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modes of adsorbate-covered Cu(100)
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The excitation of surface vibrational modes of Cu(100) covered with ordered adsorbate lat-

tices of CO, CH30, and S has been investigated by electron-energy-loss spectroscopy. The influ-

ence of the adsorption site symmetry on the surface-mode-excitation cross section is analyzed
and shown to provide important information about the adsorption site.

Recently it has been reported in a. few instances' '
that vibrational modes in the energy range of the
metal substrate phonon band can be observed by
high-resolution electron-energy-loss spectroscopy
(EELS) from single-crystal metal surfaces covered
with ordered adsorbate lattices. It was shown by
Ibach and Bruchmann' that these modes may be as-
sociated with metal surface phonons at certain points
of the surface Brillouin zone determined by the
dimension of the adsorbate structure unit mesh. The
purpose of this work is to demonstrate how
knowledge about adsorption sites can be obtained
from EELS investigations of such surface vibrational
modes. Our discussion concerns particularly some
ordered adsorbate lattices on Cu(100) and is based
on simple arguments concerning the symmetry prop-
erties of the surface phonons and the symmetry of
the adsorption site. We will adopt the surface vibra-
tional mode notation given by Allen, Alldredge, and
de Wette4 in their theoretical study of fcc crystal slabs
and also make a direct comparison with the surface
phonon energies for a Cu(100) crystal slab calculated
by Castiel, Dobrzynski, and Spanjaard. '

The EELS measurements reported in this work
were obtained using a new high-resolution electron
spectrometer which has been briefly described else-
where. 6 The specimen and the analyzer can be rotat-
ed such that the polar angles of incidence and
analysis can be varied independently. The scattering
plane containing the incident and the analyzed elec-
tron beams is defined by the Cu(100) specimen sur-
face normal and the [100] direction in the surface
plane. The energy of the incident electron beam
quoted in the spectra refers to the specimen vacuum
level. Vibrational loss spectra have been recorded for
the following simple ordered adsorbate structures:
Cu(100)-c(2 x 2)CO, -c(2 x 2)CH30, and
-p(2 x 2)S. The Cu(100) crystal was cleaned rou-
tinely by argon ion bombardment —annealing and a
final brief heating to 950 K prior to adsorption. The
formation of the ordered surface structure was moni-
tored by low-energy electron diffraction (LEED).
The CO adsorption was performed at 80-K substrate

temperature. The Cu(100)-c(2 && 2)CH30 structure
was formed ty reacting methanol with preadsorbed
oxygen on the Cu(100) surface at the reaction condi-
tions for which Sexton' found the most intense
CH30 vibrational loss spectrum. This turns out to
correspond to the condition for establishing an or-
dered c(2 &&2)CH30 structure. The p(2 & 2)S struc-
ture was formed by adsorbing 3 x 10 ' torr sec H2S at
300-K substrate temperature. '

Figure 1(a) shows the low-energy region of the
EELS spectra for CO adsorbed on Cu(100). The
42.5-meV peak is associated with the CuC stretching
vibration and its intensity is approximately propor-
tional to the CO coverage. The peak at 14.5-meV
behaves differently, its intensity increases abruptly
when the c(2 && 2)CO structure develops. The corre-
sponding vibrational mode is evidently related to the
existence of the c(2 x 2) structure. A direct conse-
quence of forming the e(2 x 2) structure is that the
M point of the substrate surface Brillouin zone (SBZ)
becomes equivalent to the I' point of the c(2 x 2)
SBZ [see Fig. 2(a)]. This means that surface vibra-
tional modes, at M may be excited at I, i.e., close to
the specular direction in the EELS experiment. This
will correspond to a situation where the adsorbed
species in the c(2 & 2) lattice move in phase. Angu-
lar measurements of the 14.S-meV [see Fig. 1(b)]
and 42.5-meV loss peaks reveal that these modes are
excited by dipole scattering; i.e., the loss "intensity
peaks sharply around the specular direction.

If we equate the maximum phonon energy hem, „of
the Cu(100) slab calculation to the maximum phonon
energy of bulk copper, which is 30 meV, we get an
energy of 14 meV for the surface phonon Si at M.
This observation strongly supports the interpretation
of the 14.5-meV peak in terms of the excitation of a
surface mode originating from S~(M) and has impli-
cations for the structure of the Cu(100)-c(2 x 2)CO
system. The symmetry properties of the phonon
mode, which differ with respect to the adsorption
site, is exhibited in the cross section for exciting the
mode. We will illustrate this by analyzing three dif-
ferent adsorption sites: (i) on top position; (ii) hol-
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FIG. 1. (a) Electron-energy-loss spectra from the Cu(100)-CO system measured in the specular direction, 8=0', for an ener-

gy 2 eV and angle 50' of the incident electron beam. (b) Experimental elastic peak intensity (solid circles) and 14.5-meV loss
peak intensity (open circles) for Cu(100)-c(2 x 2)CO vs collection angle 8 (positive towards the surface normal).

low position; and (iii) bridge position. When deriv-
ing the symmetry labels of a phonon mode at I, it is
sufficient to examine the corresponding displacement
field in an extended basis of surface atoms which has
the full point-group symmetry. This is shown

c (2~2) p (2x2)

(b)
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FIG. 2. (a) Surface Brillouin zones for Cu(100) (dashed),
Cu(100)-c(2 && 2), and -p(2 x 2) adsorbate lattices (solid).
Displacement field for the surface phonons Si(M) (b) and

S6(X) (c) for different adsorption site configurations. The
solid and dashed circles indicate the substrate surface and
the adsorbate ion cores, respectively.

schematically in Fig. 2(b) for the three adsorption
sites and S~(M). As discussed by Allen et al. , ' along
I -M the bare surface phonon mode S~ is polarized
strictly within the sagittal plane predominantly normal
to the surface. At M it is, due to symmetry, strictly
normal to the surface and strictly localized in the first
layer since the dynamical matrix decouples' the
parallel and normal components of the phonon dis-
placement field which belong to different irreducible
representations E and 3 ~ for odd layers, E and 8& for
even layers with respect to the C4„group of the wave
vector.

For cases (i) and (ii) above the symmetry group is
a symmorphic space group with C4„as the point
group. The dipole active displacement field for the
fundamental CuC and CO stretching vibrations are
both totally symmetric (belong to symmetry class A ~)
with respect to the point group. Dipole activity will
then be symmetry allowed for the dressed surface
phonon mode" St(M) for the on top configuration
(i) since the bare mode S~(M) is totally symmetric
in that case. In the hollow site configuration, (ii),
S~ (M ) belong to symmetry class 8~ and will then be
symmetry forbidden to be dipole active since the di-
pole moment normal to the surface is totally sym-
metric.

For dipole scattering from an ordered surface struc-
ture consisting of N primitive cells of area n ', the
differential cross section at small scattering angles is
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where x; is the position vector, e; is the effective

I

charge, g(x;) =goexp(iqll x;) is the displacement
field of the surface ion core i in the basis, and q l] is
the wave vector in the substrate SBZ. Close to I for
(i) and (ii) above we get

lt .(qll) I
= l(et+e2)(ol ~

(ii) It .(qll) I
= le'(oqll (xl x2) I,
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Hence for small qll, dir/d 0 will be strongly
suppressed in the symmetry-forbidden case (ii);
I qll (xl —xq) !2 ( 0.01 for the experimental condi-
tions in this work.

The symmetry group of the bridge site configura-
tion (iii) is a symmorphic space group with Cq„as the
point group. Figure 2(b) shows the extended basis
for one of the two possible orientations. The bare
mode S1(M) belongs to symmetry class Bt with

respect to C2„and by the same arguments as in the
previous case the dressed mode is symmetry forbid-
den to be dipole active.

Hence it is only the on top configuration that is
compatible with the assignment of the dipole active
low-energy loss as the dressed mode Si(M). This
conclusion is consistent with the LEED analysis of
the Cu(100)-c(2 x 2)CO system. '3

We now turn to another example of a c (2 && 2) ad-
sorbate structure, that of CH30 on Cu(100). From
his EELS measurements Sexton7 concluded that the
CH30 species formed on Cu(100) were adsorbed with

the oxygen end towards the metal substrate. Figure
3 shows the lower-energy range of the EELS spec-
trum for the Cu(100)-c(2 x 2)CH30 system recorded
at 80-K substrate temperature. The 38- and 125.5-
meV loss peaks correspond to the CuO and the CO
stretching vibrations, respectively, of the adsorbed
CH30 species. Angular measurements reveal that
both these modes are dipole excited. %e would then
expect the dressed mode S1 (M) to be dipole active
for adsorption in the on top configuration. There is,
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FIG. 3. Electron-energ j-loss spectra from the
c(2 && 2)CH30 and p(2 && 2)S structures on Cu(100). Condi-
tions as in Fig. 1.

however, no corresponding low-energy-loss peak dis-
cernible in the EELS spectrum and the symmetry ar-
gument thus strongly suggests that the CH30 species
adsorb in a more open substrate site than CO does.
The low CuO stretching frequency observed supports
this picture. The EELS spectrum for the Ni(100)-
c(2 && 2)O system'" shows a similar appearance as
that for Cu(100)-c(2 x 2)CH30, i.e., no low-energy
loss corresponding to S1(M) is observed. This is in
accordance with our symmetry argument since oxy-
gen is known to adsorb in the fourfold hollow site
(see references in Ref. 1).

We will finally consider the Cu(100)-p(2 && 2)S sys-
tem. The corresponding EELS spectrum recorded at
300-K substrate temperature is shown in Fig. 3. In
analogy with the Ni(100)-p(2 && 2)S system' we inter-
pret the 42-meV loss peak as the CuS stretching vi-
bration for S adsorbed in the hollow site configura-
tion. For the p(2 && 2) adsorbate lattice both the X
and M points of the substrate SBZ are equivalent to
the 1' point of the p(2 x 2) system SBZ [see Fig.
2(a)]. Applying the same arguments as given above
for the bare surface phonon modes in the first Cu
layer, one predicts, for the hollow site configuration,
one loss originating from So(X) [see Fig. 2(c)].' At
the X point in the substrate SBZ there are no sym-
metry restrictions for the mode Ss(X) to be strictly
localized in the second layer4 and the p (2 x 2)S layer
can then couple to Ss(X) via the first copper layer.
This is symmetry allowed for the hollow site config-
uration. So(X) is found at 24.5 meV in the Cu(100)
slab calculation' and Ss(X) is presumably located
near the bottom of the bulk band which is at 14
meV. These phonon energies agree reasonably well
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with the experimental loss energies 23.5 and 16 meV,
respectively.

We. conclude by noticing that important knowledge
about adsorption sites can be obtained from simple
arguments concerning the symmetry properties of the
surface phonons and the symmetry of the adsorption
sites. In more complex structural situations lattice

dynamical calculations will be required to resolve am-
biguities concerning mode frequencies.
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