JOURNAL OF CHEMICAL PHYSICS VOLUME 108, NUMBER 24 22 JUNE 1998

A comparative study of the scattering of highly energetic atomic
and molecular beams from metallic surfaces
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Time-of-flight spectra(TOF) of supersonic He and Dbeams in the energy range XE;

<250 meV have been measured after scattering from a clea®0Qusurface at surface
temperatures between 100 and 950 K. The TOF spectra of both Hegxhbit 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 whén the incident

beam energies are the same and below 200 meV. For the highest incident beam dgergies
=200 meV and surface temperatufies> 700 K the difference between the He and TDF 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 gomb\ides
valuable information on the interaction parameters and their dependence on incident energy. The
analysis of the energy and temperature dependence of the peak intensities gf tdd- Bpectra
allows for the separation of the contribution of rotational excitations in the collision mechanism.
© 1998 American Institute of Physid$0021-960808)01424-X

I. INTRODUCTION its simplicity and because of the good results obtained by

previous investigations with He beams in both the quantum
During the last ten years scattering of thermal beams ofind the multiphonon scattering reginfas2

He atoms from surfaces has become established as one of the This paper is organized as follows. In Sec. Il the essen-

more powerful techniques of surface science. Most measureial elements of the theory of multiphonon scattering are de-

ments have concentrated on the quantum features of the igeribed. In Sec. Il the experimental technique is described,

teraction of He with surfaces, that is diffraction and single-while the experimental results are presented in Sec. IV and

phonon inelastic measurements of He beams with incidendiscussed in Sec. V.

energy E;~50 meV. The regime of high-incident energies

and surface temperatures has been rarely investigatdd THEORY

experimentally because of the onset of multiphonon effects

which complicate the analyS'S of the ex.penmental data. Onl3(/ided into two regimes. At low incident energies and surface

very recently has theoretical and experimental work analyzqule

: tically H ttering f talli ; in th mperatures(typically E;<<70 meV and T,<500 K for
systematically Hie Sffll ering irom metafiic surfaces in emany low-index metallic surfacgsingle quantum energy
multiphonon regimé-!! These studies concentrated on the

¢ tion bet the sinale-nh : . xchanges predominate and result in sharp peaks in both
ransition between the single-phonon quantum regime angqe spectra and angular distributions. At high incident en-

the mglUphonoq classical regime and shoyved that theory a.ngrgies and surface temperatures the classical multiphonon re-
experiment are in good agreement for incident beam energlegﬁme predominates and both TOF spectra and angular distri-
E;=<120 meV. butions become broad and featurelé3s.

. In-this wqu time-of-flight (TOF) measurements of A well-established criterion to discriminate between the
highly energetic He and Poeams scattered from a @01) two regimes is given by the Debye—Waller exponeki.2

surface are reported. The incident beam enérgyas varied 1,4 expression for the Debye—Waller exponent is given by
between 100 and 250 meV and the surface temperatyre

was between 100 and 950 K. The measurements presented in 3h%(ki —k{)?Ts

this article are the first systematic study of He andsbat- W(Ty)= TBGE' @
tering in the true multiphonon classical regime and allow a )

direct, energy-resolved comparison between scattering from " Ed. (1) M is the mass of a surface atokj, andk; are

the same surface of atoms and molecules with the sami@€ incident and scattered wave vectowenere the prime
mass. Due to the innovative character of this investigationfjenOtes the Beeby correction in which the perpendicular

the CU001) surface represents an ideal candidate because GPMPonents include the physisorption well deéfttof the
incident and scattered wave vectors, is the surface tem-

Y w ¢ Chemi A ~ peratureOp is the Debye temperature of the surface &gd
Permanent address: Department o emistry, Massachusetts Institute ; ; ;
Technology, Cambridge, Massachusetts 02139, f the Boltzmann constant. The single quantum regime is

bpermanent address: Department of Physics and Astronomy, Clemson UrfEXpected V\{?enW§ 1 and _the classical multiphonon regime
versity, Clemson, South Carolina 29634. for 2W=6."" In this experiment the Debye exponent varies

In general, gas—surface collision phenomena can be di-
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for He scattering from a minimum valué/2,,,(He)~ 1.5 at 1
T,=100K and E;=105meV to a maximum value I max (kgTAEQ T ®)

2Wa{He)~30 atT,=950 K andE; =253 meV when a sur- . . ) ) )
face Debye temperatur®,=270K and a potential well However, if the interaction potential were given by a target

depthe=5.76 meV are assuméd®In the case of Pscat- of discrete scattering centers the intensity at the most prob-
tering for the present experimental conditions the Debye ex@_ble enerlggyzétransfer has a weaker dependendg; amd T,
ponent varies from a minimum valueWg,,(D,)~4 at T, 9ven by *#

=100 K andE;=101 meV to a maximum value\¥,,,,(D,) 1
~70 at T;=950K and E;=251 meV when a valuee I max & (KaTAE) 72 (6)
B's 0

=32.5meV for the potential well depth is assuntédhe

experimental conditions are therefore almost always in th@he characteristic power law exponent provides a clear sig-

multiphonon classical regime for both He and €xattering. nature difference between the two extreme limits. Recent
A complete formal theory of the many-body scatteringmeasurements? have shown, however, that the intensities

quantum problem has been derived by one of the authorsof the TOF spectra for He scattering in the multiphonon

with use of classical trajectories. This theory will be referredregime have a dependence Bawhich varies very nearly as

to as the “full quantum theory” in the following. Under the T *?as predicted by Eq(2).

extreme semiclassical assumptions of scattering from a con- The width of the energy distribution is dictated by two

tinuum surface at high energies and at large surface tempergactors, the semiclassical form facfot;|? of Eq. (4) and the

tures(for which 2W=6) a differential reflection coefficient Gaussian-type exponential of E@). Under special circum-

can be analytically calculated which expresses the fraction astances, such as whé&n andE; are of widely different mag-

particles scattered into the final energy inted&k and solid  nitude or for the case of large mass ratios between the pro-

angledQ); . This differential reflection coefficient 8 jectile and target atoms, the exponential in E2).becomes
highly skewed because of the energy dependencéEy.
dR m2|kf|U$e 2 him |32 Since under the present experimental conditions the intensity
dQ dEf  47°h°ki,S, .. |7l AEokgTs is very much Gaussian in shape, the temperature dependence

5 s 2 Lo of the FWHM is given essentially by the Gaussian-type ex-
Xex;{ _ (AE+AEQ)+27vRAK } @ ponential of Eq.(2) and it is relatively straightforward to
AkgTAE, ' extract its behavior. Ignoring the term &K ? and expanding
the argument of the exponent of E(R) about the point

whereS, ¢ is the area of the surface unit celK=K;—K;  AE+AE,=0 produces a FWHM which can be expressed as
is the surface parallel component of the wave vector transfer,

and vy is a weighted average of surface phonon velocities (FWHM)?~16In(2)g(6)EikgTs, 0
parallel tq the s_urface. Her&dE, is the_ classical recoil en- whereAE+AE,=0 is equivalent to the kinematical expres-
ergy and is equivalent to the energy given up to the surface i§jon of Baule for the position of the energy loss peak as a

the incoming projectile were colliding with a single, initially fynction of angle in a binary collision between the projectile
stationary surface atom. This is expressed by the relation g4 5 single stationary surface atom giverd®8§

hi%(ki—ki)? Ei=f(0)E;, 8
ap k) - =T(OE ®
2M where
The factor|75|? in Eq. (2) is a form factor which can be V1—u? sir? 6+ u cos6)\?
expressed in terms of a cutoff function in parallel momentum  f(6)= 1t u . 9
AK and the Mott—Jackson matrix element of the one-
dimensional potentiab (z) = exp(—82),°"%* Here,u=m/M is the mass ratio and is the total scattering
angle, which for the present experimentls w— 6;—6,.
) AK2\(h%2B%\2 _ The functiong(6) appearing in Eq(7) is then given by
|7hil“=exg — 2 2-m| Pasini(p)sini(a)
Q¢ m
o(6)= gra(0) 10
p>-q’ 2 (1+ u—u cos 0/\(6))>2
*| cosfip) — cosha))?| @
and
where p=2wk{,/8, q=2uk{,/8, and Q. is the cutoff 0) = w(1+F(0)—2F(0) cos 11
paramete?.l,zz gTA( ) :“( (6) ( ) ) ( )

For the comparisons with experiment considered belows the value taken by(6) in the trajectory approximation
it is useful to discuss the general characteristics of(Bgin ~ (TA). The trajectory approximation is obtained upon assum-
particular the characteristic signatures such as the peak po$hg that the recoil energy shihE, appearing in the argu-
tion, maximum intensity, and the full width at half maximum ment of the exponential in E¢2) is constant, in which case
(FWHM). The intensity at the point of most probable energy 2\
transfer is dictated by the prefactor envelope function of Eq. ((FWHM)H~16 In(2) AEoks Ts
(2) and its value goes as =16 In(2)gra( ) EiKgTs. (12
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For large scattering angle# such as in the surface back- tering and annealifig until the carbon and sulfur surface
scattering experiments discussed here, the narrowing of theontamination was found to be less than 0.5% of a mono-
intensity peak by the energy dependencd &f, can be quite layer by the Auger spectrometer. The target chamber had a
significant and the TA may be a poor approximatfén. base pressure of4x 10 '* mbar. The observation, at small
Equation (7) is the expected value of the FWHM for incident energies and surface temperatures, of sharp He and
small vy and exclusive of the effects of the form factor D, diffraction peaks with a typical half-width of 0.35° indi-
| 7¢i|2, which further narrows the width of the TOF distribu- cates an atomically clean surface with order over distances of
tion. Whenuy, is large and the term iAK? becomes impor- about 200 A.
tant, the energy and temperature dependence of the FWHM During the B, scattering experiments at surface tempera-
is nearly the same as for E{7), but the functiong(6) be-  turesT,<400 K the crystal was periodically heated to a tem-
comes smaller than the expression given in @d). Thus peratureT,=600 K to avoid build-up of D atoms due to
Eq. (7) can be regarded as a functional form with which todissociative chemisorption of [at the surface.
compare the energy and temperature dependence of the For the high-incident beam energies used in this experi-
widths of the TOF spectra. ment, 106<E;<250 meV, a supersonic nozzle beam source
The analysis of the Pdata is more complicated. Only a was employed. This source consists of a sapphire tube with
few theoretical models are in fact available to describe than orifice of diameted=74 um. The tube was heated by
scattering of symmetric diatomic molecules with a dynamicelectron bombardment up to temperatufigs-1300 K. A
surface?>?® These models suggest that rotational excitatiorfour-layer tantalum radiation shield was mounted around the
can be quite efficiently coupled with phondhand that the  sapphire tube to reduce power dissipation to about 50 W at
coupling with phonons and electron—hole pair excitation carthe higher source temperaturel 1000 K). The radiation
favor dissociative chemisorptidn.Due to the sparsity of shield was kept at a negative potential with respect to the
these theoretical investigations, Eg) and the full quantum emitting filament to prevent electrons from reaching the D
theory illustrated in Ref. 14 will be used throughout this beam. Due to limitations in the pumping speed of the nozzle
paper to analyze the TOF distributions obtained witthHe  chamber the nozzle was operated with pressuRgs
and D, scattering. The BTOF distributions can, in fact, be =15 bar. The source pressu?g was varied during the mea-
regarded as the sum of two components. One component sirements to keep the incident flux constant. Measurements
represented by the Dmolecules which exchange energy of the pressure increase in the nozzle and target chambers
with the surface but do not change their rotational state whenonfirmed that the incident beam flux was constant to within
interacting with the surface. The energy distribution of this20%. This allows a direct comparison between the TOF
fraction of the molecules is expected to be similar to that ofspectra taken with different gases and at different incident
He atoms and should be correctly reproduced by(Bq.The  energies reported below in Sec. IV.
second component is represented by theridlecules which The beam speed ratigsfor He and B varied between
exchange energy with the surface and also change their rd-3 and 30 as discussed in Ref. 30. These values of the speed
tational level. The energy distribution of these molecules igatio correspond to an energy resolutidb&/E between 11%
expected to deviate from the distribution predicted by theoand 25%, which corresponds to an intrinsic beam full width
ries developed for atomic scattering. Previous experimentat half-maximum (FWHM) of about 11 meV atE;
studies of the scattering of NO molecules from metallic sur-=100 meV and of about 60 meV & =250 meV. To deter-
faces have shown that the scattered velocity distributions ammine the influence of the intrinsic energy spread of the inci-
rather insensitive to the final rotational stafé® The dent beam on the measured TOF distribution we employ the
“pseudo-atomic” theoretical approach illustrated in this sec-following relation valid for the widths of convoluted Gauss-
tion is therefore expected to hold also for the rotationallyian peak shapes:
inelastically scattered molecules, at least to a first approxi- ) ) )
mation. The extent to which E¢2) can account for the P FWHMg, = FWHMp i+ FWHMgear (13

scatt_ermg_ data wil give a measure of the role played bywhich relates the experimentally measured values of the
rotations in the scattering process. measured widths (FWHM,) to the intrinsic beam resolution
(FWHMpeam and the broadening due to the multiphonon
interaction (FWHM,,;). The measured values of FWHM

The experiments were carried out with a high-resolutionvary from a value of about 26 meV &;=100 meV and
He atom time-of-flight spectrometer developed for measurT,=100 K to a value of about 90 meV &, =250 meV and
ing surface phonon dispersion curves and described =550 K. By using Eq.(13) the contribution of the inci-
previously?® The incident beam strikes the target after passdent beam energy spread FWIgM, to the experimental
ing through three differentially pumped chambers, one ofvalues FWHM, is calculated to be less than 15% for most
which contains the chopper for time-of-flight measurementsincident energies and surface temperatures considered by this
After scattering at a fixed angle @kp=95.76° with respect experiment. The FWHM)L,, could be therefore safely ig-
to the incident beam the particles are detected by a hometored in the analysis of the TOF spectra.
made electron bombardment magnetic mass spectrometer de- A number of previous investigatiots > have demon-
tector which has been optimized for high sensitivity and isstrated that the rotational populations of highly expanded
located at a distance of 1.4 m from the target. The Cu crystaupersonic molecular beams follow a nearly Boltzmann dis-
was oriented to within 0.5° and clean&dsitu by ion sput-  tribution (at least for the lowest rotational stateshich is

IIl. EXPERIMENT
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TABLE |. Relative populationgin %) of the rotational level§ for D, TABLE Il. Dependence on incident energy of the interaction paramé&lgrs
nozzle beams for source conditiofd and incident beam energids and g for scattering of He and Pfrom Cu001) in the multiphoton classical
calculated with the empirical method described in Ref. 35. regime. The parameters were determined from best-fits of(Hqto the
experimental data of Fig. 1. The fit procedure was carried out by fixing the
E; (meV) Pod (Torrcm Tg(K) j=0 j=1 j=2 j=3 j=4 parameterv to the valuevz=3000 m/s(Ref. 4 and the potential well
depth toe=5.76 meV for He ande=32.5 meV for O. The value of the

105 17.0 138 376 299 287 30 06 (assical turning poinZ, was calculated from Eq15).
139 17.0 235 230 236 385 88 53
170 19.2 302 182 203 387 113 94 E, (meV) B(A Y Q. (A Y Zo (A1)
206 225 346 16.0 185 37.9 124 119
222 28.1 349 159 184 37.8 125 120 He
251 28.1 409 137 165 363 134 149 20-100 3.0 1.0 3.0
105 5.7 2.4 0.99
113 5.7 24 0.99
141 6.1 2.8 0.77
characterized by an effective rotational temperaflige In 178 7.5 3.4 0.64
Ref. 35 an empirical method is described to estimate the 210 8.4 38 0.58
) 233 9.0 3.9 0.59
value of Tg for a given value of the paramet&,d and of 253 10.0 a1 059
the incident energ¥e;. Table | reports the estimated rota-
tional populations of the Pbeam for the incident energies 102 . D, 0 0.17
employed in this experiment. Because of the large spacing 139 0.5 8.6 0.13
between the vibrational levels of the, Inoleculé® the oc- 11 10 9.0 0.12
cupation of the excited vibrational states is always below 206 11.6 12.0 0.08
1.3% for incident energieg; <250 meV® The vibrational 222 12.2 9.3 0.14
excitation of the B molecules was therefore ignored in the 251 128 9.8 0.13

analysis of the scattering data. #Determined in Ref. 12 by analyzing scattering of He from(@1) in the

quantum regime ;<100 meV).

IV. EXPERIMENTAL RESULTS bDetermined in Ref. 4 by analyzing scattering of He from(@) in the
region of transition between the quantum regime and the multiphonon clas-
Figure 1 shows a series of TOF spectra for He and D sical regime E;~100 meV).

scattered from th¢100] direction of the C(001) surface.
The surface temperature wds=950 K and the deviation

angleA #=—3°. In this notation the incident angle is given
by 6;= 652+ A6 (see also Ref. 12 The energy was in-
creased stepwise from a valug;,~100meV to E;

Ei = b, /N Ei= 25
105 mev| | 102 meV

20 He

10 15 ~250 meV for both He and pscattering. The intensities of
0.5 the He TOF spectra are a factor 5 to 7 larger than those, of D
20 141 mev o 139mev] 25 for incident energie; up to 210 meV. For incident energies
~ 15 E;>210 meV the difference reduces to about a factor of 3.
10 05 The D, TOF spectra taken at at energies=206 meV and

E; =222 meV, respectively, are anomalous because they

nearly coincide with a rotationally inelastic diffracti¢RID)

peak® The RID peaks are diffraction peaks where the inci-

, = L e dent molecules convert a part of their translational energy

20 210 meV 206 meV{ 2.5 into rotational energy. The position of the RID peaks is given
by the equations for the conservation of parallel momentum

and energy’

178 meV1 170 mev] 25

Intensity [103counts/sec/ meV]

233 meV 222 mev] 25 AK=K;=K;=G,

20
o (14
VAP N {05 Ei—Ei=AEq

20 ' 253 meV1 Cu(001) [100] 557 noy] 2.5 wher_eG is a §urface reciprocal Iatt_ice vectcﬁ,.and E; are
Ts=952K 15 the final and incident beam energies, akf, is the rota-

10 Aef s 0s tional excitation energy. Values &fE, for the transitions

= —ioda) [ e ~b) between the lowest rotational levels of the molecule can

<100 -50 0 50 100-00 -50 0 50 100

be found in Ref. 36. In the case of the TOF spectra taken at
E;=206 meV andg;=222 meV the RID peak coupled with
FIG. 1. Time-of-flight spectra of Hés) and D, (b) scattered from thgLO0] the rotational transitiorj=3—1 (AE,,=36.88 meV) and
direction of Cy001) at a temperaturd =950 K and a deviation angle the vectorG=(11) is located at an angular position &%
A9=—3°. The incident energy was increased fréin~100meV toE; = —2.7° The conversion between rotational and transla-
~250 meV for both He and Pscattering. The DTOF spectra at energies . : - :

E;=206 meV andE;=222 meV are anomalous because of the proximity of tional energy Increases .the final t.ran5|atlonal gnergy of the
a RID peak. The dotted lines indicate the best fit of E2).to the TOF D2 mOI_ecu'Ies 'and explains the ?h'ft of the maximum of the
spectra with the parameters reported in Table II. TOF distributions towards positive values of the energy

Energy Transfer [meV] Energy Transfer [meV]
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20

E =753 meV ] =25 mev Cu(001) [100] E, = 253 meV
40 m : 0
S T.= D, /. LT — A8 =3 ' ]
20 e 100K | P {10 3T, =950K He
X5 FEEERN": v
20 1 6 27
250 K
10 11 %
£ 1r
10 . S
- 400 K 3 A
3 5 1 P I et : a)
i3 € ’
8 3 o E; = 251 meV]
g 10 1 ¥ og A6 = +3 D 1
5 550 K =, 2
g =
2 a2
-g 10 " 3 £
700 K -
g _ 2
11
10 1 Cul(001) 100113 b)
950 K 20 = -3 . .
St -100 -50 0 50 100
a)

0= s Energy Transfer [meV}]
2100 -56 0 50 100 -100 -50 0 50 100

Energy Transfer [meV] Energy Transfer [meV] FIG. 3. Time-of-flight spectra of He and,lbeams incident along tH&00]

) ) o direction of Cy001). The surface temperature was=950 K and the de-
FIG. 2. Time-of-flight spectra of H&) and D, (b) beams incident along the  \iation angle was varied from §=—9° to A§=3°. (a) He measurements

[100] direction of C001). The beam energy wds =253 meV for He and  aken atE; =253 meV; (b) D, measurements taken Bf=251 meV. The

Ei=251 meV for D), the deviation anglés 6= —3°. The surface tempera- (otted lines ina) and(b) indicate the results of E¢2) when the parameters
ture was varied fronT=100 K to T;=950 K. The dotted lines indicate the reported in Table Il are used.

results of Eq(2) when the parameters reported in Table Il are used.

transferAE. The dotted lines in Fig. 1 indicate the fit of Eq. ception of A¢=+3°, and show a similar falloff of the in-
(2) to the experimental data. The best-fit parameters are réensity when the crystal is moved away from the specular
ported in Table Il. It is important to notice that the form of position. The intensity of the PTOF spectrum taken at an
the TOF distributions is a Gaussian-like profile for both HeangleA #=3° is more than a factor of 2 higher than that of
and D, scattering. Furthermore, the maximum intensity ofthe other D TOF spectra. This anomalously large intensity is
the TOF distributions for a fixed incident energy is located atprobably due to the fact that the angular position at which
approximately the same value of the energy transfer for botlthis TOF spectrum was taken nearly coincides with that of
He and DB scattering. These observations suggest that ththe RID peak A 6=2.9°) coupled to the transition=4
mechanism of energy exchange with the surface is similar-2 (AE,;;=51.41 meV) and the vectds=(00). The dot-
for He and B and that rotational excitations do not play a ted lines indicate the results of E) when the parameters
predominant role. reported in Table Il are used.

Figure 2 shows a series of TOF spectra taken for He at  Figure 4 displays as a function of surface temperature
an incident energy; =253 meV and for D at an incident the maximum peak intensitiéthe intensity at the position of
energyE;=251 meV at a fixed deviation anglk6=—3°. most probable energy transfaf the He and R TOF spectra
The surface temperature was increased fifigs 100 K to  taken at a fixed deviation anglef= —3°. In Ref. 4 it was
Ts=950 K. Similar to what is observed in Fig. 1 the inten- shown in fact that the maximum peak intensity is an excel-
sities of the He TOF spectra are a factor 2 to 3 larger thatent parameter to characterize multiphonon scattering. For
those of B3 over the whole range of surface temperaturesHe scattering the data points follow the same trend for each
The dotted lines again indicate the results of EY).when incident energy. At low temperatures the intensity of the
the parameters reported in Table Il are used. TOF spectra is low. The multiphonon scattering probability

Figure 3 shows a series of TOF spectra for[Rig. 3(a)] increases with surface temperature, reaches a maximum be-
and D, [Fig. 3(b)] beams scattered from the clean(Qdd) tween 400 and 500 K, and decreases at higher surface tem-
surface along thd100] direction at incident energieg; peratures. The physical reason for this behavior is the fol-
=253 meV andE;=251 meV, respectively. The surface lowing. At low temperatures, when most of the scattering is
temperature wa$,=950 K. The deviation angle was varied in the quantum elastic and single-phonon inelastic peaks, the
stepwise fromA §=—9° to A6=3°. The He and D TOF  multiphonon intensity grows with increasing temperature at
spectrd Fig. 3(a)] display a falloff of the intensity when the the expense of the intensity of the quantum peaks. At suffi-
crystal is rotated away from the specular direction Ag. ciently high temperatures the quantum peaks become vanish-
The D, TOF spectrdFig. 3(b)] are about two to three times ingly small and virtually all of the intensity is in the classical
less intense than the corresponding He spectra, with the exaultiphonon contribution and the multiphonon peak reaches
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60 " 60
He
50 Cu(001) [100]
He
40
40 ;
30
‘G 20
3
20 B
- c
9 =1 a
£ =)
£ ~ 15
£ o Y =
3 16 Cu(001) [100] | 2
£ 14 a0 =-3 10}
2 ® E=105mev =
P=1 E, = 139 meV
£ 12 3 E, = 170 mev
v E =210meV
10 ¢ 8 E=22mev 5
O E=253meV
8 F
6f 0~ ' : 21D
100 150 200 250
4l ;
Incident Energy [meV]
2 5
0 b) FIG. 5. Maximum peak intensities of time-of-flight spectra of tdeand D,

(b) beams incident along tH&00] direction of C001). In each data set the
surface temperaturg is constant and the incident energyincreases. The
deviation angle wad = —3°. The lines are a guide to the eye. The vertical
dashed lines irfb) indicate the energies where a RID peak is in the imme-
diate neighborhood oh = —3°.

0 200 400 600 800 1000
Surface Temperature T_ [K]

FIG. 4. Maximum peak intensities of time-of-flight spectra of tdeand D,
(b) beams incident along tH&00] direction of Ci{001). In each data set the
incident energ)E; is constant and the surface temperatligéncreases. The

deviation angle wad #=—3°. The lines are a guide to the eye. incident energie&; =210 meV ancE;=222 meV are excep-
tions due to the proximity of RID peaks as reported in the

. - _ discussion of Fig. 1.
a maximum. At still higher temperatures the multiphonon 9

peak becomes broader by spreading out to larger energy e¥ DISCUSSION
changes and larger scattering angles, and, to conserve unitar-
ity, the maximum peak intensity decreases. The analysis d?
the D, experimental data is complicated by the neighborhood  To clarify the dependence of the multiphonon excitation
of RID peaks aE;=210 meV andg; =222 meV. Except for probability on incident energy Eq2) was fitted to the ex-
the latter energies the maximum peak intensities of the D
TOF distributions raise to a maximum and then decrease Py
more rapidly than in the case of He scattering. 10} 3
Figure 5 displays as a function of incident energy the v
maximum peak intensities of the He ang DOF spectra
taken at a fixed deviation angle#6=—3°. The data dis-
played in Fig. 5 are the same as in Fig. 4 but are now plotted
as a function of energy rather than. For He scattering,
at each temperaturk, the maximum multiphonon excitation
probability decreases by more than a factor of 5 when
the incident energy changes from;=105meV to E;
=253 meV. Figure &) shows that for B scattering the in-
tensities decrease by only about a factor of 3 when the en- 5f
ergy is varied over the same interval.
Figure 6 displays as a function of surface temperature 0 ; : . . b)
the squares of the full widths at half maximum (FWHMf 0 200 400 600 800 1000
the He and D TOF spectra taken at a fixed deviation angle T, K]
A6O=—3°. The values of the FWHM were determined by
Gaussian fits to the measured TOF distributions. For th&IG. 6. The FWHM of time-of-flight spectra of Heéa) and D, (b) beams
same incident energy and surface temperature the values BFdent song L0D drecton of CUO0L. 1 each dataset he noen
the FWHMZ for DZ _are ab_OUt 15_% Iarger than t_hose of He. anglg)\//vaszs 6= —3°. The solid lines are Ilionearl%its to the e*perimental data.
The solid lines indicate linear fits to the experimental datahe siope of the best-it lines to the, Bata taken aE,=210 meV ancE,
The anomalous slopes of the, Bcattering data taken at the =222 meV are anomalous due to the proximity of RID peaks.

Energy dependence
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o
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perimental data of Fig. 1. The measurements of Fig. 1 were Turning to molecular scattering, the similar form of the
taken at incident energies and surface temperatures whichOF distributions obtained for He and,3cattering(Figs.
fulfill the condition 2V>6 and therefore Eq2) is expected 1-3) is a strong indication that the rotational degree of free-
to be a reasonable approximation. The fit of E2).to the dom does not play a predominant role in determining the
experimental data was carried out by keeping the value ofnergy exchange with the surface. For this reason, a system-
the velocity parameter constantigt= 3000 m/s determined atic fit of Eq. (2) to the data of Fig. 1 is reasonable even in
in Refs. 4 and 5. Hereg is expected to have a value com- the case of B scattering.
parable to the velocity of the Rayleigh wave on(QQd) The best-fit values o), andg for D, scattering increase
(which is 1700 m/g2 and is not expected to depend strongly with incident energy much like in the case of He scattering.
on incident energy. The results of the fit procedure werelhe best-fit values of). are a factor of 2.5 to 3 higher than
checked separately using E(R) with the parameters of those of He for the same incident energy, which would indi-
Table 1l to reproduce a series of TOF spectra where theate that the P molecules have a much more localized in-
deviation angleA @ was varied. The results of the theoretical teraction with the surface than the He atoms. This aspect
calculations are reported in Fig. 3 and show a substantigbrobably reflects the different position of the minimum of the
agreement with experiment, which confirms the validity of physisorption potential which is located B¢~ 3.6 A for D,
the chosen theoretical approach and of the best-fit parantRefs. 39 and 40and atz,~4.2 A for He!® The best fit
eters. values off determined for ) scattering are a factor of 1.3 to
The best-fit values of), and B8 for He scattering in- 1.5 greater than the values for He scattering for similar inci-
crease with incident energy. The increase of the cutoff padent energies. This behavior is somewhat unexpected. Previ-
rameterQ. with incident energy is expected. He€g. ex-  ous studies of the physisorption potential have shown in fact
presses the range of the interaction between the inciderthat at least at energids <30 meV the repulsion parameter
particles and the surfac®.At high incident energies, the is similar, 8~2.43 A= for He/CU001) (Ref. 16 and 3
incident projectiles come closer to the surface and the inter-2.28 A~* for D,/Cu(001).3°“° Comparisons of diffraction
action with the surface becomes increasingly short rangedxperiments with theoretical models yield also a vagie
which results in a larger value @.. The increase of the =2.1 A1 for He scattering from the close packed surfaces
parameterg with incident energy expresses an increase inof Cu*'*? Further, the classical turning poiit, calculated
stiffness of the repulsion potential, which reflects probablyfor D, from Eq. (15) with the best-fit values is weakly de-
an increase in strength of the Pauli repulsion when the atomsendent on incident energy. These differences between the

come closer to the surface. best-fit parameters for He and, Bcattering may be due to
The values of3 andQ. are related to each other, and an the rotational transitions of Dmolecules, which are not
approximate expression of this relatio%is taken into account by the multiphonon scattering theory de-
3 scribed in Sec. II.
Zo=12: (15
c B. Temperature dependence

whereZ, is the classical turning point. The approximations Figures 2 and 4 illustrate the temperature dependence of
used for obtaining Eq(15) are sufficiently crude that one the multiphonon excitation probability. In Fig. 2 the dotted
does not expect quantitative agreement. The valueZ,of lines indicate the results of EQR) when the parameters re-
obtained from Eq(15) using the best-fit values @. andB  ported in Table Il are used and the surface temperature is
are reported in Table Il. The turning point is locatedZgt  varied. The theoretical predictions for both He angddbe in
=0.99 A for an incident energ; =105 meV and coincides good agreement with the experimental data for temperatures
with the value determined in Refs. 4 and 5 also with anTs=550 K but overestimate the multiphonon scattering
analysis of He multiphonon scattering from ©Q1). The probability at low temperatures where the semiclassical
valueZ,=0.99 A determined for an enerds; =105 meV is  theory of Eq.(2) is not a good approximation. A similar but
about a factor of 3 less than the vallig=3.0 A determined less pronounced discrepancy between theory and experiment
from single-phonon measurements in Ref. 12, and of that low surface temperatures was reported also in Refs. 4 and
value Z,=3.48 A which can be determined for an energy5 even in the case of the full quantum calculations and is
E; =100 meV from the He/G@01) potential energy diagram probably due to an inadequate theoretical description of the
reported in Ref. 15. This discrepancy is probably due to theransition between quantum and multiphonon classical re-
crude approximations which are made in the derivation ofgime. The value of the Debye—Waller exponent is in fact
Eq. (15), and it is probably more appropriate to regard the2W~3 for He scattering at an incident energ¥;
values ofZ, reported in Table Il as effective values. The =253 meV and a surface temperatufe=100 K. Under
variation AZ,=0.4 A determined from the best-fit param- these conditions Eq2) is not valid. For D} scattering, the
eters is, however, in good agreement with the vahi&, Debye—Waller exponent isV¥~7 for an incident energy
~0.3 A which can be calculated for the energy range 10(E;=251 meV and a surface temperatdig=100 K, and the
<E;=<250 meV from the He/C®@01) potential energy dia- discrepancy between theory and experiment is less marked
gram determined by very recent warkRecent calculations than in the case of He. The exact determination of the mul-
of Peterseret al. show also a variatiodZ,~0.3 A for He  tiphonon scattering probability as a function of surface tem-
on RH110 when the incident energy changes frof perature constitutes at the present stage one of the challeng-
=100 meV toE; =200 meV?3® ing aspects of the theoretical interpretatfon.
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140 " " y Eq. (2) are rather good, as can be expected from the theoret-
120 ical fits shown in Figs. 1 and 2. The experimental value of
the dimensionless double slope foy B 0.54, which is about
100 t 20% larger than the value of 0.42 for He. The fact that the
80 values calculated directly from E@2) also reflect this dif-
60 - ference is due to the difference in choices of the parameters
B and Q. for D, and He, and this in turn indicates that the
40| potential is stiffer and shorter ranged for.DHowever, it
20 should be noted that the effects of the physisorption well in
0 ) the potential are not included in the calculatiorAdt, using
100 150 200 250 Eqg. (2). In the simplest approximation of assuming that the
potential well simply increases the speed of the particle be-
fore colliding with the repulsive surfacghe Beeby correc-
FIG. 7. The slope of the squared widttiFWHM)?/d(ksTo) as a function ~ tion), as discussed in connection with Ed), one would
of incident energy. Dotted squares: He. Circles: Dhe lines are linear fits expect that because this make®/ darger and hence also
to the data. The p data taken at an energl;=206meV and&  maesAE, larger, the potential well would enhance the
=222 meV are anomalous because of the proximity of RID peaks and were .
not considered in the linear fit. value of the slope. This enhancement would be greater for D
because of its larger well depth, in qualitative agreement
with the present observations.
C. FWHM of the TOF spectra This work shows that the energy and temperature depen-
. . . . dence of the TOF spectra can be reasonably explained by the
. Equation(7) shows that in the classical multiphonon re- eory reported in Sec. Il. There are significant differences
gime the squares of the r_neasured _val_ues of the FWHM etween He and Pscattering which can be ascribed to ro-
the TOF spectra depend linearly on incident energy and SUlational transitions in B and there are strong indications

face .temlperzl';\tu(;e. The Ilnea(; dbepehnd((ajnce on surf?jcg t?:mp%mét the differences of the physisorption potential, the range
tqre IS clearly emonstratg Y the data rgporte N F19. B the projectile—surface interaction, and the steepness of the
Since furthermore the derivative of E(Z) with respect to

: repulsion potential must be taken into account. The probabil-
temperature Is ity of rotationally inelastic transitions does not appear to de-
d(FWHM)? pend on surface temperature and indicates a weak coupling
Tk dT. 16 In(2)g(0)E;, (160 petween phonon excitation and rotational transitions, in
o _ qualitative agreement with previous experimental resufts.
then the slopes of the best-fit lines to the data of Fig. 6 are  Tp;s investigation demonstrates that the shapes and in-
expected to depend linearly on incident energy. In Fig. 7 gensities of the He and DTOF spectra can be accounted for
plot of the slopes as a function of incident energy is reportedqyite well by a multiphonon scattering theory developed for
The data, with the exception of those, Points associated the atomic scattering caéavhen the differences in the phy-

with RID, lie rather well on straight lines and confirm that sisorption potential of He and [Dare taken into consider-
Eq. (7) gives the correct functional dependence of thegtion.

FWHMSs on incident energy and surface temperature for both
He and B scattering. Table Il reports the slopes of the
best-fit lines to the data of Fig. 7, as well as the values of thA\CKNOWLEDGMENTS
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Table Il shows that the agreements of the double slope
d?(FWHM?)/d(kgTo)d(E;) with the full calculations using

d(FWHM)?/d(KgT,) [meV]
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