
Current-Driven Phenomena in

NANOELECTRONICS

Edited by Tamar Seideman
Northwestern University

100901 Current-driven Titlepages.indd   3 01.09.2010   21:24:11



Published by

Pan Stanford Publishing Pte. Ltd.
Penthouse Level, Suntec Tower 3
8 Temasek Boulevard 
Singapore 038988

Email: editorial@panstanford.com
Web: www.panstanford.com

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

CURRENT-DRIVEN PHENOMENA IN NANOELECTRONICS
Copyright © 2011 by Pan Stanford Publishing Pte. Ltd.
All rights reserved. This book, or parts thereof, may not be reproduced in any form or by 
any means, electronic or mechanical, including photocopying, recording or any 
information storage and retrieval system now known or to be invented, without written 
permission from the Publisher.

For photocopying of material in this volume, please pay a copying fee through the 
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, USA. In 
this case permission to photocopy is not required from the publisher.

ISBN 978-981-4241-50-2 (Hardcover)
ISBN 978-981-4241-51-9 (eBook)

Printed in Singapore.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



This page intentionally left blankThis page intentionally left blank



Contents 

Preface	 vii

1.	 Electronic	Structure	of	Metal–Molecule	Interfaces	 1	
	 H.	Petek,	M.	Feng,	and	J.	Zhao	

	 1.1.	 Introduction	 	............................................................................................................................................... 1
	 1.2.	 Image	Charge	Interaction	at	Metal	Surfaces	 	................................................................................ 4
	 1.3.	 Hybrid	NFE	Band	Formation	at	Metal–Organic	Interface	 	...................................................... 8
	 1.3.1.	 C6F6	Quantum	Well	State	 	........................................................................................................ 8
	 1.3.2.	 PTCDA	Metal–Organic	Interface	State		 	..........................................................................12
	 1.4.	 Metal-Like	Hybridization	of	Superatom	States		 ........................................................................14
	 1.4.1.	 Superatom	States	of	C60		 	........................................................................................................16
	 1.4.2.	 NFE	Band	Formation	by	Superatom	States	of	C60		 	......................................................17
	 1.5.	 Conclusions	 	..............................................................................................................................................20
	 References		 	..........................................................................................................................................................21

2.	 Inelastic	Tunneling	Current-Driven	Motions	of	Single	Adsorbates	 26	
	 H.	Ueba,	S.	G.	Tikhodeev,	and	B.	N.	J.	Persson	

	 2.1.	 Introduction	 	.............................................................................................................................................26
	 2.2.	 Theory	of	STM-IETS	 	.............................................................................................................................35
	 2.2.1.	 Adsorbate-Induced	Resonance	Model	of	IETS	 	...........................................................35
	 2.2.2.	 NEGF	Theory	of	IETS	and	Vibrational	Heating	 	..........................................................41	
	 2.2.3.	 Competition	Between	Elastic	and	Inelastic	Current		 	...............................................45
	 2.3.	 Adsorbate	Motions	Induced	by	Vibrational	Excitation	with	STM	 	....................................50
	 2.3.1.	 Vibrational	Ladder	Climbing—Vibrational	Heating				................................................50	
	 2.3.2.	 Physical	Meaning	of	Γiet		 	.........................................................................................................52
	 2.3.3.	 Numerical	Examples	of	Inelastic	Tunneling	Current		 	.............................................55	
	 2.4.	 Coherent	Ladder	Climbing		 	...............................................................................................................59
	 2.4.1.	 Coherent	versus	Incoherent	Process		 	.............................................................................61
	 2.5.	 Single-Electron	Process	via	Anharmonic	Mode	Coupling		 	...................................................63
	 	2.5.1.	 Two-Electron	Processes	via	Mode	Coupling		 	..............................................................74
	 2.6.	 Action	Spectroscopy	 	.............................................................................................................................78
	 2.7.	 Perspective	Remarks	 	............................................................................................................................83
	 References	 	..........................................................................................................................................................84

3.	 DFT-NEGF	Approach	to	Current-Induced	Forces,	Vibrational	
Signals,	and	Heating	in	Nanoconductors	 90

	 M.	Brandbyge,	T.	Frederiksen,	and	M.	Paulsson

	 3.1.	 Introduction	 	.............................................................................................................................................90
	 3.2.	 DFT-NEGF	 	..................................................................................................................................................92
	 3.3.	 Elastic	Transport	Channels:	Eigenchannels	 	...............................................................................96
	 3.4.	 Inelastic	Transport	with	DFT-NEGF	 	..............................................................................................99
	 3.4.1.	 Electron–Phonon	Interactions:	The	Self-Consistent	

Born	Approximation	 	...........................................................................................................101
	 3.4.2.	 Electron–Phonon	Interactions:	The	Lowest-Order	Expansion	 	........................103
	 3.4.3.	 Example:	Atomic	Gold	Wire		..............................................................................................105
	 3.4.4.	 Example:	Hydrocarbon	Molecules	Between	Gold	Contacts		................................107
	 3.5.	 IETS	Propensity	Rules	 	......................................................................................................................108
	 3.6.	 Heating	of	Vibrations	by	Current	 	.................................................................................................111
	 3.7.	 Conclusions	and	Outlook	 	.................................................................................................................117
	 References	 	.......................................................................................................................................................117

4.	 Current-Induced	Local	Heating	in	Molecular	Junctions	 123	
	 Z.	F.	Huang	and	N.	J.	Tao	

	 4.1.	 Current-Induced	Instability				......................................................................................................... 	123
	 4.1.1.	 Local	Heating	in	Single-Molecule	Junctions			............................................................. 	124	
	 4.1.2.	 Theory	of	Current-Induced	Local	Heating				...............................................................125
	 4.1.3.	 Comparison	of	Molecular	Junctions	with	Metallic	Point	Contacts	 	.................127



vi Contents

	 4.2.	 Evaluation	of	Local	Temperature	in	Molecular	Junctions	 	................................................ 	128
	 4.2.1.	 Thermodynamic	Theory	of	Chemical	Bond	Breakdown			.................................... 	129
	 4.2.2.	 Repeated	Creation	of	Single-Molecule	Junctions	 	.................................................. 	130
	 4.3.	 Local	Temperature	in	Single-Alkanedithiol	Junctions	 	....................................................... 	131
	 4.3.1.	 Thermodynamic	Dissociation	 	........................................................................................ 	132	
	 4.3.2.	 Bias	Dependence	of	Single-Alkanedithiol	Conductance			..................................... 	133	
	 4.3.3.	 Bias	and	Molecular	Length	Dependence	of	Local	Temperature	 	....................	 134	
	 4.4.	 Conclusion	and	Perspective	 	.......................................................................................................... 	135
	 References		 	.......................................................................................................................................................136

5.	 Current-Induced	Heating	and	Heat	Dissipation	Mechanisms	in			
Single	C60	Molecular	Junctions	 139	

	 G.	Schulze,	K.	J.	Franke,	and	J.	I.	Pascual	

	 5.1.	 Experimental	Methods	 	.................................................................................................................... 	141
	 5.2.	 Experimental	Procedure	 	................................................................................................................ 	144
	 5.3.	 Results	 	.................................................................................................................................................... 	145
	 5.4.	 Heat	Dissipation	from	the	Molecular	Junction			...................................................................... 	148
	 5.4.1.	 Mechanism	of	Heat	Dissipation	 	.....................................................................................149
	 5.5.	 Heat	Generation	at	the	Molecular	Junction	 	............................................................................ 	152
	 5.6.	 Summary		................................................................................................................................................ 	154
	 References		 	...................................................................................................................................................... 	154

6.	 Electronic	Control	of	Single-Molecule	Nanomachines	 156
	 A.	J.	Mayne,	D.	Riedel,	G.	Comtet,	and	G.	Dujardin

	 6.1.	 Introduction	and	Historical	Background	 	................................................................................ 	156
	 6.2.	 Electronic	Excitation			........................................................................................................................ 	157
	 6.2.1.		 Electron	Attachment	 	.......................................................................................................... 	157
	 6.2.2.		 Electronic	Transition	 	......................................................................................................... 	166
	 6.2.3.		 Electron–Hole	Pair	Attachment	 	.................................................................................... 	166
	 6.3.	 Manipulating	Molecules		 	.................................................................................................................168
	 6.4.	 Manipulation	of	a	Bistable	and	Quadristable	Molecule:			

Biphenyl	on	Si(100)	 	...........................................................................................................................172
	 6.5.	 Other	Avenues	 	......................................................................................................................................176
	 6.5.1.		 Molecules	on	Passivated	or	Insulating	Surfaces			.....................................................179
	 6.5.2.		 Molecules	on	Wide-Band-Gap	Semiconductors				.....................................................183
	 6.5.3.		 Laser–STM				..............................................................................................................................185	
	 6.6.	 Conclusions	 	...........................................................................................................................................188
	 References		 	.......................................................................................................................................................189

7.		 Current-Driven	Desorption	at	the	Organic	Molecule–
Semiconductor	Interface:	Cyclopentene	on	Si(100)	 196

	 N.	L.	Yoder,	R.	Jorn,	C.-C.	Kaun,	T.	Seideman,	and	M.	C.	Hersam

	 7.1.	 Introduction	and	Background	 	.......................................................................................................196
	 7.2.	 Methods		...................................................................................................................................................198
	 7.2.1.		 Experimental	Procedures		 	............................................................................................... 	198	
	 7.2.2.		 Numerical	Procedures		 	......................................................................................................198	
	 7.3.	 System		 	.....................................................................................................................................................201
	 7.4.	 Experimental	Results	 	........................................................................................................................202
	 7.5.	 Numerical	Results	 	..............................................................................................................................206
	 7.5.1.	 Physical	and	Electronic	Structure	 	.................................................................................207	
	 7.5.2.	 Electronic	Transport	Calculations	 	................................................................................210
	 7.5.3.	 Reaction	Dynamics	Studies	 ..............................................................................................212	
	 7.6.	 Relevance	to	Other	Systems	 	...........................................................................................................214
	 7.7.	 Conclusion	 	.............................................................................................................................................215
	 References	 	.......................................................................................................................................................217

	 Index	 	..............................................................................................................................................220	



     

 

 

Preface 

From small amplitude vibration to desorption and reaction, tunneling electrons 
can induce a variety of fascinating phenomena in the molecular moiety of a 
heterojunction. Potential applications of current-driven dynamics in molecular-
scale electronics range from sensitive surface spectroscopies to new forms of 
molecular machines. Proper understanding of current-driven dynamics in 
junctions is required also in order to suppress undesired consequences, such as 
heating and current-induced failure. From a theoretical perspective, dynamical 
events in junctions involve the interesting challenge of accounting for strongly 
nonadiabatic dynamics subject to bias voltage and the dissipative effects of the 
electrodes. From an experimental perspective, they involve the challenge of 
observing and manipulating single molecules.  

In the following chapters you will find what I personally consider a beautiful 
collection of experimental and theoretical studies of current-driven events in 
molecular nanojunctions. The book opens (Chapter 1) with a fundamental study 
of the solid-molecule interface that underlies much of the functionality of 
molecular devices. In Chapters 2 and 3 we turn to studies of small amplitude 
vibration and its application in inelastic surface spectroscopies. One of the major 
consequences of current-driven vibrations, namely heating, is the topic of 
Chapters 4 and 5. The last two chapters conclude with demonstrations of 
current-driven large amplitude dynamics, including mechanical motions 
(Chapter 6) and surface nanochemistry (Chapter 7). I hope that you will find 
these studies inspiring and enjoyable. 

 
Tamar Seideman 
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