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Abstract
Science Fiction writers often conceive of fantasy technology solutions which are later realized.  In the 1860s, Jules Verne described submarines and space ships, with a launching facility in Florida, before either was invented and tested.  Clarke and Kubrick described a computer piloting a space ship, and Asimov wrote about robots performing everyday chores long before combining artificial intelligence and robotics a reality. Nivan wrote of the Oceanic Thermal Energy Converter before major research into ships creating electricity from the ocean thermal differential started.   A new class of materials, called left-handed or negative index of refraction materials (NIMs), is inspiring some people to consider the possibility of having real Star-Trek cloaking devices or invisibility mechanisms like Harry Potter’s cape. 
Materials can be broadly classified into four groups in terms of the sign of their permittivity ε and permeability μ, shown in the quad chart of Figure 1. When their product is positive, the materials propagate electromagnetic radiation, and when it is negative, it is opaque in all frequencies.  Quadrant I contains the conventional dielectric materials.  Here, light refracts to the opposite side of the normal of the incident light and obey's Snell's law. Quadrant II, where ε is negative, includes plasmas which reflect radiation. Many metals, metals like copper, gold and silver, have negative e at visible frequencies.  Microstructured magnetic materials with negative m, Quadrant IV, also block radiation. These materials are being explored for their semiconducting properties.  This paper focuses on metamaterials which have negative ε and μ, and therefore negative n.  Here incident light is refracted according to Snell's law but with the refracted beam on the same side of the normal as the incident beam.  These materials have not been found in nature, but have recently been explored.  In addition to ε and μ, the conduction or losses of a propagating wave are also important for characterizing the material.
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Figure 1: Classifying Materials According to ε and μ.
This paper presents the history of and theory describing negative index of refraction materials.  Central to this narrative is a focus about how the permittivity and permeability of condensed matter is modeled both for the composition and for metamaterials, which gain these properties from structure rather than directly from composition.  The unique properties of NIMs are discussed, in particular, the electrodynamics described by Vesalago.  Finally, some experimental results are presented.
A Brief History of Negative Index of Refraction
Although Ptolemy suggested that angle of refraction was proportional to angle of incidence, it wasn’t until 1621 that Snell discovered the relation between incident and refracted angles of light passing between two transparent media. In 1657, Fermat used a principle of shortest time to show the same relation.  

In the 1800s, James Maxwell created the concepts of permittivity and permeability to be material dependent constants in his equations which describe electromagnetic propagation.  From his theories he successfully predicted the existence and velocity of radio waves.  In 1870, Helmholtz derives the correct laws of reflection and refraction from Maxwell's equations by using the following boundary conditions; building on a previous theory of James MacCullagh’s in 1839.  Maxwell’s equations establish the complex index of refraction.

In 1951, Malyuzhinets published a theoretical description of the Sommerfeld radiation condition in backwards media, noting that the phase velocity points to the source.  Currently, his example devices, artificial 1D antennas, are actively studied (Figure 2).
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Figure 2. Malyuzhinets’ backward-wave transmission lines (Tretyakov, 2005).

The propagation behavior of split rings has been known for a while.  In Schelkunoff

and Friis’s 1960s antenna text book, a split ring as a magnetic particle was discussed (figure).  Contemporaneously, wire medium as a dielectric was invented as a material for microwave lenses.  Figure 3 shows these two components of what later became the first experimentally verified  negative index of refraction metamaterial.
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Figure 3: (a) The wire media of Rotman (b) The split ring of Schelkunoff and Friis. Tretyakov, 2005).
The beginning of the analytical development of understanding the electromagnetic properties of NIMs began with Veselago’s famous paper The Electrodynamics of Substances with Simultaneously Negative Values of ε and μ published in the Soviet Physics Uspeki in 1968.   Veselago discusses the propagation of waves, the Doppler effect, the Vavilov-Cherenkov effect, and refraction at boundaries.  He further proposes how better lenses can be constructed.  

Analytical, numerical, and experimental studies of artificial bianisotropic materials were conducted in the following decades.  A variety of structures and morphologies were created (figure):  omega, chiral, double-rings – different particle loops in combination or combined with other shapes.  Emerging from these efforts was a greater understanding of the double split ring.  This structure was used in the design of microwave absorbers.  History was made with the double split ring.  A very strong coupling between loops was used in the first realization of materials with negative parameters.
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Figure 4.  Double Split Rings

The promise of nanotechnology is the ability to design materials with very controllable properties, and manufacture them atom-by-atom from bottom-up construction.  Designer materials require simulations that work from first principles, modeling the properties of all substances from the interactions of the electrons and nuclei of which they are composed and interactions with photons and the external environment.  At the turn of the last century, quantum mechanics replaced classical understandings of the microscopic nature of matter and explained simple systems like a hydrogen atom.  The Hamiltonian for complex condensed matter remained an understandable many body problem with no conceivable computational solution.  
By the 1950s, ab initio calculations successfully characterized some solids at absolute zero temperature by assuming the atomic nuclei were held fixed on a periodic lattice (Born-Oppenheimer approximation).  The 1970s had better computers, better software and techniques for reliable prediction of states of simple materials, still at absolute zero temperature.  By the 1980s, complicated crystals and surfaces were treated, but a major breakthrough in 1985 yielded a formulation that allowed nuclei of large systems to move simultaneously with electrons so that complex molecular dynamics, thermal vibrations and even melting could be simulated.  
By 1990, electronic properties were fairly well understood: bonding energies, band structure, heat capacity, conduction; but magnetism was elusive.  A breakthrough came in 1995 when a team of theoretical physicists Vladimir Antopov and Bruce Harmon at Ames Laboratory, Mark van Schilfgaarde of SRI International, and Mikhail Katnelson of the Institute of Metal Physics in Ekaterinburg, Russia, developed a set of coupled equations solving the time-dependent Schrodinger equation and the interactions of spin states of electrons to predict magnetic properties of systems like Nickel and Iron as they heated or cooled  (Andropov, 1995).  Finally, the Curie temperature, the temperature above which it ceases to be ferromagnetic, could be calculated from first principles.  This research into spin dynamics and better understanding of magnetism is active today.
Currently, ab initio models are being built in to programs that will allow engineers to design a material according to specified properties much like CAD programs allow an architect to design a building according to the required number of rooms and functionality.  Metamaterials that have a negative index of refractions are being designed from first principles. 
Properties of Negative Index of Refraction Materials
Popular science writing refers to the properties of negative index of refraction materials (NIMs) as creating a ‘topsy-turvy’ world.  Since NIMs do not occur in nature, people are only familiar with the optical phenomena experienced with the right-handed world of materials.  We are used to the Doppler effect red-shifting from a source traveling away from us, and the higher frequencies of an approaching train whistle.  We are used to right-handed refraction: a pencil in a glass of water appearing to bend upward and  outward; not the left-handed opposite direction and bending backward.
Veselago mathematically described this world in his paper The Electrodynamics of Substances with Simultaneous Negative Values of ε and μ.  While his analysis doesn’t take into consideration conduction, losses, heating, or processes which alter the material properties, it was a revolutionary description of materials that were possible to construct but not yet observed.  The following is a brief synopsis of his paper.  
The propagation of electromagnetic waves in a material are based on two fundamental characteristic properties unique to that material: the dielectric constant and the magnetic permeability.  They are the only parameters of the substance that appear in the dispersion equation:
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This equation establishes the connection between E/M frequency and its wave vector k.  For an isotropic substance:

Index of refraction,
Optical effects

Lens

Manipulating Permittivity

Materials with negative ε exist in nature; for example silver has a negative permittivity at visible wavelengths. When materials can be modeled by the free electron gas model, a fundamental property is the plasma frequency (Kittle, p. 397):
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where n is the number of free electrons (typically 1011 to 1016 cm-3) and m is the effective mass which satisfies the equation of motion of a free electron in an electric field.  The plasma oscillation is a periodic oscillation of charge density; plasmons are the particles resulting from quantization of these oscillations. By changing the number of electrons through alloying, doping with impurities, the plasma frequency can be increased.
The ε value is adequately described by Drude and Sommerfeld models of electron gas as:
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where A takes into account the interband transitions of core electrons, and g0 describes the scattering of free electrons.  For this discussion, both are set to zero, but more rigorous ab initio approaches exist to the find the permittivity, including separate real and imaginary parts.  Setting these to zero results in the dielectric function of the free electron gas (Kittel, 397):
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When the frequency of the electromagnetic wave is greater than the plasma frequency, the wave is propagated.  It refracts at the boundary to air according to Snell’s law where the permittivity is a value less than 1 but greater than 0.  As long as the permittivity is positive (which it is for all known materials), all free electron materials (metals) reflect all waves below the plasma frequency because the permittivity becomes negative.   For example, the plasma frequency of silver is ultraviolet so silver reflects all visible light.  The plasma frequency of gold is somewhere in the blue light range so it appears to be yellow since it reflects green and red.  The plasma frequency for copper is between blue and green.
The free gas model is inadequate for many materials.  The different dielectric mechanisms result in a spectrum of dielectric permittivity for the separate real and imaginary components.  Two resonant processes are very important for optical considerations.  The electric polarization, a resonant process in which the electron density relative to the nucleus is displaced by an electric field, is important in the 1015 Hz (Visible and Ultraviolet) range.  The field can result in agglomerations of positive and negative ions in a resonant process called atomic polarization which dominates the dielectric spectrum in the 1013 Hz (Infrared) region.  Dipole relaxation, depolarization of molecular dipoles, arises from to thermal noise results in temperature and chemical environment affecting the 109 – 1010 Hz (MW) range.  Ionic relaxation from ionic conductivity and interfacial and space charge relaxation dominates low frequencies 105 Hz and results in losses.  Alternating fields result in dielectric relaxation effects in the 102 to 1010 Hz range.  

Various ab initio models have been developed which work for specific classes of materials.  For crystal solids at optical frequencies, it is important to take into consideration the critical-point energies: points where there are discontinuities in the joint density of states or probability of photon absorption.  More generally, the dielectric constant is related to the optical band structure via:
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Here Wcv is the product of the Brillouin-zone-average transition probability at the energy E and the joint density of states probability, Jcv(E), and ( is a broadening function due to scattering.
Photonic crystals and other metamaterials have properties that are determined more by their structure than their composition.  In these cases, the effective permittivity is modeled.  For example, O’Brien and Pendry (O’Brien, 2002) developed an effective medium description for a 2-dimensional photonic band-gap medium composed of dielectric cylinders of large dielectric constant.  Here the transfer matrix eigenvalues for the unit cell of the system provide the photonic band structure.  The microstructured system is replaced by an effective homogeneous medium and they assume a single pair of Bloch waves (polarization) with wavevectors 
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 dominate the band structure since they have the smallest losses (smallest imaginary part).  For normally incident light they define
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is the wavevector in vacuum.  They use a layer-doubling method to calculate the reflection coefficient from the surface first considering a monolayer of cylinders, then two, four, etc., which results in physically damping out the Fabry-Perot resonances in the frequencies of interest.  The simulated complex reflection coefficient:
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.  The unique effective permittivity for the composite medium is given by 
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and the permeability is given by
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Other approaches to finding effective permittivity of a metamaterial, in which the structural scale is less than the frequencies of interest, but is still best treated as an homogeneous isotropic mixture, have been developed.  For example, tiny spheres of gold embedded in SiC can be modeled using Mie resonances to find an effective permittivity and permeability based on radius.  While not a part of this paper, it is also important to understand the losses in transmission when characterizing these materials.

Manufacturing Permeability

Isotropic substances with negative μ are not known to exist in nature.  It is believed that they can’t exist because the source of a magnetic field is a dipole, not a charge (Vesalago, 1968).  If it were a charge, by analogy the permeability could be expressed as:
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where N is the concentration of ‘charges’, g is their magnitude, and m is their effective mass.  Dirac hypothesized that such charges (the Dirac monopole) could exist.  But there has been no experimental evidence to date to suggest that Dirac monopoles exist.
One way to calculate effective μ from Maxwell’s equations (to first calculate the complex reflection coefficient, was described in the previous section.  A complete first principles approach to quantum mechanics of electron interactions would involve solving the time-dependent form of the complete many-body equation.  
Magnetism is entirely quantum mechanics and not explained by classical systems at equilibrium.  The magnetic moment arises from the intrinsic spin angular momentum and orbital angular momentum, whose coupling leads to paramagnetic behavior, and form the field induced orbital angular momentum, which leads to diamagnetic contributions. The Hamiltonian for a single atom in a magnetic field can be written as:


[image: image22.wmf]1

02

11

7

15

1

2

0

222

2

ˆ

=paramagnetic term

ˆˆ

=bound particle=diamagnetic term

10 Hz

10 Hz

10 Hz

ˆ

ˆˆˆˆ

28

B

ee

H

HH

Eh

Eh

Eh

pqB

HVLBR

mm

m

^

~

~

~

=+-×+

r

h

14243

1424314243


All substances have magnetic properties, but some are very weak.  Ferromagnetism is strong and includes Fe, Ni, Co, and alloys like Ni-Fe and Ni-Co.  Weak responses include paramagnetic, those attracted by magnetic fields, like Al, and diamagnetic, those that are repelled by magnetic fields, like Bi.  The weak responses can be explained by atomic contributions that neglect electron interactions.  Interactions and magnetic ordering are required in the many particle approach to understanding ferromagnetism and antiferromagnetism.  
Average magnetization density is found from the eigenvalues of the Hamiltonian.  For temperatures other than 0, the system at thermal equilibrium is a superposition of excited states and can be expressed by:
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From this, the characterizing parameter magnetic susceptibility is defined:
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The permeability is defined by the magnetic susceptibility and the permeability of free space, 
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The Ames approach (Andropov, 1995), which separates the motion of the electron in space and the motion of its spin axis, removes the slower motions and makes other approximations to make a quasi-first-principles solvable formulation in which couples the classical equation for slow electron spin axis (orientation) movement with a one-particle wave function for the electron’s fast motion (position).  These equations are used to find the magnetic susceptibility of the material, and from that the permeability and other derivative properties can be predicted.

Experimental Evidence

Groups at UCSD and at Duke University were among the first to demonstrate negative index of refraction in the microwave region for metamaterials.  Metamaterials are composites exhibiting properties that are not observed in the constituent materials and are not found in nature. Their metamaterial is composed of copper split ring resonators (SRRs) (Figure a) and wires on thin fiberglass circuit board material. The SRRs and wires are arranged into a two-dimensional structure with a 5mm lattice parameter (Figure b shows one unitcell). Each unitcell has 6 SRRs and 2 wires; the wires are on the opposite side of the fiberglass as the SRRs.


[image: image28]
Figure  : (a) and (b) are from: R. A. Shelby, D. R. Smith, S. Schultz, Appl. Phys. Lett. 78, 489 (2001).Copyright (2001) American Institute of Physics.  Photo ( c) from December 2003 Physics Today is metamaterial used for microwave experiments.

The properties of this material are that the negative permeability comes from a resonant response in the SRR, and the negative permittivity comes from a resonant response in the wires.  The result is that both are negative from about 10.4 GHz to 11 GHz.  Figure : provides the description of these material properties.
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Figure : The permeability and permittivity of the metamaterial.
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Figure : The photo at the left is the actual experimental equipment.  The right shows the simulated wavefront that was measured first for a frequency in the negative index region, and then in the positive.

Henri Lezec’s team, at the California Institute of Technology, constructed a micron-size prism of layered materials perforated by a maze of nanoscaled channels.   The channels are ultrathin Au-Si3N4-Ag waveguides that sustain surface plasmon polariton mode with antiparallel group and phase velocities.  Visible blue or green light transforms into plasmons (2D waves which travel by displacing electrons on the metal surface).  The surfaces of the nanochannels guide the plasmon waves through the prism geometrically turning them so they emerge from the other side. The prism has an effective negative refraction arising from the morphology of the mazes (Lezec, 2007). 
Conclusions

The field of NIMs is very active with many research institutions racing to uncover many new methods of creating metamaterials and photonic crystals which exhibit these properties.  

Downstream analogy

Lenses

Novel composites

References
V. P. Antropov, M. I. Katsnelson, M. van Schilfgaarde, and B. N. Harmon, Phys. Rev. Lett. 75, 729 (1995)

V. P. Antropov, J. Appl. Phys. 79, 5409 (1996)

V. P. Antropov, M. I. Katsnelson, M. van Schilfgaarde, B. N. Harmon, and D. Kusnezov, Phys. Rev. B 54, 1019 (1996)

Lezec, Henri, Jennifer Dionne, Harry Atwater, “Negative Refraction at Visible Frequencies,” Science, Vol 316, No. 5823, (2007), 430-432.
O’Brien, Stehen and John B. Pendry, “Photonic band-gap effects and magnetic activity in dielectric composities”, J. Phys Condens. Matter, Vol 14, (2002) 4035-4044.
Tretyakov, Sergei, "Research on negative refraction and backward-wave media: A historical perspective," EPFL Latsis Symposium 2005. Negative refractions: revisiting electromagnetics from microwaves to optics, Lausanne, 28.2-2.03.2005

Veselago, V.G., “The electrodynamics of substances with simultaneously negative values of e and µ”, Soviet Physics USPEKHI, Vol. 10,  No. 4 (1968) 509-514.

History Channel 

Physics Today article

Wentao T. Lu and Srinivas Sridhar "Flat lens without optical axis: Theory of imaging" 2005 Optical Society of America

Vladimir M. Shalaev, Wenshan Cai, Uday K. Chettiar, Hsiao-Kuan Yuan, Andrey K. Sarychev,

Vladimir P. Drachev, and Alexander V. Kildishev "Negative index of refraction in optical metamaterials" OPTICS LETTERS / Vol. 30, No. 24 / December 15, 2005

Shuang Zhang, Wenjun Fan, N. C. Panoiu, K. J. Malloy, R. M. Osgood, and S. R. J. Brueck, "Optical negative-index bulk metamaterials consisting of 2D perforated metal-dielectric stacks" 2006 Optical Society of America

Chiyan Luo, Steven G. Johnson, and J. D. Joannopoulos, J. B. Pendry, "All-angle negative refraction without negative effective index" PHYSICAL REVIEW B, VOLUME 65, 201104

J. B. Pendry, "Perfect cylindrical lenses" 2003 Optical Society of America

Some of... (I don't have these yet, but want to look at them)

V. G. Veselago, Sov. Phys. Usp. 10, 509 (1968) [Usp. Fiz. Nauk 92, 517 (1964)].

R.A. Shelby, D.R. Smith, S. Schultz, “Experimental verification of negative index of refraction,” Science 292, 79 (2001).

J.B. Pendry, “Negative Refraction Makes a Perfect Lens,” Phys. Rev. Lett. 85 3966 (2000).

D.F. Sievenpiper, M.E. Sickmiller, and E. Yablonovitch, “3D Wire Mesh Photonic Crystals,” Phys Rev Lett 76, 2480 (1996).

J.B. Pendry, A.J. Holden, W.J. Stewart, I. Youngs, “Extremely Low Frequency Plasmons in Metallic Mesostructures,” Phys Rev Lett 76 4773 (1996)

J.B. Pendry, A.J. Holden, D.J. Robbins, and W.J. Stewart, “Low Frequency Plasmons in Thin Wire Structures,” J. Phys. [Condensed Matter] 10, 4785 (1998).

J.B. Pendry, A.J. Holden, D.J. Robbins, and W.J. Stewart, “Magnetism from Conductors and Enhanced Non-Linear Phenomena,” IEEE Transactions on Microwave Theory and Techniques 47, 2075 (1999).

Chiyan Luo, Steven G. Johnson, J.D. Joannopoulos and J.B. Pendry “All-Angle Negative Refraction without Negative Effective Index,” Phys. Rev. Rapid Communications B65, 201104(R) (2002).

J.B. Pendry and S.A. Ramakrishna “Near Field Lenses in Two Dimensions,” J. Phys. [Condensed Matter] 14 1-17 (2002).

A.J.Ward and J.B. Pendry “Refraction and Geometry in Maxwell’s Equations,” Journal of Modern Optics 43 773-93 (1996).

R.H. Ritchie, “Plasma Losses by Fast Electrons in Thin Films,” Phys. Rev. 106, 874 (1957).

D. O. S. Melville and R J. Blaikie, Opt. Express 13, 2127 (2005).

T. J. Yen, W. J. Padilla, N. Fang, D. C. Vier, D. R. Smith, J. B. Pendry, D. N. Basov, and X. Zhang, Science 303, 1494 (2004).

http://www.iop.org/EJ/article/1751-8121/40/17/F04/a7_17_f04.html

http://www.dukenews.duke.edu/2006/10/cloakdemo.html

http://www.sciencemag.org/cgi/content/full/292/5514/60/F1

http://www.sciencemag.org/cgi/content/abstract/305/5685/847

http://www.ee.duke.edu/~drsmith/pubs_smith.htm
� INCLUDEPICTURE "http://physics.ucsd.edu/lhmedia/pics/unitcell.jpg" \* MERGEFORMATINET ��� (c)�








[image: image1.emf]Permittivity

ε ≥ 0

ε < 0

μ ≥ 0

μ < 0

Permeability

ε < 0

μ < 0

ε ≥ 0

μ ≥ 0

Metals like gold

Semiconductors

Opaque

Opaque

n

 

n

 

Plasmas

Fine wire structures

Conventional materials

Microstructured magnets

Split rings

Metamaterials

Permittivity

ε ≥ 0

ε < 0

μ ≥ 0

μ < 0

Permeability

ε < 0

μ < 0

ε ≥ 0

μ ≥ 0

Metals like gold

Semiconductors

Opaque

Opaque

n

 

n

 

Plasmas

Fine wire structures

Conventional materials

Microstructured magnets

Split rings

Metamaterials

[image: image36.jpg]T -~ |-g %‘%
e Hled & o
(@ ® 7



[image: image37.png]


_1239635212.unknown

_1239653435.unknown

_1239654927.unknown

_1239655679.unknown

_1239655680.unknown

_1239655106.unknown

_1239654794.unknown

_1239635388.unknown

_1239636499.unknown

_1239635344.unknown

_1239622110.unknown

_1239634969.unknown

_1239634990.unknown

_1239634921.unknown

_1239621481.unknown

_1239621772.unknown

_1239617058.unknown

