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Index

a
accelerometers 6, 14, 17, 158
acceptor impurity 10, 109
acetylene 139, 260
acids 155
acrosomal process 30
actin filaments 28, 31
– fluorescently labeled 33
adiabatic compression of gas bubble, effect
on temperature 292

adjacent nodes 61
ADP 30
AFM Arrays 167
AFM cantilever 22
AFM tip173
AgBr crystals 16
– conventional photography 146
air-bag, acceleration sensor for 14
aligned filaments 29
alkali etch 155
allowed energy bands 6, 102, 104
allowed frequencies 19
allowed values 64
alteration, of viruses 279
amino acids, unconventional 281
Ampere’s law 56
angular momentum 75, 76
– allowed orientations 77
– orbital 186
– spin 187
– total 187
angular momentum wave functions 75
angular rotation sensors 6
annealing 158
anomalous current 109
anthracene 140
anti-node 287
antiparallel spins 85

antisymmetric exchange 84–86
anti-symmetry under exchange 290
applications, completely different 4
array, of C60 molecules 149
arrays of nanowires 15
artemisinin, anti-malaria drug, as produced
in synthetic biology 281

artificial atom 3, 10
artificial intelligence 279
artificial virus 279
assembler breakthrough 1
assembling a ring 40
assembling organic molecules 172
assembly of dna-templated field effect
– transistor FET 48
– schematic showing electrode attachment

48
– single wall nanotube (SWNT) for field

effect transistor fet 48
assembly processes, nature 275
20-atom nanowire 169
Atomic Force Microscope (AFM) 48, 167
atomic scale 2
ATP 30, 35
ATP Synthase (F0F1) 33
attractive interactions 86
Avogadro’s number 3, 27, 174

b
bacteria 2, 15, 36, 148, 277, 281
– magnetotactic 124, 293
– typical 293
ballistic electron motion, vs diffusive motion
220

band curvature 111
band structures
– for GaAs 108
– for Si 108
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band theory 102
bandgap 289, 290
– effective masses 10
– insulator 5
– of the nanotube 143
– semiconductor 5
bandgap energy 70, 88
bandgap of semiconductor 111, 112
bands of energy 6, 102, 104
barrier tunneling 51, 65
basic microscopic properties, condensed
matter 5

beams, one electron atoms 187
benign areas
– of nanophysics 280
– of nanotechnology 280
benzene 140
bi-crystal defect 147
big bang 137
Big Blue, not human 280
biological cellular engines 31
biological rotary motors 24
biological sensors
– cones 2
– rods 2
biology 1, 28
– molecular 2
– synthetic 281, 282
bio-molecular rotary motor 35
biotechnology 153, 277, 280–281
– bacteria 277
– viruses 277
bits 11
black body spectrum 27
blue shift 11, 289
Bohr magneton 79, 123
Bohr radius 112
– Corrected 112
– Scaled 112
Bohr’s semi-classical model 81, 111
Boltzmann thermal occupation factor 79
Boltzmann’s constant 4, 292
bonding interaction 87
bonds 76
Bose–Einstein distribution 81
Bosons 81, 85
boundaries, allowed bands 105
boundary conditions 18, 63
boxes of free electrons 97–101
Bragg reflection 104, 105, 290
Bragg scattering, electron waves 105
Brass 18
Brillouin function 123
Brownian motion 23, 289

Bubble, surface tension and pressure
difference 290

bubbles in dense liquids
– collapse of bubble causes light emission

“sonoluminescence” 132
– generation by ultrasound from

piezoelectric transducers 132
bubonic plague 278
Buckyball 138
building-up principle 83
bulk modulus 5
bulk speed of sound vS, 5
buried layer 158
buried oxide layer (BOX) 158, 162, 163

c
60C (Buckminsterfullerene) 16
C60 molecule 270, 274
cantilever 20, 168
cantilever arrays 173–174
carbon arc discharge 141–142
carbon black 16
carbon bonds 138
carbon nanotube 71, 140–141, 273
– chemicapacitor 228
– conductive network produced by chemical

vapor deposition 223–224
– crossbar array 228
– electric field, inherently large 227–228
– energy for deflection 231
– latching tunnel junction switch 231–232
– random access memory element

228–232
– sensor device for polar molecules

227–228
– voltage dependent binding of polar

molecule 231
carbon nanotube crossbar array
– electrostatic energy 229, 230
– fabrication 232
– junction capacitance 229
– spring constant for deflection 229–230
– switching configuration 230
– tunnel junction resistance 229
carbon–carbon bond, delocalized 140
Carnot cycle 30–31
Casimir force 92–95
Ca++ gated potassium channel 36
catalyst 143, 262
cavitation in liquid 127
– relation to pitting of metal surface 128
CdS nanowire
– cleavage to provide optical cavity 118
– injection laser 118



Index 299

– light emission spectrum 121
– synthesis method 120
CdSe 70
CdTe 70
cells 2
cellular telephone 157
cellular telephone transmitting stations 166
centripetal acceleration 21
change in capacitance 14
change in conformation 31
changes in physical behavior 6
charge oscillation, in double well 235
charge qubit
– analogy to spin based qubit 238
– initialization of charge in molecule-ion

237, 238
– readout of charge location 238
– shallow donor electron state 234
– silicon based 238–239
charged AFM (atomic force microscope)
tip, as basis of electron mode imaging
221

chemical bonds as tunnel barriers 241
chemical synthesis, of C60 273
chemical table, elements 83
chemical vapor deposition 141–142, 155,
157

chip dissipation 287
CIP spin valve magnetic sensor 197
circular motion 21
circular orbit 52
circular ripples 41
classical Newtonian physics 4
classical oscillator 288
classical probability distribution 64
classical range of scaling 4, 5, 6
classical turning points 73
clock speed 164
clockwise rotation 34
closed channel 2
cmol: complementary molecular vs
complementary metal-oxide-semicond
(cmos) 232

cmol: ultra-dense nanowire crossbar
molecules epitaxially located above CMOS

– aspects of self assembly 273
CO molecule 20
coated quantum dot 11
coercive field 121
cohesive energy Uo 5
coiled spring 20
collapse, of atoms 52
collapse of bubble in dense liquid

– adiabatic condition leads to increase in gas
pressure and temperature 131

– light emission analyzed to reveal 15,000 K
gas temperature 132

compact low power refrigerators 164
comparison of action of single electron
transistor (SET) and resonant tunnel diode
(RTD)

– possible use of single molecules 244
– role of capacitance vs dimensionality

244
complementary molecular (CMOL) vs
complementary metal-oxide-semicond
(CMOS) 232

complete wave function 86
complex numbers 55, 66
computation, gigahertz rates 153
computer chip 7
computer hard disk 7
computer technology 153,
– superconducting 186
computers, capacity exceeding human
brain 157

concepts of nanophysics 5
concepts of solid state physics 6, 10
condensed matter, basic microscopic
properties 5

conformations, protein molecules 2
connections with biology 2
constant energy surfaces 98
continuity of ψ(x) 66
controlled chemical etching 15
controlled precipitation chemistry 16
conventional silver halide photography
16, 146

cooperative bulk effect 123
copper-catalyzed transformation 172
copy, of itself 175
Coulomb constant 53
Coulomb force 52, 94
Coulombic repulsion 30
covalent bond 84, 86
– di-hydrogen 289
– of di-atoms 84
covalent bonding, of carbon 140
critical current density for laser
action 119

critical temperature Tc, ferromagnetism
121

crossed nanotubes as random access
memory element

– capacitance 228
– electrostatic force between two tubes 229
Curie’s law 79
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current hump, in tunnel diode 9
current loop 78
current-in-plane cip geometry 197
curvature, of energy band 108

d
dangerous organisms
– bacteria 277
– viruses 277
dangling bonds 24, 124
Darwinian evolution 2
data storage 161, 173
d-bands 195
DDT 137
DeBroglie relation 54, 61
decomposition temperature
– diamond 274
– graphite 274
deep reactive ion etching 39
deflection of cantilever 168, 169
degenerate metallic semiconductor layer
116

delocalized electron gas 97
delocalized electron states 106
density 69
– elemental carbon (diamond) 3
– elemental carbon (graphitic) 3
– of electron states 99
– of information 13
– of water 3
depletion region 9, 109, 125
depth, potential well 97
deuterium, field emission
probability 291

devices
– human designed working 1
– molecular scale 2
– scale 1
– size 1
diamagnetic susceptibility 140
diamond 88, 138
diamond and zincblende crystal
structures 106

“diamondoid” covalently bonded
materials 24

“diamondoid” nanostructures,
proposed 271

diatomic molecules 5, 72
di-atoms 84
dielectric constant 53, 109, 111
dielectric spheres 45–46
dielectric susceptibility ε 5
diffusion length 23
di-hydrogen 86–87

di-hydrogen vibrations 289
dipolar field 89
dipolar fluctuations 90–92
dipole interaction energy 40
dipole–dipole force 89
directed bonds 106
discharge, of non-reactive ions 156
dispersion relation 19
displacement current 57
distinct electron propagation modes, analog
to optical modes 221

distinct quantum states, number 76
DNA 2, 137
DNA polymerase 96
DNA polymerase engine 96
DNA strand 46–48
DNA template 47
DNA-directed assembly 42
DNAP engine 96
domain walls 121
domains 121, 122
– magnetic, walls 194
donor impurity 10, 53, 109, 111
doping of silicon 108, 120
double covalent bonds 140
double helix DNA 275
double-well charge qubit 242, 245–253
– charge oscillation 246
– creation of wave-packet 235
– electron wave function combinations 247
– electron wave functions 244
– energy bands 257
– formed by implantation of single donor

ions 234, 235
– information contained 237
– initialization method 246
– readout method 242
– resonance condition 235, 243
– symmetric and anti-symmetric states

236
doubly clamped beams 20
drain contact 143
drugs 16
dry etching 156

e
E. coli, single cell bacterium 36
e-beam writing 293
economy of scale 7
ecosystem 137
effective density of states in semiconductor
band 113, 114

effective mass 6, 53, 70, 102, 108, 111, 170,
290
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effective spring constant 17, 20
– for cantilever 20
efficiency 35
– motor 36
electric dipole moment 40, 65, 227
electric field 21
electric field ionization of deuterium
(hydrogen) 129–131

– estimate of lifetime by
Oppenheimer 129

– simpler tunneling estimate of field
needed 129

electric polarizability 89–90
electrical barrier layer 9, 109, 125
electrical capacitance 3
electrical charging energy 4
electrical devices 29
electrical resistivity 𝜌 5
electrically pumped laser 145
electromagnetic field 59
electromagnetic fluctuations 93
electromagnetic waves and
speed c 58

electron, spin-dependent scattering
194–196

electron effective mass 195
electron interference devices 220–226
electron modes in point contact
constriction 222

electron pairs 85
electron ripples 69
electron spin 175–177
– freely rotating 190
– imaging, by magnetic resonance force

microscope (MRFM) 176, 177
– precessing 190
electron tunneling 129
electron wave length λ = h∕p 219
electronbeam gun (e-gun) 157
electron-beam lithography 159–160
electron–hole pairs 53
electronic conductivity, ferromagnet
195–196

electronic gyroscope sensors 293
electronic parameters, of important
semiconductors 109

electronic states of an atom 3
electrons, indistinguishable
nature 84

electrostatic energies 290
electrostatic exchange interaction 121
electrostatic forces 30
emission 65
emission wave lengths, photons 10

end of the classical scaling range 6
energy bands 5, 102, 106
– bending 125
energy density 39, 59
energy density of states, spin polarized
electron 195

energy gaps 53, 102, 104, 105
energy levels 51
energy of transition 289
envelope function 60–61
enzyme 2, 295
enzyme RNA polymerase (RNAP) 43
epitaxial film growth 145
Esaki tunnel diode 9–10, 111
etchant
– anisotropic 155
– isotropic 155
ethane 139–140
ethylene 140
evaporation 156
exchange interaction 87
– equivalent magnetic field 186
exchange splitting 2J 198
exchanging the two electrons 84
excitons 54, 74–80
existence proof, nanotechnology 2
expectation value 64–65, 86, 185
– energy 65
expectations, of nanotechnology 271

f
F1-adenosine triphosphate
synthase 30

fabricate a diamond structure 174
fabrication methods, of semiconductor
physics 6

“Fabry-Perot interference” optical analog
225

Faraday induction effect 175
Faraday’s law 57, 216
Fermi energy 5, 69, 81, 97, 112
– location of 113, 114
Fermi function 99
fermi particles 290
Fermi temperature 99, 100
Fermi velocity 99
Fermi–Dirac distribution 81
fermions 81, 85
ferroelectric 126
ferroelectric (insulating crystal)
– critical temperature, and relation to

pyroelectricity 127
– distortion of ionic lattice 127
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ferroelectric (insulating crystal) (contd.)
– surface charge density, and electric field

127
ferromagnet
– hard 193–4
– hysteretic 122
– internal magnetization of 193
– majority spins 193
– minority spins 193
– soft 193–4
ferromagnet nickel 123
ferromagnetic bits 11, 12
ferromagnetic domain 13
ferromagnetic transition 122
ferromagnetism 87, 121–4, 290
ferromagnets 84
FET device 266
fiberoptic communication 5
field effect transistor (FET) 143, 156
field ionization
– electron tunneling model 290
– hydrogen and deuterium 129–131
– rate under applied electric field 129
filled band 104, 106, 290
filters (Anapore) 15
first zone 106
flagella (propellers) 24, 28, 34
flexible mask 43
flight of the bumblebee 24
fluctuating electric dipole 90
fluorescent emission 289
fluorescent light 10
fluorescent markers 54, 145
flying in air 23
forbidden energy gaps 67, 102, 107
force constant 174
forward bias 109, 110
four assumptions, analyzed by Brooks 280
frequency of light 5
friction-free molecular bearing 24, 274
fringe magnetic field 202, 203
full shell configuration 83
fundamental frequency 287
fusion reaction releasing neutrons 129
future 271–84

g
GaAs 107
gaps 104
Gauss’s law 56
Gaussian function 73
100 Gb disk memories 8
genetic code 137
genetic engineering 278, 283, 284

– bacteria 278
– viruses 278
genetically engineered corn 153
genetics, nanotechnology, robotics (GNR)
276

Giant Magnetoresistance Effect (GMR)
11–13

giant magnetoresistance gmr 194–6
Gigahertz range 4
GMR magnetoresistive sensor, sensitivity
13

gmr spin valve 197–8
grandfather clock 17
granularity of nature 27
graphene sheet 140, 141
graphite 25, 138, 140
graphite vaporization 274
graphitic nanotubes 16
“gray goo” myth 175
greigite 147–9
grid in the vacuum triode 4
group velocity 58, 105, 290
grown silicon dioxide SiO2 155
Gunn oscillators 4, 10
gyromagnetic ratio 79
– electron 189
– nucleon 189

h
Hamaker constant 91
hard disk 11
harmonic oscillator equation 63
heat capacity 22
heat dissipation 163–7
heat engine 30
heavily doped pn junction 111
heterostructure 161
hexagonal ring 140
high-temperature superconductor (HTS)
157

hole 70, 107, 263, 289
– nature of 113
HTS films 157
HTS superconductors 166
human condition, substantially change 282
human germline 283
human slavery 283
humans, breeding 282
hybrid ferromagnet-semiconductor
Hall-effect device 200, 202–3

hybrid molecular/silicon devices
(CMOL) 226

hybridization 139
hydrogen bond 88–97
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hydrogen molecule 86
hydrogenic acceptors 110–121
hydrogenic donors 110–121
hydrogenic electrons 53
hydrolysis 36
hydrolysis of ATP 30

i
IBMMillipede storage device 295
ideal gas law 292
– modification in adiabatic case 132
Image of step in localization of nanotube in
device 48

imaging, magnetic resonance mri 177
imaging of single electron spin by magnetic
resonance force microscope (MRFM)
175–7

implant oxygen ions 158
implantation damage 158
inadequacy of rate 273
InAs quantum dot 145–6
inclusions 146
incommensurability 25
indirect bandgap 108
individual locations of atoms 41
induced dipole 89, 90
inductive time constant 21
inductor 21
information 7
injection laser 116–21, 145
– single-nanowire 119–21
InP 71
InP nanowires 72, 173
interaction
– contact hyperfine 189
– dipole–dipole 188
– electron spin with nuclear spin 188
– electron–nuclear spin 188
– expectation value 189
– hyperfine 189
interaction energy 86, 293
interaction of charge qubits binding energy
vs barrier height effects 249

– electron pairs (Cooper pairs)
in a box 250

– parallel and orthogonal geometries 249
interaction of the tip 40
interactions between electrons 83
interatomic spacing 5
interior locations, inaccessible 273
internal exchange field 122
intrinsic semiconductor 114
in-vitro fertilization 282
iodobenzene 172

ion channels 2, 36–8
ion implantation 156, 158
ion trap produced in GaAs
– demonstrated trapping of single Cd ion

253, 254
– fabrication steps in photolithography 254
– micrometer scale electromagnetic trapping

cavity 253
– possibility of a qubit 253
ion-beam gun 156
ionic bond 41
ionizing α particles 15
isolated double quantum dot as
qubit 246

isotropic scale reduction, one or two
dimensions 3

isotropic scaling 21

j
Johnson–Silsbee effect 203, 205
Johnson–Silsbee effect in aluminum 194
Josephson effect 85
– alternating current (AC) 216
– maximum supercurrent 210
– phase difference 𝜙 210
– tunnel junction 210
Josephson junction
– non-latching 215
– resistively shunted 215
Josephson tunneling junctions 164
Julliere model of tunnel valve
sensor 199

k
kinesin 2, 28–30
kinetic energy 21, 52
Klystrons 4
Kronig–Penney model 101–107, 290

l
Langevin equation 23
large quantum numbers 65
larger issues of human existence 271
laser ablation 142, 144, 157
laser assisted catalytic growth 71, 72, 142,
144

laser beam 43
laser hetero-junction 145
laser (Light Amplification by Stimulated
Emission of Radiation) 85, 141

latent image 146
life
– artificial 279, 280
– patents on 282
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lifetime of carrier against
scattering 110

lift forces 23
light emission from single bubble
collapse 134

limit of improvements 8
limit of large quantum number 65
limiting vibration frequencies 5
linear and rotary engines 30
linear chain of masses 19
linear combination 60, 76
– solutions 62
linear oscillator 289
linear paths 15
linear vibration frequency, CO
molecule 288

lipid wall 2
liquid helium 164
localization 61
locking tendencies 25
long solenoid 21
longitudinal resonant frequency 18
longitudinal vibration frequency 292
lubricating properties 24
luminescent labels 11

m
machine assembly 167, 272
machine tools 38
macroscopic magnetization 87
magic numbered (stable) 141
magnet, soft 184
magnetic bit 7, 13
magnetic dipole-dipole interaction in
hydrogen atom 294

magnetic disk 13, 173
magnetic disk data density 123
magnetic field 78, 175
– effective, related to exchange

interaction 279
– gradient 176, 186
– local, in material medium 80
– nuclear 183–217
– resonant, microwave 174, 175
– resonant rotating 190
– “resonant slice” for imaging single spin

175, 176
– rotating 175
magnetic field mapping 148
magnetic field sensor 13
magnetic logic device
– as incorporated into silicon chip 199
– planar nanomagnets in 211
– quantum cellular automaton 203

– summary of logic states 211
– three-input inverting majority function

205
magnetic moment 78, 176
magnetic permeability 80
magnetic quantum number 75
magnetic random access memory mram
– bit line 201
– cross-bar array 228–232
– nonvolatile 228–232
– tunnel barrier 205
magnetic resonance force microscope
(MRFM) 175–177

– relation to atomic force microscope (AFM)
173–177

magnetic resonance imaging, MRI
187–189

magnetic susceptibility 79–80
magnetic susceptibility κ 5
magnetic technology 7
magnetic vector potential A 207
magnetite 124, 147–149
magnetization 79–80, 87
– remanent 194
– saturation 194
magnetized domain 13
magnetoresistance mr (ratio) defined
194–196

Magnetospirillum magnetotacticum 147
majority universal logic gate 203–206
markers 11
masking layers 155
masks 154–155
mass action law for carrier concentrations
116

mass density 5
massive rapid computation 167
Maxwell’s equations 56–57
Maxwell’s wave equation 61, 62
Mean free path, gas molecules 290
mean free paths 292
measurement of the electron charge 28
mechanical resonance frequencies 17
melting points, of molecular solids 91
melting temperatures, of strong solids 273
MEMS (Micro-electromechanical Systems)
6, 161

– microelectromechanical 42
mesoscopic size range 2
messenger RNA 43
metallic conduction 106
methane 139–140
microelectromechanical (MEM) device 13
microelectronics 1
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microelectronics fabrication process 39
micromachined planar capacitor plates 94
microtechnology 1
microtubules 31
Millikan “oil drop experiment” 288
Millipede cantilever array storage device
22, 161

millipede project 173, 174
minerals, antiferromagnetic 147
miniaturization 1, 8
minimum radius of collapsing bubble 132
minority carrier in semiconductor 112
– relation to reverse current in pn junction

115
misconceptions, of nanotechnology
257–268

mobility 𝜇 107, 142
modification
– genes 276
– viruses 276, 277
modifying certain molecules of biology 137
modifying natural processes 153
modulation of the bandgap 142
molar mass 3
molecular assembler 169–172, 275–276
molecular assembler tip 41
molecular beam epitaxy (MBE) 145,
157–158

molecular bearing structure 24
molecular building blocks 46
– nanotubes, buckyballs, nanowires 46
– small and of reliable dimensions 46
molecular electronic devices 244
– latching 245
molecular scale motors 2
molecules
– state of rotation 150
– synthesized 137
moment of the area in the direction of the
bending 19

monoatomic step 172
Moore’s Law 7–9, 51, 85, 159, 264–266
motion of the bar 161
mri, receiver coil 188
muscle myosin 31
myosin 28, 30
myosin movement 32
myth, gray goo 175

n
nanocrystals 10
– superparamagnetic 148
nanofabrication
– AFM 174–175

– guided by dna strands 46
– self-assembly of complementary single

strands of DNA 47
– using building blocks 46
nanoharp 20
nanolithography 173
nanometer scale motors 28
nanometer-scale physics 1
nanonewton 20
nanophysical effects 9, 87
nanophysical rules 51
nanophysical tunneling 162
nanophysical tunneling effect 67
nanophysics 1, 2
– concepts 2
nanopore (Nuclepore) filters 15
nanopropeller 35
nano-replicas, common mechanical devices
272

nanoscale machines 1
nanoscale magnets 2
nano-symmetry 84
nanotechnology 1, 9, 13, 257
– viable complex 2
nanotransistors 36–37
nanotube
– capacitance per unit length 294
– diameter dependent on chiral coefficients

295
– effective spring constant for length L,

clamped at each end 288, 289
– electric current density 295
– resonant frequency for section of length L,

clamped at each end 295
– Young’s modulus 295
nanotube based FET 143
nanotube, carbon 141–144, 262
– armchair 142–143
– ballistic 293
– chiral 142
– multi-walled 141
– single-walled 141–143
nanowire 3, 144–145, 169
– CdS 144
– silicon 144–145
– silicon, coated with oxide 145
nanowires of indium phosphide 71, 72
naphthalene 140
nearest neighbors 122
negative resistance range 10, 110
negative slope 9
NEMS (Nano-electromechanical Systems)
36, 161

nerve impulses 37
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nested carbon nanotubes 24
neuron 37
neutral density filters 15–16
neutron generation by pyroelectric
field-ionizing device

– measurement of 100 keV x-ray emission
130

– measurement of ion-current 130
– measurement of neutron rate 130
neutron generator
– based on pyroelectric crystal 128
– field-ionizing 128
Newton’s laws of motion 14, 17
nodes 61, 268
normalization constant 64
NPN transistor 156
N-type semiconductor 107
nuclear spin 175
– isolation 185
– orientation 186
nucleon, magnetic moment 187
nucleotides 43
nucleus of the atom 52
nudge the atoms 40

o
octane 139–140, 292
off-axis electron hologram 148
Ohmic contacts, Silicon 125
one-dimensional box 289
one-electron atoms 74
one-electron wave functions 75
open channel 2
optical cavity mode viewed as simple
harmonic oscillator 118

optical fiber 59–60
optical lithography 158
optical spectra 52
optical tweezers 43–45
optically trapped structures 45
orbital angular momentum quantum number
75

orbital wave functions 87
order parameter, of coherent distortion
126, 127

orders of magnitude 4
organic chemistry 138
organic molecules, bonded 87
oscillations of conductance di/dv vs gate
– voltage 225, 226
– influence of nanotube length, relate to

Fermi velocity 226
– slight irregularity of 225

p
parallel plate capacitor 21
partially covalent 88
partially ionic 88
particle
– associated wave property 51
– barrier penetration of 51
particle of light 27
passivation 124
patents
– on DNA and RNA 282
– on “life” 282
patterning 154
Pauli exclusion principle 76, 81, 97,
98, 106

pentagonal carbon ring 140
Pentium chip 8
period of pendulum oscillator 17
periodic arrangement, charged
ions 97

periodic nature of the potential 102
periodic structure 6
periodicity 6, 110
Permalloy 80
permanent electric dipole moment 88
permeability, magnetic 194, 199
petaflop computer 165
– operating cost 165
– power 165
phase velocity 56
phenomena of nanophysics 271
photoelectric effect 288
photoelectrons 28
photoemission 288
photographic development 16
photographic emulsion 146
photolithography 154, 173–174, 293
– intrinsically planar 42
photoluminescence 72
photons 27–28, 59–60, 288
– energy 288
photoresist 44
photoresist polymer 154
physical constraints 66
physical laws
– classical 2
– quantum-mechanical 2
physical requirements on wave function 63
piezoelectric 126, 167–168
piezoelectric material
– coefficient relating strain (distortion) to

electric field 126
– example PZT, lead zirconate-titanate 126
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– relation to operation of scanning probe
microscope 126

– use as transducer to produce sound wave
127

piezoresistance 169
pitch of nanotube 143–144
Planck’s constant 10, 18, 27, 52, 288
plant cost, microelectronic 9
plasma 155
plasma formation in collapsing bubble 133,
134

PMMA polymer film 173
PN junction in semiconductor 116–117
– action as injection laser 116–117
– capacitance of junction, dependent on

voltage 117
– current-voltage relation 116
– diffusion current of minority carriers 117
– thermionic current 116
– width of depletion region 116
PN junction injection laser 118–119
– critical current density, formula 119
– optical cavity 118
– reflection coefficient of cleaved

semiconductor 118
– relation to nature of bandgap, as direct vs

indirect 119
– single-nanowire, CdS 119–121
point contact gate design 220
polar molecules 89
polarization, P, of electron spins 199
polarization P of spins 79
polio virus 278
– as synthesized from “mail order” materials

281
polycarbonate 15
polycrystalline silicon (polysilicon) 155
polymethylmethacrylate (PMMA) 7
polystyrene 16
pore sizes 15
positive bias 111
post-human beings 283
posthuman future 277, 282
potassium channel 29
potential differences 38
potential energy 18, 52
potential step 65–67
power, needed for information technology
165

power absorption 287
power consumption, RSFQ technology 166
power density 21
principal quantum number 83
probability 55, 64, 291

probability cloud 75
probability density 55, 74
probability distribution 64, 73
production, profitable 1
projections, robotics/artificial intelligence
280

propeller 35
properties, of some common ferromagnets
125

proposed sleeve bearing 272
protein polymers 31
proteins, not present in nature 281
prototype “Molecular Assembler”
169–172

pulling, Au atoms 169
pulse
– π 191
– π/2 190
P-type semiconductor 107
pyroelectric 126
– example is lithium tantalate 129
pyroelectric neutron generator
– compact 128
– electric field near tungsten tip 129
– field-ionizing 128
– fusion of deuterons 129
– with release of energy and neutrons 130

q
quantization of angular momentum
51–53

quantized conductance 221
quantum computing 183–186
– algorithm advantage 237
– conceptual questions 237
– relation to encryption 237
quantum condition 53
quantum dot fluorescent 5
quantum dots (QDs) 3, 4, 10–11, 34, 54, 70
– coated 11
quantum interference of electrons in carbon
nanotube FET 223–226

quantum limit 2
quantum mechanics 1
quantum nanophysics, probabilistic 2
quantum number n 18, 52, 74, 289
quantum of conductance 221
quantum rules 51
quantum sensitivity limit 16
quantum size effect 289
quantum states 61–74, 184
– linear combinations 184
quantum superposition, coherence
190–193
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quantum system, two-level 185
quantum well structure 146
quantum wire 71
quarks 188
qubit 118, 188
– charge 193
– isolated double quantum dot 246
– electron spin 190
– information content 184
– isolation 185
– linear array 192
– nuclear spin 191
– reading value 185
– susceptibility to decohere 184

r
radial inflow turbine 39
radiation
– 21.1 cm wave length 188
– big bang 189
radiative collapse 83
radiative efficiency for carrier recombination
in the junction 119

radiative recombination 10
radio-frequency single electron transistor
(RFSET)

– relation to charge qubit readout 239
– response to 30kHz signal of 5.5 electrons

on island 243
– schematic of apparatus 243
radius of nanotube 141, 143
rapid single flux quantum (RSFQ)
– analog-digital conversion (ADC) 217
– counting rate 750 GHz 217
– direct-current (DC) squid 216
– high temperature superconductor (HTS)

217
– tri-layer niobium technology 217
Rapid Single Flux Quantum (RSFQ)
superconducting technology 163

rare gas core 83
rate of computer operation 275
reactive ions 157
read head, for magnetic disk 11–13
real decay constant 66
real wave functions 78
receiver coil 191
recombination of electron and hole 10
reflection probabilities 65, 66
refrigeration, for superconducting computer
164, 166

regions of localization 61
relaxation times 191
remanent magnetization 121–122

repulsive interaction 86
repulsive overlap force 25
resistive electrical power 21
resistive time constant 21
resistivity 110
resistor 21
resonant frequency 161, 174, 260
resonant tunnel diode, as compared to single
electron transistor 231

resonant tunneling diode
– action as “energy filter” 232
– electron bound state 232
– incorporation in transistor 232–233
– tunnel barrier 232
resonant tunneling transistor (TBRTD)
– bound state electron wave function 234
– current voltage relation with

multi-stability 232
– double gated 233
– energy bands 234
– triple barrier, double well 233
response time of accelerometer 17
retina 2
Reynolds number 22
rigidity parameter 18
ripples of electron density 67
RNA 2
RNA polymerase engine 43, 96
RNAP engine 43
RNAP molecule 45
Roadmap 159, 162, 166
robotic technology 278–281
robotics 279
– independent 280
– willful 280
role of quantum dot in increasing radiative
efficiency 119

“room at the bottom” 4
rotary motors 30
rotation sensors 293
roughness of gas/liquid interface 134
RSFQ counting circuit 163
RSFQ technology 163–167
rules of nanophysics 83

s
sacrificial layers 160–162
saturation magnetic moment 123
saturation magnetization 122, 194
scale range 3, 8
scaling of gas temperature with bubble radius
132, 133

scan, 3-d raster 187
scanning probe microscope 153
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Scanning Tunneling Microscope (STM) 20,
38–41, 167–173

Schottky barrier 124, 125
Schrodinger’s equation 1, 58, 62–63,
73–74

– time-dependent 62, 63
sediment 149
Segway Human Transporter 293
self-assembled monolayers 149–150
self-assembly 42, 46–48, 138
self-consistency equation 123
self-replicating machines 1
self-replicating molecular assembler 154,
275

semiconductor 117
– carrier concentration in 112–115
– concentrations of electrons and holes

109
– degenerate 115, 116
– density of states 168
– effective mass of electron or hole 171
– electrical neutrality 113
– heavily doped 115
– metallic 116
– metallic doping, P+ or N+ 112
– minority carrier diffusion length 117
– minority carrier lifetime 117
– recombination of carriers 117
– valence band 113
semiconductor electronics 1
semiconductor QD crystal 11
servo loop 167
sharp absorption 10
shear modulus 20
shell structure, atoms 83
Si 106
silicon carbide nanorods 142
silicon computer technology, future 162
silicon lithographic microtechnology 13
silicon nanoelectronics
– 45 nm photolithographic process 219
– wave optics (vs geometrical optics) in

mask design 219
silicon nanowire 71
silicon technology 154–158
simple harmonic motion 21
simple harmonic oscillation (SHO) 17, 18,
72, 73

simple pendulum 17
simulations and approximate solutions 7
single electron transistor (SET) 4, 161
single magnetic domain 101, 148
single mode laser action 118
single molecules, as circuit elements 244

single molecules as computing elements
253

single-C60 transistor (SET) 240
– fabrication by electromigration induced

breaking of nanoelectrode 240
– I(V) curves vs gate voltage 240
– schematic diagram 240
single-crystal-silicon bars, vibrational
motions 287

single-electron transistor (SET) 239–245
– analog of field effect transistor (FET) 239
– as compared to resonant tunnel diode

243
– fabrication from single nanotube 241
– half-integer electron charge of island 239
– localization of charge by tunnel barrier

239
– room-temperature operation 241
– twice-kinked nanotube 241
– use of C60 molecule as island 239, 240
single-nanowire injection laser 119
single-point probes 167
skyscrapers 3
Smalley’s refutation 272–274
smallness, limits to 27–48
sonoluminescence 132
soot 16
sophisticated robots 280
source contact 143
sources of GHz radiation 4
sp bond, angle 139
space part of wave function 85
space wave functions 86
spasmoneme 29
spasmoneme spring 29
spatial resolution 167, 293
spectrum of glowing light 286
speed of light 10, 62
speed of sound v 18
spherical polar coordinates 73
spin alignment 121
spin echo 191
spin flip length in carbon nanotube 196
spin flip scattering
– length 196
– time 196
spin injection 203
spin injection device 204
spin injection in carbon nanotube 203, 209
spin part of wave function 85–86
spin quantum number 76
spin singlet 86, 87
spin triplet 85, 87
spin valve 194
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spin-down electrons 124
spins, coupled set 189
spin-up electrons 124
splitting, hyperfine 188
spring constant 286
spring motor 30
sputtering 156, 157
square well potential 289
stability (constancy) of concepts of solid state
physics under scaling 6

stained glass windows 15
standing waves 67, 98, 105
star-stuff 137
Stern–Gerlach experiment 183, 186–187
stimulated emission of photon 145
STM 167
stm as quantum computer readout 191
stm current, modulation by spin precession
192–193

stochastic diffusive (Brownian) motion
23

Stokes’ Law 22–23, 28
strain 21
strained crystalline layer 146
strained InGaAs quantum-well structure
145

string, stretched 18
strong wave effects with long electron mean
free path 220

stubbed quantum electron wave guide
222–223

stubbed quantum electron wave guide device
– conductance plateaus 222
– four-electrode gate 223
– sharp interference minima 223
sub-band index 71
succeeding conformations 139
superconducting double qubit
– capacitive coupler 250
– demonstration of charge oscillations

251
– schematic of device (Cooper pair boxes)

250
– splittings reveal coupling of qubits

250
superconducting ground state, of electron
pairs 85

superconducting logic elements rapid single
flux quantum (rsfq) 214–217

– voltage pulse 215
superconducting quantum interference
– detector (squid) 210
– DNA molecule attachment 212, 213
– DNA-templated 212, 213

– nanoscale version 212, 213
superconductive RSFQ computing
technology 163

superconductor
– electron pair wave function 207
– macroscopic quantum state 206–207
– magnetic flux quantum 206
– pair wave-function phase θ 207
– penetratration depth 207
– type I 207
– type II 207
super-human beings 282–284
supernova explosions 137, 138
superparamagnetic limit 13, 123, 124
superpositions 98
surface, non-commensurate 274
suspended bridges 160–162
suspended silicon plate 160
SWNT 142
symmetric 84, 85
symmetric covalent bond 84
symmetric exchange 85
symmetry, exchange of particles 185
symmetry of the wave function 121
symmetry-driven electrostatic force
84

synthesis 144
– of polio virus 279
– silicon nanowire, via laser assisted catalytic

growth 142, 144
– use of laser ablation 142, 144
Synthetic biology 281–282
– proteins not present in nature 281
– unconventional amino acids 281
– use of E. coli to produce artemisinin,

anti-malaria drug 281

t
technologiesquantum 183
technology 1
TEM observation 147
tensile strength 142
terminal velocity 288
“terminator gene” 279
tetrahedral bonding 107, 111, 271
tetrahedral covalent bond orbitals
107

tetrahedral sp3 bond 88, 139
thermal conductivity 5, 22, 142
thermal diffusion 156
thermal excitation energy kT 4, 25, 134,
270

thermal link 22
thermal time constant 22
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thermal vibration 288
– of atoms 138
thermistor 117
thermomechanical memory device 22
thiols 149
threat 154
– perceived 154
threat to life 271
three-dimensional method 42
time constant 21
time-independent Schrodinger’s equation
63

tip, access 252
tip bias voltage 40
tip heater 22
tip heater time constant 174
tips, vibrate excessively 41
titanium carbide 143
Tobacco Mosaic Virus (TMV) 278
topograph 167
torque 293
tracks, for linear engines 30–33
transistor 108, 156
– function 3
transistors per chip 9
transmembrane proteins, 36
transmission electron microscopy, 16
transmission line, 6
transmission probabilities, 66
transverse mechanical oscillations, 4
trap, optical, 43
– self-organizing, 46
trap position, optical tweezers 43–45
trapped particles 68–70
traveling wave 55
trenches in silicon surface 156
trigonal sp2 bond 139
triphosphate synthase (F1-ATPase) 30
triple covalent bonds 140
triplet state 76
tubulins 33
tunability, of light emission wave
length 145

tungsten tip to produce high electric field
129

tunnel magnetoresistance (TMR) 198
tunnel valve 193
tunnel valve magnetoresistance sensor
198–200

tunneling barrier penetration 9, 51,
65–67

tunneling diode 9–10, 109
tunneling model of hydrogen field ionization
– approach frequency 273

– barrier potential 290
– average value 291
– escape frequency 291
– transmission probability 259
turbine wheel 39
two nanowire squid detector
– DNA adhesion 212
– DNA templated 212, 213
– flux penetration 207
– magnetic flux oscillations 207
– thermal phase slip process as source of

resistance 212
– weak links 212
– wire cross section 1500 atoms 214
two-dimensional electron gas (2DEG)
220

two-level system 183
two-particle wave function 65

u
Ullman reaction 172
ultrasonic range 18
Ultrasound in water and other liquids
– amplitude of pressure wave 127
– negative pressure 127
– possibility of initiating bubble (cavitation)

127
uncertainty principle 60, 73, 289
unit of viscosity 22
unstrained bond 273

v
valence electrons 97
van der Waals 25
van der Waals (dispersion) forces 88, 258,
274

vapor pressure 156
velocity-dependent drag forces 22
vibrating beam 161
vibrational frequency, H2 289molecule
289

vibrations on a linear atomic chain 19
violin string 18
virus 15, 276, 277, 296
viscosity 22
viscous drag forces 22, 29
voltage-gated potassium ion channel 36

w
wave and particle natures of light 51
wave function 55, 60, 74, 75, 76, 83, 84
– linear combination 139
– normalization 184
– spin part 183
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wave guide modes 56
– metallic wave guide, transverse

electric TE 58
– optical fiber 58
wave guide modes for electromagnetic wave
– calculated, cylindrical dielectric wave

guide 59
– similarity to probability plots for matter

waves, via Schrodinger eqn 58
wave length
– electrons 53
– visible light 3
wave nature of light 54
wave nature of matter 41, 54
wave number 19
wave packet 61
wave velocity 19
wet etches 155
width, depletion region 109
widths, finest wires 158

work function 5, 28, 97, 268
working machines
– scale 1
– size 1

x
x-ray lithography 158–159
xylophone 4, 5

y
Young’s modulus 5, 18, 19, 142

z
zero heat dissipation 142
zero point energy 73, 93
– di-hydrogen 289
zero-dimensional 3
zero-point motion 289
zone-boundary 290
z-piezo 168










