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Lifetime of adsorbate vibrations: The role of anharmonicity
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We discuss calculations of the anharmonic damping of adsorbate vibrations, with application to
species (S, 0, CO) adsorbed on the Ni(100) and the Ni(111) surfaces. If the frequency of vibration of
the adsorbate lies below twice the maximum phonon frequency of the substrate, then energy conser-
vation allows it to be damped by emitting two substrate phonons. Also, in some cases, the adsorbate
vibration can decay to a final state with one substrate phonon and one mode localized on the adsor-
bate. For the above-cited examples, we explore the magnitude and temperature variation of the
linewidth of adsorbate modes from this mechanism. Near room temperature, the calculated
linewidths exhibit a linear variation with temperature. For the C—Ni stretching mode of top-
bonded CO, our results are in accord with the data of Chiang, Tobin, Richards, and Thiel [Phys.
Rev. Lett. 52, 648 (1984)]. We also simulate inhomogeneous broadening produced by disorder by
considering the eigenfrequencies of infrared-active modes from pairs or small clusters of adsorbates.
We find this source of broadening comparable to that provided by anharmonicity.

I. INTRODUCTION

While the vibrational properties of crystal surfaces and
adsorbate layers have been studied by theorists for quite a
number of years, ' we have had very little experimental
data in hand which depends sensitively on the microscop-
ic details of the surface environment. Various kinds of
surface acoustic waves generated by mechanical transduc-
ers have wavelengths which are very long compared to the
lattice constant, and thus average over the microscopic de-

tails, although their propagation characteristics are influ-
enced measurably by monolayer quantities of adsorbate. '

High-frequency internal modes of vibration of adsorbed
molecules have been studied by infrared or electron-
energy-loss spectroscopy; the frequencies of such modes
may be influenced by the adsorption process, but the
inferences which may be drawn from the data are indirect.

The situation has changed dramatically quite recently,
since both inelastic atom-surface scattering and electron-
energy-loss spectroscopy have reached a level of sophisti-
cation which allows one to measure the dispersion curves
of surface phonons throughout the two-dimensional Bril-
louin zone. As is well known from similar studies of the
bulk-phonon dispersion curves of crystals, the dispersion
curves contain detailed information on microscopic as-
pects of the surface region.

While our knowledge of surface-phonon dispersion
curves of both clean and adsorbate-covered surfaces is
evolving rapidly as a consequence of the activity just cit-
ed, we have only limited information concerning the in-
trinsic linewidths of such modes. For some time, infor-
mation on the intrinsic width of the stretching vibration
of CO has been available, and infrared methods have
been employed to study the intrinsic width of the perpen-
dicular vibration of hydrogen on the W(100) surface and

of hydrogen on the Si(111)surface. In all these cases, the
frequency of the adsorbate mode is sufficiently high so
that if anharmonicity is to limit the lifetime, then energy
conservation requires several phonons in the final state.
By analogy with the analysis of multiphonon decay pro-
cesses in bulk crystals, we may expect that this mecha-
nism will prove an inefficient means of damping. For
such high-frequency adsorbate modes on metals, the
dynamic electric dipole moment of the vibrating adsorbate
may excite particle-hole pairs. Estimates based on a very
simple model of this mechanism suggest that it can
indeed provide an account of the magnitude of the mea-
sured linewidth.

More recently, Chiang and co-workers have measured
the intrinsic linewidth of the C—Ni stretching vibration
for CO adsorbed on the Ni(100) surface. ' This is done
through analysis of the frequency spectrum of thermal ra-
diation emitted from the sample when it is placed in a
cooled environment. The C—Ni stretching mode of ad-
sorbed CO lies at 480 cm ' for this surface; a frequency
sufficiently low to allow two-phonon decay processes by
energy conservation. Thus, anharmonicity may be expect-
ed to play a more substantial role here than for the high-
frequency modes cited above. Furthermore, the vibration-
al modes of oxygen and sulfur adsorbed on Ni(100) and
Ni(111) surfaces lie above the maximum substrate phonon
frequency of 300 cm ', but below 600 cm '," so, here,
two-phonon processes are also allowed. These modes have
been recently studied by electron-energy-loss spectros-
copy, "although it is our understanding that the linewidth
present in the data is of instrumental rather than intrinsic
origin. Nonetheless, it is also interesting to inquire into
the magnitude and temperature variation of the two-
phonon contribution to the linewidth of these modes.

This paper presents a theoretical analysis of the two-
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phonon contribution to the linewidth of the high-
frequency vibrations of an adsorbate which resides in the
fourfold hollow site of the (100) surface of a fcc crystal,
or in the threefold hollow site of the (111)surface of such
a material. Explicit application is to the mode for which
the adsorbate motion is normal to the surface; these are
the modes explored in infrared or near-specular electron-
energy-loss spectroscopy, and it is these experimental
methods that are most likely to provide information on
intrinsic linewidths in the near future. We also consider
the case of the C—Ni stretching vibrations for CO top
bonded to a Ni atom on the Ni(100) surface. It is clear
from the above remarks that our interest centers on those
species for which the normal-mode vibration frequency
lies above the maximum phonon frequency of the sub-
strate, but below twice this value; it is only in this range
where the two-phonon process explored here conserves en-

ergy.
Metiu and co-workers' have also explored damping of

vibrations of adsorbates by anharmonicity. These authors
were interested in the 2000-cm ' range (i.e., very-high-
frequency) vibrational modes of light adsorbates on met-
als. Examination of the diagrams retained in their calcu-
lation show they also confine their attention to two-
phonon processes; the damping is then produced by the
fact that they assign a finite linewidth to the substrate
phonons. The damping of the adsorbate mode is thus an
off-resonant process in their model, and exists because the
very-high-frequency tail of the (two-phonon) substrate-
mode Green's function overlaps the frequency of the ad-
sorbate mode. In essence, this may be shown to be
equivalent to the description of damping by multiphonon
processes, with coupling to the multiphonon manifold
transmitted via two-phonon states. The adsorbate-mode
linewidth is estimated to be in the range of 1 cm ', a
surprisingly large value when compared to multiphonon
decay rates well known in bulk solids. These authors as-
sume the substrate phonon damping rate which enters
their theory is frequency independent all the way out to
the 2000-cm ' regime. The same assumption applied to
the estimate of infrared absorption in the multiphonon re-
gime overestimates the absorption constant by many or-
ders of magnitude. In fact, the damping parameter falls
off exponentially as one moves beyond the two-phonon
bands of the solid. This behavior should be noted in
quantitative estimates of damping by means of multipho-
non processes.

Our view is that, for adsorbates on metals, anharmonic
damping is likely to compete with the particle-hole mech-
anism primarily in the frequency regime outlined earlier,
where two-phonon decays may proceed directly in a
manner which conserves energy. Our aim is to provide es-

timates of the strength and temperature variation of this
mechanism for the adsorbate-substrate combinations out-
lined earlier. We shall see there is a strong, nearly linear
temperature variation of the anharmonic damping rate
near room temperature. This should allow one to discrim-
inate between the mechanism explored here and the nomi-
nally temperature-independent damping provided by cou-
pling to particle-hole pairs.

To render the calculation of the anharmonic damping

rate tractable, it is convenient to make certain approxima-
tions. First, we consider an isolated adatom on the sur-
face. The vibrational modes of interest all lie far enough
above the substrate phonon bands to ensure that the vibra-
tional motion is well localized in the very near vicinity of
the adsorbate. It is thus reasonable to proceed through
use of a model Hamiltonian within which all pairwise in-

teractions are harmonic, except those between the adsor-
bate atom and its nearest neighbors in the substrate. ' In
essence, these are the only bonds which are Aexed when
the adsorbate vibration is excited. We describe these
bonds through use of a Morse potential, adjusted to repro-
duce the harmonic force constants employed in earlier
analyses, along with binding energies calculated by Upton
and Goddard. ' We then have no adjustable parameters.
Within this simple model, we may relate the anharmonic
damping rate to certain local-phonon spectral-density
functions which were the subject of earlier theoretical
analyses. ' Here we need a considerable number of these
functions; as a consequence, we generate them by means
of a cluster calculation discussed below. For top-bonded
CO, we require a model somewhat more complex than
that just described.

While we find the two-phonon damping to be signifi-
cant for the examples that we consider, other sources of
linewidth are possible. For a measurement of the intrinsic
linewidth associated with an isolated adatom to be carried
out, clearly one must work well below the coverage ap-
propriate to a single monolayer. No measurement of an
adsorbate-mode linewidth has been yet reported for such
low coverages. In fact, there is likely to be appreciable
disorder present on the surfaces explored so far. A pair or
small cluster of adatoms will absorb radiation at a fre-
quency which differs from that of an isolated adatom, so
the presence of disorder is a source of inhomogeneous
broadening. If the inhomogeneous linewidth (nominally
temperature independent) is comparable to the intrinsic
contribution from the two-phonon mechanism explored
here, the strong temperature variation we calculate may be
partially obscured in infrared-absorption data. We have
explored such inhomogeneous broadening within the same
model that we use to calculate the linewidth, and find its
magnitude significant. We also summarize these calcula-
tions in the present paper.

We have published a brief summary of these calcula-
tions elsewhere. ' Some of the information presented here
differs from that discussed in our earlier note. There we
reported that the linewidth we calculate for the C—Ni
mode of top-bonded CO on Ni(110) is in good accord with
the data of Chiang and co-workers. Here we present cal-
culations of the temperature variation of the linewidth
over a wide temperature range. We inadvertantly omitted
one contribution to the linewidth for oxygen adsorbed
onto the threefold hollow site of Ni(111), so the linewidth
reported here is considerably larger than that given earlier.
Finally, we have found a new contribution to the
linewidth of oxygen on Ni(100) not considered earlier; our
value of the room-temperature linewidth of the high-
frequency oxygen perpendicular mode is now brought
from 20 to 40 cm ', in very good quantitative accord
with the value inferred indirectly from electron-energy-
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loss spectra by Andersson, Karlsson, and Persson. '7

The outline of this paper is as follows: In Sec. II we
discuss the model and derive the formulas which are the
basis of the calculation; in Sec. III we present calculations
of the local-spectral-density functions by the cluster
method, and compare them with earlier results, including
inhomogeneous broadening with origin in pairs or small
clusters of adsorbate on the surface.

be the nearest-neighbor pair potential. Then if ~ is the
vector from the adsorbate to the substrate atom when
both are in equilibrium, and u =u, —uz is the relative
displacement of the pair from equilibrium, we may ex-
pand 4(R) in powers of u,

4(R) =4(Ro)+ 2 4 (Ro)(n u)

&& I(n. u)+Rp '[u —(n U) ])

II. DERIVATION OF THE ANHARMONIC
DAMPING RATE

+ —,'4"'(Ro)(n u) + (2.1)

In this section we develop a theoretical description of
the anharmonic contribution to the damping of adsorbate
vibrational modes. For the reasons discussed in Sec. I, we
restrict our attention to modes that lie between the max-
imum substrate phonon frequency, co~, and 2'~, so that
the vibrational mode localized on the adsorbate may decay
via energy-conserving two-phonon processes. We assume
that there is an isolated adsorbate atom located on a
high-symmetry site of an otherwise perfect-crystal sur-
face, and that the adsorbate is coupled to its nearest-
neighbor substrate atoms via nearest-neighbor, central-
force interactions. We shall modify this model for top-
bonded CO, as discussed shortly.

The basic geometry is illustrated in Fig. 1, where we
show the adsorbate and one of its nearest-neighbor sub-

strate atoms. Let R be the separation between the sub-

strate and adsorbate atom, i.e., R=R, —Rz, and let 4(R)

UA

ADSORBATE ATOIVI

US
TE ATOM

FIG. 1. Geometry employed in this calculation. The sub-
strate lies in the half-space z &0, and the adsorbate sits a dis-

tance d above the surface. The vector Ro describes the equilibri-
um separation between the substrate and adsorbate, while a is
the angle made by ~ and the vertical. Finally, u, and uq are
the displacements of the substrate and adsorbate atoms from
their respective equilibrium positions.

We have assumed the first derivative of the pair potential
4 (Rp) =0, a condition required if the adsorbate site is an

equilibrium site, and we write Ro ——nRO, with n a unit
vector. Then 4"(Rp) and 4&"'(Rp) are the second and
third derivatives of the pair potential, respectively.

Within our model, there are three basic decay processes
we may consider. The first is one in which the adsorbate
local mode of frequency cpo decays into a pair of substrate
phonons which we denote as s] and s2. Then energy con-
servation demands that coo ——co, + co, , with 0 & co, & co~sl $2& S)—
and 0&co, &roM. A description of such decay processes

may be obtained by retaining terms proportional to uzu,
in Eq. (2.1), after writing u = u~ —u, . This is an approx-
imation which assumes the high-frequency adsorbate vi-
brational mode has a displacement field localized on the
adsorbate atom, with substrate atoms only weakly excited,
and, conversely, the substrate phonons in the range
0&co, &AM excite the adsorbate weakly. In the examples

1

that we consider, this assumption is well justified. There
are two other decay channels that operate in some in-
stances. In the cases we explore here [an adsorbate in the
fourfold hollow site of a (100) surface or one in the three-
fold hollow site of a (111) surface], one has the adsorbate
mode polarized normal to the surface, as well as two other
modes which are parallel to the surface and degenerate for
these high-symmetry sites. ' We may refer to the fre-
quencies of these modes as cop and coo, respectively.(&) (ll)

Then if we consider damping of the perpendicular mode,
and if cop '&cop ', we may have a two-phonon process in
which the perpendicular mode decays into a parallel po-
larized adsorbate mode plus a substrate phonon. We then
have coo ——mo +~, . In the approximation above, a(/f) ~ ~

description of this second process is found in the terms
proportional to u~u, . Similarly, if cop '&cop ', we have a
third process, in which a substrate phonon may be ab-
sorbed, exciting the adsorbate in the process. Here the
frequency co, of the substrate phonon equals cop'' —cop

(~~) (~)

A description of this process is contained in these same
terms. In Fig. 2 we provide an illustration of the initial
and final states for each of these processes.

The first of the three processes described above requires
that the frequency coo

' lies in the range co~ &coo"&2coM.
It is important to note that no such constraint applies to
the second and third processes just described. Here we re-
quire only

~

cop
' —cop

'
~

&AM, so this process may allow
anharmonic damping by two-phonon processes euen if the
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frequency of the mode in question is very large compared to
AM. As we shall see, when they are allowed, the second
and third processes may contribute importantly to the
anharmonic damping rate. If we consider a polyatomic
molecule adsorbed on the surface, if the separation be-
tween any two modes is less than AM, then each may have
a lifetime limited by two-phonon processes, even though
the frequency of each is large compared to toM. These re-
marks suggest that anharmonic damping by low-order
processes may be of substantial importance in limiting the
lifetime of even high-frequency adsorbate vibrations.

In an earlier paper, which presented a brief account of
our results, ' we found a very narrow linewidth for the
case of oxygen on Ni(111), while Fig. 6 presented here
gives a much more substantial value of 5.1 cm ' at
T=300 K. In the calculations reported earlier, we inad-
vertently omitted the contribution from the damping pro-
cess which involves one substrate phonon and one trans-
versely polarized adsorbate mode. Since the frequency of
the perpendicular mode of oxygen on Ni(111) lies very
close to 2coM, the two-phonon density of states at the
perpendicular-mode frequency is very small. Thus, decay
to one substrate phonon plus the transverse mode provides
the dominant contribution to the linewidth.

If the terms just described are isolated in Eq. (2.1), then
we have the piece 4(R) of 4(R) given by

(a)I'I PROCESS
IN I T I AL STATE

GJ 0

QJp
II

(b) 1& PROCESS
I N I T I AL STATE

QJ 0

(d p
II

(c) I'& P ROC E SS
I NI T IAL STATE

II
QJp

( J.
0

FINAL STATE

0

FINAL STATE

(d 0

II
GU p

FINAL STATE

II(d p

FIG. 2. Three processes which contribute to the two-phonon
anharmonic linewidth. (a) The adsorbate mode, with frequency
coo, can decay with emission of two substrate phonons co, and

1

co, . This gives the contribution I ~ to the linewidth. (b) The ad-'2
sorbate mode can decay to a substrate phonon m„and a second
localized parallel mode co), if there is a local adsorbate parallel
mode with frequency co] & coo. This gives the contribution I i to
the linewidth. (c) The adsorbate mode can also absorb a sub-
strate phonon co„ to be excited to a parallel adsorbate mode with
frequency co/ & coo. This is the process referred to in the text as
I 3.

4(R)= —V2[u, (n uz)+2(u, uz)(n u, )]—35V(n u, ) (n. uq)

+Vz[u~(n u, )+2(u, .u~)(n uq)]+35V(n u, )(n u. q) (2.2)

We have defined

V2 ——(1/2Rp)4" (Rp),

and

(2.3a)

(2.3b)

5V= V3 —V2 . (2.3c)

1

ZD,

M (co' ')

2 cos cx
(2.4b)

Here, z is the number of nearest-neighbor substrate atoms,
the angle a is defined in Fig. 1, D, is the dissociation en-
ergy, and

1/M, = 1/M„+ [1/(zM, cos a)),
with Mz and M, the masses of the adsorbate and sub-
strate atoms, respectively. We have used an approximate
expression for co0

' derived elsewhere to obtain this re-
sult. "

If we assume that the adsorbate —substrate bond may be
modeled by a Morse potential, it is possible to obtain sim-
ple expressions for Vz and V3. If toe

' is the frequency of
the perpendicularly polarized adsorbate vibrational mode,
we find that we may write

M ( (i))2
r 0

(2.4a)
2zR0cos cx

and

We ultimately want to express the anharmonic interac-
tion in Eq. (2.2) in terms of the annihilation and creation
operators of the phonon normal modes of the system.
When the adatom is placed on the crystal surface, each
normal mode is an admixture of adatom motion and
motion of substrate atoms. There are two classes of nor-
mal modes: In a manner familiar from the lattice dynam-
ics of infinite crystals with an impurity present, those
which have a frequency above the maximum phonon fre-
quency AM of the substrate have eigenvectors locahzed to
the very near vicinity of the adsorbate. Assumptions out-
lined above presume that, to first approximation for the
modes of interest in the present analysis, the small-
amplitude motions of the substrate atoms play a minor
role in modulating the bond distance between the adsor-
bate and its nearest neighbors on the substrate. The
modes below AM are all necessarily spatially extended; if
the crystal has a finite number N of atoms, then the
motion of each atom, including the adsorbate, contributes
a fraction proportional to fico/N to the total excitation en-

ergy %co. The crystal with adsorbate present retains no
translational symmetry, so the normal modes of the sys-
tem do not have a well-defined wave vector. We consider
the sample to have a finite number X of atoms, with M-

1

the mass of the atom at site l, and denote the collection of
quantum numbers used to describe a single mode by the
symbol s. Then the displacement operator u( 1 ) for the
atom at site l may be written
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1/2

e, (1)(a, +a, ),u(1)= g (2.5)
2M-co,

where co, is the frequency of mode s, a, and ci, are the

boson annihilation and creation operators, and e, ( 1 ) is
the eigenvector of the mode, normalized so that

g ~e, (1)
~

=1. (2.6)

1

When the form in Eq. (2.2) is combined with Eq. (2.5),
and the total anharmonic potential is constructed by sum-

ming over all of the nearest neighbors to the adsorbate, we

may write

+tot +1++2 ~
(2.7)

where 4i describes the decay of the local mode in ques-

tion, here referred to by the operators cip and cip, into two
substrate phonons, and 42 is the contribution from the
process involving one localized phonon and one substrate
mode. The first of these may be written in the form

Mi(si, sp)

2 1 2

(2.&)

where our prescription for constructing Mi(si, s2) has
been given above. A similar form describes the second
and third processes illustrated in Fig. 2, but in the interest
of brevity, we omit explicit discussion of these.

To lowest order in the anharmonicity, it is a straight-
forward application of the golden rule to calculate the
damping rate, I', of the local mode. We do this in the
occupation-number representation. All normal modes

Isj, of the system are in thermal equilibrium, except for
the local mode itself. Thus, the occupation numbers of all
modes except the local mode are given by the Bose-
Einstein function

with

dno = —I'(np —np),
dt

(2.9)

I =I )+I 23 (2.10)

broken down into the two basic processes discussed above
(for the systems considered here, the second and third pro-
cesses cannot contribute to the damping rate simultane-
ously). We have

[1+n(co,, )+n(cp, )]ir
~
Mi (s i,si )

~&'s s1,S2 COs, a)s
1 2

X5(CQQ —Cpz —Co+ ),
and once again a similar expression applies for I"2 and I 3.

While this expression is simple in overall structure, its
evaluation entails summing a rather complicated function
over the normal modes of the substrate, as we shall see
shortly. Many of the intermediate formulas are complex

(2.11)

n, = [exp(fico, /kg T ) —1]

while the occupation number n p of the local mode differs
from np, the Bose-Einstein value. The golden rule then
gives the decay rate

1+n co +n coo —u
0 Cp(CQQ CQ )

Xpp„(50, 5;co)p„i(50,5;cop —cp),

(2.14)

where the right-hand side is independent of which neigh-
bor is chosen as the reference site. Similar expressions
may be derived for I 2 and I 3, but, again, in the interest of
brevity, we do not give their explicit form.

For a given choice of adsorbate site, many terms contri-
bute to the right-hand side of Eq. (2.14). Their number
may be reduced through exploitation of symmetry, but the
final total remains substantial. As an example, we consid-
er an adsorbate which resides in a threefold hollow site.
If we replace 5p by the symbol 1, and refer to a selected
nearest neighbor to the fiducial site by the symbol 2 (if
site 1 is located on the x axis, then site 2 is that obtained
by a 120' counterclockwise rotation obtained by looking
down on the crystal), then I i may be written in terms of
p& (1,1;co), and p&„(1,2;co). Six combinations of anhar-
monic coupling constants introduced earlier enter the fi-
nal expression. These are

U i = ( Vq+ 3 5V sin a )cosa,

U2 = V2COSCX,

U3 ——3( V2+ 3 5 V cos a)cosa,

U4 = ( Vq+ 3 5V cos a)sina,

U5
——( V2+ —,

' 5Vsin a)cosa,

U6=(V2+ —,
' 5Vsin a)cosa .

Then we have

(2.15a)

(2.15b}

(2.15c)

(2.15d)

(2.15e)

(2.15f)

and of little general interest, but some remarks on their
structure will prove useful. Quite clearly, if e, (5) is the
eigenvector associated with mode s for the nearest neigh-
bor to the adsorbate at the site 5, then Mi(si, sz) has the
general structure

Mi(si, s2)= g g f„"„'(5)e„'(5)e„'(5). (2.12)
p, v

A similar expression may be used to generate the matrix
elements for the second and third processes, but on the

right-hand side we have the combination e&'(5)e„'(A),
with s2 the localized mode involved in the decay, and

$2e„'(A ) the eigenvector which describes the adsorbate
motion when the high-frequency parallel polarized local
mode is excited.

It is convenient to introduce certain phonon spectral-
density functions similar to those studied elsewhere

p„„(5,5 ';co) = g e„'(5)e'„(5 ')5(cp —cp, ) . (2.13)
S

Then, if z is the number of nearest neighbors to which the
adsorbate is bonded and 50 is a particular neighbor chosen
as a fiducial site, we may write, for the decay rate I'i,

r,=,' g gf„"„'(50)f.",'(5 )

~ s
p, v
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~M d~ 1+n m +n co,—co

M Mgcoo co(cop —co )

~ [ u &p»(1, 1;co)p»(1, 1;cop—co)+Zu~usp, (1,1;co)p„,(1,1;cop—co)

+vip (1,1;co)pzz(1, 1;cop—co)+v3p (1 1 co)p (1 1 cop

—4v)u4p (],1;co)p„~(1,1;cop—co)+4v4p»(1, 1;co)p~(1,1;cop—co)

4u 3 v 4p~ ( 1, 1;co )p» ( 1, 1;cop co—) +2v s ( u 2 + 3u 2 )p» ( 1,2;co )p» ( 1,2;Cop Co )—

+2(u & v6+ urus )P»( 1 i 2~co)P»(1~2' cop —co)+ Zuz(3us +u6)Pyy {1 i 2~co)Pyy(1~2~cop co)—

+ p v3 (4u
&

—W3us + 3u6 )P»( 1,2;co)P„,( 1,2;cop —co)

+ 2 v 3 (4u
& +W3u s + u 6 )p» ( 1,2;co )p» ( 1

& 2;cop —co ) +Zu 3p~ ( 1,2;co )p~ ( 1,2;cop —co )

+4V 3u2usp»(1, 2;co)p»(1, 2;cop —co)+Zu4(v~+us)p»(1, 2;co)p»(1, 2;cop —co)

—12uzusp», (1,2;Co)p3,3, (1,2;Cop —Co) —ZV 3u4(uz+us)p»(1, 2;Co)p»(1, 2;Cop —Co)

—4u4p»(1, 2;co)p (1,2;cop —co) —ZV 3u4v6p»(1, 2~co)pxz{1~2~cop —co)

—2v4(u2+ u6)P„„(1,2;co)P»(1,2;cop —co) +us(W3u6 —us )P»(1,2;co)P»(1,2;cop —co)

—4~3v2us pzz ( 1,2;co)p» (1,2; cop co) +2V 3—u2 v4pzz ( 1,2;co )p»( 1,2;cop —co )

5usv4p (1,2;—Co)p(1,»2;Cop Co)+V 3v3u4p—~(1,2;Co)p»(1, 2;Cop —Co)] . (2.16)

We have also derived an expression for I ~ for the case
where the adsorbate resides in the fourfold hollow site; the
final expression is actually lengthier than that in Eq.
(2.16). Also, we have explicit forms for 13 and I"3 for
these two sites.

The continued-fraction method has been used in earlier
work' to generate phonon spectral-density functions such
as those which appear in Eq. (2.16). The method con-
verges rapidly, but involves an extrapolation procedure
which must be performed for each spectral-density func-
tion calculated. When one considers the total number of
spectral densities required to evaluate I ~ and I 2 for the
adsorbate/substrate geometries of interest here, a very
large expenditure of labor is required to generate all the
required functions.

Since all of the spectral-density functions that we re-
quire describe the local response of the substrate to vibra-

tional motion of the adsorbate, one may generate the re-
quired spectral densities through the use of a finite cluster
of atoms, provided the cluster is sufficiently large such
that edge effects do not greatly influence the response of
the adsorbate and its nearest neighbors. One thus
proceeds as follows: Consider a substrate which contains
X atoms with an adsorbate present. A11 of the vibrational
frequencies and all of the eigenvectors may be generated
by diagonalizing a 3(%+1)&&3(%+1)matrix. Without
further need to diagonalize a large matrix, through direct
use of the definition in Eq. (2.13) one may generate all of
the required spectral-density functions. The results are
smoothed by replacing the Dirac 6 functions by appropri-
ately normalized Lorentzians. We describe the details of
the method in Sec. III, where selected results generated by
this procedure are shown to agree well with fully con-
verged continued-fraction calculations.
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III. APPROXIMATE CALCULATIONS
OF THE SPECTRAL DENSITIES

S=Bu . (3.3)

The potential energy in the harmonic approximation is
written in the form

V= —, g f~gS;SJ ———,S FS, (3.1)

where S is a vector formed from the set of internal coor-
dinates, and the matrix F is constructed from the force
constants:

8 V

as, Bs, (3.2)

The S vector is related to the Cartesian components of
displacement {u( 1 ) j by a transformation matrix 8:

As we have seen, the evaluation of the large number of
local spectral densities which we require is a formidable
task. With the adsorbate in place, translational symmetry
is completely broken, so we cannot exploit Bloch's
theorem in the two directions parallel to the surface in or-
der to construct the phonon eigenvectors. Earlier work'
has shown that the continued-fraction method works very
well for problems such as the one addressed here, but the
method will prove very tedious if we wish to generate the
large number of spectral densities needed.

Instead, we have used a cluster method to generate the
required functions. We choose a finite number of metal
atoms to mimic the substrate, and place an adsorbate in
an appropriate surface site. Then we find the eigenfre-
quencies and eigenvectors of all of the vibrational modes
of the cluster. The spectral-density functions are then cal-
culated through direct resort to Eq. (2.13), with the Dirac
5 functions replaced by suitably normalized Lorentzians.
If the width of the Lorentzian is chosen to be 2 or 3 times
the average spacing between the normal modes of the
cluster, we obtain a smooth function that closely follows
the results of fully converged continued-fraction calcula-
tions. The metal cluster is chosen to be sufficiently large
so that end effects have little influence on the vibrational
motion of the adsorbate and its nearest neighbors. In
practice, one requires about 95 substrate atoms to achieve
this limit. The size of the matrix that needs to be diago-
nalized is then 3N&&3N, where N is the total number of
atoms in the cluster. This requires us to diagonalize a
rather large matrix, but for a given choice of force con-
stants or geometry, this need be done only once, and one
may synthesize as many spectral-density functions as one
wishes.

Our calculations utilize the F- G matrix method
developed by Wilson. ' This is a well-established tech-
nique in the field of molecular vibration theory. Of
course, the harmonic approximation was used to generate
the spectral densities. For convenience, we express the vi-
brational potential energy in terms of internal (valence)
coordinates such as bond-stretching coordinates, angle-
bending coordinates, etc. ' Perhaps a brief sketch of the
method will prove helpful for the reader unfamiliar with
it.

so that

(3.5)

in matrix notation. Here M ' is a diagonal matrix
formed in the appropriate manner from the atomic
masses.

Within this notation, the vibrational kinetic energy be-
comes

T= —,P (DD")P, (3.6)

where P is a vector formed from momenta conjugate to
the internal coordinates S. One is then led to a secular
equation of the form

(3.7)

where the collection of eigenvalues {co,j of the 3N X3N
matrix D FD are the set of normal-mode eigenfrequen-
cies of the cluster. The eigenvectors of the ma-
trix {DtFD ) are those which appear in the definition of
the spectral densities in Eq. (2.13).

As remarked earlier, the spectral densities are calculat-
ed by replacing the Dirac 5 functions in Eq. (2.13) by suit-
able Lorentzians. We then have

p„„(5,5 ', co) =—g e„'(5)e'„(5 ')
s (~—~s) +)

(3.8)

There is a sum rule which requires that the integral of
p&,(5, 5 ';co) over all frequencies equal unity when p=v
and 5 = 5 ', and be zero otherwise. Note that this proper-
ty is preserved by the approximate form in Eq. (3.8).

As is the case for the continued-fraction approach, '

the present method fails to provide an adequate represen-
tation of the spectral densities in the low-frequency re-
gime, where long-wavelength acoustical phonons dom-
inate. In essence, for frequencies so low that the phonon
wavelengths are comparable to or larger than the cluster
size, we obtain a poor representation of the spectral-
density functions. The continued-fraction method breaks
down at low frequencies for a very similar reason; in the
approach, one samples only a finite number of atoms in
the near vicinity of the site of interest, with the conse-
quence that one obtains a poor account of the role of
low-frequency, long-wavelength phonons. One may show
that as co —+0, the local-phonon density of states must van-
ish as co . We force this frequency dependence on the
spectral densities by matching an co law to their ampli-
tude at 60 cm '. We have checked that the calculations
of the anharmonic damping described in this paper are
very insensitive to the details of this low-frequency extra-
polation procedure.

In all of the calculations, we have used the nearest-
neighbor bond-stretching model used in earlier work. '

This model provides quite a good description of the bulk

For convenience, as in solid-state lattice dynamics, one
works with mass-weighted coordinates,

(3.4)
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FIG. 3. The 76-atom cluster used to generate the spectral
densities for adsorbates on the Ni(111) surface. The open

spheres are the substrate atoms, and the shaded sphere is an ad-

sorbate bounded to the threefold hollow site.

nickel phonon spectrum, as well as the influence of adsor-
bates on the vibration spectrum.

Both the size and the shapes of the nickel clusters have
been chosen to optimize the agreement between the spec-
tral densities that we calculate for a clean Ni surface and
those calculated by Black using the continued-fraction
method. ' The cluster used for the Ni(111) calculations
(see Fig. 3) contains 76 Ni atoms arranged in four layers.
In Fig. 4 we compare our calculations of p (co) (the spec-
tral density associated with the autocorrelation function
which describes vertical motion of a Ni atom in the sur-
face layer) with the earlier calculations of Black for an
atoin in the bare Ni(111) surface, and for an atom in the

Ni(111) surface layer that is one of the three nearest
neighbors to the adsorbate. The Ni —0 stretching force
constant was taken from the work of Upton and God-
dard' and is given in Table I.

In Fig. 4 we compare the results of our cluster calcula-
tion with the fully converged continued-fraction calcula-
tions reported by Black. ' In Fig. 4(a) we present his cal-
culation of p (co), the spectral density which describes the
frequency spectrum of vertical motion of an atom on the
Ni(111) surface. In Fig. 4(b) we present our cluster re-
sults. The principal feature near 120 cm ' in Black's re-
sult is reproduced nicely, and the overall shape of the
spectral density is given properly by our method. We
have compared selected examples of our other spectral
densities with Black's results in order to find comparable
agreement. We believe that the cluster results are accurate
enough that quantities such as our damping rate, which
depend on integrals of slowly varying functions with the
spectral density, may be calculated accurately with them.

In Fig. 5 we show our cluster results for the spectral
densities which describe perpendicular and parallel
motion of oxygen on the Ni(111) surface [Fig. 5(a)] and on
the Ni(100) surface [Fig. 5(b)]. One may appreciate that,
in both cases, virtually all the spectral weight is concen-
trated in the strong peak centered around the high-
frequency mode, very nearly localized on the adsorbate.
Similarily, when the spectral density of substrate atoms
which are nearest neighbors to the adsorbate are con-
sidered, nearly all the integrated strength is stored in the
frequency regime between 0 and co~, the maximum sub-
strate phonon frequency. These two observations are the
motivation for the simplified forms utilized in the model
of anharmonic coupling between the adsorbate and sub-
strate discussed in Sec. II. Note that for oxygen on
Ni(100), the parallel mode of the adsorbate lies above the
perpendicular mode in frequency. Thus, here the contri-

TABLE I. Values of the force constants used in the various calculations described in the text. The
bond-stretching force constants, denoted by the symbol k with suitable subscripts, are in units of

0
~

' ' '2
mdyn/A, while the units of the angle-bending force constants p are mdynA/rad. Finally, the
adsorbate-substrate distance assumed is tabulated in angstroms.

o/Ni(100)'

kN; o ——1.6296
R~ ——O. 88

S/Ni(100)'

kNi —s = 1.2670
Ri ——1.24

0/Ni(111)'

kNi —O=2 0775
Rg ——1.179

S/Ni(111)'

kNj —s=1 8440
Ri ——1.489

Force field 1

kNi —c= 1.8567
kc—o =17.716

pNi —c—o=0 2981
RNi —C =1.94
Rc—o=1.15

CO/Ni(100)

Force field 2'
kNi —c=2.600
kc o ——16.800

PNi —C—O

PNi —Ni —C

RNi —c=1.84

'From Upton and Goddard, Ref. 14.
From Goddard and Allison, Ref. 20.

'From Richardson and Bradshaw, Ref. 21.
dSee Ref. 13.

kNj Nj 0 379
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FIG. 4. We compare our calculated spectral density, for ver-
tical motion of an atom in a clean Ni(111) surface, with the re-
sults given by Black in Ref. 21. In (a) we reproduce Black's re-

sult, and in (b) we show the results we obtain with a 76-atom
cluster.

bution I 2 to the damping rate vanishes, while the third
process, I'&, now enters. The reverse is true for the case
where oxygen resides on Ni(111), so both I i and I 2 are
nonzero, while I & vanishes. In fact, since the adsorbate
mode lies quite close to 2coM in this case, I

&
is very small,

and the total damping rate is dominated by I 2.
For the case of CO bonded linearly (top bonded) to a

Ni(100)-surface atom, nearest-neighbor, bond-stretching
internal coordinates alone will not adequately describe the
vibrational motions. In such a model, there is zero restor-
ing force for motion of the adsorbate parallel to the sur-
face. In addition to coordinates which involve Ni —C or
C—0 stretching coordinates, one must also include restor-
ing forces associated with coordinates in which the
Ni —CO structure either deviates from linearity or is dis-
placed away from the normal to the surface. These are
angle-bending contributions to the potential energy. The
first coordinate would be classified as a Ni —C—0 linear
bending coordinate, while the second would be referred to
as a Ni —Ni —C valence angle-bending coordinate in
Wilson's terminology. '

To ascertain the relative importance of these contribu-
tions and their influence on the spectral densities, we have
made use of two different force fields from the literature.
Ab initio calculations performed by Allison and God-
dard on a Ni&4CO cluster provided force constants for
the Ni —C and C—0 stretches, as well as for the Ni —C—0

(b)
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bend. Alternatively, Richardson and Bradshaw expand-
ed the force field further to include not only Ni —C—0
bending, but also Ni —Ni —C bending. Many of the force
constants applied to their Ni5CO cluster were deduced
from gas-phase Ni(CO) 4 infrared data, although the
Ni —C and C—0 stretching force constants were fitted to
the experimental results of Andersson. The dependence
of the linewidth of the Ni —C stretching mode on force-
field selection will be discussed in Sec. IV. We now turn
to a presentation of the results of our calculations of the
linewidth.

IV. RESULTS AND DISCUSSION

The results of our calculations are summarized in Fig.
6, which gives the magnitude and temperature variation
of the linewidth calculated for the various
adsorbate/substrate combinations we have considered.
While there are surely approximations at various stages of
the calculation, as outlined in Secs. II and III, there are no
adjustable parameters in the model. Note that we have
calculated the linewidth of only the vibrational mode in
which the adsorbate moves normal to the surface; it is this
mode which is studied in infrared spectroscopy. As

FIG. 5. We show our cluster calculations of the spectral den-

sity for parallel motion of the adsorbate (dashed lines), and for
perpendicular motion (solid line), for (a) oxygen on Ni(111) and
(b) oxygen on Ni(100).
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FIG. 6. Summary of the magnitude and temperature varia-

tion of our calculated linewidths for the models described in the
text.

200

remarked in Sec. I, we have also presented a very brief
discussion of these results in an earlier paper. ' While we
quoted the value of the room-temperature linewidth that
we calculated for the C—Ni stretching vibration of the
top-bonded CO in that discussion, we did not present its
full temperature variation. Furthermore, for reasons dis-
cussed below, the linewidth for oxygen on Ni(111) was
substantially underestimated, although we still find the
two-phonon damping to be weak for this species. Finally,
we find that I i contributes strongly to the damping of ox-

ygen on Ni(100), and this contribution was not considered
in the early version of the work.

One sees easily from Eq. (2.11) that at high tempera-
tures, a linear temperature variation is found for the two-

phonon contribution to the linewidth, while as T~O (T
denoting temperature) one obtains a residual linewidth
from spontaneous two-phonon decays. The calculations
show linear behavior down to roughly 100 K, a tempera-
ture well below the bulk Debye temperature (456 K) of the
nickel substrate. Quite generally, high-temperature ap-
proximations to expressions such as that given in Eq.
(2.11) work well down to possibly half of the Debye tem-
perature; the elementary formula for the specific heat of a
solid provided by the Debye theory shows the specific
heat only falls below the high-temperature classical limit

by roughly 20%%uo, when T =SD l2. However, Fig. 6
shows that the linear temperature variation holds well
down to a substantially lower temperature. This is a man-

ifestation of the fact that the effective Debye temperature
in the surface is substantially smaller than the bulk Debye
temperature.

For oxygen and sulfur on Ni(100), the calculation
shows the two-phonon contribution to the linewidth to be
substantial. Our calculated value of the room-
temperature linewidth for the C—Ni stretching vibration
of CO, 13.9 cm ', is in excellent accord with the mea-
sured value of 15 cm ', ' as remarked previously.
While we are pleased with the excellent agreement be-
tween theory and experiment for this case, one must keep
in mind that we have less confidence in our modeling of
the anharmonicity here, when compared to the other
simpler adsorbates, and also that there are approximations
involved in all of the calculations. In view of this, it is
particularly pleasing to see that the new values presented
here for the linewidth of oxygen on Ni(100), 40 cm ' at
room temperature, agree well with the value inferred by
Andersson, Karlsson, and Persson from their recent
electron-energy-loss data for the p(2X2) oxygen over-
layer on Ni(100). ' As remarked in Sec. I, we did not con-
sider this process in our earlier analysis. We have, in-
cidentally, a clear explanation of why the oxygen
linewidth is much larger than that for sulfur, when the
two reside in the fourfold hollow site on Ni(100). That
this is so was noted by Andersson and co-workers. For
our model of sulfur, the parallel and perpendicular adsor-
bate modes lie quite close in frequency, the density of sub-
strate modes with frequency ~coo

' —coo~~'~ is thus quite
small, and the calculated linewidth is dominated entirely
by I ~. On the other hand, I

&
and I 3 both contribute to

the oxygen damping rate, and both are comparable in
magnitude. Our work establishes that two-phonon damp-
ing, evaluated within a realistic model, can provide
linewidths comparable to those found in the data. A mea-
surement of the temperature variation of the linewidth
will play a crucial role; one must also worry about sources
of inhomogeneous broadening, as discussed below, in
comparing such data with theoretical curves such as those
given in Fig. 6.

As remarked in Sec. III and illustrated in Table I, we
have employed two different sets of force constants in our
modeling of top-bonded CO. The additional angle-

bending couplings are introduced because, as pointed out
above, a model of top-bonded CO which contains only
nearest-neighbor central force couplings provides no res-
toring force (in the harmonic approximation) for rigid ro-
tations of the line that joins the Ni —C—0 nuclei about the
nickel-atom nucleus, or for rotation of the CO molecule
about its center of mass, with the Ni held fixed. The new
force constants provide the necessary restoring forces, but
the new force constants influence only the low-frequency
portions of the spectral density. These influence the cal-
culated linewidths only slightly, as was noted in Sec. III
when we discussed the procedure for extrapolating our
cluster spectral densities from 60 cm ' down to zero fre-
quency. We find that the C—Ni stretching-mode
linewidths calculated for the two models summarized in
Table I agree to within a few percent.

The calculations presented here all consider an isolated
adatom on an otherwise perfect single-crystal surface.
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One may reasonably expect that they may also be applied
to ordered overlayers where no two adsorbates bond to the
same substrate atom, because then the coupling of the ad-
sorbate to the substrate motions is dominated by the local
environment.

It is quite possible that linewidth measurements may be
carried out in the presence of appreciable disorder. Then
it is possible that appreciable inhomogeneous broadening
may occur, and this may be comparable to the intrinsic
broadening which originates from anharmonicity. A pair
of oxygen atoms which occupy nearest-neighbor absorp-
tion sites will have an infrared-active —mode frequency
shifted somewhat from that of an isolated adsorbate. In
the harmonic approximation, and in the limit of reason-
ably low coverage, one may suppose the infrared-
absorption spectrum to be formed by simply superimpos-
ing the spectra of isolated adatoms with those of the
relevant numbers of pairs, triplets, etc.

We have explored this issue within our model by calcu-
lating the frequencies of infrared-active modes of oxygen
pairs on the surface, and of other small clusters of adsor-
bates. Consider an oxygen pair adsorbed in nearest-
neighbor absorption sites on the Ni(100) surface. As long
as the line between the oxygen nuclei lies in a mirror plane
of the geometry, the six normal modes of the pair may be
decomposed into two modes polarized normal to the mir-
ror plane and parallel to the surface, and four modes with
displacement components within the mirror plane. The
former two modes are infrared inactive, and we discuss
them no further. Of the remaining four modes, two lie
quite close in frequency to the frequency of the isolated-
oxygen parallel mode, and two are close in frequency to
the isolated-oxygen perpendicular mode. All four modes
are admixtures of parallel and perpendicular motion. We
have explored the properties of these four modes by an an-
alytic method discussed below and also by a cluster calcu-
lation. All modes of the pair remain polarized very nearly
parallel or perpendicular to the surface, even for a
nearest-neighbor pair. One of the "nearly parallel" modes
becomes infrared active, i.e., the small perpendicular dis-
placement of the two oxygens is in phase, but its oscillator
strength is very small. Since its frequency is also quite
close to the parallel frequency of the isolated oxygen
atom, it will not contribute to the inhomogeneous
broadening of the isolated adsorbate absorption line.

One of the "mostly perpendicular" modes of the pair
involve coherent, in-phase, vertical motion of the oxygen
pair. This mode is only slightly shifted in frequency from
that of an isolated adatom, and its oscillator strength is
twice that of the absorption line associated with the isolat-
ed adatom, if we assume that the dynamic dipole moment
of each oxygen atom in the pair is the same as that of an
isolated adatom.

The frequency shift of this mode away from the isolat-
ed adatom has been calculated by two methods: The first
is an approximate analytic approach. When a light adsor-
bate is placed on a surface, it has been shown elsewhere"
that one may develop a perturbation theory within which
the small parameter is Mz/Ms. For both oxygen and
sulfur on the Ni(100) and the Ni(111) surfaces, this
method provides a quite satisfactory description of shifts

induced by coupling of the adatom to the substrate
motions, even though M~/Ms is not that small. For the
isolated adatom in the fourfold hollow site, with k the
0—Ni force constant, this method provides the following
expression for the perpendicular vibration frequency of
the adatom:

Mg
cos cx+ (4.1)

where a is the angle illustrated in Fig. 1.
We have considered the two pair geometries illustrated

in Table II. For the first, where the oxygen atoms each
share two Ni substrate atoms, the frequency of the per-
pendicular infrared-active mode is

~+ —— cos a+ + cos a (4.2)

while for the second geometry where the nearest-neighbor
oxygens share a single Ni atom, we have

4k
co+ —— cos n+

Mg
cos(2u)

S

(4.3)

Mode frequencies calculated from these formulas are
given in Table II.

We have also calculated these frequencies by a cluster
method. Through the use of clusters with 96 and 88 Ni
atoms, respectively, we have calculated the frequencies of
the same modes, which are also given in Table II. The
two methods agree well in the first case, whereas there is a
slight discrepancy in the second. The basic message is,
nevertheless, very clear: The difference in frequency be-
tween the pair modes and the isolated-adatom mode lies
in the range 5—IIO cm '. These splittings are quite
comparable to the intrinsic linewidths that we have calcu-
lated. With the cluster method we have explored the fre-
quencies of small groups of three or four oxygen atoms
placed in close proximity, and have found similar shifts in
the infrared-active modes.

The calculations above suggest that if intrinsic
linewidth measurements are performed on surfaces where

0 0 0
0

0 0 0

Theory

450 9'

Cluster calculation

449.4

o
0 ~ 0 0 0 439.0'

0
'Equation (4.2).
Equation (4.3).

433.0

TABLE II. Infrared-active frequencies (in cm ') for
nearest-neighbor pairs of oxygen atoms placed on the Ni(100)
surface. Two configurations are considered. For the case where
the oxygen pair shares a bond with one Ni atom, 96 Ni atoms
are used in the basic cluster, while for the case where the two

oxygens share two Ni atoms, 88 Ni atoms are used. (The
isolated-oxygen-atom frequency is 445 cm ').
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there is appreciable disorder in the adsorbates, then inho-
mogeneous broadening with an origin in clustering of the
adsorbates may be comparable to that provided by anhar-
monic damping. This may partially mask the strong tem-
perature dependence displayed in Fig. 6. We plan further,
more complete studies of inhomogeneous broadening pro-
duced by disorder. These will be reported elsewhere.
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