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Mesoscopic physics is a rather young branch of science. It started about 15 years ago
and has already had several exciting and instructive achievements. It enjoys the unique
combination of being able to deal with and provide answers to fundamental questions of
physics while being relevant for applications in the not-too-distant future. In fact. some of
the experimental possibilities in this field have been developed with an eye to reducing the
sizes of electronic components. It can be hoped that cross-fertilization between physics
and technology will continue and go both ways. We now already understand much more
about the realm intermediate between the microscopic and macroscopic. Basic questions
about how the quantum rules operate and go over into the classical macroscopic regime
have been and are being answered. It is hoped that the whole regime between man-
made structures and naturally occurring molecules, with their modifications, will be
approached and understood soon. Impressive nanoscale techniques for that future stage
are being developed.

This book is written in an attempt to make these interesting issues clear to physicists,
chemists, and electronic and optical engineers and technologists. The reader should have
a solid background in physics, but not necessarily be conversant with advanced formal
theoretical methods. The understanding of the underlying physical ideas and the ability
to make quite accurate estimates should be of help to both experimental researchers and
technoiogists. At the same time, the study of this material should be helpful to graduate
physics and chemistry students for integrating and solidifying their studies of quantum
mechanics. statistical mechanics, electromagnetism, and condensed-matter physics.

The author is indebted to many colleagues for collaborations related to these subjects
over the years, from which much was learned and the results obtained from which consti-
tute much of the material covered. These colleagues include: Y. Aharonov, A. Aharony.
B. L.Altshuler, N. Argaman, the late A. G. Aronov, M. Ya Azbel, D. J. Bergman,
M. Biittiker, G. Deutscher, O. Entin-Wohlman, B. Gavish, Y. Gefen, L. Gunther,
C. Hartzstein. 1. Kander, R. Landauer, N. Lang, 1. Lemer, Y. Levinson, S. Mohlecke,
G. Montambaux, M. Murat, Z. Ovadyahu, J. L. Pichard, P. Pincas, S. Pinhas, E. Pytte,
A. Shalgi, D. J. Scalapino, A. Schwimmer, N. S. Shiren, N. Shmueli. U. Sivan,
U. Smilansky, A. Stern, A. D. Stone, M. Strongin, D. J. Thouless, A. Yacoby, and
N. Zanon.

Many other colleagues contributed by instructive discussions for which the au-
thor is extremely grateful. They include: E. Abrahams, E. Akkermans, S. Alexander,
E. L. Alishuler, A. Altland, V. Ambegaokar, T. Ando, Y. Avishai, Y. Bar-Joseph,
A. Baratoff, C. Beenakker, E. Ben-Jacob, A. Benoit, M. Berry, the late F. Bloch,
H. Bouchiat, E. Brezin, M. Brodsky, C. Bruder, J. Chalker, P. Chaudhari, C.-s. Chi,
M. Cyrot, D. Divincenzo, U. Eckern, K. B. Efetov, A. L. Efros, R. Englman,
W. A. B. Evans, A. Finkel'stein, A. Fowler, E. Fradkin, H. Fukuyama, N. Garcia,
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L. Glazman, G. Grinstein. D. Gubser, B. . Halperin, M. Heiblum, S. Hikami.
A. Houghton, A. Kamenev, M. A. Kastner, D. E. Khmel'nitskii, S. Kirkpatrick,
S. Kivelson, S. Kobayashi, W. Kohn, B. Kramer, A. Krichevsky, the late R. Kubo,
J.Langer. A.I. Larkin,D.-H. Lee,P. A.Lee, A.J. Leggett,S. Levit, L. P. Levy, H. J. Lipkin,
D. Loss, the late S.-k. Ma, A. MacDonald, A. MacKinnon, D. Mailly, R. S. Markiewicz,
Y. Meir, P. A. Mello, U. Meirav, M. Milgrom, J. E. Mooij, B. Miihlschlegel, D. Mukamel.
D. Newns. Y. Ono. D. Orgad, the late I. Pelah. J. P. Pendry, M. Pepper. D. Prober. N. Read,
H. Rohrer, T. M. Rice, M. Sarachik, M. Schechter, A. Schmid, G. Schén, T. D. Schultz.
Z. Schuss, M. Schwartz, S. Shapiro, B. I. Shklovskii, N. Sivan, C. M. Soukoulis,
B. Z. Spivak, F. Stemn, C.-c. Tsuei, D. C. Tsui, B. van Wees, D. Vollhardt, K. von
Klitzing. S. von Molnar, R. Voss, S. Washburn, R. Webb, F. Wegner, H. Weidenmiiller,
R. Wheeler, P. Wiegman, J. Wilkins, N. Wingreen, S. Wolf, and P. Wolifle.

Special thanks are due to the author’s most recent four Ph.D. students (in chronologi-
cal order): Yuval Gefen, Uri Sivan, Ady Stern. and Nathan Argaman, and to Amir Yacoby.
All of them quickly became colleagues and friends and contributed immensely to the
work and to the physical understanding of the subject. The collaborations with the late
A. G. Aronov, S.-k. Ma, and L. Pelah are especially remembered. The person whose
ideas and insights have contributed the most to the author’s understanding of the related
physics is Rolf Landauer, who deserves special thanks and whose contribution is deeply
appreciated. The responsibility for errors, omissions, and misunderstandings rests solely
on the author. R. Landauer, C. Bruder, M. Heiblum, D. Orgad, U. Sivan, U. Smilansky
and A. Stern are also thanked for pertinent comments on the manuscript.

Various phases of this research were done in a number of laboratories and institutes for
which the author is grateful for support. These include Soreq Nuclear Research Center,
Comell University, Tufts University, Tel-Aviv University, the University of California
at Santa Barbara and San Diego, Brookhaven National Laboratory, the IBM Yorktown
Research Center, CEN Saclay, the University of Karlsruhe and the Humboldt Foundation,
the Wissenschaftskolleg of Berlin, Ecole Normale Supérieure and, last but not least,
the Weizmann Institute of Science. The following agencies are thanked for recently
supporting parts of this research: BSF (U.S.-Israel Binational Science Foundation), GIF
(German-Israeli Binational Science Foundation), the Israel Academy of Sciences and
Science Foundation, and the Minerva Foundation. Mrs. Naomi Cohen is thanked for
expert typing of the manuscript.

N. Argaman, C. Bruder, D. Cohen, R. de Piccioto, U. Gavish, Y. Gefen. S. Levit.
Z. Ovadyahu, M. Schechter, B. Shapiro, A. Stern. and I. Ussishkin are thanked for
pointing our misprints and errors and providing useful comments on the first printing.

Preface to the second edition

In this edition chapters 3, 8, and 9 and the references section were modified substantially,
including a new short account of some new results in very small quantum dots and recent
organic and molecular conductors. The latter systems represent examples of the evolving
field of nanoscience, the small-size end of mesoscopics, which offers several exciting
directions of research. Many of the errors and typos of the first edition were corrected.
The author is indebted to many colleagues for communicating errors and comments.
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In particular, the comments by N. Andrei, N. Argaman, H. Bouchiat, C. Bruder, S. A.
Bulgadaev, N. M. Chtchelkatchev, C. Dekker, S. Levit, M. Schechter, A. Silva, A. Stern,
and I. Ussishkin are gratefully acknowledged. Uri Gavish is especially thanked for his
major help both on the physics of the new chapter 8, and on the references. Some of the
work on the second edition was done while the author was visiting the Ecole Normale
Superieure in Paris. The author is grateful to C. Dekker for providing the new figures in
chapter 9.
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Below are frequently used notations. In some chapters different notations are used to
allow easy comparison with the literature.

Vol Volume (e.g.. for a wire, Vol = A x L where A is the cross section
and L the length. For a slab, Vol = A x d., where A is the area
and d is the thickness)

T Temperature or transmission probability (by context)

A Vector potential of the electromagnetic field.

n Average density

] Particle-density operator

o Charge-density operator (note: sometimes p denotes the resistivity)

N =n x Yol

N(&) Single-particle density of states (DOS)

N@©O) Single-particle density of states at the Fermi energy

Ny Number of channels described precisely in chapter 5 section 2

n(e) = N(e)/Vol

n(0) = N(0)/Vol

£F Fermi energy

E. = hD/L" (Thouless energy)

VL =7 Et

u Chemical potential

A =1/N@WO)

A Superconducting gap

D Diffusion coefficient

G Conductance

g Dimensionless conductance

o(w) Conductivity

o = lim,_.oRe(o(w)) (d.c. conductivity)

T Dephasing time

Lg Dephasing length

1 Current

J Current density

I Josephson critical current amplitude

0] Magnetic flux

dy = hc/e

(L = hc/(2e)

Si(w) Power spectrum of / (often the index 7 is omitted)
Ci(n Temporal autocorrelation function of / (often the index 7 is omitted)
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