Surface Phonons
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The 1992 Hewlett-Packard Europhysics Prize was awarded jointly to Professors G. Ertl (Fritz-Haber-Institut, Berlin), H. Ibach (Forschungscentrum, Jülich) and J.P. Toennies (Max-Planck-Institut für Strömungsforschung, Gottingen) for pioneering studies of surface structures, dynamics and reactions. Professor
Toennies reports here on aspects of the cited research related to helium atom and electron energy loss
spectroscopies.

Surface science continues to be a rapid
ly growing area of research. From the che
mical perspective, an important factor in
this growth is a desire to understand the
details of elementary chemical surface
processes which form the basis of hetero
geneous catalysis and corrosion. Interest
in physical aspects comes from the rea
lisation that surfaces become increasin
gly important as microelectronic devices
shrink in size.
Much of the present research is devoted
to establishing the exact structures of
both clean as well as adsorbate-covered
surfaces. In many crystals the structure at
the surface is different from that in the
bulk. For example, the interlayer spacing
near the surface is often reduced by seve
ral percent (relaxation) and frequently the
surface geometry is also different (re
construction). One might suspect such
changes to be simply due to the signifi
cant reduction in the number of nearest
neighbours. However, there is now consi
derable evidence that the interatomic for
ces between surface atoms are in fact dif
ferent than in the bulk. A knowledge of
these forces is fundamental for under
standing not only the lattice and the elec
tronic structure but also elementary dyna
mical processes such as diffusion at
surfaces. Although theory at this time
cannot predict these forces, it is evident
that there is a subtle interplay between
the forces, structures and electronic
states. At the surface, due to the loss of
3-d symmetry, this interplay is more deli
cately balanced than in the bulk.
Surface Vibrations
Within the last 10 years technological
advances in He atom and electron energy
loss scattering experiments have made it
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possible to measure the small energy
changes of several meV (10-3 eV) accom
panying the excitation of surface vibra
tions. The vibrational levels are a direct
measure of the interatomic forces at the
surface. As in the bulk, the elementary
vibrational excitations of a crystal surface
are waves (phonons) with many different
frequencies, wavelengths and propaga
tion directions. The vibrational motion of
surface atoms is determined by phonons
which have their origin in the bulk of the
crystal (Fig. 1a) as well as by phonons
localised in the surface layer. At the sur
face plane, bulk phonons, with different
frequencies ω and directions, project onto

a single surface wave vector Q leading to
bulk bands, as shown in Fig. 1b for a facecentered cubic (fcc) crystal. In addition,
when a real surface is created, new
modes localised in the surface plane ap
pear as shown by dark lines in Fig. 1c.
Well-defined surface modes exist only in
regions of dispersion space hω(Q) outside
the surface-projected bulk bands [1]. Sur
face modes located inside the bulk bands
usually couple to bulk phonons and there
by partially lose their localised character.
These are referred to as surface “resonan
ces". The lowest frequency surface mode,
called the Rayleigh wave, is usually predo
minantly vertically polarised and is almost
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Fig. 1 — Schematic diagram illustrating the heritage of the surface phonons from the bulk
phonons for a face-centered cubic (fcc) metal. The bulk dispersion curves are displayed in
reciprocal lattice space in (a). Different symmetry directions from the origin at Γ are indica
ted by capital letters. When projected onto the (111)surface plane the bulk phonons produce
broad bands shown in (b). Due to the broken 3-d symmetry new modes appear such as the
Rayleigh mode R which are localised at the surface. These are indicated by the dark solid
lines in (c). Throughout, small letters indicate the polarization of bulk modes (I = longitudi
nal, t = transverse), while capital letters designate surface modes.
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tandem sector fields (see Fig. 2b), were
able to obtain a resolution of 7 meV while
operating the beam at 200 eV, thus achie
ving a relative energy resolution of ΔE/E
≈ 2.10-5. More, recently Ibach and co
workers [5] have succeeded in improving
the transmission of the sector fields even
further by compensating for space charge
effects. Under favourable conditions an
overall energy resolution of 1 meV is
achieved without sacrificing too much in
tensity. Helium atom and electron scatte
ring are complementary in two important
respects. He atoms interact in single colli
sions with the weak electron density far
from the surface layer, whereas electrons,
which penetrate into the crystal, also pro
vide information on deeper lying phonon
modes. High energy surface vibrations up
to several 100 meV can only be detected
by EELS whereas HAS is the only tech
nique able to resolve modes in the submeV regime.
Fig. 2 —Schematic diagrams showing the apparatuses used in helium atom scattering (a)
and electron scattering energy transfer (b) studies of surface phonons. A typical energy Surface Phonons of Clean Surfaces
The first surface phonon dispersion
transfer spectrum from recent studies of metal surfaces is shown next to each diagram.
The helium atom scattering data are from [Bunjes N., Ellis J., and Witte G, private commu curves were measured by HAS for the
nication] and the electron scattering data from [2].
LiF(001) surface in 1981 [6]. Since then
over 100 different systems have been
investigated using both HAS and EELS [1].
These
include all the low index surfaces of
invariably observed. A well-known exam Experimental Techniques
Fig. 2 shows schematic diagrams of the aluminium and the noble metals as well as
ple of Rayleigh waves on a macroscopic
scale are the long-wave components of recently developed apparatuses now in several fcc and bcc transition metals. A
earthquakes.
use in the helium atom scattering (HAS) large number of alkali halides, the perovand in the electron energy loss spectro skite KMnF3, several semiconductors,
Diffraction
scopy (EELS) studies of surface phonons. and several layered transition metal dichalMeasurement of one particular phonon The major breakthrough in the HAS expe cogenides have also been studied. Measu
mode requires the use of a diffraction riments was the discovery in 1977 by rements are available for many systems
technique, since only through diffraction Toennies and Winkelmann [3] of a drama with physi- and chemisorbed species and
is it possible to project out the momentum tic narrowing of the velocity distribution epitaxially grown thin films of rare-gas and
transferred to the individual phonons. of 4He supersonic beam expansions. The metal atoms. Surface phonons have even
Neutrons, which have been used with He beam is produced by expanding the been detected in such complex systems
great success for measurements of bulk gas from a high pressure of about 100 atm as the high-Tc superconductors and thin
phonon dispersion curves, are relatively through a very small orifice (10 µm diame films of C60 (fullerene) molecules epi
insensitive to the surface because of their ter) into vacuum. By virtue of a quantum taxially deposited on mica. Studies of the
small cross-sections. Nevertheless, they effect peculiar only to 4He the distribution temperature dependence of surface pho
have been used successfully for studying of atom velocities has a half-width of only non energies and widths provide informa
surfaces. Ideal surface probes are thermal ΔV/V ≈ 0.5%. The beam energy is di tion on phonon lifetimes. From the anoma
energy He atoms, produced by supersonic rectly proportional to the source tempera lous temperature dependence seen on
nozzle beams. Like neutrons, He atoms ture To and is typically in the range bet Fed(110), striking effects of magnetic ex
have de Broglie wavelengths commensu ween 40 meV (T0 = 160 K) and 8 meV change forces at the surface have also
rate with the lattice spacing and energies (T0 = 30 K) with an energy spread of been revealed.
comparable to those of the phonons. about 0.40 and 0.08 meV, respectively. Testing calculations
One of the ultimate goals of measuring
However, in contrast to neutrons, they The scattered He atoms are detected by a
interact only with the surface since they sensitive electron bombardment ioniser surface phonons is to use this new data to
are deflected by strong exchange forces at and the He+ ions are separated from ions test sophisticated first-principles calcula
distances about 3 Å above the uppermost of the residual gas with a mass spectro tions. Such comparisons have recently
atomic layer where the density of surface meter. By using several vacuum compart become possible for the low index alumi
electrons is only about 10-3e/Å3. Elec ments (not shown in Fig. 2a) in the flight nium surfaces for which Ho and Bohnen
trons also have the required de Broglie path it has been possible to reduce the (1988) have performed total energy,
wavelengths of about 1 Å but at much He background in the ioniser to less than frozen phonon calculations. For the same
systems, Gaspar and Eguiluz (1989) have
higher beam energies of about 200 eV. At 10-15 torr (10 atoms/cm3).
The ability of EELS to detect surface performed calculations based on an elec
the present time, low energy electron dif
fraction (LEED) is probably the most com vibrations was first demonstrated by tron density response function theory
mon technique for surface structure stu Probst and Piper in 1967. In these early which is able to predict directly the force
dies. Electron and helium atom surface experiments the electrons had energies of constants between nearest and more dis
scattering were first introduced in the late several eV and because of the large wave tant neighbours. The latter theory gives
1920's and early 1930's to demonstrate lengths, dispersion curves could not be particularly good results for the entire
the wave nature of matter predicted by measured. The important advance came dispersion curves with only a minor ad
►
in 1983 when Lehwald et al. [4], using justment of one parameter.
de Broglie in 1924.
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Fig. 4 — Sequence of helium
atom scattering phonon dis
persion curves measured on
the W(001) surface [10] along
the Γ-Mdirection at: (a) 1200
K, well above the critical tem
perature Tc; lb) at 500 K; and
(c) at 220 K, which is well be
low the critical transition tem
perature of Tc = 280 K. The
insets show the ball-model
structures for the two phases.

Fig. 3 — (a) Comparison of
neutron data for bulk phonons
in copper with a one force
constant model calculation.
(b) A similar comparison for
surface phonons on the
Cu(111) surface measured by
electron scattering ( ) and He
scattering ( ) with a calcula
tion using the same force
constant. Even with more elaborate force constant models it is not possible to fit both the
surface phonon dispersion curves and the inelastic intensities. t and Imark the lower edges
of the bulk bands.
Cu(111) surface
For other systems such as the sp-d bon
ded noble and transition metals, direct
comparisons with first-principles theory
are not yet possible. The present situation
will be illustrated by discussing the
Cu(111) surface. Complementary data
from FIAS and EELS experiments have
revealed dispersion curves and a surface
phonon density of states which could not
be reproduced by the Born-von Kármán
model. In this model, originally developed
for the bulk, the crystal is considered as a
system of point masses each connected
with its neighbours by harmonic forces.
Force constants, which have been fitted to
bulk phonon dispersion curves, can then
be used to calculate the surface phonon
dispersion curves while accounting for the
breaking of bonds at the surface. From the
comparison with the experimental data
possible changes in the force constants at
the surface can be ascertained.
This comparison is illustrated for Cu in
Fig. 3. As shown in Fig. 3a, a nearestneighbour force constant model with a
single force constant fits the neutron data
for the bulk dispersion curves nearly as
well. A calculation of surface phonon dis
persion curves with the same force cons
tant is, however, unable to predict the
measurements on the close-packed (111)
surface equally well. Although the agree
ment is quite good for the Rayleigh mode,
the simple theory predicts neither the
existence of a mode lying directly above
it, labelled AL, nor the location of the socalled "eye" mode S2 seen only by EELS.

The mode AL is in fact an anomalous
longitudinal surface resonance, which
was first observed in 1983 on Ag(111) by
helium atom scattering [7]. It has since
been observed on most metal surfaces [1].
This resonance has been interpreted as in
dicating that the intralayer force constants
between atoms in the first layer are redu
ced from their bulk values: this appears to
be a direct consequence of electron spillout at the surface. Extensive attempts to
improve the fit in Fig. 3b by V. Bortolani,
A. Franchini and G. Santoro in Modena
using additional force constants to more
distant neighbours were unsuccessful.
Recently, G. Benedek and P. Ruggerone
working in our group have developed a
new theory in which the adiabatic distor
tion of the deformable interstitial elec
trons, called pseudocharges, and their
coupling to the ion cores is accounted for
in a density functional formalism [8]. The
coupling constants were determined
semi-empirically. By including the scatte
ring of the He atoms from the electronic
pseudocharges in the surface plane, in ad
dition to the scattering from the ion cores
as accounted for previously, both the rela
tive intensities of the energy loss peaks
and all the surface phonon dispersion
curves could be fitted. This theory has
also recently been applied to calculations
for the Cu(001) surface and again gave
much better agreement with the experi
ments than the Born-von Kármán model.
These comparisons of experiment and
theory illustrate that surface phonons pro
vide a more stringent test of dynamical

models of metal atom interactions than
was previously possible from compari
sons with bulk experimental data. More
over, they provide the first evidence that
atoms and molecules can also interact
inelastically with the electronic degrees of
freedom of a metal.
W(001) surface
One of the most extensively studied
metal systems is the W(001) surface
which reconstructs from a simple (1x1)
structure to a c(2x2) phase when the
temperature is reduced below about 280
K. The structures in both phases have
been studied by electron diffraction
(LEED), X-ray diffraction, high energy ion
scattering, and core level shift spectro
scopy, and are illustrated in terms of ball
models in the inserts of Figs. 4a and c. The
X-ray experiments also revealed that 80%
of the rearrangement amplitude was loca
lised in the uppermost layer, indicating a
nearly perfect two-dimensional system.
Recently, our group in Gottingen has
succeeded in measuring (Fig. 4a) the sur
face phonon dispersion curves on this sys
tem with helium atom scattering over a
wide range of temperatures [9]. Even at
temperatures as high as 1200 Kthe mea
sured dispersion curves show a striking
anomalous behaviour compared to other
Europhys. News 23 (1992)
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bcc metals such as Nb. In W(001) there
is an anomalous longitudinal mode ana
logous to the AL resonance observed in
Cu(111) which is shifted so strongly down
ward that it lies below the transverse
Rayleigh mode and no longer couples to
the bulk bands.
As the temperature is lowered this
mode softens further and at 500 K ap
proaches ω = 0 at a wave vector of
about Qc ≈ 1.4 Å-1 (Fig. 4b). When this
happens, the lateral forces on the surface
atoms vanish at interatomic distances L =
2π/Qc along this particular symmetry di
rection. The atoms are as a result displa
ced and on further cooling adopt the new
low-temperature structure. At 220 K, an
entirely new set of dispersion curves ap
pears with a reduced Brillouin zone boun
dary consistent with this new structure.
This softening behaviour of a longitu
dinally polarised mode is precisely what
is expected for second-order structural
phase transitions according to a model
first proposed by Cochran and Anderson
(1960). The fact that Qc is incommensu
rate with the ion core lattice indicates the
presence of a Kohn anomaly. Kohn ano
malies are due to electron-phonon coup
ling enhanced by favourable kinematic
conditions resulting from the particular
shape of the Fermi surface. A strong elec
tron-phonon coupling also leads to a pe
riodic electronic charge modulation, called
a charge density wave, as in a Wigner lat
tice. Thus, the surface phonon anomaly
measurements in conjunction with recent
photo-emission data (Kevan, 1991) reveal
a charge density wave formation as the
driving mechanism for the phase transi
tion on W(001).

Charge density wave formation was
suggested by Tosatti and Anderson as
early as 1974. Experimental evidence for
it came first from neutron and, more
recently, from FIAS studies of the layered
transition-metal dichalcogenide com
pounds. They revealed that charge density
waves drive the transitions between the
many fascinating complex phases of
these quasi-two dimensional systems. For
simple metals, however, charge density
waves have apparently never been obser
ved directly, either at the surface or in the
bulk. The observations made on W(001)
are another striking illustration of how the
reduced symmetry at the surface exposes
effects not present in the bulk.
Thin Films
Recent HAS and EELS studies have con
centrated on in-situ epitaxially grown thin
metal films. This is a rapidly growing re
search area which has been stimulated by
interest in superlattices and their potential
applications in microelectronics. From a
fundamental point of view, surface pho
non studies on such systems provide a
unique opportunity to follow the evolution
of the interatomic forces in a metal during
the transition from a two-dimensional mo
nolayer system to the surface of a threedimensional bulk.
To avoid complications arising from the
dynamical coupling of the thin film to the
substrate, two different measures have
been adopted. By choosing a heavy metal
deposited on a light substrate, the pho
nons of the heavy metal appear in regions
of dispersion space hω(Q) where the
substrate phonons are absent. Epitaxially
grown Pb layers on Cu(111) nicely fulfill the

Fig. 5 — Some of the results of helium atom scattering measurements of dispersion curves
of organ-pipe modes in thin Na films on Cu(001) as a function of the number of layers I. The
fraction next to the arrows are equal to (2n-1)/I and are related to the wavelength of the
phonon normal to the surface by λ = 4Ia110/(2n-1). The inset at the bottom right shows all
the observed frequencies on a musical scale.
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requirement of decoupled vibrations since
the Rayleigh mode energies at the Brillouin
zone boundary for Cu(111) are about 14
meV, which is much greater than the
highest possible phonon energy of 10 meV
for Pb. The dispersion curves for vibra
tions in Pb films of number of layers I = 3,
4, 5, 6, 7, and 10 layers have been measu
red in our laboratory using helium atom
scattering. The results for 4, 5, 6, and 7
layers of Pb deposited on Cu(111) reveal up
to seven different modes out of a maxi
mum of 2/ observable modes, which all
differ from each other. It is only after 10
layers that the dispersion curves no longer
change with increasing thickness.
Na on Cu(001)
Another way to avoid substrate coup
ling is illustrated in the case of Na layers
on Cu(001). He scattering studies reveal
that Na grows epitaxially on Cu(001). Be
cause of the anomalously small elastic
constants of this alkali metal, the Na pho
nons are decoupled from the much stiffer
substrate. The layer-by-layer growth can
be monitored in helium scattering by mea
suring the intensity undulations of the
specular beam where each maximum cor
responds to the completion of one filledup atomic layer. The phonon results for
this system are shown in Fig. 5 [Benedek
G., et al., submitted for publication]. Much
to our surprise we find that the dispersion
curves are nearly flat (independent of Q)
except where they hybridise with the Cu
substrate Rayleigh mode (dashed straight
line) or with the Na Rayleigh mode (con
tinuous straight line). Moreover, the fre
quencies of these modes change with film
thickness even up to films of 20 layers.
The frequencies υ depend on the thick
ness according to the formula
υ = (n-1/2/2/a1l0)vL
where n = 1,2. ..I, vLis an effective phase
velocity of a longitudinal mode propaga
ting normal to the surface and a110 is the
interlayer spacing. An expression of the
same form also holds for the frequency of
the lower harmonics of an organ pipe.
Therefore, the thin film vibrates like an
organ pipe with an open end at the outer
surface and a node at the first substrate
layer. As with an open-ended organ pipe,
the wavelength of the fundamental (n =
1) is four times the thickness of the layer.
Thus the Q = 0 modes are, in fact, longi
tudinal modes with respect to the surface
normal which have their largest ampli
tudes in the uppermost layer of the film.
Since the alkali metals are the simplest
of all metals they are of great interest for
comparisons with theory. However, they
are too soft to allow the preparation of a
well-defined surface from a single crystal
boule. Our Na films experiments have
made the surface phonons of the alkali
metals accessible to study and have re
vealed a new and unexpected type of thinlayer vibration.
►

Fig. 6 — EELS spectrum ofC6H12
physisorbed on Ni(110) [10]. The
electron impact energy is 5 eV
and the angles of incidence and
reflection are ≈ 70 °. The resolu
tion is 2 meV (FWHM). The gas
phase frequencies of C6H12 are
denoted as vertical lines at the
top of the figure. The loss at 200
cm-1 is a surface resonance of
the substrate.

cently in EELS, also contain information
on the lateral interaction of the adsorbed
molecules with each other. Moreover the
coupling of the adsorbate vibrations with
the substrate can be inferred from the
splitting of the levels at wave vectors at
which the substrate and adsorbate disper
sion curves intersect.

Conclusions
Helium atom and electron energy loss
spectroscopies now make it possible to
measure surface phonon dispersion
curves of clean and adsorbate covered
surfaces with a resolution of about 0.2
meV and 2.0 meV, respectively. Because
of different couplings of the probe particle
Applications to Surface Chemistry
with the surface and different energy re
Both spectroscopies have also provided
gimes, the two techniques provide com
new insight into chemical processes
plementary information.
occurring at surfaces. EELS has long been
Recent work using both techniques has
used to study the vibrational levels of
concentrated on metal surfaces for which
adsorbed molecules and how they differ
there is considerable evidence that the
from those of free molecules as a result of
phonons at the surface are more sensitive
surface bonding. Moreover, the technique
to the details of the interatomic forces
is able to identify and study important in
than bulk phonons.
termediates of reactive sequences. Fig. 6
Recent experiments on thin epitaxial
shows a recent spectrum of cyclohexane
films make it possible to follow the evolu
C6H12 adsorbed on Ni(110), which is one
tion of a metal system from a purely twoof the most complex adsorbate systems
dimensional adlayer system to the surface
ever studied and of great interest for cata
of a semi-infinite bulk. All of the different
lytic dehydrogenation reactions.
types of vibrational modes, from energies
The measurements were made with a
of 0.4 eVdown to <1 meV, have now been
new, optimised EELS apparatus which
observed for a great number of atoms and
provides a resolution of 2 meV (16 cm-1) Fig. 7 — (a) Shows a typical helium atom diatomic and polyatomic molecules which
at 5 eV beam energy [10]. Some 16 of the energy loss spectrum for 10% of a mono- are physi- or chemisorbed to surfaces. In
total number of 32 vibrational modes are layer of CO chemisorbed on Pt(111) re the future, with further improvements in
resolved. The broad band around 2660 vealing the frustrated translational mode on resolution and sensitivity, even time de
cm-1 in Fig. 6, which has no counterpart the on-top site [11]. (b) Shows the geometry pendent and spatially resolved studies of
in the gas phase spectrum, results from of the surface. The on-top and bridge ad surface vibrations will become possible.
sorption sites are indicated by Oand B, res
those CH stretching vibrations where the pectively.
(c) Shows a cut through the
hydrogen points towards the metal sur potential hypersurface
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