Continuum elastic theory of adsorbate vibrational relaxation
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An analytical theory is presented for the damping of low-frequency adsorbate vibrations via
resonant coupling to the substrate phonons. The system is treated classically, with the substrate
modeled as a semi-infinite elastic continuum and the adsorbate overlayer modeled as an array of
point masses connected to the surface by harmonic springs. The theory provides a simple expression
for the relaxation rate in terms of fundamental parameters of the sysf(emmE%/ACch, wherem

is the adsorbate mass, is the measured frequenck, is the overlayer unit-cell area, apdand

ct are the substrate mass density and transverse speed of sound, respectively. This expression is
strongly coverage dependent, and predicts relaxation rates in excellent quantitative agreement with
available experiments. For a half-monolayer of carbon monoxide on the c@@rsurface, the
predicted damping rate of in-plane frustrated translations is>018 s, as compared to the
experimental value of (0.480.07)x10'2 s 1. Furthermore it is shown that, for all coverages
presently accessible to experiment, adsorbate motions exhibit collective effects which cannot be
treated as stemming from isolated oscillators. 1898 American Institute of Physics.
[S0021-960608)51803-X

Low-frequency adsorbate vibrations have important con-  In this theory, we model the substrate as a flat, isotropic,
sequences in many fundamental chemical processes at swemi-infinite, classical elastic continuum. The elastic-
faces, including reactivity, surface diffusion, and desorptioncontinuum approximation is valid when considering adsor-
Understanding the dynamical nature of the low-frequencyoate modes lying in the frequency range of long-wavelength
modes can provide important insights into the physical besubstrate acoustic phonons, where the dispersion can be ac-
havior of these processes. When the frequency of an adsogurately modeled with a Debye spectrum. Furthermore, the
bate mode is so low that it lies within the phonon band of thechoice of a flat and isotropic substrate is particularly appro-
substrate, it can resonantly mix with the phonons to formpPriate for low-index surfaces of close-packed materials.
new normal modes with composite adsorbate- and bulk-likd Nus, this theory is especially applicable to the in-plane
character. Thus the adsorbate mode can be viewed as dev8istrated-translational modes of molecules on low-index
oping a finite lifetime by decaying into propagating bulk metal surfgceé.These modes typically have frequencies in
elastic waves. This resonant coupling is an important mechd€ acoustic range of the substrate. The molecular overlayer
nism in understanding energy relaxation processes at suf® queled as a two-(_jlmensmnal periodic lattice nep of
faces. It has been shown, for example, to dominate the rela%gent'cal’ classical point masses, each conpecteq {o the sur-
ation dynamics of the in-plane frustrated translational motion 2°C of the substrate by a classmgl harmonic spring.
of a carbon monoxide adlayer on t@00 surface of The theory presenteozl here bwlds_ on the earlier work of
coppert Persson and Ryber@PR),” who exa_mlned_ resonant vibra-

tional decay for the case of a single, isolated adsorbate

In this artu?le, we present an analytical the_ory of thecoupled to an elastic substrate. They deduced the following
resonant coupling of an adsorbate overlayer to its SUbStrat%'xpression for the damping rate:

This theory results in simple mathematical expressions for
the vibrational damping rate and the renormalized vibrational 1 m{wg\®
frequency of the adlayer, in terms of fundamental properties Y= oy ; ( ) &,
of the system, such as the mass density and speed of sound

of the substrate, the mass of the adsorbate molecules, and taere w, is the resonance frequency is the adsorbate
adsorbate vibrational frequency. When applied to systemmass,p is the substrate mass density; is the transverse

for which there are experimental data, these expressions giwpeed of sound in the substrate, afids a dimensionless
quantitatively accurate results, thus verifying their predictiveconstant of order unity which depends only on the ratio of
power. the transverse and longitudinal speeds of sound. We show
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below, however, that a dense layer of adsorbates behavestU(X,w)_CEV(v.u(x,w))+c$V><(V><u(x,w))
fundamentally differently. Collective motion of the adlayer R
strongly enhances the coupling efficiency compared to the =é8(z)a(x,w)/p, 4
isolated case, whereas interference effects restrict the phas<?1 N
. . ._Wherec, andc are the longitudinal and transverse speeds of
space of substrate modes available for coupling. One might . A : .
) ) - . ; sound, respectively, specifying the elastic properties of the
imagine that both limits could be achieved experimentally by . - . . !
; material. The surface driving force is provided by the oscil-
varying the surface coverage. However, we also show beI0\1v ting adsorbates. and thus is given b
that the dense-adlayer limit holds for an enormous range of’j‘ 9 ' g y
coverages. The isolated-adsorbate limit does not set in until )= 5 > >
coverages well below that which can be observed by current (X @)= i Mool si(@) = Ux(Ri, @) ]8(X—Ry),
experimental techniques. )
We begin by developing the theory in its most general  a, ,(x,w)=0.
form, which includes both the dense-adlayer and the
isolated-adsorbate extremes as limiting cases. Afterwards,
we indicate how to deduce the PR result and then focus in - s .
detail on the dense-adlayer limit, as this is the experimentally ~ UYa(X.Z;®)= % Dap(x,2:X", 2" 0)
realizable case. In a forthcoming paper, we will address the
general result in greater detail, examining the cross-over be- xaﬂ(i’,z’;w)dzx’dz’, (6)
havior between the two extremes. h q Cartesi direct d
Consider a semi-infinite, classical elastic medium de-V"€'® a_7a|’1 '3_ runover , ar es'lan Irec |ons., an
scribed by the displacement fielx,t) and occupying the Dap(X,2:X',2"; ) is the Green’s function of the elastic sub-
half-spacez>0. Its surface is thecy-plane. (In this paper ~Strate, defined as the-component of the solution to E¢)
three-dimensional vectors are denoted in boldface, whereasith source terms?(x—x')8(z—z')/p in the g-direction
two-dimensional vectors on the surface are designated witBnd stress-free boundary conditions. Several simplifications

arrows) The surface is covered by a two-dimensional peri-can be made for the present problem. First, the driving force,
odic array of point masses attached at lattice sitd&R;} by & exist's only at the surface andxspolarized. Furthermore,
classical harmonic springs of bare frequensy(i.e., spring  according to Eq(2), only thex-component oli(x,w) at the
constantmwg). Let s;(t) denote the displacement coordinate surface is of interest. Finally, translational symmetry pargllel
of theith adsorbate from its equilibrium position. In general, t©© the surface means that, s can only depend on the dif-
the polarization ofs, can have both in-plane and normal ferencex—x’. Thus, Eq.(6) becomes

components. However, for simplicity, we considgrto be

fully x-polarized. It can be shown, in fact, that the math- ux(i,w)zj D, (X— X', @)a, (X’ ,w)d?x’, 7)
ematical formulas describing the dynamical response of in-

plane and normal motion are identical up to numerical conwhere thez andz’ arguments are zero and have been sup-
stants of order unity. Furthermone, andy-polarized motion  pressed for convenience. In reciprocal space,

are degenerate by symmetry.

The solution to Eqgs(4) and(5) is given formally by

The equation of motion for thith adsorbate is givefin Ux(K, @) =Dy (K, w)ay(k, o). ®)
the frequency domajrby Because of the two-dimensional periodicity of the adsor-
bate lattice, the stationary solutions to both the substrate and
—mwzsi(w)+mw§[si(w)—ux(lii yw)]=fi(w), (2 adsorbate equations of motion must obey Bloch’s theorem.
Thus,

wheref;(w) is thex-component of an external driving force
on the ith adsorbate. If the substrate were rigide.,
u(x,w)=0), the adsorbates would clearly undergo simple
harmonic motion at frequenay,. However, arelasticsub-
strate couples to the adsorbate motion, thereby damping thehere q is a wavevector in the first Brillouin zone of the
vibration and renormalizing its frequency. The influence ofadsorbate lattice. Combining Eg&) and (9) and Fourier
the coupling on the adsorbate dynamics can be describagansforming gives

mathematically by the complex poles of the adsorbate re-

sponse functiony(R;, ), defined by aX(IZ,w)=mwS[so(a))—ux(O,w)]E el(@—K-R;
I

Uy ( Iii ,W)= ux(O,w)ei‘i' ﬁi,

9

Si(@)=So(w)e' R,

si(0)=x(R, 0)fi(). 3 , (2m)?
=Ml So(w) ~ Ux(00)] —

> 8(q—k+G),

To determinex(ﬁi ,), we first integrate out the substrate ¢

degrees of freedomu,(X, ). (10
The equation of motion for an elastic substrate subject tavhereA, is the area of the surface unit cell, a{ﬁ} is the

an external driving forcea(x, ), at the surface ¥ set of reciprocal lattice vectors of the overlayer structure.
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Equation(10) demonstrates that a coherent excitation ofhaving characteristic widthy. Under these conditions, we
an adsorbate overlayer cannot couple to all resonant substraign approximate»~ w,, which giVGSX(C] ,w) the form of a
modes, in contrast to the case of an isolated adso?batedamped harmonic oscillator
Rather, the lattice imposes a selection rule. Interference .
among the adsorbates in the overlayer prevents energy from x(0,@)~[—mw®+ Maj—iomy] %, (15
being radiated into any substrate mode whose in-plangere
wavevector component is not commensurate with the adsor- )
bate reciprocal lattice. Furthermore, the factor & lih Eq. — 1+R(q,wq)

. 2= w? - —, (16
(10) shows tha}t dense adlayers 'drlve the subst_rajte more (1+R(q, o)) 2+12(G,wo)

strongly than diffuse adlayers, or, in the extreme limit, than

an isolated adsorbate. Thus the coupling is more efficient for wol (4, )

a dense overlayer and leads to a faster damping, as shown Y= 17

below. (1+R(q,w0))*+12(q,wo)
Combining Egs(8) and(10), inverse Fourier transform- For the remainder of this paper we assume that dispersion in

ing, and evaluating the result at R; gives a simple expres- the plane is negligible. This assumption is governed by the

sion directly relating the substrate and adsorbate degrees tgfngth scale for inter-adsorbate interactions, and is expected
freedom to be valid for all but the highest surface coverages. Thus all

analyses are made for tlgg=0 limit. This restriction could
be lifted without difficulty, if warranted.
Determining the dynamical response of the adlayer has
(11 been reduced to solving for the Green’s function of a flat,

The response functio (» }, defined as the recipracal- semi-infinite, isotropic elastic medium. This has been carried
P unction(q, ), ! 'P out in great detail by Maradudiet al® Evaluating their ex-

space version of the function appearing in E8), can be . p .
X .__pressions foD,, atz=z"=0 gives
expressed in terms of the substrate Green's functlonF,) XX 9

2
W

> - m .
Ue(Ri @) =[8i(0) ~Ux(R;, )] -~ 2 Dulq+G,0).
c G

Dxx(ﬁ,w), and fundamental parameters of the system by DK o) = —i ;2/ n kiwz Pt 1 18
_combining Egs(2) and(11), and rearranging the result to be x(K,w)=—i K?Bpt 2k2c$ﬁQ(k2,w) ' (18)
in the form of Eq.(3). Thus,
) ) where
- Mwg 2 172
s = —m 2+—_, w
X { ’ 1+T(q,w)} PLT= Er‘kz} ; (19
LT
1+R(q,0) 2_ 2
=| —mo?+mw} - - 2\ —op2p. s PTK)
U 1RG0 1@ 0) QUK @) =2k pr+ —55 —
Mol (4, 0) o X[(a—B)k2+(a+B)pE], (20

= = , 12
“° (1+R(G,0))2+1%(q,w) (12

and a=p(c?—c2) and B=pcs. Equations(18)—(20) use
the same naming conventions as in Appendix B of’PRe
analysis that has been presented so faxfpolarized adsor-

- mw? . bate motion also holds far-polarized motion, provided that
T(q,0)= A, 2 Dyx(q+G,w), (13 u, and D,, replaceu, and D,,, respectively, throughout,
¢ whereD,, is given by

where

and R(ﬁ,w) and I(ﬁ,w) are the real and imaginary parts,

. N k?+ p?
respectively, ofT(q,w). The isolated-adsorbate extreme is D, K, w)=—i —sz (21)
obtained from Eq(13) in the limit of infinitely long over- 2Q(k% )
layer lattice vectors. The Brillouin zone area{%/A., be- According to Eq.(13), DXX(E,w) is to be evaluated only

m n infinitesimal and th m over reciprocal latti : : > = . L
comes a tesimal a d the sum over reciprocal latt Gt reciprocal lattice vectork=G. This function is pure
vectors becomes an intedtal

imaginary unlesp or p_ is imaginary. Consider the short-

T(0)=mw? f ﬁ b (a o). (14 est non-zero recipfocal lattice vectﬁ}@. Assuming a square
O (2m)% T adsorbate latticdGy|=2m/a, wherea is the adsorbate lat-

tice constant. The condition fopr, to be imaginary is

The imaginary part of(q,«), IM{x(q,)], is the mea- wlcr  <|G|. At Gy, this is equivalent to

surable absorption spectrum. If we assume fF(ai,w) is
sufficiently smooth and that the damping rate,is much a<itL, (22

smaller than the resonant frequency, therj ¥, w)] is &  where\y, =2mcy /o is the wavelength of a substrate pho-
sharply peaked function centered at the renormalized frenon at or near the resonant frequency. However, since the
quency wg (the experimentally measured frequen@nd  elastic-continuum description of the substrate is only valid at
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the long-wavelength end of the phonon spectrum, @8)
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TABLE |. Empirical physical parameters for a half-monolayer of carbon

will be true for the present theory unless the adsorbate latticB°noxide on the coppdd00) surface.

is extremely dilute. Suppose, for example, that 10ay,,

whereay, is the lattice constant of the bulk substrate mate

rial. Since surface coverage is given by a3 /a2, Eq.(22)

will be violated only for coverages less than 1%, which is
below the resolution limit of current surface-sensitive mea-
surement techniques. Thus, for all systems presently acces-
sible to experiment, all non-zero reciprocal lattice vectors

contribute only to the real part of (w), and onlyG=0
contributes to the imaginary.e., damping part. We call the
regime specified by Eq22) the “dense adlayer” limit, and
it is given in terms of surface coverage by

0> © )’
2(.OD !
wherewp = cr | m/ay is the substrate Debye frequency.
In the dense adlayer limit, the imaginary parflqfw,) is

(23

2

wo)=—| —/— o) = y
0 Ac XX 0 ACPCT

which, when inserted in Eq17), gives a damping rate of

(24

mwg 1
Y7 Acpcr (1+R(w0) 2+ 2(wo)

Mw3 1 Mo} 25
"~ AcpCr [1+R(wg)|  AcpCr’

where the expression faTo in Eq. (16) has been used. Typi-

cally, |R(wg)| < <1, so that the bracketed term in EQ5)

can be neglected. Thus the vibrational damping rate of a

Quantity Value
wo (102 s7Y) 6.0%
m (10”2 g) 4.65
a (1078 cm) 3.6F
A.=a? (10 5 cn) 1.30
p (glcn?) 8.9%
cr (10° cmis) 2.9%
c, (1C° cmis) 434

“Reference 7.
PReference 6.
“Derived from elastic constants in Reference 6.

before reaching the upper bound set by the substrate lattice.
Thus, sincewy/ctG<1, R(wg) will be small. As the unit

cell gets larger, more terms are included in the sum. How-
ever, the factor B, decreases, keepirfg(wy) small.

To test the validity of this theory, we now apply it to a
system for which there are experimental data: carbon mon-
oxide on the(100) surface of copper at half-monolayer cov-
erage. The in-plane frustrated translational mode has a mea-
sured frequency of 32 cm, well within the range of long-
wavelength copper phonons. Recently, the lifetime of this
mode was measured to be 2.8.4 ps/ which corresponds
to a damping rate (0.480.07)x 10'? s~1. Other parameters
for this system are compiled in Table I. Using these data, Eq.
(25), with the bracketed term neglected, predicts the frus-
trated translational damping rate to e 0.50x 102 s7%, in
excellent agreement with the experimental value.

The bracketed term in E¢25) produces a small down-

dense adlayer can be simply computed from empiricallyWard correction. To show this we now comp@Réw,) using
available information about the system. Note that the expresy o expression in Eq26). The CO overlayer forms a square
sion for y in Eg. (25) is strongly dependent on the surface lattice with c(2X2) symmetry relative to the underlying

coverage through the parameté(s, wg, andR(wy).

copper(100 surface. Therefore, the only non-zero adsorbate

The real part ofl (wo) is a sum over all non-zero recip- reciprocal lattice vectors that lie within the first Brillouin
rocal lattice vectors. For real systems, the substrate is not gone of the bare surface afe-27/a,0] and[0,+27/a],

continuum, but rather a discrete lattice. This places an uppggading to a sum with only four terms. The resulting expres-

bound on the summation limit for the computationR{fw)

sion for R(wg) for this system is

The sum includes all reciprocal lattice vectors of the over-

layer structure that lie within the first Brillouin zone of the
bare surface. Surface wavevectors outside this region do not R(wo)~ 2

correspond to new substrate phonéns.
The Green’s functiol, (G, wo), for G#0, can be sim-

mw}

—0.0376. (28

2+
mpcia 1—(cr/cy)?

Using this value, the corrected damping rate is 0.48

plified in the dense-adlayer limit by expanding to lowest or- X 10 s™*. Furthermore, the estimated frequency renormal-

der in (wo/c, 1G)?, whereG=|G|
1[Gl G 1

Dol Gy o)~ pc2G G2 G221 (cr i)D"

(26)

Since the term in brackets is of order uni(wg) is ap-
proximately given by

R(wg)~ 4
G#0

(27)
cP

If the overlayer unit cell is smalii.e., high coverage then

ization factor is 0.956, which, as anticipated, is close to
unity. Note that the value dR(w,) was computed using the
measured frequency and not the bare frequency. However,
since the renormalization is small, this approximation is ac-
ceptable.

In previous work, we performed an atomistic investiga-
tion of this system treating the interactions quantum
mechanically The computed frustrated translational fre-
quency and damping rate were 27¢mand 0.33
X 10'? s71, respectively. Thus the present elastic continuum
theory, the atomistic theory, and the experiments all give a

the sum will contain only a few reciprocal lattice vectors consistent, mutually reinforcing picture of the low-frequency

J. Chem. Phys., Vol. 108, No. 3, 15 January 1998

Downloaded 13 Nov 2001 to 130.91.64.98. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Lewis et al.: Adsorbate vibrational relaxation 1161

adsorbate vibrational relaxation dynamics; namely, a layer oéffects, a layer of adsorbates oscillating in phase couples
oscillating adsorbates coupling collectively to substrateonly to resonant phonon modes propagating perpendicular to
phonons at the resonant frequency. the surface. Only when neighboring adsorbates are separated
While much research on adsorbed surfaces has focusday distances larger than the wavelength of resonant phonons
on ordered overlayer structures, it is also important to conwill new propagation directions be included. The isolated-
sider how the generic case of a disordered or defective overdsorbate limit, treated by Persson and RyBebgcomes
layer affects the damping rate formula of E@5). For a  valid only whenmanyresonant-phonon wavelengths fit be-
dense adlayefas defined aboyethe relaxation is governed tween neighboring adsorbate sites. This limit is well below
by atomic motions in which all atoms of a given layer oscil- the measurable threshold. Finally, we have also shown that
late in phase, for both the adlayer and the substrate. Thus thikee coupling is strongly coverage dependent. A dense over-
relevant behavior is one-dimensional along the surfacelayer drives the substrate more efficiently than does a dilute
normal direction, and the details of the in-plane structure areverlayer.
not resolved. As a result, the damping rate formula, includ- ) ) ) )
ing its coverage and frequency dependence, is unaffected bx We thank J. P. Toennies for useful discussions during
disorder in the dense-adlayer limit. In this analysis we havdn€ arly stages of this work. Financial support for this

assumed that the adsorbates are uniformly distributed on tH¥0iect was provided by the National Science Foundation
surface(i.e., no islands If islands form, then the local ad- Under Grants No. DMR 97-02514 and DMR 93-13047, and

sorbate density is higher than the average density, and the Petroleum Research Fund of the American Chemical

expect the resonant damping rate to reflect the former value°Ciety under Grant No. 32007-G5.
A more thorough, quantitative treatment of disorder in this
problem will be pres_ented in a forthcoming article. 1S. P, Lewis and A. M. Rappe, Phys. Rev. LA, 5241 (1996
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