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The vibrational properties of carbon monoxide adsorbed to the copper (100) surface are explo
within density-functional theory. Atoms of the substrate and adsorbate are treated on an equal footin
order to examine the effect of substrate–adsorbate coupling. This coupling is found to have a signific
effect on the vibrational modes, particularly the in-plane frustrated translation, which mixes strong
with substrate phonons and broadens into a resonance. The predicted lifetime due to this harm
decay mechanism is in excellent quantitative agreement with experiment. [S0031-9007(96)01939-4

PACS numbers: 68.35.Ja, 63.20.Dj, 82.65.Pa
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An important consequence of molecular adsorption t
metal surface is the emergence of new, low-frequency
brations associated with fluctuations of the chemisorpt
bond. These “external modes” correspond to translati
and rotations of the free molecule which become frustra
upon adsorption to a substrate. They play an instrume
role in many fundamental processes at surfaces, inc
ing chemical reactivity, desorption, and surface diffusi
[1–3], and are, therefore, of intense scientific interest.

In this Letter, we theoretically investigate the vibr
tional dynamics of in-plane frustrated translational (F
motion for a prototypical adsorbed system: carb
monoxide on the (100) surface of copper at ha
monolayer coverage. Frustrated translational vibratio
are considered particularly important in surface chemis
because they are typically very low in energy (a fe
meV) and are thus thermally activated. This mode h
been found to be extremely short lived for CO on copp
with a lifetime in the few picosecond range [4–6]. Th
mechanisms governing the relaxation of this mode are
considerable interest.

The present study focuses on the role of the subst
lattice in FT decay. Vibrational states for the combin
substrate-adsorbate system are computed from first p
ciples, with all atoms treated on an equal footing. The
investigations reveal that the dominant contribution to
relaxation comes from resonant mixing of frustrated tra
lations with long-wavelength bulk copper phonons. Th
is a purely harmonic mechanism, and it gives rise to
computed lifetime in good quantitative agreement with e
periment [4]. To our knowledge, this is the first detaile
quantum-mechanical investigation for an adsorbed m
system that demonstrates the strong interaction betw
adsorbate motion and long-wavelength bulk phonons.
earlier classical model of FT damping [7] considered th
type of coupling for the case of an isolated FT oscillat
attached to a semi-infinite, elastic medium. The damp
was expressed as a macroscopic frictional force. Ot
microscopic theoretical studies have primarily conside
only anharmonic effects in addressing adsorbate-lattice
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brational coupling, and have failed to identify this res
nance because they have not modeled a large enough
tion of the substrate to accommodate the long-wavelen
phonons involved in resonant harmonic mixing.

Carbon monoxide on the (100) surface of copper h
been the subject of a recent pump–probe laser experim
[4] to investigate the role that FT motion plays in ener
transfer between the substrate and the adsorbate o
layer. This study measures the time-resolved vibratio
response of the CO molecules to picosecond heating
the copper substrate, and interprets the resulting trans
response data as revealing the vibrational dynamics of
motion. This experiment observes a rapid vibrational e
citation followed by a slower decay with a characteris
damping time of2.3 6 0.4 ps. The authors model the
vibrational relaxation by a two heat-bath model coupli
adsorbate motion to electrons and phonons of the s
strate. The fitted relaxation times due to electronic a
lattice coupling are5.1 6 0.4 ps and 4.2 6 0.7 ps, re-
spectively. These measurements were taken at a subs
temperature of about 100 K and at a surface coverag
half of a monolayer.

Vibrational damping in this system has also been a
dressed theoretically. A recent quantum chemistry ana
sis [8] has examined relaxation of the adsorbate vibratio
motions through nonadiabatic coupling to conduction el
trons of the substrate. In this study, the copper substra
modeled as a cluster with atoms fixed in their experime
tal positions. The coupling rates to the copper conduct
electrons are determined using the Fermi golden rule,
the FT mode is found to decay slowly via this mechanis
st ­ 108 psd compared to other modes, such as the fr
trated rotation (FR) and the internal CO stretch vibrati
st ­ 2 3 psd. The same authors have also performed
classical molecular-dynamics simulation of this system
include both vibrational and electronic damping mech
nisms [9]. Nonadiabatic electronic coupling is include
via an electronic friction formalism, and the vibration
motion is described by empirical Morse potentials. T
substrate is modeled as a three-layer copper slab. T
© 1996 The American Physical Society 5241



VOLUME 77, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 23 DECEMBER1996

a
r

t

e

e

t

n
a

u
r
o

m

c
i

i

o

p

l
e

r

i

pers
of

.3%.

-
ich
ith
ong
ry
to
by

he
a).
ow

-Cu
ted

of

nt
yer

ing

alue
l
bed

hat
e
],

It

lk

d
d
Its
t

f
O
e-
nd
sla-
to
un-
nts
ed
ion
calculations again predict a comparatively slow FT dec
ratest ­ 14 psd at low temperatures. As the temperatu
increases above about 150 K, however, the computed
cay time does enter the few picosecond range.

The vibrational properties of molecules interacting wi
surfaces have generally been described in terms of loc
ized vibrational modes involving only the motion of th
molecule relative to the surface. Atoms of the substra
are typically frozen in place, and the vibrational mode
by construction, only span the atomic degrees of fre
dom of the adsorbate. In this theoretical study, howev
we are explicitly interested in exploring the nature of th
coupling between molecular and substrate vibrations, a
thus we require an unbiased theory which incorpora
atomic motions of both components equally. This is a
complished by computing harmonic force constants f
the combined system, and solving the resulting couple
oscillator equations to get the normal modes of vibratio

For the purposes of computing force constants, the
sorbed surface is modeled as a seven-layer copper (1
slab with half-monolayer CO coverage of the slab surfac
in a s

p
2 3

p
2dR45± pattern. Full periodicity is imposed

by periodically repeating the slab perpendicular to the s
face with 12 Å of vacuum separating adjacent slabs. Fo
constants are obtained by making a series of perturbati
of the system away from its equilibrium configuration, an
computing the resulting forces on all of the atoms, fro
first principles. Long-wavelength bulk copper phonons a
included in the calculation by defining a much thicker e
fective slab [10], in which 1000 bulklike layers are inserte
in the middle of the seven-layer slab. Interlayer force co
stants for bulk copper are computed once in a separate
culation, and thus little additional computational effort
required to set up the coupled-oscillator equations for
much more realistically sized system.

The first-principles calculations are performed with
density-functional theory [11], and the local densit
approximation is employed to describe electron-electr
interactions. Nonlocal corrections to the exchang
correlation functional have been shown not to have
significant influence on structural and vibrational pro
erties in this system [12]. Optimized pseudopotentia
[13] are used to model electron-ion interactions. Th
one-electron wave functions are expanded in a we
converged plane-wave basis containing all plane wav
up to a 50 Ry cutoff energy. Integrations over the surfa
Brillouin zone are performed on a discrete mesh of 8k
points with 0.3 eV Gaussian broadening of energy leve

An analysis of the vibrational states of CO on copp
requires first determining the equilibrium atomic position
These calculations are summarized in Table I. The O
and C-Cu bond lengths for the adsorbed molecule are
excellent agreement with experiment [14]. For compa
son, the structures of a bare copper (100) surface an
free CO molecule are also presented. At an adsorpt
site, the copper atom relaxes outward relative to the cle
5242
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surface by about 1.9%, whereas the empty-site cop
remain essentially fixed. Furthermore, the bond length
CO expands relative to the gas-phase value by about 1

Vibrational modes at theḠ point of the s
p

2 3p
2dR45± surface Brillouin zone (SBZ) have been com

puted and are illustrated in Fig. 1. The spectra are r
in detail, and are in good quantitative agreement w
the available experimental data. This serves as str
evidence of the validity of local density functional theo
for describing the vibrational properties of this system
the surface. The identity of the modes is established
examining the normal-mode polarization vectors. T
density of perpendicular modes is shown in Fig. 1(
It is characterized by a broad band of modes bel
263 cm21 and sharp features labeledA E. The two
isolated modes labeledA and B are strongly localized
at the adsorbate and constitute the O-C and the C
bond-stretching modes, respectively. The compu
frequencies, 2111 cm21 and 427 cm21, respectively,
compare favorably with the experimental values
2085 cm21 [16] and345 cm21 [17].

The features labeledC and D correspond to the
surface phonons,S1 and S2, respectively, at thēM point
of the underlying bare copper SBZ [10]. This poi
folds back to the zone center in the adsorbed overla
structure. TheS1 feature is centered at129 cm21, which
is in excellent agreement with a helium-atom scatter
(HAS) measurement of123 cm21 for this system [18].
The S2 mode has a frequency of187 cm21, which
can be compared to the measured bare-surface v
of 163 cm21 [10]. To our knowledge, no experimenta
results for this mode have been reported for the adsor
surface. Finally, the broad band below263 cm21 and
featureE correspond to bulk copper phonon modes t
project onto theḠ andM̄ points, respectively, of the bar
SBZ. The latter band is known to be very narrow [19
resulting in a very large peak in the density of modes.

The density of parallel modes is shown in Fig. 1(b).
consists of a broad band below266 cm21 and two features
labeledF and G. The broad band corresponds to bu
copper phonons, with modes below (above)185 cm21

coming from theḠ sM̄d point of the bare SBZ. The isolate
mode labeledF is highly localized on the adsorbate an
corresponds to the FR motion of the CO molecule.
computed frequency is282 cm21, in excellent agreemen
with the285 cm21 experimental value [17].

Feature G, shown in more detail in the inset o
Fig. 1(b), is associated with the FT motion of the C
molecule. It contains modes exhibiting the larg
amplitude, in-phase wagging motion of carbon a
oxygen atoms that is characteristic of frustrated tran
tions. However, an appreciable amplitude is found
persist throughout the substrate, with the copper atoms
dergoing bulk phonon motion. The atomic displaceme
for a typical normal mode in this peak are illustrat
in Fig. 2. This behavior demonstrates that the FT mot
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TABLE I. Computed equilibrium layer separations for (a) CO adsorbed to the coppers100d
surface, (b) the bare coppers100d surface, and (c) a free CO molecule. The comparison
bulk copper refers to the computed separation betweens100d layers in bulk copper: 1.796 Å.

Layer Separation (Å) % difference from Experiment
pairs Covered site Empty site bulk Cu spacing

(a) CO on copper (100)
O-C 1.138 1.15 6 0.10 Å a

C-Cu1 1.852 1.92 6 0.05 Å a

Cu1-Cu2 1.805 1.768
Cu2-Cu3 1.804 1.821
Cu3-Cu4 1.809 1.792

(b) Bare copper (100)
Cu1-Cu2 1.771 21.38 2(1.222.4)%b

Cu2-Cu3 1.807 10.60 1(0.021.0)%b

Cu3-Cu4 1.795 20.02
(c) Free CO molecule

O-C 1.123 1.128 Å
aRef. [14].
bRef. [15].
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is not a normal mode of CO on copper, but rather
mixes with bulk copper phonons to form a resonan
This resonance has a spectral width of1.8 cm21 and is
centered at27 cm21. HAS measurements find āG-point
FT frequency of32 cm21 for this system [18], indicating
excellent agreement between theory and experiment.

The resonant broadening of the FT mode throu
coupling to bulk phonons provides a purely harmo
description for the observed FT relaxation. In this pictu
initial heating of the substrate excites a vibrational wa
packet that is localized near the surface. Its norm
mode components evolve in time according to differ
frequencies, causing the wave packet to propagate
broaden over time. In this way, vibrational ener
initially deposited near the surface spreads through
it
e.

h
ic
e,
e
l-

nt
nd

y
ut

the substrate. The spectral width of the FT resona
peak in Fig. 1(b) gives a measure of the decay r
of the mode and implies a lifetime of 3.0 ps. Th
excellent quantitative agreement with the experimen
decay time of 2.3 6 0.4 ps at T ø 100 K is strong
evidence that resonant mixing is the dominant mechan
of FT relaxation in this system. This conclusion
consistent with the theoretical work of Ref. [8], whic
finds that FT decay via nonadiabatic electronic coupl
is quite slow for this systemst ­ 108 psd.

In this density-functional study, we have explored t
vibrational coupling between a CO adsorbate overla
and a copper substrate lattice. By treating all atoms
the combined system on an equal footing and includ
enough bulk copper to describe long-wavelength subst
r
e

FIG. 1. Density of (a) perpendicular and (b) parallel vibrational modes for as
p

2 3
p

2dR45± overlayer of CO on the coppe
(100) surface. The inset in (b) highlights the frustrated translational resonance centered at27 cm21. The modes correspond to th
Ḡ point in the surface Brillouin zone. Arbitrary units are used for the density of modes.
5243
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FIG. 2. Illustration of a typical mode in the frustrated trans
lational resonance peak. The vertical axis gives the relat
in-plane atomic displacements for the mode, and the horizon
axis labels the atomic layers. Motion of the adsorbate ato
and 100 layers of the copper substrate are shown.

phonons, we have shown that the vibrational propert
of this system are significantly affected by adsorbat
substrate interactions. In particular, we find that the F
mode mixes with long-wavelength, transverse phonons
the substrate to form a resonance. This resonant mix
provides a microscopic description of FT relaxation in
volving propagation of a wave packet of harmonic mode
Based on this mechanism, we predict a decay time
3.0 ps, in excellent quantitative agreement with expe
ment. We thus conclude that harmonic resonant m
ing with substrate phonons is the dominant mechanism
FT damping in this system. These calculations highlig
the need for a sophisticated treatment of the substrate
achieving a quantitative understanding of the properties
adsorbed metal surfaces.
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