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A simple, broadly applicable theory is developed to describe resonant vibrational coupling betwee
adsorbates and a substrate lattice. This is one of the principal mechanisms governing the relaxa
of adsorbate vibrations. This theory can be applied to widely varying surface coverages and arbitra
overlayer structures, and it correctly incorporates collective adsorbate motion, which has been sho
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 diffu
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
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A key factor in many surface chemical phenomena is t
existence of low-energy molecular vibrations associat
with fluctuations about the adsorption bond. These mod
involve relative motion between the adsorbate mo
cule and substrate, and thus act as vibrational precurs
to surface reactions, diffusion, and desorption [1]. Indee
the systematic study of these modes through inelas
spectroscopic techniques has become the chief tool
characterizing the potential energy surface encountered
atoms and molecules in heterogeneous catalysis, epita
growth, and other complex surface phenomena [2].

These low-energy excitations of the adlayer are not is
lated from their surroundings; they can exchange ene
and momentum with various propagating substrate exc
tions. At the surface of a metal, for example, the releva
bulk modes include propagating elastic waves, electro
hole pair excitations, and various collective modes arisi
from electron-electron and electron-phonon interaction
These bulk excitations provide decay channels which go
ern the lifetimes of the adsorbate vibrational modes an
thus, play a critical role in determining the surface dynam
ics and reactivity [3,4].

In this Letter, we develop a general theory for the r
laxation dynamics of low-frequency adsorbate vibratio
due to resonant coupling to substrate elastic waves [5–
This theory applies to adsorbate modes with frequenc
in the acoustic range of the substrate phonon spectru
and is relevant, for example, to the in-plane frustrat
translation (FT) of adsorbates on metal surfaces. T
recent experiments examined the FT relaxation dyna
ics of carbon monoxide molecules on the Cu(100) surfa
under very different conditions of coverage. One cons
ered an ordered half monolayer and measured a lifeti
of 2.3 6 0.4 ps [10], whereas the other considered a d
ordered adlayer at 3% coverage and found an8 6 1 ps
lifetime [11]. Our theory shows conclusively that the v
brational relaxation is governed by bulk elastic couplin
even for these widely varying adlayer conditions.
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This conclusion contrasts with the results of an earli
theory due to Persson and Ryberg (PR) [6]. They al
considered relaxation via phonon emission, but focused
the case of an isolated adsorbate. Since direct adsorb
adsorbate interactions are weak for all but the dens
coverages, this case was presumed applicable for m
experimental conditions. Their model gives a dampin
rate law that varies with the vibrational frequency asv4.
However, when applied to various experimental system
[e.g., the CO on Cu(100) systems described above],
PR model predicts damping rates that are much sma
than the measured values. Furthermore, the PR mo
has no explicit coverage dependence; coverage enters
damping-rate law only implicitly through its effect on the
resonance frequency. However, the two experimental co
erages of CO on Cu(100) exhibit thesameFT resonance
frequency but havedifferentFT lifetimes.

Our theory is developed for a completely arbitrar
overlayer structure and, thus, incorporates the effe
of lateral coherent motion within the adlayer. Thes
collective effects arise fromindirect adsorbate-adsorbate
interactions mediated by the substrate phonons. Sin
the adsorbate modes of interest oscillate at the lon
wavelength end of the substrate phonon spectrum,
range of the indirect, phonon-mediated interaction is qu
large, and thus collective adsorbate motion is importa
even for rather dilute overlayers.

The theory presented here is a generalization of o
recent work [12] on ordered overlayers. We found th
the FT vibrational relaxation for the ordered half mono
layer of CO on Cu(100) is accurately described by res
nant elastic coupling only when the collective effects a
properly included. For long-wavelength surface excit
tions (relevant to the experiments), collective motion
the adsorbate lattice plays a crucial role in the adsorb
dynamics, changing both the accessible phase space
the substrate decay channels and the strength of the c
pling. This effect was also described in the context
© 1998 The American Physical Society
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noble-gas atoms physisorbed on silver [7] and graph
[9] surfaces. Our previous work also demonstrated ho
the results cross over to the dilute (i.e., isolated-adsorba
limit as coverage is decreased. We found that, for a h
pothetical series of ordered COyCu overlayer structures
with varying coverage, only coverageswell belowa criti-
cal value (u ø uc ø 1%) are properly described by the
PR theory of an isolated adsorbate. For all higher cov
ages, collective effects dominate the dynamics.

In this paper, we extend our previous theory to a for
which describes anarbitrary adlayer structure, to include
the possibilities of disorder, vacancies, coadsorption, e
We then apply this theory to three structural model
an isolated adsorbate, an ordered overlayer (at cover
aboveuc), and an uncorrelated, disordered overlayer. T
first model shows that our theory includes the PR result
a special case. The latter two models are appropriate
making comparisons to the experimental work on CO o
Cu(100), Refs. [10] and [11], respectively. These mode
provide remarkably simple expressions for the dec
rate that predict lifetimes in excellent agreement wi
the experiments. Thus, one theory provides a unifie
simple, and accurate description of the low-frequen
ite
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vibrational dynamics for a wide range of adsorba
configurations.

We consider a semi-infinite, classical, anisotropic elas
medium with elastic modulus tensorCijkl and densityr.
Although previous theories [6,12] considered the case
an isotropic substrate medium, we find that anisotro
effects can be quantitatively important. The mediu
occupies the half spacez , 0, terminated on thexy plane,
and is described by a displacement fieldusx, td. (We
denote three-dimensional vectors in boldface and tw
dimensional vectors in thexy plane by arrows.) The
adlayer consists of a collection of point massesm coupled
to the elastic surface at sitesh $Raj by harmonic springs of
frequencyv0. This model is an appropriate description fo
a low-frequency adsorbate mode, such as the FT, wh
v0 lies within the acoustic part of the substrate phon
spectrum.

We now suppose that anx-polarized external force,
fs $Ra, vdeivt , drives the adsorbate overlayer at frequen
v. This leads tox-polarized adsorbate motion, repre
sented here by the instantaneous displacement pa
ss $Ra, td. The coupled equations of motion for the elast
substrate [13] and the adlayer are given in the freque
domain by
∑

2v2dik 2
Cijkl

r
≠j≠l

∏
uksv, xd 

m
r

v2
0dixdszd

X
a

fss $Ra, vd 2 uxsv, xdgds2ds$r 2 $Rad , (1)

2v2ss $Ra, vd 1 v2
0fss $Ra, vd 2 uxsv, $r  $Ra, z  0dg 

fs $Ra, vd
m

, (2)
t

-

r

r
s
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.

te

-
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r,
with stress-free boundary conditionsfdjzCijkl≠l 3

uksv, xdgz0  0, where summation over repeated Car
sian indices is assumed, and the symbol≠i denotes the
partial derivative with respect to theith Cartesian coor-
dinate. Equation (1) describes the motion of the elas
substrate, driven by thex-polarized oscillations of the ad
sorbates; Eq. (2) describes the motion of the adsorba
coupled to the substrate and driven by the external fo
The theory consists of integrating out the dynamics
usx, td from Eqs. (1) and (2) to obtain an effective theo
for the adsorbate dynamics. The result is expres
[14] as an adsorbate response function,xs $Ra, $Rb ; vd 
ss $Ra, vdyfs $Rb , vd, given in reciprocal space by

xs $q, vd 
1
m

∑
2v2 1 v2

0 2 v2
0

T s $q, vd
1 1 T s $q, vd

∏21

,

(3)
where

T s $q, vd 
m
r

v2
0

Z d2k
s2pd2 Dxxs $k, vdSs $k 2 $qd . (4)

Dijs $k, vd is the Fourier transform in the variables$r 2 $r 0

and t 2 t0 of the substrate Green’s function [15,16
evaluated atz  z0  0, and Ss $kd is the static structure
factor defined as
e-

tic

tes,
ce.
of
y
ed

]

Ss $kd 
1
N

*X
a,b

expf2i $k ? s $Ra 2 $Rbdg

+
, (5)

where N is the total number of adsorbates andk· · ·l
denotes the ensemble average for disordered structu
Im xs $q, vd gives the measured absorption spectrum
When the damping rate is small, we can evalua
T s $q, vd  Rs $q, vd 1 iIs $q, vd at v  v0, which gives
a shifted frequencȳv0 and damping rateg:

v̄2
0  v2

0
1 1 Rs $q, v0d

f1 1 Rs $q, v0dg2 1 I2s $q, v0d

ø
v

2
0

1 1 Rs $q, v0d
, (6)

g 
v0Is $q, v0d

f1 1 Rs $q, v0dg2 1 I2s $q, v0d
ø

v0Is $q, v0d
f1 1 Rs $q, v0dg2 .

(7)
Equations (3)–(7) provide a general theory for the low

frequency vibrational dynamics for an adsorbed overlay
of arbitrary structure described by the structure factorSs $kd.
We now explicitly evaluate these expressions to studyg

for three specific structural models of the adsorbate ove
layer: (a) An isolated adsorbate, (b) a periodic adlaye
5941
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and (c) a disordered adlayer. These three systems
illustrated in Fig. 1, along with schematic representatio
of their corresponding structure factors.

(a) Isolated adsorbate.—HereSs $kd  1, and the inte-
gral on the right-hand side of Eq. (4) sums overall the
modes of the substrate (and is independent of the ads
bate). This reduces to the theory of PR, who show
that the imaginary part of the integral is proportional t
v. For an anisotropic substrate, the integral isa 1 ibv,
where a and b depend on the elastic constants an
must be determined numerically. [We find, using expe
mental values for the density and elastic moduli, th
a  3.1 3 1024 s2ycm3 andb  2.85 3 10213 s3ycm3

for the Cu(100) surface.] The decay rate in Eq. (7) th
becomes

g 
m
r

bv̄4
0 . (8)

which generalizes the result of PR [6] to an anisotrop
elastic medium.

(b) Periodic adlayer.—For a periodic array of adsor-
bates, the area of the surface unit cell isAc  A0yu, where
A0 is the area of the substrate unit cell andu is the cov-
erage. Here, the structure factor consists of a series od

functions on the grid of overlayer reciprocal lattice vec
tors h $Gj. This shows that the adsorbate lattice can coup
only to a discrete set of the possible substrate modes,
thus the integral in Eq. (4) becomes a discrete sum. F
v0 , cRj $G1j ( $G1 is the smallest nonzero reciprocal lattic
vector, andcR is the speed of the corresponding Rayleig
wave), one finds that only the$G  0 reciprocal lattice vec-

(a)

(b)

(c)

S(k)

k

S(k)

k

S(k)

k

FIG. 1. Illustrations of the three adlayer structural models
which we have applied our theory of low-frequency vibration
damping. Included with each illustration is a schemat
representation of the corresponding static structure factorSs $kd:
(a) Isolated adsorbate; (b) periodic overlayer; (c) disorder
overlayer.
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tor can contribute to the imaginary (i.e., damping) part o
T s $q, v0d, giving, for $q  0,

g 
mv̄

2
0u

rA0cxzs1 1 mv̄
2
0ayrd

, (9)

where cxz is the speed of anx-polarized acoustic wave
propagating in thez direction. Equation (9) generalizes
our previous result [12] to an anisotropic medium. The in
equalityv0 , cRj $G1j, which defines the regime in which
Eq. (9) applies, can be recast in terms of coverage asu .

uc. [The exact form ofuc depends on the overlayer lat-
tice type, and for a square lattice is given byuc  A0v

2
0y

s2pcRd2.] One should not expect that the damping rate i
Eq. (9) approach the isolated case [Eq. (8)] in the limit o
vanishing coverage, since additional reciprocal lattice ve
tors begin to contribute belowuc.

To test the validity of Eq. (9), we apply our mode
to the experimental system of Ref. [10]: an ordered ha
monolayer of carbon monoxide on the Cu(100) surfac
In this experiment, the metal substrate is pumped by
visible or ultraviolet picosecond laser pulse. Frustrate
translations are excited indirectly via coupling to th
heated substrate. If this process is dominated by reson
vibrational coupling, then only FT modes near$q  0 are
excited, since the FT band lies below the bulk phono
continuum at larger wave vectors [7]. From the publishe
phonon dispersion relations for bulk copper [17] and th
FT mode of half monolayer CO on Cu(100) [18], we
estimate that the FT band overlaps the bulk continuu
only in a small region around$q  0 covering less than
10% of the Cu(100) surface Brillouin zone. Within this
region, the FT bandwidth is only about 10% of the
zone-center FT frequency. Based on this analysis, it
reasonable to compute the FT lifetime setting$q  0.

Using experimental parameter values, we finduc  1%
for this system. Since adsorbates only order at coverag
much larger than this value, Eq. (9) will be valid for al
periodic overlayers. Equation (9) predicts the lifetim
(t  1yg) of the in-plane FT for this system to be 2.1 ps
where experimental values of the various parameters (e
h̄v̄0  4 meV [18]) have been used. This theoretica
lifetime is in excellent quantitative agreement with th
experimental value of2.3 6 0.4 ps. By contrast, Eq. (8)
predicts t  13.4 ps, which is much longer than the
experimental lifetime.

(c) Disordered adlayer.—For a random array of adsor-
bates, we write the structure factorSs $kd in terms of the pair
correlation functiongs$rd [14]:

Ss $kd  1 1
u

A0

Z
d2r expsi $k ? $rdgs$rd , (10)

For gs$rd, we assume an uncorrelated lattice gas:gs$rd 
A0

P
R ds$r 2 $Rd, where h $Rj are the lattice sites of the

bare surface. This is a reasonable model for low dens
coverage. Inserting this model forSs $kd into Eq. (4) gives
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a simple damping-rate formula:

g  gisolated 1 gordered


m
r

bv̄4
0 1

mv̄
2
0u

rA0czxs1 1 mv̄
2
0ayrd

. (11)

The first term in Eq. (11) is the damping rate for an isolate
adsorbate, and gives the full damping rate in the lim
u ! 0. The second term is proportional to the coverag
and depends on the lateral phase coherence of the adsor
motion. This term has the same algebraic form as t
damping-rate law of Eq. (9) for an ordered overlayer.

We can test the validity of Eq. (11) for describing a ran
dom distribution of adsorbates by revisiting the system
CO on Cu(100). A recent He-atom scattering experime
by Grahamet al. [11] on au  3% disordered overlayer
of CO on Cu(100) measured an8 6 1 ps lifetime for the
in-plane FT mode. Our model in Eq. (11) predicts th
FT lifetime for this system to be 9.7 ps, in very good
agreement with the experiment, especially considering t
rather simple model of disorder.

It is interesting to note that FT vibrations in an
ordered overlayer at the same coverage would have
lifetime of 34.6 ps—about 3.5 times longer than in
disordered layer, even though the damping mechani
is the same in both cases. This dramatically illustrat
the strong influence of adlayer structural order on th
vibrational dynamics. The reason for this behavior is th
the symmetry of an ordered overlayer provides addition
selection rules restricting the phase space of substr
modes available for coupling. This disparity betwee
ordered and disordered overlayers is more prominent
dilute overlayers than dense overlayers.

The above results for CO on Cu(100) at two very differ
ent coverages clearly imply that FT vibrational dampin
for this system is dominated by resonant coupling to su
strate phonons. However, because metals also have lo
lying electronicexcitations, it is important to consider this
decay channel for FT vibrations, as well. Several prev
ous experimental and theoretical investigations conclud
that FT vibrations are (comparatively) weakly coupled t
substrate electronic excitations for CO on Cu(100) [19
21], with estimated lifetimes due to this mechanism in th
range 40–110 ps. Germeret al., on the other hand, find
that their pump-probe measurements on the half mon
layer system are consistent with a phenomenological tw
heat-bath diffusion model in which the FT lifetime due
to electronic coupling is about 5 ps [10]. However, thi
value is obtained rather indirectly.

We have presented a unified theory for the vibration
relaxation dynamics due to indirect coupling of adsorba
motions through their coupling to an anisotropic elast
medium. We find that the theory for an isolated adsorba
does not correctly describe the vibrational dynamics a
that the correlated collective motion in the adlayer mu
be included to properly describe the vibrational relaxatio
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Including these effects, the predicted vibrational lifetim
are in good quantitative agreement with experiment rega
less of the nature of the overlayer structure, thereby dem
strating the validity of the theory and showing that elas
coupling inevitably dominates the low-frequency dynam
ics of an adlayer for situations of experimental interest.

Financial support for this research was provided by
Laboratory for Research on the Structure of Matter,
the National Science Foundation under Grants No. DM
97-02514 and No. DMR 93-13047, by the Petroleum R
search Fund of the American Chemical Society und
Grant No. 32007-G5, and by the U.S. Department of E
ergy under Grant No. 91ER45118. In addition, A. M. R
acknowledges the Alfred P. Sloan Foundation.

*Present address: Department of Physics and Astrono
University of Georgia, Athens, GA 30602-2451.

[1] B. N. J. Persson, Chem. Phys. Lett.149, 278 (1988).
[2] F. Hofmann and J. P. Toennies, Chem. Rev.96, 1307

(1996).
[3] S. Holloway, Surf. Sci.299yyy300, 656 (1994).
[4] C. T. Rettner, D. J. Auerbach, J. C. Tully, and A. W

Kleyn, J. Phys. Chem.100, 13 021 (1996).
[5] G. Wahnström, Surf. Sci.159, 311 (1985).
[6] B. N. J. Persson and R. Ryberg, Phys. Rev. B32, 3586

(1985).
[7] B. Hall, D. L. Mills, and J. E. Black, Phys. Rev. B32,

4932 (1985).
[8] J. A. Leiro and M. Persson, Surf. Sci.207, 473 (1989).
[9] L. W. Bruch and F. Y. Hansen, Phys. Rev. B55, 1782

(1997).
[10] T. A. Germer, J. C. Stephenson, E. J. Heilweil, and R.

Cavanagh, Phys. Rev. Lett.71, 3327 (1993); J. Chem.
Phys.101, 1704 (1994).

[11] A. Graham, F. Hofmann, and J. P. Toennies, J. Che
Phys.104, 5311 (1996).

[12] S. P. Lewis, M. V. Pykhtin, E. J. Mele, and A. M. Rapp
J. Chem. Phys.108, 1157 (1998).

[13] L. D. Landau and E. M. Lifshitz,Theory of Elasticity
(Pergamon, New York, 1986), 3rd ed.

[14] For a discussion of linear response functions and struc
factors, see, for example, P. M. Chaikin and T. C. Lube
sky, Principles of Condensed Matter Physics(Cambridge
University Press, Cambridge, England, 1995).

[15] A. A. Maradudin and D. L. Mills, Ann. Phys. (N.Y.)100,
262 (1976).

[16] M. G. Cottam and A. A. Maradudin,Surface Excitations,
edited by V. M. Agranovich and R. Loudon (Elsevie
New York, 1984).

[17] R. M. Nicklow, G. Gilat, H. G. Smith, L. J. Raubenheime
and M. K. Wilkinson, Phys. Rev.164, 922 (1967).

[18] J. Ellis, J. P. Toennies, and G. Witte, J. Chem. Phys.102,
5059 (1995).

[19] B. N. J. Persson, Phys. Rev. B44, 3277 (1991).
[20] M. Head-Gordon and J. C. Tully, Phys. Rev. B46, 1853

(1992).
[21] A. I. Volokitin and B. N. J. Persson, J. Exp. Theor. Phy

81, 545 (1995).
5943


