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Classical molecular dynamics simulations have been performed to study the details of
collision-induced desorptiofCID) of nitrogen molecules adsorbed at low coverages ofO®i).
Semiempirical potential energy surfag®ES were used to describe the movable two layers of 56
ruthenium metal atoms each, the nitrogen adsorbate, the Ar and Kr colliders, and the interactions
between them. An experimentally measured threshold energy for the CID process of 0.5 eV and the
dependence of the cross sectiggon incidence energy and angle of incidence have been precisely
reproduced in the energy range of 0.5-2.5 eV. Strong enhancement @fdhie predicted as the

angle of incidence increases. Kinetic energy and angular distributions of the scattered rare gas and
the desorbing nitrogen were determined as a function of the dynamical variables of the collider. It
is predicted that half of the collision energy is transferred to the solid and the other half is shared
among the two scattered species. While no vibrational excitation is observed, efficient rotational
energy excitation is predicted which depends on both incident energy and angle of incidence. Polar
and azimuthal angular distributions were found to be strongly dependent on the incidence angle and
energy of the colliders. These results suggest a new CID mechanism for the weakly chemisorbed
nitrogen molecules on RO01), based on extensive analysis of individual trajectories. According to
this mechanism, the CID event is driven by an impact excitation of frustrated rotation or tilt motion
of the adsorbed molecule as a result of collision with the energetic rare gas atom. In addition, lateral
motion along the surface is also excited. Strong coupling of these two modes with the motion in the
direction normal and away from the surface eventually leads to desorption and completes the CID
process. The efficiency of this coupling is dictated by the details of the corrugation of the,Ru—N
PES. It is concluded that the simple hard cube—hard sphere model, frequently used to analyze CID
processes, is insufficient for the description of this system. While reasonably well predicting
threshold energy, it cannot explain the full dynamical picture of the CID event19@9 American
Institute of Physicg.S0021-960609)71206-7

I. INTRODUCTION from the gas phase. It was then followed by similar studies
Industrial high ) o of the CID of N, and Ar from W100).>'2 Experimentally,
hdustrial high pressure and temperature conditions ®Xthe CID process has been demonstrated and characterized for

pose adsorbates on solid surfaces to collisions with gas a{ﬁe first time by Ceyer and co-workers, who studied the CID
oms and molecules which have sufficient kinetic energy toof weakly bound CH on Ni(111) élassical traiector
induce dissociation or desorptidre At the low kinetic en- y 4 ' J Y

ergy regime, these collision-induced reactions are possiblgnal)_/SIS bas;:‘(?j_on f‘_ hard tCUbﬁ r_néﬁhhstﬁmph?smed t?e
via a strong chemisorption of gas phase molecule which in- OW'”aCr‘l‘E)e ot direc _|nr:ph§chco 'S'OES ;In fe ou colrln_e orre-
duces the desorption or dissociation of preadsorbed speci@gt've events with highest probability for small impact

in a process identified as adsorption assisted desorption, Parameter collisions. A more recent work by Levis and co-

In order to eliminate the effect of the new surface bondingVOTkers has focused on the ability to extract binding energy

formation on the desorption or dissociation of the adsorbate?’ @n adsorbate from the threshold energy for CID. This has
a rare gas collider replaces the reactive gas in model expef€en demonstrated for the CID of NHand GH, from
mental and theoretical simulations of the collision-inducedP111.>* The CID cross sections of these molecules being
events. This enables one to define and characterize the pufieore strongly boundchemisorbefiare orders of magnitude
gas-adsorbate collision dynamics and its role in the collisionlower than those measured for €ldn Ni(111) at compa-
induced reactivity of adsorbates. rable incident kinetic energies of colliders. These studies

Here we have limited ourselves to the simplest collision-were based on the hard cube model anafysestimating an
induced process which leads to desorption—CID. The firseffective surface mass as a fitting paramétefhe CID of
guantitative description has been a theoretical one by Zeidsorbed Xe on Pt11) has recently been investigated fol-
et al,?> who investigated the CID of Xe on Si by energetic Xe lowing collisions with energetic Af.In this study molecular
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dynamics simulations were used to examine and analyze thaitial positions and velocities of the slab atoms and the ad-
experimental data, concluding that for this system, at zergorbate were defined, a standard thermalization procedure
coverage limit, the dynamics can be well understood by thevas employed to obtain the initial conditions for each
simple hard sphere—hard cube model. A unique enhancemema\jectory%8

of CID at grazing angles of incidence has been reported for Following the thermalization, a collideéAr or Kr) was

the G,/Ag(001) system. For off-normal incidence the crossintroduced. Its initial position was fixed at a normal distance
section for CID was found to be 40 times larger than that foffgm the surface of~10 A. The lateral position of the col-
the normal incidence collision geometry. The strong couyiger was fixed according to its predefined incidence polar
pling of the adsorbatg—y motion on the surface with itS g 52imythal angles with respect to a random point on the
motion along thez direction mediated by the surface COruU- g, ace near the location of the adsorbate. The collider's ini-

gguon, t."ﬁ‘?(a) ls:l_Jgg”est((ejd ast_ an gxgllanat!o? forf Cgh'ﬁial velocity was assigned according to the magnitude of its
observation. inally, desorption and dissociation 0f,0 ;e energy examined.

from P(111) following energetic Xe collisions were very The parameters varied in the different calculations in-

recently reported as well® Lo . e .
The present work provides details on molecular dynam-CIUde the initial collider kinetic energy and its incidence

ics (MD) simulations of the CID process of ;Nfrom angles(polar anq azimuthaa.l For each set of pqrameters,
Ru(001). This system was recently investigated experimen_lOOO—lO 000 trajectories were calculated. A trajectory was
tally and the results have been presented in a previou%ermi”ated if one of the following conditions was fulfilled:

publication:® The N,/RuU(001) system has been very well (1) A predefined maximum number of integration steps,
defined by various surface characterization tools, e.g., low- N was reached. In the first set of simulations we
energy electron diffractiof? higrllérggolution electron- assignedN,,,,=2000, however, due to relatively small
energy-loss spectroscoffiREELS,™ " as well as ngk normal velocity of some desorbates not all CID events
function and temperature programmed desorptioRD). were accounted for. Hence, the results described below
Nitrogen interaction with ruthenium is a particularly interest- correspond toN,...=10000. Since the time step used
ing model system because of its high efficiency as a non-iron " akr)nc?:/e values b, correspond to 2 and
ammonia synthesis cataly$tThe nitrogen molecule is ad- 10 ’ ivel max
sorbed perpendicular to the surface at an on-top*Sifen PS, TESPECIVELY.
ordered y3x \3R30° overlayer is formed a®(nitrogen (2) Desorption of the adsorbate was recorded.
=N,/Ru=0.33, but the coverage can almost be doubled at  The quality of the simulations of systems such as the one
adsorption temperature below 85'KTwo TPD peaks are described in the present work depends on the accuracy of the
detected fO||0Wing adsorption temperature below 85 K.potentia| energy Surface@ES used. In order to achieve
These seem to arise from two different adsorbed species dyfjantitative agreement between the calculation and the ex-
to thelrl quite different effect on the system work periment, a reliable PES should be employed. In the follow-
ing sections we shall describe the semiempirical potential

function!®?® The low temperature species has been sug
gested to originate from laying down molecules formed afy,netions used to represent the various interactions in the
system.

higher coverage¥ but there is no agreement on this

assumptiorf?
A. Interaction among metal atoms

The interaction among the slafmmovablg atoms has
been described by a model due to Head-Gordon and

The simulations were performed using the stochastico-workers?® and assumed to be harmonic. It was demon-
classical trajectory approaéf> The surface was represented strated there that harmonic interaction between nearest-
by a slab having two layers of movable Ru atoms whichneighbor (n.n) and next-nearest-neighbgnnn Ru atoms

were attached to two additional layers clamped to their |atprovides an accurate representa’[ion of th€OR() surface.
tice positions. Two movable layers have been verified to be

sufficient for a reliable description of energy exchange be-

tween the collider and the substrdtEach one of the mov-

able and the fixed layers were composed 8f8~= 56 metal

atoms arranged to represent the(®0l) surface. Periodic B. Collider—substrate interaction

boundary conditions were imposed in the directions parallel , . ,

to the surface(X andY). The interaction of the slab with The interaction between thg collider rare gas atom and

deeper layers of the crystal was represented by 56 fictitiou§'® RU00D) surface was described by a pairwise sum of

particle€® coupled to the second layer atoms along e two-body potentials. Also in this case we have followed

direction (normal to the surfade Head-Gordon and co-workéfsand represent the Ar—Ru
The adsorbed Nmolecule was positioned at the center pair interaction as a truncated Morse potential. This PES was

of the slab. Once the adsorbate was positioned on the slaproven to reproduce accurately the results of adsorption ex-

each atom was assigned an initial velocity. The initial veloci-periments by Menzel and co-workéfsFor the case where

ties were sampled from a Boltzmann distribution at the surKr was the collider, the equilibrium distance from the surface

face temperature, fixed in all simulations at 90 K. After thewas increased from 3.8 AAr—Ru) to 4.3 A (Kr—Ru).

II. MD CALCULATIONS

Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Romm, Asscher, and Zeiri 3155

TABLE I. Parameters used to evaluate the PES for the Ar, K001 system.

Interacting pair

Ar-N ean=6.827x1072% eV Tan=3.252 A
Kr—N £rn=8.534x 1073 eV oxen=3.685 A
N—-N Dyn=9.773 eV Baun=2.670 At Renn=1.10 A
Ru(i)—Ny(c.m) Dj.cm=7.239510 2 eV Biem=2.500 A? Re,i-cm=3.20 A
C. Collider—adsorbate interaction The Morse parameters for the nitrogen<&ul) poten-

tial, Eq. (3b), were designed to reproduce the experimental

The Ar—N, interaction was represented by a sum of pair- . ’ . .
N> P y P ’ﬁndmg energy, N center of mass to metal distance and

wise potentials between the rare gas atom and each of t

nitrogen atoms. The pair interaction was represented b -surface vibrational frequency of the systéfn®*The val-
TAr-N

) : es of the parameters of Eq&a) and (3b) used in the
Lennard-JonesL.J) potentials, present study are shown in Table I. The terfd) in Eq. (2)
Y foan|® ensured that the largest,NRU001) binding energy is ob-
Ran/  \Rarn/ | (@ tained at normal molecular adsorption geometzfioosing
Awets=1.1, so that a ratio of 1:10 is obtained between the

;?eNparircnaetiZ:isnlgn E;;Jt‘; Sir?n?h(g wge;;: Cgﬁ;‘;g Szgzléha:)eadsorption energy in the normal adsorption configuration
2 . . . compared to the energy of the laying down configuration.
reproduced:?’ The values ot ando used in the simulations P %y ying g

. The value ofAy,e, does not affect the results of the CID
are shown in Table | fo_r both Ar and K, the Kr va_\lues were dynamics. The functional form used
estimated from comparison of gas phase interactions to gas—

surface datd’® (6= (Atheta— 1) +coS 0

V(Rar-n) =4&arn

A , @
. . theta
D. Adsorbate—substrate interaction
. 28 . L where 6 represents the angle between the molecular axis and
Billing et al"™ developed a semiempirical PES for the the surface normal. It should be noted that if parallel adsorp-

Lﬂteractli?nblof mtrogen V\t"tlh dR?O]})- :—hhls PEtS re;_)rrr?duces tion geometry is required the cogterm in Eq.(4) should be
€ avalable experimenta’ data for this system. 'he experlr'eplaced by sifid. For most of the simulations described

mental d_ata for the_bdR_u(OOl) sys_tem, related to vibrationa_l below normal adsorption geometry was used to mimic the
freque_nme_s gnd binding energies of molecglar_ adsorpt'or}\lleu(OOD system. In a small nhumber of calculations the
are quite similar to those of_iﬁRe(OOl). The main dlfference_ . parallel adsorption geometry was assumed in order to exam-
between the two systems is that the dissociation probabll|t¥ne the influence of the adsorption geometry on the CID

|Of nltrotgr;]en ?I’? the R@0D) s(;rfacé IIS an Oq;girgggﬁgr?:tme process. These situations may represent systems such as O
arger than the corresponding value on(6ad). US,  adsorbed on transition metals.

the PES for N/Re(001) included a dissociative channel and The No/RU(001) interaction potential for normal adsorp-

assumed that the lowest energy molecular adsorption geoo, geometry, which had been verified by HREELS and IR
etry is with the molecular axis parallel to the surfa€&his measurement® is shown in Fig. 1 as a contour plot of

molecular adsorption geometry was chosen since it is a%wo-dimensional cut parallel to the surface. The distance be-

sumed to be the trant5|t|on_st_ate for d|s§00|at|ve adgorptloq een the N center of mass and the surface was fixed here at
In the present study dissociative adsorption was not include

due to its negligible probability for nitrogen on m=2.8 A, which is the equilibrium separation. The three-

- . fold symmetry of the adsorption site is clearly seen. The
22,30,31 -
Ru(00D). However_, itis well estabhgheq that the mo functional form chosen to represent the adsorbate—surface
lecular adsorption of nitrogen on Ra01) is with the mo-

: 921 : interaction results in adsorption sites located at the threefold
lecular axis normal to the surfa¢&.?! Thus, the.followmg hollow sites on the surfacéig. 1, site A through all calcu-
form .modeled the adsorbate—substrate PES in the presel'&&ions), while high energy barriers are obtained at the on-top
study: site. This is in contrast to the experimental evidence which
N suggests that the Nadsorbs to the on-top sites on the

V(Ny—=surf) = Viyosd N+ F(8) 2, Viorsd Riem), (2 Ru(001) surface®21To correct this discrepancy one has to
=t formulate the adsorbate—surface interaction with a much

where R.. . represents the distance from titl surface more complicated potential functiqdas compared to the one
atom to the position of the molecular center of massidsl  used herg Since the proper symmetry of the PES is obtained
the number of surface atoms in the simulatidd<56). The  using the functional form described above, it was used in all
N-N and the Ru—Bc.m) interactions were represented by calculations discussed below. It is realized that this approxi-

Morse functions: mation may introduce some minor inaccuracies in the de-

Virored Np) = Dpyp( 1 — &~ ANn(RunRen) 2 3a) scrjption of energy transfer between the adsorbate and the
Morsél 752/ = NN ’ solid atoms.

Viorsd Ri-emn) =Dic.m(1— € AiemRicm=Rej-cm))2, The energy barriers associated with the adsorbate motion

(3b) along various pathways parallel to the solid surface are pre-
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10.0 lll. RESULTS AND DISCUSSION

The results of the simulations reported below correspond
to the low coverage limit studied in the experiment when the
interaction among adsorbates can be neglected. Hence, in all
the calculations a single adsorbate was used. In the following
sections we present results of the calculation and a discus-
sion of the dynamics and mechanism governing the CID pro-
cess in the following sequence: the cross section for CID, the
threshold energy for desorption, the distribution of final ki-
netic energies of both desorbate and collider, final internal
energy distribution, angular distribution of the desorbate and
collider. After a summary of the basic results we draw the
55 dominant mechanism of the CID event. The mechanism pre-

] : ; sented below is supported by thorough inspection of many
5.0 ﬁ Om specific trajectories obtained under various initial conditions.

50 55 60 65 70 75 80 85 90 95 100
X (@A)

9.5
9.0 1

8.5 4

8.0 4

7.5

Y (A)

7.0

6.5

6.0

A. Cross section for CID

, The basic quantity calculated is the cross sectigg,
FIG. 1. Contour plot of the adsorbate—substrate PES in a cut parallel to t

h ; ; L
solid surface. The threefold adsorption sites are marked as A,B,C, and ljeor the CID process. It I§ cpmputed for a glven_ set of inci-
See Fig. 2. The contour line spacing is 0.017 eV. dence energy, angle of incidence, and adsorption geometry.

The cross section for CID is defined as was previously sug-
gested by Beckerle and co-workEtsis an area on the sur-
sented in Fig. 2. The reaction path for surface diffusion isface in which an impact of rare gas atom yields a CID event
between two neighboring threefold sites where the transitio€r one adsorbed nitrogen molecule. These cross sections
state is located at the bridge site. The energy barrier assodiere calculated by numerical integration of the opacity
ated with such surface diffusion is about 20 meV. Such a lowfunction?
barrier corresponds to a nearly free motion of the adsorbate , o
between nelghbc_mng threefold sites even at low tempera- Udes=J d(i)f ™ Pued b, 4)db, (5)
tures. The magnitude of the energy barriers along two addi- 0 0
tional pathways is much largéin the range 100—-250 mgV ] ]
Thus, the R(D01) surface is quite flat for motion among where</>'|§ the polar angle of the vectpr connectl'n'g the lat-
neighboring threefold sites but it exhibits a much larger cor-8ra! position of the adsorbate c.m. with the position of the
rugation along other directions. predefined impact point on the substra_lhejs the impact
The PES described above was designed to reprodud%aramete(the I_ength of this vectoz_coordmate_s of the c.m.
most of the available experimental data for the/Ru(001)  and impact point are equaP(b, ¢) is the opacity function,
system. However, it should be emphasized that it is a semNdPmaxis the largest impact parameter value beyond which

empirical model to describe the various interactions in thd'@ CID is observed. The opacity function was obtained from
system. the trajectory results.

The results of the simulations describing the variation of
04es @S @ function of the incidence energy of the collider,
Ei,, at normal incidence §,,=0°) and normal adsorption
over ontopsite A-B geometry are presented in Fig. 3. For comparison the experi-
mental result® are also shown in Fig. 3. Due to experimen-
tal limitations, Ar was used as the collider fiy, up to 2.25
eV (open triangleswhile for largerE;, values Kr was used
(open circles This data should be compared to the corre-
sponding calculated results with Ar and Kr as collider
(closed triangles and circles, respectiyelBoth experiment
and simulation indicate that the CID process has a threshold
energy,E;,=Ey,, below which no desorption is observed.
For the N/Ru(001) system both experiment and simulation
yield Ey,=0.5 eV. This value oEy, is about twice the mag-
nitude of the adsorbate—surface binding energy. Moreover,
both experiment and simulation results indicate that the mag-
— ‘ nitude ofEy,, is independent of the incidence anflésee the
50 55 60 65 70 75 80 85 90 further discussion below in Sec. 11)B

X&) Comparison between the experimental and calculated re-

FIG. 2. Diffusion barriers along different directions parallel to the substrate.'SUIj[S foroged Ein a_ainz 0°) shows an exce”e'nt agreement for
The potential energy refers to the molecular nitrogen at the gas phase. incidence energies up t63.0 eV. Above thisE;, value the

-9.70 4

...... over bridge site A-C
- - - -NNN — NNN 3-fold site A-D

-9.75
-9.80
9851 "%

-9.90 4

Y (A)

-9.95 4

-10.00

-10.05 4
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Ar (experiment)

ik
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v

Kr (experiment)
Ar (calculations)
Kr (calculations)

40 pOp

Ar (calculations - parallel adsorption)

FIG. 3. o4es@s a function of incidence collider energy:
experimentalopen symbolg calculated for normal ad-
sorption geometryclosed symbols calculated for par-
allel adsorption geometriclosed symbols The dotted
line through the experimental data points is based on an
expression described in Ref. 18.

Kinetic Energy, (E,), eV

increase of the experimental;.sis faster than the calculated

one. This discrepancy is unclear at the moment.

To examine the dependence @fs on the adsorption
geometry simulations were performed at thEggvalues us-
ing parallel adsorption. The calculateq.ss for this adsorp-

Another comparison between experimental and calcu-

lated results is shown in Fig. 4. Here, the relationship be-
tweenoy.sand the collider incidence polar andl@easured
from the surface normal 6,,, is presented for foug;, val-

ues. Again, very good agreement between the experimental

tion geometry are also shown in Fig. 3 as closed invertedopen squargsand calculatedclosed trianglesdata is ob-
triangles. It is clear that in thE;, range examined here the served for the case of normal adsorption geometry. For all
cross section for CID is independent of the adsorption geomenergy valuesrys exhibits a small increase as a function of

etry at6,,=0°.

Odes (AZ)

O des (AZ)

6, up to 6,,=40°. For larger incidence angles a rapid in-

50 50
Ey=11eV Ey=145eV
404 40
30 304 d
o &
/ < a
204 o $ 20+ /”
/‘ ° o A
o " A
10 T 104y 5=
‘_‘_;j/u/‘:'
ot——— 0 —— T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
9 9 FIG. 4. Experimentally measure@pen squargsand
i 1 calculatedup triangles for normal adsorption geometry
and inverted triangles for parallel adsorptian.sas a
70 70 function of incidence angle for four incidence energy
= values.
E, =2¢eV E, =225eV
60 | Ar 60 d o
50 o 50
40 . / 40 4
— g
k & ¢
30 S° T 5 U/
b 7 0n T
. / b% _ /A
A
204 / 20 gt A .
g—=& E#D( e
————————————————— v
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0 10 20 30 40 SO 60 70 80 0 10 20 30 40 50 60 70 80
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1
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Normal adsorption sorption the opacity function has a low probability tail which
extends to largé values. Comparison dP4.{b) for both
adsorption geometries shows that the low intensity tail of
Pg4edb) for parallel adsorption extends to a smalley.,
value than that for normal adsorption. This difference is at-
tributed to the smaller geometrical cross section “seen” by
the collider in the case of parallel adsorption geometry. The
geometrical cross section is defifieas an area on the sur-
face w(rads+rga92/cosem in which the gas atonfpresented

as a hard spherémpacts the adsorbatpresented as a hard
sphere as well Here, r 4 and r 4, are the van der Waals
radii of the adsorbate and gas atom, respectively. The re-
duced geometrical cross section for parallel adsorption due
to its lower profile at the adsorbed state results is much
smaller o5 value até;,=60°.

To summarize, the good agreement between the experi-
mental and calculated results indicates that the semiempirical
PES used in the simulation allows a reliable description of
the Ar/N,/Ru(001) system.

Opacity Function, P(b)

Parallel adsorption

1.0

0.8 B. Threshold energy for CID

The threshold energyHj;,) for desorption is defined as
the minimum energy of the collider required to induce de-
sorption. As it follows from this definitionE, is closely
related to the binding energy of the adsorbate. Levis and
co-worker§14163339roposed a new method to establish the
0.0 binding energy of an adsorbate based on the experimentally
60° measured threshold energy for desorption. Employing the
hard sphere—hard culfelSHC) model for CID, the binding
energy was calculated by the following equation, as sug-
gested by Kulginov and co-workefs:

0.6

0.4

0.2

Opacity Function, P(b)

4 Magd N

FIG. 5. Opacity function for normal and parallel adsorptioEgt=2.25 eV, 4AMgoMags
B 2
( Magst My )

6, —0° and 60°. Ebinding™ Ethresholtzm M)
COl a

crease in the magnitude of the CID cross section is observed. x co¢
Calculated cross-section values t6f,=2.25 eV using par-

allel adsorption geometry are also shown for thfgevalues.  wherem,, and myy are the collider and adsorbate masses,
It is clear that for off-normal incidence angles tihg..values  respectively,my, is an effective substrate mass, which is
corresponding to normal adsorption are much larger thaequal to a few times of the mass of a surface atom, &nid
those for parallel adsorption. This variation®f.sas a func-  the angle of incidence. Expressidf) yields Ep;,(N,—Ru)

tion of the 6, is manifested by the changes in the opacity=0.23 eV with Ar as the collider and the substrate effective
function obtained for different incidence angles. Figure 5mass is 1.5 times that of Ru atom. This value is in good
exhibits the variation ofPy . {b) as a function ofb (inte- agreement with our independent measurement of the activa-
grated over¢) for two #,, values at normal and parallel tion energy for desorption of Nrom Ru(001) based on TPD
adsorption geometry. It should be noted that the opacityine shape analysis. However, it contradicts the value of
functions for both normal and parallel adsorption correspondbout 0.4 eV obtained by Menzel and FeulteT.o obtain

to E;,=2.25 eV. For6,,=0° at both normal and parallel E,,=0.4 eV by Eq.(6) one should substituten,;=6mg,
adsorptionP 4{b) exhibits a peak nean=1.0 A followed  which is thought to be physically meaningless. To further
by a rapid decay to zero &,,=3.0 A. The difference be- clarify the relationship between the binding energy and the
tween the two adsorption geometries is at near beralues.  threshold energy for the CID process we increabgd

For normal adsorptiorP4{b) is close to unity atb=0, (see Table)to obtainE,,=0.4 eV and used this modified
while in the case of parallel adsorptidhy{b) starts at a PES in the MD simulation. The trajectory calculation pro-
much lower value. These results suggest that the magnitudiucedE,~0.85 eV, which agrees very well with the value
of by for 6;,,=0° is independent of the adsorption geom- calculated from Eq.6) given my=1.5mg,, but is 70%
etry. An increase o, to 60° results ifP4.{ b) which maxi-  higher than the experimental value shown in Fig. 3.

mizes atb=0 A and decreases monotonically as the impact ~ Although the simplified HSHC model provides good
parameter increases. Here, for both normal and parallel agkgreement with the experimentally measured quantities,

2

ain
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FIG. 6. Final kinetic energy distributions for,Na) and Ar (b) at normal incidence, together with those of (¢) and Ar (d) for 6,,=60° atE;,=2.25 eV.

Eir (6,,=0°) andEy;,, for N,/Ru(001) system, assuming Fig. 4) cannot be explained quantitatively by the HSHC
the abovem,, value, it cannot explain the experimental ob- model, we had to reject this approach and rely only on the
servation thakEy, is independent of the angle of inciden@. full three-dimensional MD simulations in the present CID
As follows from Eq.(6), Ey, is expected to increase with study.
O

The total cross section for ClDyg4s Was shown by C. Kinetic energy distributions
Beckerle and co-worket$to increase withy;, . This is due Following the impact of the rare gas collider with the
to the faster increase of the geometrical cross se¢tiome-  ,qgorhate, it scatters back into the gas phase. The details of
lates with coi,), versus the decrease of the normal energyne scattering event are dominated by the PES, which de-
component(correlates with cd¥;,), considered to be rel- gines the interaction among the collider, adsorbate, and the
evant for CID within the HSHC model. The magnitude of the g hqtrate atoms. The amount of energy transferred from the
increase, however, is far too small to explain the results obggjjiger to the adsorbate—substrate system depends on the
served in the B/Ru(001) system. Moreover, the HSHC 555 ratios, the magnitude of the impact parameter of the
model predicts the same results for any adsorbed moleculg, e gas atom with respect to the adsorbate, and the nature of
regardless of the specific details of the molecule—metal ingye interaction potentials. The presence of the adsorbate on
teraction potential. This is shown to be mcprrect IN OUr Cas§pe gyrface may be viewed as a source of surface corrugation
where we compare the two model adsorption configurationg g seen by the collider. Following the inelastic scattering
of N,—the normal and the parallel ones. The strong depengyent in addition to a change in the collider's translational
dence ond, is observed only in the case of the normal gnergy one also expects changes in its momentum vector
adsorption while the parallel geometry reveals practically NQynich'in turn determines its angular distribution.
dependence on the angle of incidence, as seen in Fig. 4. The o
limited ability of the HSHC model to treat polar angle de- 1 Total energy distributions
pendence of the CID cross section is further demonstrated in  Typical kinetic energy distributionsp(E,;,), of Ar (at
the O,/Ag(100) system'’ Here, o4esincreases by a factor of E;,=2.25 eV} and the desorbed Nmolecules following a
40 as#,;, increases from normal incidence to 60°. This cannotCID event are shown in Fig. 6 for two incidence angles,
be explained by any version of the HSHC model. 0,,=0° and 60°. In the case of normal incidence, both des-

Since the total threshold energy scaling, as welbgg, orbed N and Ar exhibit a relatively narrow distribution
enhancement withp;, for N,/Ru(001) CID (see Sec. llIA, peaked at 0.4 and 0.6 eV, respectivEijgs. §a) and Gb)].
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At low b values, near head-on collision between the Ar and

Romm, Asscher, and Zeiri

a. N, Final Average Kinetic Energy

the adsorbed } the collider might scatter back to the gas 18

phase with negligible interaction with the substrate. How- 164

ever, in most cases it is deflected by the adsorbate toward the L4l o,
substrate and scatters back to the gas phase following a col- ’ —o—0°
lision with the surfacdsee Fig. 14a), for exampld. For 1.2+ —e—o0°
large b values, the collision between the Ar atom and the > 1.0

adsorbate results, in all cases, in a deflection of the rare-gas 25 084

atom from its initial trajectory followed by its collision with v

the solid surfacgFig. 14(b)]. Mirror collisions were rarely 061

observed for higtE;, and 6;,=60°. According to the mass 0.4

ratio of Ar/N, the expected energy transfer from the rare gas 0.2

to the adsorbate is 97%based on kinematigsOn the other 0.0 . . . . . . .
hand, in a collision between Ar and the substrate about 65% 0 1 2 3 4 5 6 7

of the collider normal energy is expected to be transferred to Tmpact Parameter, A
the solid(based on the hard cube model with substrate effec-
tive mass of 1.5 the Ru atomic mas3he kinetic energy
distribution of the scattered AFig. 6(b)] indicates that only

a negligible fraction of the scattering events correspond to a
collision between the Ar and the adsorbate followed by the
direct deflection of the collider back to the gas phasih-

out collider—surface interactipnin most cases the Ar atom
interacts with both adsorbate and substrate prior to its return =
to the gas phase. This is also supported by the kinetic energy #,
distribution of the desorbed Nnolecules which is peaked at ¥
much lower energy than that expected based on kinematic
considerations with no surface presented. Detailed analysis

b. Ar Final Average Kinetic Energy

of energy transfer processes between the collider and the 0.2
adsorbate—substrate system is complicated since the Ar—N 0.0 . . . . . . .
interaction also induces redistribution of the collider energy 0 1 2 3 4 5 6 7

between normal and parallel motion of the adsorbate. For Impact Parameter, A

both species the kinetic energy distributions extend to ap- o o _
. : . FIG. 7. Distributions of average final kinetic energies gf(8) and Ar(b) as

proximately half of the magnitude d&;, at all incidence ¢ ction of impact parameter.

energies examined with somewhat less kinetic energy,in N

The desorbate and collider kinetic energy distributions

corresponding to off-normal incidence angle exhibit different,ysorpate. WheR,, is positioned between the adsorbate and
shapegFigs. @c) and &d)]. In this case,®(Eqn) for Ar the initial position of the collider the rare-gas atom is ex-
[Fig. &(d)] is broad and bimodal extending to high energiespected to collide first with the substrate and then, on its way

with peqks at approximately 0.2and1.8eV.A similar bimo-q ¢ to the gas phase, with the adsorbate presenting so-called
dal distribution is observed for the desorbates with peaks atyirrorlike” collision. A reversed sequence of collisions is

0.2 and near 1.4 elFig. 6(c)]. The analysis of the trajectory expected to occur wheRy, is located behind the adsorbate.
results shows that the desorbate high energy peak, and, rroreover, in this case one expects that in many events the
spectively, low energy peak of Ar stem from the direct col-cojlider will be deflected to the gas phase directly after its
lision with small impact parameter (Ob<2.5 A). In con-  ¢ojlision with the adsorbate in a “gliding collision.” The
trast to the normal incidence case, here the collider ofteRequence of collisions together with the magnitude of the

does not interact directly with the substrate and scatters ba(ihpact parameter will determine the energy distributions in
to the gas phase after collision with the adsorbate. As thene system after the scattering event.

impact parameter increases, the interaction between the ad-
sorbate and the collider becomes weaker, and less ener
flows to the desorbate and the CID yield decreases. Sid
collisions withb>3.5 A do not produce desorption. In addi- To illustrate the variation of the kinetic energy distribu-
tion, mirror collisions were rarely observed for high inci- tions as a function ob, at the twog,;, values examined, the
dence energy. changes in average kinetic energi€s,;,(b)) for the given
These variations in the shape of the kinetic energy disimpact parameter range are shown in Fig. 7. For normal in-
tributions at off-normal incidence may be rationalized by thecidence the(E,(b),Ar) [Fig. 7(b)] first decreases wheh
following argumentation. The sequence of collisions, i.e.increases from 0 te-1.5 A, passes through a minimum, then
collider—adsorbate and collider—substrate, is expected to deises back and levels off, while for the desorbate tNe
pend not only on the magnitude bfbut also on the position (E.(b),N,) [Fig. 7(a)] exhibits an initial monotonic shift to
of the impact point on the surfacB;,, with respect to the higher energies dsincreases from 0 te-1.5 A followed by

. Energy distributions by impact parameter
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a shift to low energies for larger impact parameters. SuckE, (N,)) (open circle and (Ey,(Ar)) (closed triangles
behavior is expected since Idwalues correspond to strong the average energy of collider following only CID events is
Ar—N, interaction that decreases as the impact parameteflso shown(closed squargsas well as the results obtained
increases, however the minimum (&,iy(b),Ar) and maxi-  for parallel adsorption geometry. In the entfg, range the
mum in (E,n(b),Ny) for the same value of the impact pa- average kinetic energy of the desorbates is less than the cor-
rameter indicates that the most effective collision geometryesponding values for the collider. It is also clear that events,
is not the line of centers at normal incidence. It is interestingyhich do not lead to desorption, result in larg@,(Ar) ).
to note that CID events at incident energy of the collider neaComparison of the results obtained for normal and parallel
Ewnr and 6;,=0° were obtained at average impact parameteadsorption geometry shows thé,;,(N,)) does not exhibit
equal to 0.9 A. This is very similar to the value of 0.7 A any marked dependence on the initial adsorbate configura-
reported at the threshold for CID of Xe from(E11) studied  tion with respect to the substrate. The variatio Bf;,(Ar) )
by Rettner and co-workefs. with its incidence energy, looks nearly linear within the in-
The variation of(En(b)) as a function of the impact cidence energy range examined, with a slope of approxi-
parameter for off-normal incidence shows a completely dif-mately 0.3. In the case ofEi,(N,)) the initial rate of
ferent behavior(Fig. 7). Here, smallb values result in a change is approximately 0.25 in the range 0.5-1.5 eV. For
marked excitation of the desorbates leaving the collider witharger E;, values the rate at whictE,,(N,)) changes de-
very small energy. Increasing the impact parameter leads to@eases to approximately 0.18. This change in the rate at
decrease in the amount of energy transferred from the colyhich (E,;,(N,)) varies is related to an increased energy
lider to the desorbatgFig. 7(a)]. Hence, an increase &  transfer into the rotational mode of the desorbétee the
results in a monotonic decrease of the desorbate energyiscussion beloyv We note that the sum of the average ki-
while collider energy is shifted to higher energies. Thesenetic and rotational energy of desorbates and collider equals
characteristics of Ey,(b)) for the collider and desorbates approximately half of the magnitude &,,. Hence, in the
are consistent with the discussion above. It should be notegcidence energy range studied, approximately half of the
that the(E,y(b)) for the collider includes both reactive and injtial collider energy is channeled into the substrate degrees
nonreactive events. Analysis of the data clearly shows thagf freedom. Similar examination of the variation (@, as

most of the high energy tail in thég,; (b)) of Ar corre-
sponds to nonreactive scattering.

The shape of (E,;,) and® ({E(b))) was found to be
independent of the incidence energy in the range<@&g

a function of#;, shows a nonlinear increase as the incidence
angle increases for both desorbates and collider. It is found
that up t06,,=30°, (E,;,) is practically constant, while for
larger incidence anglg€,;,) exhibits a near linear increase.

<6 eV. However, these distributions were shifted to highenvioreover, the rate at whictE,q,) changes for largd;, in-
energies as the magnitude Bf, increases. In addition, the creases as a function &, . Again, practically identical be-
translational energy distributions obtained in the case of pamhavior was observed for the two adsorption geometries stud-
allel adsorption geometry were very similar to those for nor-jed.

mal adsorptiondescribed aboye The shift of ®(E,;,) as a

function of E;, for the two adsorption geometries examined

can be deduced from the variation of the average collider anf- Intérmal energy distributions of N,

desorbate kinetic energyE;.).

3. Average final kinetic energy

The dependence ¢Ey;,) on E;, for 6,,=0° (integrated
over impact parameterss shown in Fig. 8. In addition to

The analysis of the internal energy distributions in all the
simulations performed did not yield any vibrationally excited
desorbates. The energy transferred from the collider to the
adsorbate was found to be distributed among the transla-
tional and rotational modes only. Typical rotational distribu-
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FIG. 9. (a) Rotational energy distribution of desorbates fgy=2.25 eV at
normal angle of incidence angj,=60°. (b) Distributions of average final
rotational energy of Blas a function of impact parameter for baijj=0°

and 60° atE;,=2.25 eV.

tions, ®(E,.y), of the desorbates fof,,=0° and 60° atE;,

Romm, Asscher, and Zeiri

kcal/mole. Analysis of(E, (b)) [Fig. 9b)] for 6,,=0°
shows that forb in the range 0—1 A the average rotational
energy grows and then rapidly falls down for larger impact
parametersp>1 A. Similar examination ofE,y(b)) for
0,,=60° reveals practically consta¢E,(b)). In all the im-
pact parameter range the tails of the rotational energy distri-
butions extend to much lower maximui,; values as com-
pared to the corresponding values in the case of normal
incidence.

Similar analysis ofP(E,) for parallel adsorption geom-
etry at the saméde;, value shows that the distributions are
nearly independent of the incidence angle. Here for both nor-
mal and off-normal angles of incidence the rotational distri-
butions are strongly peaked B&},,=0.25 kcal/mole followed
by a fast decrease, having a high energy tail up to approxi-
mately 12 kcal/mole. These shapes are very similar to those
obtained for off-normal incidence angle in the case of normal
adsorption geometry.

In order to examine the relation between the desorbate
rotational energy and the collider incidence energy we
present the dependence (&,,) on E;, for #,,=0° in Fig.

10. A nonlinear relationship betwedik,,) and E;, is ob-
tained. At low collider incidence energfup to approxi-
mately 1.0 eV (E,y is small and nearly constant, above this
value,(E,y) increases more rapidly and reaches a near linear
dependence oE;, above 1.5 eV. This nonlinear variation of
(E;or) may account for the change in slope(&;,(N,)) vs

E;, nearE;,=1.5 eV discussed above. Comparison between
the (E,.;) values obtained for the two adsorption geometries
shows that in the case of parallel adsorption a smaller

=2.25 eV are shown in Fig.(8). These results clearly sug- amount of energy is channeled into the desorbate rotational
gest that at normal incidence the energy transferred to thmode. This difference is related to the CID mechanism of the
adsorbate is channeled more efficiently into rotational motwo adspecies and will be discussed below.

tion than in the case of off-normal incidence. Both distribu-

The variation of(E,,) as a function of the incidence

tions exhibit a low energy peak which is followed by a angle for fiveE;, values corresponding to normal adsorption
monotonic decrease with long high energy tail. For normaland one to parallel adsorption is shown in Fig. 11. In the case

incidence, the high intensity part @b(E,,) is broad and

of normal adsorption geometrE,,) exhibits a linear de-

nearly uniform up to~4.0 kcal/mole and the high energy tail crease for increasing values @f,. Again, the rate of E,;)

extends up to approximately 17 kcal/mole. Figy=60° the
distribution is dominated by the peakBf,,=0.25 kcal/mole

decrease varies as a functionkyf, namely, larger incidence
energy corresponds to a faster decreaséEgf) as a func-

while the high-energy tail extends only to approximately 10tion of incidence angle. A quite different behavior is ob-

20 4 0,=0°

<E, > keal/mole

FIG. 10.(E,y as function ofE;, for normal and paral-
lel adsorption at normal incidence.

/./ x
54 /-
/. X
.- — @ — Normal adsorption
-.' — % — Parallel adsorption
N S
0 1 2 3 4 5 6 8 9

E(Ar), eV
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E. Angular distributions

lO-} -m-1leV

e 1. Polar angles
5 D The polar angle distributionsh(6,,), for both collider

o azsev and desorbates a8,,=0° and 60° forE;,=2.25 eV are
®1 shown in Fig. 12. In all cases the initial azimuth incidence

angle of the collider was chosen to kg,=0°, namely, the
projection of the velocity vector of the incident particle on
the (001) XY plane is directed along th€l10) crystallo-
graphic axignegative direction of th& axis in Fig. 2. In all
simulations a broad distribution was obtained, which covers
0 10 20 00 4 50 60 the entire angular range. For normal incidence the collider
8; distribution [Fig. 12b)] exhibits broad and nearly constant
probability for scattering into the angular range of 10°
< 0,;+<35°. The correspondind(6,,) for the desorbates
[Fig. 12a)] shows a much narrower distribution with a peak
centered around,,~=60°. The distributions for both col-
served for parallel adsorption geometry. In this céEe,) lider and adsorbate for off-normal incidence angfégs.
exhibits a slow increase when the incidence angle increase$2(d) and 1Zc)] are similar. Here, the distribution is shifted
Thus, (E,,y at 6;,,=60° is larger by about 25% than the to large scattering angles and the peaks for both collider and
corresponding value a,,=0°. These characteristics of the desorbate are located ne@y,,=65°—70°. Inspection of the
dependence ofE,.) on 6;, are closely related to the CID corresponding®(6,,(b)) shows that at normal incidence,
mechanism and will be discussed in Sec. IV. broad and almost uniform distributions are obtained for 0

<E,¢ keal/mole

FIG. 11. (E,,y as a function of;, for different E;, values. The parallel
adsorption case is shown for comparigomsses
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<b<0.5 A for both collider and desorbate. At larger impact B 1PY)
parameters, in the range 0.5-1 A, a peak centered around v 3 8=0°
65° is observed for both species. Further increaderesults “
in a shift of the collider distributions toward low scattering
angles with peak centered around consecutively decreasing
0,4 values. Similarly, the desorbate distributions correspond-
ing to b>1 A exhibit a single peak whose center is shifted
gradually to larger scattering angles. Since the probability for
CID decreases for increasing values lmfthe broad peak
observed for the collider in the range X09,,<35° is
mainly a result of nonreactive events. In the casefgf
=60° narrow distributions are obtained for both Ar ang N v
for the entire impact parameter range. In this case the peaks 0 30 60 90 120 150 180 210 240 270 300 330 360
of all distributions are near 65° independent fvalue. N, Final Azimuth Angle

These results indicate that a large fraction of the energy
transferred to the adsorbate is converted into desorbate ki-
netic energy in the directions parallel to the surface. This
excitation of the adsorbate translational motion along the
surface is related to the mechanism by which the CID pro- s
cess occurs and will be discussed below.

Examination of the polar angle distributions obtained for |
parallel adsorption geometry shows features similar to those
described above. The main difference is that for normal in-
cidence angle the peak of the desorbate distribufi¢a,,,)
is located closer to the surface normal, nég=45°. The
main contribution to this lower scattering angle is due to CID
events with impact parameters in the range 0.5-2 A. The %1
CID events which correspond to thevalues outside this

range lead to broad uniform distributions covering the entire 0
0 30 60 90 120 150 180 210 240 270 300 330 360
Oout FANgE.

N, Final Azimuth Angle

Number of Desorbates

150 -

Number of Desorbates

100

2. Azimuthal angles FIG. 13. Azimuth angular distributionsg(,) of N, for E;;=5.5 eV, ¢;,

Here we define the azimuthal angle of the desorbates ang® 3n=0 (&) and 60°(b).

colliders after the scattering event as an angle betw&&6)

direction (positive direction of theX axis) and projection of

the velocity vector of the projectile on the€Y plane. This

differs from the definition of the azimuthal angle of inci- tensity. This correspondence between the two distributions

dence(see Sec. llIEL indicates that the corrugation seen by the adsorbate along the
The distributions of the azimuthal angle®(¢qu), Of  surface has a major role in the successful completion of the

the various species are expected to depend strongly on thep process.

incidence polar angle of the collider. F65=0° one would The ®(¢y,) corresponding to off-normal incidence

expect a uniform® (¢, while for off-normal incidence angle at,,=60°, Fig. 13b), is much narrower with a peak

angle® (o, is expected to be much narrower with a peaky¢ »  —180° This distribution is expected based on kine-

in the forward direction. The azimuthal angle distribution Ofmaticu considerations and due to the symmetry of the sub-

the desorbates at normal adsorption geometryHgr-5.5 strate. Nearly opposite to this incidence azimuthal angle one

ﬁ]\éiggmg 0;‘ g?g;%s;rsfri:ﬁivgz,\;ﬂi;g's1§hén?r]e:?,\’/ﬁélgf_;malfinds a bridge site through which the desorbate can penetrate
P to collide with the substrate atom located behind the bridge

range is observed, Fig. 138). The broad distribution ob- : o :
tained for normal incidence is nonuniform and it exhibitss'te' In most of the events studied this interaction leads to the

three peaks located nea,,=30°, 150°, and 270°. These escape of the adsorbate to the gas phase, see Fig. 1. For

values correspond to the directions at which the three bridgi'cidence azimuthal angleg;, other than along thg110
sites are located around the threefold hollow adsorption sitdiréction the variation ofb(¢,) should correspond to dif-
(Fig. 1, site A. Thus, the structure o (¢,,) at 6,,=0° ferent corrugation seen by the desorbate on its way to the gas
reflects the symmetry of the substrate dictated by the corruhase. Comparison betwedn(¢,,) observed forg;,=0°,
gation seen by the adsorbate. Similar results were obtaine?Q°, 90°, and 270%here ¢;, is defined as in Sec. Il E)1
when parallel adsorption geometry was used. Examination gghows that the narrowest distribution correspondsgi

the distribution of the average desorbate kinetic energy as &0° and broadest one i;,=30°. In all cases the distribu-
function of ¢, results in a broad distribution with three tion is centered around,,—=180°+ ¢;, as expected from
peaks located at the angles whdréo,) exhibits high in-  kinematic considerations.
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FIG. 14. Four typical trajectoriess(,=4 eV) at 6;,=0° and 60°. Ford;,=0°, b=1 and 2.6 A(a), (b), for 6,,=60°,b=1 and 4.9 A(c), (d).

IV. CID MECHANISM the surface plane approaching a parallel geometry. The ad-
sorbate acquires the largest torque when the collision geom-

To gain insight into the details of the CID mechanism aCtry is not line of centers, but with the impact parameter in

large number of individual trajectories with different impact € range 1-1.5 Asee Fig. Ta)]. In this case, the collision

parameter values were carefully examined for the energp&tween the Ar atom and the adsorbate results in a large
range E;,=0.8-5.5 eV and both normal and off-normal @mount of energy transferred into the frustrated rotational

angle of incidence. Four typical examples ;=4 eV are mode of the adsorbed molecule as well as into translation
shown in Fig. 14. For each incidence angle a pair of trajecParallel to the surfacgnote the large polar angle at which the
tories are shown to illustrate the sequence of events at varflesorbate leaves the surfaag,, Fig. 12a)]. Part of the
ous b values that lead to desorption. Note that they,Z energy in these two modes is transferred into kinetic energy
scales are not identical. Fé,=0° the two trajectories cor- in the direction normal to the substrate, which in turn leads
respond tob=1 and 2.6 A[Figs. 14a) and 14b)], respec- to desorption. The energy transfer into motion along the sur-
tively. As the projectile approaches the adsorbed nitrogeffiace normal is possible due to the coupling of this mode with
molecule, the repulsion between the collider and upper Nhe frustrated rotation and parallel motion modes by the cor-
atom rises and causes the molecule to tilt and bend towandigation of N—Ru PES. A detailed dynamic picture of the
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kind discussed above is of course impossible within the Kinetic energy distributions of the scattered rare-gas at-
HSHC model, where parallel momentum is assumed conems following direct collision with the adsorbate and of the
stant. desorbing nitrogen molecules were obtained and resolved as
For off-normal incidence the motion of the molecule a function of the collision impact parameters. These distribu-
parallel to the surface prior to its desorption becomes mor¢ions suggest that direct hit of the collider on the adsorbate is
probable. Figures 14) and 14d) demonstrate the CID the predominant way to lead for CID. Close to half of the
events forE;,,=4 eV and#;,=60° at two impact parameter initial colliders’ kinetic energy is transferred to the solid,
values. The parallel momentum transfer from the incomingalmost independent of the incident energy.
Ar atom into translational and rotational modes of the ad-  Polar and azimuthal angular distributions of the desorb-
sorbed N molecule leads to the tumbling of the adsorbateing nitrogen have been calculated. Both are strongly depen-
along the surface. This motion is again coupled with thedent on the colliders’ angle of incidence but hardly change
motion normal to the surface by virtue of the PES corrugawith incidence energy. At normal incidence collisions, the
tion. azimuthal distribution of the desorbing molecules is pre-
Thus, the dominant mechanism of the CID is direct im-dicted to reproduce the substrate hexagonal symmetry.
pulsive bimolecular collision, in which collider energy is There is absolutely no vibrational energy excitation of
transferred into the frustrated rotation of the adsorbate, itthe desorbing Mas a result of the CID process. Rotational
kinetic energy along the surface plane, and into the surfacexcitation, on the other hand, is significant and provides an
Although the amount of energy transferred into each of thesanportant insight into the CID mechanism. It increases lin-
channels is dictated by the collision geometry, the energyarly with incidence kinetic energy, but it decreases as the
acquired by the adsorbate upon collision is effectively chanangle of incidence increases for the same colliders’ kinetic
neled by the corrugated molecule-surface PES into the manergy.
tion normal to the surface. At normal incidence as a result of  Finally, these observations have led to the following
significant excitation of the frustrated rotation this degree ofCID mechanism for the weakly chemisorbed &h RU001),
freedom is kept by the molecule all the way to the gas phaswith its molecular axis perpendicular to the surface: As a
following desorption. At off-normal incidence the frustrated result of the impact between a rare-gas atom and the nitrogen
rotation is less important in the CID sequence, and desorbaidsorbate, energy is transferred into frustrated rotation or tilt
leaves the surface rotationally colder. Meanwhile, at off-motion of the nitrogen molecule. In addition, translational
normal incidence the kinetic energy of the collider more ef-motion and migration along the surface is also caused by this
fectively channels into the kinetic energy of the desorbateimpact. The coupling between these modes and the motion
and the latter leaves the surface translationally more excitedormal to the surface results in desorption. This coupling is
relative to the normal incidence case. dominated by the PES corrugation.
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