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Detection of high-energy adsorbate vibrational modes by atom-surface scattering
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It is suggested that high-frequency vibrational modes of surface adsorbates can produce very characteristic
signature features in the observable inelastic intensity in experiments using atomic beams as scattering probes.
These features consist of peaks in the inelastic background, due to multiquantum excitation of the high-energy
vibrational modes, and these peaks are significantly broadened and shifted in the direction of energy loss by the
multiphonon scattering arising from the substrate and other low-energy adsorbate modes. Calculations for the
scattering of rare gases from several types of adsorbate indicate that, by selecting the probe projectile species
and tuning the incident energy and incident beam angle, selected high-energy modes can be excited, and the
method can be used to accurately measure the vibrational frequencies and polarizations of these modes.
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I. INTRODUCTION

The primary methods currently used for determination
vibrational frequencies at both clean and adsorbate-cov
surfaces are electron energy-loss spectroscopy~EELS!,1 in-
frared spectroscopy~IR!,2 and He atom scattering.3,4 Of
these methods, He atom scattering has been particularly
cessful at measuring the dispersion curves and obtai
other surface dynamic information for many clean a
adsorbate-covered surfaces at low energies, energies si
cantly less than 100 meV. For higher-energy adsorb
modes, those with energies typically less than 0.5 eV, EE
and IR are generally considered to be much more approp
measurement techniques. More recently, energy-reso
scanning tunneling microscopy has been demonstrated
pable of detecting high-frequency adsorbate modes,5–7 and in
some cases low-frequency modes.6,7

In this paper we wish to address the question of whet
higher-energy adsorbate vibrational modes can be obse
by atom-surface scattering, in particular by exploiting t
higher energies and heavier projectile masses provided
monoenergetic and well-collimated free jet beams of
heavier rare gases. Generally, experiments on the scatt
of the heavier rare gases exhibit far fewer quantu
mechanical features than He atom scattering, although
nificant diffraction and single-quantum phonon exchan
have been observed with low-energy Ne scattering.8,9 The
scattered intensity observed in experiments with heavy
gases and even Ne and He at higher energies usually con
of broad featureless lobes due to classical multipho
scattering.10–12What we demonstrate here is that, under c
tain initial conditions, high-energy modes can give rise
characteristic signature peaks in this multiphonon inela
background due to energy losses from single- and multi
quantum excitation. These peaks are not sharp and wel
fined, as one might expect from an EELS or IR experime
rather they are considerably broadened by multiphonon
ergy transfers with the low-frequency substrate modes
other low-frequency modes due to the adsorbates. Howe
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with proper analysis of these high-energy features, it
shown that the frequencies of the high-energy adsorb
modes should be accurately measurable.

If one considers the atom-surface scattering problem fr
a purely quantum-mechanical viewpoint, then argume
based on the Debye-Waller factor would tend to predict t
no quantum-mechanical features should be observable in
high-energy limit. All quantum features, such as elastic d
fraction peaks and single-quantum phonon peaks, are m
plied by the Debye-Waller factor exp(22W); in the simplest
analysis the Debye-Waller argument is given by 2W5^(p
•u)2&/\2, wherep5pf2pi is the scattering vector for a sca
tering transition from initial momentumpi to final statepf
and u is the vibrational displacement vector of the surfac
The physical interpretation of the value of 2W is that it is the
average number of phonons exchanged in a scattering e
Thus in classical scattering, where 2W is large, the Debye-
Waller factor is small and all quantum features are s
pressed, and all that can be observed is a broad inela
background due to the multiphonon exchange. Howev
what we show here is that, with appropriately chosen ini
conditions, the single-quantum and sometimes the multip
quantum excitations of high-energy adsorbate modes ca
observed under conditions in which the Debye-Waller fac
is negligibly small. In these cases the high-energy peaks
pear as energy-loss~quantum creation! events and they are
broadened by the multiple-quantum exchanges with the l
energy modes of the substrate. Nevertheless, they appe
very characteristic features and analysis and compariso
these peak shapes and positions with theoretical models
as those presented here should lead to methods for accur
determining the high-energy mode frequencies.

We present here two different models of the scatter
process. Both models consider a surface adsorbate wi
single high-frequency mode in the 0.25–0.5 eV range. T
first of these models treats the multiphonon background a
ing from the substrate as the semiclassical or classical l
of scattering from a Debye solid. The other model uses
low-frequency modes of the adsorbate to simulate the ine
17 120 ©2000 The American Physical Society
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tic background of the substrate. The results of calculati
for both models are qualitatively and quantitatively qu
similar.

Our calculations indicate that by carefully choosing t
species of the scattering projectile and by tuning the incid
energy and incident angle the high-frequency modes ca
selected and will have distinct characteristic features wh
can be used to determine the mode energies and pro
information on the polarization.

This paper is organized in the following manner. In t
next section the theory is developed and the two models u
for calculations are presented. In Sec. III calculations
carried out for several different adsorbate species and for
rare gases He and Ne, as scattering projectiles. The con
sions that can be drawn from this work are discussed in S
IV.

II. THEORY

A. General treatment

An appropriate starting point for a general treatment
inelastic scattering between a projectile and a many-b
target is the quantum-mechanical transition rate, or gene
ized Fermi golden rule, for the projectile to scatter from t
initial state of momentumpi to the final statepf , which is
given by13,14

w~pf ,pi !5K 2p

\ (
$nf %

z^nf ,pf uTupi ,ni& z2d~Ef2Ei !L , ~1!

whereuni& is the initial many-body state of the unperturb
target, the($nf %

is a summation over all final states of th

target,T is the transition operatorEf andEi are, respectively,
the final and initial energy of the entire system of target p
projectile, and the angular brackets,^ & signify an average
over all initial target states. In atom-surface scattering
measured intensities are usually differential reflection coe
cients, which are obtained from the transition rate upon m
tiplication by the density of final scattering states as follow

dR

dV fdEf
5

L4

~2p\!4

m2upf u
piz

w~pf ,pi !, ~2!

where m is the mass of the projectile atom andpiz is the
component of the incident momentum perpendicular to
surface.

A quite general expression for the transition rate for
full transition operator can be obtained in the semiclass
limit. This involves making the approximations of assumi
that the collision is fast in comparison to phonon perio
that it is sufficient to expand the interaction potential throu
terms linear in the atomic displacements, and that all
substrate atoms in the surface layer are identical. All of th
approximations have been justified in detail in connect
with development of multiphonon exchange in atom-surfa
scattering, and have been shown to be valid through ex
sive comparison with experimental measurements.11,14–16

The result is the following form for the transition rate:
s

nt
be
h
de

ed
e
he
lu-
c.

f
y
l-

s

e
-
l-
:

e

e
al

,
h
e
e

n
e
n-

w~pf ,pi !5
1

\2 ut f i u2e22W~p!E
2`

1`

dt e2 i ~Ef2Ei !t/\eQ~p,t !.

~3!

In the semiclassical approximation of quick collisions, t
time-dependent correlation functionQ(p,t) is given by the
displacement correlation function

Q~p,t !5
1

\2 ^p•u~0!p•u~ t !&, ~4!

wherep5pf2pi and the argument of the Debye-Waller fa
tor is 2W(p)5Q(p,t50) as discussed above in Sec. I.
Eq. ~3! the energiesEf andEi are, respectively, the final an
initial kinetic energies of the scattered projectile. The fac
ut f i u2 is the form factor, which depends on the nature of t
scattering center and the interaction potential. For all cal
lations carried out below in Sec. III we takeut f i u2 to be a
constant, which has been shown to be appropriate for h
core scattering. The expression of Eq.~3! is well known, and
is the basis for many dynamical scattering theories in qu
different areas of physics.17,18

If the crystal target together with its adsorbates is a h
monic system, then the displacementu(t) can be decom-
posed into harmonic mode components. One can then a
trarily divide u(t) into two setsu1(t) and u2(t) as u(t)
5u1(t)1u2(t). If we now choose the setu1(t) to contain
only the normal-mode components of the low-frequen
modes and place the high-frequency adsorbate mode~s! in
u2(t), then the two sets of modes remain orthogonal and
time-dependent correlation coefficient of Eq.~4! becomes
the sum of two terms,

Q~p,t !5Q1~p,t !1Q2~p,t !5
1

\2 ^p•u1~0!p•u1~ t !&

1
1

\2 ^p•u2~0!p•u2~ t !&. ~5!

When Eq.~5! is used with Eq.~3! the transition rate takes
a form which is the starting point for further calculations:

w~pf ,pi !5
1

\2 ut f i u2e22W1~p!e22W2~p!

3E
2`

1`

dt e2 i ~Ef2Ei !t/\eQ1~p,t !eQ2~p,t !. ~6!

This is the Fourier convolution of two independent expone
tiated time-dependent correlation functions. Writing the in
grand of Eq.~6! as the product of two exponential function
requires that the reduced correlation functionsQ1(p,t) and
Q2(p,t) commute with each other. In general, since the t
functions usually involve orthogonal harmonic modes th
will automatically commute, but for the purposes of th
work we will take the substrate correlation functionQ1(p,t)
in the classical limit; thus in this limit commutation is alway
assured.
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B. High-frequency mode

The first step in developing model calculations is to co
sider the problem of a single Einstein mode oscillator on
otherwise rigid substrate. This is obtained upon sett
Q1(p,t)50 and evaluatingQ2(p,t) for a single harmonic
mode of frequencyV. This is a well-known problem and th
result is19,20

w~pf ,pi !5
2p

\
ut f i u2e22W~p!

3 (
a52`

`

I uauS P2

\VMV

An~V!@n~V!11# D
3S n~V!11

n~V! D a/2

d~Ef2Ei1a\V!, ~7!

where MV is the oscillator effective mass, which can b
determined from a normal-mode analysis,P is the compo-
nent ofp parallel to the Cartesian direction of the oscillat
motion, n(V) is the Bose-Einstein function,kB is the Bolt-
zmann constant, andI a(z) is the modified Bessel function o
integral ordera and argumentz. The argument of the Debye
Waller factor is given byW(P)5P2@n(V)1 1

2 #/2\VMV .
The analysis leading up to Eq.~7! shows that the expo

nentiated dynamical correlation function of a single Einst
oscillator can be Fourier decomposed into the following
ries:

eQ2~p,t !5 (
a52`

`

e2 ia\Vt/\I uau

3S p2

\VMV

An~V!@n~V!11# D S n~V!11

n~V! D a/2

.

~8!

C. Substrate modeled by a Debye model

A simple model for describing the vibrational energy e
changes with a surface substrate in the classical and s
classical limit, one that has the additional advantage of p
ducing an analytic closed-form expression for the differen
reflection coefficient, is to assume that the surface is a
lection of discrete scattering centers each of which is vib
ing with a bulk Debye frequency spectrum. The transiti
rate for such a model, in the absence of adsorbate mode
the well-known expression14,21–23

w~pf ,pi !5
2p

\
ut f i u2

1

A4pZ~TS!DE0

3expH 2
~Ef2Ei1DE0!2

4Z~TS!DE0
J , ~9!

where TS is the surface temperature,DE05p2/2MC is the
recoil energy of the collision with the substrate atom of m
MC and the temperature-dependent functionZ(TS) is given
by
-
n
g

n
-

i-
-
l
l-
t-

, is

s

Z~TS!53kBQDE
0

1

dv v3S 1

exp~QDv/TS!21
1

1

2D ,

~10!

whereQD is the Debye temperature. At surface temperatu
large compared with the Debye temperatureZ(TS) has the
limiting form Z(TS)→kBTS . Note that in this high-
temperature limit the transition rate of Eq.~9! becomes in-
dependent of the Debye temperature, and indeed, becom
model-independent function of the massMC and temperature
TS with no free adjustable parameters.

Equation~9! is a semiclassical model whose physical i
terpretation is quite straightforward. The scattering is go
erned by three principal factors:~1! the form factorut f i u2 is
determined from the nature of the scattering center;~2! the
envelope factor 1/A4pZ(TS)DE0 shows that the maximum
value of the peak decreases with the square root of the
face temperature and with the square root ofDE0 ; and ~3!
the peak shape is dictated by the Gaussian-like function
the energy transferEf2Ei . This peak, however, is not a tru
Gaussian. Instead, it is skewed at both high and low ener
because of the energy dependence of the recoil energy
DE0 . For example, at high temperatures but low incide
energies, the peak becomes very nearly exponentia
form.16 The width of the peak, under conditions in which
does appear Gaussian-like, increases at large temperatur
the square root of the temperature and the square roo
DE0 .

In spite of its simplicity, this model when used with
constant form factor has been quite useful in describing
multiphonon backgrounds measured in numerous at
surface experimental configurations for many different s
strates and a range of scattering projectiles,16,24,25as well as
for other systems such as neutron scattering.21 The constant
form factor, which describes hard-core scattering fro
spherical segments of the target, has been demonstrated
appropriate for atom-surface scattering at energies in
range considered here.24,25 For these reasons, this appears
be an ideal model to illustrate the multiquantum contrib
tions of the substrate to the problem at hand.

It is also interesting to note that the the treatment lead
to the transition rate of Eq.~9! gives, as an intermediate ste
the exponentiated dynamical correlation factoreQ1(p,t) in the
following form:

eQ1~p,t !5e2 iDE0t/\e2DE0Z~TS!t2/\2
. ~11!

We are now in a position to determine the full express
for a system with the single high-frequency mode of S
II B adsorbed on a substrate modeled by the Debye syste
this section. This is accomplished by using, for the two e
ponentiated dynamical correlation functions in the full e
pression for the transition rate of Eq.~6!, Eq. ~8! for Q2(p,t)
of the high-frequency mode and Eq.~11! for the Q1(p,t) of
the substrate modes. The Fourier convolution is straight
ward and the result is
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w~pf ,pi !5
1

\
ut f i u2A p

Z~TS!DE0
e22W~P!

3 (
a52`

`

I uauS P2

\VMV

An~V!@n~V!11# D
3S n~V!11

n~V! D a/2

3expH 2
~Ef2Ei1DE01a\V!2

4Z~TS!DE0
J . ~12!

Equation ~12! is seen to be a series of Gaussian-li
peaks, similar in form to Eq.~9!, each being centered at a
energy loss or gain given by the multiquantum excitations
the high-frequency modeV. The relative heights of thes
peaks are governed by the strength of the correspon
high-frequency multiquantum overtones. It is clear that in
case of scattering at temperatures in the region of room t
perature or less, the Bose-Einstein factorn(V) will be es-
sentially zero for largeV and these features will appear on
for energy-loss~phonon creation! transfers.

The physical nature of these broadened Gaussian
peaks is clear. Instead of observing sharp peaks due to
zero-, single-, and multiple-quantum losses at roughly
final energy valuesEf5Ei2a\V, these sharp peaks ar
broadened by multiphonon exchange with the low-ene
surface modes. Each of these broadened peaks appears
individual multiquantum peak similar to the typical sing
broad multiquantum peak that is observed from clean, clo
packed surfaces under semiclassical scattering conditi
but the center of each of these peaks is shifted in the di
tion of energy loss according to the effect of the recoil e
ergy transferDE0 as it appears in Eq.~12!.

Equation~12! is for a full coverage layer of adsorbate
for which the substrate is completely covered. In the cas
a partial layer coverage where a fraction of the project
scatter from bare regions of the substrate the contributio
Eq. ~12! will be reduced proportionately, and there will b
additional multiphonon scattering in the neighborhood of
a50 peak of Eq.~12! arising from scattering from the bar
substrate. Equation~12! constitutes the Debye model that w
use in Sec. III to illustrate the effect of the substrate mo
on the high-frequency quantum energy-loss peaks.

D. Low-frequency modes modeled by an Einstein oscillator

Next, we treat the low-frequency mode contribution fro
the substrate as a single low-frequency Einstein oscillato
will become apparent that in the classical limit one oscilla
is sufficient, and no new qualitative or quantitative contrib
tions appear if several, or even a distribution of, Einst
oscillators are utilized.

In this case the dynamical correlation function for t
high-energy mode of frequencyV is again given by Eq.~8!.
For the low-energy mode, whose frequency will be deno
by v, the correlation function is given by a similar expre
sion with V replaced byv, P replaced byP1 , andMV re-
placed byM1 , the effective mass of the substrate oscillato
P1 is the Cartesian component of the momentum tran
vector p in the direction of motion of the low-frequenc
f
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oscillator, and for simplicity in the remainder of this wor
we will assume that this is the direction normal to the s
face, in which caseP15ukf zu1ukizu, i.e. this corresponds to
the case of the Einstein mode associated with vertical mo
of a single layer of adsorbed atoms on the surface.

When these correlation functions are used in Eq.~6! the
result is a transition rate of the following form:

w~pf ,pi !5
2p

\
ut f i u2e22W1~P1!e22W~P!

3 (
a52`

`

I uauS P2

\VMV

An~V!@n~V!11# D
3S n~V!11

n~V! D a/2

3 (
b52`

`

I ubuS P1
2

\vM1
An~v!@n~v!11# D

3S n~v!11

n~v! D b/2

d~Ef2Ei1a\V1b\v!.

~13!

As discussed above in Sec. II A, Eq.~13! is to be consid-
ered only when the energy transfers due to the small
quencyv are taken in the classical limit, which implies larg
numbers of exchanged quanta. The argument of the De
Waller factor provides an estimate of the average numbe
exchanged quanta in a given scattering event, so the app
tion of Eq.~13! depends onW1(P1) being large. Under these
conditions, the spectrum produced by the transition rate
Eq. ~13! consists of densely packedd-function peaks whose
amplitudes lie under a smoothly varying envelope functio
In the classical limit thed-function peaks are so dense th
they cannot be experimentally resolved, and what is
served is the integrated intensity or the envelope functi
This is the limit in which Eq.~13! is strictly valid and the
limit in which we will use in this work.

III. MODEL CALCULATIONS

A. He atom scattering from the CO stretch mode

In this section we calculate a series of different adsorb
configurations in an attempt to demonstrate that hi
frequency modes should be observable in atom-surface s
tering. As the first step in this process it is of interest
illustrate the system considered above in Sec. II D in wh
the substrate modes are modeled by a single low-freque
mode.

Figure 1 shows calculations for He atom scattering at
incident energyEi51 eV in which the high-frequency mod
is chosen to be the carbon monoxide C-O stretch mode w
the CO is adsorbed on a Cu~001! surface. In this case,\V
5257.8 meV and the effective mass of the oxygen atom
calculated from a simple two-spring/two-mass model for C
on a rigid surface isMV530.80 amu.

The substrate mass is chosen to beM15132.29, which
corresponds to the Einstein mode observed for a sin
monolayer of xenon on Cu~001! having an energy\v
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52.71 meV.26 The surface temperature isTS550 K for Fig.
1~a!, 150 K for Fig. 1~b!, and 200 K for Fig. 1~c!. The inci-
dent beam polar angle isu i578° with respect to the surfac
normal, and the detector angle isu f518° with the incident
and final directions in the same plane as the surface no
~i.e., scattering in the sagittal plane!. This geometry corre-
sponds to an angle between the incident beam and det
directions ofuSD5u i1u f596°, which is typical of many
experiments.

Although Eq.~13! consists of a series of equally spac
sharpd-function peaks, the calculated curves shown in Fig
are the envelope functions of these densely packed pe
The large circles show the relative positions and intensi
that the high-frequency oscillator energy-loss overto
would exhibit if there were no low-energy multiquantum e
ergy exchange, i.e., if the substrate were rigid. In order to
the fact that the envelope function is independent of the s
strate phonon energy several calculations were carried
for a succession of values of the low frequencyv. The en-
velope function showed essentially no change for values
\v,10 meV, which corresponds to roughly 5% of the C
stretch energy\V. The calculations in Fig. 1 were carrie
out with \v58 meV.

The envelope function at all surface temperatures cons
of two broad peaks of deceasing intensity and a m
smaller third peak, each associated with one of the th
high-frequency quantum overtones that have non-neglig

FIG. 1. The scattered intensity versus energy transferEf2Ei for
a 1 eV, incident beam of He atoms scattering from the C-O stre
mode of CO adsorbed on Cu~001!. The substrate phonons are mo
eled by a single low-frequency Einstein mode. The incident a
final polar angles areu i578° andu f518° and the surface tempera
tures areTS5(a) 50,~b! 150, and~c! 200 K. The solid curve shows
the calculation for the CO in its actual vertical on-top configuratio
while the dashed curve shows the results of the calculation if
arbitrarily assumes that the CO is lying flat with the C-O bo
parallel to the surface. The points marked by large circles at m
tiples of \V5258 meV are the positions and relative intensities
the CO stretch-mode overtone energy-loss peaks if the subs
were rigid, with filled circles denoting the vertical on-top CO co
figuration and open circles denoting the flat-lying CO configurati
al

tor

1
ks.
s
s

st
b-
ut

of

ts
h
e

le

intensity. These two broad peaks are redshifted to
energy-loss side of the corresponding high-frequen
energy-loss positions. The fact that there are two disti
peaks, corresponding to the the zero- and single-quan
overtone energy-loss positions of the high-frequency mo
indicates that these high-frequency modes are indeed obs
able in spite of the fact that the energy transfers with
substrate modes are classical, i.e., in spite of the fact tha
total Debye-Waller factor is negligibly small. Clearly the e
velope function is essentially identical regardless of
value chosen for the low-frequency mode. This implies t
the choice of low-frequency mode energy is not importa
just so long as it is much smaller than the high-frequen
mode. Furthermore, it makes no essential difference if
uses one Einstein mode, or a distribution of several mod
the envelope will be identical in all cases as long as
low-energy modes are small compared to the high frequen

The calculations shown in panels~a! and~b! of Fig. 2 are
similar to those of Figs. 1~a! and 1~b! except the substrate
modes are given by a Debye phonon model. The major
ference with respect to the Einstein mode model of the s
strate phonons of Fig. 1 is that the peaks are broader and
peak maxima are shifted to a larger value of energy loss w
respect to the unperturbed C-O stretch overtone modes.
points out the fact that widely different substrate mode d
tributions can produce a quantitative difference in the o
served scattering distribution, but not a qualitative diffe
ence.

Shown in Fig. 2~c! is a calculation that is the same as
~a! except with the incident and final angles now atu i5u f
548°, i.e., at specular conditions. For the CO orientat
perpendicular to the substrate, the results are quite simila
those of Fig. 1, except that there are now three broad pe
in the scattered spectrum. However, for the case of CO
ented parallel to the substrate there is only one broad p
and the peaks resulting from the overtones of the O-O stre
mode are negligible. The reason for this is clear from Eq.~7!
or Eq. ~13! because the coupling to the CO mode is throu
the momentum exchange in the direction of the mode vib
tion. The vertically oriented CO couples to the perpendicu

h

d

,
e

l-
f
ate

.

FIG. 2. ~a!, ~b! Same as Figs. 1~a! and 1~b! except that the
substrate phonons are calculated with a Debye model.~c! Same as
~a! except foru i5u f548°.
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momentum exchangepz5upf zu1upizu which, for a ‘‘fixed
angle’’ experimental apparatus withu i1u f constant, does
not change substantially with the incident angle. Howev
the parallel-oriented CO couples to the parallel moment
exchangeP5Pf2Pi , which is quite small near specula
conditions but large at grazing incident or final angles. T
results of Fig. 2~c! make it clear that the experiment can
tuned to select modes of a particular orientation by prope
choosing the incident and final scattering angles in orde
maximize the momentum transfer in the direction of the
brational displacement of the mode, i.e., such measurem
should be sensitive to the polarization of the adsorb
modes.

B. Ne atom scattering from the CO stretch mode

Figure 3 shows a series of calculations for the scatte
of Ne atoms with an incident energyEi50.6 eV from a sub-
strate with CO adsorbates, again with the substrate mo
taken as a Debye model. Figure 3~a! is for u i578°, u f
518°, and a surface temperatureTS550 K. The solid curve
shows the results for CO oriented vertically on the surfa
and the dashed curve is for the hypothetical case of CO
ented horizontally on the surface. As above in the case of
scattering from this same system, there are two distinct
broadened peaks, one arising from the zero-quantum ex
tion of the C-O stretch mode, and the other arising from
single-quantum energy-loss C-O excitation.

Figure 3~b! shows the same system as in Fig. 3~a! except
that the calculation is done without including the effects
zero-point motion in the substrate modes. The neglec
zero-point motion is easily effected in the calculation by
placing Z(TS) in Eq. ~13! by its high-temperature limit
kBTS . This calculation points out clearly that the effects

FIG. 3. The scattered intensity calculated for Ne atoms w
Ei50.6 eV incident on CO adsorbed on Cu~001!. The solid curve is
for CO oriented vertically, while the dashed curve is for the hyp
thetical case of CO oriented horizontally on the surface.~a! u i

578°, u f518°, andTS550 K; ~b! same as~a! except calculated
without the effects of quantum-mechanical zero-point motion;~c!
same as~a! except for the higher surface temperatureTS5200 K;
and ~d! same as~a! except now for the specular conditionsu i5u f

548°.
r,

e
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f

zero-point motion are important and should be quite mea
able even for a projectile as heavy as Ne. The two peaks
significantly narrower than in the correct quantum
mechanical calculation of Fig. 3~a!, although the energy
shifts in the two calculations are approximately the same

Figure 3~c! presents a calculation that is the same as
Fig. 3~a! except that the substrate temperature is now ta
to beTS5200 K. The presence of the single-quantum ov
tone of the C-O stretch mode is still evident as a shoulde
approximately the same energy loss as in Fig. 3~a!. The ef-
fect of higher temperatures is quite strong with this heav
projectile and it is clear that distinct peaks will form only
low temperatures where zero-point motion has an impor
effect.

Figure 3~d! shows a calculation that is the same as in F
3~a! except carried out at the specular condition in whi
u i5u f548°. Again, as in Fig. 2~c!, this shows that changing
the incident and final scattering angles can make a big
ference in the scattering distribution. In the case of verti
CO orientation, the slightly larger value of normal mome
tum transfer increases the relative importance of the sin
quantum C-O stretch overtone so that two nearly equal pe
appear. For the case of horizontally oriented CO the sing
quantum overtone contribution is visible as a smaller pe
whereas in Fig. 2~c! it is seen that for He scattering unde
nearly the same conditions this contribution is complet
negligible.

C. Ne atom scattering from the C-H stretch mode

As a final example of the possibility of measuring hig
frequency surface modes with atom scattering, Fig. 4 sh
calculations of Ne incident withEi51 eV losing energy to
the C-H bond mode of a typical organic molecule. In th
case, the energy of the mode corresponds to that of acety
C2H2, adsorbed on Cu~001!, which is\V5358 meV.27 The

h

-

FIG. 4. The scattered intensity versus energy transferEf2Ei for
a model of a 1 eV incident beam of Ne atoms scattering from th
C-H stretch mode of C2H2 adsorbed on Cu~001! with \V
5358 meV. Only the C-H stretch mode is included in the model
the C2H2 adsorbate. The substrate phonons are modeled by a D
solid. The C-H stretch bond is oriented horizontally on the surfa
~a! u i5u f548° andTS550 K; ~b! same as~a! except for the higher
surface temperatureTS5300 K.
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C-H bond lies parallel to the surface and thus interacts o
with the parallel momentum exchange. Figures 4~a! and 4~b!
show the results for near-specular incidence conditions w
u i5u f548°. At low temperatures, panel~a! shows that there
are two distinct peak features in the multiphonon spectru
however, the redshift of these features is as large as or la
than the 0.4 eV energy of the C-H mode itself. Panel~b!
calculated withTS5300 K shows that there is considerab
thermal smearing at high temperatures; thus such exp
ments will be effective only if carried out at very low tem
peratures.

IV. CONCLUSIONS

We have investigated the possibility of using atomic be
scattering at hyperthermal energies to make observation
high-frequency surface adsorbate modes. In general, w
scattering heavy-mass and high-energy atoms from surfa
classical scattering conditions prevail and what is seen
smooth angular lobes, and when these angular lobes are
ergy analyzed the energy-resolved spectra also exh
smooth broad peaks. However, when the incident ato
translational energy is larger than but comparable to that
high-energy adsorbate frequency mode, such a mode ma
excited with low quantum excitation numbers, e.g., single
double excitations. This can give rise to multiple peaks in
otherwise multiquantum energy-resolved scattering spect
and, by properly tuning the incident beam energy and
orientation of the incident beam and detector, these dis
guishable peaks can be used to identify the mode and ev
ate its frequency.

In order to illustrate the possibilities of this process w
have carried out calculations for the rare gases He and
scattering from several different adsorbate species. T
seemingly different models of the low-energy substr
modes have been tested, a Debye model and a mod
which the substrate modes are taken to be a single l
frequency Einstein mode. The essential results for the
models are qualitatively quite similar, and are not subst
tially different in their quantitative aspects. Physically, this
easily understood because the extreme multiphonon lim
essentially classical scattering, and if the incident projec
energy is not large enough to actually penetrate the sur
of the solid, then classical scattering is well represented
the impulsive collision limit, which does not depend on t
details of the phonon spectrum.

The characteristic signature of the excitation of hig
frequency adsorbate modes on the surface are distinct p
in the diffuse inelastic background of the energy-resolv
intensity spectra. These peaks are due to the single-, dou
and other low-quantum-number excitations of the hig
frequency mode and they are broadened by the simultan
excitation of large numbers of low-frequency substr
modes. The peaks are redshifted to lower energies due to
predominantly energy-loss excitations of the multiple qua
of low-frequency modes, and they appear separated in
ergy by somewhat less than the energy of the high-freque
adsorbate mode. Thus the energy of the high-freque
modes cannot be accurately determined from the actual
sitions of their characteristic peaks in the energy-resol
spectra, but by comparison with reasonably simple theor
ly
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cal predictions such as those developed here, it should
possible to extract accurate values of their energies.

By choice of scattering projectile and by varying the i
cident energy and beam orientation, one can ‘‘tune’’ the
periment in order to enhance the signature peaks produ
by particular adsorbate species. In particular, modes wh
characteristic displacement is primarily perpendicular to
surface are most readily excited by experimental configu
tions that enhance the total momentum transfer of the p
jectile perpendicular to the surface. Modes that have vib
tional displacements primarily parallel to the surface are b
excited by maximizing the parallel momentum transfer. Th
it appears that such experiments should be able to disting
the polarizations of the high-frequency adsorbate modes

It is noteworthy that the theory presented here, when u
with a constant form factor, has no freely adjustable para
eters with the sole exception of the Debye temperature. H
ever, the results for the Debye model are only very wea
dependent on the Debye frequency because it is used in
multiphonon limit.

The effect of surface temperature is rather dramatic
thermal smearing can easily mask the signature peaks; th
will be best to reduce the temperature to the lowest poss
value in order to reduce the multiphonon excitations of
low-frequency substrate modes.

This work provides an interesting example of the sim
taneous coexistence of classical and quantum features. In
scattering regime considered here, the excitation numbe
the quantum creations of the high-frequency modes is sm
implying that only a quantum-mechanical theory can
used. However, simultaneously extremely large numbers
low-frequency substrate modes are also excited. These e
tation numbers are so large that the low-frequency exc
tions can be quite well approximated by classical or se
classical calculations, in agreement with the corresponde
principle, which in its simplest application implies that th
regime of large-quantum-number excitations can be
scribed by classical physics.

He atom scattering has already given abundant evide
of its unique ability to measure surface mode frequencies
related surface properties in the purely quantum limit
which the adsorbate energies and the incident He atom e
gies are very low, of the order of up to a few tens of me
Here we show that, by increasing the incident energy a
possibly by choosing a heavier rare gas atom as the pro
tile, much higher-energy adsorbate modes might be m
sured, such as those arising from chemisorption bonds.
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