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The angular distributions and time-of-flight spectra of nearly monoenergetic He atoms with incident
energies of 82 meV and 112 meV have been measured after scattering from a dle@t) Surface

over a large range of crystal temperatures from 100 K to 1000 K. With increasing temperatures the
sharp diffraction and phonon peaks of the low temperature quantum regime become broad and
featureless as expected for the multiphonon classical regime. The results are compared with a
guantum mechanical theory which is able to explain the height, position, width, and area under the
multiphonon maximum. In the classical regime, the temperature dependence of the inelastic
intensity indicates that the He atoms are reflected by a smooth vibrating barrier presumably due to
the surface electron density, and not by a lattice of discrete repulsive surface atomic cofE397©
American Institute of Physic§S0021-9607)02102-§

I. INTRODUCTION recently becoming available for simple metal systems such
as H/Cu(001) and H/Pd001).8-1*In another set of molecu-

Energy transfer in gas—surface interactions has been di?- .
. . o . Jar beam experiments the scattered atoms and molecules are
cussed in mathematically quantitative terms since Knudsen’s

analysis of the accommodation coefficiénModern high gn?lybzetd f;’_rlgl thtelrd f}:na;l a:cngl:Iar an.d th veloutyf
resolution helium atom surface scatterifgAS) experi- IStnbutions. nstead of sharp features as in the case o

ments provide a great deal of information on the energ)}he HAS experiments the time-of-flight spectra usually ex-

transfer process particularly in the quantum mechanical rehlblt two broad peaks, a relatively fast peak corresponding to

gime of low energies and low surface temperatdratea- inelastic scattering, and a slow peak due to particles which

surements of diffraction and single quantum inelastic exVEre temporarily trapped on the surface and partially accom-

changes have provided important new information on Surfacgwodated..The an_gular distrib.utions are usually broad anq fre-
structure, surface vibrationgincluding complete surface quently bimodal in accord with the two processes de§cr|bed
phonon dispersion relationsnd atom—surface interaction above. Because of the broadness of the features the interpre-

potentials®~ tation is not at all straightforward. This is illustrated by the
These results cannot easily be employed for understandact that in some instances simple statisticgl models can also
ing the elementary processes of energy accommodaﬁoﬁ’xplam the datd’ Nevertheless, substantial progress has
trapping, and sticking of the more common heavier rare’een made. For example Rettner and colleagues have suc-
gases and molecules such as, ®,, and CO. These pro- ceeded in extracting a potential for the XéfHAtl) system
cesses are not only of interest for many technological appliffom an interpretation of such scattering experiméhts.
cations such as hypersonic flows but are of direct relevance In the present paper we have adopted a different ap-
for the understanding of chemical reactions on surfaces. Bé2roach in an attempt to develop and test a theory for dealing
cause of the greater particle masses these interactions apth multiphonon interactions in a controlled way. In a pre-
dominated by the more complicated multiphonon surfacevious study we carried out an extensive examination of the
collision dynamics and to an unknown extent by electron-one-phonon interactions of He atoms with the(@) sur-
hole pair creation. Even larger energy transfers are involveéace in the quantum reginfé Here the same system is stud-
in dissociative chemisorption in which energies of the ordeiied as the surface temperature is increased so that the inter-
of several electron volts have to be dissipated locally. action evolves gradually from the quantum single phonon
In recent years considerable experimental and theoreticagime to the classical multiphonon regime.
effort has gone into understanding the surface interactions of In the low energy quantum regime the major features in
heavy molecules. In one set of experiments related to undethe energy resolved distribution are the purely elastic peaks
standing chemisorption the sticking of a beam of moleculesind single phonon peaks. The elastic features arise from dif-
is studied as a function of the angle of incidence, kineticfraction or from scattering by defects and impurities on the
energy, and more recently also as a function of internasurface, while sharp single phonon peaks result from coher-
energy®’ The interpretation of these experiments is compli-ent interactions with localized surface modes. These sharp
cated since a number of different elementary processes arpantum features rise out of a broad continuous inelastic
involved and the theory requires a knowledge of a multidi-background. This background can be due to several sources,
mensional hypersurface of which important parts are onlythe most important ones being multiphonon scattering, single
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guantum interactions with bulk phonon modes, and inelastic
scattering from defects, disordered regions, and impurities. \ki\

At very low energies and surface temperatures the single
phonon events are predominant, but with increasing beam
energies and surface temperatures the single quantum peaks
decrease in intensity while the broad diffuse multiphonon
background increases in intensity and wittihe quantum
peaks decrease in intensity according to the well known %
Debye—Waller behavior and the point at which they disap-
pear gltogether marks the onset of the_ classical reglmg. AI‘—IIG. 1. lllustration of a surface with a smooth continuously distributed
the highest surface temperatures studied here the limit Qfiassical tuming point with the ionic cores shown. The present calculations
large phonon quantum numbers is reached and the systemse this model as opposed to a model in which the surface is described by
becomes fully classical as expected from the correspondenééscrete scattering centers.
principle of quantum mechaniés.

lr_‘ the cla§5|cal regime there are no ang_er any d'St'_nC orrugation should approach that of the classical turning
elastlg scattering pgaks, and the broad d'IStI’IbUtIOH of fin oints surrounding discrete ionic cores. For the temperature
energies has a maximum at an energy which depends on t

final le. With further i : ‘ " i pendence of the multiphonon envelope function, the dis-
inal angie. With Turther increasing surtace temperaiure of, ot mogel predicts maximum intensities varyingTas'?
with increasing incident energy, the distribution of intensities

“Swhereas the flat surface continuum model predicsad/?

spread§ over a larger range of energy ”ar.‘Sf?r as more flnagpendence. The present measurements of the multiphonon
scattering channels become avallgble. Qn|t§1r|ty .'T“p"es th emperature dependence demonstrate convincingly that in
at angles where the multiphonon intensity is initially Iargethe classical regime the He atoms scatter from a continuum

the maximum peak intensity decreases with increasing SUISyirface with no indication of scattering from a discrete lattice

face temperature and energy in order that the total number (Hf individual surface atom coréé.lt is interesting to note

scattered particles remains constant. However, at Iarg%at models similar to the discrete model have been fre-

angles away irom _the peak at_low temperatures_ the ma_x'(juently used in the past for even low temperature quantum
mum may actually increase at first, because multiphonon in

O ) A Scattering calculation®. 38

tensity is reac_hlng those channels for. the first time. OnlY" The remainder of this paper is organized in the following

'a‘ef at ev_en.h|gher temperatures. and incident energies doﬁr%\y. In Sec. Il we briefly discuss the experimental apparatus.
the intensity in these regions begin to decrease. In Sec. Il we outline the theory which is used to analyze the

;er aT'aI%/SZ’ZeﬁtShe da:s we usc: a tmt;}ltlp.holnon thegry deVflléxperiment. The observed scattering intensities as functions
oped earlier. ince the Important pnysical properties such ¢ scattering angles, energy exchange, and surface tempera-

as the He-surface potential and the surface phonon dispera%wre' are presented in Sec. IV together with comparisons with

curves have been well characterized in the earlier oney

h merRit i bl inf . theory. A few conclusions and a discussion of the implica-
phonon experimentSit is possible to extract information on o ng”of the agreement between theory and experiment are

the change in the fundamental interaction in the high energy. .

. . o iven in Sec. V.
regime. The measured intensities are found to agree we
with a qugntum mechar_ncal sca.ttermg theorylwh|ch has been_ EXPERIMENT
extended into the classical multiquantum regime. In the clas-
sical regime the scattered intensity as a function of incident The essential features of the experimental apparatus
and final momenta can be formulated in a closed form exhave been described elsewttettso we present only a brief
pression resembling a skewed Gaussian funétiohf®  description here. The He atom incident beam is produced by
whose maximum intensity is dictated by a multiplicative en-an adiabatic expansion through a thin-walled @4t diam
velope function. orifice from a high pressuré~400 baj. The beam then

The theory predicts distinct differences in the classicalpasses 10—20 mm downstream through a k&fgmm) coni-
scattering depending upon whether the crystal is regarded a&sl skimmer with a 0.7 mm diam opening. The beam is sub-
a collection of discrete scattering centers or as a smooth cosequently chopped into short pulses before scattering off the
tinuum surfacé® There is now ample evidenc&®that in  crystal target and then travels a time-of-fligiOF) path of
the one-phonon regime the potentials for the He atoms interapproximately 1.4 m before arriving at the electron bombard-
acting with metal surfaces are smooth and nearly free of angnent ionization magnetic mass spectrometer. The detector is
corrugation at the classical turning point as shown in Fig. 1located in the common plane of the incident beam and the
This is attributed to the Pauli exchange repulsion betweemormal to the surface and is positioned at a fixed angle of
the electrons of the He atom and the tail of the metallic free95.8° with respect to the incident beam. Different scattering
electron gas which extends far from the surfatAt some angles are accessed by rotating the target around an axis
point this approximation breaks down as the incident energyormal to the scattering plane.
becomes larger, as suggested by several He atom diffraction When operating in the time-of-fligfTf OF) mode with a
studies which reveal an increase in corrugation with increaschopped beam, the overall sensitivity ranges from approxi-
ing energy®>3® Thus in the extreme high energy limit the mately 5 counts/¢backgroundito a maximum of more than
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10’ counts/s depending on the beam energy and target tengquency distribution, as we will do here, provides a very use-
perature. The overall energy resolution, at the relatively largéul and commonly used expression for the Debye—Waller
beam energies dE;~100 meV used here, is mainly deter- exponent

mined by the inherent velocity spread/v=<3.5% of the

He beam, leading to an energy resolutionAd~7.5 meV  31%K*Ts

for E;=113 meV andAE~4 meV for E;=82 meV. The 2W(k)= Mkg®2 "’ )
angular resolution is determined by the detector acceptance

angle which is about 0.2° both in- and out-of-plane. whereM is the crystal atom mas€),, is the Debye tempera-

The Cu00Y) single crystal was oriented to better than yyre, andkg is Boltzmann’s constant.\®(k) can be inter-
0.2° with respect to th¢001) face, mechanically polished preted as the average number of phonons excited in a colli-
and further prepareth situ by repeated cycles of sputtering sjon.
with 800 eV Ar" ions at a temperature of 500 K followed by Within this approximation the scattering amplituge is
annealing at 850 K for 10 min. The cleaning procedure wWagjetermined to be the off-energy-shell transition matrix for
repeated until no contamination within the 0.5% sensitivityscattering of the projectile by a unit cell of the purely elastic
of the Auger cylinder mirror analyzer could be detected. Af-part of the interaction potentisl. Within the approximations
ter prolonged measurement times excegdinh atelevated  made Eq(1) provides a complete description of the scatter-
temperatures small traces of sulfur contamination in the pefing process in that it contains the elastic contribution as well
cent of a monolayer range were found. The above cleanings all numbers of phonon exchange. In spite of its approxi-
procedure was therefore repeated every 2 h. The crystal igate form, the simple expression for the single phonon in-
mounted on a manipulator with an angular accuracy otensity produced by this theory describes quite well the en-
<0.1°. Crystal temperatures ranging from 35 K up to 1200 Kergy, temperature, and parallel momentum dependence of the
could be accessed. These temperatures were measured Witgiﬁg|e phonon intensities measured for He scattering from
Chromel/Alumel thermocouple clamped onto the crystal SuUrcy(001).?? The expansion of the exponential of the displace-
face and could be controlled with a relative stability00.5  ment correlation function produces an ordered series in terms

K and an absolute accuracy ef+5 K. of numbers of exchanged phonons. In order to obtain the
multiphonon part, the elastic and single phonon contributions
Ill. REVIEW OF THE THEORY are subtracted from EqJl). This multiphonon theory has

previously been able to explain the shape and temperature
dependence of the background in a number of atom—surface
scattering systenf§.4°

In the classical limit of high temperatures and large pro-
jectile energies Eq(1l) can be evaluated in closed form to

give?s?S

The formal theory of atom scattering from a crystal sur-
face lattice starts from the very general Hamiltonian
H=Hp,+H.+V, where H, is the free projectile Hamil-
tonian,H. is the Hamiltonian of the isolated crystal, avids
the interaction potential coupling the two system$§’4°
This complex problem can be reduced to a tractable for
appropriate to the problem at hand by application of the dRrR m?|k,|L* - 12
semiclassical approximation with classically allowed trajec- =o—537 |7-“|2( )
tories and the quick collision approximati8hwithin these dQdE; 87717k AEoKsTs
approximations the result for the differential reflection coef- 4 (AE+AEO)2}

X —_.

(€©)

ficient, which gives the fraction of particles scattered into T TAKTAE
final energy intervatlE; and final solid anglel(),, is?®*! BISTO

dR m?|k¢|L4 where the most probable energy shift is given by the recoil

- —2W(k o .
dOdE,  (2m)%5k | 7| 2@~ 20 energy of an individual surface atotE,=7%%k%2M. This

. simple recoil expression arises in the classical limit where

% Mdte“AE“ﬁz o1 K-R (k- Ug(O)k- uy (1)) the quantum mechanlcgl_scatterlng correlauo_n I(_ength be-

e T ' comes small and the collisions between the projectile and the

surface reduce to pairwise collisions with the surface atoms.

(1) The classical limit is identical for any surface phonon model
where AE=E;—E; is the energy exchanged between thewhich produces a reasonably physical distribution of vibra-
particle and surfac&k=Kk;—k; is the scattering vectom is  tional modes. The condition for the validity of E(Q) is that
the projectile masd. is a quantization length, ang(t) is  2W(k) is large, and in practice one finds approximately
the displacement vector of theh surface unit cell located at 2W(k)>6.3*%" so that on average at least six phonons must
position vectorR,. Moreover the particle wave vectoks, be transferred in the collision. Interestingly, the Debye—
are expressed in terms of componeKtsparallel to the sur-  Waller factor does not appear explicitly in E3). The
face andk,, perpendicular to the surface. The Debye—WallerDebye—Waller factor is canceled by a factor arising from the
factor exp[-2W(k)] appearing in Eq(1) takes on the usual exponentiated correlation function in Ed,) leaving behind
form in terms of the equal-time displacement correlationthe Gaussian-type function of E().
function according to W(k)=(([k-u,(t)]%)).** Approximat- For the case of a smooth potential, see Fig. 1, the theory
ing the phonon distribution of the solid by a Debye fre-leading to Eq.1) can be modified by regarding the surface
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as being continuous rather than a set of scattering centesensitivity to the form of the phonon spectral density is the
located within the unit cells. The result, appropriate for a flatjustification for our use of the Debye model. The only im-

continuous surface is portant defect of the Debye model results from the fact that it
2 4 overestimates the correlation at large separation
drR___ mikilL | 75| 26~ 20 distance®°? In order to counteract this effect we multiply
dQdE  (2m)% %k, Sy ' " the displacement correlation function by a Gaussian influ-
e ence function expt R*/R3), whereR, is large compared to
xf dte“AE‘”‘f dRe'K Rel(k-u(0.0k-u(R.1)) the lattice spacing. This eliminates numerical instabilities

which can arise for small values of energy exchange and
(4 small parallel momentum exchange.

whereS, . is the area of a surface unit céfl.
Equation (4) can be readily evaluated in the classical V- EXPERIMENTAL RESULTS
||m|t, and the result is somewhat different from Ha ,27'40 A. Determination of potentia| parameters

dR m2|kf|L“w§e ) T 312 Figure 2 shows two series of TOF spectra for a He atom
dOdE,  (2m)*h2k, |74l AEokgTs beam with an incident energy d&;=113 meV scattered

from Cu001) along the(100) azimuth for surface tempera-

tures fromTg=120 K up to 800 K. The measurements in
' 5 Fig. 2@ are for an angleA ;= +3° with respect to the

) i . specular peak at 47.9°, i.8,=50.9° andf;=44.9°, while

wherevg is a weighted average of surfazce phonzon velqcmes[he measurements in Fig(t are for A 6,= —3°. Figure 3
parallel to the surface andg, given bywg=4mug/S,c. IS ghows a similar series of TOF spectra but for an incident
the corresponding characteristic frequeAtyThe essential energy of 82 meV. The measured intensities are compared
differences with the di_screte limit of E¢3) i; that Eq._(5) with multiphonon calculations based on E4) for a smooth
has a _%%a-exponennal envel_olp/)2e function varying asface as discussed in Sec. Ill for two different sets of po-
(AEoTg) “*rather than AEqTs) ™ and there is an addi- yontial parameters. The dash—dot curves are for a set of pa-
tional Gaussian-type term in the parallel momentum transfef,meters established earlier using the single phonon theory
K arising from correlated vibrations parallel to the surface.antioned in Sec. Il to fit the single phonon longitudinal

In this case the classical expression does depend on thgconance inelastic peak for the (001 surface; 3=4.7
model used for the phonon modes, but only through the charg -1 Qo=1.3 A%, andvr=2000 m/s?? The dashed curves

apteri;tic veIogityuR. Equation(5) is essentially the expres- are for the values 0B=5.7 A%, Qu=2.4 A%, vr=3000
sion first obtained by Brako and N_e_wf‘173but here the en- 5 \which provided the best fit for all of the data taken in the
ergy shift AE, 2'5 c;ompletely specified and the scattering present study. A single normalization factor was used in the
form factor| 7| arises naturally out of the theory. comparison of calculated intensities to experimental intensi-

For the calculations presented below we have chosen thg,q tor 4 data taken &, =113 meV. The calculated inten-
transition matrix amplituder;; to be the product of the gy \as normalized to the experimental peak intensity for
Gaussian cutoff function for parallel momentum with rangen g— —3° andT<=800 K, and the same normalization factor
Q. (Ref. 48 and the Mott—Jackson matrix elemeny_;in ;a5 ysed for all other angles and temperatures. In both cases
perpendicular momentum for a repulsive potential of thethe Debye temperature is taken to ®g =270 K as deter-
form exp[— 52],***°wherez is the coordinate normal to the yipeq previously from the Debye—Waller thermal attenua-
surface, tion of single phonon peak intensiti& Fortunately, small
variations of the order of 10% or more in the value of the
Debye temperature had a negligible effect on the mul-
This simple expression for the scattering amplitude is detiphonon calculations presented here. The weighted surface
rived from the distorted wave Born approximation and hasgphonon velocityvg is expected to be of the order of the
been utilized for describing the inelastic scattering, bothRaleigh wave speed, and the value used Hegg,=3000
single phonon and multiphonon, for several systéfms. m/s) is larger than the measured valuevgf,,=1700 m/s for

For all calculations presented here the displacement co€u(001)(110).%° Table | shows a list of the potential param-
relation functions necessary for E¢) have been calculated etersQ., B, and vy together with®, which have been
with a Debye phonon model. Fortunately, the scattered inmeasured for a nhumber of metal and insulator surfaces in
tensities involving the exchange of many phonons will beboth single-phonon and multiphonon studies.
considerably less dependent on the details of the phonon The agreement between theory and experiment in Fig. 2
spectral density than the single phonon intensities. This cais quite good, especially for the best fit set of parameters, and
be understood from Ed4) by noting that thenth order term  remains almost as good for all temperatures measured except
in the multiphonon expansion involves ath order convo- for some degradation at the very lowest temperatures. At the
lution on the phonon spectral density, which tends to washowest temperatures the shape of the multiphonon TOF in-
out all of the details. Ample experimental and theoreticaltensity is well represented by the theory, but the theory
evidence for this effect exist§;**~*552and this relative in- seems to overestimate the magnitudes of the intensities in

(AE+AEq)?+27203K?
xXexp —
AkgTAE,

_ A—K212Q2
mi=e ey ;. (6)
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FIG. 2. A series of TOF scans, converted to an energy transfer scale, for different surface temperatures. The incident Amgtes 8feand the incident

energy isE;=113 meV. The continuum model theory is shown by the dashed durjefor the set of parameters that gave the best fit for all data5.7

A1 Q.=2.4 A%, vg=3000 m/s, and® =270 K) and in the dash—dot cur\e:-) for the set of parameters obtained in a prior comparison with the single
phonon peak intensitigRkef. 22. At low surface temperatures a large part of the difference between experiment and theory comes from the contribution of
single phonon scattering which is not included in the calculation.

many cases. The calculated value of the exponent of tha series of experiments were also carried out at the higher
Debye—Waller factor for the incoherent elastic peak atenergy of 112 meV with the scattering plane along &0
AE=0 exchange ranges from2=2 for Ts=100 Kto 2V azimuth. The TOF spectra were nearly the same and the
~10 for Tg=1000 K, the latter corresponding to classical multiphonon calculations agree with the TOF measurements
scattering. It is interesting to note that farg,= +3° [Fig.  equally well as in Fig. 2.
2(a)] the energy transfer is positive indicating that the atom
gains energy, while fo §,=—3° [Fig. 2(b)] energy loss
predominates. AN 6,= +3° and for elastic scatteringAE
=0) the parallel momentum exchand& is directed back- After having established the optimal potential param-
wards(negativeAK), and atA ;= —3° and for zero energy eters for an assumed smooth surface we next investigate the
exchange théK is in the forward directior{positive AK). surface temperature dependence of the data and its compari-
Both experiment and theory show slightly asymmetric peakson with theory. Figure 4 compares the experimental and
shapes, which change from sawtoothlikeTat=117 K to  theoretical temperature dependence of the intensity at the
nearly Gaussian ag=1000 K. maximum of the multiphonon peak in the TOF spectra
The second series of TOF spectra shown in Fig. 3, takeshown in Fig. 8a) for E;=82 meV. The dashed lines, calcu-
along the(110» azimuth with a smaller incident energy of lated from the continuum theory of E@) for the same best
E; =82 meV, confirms this behavior. The agreement betweefit potential parameters as Figs. 2 and 3, agree with the ex-
experiment and the theory based on the same two sets pkrimental data very well at all temperatures. At the lowest
parameters as for the, =112 meV case is again very good. temperatures the multiphonon intensity increases with tem-
As in the case oE;=113 meV, a single peak intensity nor- perature thereby compensating the Debye—Waller decrease
malization factor obtained from fitting experiment with in the intensity of the elastic and single phonon inelastic
theory atA9=—3° andT5=800 K was used for all calcula- quantum peaks. Thus He atoms which at lower temperatures
tions at this energy. would be scattered into the quantum peaks are diverted into
In order to check the dependence on the surface azimutithe multiquantum background. However, at temperatures in

B. Temperature dependence
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FIG. 3. A series of TOF scans converted to an energy transfer scale, as in Fig. 2, except for an incident energy of 82 meV.

same conditions as in Fig. 2.

TABLE |. Survey of all available experimentally determined potential paramedef3., vg, and effective
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E, = 82 meV

T = 800K

-40  -20

Energy Transfer AE [meV]

0

20

The calculated curves are for the

Debye temperature® from both single and multiple phonon studies for several different metal and insulator
surfaces. RW and LR designate values taken from studies of single-phonon Rayleigh wave and longitudinal

resonance modes, respectively, and “Multi” designates multiphonon studies.

Direction Mode BA™Y Qc(A™Y 0p(K) vr(M/9)
Cu(001) (100,(110  Multi  5.72 2.4 2707 3000
Cu(00) (1004110  Muli 2.9 [52] 10[52]  270[52]
P{(111) (110 Muli  1.83 [28] 0.57[28] 231[28] 1900 [28]
P{(111) (110 Muli 2 [25] 10 [25] 250[25] 1234 [25]
Cu(00)) (100 RW 3.0[22] 1.0 [22] 267 [22]
Cu(001 (100 LR 5.0 [22] 1.32[22] 267[22]
Cu(00D) (110 RW  4.67[22] 1.28[22] 267[22]
Cu(001) (110 LR 3.35[22] 1.08[22] 267 [22]
Cu(001) (100 RW  2.1[54] 0.95[54] 230 [55]
280 [56]
Ag(001) (100 RW  2.77[57] 0.87[57] 25358
Ag(00)) (100 LR 5.30 [57] 1.20 [57] 253 [58]
Ag(001) (110 RW  4.85[57] 1.15[57]  253[58]
Ag(001) (110 LR 4.12[57] 1.06[57) 253 [58]
Ag(111) (112),(110  RW  4.0[48§] 0.74[48] 145 [59]
Au(11D) (112),(110  RW  2.10[60] 0.74 [60]
Rh(111) (112),(110  RW  3.15[61] 0.82[61] 255 [62]
P{(11D) (112),(110  RW 0.57[63] 111 [64]
Ni(110 {100 RW 2.92[65] 0.84 [65] 595 [58]
Al(11D) (112),(110 RW 4.0 [66] 0.92 [66]
LiF(00) (100 Multi 6.0 [67] 45[67] 520 [67]
KCN(001) (100,110 Multi 7.5 [68] 5.5 [68] 123 [68]

#Present work.

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997



1240 Hofmann, Toennies, and Manson: Atom-surface collisions
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) ) FIG. 5. Maximum multiphonon inelastic peak intensity for He scattering
FIG. 4. Intensity at the maximum of the TOF spectra for He atoms scattereggom Cu001) as a function of surface temperature wittd=—3° and

from Cu001(110 as a function of surface temperature witli=+3°and g =113 meV. The data are taken along 60 azimuth(open data points
E{=82 meV. The solid ling—) is jgom the continuum model theory with ) and the(110) azimuth(filled data pointsll). As in Fig. 4, the solid line
the best fit parameter§8=5.7 A™!, Q.=2.4 A™*, vg=3000 m/s, and () is from the continuum model theory with the best fit parameters, the

0p=270 K). The dt’i\?PZEd ling--) is the Ts /2 envelope, and the dash—dot gashed ling---) is the Ts %2 envelope, and the dash—dot cutve) is the
curve (---) is the Ts™'* envelope. All theoretical calculations have been T:1/2 envelope. The theoretical calculations have been normalized to the

normalized to the experiment at 800 K. The Debye—Waller exponent at zergyxperiment at 800 K. The Debye—Waller exponent calculated for the inco-
energy transfer is shown on the top scale. herent elastic peak is shown on the top scale.

the neighborhood of 500 K the maximum multiphonon in-ment so as to agree with the shape of The'’2 envelope.
tensity ceases to grow because there is no longer significafvidence for this lack of significant effects of anharmonicity
intensity in the quantum peaks to act as an effective reservoon the C001) surface for temperatures up to at least
of new multiphonon-scattered particles. At temperatured s~800 K come from several sources. Earlier measurements
greater than 600 K the near-classical region is reached iof the Debye—Waller attenuation of the single phonon peaks
which the multiphonon intensity continues to spread over af this same C(D01) surface gave no evidence of anhar-
larger and larger energy range and consequently its maxmonic behavior up to the highest measured temperature of
mum peak value decreases in order to conserve the tot800 K2?* Measurements under classical conditions of the
number of scattered particles. temperature dependent widths of the energy loss peaks for
The dashed and dash—dot curves in Fig. 4, which ar@00 eV N& ions scattering from Q001) give the expected
both normalized to the data at 800 K display the differentialclassicalTy’? dependence predicted by E@3) and(5) up to
reflection coefficient corresponding to the envelope functiond s~ 1000 K with no sign of anharmonic deviation from this
Ts%2 and T5 Y2, respectively, given by the continuum and behavior’® Additional evidence for the lack of anharmonic-
discrete classical expressions of E@S) and (3). As ex- ity comes from recent molecular dynamics simulations of the
pected the two data points at 600 and 800 K are in goodCu(001) surfacé® which completely rule out adatom—hole
agreement with thé’g3’2 curve for the continuum theory. creation below 1000 K and show that anharmonicity be-
Very strikingly, the Tgl’z curve predicted by the discrete comes noticeable only well above 800 K. These theoretical
model does not at all agree with the data. results corroborate earlier experiments which also indicated
Figure 5 shows a comparison similar to Fig. 4 for thethat anharmonicity causes a faster than the expected Debye—
higher incident energy of 113 meV shown in FighR In  Waller decrease of the elastic specular peak only at tempera-
this case there were many more data points and measurewes above 800 K2 It should be noted, however, that this
ments were made for both the high symmetry azimuthspbserved rapid decrease of the specular peak intensity will
(1000 and (110. Once again the agreement with tTﬁ§3’2 have only little influence on the diffuse inelastic background
envelope in the near-classical high temperature regime isf interest here because the actual value of the specular in-
quite apparent, as is the disagreement with'[lgé’2 enve- tensity is negligibly small at that elevated temperat(see
lope of the discrete model. In Fig. 5 the data point taken afFigs. 6 and 7.
Ts=1000 K lies a little below the calculated curve. This is Furthermore, we expect the effects of anharmonicity on
most probably a manifestation of anharmonic effects, whichthe multiphonon intensity to be much more subtle than their
are not included in the theory but which are known to playwell known direct effects on the single phonon intensities, or
an increasingly important role on close-packed Cu surfacesn the Debye—Waller thermal attenuation of the diffraction
at temperatures above 800°%K"2 peak intensities. The principal effect of anharmonicity on the
Anharmonicity is, however, not able to shift the experi- multiphonon intensity will be to increase the density of chan-
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—] ———— larly affected, it should be observed in the peak widths as
well. This, however, is not the case as will be discussed in
Sec. V below.

I Ei=1124meV
60 - A@=0°

20}
1 C. The Debye—Waller factor

3

&

a

?g 60 [ 1018 Since the specular peak is a pure quantum manifestation,

§ o] 01 1 the transition from quantum scattering to classical scattering

< a0t 0,08 ngeygf; ] can be observed directly in measurements of the temperature

e 0 I 0 M dependence of the specular peak intensity. In Big series

= 1 oss} ] of TOF spectra as a function of the surface temperature,

§ 6 I oal | taken at the specular position are compared with calculations

= 4 1 T=1000K based on Eq(4) which are shown by the dashed line curves.
2[ 1008 i !2w=11.3 ] With increasing temperature the sharp elastic central peak
O ' -z.'o 0 L;J ' 0 -Oeo w0 o w0 8o decreases rapidly. Up tds=600 K the calculated mul-

tiphonon contribution is much smaller than the measured
peak intensity, but af s>800 K the theoretical multiphonon
FIG. 6. A series of TOF scans at the specular position, converted to apart dommates‘ Als= 1009 K finally t.he.TO.F spectrum. has
energy transfer scale, for different surface temperatures. The incident energy Gaussian-type shape without any indication of elastic scat-
is E;=112.4 meV and the measured spreadlgt110 K is the energy  tering. Thus Fig. 6 nicely illustrates the transformation of the
width of the incident beam. The continuum model theory with the best fit lar k intensitv in [ ical rina intensi
parameters of Figs. 2 and 3 is the dashed line. The normalization betweesnpe(_:l_l:]a 'IPSE d te Shty t? CFa.ISS ga ?tcatte b 9 .te S tfy'h
experimental and theoretical intensities was don€gat 1000 K. ) ¢ ata shown in Fig. 6, after su tra_Ct'On of the
multiphonon background, can be used to obtain a Debye—
Waller plot of specular peak intensity vs temperature and this

. . . . . is shown in Fig. 7. This is more difficult than the usual
nels for inelastic scattering, which will consequently broaden

. . ST . . ..~ _method of obtaining Debye—Waller plots from total intensity
the intensity distribution while simultaneously reducing its e . .

. . . ) o . angular scans because of the difficulty in ascertaining perfect
maximum peak intensity. The classical-limit differential re- alignment at the maximum oosition of the specular diffrac-
flection coefficients of Eq¥3) and(5) do not depend on the 9 P P

actual nature of the phonon distribution because they det—Ion peak when making the TOF measurement. The specular

scribe the energy transfer resulting only from the initial re_peak IS d|scern|blle overarange of four orders qf magmtude.
. . ; ...~ The dashed line is a linear regression on the six data points
coil of the struck single surface atom. The increase in initial , . . X X
: .which gives a Debye temperature of 298 K, while the solid
mean square displacement of the crystal due to anharmoni
ity would affect Egs.(3) and (5) by augmentingTg into a
power series iTg, makingTg effectively larger. Since both

the maximum intensity and the peak width would be simi-

Energy Transfer AE [meV]

fine is the result predicted fd® =270 K obtained from the
more precise single phonon measurements of our earlier
work.?? This value of®,=270 K was obtained from the
Debye—Waller factor of both the Rayleigh mode and the
longitudinal resonance mode of @M01) at several different
incidence angles and in both tH@00 and (110 surface

100 —x — T azimuths?? Considering the uncertainty due to the difficulty
E MR E.=112.4 meV 3 of aligning perfectly with the maximum of the specular peak
L Al@ = 0°' ] while carrying out the series of TOF measurements, the dif-

ference between the two Debye temperatures is not consid-
ered significant. Since our multiphonon calculations are in-
sensitive to such small differences B, as mentioned
above we have consistently used the value 270 K.

10

N Op= 298K ] D. A more critical test of the theory
N <

Intensity (103 counts/s]

The angular dependence of the scattered intensity pro-
vides a very demanding test of the quality of the theoretical
N ] modeling of the scattering process. In order to get additional

01

0 o \‘ . ] data on the angular dependence and the temperature depen-
0 200 400 00 800 1000 1200 dence of the scattered intensity with high angular resolution
Surface Temperature Tg (K] a series of total intensity angular distributions, shown in Fig.

8, was measured as a function of the surface temperature. At
FIG. 7. A Debye-Waller plot showing the maximum intensities of Fig. 6 as|ower temperatures the angular distributions show an intense,

a function of surface temperature. The dashed line is a linear regression ; : : ;
the data points and gives a Debye temperature of 298 K while the solid Iin]ieqarrow’ elastic SpeCU|ar peak with broad wings on either

is predicted for a Debye temperature of 270 K measured earlier from singi$ide. The calculations for the multiphonon c'ontribu'ti(.)n,
phonon peak$Ref. 22. shown as dashed curves, indicate that these wings originate
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| E; = 113meV i F
800 i 1000 E; =113 meV

600 = g
400\ B 100

Te=203K
200 ,J’L 2W=22

Total Intensity [102 counts/sec]

Total Intensity [102 counts/sec]

Te=1002K]

Ts=1002K 2W=10.8

2W=108

\ 1 Y
T 1
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AO= 0' -Ospec‘[deg] AO = 0| - Ospec.[deg]

FIG. 8. A series of total intensity angular scans as a functior &ffor
different surface temperatures and for an incident enerdyof112.4 meV.

The continuum model theoretical calculation using the best fit parameters
(dashed lingshows only the multiphonon contribution to the intensity. The
normalization of calculated intensity to measured intensity is the same as fdiitude within an angular range of 10°. At intermediate tem-

Fig. 2. peratures the diffuse inelastic contribution broadens with in-
creasingTg and the fall-off on both sides changes from
nearly exponential to Gaussian-type. At the highest tempera-

from multiphonon inelastic scattering. As an internal test ofture Tg=1000 K all of the intensity is due to multiphonon

the consistency of the experimental results, it was ascemprocesses and the distribution is very nearly Gaussian.
tained that the intensity at each angular position of the angu-  Figure 10 shows a comparison of experiment with theory
lar distribution was equal to the integral of the TOF measurefor the dependence of the TOF distributions on the incident
ment taken at the same angle. Thus the comparison witangle for a surface temperature of approximately 800 K and
calculations uses the same normalization as in Fig. 2. Aan incident energ¥; =113 meV. The Debye—Waller expo-
already shown in Fig. 6 the narrow intensity of the speculanent for elastic scattering is approximatelyvV29 corre-
peak decreases with increasing temperature, while at thgponding to near classical scattering conditions. As expected
same time the intensity in the inelastic tails increases. Figurérom Figs. 8 and 9 the scattered intensity decays rapidly with

8 reveals that this inelastic intensity is also spread over increasing deviatioml\d from the specular angle at6=0.

large range of scattering angles. A¢= 1000 K the specular The angular dependence of the peak position and of the

peak has completely vanished, and the angular distribution igeakwidth is very well described by the continuum model
very close to a Gaussian shape with a full-width at half-theory. The largest deviations occur at layé where the
maximum(FWHM) of 8.8°. This is in contrast to the angular small peak amplitudes are somewhat underestimated by
distributions in the quantum regime at lower surface tem+theory.

peratures in which the specular peak is narrow and limited The FWHM of the intensity vs energy transfer spectra

by the incident beam energy spread and geometry factorshown in Fig. 10 are plotted as a function of temperature in

This behavior can be seen more clearly in a logarithmic repFig. 11. The FWHM is an increasing function ©f over the

resentation of the angular distributions, as presented in Figentire range and theory and experiment agree well except for

9. At lower temperatures the experimental diffuse inelastiche very highest temperature values.

intensity falls off nearly exponentially over 3 orders of mag-  The energetic positions of the peaks in the energy trans-

FIG. 9. Same as Fig. 8, but with a logarithmic scale.
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> wof s T .
F_IG. 10. _A _series of TOF scans, converted to an energy transfer _sca_lle, for g 30tk ‘/‘,a/ AQ=6° |
different incident angles ranging from#=+3° to A¢=—12° and an inci- —_— a A7
dent energy ofE;=112.4 meV. The temperature is 800 K/&f=+3° and % 20k a 4 :/’ 4
837 K at all other angles. The continuum model theory with the best fit z i
parameters is the dashed line. I 10 4
0 + +
[ ]
fer spectra were observed to be nearly independent of tem- Lor . o
perature except at the highest temperatures. This is shown in 30F oo * /”/A0=-9° 4
Fig. 12 where the peak positions in the energy transfer spec- . '/,/
tra for the experiments carried out Bt=113 meV and for 201 - T
all of the incident angles shown in Fig. 10 are plotted as a 10F .
function of Tg. This behavior is also found to be in good 0 ——
agreement with the theory. R
More quantitative results on the angular dependence are Lor . ¢ ]
presented in Fig. 13, where the measured angular dependen- 30t o - 36'120 .
cies of the intensity at the maximum of the TOF distribution, 20} 0/3,3/” ]
the energy at the maximum, and the widfRWHM) for 7
E;=113 meV andl'g=837 K at two azimuths are compared 10F ]
with theoretical predictions. The intensity at the maximum of I R T S
the TOF peak shows an almost Gaussian angular depen- 0 200 400 600 800 1000 1200 1400
dence, very similar to the total scattered intensities of Fig. 8. Ts [K]

The lower temperature data for tklH0) azimuth, which was
measured al =800 K, was normalized to a temperature of FIG. 11. The FWHM of the r_nultiphonon i_ntensity plotted as a function of
T<=837 K by multlying those data poinis by the small Siece e The peerisroroy e 3 mey o da e shoun o
factor predicted by the theoretical calculations at the |nC|deni1easured along th@ 10 azimuth, and the open data poifis, O, etc) are
angle of Ag=—3°. This correction factor was very small for the (100 azimuth. The dashed curves are the continuum model calcula-
(about 2% for the maximum peak intensity of Fig. (&8,  tion with the best fit parameters.
and was negligible for the peak position and the FWHM of
Figs. 13b) and 13c).

The intensity shows a Gaussian-type distribution Whichv' DISCUSSION
is peaked af\#=0 in good agreement with the theory. The The scattering of He atoms from the (©01) surface has
most probable energy transf&f,,,, shown in Fig. 18) been studied for two incident beam energies of 82 meV and
has a nearly linear dependence on the incident angle, passiid3 meV for a range of surface temperatures between 100
throughAE»=0 atA#=0, with a slope oPAEx/dA6=3.3 and 1000 K. These temperatures span the complete range
meV/deg, also in good agreement with the theoretical predicikom the quantum mechanical regime, where the Debye—
tions. The observed peakwidth shown in Fig(d3s, within ~ Waller exponent V<1, to the classical regime in which
the experimental errors, roughly constant at about 36 me\2W>10. Precise TOF measurements permit a careful evalu-
whereas the theory predicts a weak increase of the widthtion of the scattered intensities and energy exchange over
with increasing incident angle. The agreement with theory ighis entire range. The energy transfer data have been com-
reasonably good. The downward cusp at the specular pogpared to a quantum-mechanical theory based on interactions
tion in the calculation of Fig. 1@®) is an artifact of the cal- with the surface phonons of a smooth continuous surface. In
culation due to a numerical instability at this position. the one-phonon limit this theory has been shown previously
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FIG. 12. The peak position of the multiphonon intensity in the energy trans- = //
fer spectra plotted as a function of surface temperature. The energy, azi- @ e
muthal directions, and incident angles are the same as in Fig. 11. The dashed .E  20F e .
curves are the continuum model calculation with the best fit parameters. 5 1
=4 | bl _
g 0
to describe quantitatively the energy, momentum and tem- 2 7
perature dependencies of all single phonon peaks as well as 08_ el ]
the diffuse elastic scatterirfg. -
We emphasize here that very good theoretical agreement ~4o '/l | Ty
. . . . . | |
was obtained with all of the experimental observations with -15 a0 5 0 5 10 15
only a single set of parameters for the interaction potential ABldeg]
used to calculate the scattering form factef;|?, namely 50 : : ' : .
with the best fit parametef8=5.7 A%, Q.=2.4 A%, taken e
together with an effective surface phonon velogity= 3000 wk = ‘ /6/ i
m/s. We also included for comparison in Figs. 2 and 3 cal- __ . = w9/
culations with a second set of parameters which were deter- 3 .1 - TR i
mined from earlier comparisons with the intensities of the £ =~ |~
single phonon peaks in the TOF spectra from this same % 20k
Cu(001) surface;B=4.7 A", Q.=1.3 A%, andvg=2000 2
m/s. As can be seen from Table | the values of the stiffness “*
parameterB used in both calculations are relatively large 10r 7]
compared to values determined from elastic diffraction, | 1 | | i)
. . — 1
which are typically aroundg=2.1 A"1%* However, our O w0 5 o 5 PP
value is comparable to values @f determined from mea- 20ldeg]

surements of single phonon scattering processes, which

ran high ag=5.3 A~* for the longitudinal resonan
ange as high ag 0.3 or the lo gtUd al resonance FIG. 13. Measured incident angle dependencpthe total intensity at the

57 ;
mode of Ag00D). A com_plete tabulation O_f a”_ knO_WVB maximum of the TOF distributior(b) the energy transfer at the maximum,
andQ. values from inelastic measurements is given in Tableand(c) the peak widttFWHM) for E;= 113 meV andls~800 K. The data
. were taken along thél10 azimuth(filled points ®), and along th€100)

We note that the Scattering amplitude of Bﬁ’) becomes azimuth (open points]). The dashed lines are the theoretical calculations
’ for the continuum potential with the best fit parameters.

independent of3 and Q.. as these parameters become large
and approaches the expression for the impulsive limit for a

flat hard walf®>° Our multiphonon results presented here confirm this trend
2k k and indicate that the closer the experiment approaches the
i =#_ (7)  limit of classical conditions, the larger the value@®will be.

Further evidence of this trend is obtained from comparison
For the values in the rangg=4 A"*andQ.=>2 A lusedin  with ion scattering experiments under extreme classical
this study, 7; is close to the limit of Eq(7) and hence is conditiong® and with the high energy scattering of rare gases
rather insensitive to small changes in eiti@or Q.. The  from liquids’® in which good agreement between experiment
fact that the values o8 determined from single phonon in- and the classical limit theories of Eg®) and (5) was ob-
elastic measurements tend to be larger than those obtainggined for the limit of largeB and Q. in which there is no
from fitting the diffraction peaks is significant, and implies dependence on these parameters aPall.

that the effective potential is stiffer for inelastic scattering.  Our best fit value ofQ,=2.4 A ! is also larger than
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typical values obtained from single phonon experimentslassical regime He atoms are scattered from a continuum
which are usually in the range of 1 "A* although larger surface with no indication of scattering from a discrete lattice
values have been reported for some single phononf individual surface atom coré.This clearly shows that
measurements (see Table)L A large value ofQ, implies  the projectile atoms are not exchanging vibrational energy
that the scattered intensity is distributed over a wider rangelirectly with the discrete lattice of crystal atomic cores.
of wave vectors in the surface Brillouin zone. The values ofRather, the comparison indicates that the energy exchange at
B andQ, are related by the approximate formtfla a metal surface is with the vibrations of a continuously dis-

Q2= iz ®) tributed repulsive potential caused by the P:_;luli ex_chgnge

¢ 0 forces with the surface electron charge density. This is in

where z, is the classical turning point of the incident He agreement with several new models for the coupling of the
projectile. The higher incident energies of this experimen@toms to metal surfaces in the one-phonon IFhi
would imply a somewhat smaller value for the classical turn- A careful examination was made for the presence of an-
ing point implying a larger value d®., and similarly greater harmonic effects in the current measurements and no evi-
values of 8 would also imply largeiQ,.. These arguments dence of anharmonicity was found up to the highest tempera-
support the conclusion th&, is expected to increase with tures of Ts=1000 K measured here. This observation has
the observed increase gfas the classical multiphonon limit been corroborated for the @01 surface by ion scattering
is approached. experiments carried out entirely in the classical reditaad

The theory predicts distinct differences in the classicalby theoretical calculations using molecular dynamics
scattering depending upon whether the crystal is regarded asmulations’® It is interesting to note that, even for initial
a collection of discrete scattering centers or as a continuuranergies in the classical regime, the effects of anharmonicity
surface?® For the temperature dependence of the mul-appear only as a result of the thermal vibrations of the sur-
tiphonon envelope function, the discrete model predictface atoms before collision by the projectile. This can be
maximum intensities varying ai'gl/z whereas the con- seen in the classical limit expressions of E(®. and (5)
tinuum model predicts 5;3’2 dependence. The accepted which describe an energy exchange due to recoil of the ini-
model of the interaction potential between a thermal energyially vibrating surface upon collision by the incident projec-
atom and a metal surface describes the repulsive force aie. Only after the projectile has scattered away and left the
being due to Pauli exchange between the atomic cloud ansurface does the recoiling surface atom have time to transfer
the tail of the metallic free electron gas extending outwardts energy into the rest of the crystal, presumably in the form
from the surfacé?! Since the tail of the surface electron den- of a cascade of phonons or electron—hole pair excitations.
sity appears as a continuous distribution, this would imply arhus any additional anharmonic distortion of the crystal by
continuum repulsive potential. Thus, the appropriate expresthe incident projectile is unobservable if only the state of the
sions for He scattering from a metal surface at the low enerscattered projectiles is detected, as is the case in these ex-
gies considered here are E¢$) and(5), because the poten- periments. By a similar argument, in the classical limit of
tial is smooth and nearly corrugation free at the classicaEgs.(3) and (5), the scattered projectile provides no infor-
turning point. However, clearly this approximation will mation on the creation of electron—hole pairs, again because
break down as the incident energy becomes larger. With inthese would be created only after the projectile has left the
creasing energy, the corrugation of the classical turning poingurface region.
will increase, and in the extreme high energy limit the cor-  This paper presents a careful study of the surface scat-
rugation reduces to the classical turning points surroundingering of a beam of atoms in which the primary object was to
the discrete crystal ionic cores. Thus with increasing energynvestigate the transition from quantum mechanical condi-
the temperature and energy dependence of the envelopiens, dominated by elastic diffraction and single phonon in-
function should evolve smoothly from theA(EoTs)‘3’2 elastic processes, to classical conditions dominated by dif-
“continuum” behavior to the (&EOTS)‘”2 behavior of the fuse multiphonon energy transfer. Although measured and
“discrete” model. In fact, there is evidence that scattering ofcalculated intensities are presented here only for the case of
very high energy(=200 e\) Na" ions from the C(001) He atoms scattering from a @01) surface, the conclusions
surface is governed quite well by the discrete 8).”>"°0On  should be applicable to a large class of systems involving
the other hand, an intermediate case seems to be provided bgams of projectiles colliding with a surface. For example,
the experiments of Nathanse al. on the scattering of rare with heavier atomic projectiles such as Ne, quantum me-
gases(Ne, Ar, and Xe from liquid metals(In, Ga, and B. chanical diffraction is readily observed at low temperatures
For the specific case of a 0.5 eV beam of Ar scattering fromand incident energieS-8° However, multiphonon scattering
a liquid In or Ga surface over the temperature range fronwill be quite important and the transition to classical scatter-
300 to 500 K the temperature dependence of the inelastimg will come at relatively low temperatures and incident
maximum follows an intermediat&s® behavior’*’® One  energies, however, the methods developed here should be
can readily demonstrate theoretically that with increasingadequate to treat such situations. Energy exchange due to
corrugation the envelope temperature dependence of the comultiphonon processes is also important in molecule—surface
tinuum model approaches that of the discrete métislow-  scattering, and recent experiments op §rattering from
ever, the present measurements of the multiphonon tempermetal surfaces in the energy range 408 <250 meV, in
ture dependence demonstrate convincingly that even in thaddition to the expected quantum rotational transitions, ex-
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