


being realized if the tunneling rates through the two barriers are equal. This important
result has been found following a different route by Kalmeyer and Laughlin [37], and by
Xue and Lee [38].

This example and the one discussed in section 4 illustrate how e*/h may show up
in seemingly unrelated contexts (quantum ballistic transport through a point contact,
and resonant tunneling through a localized state). Further examples are the quantum
Hall effect, and universal conductance fluctuations[22]. Solid state electron optics is the
viewpoint that transport properties are in essence transmission properties of the modes
(or quantum channels) in the conductor. A single open channel universally contributes
e?/h to the conductance, which explains why this quantity is ubiquitous in quantum
transport.

6. READING GUIDE

Fundamentals of the Analogy

1. R.P. Feynman, Space-Time Approach to Non-Relatrvistic Quanium Mechanics, Rev.Mod.Phys.
20, 367 (1948). A lueid and self-contained deseription of Feynman's path-integral formulation of
quantum mechanies, that may also be regarded as the final building block of the fundamental
analogy between non-relativistic mechanics and optics.

R.P. Feynman, R.B. Leighton, and M. Sands. The Feynman Lectures on Physics, vol. 11, chapter 19:
The Principle of Leasi Action (Addison-Wesley, New York, 1964). A personal account of Feynman's
fascination with variational principles, which led to his formulation of quantum mechanics.

3. M. Born and E. Woll, Principles of Opties, (Pergamon, Oxford, 1965), Appendix 1] describes the

basics of the analogy with electron optics.

[

Principles of Solid State Electron Optics

1. W. van Haeringen and D. Lenstra, eds. Analogres in Oplics and Micro-Electronics, (Kluwer Aca-
demic, Dordrecht, 1990) and also Physica B 175 (1990). Two collections of articles on analogies,
which provide an excellent reading guide for those interested in this field.

2. We would also like to refer to the Chapters in this volume by Agranovich, John, and Yablonovitch,
which deal with particular analogies between optics and solid state transport.

3. R. Landauer, Spatsal Variafion of Currents and Fields Due to Localized Scatterers in Metallic
Conduction, IBM J.Res. Dev. 1, 223 (1957). The main message of this paper was that more
attention should be given to the role of the strongly inhemogeneous (sell-consistent) electric field
in some transport problems, but it is most often cited because it pioneered the idea of a relation
between conductance and the transmission probability: transport is viewed as a consequence of a
Aux of carriers, incident from a reservoir, rather than as a result of an applied electric field.

4. R. Landauver, Conductance from Transmission: Common Sense Points, Physica Scripta T42, 110
(1992). A highly readable discussion of some objections that one might raise (or that some have in
fact raised) against the transmission approach, complete with arguments why they are irrelevant
In MAany cases,

5. M. Buttiker, Four-Terminal Phase-Coherent Conductance, Phys. Rev.Lett. 57, 1761 (1986). An-
other pioneering paper, that provided the generalization of the Landauer formula {as we know it
today) to multi-probe measurements of the conductance. A reciprocity relation is derived for the
conductance (generalizing Onsager’s reciprocity relation to one for the conductivity}.

6. M. Buttiker, Symmetry of Electrical Conduction, IBM J.Res.Dev. 32, 317 (19588). A detailed and
more tutorial account of the Landauer- Buttiker formalism.

7. L. Esaki and R. Tsu, Superlafiice and Negative Differenital Conductivily in Semiconductors, IBM
J.Res.Dev. 14, 61 (1870). The first paper on the idea of a semiconductor superlattice, which has
had a tremendous influence on semiconductor physics ever since.

8. Y. Imry, Physies of Mesoscopic Systems, in Directions in Condensed Matler Phystes, G. Grinstein
and G. Mazenko, eds. (World Scientific Press, Singapore. 1986). A review that has set the agenda
for much of the subsequent developments in mesoscopic physics.

9. VS. Tsol, J. Bass, and P. Wyder, Transverse Electron Focusing as ¢ Way of Studying Surface
Crystallography, Advances in Physies 41, 365 (1992). A review of pioneering work on ballistic
electron transport in metals.



10.

H. van Houten, C.W.]. Beenakker, J.G. Williamson, M.E.l. Broekaart, P.H.M. van Loosdrecht.

B.J. van Wees, J.E. Mooij, C.T. Fexon, and J 1. Harris, Coherent eleciron focusing with qguenfem
poini contacts m a fwe dimensional electron gas, Phys. Rev. B. 39, 8556 (1989). This paper
established the idea of solid state electron optics using quantum point contacts as coherent point
sources, potential walls as mirrors, and a magnetic field as a lens.

Conductance Quantization and Transmission Steps

1.

C.W.J. Beenakker and H. van Houten, Quanfum Transpert in Semiconducfing Nanostructures,
Solid State Physics 44, 1 (1991). A review dealing with the regimes of coherent diffusion, quantum
ballistic transport, lateral tunneling, and adiabatic transport in the quantum Hall effect regime,
M. A. Reed, ed. Nanostraclured Sysiems, a velume of Semiconductors and Semimetals, (Academic
Press, New York, 1992). This book contains 4 extended reviews, entitled Quantum Poini Conlacts,
by H. van Houten, C.W.]. Beenakker, and B.J. van Wees, When does a Wire become an Electron
Wavegmide, by G. Timp, The Quantum Hall Effect in Open Conductors, by M. Buttiker, and
Elecirons m Lul‘:ﬂ:”! Permodic Nanostruclures, 'h}' W. Hansen, J.P. Kotthaus, and U, Merkt.

Refraction and Tunneling

1.

2

3.

E. Burstein and 5. Lundquist, eds. Tunneling Phenomena in Selids, (Plenum, New York, 1969).
Still the best introduction to sclid-state tunneling.

L. Solymar, Superconductive Tunmeling and Applications, (Chapman and Hall, London, 1972).
This book also contains a chapter on normal metal tunneling. and has an extensive bibliography.
H. Grabert and M. Devoret, eds. Smgle Charge Tunneling: Couwlomb Blockade Fhenomena m
Nanostructures, NATO ASI Series B: vol. 294 (Plenum, New York, 1992). This book s a collection
of review articles of tunneling bevond the independent electron approximation, where the analogy
with optics no longer holds.

M. Buttiker, Coherent and Sequential Tunneling m Series Barriers, IBM ] Res. Dev. 32, 63 (1088).
Contains a good introduction and guide to the literature on resonant tunneling.
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