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We present a theory of the lifetime of a vibrational excited state of a molecule adsorbed on a met-

al surface due to creation of electron-hole pairs at the surface. Our formulation treats the dynarni-

cal response of the electron gas at the surface exactly in the random-phase approximation. The
Lang-Kohn electron density profile at the surface is used. The molecule is modeled as a two-level

system whose dynamic dipole moment is enhanced relative to its gas-phase value by the adsorption
process. Explicit results are given for the C—0 stretch vibration for CO adsorbed on Cu(100). The
calculated value of the lifetime accounts for the order of magnitude of the experimental lifetime. A
comparison is made with previous theoretical work. We consider the dependence of the transition
rate on the diffusivity of the electron density profile at the surface by comparing the transition rates
obtained with use of the Lang-Kohn and infinite-barrier-model profiles.

INTRODUCTION

Improvements in the experimental techniques (infrared
spectroscopy) have recently produced the first few mea-
surements' " of the intrinsic linewidths of vibrational ex-
cited states of molecules adsorbed on a metal surface.
Thus a comparison of the relative importance of the vari-
ous mechanisms available for the relaxation of excited
states of adsorbed molecules is a timely exercise. Clearly,
a meaningful theoretical statement about the relevance of
a given decay mechanism (coupling to phonons, electron-
hole pairs, etc.) can only be made via detailed computa-
tion of the lifetime of the molecular excited state for a
model that accounts as fully as possible for the physics of
the coupled system.

For frequencies less than twice the maximum phonon
frequency of the substrate, Ariyasu et al. have recently
given detailed results for the magnitude and temperature
dependence of vibrational linewidths for several adsor-
bate-substrate systems due to two-phonon emission pro-
cesses. This mechanism (mediated by anharmonicity in
the molecule —substrate bond) gives sizable linewidths,
and in the case of the C—Ni stretch vibration for CO ad-
sorbed on Ni it yields a value of the linewidth in excellent
agreement with experiment (the theoretical and experi-
mental values are 13.9 and 15.1 cm ', respectively).

For frequencies several times higher than twice the
maximum phonon frequency of the substrate, relaxation
by creation of electron-hole pairs (EHP) at the metal sur-
face is expected to dominate over multiphonon emission
processes. It is this regime that we consider in this paper.

The purpose of this paper is twofold. First, we present
a calculation of the lifetime of an excited state of an ad-
sorbed molecule due to the excitation of EHP at the sur-
face in which the screening response of the EHP is treated
exactly in the random-phase approximation (RPA), and
with the use of a realistic electron density profile at the
surface, namely the Lang-Kohn profile. Second, for the
commonly studied case of the C—0 stretch vibration for
CO adsorbed on a copper surface, we correlate the results

obtained in the present work with previous theoretical
work ' and with experiment. ' This comparison is im-
portant in view of the statement made at the outset, and
because of the rather large spread in the calculated values
of the lifetime. ' In light of our results, some state-
ments made about the damping mechanism considered in
this paper appear unwarranted. ' '"

The damping of a vibration of an adsorbed atom due to
its coupling to the EHP at the surface is briefly con-
sidered in an appendix. In it we present results for the
lifetime of the vibration of an H atom perpendicular to
the surface of a nearly-free-electron metal.

TRANSITION RATE

We consider a vibrational excited state of a molecule,

~
8), which has an allowed dipolar transition to the

ground state
~

A ), with matrix element

p=(A
i p,via),

where p,~ is the dipole-moment operator. As shown
schematically in Fig. 1, the molecule is embedded in the
tail region of the electron density profile no(z) (z denotes
the coordinate normal to the surface). If the molecule is
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FICx. 1. The physical system considered in the present work
(schematic).
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physisorbed on the surface, one has that p=
~ p ~

=po,
where po is the gas-phase value of the dipole moment. If
the molecule is chemisorbed, it is found experimentally
that p &po. For example, for the C—0 stretch mode of
CO adsorbed on Cu(100), Ryberg' has determined that
p=2.5po. The explanation of this enhancement of the
dynamic dipole moment with chemisorption is thought to
be as follows. '" From the fact that the frequency of the
C—0 stretch mode is shifted downward with adsorption,
one concludes that the shifted and broadened antibonding
2n. orbital of the gas phase is partially occupied, i.e., the
orbital straddles the Fermi level of the substrate. When
the molecule vibrates this broadened orbital oscillates up
and down in energy about the Fermi edge, and this gives
rise to an oscillatory transfer of charge between the sub-
strate and the molecule, which in turn enhances the dipole
moment.

We take the phenomenological viewpoint that the ad-
sorption process is accounted for by this enhancement of
the dipole moment; its experimental value is used in the
numerical calculations. The Hamiltonian for the mole-
cule-surface interaction is then given by

H;„t———e xn x p'px (2)

where e is the magnitude of the electron charge, n( x) is
the density operator for the substrate electrons, and

p.(x —xi)
(3)

where xi is the position of the center of mass of the mole-
cule.

We denote by
~
I) and

~

F) two eigenstates of the
Hamiltonian for the interacting electron gas, with Et and
EF the corresponding energies. We consider an event in
which the molecule undergoes a transition described by
the matrix element given by Eq. (1) while the electron sys-
tem undergoes a transition from the state

~
I ) to the state

~

F). From the golden rule of perturbation theory we
have that the probability for. such an event is given by

P(B;I +A;F)=
l
—(F ~H;„, )I) l

5(EF Et fico), — —

(4)

where fico is the energy of the molecular excited state
~

B )
relative to the ground state

~

A ) .
The transition rate I'sz (ai ) is obtained by summing Eq.

(4) over all final states
~

F ) and over all initial states
~

I ),

the latter weighted with the usual statistical factor that
gives the probability that the substrate is initially in the
state

~

I ) . Formally, we have

Is&(co)=Z ' g e . P(B;I~A;F),
F,I

(5)

where p is the chemical potential, N is the number of
electrons, Z is the partition function, and P=llk&T.
(The limit T=O K is taken at the end. ) Proceeding in a
standard way (the central steps in the derivation are out-
lined in Appendix A), we arrive at the result that

28I ii~(~) =—

x x ~p x IIHg x~ x co+I'g

Xg~p(x '), (6)

where we have introduced the density response function
X(x,x'

~ co+i'), giving the electron density response to
an external longitudinal field ' (in the present case, the
dipole potential). We note that I sz(co) depends on the
position of the molecule through the dependence on xi of
the dipole potential Pz;z(x) given by Eq. (3).

Equation (6) is a general result for the transition (or
damping) rate associated with the coupling Hamiltonian
given by Eq. (2). We note that Eq. (6) could also be the
basis for the study of a higher-frequency transition in-
volving an electronic excited state of the molecule. In that
case Eq. (6) treats the surface-plasmon decay channel on
the same footing with the EHP channel.

RESULTS AND DISCUSSION

In the present work the transition rate I iiz(co) is ob-
tained using the jellium model for the substrate periodic
background. This is a good approximation for a nearly-
free-electron substrate such as aluminum. It is also a
reasonable approximation for the case of CO adsorbed on
a copper surface, since for the C—0 stretch mode one has
that irico=0.25 eV, and the copper d bands lie 2 eV below
the Fermi level. The use of the jellium model allows us to
introduce the reduced density response function '
X(q~~, co

~
z,z'), defined as the two-dimensional (2D)

Fourier transform of X(x,x '
~

co) (here q~~ is a 2D wave
vector in the plane of the surface). The transition rate
I sz (co) is given in terms of X(q~~, co

~
z,z') by the equation

4me d d
Piig(m) = — p, dq)) q(~ dz dz'A(q(~

~

z —z, )A(q~~
~

z' —zi) ™X(q~~,ca+tg
~
z,z'), (7)

where we have made the definition

~ll ~'
ql I

I
z —1) e sgil(z z1)

In Eq. (7) we have set xi ——(0,0,zi) and p=(0, 0,p, ),
i.e., the molecule has been placed on the z axis and its di-

I

pole moment has been directed normal to the surface.
[Both infrared spectroscopy (IRS) and near-specular
electron-energy-loss spectroscopy probe only the vibra-
tional motion of the adsorbate normal to the surface. ]
The domain of integration of the spatial integrals in Eq.
(7) is the inetal interior. The length d will be defined
shortly. Note that a finite imaginary part of
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X(q~~, co'+i'
~
z,z ) (rt is a positive infinitesimal) corre-

sponds to the excitation of electron-hole pairs at the sur-
face. '

The transition rate I zz(co) was computed with use of
the density response function X(q~~,'co ~z,z') obtained re-
cently by the present author within the RPA. In Ref. 6
the RPA integral equation for X(q~~,'co

~

zz') is solved for a
substrate of finite thickness (denoted by a) using a
double-cosine Fourier-series representation for
X(q~~, co

~
z,z'). In this representation the spatial integrals

in Eq. (7) are elementary. The thickness d introduced in
Eq. (7) is given by d =a+2zo, where zo is the distance
from each edge of the jellium slab to the point where the
electron density profile no(z) is assumed to vanish. '
The value of zo must be chosen large enough that the
physical results are insensitive to the actual value used.
(We note that the computer time increases rather rapidly'
with zo. ) In the present problem the choice zo —1.5ao is
adequate, ao being the lattice constant of the Substrate.
Similarly, the thickness a must be sufficiently large that
the results for I zz (to) correspond to the usual experimen-
tal situation in which the molecule is adsorbed on a thick
(semi-infinite) substrate. For frequencies in the electron-
volt range and below it was found that one needs a ) 15
atomic layers. '

The basic input used in the computation of the kernel
of the integral equation for the response function is the set
of self-consistent wave functions and energy eigenvalues
obtained solving the Kohn-Sham-Lang ground-state prob-
lem. This problem was solved according to the scheme
given in Ref. 13. Note that the molecule is thus embed-
ded in the Lang-Kohn electron density profile at the sur-
face. Below we shall also give results obtained for a
simpler model. of the ground state in which the electrons
are confined solely by infinite potential walls p1aced at a
distance zo =3m/SkF from the jellium edges (kF being the
Fermi wave vector). The corresponding (non-self-con-
sistent) wave functions are simply sine waves. This is the
infinite-barrier model' (IBM), which has been used in the
present context by Persson and Persson. In fact, a com-

parison of the transition rates obtained with the Lang-
Kohn and IBM density profiles serves as a separate
motivation for the present work, in view of the recent in-
terest in the subject of boundary effects on electron
scattering, transition rat'es, and optical absorption in both
planar' and spherical'

'

geometries.
For definiteness, let us consider the C—0 stretch mode

of CO adsorbed on Cu(100). For this system the experi-
mental parameters needed by our formulation are known:
one has that p, =0.25 D, fuo=0.25 eV (both quantities are
known from IRS work'), and the adsorption site (known
from LEED measurements' ) is located at z~ ——1.6 A out-
side the jellium edge. In our numerical calculations, car-
ried out as outlined above, we used a jellium substrate
with the bulk density of Cu and a thickness equal to 15
atomic layers of Cu in the (100) direction. For the present
system we obtained a lifetime

=9X10 sec .1 —12

~BA

The physical significance of this result is better
analyzed by placing it in the coritext of previous
theories ' and experiment. ' This is done in Table I,
which we now comment on. Persson and Persson carried
out an IBM calculation of the lifetime, and obtained
'T = 100)& 10 ' sec. Since these authors used the gas-
phase value of the -dipole moment, using the adsorption-
enhanced value (p=2.5po) would give v=16&& 10 ' sec.
Kozhushner et a/. report an approximate calculation of r
for a finite-step model of the surface. They obtain
~-=20&& 10 ' sec. Apell' gives an estimate of ~ using a
smooth potential barrier at the surface. He suggests that
~=5&10 ' sec.

The above three papers share the spirit of the present
work in that they deal with the dynamical screening of a
vibrating dipole by the electron gas at the surface. The
work of Persson and Hellsing' is an ab initio calculation
of the EHP mechanism along a different approach.
Persson and Hellsing express the damping rate as an in-

TABLE I. Lifetime of the C—0 stretch vibration of CO adsorbed on a copper surface.

Author Method
Lifetime

)(10 ' sec

B. Persson
M. Persson

(Ref. 8)
Kozhushner et al.

(Ref. 9)
Apell

(Ref. 10)
M. Persson
Hellsing

(Ref. 12)
Ryberg

(Ref. 1)

IBM

Finite-step
barrier

Smooth barrier

Embedding

Experimental
IRS

20

6.6

1.3

Present
work

RPA IBM
Lang-Kohn

19
9
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tegral over the derivative of the static one-electron poten-
tial of density-functional theory with respect to the vibrat-
ing coordinate. This potential is computed using the
embedding approach to chemisorption, which incorpo-
rates the adsorbate self-consistently with the continuum of
electron states of the substrate. The value of r they obtain
is v=6 6X.10 ' sec, which, while of the same order of
magnitude as the experimental value, ' differs from it by a
factor of 5. In spite of the ab initio nature of the calcula-
tion of Ref. 12, one should bear in mind that from the
point of view of the electron gas it is basically a ground-
state calculation that is being applied to a rather high-
frequency vibration of a light adsorbate. Thus one would
expect that the work of Ref. 12 is susceptible to improve-
ment.

Before turning back our attention to our result given by
Eq. (9), we would like to single out for comment two im-
portant points in connection with the work just revi. ewed.
(i) It is stated in Ref. 11 that the EHP mechanism con-
sidered in the present paper gives rise to a damping rate
that is so small as to be irrelevant. This statement obvi-
ously originates in the value v=100/10 ' sec quoted
above. It is then argued that only a calculation such as
the embedding calculation of Ref. 12 gives a value of r
within the order of magnitude of the experimental value. '

(ii) It is stated in Ref. 10 that the transition rate is
enhanced by a factor of —10 when the Lang-Kohn densi-
ty profile is used instead of the IBM profile. This state-
ment seems to originate in earlier work of Feibelman' in
the limit that z»&zc. Note that if the assertion of Ref.
10 were true, from the result for r of Ref. 8 (scaled down,
Rs Indicated Rbovc, by tllc usc of thc RdsorptloI1-enhanced
dipole moment), one would obtain r=1.6X10 ' sec, in
almost perfect agreement with the experimental lifetime.

We now address the above two points in the light of our
results. Contrary to (i), the value of the lifetime of the
C—0 stretch mode for CO adsorbed on Cu given by Eq.
(9) is of the same order of magnitude as the experimental
value. ' lt is, moreover, quite close to the value obtained
in the more elaborate calculation of Ref. 12 (both theoreti-
cal values of r differ by a factor of 1.3). Thus the model
of the EHP mechanism of damping adopted in the present
paper is qualitatively relevant. We address (ii) by noting
that the counterpart of Eq. (9) obtained from Eq. (7) using
the IBM in the computation of X(q~~,'m ~

z,z') is

r(IBM)=19)&10 ' sec . (10)

Thus, in thc present case thc damping rate associated
with the Lang-Kohn profile [Eq. (9)] is enhanced by a fac-
tor of -2 (and not 10, as argued in Ref. 10) relative to the
IBM damping rate. We note that the value of this
enhancement of I sz (which is due to the increased dif-
fusivity associated with the Lang-Kohn profile) depends
on the distance zI between the molecule and the surface;
the enhancement is found to slowly increase with zI.
Furthermore, for a fixed value of zI the enhancement de-
pends on the substrate. For example, we find that for
aluminum the enhancement factor is -4 (for zI ——1.6 A).
This is illustrated in Fig. 2, where we have plotted I II~ (co)

I 0.0 I I I I I I I II I I I I I I I

(3
O. l

CL

Cl

0,0 I

0.0 I

I I I I I IIII , I I I I I I I I

I

as function of frequency for both Cu and Al substrates.
(We have taken p, =0.25 D and z~ ——1.6 A in both cases. )
For each substrate the computation was carried out for
both the IBM and sdf-consistent Lang-Kohn profiles.
Note the linear frequency dependence of the damping
rate. Damping rates for other values of p, can be simply
read off Fig. 2 by scaling the dipole moment. The results
given in Fig. 2 should be useful for a qualitative compar-
ison with damping rates due to phonon emission for fre-
qucnclcs fol' wlllcll tllIs mcchan1sm bccoIYlcs compctltlvc.

In conclusion, we have shown that the EHP mechanism
considered in this paper provides an important decay
channel for a vibrational mode of an adsorbed light mole-
cule. Whether better quantiiatiUe agreement with experi-
ment can be achieved within the present model by includ-
ing in the response function X the effects of (a) collisons,
(b) exchange and correlation (they are absent in the RPA),
and (c) periodic ionic structure of the substrate, is at the
present time a matter of conjecture.
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FIG. 2. Transition (or damping) rate 1~q(ro} [Eq. (7)] as
function of the energy of the vibrational excited state, for copper
and aluminum substrates. For each substrate we show the re-
sults obtained using both the IBM and the self-consistent Lang-
Kohn electron density profiles at the surface. (We have set
p, =0.25 D and z~ ——1.6 A outside the jellium edge. )
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APPENDIX A: DERIVATION OF EQ. (6)

Substituting Eq. (4) in Eq. (5), we have

I iig(co)= d x I d x'Ig;p(x)D(x, x '
I co)yd/p(x '),

where we have made the definition

&&gE,—E,—r ). (A2)

With the usual trick of introducing the representation

and defining Heisenberg operators according to the equa-
tion

eiIIt /A&~( ~x )e i'�/A— (A4)

where H is the many-body Hamiltonian for the interact-
ing electron system at the metal surface, we can recast Eq.
(A2) as

+ 00

D( x, x '
I
a)) = I dt e'"'(n(x, t)n(x, O)},

where the angular brackets denote a thermal average.
Now the fluctuation-dissipation theorem relates the

density-density correlation function (A5) to the exact den-

sity response function X(x, x '
I
co) according to the equa-

tion

(A5)

D ( x, x '
I
a) ) =2m' ' g e

I,I'

x(1
I

"(-)IF)(F
I

"(-
) Il&

APPENDIX 8: DAMPING OF A VIBRATIONAL
MODE GF AN ADSORBED ATOM

Equation (6) can also be used to study the damping of a
vibration of an adsorbed atom due to the creation of EHP
at the surface. As an example, in this Appendix we
present results obtained using Eq. (7) for the case of the
vibration of a hydrogen atom normal to the surface of a
nearly-free-electron substrate. Hjelmberg has given a
detailed calculation of the three parameters that are need-
ed in our computation: the induced dipole moment nor-
mal to the jellium surface, the vibrational frequency, and
the position of the adsorption site. He considered three
substrates with the bulk density of Al, Mg, and Na,
respectively.

The results of our calculation of the lifetime are listed
in Table II. Since there are no experimental data for H
chemisorbed on a simple metal, we compare our results
with the theoretical results of Persson and Hellsing.
Both calculations agree extremely well for sodium,
moderately well for magnetisrn, and rather poorly for
aluminum. From the qualitative point of view, the main
difference between both sets of results 1s that the p'~

dependence of the lifetime is reversed (r, is the density
parameter, which in the jellium model completely charac-
terizes the substrate). The fact that our theory yields

r(A1) & r(Mg) & r(Na)

is explained by the facts that

p, (A1) &p, (Mg) ~p, (Na)

D ( x, x '
I
co) = — ~ ImX( x, x '

I
c0+i 0+ ) .

I —8
(A6)

zi (Al) )z) (Mg ) )z) (Na) . (83)

Substituting Eq. (A6) in Eq. (Al) and taking the limit
T=O K yields the result for the transition rate I sz(co)
given by Eq. (6) of the text. For completeness we recall
that X(x, x '

I
co) is the frequency-Fourier transform of the

retarded density response function, defined by the equa-
tion

X(x, x '
I

r t') = —(i/R)e(t —t'—)([n(x, t), n(x ', t') j},

where e(t) is the unit step function.

The combined effects of (82) and (83) overcompensate
for the fact that for given values of p, and zi the lifetime
~ decreases with r, .

Their limited practical interest notwithstanding, it is
unfortunate that no experimental results are available for
the simple chemisorption systems considered in this Ap-
pendix. A lifetime experiment performed on a simple-
metal substrate could prove useful in settling the issue ad-
dressed here, namely the basic physics of the EHP damp-
ing mechanism.

TABLE II. Lifetime of the perpendicular vibration of a hydrogen atom chemisorbed on a simple-
metal surface. The parameters used in the computation are taken from the embedding calculation of
Hjelmberg (Ref. 24}.

Substrate

Al (r, =2.07)
Mg (:.=265}
N. (.'=3.99}

I p. I
(D)

0.28
0.46
1.25

0.15
0.14
0.05

z) (A}

0.423
0.265
0.106

Lifetime&10 ' sec
Present

work Ref. 1

0.5
0.8
1.2
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