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A simple, broadly applicable theory is developed to describe resonant vibrational coupling between
adsorbates and a substrate lattice. This is one of the principal mechanisms governing the relaxation
of adsorbate vibrations. This theory can be applied to widely varying surface coverages and arbitrary
overlayer structures, and it correctly incorporates collective adsorbate motion, which has been shown
to have a critical impact on the relaxation dynamics. Vibrational lifetimes predicted by this theory
are in excellent quantitative agreement with experiments on adsorbate systems ranging from a diffuse,
disordered overlayer to a dense, periodic overlayer. [S0031-9007(98)08012-0]

PACS numbers: 82.20.Rp, 68.35.Ja, 68.45.Kg, 82.65.My

A key factor in many surface chemical phenomenais the This conclusion contrasts with the results of an earlier
existence of low-energy molecular vibrations associatedheory due to Persson and Ryberg (PR) [6]. They also
with fluctuations about the adsorption bond. These modesonsidered relaxation via phonon emission, but focused on
involve relative motion between the adsorbate molethe case of an isolated adsorbate. Since direct adsorbate-
cule and substrate, and thus act as vibrational precursosasisorbate interactions are weak for all but the densest
to surface reactions, diffusion, and desorption [1]. Indeedgoverages, this case was presumed applicable for most
the systematic study of these modes through inelastiexperimental conditions. Their model gives a damping-
spectroscopic techniques has become the chief tool famte law that varies with the vibrational frequencyaas
characterizing the potential energy surface encountered yowever, when applied to various experimental systems
atoms and molecules in heterogeneous catalysis, epitaxipd.g., the CO on Cu(100) systems described above], the
growth, and other complex surface phenomena [2]. PR model predicts damping rates that are much smaller

These low-energy excitations of the adlayer are not isothan the measured values. Furthermore, the PR model
lated from their surroundings; they can exchange energiias no explicit coverage dependence; coverage enters the
and momentum with various propagating substrate excitadamping-rate law only implicitly through its effect on the
tions. At the surface of a metal, for example, the relevantesonance frequency. However, the two experimental cov-
bulk modes include propagating elastic waves, electronerages of CO on Cu(100) exhibit tlsameF T resonance
hole pair excitations, and various collective modes arisindgrequency but haveifferentF T lifetimes.
from electron-electron and electron-phonon interactions. Our theory is developed for a completely arbitrary
These bulk excitations provide decay channels which goveverlayer structure and, thus, incorporates the effects
ern the lifetimes of the adsorbate vibrational modes andyf lateral coherent motion within the adlayer. These
thus, play a critical role in determining the surface dynam-collective effects arise fronndirect adsorbate-adsorbate
ics and reactivity [3,4]. interactions mediated by the substrate phonons. Since

In this Letter, we develop a general theory for the re-the adsorbate modes of interest oscillate at the long-
laxation dynamics of low-frequency adsorbate vibrationsvavelength end of the substrate phonon spectrum, the
due to resonant coupling to substrate elastic waves [5—9tange of the indirect, phonon-mediated interaction is quite
This theory applies to adsorbate modes with frequencielarge, and thus collective adsorbate motion is important
in the acoustic range of the substrate phonon spectruneven for rather dilute overlayers.
and is relevant, for example, to the in-plane frustrated The theory presented here is a generalization of our
translation (FT) of adsorbates on metal surfaces. Twaeecent work [12] on ordered overlayers. We found that
recent experiments examined the FT relaxation dynanthe FT vibrational relaxation for the ordered half mono-
ics of carbon monoxide molecules on the Cu(100) surfacéayer of CO on Cu(100) is accurately described by reso-
under very different conditions of coverage. One considnant elastic coupling only when the collective effects are
ered an ordered half monolayer and measured a lifetimproperly included. For long-wavelength surface excita-
of 2.3 £ 0.4 ps [10], whereas the other considered a distions (relevant to the experiments), collective motion of
ordered adlayer at 3% coverage and found8ah 1 ps the adsorbate lattice plays a crucial role in the adsorbate
lifetime [11]. Our theory shows conclusively that the vi- dynamics, changing both the accessible phase space of
brational relaxation is governed by bulk elastic coupling,the substrate decay channels and the strength of the cou-
even for these widely varying adlayer conditions. pling. This effect was also described in the context of
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noble-gas atoms physisorbed on silver [7] and graphite@ibrational dynamics for a wide range of adsorbate
[9] surfaces. Our previous work also demonstrated hoveonfigurations.
the results cross over to the dilute (i.e., isolated-adsorbate) We consider a semi-infinite, classical, anisotropic elastic
limit as coverage is decreased. We found that, for a hymedium with elastic modulus tensa¥;;; and densityp.
pothetical series of ordered GQOu overlayer structures Although previous theories [6,12] considered the case of
with varying coverage, only coverage®ll belowa criti-  an isotropic substrate medium, we find that anisotropic
cal value ¢ < 0. = 1%) are properly described by the effects can be quantitatively important. The medium
PR theory of an isolated adsorbate. For all higher covereccupies the half space< 0, terminated on they plane,
ages, collective effects dominate the dynamics. and is described by a displacement fielk,r). (We

In this paper, we extend our previous theory to a formdenote three-dimensional vectors in boldface and two-
which describes aarbitrary adlayer structure, to include dimensional vectors in they plane by arrows.) The
the possibilities of disorder, vacancies, coadsorption, etadlayer consists of a collection of point massesoupled
We then apply this theory to three structural modelsto the elastic surface at sit¢R,} by harmonic springs of
an isolated adsorbate, an ordered overlayer (at coveragequencyw,. This modelis an appropriate description for
aboved.), and an uncorrelated, disordered overlayer. The low-frequency adsorbate mode, such as the FT, where
first model shows that our theory includes the PR result as, lies within the acoustic part of the substrate phonon
a special case. The latter two models are appropriate fapectrum.
making comparisons to the experimental work on CO on We now suppose that am-polarized external force,
Cu(100), Refs. [10] and [11], respectively. These models (R, w)ei®!, drives the adsorbate overlayer at frequency
provide remarkably simple expressions for the decay,. This leads tox-polarized adsorbate motion, repre-
rate that predict lifetimes in excellent agreement withsented here by the instantaneous displacement pattern
the experiments. Thus, one theory provides a unifieds(g, 7). The coupled equations of motion for the elastic
simple, and accurate description of the low-frequencysybstrate [13] and the adlayer are given in the frequency

| domain by
Cij > L -
|:_(L)26ik - l;kl ajali|uk(wvx) = % w(z)Bixa(Z)Z[s(Ra»w) - ux(w’x)]s(Z)(r - Ra)’ (1)
—w?s(R,, ) + w%[s(iia,w) — uy(w,7 = Ragyz = 0)] = W, 2)

with  stress-free  boundary condition$é;.C;jxd; X |

ur(w,x)];—0 = 0, where summation over repeated Carte- S(k) = 1 <Zexli—i7< (R, — iéh)]>’ (5)
sian indices is assumed, and the symbpldenotes the N\

partial derivative with respect to thith Cartesian coor- \here N is the total number of adsorbates abd-)
dinate. Equation (1) describes the motion of the elastigienotes the ensemble average for disordered structures.
substrate, driven by the-polarized oscillations of the ad- |y , (7 ») gives the measured absorption spectrum.
sorbates; Eq. (2) describes the motion of the adsorbate§yhen the damping rate is small, we can evaluate
coupled to the substrate and driven by the external forcep(z ) = R(3, w) + iI(3, ®) at w = w,, which gives

The theory consists of integrating out the dynamics ofy ghifted frequencyb, and damping rate’:
u(x, r) from Egs. (1) and (2) to obtain an effective theory

for the adsorbate dynamics. The resglt ls expressed @g = wf) 1*+ R(Z’w‘))z _
[14] as an adsorbate response functigniR,, Ry; @) = [1 +2R(‘1""0)] + 1%(q, o)
s(R,, w)/f(Rp, ), given in reciprocal space by - g 6)
> 1 2 2 2 T(&y‘”) -1 1 + R(a7 0)0) ’
g ow)=—| —w +w0—w0?“ . .
m q,w @) y - wol (g, wo) _ wol(q, wp)
1 + R(q >+ I%(g 1 + R(q 2
where [ (g, wo)] (g, wo) [ (g, wo)]
m dzk > - (7)
T(q, 0) = — o] Dy (k,w)S(k — q). (4) Equations (3)—(7) provide a general theory for the low-
P

R (27)? frequency vibrational dynamics for an adsorbed overlayer
D;;(k, w) is the Fourier transform in the variablés— ¥ of arbitrary structure described by the structure fasta.

and r — ' of the substrate Green’s function [15,16] We now explicitly evaluate these expressions to stydy
evaluated at = z/ = 0, and S(k) is the static structure for three specific structural models of the adsorbate over-
factor defined as layer: (a) An isolated adsorbate, (b) a periodic adlayer,
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and (c) a disordered adlayer. These three systems ater can contribute to the imaginary (i.e., damping) part of
illustrated in Fig. 1, along with schematic representations'(g, wg), giving, forg = 0,
of their corresponding structure factors.

(a) Isolated adsorbate—Here S(k) = 1, and the inte- y = — , 9)
gral on the right-hand side of Eq. (4) sums owdir the pAoce: (1 + maya/p)
modes of the substrate (and is independent of the adsofhere ,. is the speed of an-polarized acoustic wave
bate). This reduces to the theory of PR, who showegyropagating in the; direction. Equation (9) generalizes
that the imaginary part of the integral is proportional toqyr previous result [12] to an anisotropic medium. The in-
. For an anisotropic substrate, the mtt_egra&ls% iBw, equality wg < CR|51|, which defines the regime in which
where o and 8 depend on the elastic constants andgq (g) applies, can be recast in terms of coverage as
musi ble dtlatermllcneo![hnun(;erlcilly. [(\jNeIflnS, usmg ?,Xpti”'ttt%. [The exact form ofd. depends on the overlayezr lat-
mental vajues tor the density and efastic modull, thakjce type, and for a square lattice is giventy= Agwg/
@ =3.1x10"*s’/cm’ and B = 2.85 X 10~ s*/cn? (27rcg)?.] One should not expect that the damping rate in
for the Cu(100) surface.] The decay rate in Eq. (7) thusq (9) approach the isolated case [Eq. (8)] in the limit of
becomes vanishing coverage, since additional reciprocal lattice vec-

y = m Bay. (8) tors begin to contribute below.

p To test the validity of Eq. (9), we apply our model
which generalizes the result of PR [6] to an anisotropico the experimental system of Ref. [10]: an ordered half
elastic medium. monolayer of carbon monoxide on the Cu(100) surface.

(b) Periodic adlayer—For a periodic array of adsor- In this experiment, the metal substrate is pumped by a
bates, the area of the surface unit celis= Ay/6, where visible or ultraviolet picosecond laser pulse. Frustrated
Ag is the area of the substrate unit cell afids the cov- translations are excited indirectly via coupling to the
erage. Here, the structure factor consists of a serigs of heated substrate. If this process is dominated by resonant
functions on the grid of overlayer reciprocal lattice vec-vibrational coupling, then only FT modes near= 0 are
tors{G}. This shows that the adsorbate lattice can couplé€xcited, since the FT band lies below the bulk phonon
only to a discrete set of the possible substrate modes, ar@ntinuum at larger wave vectors [7]. From the published
thus the integral in Eq. (4) becomes a discrete sum. Fgphonon dispersion relations for bulk copper [17] and the
wo < crlGi] (G, is the smallest nonzero reciprocal lattice FT mode of half monolayer CO on Cu(100) [18], we
vector, andcg is the speed of the corresponding Ray|eighestimate that the FT band overlaps the bulk continuum

wave), one finds that only ti& = 0 reciprocal lattice vec-  Only in a small region aroung = 0 covering less than
10% of the Cu(100) surface Brillouin zone. Within this

region, the FT bandwidth is only about 10% of the
(a) S(k) zone-center FT frequency. Ba;eql on thi§ analysis, it is
reasonable to compute the FT lifetime setting= 0.
Using experimental parameter values, we Qd= 1%
for this system. Since adsorbates only order at coverages
k much larger than this value, Eq. (9) will be valid for all
periodic overlayers. Equation (9) predicts the lifetime
S(K) (7 = 1/v) of the in-plane FT for this system to be 2.1 ps,
(b) where experimental values of the various parameters (e.g.,
hoo = 4 meV [18]) have been used. This theoretical
lifetime is in excellent quantitative agreement with the
K experimental value 0.3 £ 0.4 ps. By contrast, Eq. (8)
predicts 7 = 13.4 ps, which is much longer than the
experimental lifetime.
S(k)i (c) Disordered adlayer—For a random array of adsor-
g bates, we write the structure fact®ik) in terms of the pair
correlation functiong (¥) [14]:

md)gﬁ

(©)

k

FIG. 1. lllustrations of the three adlayer structural models to

which we have applied our theory of low-frequency vibrational 2 ice gy —
damping. Included with each illustration is a schematicFOr g(r), we assume an uncorrelated lattice )

representation of the corresponding static structure fafiitl%)n Ao 2 g 8(F — R), where{R} are the lattice sites of the

(a) Isolated adsorbate; (b) periodic overlayer; (c) disordered@re surface. This is a reasonable model for low density
overlayer. coverage. Inserting this model f6£k) into Eq. (4) gives

Si) =1+ Aiofdzrexp(i/? e, (10)
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a simple damping-rate formula: Including these effects, the predicted vibrational lifetimes
are in good quantitative agreement with experiment regard-
less of the nature of the overlayer structure, thereby demon-
strating the validity of the theory and showing that elastic
coupling inevitably dominates the low-frequency dynam-
ics of an adlayer for situations of experimental interest.
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Y = Yisolated T Yordered

ma')gﬁ

= T Ba¢ + (11)
P

pAoc.(l + maga/p)
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