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Preface

Nanophysics, in this nonspecialist textbook, deals with physical effects at the
nanometer and subnanometer scales; particularly aspects of importance to the
smallest size scales of any possible technology.

“Nanophysics” thus includes physical laws applicable from the 100 nm scale
down to the subatomic, sub-0.1 nm, scale. This includes “quantum mechanics” as
advanced by the theoretical physicist Erwin Schrodinger, about 1925; “mesoscale
physics,” with more diverse and recent origins; and the physics of the atomic
nucleus, on the 10−15 m (fm) scale. From a pedagogical point of view, the 1 nm
scale requires the concepts of “quantum mechanics” (sometimes here described
as “nanophysics”), which, once introduced, are key to understanding behavior
down to the femtometer scale of the atomic nucleus.

The third edition includes new material on nanophotonics and nanoplasmon-
ics, and also nanoimprint lithography (Chapter 7), a new section on the quantum
annealing computer in Chapter 9, and an entirely new Chapter 10 on graphene.
The textbook remains up-to-date also on “nanoelectronics,” from magnetic
and quantum points of view, and also relating to the possibilities for “quantum
computing” as an extension of the existing successful silicon technology. The new
Chapter 8 entitled “Quantum technologies based on magnetism, electron spin,
superconductivity,” is followed by the new Chapter 9 titled “Silicon nanoelec-
tronics and beyond.” New electronics-related applications of carbon nanotubes
are included. Sections have been added on superconductivity: a concrete example
of quantum coherence, and to help understand devices of the “rapid single flux
quantum” (RSFQ) computer logic (already mentioned in the original Chapter
7), notable for low power dissipation and fast operation. The original Chapter 8
(“Looking into the Future”) becomes the new Chapter 11.

Additional material has been added (in Chapters 4 and 5, primarily), giving con-
cepts needed for the most important new areas, including the absolutely most
recent advances in nanotechnology. The basic ideas of ferromagnetic interactions
and quantum computing, now included, are central to any quantum- or magnetic-
based technology. The new edition is more self-contained, with the addition of a
short list of useful constants and a glossary.

A criterion in choice of new material (many astonishing developments have
occurred since the 2004 publication of the first edition of this textbook) has been



XVI Preface

the author’s view of what may be important in the development of nanotechnol-
ogy. For this reason, nuclear physics is now touched on (briefly), in connection
with proposals to use the “nuclear spin 1∕2” as the “qubit” of information in a “quan-
tum computer”; and with a recent small-scale experiment demonstrating neutron
generation (via a standard “nuclear fusion reaction”), which exploits nanotechnol-
ogy for its success.

Another essential and relevant aspect of fundamental physics, the “exchange
interaction of identical particles,” has already been incorporated, as essential to
a basic understanding of covalent bonds, ferromagnetism (essential to computer
disk drive nanotechnology), and, more recently, to proposals for a “charge qubit”
for a quantum computer. This topic (the exchange interaction) is of importance
beyond being the basis for covalent bonds in organic chemistry.

From the beginning, this textbook was intended as an introduction to the phe-
nomena and laws of nature applicable on such tiny size scales (without excluding
the nuclear, femtometer, size scale) for those who have taken college mathemat-
ics and physics, but who have not necessarily studied atomic physics or nuclear
physics. Primarily, the reader will need facility with numbers, and an interest in
new ideas.

The Exercises have been conceived more as self-learning aids for the interested
reader, than as formal problems. Some new material, especially in regard to field
ionization by tips, and aspects of the collapse of ultrasonically induced bubbles in
dense liquids, appears now in the Exercises, not to clutter the text for the more
general reader.

It is hoped that interested readers can find stimulating, even profitable, new
ideas in this (still rather slim) textbook. For details, they can use the copious and
absolutely current references that are included.

The author is indebted to his colleagues at Wiley-VCH, Ms Ulrike Werner and
Stefanie Volk, for their help in preparing the Third Edition. He also thanks his
colleagues at New York University Polytechnic School of Engineering, particu-
larly Prof. Lorcan Folan and Ms DeShane Lyew, for their help. He also adds that
Mr Malhar Desai and Cornell Anthony have been extremely helpful in preparing
the final manuscript. The author thanks his wife Carol for help in many ways in
continuous support of the book projects.

New York Edward L. Wolf
March, 2015



XVII

Glossary of Abbreviations

A Adenosine; one of the four bases in RNA; one of the four bases
in the DNA double helix (joins with T)

ABM Anti-Ballistic Missile (treaty); suggested as a prototype for limits
on robots

ADC Analog-to-digital converter
AFM Atomic force microscope
amu Atomic mass unit (u); defined as 1/12 of mass of carbon-12

(12C): u = 1.661 × 10−27 kg
ATP Adenosine triphosphate; biological energy source, leading to

ADP, adenosine diphosphate
Bar One atmosphere, 101.3 kPa
BCS Bardeen, Cooper, Schrieffer (theory); basic accepted theory of

superconductivity
BOX Buried oxide layer; in Si, used to reduce capacitances in FET

devices (see SOI)
C Cytosine; one of the four bases in RNA: one of the four bases in

the DNA double helix (joins with G)
CIP Current in plane; geometry for spin valve type of GMR magnetic

field sensor
CMOL CMOS/nanowire/molecular hybrid; proposed computer logic
CMOS Complementary metal oxide semiconductor; computer logic
CPP Current perpendicular to plane; geometry in TMR (tunnel

valve) magnetic sensor
CPU Central processing unit; in computer
CVD Chemical vapor deposition; a rapid means of depositing layers in

semiconductor
D Debye; unit of electric dipole moment: 1 D = 3.3 × 10−30 C m
DMF Dimethylformamide; a polar molecule
DNA Deoxyribonucleic acid; polymer, forms single and double

helices; latter hydrogen bonded by bases C, G, A, T, encoding
information for assembly of proteins

DNT Dinitrotoluene; an explosive ingredient; a polar molecule,
potentially detectable
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DOS Density of states; usually stated per unit energy per unit volume,
for electrons

DRAM Dynamic random access memory
dsDNA Double-strand DNA
EF Fermi energy
Eg Energy gap of a semiconductor, typically in electron volts
ESR Electron spin resonance
eV Electronvolt; 1 eV = 1.6 × 10−19 J
fcc Face-centered cubic
FET Field effect transistor
fm Femtometer; 10−15 m, size scale of the atomic nucleus
FQHE Fractional quantum Hall effect
G Guanine; one of the four bases in RNA; one of the four bases in

the DNA double helix (joins with C)
GMR Giant magnetoresistance; basis of “spin valve” CIP hard drive

B-field sensor
hcp Hexagonal close packed
HEMT High-electron-mobility transistor
HTS High-temperature superconductor
JJ Josephson tunnel junction
laser Light amplification by stimulated emission of radiation
maJ Milliattojoule; possible energy unit for small systems
MBE Molecular beam epitaxy; a method for depositing atomically

perfect crystal layers
MEMS Micro-electro-mechanical system
meV Millielectronvolts; thousandth of an electronvolt
MeV Megaelectronvolts; million electronvolts
MFM Magnetic force microscope
MOSFET Metal oxide semiconductor field effect transistor; basic switch in

electronics
MRAM Magnetic random access memory
MRFM Magnetic resonance force microscope
MRI Magnetic resonance imaging; use of proton (spin) magnetic

resonance to map locations of water molecules in living
specimens

MWNT Multiwall (carbon) nanotube
NEMS Nano-electro-mechanical system
NMR Nuclear magnetic resonance
NW Nanowire
PMMA Polymethylmethacrylate; used as a photoresist in silicon

technology
PN junction Junction between P (positively doped) and N (negatively doped)

semiconductors; rectifier, element of transistor, and
voltage-variable capacitor

Py Permalloy; a high-permeability Ni–Fe ferromagnet
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PZT Lead zirconate titanate; piezoelectric used in sonar, SPM, and
SBSL transducers

QCA Quantum cellular automata
QD Quantum dot; a three-dimensionally small object, “artificial

atom”
QED Quantum electrodynamics; interaction of radiation with matter,

leading, for example, to small change in g-factor of electron spin
from 2.0 to 2.0023

QHE Quantum Hall effect
QPC Quantum point contact
radar Radio detection and ranging
RAM Random access memory
recA Protein of prototypical bacterium E. coli used in DNA assembly

of nanostructures
RFSET Radio frequency single electron transistor
RNA Ribonucleic acid; polymer, similar to DNA, but uses base U

instead of base T; evolutionary precursor of DNA, retains
central roles in protein synthesis

RNAP RNA polymerase; enzyme that transcribes DNA template into
messenger RNA

RSFQ Rapid single flux quantum; form of superconducting computer
logic

RTD Resonant tunneling diode; plus related forms (e.g., TBRTD) of
transistor and logic

SBSL Single-bubble sonoluminescence
SEM Scanning electron microscope
SET Single electron transistor
SFQ Single flux quantum
SHO Simple harmonic oscillator
SOI Silicon on insulator; sometimes implemented on single-crystal

Si by implanting a deep layer of oxygen, followed by annealing to
produce quartz insulator (see BOX)

sonar Sound navigation and ranging; in modern forms uses
piezoelectric transducers for sound generation underwater

SPM Scanning probe microscope
SQUID Superconducting quantum interference detector
ssDNA Single-strand DNA
STM Scanning tunneling microscope
SWNT Single-wall (carbon) nanotube
T Thymine; not present in RNA; one of the four bases in the DNA

double helix (joins with A)
TBRTD Triple-barrier resonant tunneling diode (see RTD)
TEM Transmission electron microscope
TMR Tunnel magnetoresistance; basis of “tunnel valve” CPP magnetic

field sensor
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TPa Terapascal; 1 TPa = 1012 N m−2; possible value of Young’s
modulus

u Atomic mass unit (amu); defined as 1/12 of mass of carbon-12
(12C): 1 u = 1.661 × 10−27 kg

U Uracil; one of the four bases (replacing T) in RNA (joins with A);
not present in DNA

2DEG Two-dimensional electron gas



1

1
Introduction

Technology has to do with the application of scientific knowledge to the economic
(profitable) production of goods and services. This textbook is concerned with the
size or scale of working machines and devices in different forms of technology. It
is particularly concerned with the smallest devices that are possible, and equally
with the appropriate laws of nanometer-scale physics: “nanophysics,” which are
available to accurately predict behavior of matter on this invisible scale. Physical
behavior at the nanometer scale is predicted accurately by quantum mechanics,
represented by Schrodinger’s equation. Schrodinger’s equation provides a quan-
titative understanding of the structure and properties of atoms. Chemical mat-
ter, molecules, and even the cells of biology, being made of atoms, are therefore,
in principle, accurately described (given enough computing power) by this well-
tested formulation of nanophysics.

There are often advantages in making devices smaller, as in modern semi-
conductor electronics. What are the limits to miniaturization and how small
a device can be made? Any device must be composed of atoms, whose sizes
are of the order of 0.1 nm. Here, the term “nanotechnology” will be associated
with human-designed working devices in which some essential element(s),
produced in a controlled fashion, have sizes of 0.1 nm to thousands of nanome-
ters, or, 1 Å to 1 μm. There is thus an overlap with “microtechnology” at the
micrometer-size scale. Microelectronics is the most advanced present technol-
ogy, apart from biology, whose complex operating units are on a scale as small as
micrometers.

Even though the literature of nanotechnology may refer to nanoscale machines,
even “self-replicating machines built at the atomic level” [1], it is admitted that an
“assembler breakthrough” [2] will be required for this to happen, and no nanoscale
machines presently exist. In fact, scarcely any micrometer-scale machines exist
either, and it seems that the smallest mechanical machines readily available in a
wide variety of forms are really on the millimeter scale, as in conventional wrist-
watches. (To avoid confusion, note that the prefix “micro” is sometimes applied,
but never in this textbook, to larger scale techniques guided by optical microscopy,
such as “microsurgery.”)

The reader may correctly infer that nanotechnology is presently more concept
than fact, although it is certainly a media and funding reality. The fact that the

Nanophysics and Nanotechnology: An Introduction to Modern Concepts in Nanoscience, Third Edition.
Edward L Wolf.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Introduction

concept has great potential for technology is the message to read from the funding
and media attention to this topic.

The idea of the limiting size scale of a miniaturized technology is fundamentally
interesting for several reasons. As sizes approach the atomic scale, the relevant
physical laws change from classical to quantum-mechanical laws of nanophysics.
The changes in behavior from classical, to “mesoscopic,” to atomic scale, are
broadly understood in contemporary physics, but the details in specific cases are
complex and need to be worked out. While the changes from classical physics
to nanophysics may mean that some existing devices will fail, the same changes
open up possibilities for the invention of new devices.

A primary interest in the concept of nanotechnology comes from its connec-
tions with biology. The smallest forms of life, bacteria, cells, and the active com-
ponents of living cells of biology, have sizes in the nanometer range. In fact, it
may turn out that the only possibility for a viable complex nanotechnology is that
represented by biology. Certainly, the present understanding of molecular biol-
ogy has been seen as an existence proof for “nanotechnology” by its pioneers and
enthusiasts. In molecular biology, the “self-replicating machines at the atomic lev-
el” are guided by DNA, replicated by RNA, specific molecules are “assembled” by
enzymes, and cells are replete with molecular-scale motors, of which kinesin is
one example. Ion channels, which allow (or block) specific ions (e.g., potassium
or calcium) to enter a cell through its lipid wall, seem to be exquisitely engineered
molecular-scale devices where distinct conformations of protein molecules define
an open channel versus a closed channel.

Biological sensors, such as the rods and cones of the retina and the nanoscale
magnets found in magnetotactic bacteria, appear to operate at the quantum
limit of sensitivity. Understanding the operation of these sensors doubtlessly
requires application of nanophysics. One might say that Darwinian evolution, a
matter of odds of survival, has mastered the laws of quantum nanophysics, which
are famously probabilistic in their nature. Understanding the role of quantum
nanophysics entailed in the molecular building blocks of nature may inform
the design of artificial sensors, motors, and perhaps much more, with expected
advances in experimental and engineering techniques for nanotechnology.

In the improbable event that engineering, in the traditional sense, of molecular-
scale machines becomes possible, the most optimistic observers note that these
invisible machines could be engineered to match the size or scale of the molecules
of biology. Medical nanomachines might then be possible, which could be directed
to correct defects in cells, to kill dangerous cells, such as cancer cells, or even, most
fancifully, to repair cell damage present after thawing of biological tissue, frozen
as a means of preservation [3].

This textbook is intended to provide a guide to the ideas and physical concepts
that allow an understanding of the changes that occur as the size scale shrinks
toward the atomic scale. Our point of view is that a general introduction to the
concepts of nanophysics will add greatly to the ability of students and professionals
whose undergraduate training has been in engineering or applied science, to con-
tribute in the various areas of nanotechnology. The broadly applicable concepts
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of nanophysics are worth study, as they do not become obsolete with inevitable
changes in the forefront of technology.

1.1
Nanometers, Micrometers, and Millimeters

A nanometer, 10−9 m, is about 10 times the size of the smallest atoms, such as
hydrogen and carbon, while a micron is barely larger than the wavelength of vis-
ible light, thus invisible to the human eye. A millimeter, the size of a pinhead, is
roughly the smallest size available in present-day machines. The range of scales
from millimeters to nanometers is one million, which is also about the range of
scales in present-day mechanical technology, from the largest skyscrapers to the
smallest conventional mechanical machine parts. The vast opportunity for mak-
ing new machines, spanning almost six orders of magnitude from 1 mm to 1 nm,
is one take on Richard Feynman’s famous statement [4]: “there is plenty of room at
the bottom.” If L is taken as the typical length, 0.1 nm for an atom, perhaps 2 m for
a human, this scale range in L would be 2 × 1010. If the same scale range were to
apply to an area, 0.1 nm by 0.1 nm versus 2 m × 2 m, the scale range for area L2 is
4 × 1020. Since the volume L3 is enclosed by sides L, we can see that the number of
atoms of size 0.1 nm in a (2 m)3 volume is about 8 × 1030. Recalling that Avogadro’s
number NA = 6.022 × 1023 is the number of atoms in a gram mole, supposing that
the atoms were 12C, molar mass 12 g; then the mass enclosed in the (2 m)3 volume
would be 15.9 × 104 kg, corresponding to a density 1.99 × 104 kg m−3 (19.9 g cc−1).
(This is about 20 times the density of water, and higher than the densities of ele-
mental carbon in its diamond and graphitic forms (which are 3.51 and 2.25 g cc−1,
respectively), because the equivalent size L of a carbon atom in these elemental
forms slightly exceeds 0.1 nm.)

A primary working tool of the nanotechnologist is facility in scaling the magni-
tudes of various properties of interest, as the length scale L shrinks, for example,
from 1 mm to 1 nm.

Clearly, the number of atoms in a device scales as L3. If a transistor on a micron
scale contains 1012 atoms, then on a nanometer scale, L′∕L = 10−3 it will contain
1000 atoms, likely too few to preserve its function!

Normally, we think of scaling as an isotropic scale reduction in three dimen-
sions. However, scaling can be thought of usefully when applied only to one or
two dimensions, scaling a cube to a two-dimensional (2D) sheet of thickness a or
to a one-dimensional (1D) tube or “nanowire” of cross-sectional area a2. The term
“zero-dimensional” is used to describe an object small in all three dimensions, hav-
ing volume a3. In electronics, a zero-dimensional object (a nanometer sized cube
a3 of semiconductor) is called a “quantum dot” (QD) or “artificial atom” because
its electronic states are few, sharply separated in energy, and thus resemble those
of an atom.

As we see, a QD also typically has so small a radius a, with correspondingly
small electrical capacitance C = 4𝜋𝜀𝜀oa (where 𝜀𝜀o is the dielectric constant of
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the medium in which the QD is immersed), that the electrical charging energy
U = Q2∕2C is “large.” (In many situations, a “large” energy is one that exceeds
the thermal excitation energy, kBT , for T = 300 K, basically room temperature.
Here, T is the absolute Kelvin temperature and kB is the Boltzmann’s constant,
1.38 × 10−23 J K−1.) In this situation, a change in the charge Q on the QD by even
one electron charge e may effectively, by the “large” change in U, switch off the
possibility of the QD being part of the path of flow for an external current.

This is the basic idea of the “single electron transistor.” The role of the QD in this
application resembles the role of the grid in the vacuum triode, but only one extra
electron change of charge on the “grid” turns the device off. To make a device
of this sort work at room temperature requires that the QD be tiny, only a few
nanometers in size.

1.1.1
Plenty of Room at the Bottom

Think of reducing the scale of working devices and machines from 1 mm to 1 nm,
six orders of magnitude! Over most of this scaling range, perhaps the first five
orders of magnitude, down to 10 nm (100 Å), the laws of classical Newtonian
physics may well suffice to describe changes in behavior. This classical range
of scaling is so large, and the changes in magnitudes of important physical
properties, such as resonant frequencies, are so great, that completely different
applications may appear.

1.1.2
Scaling the Xylophone

The familiar xylophone produces musical sounds when its keys (a linear array of
rectangular bars of dimensions a × b × c, with progressively longer key lengths c
producing lower audio frequencies) are struck by a mallet and go into transverse
vibration perpendicular to the smallest, a, dimension. The traditional “middle C”
in music corresponds to 256 Hz. If the size scale of the xylophone key is reduced
to the micrometer scale, as has recently been achieved, using the semiconduc-
tor technology, and the mallet is replaced by electromagnetic excitation, the same
transverse mechanical oscillations occur, and are measured to approach the giga-
hertz (109 Hz) range [5]!

The measured frequencies of the micrometer-scale xylophone keys are still
accurately described by the laws of classical physics. (In fact, the oscillators that
have been successfully miniaturized, see Figure 1.1, differ slightly from xylophone
keys, in that they are clamped at both ends, rather than being loosely suspended.
Very similar equations are known to apply in this case.) Oscillators whose
frequencies approach the gigahertz range have completely different applications
than those in the musical audio range!

Could such elements be used in new devices to replace Klystrons and Gunn
oscillators, conventional sources of gigahertz radiation? If means could be found
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×20 000 2 μm 5 kv 5 mm

Figure 1.1 Silicon nanowires in a harp-like
array. Due to the clamping of the single-
crystal silicon bars at each end and the lack
of applied tension, the situation is more like
an array of xylophone keys. The resonant

frequency of the wire of 2 μm length is
about 400 MHz. After reprinted with permis-
sion from Ref. [5], Copyright 1999. American
Institute of Physics.

to fabricate “xylophone keys” scaling down from the micrometer scale to the
nanometer scale, classical physics would presumably apply almost down to the
molecular scale. The limiting vibration frequencies would be those of diatomic
molecules, which lie in the range 1013 –1014 Hz. For comparison, the frequency
of light used in fiber-optic communication is about 2 × 1014 Hz.

1.1.3
Reliability of Concepts and Approximate Parameter Values Down to About
L= 10 nm (100 Atoms)

The large extent of the “classical” range of scaling, from 1 mm down to perhaps
10 nm, is related to the stability (constancy) of the basic microscopic properties of
condensed matter (conventional building and engineering materials) almost down
to the scale L of 10 nm or 100 atoms in line, or a million atoms per cube.

Typical microscopic properties of condensed matter are interatomic spacing,
mass density, bulk speed of sound 𝜐s, Young’s modulus Y , bulk modulus B, cohe-
sive energy Uo, electrical resistivity 𝜌, thermal conductivity K , relative magnetic
and dielectric susceptibilities 𝜅 and 𝜀, Fermi energy EF and work function 𝜑 of
a metal, and bandgap of a semiconductor or insulator, Eg. A timely example in
which bulk properties are retained down to nanometer sample sizes is afforded by
the CdSe “QD” fluorescent markers, which are described below.
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1.1.4
Nanophysics Built into the Properties of Bulk Matter

Even if we can describe the size scale of 1 mm to 10 nm as one of “classical scal-
ing,” before distinctly size-related anomalies are strongly apparent, a nanotech-
nologist must appreciate that many properties of bulk condensed matter already
require concepts of nanophysics for their understanding. This might seem obvi-
ous, in that atoms themselves are completely nanophysical in their structure and
behavior!

Beyond this, however, the basic modern understanding of semiconductors,
involving energy bands, forbidden gaps, and effective masses m* for free electrons
and free holes, is based on nanophysics in the form of Schrodinger’s equation as
applied to a periodic structure.

Periodicity, a repeated unit cell of dimensions a×b×c (in three dimensions), pro-
foundly alters the way an electron (or a “hole,” which is the inherently positively
charged in the absence of an electron) moves in a solid. As we discuss more com-
pletely in the following, ranges (bands) of energy of the free carrier exist for which
the carrier will pass through the periodic solid with no scattering at all, much
in the same way that an electromagnetic wave will propagate without attenua-
tion in the passband of a transmission line. In energy ranges between the allowed
bands, gaps appear, where no moving carriers are possible, in analogy to the lack
of signal transmission in the stopband frequency range of a transmission line.

Therefore, the “classical” range of scaling as mentioned earlier is one in which
the consequences of periodicity for the motions of electrons and holes (wildly
“nonclassical,” if referred to Newton’s laws, for example) are unchanged. In prac-
tice, the properties of a regular array of 100 atoms on a side, a nanocrystal con-
taining only a million atoms, is still large enough to be accurately described by
the methods of solid-state physics. If the material is crystalline, the properties of
a sample of 106 atoms are likely to be an approximate guide to the properties of a
bulk sample. To extrapolate the bulk properties from a 100-atom-per-side simu-
lation may not be too far off.

It is probably clear that a basic understanding of the ideas, and also the
fabrication methods, of semiconductor physics is likely to be a useful tool for
the scientist or engineer who works in nanotechnology. Almost all devices in
the Micro-Electro-Mechanical Systems category, including accelerometers,
related angular rotation sensors, and more, are presently fabricated using the
semiconductor microtechnology.

The second, and more challenging, question for the nanotechnologist is to
understand and hopefully to exploit those changes in physical behavior that
occur at the end of the classical scaling range. The “end of the scaling” is the
size scale of atoms and molecules, where nanophysics is the proven conceptual
replacement of the laws of classical physics. Modern physics, which includes
quantum mechanics as a description of matter on a nanometer scale, is a fully
developed and proven subject whose application to real situations is limited only
by modeling and computational competence.
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In the modern era, simulations and approximate solutions increasingly facilitate
the application of nanophysics to almost any problem of interest. Many central
problems are already (adequately, or more than adequately) solved in the exten-
sive literature of theoretical chemistry, biophysics, condensed matter physics, and
semiconductor device physics. The practical problem is to find the relevant work,
and, frequently, to convert the notation and units systems to apply the results to
the problem at hand.

It is worth saying that information has no inherent (i.e., zero) size. The density of
information that can be stored is limited only by the coding element, be it a bead
on an abacus, a magnetized region on a hard disk, a charge on a complementary
metal oxide semiconductor capacitor, a nanoscale indentation on a plastic record-
ing surface, the presence or absence of a particular atom at a specified location, or
the presence of an “up” or “down” electronic or nuclear spin (magnetic moment)
on a density of atoms in condensed matter, (0.1 nm)−3 = 1030 m−3 = 1024 cm−3. If
these coding elements are on a surface, then the limiting density is (0.1 nm)−2 =
1020 m−2, or 6.45 × 1016 per inch2.

The principal limitation may be the physical size of the reading element, which
historically would be a coil of wire (solenoid) in the case of the magnetic bit. The
limiting density of information in the presently advancing technology of mag-
netic computer hard disk drives is about 100 Gb per inch2 or 1011 per inch2. It
appears that nonmagnetic technologies, perhaps based on arrays of atomic force
microscope tips writing onto a plastic film such as polymethylmethacrylate, may
eventually overtake the magnetic technology.

1.2
Moore’s Law

The computer chip is certainly one of the preeminent accomplishments of
twentieth-century technology, making vastly expanded computational speed
available in smaller size and at lower cost. Computers and e-mail communi-
cation are almost universally available in modern society. Perhaps the most
revolutionary results of computer technology are the universal availability of
e-mail to the informed and at least minimally endowed, and magnificent search
engines such as Google. Without an unexpected return to the past, which might
roll back this major human progress, it seems rationally that computers have
ushered in a new era of information, connectedness, and enlightenment in human
existence.

Moore’s empirical law, illustrated in several forms in Figure 1.2, is based on the
observation of Moore that the number of microprocessor transistors per chip dou-
bles every 1.5 years, an exponential growth pattern. As shown in Figure 1.2, several
related performance measures (top to bottom), supercomputer speed, supercom-
puter energy efficiency, residential Internet download speed, and hard drive cost,
also suggest exponential growth. In general, the empirical rule summarizes the
“economy of scale” in getting the same function by making the working elements
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Figure 1.2 Moore’s law [6]. The number
of transistors in successive generations of
computer chips has risen exponentially,
doubling every 1.5 years or so. Gordon
Moore, cofounder of Intel, Inc., predicted
this growth pattern in 1965, when a sil-
icon chip contained only 30 transistors.
The number of dynamic random access
memory (DRAM) cells follows a similar

growth pattern. The growth is largely due
to continuing reduction in the size of key
elements in the devices, to less than 45 nm,
with improvements in optical photolithogra-
phy. Clock speeds have similarly increased,
presently around 2 GHz. For a summary,
see [7]. Reprinted with permission from
Ref. [6].

ever smaller. (It turns out, as we see, that smaller means faster, characteristically
enhancing the advantage in miniaturization). In the ancient abacus, bead positions
represent binary numbers, with information recorded on a scale of perhaps 1 bit
[(0,1) or (yes/no)] per centimeter square. In silicon microelectronic technology,
an easily produced memory cell size of 1 μm corresponds to 1012 bits per centime-
ter square (1 Tb cm−2). Equally important is the continually reducing size of the
magnetic disk memory element (and of the corresponding read/write sensor head)
making possible the∼1000 Gb disk memories of contemporary laptop computers.
The continuing improvements in performance (reductions in size of the perform-
ing elements), empirically summarized by Moore’s law (a doubling of performance
every 1.5 years, or so), arise from corresponding reductions in the size scale of the
computer chip, aided by the advertising-related market demand.

The vast improvements from the abacus to the Pentium and Core i7 chips exem-
plify the promise of nanotechnology. Please note that this is all still in the range


