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Adsorbate Vibrational Energies: Relation between Experiments and Rigid-Lattice Calculations
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Experimental vibration spectra for ordered overlayers of 0 and S on Ni(100) are ana-
lyzed in terms of surface-lattice dynamics in relation to rigid-lattice calculations. It is
shown how spectral differences for the consecutive p(2 x 2) and c (2 x 2) structures are
primarily due to differences in the coupling to the substrate phonon modes.

PACS numbers: 68.30.+ z, 68.20.+t

Vibration spectra of adsorbates on solid sur-
faces provide a most important source of infor-
mation about the state of adsorption and possible
adsorption geometries. Measured spectra are in
general, analyzed qualitatively, with use of selec-
tion ru1.es, symmetry arguments, and empirical
comparison of spectral features with data for
suitable gauge substances. In some cases a di-
rect comparison of measured and calculated vi-
brational energies has resulted in a determina-
tion of the adsorption geometry, e.g. , for hydro-
gen adsorption on nickel surfaces, where vibra-
tional. energies derived from calculated potential.
curves" compare very favorably with those ob-
served in el.ectron-energy-loss measurements
(EELS). For oxygen adsorption on Ni(100) a sim-
ilar anal. ysis has proven rather intricate. The
unexpectedly large shift of the experimentally ob-
served vibrational energies for oxygen in the con-
secutive p(2&&2) and c(2&&2) structures" has
been suggested to be the consequence of a drastic
change in the electronic structure of the adsorbate
resulting in quite different oxygen positions, d~,
above the nickel surface. " This picture, how-

ever, is not supported by experimental structure
investigations which rather yield d~ —0.8 —0.9 A

for both structures. ' ' In this Letter we present
EELS spectra for ordered overl. ayers of 0 and S
on Ni(100) and discuss them in relation to rigid-
lattice calculations. We show how spectral dif-
ferences between the P(2 &2) and c(2&&2) 0 spec-
tra are primaril. y due to the stronger coupl. ing to
substrate modes in the p(2&&2) ca.se.

The Ni(100) specimen was cleaned by argon-ion
bombardment and annealing according. to standard
procedures. The ordered 0 and S structures
were formed and monitored by low-energy elec-
tron diffraction as described previously. ' The
EELS spectra were recorded at an ambient pres-
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FIG. l. EELS spectra for the p(2x 2)S and c (2x 2)S
structures on Ni(100) and the corresponding spectral
densities g(~, p +} (dashed curves) calculated for hollow-
site adsorption and a sulfur distance, d~ = 1.3 A, above
the nickel surface.

sure of 2 & 10 "Torr with use of a high-resolu-
tion electron spectrometer that has been de-
scribed elsewhere. " The scattering plane con-
taining the incident and the scattered electron
beams is defined by the specimen surf ace normal
and the [100]direction in the surface plane. The
experimental. spectra shown in Figs. 1 and 2 have
been measured in the specular direction for an
angle of incidence around 50' and an energy of the
incident el.ectrons around 2 eV. Angular meas-
urements have been carried out routinely and
show that the spectral. features of interest are ex-
cited by dipo1. e scattering, i.e., the loss intensity
peaks sharply close to the specular direction. "

The experimental EELS spectra have been an-
alyzed by a calculational scheme for lattice dy-
namics of dipole-active surface vibrational. modes
of a semi-infinite substrate. " The measured
EELS spectrum is rel.ated to the spectral func-
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FIG. 2. EELS spectra for the p(2&& 2)O and g(2x 2)O
structures on Ni(100) and the corresponding spectral
densities g(~, t +) (dashed curves) calculated for hol-
lovr-site adsorption and an oxygen distance d ~ = O. S p
above the nickel surface.
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where g&, g-„., are the wave functions of wave vec-
tors k, k' for the incident and scattered el.ectron
waves, respectively, e is the angle of incidence,
Sq =5k)(-Sk(t' is the surface component of the
momentum transfer, and k~ is the energy loss.
S(q, v) is the spectral dipole-dipole correlation
function. The differential. cross section given by
Eq. (1) forms a narrow lobe that peaks close to
the specular direction, i.e. , close to the direc-
tion corresponding to q=0. S(q, v) can then be
written as

S(q= 0, (u)
= N (e *'h/2 M +(u) [1+q((u)]g((u, v+), (2)

tion of displ. acements projected on the appropriate
effective charge field e*. The symmetry of the
adsorption site is introduced through the selec-
tion rule for dipole scattering which states that
only total. ly symmetric displacement fiel.ds with
respect to the symmetry group are dipole active
for the ordered adsorbate l.attices. " The differ-
ential. cross section for dipole scattering is given
byl3

d20

dO d(h~)

where n(~) is the Bose-Einstein distribution fac-
tor, X is the number of primitive ceH.s, M is
the reduced mass, e* is the effective charge, and

g(~, v*) is the projected density of states

g(~, v*) = Z. l(&. v*)l'5(~-~.); (3)

~„ is the frequency of the eigenmode with the
mass-weighted normalized displ. acement field
f„and v* is equal. to the normalized mass-
weighted effective charge field e*.

The experimental EE LS spectra are compared
with the spectral densities g(&o, v*) calculated
with an appropriate force-constant model. We
have found that a central. nearest-neighbor force-
constant model is adequate for our purpose. All.
parameters are determined from the maximum
bulk phonon energy, the adsorbate position d~,
and the experimentally observed energy of the
localized vibrational mode in the adsorbate layer.
The shift of the overlayer mode, due to coupling
to substrate vibrations, is determined from the
energy k~ of this mode, evaluated with the sub-
strate atoms given infinite mass in the lattice-
dynamical calculation. This corresponds to a
rigid substrate lattice and I~ is evidently also
the rel.evant quantity for a comparison with vibra-
tional energies obtained from potential-energy
curves calculated for a rigid lattice.

Figures 1 and 2 summarizes the EELS spectra
for the p(2&& 2) and c(2&& 2) structures of S and 0 on
Ni(100) together with the corresponding calculated
g(v, v*). The experimental spectra have been re-
corded at 80 and 293 K specimen temperature.
A general comparison of the experimental. data
for the two adsorbates reveals some striking dif-
ferences. The oxygen frustrated transl. ation
shifts by 12.5 meV at 80 K (14 meV at 293 K) in
going from P(2 &2) to c(2&&2) while the correspond-
ing shift for sulfur is only 2 meV.

The dashed curves in Fig. 1 show the projected
vibrational. density of states, g (&u, v*), for the two
S structures under the assumption of hol. low-site
adsorption and d~ = 1.3 A as found in structural.
investigations. " The calculated g(u, v*) has been
broadened with a Gaussian of 3.5 meV width (full
width at half maximum) in order to mimic the
instrumental resolution. The p(2 && 2)S EE LS
spectrum shows a peak at 24 meV which derives
from the nickel. surface phonon S,(X). The energy
is substantially lowered, however, compared to
that of the bare substrate and a 50% reduction of
the force constant between the first and second
Ni layers is required to bring the calculation into
agreement with the experiment. The faint struc-
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ture around 32-33 meV observed in both the P(2
x2)S and c(2x2)S EELS spectra derives from one
of the bulk subbands. This structure is, however,
significantly weaker than in the corresponding 0
spectra, primarily because of the general reduc-
tion of the force constant between the first and
second Ni layers in the sulfur case. For the
rigid-substrate situation we find the sulfur frus-
trated translation energies to be k~ = 36.5 and
38 meV for the p(2x 2)S and c(2x 2)S structures,
respectively, i.e. , 9 and 5.5 meV lower than the
observed energies. Upton and Goddard' obtained
the vibrational energy 37 meV for S adsorbed in
the hol. low-site configuration on a rigid Ni» clus-
ter which agrees very well with our & values.
The sulfur chemisorption state is evidentl. y rela-
tively insensitive to the specific adsorbate den-
sity.

The projected densities of states, g(co, v*), for
the corresponding oxygen structures were cal-
cul. ated under the assumption of hol. low-site ad-
sorption and d~ = 0.9 A. The calculations repro-
duce the experimental. spectra quite accurately
(see Fig. 2). The peak at 28.5 meV in the p(2
x 2)O EE LS spectrum originates from the S,(X)
mode"4 "as for p(2 x 2)S but is less shifted in
this case. The fainter structures at 21 and 33
meV derive from the bulk subbands. The c(2x 2)
spectrum shows structure at 33 meV which de-
rives from the bulk subband a,t I'."" This
structure becomes more prominent at T = 293 K
because of the increased coupling to the substrate
phonon band as the oxygen mode shifts closer to
the top of the band. The structure around 21 meV
derives from the bulk subband at M a,nd is re-
produced in the calculated g (u, 5*) by an adsor-
bate-correlated alternating change in the force
constant between the first and second Ni layers.
Every second force constant has been weakened
or strengthened by 50%. The oxygen frustrated
transl. ation energies for the rigid-substrate situ-
ation are found to be Sv =43.5 and 37 meV for
the p(2x 2)O and c(2x 2)O structures, respec-
tively, i.e., 6 meV of the experimentally ob-
served 12.5-meV energy difference is simply due
to the stronger coupling to substrate modes in the
p(2 x2) case. This result is quite sensitive to the
choice of di, e.g. , for d~=0.8A we obtains~
=42 and 37 meV.

En Fig. 3 we have summarized how the energy
shift, S~ —S~~, depends on the adsorbate struc-
ture, adsorbate position d~, and adsorbate mass.
A general feature seen in Fig. 3 is the larger en-
ergy shift for the heavier adsorbate in a given ad-
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FIG. 3. Energy shifts h~-S(d~ of the 0 and S vi-
brational modes, for the p {2x 2) and p {2x 2) struc-
tures, calculated as a function of adsorbate position
d~, for hollow-site adsorption.

sorbate structure. The larger shifts for the P(2
x2) structures than for the c(2x2) structures are
caused by the symmetry-al. l.owed coupl. ing, in
the p(2x 2) case, to substrate phonon states at
the X point of the substrate surface Brill.ouin
zone. This coupling is governed by d and the
shifts for the p(2x2) structures are consequently
sensitive to d~ as the results in Fig. 3 demon-
strate. For the c(2x2) structures, on the other
hand, the shifts are insensitive to d~ and also to
other details of the applied force-constant model.
as, e.g. , noncentral components of the forces in
the adsorbate structure or lateral interactions
between the adsorbate atoms.

The oxygen loss yeaks are substantially broad-
er than the el.astic peak and broaden further and
shift when the specimen temperature is raised
[see the c(2x2)O spectra in Fig. 2]. Such a
behavior is characteristic for anharmonic ef-
fects.""The sulfur spectra show minute broad-
ening and temperature dependence which implies
that the anharmonic coupling is weaker in this
case, presumably because of a smaller root mean
square amplitude of vibration. "

The oxygen mode energies are less than twice
the maximum substrate phonon energy and we ac-
cordingly attribute the widths 2I" of the oxygen
l.oss peaks to two-phonon decay processes. " De-
convoluting the instrumental. width of 3.5 meV we
obtain from the 80-K spectra the intrinsic widths
2I" = 5 and 7 meV for the 52.5- and 40-meV loss
peaks, respectively. The two-phonon decay pro-
cesses also cause dynamical shifts h(cu), in-
timately related to the widths 2I'(~) via a causal-
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ity (Kramers-Kronig) relation

n(u)) = m 'P J, d ((u")r ((u')/((u' —(u").

Using a simple Gaussian model for I'(cu) adjusted
to fit our observed widths we obtain dynamic»
shifts that through the energy dependence of b. (&u)

contribute about 1.5 meV to the difference in the
oxygen mode energies. There are other possible
mechanisms that can shift the mode energy; e.g. ,
dil. ation of the Ni lattice wil. l give rise to a static
shift. " We bel. ieve that this effect is partly re-
sponsible for the shift of the c(2&&2)O mode. We
can presently, however, not make any quantita-
tive estimate of its magnitude.

The resulting values for kco", corrected for
the dynamical shifts b(~), are 42 [p(2 x 2)Oj and
37 meV [c(2&2)O] for d, =0.9A and 40.5 and 37
meV for d~ = 0.8 A. The vibrational energies for
the two oxygen chemisorption states that Upton
and Goddard identify in their rigid cl.uster cal-
culations are 46 and 33 meV, i.e., a substantially
larger difference than we arrive at. For d~ in
the range 0.8-0.9A, as observed in the structure
determinations, we find that the change in the
oxygen chemisorption state between the two struc-
tures is compatible with a vibrational energy
shift of 3-5 meV. We conclude that the vibra-
tional. energy of an adsorbate in different struc-
ture situations can change appreciabl. y because
of structure-related differences in the coupling
to the substrate vibrational modes.
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