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A comparative study of the scattering of highly energetic atomic
and molecular beams from metallic surfaces

Massimo F. Bertino,a) J. R. Manson,b) and W. Silvestri
Max-Planck-Institut fu¨r Strömungsforschung, Bunsenstrasse 10, D-37073 Go¨ttingen, Germany

~Received 5 January 1998; accepted 19 March 1998!

Time-of-flight spectra~TOF! of supersonic He and D2 beams in the energy range 100<Ei

<250 meV have been measured after scattering from a clean Cu~001! surface at surface
temperatures between 100 and 950 K. The TOF spectra of both He and D2 exhibit broad featureless
distributions over the whole range of incident beam energies and surface temperatures. The
intensities of the He TOF spectra are a factor of 5 to 7 higher than those of D2 when the incident
beam energies are the same and below 200 meV. For the highest incident beam energiesEi

>200 meV and surface temperaturesTs.700 K the difference between the He and D2 TOF spectra
reduces to about a factor of 3. A theoretical model is employed which reproduces the TOF spectra
to a very good approximation. The comparison of the best-fit parameters for He and D2 provides
valuable information on the interaction parameters and their dependence on incident energy. The
analysis of the energy and temperature dependence of the peak intensities of the D2 TOF spectra
allows for the separation of the contribution of rotational excitations in the collision mechanism.
© 1998 American Institute of Physics.@S0021-9606~98!01424-X#
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I. INTRODUCTION

During the last ten years scattering of thermal beams
He atoms from surfaces has become established as one o
more powerful techniques of surface science. Most meas
ments have concentrated on the quantum features of th
teraction of He with surfaces, that is diffraction and sing
phonon inelastic measurements of He beams with incid
energyEi'50 meV. The regime of high-incident energie
and surface temperatures has been rarely investig
experimentally1 because of the onset of multiphonon effec
which complicate the analysis of the experimental data. O
very recently has theoretical and experimental work analy
systematically He scattering from metallic surfaces in
multiphonon regime.2–11 These studies concentrated on t
transition between the single-phonon quantum regime
the multiphonon classical regime and showed that theory
experiment are in good agreement for incident beam ener
Ei<120 meV.

In this work time-of-flight ~TOF! measurements o
highly energetic He and D2 beams scattered from a Cu~001!
surface are reported. The incident beam energyEi was varied
between 100 and 250 meV and the surface temperaturTs

was between 100 and 950 K. The measurements present
this article are the first systematic study of He and D2 scat-
tering in the true multiphonon classical regime and allow
direct, energy-resolved comparison between scattering f
the same surface of atoms and molecules with the s
mass. Due to the innovative character of this investigat
the Cu~001! surface represents an ideal candidate becaus

a!Permanent address: Department of Chemistry, Massachusetts Institu
Technology, Cambridge, Massachusetts 02139.

b!Permanent address: Department of Physics and Astronomy, Clemson
versity, Clemson, South Carolina 29634.
10230021-9606/98/108(24)/10239/9/$15.00
f
the
e-
in-
-
nt

ed

ly
d

e

d
d

ies

in

a
m
e
,
of

its simplicity and because of the good results obtained
previous investigations with He beams in both the quant
and the multiphonon scattering regimes.2–5,12

This paper is organized as follows. In Sec. II the ess
tial elements of the theory of multiphonon scattering are
scribed. In Sec. III the experimental technique is describ
while the experimental results are presented in Sec. IV
discussed in Sec. V.

II. THEORY

In general, gas–surface collision phenomena can be
vided into two regimes. At low incident energies and surfa
temperatures~typically Ei,70 meV and Ts,500 K for
many low-index metallic surfaces! single quantum energy
exchanges predominate and result in sharp peaks in
TOF spectra and angular distributions. At high incident e
ergies and surface temperatures the classical multiphono
gime predominates and both TOF spectra and angular di
butions become broad and featureless.4,5

A well-established criterion to discriminate between t
two regimes is given by the Debye–Waller exponent 2W.
The expression for the Debye–Waller exponent is given

W~Ts!5
3\2~k f82k i8!2Ts

2MkBUD
2 . ~1!

In Eq. ~1! M is the mass of a surface atom,k f8 andk f8 are
the incident and scattered wave vectors~where the prime
denotes the Beeby correction in which the perpendicu
components include the physisorption well depth13! of the
incident and scattered wave vectors,Ts is the surface tem-
perature,UD is the Debye temperature of the surface andkB

is the Boltzmann constant. The single quantum regime
expected when 2W<1 and the classical multiphonon regim
for 2W>6.14 In this experiment the Debye exponent vari
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for He scattering from a minimum value 2Wmin(He);1.5 at
Ts5100 K and Ei5105 meV to a maximum value
2Wmax(He);30 atTs5950 K andEi5253 meV when a sur-
face Debye temperatureUD5270 K and a potential wel
depthe55.76 meV are assumed.15,16 In the case of D2 scat-
tering for the present experimental conditions the Debye
ponent varies from a minimum value 2Wmin(D2);4 at Ts

5100 K andEi5101 meV to a maximum value 2Wmax(D2)
;70 at Ts5950 K and Ei5251 meV when a valuee
532.5 meV for the potential well depth is assumed.17 The
experimental conditions are therefore almost always in
multiphonon classical regime for both He and D2 scattering.

A complete formal theory of the many-body scatteri
quantum problem has been derived by one of the autho14

with use of classical trajectories. This theory will be referr
to as the ‘‘full quantum theory’’ in the following. Under th
extreme semiclassical assumptions of scattering from a
tinuum surface at high energies and at large surface temp
tures~for which 2W>6! a differential reflection coefficien
can be analytically calculated which expresses the fractio
particles scattered into the final energy intervaldEf and solid
angledV f . This differential reflection coefficient is14,18

dR

dV f dEf
5

m2uk f uvR
2

4p3\5kizSu.c.
ut f i u2S \2p

DE0kBTs
D 3/2

3expH 2
~DE1DE0!212\2vR

2DK2

4kBTsDE0
J , ~2!

whereSu.c. is the area of the surface unit cell,DK5K f2K i

is the surface parallel component of the wave vector trans
and vR is a weighted average of surface phonon velocit
parallel to the surface. HereDE0 is the classical recoil en
ergy and is equivalent to the energy given up to the surfac
the incoming projectile were colliding with a single, initiall
stationary surface atom. This is expressed by the relatio

DE05
\2~k f2k i !

2

2M
. ~3!

The factor ut f i u2 in Eq. ~2! is a form factor which can be
expressed in terms of a cutoff function in parallel moment
DK and the Mott–Jackson matrix element of the on
dimensional potentialv(z)5exp(2bz),19–21

ut f i u25expS 2
DK2

Qc
2 D S \2b2

4pmD 2

pq sinh~p!sinh~q!

3F p22q2

„cosh~p!2cosh~q!…2G
2

, ~4!

where p52pkiz8 /b, q52pkf z8 /b, and Qc is the cutoff
parameter.21,22

For the comparisons with experiment considered be
it is useful to discuss the general characteristics of Eq.~2!, in
particular the characteristic signatures such as the peak
tion, maximum intensity, and the full width at half maximu
~FWHM!. The intensity at the point of most probable ener
transfer is dictated by the prefactor envelope function of
~2! and its value goes as
x-

e
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.

I MAX}
1

~kBTsDE0!3/2. ~5!

However, if the interaction potential were given by a targ
of discrete scattering centers the intensity at the most p
able energy transfer has a weaker dependence onEi andTs

given by8,18,23

I MAX}
1

~kBTsDE0!1/2. ~6!

The characteristic power law exponent provides a clear
nature difference between the two extreme limits. Rec
measurements4,12 have shown, however, that the intensiti
of the TOF spectra for He scattering in the multiphon
regime have a dependence onTs which varies very nearly as
Ts

23/2 as predicted by Eq.~2!.
The width of the energy distribution is dictated by tw

factors, the semiclassical form factorut f i u2 of Eq. ~4! and the
Gaussian-type exponential of Eq.~2!. Under special circum-
stances, such as whenEf andEi are of widely different mag-
nitude or for the case of large mass ratios between the
jectile and target atoms, the exponential in Eq.~2! becomes
highly skewed because of the energy dependence ofDE0 .
Since under the present experimental conditions the inten
is very much Gaussian in shape, the temperature depend
of the FWHM is given essentially by the Gaussian-type e
ponential of Eq.~2! and it is relatively straightforward to
extract its behavior. Ignoring the term inDK2 and expanding
the argument of the exponent of Eq.~2! about the point
DE1DE050 produces a FWHM which can be expressed

~FWHM!2'16 ln~2!g~u!EikBTs , ~7!

whereDE1DE050 is equivalent to the kinematical expre
sion of Baule for the position of the energy loss peak a
function of angle in a binary collision between the project
and a single stationary surface atom given by19,24

Ef5 f ~u!Ei , ~8!

where

f ~u!5SA12m2 sin2 u1m cosu

11m D 2

. ~9!

Here,m5m/M is the mass ratio andu is the total scattering
angle, which for the present experiment isu5p2u f2u i .
The functiong(u) appearing in Eq.~7! is then given by

g~u!5
gTA~u!

„11m2m cosu/Af ~u!…2
~10!

and

gTA~u!5m„11 f ~u!22Af ~u! cosu… ~11!

is the value taken byg(u) in the trajectory approximation
~TA!. The trajectory approximation is obtained upon assu
ing that the recoil energy shiftDE0 appearing in the argu
ment of the exponential in Eq.~2! is constant, in which case

^~FWHM!2&'16 ln~2!DE0kBTs

516 ln~2!gTA~u!EikBTs . ~12!
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For large scattering anglesu such as in the surface back
scattering experiments discussed here, the narrowing o
intensity peak by the energy dependence ofDE0 can be quite
significant and the TA may be a poor approximation.24

Equation ~7! is the expected value of the FWHM fo
small vR and exclusive of the effects of the form fact
ut f i u2, which further narrows the width of the TOF distribu
tion. WhenvR is large and the term inDK2 becomes impor-
tant, the energy and temperature dependence of the FW
is nearly the same as for Eq.~7!, but the functiong(u) be-
comes smaller than the expression given in Eq.~10!. Thus
Eq. ~7! can be regarded as a functional form with which
compare the energy and temperature dependence of
widths of the TOF spectra.

The analysis of the D2 data is more complicated. Only
few theoretical models are in fact available to describe
scattering of symmetric diatomic molecules with a dynam
surface.25,26 These models suggest that rotational excitat
can be quite efficiently coupled with phonons26 and that the
coupling with phonons and electron–hole pair excitation c
favor dissociative chemisorption.25 Due to the sparsity of
these theoretical investigations, Eq.~2! and the full quantum
theory illustrated in Ref. 14 will be used throughout th
paper to analyze the TOF distributions obtained withbothHe
and D2 scattering. The D2 TOF distributions can, in fact, be
regarded as the sum of two components. One compone
represented by the D2 molecules which exchange energ
with the surface but do not change their rotational state w
interacting with the surface. The energy distribution of th
fraction of the molecules is expected to be similar to that
He atoms and should be correctly reproduced by Eq.~2!. The
second component is represented by the D2 molecules which
exchange energy with the surface and also change thei
tational level. The energy distribution of these molecules
expected to deviate from the distribution predicted by th
ries developed for atomic scattering. Previous experime
studies of the scattering of NO molecules from metallic s
faces have shown that the scattered velocity distributions
rather insensitive to the final rotational state.27,28 The
‘‘pseudo-atomic’’ theoretical approach illustrated in this se
tion is therefore expected to hold also for the rotationa
inelastically scattered molecules, at least to a first appr
mation. The extent to which Eq.~2! can account for the D2
scattering data will give a measure of the role played
rotations in the scattering process.

III. EXPERIMENT

The experiments were carried out with a high-resolut
He atom time-of-flight spectrometer developed for meas
ing surface phonon dispersion curves and descri
previously.29 The incident beam strikes the target after pa
ing through three differentially pumped chambers, one
which contains the chopper for time-of-flight measuremen
After scattering at a fixed angle ofuSD595.76° with respect
to the incident beam the particles are detected by a ho
made electron bombardment magnetic mass spectromete
tector which has been optimized for high sensitivity and
located at a distance of 1.4 m from the target. The Cu cry
was oriented to within 0.5° and cleanedin situ by ion sput-
he
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tering and annealing12 until the carbon and sulfur surfac
contamination was found to be less than 0.5% of a mo
layer by the Auger spectrometer. The target chamber ha
base pressure of;4310211 mbar. The observation, at sma
incident energies and surface temperatures, of sharp He
D2 diffraction peaks with a typical half-width of 0.35° indi
cates an atomically clean surface with order over distance
about 200 Å.

During the D2 scattering experiments at surface tempe
turesTs,400 K the crystal was periodically heated to a te
peratureTs5600 K to avoid build-up of D atoms due t
dissociative chemisorption of D2 at the surface.

For the high-incident beam energies used in this exp
ment, 100<Ei<250 meV, a supersonic nozzle beam sou
was employed. This source consists of a sapphire tube
an orifice of diameterd574mm. The tube was heated b
electron bombardment up to temperaturesT0;1300 K. A
four-layer tantalum radiation shield was mounted around
sapphire tube to reduce power dissipation to about 50 W
the higher source temperatures (T0.1000 K). The radiation
shield was kept at a negative potential with respect to
emitting filament to prevent electrons from reaching the2
beam. Due to limitations in the pumping speed of the noz
chamber the nozzle was operated with pressuresP0

<15 bar. The source pressureP0 was varied during the mea
surements to keep the incident flux constant. Measurem
of the pressure increase in the nozzle and target cham
confirmed that the incident beam flux was constant to wit
20%. This allows a direct comparison between the T
spectra taken with different gases and at different incid
energies reported below in Sec. IV.

The beam speed ratiosS for He and D2 varied between
13 and 30 as discussed in Ref. 30. These values of the s
ratio correspond to an energy resolutionDE/E between 11%
and 25%, which corresponds to an intrinsic beam full wid
at half-maximum ~FWHM! of about 11 meV at Ei

5100 meV and of about 60 meV atEi5250 meV. To deter-
mine the influence of the intrinsic energy spread of the in
dent beam on the measured TOF distribution we employ
following relation valid for the widths of convoluted Gaus
ian peak shapes:

FWHMexp
2 5FWHMmulti

2 1FWHMbeam
2 , ~13!

which relates the experimentally measured values of
measured widths (FWHMexp) to the intrinsic beam resolution
(FWHMbeam) and the broadening due to the multiphon
interaction (FWHMmulti). The measured values of FWHMexp

vary from a value of about 26 meV atEi5100 meV and
Ts5100 K to a value of about 90 meV atEi5250 meV and
Ts>550 K. By using Eq.~13! the contribution of the inci-
dent beam energy spread FWHMbeam to the experimental
values FWHMexp is calculated to be less than 15% for mo
incident energies and surface temperatures considered by
experiment. The FWHMbeam could be therefore safely ig
nored in the analysis of the TOF spectra.

A number of previous investigations31–35 have demon-
strated that the rotational populations of highly expand
supersonic molecular beams follow a nearly Boltzmann d
tribution ~at least for the lowest rotational states! which is
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characterized by an effective rotational temperatureTR . In
Ref. 35 an empirical method is described to estimate
value of TR for a given value of the parameterP0d and of
the incident energyEi . Table I reports the estimated rota
tional populations of the D2 beam for the incident energie
employed in this experiment. Because of the large spac
between the vibrational levels of the D2 molecule36 the oc-
cupation of the excited vibrational states is always bel
1.3% for incident energiesEi<250 meV.30 The vibrational
excitation of the D2 molecules was therefore ignored in th
analysis of the scattering data.

IV. EXPERIMENTAL RESULTS

Figure 1 shows a series of TOF spectra for He and2

scattered from the@100# direction of the Cu~001! surface.
The surface temperature wasTs5950 K and the deviation

TABLE I. Relative populations~in %! of the rotational levelsj for D2

nozzle beams for source conditionsP0d and incident beam energiesEi

calculated with the empirical method described in Ref. 35.

Ei ~meV! P0d ~Torr cm! TR ~K! j 50 j 51 j 52 j 53 j 54

105 17.0 138 37.6 29.9 28.7 3.0 0.6
139 17.0 235 23.0 23.6 38.5 8.8 5.3
170 19.2 302 18.2 20.3 38.7 11.3 9.4
206 22.5 346 16.0 18.5 37.9 12.4 11.
222 28.1 349 15.9 18.4 37.8 12.5 12.
251 28.1 409 13.7 16.5 36.3 13.4 14.

FIG. 1. Time-of-flight spectra of He~a! and D2 ~b! scattered from the@100#
direction of Cu~001! at a temperatureTs5950 K and a deviation angle
Du523°. The incident energy was increased fromEi;100 meV toEi

;250 meV for both He and D2 scattering. The D2 TOF spectra at energie
Ei5206 meV andEi5222 meV are anomalous because of the proximity
a RID peak. The dotted lines indicate the best fit of Eq.~2! to the TOF
spectra with the parameters reported in Table II.
e

g

angleDu523°. In this notation the incident angle is give
by u i5uSD/21Du ~see also Ref. 12!. The energy was in-
creased stepwise from a valueEi;100 meV to Ei

;250 meV for both He and D2 scattering. The intensities o
the He TOF spectra are a factor 5 to 7 larger than those o2

for incident energies up to 210 meV. For incident energ
Ei.210 meV the difference reduces to about a factor of
The D2 TOF spectra taken at at energiesEi5206 meV and
Ei5222 meV, respectively, are anomalous because t
nearly coincide with a rotationally inelastic diffraction~RID!
peak.37 The RID peaks are diffraction peaks where the in
dent molecules convert a part of their translational ene
into rotational energy. The position of the RID peaks is giv
by the equations for the conservation of parallel moment
and energy.37

DK5K f2K i5G,
~14!

Ef2Ei5DErot ,

whereG is a surface reciprocal lattice vector,Ef andEi are
the final and incident beam energies, andDErot is the rota-
tional excitation energy. Values ofDErot for the transitions
between the lowest rotational levels of the D2 molecule can
be found in Ref. 36. In the case of the TOF spectra take
Ei5206 meV andEi5222 meV the RID peak coupled with
the rotational transitionj 53→1 (DErot536.88 meV) and
the vectorG5(11) is located at an angular position ofDu
522.7°. The conversion between rotational and trans
tional energy increases the final translational energy of
D2 molecules and explains the shift of the maximum of t
TOF distributions towards positive values of the ener

TABLE II. Dependence on incident energy of the interaction parametersQc

andb for scattering of He and D2 from Cu~001! in the multiphoton classical
regime. The parameters were determined from best-fits of Eq.~2! to the
experimental data of Fig. 1. The fit procedure was carried out by fixing
parametervR to the valuevR53000 m/s~Ref. 4! and the potential well
depth toe55.76 meV for He ande532.5 meV for D2. The value of the
classical turning pointZ0 was calculated from Eq.~15!.

Ei ~meV! b (Å 21) Qc (Å 21) Z0 (Å 21)

He
20–100a 3.0 1.0 3.0

105 5.7 2.4 0.99
113b 5.7 2.4 0.99
141 6.1 2.8 0.77
178 7.5 3.4 0.64
210 8.4 3.8 0.58
233 9.0 3.9 0.59
253 10.0 4.1 0.59

D2

102 8.7 7.0 0.17
139 9.5 8.6 0.13
171 10 9.0 0.12
206 11.6 12.0 0.08
222 12.2 9.3 0.14
251 12.8 9.8 0.13

aDetermined in Ref. 12 by analyzing scattering of He from Cu~001! in the
quantum regime (Ei,100 meV).

bDetermined in Ref. 4 by analyzing scattering of He from Cu~001! in the
region of transition between the quantum regime and the multiphonon c
sical regime (Ei;100 meV).
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transferDE. The dotted lines in Fig. 1 indicate the fit of Eq
~2! to the experimental data. The best-fit parameters are
ported in Table II. It is important to notice that the form
the TOF distributions is a Gaussian-like profile for both H
and D2 scattering. Furthermore, the maximum intensity
the TOF distributions for a fixed incident energy is located
approximately the same value of the energy transfer for b
He and D2 scattering. These observations suggest that
mechanism of energy exchange with the surface is sim
for He and D2 and that rotational excitations do not play
predominant role.

Figure 2 shows a series of TOF spectra taken for He
an incident energyEi5253 meV and for D2 at an incident
energyEi5251 meV at a fixed deviation angleDu523°.
The surface temperature was increased fromTs5100 K to
Ts5950 K. Similar to what is observed in Fig. 1 the inte
sities of the He TOF spectra are a factor 2 to 3 larger t
those of D2 over the whole range of surface temperatur
The dotted lines again indicate the results of Eq.~2! when
the parameters reported in Table II are used.

Figure 3 shows a series of TOF spectra for He@Fig. 3~a!#
and D2 @Fig. 3~b!# beams scattered from the clean Cu~001!
surface along the@100# direction at incident energiesEi

5253 meV andEi5251 meV, respectively. The surfac
temperature wasTs5950 K. The deviation angle was varie
stepwise fromDu529° to Du53°. The He and D2 TOF
spectra@Fig. 3~a!# display a falloff of the intensity when the
crystal is rotated away from the specular direction byDu.
The D2 TOF spectra@Fig. 3~b!# are about two to three time
less intense than the corresponding He spectra, with the

FIG. 2. Time-of-flight spectra of He~a! and D2 ~b! beams incident along the
@100# direction of Cu~001!. The beam energy wasEi5253 meV for He and
Ei5251 meV for D2, the deviation angleDu523°. The surface tempera
ture was varied fromTs5100 K toTs5950 K. The dotted lines indicate th
results of Eq.~2! when the parameters reported in Table II are used.
e-

f
t
th
e
r

at

n
.

x-

ception ofDu513°, and show a similar falloff of the in-
tensity when the crystal is moved away from the specu
position. The intensity of the D2 TOF spectrum taken at a
angleDu53° is more than a factor of 2 higher than that
the other D2 TOF spectra. This anomalously large intensity
probably due to the fact that the angular position at wh
this TOF spectrum was taken nearly coincides with that
the RID peak (Du52.9°) coupled to the transitionj 54
→2 (DErot551.41 meV) and the vectorG5(00). The dot-
ted lines indicate the results of Eq.~2! when the parameter
reported in Table II are used.

Figure 4 displays as a function of surface temperat
the maximum peak intensities~the intensity at the position o
most probable energy transfer! of the He and D2 TOF spectra
taken at a fixed deviation angleDu523°. In Ref. 4 it was
shown in fact that the maximum peak intensity is an exc
lent parameter to characterize multiphonon scattering.
He scattering the data points follow the same trend for e
incident energy. At low temperatures the intensity of t
TOF spectra is low. The multiphonon scattering probabil
increases with surface temperature, reaches a maximum
tween 400 and 500 K, and decreases at higher surface
peratures. The physical reason for this behavior is the
lowing. At low temperatures, when most of the scattering
in the quantum elastic and single-phonon inelastic peaks,
multiphonon intensity grows with increasing temperature
the expense of the intensity of the quantum peaks. At su
ciently high temperatures the quantum peaks become van
ingly small and virtually all of the intensity is in the classic
multiphonon contribution and the multiphonon peak reac

FIG. 3. Time-of-flight spectra of He and D2 beams incident along the@100#
direction of Cu~001!. The surface temperature wasTs5950 K and the de-
viation angle was varied fromDu529° to Du53°. ~a! He measurements
taken atEi5253 meV; ~b! D2 measurements taken atEi5251 meV. The
dotted lines in~a! and~b! indicate the results of Eq.~2! when the parameters
reported in Table II are used.
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a maximum. At still higher temperatures the multiphon
peak becomes broader by spreading out to larger energy
changes and larger scattering angles, and, to conserve u
ity, the maximum peak intensity decreases. The analysi
the D2 experimental data is complicated by the neighborho
of RID peaks atEi5210 meV andEi5222 meV. Except for
the latter energies the maximum peak intensities of the2

TOF distributions raise to a maximum and then decre
more rapidly than in the case of He scattering.

Figure 5 displays as a function of incident energy t
maximum peak intensities of the He and D2 TOF spectra
taken at a fixed deviation angleDu523°. The data dis-
played in Fig. 5 are the same as in Fig. 4 but are now plo
as a function of energy rather thanTs . For He scattering,
at each temperatureTs the maximum multiphonon excitatio
probability decreases by more than a factor of 5 wh
the incident energy changes fromEi5105 meV to Ei

5253 meV. Figure 5~b! shows that for D2 scattering the in-
tensities decrease by only about a factor of 3 when the
ergy is varied over the same interval.

Figure 6 displays as a function of surface temperat
the squares of the full widths at half maximum (FWHM)2 of
the He and D2 TOF spectra taken at a fixed deviation ang
Du523°. The values of the FWHM were determined b
Gaussian fits to the measured TOF distributions. For
same incident energy and surface temperature the value
the FWHM2 for D2 are about 15% larger than those of H
The solid lines indicate linear fits to the experimental da
The anomalous slopes of the D2 scattering data taken at th

FIG. 4. Maximum peak intensities of time-of-flight spectra of He~a! and D2

~b! beams incident along the@100# direction of Cu~001!. In each data set the
incident energyEi is constant and the surface temperatureTs increases. The
deviation angle wasDu523°. The lines are a guide to the eye.
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incident energiesEi5210 meV andEi5222 meV are excep-
tions due to the proximity of RID peaks as reported in t
discussion of Fig. 1.

V. DISCUSSION

A. Energy dependence

To clarify the dependence of the multiphonon excitati
probability on incident energy Eq.~2! was fitted to the ex-

FIG. 5. Maximum peak intensities of time-of-flight spectra of He~a! and D2

~b! beams incident along the@100# direction of Cu~001!. In each data set the
surface temperatureTs is constant and the incident energyEi increases. The
deviation angle wasDu523°. The lines are a guide to the eye. The vertic
dashed lines in~b! indicate the energies where a RID peak is in the imm
diate neighborhood ofDu523°.

FIG. 6. The FWHM2 of time-of-flight spectra of He~a! and D2 ~b! beams
incident along the@100# direction of Cu~001!. In each data set the inciden
energy is constant and the surface temperatureTs increases. The deviation
angle wasDu523°. The solid lines are linear fits to the experimental da
The slope of the best-fit lines to the D2 data taken atEi5210 meV andEi

5222 meV are anomalous due to the proximity of RID peaks.
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perimental data of Fig. 1. The measurements of Fig. 1 w
taken at incident energies and surface temperatures w
fulfill the condition 2W.6 and therefore Eq.~2! is expected
to be a reasonable approximation. The fit of Eq.~2! to the
experimental data was carried out by keeping the value
the velocity parameter constant atvR53000 m/s determined
in Refs. 4 and 5. HerevR is expected to have a value com
parable to the velocity of the Rayleigh wave on Cu~001!
~which is 1700 m/s!12 and is not expected to depend strong
on incident energy. The results of the fit procedure w
checked separately using Eq.~2! with the parameters o
Table II to reproduce a series of TOF spectra where
deviation angleDu was varied. The results of the theoretic
calculations are reported in Fig. 3 and show a substan
agreement with experiment, which confirms the validity
the chosen theoretical approach and of the best-fit par
eters.

The best-fit values ofQc and b for He scattering in-
crease with incident energy. The increase of the cutoff
rameterQc with incident energy is expected. HereQc ex-
presses the range of the interaction between the inci
particles and the surface.20 At high incident energies, the
incident projectiles come closer to the surface and the in
action with the surface becomes increasingly short rang
which results in a larger value ofQc . The increase of the
parameterb with incident energy expresses an increase
stiffness of the repulsion potential, which reflects proba
an increase in strength of the Pauli repulsion when the at
come closer to the surface.

The values ofb andQc are related to each other, and a
approximate expression of this relation is22

Z05
b

Qc
2 , ~15!

whereZ0 is the classical turning point. The approximatio
used for obtaining Eq.~15! are sufficiently crude that on
does not expect quantitative agreement. The values oZ0

obtained from Eq.~15! using the best-fit values ofQc andb
are reported in Table II. The turning point is located atZ0

50.99 Å for an incident energyEi5105 meV and coincides
with the value determined in Refs. 4 and 5 also with
analysis of He multiphonon scattering from Cu~001!. The
valueZ050.99 Å determined for an energyEi5105 meV is
about a factor of 3 less than the valueZ053.0 Å determined
from single-phonon measurements in Ref. 12, and of
value Z053.48 Å which can be determined for an ener
Ei5100 meV from the He/Cu~001! potential energy diagram
reported in Ref. 15. This discrepancy is probably due to
crude approximations which are made in the derivation
Eq. ~15!, and it is probably more appropriate to regard t
values ofZ0 reported in Table II as effective values. Th
variation DZ050.4 Å determined from the best-fit param
eters is, however, in good agreement with the valueDZ0

;0.3 Å which can be calculated for the energy range 1
<Ei<250 meV from the He/Cu~001! potential energy dia-
gram determined by very recent work.15 Recent calculations
of Petersenet al. show also a variationDZ0;0.3 Å for He
on Rh~110! when the incident energy changes fromEi

5100 meV toEi5200 meV.38
re
ch

of

e

e
l
al
f
m-

-

nt

r-
d,

n
y

s

n

e

e
f

0

Turning to molecular scattering, the similar form of th
TOF distributions obtained for He and D2 scattering~Figs.
1–3! is a strong indication that the rotational degree of fre
dom does not play a predominant role in determining
energy exchange with the surface. For this reason, a sys
atic fit of Eq. ~2! to the data of Fig. 1 is reasonable even
the case of D2 scattering.

The best-fit values ofQc andb for D2 scattering increase
with incident energy much like in the case of He scatterin
The best-fit values ofQc are a factor of 2.5 to 3 higher tha
those of He for the same incident energy, which would in
cate that the D2 molecules have a much more localized i
teraction with the surface than the He atoms. This asp
probably reflects the different position of the minimum of t
physisorption potential which is located atzp;3.6 Å for D2

~Refs. 39 and 40! and atzp;4.2 Å for He.15 The best fit
values ofb determined for D2 scattering are a factor of 1.3 t
1.5 greater than the values for He scattering for similar in
dent energies. This behavior is somewhat unexpected. P
ous studies of the physisorption potential have shown in
that at least at energiesEi<30 meV the repulsion paramete
is similar, b;2.43 Å21 for He/Cu~001! ~Ref. 16! and b
;2.28 Å21 for D2/Cu~001!.39,40 Comparisons of diffraction
experiments with theoretical models yield also a valueb
52.1 Å21 for He scattering from the close packed surfac
of Cu.41,42 Further, the classical turning pointZ0 calculated
for D2 from Eq. ~15! with the best-fit values is weakly de
pendent on incident energy. These differences between
best-fit parameters for He and D2 scattering may be due to
the rotational transitions of D2 molecules, which are no
taken into account by the multiphonon scattering theory
scribed in Sec. II.

B. Temperature dependence

Figures 2 and 4 illustrate the temperature dependenc
the multiphonon excitation probability. In Fig. 2 the dotte
lines indicate the results of Eq.~2! when the parameters re
ported in Table II are used and the surface temperatur
varied. The theoretical predictions for both He and D2 are in
good agreement with the experimental data for temperat
Ts>550 K but overestimate the multiphonon scatteri
probability at low temperatures where the semiclass
theory of Eq.~2! is not a good approximation. A similar bu
less pronounced discrepancy between theory and experim
at low surface temperatures was reported also in Refs. 4
5 even in the case of the full quantum calculations and
probably due to an inadequate theoretical description of
transition between quantum and multiphonon classical
gime. The value of the Debye–Waller exponent is in fa
2W;3 for He scattering at an incident energyEi

5253 meV and a surface temperatureTs5100 K. Under
these conditions Eq.~2! is not valid. For D2 scattering, the
Debye–Waller exponent is 2W;7 for an incident energy
Ei5251 meV and a surface temperatureTs5100 K, and the
discrepancy between theory and experiment is less ma
than in the case of He. The exact determination of the m
tiphonon scattering probability as a function of surface te
perature constitutes at the present stage one of the chal
ing aspects of the theoretical interpretation.4,5
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C. FWHM of the TOF spectra

Equation~7! shows that in the classical multiphonon r
gime the squares of the measured values of the FWHM
the TOF spectra depend linearly on incident energy and
face temperature. The linear dependence on surface tem
ture is clearly demonstrated by the data reported in Fig
Since furthermore the derivative of Eq.~7! with respect to
temperature is

d~FWHM!2

kB dTs
516 ln~2!g~u!Ei , ~16!

then the slopes of the best-fit lines to the data of Fig. 6
expected to depend linearly on incident energy. In Fig.
plot of the slopes as a function of incident energy is report
The data, with the exception of those D2 points associated
with RID, lie rather well on straight lines and confirm th
Eq. ~7! gives the correct functional dependence of t
FWHMs on incident energy and surface temperature for b
He and D2 scattering. Table III reports the slopes of th
best-fit lines to the data of Fig. 7, as well as the values of
slopes calculated from Eq.~2! and from the idealized expres
sion of Eq.~7!. Note that Eq.~7! gives a reasonable func
tional form for the energy and temperature dependence,
it does not account for the additional narrowing of t
FWHM by the form factorut f i u2 or by the correlation effects
of the weighted average parallel phonon velocityvR in Eq.
~2!.

Table III shows that the agreements of the double sl
d2(FWHM2)/d(kBTs)d(Ei) with the full calculations using

FIG. 7. The slope of the squared widthsd(FWHM)2/d(kBTs) as a function
of incident energy. Dotted squares: He. Circles: D2. The lines are linear fits
to the data. The D2 data taken at an energyEi5206 meV and Ei

5222 meV are anomalous because of the proximity of RID peaks and w
not considered in the linear fit.

TABLE III. Experimental and theoretical values of the dimensionle
energy and temperature slopes of the squared peak wid
d2(FWHM2)/d(kBTs)d(Ei). The experimental values are from the data
Fig. 7. The calculated values are from the calculations shown in Figs. 1
2. The value obtained from Eq.~7! represents a theoretical upper limit.

Experimental Calculation Eq.~7!

He 0.41860.037 0.38160.015 1.066
D2 0.53860.086 0.49860.009 1.066
of
r-
ra-

6.

re
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th

e

ut

e

Eq. ~2! are rather good, as can be expected from the theo
ical fits shown in Figs. 1 and 2. The experimental value
the dimensionless double slope for D2 is 0.54, which is about
20% larger than the value of 0.42 for He. The fact that
values calculated directly from Eq.~2! also reflect this dif-
ference is due to the difference in choices of the parame
b andQc for D2 and He, and this in turn indicates that th
potential is stiffer and shorter ranged for D2. However, it
should be noted that the effects of the physisorption wel
the potential are not included in the calculation ofDE0 using
Eq. ~2!. In the simplest approximation of assuming that t
potential well simply increases the speed of the particle
fore colliding with the repulsive surface~the Beeby correc-
tion!, as discussed in connection with Eq.~1!, one would
expect that because this makes 2W larger and hence also
makesDE0 larger, the potential well would enhance th
value of the slope. This enhancement would be greater fo2

because of its larger well depth, in qualitative agreem
with the present observations.

This work shows that the energy and temperature dep
dence of the TOF spectra can be reasonably explained by
theory reported in Sec. II. There are significant differenc
between He and D2 scattering which can be ascribed to r
tational transitions in D2, and there are strong indication
that the differences of the physisorption potential, the ran
of the projectile–surface interaction, and the steepness o
repulsion potential must be taken into account. The proba
ity of rotationally inelastic transitions does not appear to d
pend on surface temperature and indicates a weak coup
between phonon excitation and rotational transitions,
qualitative agreement with previous experimental results.27,28

This investigation demonstrates that the shapes and
tensities of the He and D2 TOF spectra can be accounted f
quite well by a multiphonon scattering theory developed
the atomic scattering case14 when the differences in the phy
sisorption potential of He and D2 are taken into consider
ation.
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