PHYSICAL REVIEW B, VOLUME 65, 125412

Surface scattering of small molecules: Theoretical analysis of ££1, scattering from LiF (002)
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Calculations with a recently developed theoretical model for molecule-surface scattering are compared with
recent high-precision measurements of the scatteringldf Golecule from a clean, ordered LF01) surface.
The theory uses a classical treatment of the rotational and translational motion of the molecule, including
multiphonon excitations at the surface, while internal vibrational modes of the molecule are treated quantum
mechanically. The calculated results for the angular distributions, the scattered intensity as a function of
rotational-energy transfer, and final rotational temperatures as a function of incident beam energy are in better
agreement with measurements than previous purely classical models. A number of predictive calculations are
presented for quantities that can, in principle, be measured.
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[. INTRODUCTION tile molecule. The translation and rotation motions are

Understanding the transfer of energy that occurs in colli4reated in the classical limit for a repulsive surface barrier
sions between molecules and surfaces is a question of fuiwith an attractive physisorption well. A quantum treatment
damental importance, and is also essential for predicting th&r internal vibrational mode excitation is used, with exten-
outcomes of processes such as sticking and surface-mediatgi@n to arbitrary numbers of internal modes and arbitrary
chemical reactions. Knowledge of molecular scattering isnumbers of multiquantum excitations of each mode.
somewhat limited compared with analogous atomic- Classical theory should be quite appropriate for describ-
scattering processeg,largely due to the greater complexity ing the translational motion and energy exchange with the
of molecule-surface interactions. While much of the work onsurface phonons becausgh is a large molecule. In fact it
atom-surface collisions has been oriented toward using raréds six times heavier than He, for which classical theory has
gas atomic projectiles as a diagnostic tool to determine subeen successfully applied providing the incident energy is
face properties, the scattering of molecules is motivate@reater than about 100 me¥.Similarly, for such a high-
more by its relationship to surface chemical reactions thamass molecule as €, the number of rotational quanta
may occur as a result of the interaction with the substrate ofransferred in a surface collision will also be large, and a
other adsorbates. classical treatment is adequate.

In comparison with scattering of atomic projectile, mo-  The organization of this paper is as follows. In the follow-
lecular scattering is a much more complicated process béng section the theoretical model is briefly described and a
cause of the internal degrees of freedom of the projectilesimple normal-mode analysis for the internal vibrational
such as vibrations and rotations, which can be excited duringnodes of the acetylene molecule is discussed. In Sec. Ill the
the scattering process. Thus, much of the literature is cortheoretical model is used in calculations, which are then
cerned with diatomic molecules while data for polyatomiccompared with the measured experimental data for angular
molecules are much more limited. A large number of experidistributions and final rotational energy states. In Sec. IV a
ments have been carried out involving NO as the scatteringumber of predictive calculations is shown for quantities that
projectile3~* Other experiments used C& HF* HCI,*®>  can, in principle, be measured, while in Sec. V the quantum-
H,,'%=2'and N, (Refs. 22—25as projectile molecules. Only excitation probabilities for internal modes are discussed. In
few larger molecules have also been investigated, for exSec. VI the results are discussed and several conclusions are

ample, CQ,%° SK;,2" NH,,?® and CH,.?%?° drawn.
This work is motivated by a series of high-precision mea-
surement resulté®! published for the surface scattering of Il. DESCRIPTION OF THE THEORY
several molecular species possessing relatively low fre-
quency internal vibrational modé%323 Most extensively The main theoretical result of the mixed classical-

investigated among these ik, scattering from clean, or- quantum model used here is expressed in terms of a transi-
dered L|R001 _30 Pre”minary ana|ysis of these experiments tion rate for Scattering from the initial Sta{Q to a final state
has been carried out using theories for the classical scatteridd}- The state{f}, for example, is specified byp; ¢, ¢},

of rigid molecules, and the initial results have given encourWherepy is the final translational momentum of the projectile
aging quantitative and qualitative agreement with the meawith corresponding energ§/ , I; is the final rotational an-
sured datd**® The purpose of this work is to apply a re- gular momentum with corresponding energff, and «; is
cently developed theory of mixed classical-quantumthe excitation quantum number for tih internal molecular
scattering to the analysis of the availablgHz data. This mode of energyiw;. Once this state-to-state transition rate
theoretical model includes energy and momentum transferis specified, all measurable quantities can be calculated from
between the surface and projectile for both translational and, either by summing over initial and final states that are not
rotational motions, and internal mode excitation for projec-measured in a particular experiment or by carrying out the
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appropriate averages using the transition rate as the weighting distribution function.
This transition rate, expressed as a summation over all internal modes, has been determifie® to be
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where Br=1/kgTs with Ts the surface temperature and similarly AEY is the rotational recoil energyr, . is the

kg the Boltzmann consta?t, aTnd éhe cnergy exC2""’1gﬁisplacement vector between two molecular atoms, and the
argument is given bye=E; —E/ +Ef—E{+AEo+AE;  Debye-Waller argument for excitation of internal modes is
+hX " asws. The argument of the modified Bessel func- given by

tion, whose order; is the excitation quantum number of the
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xe(|y)e* (’(/W) Jn(o)[n(w)+1], ) Th_ere are two parameters associated v_v?th this thegyys a
: : ) : weighted average of phonon velocities parallel to the

where thee([|y) are the polarization vectors for thgth  surface’®* and wg is a weighted average of angular fre-
cartesian component of theth molecular atom for thgth  quencies of the frustrated rotations perpendicular to the sur-
mode,N, is the total number of modebl, is the number of face for the substrate molecuf#s® | ;|2 is the scattering
atoms of the projectile molecule, anf{w;) is the Bose- form factor and it depends on the interaction potential.
Einstein occupation number for the incident molecule with  In many cases, such as where the incident molecular en-
vibrational temperatur&,,. In Egs.(1) and(2) p=p;—p; is  ergy and the surface temperature are not large compared to
the scattering momentum amiis its component parallel to the energy of internal molecular vibrational excitations, the
the surface. The translational recoil energy ISE,  expansion of Eq(1) to only single quantum excitations is
=p2/2M., whereM, is the substrate molecular mass, andsufficient. This expansion is
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where the energy arguments are given&y=E{—E+ER—Ef+AE.+AE} and &, =E{—E] +EF—ER+AEy+AE]
*ho;. Equation(4) consists of three separate terms within the large curly brackets. The first term is the rate for scattering
with no internal mode creation, the term proportionalnta»;) +1 gives the single quantum creation rate, and the term
proportional ton(w;) is for single quantum annihilation.

125412-2



SURFACE SCATTERING OF SMALL MOLECULES: ... PHYSICAL REVIEW B5 125412

The experimental quantity usually measured in a surface

scattering process is the differential reflection coefficient H H H c
d3R/dQd EfT giving the fraction of the incident particles that
are scattered into a final solid angle @f); and energy in- C C C

H

tervaldE/ . This is obtained from the transition rate shown in
Egs. (1) and (4) by dividing by the incident flux crossing a
plane parallel to the surface and multiplying by the density
of available final particle states,

(a)v, =76 meV (b)vs =90 meV

FIG. 1. The two lowest frequency internal vibrational modes for
C,H, molecule.

d°R
dedEfT(Pf Jesajepislis ) ate the incoming projectiles and to refract them into direc-
tions more normal to the surface plane. The acceleration and
L*  m?|py refraction are independent of the shape of the attractive part
= (2ah)°  Piz w(ps.ls,aje il aj). (5 of the well, so we have used the simplest approximation, that

of a square well. Upon entering the attractive well, the ener-

Many experiments use a velocity-dependent detector fofi€s are transformed accort_jm_gEEd)cT‘: Eq+IDl, whereD is
which a correction must be applied. In the case of a densitfhe well depth, but all of this increased energy is associated
detector in which the detection probability is inversely pro-With the perpendicular motion, hence
portional to the time of traversal, which is the case for the
experiments of interest het®Eq. (5) should be divided by

the final molecular translational speed. The differential reflection coefficient of E¢) is then modi-

2 . .
The form factor| | appearing in Eqs(;) and (4) de- fied by multiplying by the Jacobian determinant relating en-
pends on the form of the interaction potential. In many treat- rgy and solid angle inside and outside of the well

ments of inelastic surface scattering the interaction potential The final quantities to be specified are the polarization
is taken to be the repulsive part of the total molecule—surfac%ctors for the internal vibrational modes of thgHg mol-
Interaction, Wh'Ch is approximately an expone‘%t'lally de'ecule. The only modes of energy small enough to be appre-
creasing function of _the moIecuIe-s_urface separ mihus ciably excited for incident translational energies of less than
the form-factor amplitude; appropriate for use here is the 1000 meV of interest here, are thg and vs bending modes

transition m?g”f[( ;:or tge repulfwe |r|1elast|c; :ntsratlﬁu?n. Anlat 76 and 90 meV, respectively. For this we employed a
expression that has been extremely Useiull, both for mu simple ball-and-springs model with two angle-bending re-

tiphonon scattering and for single-phonon studies of atométoring springs, one acting at the C-C bonds and the other

e 1,42 ; ;
Zwtfaied CO"'S'Ogé' IS~ an et>_<pref53|on given k;y ”the acting at the H-C bonds. The bond lengths were taken to be
istorted-wave Born approximation for an exponentially re-ICH: 1.06 A andlcc=1.20 A % The v, mode is of even

pulsive potential, first discussed by Jackson and Kfothe parity in the C and H motion, while thes mode is of odd

Jackson-Mott matrix elementy;=v .y (Pyz,Piz) i the ma- parity, as shown in Fig. 1. The two mode frequencies com-

trix element of an exponentially repulsive potenthd(z) | - . :
_ “pz . : . .. pletely specify the angle-bending spring values tokig
Voe™ ©* taken with respect to its own eigenstates. Defining_ 5696 amume¥ and kec=4180 amume¥. Calculated

Gi=Ppiz/h 8 and ;= prz/% 3, itis given by values of thev, and vg polarization vectors and mode fre-
quencies for GH, and also for several different isotopic
combinations are shown in Table I.

p'&,=p5,+2m|D|. (8)

7=V 3-m(Piz,Piz)

_#2B% maids(af—df) | sinh(mqg)sinh(mg;) | Y2
~ m coshmq;)—cosh 7q;) Q95 ' ll. COMPARISON WITH EXPERIMENT

(6) The theory reviewed in the preceding section has been

. . - . compared with a series of experimental data obtained by
In the semiclassical limit of a strongly repulsive surface bar- . . :
Franciscoet al. who have developed a high-resolution ex-

rier, which here corresponds fo- ¢, the Jackson-Mott ma- perimental apparatus for the scattering of molecules from

- 44
trix element becomés surfaces® This apparatus is designed to simultaneously
) , study the translational, rotational, and vibrational states of
03m(Prz:Pie) = 2PrPiz /M. @) the molecule both before and after collision with the surface.
The same expression as E@) is obtained for other poten- In a high-vacuum chamber, a nearly translationally monoen-
tials in the limit of a strongly repulsive surface barrier, in- ergetic beam of molecules that is vibrationally and rotation-
cluding the Morse potential and a simple Heaviside step poally cold is produced in a supersonic jet. This molecular
tential. beam is passed through a laser beam using a multipass ge-
For this work, Eq.(7) was used as the form factor, after ometry, which is used to monitor the incident rotational and
modification by the addition of an attractive well. For clas- vibrational state, and the doppler shift spectra give the mo-
sical translational motion, such as considered here, the majéecular translational velocity. Similar detection apparatus is
effects of the adsorption well in the potential are to accelerplaced in the path of the reflected molecules at a given final

125412-3



ILEANA IFTIMIA AND J. R. MANSON PHYSICAL REVIEW B 65 125412

TABLE I. Calculated values of the, and v5 polarization vectors, mode frequencies, and the creation
probabilities of the internal-bending-mode quanta fgHgZand also for several different isotopic combina-
tions. P, is the fractional excitation probability for single quantum creation calculated for incident transla-
tional energyE] =618 meV.

Molecule hy (meV) Polarization vectors P. (X102
H-$c=C—1H 76.00 0.700 —0.010 —0.010 0.700 1.66
90.00 —0.700 0.100  —0.100 0.700 2.78
IH-c=Cc-1H 75.70 0.703  —0.010 —0.010 0.711 1.28
89.20 —0.709 0.107  —0.099 0.690 2.93
H-$Cc=§C—-3H 60.45 0.579 0.064  —0.095 0.807 4.37
85.50 0.974  —0.106 0.097 -0.174 2.61
H-Pc=¢Cc-2H 60.42 0.567 0.061  —0.098 0.816 4.47
84.96 0.975  —0.098 0.098 -0.174 2.51
H-$Cc=§C—-3H 60.15 0.568 0.067  —0.090 0.815 4.35
85.15 -0.976 0.105  —0.089 0.166 2.50

angle for measuring the same properties of the scattered mahift of the most probable intensity, with the 110-meV distri-
ecules. The design of this new apparatus overcomes many bfition peaking at an angle approximately 10° smaller than
the limitations experienced in previous attempts to studythe 60° specular position and the largest energy peaking at
molecule-surface scattering. It provides a full state-to-stat@early 10° greater than the specular position. At the two
scattering capability for many classes of molecular projeciarger energies there is negligible intensity scattered with
tiles, and thus allows the possibility of studying a large rangevery large total scattering angles, and essentially no intensity
of energy and momentum transfers between vibrationascattered backward into the quadrant of the incident beam.
modes, rotational states, and phonon exchange with the sur- The calculations shown as long dashed curves with differ-
face during the scattering process. ent symbols in Fig. 2 were carried out using the differential
The experiments on scattering ofi, from a clean, or-  reflection coefficient of Eq(5) using an attractive well with
dered LiF001) surfacé® that we consider here were carried a well depth of D|=90 meV. The incident beam was in the
out with an incident molecular beam whose translational envibrational ground state, had a rotational temperature of
ergy varied between 90 and 620 meV and energy resolutioB0 K, and was averaged over all rotational and spatial orien-
AE[/ET was better than 10%. The rotational energy of thetations before collision. The differential reflection coeffi-
incident beam was very nearly described by a Maxwell-cient, at each angle, was summed over all final translational,
Boltzmann distribution with a rotational temperature in therotational, and vibrational states as well as spatial orienta-
range 24 T;r<42 K3°The incident angled; was fixed at  tions of the molecule.
60° with respect to the surface normal. The detection appa- Several parameters needed to be determined. One param-
ratus was able, at any given scattering polar amiglen the  eter is the effective surface phonon velocity, which is
sagittal plane, to resolve both the translational and the rotaexpected to be of the order of, or smaller than, the Rayleigh
tional energy of the scattered molecules. Measurements wekelocity for LiF(001), which is approximately 4000 m#8:*’
reported for the total angular distributions as a function ofin this studyv g was given values less than Rayleigh velocity,
final scattering angl®; . Further measurements at fixed val- and was found to be dependent on the incident energy,
ues of §; determined the scattered intensity as a function ofout to a significantly lesser degree than in previous
rotational energy, from which a rotational temperature of the
scattered beam was extracted through comparison with a
Maxwell-Boltzmann function. Values of the final rotational
temperatures were reported over the entire translational-
energy range of the experiment.

A. Angular distributions

Three experimental angular distributions taken at different
incident energies are shown in Fig. 2 and compared with -90
calculations carried out using E(). The experimental data g 2. polar plots of the measured angular distributions for the
arTe exhibited as SO|I(_Z]|_ lines for the three mmgent ener@es  gcattering of GH, by LiF(00D: (a) ET=110 meV, (b) EJ
E/=110 meV,(b) E{ =275 meYV, and_(c) E{=618 meV 275 meV, andc) E/ =618 meV, the incident angle is in each
as shown. The experiment exhibits an increasingly narrowin@ased; = 60° as shown by the solid straight line. The solid lines are
angular distribution with increasing incident translational en-the experimental data and the long dashed curves with diajje
ergy, and simultaneously there is substantial supraspeculatangle (b), and squaréc) symbols are the calculations.
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calculations*3® The best fits were obtained witlyg of
=300 m/s for the lowest energyE/=110 meV, vy 4

=600 m/s forE/ =275 meV, andvg=1000 m/s forE/ 2 o exp. data

=618 meV. The value of the weighted average rotational 3| gf;

velocity was chosen to ber=2x10" s~ for all calcula- » S .
tions presented in this paper. The results also depend on an 00 ‘ ET='242 me\',
effective crystal mass for the surface LiF molecules. To ob- gLt ' ]
tain the fit in Fig. 2, a value of effective crystal malgk; 2l ]
=77.8 amu was used, which is three times the total mass of -3

a LiF molecule. This is the same effective crystal mass used S ‘ . .

in a previous study with a much less refined scattering 2 o0 ‘ E_T='244 mév 1

model* The need for an effective crystal mass larger than -

that of the LiF molecule seems to indicate that the incoming

C,H, projectile is typically colliding with more than one _; i N
surface LiF molecule. ‘ . ‘
The theoretical calculations agree rather well with the 'g N
measurements for these angular distributions. The well in the J 1 E =618meV |
potential broadens the angular distribution somewhat at '2 e LSO

lower incident-beam energies, but has little effect for inci-
dent energies larger than the well depth. =3 ]

These calculations indicate that the rotational transfers
have a much less significant effect on the shapes of the an-
gular distributions than the phonon-energy transfer, and the

internal molecular-vibrational states play little role. This  pig. 3. Logarithmic plots of the scattered intensity as a function
opinion is confirmed by other calculations that have beers final rotational energy for ¢H, scattering from LiF001). The
carried out using cruder models of the rotational excitationsncident angle is§;=60° and the final angle is, for each incident

and no internal vibrational excitatioh*® However, the energy, at the maximum in the angular distribution. The experimen-
present calculations agree with the data using a much smallefl measurements are shown as data points and the calculations,
range of thevg parameter as the incident energy increaseswith |D|=90 meV, are shown as a solid curve for an effective
Thus it appears that the dominant process involved in creatnass equal to that of LiFnff=1) and as a long dashed curve for
ing the shapes of the angular distributions is large-numbean effective mass three times largenf=3).

multiple-phonon transfer at a collision with the smoothly

varying repulsive part of the potential. with the data is good. The long dashed curves show similar
calculations with an effective crystal mass three times that of
LiF, mf=3, and in this case the agreement with data is not
so good.

Figure 3 shows, at four different incident energies, the |n these logarithmic plots, the experimental points, to a
measured and calculated scattered intensity as a function eéasonable approximation, can be fit to a straight line al-
rotational energy for an incident angle=60°. The incident  though the straight line has a different slope depending on
energies are written on each graph, and the final angle is, fancident energy, which might indicate that the final rotational
each incident energy, the position of the maximum in thestates are distributed according to a Maxwellian distribution
angular distributior(see Fig. 2 The measured valu&sare  with a different rotational temperature at each incident en-
shown as experimental points and the calculations are thergy. The calculations do not correspond completely to such
solid and long dashed curves as explained below. The calcén equilibrium-distribution interpretation since they are
lated quantity is the differential reflection coefficient of Eqg. S||ght|y curved at Sma]EfR, a|th0ugh they tend to become
(5) averaged over an initial Maxwell-Boltzmann distribution ye|atively straight for largeeR .
of rotational states with a temperatufg;=30 K as for the
calculations of the angular distributions. It is averaged over
all orientations of the initial and final angular momenta of
the projectile molecule, summed over final translational en-
ergies, and averaged over all angular orientations of incident In Fig. 4 the experimental data points shown with error
and scattered molecule. The well depth is taken tdbe bars are the measured final rotational temperatures as func-
=90 meV and the values af; were chosen to be the same tions of incident translational enerdy/ .>° These rotational
as those used for the angular distributions shown in Fig. 2temperatures are extracted from a series of plots such as in
i.e., when the incident energy was not the same as in one @ig. 3 by fitting the experimental data to a straight line, in
the cases in Fig. 2 theg value was chosen by linear inter- which case the slope of the line gives the temperature of the
polation. The calculations using a crystal mas equal to  corresponding Maxwell-Boltzmann distribution. The final
the total mass of a LiF molecule, which is labeledma§  calculated rotational temperatures were determined by mak-
=1, are shown as solid curves in Fig. 3 and the agreemerihg a least-squares fit to a straight line over the range 8

_4 1 1 1 1 1 1
0 10 20 F?O 40 50 60 70
E, (meV)

B. Final intensity as a function of rotational energy

C. Final rotational temperature versus incident
translational energy
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Rotational temperature versus E,T
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E = 618 meV
00

{a) T, = 1000K
(b) T, = 600K
(6) T, = 300K
(d) T, = 180K

FIG. 5. Surface-temperature dependence of the angular distribu-
tion for C,H, scattering from LiFO02) for several different surface
temperatures as showi| =618 meV.

probabilities of excitation, or multiple quanta of excitation of
0 these modes. In fact, as is shown below, this model predicts
0 200 400 : s : .
ET (meV) relatively small probabilities for single quantum internal-
! mode excitation, and negligible probabilities for multiple
FIG. 4. Incident-energy dependence of the final rotational temduantum overtone excitations over the energy range of inter-
perature of GH, scattered from LiF00) for 6,=60° andg¢; atthe  €st. Instead, the reduction of intensity, as compared to rigid-
maximum in the respective angular distributions. The experimentamolecule models, appears to be a result of the phase-
measurements are shown as data points with error bars and tfigterferences introduced by the presence of discrete
present calculations are shown as the solid and dotted curve, respadbrational channels. These phase interference terms are evi-
tively, for effective massesnf, equal to one and three times that of dent in Eq.(1) or (4) in the exponential phase factors asso-
LiF. The dash-dotted and long dashed curves show two earlier cakiated with the orientational position of the molecule during
culations for rigid molecules, as explained in the text. the collision process. If it were possible to observe molecules
scattered in a particular orientation relative to the surface

<E$<90 meV, essentially the same energy range Oveplanez then these phas_e factprs would cause structure to ap-
ear in the scattered intensity. Averaging over all orienta-

which the measurements were taken. All parameters in the . ‘ .
calculations are the same as those used in Fig. 3, includin Pns, as IS d_one by the detector, makes this underlying struc-
the use of a well depth dD|=90 meV. The straight-line re impossible to observe; however, the effect of this

curve in Fig. 4 is a result of the calculation described abov Oua?\fgrgn I(r)]\t/eerrfaelzerrg(:jemtg)%mto tt?]i e‘]{r'gr?t"e)”f’?" Imgtdf.s 'T
with mf=1, and the dotted curve is fonf=3. 9 ctive Tinal Totationa

The two other curves plotted in Fig. 4 are based on Clasgemperatures.

sical theories, which consider thatld, is a small, rigid
moleculé**with no internal degrees of freedom. The dash-
dotted liné* is obtained using a model in which rotational
excitations are described by the incoming acetylene interact- Presented in this section are a number of calculations of
ing with a surface of discrete LiF molecules in a thermalmeasurable quantities for which at present there is no experi-
distribution of states. The long dashed finés for a rigid  mental data available. All calculations were made for the
molecular model in which the rotational excitations arecase of GH, scattering from LiF0O01), and the relationship
caused by a smoothly varying repulsive potential, whichof the results of each of these calculations to the relevant
gives the correct rotational angular momentum conservatiorfeatures of the interaction potential and surface characteris-
i.e., angular momentum is conserved only in the directiortics is discussed.
perpendicular to the surface, as in the model used here.
These two earlier classical calculations are only in qualitative
agreement with the experimental data, although the curves
have the same general shape as the experiment—they both In previous work on the classical scattering of heavy-mass
overestimate the effective intensity for rotational excitation. rare-gas atoms from metal surfaces under classical scattering
The present calculations, especially those with=1, are  conditions at energies similar to those in the present work, it
in a much better agreement with the experimental data. Sindeas been shown that the temperature dependence of the
the present theoretical model differs from the earlier rigid-energy-resolved spectra and angular distributions could be
molecule modéP mainly by the inclusion of the internal related to the average corrugation height of the atomic-scale
bending-mode degrees of freedom, the reduction in calcuroughness of the surfaé®&-*°Figure 5 shows the calculated
lated rotational temperature®r alternatively, the better angular distributions at the energy of 618 meV for several
agreement of the rotational intensities of Fig.i8 clearly  surface temperatures, ranging frdrg=180 to 1000 K. The
due to the internal modes. The possible importance of thécident angle is 60° and all parameters were chosen to be
internal modes had been suggested ealli€he effect of the the same as used in the angular distribution presented earlier
internal bending modes does not appear to be caused by largeFig. 2.

IV. FURTHER CALCULATIONS

A. Temperature dependence of angular distributions
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) FIG. 7. Surface-temperature dependence of the polar-angle po-
FIG. 6. Incident-energy dependence of the polar-anglegjjon of the angular-distribution maximuga) and of the angular-

position of the angular-distribution maximurte) and of the distribution width (b) for C-H. scattering from LiF001) for ET
angular-distribution widtlib) for C,H, scattering from LiF001) for ~110 and 618 m((a\i as shzovin g k003 '

Ts=300 K.

_ . ... temperature of 300 K is approximately 27 meV. Thus at these
Clearly, with increasing temperature the angular distribu b bp y

ton b broad d it " bable intensit d'relatively elevated incident energies compared to the tem-
lon becomes broader and 1S most probable: Intensity _ef)erature, the incident molecules lose total energy to the sur-

creases. Thisis an imme_digte effect ‘?f unitarity, i.e., the PrNt5ce on average and this, combined with the necessary par-
ciple that the number of incident particles equals the r‘umbeéllel momentum conservation, means that the reduction of

of scattered particles. As the temperature increases, the NUKe average final normal momentum is enhanced compared

ber of possible final inelastic channels increases causing tl}g that of the average parallel momentum with increasing
angular distribution to broaden, and concomitantly the maxi-

ntensity will d . der t the tot ncident energy, resulting in a supraspecular shift of the out-
mum ntensity will decrease in order to preserve the to aL;oing angular-distribution lobe. The same physical argument
number of scattered particles.

™ is al hift of th bable i ity in th would predict a decrease in the width of the angular distri-
ere Is also a shift of the most probable Intensity In the, ¢ yith increasing incident energy, and this behavior is
subspecluar direction with increasing temperature. This aP3emonstrated in Fig.(B) where the full width at half maxi-
pears to be the result of two effectd) the average final

translational energy of the scattered particles is larger at . s plotted versus .
9y P g Panel(a) of Fig. 7 shows the decrease in polar-angle po-

higher temperatures an@) this scattering model contains sition of the most probable intensity of the angular-

correct conservation of parallel momentum, i.e., although th%istribution lobe as a function of surface temperature for the

parallel momentum of a scattered particle may differ greatlygv0 incident energiefiT= 110 and 618 meV. The subspecu-

from that of the incident beam because many phonons ha\} o ) . .
been transferred, for each phonon exchange only momentu r shift dlsc_ussed _above' n Sec;. IVA above is clearly evl-
lent. The increasing width with surface temperature is

parallel to the surface is conserved. Thus at higher temper h . b) of Fia. 7. Al ¢ h o Figs. 6
tures the average momentum normal to the surface is erp1ownin pane(b) o 9. 7. All parameters shown in Figs.
g.nd 7 are the same as in Fig. 5.

hanced with respect to the parallel momentum, leading to th
subspecular shift.
C. Average final rotational energy “in-plane”

B. Positions and widths of the angular distributions In this section properties of the final rotational energy are

The behavior of the most probable intensities and thé®réSented when its average is taken only for “in-plane” scat-
widths of the angular distributions is more clearly shown intering angles, i.e,, for scattering in the sagittal plane, which

Figs. 6 and 7. Panela) of Fig. 6 shows the incident- i

includes the incident beam and normal to the surface. Figure
translational-energy dependence of the most probable intef® 91Ves the dependence on scattering arigleand incident
sity of the in-plane angular distribution, with the surface

energy(b) of the average “in-plane” final rotational energy
temperature at 300 K and all parameters the same as tfe for CoH, scattering from LiFOOD. In Fig. 8@) RE_iT
calculations shown in Fig. 5 above. It is seen that the polar=618 meV andTs=180 and 300 K as shown arfd is
angle position of the most probable intensity undergoes &lotted againsb; . In Fig. 8b) o; is taken, for each incident
supraspecular shift with increasing incident energy. This isnergy, at the maximum in the angular distribution &fds
expected, again as a result of the parallel momentum conseplotted as a function oEiT. In all these calculations, made
vation built into this theory. At these incident energies, thewith an attractive potential well of depi®|=90 meV, the
energy of the incident beam is considerably larger than théncident angle was choseh=60°, andv g was obtained by
surface temperature, i.e., usin&kgTl 5 conversion, a surface linear interpolation as explained in Sec. Il B above. Also, a
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60 : ‘ ‘ 0.4
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6; (deg) i
o~ %0 ——T.= 30'0 K FIG. 10. The fractional energy loss as a function of initial trans-
240 . T: =180 K T lational energy fofTs=300 K.
{r 30 T .
® 20 - /,//’ _______________ i small decrease with increasing surface temperature, even up
g T to Ts=1000 K. The small change is due, as explained
g 101 (b) 1 above, to the very large incident energy in comparison to the
< 0 0 260 460 660 surface temperature. The fact that there is a small decrease
E] (meV) with Tg appears to be the result, not only of the enhanced
|

probability of rotational excitation, but also because of cre-
FIG. 8. Scattering-anglé®) and incident-energgb) dependence  ation of internal molecular-vibrational quanta as discussed

of the average final rotational energy forH scattering from  below in Sec. V, with the energy required for internal-mode

LiF(002). (@ Ts=180 and 300 K,E/=618 meV and(b) Tg excitation subtracted from the translational energy.

=180 and 300 K, and the final angle is, for each incident energy, at The average final translational energies show a significant

the maximum in the angular distribution. loss as compared to the incident energy, indicating energy

deposited into the surface. This is shown in Fig. 10 which

crystal mas$M . =77.8 amumf=3, was used. The average 9ives the fractional energy los&{—(E())/E/ as a function
final rotational energy is seen to be relatively constant at alpf initial energy, forTs=300 K. It is seen that the fractional
angles in the angular distribution, but increases with increasenergy loss is a rapidly increasing function of the incident
ing incident energy. energy forE[ <200 meV after which the average final en-
ergy is a relatively constant fraction of the incident energy, as
would be predicted by simple kinematical two-body collision

D. Three-dimensional average final
models.

rotational and translational energies

Also readily calculatable are full three-dimensional aver-
ages of final rotational and translational energy. Figure 9 E. Rotational energy and recovery energies
shows the three-dimensional average final rotational and In this section the dependence of the final rotational en-
translational energies as functions of surface temperature foerr on incident rotationerx)l enerav. and on other incident con-
two incident energie€; =380 and 618 meV, with an inci- 9y 9y,

dent le of 60°. In th lculat de without ditions is considered. In general, it is found that for an inci-
ent angle o - Ih these calculations, made WIthout & Pogat pyagm in a given rotational-energy distribution with
tential well in front of the surface, all other parameters ar

(S} R . . .
the same as those used in Sec. IV C above. The average ﬁnaa\ferage energl ", the final average rotational ener&f‘ 'S

rotational energy increases with the surface temperature. T increasing function d;", but increases more slowly, i.e.,

R/4ER ;i " ; R
final translational energies show very little change or even &€ SIopedEf/dE" is positive but less than unity. Fd;
smaller than the incident translational energy, the final rota-

600 , , , , , tional energyEfe is usually found to be larger theEf, while

500 | 1 as EiR increases, eventually a point is crossed th‘e,lp*ebe-
% . o (d) comes greater thalE?. This point can be called the “recov-
400 | . " ; o P
E ery energy” in analogy with the definition of a “recovery
,u'} 300 o . _ temperature” in the study of gas-surface interactions.
v 200 | © 1 The “recovery temperature” is defined as the temperature
X at which no energy is transferred between the gas and a
u‘-,i' oy _A(b) 1 surface when an incident beam scatters. If a well-defined
0 [ e i . ) incident beam of atoms or molecules with eneEjystrikes

0 200 400 600 800 1000 1200  the surface, the average final translational endigl) can

be larger or smaller thaEiT depending on the surface tem-
FIG. 9. Surface-temperature dependence of the threePerature. The recovery temperature is defined as the tempera-

dimensional average final rotational and translational ener¢ags. ture at whichE{=(E{). In the same manner, a “rotational

(ER) for ET=380 meV,(b) (EF) for Ef=618 meV,(c) (E]) for ~ recovery energy’Eg can be defined as the point at which

E’=380 meV, andd) (E]) for E] =618 meV. ER=(E})=ER.
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2 T

| I ' function of Tg, indicating that the temperature plays a large
‘\ vy role in rotational-energy transfers.
VoL ——- T,=180K i Simple models of rotational transfer in molecular colli-
SN V0 —-— T,=300K sions do not appear to explain the behavior observed in Figs.
AN ---- Tg=500K 11 and 12. For example, a simple kinematical model of the
VNN collision process is the textbook problem of determining the
\ A final rotational energy as a function of initial rotational en-
o 05 NN 1 ergy by simultaneously solving the equations of conservation
NNy Teedll of linear momentum, angular momentum, and total energy
ol S : ST for a classical two-molecule collision. For the specified ini-
] \\\r """""" \\J T tial and final conditions of Figs. 11 and 12 such a model
D SR actually predicts that the final rotational energy of the pro-
20.6 meV 28.7 meV 46.5 meV jectile will be a decreasing function ¢EF), quite the con-
trary of what is found with the present dynamical model.
16 5 10 15 20 25 30 35 40 45 50 A mo_del thaF is somewhat more sophis;iqateql than the
E" (meV) above simple kinematical two-molecule collision is to con-
sider the dynamical interaction of the incoming projectile
FIG. 11. The relative rotational-energy transfer as a function ofwith a surface of discrete molecules with a temperaliye*
incident rotational energy for several different surface temperatureCalculations of the rotational recovery energy for this sim-
The incident translational energy B =110 meV, andTs=180,  pler model are also shown in Fig. 12 as a solid line for the
300, and 500 K. The recovery energies at each surface temperatuigcident translational energ=110 meV. This model
are marked. clearly givesEg values much larger than the present calcu-
lations, consistent with the much larger valuesT&fexhib-
The existence of a rotational recovery energy is illustratedted by the same model in Fig. 4 above.
in Fig. 11 where the relative rotational-energy transfr
=((EX)—E7)/ET is plotted as a function oEf. The param- V. QUANTUM EXCITATION PROBABILITIES
eters used in these calculations correspond to those of the FOR INTERNAL MODES
best fit(solid curve in Fig. 4. The incident translational en-
ergy isE/ =110 meV, 6;=60°, and three surface tempera- It is of interest to discuss the predicted probabilities for
turesTs= 180, 300, and 500 K are shown. The final angle is,eXcitation of internal vibrational modes of,8, using the
for each incident energy, the position of the maximum in thepresent Scattering model. For incident energies less than 1 eV
angular distributior(see Fig. 2 The final average rotational 0ur calculations show that the C-C stretch mode at an energy
energy (ER) is determined from the intensity versus Of 244.7 meV, and the two C-H stretch modes at energies of
rotational-energy distributions such as in Fig. 3, just as wag07-8 and 418.3 meV are negl|g|bl)T/ excited. Over the
done to obtain the rotational temperatures shown in Fig. 4. Ifcident-energy range of roughly 18@; <600 meV con-
is seen that the rotational recovery energies depend strongfjdered here it was found that only single quantum creation
on surface temperature. of internal modes was a significant process. Multiple quan-
The dependence & on surface temperature is shown in tum overtone creation is found to be smaller than single
Fig. 12 for the two incident translational energie§=110  duantum creation by several orders of magnitude, and single
and 618 meV, other parameters being the same as in Fig. 19uantum annihilation for such a vibrationally cold incident

The recovery temperature is a rather strongly increasin&eam is.com_pletely nggligible. This s'i.n.]plifies the calculation
of the vibrational excitation probabilities because only the

single quantum creation events need to be considered. They
are calculated as follows. The single quantum terms are iden-

T
® — E :::g m (prev.) tified in the transition rate of Ed4) as those proportional to
60 | —-— E'=618meV | n(w;)+1, wheren(w;) is the Bose-Einstein probability and
S w; is the mode frequency. For example, given a fixed inci-
g dent energy, incident angle, and final angle, the probability of
::40 I i single quantum creation of thgth mode is obtained by

,,,,,, evaluating then(w;)+1 term in Eq.(4) and summing over
20 =7 1 all other initial and final variables such as the angular mo-
mentum and final translational energy. Dividing this result by
0150 250 3'50 450 550 the same summation applleq. to the.total transition rate of_ Eq.

T, (K) (4 g|ves.the rglauvg p_robab|I|ty o_f single quantum excitation
for the given fixed incident and final conditions.

FIG. 12. The rotational recovery energy versus surface tempera- The results of these calculations led to several interesting
ture for E] =110 meV (long dashed curyeand 618 meV(dash-  general observations.
dotted curv@ The solid curve gives the result f& =110 meV (1) Probabilities for excitation of ther, and vs modes
for a simpler model of a surface of discrete molecdfes. appear to be readily measurable. Typical excitation probabili-
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FIG. 13. The relative probability?. to create a quantum as a
function of incident energy fof s=300 K and for a fixed incident
and final angled,= 6;=60°. The long dashed curves with unfilled
diamond and circle symbols show the calculations forithandvg

modes, respectively.

ties for thev, and vs modes rapidly rose from the creation
thresholds to approximately 1.6% and 2.8%, respectively, foand a 90-meWs (b) quantum, as a function of incident angle, for
incident energies of orde/~600 meV.

(2) As mentioned above, since the temperature of the incurves are for6;=60° and the long dashed curves are #yr
cident beam is very small compared to the lowesHgC
vibrational-mode frequencies, annihilation was completely

negligible.
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FIG. 15. The relative probability. to create a 76-meV, (a)
fixed EiT=618 meV and fixed); , for Ts=300 K. The dash-dotted
=30°.

much more constructive interference during the collision

(3) The symmetry of the ¢H, molecule seems to be im- process.

portant in the excitation process of the internal vibrational

(4) Isotope substitution in acetylene breaks the symmetry

modes. Thev, mode is a symmetric vibration, with the two of both thev, andvs modes. Replacement of one H atom by
H atoms vibrating in opposition to the two C atoms as seersleuterium(D) slightly decreases the excitation probability of
in Fig. 1. Thevs mode, on the other hand, is antisymmetric the vs mode and enhances more than 2.5 times that of the
and its excitation probability was found to be smaller thanmode. However, replacing one of tl%éc atoms with aé3c
that for the v, mode over the incident-energy range of has a relatively small effect on excitation probabilities of the
roughly 1006< EiT<500 meV. The cause of this difference v, andvs modes.

appears to be the quantum-phase cancellation resulting from (5) An investigation of the excitation probability as a
the position-dependent phase factors apparent in the trandlinction of total incident translational energy and as a func-
tion rate of Eq.(4). The antisymmetry gave rise to destruc- tion of the incident energy associated with motion normal to
tive quantum interference, while the symmetsicmode has

0.05
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0.01 -
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- Ey = 309.0 meV
r O==<> 6, =60 deg E

- =eenl
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P
i ]
-~ &

e < =90 m
o= (B) 0, =90 meV
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FIG. 14. The relative probability to create a 76-meV, (a)

and a 90-meWs5 (b) quantum, as a function of incident energy, for
Ts=300 K. The long dashed curves with unfilled diamond sym-

bols are calculated for a fixed incident angle=60°. The dash- clat
dotted curves are calculated for a fixed value of the normal energgiressed in Figs. 14) and 14b) for the », and v5 modes,
En=154.5 meV by varying the incident angle simultaneously with respectively. The long dashed curves with open diamond

the
=309 meV.

incident energy. The dotted curves are for fixé&g

the surface reveals no indication that the normal energy is a
more important predictor of internal-mode excitation than
the total energy.

All of the above properties are illustrated by the calcula-
tions shown in the following graphs of Figs. 13—15. In all the
calculations presented in these pld®/=0 meV and all
other parameters were chosen to be the same as for the an-
gular distributions of Fig. 2 above.

Figure 13 gives the relative probability to create a quan-
tum as a function of incident ener@] for 6;= 0;=60°. The
long dashed curves with open diamond and circle symbols
show the calculations for, and vg mode, respectively. The
probabilities are seen to rapidly increase above the threshold
energy of 76 meV for the,, mode and 90 meV for theg
mode, and at the highest incident energy roughly 5% of the
scattered molecules become vibrationally excited. For higher
energies the probability of thes mode increases more
abruptly and forEiT> 500 meYV its intensity becomes some-
what higher than that of the, mode.

The question of the importance of the “normal incident
energy” relative to that of the total incident energy is ad-

symbols give the relative probability to create a quantum as
a function of incident energEiT, for ;= 0;=60°, as in Fig.

125412-10
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13 above. The dash-dotted curves show calculations witkaking into consideration the energy already transferred by
fixed “normal energy” Ey=154.5 meV. This is accom- the other processes. The theoretical model is expressed in
plished by varying the incident angle simultaneously withterms of a closed-form analytic expression for single state-
the incident energy so th&é= EiTco§(0,) remains constant. to-state molecular collisions with the surface, which is a very
The dotted curves are similar, except when calculated fouseful property because it enables ready visualization of the
En=309 meV. If the vibrational-mode excitation dependedexpected responses of the translational, rotational, and vibra-
only on the “normal energy” then these latter two curvestional distributions of final particles as functions of surface
should be constants as a function of total incident tranS'atemperature, substrate properties, and other features of the
tional energy. Instead, their behavior appears similar to thghteraction potentials.
for the corresponding fixed incident beam, even though their The measured experimental data fotG scattering from
shape is somewhat different. This indicates that there seemsgF(001) consists of total angular distribution lobes for sev-
to be no particular importance attached to the “normal enera| incident translational energies, intensity measurements
ergy” in the process of internal-mode excitation. as a function of final molecular-rotational energy, and effec-
Another way of examining the internal-bending-mode ex-tive rotational temperatures of the scattered molecules as a
citation is shown in Fig. 15, which gives thg (a) and the  function of the incident translational energy. The present the-
vs () probability as a function of incident angle for a fixed oretical model was used to calculate all of these quantities as
final angle and a fixed initial translational energy Bf  well as to make predictive calculations of several other prop-
=618 meV. Two curves are shown for the two final angleserties of the scattered beam that could be measured.
0;=30° and 60°. This figure shows that there is significant Good agreement was found between the calculated and
angular variation in the vibrational excitation probability as ameasured angular-distribution lobes. Calculations with this
function of incident angle. For detection at off-normal final model, and comparisons with other simpler models for mo-
polar angles, the excitation probability decreases if the incilecular scattering, indicate that rotational and vibrational
dent angle increases, becoming very small at grazing incitransitions play a relatively minor role in producing the
dence. shape of the angular-distribution lobes. The angular distribu-
As briefly mentioned above, broken symmetry due to isotions appear to be formed mainly by classical multiphonon
topic substitution in the g€H, molecule can give a small exchange with the surface. Additional calculations show that
decrease of thes-mode probability and an enhancement of the phonon-transfer mechanism produces very characteristic
the v4-excitation probability. This is shown in Table I, which behavior of the angular distributions as a function of increas-
gives a list of several different possible isotopic substitutionsng incident translational energy or surface temperature. With
and the excitation-probabilitieB,. The excitation probabil- increasing incident energy, the lobes become narrower in
ity calculations were carried out for an incident enefgy  width and the lobe maximum undergoes a supraspecular shift
=618 meV and;= §;=60°. It is seen that replacing one of in position, in agreement with the available measurements.
the (132(: atoms with aé3C has a small effect of both prob- With increasing surface temperature, the calculations predict
abilities for excitation of thev, and vs modes. However, that the lobe becomes broader in width while the maximum
replacing an H atom wit a D enhances the, mode. There- lobe intensity decreases. At incident translational energies
fore, thew, probability increases more than 2.5 times to ap-that are small compared to the well depth, the calculated
proximately 4.37% of the total incoming beam, and the@ngular-distribution lobes become much broader.
vs-mode probability slightly decreases to approximately —Measurements for the scatteredH;z were made for the
2.61% of the total incoming beam. The main reason for thightensity as a function of rotational energy. These intensities
behavior appears to be the considerably larger decrease Y¥ere found to decay approximately exponentially with rota-

energy of thev,-mode frequency upon H to D substitution. tional energy and, when compared to a Maxwell distribution,
could be assigned an effective rotational temperature. Our

calculations indicated that the intensity decreased faster than
exponentially for very small rotational energies, but over the
The work reported in this paper uses a relatively straightrange that the experiments were measured, relatively good
forward molecular-scattering model to analyze recent datagreement with the intensity versus rotational energy plots
for the scattering of acetylene at hyperthermal energies frorwas obtained.
a clean and ordered LiB01) surface® In this theoretical The effective rotational temperatures were measured as a
model the translational motion of the projectile moleculesfunction of incident translational energy, and when compared
are treated classically within a multiphonon-transfer formal-with similar effective rotational temperatures extracted from
ism, which preserves the correct conservation of momenturthe calculations, the agreement with the data was good.
parallel to the surface for each phonon transfer. Similarly, thedowever, calculations of effective rotational temperatures
rotational motion of the molecule is treated classically, alsowith earlier and simpler theoretical models using rigid mol-
with the correct conservation of angular momentum in theecules produced effective rotational temperatures that were
direction perpendicular to the surface. Excitations of internatoo large and were only in qualitative agreement with
vibrational modes of the molecule are treated quantum meexperiment*2>The reason for this earlier lack of agreement
chanically within a semiclassical theory. All three mecha-is revealed by the present calculations, which include the
nisms are combined within the separability limit, which possibility of excitation of internal degrees of freedom. Al-
means that each process transfers energy self-consistentlyough internal-mode excitation probabilities are relatively

VI. CONCLUSIONS
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small at the incident translational energies of interest hereg,H, enhances the, intensity and slightly decreases the

the quantum-interference effects arising from excitation ofintensity.

internal modes restrict the channels for final scattering. This  The comparisons of theory with experiment shown in this

appears to partially confirm earlier predictions that quantunhaper show that the present theoretical models can be useful

excitation of internal degrees of freedom was playing a sigj predicting the translational, rotational, and vibrational be-

nificant role in the values of final effective rotational nayior in molecule-surface scattering experiments. The fact

temperatures. o . ) that the theoretical state-to-state scattering probability can be
At the largest incident translational energies of aroundyypressed in terms of analytic, closed-form equations makes

600 meV used in the £, scattering experiments, the theo- j; particularly simple to show how individual measurements

retical quel predicts a total expitation probability for inter- .5n pe tailored to probe particular aspects of the interaction
nal bending modes of approximately 3%—5%. The bondystential and the energy-transfer processes.
stretching modes have a vibrational energy that is too large

to be significantly excited at these incident energies. The
excitation probability of the antisymmetrigs mode at 90
meV is smaller than that of the, mode at 76 meV over a ACKNOWLEDGMENTS
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