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High-resolution electron energy loss spectroscopy (EELS) is rapidly being developed into one of
the more useful techniques for probing physical and chemical phenomena at surfaces. Key
elements of the technique include high surface sensitivity, the fact that it is a molecular sensitive
rather than an atom sensitive spectroscopy, and the direct relationship that exists between
experimental data and important surface parameters. New applications of EELS are currently
being explored; these applications will be the primary focus of this paper. Recent work which
combines EELS measurements with modeling of surface vibrations based on lattice dynamical
calculations has shown that this approach can provide useful insight into structural parameters at
surfaces. Other experiments aimed at refining our understanding of EELS scattering mechanisms
and the selection rules that govern them have yielded some new and unexpected results which will
be discussed. Finally, development of a new generation of EELS spectrometers should eventually
produce improvements of two to three orders of magnitude in signal levels as well as more precise
control of instrument response. These instruments will open up new applications of the EELS
technique in areas including the study of technical surfaces and real time studies of surface
reaction kinetics. The new spectrometers will also permit more precise studies of fundamental

surface phenomena including electron scattering mechanisms.

I. INTRODUCTION

High-resolution electron energy loss spectroscopy (EELS)
is rapidly being developed into one of the more useful tech-
niques for probing physical and chemical phenomena at sur-
faces. Several key features account for the growing popular-
ity of the EELS technique. One of the most important
features is the high surface sensitivity and the fact that all
surface species including hydrogen can be probed. Under
ideal contributions, present EELS spectrometers are capable
of detecting vibrational energies of adsorbed molecules at
surface concentrations below 0.001 monolayer. A second
important feature of EELS, and of vibrational spectroscopic
techniques in general, is that these techniques are sensitive to
the molecular nature of the adsorbed surface species. Vibra-
tional energies reflect molecular composition, surface struc-
ture and the local molecular level environment, i.e., the sur-
face adsorbate site coordination. A third important feature
of EELS, which is also characteristic of the most widely used
spectroscopic methods, is that qualitative features of the
spectra can lead immediately to an understanding of impor-
tant structural and chemical properties of atoms and mole-
cules chemisorbed on surfaces.

A few typical examples illustrate these features of EELS.
Surface cleanliness can often be checked using EELS more
conveniently and at higher sensitivity than with Auger spec-
troscopy. EELS is quite sensitive to two of the most common
residual gases found in surface analysis chambers (CO and
H,), whereas Auger spectroscopy cannot directly detect
atomic hydrogen. In many cases, dissociative chemisorption
of a molecule can be directly inferred simply from the num-
ber of vibrational modes observed in an EELS spectrum.
Diagnosis of fragments and intermediates from surface reac-
tions is often possible by recognizing established characteris-
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tic EELS modes of CH, OH, CO, and other chemical groups.
Isotopic exchange involving deuterium labeled hydrocarbon
molecules can be exploited by combining EELS measure-
ments and thermal programmed desorption measurements.
Coverage induced shifts in loss peaks can be used to study
coverage dependent multiple site adsorption phenomena,
and in many cases, where all of the surface vibrational modes
can be identified, the adsorption site symmetry can be deter-
mined. A specific example of this feature of EELS is present-
ed in the following section. These examples, which illustrate
only a few of the many applications of EELS in surface
science, should give some appreciation for the usefulness of
the technique which accounts for its rapid growth as a spec-
troscopic method.

The examples just described fall into a particular category
of applications which rely only on semiempirical analysis of
the spectra to arrive at useful information. In addition to
these, new applications of EELS based on a more quantita-
tive approach to the analysis of experimental data are cur-
rently being explored. Specifically, applications based on lat-
tice dynamical modeling of vibrational data, full multiple
scattering analysis of inelastic electron scattering cross sec-
tions, and other sophisticated approaches are being ex-
plored. Such approaches generally require large-scale com-
putational exercises as well as significantly expanded efforts
to obtain suitable experimental data for analysis.

Initial studies which have combined lattice dynamical
modeling with EELS measurements have produced some
extremely promising results. A few examples of this ap-
proach are described in this paper. These examples illustrate
the potential of developing surface vibrational spectroscopy
into a direct probe of surface structure.

Recent experimental and theoretical work has also yield-
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ed a more thorough understanding of EELS scattering
mechanisms, the energy dependence of the inelastic scatter-
ing cross sections, and the selection rules that govern them.
This work also offers hope of important new applications of
the EELS technique.

The goals of the present paper are threefold: (1) to review
the evolution of our present understanding of the underlying
scattering mechanisms and describe some recent work
which is aimed at improving our understanding of EELS
scattering mechanisms and the selection rules that govern
them; (2) to focus attention on successful efforts which have
combined EELS results with lattice dynamical modeling to
expand the interpretation of vibrational data beyond the
qualitative analysis level; and (3) to attempt to anticipate
the future, especially in relation to new applications which
will become possible as a result of a more thorough under-
standing of fundamental mechanisms as well as advances in
instrumentation.

il. EXPLORED REGIONS

We begin by reviewing what is known about the basic scat-
tering mechanisms, the selection rules that govern them, and
the application of lattice dynamical methods for analysis of
vibrational data. We also attempt at the end of this section to
briefly assess the current state-of-the-art in EELS instru-
mentation in relation to the present applications of the tech-
nique, and highlight some of the inadequacies which are hin-
dering progress and new applications.

A. Inelastic electron scattering and surface
vibrations

The development of high-resolution EELS started during
the late 1960’s and early 1970’s. It was this period of time
during which the effect of a surface on the phonon spectrum
of crystals was a subject of considerable interest: Laramore
and Duke' reported a detailed analysis of the temperature
dependence of LEED intensities; Maradudin and Wallis,”
and Allen, Alldredge, and de Wette® developed the theory of
surface lattice dynamics to a high degree of sophistication;
and the first observation of surface vibrational modes of che-
misorbed atoms on surfaces was reported by Propst and Pip-
er.* Shortly thereafter, Ibach reported a complete experi-
mental investigation of inelastic electron scattering from
ZnO’ and Si(111).°

In Ibach’s experiments, and in work by others which
quickly followed,” the distribution of the inelastically scat-
tered electrons was observed to the centered around a nar-
row angular cone along the specular direction. This strongly
peaked angular distribution and the well-known shallow
penetration depth of low energy electrons in solids indicated
that the electrons which suffer vibrational losses are scat-
tered predominantly by surface phonons with a small wave
vector, i.e., g; =~0. The surface phonons clearly produced
long range electric fields that extend well beyond the vacu-
um-~—crystal interface. The physical origin of the electric field
can be viewed as a consequence of the lack of inversion sym-
metry at the surface which permits the existence of a dipole
moment having an effective charge arising from the surface
phonons.
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Lucus and Sunjic® presented a classical theory of the “di-
pole” scattering mechanism which was expanded and re-
fined by Evans and Mills® to a quantum mechanical descrip-
tion. Roundy and Mills'’® developed a corresponding
quantum mechanical description of inelastic electron scat-
tering of slow electrons for the more general case of large
momentum transfer, and explored the dependence of scat-
tering cross sections based on their theory for various force
constant models of the surface and near surface regions.
These studies showed that the shape of the loss spectrum
(energy dependence) is sensitive to changes in atomic force
constants near the surface, and suggested that “the study of
inelastic electron scattering from surface has the potential of
mapping out in great detail the frequency spectrum associat-
ed with surface atoms.”

These pioneering studies stimulated an explosive growth
in the application of EELS in studies of surfaces. Many in-
vestigators were attracted into the field and contributed to
the development of the technique. Several international con-
ferences'"'? and a book'® document this growth. One of the
next key developments in the evolution of EELS was a step
towards realizing the full potential of the technique for map-
ping surface phonon bands. Vibrations parallel to the surface
can produce charge separation normal to the surface yield-
ing a dipole moment which can be probed in specular scat-
tering geometry based on “dipole” scattering. In addition, in
cases where a parallel dipole moment is not completely
screened by substrate electrons,'* inelastic losses can be de-
tected in the large momentum transfer regime.

Off-specular scattering studies of H on W(100) by Wil-
lis,'’ and by Ho, Willis, and Plummer,'® and of ¢(2X2) O on
Ni(100) by Strong and Erskine'” and Szeftel et al.'® have
now shown that inelastic scattering cross sections in the
large momentum transfer (impact scattering) regime are
large enough to effectively probe parallel vibrations. This
permits mapping of surface and adsorbate phonon bands.

Figure 1 illustrates the results of extensive EELS measure-
ments of ¢(2X2) O on Ni(100). Data points at k; #0 rely
on the impact scattering mechanism to detect loss peaks.
Fairly high impact energies (up to a few hundred eV) are
required to reach the zone edge and to optimize the scatter-
ing cross section.'®!® Simple kinematical scattering laws are
the only requirements to obtain the plots of E(g, ) from the
energy and direction of incident and scattered electrons. The
ability to map surface phonon bands is responsible for the
development of lattice dynamical modeling as a means of
analyzing surface vibrational data as discussed later.

B. Cross-section effects and selection rules

Successful observation of use of impact scattering has
stimulated additional theoretical efforts aimed at refining
the understanding of EELS scattering cross sections and se-
lection rules that govern time. Tong, Li, and Mills*® have
developed a formalism which describes EELS impact scat-
tering cross sections over a wide range of energies and scat-
tering geometries. A similar formalism has been developed
by Aers et al.*! and applied to H on W (100). The formalism
of Tong et al. includes an explicit description of the multiple
scattering of both incident and scattered electrons from the
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F1G. 1. Surface phonon bands of ¢(2 X 2) O on Ni(100). Experimental data:
filled circles, Ref. 17, open circles Ref. 18. Solid lines, calculated phonon
bands representing “best fit” to experimental data, Ref. 17. Result of fitting
is that oxygen height = 0.92 A.

substrate/adsorbate system which has permitted realistic
theoretical studies of the cross-section dependence on adsor-
bate bond distances and adsorption sites. These calculations
have suggested that precise measurement of inelastic elec-
tron differential cross sections could be used to determine
the site geometry and test bond distance models. However,
comprehensive experimental investigations of these predic-
tions await improvements in electron spectrometers de-
scribed in the next section of this paper.

The formalism for calculating impact scattering cross sec-
tions also contains the basis for postulating a set of impact
scattering selection rules which govern the angular depen-
dence of the scattering cross section. These rules predict null
scattering along certain high symmetry directions which de-
pend on the polarization of surface modes in relation to that
direction. Figure 2 summarizes these selection rules for a
simple model chemisorption system which is discussed later.

A refinement of the multiple scattering theory of impact
scattering was introduced by Hall, Tong, and Mills** which
includes the effects of the surface image potential. The re-
sults of this paper also suggest an interesting breakdown of a
pseudoselection rule for large angle scattering.

The predictions of these calculations for impact scattering
cross sections have been experimentally observed but not
tested in detail. One indication of the validity of the models
has been obtained from the work of Xu et al.* who have
shown that the calculated cross sections of the .S, and S
surface phonons on Ni(100) are in fairly good agreement
with experiment. Attempts to directly test the predictive ca-
pability of the multiple scattering formalism in the case of
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FI1G. 2. Selection rules for impact scattering cross sections o along a high
symmetry direction of a surface adsorbate complex (Ref. 20). The xz plane
is the scattering plane. R, represents reflection symmetry around the xz

plane, R, represents twofold rotational symmetry around the z axis. For the
given symmetry, modes with eigenvector parallel to the y direction (y
modes) have null cross sections for all angles 8, in the scattering plane, and
modes with eigenvector parallel to the x direction (x modes) have null cross
section in the specular scattering direction (6, = 6,).

simple adsorbates has met with less success as indicated be-

low.
Figure 3 illustrates EELS spectra for S,H on W(100)
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Fic. 3. EELS spectra for 8;H on W(100). Electrons that are scattered
specularly at 60° incident angle along the [010] crystal direction spectra for
three incident energies E, are displayed. E; = 4.3 eV corresponds to the
condition for the (01) LEED beam to energy parallel to the surface. Corre-
sponding spectra for deuterium exhibit the same three peaks shifted to low-
er energy by a factor of /2.
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(the B, phase has two atoms per surface unit cell bridge
bonded to the W atoms). The three modes, which are appar-
ent in the spectra, correspond to the wag mode v, = 80
meV, the asymmetric stretch mode v,,, = 117 meV, and the
symmetric stretch mode v,,,, = 130 meV. The fact that two
different parallel vibrational frequencies are observed for the
adsorbed H supports the bridge bond assignment. Fourfold
coordination of the adsorbed H would yield degenerate par-
allel vibrational modes. These results, which have been veri-
fied by corresponding studies using deuterium and using off-
specular scattering geometry, are the first to delineate all
three vibrational modes of 8,H on W (100). Previous stud-
ies'® using 25 meV resolution were unable to resolve the 117
meV peak from the strong 130 meV dipole peak, and attibut-
ed a 160 meV peak (which is an overtone of the wag mode)
to the asymmetric stretch mode. This is a clear case where
improved instrument performance was essential.

The results in Fig. 3 were obtained using novel scattering
parameters which were chosen to cause the emergence of the
(01) LEED beam along the scattering plane. Under these
conditions, the dipole cross section is suppressed, as shown
in Fig. 4, permitting impact modes to be easily observed. The
results displayed in Figs. 3 and 4 contain some very interest-
ing implications which we have not fully investigated. These
features are listed below and are described in more detail
(the issues are not yet resolved) in some referenced papers
which are in press or to be submitted.

(1) The impact modes (v,,, and v,,,) are observed in
specular geometry. Application of the selection rules® (re-
fer to Fig. 2) to the structure of 5;H on W(100) as it is
presently understood yields the prediction that the parallel
mode cross sections should vanish. Clearly, many factors
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FIG. 4. Relative scattering cross sections for the elastic peak and the three
loss peaks as a function of incident energy.
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F1G. 5. Illustration of site symmetry of #,H on W(100). A simple dynami-
cal model (Ref. 13) predicts the ratio of asymmetric stretch frequency to
symmetric stretch frequency for a twofold bridge site is equal to tan a,
where 2¢ is the bridge bond angle.

must be considered in relation to the above results, i.e., ana-
lyzer acceptance cone, crystal alignment, possible deviations
from perfect bridge geometry, etc., but the fact remains that
the results raise some very interesting and important ques-
tions.

(2) The ratio of symmetric stretch mode frequency to
asymmetric stretch mode frequency is related to the height
of an atom above the surface by a simple classical model.!?
Figure 5 illustrates the model for the specific case of a bridge
site. The present case is especially easy to analyze because
the tungsten to hydrogen mass ratio is very large. Based on
tohe measured values of v, and v, , one obtains d = 1.74
A. This distance is quite large compared to the best estimate
(d = 1.17 A)* based on LEED, which isn’t expected to
work very well for adsorbed hydrogen, and is uncomfortably
large based on what one might guess based on simple chemi-
cal arguments. Thus, a second interesting question is raised
by the data: Why does this simple model apparently break-
down?

(3) The experimental results suggest the possibility of a
new inelastic scattering regime which is based on an electron
being trapped in a quasibound state traveling parallel to the
surface.?’ Incident electrons can couple to this bound state
through the same umklapp process which causes a LEED
beam to emerge parallel to the surface. Trapped electrons
can also couple back into the specular direction by a conju-
gate umklapp process. The impact scattering cross section
would be increased by this mechanism in proportion to the
lifetime of the quasibound state. The relatively strong impact
scattering cross sections illustrated by Figs. 3 and 4 certainly
do not rule out this possibility, but we have not obtained
sufficient experimental data and have not analyzed the
transmission properties of our analyzer in sufficient detail to
verify the bound state hypothesis. For similar reasons, we
cannot make any conclusive comments regarding the appar-
ent disagreement between the energy dependence of the
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asymmetric stretch cross section and theoretical predic-
tions®? (refer to Fig. 4).

(4) A scattering resonance is observed in the spectra (at
~26meV).?° This feature is particularly interesting because
we have shown that its appearance and disappearance as a
function of temperature and hydrogen coverage is related to
the well-known surface structural phase transformation on
the W(100) surface.?’

These features for the 8,H on W(100) serve to illustrate
the fact that even on the system which has been most exten-
sively studied using EELS, there are many new phenomena
to be explored, and many important issues which must be
addressed.

C. Lattice dynamical modeling

A second approach to structure analysis based on EELS is
to use lattice dynamical calculations for analysis of experi-
mental data. In this case, rather than making use of the ener-
gy dependence of scattering cross sections, which depends
on complex multiple scattering calculations, the approach is
based on the dynamical behavior of the system. Kinematic
scattering laws (conservation of energy and wave vector par-
allel to the surface) are all that are required to experimental-
ly obtain a complete description of the surface lattice dynam-
ics of an ordered overlayer system. Once E (g,), the
dispersion of the surface phonon bands along a high symme-
try diretion of the surface Brillouin zone has been deter-
mined by EELS, it is possible to analyze the results using
surface lattice dynamics. Lattice dynamical modeling has
been successfully used by Strong et al. to analyze vibrational
data for p(1x1) O on AI(111)*® and p(1Xx1) O on
Ti(0001)?° to verify the formation of underlayer structures.
In the case of p(1X 1) O on Al, the EELS data® provided
striking proof of the existence of a chemisorbed phase more
complicated than a single ordered oxygen overlayer. Three
dipole active modes were observed at low oxygen coverages
up to the point where a p(1X 1) chemisorbed layer was re-
ported to exist. A single dipole active mode should have been
detected if a unique overlayer site were associated with the
p(1X1) LEED pattern. Lattice dynamical modeling of the
data®® verified the simultaneous formation of overlayer and
underlayer structures consistent with a p(1X 1) structure,
and yielded predictions of the scattering strengths (based on
predicted vibrational amplitudes) which were in good agree-
ment with the EELS resulits.

Analysis of the full phonon dispersion of ¢(2X2) O on
Ni(100) has been used by Rahman et a/.' and Strong and
Erskine'’?? to obtain the oxygen height above the surface.
One can view the lattice dynamical modeling method as an
n-parameter extension of the simple two parameter model
which yields d, based on the ratio of v,,,, to v,,, (Fig. 5).
EELS data for all surface modes and for ¢, along a particular
direction of the two-dimensional Brillouin zone [as shown
forc(2X2) O on Ni(100) in Fig. 1] represent a large num-
ber of experimental parameters which must be fit by a cor-
rect lattice dynamical model of the surface adsorbate com-
plex.

We have shown'” that starting with a general slab model
for a surface—-adsorbate complex, in particular ¢(2X2) O on
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Ni(100), and assuming only that the adsorbate site location
was known (fourfold hollow site), that precise determina-
tion of the adsorbate height is achieved by requiring that the
lattice model correctly reproduce the experimentally de-
temined surface-phonon band structure. In this sense,
EELS can be regarded as a structure determination tech-
nique similar to LEED. From EELS, one obtains in addi-
tion, the force constants required to describe the dynamical
system.

The general applicability of this method as a structural
probe will not be established until many more adsorbate sys-
tems have been studied. There is some indication that the
excellent results for ¢(2X2) O on Ni(100) is not accidental;
the method has now been successfully applied to c(2x2) S
on Ni(100).?* These results suggest that lattice dynamical
modeling of EELS data has the potential of being developed
into a very useful structural tool.

Before continuing on to the next topic, it is important to
point out that inelastic scattering of He atoms has also been
developed into a powerful tool for studying surface phonons.
Recent articles by Toennies, Lambert ef al., and Sibener de-
scribe the advances and results in this field.>*

D. Dielectric models and EELS

Before discussing new applications of EELS, we must at
least mention work in a few other areas which are within the
scope of the present discussion, but which cannot be covered
because of space limitations. Important work is being done
in areas related to the dielectric response at a surface,*® tem-
perature dependencies,*®*’ vibrational linewidths and
damping mechanisms,*”** and other areas closely related to
surface vibrational spectroscopy. These studies will also help
advance the use of EELS methods by providing a more thor-
ough understanding of the fundamental phenomena which
govern linewidths, damping mechanisms, and other features
of EELS.

E. Current generation EELS instruments

We conclude this section with a very brief assessment of
the current generation EELS instruments. Current state-of-
the-art single energy channel EELS spectrometers are able
to achieve 3.5 meV FWHM energy resolution at 1.5 10~ '°
A target current and signal levels of ~ 107 counts/s for elas-
tic reflection from a good single crystal sample.>® The best
resolution achieved by electron scattering to date appears to
be in the neighborhood of 2.5 meV FWHM. These perfor-
mance levels are achieved at energies where dipole losses are
typically measured (i.e., below 10 eV impact energy), and
are quite adequate for probing energy losses at low energies
in specular scattering geometry. Peak shifts significantly
smaller than the instrument resolution can be detected by
the spectrometer having extremely good absolute stability,
and these instruments are competitive in many respects with
optical methods. There are, however, certain inadequacies in
present generation EELS instruments, particularly in re-
spect to making measurements related to the present discus-
sion.
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Ill. THE FRONTIER

Advances in a field of research can be stimulated by an
unanticipated breakthrough or can occur as a result of per-
sistent progress based on more effective application of accu-
mulated knowledge. In this section an attempt is made to
anticipate some of the future applications of EELS and out-
line some of the steps needed to advance the state-of-the-art.

A. New instrumentation

It is clear that significant advances in instrumentation is
one of the most critical next steps required to advance the
field. Present generation instruments have evolved to study
primarily dipole scattering. Low counting rates associated
with impact scattering cross sections and the need to operate
spectrometers at several hundred volts in experiments which
map phonon bands are two factors which must be considered
in future instruments intended for such applications. A third
factor is the difficulty of determining accurate scattering
cross sections. Most existing EELS instruments do not in-
corporate the required angle-defining apertures, and no
EELS spectrometer transmission function appears to have
been well characterized by ray tracing even though it ap-
pears feasible.'® These limitations render difficult the type of
experiments required to obtain scattering cross sections and
surface phonon band dispersion. Significant improvements
in EELS spectrometers are currently feasible based on exist-
ing electron optics technology. Multichannel detection in an
electron analyzer is well understood. Parallel energy detec-
tion using commercially available image detectors should
yield an improvement of 50-100 in detection efficiency.*’
Recent work on electrostatic lenses*! provides a good basis
for designing a more efficient lens system with large retarda-
tion/acceleration ratios and well-characterized transmis-
sion properties.

Lens designs which incorporate more than a pair of input
and output lens elements (which are common in existing
EELS spectrometers) will be required. Optimum image
characteristics cannot be achieved by a single pair of lenses
in systems which require retardation ratios of the order of
1000 to 1. Some new EELS instrument designs are already
being tested.*>** Although it appears that it will be much
more difficult to vastly improve the performance of electron
monochromators, additional effort to pinpoint the funda-
mental limiting factors in high current monochromators is
justified. Recent work at the National Bureau of Standards**
has shown that significant improvements may be possible in
high current monochromators based on the performance of
a negative electron affinity GaAs source. Currents in excess
of 1 uA at 31 meV FWHM resolution have been achieved.
This is at least one order of magnitude above the current
obtained from conventional sources at the same energy reso-
lution. Of course, the added flux will be useless if the funda-
mental limitation of EELS monochromators is associated
with space charge at the exit slit or some similar effect which
is not source related.

B. Technical surfaces

One of the most promising applications of EELS is the
study of chemical processes at technical surfaces such as
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polycrystalline films and supported metal catalysts. These
applications will require more efficient spectrometers be-
cause of low signal levels associated with poor reflectance
properties of the surface. Counting rates for loss peaks ob-
served from technical surfaces will be comparable to off-
specular measurements of crystal surfaces.

C. Chemical dynamics

Assuming that significant improvements in spectrometer
performance can be achieved (a factor of 10° is not unrea-
sonable), the observation of chemical processes at surfaces
which occur on a time scale of milliseconds will be feasible.
Experiments which combine EELS with pulsed molecular
beam excitation to study surface chemical dynamics are al-
ready being conducted by Ho at Cornell, and by Ellis and co-
workers at AT&T Bell Labs.

IV. CONCLUSION

This paper has attempted to highlight some of the devel-
opments and some recent investigations in the field of EELS
which are related to scattering mechanisms and the use of
advanced techniques for data analysis based on lattice dy-
namics and scattering cross-section calculations. Even with-
in the limited scope of the stated objectives of the paper, a
complete accounting of the work has been impossible within
the length limitations imposed here. However, at least two
points should be clear from the discussion. First, EELS has
emerged as one of the most important probes of physical and
chemical processes at surfaces. Second, in spite of the very
rapid and impressive development of the technique, there
remain many opportunities for advancing the state-of-the-
art, in both applications and fundamental understanding of
the underlying physical phenomena. The subfield of EELS
should continue to be one of the most interesting and dynam-
ic areas of surface science for many years.
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