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	For every scientist who looked at the rules of nature and asked:

	“What happens if we break them?”
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	PREFACE

	There is a particular kind of excitement that runs through the physics community when someone publishes a result that seems, at first glance, to be a misprint. A refractive index of negative one. Light traveling backward through a medium. A material that bends electromagnetic waves around an object as though it simply were not there. These are not errors. They are metamaterials.

	This book grew from a conviction that the field of metamaterials represents one of the most genuinely transformative developments in materials science and photonics of the past quarter century, and yet remains largely invisible to educated readers outside the laboratory. The gulf between what physicists and engineers have already accomplished and what the public understands about those accomplishments is vast. Closing that gulf is the purpose of the pages that follow.

	I want to be precise about what this book is and what it is not. It is not a textbook. You will not find derivations of Maxwell’s equations here, nor will you wade through transfer matrix formulations of photonic band structure. What you will find is a rigorous, faithful account of how metamaterials work, why they work, what has been built with them, and where the science is headed. The concepts are demanding but accessible. The physics is real.

	I have tried, throughout, to resist the temptation to oversimplify. Metamaterials are genuinely strange, and the strangeness is part of the story. When I describe how a negative-index material bends light the wrong way, I want you to feel the conceptual vertigo that physicists felt when they first saw it. When I explain how a photonic crystal can forbid entire colors of light from existing inside it, I want you to appreciate that this is not metaphor. These materials restructure the electromagnetic landscape in ways that nature, left to itself, never would.

	The book moves chronologically and conceptually. We begin with the foundational physics of electromagnetic waves, because it is impossible to understand what metamaterials do without knowing what ordinary materials do. We then build our way through photonic crystals, negative-index media, transformation optics, and the nanofabrication methods that make these structures possible. In the final chapters, we look at where the field is heading: from invisibility cloaking to flat superlenses, from acoustic metamaterials to the emerging world of quantum metamaterials.

	I owe debts to many people and institutions. The published research of John Pendry, David Smith, Eli Yablonovitch, Sajeev John, and dozens of other scientists whose work appears in the chapters that follow has been indispensable. Where I cite specific results, I have tried to be scrupulous about accuracy. Where I speculate about future directions, I have tried to signal clearly that I am doing so.

	A note about terminology: the word “metamaterial” means different things in different subfields. In this book, I use it in the broad sense that has become standard in the photonics and electromagnetics communities: a material whose properties derive primarily from its engineered structure rather than its chemical composition, and which exhibits properties not found in natural materials. Phononic metamaterials, acoustic metamaterials, and seismic metamaterials exist and are fascinating; they appear in the later chapters. But the heart of the book is electromagnetic.

	Finally, a word about timing. The field of metamaterials is moving quickly. By the time you read this, there will be papers published that advance, refine, or in some cases overturn specific claims I have made. That is not a failure of the book; it is a feature of living science. My hope is that by the time you finish reading, you will be equipped not just with knowledge of what metamaterials are but with the conceptual tools to follow the field wherever it goes next.

	

	Lavinia Rquefort-Mwezi

	 


CHAPTER ONE

	The Strangeness Beneath the Ordinary

	Pick up a glass of water and hold it to the light. The water bends the light passing through it, slowing it from 300,000 kilometers per second to roughly 225,000. This is refraction, and it is so familiar that it barely registers as a phenomenon. But the mechanism behind it is one of the most remarkable facts in all of physics, and understanding it is the first step toward understanding how you can build a material that bends light the wrong way entirely.

	When an electromagnetic wave, a ripple of oscillating electric and magnetic fields, enters a material, it interacts with the electrons of that material. The electric field of the wave pushes and pulls on the electrons, setting them oscillating. These oscillating electrons radiate their own electromagnetic waves, which combine with the incoming wave to produce the net field inside the material. The result is a wave that travels more slowly, because it must constantly be re-radiated by the electrons as it moves forward.

	This is, in essence, the origin of the refractive index. It is a number that tells you how much slower light travels through a medium compared to vacuum. Glass has a refractive index around 1.5, meaning light moves through it at two-thirds the speed it would in empty space. Diamond, with its tighter electron packing, achieves roughly 2.4. Water sits at 1.33. These numbers are set by chemistry, by the atomic and electronic structure of the material, and for centuries it was assumed they were the only numbers that nature permitted. They were always positive, always greater than one for visible light, always bounded by the physics of what atoms could do.

	The assumption was so deeply built into physics that it was not really an assumption at all. It was just reality.

	What Maxwell Told Us

	James Clerk Maxwell published his theory of electromagnetism in 1865, unifying electricity, magnetism, and light into a single framework. His four equations describe how electric and magnetic fields are generated, how they propagate, and how they interact with matter. They are among the most beautiful and consequential results in the history of science.

	From Maxwell’s equations, you can derive the wave equation for electromagnetic radiation. And from the wave equation, you can see where the refractive index comes from. It depends on two material properties: the electric permittivity, which describes how the material responds to electric fields, and the magnetic permeability, which describes how it responds to magnetic fields. The refractive index is, to a good approximation, the square root of their product.

	For all naturally occurring materials at optical frequencies, both permittivity and permeability are positive numbers. Permittivity above one, permeability very close to one, product positive, square root positive. Positive refractive index. This is true for glass, water, diamond, silicon, and every mineral, polymer, and organic compound that has ever been measured at visible light wavelengths.

	But Maxwell’s equations themselves impose no such constraint. They describe what happens when electromagnetic waves propagate; they do not dictate that the permittivity and permeability must both be positive. If you were to ask Maxwell’s equations what would happen if both were negative, they would give you a perfectly self-consistent answer. The mathematics would not break. Something strange would emerge, but something physically real.

	The question is whether nature provides any materials with a negative permittivity, a negative permeability, or both simultaneously.

	Metals and Negative Permittivity

	The answer for permittivity, it turns out, is yes, and has been known for over a century. Metals have negative permittivity below a frequency called the plasma frequency. This is why metals are shiny and opaque: the electrons in a metal are free to move, and they respond so strongly to an incoming electromagnetic wave that they effectively reflect it. At frequencies above the plasma frequency, metals become transparent. Aluminum, for instance, is transparent to X-rays.

	For a long time, negative permittivity was a curiosity rather than a tool. Nobody designed structures around it; they simply understood why metals reflected light. The interesting question was whether negative permeability was achievable, because at optical frequencies no natural material exhibits it to any significant degree.

	Ordinary materials at optical frequencies barely respond magnetically at all. Their magnetic permeability is essentially one. This is not a failure of technology; it is a fundamental consequence of quantum mechanics. Magnetic effects in atoms arise from electron spin and orbital angular momentum, and these effects are simply too slow to track an oscillating electromagnetic field at the frequencies of visible light. By the time the magnetic dipoles in a conventional material
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