


ELECTRICAL TRANSPORT IN
NANOSCALE SYSTEMS

MASSIMILIANO DI VENTRA
y of Californ

T

E200800131
% CAMBRIDGE

®5) UNIVERSITY PRESS




CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sio Paulo, Delhi

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521896344

© M. Di Ventra 2008
This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without
the written permission of Cambridge University Press.
First published 2008
Printed in the United Kingdom at the University Press, Cambridge

A catalog record for this publication is available from the British Library

ISBN 978-0-521-89634-4 hardback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLs for external or third-party internet websites referred to
in this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.




ELECTRICAL TRANSPORT IN
NANOSCALE SYSTEMS

In recent years there has been a huge increase in the research and development of
nanoscale science and technology, with electrical transport playing a central role.
This graduate textbook provides an in-depth description of the transport phenomena
relevant to systems of nanoscale dimensions.

In this textbook the different theoretical approaches are critically discussed, with
emphasis on their basic assumptions and approximations. The book also covers
information content in the measurement of currents, the role of initial conditions
in establishing a steady state, and the modern use of density-functional theory.
Topics are introduced by simple physical arguments, with particular attention to
the non-equilibrium statistical nature of electrical conduction, and followed by a
detailed formal derivation. This textbook is ideal for graduate students in physics,
chemistry, and electrical engineering.

MASSIMILIANO D1 VENTRA is Professor of Physics at the University of Califor-
nia, San Diego. He has published over 70 papers in refereed journals, co-edited the
textbook Introduction to Nanoscale Science and Technology (Springer, 2004), and
has delivered more than 100 invited talks worldwide on the subject of this book.
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Preface

“The important thing is not to stop questioning.
Curiosity has its own reason for existing.”
Albert Einstein

About ten years ago I was resting between session breaks of a busy American
Physical Society March meeting. A colleague, whom I had not seen in
years, was with me and inquired about my work. I told him I was working
on understanding transport in nanoscale systems. He replied, “Aren’t the
most important facts already understood?”

As unsettling as that question was, I realized he was simply echoing a sen-
timent in the community: the field of mesoscopic systems — larger “cousins”
of nanoscale systems — had provided us with a wealth of experimental re-
sults, and a theoretical construct — known as the single-particle scattering
approach to conduction — that had almost assumed the characteristics of a
“dogma”. Many transport properties of mesoscopic systems could be under-
stood in terms of this approach. Books on the subject had appeared which
enumerated the successes of this theory. Nanoscale systems were nothing
else than smaller versions of mesoscopic systems. All we needed to do was
transfer the established experimental knowledge — and proven theoretical
and computational techniques — to this new length scale. Or so it seemed.

The past decade has shown that the field of transport in nanoscale systems
is not a simple extension of mesoscopic physics. Thanks to improved exper-
imental capabilities and new theoretical approaches and viewpoints, it has
become clear that novel transport properties emerge at the nanometer scale.
In addition, many physical assumptions and approximations we reasonably
make to describe mesoscopic systems may not hold for nanoscale structures.
Most importantly, it is now starting to sink in that we need to treat the
many-body transport problem for what it truly is: a non-equilibrium statis-
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tical problem. Conducting electrons — and the background ionic structure
— are in a state of non-equilibrium, whose properties are known, at best,
statistically, even at steady state. By neglecting the true non-equilibrium
statistical nature of this problem, we may neglect important dynamical phe-
nomena of particular relevance in nanostructures.

This book attempts to reframe the transport problem with this perspec-
tive in mind. Therefore, attention is given to questions that are often over-
looked in the literature, e.g., how electrical current is generated, what do
we measure when we measure currents, what is the role of initial conditions
in establishing a steady state, etc. The language of information theory is
used throughout the book to quantify the amount of information one can
gather from either the measurement of the current, or the various descrip-
tions of electrical conduction. In addition, I have tried to critically point
out the underlying physical assumptions and approximations of the differ-
ent approaches to transport. It is my opinion that some of the concepts we
generally take for granted need to be applied with more care in the case of
nanoscale systems, and novel physics may emerge if some of these approxi-
mations/assumptions are lifted.

Transport theories belong to the field of non-equilibrium statistical me-
chanics and are, first and foremost, based on viewpoints, not sets of equa-
tions. Each of these viewpoints contributes bits of information to our under-
standing of electrical conduction. The book is thus roughly divided into the
description of these viewpoints, the similarities and differences among them,
and the physical phenomena one can predict from them. In addition, due
to the growing importance of density-functional theory (DFT) — in both its
ground-state and dynamical formulations — in transport, the book contains
a description of DFT so that it is as self-contained as possible. In particular,
the fundamental limitations of ground-state DFT in approaches to electrical
conduction are highlighted, and several theorems on the total current are
formulated and demonstrated within dynamical density-functional theories.
The inclusion of these theorems is not a tribute to mathematics. Rather,
it shows the conceptual and formal strengths of these theories in describing
electrical transport.

A colleague of mine, who has written textbooks, once told me: “A book
is useful to at least one person: its own author.” While this statement is
definitely true in my case — in the sense that by writing it I have deepened my
knowledge and understanding of the subject beyond what everyday research
would have probably allowed me — I truly hope this textbook will be of use
to its readership, especially those students and researchers who approach
the subject for the first time. I have tried to write it at a level accessible
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to graduate students with a good background in quantum mechanics and
statistical mechanics. Some knowledge of solid state physics may help but
is not necessary. The derivations of almost all the main results are written
explicitly. When this would have resulted in an unnecessary increase in
length, I left them as exercises for the reader, or in few cases referred to
other textbooks. In this respect, the most difficult topic is probably the
non-equilibrium Green’s function formalism of Chapter 4. As a compromise
between synthesis and clarity, I have written enough about this many-body
technique for the reader to follow its basic tenets and results, and referred
to other textbooks whenever the level of details seemed to overshadow the
main physics. Finally, some of the exercises add to the topics discussed in
the main text, or provide useful reference to some mathematical statements
I use but have no space to prove.

I have left out topics like superconductivity, the Kondo problem, Luttinger
liquid, weak localization, and universal conductance fluctuations. This is not
because I believe they are not important but because a comprehensive de-
scription of these phenomena would have resulted in a very lengthy extension
of the manuscript, with the addition of advanced mathematical formalisms.
There are other excellent textbooks that cover these topics. I also apologize
in advance to all the authors who feel their work has not been properly
credited, and remind them that this is intended as a textbook not a review.

Despite all my efforts and the amount of energy spent to write this book
with as much care as I could possibly muster, it would be foolish of me
to think that with more than 1200 equations — and a comparable num-
ber of concepts — this manuscript would be free of errors. I will therefore
post any correction I uncover after its publication on a link to my website
http://physics.ucsd.edu/~diventra/, and take comfort in the old say-
ing: “Those who never make mistakes make the biggest mistake of all: they
never try anything new.”

There are too many people who directly or indirectly have contributed
to my personal understanding of the subject, and have helped me in this
endeavor. I particularly wish to thank Norton Lang, who introduced me
to the topic of transport in nanoscale systems. My gratitude also goes
to Hardy Gross, Doug Natelson, Nongjian Tao, Tchavdar Todorov, Jan
van Ruitenbeek, and Giovanni Vignale, for enlightening discussions, and
to Congjun Wu for taking time off his busy schedule to read most of the
manuscript. His suggestions and criticisms have helped me improve it. I am
also indebted to Dan Arovas who has shared with me his lecture notes on
mesoscopic physics. Some topics of Chapter 3 have been inspired by these
notes.
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I feel fortunate to have worked over the years with talented students and
post-doctoral associates. They have shared with me the difficulties and ex-
citement of some of the research that has made it through the pages of
this book. Those directly involved in the topics presented here are Neil
Bushong, Yu-Chang Chen, Roberto D’Agosta, Yonatan Dubi, John Gam-
ble, Matt Krems, Johan Lagerqvist, Yuriy Pershin, Na Sai, Eric Wright,
Zhongqin Yang, and Mike Zwolak. Many of them have also read parts of
the manuscript, found several misprints, and made valuable suggestions.
Needless to say, any remaining error is due solely to the author.

I also wish to thank the National Science Foundation, the Department of
Energy, the National Institutes of Health, and the Petroleum Research Fund
for generously funding my research over the years. These funding agencies
are, however, not responsible for the ideas expressed in this manuscript.

Finally, the writing of a book takes an enormous amount of energy and
time at the expense of the relationships that are most dear to one’s life. It
is the loving support, understanding, and patience of my wife, Elena, and of
my two children, Francesca and Matteo, that have made this project possi-
ble. Their presence and encouragement have sustained me during the most
difficult times, when it would have been so easy to simply give up. A thank
you does not make full justice of my feelings of gratitude and love towards
them.

Massimiliano Di Ventra
La Jolla, San Diego
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1

A primer on electron transport

1.1 Nanoscale systems

Let us briefly discuss the systems I will consider in this book, those of
nanoscale dimensions (1 nm = 107° m). The phenomena and theoretical
approaches I will present are particularly relevant for these structures rather
than those with much larger dimensions.

So, what is a nanoscale system? The simplest — and most natural — an-
swer is that it is a structure with at least one dimension at the nanoscale,
meaning that such dimension is anywhere in between a few tens of nanome-
ters and the size of an atom (Di Ventra et al., 2004a). One can then define
structures with larger — but still not yet macroscopic — dimensions as meso-
scopic. This separation of scales is arguably fuzzy. Mesoscopic structures
share some of the ?ransport properties of nanostructures; the theoretical de-
scription of both classes of systems is often similar; and in certain literature
no distinction between them is indeed made.

Is there then, in the context of electrical conduction, another key quantity
that characterizes nanoscale systems? As I will emphasize several times in
this book, this key quantity is the current density — current per unit area —
they can carry. This can be extremely large.

As an example, consider a wire made using a mechanically controllable
break junction (Muller et al., 1992), a junction that is created by mechani-
cally breaking a metal wire. Such a structure — a type of metallic quantum
point contact — may result in a single atom in between two large chunks of
the same material (see schematic in Fig. 1.1). If a typical current of 1pA
is set to flow across the system, at the atom position, considering a cross
section of 10 A2, we would expect a current density of about 1 x 10° A/cm?!
These current densities are typically orders of magnitude larger than those
found in mesoscopic/macroscopic systems.
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Fig. 1.1. Schematic of an
atomic metallic quantum
point contact.

A large current density implies a large number of scattering events per
unit time and unit volume. This means that interactions among electrons,
or among electrons and ions are particularly important.

Note that I have said nothing about how fast a single electron “crosses”
a nanoscale structure. This transit time may be extremely short. However,
due to the large current density the cumulative effect of all electrons is to
amplify electron-electron and electron-ion interactions locally in the nanos-
tructure. For instance, as I will discuss later in the book, both ions and
electrons heat up locally in the junction above their nominal background
temperature, thus affecting its structural stability under current flow.

nanotubes/nanowires molecular wires/quantum dots

Fig. 1.2. Left panel: A quasi-1D wire laid on top of a surface and in between two
bulk electrodes. Right panel: A single molecule between bulk electrodes. The
arrows indicate the direction of charge flow.

I mention here a few other nanoscale systems of present interest. These
include nanotubes or long atomic wires in contact with metal electrodes (see
Fig. 1.2, left panel), and small molecules sandwiched between bulk metals
(Fig. 1.2, right panel). These systems may sometimes be referred to as
quantum dots if their bonding to the electrodes is very weak (these concepts
will become clearer as we go along with the book).

Many other structures — and their combinations — that confine electrons
in one or more dimensions can be fabricated. These systems represent ideal
test beds to understand electron and ion dynamics at these length scales,
and may find application in the broadly defined field of optoelectronics, or
even in biotechnology and medicine. The latter point is particularly relevant
nowadays as the conducting properties of DNA and its single units — called
nucleotides — are being studied for possible use in sequencing technology
(Zwolak and Di Ventra, 2008).



