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High-resolution low-energy electron reflection measurements and electron energy-loss
measurements for clean W(100) and for the hydrogen saturated phase (3,) on W(100) are
reported. The ability to perform both low-energy reflectance, low-energy electron diffraction, and
high-resolution electron energy-loss experiments on the same crystal using the same electron
optics permits several novel experiments. For example, it is possible to quantitatively test the
dipole scattering mechanism and examine dipole and impact loss cross secticns under precisely
defined scattering conditions (i.e., under diffracted beam emergence conditions or at energies
corresponding to reflectance resonance conditions). Under certain scattering conditions, the
“dipole” scattering selection rule is shown to break down. Suitable modifications of the electron
optics control electronics also permit direct measurements of the cross-section energy dependence
of vibrational losses. These new features represent an important step towards quantitative
applications of vibrational spectroscopy based on comparing electron energy-loss spectroscopy

signals from chemisorbed species on different crystal surfaces.

i INTRODUCTION

Elastic and inclastic scattering of electrons from crystals
provides an extremely important probe of their surface prop-
erties. Low-energy electron diffraction (LEED) is a well
known and widely used structural probe, and high-resolu-
tion electron energy-loss spectroscopy (EELS) is now well
established as one of the most useful probes of surfaces. Low-
energy electron reflectance from crystal surfaces is a third
electron based probe capable of yielding important informa-
tion about surfaces; however, application of this technigue is
not as widespread as LEED or EELS. One comimon feature
of all three of these techniques is that they all require similar
capabilities in the electron beam source and the detection.
Therefore, in principle, all three spectroscopic techniques
can be carried out using the same instrument, in particular, a
suitably modified EELS spectrometer. Used together, the
three techniques constitute a useful and complementary
group of surface probes.

Interest in the low-energy reflectance of electrons from
crystal surfaces stems from the sharp intensity fluctuations
as a function of electron energy which are observed. Reflec-
tion fine structure is observed below the energy thresholds at
which diffracted beams emerge from the surface. The fine
structure is attributed to interference between the preemer-
gent beam, which suffers a backreflection from the surface
barrier, and the wave directly reflected by the atomic planes.
The approximate d ' dependence of the surface potential
vields fine-structure fringes in the reflectance which exhibit
characteristics of a Rydberg-like dispersion law and which
converge at the emergent beam thresholds.

McRae! and others™™ have carried out extensive studies
of low-energy electron reflectance fine siructure, and var-
ious theoretical descriptions have evolved which account
fairly well for the experimental observations. The low-ener-
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gy reflectance data alone serve as useful probes of the surface
potential, and also as tests of LEED calculation procedures
at very low energies. The surface potential also plays a key
role in proper descriptions of work functions, surface vibra-
tions, and phenomena involving electron emission. How-
ever, our primary interest in the present discussion is focused
on the relationship between reflectance data and EELS ex-
periments and possible uses of the combined techniques.
Electron reflectance properties of crystals are important
in relation to the underlying mechanisms of high-resolution
electron loss spectroscopy. One example of this property is
illustrated by considering the dipole scattering mecha-
nism,* ** which forms the basis for observing surface vibra-
tional losses in specular scattering geometry. Pipole scatter-
ing can be viewed as a combination of elastic reflection from
the surface followed or preceded by an inelastic loss. Because
of this factorization of the scattering cross section, surface
electron reflectance behavior is expected to play an impor-
tant role in determining vibrational loss cross sections pro-
duced by the dipole scattering mechanism. Under certain
scattering conditions, a null in the electron reflectance can
lead to a breakdown in the “dipole” scattering selection rule
which is commonly used to identify vibrational modes nor-
mal to the surface. A second example, which serves to illus-
trate the potential importance of electron reflectance
behavior in relation to applications of EELS as a structure-
sensitive probe, involves the potential breakdown of impact
scattering pseudoselection rules.’' In this case, rapid vari-
ation of the electron reflectance, which accompanies surface
scattering resonances or LEED beam emergence, can invali-
date assumptions required to derive certain scatiering cross-
section selection rules in the large momentum transfer re-
gime. A third situation in which accurate information about
the reflectance behavior of surfaces is important in relation
to EELS experiments arises when one wishes to compare the
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vibrational cross sections of a particular adsorbed atom or
molecule on two different surfaces [ (100) and (110), for
example] of the same crystal. These are issues which we wish
to address in our present discussion.

il. EXPERIMENT

The experiments described in this paper were performed
on clean and hydrogen saturated W {100) surfaces. This par-
ticular surface and its interaction with hydrogen exhibits a
rich variety of phenomena which are described in detail else-
where.'”"'® For the purpose of the present discussion, it is
sufficient to note that the properties of 8;H on W(100) are
well established. The 5, H phase consists of two bridge bond-
ed hydrogen atoms per tungsten surface unit cell.'” LEED, '®
first-principles calculations, and analysis of vibrational ener-
gies'® have established that the height of £, hydrogen atoms
on W (100) is approximately 1.17 A above the surface plane.
The tungsten surface crystal structure is stabilized to a
(1 1) structure by the saturated hydrogen overlayer. Ion
channeling®® has established that there is no measurable lat-
eral displacement of W surface atoms for the 5, H stabilized
(1x1) structure. The clean room-temperature W (100) sur-
face is unstable and is believed to be disordered, and upon
cooling reconstructs by the condensation of an M phonon
displacement yielding a ¢(2X2) structure.'® Vibrational
properties of S H on W({100) have been extensively stud-
ied.'”?"** Vibrational energics of the three fundamental
modes for 5, H on W(100) at T of the two-dimensional Bril-
louin zone are v,,, =80 meV, v =130 meV, and
Vay = 160 meV. Corresponding modes for Z,D on W (100)
are observed by EELS to be shifted down in energy by a
factor of /2, as expected based on the mass ratio.

The height of the £, H layer on W (100) determined by the
ratio of parallel to perpendicular vibrational frequencies
(given above) is in good agreement with the height obtained
from LEED.”® Based on these facts, one can argue that 2, H
on W(100) appears to exhibit conventional behavier from
the standpoint of EELS resuits. Later in this paper we will
show that this system still offers somce interesting and unex-
pected behavior.

Cur experiments were performed using a modified Ley-
bold—Heraeus ELS-22 electron energy-loss spectrometer.
The modifications, which are described in detail else-
where, %% consist of expanding instrument capabilities in
two ways: (1) modifications in the optics®™ and electronics
which permit operation at several hundred eV impact ener-
gies, and (2) modifications in the spectrometer control unit
which permit the monochromator and analyzer to be swept
in tandem, permitting measurement of the elastic or inelastic
scattering intensity as a function of incident kinetic energy.>®
The increased energy range permits LEED beams to be ana-
lyzed, which provides a very accurate means of aligning
crystals in relation to the EELS scattering plane. High im-
pact energics also enables EELS measurements of surface
phonons® atlarge k|, (out to the edge of the two-dimension-
al Brillouin zone). The tandem sweep capability permits di-
rect measurements of [ vs ¥ curves for elastic as well as
inelastic peaks at high-energy resolution ( <25 meV). Sam-
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ple preparation and other experimental details have been
described previously.>

. RESULTS

Figure 1 displays an / vs V curve for 5,H on W(100)
alongthe (11) direction. The calculated beam emergence for
the (11) beam is 8.6 eV, but the energy at which rapid oscil-
lations in reflected intensity terminate is ~9 ¢V, This behav-
ior is typical of reflectance datag there appears to be an unex-
plained energy difference between calculated and measured
“thresholds.”?® One of the more striking features of the spec-
train Fig. 1 is the deep minimum in reflectance which occurs
at 5.2 eV. The reflectance decreases to practically zero here,
and this has interesting implications in relation to “dipole
scattering” theory: does the inelastic scattering cross section
also vanish or nearly vanish at this incident energy and if it
does, what are the implications? Here we have an opportuni-
ty to test dipole scattering on the same crystal under identi-
cal conditions using the same spectrometer. The reflectance
data of Fig. 1 exhibit a wide dynamic range of elastic cross
section (over 50:1) which is attractive for such a test.

Figure 2 displays electron energy-loss spectra for 8, H on
W (100) at several discrete energies in the range covered by
Fig. 1, in particular, at 5.3 eV where the minimum reflec-
tance occurs, and at other energies where the reflectance is
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Fi6. 1. Elastic reflectance data vs incident electron energy for clean W (100}
at T =300 K, and for #,H on W(100). Scattering plane is along the (11)
crystal axis; incident and reflected angles are 60° from the surface normal.
Discrete points correspond to the measured 130-meV loss cross scctions,
taking into account the energy dependence (E ~*) introduced by the dipole
scattering mechanism. Points around 8.5-9.5 eV represent a continuous
scan of the 130-meV loss mode. Inset: real-space unit cell.
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¥1G. 2. Electron energy-loss spectra at selected incident energies E, for 8,H
on W(100}. Scattering parameters are identical to those of Fig. 1. Scale
factors are represented by numbers to far right.

higher. The spectra were taken under conditions (deseribed
in more detail below) which permit absolute intensities to be
compared. Clearly, the relative cross sections vary with inci-
dent energy. In particular, at £, = 4.7 eV, all three modes
yield loss features of comparable intensity while at eV (not
shown} under the same scattering conditions, the 136-meV
symmetric stretch mode dominates.

Target currents achieved by the electron monochromator
are approximately independent of incident energy; in addi-
tion, the optics were retuned for each loss measurement, and
during the reflectance measurement. Retuning is required to
maintain optimum transmission through the spectrometer.
We donot claim to have accurately determined the transmis-
sion function of our optics over the relevant energy range.
However, ray-tracing analysis® of the lens system has estab-
lished the fact that the electron beam focusing is well be-
haved for the lens voltages which yield maximum transmis-
sion. Based on the ray-tracing analysis, the transmission
function is fairly constant { + 10%) for the tuning condi-
tions used over the entire kinetic energy range. Also, reflec-
tance data obtained in the present studies agree reasonably
well with data obtained by others using different instru-
ments, suggesting well-behaved transmission functions.
Onee again, it is important to emphasize that in the present
case, the same instrument is being used to compare relative
dipole loss intensities with refiectance data, and 1o a first
approximation, instrument transmission functions cancel
out.
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Inclastic intensities for the 130-meV symmetric stretch
mode (dipole) are plotted on Fig. 1 taking into account the
incident energy dependence introduced by the dipole scat-
tering mechanism. Also shown are data corresponding to a
continuous scan of the 130-meV loss intensity around
E, =9 eV. These results establish the essential role the re-
flectance plays in determining the strength of dipole loss sig-
nals. A corresponding reflectance minimum (refer to inset
of Fig. 3) occurs at E;, = 4.2 eV for scattering in the (10)
crystal plane. Figure 3 displays the angular dependence of
the symmetric stretch loss signal (for £,D) at E, = 4.2 and
15.5 V. The elastic peak intensity (not shown) yields an
angular dependence at 15.5 eV similar to that obtained for
the symmetric stretch loss peak at this energy | full width at
half~maximum (FWHM) ~2°], i.e., the symmetric stretch
mode exhibits “dipole”-like behavior (even at E, = 15.5
eV). However, at £, = 4.2 eV the angular dependence is
clearly not dipole. Corresponding (nondipole) dependence
of the symmetric stretch mode of 8,H is observed at
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FiG. 3. Angular dependeice of v, of £/H on W(100) at two incident
energies. 6, =~ 60°, 3, varies from 60° to 30°. Elastic peak angular depen-
dence and calculated dipole loss angular dependence are also shown. Inset:
elastic reflectance data vs incident electron energy for £,H on W (100},
Scattering plane is along the (10) crystal axis; incident and reflected angles
are 60° from the surface normal. Arrow represents calculated LEED emer-
gence energy.
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Fi1G. 4. Electron energy-loss spectra at selected incident energies E, for 5/ H
on W(100). The new 118-meV loss peak is clearly apparentat £, = 4.3 eV
but is only observed in the wing of the 130-meV loss peak at other incident
energies.

E. = 5.3 eV for scattering along the (11) direction. In both
of these specific cases, the specular scattering losses result
from the impact scattering mechanism at incident energies
corresponding to reflectance minima.

We now consider a second example in which a combina-
tion of LEED, surface reflectance, and EELS has yielded
useful information. Figure 4 displays a series of EELS spec-
tra for 2, H on W(100) covering impact energies around the
4.3-eV reflectance minimum. In these experiments, the (10)
crystal axis was precisely aligned along the scattering plane
using the (10) LEED beam, and the reflectance along this
crystal azimuth, shown as an inset in Fig. 3, was determined
using our EELS optics operating in the I-V mode set at the
elastic peak.

The loss spectra exhibit an interesting new phenomena. In
the impact energy range extending from 4.1 to 4.5 eV, a new
loss peak at 118 meV emerges from the wing of the 130 meV
{symmetric stretch peak) and then vanishes. Corresponding
behavior is observed for 5,13 (an 83-meV peak is observed).
Curve fitting of the loss peaks®” suggests that the cross sec-
tion of the 118-meV peak is approximately constant, and
that the striking change observed in the spectra is due pri-
marily to the pronounced decrease in the 130-meV mode
{dipole) cross section associated with the minimum in re-
fiectance apparent in Fig. 3. This particular minimum oc-
curs very near the calculated beam emergence energy, and
the reflectance minima are probably a direct result of the
beam emergence.
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The origin of the 118-meV mode has been the subject of
some debate. Off-specular EELS measurements*>?* have
clearly established the fact that the 118-meV mode behaves
as though it is caused by impact scattering; this favors its
assignment to a paraliel vibration, but in reality, as in the two
examples just discussed, it results from a perpendicular
mode. Additional experimental results®* [which have now
established the dispersion of the surface vibrational modes of
B1H on W(100) as a function of k| along the M direction]
coupled with extensive lattice dynamical modeling of the
system, now appear to have resolved the origin of this mode.
The 5,H phase on W(100} contains two hydrogen atoms
per tungsten unit cell; this allows as many as six adsorbate
vibrational modes. The 118-meV mode is one of the funda-
mental H modes (optical mode) which is observable under
beam emergence conditions. These results are discussed in
detail elsewhere.”

As a third and final example of a case in which the ability
to compare vibrational intensities is important, we mention
recent work on the H/Nb system. EELS studies®® of H on
NbB(100) have shown that adsorbed H atcms chemisorb in
tetrahedral sites below the surface. These sites exhibit a nov-
el reversible temperature-dependent behavior which gov-
erns the admission of H into the bulk. Direct comparisons
between H vibrational intensities associated with other Nb
surfaces and Pd coated Nb surfaces will be extremely useful
in testing uptake kinetics models for the H/Nb systems
which invoke a “*surface valve” mechanism based on these
subsurface sites.

V. SUMMARY

We have attempted to iflustrate, using two specific exam-
ples, the utility of combining three complementary electron
scattering probes of the surface in a single instrument. The
primary features of this combination which account for the
potential for unique experiments include (1} the ability to
precisely align a crystal mirror plane for EELS experiments
by using the EELS optics in a LEED mode; (2) the ability to
make absolute comparisons between electron reflectance
and dipole losses as a function of energy {because the same
electron optics are used with the same lens voltage operating
mode), and (3) the convenience of performing a reflectance
£~V measurement before conducting EELS studies to deter-
mine which incident energies will yield the best dipole loss
counting rates. By combining (specular) refiectance mea-
surements with specular and off-specular EELS measure-
ments, it is possible to determine the impact scattering con-
tribution to loss intensities of perpendicular vibrations
detected in specular scattering geometry. Under certain scat-
tering conditions losses measured in specular scattering may
be dominated by impact scattering mechanisms and care
must be exercised in assigning mode symmetry based on the
“dipole” scattering selection rule.
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