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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.

I. INTRODUCTION with proper analysis of these high-energy features, it is
shown that the frequencies of the high-energy adsorbate

The primary methods currently used for determination ofmodes should be accurately measurable.
vibrational frequencies at both clean and adsorbate-covered If one considers the atom-surface scattering problem from
surfaces are electron energy-loss spectros¢&®BLS),! in- a purely quantum-mechanical viewpoint, then arguments
frared spectroscopylR),2 and He atom scatterimtf Of  based on the Debye-Waller factor would tend to predict that
these methods, He atom scattering has been particularly sugo quantum-mechanical features should be observable in the
cessful at measuring the dispersion curves and obtainingigh-energy limit. All quantum features, such as elastic dif-
other surface dynamic information for many clean andfraction peaks and single-quantum phonon peaks, are multi-
adsorbate-covered surfaces at low energies, energies signifiied by the Debye-Waller factor exp@W); in the simplest
cantly less than 100 meV. For higher-energy adsorbatanalysis the Debye-Waller argument is given b2 ((p
modes, those with energies typically less than 0.5 eV, EELSu)?)/%2, wherep=p;—pj is the scattering vector for a scat-
and IR are generally considered to be much more appropriatering transition from initial momenturp; to final stateps
measurement techniques. More recently, energy-resolveahdu is the vibrational displacement vector of the surface.
scanning tunneling microscopy has been demonstrated ca@he physical interpretation of the value of\2is that it is the
pable of detecting high-frequency adsorbate mddéand in  average number of phonons exchanged in a scattering event.
some cases low-frequency modées. Thus in classical scattering, wher&\2is large, the Debye-

In this paper we wish to address the question of whetheWaller factor is small and all quantum features are sup-
higher-energy adsorbate vibrational modes can be observgumessed, and all that can be observed is a broad inelastic
by atom-surface scattering, in particular by exploiting thebackground due to the multiphonon exchange. However,
higher energies and heavier projectile masses provided byhat we show here is that, with appropriately chosen initial
monoenergetic and well-collimated free jet beams of theconditions, the single-quantum and sometimes the multiple-
heavier rare gases. Generally, experiments on the scatterimgiantum excitations of high-energy adsorbate modes can be
of the heavier rare gases exhibit far fewer gquantum-observed under conditions in which the Debye-Waller factor
mechanical features than He atom scattering, although sidgs negligibly small. In these cases the high-energy peaks ap-
nificant diffraction and single-quantum phonon exchangepear as energy-lodgluantum creationevents and they are
have been observed with low-energy Ne scattefinghe  broadened by the multiple-quantum exchanges with the low-
scattered intensity observed in experiments with heavy rarenergy modes of the substrate. Nevertheless, they appear as
gases and even Ne and He at higher energies usually consistsry characteristic features and analysis and comparison of
of broad featureless lobes due to classical multiphonoithese peak shapes and positions with theoretical models such
scattering®~*>What we demonstrate here is that, under cer-as those presented here should lead to methods for accurately
tain initial conditions, high-energy modes can give rise todetermining the high-energy mode frequencies.
characteristic signature peaks in this multiphonon inelastic We present here two different models of the scattering
background due to energy losses from single- and multipleprocess. Both models consider a surface adsorbate with a
guantum excitation. These peaks are not sharp and well dsingle high-frequency mode in the 0.25-0.5 eV range. The
fined, as one might expect from an EELS or IR experimentfirst of these models treats the multiphonon background aris-
rather they are considerably broadened by multiphonon ering from the substrate as the semiclassical or classical limit
ergy transfers with the low-frequency substrate modes andf scattering from a Debye solid. The other model uses the
other low-frequency modes due to the adsorbates. Howevelgw-frequency modes of the adsorbate to simulate the inelas-
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tic background of the substrate. The results of calculations 1 +oo0 )
for both models are qualitatively and quantitatively quite  W(Ps :pi):h_2|7fi|2e_2w(p)f dte!(Br-E)UAeQP,
similar. o 3
Our calculations indicate that by carefully choosing the
species of the scattering projectile and by tuning the incidenlt the semiclassical approximation of quick collisions, the
energy and incident angle the high-frequency modes can b d dent Iptp funci tq O b th’
selected and will have distinct characteristic features whicﬁ'.me ependent corretation tunc id@(p.t) is given by the
can be used to determine the mode energies and providjésplacement correlation function
information on the polarization.
This paper is organized in the following manner. In the 1
next section the theory is developed and the two models used Q(p,t)= 72 (p-u(0)p-u(t)), (4
for calculations are presented. In Sec. Il calculations are
carried out for several different adsorbate species and for tr\ﬁherep: p:—p; and the argument of the Debye-Waller fac-
rare gases He and Ne, as scattering projectiles. The ConC“fBr is 2\N(p):(lg(p,t=0) as discussed above in Sec. I. In

sions that can be drawn from this work are discussed in Se%q_ (3) the energie&, andE; are, respectively, the final and

V. initial kinetic energies of the scattered projectile. The factor
| 7¢i|2 is the form factor, which depends on the nature of the
Il. THEORY scattering center and the interaction potential. For all calcu-
lations carried out below in Sec. Il we take;|? to be a
A. General treatment constant, which has been shown to be appropriate for hard

An appropriate starting point for a general treatment ofcore scattering. The expression of £8).is well known, and
inelastic scattering between a projectile and a many-bodis the basis for many Qynzlslgnlcal scattering theories in quite
target is the quantum-mechanical transition rate, or generaflifferent areas of physick: - .
ized Fermi golden rule, for the projectile to scatter from the If the crystal target together with its adsorbates is a har-

initial state of momentunp; to the final statey;, which is ~ mMonic system, then the displacemarit) can be decom-
given by31 posed into harmonic mode components. One can then arbi-

trarily divide u(t) into two setsu,(t) and u,(t) as u(t)
) =uy(t) +u,(t). If we now choose the sat;(t) to contain
R o \Rsie_ o only the normal-mode components of the low-frequency
W(psPi) < 0 {nzf} [Kne el 2T, i) = o( & 5|)>’ 1) modes and place the high-frequency adsorbate (spde
u,(t), then the two sets of modes remain orthogonal and the
time-dependent correlation coefficient of E@) becomes

where|n;) is the initial many-body state of the unperturbed the sum of two terms,

target, theE{nf} is a summation over all final states of the
target, 7 is the transition operatdf; andé&; are, respectively, 1
the final and initial energy of the entire system of target plus _ n - = /n. )

projectile, and the angular brackets, signify an average QP.H=Qu(P, O+ Qa(p, 1) = 72(p- Uy (0)p- Us(D))
over all initial target states. In atom-surface scattering the 1

measured intensities are usually differential reflection coeffi- + (D -Us(0)D- Ut 5
cients, which are obtained from the transition rate upon mul- ﬁ2<p 2(0)p- U (). ®)
tiplication by the density of final scattering states as follows:

When Eq.(5) is used with Eq(3) the transition rate takes
dr L4 m?|py a form which is the starting point for further calculations:

dedEf - (27Th)4 o] W(pf !pi)v (2)

= ! 20— 2W(p)o—2W2(p)

wherem is the mass of the projectile atom ampg, is the W(pr.p) ?hf'l © ©
component of the incident momentum perpendicular to the o
surface. Xf dt e (B EDUAgQ1(p.H) gQa(p.t) (6)

A quite general expression for the transition rate for the —
full transition operator can be obtained in the semiclassical
limit. This involves making the approximations of assumingThis is the Fourier convolution of two independent exponen-
that the collision is fast in comparison to phonon periodsiated time-dependent correlation functions. Writing the inte-
that it is sufficient to expand the interaction potential throughgrand of Eq.(6) as the product of two exponential functions
terms linear in the atomic displacements, and that all theequires that the reduced correlation functiégpgp,t) and
substrate atoms in the surface layer are identical. All of thes®,(p,t) commute with each other. In general, since the two
approximations have been justified in detail in connectiorfunctions usually involve orthogonal harmonic modes they
with development of multiphonon exchange in atom-surfacewill automatically commute, but for the purposes of this
scattering, and have been shown to be valid through exterwork we will take the substrate correlation functiQq(p,t)
sive comparison with experimental measureméht§~*®  in the classical limit; thus in this limit commutation is always
The result is the following form for the transition rate: assured.
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B. High-frequency mode 1 5 1 1
The first step in developing model calculations is to con- Z(TS):ngG)DJO do o (exp(@Dw/TS)— 1732)
sider the problem of a single Einstein mode oscillator on an (10)

otherwise rigid substrate. This is obtained upon setting

Q1(p,t)=0 and evaluatingQ,(p,t) for a single harmonic

mode of frequency). This is a well-known problem and the where®, is the Debye temperature. At surface temperatures

result ig®20 large compared with the Debye temperatdis) has the
limiting form Z(Tg)—kgTs. Note that in this high-
temperature limit the transition rate of E() becomes in-

o
w(ps,pi)= 7|Tfi|ze_2w(p) dependent of the Debye temperature, and indeed, becomes a
model-independent function of the mads. and temperature
- p? Ts with no free adjustable parameters.
Xa—Zw |a(m\/n(9)[n(9)+ 1] Equation(9) is a semiclassical model whose physical in-

terpretation is quite straightforward. The scattering is gov-
erned by three principal factorél) the form factor| ;|2 is
determined from the nature of the scattering cen@rithe
envelope factor 4/47Z(Ts)AE, shows that the maximum
where M, is the oscillator effective mass, which can be value of the peak decreases with the square root of the sur-
determined from a normal-mode analysisjs the compo- face temperature and with the square rootAd&,; and (3)
nent of p parallel to the Cartesian direction of the oscillator the peak shape is dictated by the Gaussian-like function in
motion, n(() is the Bose-Einstein functiorkg is the Bolt-  the energy transfeE; — E; . This peak, however, is not a true
zmann constant, ang,(z) is the modified Bessel function of Gaussian. Instead, it is skewed at both high and low energies
integral order and argument. The argument of the Debye- because of the energy dependence of the recoil energy loss
Waller factor is given byw(P)=P?[n(Q)+31/2AQOM, . AE,. For example, at high temperatures but low incident

The analysis leading up to E¢7) shows that the expo- energies, the peak becomes very nearly exponential in
nentiated dynamical correlation function of a single Einsteinfgrm 16 The width of the peak, under conditions in which it
oscillator can be Fourier decomposed into the following sejpes appear Gaussian-like, increases at large temperatures as
nes. the square root of the temperature and the square root of
AEO.

In spite of its simplicity, this model when used with a
constant form factor has been quite useful in describing the

(n(Q)+1)a’2
X W S(Ei—Ej+ah)), (7)

[’

eQ2(P.t) = z efiahﬂt/ﬁllal

o multiphonon backgrounds measured in numerous atom-
PP | [n(Q)+1|? surface experimental configurations for many different sub-
“| ZoM, n(Q)[n(2)+1] n(Q) strates and a range of scattering projectifed;?*as well as
®) for other systems such as neutron scattefirighe constant

form factor, which describes hard-core scattering from
spherical segments of the target, has been demonstrated to be
C. Substrate modeled by a Debye model appropriate for atom-surface scattering at energies in the

A simole model for describing the vibrational eneray ex. '2"9€ considered hef&2® For these reasons, this appears to

'mple Ibing the vibrational 9Y €X"he an ideal model to illustrate the multiqguantum contribu-
changes with a surface substrate in the classical and semi- < of the substrate to the problem at hand
classical limit, one that has the additional advantage of pro- P |

ducing an analytic closed-form expression for the differential Itis also interesting to note that the the treatment leading

reflection coefficient, is to assume that the surface is a colt-0 the transition rate of Eq9) gives, as an intermediate step,

lection of discrete scattering centers each of which is vibrat%hﬁ %ﬁonfe?rtﬁted dynamical correlation faatBr™ in the
ing with a bulk Debye frequency spectrum. The transition ofiowing form.

rate for such a model, in the absence of adsorbate modes, is

_ 1142123
the well-known expressidfh C01(P _ o IAEGh - AEGZ(TQIINE 1)
27 ) 1
w(pr p)= 7 |7 e R j |
VATZ(Tg)AE, We are now in a position to determine the full expression

) for a system with the single high-frequency mode of Sec.
% exp[ -~ (Ef—Ei+AE,) 9) I B adsorbed on a substrate modeled by the Debye system of
4Z(Tg)AEy |’ this section. This is accomplished by using, for the two ex-
ponentiated dynamical correlation functions in the full ex-
where T is the surface temperaturdE,=p?/2M is the  pression for the transition rate of E@), Eq.(8) for Q,(p,t)
recoil energy of the collision with the substrate atom of mas®f the high-frequency mode and Ed.1) for the Q,(p,t) of
Mc and the temperature-dependent funct#(Ts) is given  the substrate modes. The Fourier convolution is straightfor-
by ward and the result is
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1 i oscillator, and for simplicity in the remainder of this work
wW(ps,p) = —| > \/ 5 == 2P we will assume that this is the direction normal to the sur-
% Z(T9AE,

face, in which cas®;=|k;,| +|ki,|, i.e. this corresponds to

* p2 the case of the Einstein mode associated with vertical motion
X :2 '“(M \/n(Q)[n(Q)+1]) of a single layer of adsprbed atqms on the surface.
a=- When these correlation functions are used in &).the
n(Q)+1) 2 result is a transition rate of the following form:
( n(Q)

21T
W(pf !pi): 7|Tfi|ze 2W1(Pl)e 2WCP)

% [{_(Ef_E|+AE0+ahQ)2] 12
4Z(Tg)AE, - 12 2

’ p
xa;w I“l(m n(Q)[n(Q)+1]

al2

Equation (12) is seen to be a series of Gaussian-like
peaks, similar in form to Eq.9), each being centered at an
energy loss or gain given by the multiquantum excitations of
the high-frequency modé€). The relative heights of these
peaks are governed by the strength of the corresponding % 5
high-frequency_multiquantum overtones. It is_clear that in the % E 'BI( P1 n(@)[N(@)+ 1]
case of scattering at temperatures in the region of room tem- B=— hoM,
perature or less, the Bose-Einstein factgf)) will be es-

(n(Q)+1
n(Q)

/2

sentially zero for largé€) and these features will appear only ( n(w)+1|7 S(Ei—E;+ aliQ+ pho)

for energy-losgphonon creationtransfers. N(w) b '
The physical nature of these broadened Gaussian-like (13)

peaks is clear. Instead of observing sharp peaks due to the
zero-, single-, and multiple-quantum losses at roughly the Aq giscussed above in Sec. Il A, B4 is to be consid-

final energy valuesEi=E,—afi{), these sharp peaks are groq oniy when the energy transfers due to the small fre-
broadened by multiphonon exchange with the low-energy, ey, are taken in the classical limit, which implies large
surface modes. Each of these broadened peaks appears a,ghpers of exchanged quanta. The argument of the Debye-
individual multiquantum peak similar to the typical single \y5jier factor provides an estimate of the average number of
broad multiquantum peak that is observed from clean, closesy changed quanta in a given scattering event, so the applica-
packed surfaces under semiclassical scattering condltlonﬁOn of Eq.(13) depends o, (P,) being large. Under these
but the center of each of these peaks is shifted in the diréGsqjitions, the spectrum produced by the transition rate of
tion of energy loss a}ccordlng to the effect of the recaoll eNEq. (13) consists of densely packetfunction peaks whose
ergy transfeiAE, as it appears in Eq12). amplitudes lie under a smoothly varying envelope function.
Equation(12) is for a full coverage layer of adsorbates, |, the classical limit thes-function peaks are so dense that

for whjch the substrate is completely cc_)vered. In the case OEhey cannot be experimentally resolved, and what is ob-
a partial layer coverage where a fraction of the projectileSgneq is the integrated intensity or the envelope function.
scatter from bare regions of the substrate the contribution ofis is the limit in which Eq.(13) is strictly valid and the

Eq. (12) will be reduced proportionately, and there will be it in which we will use in this work.

additional multiphonon scattering in the neighborhood of the

a=0 peak of Eq(12) arising from scattering from the bare

substrate. Equatiofi2) constitutes the Debye model that we Ill. MODEL CALCULATIONS

use in Sec. lll to illustrate the effect of the substrate modes A. He atom scattering from the CO stretch mode

on the high-frequency quantum energy-loss peaks. . . ) ,
In this section we calculate a series of different adsorbate

configurations in an attempt to demonstrate that high-
frequency modes should be observable in atom-surface scat-
Next, we treat the low-frequency mode contribution fromtering. As the first step in this process it is of interest to
the substrate as a single low-frequency Einstein oscillator. lilustrate the system considered above in Sec. 11D in which
will become apparent that in the classical limit one oscillatorthe substrate modes are modeled by a single low-frequency
is sufficient, and no new qualitative or quantitative contribu-mode.
tions appear if several, or even a distribution of, Einstein Figure 1 shows calculations for He atom scattering at an
oscillators are utilized. incident energ\g;=1 eV in which the high-frequency mode
In this case the dynamical correlation function for theis chosen to be the carbon monoxide C-O stretch mode when
high-energy mode of frequendy is again given by Eq8).  the CO is adsorbed on a @01) surface. In this casé )
For the low-energy mode, whose frequency will be denoted=257.8 meV and the effective mass of the oxygen atom as
by w, the correlation function is given by a similar expres- calculated from a simple two-spring/two-mass model for CO
sion with Q replaced byw, P replaced byP;, andM re-  on a rigid surface i =30.80 amu.
placed byM , the effective mass of the substrate oscillators. The substrate mass is chosen to Me=132.29, which
P, is the Cartesian component of the momentum transfecorresponds to the Einstein mode observed for a single
vector p in the direction of motion of the low-frequency monolayer of xenon on QQ01) having an energyhiw

D. Low-frequency modes modeled by an Einstein oscillator
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FIG. 1. The scattered intensity versus energy trarisferg; for
a 1 eV, incident beam of He atoms scattering from the C-O stretchntensity. These two broad peaks are redshifted to the
mode of CO adsorbed on @01). The substrate phonons are mod- energy-loss side of the corresponding high-frequency
eled by a single low-frequency Einstein mode. The incident andynqrqy-joss positions. The fact that there are two distinct
final polar angles aré;=78° andf;=18° and the sgrface tempera- peaks, corresponding to the the zero- and single-quantum
tures areTs=(a) 50,(b) 150, and(c) 200 K. The solid curve shows 01006 energy-loss positions of the high-frequency mode,

the calculation for the CO in its actual vertical on-top configuration,. . . .
while the dashed curve shows the results of the calculation if Onéndlcates that these high-frequency modes are indeed observ-

arbitrarily assumes that the CO is lying flat with the C-O bond ablbe In spite dOf the fa|Ct thatlthe energy tra:(nshferfs W'tr? thﬁ
parallel to the surface. The points marked by large circles at mulSY strate modes are classical, 1.e., In spite of the fact that the

tiples of 20 =258 meV are the positions and relative intensities oftOtal Debye-Waller factor is negligibly small. Clearly the en-

the CO stretch-mode overtone energy-loss peaks if the substra¥®lOPe function is essentially identical regardless of the

were rigid, with filled circles denoting the vertical on-top CO con- Value chosen for the low-frequency mode. This implies that

figuration and open circles denoting the flat-lying CO configuration.f[he choice of IO\_N-frequency mode energy is not important
just so long as it is much smaller than the high-frequency

=2.71meV?® The surface temperature Ts=50K for Fig.  mode. Furthermore, it makes no essential difference if one
1(a), 150 K for Fig. Xb), and 200 K for Fig. {c). The inci- uses one Einstein mode, or a distribution of several modes;
dent beam polar angle &= 78° with respect to the surface the envelope will be identical in all cases as long as the
normal, and the detector angle @¢=18° with the incident low-energy modes are small compared to the high frequency.
and final directions in the same plane as the surface normal The calculations shown in pandl and(b) of Fig. 2 are
(i.e., scattering in the sagittal planélrhis geometry corre- similar to those of Figs. (8 and Xb) except the substrate
sponds to an angle between the incident beam and detectorodes are given by a Debye phonon model. The major dif-
directions of 95p= 6, + 6;=96°, which is typical of many ference with respect to the Einstein mode model of the sub-
experiments. strate phonons of Fig. 1 is that the peaks are broader and the
Although Eq.(13) consists of a series of equally spaced peak maxima are shifted to a larger value of energy loss with
sharps-function peaks, the calculated curves shown in Fig. Irespect to the unperturbed C-O stretch overtone modes. This
are the envelope functions of these densely packed peakgoints out the fact that widely different substrate mode dis-
The large circles show the relative positions and intensitiedributions can produce a quantitative difference in the ob-
that the high-frequency oscillator energy-loss overtoneserved scattering distribution, but not a qualitative differ-
would exhibit if there were no low-energy multiquantum en- ence.
ergy exchange, i.e., if the substrate were rigid. In order to test Shown in Fig. Zc) is a calculation that is the same as in
the fact that the envelope function is independent of the sub@) except with the incident and final angles nowéat 6;
strate phonon energy several calculations were carried out48°, i.e., at specular conditions. For the CO orientation
for a succession of values of the low frequeneyThe en-  perpendicular to the substrate, the results are quite similar to
velope function showed essentially no change for values ofhose of Fig. 1, except that there are now three broad peaks
hw<10meV, which corresponds to roughly 5% of the COin the scattered spectrum. However, for the case of CO ori-
stretch energyi{). The calculations in Fig. 1 were carried ented parallel to the substrate there is only one broad peak,
out with Aw=8 meV. and the peaks resulting from the overtones of the O-O stretch
The envelope function at all surface temperatures consist®ode are negligible. The reason for this is clear from &y.
of two broad peaks of deceasing intensity and a muclor Eq.(13) because the coupling to the CO mode is through
smaller third peak, each associated with one of the threthe momentum exchange in the direction of the mode vibra-
high-frequency quantum overtones that have non-negligibléion. The vertically oriented CO couples to the perpendicular



PRB 62 DETECTION OF HIGH-ENERGY ADSORBAE. .. 17 125

1 °
T, =50K N o
- 05 8,=77.88° 7 N 0 T, =50K
2 . « @ € 05 0,=47.88°
= 0 === s 5 :
5 T,=50K I ° > . @
o 0.=5.77.88° ' \ (without zero sca
*ce 05 ¢ point motion) =
= ® (b é 0
o ©
2 =
= =
= 7]
= . | ) GCJ 0.5
% —— Perpendicular Orientation b=
E 05| Ty=50K T ,F":iite\lllel Orientationo -
6,=47.88° 7 N @ 0
0 l—grm—t 8 ° -1 -08 -06 -04 -02 O 0.2
-0.6 0.4 -0.2 0 Energy Transfer [eV]
Energy Transfer [eV]

FIG. 4. The scattered intensity versus energy trarisferk; for
FIG. 3. The scattered intensity calculated for Ne atoms with® model & a 1 eVincident beam of Ne atoms scattering from the

E,=0.6 eV incident on CO adsorbed on (©01). The solid curve is C-H stretch mode of (H, adsorbed on Q@01 with 7€

for CO oriented vertically, while the dashed curve is for the hypo-— 328 meV. Only the C-H stretch mode is included in the model of
thetical case of CO oriented horizontally on the surfag.g,  the GHadsorbate. The substrate phonons are modeled by a Debye
=78°, 0,=18°, andT<=50K; (b) same aga) except calculated solid. The C-H stretch bond is oriented horizontally on the surface.
(8 6,= 6;=48° andTs=50K; (b) same asa) except for the higher

without the effects of quantum-mechanical zero-point moti@p;
surface temperaturés= 300 K.

same aga) except for the higher surface temperatliig= 200 K;
and (d) same aga) except now for the specular conditiofs= 6;
=48°. zero-point motion are important and should be quite measur-
able even for a projectile as heavy as Ne. The two peaks are
momentum exchange,=|ps,| +|pi,] which, for a “fixed  significantly narrower than in the correct quantum-
angle” experimental apparatus with + 6; constant, does Mmechanical calculation of Fig.(&, although the energy
not change substantially with the incident angle. Howevershifts in the two calculations are approximately the same.
the parallel-oriented CO couples to the parallel momentum Figure 3c) presents a calculation that is the same as in
exchangeP=P;—P;, which is quite small near specular Fig. 3(a) except that the substrate temperature is now taken
conditions but large at grazing incident or final angles. Theto be Ts=200K. The presence of the single-quantum over-
results of Fig. 2c) make it clear that the experiment can be tone of the C-O stretch mode is still evident as a shoulder at
tuned to select modes of a particular orientation by properlyapproximately the same energy loss as in Fig).3The ef-
choosing the incident and final scattering angles in order tdect of higher temperatures is quite strong with this heavier
maximize the momentum transfer in the direction of the vi-projectile and it is clear that distinct peaks will form only at
brational displacement of the mode, i.e., such measuremenli@w temperatures where zero-point motion has an important

should be sensitive to the polarization of the adsorbatéffect.
modes. Figure 3d) shows a calculation that is the same as in Fig.

3(a) except carried out at the specular condition in which
0,= 0;=48°. Again, as in Fig. &), this shows that changing
the incident and final scattering angles can make a big dif-

Figure 3 shows a series of calculations for the scatterinderence in the scattering distribution. In the case of vertical
of Ne atoms with an incident ener@y=0.6 eV from a sub- CO orientation, the slightly larger value of normal momen-
strate with CO adsorbates, again with the substrate moddsm transfer increases the relative importance of the single-
taken as a Debye model. FiguréaBis for #;=78°, #;  quantum C-O stretch overtone so that two nearly equal peaks
=18°, and a surface temperatufg=50 K. The solid curve appear. For the case of horizontally oriented CO the single-
shows the results for CO oriented vertically on the surfacgjuantum overtone contribution is visible as a smaller peak,
and the dashed curve is for the hypothetical case of CO orwhereas in Fig. @) it is seen that for He scattering under
ented horizontally on the surface. As above in the case of Hgearly the same conditions this contribution is completely
scattering from this same system, there are two distinct butegligible.
broadened peaks, one arising from the zero-quantum excita-
tion of the C-O stretch mode, and the other arising from the
single-quantum energy-loss C-O excitation.

Figure 3b) shows the same system as in Figg)3¥&xcept As a final example of the possibility of measuring high-
that the calculation is done without including the effects offrequency surface modes with atom scattering, Fig. 4 shows
zero-point motion in the substrate modes. The neglect ofalculations of Ne incident witlie;=1 eV losing energy to
zero-point motion is easily effected in the calculation by re-the C-H bond mode of a typical organic molecule. In this
placing Z(Tg) in Eqg. (13) by its high-temperature limit case, the energy of the mode corresponds to that of acetylene
kgTs. This calculation points out clearly that the effects of C,H,, adsorbed on Q001), which is7Q =358 meV?’ The

B. Ne atom scattering from the CO stretch mode

C. Ne atom scattering from the C-H stretch mode
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C-H bond lies parallel to the surface and thus interacts onlgal predictions such as those developed here, it should be
with the parallel momentum exchange. Figurés) 4nd 4b) possible to extract accurate values of their energies.
show the results for near-specular incidence conditions with By choice of scattering projectile and by varying the in-
0,= 0;=48°. Atlow temperatures, pan@) shows that there cident energy and beam orientation, one can “tune” the ex-
are two distinct peak features in the multiphonon spectrumperiment in order to enhance the signature peaks produced
however, the redshift of these features is as large as or larggy, particular adsorbate species. In particular, modes whose
than the 0.4 eV energy of the C-H mode itself. Pali®l  characteristic displacement is primarily perpendicular to the
calculated withTs=300K shows that there is considerable grface are most readily excited by experimental configura-
thermal smearing at high temperatures; thus such experjiong that enhance the total momentum transfer of the pro-
ments will be effective only if carried out at very low tem- joile perpendicular to the surface. Modes that have vibra-
peratures. tional displacements primarily parallel to the surface are best
excited by maximizing the parallel momentum transfer. Thus
IV. CONCLUSIONS it appears that such experiments should be able to distinguish
the polarizations of the high-frequency adsorbate modes.
We have investigated the possibility of using atomic beam |t js noteworthy that the theory presented here, when used
scattering at hyperthermal energies to make observations @fith a constant form factor, has no freely adjustable param-
high-frequency surface adsorbate modes. In general, whegers with the sole exception of the Debye temperature. How-
scattering heavy-mass and high-energy atoms from surfacesyer, the results for the Debye model are only very weakly

classical scattering conditions prevail and what is seen iaependent on the Debye frequency because it is used in the
smooth angular lobes, and when these angular lobes are en;

. “Mmultiphonon limit.
ergy analyzed the energy-resolved spectra _also exh|p|t The effect of surface temperature is rather dramatic and
smooth broad peaks. However, when the incident atom'?hermal smearin i K . ) .
. ) g can easily mask the signature peaks; thus it
translational energy is larger than but comparable to that of a.” be best to reduce the tem twre to the | t il
high-energy adsorbate frequency mode, such a mode may . perature fo the lowest possible
excited with low quantum excitation numbers, e.g., single Orvalue in order to reduce the multiphonon excitations of the
double excitations. This can give rise to multiple peaks in thd®W-frequency substrate modes. _
otherwise multiquantum energy-resolved scattering spectrum | NiS Work provides an interesting example of the simul-
and, by properly tuning the incident beam energy and théaneou_s coeX|§tence of_classwal and quantu_m features. In the
orientation of the incident beam and detector, these distinScattering regime considered here, the excitation number of
guishable peaks can be used to identify the mode and evalthe quantum creations of the high-frequency modes is small,
ate its frequency. implying that only a quantum-mechanical theory can be
In order to illustrate the possibilities of this process weused. However, simultaneously extremely large numbers of
have carried out calculations for the rare gases He and New-frequency substrate modes are also excited. These exci-
scattering from several different adsorbate species. Tweation numbers are so large that the low-frequency excita-
seemingly different models of the low-energy substratetions can be quite well approximated by classical or semi-
modes have been tested, a Debye model and a model #lassical calculations, in agreement with the correspondence
which the substrate modes are taken to be a single lowprinciple, which in its simplest application implies that the
frequency Einstein mode. The essential results for the tweegime of large-quantum-number excitations can be de-
models are qualitatively quite similar, and are not substanscribed by classical physics.
t|a.”y different in their quantitative aSpeCtS. Physica”y, th|S|S He atom Scattering has already given abundant evidence
easily understood because the extreme multiphonon limit ig¢ its unique ability to measure surface mode frequencies and
essentla_llly classical scattering, and if the incident projectilgg|ated surface properties in the purely quantum limit in
energy is not large enough to actually penetrate the surfadgyich the adsorbate energies and the incident He atom ener-
of the SOI".j’ then.c!ass[ca_l scattering Is well represented bﬁies are very low, of the order of up to a few tens of meV.
the |mpuIS|ve collision limit, which does not depend on theHere we show that, by increasing the incident energy and
details of the phonon spectrum. . . ; .
possibly by choosing a heavier rare gas atom as the projec-

The characteristic signature of the excitation of high- ie. much higher-enerav adsorbate modes might be mea-
frequency adsorbate modes on the surface are distinct peal 3 9 9y 9

in the diffuse inelastic background of the energy-resolvedsured’ such as those ansing from chemisorption honds.
intensity spectra. These peaks are due to the single-, double-,

and other low-quantum-number excitations of the high-
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