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Preface

So eine Arbeit wird eigentlich nie fertig,
man muss sie fiir fertig erkldren,

wenn man nach Zeit und Umstdinden
das Méglichste getan hat.

Johann Wolfgang von Goethe

Helium atom diffraction from surfaces was first reported by Otto Stern and col-
leagues in two short communications (Z. Phys. 53,779; Naturwissenschaften
21,391) in 1929. Two years earlier, Davisson and Germer had observed the
diffraction of electrons from a crystal of nickel. These two events ushered in the
present era of atomic scale determinations of the structure of surfaces. Many spec-
tacular atom-surface scattering phenomena, including selective adsorption, the
temporary trapping of atoms in the surface bound states, followed from Stern’s
laboratory until he was forced to leave Germany in 1933. After World War II, there
was a slow renaissance of interest in surface physics and chemistry. In 1970, a
visionary quantum mechanical scattering calculation by Cabrera et al. (Surface Sci.
19, 67) predicted that helium atoms in analogy to neutrons, which had then been
used to measure bulk phonon dispersion curves, would be the ideal probe to
determine the dispersion curves of the phonons at the surfaces of solids. The first
successful experiment was then reported in the laboratory of one of the authors in
1981 (Brusdeylins et al., Phys. Rev. Lett. 44, 1417) and the first successful exper-
iment using electrons followed in 1983 (Szeftel et al., Phys. Rev. Lett. 50, 518).
Since then the phonon dispersion curves of more than 200 surfaces of insulators,
semiconductors, metals, semimetals, layered crystals, and ultrathin films, and in
addition, the vibrations and surface diffusion of a multitude of isolated adsorbed
atoms and the phonons of monolayer films of inorganic and organic molecules have
been investigated largely using helium atom scattering (HAS) and by the com-
plementary method of electron energy loss spectroscopy (EELS). These experi-
ments were preceded by a decade of extensive theoretical studies of the vibrations
at surfaces based on the idealization of the surface as a termination of the bulk. For
many substances, these simple model predictions were often found to be in conflict
with the experimental results. Moreover in all the types of materials, many unan-
ticipated phenomena were observed. This led to the realization that the interactions
between atoms in the surface region frequently differ significantly from those in the
bulk. Even in the case of closed-shell insulators such as the solid rare gases and
alkali halide crystal surfaces, substantial deviations from the ideal surface behavior
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are found. Unexpected phenomena also occur in a number of semiconductors, such
as Si and GaAs, and charge density wave materials such as TaSe, and TaS,. In the
case of metals, the HAS experiments invariably reveal an additional unexpected
anomalous soft surface phonon branch lying below the expected longitudinal
acoustic band, but above the ubiquitous Rayleigh mode with an intensity which can
even be larger than that of the Rayleigh mode. The large intensity of this mode, and
the fact that it was often not, or only weakly, seen with EELS led ultimately to the
understanding that He atoms excite the phonons at the metal surface by coupling
predominantly to the spill-out electrons several Angstroms above the surface atoms.
For metal surfaces which are known to reconstruct, such as W(001), the anomalous
modes exhibit sharp minima in the phonon frequencies (soft modes) at special
wavevectors at temperatures above the structural transition. These and other find-
ings stimulated new theoretical investigations based on microscopic models and
first-principle methods where the role of surface electrons is explicitly taken into
account. Striking confirmation came in 2009 from helium atom scattering experi-
ments off of thin films of lead in which a large fraction of all of the modes of the
entire film were observed and their intensities found to be proportional to the
electron—phonon coupling constant. Now it is clear that in the case of metals He
atoms interact primarily with the Fermi level electron density at the surface leading
to a non-local excitation of electrons over many layers and thereby can excite deep
subsurface phonons (quantum sonar effect) and even surface electron excitations in
the THz energy domain. Thus, it is now firmly established that helium atom
scattering is truly unique among all the atomic scale surface-sensitive scattering
probes. The purpose of this monograph is to summarize this development and the
current state of the field of atomic scale surface dynamics which has come largely
from helium atom scattering combined with theory.

This book consists of altogether 14 chapters. They are designed to introduce the
reader to the basic and the current microscopic theory. Subsequently, the experi-
mental methods are described in preparation for a comprehensive overview of the
experimental results and their current interpretation. The text is designed to provide
an in-depth modern account of the atomic scale dynamics at surfaces. It is aimed at
advanced graduate students and scientists working in the area of surface physics
and chemistry. Each chapter starts with a general discussion so that less initiated
readers interested in surfaces will be able to gain an impression of the many
remarkable dynamical phenomena occurring in and on surfaces.

As explained in Chap. 1, surface phonons are not only intensively studied for
fundamental reasons, but also since they have several perspective technological
applications in micro- and nano-devices. Chapter 1 also discusses the advantage of
helium atom scattering over other surface-sensitive scattering probes, such as STM
and AFM, due to its unique interaction mechanism. Moreover, because of the low
energy and the inert nature of helium atoms they are unmatched in being completely
nondestructive and insensitive to electric and magnetic fields at the surface. In
Chap. 2 the historical evolution of the theory of surface phonons, which goes back
to the fundamental research of Rayleigh in 1885, is described. The early devel-
opments in atom-surface scattering including the important experiments in Otto
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Stern’s group in Hamburg in the early 1930s are summarized, and the early surface
phonon experiments based on HAS and EELS are described. Then in Chap. 3, the
fundamental concepts concerning the origin and nature of surface phonons are
surveyed. After presenting the Rayleigh theory of surface dynamics based on the
analytical solution of the wave equation, Chap. 3 introduces the reader to the two
basic theoretical techniques of surface lattice dynamics, the slab and Green’s
function method, and to the notation used to label the different types of surface
phonons. Chapter 4 outlines how the surface affects the force constants of atoms in
the solid and how the perturbed force constants affect the surface phonon dispersion
curves. Chapter 5 is devoted to the theoretical methods currently in use for the
calculation of surface phonons and how they are derived from methods currently in
use in bulk dynamics. Special emphasis is given to the methods which go beyond
the Born—von Karman force-constant model paradigm to account explicitly for the
role of electrons in the surface lattice dynamics of semiconductors and metals.
Chapter 6 introduces the reader to the frequently used phenomenological potentials
which govern the overall interaction between the probe atom and the surface. This
chapter also introduces the reader to the important differences between the soft
metal surfaces and the relatively hard inert insulator surfaces, a theme which will be
dealt with in more detail in Chap. 8. Whereas the Chaps. 4 and 5 are devoted to the
interactions within the surface, in Chap. 7 the methods used to describe the inelastic
coupling of the He atoms to surface vibrations are discussed at different levels of
approximation, with special emphasis to theories used for insulator surfaces. Here
also the different mechanisms for multiphonon scattering are briefly reviewed, and
the effects of surface temperature on the scattering and the conditions favoring
one-phonon inelastic processes are discussed. Chapter 8 emphasizes one of the
main themes of the book, namely the very special nature of the interaction of the He
atoms with metal and semiconductor surfaces, which is not at all the same as for
electrons and neutrons, as assumed in the early history of surface phonon research.
To prepare the reader for the experimental results presented in Chaps. 11 and 12,
Chap. 9 describes the apparatus and the experimental methods. The most wide-
spread method of time-of-flight (TOF-HAS) spectroscopy has relatively recently
been augmented by spin echo spectroscopy (SE-HAS) with a much higher energy
resolution. Chapter 9 also contains a quantitative comparison with electron energy
loss spectroscopy and provides a detailed analysis of the factors which affect the
resolution in the TOF-HAS experiments. The rich phenomenology accompanying
the scattering and interaction of atoms with surfaces is discussed in Chap. 10.
Special emphasis is devoted to resonant phenomena involving surface-atom bound
states which can affect the elastic and inelastic intensities, and may be used to
enhance the response of the scattering atoms from particular surface phonons.
The previous chapters lead up to the important Chap. 11, which contains a
critical discussion in the light of the theory of the benchmark experimental results
on clean solid surfaces, collected during the last decades with HAS, with frequent
comparisons to EELS studies. The chapter first addresses results for the insulator
rare gas solids and alkali halide crystals. Next, the experiments on the semicon-
ductor surfaces, silicon and gallium arsenide, are surveyed. The major part of the
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chapter is devoted to the simple metals and the transition metals. Finally, the results
for graphene and graphite surfaces and for other layered materials, including
topological insulators, are discussed. Chapter 12 contains a similar description of
HAS results on the low-energy vibrations of isolated atoms and molecules. The
results on the coupled vibrations of monolayer and thicker films of atoms and
molecules are also reviewed. Here again the extreme sensitivity of helium atom
scattering has provided unexpected information on the vibrations normal to the
surface and even on modes at the substrate interface of thin films with up to 20
layers. Chapter 13 is devoted to new applications of helium atom scattering to areas
not directly related to phonons, for example, to the study of surface magnetism and
plasmarons. Here also the many results on the microscopic dynamics of diffusion,
which have come largely from TOF-HAS and SE-HAS studies, are surveyed.
Finally in the last chapter, Chap. 14, the vast improvements in both resolution and
sensitivity now available or conceivable and possible for the next generation HAS
apparatus are briefly outlined. Even with the present technology, there are many
areas awaiting exploration with helium scattering such as liquid surfaces, organic
films of interest in the new area organic electronics, biological films, and clusters on
surfaces forming supraclusters.

The book closes with several appendices for quick reference. In Appendix A, the
different theoretical methods and the surfaces investigated by the different methods
are listed. Appendix B contains a complete collection of all the results of all the
experimental studies with HAS and the calculations of surface phonon dispersion
curves, with references to publications up to early 2018. Appendix C contains a
tabulation of experimental studies of monolayers and thicker films on single crystal
substrates, except for hydrogen-covered surfaces, which are listed together with the
clean surfaces in Appendix B. Finally, Appendix D provides a list of surface Debye
temperatures compared with the bulk Debye and melting temperatures. We hope
that these appendices will help those readers who are mostly interested in the
surface phonons of specific surfaces to quickly find the sought after information and
the references to the literature.

This book would not have been possible without the contribution of a large
number of diploma, master, and Ph.D. students who were at one time working in
the groups of the authors. All the important experiments were carried out by stu-
dents, and much of the insight came from intensive discussions with the students in
the countless efforts to clarify the concepts. Among the many students, Bruce Doak
deserves special mention since he constructed the first successful TOF-HAS
apparatus and succeeded in measuring the first surface phonon dispersion curve.
Students also contributed to the development of the theory which went hand in hand
with the new phenomena found in the time-of-flight spectra.

Many postdoctoral associates contributed directly or indirectly to the results
reported here. In alphabetic order they include Bruce Doak, John Ellis, Anna
Franchini, Joost Frenken, Georg Gensterblum, Andrew Graham, Jane Hinch,
Angela Lahee, Ninsheng Luo, Alexander Menzel, Salvador Miret-Artés, Vania
Panella, Robert Rechsteiner, Paolo Ruggerone, Giorgio Santoro, Patrick Senet,
Jochen Vogt, and Helmuth Weiss. Both authors are indebted to many of their more
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senior colleagues especially to the theory pioneers Vittorio Celli and Joseph (Dick)
Manson who accompanied us with their advice and ideas over the entire time that
we were working on the book. We are very grateful to Dick Manson for his careful
reading of the manuscript.

Other colleagues who provided valuable guidance are in alphabetic order of their
institutions: Luciano Colombo (Cagliari), Evgueni Chulkov, Pedro Echenique,
Ricardo Diez-Muifio and Irina Sklyadneva (DIPC San Sebastian), Davide Campi
(EPFL Lausanne), Andrea Levi and Ugo Valbusa (Genoa), Wolfgang Ernst and
Toni Tamtogl (Graz), Chakram Jayanthi (Louisville), Gloria Platero and Victor
Velasco (Madrid), Giovanni Onida (Milano), Marco Bernasconi, Gian Paolo Brivio
and Leo Miglio (Milano-Bicocca), Virginio (Bibi), Bortolani (Modena), Amand
Lucas (Namur), Paolo Santini (Parma), Ulrich Schroeder (Regensburg), Jim
Skofronick (Tallahassee), Geza Seriani (Trieste), and Branko Gumhalter (Zagreb).
Finally, we thank Gil Alexandrowicz and John Ellis for reading and correcting the
discussion of the spin echo experiments.

Without the staff of the Max Planck Institut fiir Stromungsforschung under the
leadership of Wolfgang Sattler, the apparatus, the experiments, and the experi-
mental results reported here would not have been possible. The Gottingen staff
scientist Ekkehard Hulpke, who started the surface activities at the very beginning
of the establishment of the experimental group of JPT in 1970 and Guido
Brusdeylins, were invaluable in providing guidance to the many students.

We thank the Alexander von Humboldt Society for the grant of a Humboldt
Senior Award Prize to Giorgio Benedek. During his one-year stay in Gottingen in
1990 and 1991, the collaborative effort leading to the present monograph was
initiated. The continuation of this collaboration was greatly strengthened by the
award of the Max Planck Prize in 1992 and a short reinvitation awards in 2004 and
2009.

Finally, we would like to acknowledge the suggestion by Charlie Duke after
critically reading our joint review for “Surface Science, the First Thirty Years” to
write a more complete review with more detail. This got us started in 1994, but in
the following intervening years we were regularly distracted by other joint projects
which at the time were deemed to be more pressing. Thus as the field developed we
were forced to update many sections and passages. Each time when nearly finished
new more exciting developments not only in the areas covered by the book but also
in other fields led to a renewed postponement. We hope that the constant updating
and reviewing of the previous versions have added to the clarity without burdening
the text too much.

Last but not least, we wish to thank Claus Ascheron and Angela Lahee of the
Springer Verlag in Heidelberg for not having lost hope in the completion of the
book and for forgiving us for not meeting several of our self-imposed deadlines.

Gottingen, Germany Giorgio Benedek
Jan Peter Toennies
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