised. Structured illumination
microscopy (SIM),6,7 on the other hand, combines wide-field

capability, high frame rate, and low phototoxicity, leading to
wide adoption in super-resolution applications. However, its
resolution is typically limited at twice the diffraction limit.
Metamaterials provide an alternative solution for super-

resolution that does not necessarily rely on fluorescence.
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“Double line” object (“V”) :

=x y E x x yPSF ( , ) ( ) PSF( , )eff (12)

Since E(x) typically has a much smaller full width at half
maximum (FWHM) than the point spread function of a
microscope, hyperstructured illumination has great resolution
improvement along the x direction. The synchronized scan of
the digital aperture and laser focal spot makes the process
similar to a confocal laser scan microscope.31

To test the imaging resolution, we image a tilted line pair in
the Si3N4 membrane shown in Figure 5. The objects are made
by FIB milling. The spectral image is taken by the same
experimental setup used for Figure 4. We use a Zeiss 50×/NA
0.5 objective lens, and hence, the FWHM of the PSF is ∼λ.
From full wave simulation of the prepared Ag−SiO2 multilayer
HMM, the FWHM of E(x) is ∼80 nm (operating wavelength:
500 nm), which mainly determines the resolving power. The
dispersion coefficient D is measured to be ∼0.81 nm/nm
(position/wavelength). The dispersion coefficient D is mainly
determined by the number of Ag−SiO2 pairs and, hence, the
total thickness of the multilayer. In the far-field optical
measurement, it is hard to precisely know x0, which is related
to the location of the slit on the Cr mask. Fortunately, a small
misalignment of x0 will not affect the resolving power.31 For
the imaging reconstruction in Figure 5, a scan of x0 is
performed, and the final x0 is manually selected based on the
quality of the reconstructed images. As observed from the SEM

image, the two slits gradually merge. A similar optical image is
reconstructed. The intensity cross-section revealed that the
hyperstructured illumination method can resolve down to ∼84
nm, which is already close to the simulated FWHM of the
tested multilayer system consisting of Ag−SiO2 stacks (6 pairs;
thickness of each layer, 14 nm). When the two slits are too
close, it becomes a single deep slit milled into the HMM layer,
which dramatically changes the dispersion relationship, causing
a defect at the bottom part of the reconstructed optical image.
The imaging reconstruction forms a super-resolution image

without knowing the exact shape of E(x), which might be
affected by HMM and the nanoslit quality and is hard to
measure directly from the far field. Only the dispersion
property of the HMM needs to be calibrated. It is worthy to
note that wavelength dependence of the point spread function
PSF(x, y) and pattern E(x) is ignored in the above notations.
In practice, the wavelength dependence will result in a spatially
variant effective point spread function.

CONCLUSIONS
We studied a Ag/SiO2 hyperbolic metamaterial to be used in a
metamaterial-assisted illumination nanoscope (MAIN) with
one-dimensional resolution improvement. By making artificial
structures on both sides of the HMM, we characterize its
material dispersion and show a 1D super-resolution image
from a hyperspectral image acquired at the far field. This study
shows that hyperstructured illumination is practically feasible,
which provides an alternative method for nonfluorescent
super-resolution surface imaging.
The resolution is mainly determined by the highest spatial-

frequency wave the HMM can carry, and it is proportional to
the unit pair size of the HMM multilayer.17,24 For the Ag/SiO2
system, a unit pair size of 20 nm is practically achievable by the
sputtering method, which can bring the resolution down to
∼50 nm. Other epitaxial growth metamaterial systems (e.g.,
TiN/dielectric,32 Ag/MgO33) that have a unit pair size down
to a few nanometers can dramatically improve the resolution.
Another practical concern of imaging is the accuracies to

estimate near-field illumination patterns. Distortion of near-
field patterns happens when there is imperfections in the

Figure 4. Verification of spatial-spectral mapping. (a) Schematic
illustration of the relative location between the coupling slit in the
Cr film (dashed yellow line) and the object slit in the Si3N4 film
(solid red line). The angle α is 1.51 degrees (exaggerated in the
drawing). L: 10 μm. (b) Diffraction-limited RGB image of the
tilted slit. The three channels (RGB) are acquired in series by
setting the tunable bandpass filter to [460 nm: 500 nm], [510 nm:
570 nm], and [580 nm: 700 nm], respectively. (c) Scanning
electron microscope (SEM) image of the entire slit in the Si3N4
membrane. (d) Spectral response along the y direction (and
distance d along the x direction) in (c) at indicated locations
(white dashed line). Distance d is calculated based on the known
geometrical relationship with y. Red circles: Peak positions of each
measured spectrum. Blue dashed line: Full wave simulation of
near-field beam locations versus wavelength for the same Ag/SiO2
multilayer.

Figure 5. Super-resolution image demonstration. Left: SEM image
of a tilted pair of slits milled into the Si3N4 layer. Slit width: ∼35
nm. Middle: Super-resolution image. Right: Cross-section of the
image at indicated locations. Blue solid line: Super-resolution
image. Black dashed line: SEM image (inverted). Scale bar: 100
nm. The field of view is affected by the wavelength range of the
hyperspectral image. Wavelength range: 460−700 nm.
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Hyper-Structured Illumination High and Low

(Can) learn a lot:

vs.



• resolution of a “hyperbolic” microscope is not 
limited by the (free-space) wavelength  

• light (in a hyperbolic medium) can be focused to 
arbitrarily* small spot  

• forbidden optical transitions are not forbidden 

• LED modulation speed is not limited by the 
spontaneous emission rate of its active medium 

• and a lot more (negative refraction, “darker-than-
black” materials, etc.)

* subject to the atom size constraint



Photonic Density of States

N(ω) - number of states  
with frequency below ω
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DOS = ∞, ∀ω !

Photonic DOS in a Hyperbolic Medium: 
“Super”- Singularity !

I.Smolyaninov & EN, PRL 105, 067402 (2010)
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Broadband enhancement of spontaneous emission from nitrogen-vacancy
centers in nanodiamonds by hyperbolic metamaterials
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We experimentally demonstrate a broadband enhancement of emission from nitrogen-vacancy
centers in nanodiamonds. The enhancement is achieved by using a multilayer metamaterial with
hyperbolic dispersion. The metamaterial is fabricated as a stack of alternating gold and alumina
layers. Our approach paves the way towards the construction of efficient single-photon sources as
planar on-chip devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804262]

Nitrogen-vacancy (NV) centers in diamond have recently
attracted widespread attention from the quantum optics com-
munity.1 It has been shown that NV centers in diamond gener-
ate stable, broadband, and anti-bunched emission at room
temperature, which makes it possible to use them as an effi-
cient source of single-photons.2 Also importantly, a NV center
can serve as a key component in a quantum bit (qubit) for
future information technology. Such centers are able to store
quantum information for a significant amount of time, and be
read out optically.3 The efficiency of the NV center as both a
single-photon generator and an element of a qubit is directly
related to its spontaneous emission rate. Other important
applications of NV centers, such as nanoscale electric4 and
magnetic5,6 field sensors, will also strongly benefit from
higher emission efficiency and an increased flux of single
photons.

According to Fermi’s golden rule, the radiative decay
rate depends on both the internal properties of an emitter and
the density of electromagnetic modes in the environment.
Therefore, engineering the light source environment (Purcell
effect) can lead to improvement of the spontaneous emission
rate.7 So far, this idea has been implemented with resonant
structures, such as optical resonators,8,9 photonic crystal cav-
ities,10 and plasmonic apertures,11 which are all bandwidth-
limited. In this work, we experimentally study non-resonant
broadband enhancement of the emission from NV centers
coupled with hyperbolic metamaterials (HMMs).12– 14

Our approach takes advantage of the large photonic den-
sity of states (PDOS) in a broad range of wavelengths, which
is a striking property of HMMs.15,16 The PDOS, similar to
its electronic counterpart, can be quantified as the volume in
k-space between isofrequency surfaces xðkÞ and xðkÞ þ dx.
For extraordinary waves in a uniaxial anisotropic medium
with dielectric tensor e ¼ diag½ek; ek; e?&, iso-frequency
surfaces are defined by the following dispersion relation:

x2=c2 ¼ k2
k=e? þ k2

?=ek; (1)

where subscripts “?”and “k” indicate the directions perpen-
dicular and parallel to the plane of anisotropy, respectively.
In case of conventional materials with e?; ek > 0, PDOS is
equivalent to an infinitesimally thin ellipsoidal shell in
k-space. However, in a medium with hyperbolic dispersion
e? and ek are of the opposite sign which produces a hyper-
boloid shell whose volume is infinitely large in the effective
medium limit (i.e., broadband singularity in PDOS appears).
As a result, such a medium allows the propagation of spatial
modes with an arbitrarily large wave vectors. However, in
real structures, the maximum value of the wave vector is re-
stricted by the size of the metamaterial unit cell (which is
much smaller than the wavelength in a metamaterial).

The HMM could be achieved as a lamellar structure
consisting of alternating subwavelength-thick layers of metal
and dielectric17,18 or as an array of nanowires embedded into
a dielectric host matrix.19,20 In this work, we fabricated mul-
tilayer HMMs consisting of 16 alternating layers of gold
(Au) and alumina (Al2O3) with each being 19 nm thick, to
form an overall thickness of 304 nm. Films of Au and Al2O3

were subsequently deposited on a 0.7-mm-thick glass sub-
strate using electron-beam evaporation, with the top layer
being Au. The thicknesses of the films were measured by
quartz crystal microbalance. Dielectric functions of the fabri-
cated HMM were retrieved by using spectroscopic ellipsom-
etry (V-VASE, J. A. Woollam Co.).21 The effective medium
parameters are shown in Fig. 1. Note that Re e? > 0 and
Re ek < 0 are the signature of hyperbolic dispersion.

Based on our previous characterization,22 we used
nanodiamonds containing NV centers which were obtained
in an aqueous suspension of 0.05% w/v from the Institute
of Atomic and Molecular Sciences (Academia Sinica,
Taiwan).23 The average size of the crystals is reported to be
35 nm. According to manufacturer’s information, the nano-
diamonds were originally purchased from Microdiamant
(Switzerland), and were additionally bombarded with 40-
keV He2þ ions and afterwards annealed at 800 'C for 2 h to
increase the concentration of NV centers. On average, there
are ten centers per crystal.24 Subsequently, a 100-times
diluted aqueous suspension containing nanodiamonds wasa)Electronic mail: shalaev@purdue.edu
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spin-coated at 3000 rpm onto a substrate. The dilution is
necessary for increasing the distance between nanodia-
monds and avoiding the formation of agglomerates when
deposited on a substrate.

The emission spectra of NV centers were measured
when placed in the vicinity of the HMM [Fig. 2]. In order
to avoid photoluminescence quenching by a metallic sur-
face, we spin-coated a 30-nm-thick spacer layer composed
of diluted SU-8 photoresist (1:5 mixture with SU-8 thinner)
at 5000 rpm on top of the uppermost gold layer followed by
the dispersion of nanodiamonds. The fluorescence signal
from NV centers was obtained using a custom-made scan-
ning confocal microscope.25 The 488-nm line of an Ar/Kr
continuous-wave laser (0.5 mW) was used for excitation.
The emitted signal was collected by 60! water immersion
objective (UPlanApo/IR, Olympus with a NA of 1.2) and
spectrally resolved using a Shamrock SR-303i-A spectro-
photometer from Andor Technology equipped with a 300
grooves/mm, 500-nm blazed angle grating and a thermo-
electrically cooled CCD camera (Newton DU920N-BR-
DD). There was a 500-nm longpass filter in the signal path
to block the excitation light and a pinhole to create a confo-
cal configuration to reduce the background light. Results of
the measurements [Fig. 2(b)] demonstrate the broadband
emission from NV centers when the nanodiamonds are
placed on the surface of the HMM. Characteristic peaks are
observed at the wavelengths of 575 nm and 637 nm corre-
sponding to zero-phonon lines of NV0 and NV" centers,
respectively.1

In order to characterize the enhancement of emission
due to the HMM, the ratio of the observed radiative decay
rate (C) for the NV centers on the HMM and a reference
sample was evaluated using the following method:26

C
Cref
¼ Q

Qref

sref

s
¼ I

Iref

Aref

A

sref

s
; (2)

where s is the excited-state lifetime, Q apparent quantum
yield, I integrated photoluminescence intensity, and A
absorption by an emitter. The reference sample consisted of
nanodiamonds on a glass substrate, covered with a spacer
layer. The values obtained for this sample are indicated with
a subscript “ref” in Eq. (2).

Lifetime measurements were carried out by using Micro
Time 200 (PicoQuant GmbH) time-resolved scanning confo-
cal microscope. A pulsed diode laser with a pulse duration of
50 ps, a wavelength of 465 nm, and a repetition rate of
40 MHz was used to excite the system. A laser beam carry-
ing 2 mW of power was focused onto the sample using a
50! objective lens (NA 0.75). The fluorescence light emit-
ted was collected with the same objective lens. The excita-
tion light was blocked by a dichroic mirror and a band-pass
filter (650–720 nm), which covers the majority of the NV
center emission spectrum, to reject any remaining scattered
laser light. The fluorescence light passed through a small
aperture to enable confocal detection performed with SPCM-
AQR avalanche photodiode from Perkin Elmer. The data ac-
quisition was achieved by a time-correlated single-photon

FIG. 1. HMM. (a) Isofrequency surface of
a hyperbolic metamaterial in k-space
which supports waves with arbitrary large
wavevector, ensuring extremely large pho-
tonic density of states. (b) Schematic of
the fabricated HMM sample. The sample
consists of 16 alternating gold and alumina
layers, each 19 nm thick. The overall
thickness is 304 nm. (c) Dielectric func-
tions of fabricated HMM retrieved by
spectroscopic ellipsometry measurements,
within the range of the plot (550–900 nm)
Re e? > 0, Re ek < 0.

FIG. 2. Coupling of nitrogen-vacancy
centers with HMM. (a) Schematic of the
experimental sample consisting of HMM
(16 alternating layers of Au and Al2O3,
thickness of each layer—19 nm), 30-nm-
thick spacer layer composed of SU-8 pho-
toresist, and nanodiamonds with NV cen-
ters inside. (b) Emission spectra of NV
centers when nanodiamonds are placed
on HMM. Excitation is 488-nm line of
Ar/Kr continuous-wave laser (0.5 mW).
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Abstract The photonic density of states (PDOS), like its
electronic counterpart, is one of the key physical quantities
governing a variety of phenomena and hence PDOS manip-
ulation is the route to new photonic devices. The PDOS is
conventionally altered by exploiting the resonance within a
device such as a microcavity or a bandgap structure like a
photonic crystal. Here we show that nanostructured meta-
materials with hyperbolic dispersion can dramatically en-
hance the photonic density of states paving the way for
metamaterial-based PDOS engineering.

It was recently predicted that an appropriately designed
metamaterial can be used to enhance the PDOS [1] through
a nanopatterning route which presents a paradigm shift to
PDOS alteration and can give rise to broadband, ultralow
mode volume photonic devices, as opposed to conventional
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resonant [2–4], diffraction-limited approaches [5, 6]. A sim-
ple probe for the local density of states is the spontaneous
emission of light in the vicinity of such a metamaterial [7].
In this work, we demonstrate that dye molecules in the
near field of a hyperbolic metamaterial spontaneously excite
unique electromagnetic states in the metamaterial medium
responsible for the enhanced PDOS leading to a decrease in
the lifetime of emitters.

The photonic density of states is obtained via a mode
counting procedure in k-space from the dispersion rela-
tion ω(k) and can be simply related to the volume of the
shell enclosed between two spheres at ω(k) and ω(k) + dω

(Fig. 1(a)). Here we show that nanostructuring a medium
can radically alter the dispersion relation and hence allows
the manipulation of the PDOS. Nanostructured metamate-
rials can have an extreme anisotropic electromagnetic re-
sponse with ϵx = ϵy < 0 and ϵz > 0 so that the extraordi-
nary waves in this medium obey a hyperbolic dispersion
relation [8–12]. While high wavevector modes simply de-
cay away in vacuum, a hyperbolic metamaterial (HMM) al-
lows for bulk propagating waves with unbounded wavevec-
tors (Fig. 1). These spatial modes with large wavevectors
have been studied with regards to subwavelength imaging
[13–15] and subdiffraction mode confinement [16]. The
high wavevector spatial modes not present in vacuum are
characteristic of hyperbolic metamaterials (HMMs) and
contribute to the photonic density of states causing a di-
vergence in the low loss effective medium limit [17]. The
remarkable property which sets it apart from other pho-
tonic systems with an enhanced DOS is the bandwidth. Hy-
perbolic dispersion can be achieved in a large bandwidth
[11, 12] which directly implies that the PDOS would in fact,
diverge in this entire band of frequencies leading to a host
of new physical effects.
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lows for bulk propagating waves with unbounded wavevec-
tors (Fig. 1). These spatial modes with large wavevectors
have been studied with regards to subwavelength imaging
[13–15] and subdiffraction mode confinement [16]. The
high wavevector spatial modes not present in vacuum are
characteristic of hyperbolic metamaterials (HMMs) and
contribute to the photonic density of states causing a di-
vergence in the low loss effective medium limit [17]. The
remarkable property which sets it apart from other pho-
tonic systems with an enhanced DOS is the bandwidth. Hy-
perbolic dispersion can be achieved in a large bandwidth
[11, 12] which directly implies that the PDOS would in fact,
diverge in this entire band of frequencies leading to a host
of new physical effects.
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Fig. 4 (a) and (b) Comparison of the spontaneous emission lifetime
of dye molecules on top of a dielectric (black), metal (blue) and meta-
material (red). Systematic isolation of the effects due to quenching and
plasmons can be achieved by comparing the HMM to a metal slab (blue

curve). The decrease in lifetime on top of the metamaterial as compared
to the metal is due to the spontaneous excitation of HMM states by dye
molecules in the near field of the HMM

by the continuum of high wavevector spatial modes emitted
by the dye in the close vicinity of the metamaterial which
couple to the HMM states. These high wavevector spatial
modes cannot propagate in vacuum or dielectric, and in the
case of metal, they are simply absorbed, giving rise to non-
radiative decrease in the lifetime (quenching). Our simula-
tions show that the imaginary part of the permittivities which
have been ascertained with high accuracy (and confirmed
using ellipsometry) do not cause any additional quenching
as compared to the metal (see supplementary information).
The hyperbolic dispersion in the metamaterial allows propa-
gating modes with large wavevectors which is the cause for
a radiative decrease in the lifetime of the dye.

To summarize, we have made the first step in a meta-
material-based route to engineer the photonic density of
states. We have probed the available local density of states in
the near field of the metamaterial using spontaneous emis-
sion of dyes. The decrease in the lifetime of emitters demon-
strates the spontaneous excitation of unique electromagnetic
states in the metamaterial. Future work will isolate the role
of losses and quenching using an improved metamaterial
design. For a low loss metamaterial with deep subwave-
length nanopatterning these unique electromagnetic states
can far exceed the vacuum density of states dominating all
processes that are governed by the PDOS. The use of gain
media to compensate losses in metallic environments has
led to many significant developments like the SPASER [28,
29] and such approaches will lead to a new methodology of
PDOS engineering based on hyperbolic metamaterials.
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“Darker than Black”  Materials :

The scattering rate

- impedance-matching
- antireflection coatings
- resonant elements
- ...

W↓ ∝ ρ↓(ω)
W↑ ∝ ρ↑(ω)

W ∝ ρ(ω)

Need ρ↓ → ∞ !



Start with a hyperbolic metamaterial (e.g. wire-based):

... and introduce roughness to its surface 



Silver-filled alumina membranes

(a)

 1 cm

(b) (c)(b)

[Noginov, … Narimanov, APL, 2009]
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Angular reflectance curves before (1,2) and after (3,4) corrugation. 
S-polarization: 1,3            P-polarization: 2,4
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• resolution of a “hyperbolic” microscope is not 
limited by the (free-space) wavelength  

• light (in a hyperbolic medium) can be focused to 
arbitrarily* small spot  

• forbidden optical transitions are not forbidden 

• LED modulation speed is not limited by the 
spontaneous emission rate of its active medium 

• and a lot more (negative refraction, “darker-than-
black” materials, etc.)

* subject to the atom size constraint
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Active Photonic Hypercrystals

T. Galfsky, H. N. S. Krishnamorhy, W. Newman, EN, Z. Jacob & V. Menon, Optica 2015



Active Photonic Hypercrystals

T. Galfsky, J. Gu, EN & V. Menon,   
PNAS 114 (20), 5125 (2017)



Intensity  x 100 !  Speed x 20 !  

T. Galfsky, J. Gu, EN & V. Menon,   
PNAS 114 (20), 5125 (2017)
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Hyperbolic Materials 
as lab tools / instruments

WS2

T. Galfsky, Z. Sun, C. R. Constantine, C. T. Chou, W.C. Ko,  
Y. H. Lee, EN & V. Menon , NanoLetters 16 (8), 4940 (2016)



Spontaneous Emission Enhancement  
from 2D semiconductors

WS2

T. Galfsky, Z. Sun, C. R. Constantine, C. T. Chou, W.C. Ko,  
Y. H. Lee, EN & V. Menon , NanoLetters 16 (8), 4940 (2016)
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