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Electron-energy-loss spectroscopy of H adsorbed on Rh(100):
Interpretation of overtone spectra as two-phonon bound states
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The vibrational properties of H adsorbed in the fourfold-hollow site on Rh(100) have been studied
with high-resolution electron-energy-loss spectroscopy. At saturation coverage (one H per Rh
atom), proper selection of the incident-electron energy and collection angle of the scattered elec-
trons allow the detection of the symmetric (perpendicular) and asymmetric (degenerate parallel)
fundamental transitions and five overtone transitions. The fundamental transitions exhibit
significant frequency shifts as the H coverage is changed, establishing that H-H interactions are im-

portant in determining the local curvature of the adsorption potential-energy surface. Spectra of
isotopically mixed layers (H and D) establish that significant dynamic coupling exists in both the
parallel and perpendicular states at 1.0 monolayer coverage. The phonon bandwidths estimated
from the isotope dilution experiments are 12—15 meV. The dynamic coupling is comparable to the
local anharmonicity of the vibrational potential, and the overtones correspond to two-phonon
bound-state excitations. A one-dimensional model of coupled, anharmonic oscillators is used to
guide the interpretation of the overtone spectra. A qualitative interpretation of the spectra requires
a proper accounting of the dispersion of both the fundamental and overtone excitations and indi-

cates that the predominantly parallel polarized vibrations are extremely anharmonic, and the

predominantly vertical polarized vibrations are only mildly anharmonic. Quantitative determina-

tion of the local anharmonicity requires a more detailed description of the H-H coupling than is

currently available as the dispersion and anharmonicity are comparable.

I. INTRODUCTION

Vibrational spectroscopy is one of the most important
tools available for the study of species adsorbed on sur-
faces. ' This arises from the wealth of qualitative and
quantitative information that can be obtained from vibra-
tional spectra. The number of observed inelastic transi-
tions, coupled with the selection rules relevant to a given
spectroscopic technique determine the adsorbate symme-
try. %hen this information is combined with compar-
isons to model compounds and theoretical calculations,
the specific adsorption site often can be established. In
addition, a variety of empirical models for vibrational po-
tentials exist which provide qualitative and quantitative
insight into the geometry and binding energy of the ad-
sorbate. High-resolution electron-energy-loss spectrosco-
py (HREELS) has been extraordinarily successful in the
characterization of adsorbate vibrational spectra. The
advantages of H REELS are its wide spectral range
(25—500 meV), high sensitivity, and the richness of the
scattering mechanism. By changing the experimental
conditions (energy and parallel momentum of the in-
cident electrons, parallel momentum of the detected elec-
trons) inelastic transitions due to excitation of vibrational
modes of different polarizations can be observed. ' Thus
HREELS provides information analogous to both in-
frared absorption and Raman scattering with a single ex-
perimental apparatus.

One of the most extensively studied adsorbate systems
is hydrogen on the transition metals. The properties of

adsorbed H are important to technologies as diverse as
heterogeneous catalysis, metallurgy, and energy storage.
Chemisorbed H is also of great interest due to its stark
simplicity; the low nuclear change, Z, of the species facil-
itates an understanding of the electronic interaction po-
tential. Recent ab initio calculations using linear —aug-
mented-plane-wave (LAPW) and pseudopotential local
basis methods have achieved remarkable success in
describing the vibrational ' and electronic" ' proper-
ties of adsorbed H. Unfortunately, the experimental
characterization of adsorbed H is difficult since the low Z
and light mass result in weak interactions with most
surface-sensitive probes. HREELS has provided critical
insights into the properties of adsorbed H as it possesses
sensitivity sufficient for the study of submonolayer cover-
ages. The relationship between HREELS and the study
of H has been symbiotic, as important insights into the
physical nature of the inelastic scattering of low-energy
electrons have become apparent in the study of chem-
isorbed H. HREELS studies of the adsorption of
H/W(100) (Ref. 13) were the first to demonstrate the im-
portance of impact scattering, establishing the detectabil-
ity of nondipole-active transitions and the presence of
enhancement of the inelastic cross sections at conditions
appropriate to the excitation of surface resonances. By
carefully optimizing the experimental conditions, not
only all of the fundamental losses, but up to three over-
tone transitions have been observed for H/Ru(001) (Ref.
14) and H/Pd(111) (Ref. 15). This presents the exciting
possibility of experimentally determining the "texture" of
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the adsorption potential by analyzing the anharmonicity
of the vibrational transitions. Improvements in inelastic
neutron scattering (INS) have allowed the determination
of the anharmonicity of the local H vibrations in metal
hydrides, ' ' significantly advancing the understanding
of the H-metal potential. This understanding has recent-
ly been highlighted by an accurate first-principles calcula-
tion of both the fundamental and overtone transitions for
Nb hydride. '

We report the first detailed HREELS investigation of
the vibrational spectra of H adsorbed on a Rh(100) sur-
face. Unlike previous studies of H/Ni(100), where only
one fundamental of H adsorbed in a fourfold hollow was
observed, ' and H/Pd(100), where both fundamentals,
but no overtones were observed, we have observed both
fundamental transitions and, at high coverage, five over-
tone transitions. The vibrational loss frequencies change
substantially with H coverage. By performing isotope-
dilution experiments, it is established that dynamic cou-
pling between the H is a significant source of the cover-
age dependence of the loss frequencies and that dynamic
coupling of H at high coverages is a general feature of H
vibrational spectra. Existing models for uncoupled
anharmonic oscillators are inadequate for even a qualita-
tive interpretation of the high-coverage spectra as is es-
tablished by a simple one-dimensional (1D) model of cou-
pled, anharmonic oscillators. Dynamic coupling causes
the one-quantum excitations of the anharmonic oscilla-
tors to become phonons, extended excitations, with
anharmonically shifted frequencies. The anharmonic
overtone becomes a unique, two-phonon bound state of
the coupled system, with qualitatively different behavior
than one- and two-phonon excitations. From the model
it is clear that quantitative analysis of the local site
anharmonicity cannot be performed without a quantita-
tive model of the oscillator coupling. We are, however,
able to draw qualitative conclusions concerning the shape
of the vibrational potential well.

The rest of the paper is organized as follows: In Sec. II
we outline the experimental procedures used in obtaining
the results presented in Sec. III. Section III also presents
the assignment of the fundamental transitions. The dis-
cussion (Sec. IV) is divided into three parts. In Sec. IV A
we discuss the coverage dependence of the fundamental
transitions and the evidence for dynamic coupling at high
coverages. The model of a 1D chain of linearly coupled,
anharmonic oscillators is developed in Sec. IVB. The
high-coverage Bloch bound-state ("overtone") transitions
are interpreted in Sec. IVC in light of the essential
features of the model.

II. EXPERIMENTAL DETAILS

The experiments were performed in a two-tier
ultrahigh-vacuum (UHV) chamber providing facilities for
ion bombardment, gas dosing, and thermal-desorption
spectroscopy (TDS) in the upper level, and HREELS in
the lower level. ' The HREEL spectrometer contains
double-pass 127 electrostatic deflectors in both the
monochromator and analyzer and has a fixed scattering
angle of 120 . Off-specular measurements were per-

formed by rotating the crystal about an axis perpendicu-
lar to the scattering plane. The angle (b,9) between the
specular direction and the collection axis in the scattering
plane is positive towards the surface plane. The reported
incident energies (E; ) are computed from the cathode
bias voltage corrected for work functions. The small
work-function change due to H adsorption (0.2 eV at sat-
uration) was estimated from the shift in the position of
extrema in the specular reflectivity associated with the
emergence of the first low-energy electron-diffraction
(LEED) beam. The work-function change determined in
this fashion is consistent with the earlier report of Peebles
et al. The intensities of the H-derived losses are weak,
requiring the resolution of the spectrometer to be degrad-
ed to 8 —10 meV full width at half maximum (FWHM) in
order to obtain adequate statistics. At these resolutions,
the specularly scattered (68=0') elastic beam saturated
the electron multiplier, except at impact energies associ-
ated with deep minima in the reflectivity.

When displaying spectra, both the actual data (points)
and cubic-spline-smoothed data (lines} are used (see Fig.
1). The reported loss energies, intensities, and widths
were determined by weighted nonlinear least-squares
(NLS) fits of region of the EEL spectrum to a sum of up
to four Gaussians and a constant, linear, or quadratic
background. A modified Marquardt algorithm, incor-
porating parameter limits, was used for the NLS fits,
and the weights were determined by the Poisson statistics
of the detected electrons; 7 per degree of freedom was
typically between 0.9 and 1.1. Except where noted, the
uncertainties in reported values are the mean and vari-
ance in the mean calculated from data taken at many im-
pact energies and collection angles. A minimum of five,
typically 15, spectra at optimal conditions were included
in each average.

The Rh crystal, a 1-cm diam, 2-mm-thick disk, was cut
and polished to within 0.5' of the (100) orientation and
mounted with the scattering plane nominally along the
[001] direction. The sample manipulator is of the rotat-
ing Dewar style and provides rapid cooling to 85 —90 K.
Except where noted, all HREEL spectra were recorded at
or below 90 K, as were all gas exposures. The Rh(100)
crystal has been used in many previous UHV studies;
cleaning for a number of years by oxidation-reduction
treatments and ion bombardment has depleted all near-
surface impurities. The surface was cleaned between
spectra by Ne+ bombardment (500 eV, 1X10 A} and
thermal annealing at 750 K. Cleanliness was established
by the reproducibility of known TDS features and
H REELS.

The reagents were research-purity H2 and Ne and com-
mercial purity (99.5%) D2 from Matheson Gas Products
and used as-received. Exposures were performed by
backfilling the upper chamber via a variable leak valve
and were based on uncorrected ion-gauge readings. Iso-
topically mixed surfaces were prepared by exposure to
the appropriate H2 and D2 mixture. The spectrometer
was isolated from the upper chamber during exposures to
ensure stable surface potentials on the electron optics. H
and D coverages were determined by the integrated area
under TD spectra. The Hz dissociative sticking
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coefficient is high; an exposure of 2 L (1 L= 1 langmuir or
10 Torr sec) is sufficient to saturate the surface within

experimental accuracy. Kim et al. assigned the satura-
tion coverage a value of 1 monolayer (ML) (1 ML
=1.39X10" cm ), consistent with the high specular
reflectivity (indicative of a well-ordered adlayer) observed
at saturation by HREELS„ the absence of fractional order
spots in LEED, and the value of 1.0+0. 1 ML deter-
mined by elastic recoil scattering for the analogous sys-
tem of H/Pd(100). The principal component of the
background gas was hydrogen. The long data-acquisition
times (typically 55 min) required by the weak intensity of
the H modes and the high H sticking coeScient resulted
in a practical minimum of H coverage of 0.3 ML at 90 K.
The maximum D concentration on a surface after a Dz
saturation exposure was =85%, the remaining 15% of
the (1 &(1) saturation layer was H.

III. EXPERIMENTAL RESULTS

A. Principal loss features and assignment

Figure 1 displays HREEL spectra of a H-saturated sur-
face taken at E; =5.85 eV as a function of the mean col-
lection angle. Specular collection ( b, 0=0') produces
spectra characterized by a loss at 82 meV and a weak,
broad feature centered at 154 meV. The losses above 230
meV are due to trace amounts (less than 0.02 ML) of ad-
sorbed CO. As the collection angle is moved away from

specular, the 82-meV loss rapidly decreases in intensity
(note the changes of scale in Fig. 1), as does the center of
the 154-meV feature. Spectra taken at 60=14 suggest
that the 154-meV feature is actually composed of three
losses at 137, 154, and 173 meV. The losses at 82, 137,
and 154 meV were observed in a preliminary study of this
system, using a different EEL spectrometer. Spectra
taken at b,0=28' support this deconvolution of the 154-
meV feature and indicate the presence of an additional
loss near 65 meV. The 65-meV loss is clearly visible in
spectra taken at 58=14' and E, =4.50 eV [Fig. 1(d)], as
is a loss at 125 meV. The 125-meV loss may be present as
a shoulder to the 137-meV loss in Fig. 1(c). There also is
consistent intensity near 193 meV in all spectra taken un-
der the conditions of Fig. 1(d). All losses exhibit substan-
tial shifts in spectra taken of D-covered surfaces (see Fig.
2) and are attributed to motion of adsorbed hydrogen.
The observed loss frequencies are presented in Table I.
%hile appropriate selection of experimental conditions
allows quantitative deconvolution of the 137- and 154-
meV losses for H, the two losses always appeared as an
unresolved feature at =104 meV in D spectra [see Fig.
2(b)].

Figure 3 displays the evolution of the HREEL spectra
as a function of H coverage at E; =6.9 eV; the loss ener-
gies are summarized in Table II. At the minimum cover-
age achievable, 0.32 ML [Fig. 3(d)], the 65- and 82-meV
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FIG. 1. HREEL spectra of 1.0 ML H adsorbed on Rh(100).
Spectra (a)—(c) were taken at E, =5.85 eV and the following 60:
(a) 0, (b) 14', and {c)28'. Spectrum (d) was taken at E, =4.5 eV
and 60= 14. The FWHM of the elastic beam was 9 meV in the
four spectra. The elastic beam saturated the electron multiplier
at 50=0'.

FIG. 2. Comparison of HREEL spectra of saturation H and
D exposures to Rh(100). Spectra (a), H, and (b), D, were taken
at E, =6.9 eV and 60=14 and represent 55 min of data-
acquisition time. Spectra (c), H, and (d), D, were taken at
E, =4.5 eV and 50=14', they are the average of a number of
spectra. Spectrum (c) represents 138 min of data acquisition,
while spectrum (d) represents 193 min of data acquisition.
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TABLE I. HREELS results for saturation H and D cover-
ages on Rh(100). 82

Assignment

easy

gym
overtones

H
(meV)

65.5%0.5
82.0+0.3
125 +2
137 +4
154 +2
173 +2
193 +2

D
(meV)

47+1
59.2+0.3
94 +1

104'
104'

120 k2
144 +1

C

0
O

1.0 ML

x 2

0.56 ML

x 4

'The 137- and 154-m54-meV H-derived losses are unresolved on D-
covered surfaces. 0.40 ML

x 4

losses present at 1.0 ML are shifted to significantly lower
energy, 50 and 70 meV, respectively. At this low cover-

E' how
age, no distinct higher-energy losses are observabl tea any

;; however, the monotonically decreasing shoulder be-
tween 80 and 140 meV is a reproducible feature in the
low-coverage spectra. At coverages intermediate be-
tween 0.32 and 1.0 ML [Figs. 3(b) and 3(c)] the spectra
appear to consist of a superposition of low-coverage
osses and 1.0-ML losses. This is similar to the behavior

of H/Ni(100). ' The large width of the transitions and
t eir close spacing result in indistinct spectra at these in-
termediate coverages; however, the existence of a low-
energy shoulder at 50 meV is a signature of the low-
coverage component of the spectra.

All H-1 H-derived loss features were observed to be broader
than the instrumental resolution at all E;. At 1.0 ML
and FWHM of the principal excitations, deconvoluting
t e instrumental resolution as the root difference of
squares, are 10+2 meV for the 65-meV loss and 8+2 V
or e 82-meV loss (one-standard-deviation error bars).

There was no detectable dependence of these linewidths
on eit er the E, or the isotope. The widths of the H-
derived losses at higher energies (125—193 meV) could
not be accurately determined; however, attempts to quan-
titatively fit the spectra indicate that these losses are

roader than the two at 65 and 82 m V 'th 'd hme, wit widths of
order 16 meV. The width of the D-derived hi her-energy
losses appear visibly narrower than those of H. At

50 70

0.32 ML

x 6

50 100 150 200 250
Energy Loss (meV)

FIG. 3. HREEL spectra of H on Rh(100) as a function of
coverage. E; was 6.9 eV (correctly compensating for the cover-

and 68=14'
age dependence of the H-induced change in th k f
an = . Spectra (a)-(c) represent 55 min of data acquisi-
tion. S ectrum (d) isp

'
the average of four spectra totaling 193

min of data acquisition.

E; =4.5 eV (see Fig. 2), the FWHM of the 94-, 120-, and
144-meV features are 13+1, 16+3, and 13+5 meV, re-
spectively. Our lack of a priori knowledge of th 'dth

e osses above 100 meV prohibits accurate deconvo-

taint
lution of the spectra and is the principal source of uncer-
ainty in the overtone loss energies. For examples, at

meV lo
E; & 5 eV, where the 137-meV loss is flanked b th 154-e y e

e loss and the 125-meV loss is weak, the best NLS fi

e spectra indicate that the peak is located near 134
e es ts

meV; similarly, at E; &4.5 eV, where the 137-meV 1oss is
flanked by the 125-meV loss and the 154-meV loss is

TABLE II. Vibrational losses of H (D) fas a unction of concentration and coverage.

Conditions

0 1
easy

(meV)

Rh(100)
0 I

+sym

(meV)

Ni(100)
0 I

gym
(meV)

Pd(100)
O~l

gym
(meV)

100% H (D) at 1 ML 65.0+0.3 (45.8+0.3)
0% limit H (D) at 1 ML 73.0%0.3 (50.9+0.3)
100% H at low coverage 49.9+0.4'

82.4+0.4 (61.4+0.4)
77.4+0.4 (55.4+0.4)

70+1'

78 (55)'
72 (51)

66

63.5 (45.2)
60.1 (42.7)

63.0'

'Reference 19.
Reference 40.

'H coverage of 0.3 ML.
HH coverage was not reported; the H2 exposure was 0.25 L vs 21 L fo

'H coverage of 0.5 ML, Ref. 40.
vs 1 L for saturation coverage, Ref. 19.
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weak, the best NLS fits indicate the peak is located near
140 rneV. This is the source of the 3-meV error bar on
this loss. The FWHM of the 50-meV loss at 0.32 ML is
10+2 meV, unchanged from the width at 1.0 ML. The
FWHM of the 70-meV loss is greater than 20 meV,
significantly broader than at 1.0 ML; however, the pres-
ence of some intensity at 82 rneV in the low-coverage
spectra would be unresolved and would bias our deter-
mination of the 70-meV loss width.

The angular dependence of the 82- and 154-meV losses
at 1.0 ML coverage indicate that dipole scattering is con-
tributing to their cross section and that the transitions
are between vibrational states of A, symmetry. In spec-
tra taken at 6-meV FWHM resolution, the elastic beam
does not saturate the electron multiplier and the intensity
of the 82-meV loss is found to be 0.0011 of the elastic.
This can be contrasted with the normalized intensity of
the dipole-active loss at 112 meU for H/Pt(111) (Ref. 30)
of =0.0001 and with the normalized intensity of the
dipole-active loss at 79 meV for H/Ni(110) (Ref. 31) of
=0.0024. As the spectrometer is of a fixed-angle design,
it is difficult to calibrate the angular acceptance and we
forgo the calculation of an absolute dynamic dipole mo-
ment. The Pt and Ni studies were performed with the
spectrometer utilized in this study, and the dynamic di-
pole moments of the H/Pt(111) and H/Ni(110) have been
previously determined to be &0.009 (Ref. 32) and 0.03
(Ref. 33), respectively. Thus the dynamic dipole moment
of H/Rh(100) can be estimated to be =0.02. The 82-
meV loss is readily assigned to the fundamental excita-
tion of the perpendicular vibration, v, , of H in a four-
fold hollow by analogy with previously characterized fcc
(100) surfaces (see Table II) and theoretical calcula-
tions. ' ' The 65meV loss is assigned to the
doubly-degenerate fundamental excitation of the parallel
vibration, v„. This is consistent with the F. symmetry of
the v,» since the loss at 65 meV exhibits no dipole char-
acter and is in excellent agreement with a recent LAPW
calculations.

The distinct H features at 125, 137, 154, 173, and 193
meV are first observed at coverages near 0.5 ML and
their intensity is proportional to the intensity of the
high-coverage fundamental transitions (65 and 82 meV).
There are no distinct changes in the H2 TDS for cover-
ages below 0.8 ML; TD spectra consist of a single sym-
metric peak characteristic of second-order desorption.
Therefore, the losses above 100 meV are not due to a new
binding site as it is unlikely that a separate H binding site
would exhibit such a strong correlation to the 82-meV
loss without having a substantial concentration and thus
an observable signature in the TDS. We attribute these
high-energy losses to overtones, and their assignment is
postponed until the discussion (Sec. IV C).

In early HREELS studies, a nearest-neighbor central-
force-constant (NNCFC} model was used to guide the in-
terpretation of spectra. ' ' In the NNCFC model the
vibrational potential is represented by the harmonic ap-
proximation of a pairwise-additive central potential, re-
stricted to nearest-neighbor interactions. For the
threefold-hollow site appropriate to H adsorbed on the
trigonal close-packed surfaces, and the fourfold-hollow

site appropriate to H adsorbed on the fcc (100) surfaces,
this potential predicts a simple relationship between the

varsy 7 vsym and the adsorption geometry:

vasy —tan+,v'2vsym

B. Isotopic dilutions

The significant coverage-dependent shift in the H loss
energies (both fundamentals shift by at least 12 meV) can
arise due to both static changes in the vibrational poten-
tial and dynamic coupling between the H. The dynamic
contribution can be measured by studying H-D isotopic
mixtures as was originally done by Nyberg and
Tengstll. The mass difference is sufficient that the H
and D oscillators are dynamically uncoupled, yet, within
the Born-Oppenheimer approximation, they experience
the same static potential. Figure 4 shows spectra of di-
lute D in a H-saturated surface and dilute H in a D-
saturated surface taken at E; of 6. 1 eV (optimal for obser-
vation of v,„)and 4.5 eV (optimal for observation of
v„„). Figure 5 displays the concentration dependence of
the fundamental excitations of both isotopes. The uncer-

where a is the angle between the H—M bond and the
surface normal. LAPW calculations for H/Ru(001) (Ref.
5) and H/Pt(111) (Ref. 6) have indicated that Eq. (1)
significantly overestimates the ratio v„„/v,„=—%. This
failure of the NNCFC model has been confirmed by a re-
cent compilation of HREELS results for H bound in
threefold-hollow sites. However, the NNCFC model
represents the vibrational potential of a twofold bridge
site H/W(100) well. The W—H bond length derived
from HREELS (Ref. 36) is 1.15+.05 A, while dynamical
LEED (Ref. 38) calculations obtain the value
1.17+.04 A. The recent observation of the

varsy
of 0.5

ML H on Pd(100) at 76 meU [contrast with the v,„of63
meV (Ref. 20}] with our determination of the v„„ for
H/Rh(100) allow a test of the applicability of the
NNCFC to fourfold-hollow sites. Neglecting any recon-
struction of the surface layer [consistent with results
from LEED (Refs. 26 and 27)], Eq. (1) predicts H-
bonding radii (the difference between the M—H bond
lengths and the M atomic radius) of 1.34 and 0.89 A for
0.3 ML H/Rh(100) and 0.5 ML H/Pd(100), respectively.
These values are clearly unphysical, as can be seen by
comparison with the recent forward recoil scattering ex-
periments, which have determined the values 0.56 A for
H/Ni(100) (Ref. 39) and 0.63 A for H/Pd(100) (Ref. 28),
and ab initio calculations, which have obtained values of
0.58 A H/Pd(100) (Ref. 9) and 0.64 A for H/Rh(100)
(Ref. 35). If we compare the experimental A and Rh and
Pd with those computed from Eq. (1} based on the
theoretically calculated binding geometries, ' we find
that the NNCFC model overestimates A by a factor of 3
for Rh and 6 for Pd. This is in sharp contrast with H in
the threefold-hollow site, where, although the NNCFC
model incorrectly predicted the ratio of frequencies, the
error in A was only a factor of 1.4. It is clear that ex-
treme caution must be exercised in the application of the
NNCFC model to highly (3 or 4) coordinated H.
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ations in the reflectivity may be obscured. The transmis-
sion of the spectrometer decreases at low E;, so the drop
in reflected current below 4 eV may be due in part to the
instrument response. Between 4.1 and 6.1 eV the
reflectivity of the H-saturated surface is very bright
(exceeding that of the clean surface) and relatively
featureless. The two sharp minima at 6.90 and 7.40 eV
are attributed to image-potential states associated with
the emergence of the first LEED beam at 7.6 eV. The
cause of the minimum at 3.2 eV is uncertain. The ad-
sorption of H significantly affects the reflectivity of
Rh(100) at low E;, and the minimum at 3.2 eV may be
due to a surface resonance (in the language of McRae )

arising from a H-induced surface-electronic state. In
their study of H/Pd(100), Conrad et al. observed a
minimum in the specular reflectivity of H-saturated sur-
faces at low E; (near 1.5 eV) and attributed the feature to
a H-induced surface state.

Figure 6 displays spectra taken at 2 8=14' and E, near
7 eV, where the image-potential-state resonances occur in
the specular reflectivity. Spectra at E; =7.9 and 5.7 eV
are typical at most E; between 5.3 eV and the maximum

E, characterized, 7.9 eV. The v, is the dominant
feature, with the three losses at 137, 154, and 173 meV all
exhibiting comparable intensity. The feature at low loss
energy (25 meV) observed at E, =7.9 and 5.7 eV did not
shift with substitution of D or H and is assigned to a sub-
strate surface phonon or resonance. Near 6.9 eV, the v sy

exhibits resonancelike enhancement; however, the inten-
sity of the v,» does not reach that of the v»m. The 125-
meV loss is not clearly observed above 5 eV. The intensi-
ties of all losses measured at 68=14' exhibit a pro-
nounced minimum at E; =5.3 eV. The high specular
reflectivity of the sample at E; near 5 eV indicates the ab-
sence of many diffuse scattering channels and is con-
sistent with the weak, large-angle inelastic-scattering in-
tensity.

Figure 7 summarizes a series of HREELS spectra tak-
en with E,. near the specular reflectivity minimum at 3.2
eV. All losses exhibit a resonancelike enhancement,
peaking near E, =3.8 eV. The diffusely scattered elastic
intensity, at 68= 14', exhibits a maximum at E; =4.0 eV.
This maximum in diffuse scattering is associated with the
minimum in specular scattering at E; =3.2 eV. The
difference between the energy of the diffuse scattering
maximum (4.0 eV) and the specular reAectivity minimum
(3.2 eV) arises from the resonance condition on the in-
cident parallel momentum, and the 7' decrease in the in-
cident angle associated with the 14' increase in the
scattering angle. The H-derived losses do not exhibit a
maximum in intensity at precisely the same E, as the
diffuse elastic intensity. Specifically, the fundamental
transitions at 65 and 82 meV exhibit a maximum at
E, =3.8 eV and the losses at 137 and 154 meV exhibit a
maximum at E, =3.9 eV, while the losses at 125 and 173
meV exhibit a maximum at E; =4.0 eV. More intriguing
is the observation that the intensities of the losses de-
crease at significantly different rates as E, is increased
above 3.7 eV. This effect is most prominent in spectra
taken near E, =4.5 eV, where the v„y and the 125-meV
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FIG. 7. HREEL spectra of 1.0 ML H on Rh(100) taken at E;
near 4 eV with 58=14'. The inset displays the intensity of the
principal loss peaks at 58=14' for E, between 3.3 and 4.5 eV.
The key is o ( ———), 65 meV; b ( ~ ~ ~ ~ ~ ), 82 meV, c ( ),
125 meV; d ( ———), 137 meV; e ("" ), 154 meV; f ( ),
173 meV.

loss dominate the spectra [see Fig. 7(a)]. The marked
contrast between spectra taken at E; =4, 5 and 6.1 eV was
crucial in performing the isotope-dilution experiments, as
it allowed spectra essentially containing only two of the
four closely spaced fundamental transitions (v„„,v,„ for
both H and D) to be obtained.

In a previous study of H/Pd(111) and H/Pd(100), it
was noted that the inelastic cross sections exhibited the
most dramatic enhancement at E; near the H-induced
surface states and that the enhancement appeared to be
mode selective. The v»y was more intense than the v,ym

when E; was close to the ¹induced surface state, yet

gym was more intense than v»ym when E; was near the
image-state resonances. The behavior of H/Rh(100) is
similar, assuming the reflectivity minimum near 3.2 eV is
correctly attributed to an H-induced surface site. Unfor-
tunately, there presently exists no theoretical explanation
for the apparent dependence of the inelastic cross section
on the polarization of the vibration and the nature of the
surface resonance. The experimental correlation does
suggest that the 125- and 193-meV H-derived losses,
prominent at low E, (see Figs. 2 and 7), may be due to
motion predominantly parallel to the surface. Accurate
calculations of the E; dependence of the inelastic cross
section for scattering from the v,„and v„„ofH/W(100)
have recently been performed and have established the
breakdown of pseudoselection rules for specular scatter-
ing when E; is near image-state resonances. There is a
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clear need for comparable calculations under conditions
where all transitions are allowed to establish the utility of
using E; studies to aid in the determination of mode po-
larizations.

IV. DISCUSSION

A. Fundamental transitions:
Evidence for adsorbate-adsorbate interaction

The assignment of the fundamental transitions is
straightforward and was made in the preceding section.
The distinction between vgym and vzgy is unambiguous due
to the significant dipole cross section of the v,„.The
substantial changes in the HREEL spectra with coverage
indicate that the vibrational potential is very sensitive to
H-H interactions. On both the Rh(100) and Ni(100) sur-
faces, spectra of intermediate coverages appear to consist
of the superposition of well-defined low- and high-
coverage losses. On Pd(100), H forms an ordered
c(2X2) structure at 0.5 ML, and nucleates ordered is-
lands at low temperature. This is manifest in the EELS
as spectra of the c(2X2) structure exhibit a single nar-
row v»~ at 63.0 meV. The v,„appears at 63.S meV for
the (1 X 1) saturated surface. The presence of c(2X2) is-
lands implies the surface will consist of only two local
densities as a function of coverage: 0.5 ML with no
nearest neighbors (NN's) and 1.0 ML with four NN's.
This obviously would lead to HREEL spectra with a dis-
tinct superposition of losses at coverages above O.S ML if
H-H interactions substantially affected the vibrational
potential. The appearance of significant amounts of the
high-coverage species at 0.56 ML on Rh(100) [Fig. 3(b)]
indicates that large, well-ordered c(2X2) domains are
not present on Rh(100), consistent with the absence of
any detectable fractional order spots in LEED.2 [Ran-
dom addition of atoms to a well-ordered c(2X2) surface
at 0.5 ML would result in 12% of the H in (1X1)
domains and 88% in c(2X2) domains at 0.56 ML total
coverage. ] However, it is intuitive to propose that H ad-
sorbs with a short-ranged c(2X2) order, minimizing the
number of NN contacts, as the vibrational spectra show
evidence for a lateral repulsion. The coverage evolution
of the EEL spectra would still be dominated by no NN
species and four NN species, but the disorder would in-
homogeneously broaden the distinct lines and lower the
onset coverage for appearance of the four-NN losses.
The data in Fig. 3 do not allow a quantitative determina-
tion of the local adsorbate density, but are consistent
with the assignment of the SO- and 70-meV losses to H
with no or one NN and the 6S- and 82-meV losses with H
with three or four NN's. It is interesting to speculate on
the correlation between distinctly observed overtone
transitions and 1 ML local coverage. Site-to-site tunnel-
ing at dilue local coverage could broaden the vibrational
levels near the top of the diffusion barrier (the overtones)
sufficient to produce the indistinct shoulder present in
0.3-ML spectra. ' The localization due to NN repul-
sion at (1 X 1) local coverage could produce more distinct
overtones, while providing an additional source of paral-
lel anharrnonicity.

The substantial change in the fundamental frequencies
as the number of NN's is increased could arise from stat-
ic changes in the H binding potential from H-H interac-
tions. The heat of adsorption of H on many of the
group-VIII metals has been determined by both equilibri-
um measurements and TDS. The binding energy is typ-
ically constant at low coverages and then decreases above
some critical coverage. This is generally interpreted in
terms of destabilizing H-H interactions. TDS of
H/Rh(100) suggests that the H binding energy decreases
at coverages above 0.8 ML. The stiffening of the vzgy of
H surrounded by nearest neighbors is consistent with a
H-H repulsion which could lead to destabilization. How-
ever, it is counterintuitive to observe such a dramatic in-
crease in v,„as the binding energy decreases.

The discrepancy between the coverage dependence of
the v»m and expectations based on the coverage depen-
dence of the binding energy of H leads us to explore the
significance of dynamic coupling in the full monolayer.
The study of isotopically mixed layers, at fixed total cov-
erage, allow a separation of dynamic and static effects.
Isotope-dilution experiments for ' C' 0/' C' 0 mix-
tures on a number of surfaces have established the im-
portance of direct dipole-dipole coupling in interpreting
the vibrational spectra of CO. Isotope-dilution experi-
ments for H/D mixtures on Pd(100) and Ni(100) have es-
tablished the presence of a substrate-method electronic
coupling of the v,„.' ' For the case of H (D) dilutions
the masses are sufficiently different that the experiments
have a simple interpretation. The isotopically pure H
ML, assuming harmonic oscillators with linear coupling,
has a set of adsorbate phonon branches as the normal
modes. Under the conditions of the present experiments,
E; =5 eV, b 8=14', the parallel momentum transfer, hq~~,
associated with the scattering event is small, only 12% of
the wave vector at X. The EEL spectra, even off specu-
lar, essentially determine the zone-center (I') phonon en-
ergy. For the case of dilute H in a saturated D layer, the
large difference in vibrational frequencies implies that the
D provides an essentially stationary environment for the
H vibrations. An isolated mass defect (mass M~ ) in a lat-
tice is a textbook problem, and the frequency of the lo-
calized vibration, 0, taking into account the weakly
correlated motions of the host (mass M„), is given by the
eigenvalue equation

g(co)de 1

Q2 2 Q2
(2)

where g(co) is the density of states, normalized to unity,
of the host lattice, and e=(M& —M;)/Ml, . For the case
of the optic modes of the adsorbed hydrogen lattice,
where e is large, the dilute H loss will lie approximately
in the center of the phonon band of the pure-H surface.
The frequency shift between the dilute- and pure-isotope
cases is thus approximately half the full width of the pure
isotope band. The dilute-limit frequency, Q, for H will
generally be pushed slightly above the band center due to
"repulsion" from the D states at lower frequency; simi-
larly, 0 for D will be pushed slightly below the band
center by the H states. Nordlander and Holmstrom,
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have explored the explicit concentration dependence of
the v,„ frequencies within the average T-matrix approxi-
mation (ATA) and obtained the result

(~ )'=(& )'+ (3)
a

where a labels the isotope (H or D), M is the isotope
mass, C the isotope concentration, and P;„, is the mean vi-

brational interaction. For P;„,/M~A~ small, Eq. (3) leads
to a linear dependence of the observed frequencies, m,
with concentration. The v„y will exhibit a similar con-
centration dependence, but with a different tI};„,. Equa-
tions (2) and (3) are consistent, as the mean vibrational in-
teraction determines the phonon bandwidth; however,
Eq. (2) gives a more precise determination of Q.

The results of weighted-least-squares fits of the data for
v

y
and v,y

as a function of concentration in Fig. 5 give
total frequency shifts (pure layer —dilute limit, in
meV/ML) of —8+1 ( —5+1) for H (D) v„„, and 5+1
(6+1) for the v,„.The 0% and 100% relative concen-
tration limits of the best fits are presented in Table II.
The ATA treatment predicts the total frequency shift
should scale as I/&M, which is correct in the limit that
the host atoms are rigid. The total observed shift for the
v

y
is essential ly mass independent. This may be indica-

tive of small systematic errors in the determination of the
loss frequencies. However, from the qualitative discus-
sion of Eq. (2) it is clear that the corrections due to the
weakly correlated host motions will result in deviations
from a strict 1/&M mass dependence. For the v,„ the
ratio of the total dilution shift of H and D will be & &2
since the dilute H loss is pushed "up," decreasing the
measured shift, while the dilue D loss is pushed "down, "
increasing the shift. Similarly, the v„y should exhibit a
ratio &&2.

The magnitude of the dilution shift for the v,y
is corn-

parable to the shifts measured on Ni(100) and Pd(100)
(see Table II). This shift is much greater than can be at-
tributed to either direct dipole-dipole interaction (the dy-
namic dipole moment for the v,„ is small) or substrate-
mediated mechanical coupling (the H is too light com-
pared to the Rh lattice). Direct overlap of the H wave
functions (chemical bonding) is usually excluded on the
grounds that the H-H separation is large compared with
the bonding radius of H. Thus the coupling in the v,
has been attributed to a substate-mediated electronic in-
teraction. Recently, the expected dilution shifts in the
v,„ofH on both Ni(100) and Pd(100) have been calcu-
lated with the effective-medium theory (EMT). The
magnitude and sign of the predicted shifts are consistent
with the Ni and Pd data, as with this experiment. The in-
crease in the v,„ for the pure ML compared to the dilute

vsy arises from H competition for the finite electron den-
sity of the metal. Since the metal electron density de-
creases exponentially with increasing vertical displace-
ment into the vacuum, the H-H destabilization is more
effective in pure monolayer, when the H are uniformly
displaced from the surface, than in the dilute limit, since
the increased metal electron density around the "static"
neighbors "left behind" in the dilute case screens the in-

teraction. Similarly, the observed dilution shift in the v„y
cannot be attributed to direct dipole-dipole interactions
as the sign of the shift, for parallel oriented dipoles, is of
the opposite sign. The rms displacement in the first
parallel excited state (estimated from the frequency and
the assumption of a harmonic oscillator) is appreciable
(=0.3 A) but insufficien for direct overlap to be
relevant. Therefore, the principal coupling mechanism
for the v„y is also attributed to a substrate-mediated elec-
tronic interaction. The EMT calculations noted some
"localization" of H due to lateral interactions at 1.0 ML
coverage; however, the magnitude of the calculated in-
crease in v„y is substantially smaller than observed.

The full width of the hydrogen phonon bands are es-
timated by assuming a simple density of states (a rectan-
gle of full width 2b, centered on ~o) and fitting the
dilute-limit frequency 0 calculated from Eq. (2) and the
I phonon frequency (coo+6 depending on the sign of
dispersion) to the data. Averaging the results for H and
D (appropriately scaled), we obtain a full width of the H
v,„phonon band of —12 meV and a full width of the H

v,» band of -15 meV. Both the width of the v»m band
(12 meV) and the sign of the dispersion away from the ad-
sorbate Brillouin zone center (negative) are in accord
with a recent EELS study of p, -H/W(100), " where, by
recording spectra at higher E, and for very large scatter-
ing angles, the actual dispersion of the H phonons was
measured. The W(100)-substrate Brillouin zone is larger
than that of the 2-ML H overlayer; the overlayer zone-
boundary v,„m phonon is folded back to the zone center
and is readily observed. The v,„disperses down from
130 meV at I to 124 meV at the substrate zone boundary
and to 118 meV back at I, giving a full width of the pho-
non band of 12 meV in the extended, adsorbate Brillouin
zone,

The observation that v„y becomes stiffer in the dilute
limit is again consistent with a H-H lateral repulsion.
The magnitude of the v„y coupling is slightly larger than
that of the v,„;this is in contrast to p&-H/W(100), '

where the dispersion of the in-plane modes was less than
that of the v,y

. Isotope-dilution spectroscopy has been
performed for H/D mixtures on both Raney Ni (Ref. 52)
and Pt black using INS. In INS from polycrystalline
samples, the scattering is from phonons of all wave vec-
tors and the magnitude of the dilution shift is not directly
comparable to that observed in EELS. In particular,
since EELS provides data at I for the pure overlayer, the
EELS experiment provides both an estimate of the band-
width and the sign of the dispersion away from the zone
center. INS experiments provide information on the
magnitude of the bandwidth, but do not provide direct
information on the sign of the dispersion. A recent
HREEL study has assigned the v„„ofH/Pt(111) to a
loss at 67 meV; a broad feature at 66 meV in INS spectra
of H-saturated Pt black significantly narrowed and shift-
ed to 73 meV for 10% H in a D-saturated sample. The
estimated bandwidth was =30 meV, indicating that sub-
stantial dispersion in both v,„m and vasy is not uncommon.

In an attempt to further characterize the nature of the
substrate-mediated electronic interaction between the H,
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we performed additional experiments on 1 ML of H with

deliberately coadsorbed CO. The coadsorption of H and
CO on Rh(100) has been extensively characterized.
A saturation exposure of CO to the (1)& 1) H monolayer
at 90 K produces an intimately mixed surface structure
with all H remaining in the fourfold hollow and 0.5 ML
of CO, bound to the top site, in a c (2)&2) structure. The
v,„of the H appears at 72.0+0.3 meV, significantly
shifted from the 82-meV value in the absence of CO. The
v„ is not observed as the very strong Rh-CO frustrated
vertical translation at 56 meV interferes. During TDS,
0.5 ML of H will desorb as H2 in an approximately
zeroth-order desorption peak near 150 K, substantially
below the second-order desorption peak temperature at
320 K characteristic of H in the absence of CO. In a pre-
vious report, the decrease in v,„was correlated to the
decrease in the H binding energy apparent in the TDS.
We have seen that the v,„ frequency does not clearly
reflect the coverage-dependent changes in the H binding
energy in the absence of CO. Since the observed frequen-
cy for the coadsorbed system (72 meV) is approximately
the low-coverage frequency in the absence of H-H in-
teraction, we performed dilution experiments to deter-
mine if the principal effect of the CO on the H vibrational
levels was simply a screening of the H-H interaction.
The v,„~ of H in a CO-on-(H+D) coadsorbed system
containing 59%%uo D appears at 69.5+0.4 meV, indicating
that the dynamic coupling in the coadsorbed system is
comparable to that in the absence of CO. (The H v,„of
a surface containing a 62% D mixture appears at
80.0+0.3 meV, compared to the 0% D value of
82.0+0.3 meV; to within experimental accuracy, the H
dilution shift at 60%%uo D in the presence of CO, 2.5+0.6
meV, and in its absence, 2.0+0.4 meV, are identical. ) The
substantial decrease in the binding energy of the H in the
presence of CO is thus associated with a real softening of
the average potential for perpendicular displacements.
The observation that the highly polarizable CO molecule
did not significantly affect the dynamic coupling provides
additional evidence that the coupling is not due to
dipole-dipole interactions. It is interesting that the per-
turbations in the H-metal bonding induced by the strong-
ly chemisorbed CO do not alter the substrate-mediated
coupling. The similarity in the v,„bandwidth for satu-
ration H coverages on the four surfaces Ni(100), '

Pd(100), Rh(100), and W(100)," the insensitivity of the
magnitude of the coupling to the presence of strongly in-
teracting coadsorbed CO, and the substantial bandwidths
evident for the v„„on Rh(100) and Pt(111) (Ref. 53) sug-
gest that dynamic coupling is a general phenomena in H
vibrational levels.

B. Model of coupled anharmonic oscillators

We now turn our attention to the observed transitions
to higher-lying vibrationally excited states within the full
monolayer of H. The study of these excitations involves
the interplay of two effects: (1) anharmonicity of the
single-site potential, and (2) dispersion caused by cou-
pling forces between hydrogen atoms. Since the band-
width of the dispersion (10—16 meV) is of the same order

where u is the displacement away from equilibrium of
the atom at lattice site m (the lattice spacing is unity), p
is the conjugate momentum, K is the interatomic force
constant, coo is the small-oscillation frequency of a single
H atom with the other atoms fixed in position, and a and
b parametrize the local anharmonic site potential.

This Hamiltonian has been used frequently in studies
of the anharmonicity and cooperative vibrational excita-
tions in molecular solids, usually using Green s-function
methods. Two-phonon bound states have been discussed
by Kimball et al. with a model almost identical to ours;
the optical-absorption intensity has been calculated by
Holstein et a/. In the context of surface science and
electron-energy-loss spectroscopy, Ariyasu and Mills
have developed a sophisticated and complete Green's-
function analysis of the model using approximations
equivalent to ours. None of the results presented in this
section are new. Our approach of explicitly calculating
the energy eigenstates does, however, illuminate some
features of this problem in a new light.

There are two natural starting points for studying this
system: starting from localized oscillators and starting
from plane waves. In the localized oscillator basis, the
single-site Hamiltonian

2

+ —,'Mcoou +au +bu +

~E )(E
n=0

(5)

has excited state energies EO, E„E2, . . . whose spacings
are shifted from the harmonic value ficoo. The interatom-
ic coupling &""~=&—A'"'= —K g u u +& can then
be expanded in this basis. In particular, the expansion of
the displacement u of the mth adsorbed atom in the lo-
calized oscillator basis has the general form

u=gu, , ~E, )(E,
~

(6)

as the measured anharmonic shifts, clearly a description
solely using isolated H oscillators is not appropriate to
the analysis of the overtone frequency shifts.

We can see this most clearly by using a simple 1D
model of coupled anharmonic oscillators to study the in-

terplay between anharmonicity and coupling. The results
of this model will be used to guide a qualitative discus-
sion of the EELS data. While the corresponding quanti-
tative model of 3D vibrations of hydrogen in a 2D mono-
layer would be feasible numerically, a purely phenomeno-
logical fit would involve more parameters than we have
measured quantities. Either more detailed experimental
dispersion relations and better-resolved overtones, or a
total-energy calculation, will be necessary before quanti-
tative fits will make sense.

The model Hamiltonian is that of a one-dimensional
chain of N anharmonic oscillators with a linear coupling:

N 2

+(—,'Mcoou +au' +bu ) —Eu u
m
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=coo —(K/Meso) cos(k)+O(K /M coo) . (8)

The anharmonic terms &'""" =A %"'" =g —au
+bu appear perturbatively as phonon-phonon scatter-
ing. We will see, however, that the anharmonic terms
have significant nonperturbative effects.

We will solve this problem numerically, with two ap-
proximations. (1}We assume ficoo is large. Since, experi-
mentally fico0=70 meV is large compared either to the
anharmonicity 2E ]

—E2 10 meV or to the bandwidth
26K/Mano=10 —15 meV, this allows us to work within
the subspaces of fixed number n of total excitations (e.g. ,
with energies roughly nficoo above the ground state). (2)
We incorporate the anharmonicity [a and b in Eq. (4}]

In the plane-wave basis, we diagonalize the harmonic
part of the Harniltonian by going to normal modes
u„=(1/&N ) g u e'":

2

2M

m/a p&
-2

+ —,'Mcokuk .
k = —n. /a

The coupling between the adsorbed atoms gives the
dispersion relation

cok ——[coo—(2K/M) cos(k)]'

The harmonic form for the expansion of u throws away
no physics relevant to the discussion in this section (and
avoids introducing undetermined parameters); however, a
proper calculation of excitation cross sections, selection
rules, or isotope shifts would demand a more complete
calculation.

In the subspace of single excitations (the one-excitation
sector), within approximation (2) above, the local oscilla-
tor states are

Here, go is the (unexcited) ground state, and the
~

m & are
eigenstates ofA'" with energy E, . The coupling term

P"""=—(fiK./2Mcoo) g (ai +ai )(ai+ & +ai+i)
I

(10)

leads, within the one-excitation sector, to the truncated
N X N Hamiltonian

solely through shifting the energies E„within a given
anharmonic well. The eigenstates, of course, also are
changed by the anharmonicity. These come into the cal-
culation only through the expansion of u in %"""[Eq.
(6)]. We will use the harmonic form for u,

1/2

(a +a) .

bloc+ ~coup

E, —AK /2M coo

—A'K /2M coo E,

—AK /2M&no

—fiK /2M coo

—AK /2Mcoo

fiK /2M co—o

The eigenstates naturally are plane waves
~

k & = I/&N g e'"
~

m & with energies Ek Ei AK/M ——cocos—(ok), which
agrees with Eq. (8) to terms of order A'K /M~coo3.

In the two-excitation sector, the local oscillator states are given by

aia"
~

ito&, I )m

~l, m&=
(1/&2)a&a&

~ Po&, I =m .

The states
~
I, m & and

~

m, I & are indistinguishable: each has the two sites singly excited. The &2 is necessary to nor-
malize the doubly excited overtone state. Thus the truncated Hamiltonian is of size [N(N+1)/2] X[N(N —1)/2].&"is diagonal in this basis, with eigenvalues 2E, +(E2 —2E, )5i . The off-diagonal terms of the Hamiltonian in this
basis are

(I'm'~%""~ I m&= — ( 2) ' '" (Po~aia ~ g(a a }(a + +a + }a a ~go&2M')0

AE,——(&, +~,
&italo l

aiam (ai+ia +ai —ia +aiam —1+aiam+1} I 0o& .
2Mcoo

Since by convention I )m,

(I', m'
~

&
~

I, m & = [2Ei +.(Ez —2Ei )5i ]5&&.5
—6 +6—(fiK/2Mcoo)( 2) ''" ' [(5i (+, +5(, , )5 ~ +5(,(5 ~,+5 ~ +, )] .
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This is the Hamiltonian in the two-excitation sector in

the local oscillator basis.
We can gain some insight into this truncated Hamil-

tonian by taking some limits. In the limit Ez ——2E& one
may check that the eigenstates are products of two plane
waves; if the wave vectors are k and k', the energy is

Ek+Ek 2E—,——(RK/Me@0)(cosk+cosk') .

In the uncoupled limit IC =0 there is an [N(N —1)/2]-
fold-degenerate space of energy 2E, (two excitations on
distinct sites) and an N-fold-degenerate space of energy
E2 (the double-excited overtone on a single site). When
K&0, the states at 2E, form the two-phonon band, even
when Ez&2E, ; the energy levels and wave functions
thereof differ from the sum of two one-phonon excita-
tions only by contributions of order I/¹ The overtone
states with a single atom in the second-excited state are of
most interest to us. These become a band of excitations
near E2 when the coupling is introduced.

The total crystal momentum Rko remains a good quan-
tum number in our system. By using the plane-wave
basis, we can work at fixed ko and reduce the size of our
matrices by a factor of N. In the two-excitation sector we
define the plane-wave basis

g pe'"e™utut
! 1t )

I m

! k, k')=
g pe'""+ 'a a ! 1( ), k=k' .

"t/2N I m 0
I m

0 g)Il
E

two—

e l

0 0 00 4 D
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eleve
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FIG. 8. Results of the model calculation of a chain of linear-

ly coupled, anharmonic, 1D oscillators. The band of states cen-
tered at 73 and 146 meV are the familiar one- and two-phonon
bands. The band centered at 128 meV is a two-excitation bound
state associated with the anharmonic overtone of the uncoupled
oscillators.

We Spht ~=ha™+~anharm, Where

! k, ko —k ) =(E„+E„„)!k, ko —k )

and

! I, m ) =(E2 —2E, )5I ! I, m ) .

One can then show that the plane-wave matrix elements
Of an harm are

(k', ko —k'!&'"""
! k, ko —k )

=( I/N)(&2) ' ' (E2 —2Ei ) .

Consider for the moment the energy spectrum for a
harmonic crystal with a fixed total crystal momentum ko.
In the plane-wave basis, the system has an energy eigen-
state with total energy E„, above the ground state if
there is a set of n phonons whose energy sums to E„,and
whose wave vectors sum to ko. Since the phonon spec-
trum spans a narrow range around %coo, the complete ex-
citation spectrum consists of narrow ranges of energies
centered on multiples of this frequency. The lowest of
these ranges gives the one-phonon dispersion relation;
above this lies a two-phonon band which for fixed ko
ranges over all energies Etpt flcok +Rcclk k and so

0
forth.

Figure 8 shows the one- and two-excitation sectors of
& in Eq. (4), within the approximations noted above.

The parameters E, =73 meV and fiir: /Mco0=8 meV were
chosen to reproduce the observed dispersion of the

varsy

band; the parameter E2 ——132.4 meV was then chosen to
reproduce the zone-center frequency of the "overtone" at
125 meV. One observes the one- and two-phonon bands
as expected from the harmonic theory.

In addition, one sees a new excitation split off from the
two-phonon band. It has a natural interpretation in the
localized basis. Imagine freezing all the atoms at their
equilibrium positions except one, and exciting that atom
into the anharmonic, second-excited state ! E2 ) of the
frozen-neighbor potential. We now unfreeze the neigh-
bors, and allow them to respond to the motion of the ex-
cited atom. If the anharmonicity is large enough, the ex-
cited atom cannot efficiently couple to its neighbors. In
particular, if the anharmonic vibration frequency is out-
side of the allowed two-phonon excitations, it is in the
stop band of the lattice and produces an exponentially de-
caying response. It is a bound state of two vibrational ex-
citations. Explicitly, an eigenstate in the two-excitation
sector with wave vector ko is of the form

g(l, m)—= (l, m! E,(ko)) =e ~

Pk, (l —m), (12)

where the index s distinguishes the N states consistent
with each ko. Figure 9 shows the k0=0 wave function
go(l —m) for the bound state. Most of the amplitude
has the two excitations on the same site l =m. The mix-
ing between the isolated overtone and the two-phonon
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scattering wave functions with wave vectors k and k', a is
the angle of incidence, dQ is the differential solid angle,
and q=k~~ —

k~'~ is the parallel momentum transfer. The
spectral function for the dipole-dipole correlation func-
tion is defined as

S(q, co)= f e' '—pe ' (Ip(R(, t)p(R, O))r,
I, m

(14)

I

C)

CV

O

O
O

where (u(R(, t) is the normal component of the time-
dependent dipole moment of the atom located at RI and
( )r is a thermal average. The generalization of Eqs.
(13) and (14) to higher-order multipole scattering is obvi-
ous. Since the spectra were recorded at k~T &&E&, we
will replace the thermal average with the ground-state ex-
pectation value. In order to calculate the correlation
function, the time-dependent dipole moment is expanded
in the displacement of each atom away from equilibrium,

p(R(, t)=p (R()+pe" (R()u (R(, t)

+g e't((R()u~(R(, t) tu(R((, t)+
a, P

(15)

FIG. 9. The ko ——0 wave function for the two-excitation
bound state associated with the anharmonic overtone of the un-

coupled oscillators. The wave function is only defined for
I —m )0.

y g 32pyg p 77-

i6 cosa
Z

))a ) S(q, m),

(13)

where f&+ and f&. are in- and out-going electron-

band produces the tails in the wave function and is also
the source (within the harmonic form for u) for the
dispersion of the bound state. At the zone center, the lo-
cal mode is close to the two-phonon band and is pushed
down in energy, while at the zone boundary the levels are
farther apart and the interaction is weaker.

We need more than the energy spectrum to interpret
an experiment: we need to know how our probe couples
to the various states. (See Ref. 56 for a more systematic
approach to this problem. ) For dipole scattering, the
differential cross section d o /dQ deco can be related to
the thermal fluctuations in the charge density in a
manner similar to the Van Hove formulation for inelastic
neutron scattering as

where a,P are Cartesian coordinates, e," is the linear
effective charge vector, B)u(R()/Bu(R(), e "t( is the quad-
ratic effective charge tensor, and we have neglected
crossterms such as B(u(R()/Bu(R ), I~m. Since in our
model we have kept the harmonic wave functions and in-
troduced anharmonicity only through the energy eigen-
values, the first term in the dipole moment expansion that
couples to the two-excitation sector is the quadratic
effective charge tensor. Thus we concentrate our atten-
tion on the expectation value (and simplify the notation
for one dimension, I—:R()

(po
~

u(l, t)u(l, t)u(m, O)u(m, O)
~

11)o) .

Inserting Eq. (6) for u (l, t), the only term that produces
inelastic transitions is (neglecting all arithmetic factors)

&q, ~.((t).((t)..'(0)..'(0) q, & .

This can be evaluated by inserting a complete set of two-
excitation-sector states

~
E, (ko))(E, (ko)

~

and shifting
the time evolution from the destruction operators onto
the states to give

g (II
~
E,(ko))e ' (E,(ko)

~

mm ) .
ko, s

Inserting the local basis Bloch form of
~
E,(ko)) from

Eq. (12), we have

—ikol

s(q, co) ~ f e'"'—g ei~'™y 1I(0)k, er 1 (( — ) e
ikom—i M(ko $)t e

ko, s(0) (16)
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The time integral will produce an energy-conservation 6
function, while the lattice sum will produce a wave-
vector-conservation 5 function. Thus at fixed momentum
transfer q, the differential cross section will be determined
by

g ~
f(0),

~

5(co—co(ko, s)),

which is the density of states projected onto the double
excitation of a single site and is shown for q =0 in Fig.
10. Clearly, for scattering via the quadratic effective
charge, coupling to the bound state is much larger than
to the unbound pairs of phonons. In a more realistic
treatment of the model Hamiltonian, the cubic anhar-
monicity will cause mixing between the two-excitation
sector and the one- and three-excitation sectors. The
one-excitation-sector component will allow coupling to
the two-excitation sector by the linear effective charge.
This will still favor excitation of the bound state since the
anharmonic terms in the two-phonon state (which in the
thermodynamic limit are the simple sum of two one-
phonon states) are smaller than in the bound state (which
closely resembles the localized oscillator overtone), as
confirmed by the calculations of Holstein et al. Finally,
what will happen for smaller values of the anharmonici-
ty? Generally, if the anharmonicity 2E& —E2 is smaller
than the dispersion, the isolated overtone will oscillate in
the passband of the two-phonon states, and we expect
that the excitation will have a finite lifetime. The bound

C. The overtone spectra

In the past the effects of dynamic coupling have been
ignored in the interpretation of overtone spectra. In a re-
cent study of H/Ru(001), all three principal losses corre-
sponding to the v„„overtone (v„„),v„'+v,„' com-
bination mode, and the v,„overtone (v,„),were ob-
served. ' Although the

varsy
shifted from 86 to 102 meV as

a function of coverage, indicating H-H interactions are
important, a simple 2D potential was constructed to de-
scribe the vibrational well of uncoupled H oscillators, and
the anharmonic terms were estimated from a fit of the
data to a first-order perturbation treatment of the poten-
tial. The model gives rise to energy levels given by

E =%cog(n, + ,' )+Ra—)„(n„+—,
' )+Bo+B,(n, + —,

'
)

+B,„(n,+ —,
' }(n„+—,

' )+B„(n„+—,
' ) (18)

state becomes a resonance, and the projected density of
states will broaden (but probably will be peaked near the
overtone energy, rather than centered on the two-phonon
band). Only near wave vectors where the passband is
particularly narrow (n and n—in Fig. 8) will the bound
state survive. Unfortunately, the one-dimensional model
here fails us: no matter how small the anharmonicity, it
never has a resonance. (An arbitrarily small coupling
produces a bound state in one-dimensional quantum
mechanics. ) Two- and three-dimensional calculations
with both model ' and realistic ' phonon densities
of states have been published.

Ca
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160 170

FIG. 10. Density of states in the two-excitation sector pro-
jected onto double excitation of a single site. This projected
density of states determines the EELS differential cross section
for transitions into the sector via the quadratic effective charge.

where co, and co„are the harmonic frequencies and the
8's are readily calculated from the potential. The five ob-
served H frequencies determined the values fi~„=118,
%co, =146, 8„=—6, 8,„=—8, and 8, = —0.5 meV. The
anharmonic terms indicate significant parallel anharmon-
icity and parallel-vertical coupling; however, the strictly
perpendicular curvature, determined by 8„ is quite har-
monic. The anharmonicity of the potential was actually
used to assign the inelastic transitions; the most anhar-
monic fundamental was attributed to the v„„parallel
mode. The same logic (association of the most anhar-
monic fundamental, based on the observed overtone fre-
quencies, to the v„„) has been used to assign the
HREELS spectra of H/Pd(111). A naive comparison of
the observed "overtones" for H/Rh(100) with Eq. (18)
would result in the assignment of the 125-meV loss to the
v sy & the 137 meV loss to the v sy + vsym &

combination
mode, the 154-meV loss to the v,„,and 173-meV loss to
the vzzy The weak loss at 193 meV could be the
v sy + vsym combination mode. The six PrinciPal H
losses and the three D losses (v„„', v,„',v„„)are con-
sistent (with 1.2-meV root-mean-square deviation} with
the values %co„=77.2, Aco, =95.5, 8 = —3.6,
8 = —9.5, and 8, = —4.6 meV, producing the counter-
intuitive result that the perpendicular curvature is more
anharmonic than the parallel curvature. However,
neglect of the dispersion of the transition in the analysis
can lead to substantial errors, since the HREELS spectra
correspond to approximately constant-k energy scans,
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near k =0. Consider the case of harmonic phonons; the
HREEL spectra will consist of a narrow one-phonon loss
and a broad feature due to the two-phonon band. If the
analysis did not account for the linear coupling, the two
losses would be readily assigned to a fundamental excita-
tion at co(ko =0) and a broad overtone at 2'(ko =0)+b„
where 6 is —,

' the full one-phonon bandwidth. Thus the
coupled harmonic system would appear as a strongly
anharmonic isolated oscillator.

The same error in attribution of dispersion related fre-
quency shifts to anharmonicity can be made for the two-
excitation bound state (Fig. 8) arising from the anhar-
monic overtone. Since the dispersion of the bound state
is less than that of the one-phonon band, the loss energies
measured at the zone center underestimate the local site
anharmonicity. In particular, the k =0 HREELS spec-
trum of Fig. 8, approximated by Fig. 10, would indicate
that the overtone energy E2 (125 meV) is 5 meV below
the harmonic value 2E, (2 X 65 meV), while, in reality,
Ez (132.4 meV) is 13.6 meV below the harmonic value

2E~ (2X73 meV). &e expect the dispersion-induced er-
rors in the estimation of the anharmonicity of resonance
levels to be similar, although we do not have a quantita-
tive model of the dispersion of the resonance losses.

It is clear that, in general, the presence of coupling dis-
torts the estimates of anharmonicity from HREEL spec-
tra at fixed hq~~. The two-excitation bound states, due to
anharmonicity, are weakly coupled to their neighbors,

and thus exhibit less dispersion than the one-phonon
band. The greater the site anharmonicity, the weaker the
coupling and the narrower the bound-state band. Experi-
mentally, this could be treated by studying the dilute-
limit spectra of isotopically mixed system; when the cou-
pling is minimized, however, the weak intensity of the
overtones usually prohibit such a procedure. (In this
study, the overtones could not be measured at relative
concentrations below 50%. As the uncertainty in their
position, due to their substantial widths, was large, no
conclusions could be drawn concerning their dilution
shift. ) It should be noted that the accidental near degen-
eracy of the 124-meV H overtone and the 120-meV D
overtone could result in unusual dilution shifts in those
losses.

Using the 1D model to guide our analysis, we present a
qualitative discussion of the overtone spectra. The ob-
served HREELS data for the two fundamentals and the
four lowest-lying overtones are summarized in Fig. 11,
along with estimates of the two-phonon band positions.
The 2D nature of the Brillouin zone is neglected for clari-
ty. The

varsy
and &gy~ one-phonon bands are determined

from the isotope-dilution experiments. %e have chosen
to depict the three possible combinations of phonon po-
larizations in the two-phonon bands separately to facili-
tate correlation of the data with the overtones and com-
bination modes of the isolated oscillator. It is clear that
the 125- and 173-meV losses are outside the multiphonon
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FIG. 11. Schematic diagram of the observed overtone transitions for 1.0 ML H on Rh(100) and their relationship to the phonon
bands estimated from the isotope-dilution experiments. The horizontal lines indicate the experimental overtone losses at ko =0. The
solid lines are cos(kp) representations of the one-phonon bands; the kp ——0 energy and the full width were determined from the iso-
tope dilutions. The shaded regions are the two-phonon bands, obtained from representative one-phonon dispersion curves.
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bands, and correspond to localized bound states, while
the 154- and 137-meV losses fall within the two-phonon
bands and are resonances. As the resonances and bound
states can be correlated with the overtones of the uncou-
pled oscillator, we present a brief discussion of the sym-
metries of the excited states of the local potential. This
discussion will be applicable to the phonon symmetries at
the high-symmetry points of the Brillouin zone, I and M.
The C4„symmetry of the fourfold-hollow site implies
that the representation carried by the normal modes is

A, +E, which readily relates to the v,„(A, ) and dou-
bly degenerate v„„(E). All the excited states of the A,
normal mode are of A, symmetry; however, care must be
taken in the calculation of the symmetry of the overtones
of the doubly-degenerate E normal modes. The
second-excited state of the v„„carries the representation
3&+8,+Bz, while the third-excited state carries the
rePresentation 2E. The

vsym+ varsy combination band car-
ry the representation of the simple product of the two
components and thus the symmetry is determined by the
v„component. Note that the introduction of anhar-
monicity can completely lift the degeneracy of the v„„
overtones.

From Fig. 11 it is clear that the most natural assign-
ment of the 125-meV loss is to a v„„ two-phonon bound
state as was assumed in the 1D model. This is supported
by the E; dependence of the cross section, since the 125-
meV loss intensity correlated with the intensity of the
parallel polarized v„„. From the previous discussion it is
clear that the 5-meV shift between twice the zone-center
one-phonon loss and the two-phonon bound state un-
derestimates the effect of anharmonicity on the parallel
oscillations. The large anharmonicity observed for the
vzzy suggests that the 173-meV loss could arise from one
of the E-symmetry v„„. If so, it is so far below the
three-phonon band that it is effectively uncoupled.

The assignment of the 137-meV loss is not at all clear.
It could correlate to a v„'+v,„' resonance well below
the two-phonon combination band, as was suggested by
the simple 2D independent-oscillator model, or the loss
could be due to a v„„resonance, since a correct 3D
model of the independent oscillator allows the v„„ to be
split into three nondegenerate modes. The E; depen-
dence of the loss suggests it has some perpendicular char-
acter as the loss is most easily observed at energies above
5 eV, where the v,„ is the dominant spectral feature.
This does not resolve the issue, as the anharmonicity can
introduce perpendicular character into the v„„. It is in-
teresting to note that, since the vsym and

varsy
have cornpa-

rable dispersions with opposite sign, the simple sum
v

y +v,„'observed at I is a good approximation of the
location of the harmonic two-phonon combination band.

The 154-meV loss is most naturally attributed to the
v,„resonance. This is consistent with the E; depen-
dence of the loss as it is most readily characterized at
high E, , and with the observed dipole activity. If the dy-
namic dipole is only linear in coordinate displacement,
the v,„ transition can only be excited by coupling to the
anharrnonic components of the resonance. The shift in
the frequency of the resonance away from the isolated

overtone will depend on the details of the density of
states of the two-phonon band, and quantitative discus-
sion of the anharmonicity is problematic. We expect the
dispersion of the resonance to be less than the dispersion
of the one-phonon band, so that comparison of zone-
center frequencies for the v, ' one-phonon loss and the

vsym two-Phonon resonance will overestimate the anhar-
monicity of the excitation. Since we tend to overestimate
the vertical anharmonicity and underestimate the parallel
anharmonicity, the nonintuitive conclusion, based on the
2D uncoupled model calculation, that the vertical poten-
tial is more anharmonic than the parallel potential is
probably incorrect.

Recently, the internal bond energy of CO adsorbed on
clean and potassium-precovered Ru(001) has been es-
timated from the anharmonicity of the CO intermolecu-
lar stretch and the Birge-Sponer extrapolation. ' An
anharmonic shift (2cuco' —coco ) of 4.3 meV was mea-
sured for 0.33 ML CO on the clean surface, while a sub-
stantially greater shift of 23.6 meV was measured for the
severely red-shifted neo present after a 0.25-L exposure
of CO to a surface covered with 0.10 ML K. The 4.7-
meV increase in coco' between 0 and 0.33 ML coverage
observed on the clean surface can be accounted for by dy-
namic coupling between the CO time-dependent dipole
moments. The dynamic coupling between CO's pro-
duces a dispersion similar to that of the v,„of
H/Rh(100), and the 4.3-meV shift in the I transition en-
ergies overestimates the anharmonicity of the CO oscilla-
tor. Thus the estimate of the bond dissociation energy
for the adsorbed species of 7.4 eV (contrast with the gas-
phase value of 11 eV) is a lower bound on the true disso-
ciation energy (assuming the Birge-Sponer extrapolation
is accurate). The red-shifted coo in the presence of K ex-
hibits a dramatic (174~196 meV) increase as a function
of CO coverage, attributed to a substrate-mediated elec-
tronic interaction in direct analogy with the v,„of
H/Rh(100). Once again, the 23.6-meV shift in the I
transition energy will overestimate the anharmonicity of
the CO oscillator.

The most certain of our tentative assignments is that of
the 125-meV loss to a v„„derived two-phonon bound
state. Based on the 1D model, the overtone level, in the
absence of H-H coupling, would be at least 10 meV below
the harmonic value of 2v+zy The conclusion that the
parallel vibrations are highly anharmonic appears to be
contradicted by the observation that the isotope shift of
the v,„' (comparing the 100% H value of 65.5 meV to
the 100%%uo D limiting of 45.8 meV) is 1.43, slightly greater
than &2. Qualitatively, one expects the D to sample a
more restricted region of the potential than the H; thus
the D should exhibit smaller deviations from the harmon-
ic potential. If the potential is soft, so that the H fre-
quencies of the overtones are less than twice the funda-
mental, the isotope shift should be smaller than &2.
However, this qualitative picture has limited utility when
applied to 2D and 3D oscillators. For example, in the 2D
model [Eq. (18)] of the uncoupled oscillators, the B pa-
rameters scale inversely as the adsorbate mass (1/M) in
the frozen-substrate limit, while the harmonic frequencies
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vary as 1/&M. This gives rise to deviations from the
classical 2 mass shift. However, both 8 and B„deter-
mine the v„„' frequency, while only B„determines the
displacement of v„y from 2vzzy Therefore, if the two
correction terms have opposite sign, the isotope shift will
be small, but the frequency shift of the overtone can be
large. The frequency shifts of the one-phonon band due
to anharmonicity can be calculated in perturbation
theory, if the dynamical matrix is known. The result is
qualitatively similar to the preceding discussion; the
anharmonic frequencies co(k) are the sum of the harmon-
ic co(k) and a correction 8(k) which varies as 1/M.
8(k) is a complicated combination of the coefficients of
the anharmonic terms in the potential and thus can be
=0 if the anharmonic terms enter with different signs.

A similar discussion is required by the observation that
the 154-meV loss, tentatively assigned to a v,„m reso-
nance, indicates the v,„ is harmonic, yet the v,„shows
an isotope shift of 1.34. In the terms of the 20 uncou-
pled model, this is quite naturally explained by a large,
negative B,„with a small B,. This agrees with the earlier
concept of attributing the major anharmonicities to the
parallel motion. Note that a large negative B,„will place
the combination band below the harmonic estimate

vzzy +gym consistent with the observed location of the
137-meV loss. However, a large negative B,„and a large
negative B, are inconsistent with the 2D uncoupled mod-
el and the small deviation of isotope shift of the v„„'
from &2. For a 3D, doubly-degenerate oscillator ap-
propriate to the fourfold-hollow site, the expression for
the energy of a level [Eq. (18)] contains two additional
terms, B„r(n„+—,')(nr+ —,') and a more complicated term
which lifts the degeneracy of the Ai and 8& linear com-
bination of the n»„~ ——2, ny pp+ 0 harmonic over-
tones. Thus it is still possible to have a &2 isotope shift
for the v, ,„' and a large, negative shift of the v„„;how-
ever, one of the in-plane coupling terms must be large
and positive.

Hamann and Feibelman have calculated the anhar-
monicity of the H/Rh(100) potential using local-density-
functional theory and the LAPW method. In order to
fully utilize the symmetry of the overlayer, they calculat-
ed the energy of the system for uniform displacements of
all the H (q =0 "frozen phonons") and fit an efFective 3D
single-particle potential to the results. Their variational
solutions for the first-excited states should accurately

model the q =0 one-phonon transitions observed by
EELS. However, their solutions for the higher excited
states will not be as accurate since the displacements in
the two-phonon bound state are localized to only a few
lattice sites. The calculations indicate that the parallel
potential is very anharmonic, in agreement with experi-
ment.

V. CONCLUSIONS

%e have presented the results of the first complete
study of the vibrational spectra of adsorbed H in which
both the loca1 site anharmonicity and dynamic coupling
between the oscillators are treated. The mode-specific
resonant enhancement of the inelastic transitions at select
impact energies was instrumental in the successful perfor-
mance of the experiments. The fundamental transitions
establish that H is adsorbed in the fourfold-hollow site at
all coverages. As is the case for the threefold-hollow site
of hcp (001) (Ref. 5 and 14) and fcc (111)surfaces, the
NNCFC model is in substantial quantitative disagree-
ment with the observed frequencies. The coverage depen-
dence of the very~

vibration does not reflect the coverage
variation of the binding energy; the observed frequency
shift instead reflect substantial dynamic coupling between
the H.

The presence of the dynamic coupling complicates the
interpretation of the overtone transitions observed at
high coverage. A 1D model of coupled anharmonic oscil-
lators establishes that dynamic coupling can result in sub-
stantial errors in the interpretation of overtone spectra.
Guided by the qualitative insight provided from the mod-
el, we are able to establish that the dominant anharmoni-
city is in the x-y plane. The model also suggests that dy-
namic coupling will cause the recent estimates of CO in-
termolecular bond energies from the observed anharmon-
icity to be systematically weak. As dynamic coupling ap-
pears to be ubiquitous to many adsorbate systems, it is
clear that quantitative models of the dispersions of both
the fundamental and overtone transitions are required for
complete understanding of the vibrational spectra.
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