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A classical molecular dynamics study is applied to simulate the scattering of NO ftadiPin the

energy range of 0.3—1 eV. The solid consists of a large number of crystal atoms that interact via an
anharmonic nearest-neighbor potential. The NQEPY interaction potential is constructed as a
pairwise additive potential with a well depth of 1 eV for the N end of the molecule towards the
surface and purely repulsive for the O end. The in-plane scattering results obtained with this model
potential are compared with recent experiments for NQHER]. The angular intensity distributions,

the final translational energy, as well as the rotational energy distributions with the corresponding
alignment are in qualitative agreement with those experimental results. A detailed examination of
the collision dynamics shows that multiple collisions with the surface results predominantly in
superspecular scattering. The rotational angular momentum of the scattered molecules exhibits a
preference for cartwheeling alignment and the rotational energy distributions for specular and
normal exit angles can be described with a Boltzmann distribution, whereas for grazing exit angles
they are distinctly non-Boltzmann. The latter structure results from a cutoff in the rotational
excitation by the attraction of the well. The high rotational excitation clearly originates from
molecules that initially are oriented with the O end towards the surface, whereas for the low
rotational excitation this orientation preference disappears1986 American Institute of Physics.
[S0021-960606)01819-2

I. INTRODUCTION the anisotropy of the interaction potential and also of the
_ coupling of the intermolecular degrees of freedom to others
~In the last three decades many experiments have prgn the system. For spectroscopic reasons, such experiments
vided us with detailed data on the gas-surface mtera&tlon.are particularly well suited to the NO molecdi@-
Experimental data comprises of two distinct types of inter-  1he measured features resulting from the scattering ex-
acthns.”the stat!c mteracﬂon of adsorption ar'1d the “dy- periments cannot directly be linked to the potential energy
namical” interaction of scattering processes. Since at equiz, t2ce Molecular dynamid®D) simulations can give in-

I|br|um,_ adsorba'Fes sit in the potential minimum, Stat'CS|ght how those features are connected to properties of the
adsorption experiments probe the lowest bound states at the . : o .

. L otential energy surface and provide detailed information on
surface and the shape of the potential minimum. Temperd:

ture programmed desorption gives information on the bind_he dynamical processes of the gas-surface interaction. Be-

ing energy and on the different adsorption states available :fti(_jes ration_alizing the expt_arimeptal results, si_mulations can
the surface. Infrared adsorption spectroscopy, electron er/i"d Néw light to mechanisms in the scattering dynamics.
ergy loss spectroscopy, and inelastic helium scattering me&=0" the scattering of a diatom, the coupling between the
sure the vibrational motion and the binding site on the surMany degrees of freedom make the interaction with the solid
face of the adsorbed species. Dynamical interactions probd@ther complicated. Depending on the focus of the research,
in scattering experiments, on the other hand, take place in tHdfferent models have been applied to simulate the scattering
energy range of continuum states and principally yield infor-dynamics'* Several classical models have been used for NO
mation on the repulsive part of the interaction potential. Mo-and CO from metal surfacés;* to investigate energy ex-
lecular beam experiments determine the energy exchangdange with the solid and rotational excitation, whereas a
with the solid and the angular scattering distributions, and aguantum approach has been used to investigate both rota-
such are a tool to study the form of the lateral interactiontional and vibrational energy exchange with the surficé?
potential. Sensitive laser techniqgues measure the rovibra- The present MD simulation was initiated by the results
tional state of the scattered molecules and act as a probe of recent experiments for the rotational excitation of NO
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scattered from R111).2* The interaction of NO with R111)  open shell that gives rise to a splitting of the electronic
is a paradigm for nonactivated and associative chemisorpground state into two spin—orbit stat€$l,,, and“IL,,) and
tion. The potential well is deefabout 1 eV and the orien- A doublets. Only a full quantum calculation can take these
tational anisotropy of the potential energy surfdB&9 re-  effects into account for the scattering dynanficd}—3"but in
sults in adsorption with the N end towards the surface. Du¢hat case the rather severe restriction of a rigid solid is nec-
to the large orientational anisotropy of the PES, one carmssary in order to perform the simulations. Since we use a
expect that the molecules at low incidence energies are adiaore realistic model for the solid, only classical mechanics
batically steered into the deep chemisorption well, in a manean treat the scattering dynamics due to the many degrees of
ner that is very reminiscent of dissociative chemisorption offreedom. The details of the motion on the two electronic
H, on transition metalé>-? surfaces probably has a negligible effect on the outcome of a
A simpler system is NO—Ad.11) for which the PES has scattering event and we use this fact to justify the use of a
a shallow physisorption well of about 0.2 eV. The collision ‘mean’ potential for the process.
dynamics of NO from the A@.11) surface has been shown The motions of all particles in the system follow from
to be similar to the collision of a hard ellipsci@?® The  the numerical integration of the Newton equations, using the
rotational excitation can be modeled by a sudden excitatioWerlet integration algorithmi®=%° The integration is per-
on the repulsive wall of the PES and the maximum of theformed in the Cartesian coordinate system for every particle.
derivative of the potential with respect to the orientationThe NO trajectory is initiated at a height of 10.6 A above the
angle of the molecule gives rise to a maximum in the rota-surface, where the potential energy is less tharf BY. For
tional excitation, which has been assigned as a rotationalll simulations, the incidence angle is 45° along [fh61]
rainbow?2”?8These rainbows manifest themselves in a non-azimuth of the surface; in addition the molecule has no rota-
Boltzmann behavior of the rotational energy distribution.tional or vibrational energy. Neglecting the lowest quantum
Quantum and classical calculations have further shown thabtation forJ=2 for the incidence molecules will not disturb
surface recoil is significant in such experiments and modifieshe initial orientation of the molecule, since the time for a
the rainbow position’ full rotation atJ=3 takes about 10 ps, which is much longer
The deep chemisorption well for NO«P11) should than the time the molecule needs to have the first collision
lead to quite different dynamical effects. Using a two- with the surface. The crystal atoms are initially at their equi-
dimensional model potential, Harris and Lulthave shown librium positions for the static surface calculations, or a
for the very similar CO-R111) system, that all of the de- Maxwell-Boltzmann distribution is used for the initial ve-
grees of freedom in the system are strongly coupled. Théocities of the solid to simulate a finite crystal temperature.
non-Boltzmann distribution in the scattering of CO from
Ni(11]) is explained as rotational rainbow scattering of the
inert side of the CO molecuf€.Recent experimental obser- lll. THE INTERACTION POTENTIALS

vations by Wiskerkeet al*! have exhibited rainbow-like The total interaction potential consists of three indepen-
peaks for NO—-R1.11), which appears to be at variance with gent parts describing the interaction between the crystal at-
the model study of Harris and Luntz. If the deep chemisorpyms; the interaction between the NO molecule and the crys-
tion well would yield a random redistribution of the energy ta and finally the interatomic interaction between the N and
among all degrees of freedom, a statistical approach shoulle O in the molecule. The @1 crystal is simulated by
describe the NO—F111) results. The statistical limit, how- 3125 atoms, arranged in the fcc configuration with fiv&1)
ever, does not work: Wiskerke and co-workers proposed a pjanes of 625 atoms. The nearest neighbors interact via an

novel two-dimensional model potential facilitating a suddengnharmonic interaction potential, that has the form
rotational excitation at the inflection point. In addition to the

deep well for the N end oriented towards the surface, a shal- Ve(r)=3 ka(r = d)?+ 5 ko(r —d)°+  ks(r—d)*,

low well for the O end was also proposed, with a barrierwherer andd are the instantaneous extension and the equi-
separating the twd? This made the O-end collisions almost |ibrium distance between the two nearest neighbors, respec-
inert, resulting in rotational rainbows of molecules that scattively andk,, k,, andk, are the force constants. The har-
ter with the O end initially oriented towards the surface.  monic force constant follows from the Debye theory and the

The present study deploys a molecular dynamics simuanharmonicity results from a Taylor expansion of the
lation to test if the rainbowlike rotational energy distribu- | ennard-Jones potential. Table I lists the values of the force
tions for NO—Pt111) can be obtained for a high dimensional constants for the surface and the bulk of thélP1) crystal.
model of the scattering. We also examine the microscopiqhe values of the force constants taken for the surface atoms
origins of the structure to establish whether the term rainbovare about 20% lower than those for the bulk, in order to
is at all applicable. reproduce the lower surface Debye temperattfé.

The interaction potential between the NO molecule and
the Pt111) crystal is also taken to be pairwise additive,
where the N and the O atoms interact individually with every

In the Born—Oppenheimer approximation, the total syscrystal atom. As a starting point, we choose the functional
tem is assumed to remain in its electronic ground state duform for the NO—-P{l11) interaction similar to that intro-
ing the entire trajectory. However, the NO molecule has arluced by Muhlhauseet al.,'® which was originally designed

Il. COMPUTATION
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TABLE I. The values of the parameters for the interaction potential between
the crystal atoms, for the NO—-R11) interaction and for the internal po-
tential of the NO molecule. The two values for the force constants of the
crystal potential are for the buliteft) and surfacdright). The other poten-

tial parameters are taken from Ref. 18, although the valu@ fiermodified

to yield a well of 1 eV. The distance and energy units are ng#tran and
electronvolts, respectively.

ky 6.875 1.573
ko —26.043 —5.957

k3 55.329 12.656
A 634.5

a 3.366

B 0.748

B 1.683

e 1.5

F 6.618

K 2.743

RYG 1.15

FIG. 1. A sketch of the vectors and the orientation angle for the NO mol-
to describe the interaction between NO and(m). In ecule interacting with a single crystal atom, as it is used for the interaction
hindsight because their well depth was 1 eV rather than th8otential in Egs(1) and(2).
observed 0.2 eV, the PES is probably more appropriate for

NO-P(111). In modified form, it was also used by Jacobs |arge orientational anisotropy, when compared to previous
and Zare,” however, since it did not reproduce the energysydies. The well depth for the atop site-i9.98 eV, located
dependence of the sticking probabilffywe have therefore 412 1 A above the surface and for the center site84 eV at
further modified it to achieve a higher sticking probability. 5 9 A This implies that the NO adsorbs at the atop site,
The width of the well with respect to the orientation angle of\yhich is in agreement with the very similar CO+Pt1)
the molecule is enlarged by decreasing the power for th%ystem‘fsv“A recent low energy electron diffractich EED)
cosine term of the orientation angle. In this way more orien-study on NO-RtL11) has shown that NO adsorbs at the
tations will lead to scattering in the well, which in turn en- center site on an NO covered surfdédor a clean surface

. . 17 . !
hances the sticking probability. Since the molecule does the adsorption site has not been determined accurately by
not adsorb with the O end towards the surfdt&the inter- | EED. since earlier studies of NO adsorption or{1R1)
actioniwith the O end qf the molgcule is taken to be purelyingicated a change in binding site with coveragedsorp-
repulsive. The interaction potential between the NO moltjon of NO perpendicular at the atop site cannot be excluded.

ecule and a single Pt atom is described by The diffusion barriers for CO on Pt11) have been deter-
Vyo_r{Roi »Rni ,€C0S ¥)) mined_to be around 0.2 e¥;*” which compares reasonably
well with our value of 0.14 eV.
=Ae *Roi+ B[ (e A”ni~Te +cosy)?—cos y], (D) It is noteworthy that the orientational anisotropy in our
with potential is very large. The difference between the molecular
center of mass and the surface for the two upright orienta-
Roi=|Rail=|Ro—ril, tions of the molecule at the repulsive energy of 0.1 eV is
Rui=|Ruil=|Ry—T1il, about 1.5 A. This is almost a factor of 10 larger than for the
potential proposed by Wiskerket al® for NO—P{111) or
Rno=|Rnol =|Rn—Ral, the Voges and Schinke potential for NO—Ad1).2’ The po-

Re-R tential for the latter system by DePristo and Alexaritler
N No yields a distance of about 1 A. The enormous anisotropy in
RniRno Fig. 2 will be shown to give rise to facile rotational excita-

whereRy, Ry, r; are the position vectors of the N, O and tion and chattering. It is also noteworthy that the anisotropy
crystal atomi, respectively,y; is the orientation angle be- Of the potential around the N end is rather low.
tween the NO and the line that connects the N atom with ~ Finally, a Morse potential, fitted to the gas-phase NO
crystal atomi. Figure 1 illustrates the vectors and the orien-molecule, describes the internal potential of the molecule
tation angle for the potential. The O end interaction is simply — k(Rum_ RS
an exponential repulsion, whereas the N-end interaction is a Vio(Rio) =Fl (e oo~ 1)2 - 1], @
Morse potential for cos; <0, that turns into an exponential whereRyg is the instantaneous intermolecular distance and
repulsion for cosy;=0. Ry is the equilibrium distance.

The potential parameters listed in Table I, yield the PES  Above 5 eV, the PES in Fig. 2 permits the molecule to
of Fig. 2. The transition from repulsion to attraction for the penetrate between the crystal atoms at the center site. We
O-end and the N-end pointing towards the surface, results iappreciate that this is quite unrealistic but have only em-

COoSvy;=
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FIG. 2. The contour plots of the static NO{P11) potential energy surface at the atop and center sités.the distance between the center of mass of the
NO molecule and the plane containing the centres of the Pt surface agpiaghe orientation angle of the molecule with respect to the surface normal. The
contour values are in electronvolts.

ployed the model for lower incidence energies. It is notewor-sult in energy exchange between the many degrees of free-
thy that for more than 50% of all molecular orientations thedom which cannot easily be explained by assuming the mol-
PES is purely repulsive. For such a PES to yield a largeecule to be inert.
sticking probability requires extensive steering of the mol-  Figures 3c)—3(f) show the results for our MD simula-
ecule in order to reach the deep chemisorption well. tion for the potential described earlier to compare with the
experimental results. In the analysis, the binning for the out-
going angleé; is 5° and the constant solid angle of the de-
tection window is included in order to detect only in-plane
scattered molecules, as done in the experiments. To improve
The experimental data in Fig(@ show very broad an- the statistics, the acceptance window is taken to be much
gular distributions for in-plane scattering of NO from larger than in the experiments, i.ex3072 st vs 4<107° st.
Pt(111). Their noncosine nature indicates that specular scaffhe simulated angular distributions are normalized to the
tering dominates. The mean final translational energy is alsame incidence flux and are plotted on the same relative
most independent of the outgoing angle, whereas the meatale. The increase of peak intensity observed with increas-
rotational energy slightly increases with increasing finaling energy is due to a decrease of the sticking probability.
angle3>*8 Comparing these results to those for a simple phy-The maxima of the angular intensity distributions for the
sisorption system such as Ar—@8d1) (Ref. 49 and Ar—  experiment and the simulations are scaled to have equal val-
Pt(111) (Ref. 50, shows remarkable differences. The angularues at the maximum. The shapes of the angular intensity
width for NO—-Pt111) is much larger and, compared to the distributions from experiment and simulation are very simi-
rare gases, the energy transfer shows only a small anguléar and the final kinetic energy also shows the same trend as
dependence. The relative insensitivity for those parametelig the experiments. The simulations at a finite temperature of
of the present system is a good indicator that the dynamic600 K show a satisfactory agreement with the experimental
must be significantly different. The high trapping probability results at a slightly lower temperature of 475 K.
and the coupling between translation and rotations could re- The influence of the surface motion on the scattering

IV. ANGULAR AND KINETIC ENERGY DISTRIBUTIONS
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FIG. 3. A comparison between the experimental resitef. 31) and the present simulations. The angular intensity distributions and mean final energy are
displayed for in-plane scattering of NO from(Pt1), impinging at an angle of 45° and three incidence energies. The experimental results ifapanel
scaled to the simulations in pane) to have equal value in the maximum. The intensity distributions for the simulations are normalized to the incoming flux.
In the lower panels the mean translational and rotational energy is shown, scaled to the incidence translational energy.

dynamics may be understood by comparison with an addifects the rotational excitation or only causes a minute
tional simulation using a static surface. F6r=0.3 eV, the increase.

angular intensity distribution for the static surface shows a  The strong interaction between the NO and thel BY)
decrease for the scattering towards the surface normal whesurface, in particular, the strong orientational anisotropy, in-
compared with a 600 K surface. For the higher incidencecreases the probability for the molecule to have multiple col-
energies, the influence of the surface temperature is smalisions with the surface. In the simulations, the multiple col-
yielding similar angular distributions in pandls and(e) in lisions are registered when more than one sign change takes
Fig. 3. Since even for the static surface the angular distribuplace in the perpendicular velocity component of the centre
tions are very broad, the thermal vibrations of the surfacef mass. Figure 4 shows the contributions of the multiple
atoms appear not to be the origin. In contrast, the surfaceollisions for the scattering from a surface of 600 K. The
temperature has a considerable effect on the final translangular intensity distributions show that the multiply collid-
tional and rotational energies. For the static surface, théng molecules scatter preferentially to large exit angles, indi-
mean final translational energy df;=0.3 eV depends cating a slow relaxation of the parallel component of the
strongly on the site of impact at the surface. The high transmomentum. The relaxation of the perpendicular component
lational energy in the specular peak @t=45° is a result of the momentum is very fadiwithin 2 or 3 collisions,
from scattering around the centre site, because for such amhich has also been seen previously for simulations of rare
interaction, the molecule interacts simultaneously with thregas scattering>°? The relative contribution of multiple

Pt atoms and the energy transfer to the solid is relatively lowcollisions to the total scattering distributions decreases with
This site effect vanishes for increasing incidence energyincreasing energy. Comparing final energies as a function of
Since molecules scattered from the static surface cannot gathe outgoing angles for the single and multiple collisions in
energy from the surface atoms, for the 600 K surface, thé&ig. 4, we see that the mean final translational and rotational
increased mean final translational energies must arise fromnergies are very similar and thus the energy exchange for
the vibrating surface atoms. This effect tends to smooth théhe NO molecule is dominated by the final encounter with
curves as seen in pangl) of Fig. 3. The effect of the tem- the surface, remembering its parallel component of the in-
perature on the mean rotational excitation is different. At thecoming velocity.

lowest incidence energy of 0.3 eV for scattering subspecular Employing the same analysis as applied in previous
(6,<30°) and superspeculd®,;>60°), the surface tempera- work for the total scattering distributiotisshows that the
ture of 600 K causes an increase of the mean rotational erout-of-plane angular width keeps pace with its in-plane
ergy. For other situations the surface temperature hardly atounterpart. The in-plane width ranges from 36° to 30° as the
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FIG. 4. The contribution of the multiple collisions to the angular intensity distributions and the mean final translational and rotational energy for NO scattering
from a P{111) surface with a temperature of 600 K impinging at an angle of 45°. All intensity distributions are normalized to the incoming flux.

energy increases from 0.3 to 1 eV, while the out-of-planeA¢=A¢,_qe-/sin 6. The results of the simulations are
width decreases from 40° to 33fvhen taken through the shown in Fig. 5. For almost all incidence conditions a
centroid of the intensity distributionSimulating an in-plane Boltzmann-type rotational energy distribution is found, the
slit of |A¢;|<2°, about 10% scatters in the in-plane directionexception being scattering at grazing exit for the low inci-
for E;=0.3 eV and increases to 13% for 1 eV. Due to thedence energies. The corresponding temperatures of the rota-
broad angular widths, this value is lower than for the scattional energies for the molecules scattered subspecularly, are
tering of Ar from Ag(111).>3

V. ROTATIONAL EXCITATION

behavior to rotational rainbow scatterifig®®

. L . ) . experiment: experiment T, =475K simulation 7 =600 K
The mean rotational excitation shown in Fig. 3 varies as | "7, ¢y | 00,01 02 03 04 05 06 00 01 02 03 04 05 06 07
a function of the outgoing angle in a way that is consistent | « gs3ev | 9Mass,, L = o, =0°-30° T10
with experimental results. The experimental results for the | = 03seV | el " alaior slnpa
rotational energy distribution for three outgoing angles in Sim“‘lagm:’] 3*’\.‘
. . a 1.
Fig. 5 show that almost all data can be described by Boltz- | _ /.= |© sk STk
. . . . . 8 T00K —
mann _dlstnbgtmns. qu the lowest |r!C|<_jence energy at graz- | . g3ev 5 o= 55 6. 30°- 600
ing exit, rotational excitation has a distinctly non-Boltzmann 44 300K oo 00K
. . 6 AT,
appearance. Wiskerket al. attributed the non-Boltzmann , &y 260K . oy
o

To investigate the rotational excitation within our simu-

lations, we examined the rotational energy distribution for a ? or=10" M;i;w
600 K surface at three distinct regions of the final scattering 6 Fisaox e
angles: subspecular 8<30°, scattering in the specular di- 3 * o

0 = °

In (intensity / 2J+1 )

rection, 30<#;<60°, and finally superspecular 8f>60°.

In each region the rotational energy is binned into energy
levels ofJ(J+1)B, whereld is the rotational quantum num-
ber andB the rotational constari2.11x10 % eV for NO). In

M o]
%%, 700K

b I

-3

0.0 0.1 02 03 04 05 06 00 0.1 02 03 04 05 06 0.7

E_[eV

rot

order to get reasonable statistics, the accepted scatteriffidfs: 5. Boltzmann plots of the rotational energy distribution for NO scat-
solid ang|e is enlarged to 0.82 st, Wiﬂa in the range as tered from Pt111) with an |n<:|denc§ angle of 45°. The left pan_els c_ontaln
. . . . the experimental datéRef. 31) and right panels the corresponding simula-
indicated. To simulate a constant window opening, the OUtsions, The indicated temperatures result from the linear least square fit

of-plane angle ¢ depends on the in-plane anglé: through the data points amgj indicates thes window for the exit angles.
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FIG. 6. The left panels show the final rotational excitation as a function of 1
the initial orientation angley, of the moleculd(y, is defined with respect to 0° 60° 120° 180° 240° 300° 360°
the surface normal The initial incidence energy is 0.3 eV. The impact site s

of the molecule is at the atop sitevith a static surfaceand the entire

surface unit cell for both the static surface and the 600 surface. For the atog|5 7. Two trajectories are depicted in the contour plot of the atop potential

site, sticking occurs for all molecules with orientation angles beyond 60°. ¢ Fig. 2. The incidence energy and angle are 0.3 eV and 45°. Trajectory 1
The adjacent right panels show the corresponding Boltzmann plots for thgag 4, initial orientation angle of 16°, which leads to a high final rotational

rotational energy distributions. The lines through the Boltzmann plots areenergy. For trajectory 2 the initial orientation angle is 25°, resulting in the

merely a guide of the eye. The numbers 1 and 2 for the atop scatteringyational cutoff by the attraction into the well. The shaded region indicates
correspond to the two trajectories in Fig. 7. the repulsive part of the interaction potential. The spacing between the con-
tour lines is 0.1 eV.

for the simulations about 700 K=0.06 e\}. This indicates
that the coupling between rotation and translation in this anmum arises as a result of the competition between the repul-
gular range is rather weak. There are essentially no expersive collision (scattering the molecule away from the sur-
mental results in this angular range. Experimental results d&ce and the torqueturning the molecule into the deep
30° show already an increase of the Boltzmann temperaturasgell). If the angular momentum is not too large, the mol-
with increasing incidence energy, similar to that seen in thescule is already far away from the surface before the orien-
simulations around the specular angle. The effective temtation with the N end down experiences the deep potential
peratures of the Boltzmann distributions for scattering in thewell. On the other hand, when the angular momentum is
specular direction increase with the incidence energy, implytarge, the molecule spins into the deep well while it is still
ing a stronger coupling between the rotation and the translazlose to the surface. Now the attractive force of the well
tional energy. hinders the rotation and chattering reduces the final rota-
Most of the rotational scattering distributions in Fig. 5 tional excitation. This mechanism causes a rotational
show a Boltzmann-like behavior. Taatjesal. have demon- quenching before the maximum torque in the first collision is
strated that the majority of the data could be described usingeached. The rotational excitation followed by deexcitation
statistical model$? This is remarkable since the interaction effectively steers the molecule into the deep chemisorption
time with the surfacé~ps) is quite short for some kind of well. Figure 6 further shows that even when scattering from
pseudoequilibration. It is rather scrambling of rotational andthe static surface unit cell is considered, the rotational cutoff
translational energy leading to chatterifsge the following  still survives and the corresponding plot shows very clearly
that cause the rotational Boltzmann distribution. In spite ofthat the cutoff leads to a very strong non-Boltzmann behav-
this, a non-Boltzmann distribution survives for the moleculesior for the rotational energy distribution. For a surface tem-
with low energies and at grazing exit. Figure 6 elucidates thgerature of 600 K, the final rotational energy is yet still more
mechanism for this rotational energy distribution. Scatteringandomized by the motion of the surface atoms and though
only from the atop site, yields the rotational energy as ahe cutoff in the rotational energy shifts upwards, it is still
function of the orientation angle of the molecule, as drawn inpresent, as evidenced by the nonlinearity in the Boltzmann
the uppermost panel of Fig. 6. Beginningyat&0° the rota-  plot.
tional energy increases with increasing angle since the torque The mechanism to explain the non-Boltzmann distribu-
on the molecule is gradually becoming largeee the con- tion of the rotational energy, is shown in Fig. 7 for two
tour plot in Fig. 3. For orientation angles beyond that yield- trajectories scattering from the atop site. One trajectory re-
ing the maximum rotational enerdgat y,~16°), the torque sults in high rotational excitation just before the rotational
on the molecule still increases, but this does not give rise teutoff. It is a sudden rotational excitation at the classical
a larger rotational energy for the scattered molecules. On thiirning point and though the trajectory is slightly refracted
contrary, the rotational energy decreases. The present maxy the well, the molecule can freely rotate and escape. The
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FIG. 8. Mean initial orientation angle of the molecule as a function of the rotational energy. The upper panels contain the subspecular, the center panels the
specular, and the lower panels the superspecular scattered molécotes)=1 corresponds to the O end atmbsy,)=—1 to the N end oriented towards
the surface. The error bars are the statistical spread after averaging.

second trajectory receives a larger torque at the reflectiotowards the surfac&cosy,)=~1), which is agreement with
point, rotates through the well and experiences an oppositexperimental result&:>’ However, the statistical spread at
torque. The resulting chattering reduces the rotational excitow rotational energies indicates that many orientation angles
tation. Although the rotational cutoff leads to non-Boltzmanncontribute, including those with the N end towards the sur-
energy distributions, it is hard to assign this peak to be dace. These latter molecules scatter through the deep poten-
rotational rainbow. A suppression of rainbows by the prestial well resulting in a low rotational excitation. The en-
ence of an attractive well has been shown previously fohanced intensity of the lowest rotational energies thus has its
atom scattering® As shown by Horret al,>>%Cit is difficult  origin in the scattering of molecules with the N end directed
to identify a rainbow in the case of a differential cross sectowards the surface, that are capable of escaping from the
tion of a higher dimensionality. A proper analysis can onlydeep well via scattering at the center SftéThese are the
be carried out for a calculation involving a static lattice with trajectories in Fig. 6 of the 600 K surface with>90°.
no recoil and such an analysis has not been carried out here. The rotational alignment paramer.e[r,z> is a measure of
The temperatures resulting from the Boltzmann plots inthe orientation of the angular momenta of the scattered mol-
Fig. 5 are at variance with the mean rotational energies irecules with respect to a symmetry aXis®! Choosing the
Fig. 3(d). If the rotational energy were exactly a Boltzmann surface normal as this, we disregard the azimuthal depen-
distribution, the mean rotational energy would correspond talence of the crystal symmetry. Then the alignment in the
the rotational temperature. However, Fig. 5 shows a higltlassical limit is defined as
density of the lowest rotational states that do not follow the
Boltzmann distribution and this causes a difference between
the mean rotational energy and the rotational temperature.
The fraction of molecules contributing to the lowest rota-
tional energies turns out to be exceedingly large. In order tavhere the summation is over all molecules ij,[which is
get insight which classes of trajectories contribute to the difthe bin containing the molecules having quantum nundher
ferent rotational energy levels, we plot in Fig. 8 the meanN; is the number of molecules inJ], and 3; is the angle
initial orientation angle as a function of the final rotational between the final angular momentum of the NO molecule
energy. The higher rotational energies clearly originate fromand the surface normaA?’=2 corresponds to helicopter ro-

collisions of the molecules with the O end initially oriented tation, whereasAE)Z)=—1 corresponds to cartwheeling and

1
AP (J)=— > (3cog 9—1),
N; it
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when A?=0 the rotational distribution is isotropic. The Present simulations:
alignment for the data in Fig. 8 is isotropic for all scattered 107 — o static surface
molecules with a rotational energy belal# 35 (E,;,=0.27 —0— 600K
eV). For higher rotational energies, the alignment changes to \< Brown and Luntz:
preferentially cartwheels. This behavior also has been seen 08T ° ® 300K exp.
experimentally by Jacotet al1?1°The isotropic distribution o —X—300K sim.
is found to result from a mixture of molecules oriented ini- = Muhlhausen ef al.:
tially with O end and N end towards the surface, whereas the g o6t 750K sim.
cartwheeling molecules originate predominantly from orien- g $ o0
tations with the O end towards the surface. 2k
4 0.4--"\

VI. VIBRATIONAL EXCITATION @ 4

The model potential also allows the molecule to vibrate, \+\
but the excitation in the simulations remains so low, that 021 +\
essentially all molecules would scatter in their vibrational +
ground state. Experiments have also shown that the vibra- \+
tional excitation cross section for NO<P11) in the energy 0 o5 1o i 20

regime investigated here has a very low probabifitin the
simulations we observe that during the collision with the

surface, the NO bond relaxes adiabatically under the influ- o . , _
. . . .FIG. 9. The sticking probability for the present NO{€Pt1) simulations
encg of the |nteract|on with the surface and therefore no VIith an incidence angle of 45° as a function of the incidence energy, com-
brational excitation occurs. pared with the results of the simulations by Mulhausgral. (Ref. 18
(incidence angle of 50%and by Brown and LuntzRef. 43 (incidence angle

of 60° for experiment and normal incidence for the simulations

E,/eV

VII. STICKING

All trajectories are initiated at approximately 10 A above
the surface. Molecules not reappearing at this height after
collision, are assumed to be stuck. This definition is clearly o o
an overestimate for the sticking probability, since it includes ~ Another reason for the low sticking probability is the
molecules that make more than ten collisions with the surPurely repulsive interaction when the O end of the molecule
face or come in the neighborhood of the edge atoms of this oriented towards the surface, since molecules maintaining
surface. Both situations occur in the calculations within 10that orientation will never stick, irrespective of impact pa-
ps, which in itself is quite short to define a molecule to berameter. We note that the CO-Pt potential used by Harris
stuck. The resulting sticking probability is shown in Fig. 9. and Lunt2” and presumably also the NO—Pt potential used
In spite of the purely repulsive O end, the sticking tends toby Brown and Lunt?® has a well for the O end of the mol-
unity in the low energy regime. This indicates that rotation-ecule, albeit less deep than for the C or N end. However,
ally mediated adsorptio(RMA) occurs: rotational excitation there is no spectroscopic evidence whether the O end of the
followed by chattering steers the molecules almost adiabatimolecule has a well or not. This point could be settled by ab
Ca”y to the bottom of the Chemisorption well. However, the|n|t|0 total energy calculations.
absolute value of the sticking probability is still too low at | gooking at the mean initial orientation of the molecules
higher incidence energies. Nevertheless, the sticking prolyat stick, its value is a few percent in favor of the N-end
ability obtained on our modified PES befgomes a factor of %jentation and this is broadly in accord with experimental
larger than that used by Muhlhausenal:™ As mentioned 055\ remenf53 That means that even the repulsive O-end
earlier, the main difference between the two model potential§ .+ 400 lead to sticking. This can only occur for O-end

is the broadening of the potential well with respect to thedown with the molecule tiltedstatistically pure O end and

orientation angle of the molecule and this must therefore -
account for the enhanced sticking. pure N end have zero probabilitiesThe molecule now

Figure 6 clearly shows that for the atop collision, all looses translational energy into rotation, which partly leads

molecules oriented with the N end towards the surfacé"0 sticking. However, at closest approach the deep well pre-

(v.=90°) stick, but this is not the case for scattering acros</ents the molecules from fully rotating while at the surface.

the entire unit cell. This means that site dependent stickind "€ molecules either rotate in a frustrated mode or indeed
occurs(as also observed in Ref. 19A low sticking prob- make a full rotation but then escape as soon as the pure
ability around the center sites is partly the reason for the lowepulsion from the O end pushes the molecule away from the
sticking in Fig. 9 and thus the contribution to the scatteringsurface. If the O end would not be purely repulsive, the ef-
distributions of the N-end orientations is overestimated infect of RMA would most presumably be stronger, because
our simulations, which on its turn causes a “pollution” of all the rotational deexcitation at the O end could be less effi-
scattering distributions, especially of the rotational non-cient. This is why the calculations by Brown and Luntz show
Boltzmann distributions at superspecular exit angles. a slower fall off with energy than our calculations.

J. Chem. Phys., Vol. 104, No. 21, 1 June 1996

Downloaded-16-Apr-2011-to-130.37.129.78.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jcp.aip.org/about/rights_and_permissions



8310 Lahaye et al.: NO scattering from Pt(111)

VIIl. CONCLUSION 1The First Thirty Yearsedited by C. B. DukéElsevier, The Netherlands,
o _ _ N 1994; Surf. Sci.299/300(1994.
A molecular dynamics simulation, applying an empirical 2g. H. Geuzebroek, A. E. Wiskerke, M. G. Tenner, and A. W. Kleyn, J.
model potential has been used to simulate the scattering dy-Phys. Chem95, 8409(1991.
namics of NO from RiL11) for incidence energies between A W Kieyn, A. C. Luntz, and D. J. Auerbach, Surf. St7, 22 (1982
0.3 and 1 eV. Results agree qualitatively well with the ex- >; Misewich, H. Zacharias, and M. M. T. Loy, Phys. Rev. L8, 1919
periments, particularly the broad angular distributions, thesc. 1. Rettner, F. Fabre, J. Kimman, and D. J. Auerbach, Phys. Rev. Lett.

final translational energy and the rotational excitation as a 55, 1904(1985.
function of the incidence energy. 6H. Vach, J. Hager, and H. Walther, J. Chem. Ph9, 6701(1989.

. . - . . 7A. Médl, T. Gritsch, F. B . Ertl, Phys. Rev. L&, 384
The simulations show that it is the strong interaction (jg odl, T. Gritsch, F. Budde, and G. Ert, Phys. Rev. L&, 38

between the molecule and the surface atoms that results ir_ Ful.<utani, Y. Murata, R. Schwarzwald, and T. J. Chuang, Surf. Sci.
the broad angular distributions, and not the thermal broaden-311, 247 (1994.
ing by the finite surface temperature, although thermal vibra- H- Mlller, G. Zagatta, N. Bwering, and U. Heinzmann, Chem. Phys.

. : ; Lett. 223 197 (1994.

t!ons do a_ffegt the translanona_l energy and increase the ro_taoR 3. Hamers, P. L. Housten, and R. P. Merrill, J. Chem. PB§S6045
tional excitation for the lowest incidence energy. An analysis (19gs.

of the behavior of the molecules that make multiple colli- ED. S. King and R. R. Cavanagh, Adv. Chem. PH8. 45 (1989.

sions with the surface, shows that those molecules scatter?: C- Jacobs, K. W. Kolasinski, S. F. Shane, and R. N. Zare, J. Chem.

: Phys.91, 3182(1989.
preferentlally SuperSpeCUIar' However, the er!ergy ex.c.hangLeM. Asscher, W. L. Guthrie, T. H. Lin, and G. A. Somorjai, J. Chem. Phys.
with the surface is not affected by these multiple collisions, 7g 6992(1983.
leading to the conclusion that the last collision with the sur-**R. B. Gerber. Chem. Re®&7, 29 (1987.

. . 15 :
face determines the final energy of the scattered molecule.,J: C: Polanyiand R. J. Wolf. J. Chem. Ph§g, 1555(1985.
. . . . G. D. Billing. Chem. Phys86, 349 (1984).
In agreement with experiments, the final rotational ener+7; "\, ris and A. C. Luntz. J. Chem. Phd, 6421(1989.

gies show Boltzmann distributions, except for scattering atéc. w. Muhlhausen, L. R. Williams, and J. C. Tully, J. Chem. PI88;.

superspecular exit angles. The pseudoequilibration indicates2594(1985.

19
a large scrambling of the energy over the molecular degreegP- C- Jacobs and R. N. Zare, J. Chem. Pigf.3196(1989.
9 9 9y 9 e‘g\]. Kimman, C. T. Rettner, D. J. Auerbach, J. A. Barker, and J. C. Tully,

pf freedom and since th.e |_nfluence qf th_e surface temperatureppys Rey. Letts7, 2053(1986.

is not so large, the statistical behavior is due to the collisiorf*c. Haug, W. Brenig, and T. Brunner, Surf. S265, 56 (1992.
dynamics. In fact, chattering frequently occurs and leads t62(G~ AA)GateSf G. R. Darling, and S. Holloway, J. Chem. PHy¥, 6281
the qug3|s_tat|§tlcal or Bol'gzmann character of the roFatlpnagsD. Lemoine, J. Chem. Phy401, 4350(1994.

state distributions. The simulated non-Boltzmann distribu<:a g wiskerke, C. A. Taatjes, A. W. Kleyn, R. J. W. E. Lahaye, S. Stolte,
tions result from a rotational cutoff due to the strong orien- D. K. Bronnikov, and B. E. Hayden, J. Chem. Phg82, 3835(1995.
tational anisotropy and the deep well of the interaction po-°M Kay, G. R. Darling, S. Holloway, J. A. White, and D. M. Bird, Chem.

. ; Phys. Lett.245, 311(1995.
tential and is not a result of an extreme of the torque on theﬁA_ Gross, S. Wilke, and M. Scheffler, Phys. Rev. L@6, 2718(1995.

molecule at the reflection point. _ o 27H. Voges and R. Schinke, Chem. Phys. Le@0, 245 (1983.
The initial orientation of the molecule is crucial in de- ®M. G. Tenner, E. W. Kuipers, A. W. Kleyn, and S. Stolte, Surf. 22
termining the final rotational energy. The maximum rota-, 376 (1990.

) - ; : . M. R. Hand, X. Y. Chang, and S. Holl , Chem. Phys7, 351
tional excitation occurs at the classical turning point and thus ; an ang, an olloway, Chem. Phys.

. . o (1990.

the dynamics for the inert O end is different than for the N30y A Hines and R. N. Zare, J. Chem. Phg8, 9134(1993.

end. The highly rotation excited molecules originate from®A. E. Wiskerke, C. A. Taatjes, A. W. Kleyn, R. J. W. E. Lahaye, S. Stolte,
collisions with the O end initially oriented towards the sur-  P- K. Bronnikov, and B. E. Hayden, Chem. Phys. L&L6 93 (1993.

: . . 32C, A. Taatjes, A. E. Wiskerke, and A. W. Kleyn, J. Chem. PH@2
face and are characterized by a cartwheeling rotation. The3848(19931_ y

sticking probability shows the correct trend in the low energy®3a. E. wiskerke, C. A. Taatjes, A. W. Kleyn, R. J. W. E. Lahaye, S. Stolte,
regime, however, at higher energies, it is still too low com—34D- K. Bronnikov, and B. E. Hayden, Faraday Di€i, 296 (1993.
; : ; D. Lemoine and G. C. Corey, J. Chem. Ph92, 6175(1990.
pared .tO eXpenmemal data. Thls mlght be dut? to th.e purelysB. Pouilly, J. M. Robbe, and D. Lemoine, J. Phys. Condens. Na&689
repulsive nature of the O end in the present simulations.  (79g4.
36A. E. DePristo and M. H. Alexander, J. Chem. Ph94, 8454(1991).

37M. H. Alexander, J. Chem. Phy84, 8468(1997).
ACKNOWLEDGMENTS 38L. Verlet, Phys. Rev159, 98 (1967.
) ) g . . . . .

This work is part of the research program of the “Stich- I\S/Iler:EI.o gg?k”'gfolrgg;“ggpa'3'°1hy;'c55015t ed. (Benjamin/Cummings,
ting voor Fu'ndamenteel Onderzoek der MaterléF’OM)., 4O\, P. Allen and D. J. TildesleyComputer Simulations of Liquiddst ed.
that is financially supported by the “Nederlandse Organisatie (Oxford University Press, New York, 1987Chap. 3.2.1, p. 78.
voor Wetenschappelijk OnderzoeKNWO). The collabora- ED. P. Jackson. Surf. Sci3, 431(1974. ‘
tion between Amsterdam and Liverpool is supported by the g‘ngy Sﬁemvsr{f‘(')'rt‘”fg;;t'g’r‘];s i“zrfgcg i‘i‘g”ce and Catalysist ed.
E.C. Science Program ERBSW@WT910721. All calculations 423 k “Brown and A. C. Luntz, Chem. Phys. Le204 451 (1993.
have been performed on an 8 node SP1 system from IBM‘N. Materer, A. Barbieri, D. Gardin, U. Starke, J. D. Batteas, M. A. Van
installed at the Academic Computing Services Amsterdam Hove, and G. A. Somorjai, Surf. S@03 319 (1994.

(SARA). We thank SARA, the two universities in Amster- 4D. R. Jennison, E. B. Stechel, A. R. Burns, and Y. S. Li, Nucl. Instrum.
e s P Meth. B 101, 22 (1995.
dam, the Stichting Mathematisch Centrum and IBM Nether-sy, croci. C. Felix, G. Vandoni, W. Harbich, and R. Monot, Surf. S0,

lands for providing access to the system. L667 (1993.

J. Chem. Phys., Vol. 104, No. 21, 1 June 1996

Downloaded-16-Apr-2011-to-130.37.129.78.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jcp.aip.org/about/rights_and_permissions



Lahaye et al.: NO scattering from Pt(111) 8311

47G. Héhner, J. P. Toennies, and C."Wd\ppl. Phys. A51, 208 (1990. %6T. C. M. Horn, A. W. Kleyn, and E. A. Gislason, Chem. Ph§&7, 81
“8A. E. Wiskerke and A. W. Kleyn, J. Phys. Condensed M#{t5195 (1988.
(1995. 57E. W. Kuipers, M. G. Tenner, M. E. M. Spruit, and A. W. Kleyn, Surf.

“R.J. W. E. Lahaye, A. W. Kleyn, S. Stolte, and S. Holloway, Surf. Sci. gcj. 205 241 (1988.

50338‘ 169 (1995. ) o %8R. J. W. E. Lahaye, S. Stolte, A. W. Kleyn, R. J. Smith, and S. Holloway,
M. Persson and C. T. Rettngrivate communication Surf. Sci.307-309, 187 (1994

5IM. Head-Gordon, J. C. Tully, C. T. Rettner, C. B. Mullins, and D. J. 59 ; k
Auerbach, J. Chem. Phy84, 1516(1997. M. J. Weida and D. J. Nesbitt, J. Chem. Phy80 6372(1994).

52R. J. Smith, A. Kara, and S. Holloway, Surf. S2B1, 296 (1993. ZZU Fano and J. H. Macek, Rev. Mod. Phy, 553 (1973.
3R, J. W. E. Lahaye, S. Stolte, S. Holloway, and A. W. Kleyn, Surf. Gi. C. H. Greene and R. N. Zare, Ann. Rev. Phys. Ch8#119 (1982.
press. 2E. W. Kuipers, M. G. Tenner, S. Stolte, F. H. Geuzebroek, and A. W.
S4E. F. Greene and E. A. Mason, Surf. Sgb, 549(1978. Kleyn, Phys. Rev. Lett62, 2152(1989.
55T, C. M. Horn, A. W. Kleyn, and B. Dijkhuis, Chem. Phy$49, 275  %*M. G. Tenner, E. W. Kuipers, A. W. Kleyn, and S. Stolte, J. Chem. Phys.
(1997, 94, 5197(199).

J. Chem. Phys., Vol. 104, No. 21, 1 June 1996

Downloaded-16-Apr-2011-to-130.37.129.78.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jcp.aip.org/about/rights_and_permissions



