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State resolved inelastic scattering of N, from Ru (0001)
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Detailed measurements of state resolved inelastic scattering b Ru0001) are reported for

a wide range of initial energig®—-3 e\) and angles of incidence. The ion time-of-flight resonantly
enhanced multiphoton ionizatiofREMPI) detection scheme developed here and used with cw
molecular beams simultaneously measures the internal quantum state and translational energy
normal to the sample surface. Doppler broadening of the REMPI spectrum of scattered particles
yields the dispersion in scattering out of plane. The results are qualitatively similar to inelastic N
scattering studies for a wide variety of other metal surfaces; i.e., no observable vibrational
excitation, weak rotational excitation described as a Boltzmann distribution, strong surface
excitation depending upon the incident normal energy, and an anticorrelation between rotational and
surface excitation. The absence of any vibrational excitatiofeat3 eV is inconsistent with
adiabatic model dynamics based on #ieinitio potential-energy surface. It is, however, consistent

with a strong nonadiabatic damping of vibration to electron-hole pairs in the region of the barrier.
This same suggestion was previously found necessary to rationalize unusual dissociative adsorption
and associative desorption of, dn RU0001). © 2003 American Institute of Physics.

[DOI: 10.1063/1.1575210

I. INTRODUCTION adsorption, i.e., it is a direct dissociation. Previous
molecular-beam studies of the direct dissociative adsorption
Understanding the kinetics and dynamics of the dissociaef N,/Ru(0001) have been recently summarized and are
tive adsorption of N on RU000]) terraces has been the cen- quite unusual relative to expectations based grGti and
ter of much experiment&l” and theoretic&° activity in ~ CH, dissociations.Especially puzzling are that the dissocia-
recent years. In part, this interest derives from the possibléon probability Sy<1 at normal translational energ¥,
importance of supported Ru particles as an end catalyst faeV* and that there seems to be only modest dependence of
NH; synthesis, although it has recently been shown that th&; on the initial vibrational temperature of the, N State
rate limiting step in NH synthesis is dissociation at resolved associative desorption experimentsre especially
steps/defectd However, it is also of interest because it is unsettling based on traditional expectations. There was little
an excellent prototype for direct activated dissociative advibrational excitation of the nascent,Nin sharp contrast
sorption, but has a quite different potential-energy surfacevith anticipated desorption dynamics for a high vibrational
(PES topology than the well studied activated adsorptionsbarrier. In addition, the energy in all,Nlegrees of freedom
of H, on Cu single crystalé!® and CH, dissociation on accounts for only; of V* and this implies thag of the
transition-metal surfaceéé;'® and most of our fundamental barrier energy is lost to the surface in the desorption process.
concepts and understanding of activated adsorption are basédiabatic dynamical models based on #ieinitio PES from
on detailed experimental and theoretical studies on thes@FT calculations and all known models of how the reaction
two. Thus detailed reactive dynamic studies oncouples to the lattice were inconsistent with a strong energy
N,/Ru(0001) provide a test of the generality of the dynam-loss from the vibrational coordinate to the lattigghonons.”
ics lessons learned from the other two systems. Below wé# was shown that the addition of strong nonadiabatic cou-
summarize a few pertinent aspects ofdissociation dynam-  pling of the vibrational coordinate to electron-hole pairs did
ics on R0001). resolve the discrepancy and this was takeringirect evi-
Density-functional calculation$DFT) have shown that dence for the strong nonadiabatic coupling. Inclusion of this
the adiabatic barrier to Ndissociation on R{©00J) is V* nonadiabatic coupling also gave qualitative agreement with
~1.9eV and is located along the vibrational coordinate, i.e.the unusal dissociative adsorption behavior. It was also sug-
it represents a high exit channel barflet’ These calcula- 9ested that strong nonadiabatic coupling arose because mul-
tions also demonstrate that formation ofrdbonded molecu- tiPleé 7 bonds are broken/made causing large charge transfer
larly adsorbed state is endothermic by 0.5 eV so that ther@Nd because the high exit chanfebrationa) nature of the

are no bonded molecular precursors in the dissociativeP@rtier requires strong vibrational excitation. _

It has often been argued theoretically that elastic and
Y . ~ state resolved inelastic scattering on reactive systems can
Present gddrgss. Physics Department, Rutherford Bldg., McGill Unlversnyalso be used to probe aspects of the reactive dyndﬁics,
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bpresent address: Max-Planck-Institiit fiestkaperforschung, D-70569 €SPecially at incident energies comparable to the dissociation

Stuttgart, Germany. barrier. In that case, significant dissociation is also occurring
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simultaneously with scattering. For example, strong vibra- N,
tional excitation of H and D, scattering from C(11) at Laser focus
E,=V* is interpreted in terms of the dissociation barrier 0/

1

topology (at impact sites different from that giving the low- Field free TOF tube

est adiabatic barrigf>1® In this paper we report state re- MSP

solved inelastic scattering experiments for $tattered from l t

Ru(000Y) in order to see if any new insight can be gained -500V Zéo\l/
y

\Y%

into the reactive dynamics of this system. The experiments

use well defined initial conditions obtained from seeded su-

PEIrSonIc nOZZ|(.E beam; ar_]d Qse b tlme'Of'ﬂl_ght resonantl¥IG. 1. Sketch of the scattering and REMPI detection system and definition
enhanced multiphoton ionizatidREMPI) detection to mea-  of the coordinate system used throughout the discussion. MSP is the micro-
sure energy partitioning into translation perpendicular to andphere plate ion detector.

parallel to the surface, rotation, and vibration. Since all N

degrees of freedom are measured, we can also infer the loss

to the surface. Since trapping is minimal under the condi-

fuor:s ct’_f the Ef{i(p?”m?l:fg’ the s;iattermg represednts direct %Tnducted at a surface temperatlre=600K in order to
mt?] astic s(;:_a ennfg. o ese IreSFJ S aré cpmparfe I\;EO SeVeIRinimize contamination buildup on the surface during the
other studies of the inelastic scattering ofy Nrom  g,maiimes lengthy scattering experiments. At This CO is

9-29 - .
metals and the_ g(_eneral energy partmomng for not stably adsorbed and hydrogen coverage on the surface
N,/Ru(0001) scattering is found to be quite similar to all from the H, seeded beams is 1% 32 Buildup of N on the

prior systems studied. Hence there seems little direct Signas'urface due to dissociative adsorption of #bes not in gen-
ture of the reactive dynamics in the scattering. The same, | pose any problem by virtue of the low sticking

conclusion \;\Zas previou_sly obtained for the react@ve sfySten&oefficient.2 During extensive recordings of rotational spec-
N2/.VV(.110). In comparing the ob§erved Igck of \{lbratlonal tra of high-energy beams, however, the sample was flashed
excitation in N./Ru(0001) scattering at high, with dy- to 1000 K every 30 min, which limits the maximum N cov-

namical models, however, it is suggested that this is mor%rage in all experiments ta5%. Even with such long expo-
compatible with the nonadiabatic dynamics developed to ex:

. . ) ! ) _~"sures, all impurities on the R000)) surface, e.g., oxygen,
plain the reactive dynamics rather than adiabatic dynamlcsare below Auger detection limits. In addition, there is no

carbon buildup on the surface during the course of the ex-
periments as shown by temperature programmed oxidation.
All experiments are performed in a molecular-beam-  State-resolved detection of the scatteredads obtained
surface science machine that has been described in dethiy ion time-of-flight resonantly enhanced multiphoton ion-
previously>*3! Incident N, molecules in the scattering ex- ization (REMPI) using the(2+1) REMPI scheme first re-
periments are derived from triply differentially pumped su- ported by Lykke and Kajy? The ~202-nm light required to
personic molecular beams, either néatr low incident en-  excite thea” 12g9x12g transition is produced in a com-
ergies or as a dilute seed in either He or, Hor higher  mercial system consisting of a frequency-doubled Nd:YAG
incident energies. The incident energy, variable frefito 3 pulsed lasefContinuum Powerlite 80)Qoumping a tunable
eV, is controlled by varying the seed mixture and the nozzlalye laser(Continuum ND600R The output of the dye laser
temperatureT,. Translational energy distributions of all in- (approximately 607 nmis tripled in a uv-tracking system
cident N, beams are measured using conventional choppetContinuum UVT-3. The resulting 202-nm light consisted of
beam time-of-flight techniques. Certain low-energy experi-approximately 0.6—1-mJ pulsé€S ng and with a bandwith
ments are conducted using a high Mach number stainlegull width at half maximum(FWHM)] of ~0.1 cm L
steel nozzle with energy resolutidYE/E~0.05 and low ro- The general layout of the scattering experiment and
tational state distributionsT(,~20 K). In order to minimize REMPI detector is shown in Fig. 1. The UV light is focused
the possibility of catalytic reaction in a hot nozzle whento an approximately 0.1-mm diameter beam propagating par-
seeding N in H,, we use an alumina (AD;) ceramic allel to the surface in th& direction and at a distance of
nozzle in that case. This nozzle has a larger orifice and loweypically 1 mm from the surface. The Nions formed via
Mach numbers. Typical energy widths using the ceramidREMPI are extracted by an electric field into a field-free
nozzle at highT,, are AE/E~0.15, with initial rotational time-of-flight (TOF) tube and ultimately detected by a mi-
temperatures varying witff,,, but generally<300 K. The  crosphere plate. The Nions are separated from other ions
beam diameter at the surface is roughly the same as that &drmed by nonresonant multiphoton ionization by their rough
the 9-mm diameter R000)) crystal. time of flight (TOF) to the detector which is dependent on
Procedures for cleaning, handling, and characterizatiotheir mass/charge ratio. Critical dimensions and typical op-
of the very high quality R(D0021) single crystal have been erating conditions are as follows: extraction voltage-&00
described elsewhereln the experiments reported here, the V, distance of surface to TOF tube is 35 mm, TOF tube
Ru(0001) crystal is initially cleaned by temperature pro- length is 100 mm and active detection region of microsphere
grammed oxidation followed by 10-s annealing at 1600 K toplate is 9 mm diameter. The sample bigsecessary for
remove oxygen just prior to beam exposure. Sputter-anne@beam heating of the R0001)] is switched to ground po-
cycles are applied regularly. Most scattering experiments argential during the ionization and detection period. Both the

II. EXPERIMENT
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FIG. 2. N;(v=0,J=8) time-of-flight REMPI spectrum produced by scat- s
tering N, from Ru(0001) with incidence condition&;=2.7 eV, §;=0°. tis 0_0000 1 '1 L 5 1 ; 1 :1
the absolute ion time of flighfTOF). Three classes of Nlabeled in the
figure are identifiedAt; characterizes the TOF of the incident beam Amg v, (mm/ps)

characterizes the TOF of the scattered molecules. ) ) ) .
FIG. 3. The absolute value of ion TOF shifts as defined in Fig. 2 as a

function of the incident normal velocity, (bottom axig and incident nor-
) ) mal energyE,, (top axi9 for various incident total energies and angtess
ion TOF detector and the sample are independently rotatablgven in legend|At| corresponds tdAt;| for incident N, and are the filled

about the center line of the chamber. symbols. The open symbols gekt;| measured for the same incidence con-
With the N, molecular beam incident on the sample, two ditions as thgAt;| p_oint vertically above_ it. The solid line is a linear fit to .
. At;|. The dotted line through the points for the scattered molecules is
satellite peaks are observed next to the TOF peak corr Rerely drawn to guide the eye.
sponding to rest gas Nas shown in Fig. 2 for REMPI
detection of rotational stat&= 8. This is due to three differ-
ent velocity groups of the Nmolecules relative to the ex- the ion trajectory is undoubtedly complex and must be
traction field at the point of ionization. These are the incidentcalibrated tov,, with known velocity neutrals. The solid
beam(moving away from the detectpormolecules scattered points in Fig. 3 show such a calibration using ion TOF mea-
from the surface(moving toward the detectprand back- surements for REMPI ai=8 for a N, molecular beam with
ground N in the chamberon average stationary with re- incident energ\E; and incident angle®; . Here,E; was mea-
spect to the detectprThe assignment of these three peaks issured accurately by chopped beam TOF techniques using a
also confirmed by measuring rotational state distributions foquadrupole mass spectrometer. As uslak E; cos 6, and
each separatelgsee discussion laterThus the ion TOR is  v,,=v, cosé . The linearity of the plot ofAt; versusv,, indi-
sensitive to velocity and can be used to measure translationaates that the correction terofv ,) is quite small and can be
energies of N after scattering from the surface. neglected and the slope of the line gives the constamhis
Generally, velocity measurements of neutrals usingcorresponds to a field strength of approximately 80 V/cm at
ion TOF techniques employ ionization and subsequent drifthe point of ionization.
through a field-free region prior to acceleration by an elec-  Using this calibration, it is possible to measure the aver-
tric field* or ionization at a point in a well defined acceler- age component of velocity normal to the surface for the scat-
ating uniform electric field® In our REMPI detection tered moleculegv) from the shifted pealdt; for the scat-
scheme(Fig. 1), no special care was taken to generate aered component. This is shown in Fig. 3 as the open points.
uniform electric field between the sample and the entrancélthough the peak positions of the scattered particles were
to the TOF tube. As a result, the full ion trajectory to the quite reproducible, the broadening in the raw TOF data for
TOF tube is unknown and there is no absolute reference dahe scattered beam relative to the incident béaee Fig. 2
ion flight timest to velocity. However, near the sample was not reproducible and therefore must depend on instru-
surface the electric field must be uniform and perpendiculamental aspects of the TOF resolution. However, becéuge
to the surfacdalongz). The magnitude oft, the variation is >Auvy, the dispersion in normal velocity for the scattered
in ion TOFt relative to the background gas wifa)=0, is  molecules, the average normal energy of the scattereid N
dominated by the velocity of Nperpendicular to the surface, (E;)~3m(v¢)?. We shall take this to be an equality through-
since the major velocity dependence tofirises when it is out the discussion. As will be discussed later, considerable
near the surface, i.e., before it is accelerated significantly bgnergy transfer occurs out of the normal component of trans-
the electric field. It is shown elsewhéfethat At=—v,/a lational energy in the scattering, so the absolute magnitudes
+c(vy), wherev,==*2E,/m is the velocity component of the scattered Ndelays, i.e.|At|, are smaller than those
normal to the surface amalis the acceleration of the ion at of the incident beam.
the point of ionizationc(v,) is av,-dependent correction Trajectory simulations for limiting cases of the field dis-
term to account for the fact that the total field from the sur-tribution indicate a very broad angular acceptance for scat-
face to the entrance of the TOF tube is not uniform. Note thatering in the ion TOF detector, and whose magnitude de-
whenv,, is directed away from the surfa¢positive, At is  pends somewhat ofv¢). In most experiments, the angular
negative. Both the constaatandc(v,) are unknown since acceptance i&=50°. The center of the broad angular accep-
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tance range depends on alignment of the ion detector relatiid. EXPERIMENTAL RESULTS AND DISCUSSION

to the surfacgvertically and horizontally. Alignment was

achieved by maximizing ion signals of the incident molecu- ~ The presentation and qualitative discussion of the results
lar beam. This centers the broad angular acceptance for th first divided into four sections according to the various N
condition that conserves parallel momentum in the scatterdegrees of freedom probed in the scattering; vibrational, ro-
ing. As discussed later, changes in parallel velocity as a rel@tional, translational energy parallel to the surface, and
sult of scattering are small enough that most of the scatteredf@nslational energy perpendicular to the surface. When com-

particles are detected irrespective of their velocity parallel td?ined, these measurements give the total energy lost to the
the surface. surface in the scattering process as described in a fifth sec-

The velocity distribution parallel to the surface and in tion. A sixth section deals with correlations between the dif-

the direction of laser propagatiok)( can be estimated by ferent scattering channels. In all cases, initial states for the
measuring the Doppler broadening of the REMPI resonancgcaitering were produced biseedeyl supersonic nozzle
for a single rotational transition. Assuming that the velocityPe@ms of N and the full initial distributions ¢,J,E; ,6))
distribution parallel to the surface is Maxwellian, e.g., as"ere well characterized.

formed by some angular distribution of scattering, DopplerA. Vibrational excitation

broadening produces a Gaussian spectral line shape with Low rotational states in the=1<p=1 vibrational

_ _ _ 2
FWHM Avp =202 In 2Av,/c, whereAv,=(vi) =(vx)".  pang are readily detected usif@r+1) REMP12 Higher ro-

The total experllmentally observgd Imemdﬂwexp Is there- ational states J>13) apparently suffer perturbations so
fore a convolution of the laser linewidthy, and the Dop- ¢ assignment and intensities are subject to some

pler broadeningAvp . If Aw, can also be desczrlbed bzy @ uncertainty’” Thus, by comparing relative intensities of low
Gaussu';ln, the three are simply related Byv)"=(A1)" 5 yransitions ofp =1 to those of» =0 before and after scat-
*+(Awp)”. We have calibrated v by measuring the experi- orjng e obtain the extent of vibrational excitation pro-
mental lineshap@ ve,, of a single rovibronic transition of & - 4 ,ceq in the scattering. This assumes that the rotational state
300-K background bl sample and correcting for the known yigyinytions are the same in the two vibrational states. Al-
Doppler broadening with the relation above. The Iinewidththough we cannot verify this experimentally, there is no rea-
of Ay =0.13cm ! obtained is in good agreement with the g4, 14 suspect this is not approximately true. At low incident
laser specifications and was found to be very reproducible ;.4 energyE,~1 eV, no vibrational excitation is ob-
and stable during the several months of experiments. served in the scatteringAE,)~0. Even at high incident
Internal state distributions of initial and scattereg &te energy,E,~2.8 eV, no measurable vibrational excitation is
obtained by integrating the respective REMPI TOF signalg,pserved. In this case, however, because of the high rota-
overt. The REMPI intensityl reyp, for @ given transition is  iona excitation produced in the scatterifsge next section
related to the density of the initial internal statg,J) by  there is overlap of transitions of=0, J>49 with the lowJ
the simple relation reyp<n(v, )15y, Wherelyy is the UV yransitions ofp =1. As a result, we can only determine an
laser intensity. No corrections for rotational line strengthsupper bound ta =1 excitation. In addition, no measurable
nor vibrational Franck—Condon factors are necessary fogycitation forv>1 was observed. We thus find that the
(2+1) REMPI of N,***"nor is the(2+1) REMPI intensity  amount of vibrational excitation created via scattering
very sensitive to any alignment or orientation of ptoduced  (AE y<0.05eV atE,~2.8eV.
by scattering’”-**The dependence dkeyp 0nlyy was veri- Vibrational excitation and de-excitation has previously
fied experimentally over an order of magnitude change imeen observed as significant for, land D, scattered from
lyv and presumably infers that the ionization step is stronglycy(111) (Refs. 39 and 40at E,, comparable to the adiabatic
saturated for our laser focusing conditions. It was necessafyarrier height for dissociation. This has been rationalized as
to include thel yy term in the analysis of REMPI intensities due to a strong coupling between the normal translational
sincelyy changed by roughly 20% when scanned throughand vibrational coordinates caused by a softening of the
the entire spectral range used in the experiments. The ability—H stretch in the neighborhood of the barrigf>*?i.e., as
to obtain relative internal state distributions from REMPI 3 consequence of the “exit” channel or vibrational nature of

intensities was verified by measuring the rotational and Viparrier. The two-dimensional potential-energy surféRES
brational state distributions for known distributions. For ex-for N, dissociation on R{001) obtained in DFT
ample, background Nin the chamber gave a Boltzmann calculations® exhibits a barrier of-2 eV almost exclusively
distribution forn(v =0,J) with T,=316 K+ 16K. In addi- along the vibrational coordinate. Thus we anticipate that
tion, measurements ai(v=1):n(v=0) for a hot nozzle there should be significant,Nibrational excitation in scat-
molecular beam agreed well with measurements of theering atE,=>2 eV by the same mechanism operative for
nozzle temperaturd,, . Although densities are measured, H,/Cu. Adiabatic model dynamics calculations described in
fluxes are the appropriate quantity to compare with theoretiSec. V confirm this anticipation. In that section, we also sug-
cal interpretations of the scattering. However, sinke  gest that nonadiabatic coupling to electron-hole pairs may be
«E,, the flux F(v,J,E)=n(v,J,At) so that no Jacobian responsible for the absence of observable vibrational excita-
corrections derive from the flux-density transformation. tion in the experiments.
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FIG. 4. The increase in rotational temperatu@,, (left axis) and the

corresponding average rotational ene¢dyE ) (right axig as a function of E, (eV)

total incident translational enerds; . The circles correspond to experiments

at a surface temperatufe;=610K, the squares af,=1000K and the  FIG. 5. Doppler measurements of the conversion of incident errgyto

triangle atT,=300 K. The line is a linear fit ta\ T,,, at T,=610 K. translational energy parallel to the laser propagation direch&y. The
squares correspond t=19° and circles t@;=40°. The line through the
B. Rotational excitation data is simply to guide the eye and has no theoretical significance.

Extensive rotational excitation of diatomic molecules

scattered from surfaces is a very well-known phenomenonjependence would implg~0.4—0.7, although there are in-
sometimes exhibiting rotational rainbot¥sand sometimes  gyfficient measurements of tHE, dependence to actually

s_implzy zfzroducing rotationally hot Boltzmann distribu- ascertain whether Eq1) represents this dependence well.
tions?242% For N, scattering from R(D001), only Boltz-

mann rotational distributions are observed for all incident
and 6, . Incident beams are also well characterizedrych
lower) Boltzmann rotational distributions whose rotational ~ Due to corrugation, either thermally induced or static,
temperature depends on nozzle temperafyyeand expan- scattering can change the momentum and energy parallel to
sion characteristics. To account for the varying initial rota-the surfaceE,. This is often described by measuring the
tional content of the beams for different initial conditions, we angular distributions in and out of the scattering plane, i.e.,
characterize the rotational excitation by the increase in rotaalong they andx directions, respectively. As described pre-
tional temperature in the scattering experimé,,. The  viously, the dispersion in the velocity distribution out of the
average rotational energy created in the scattering iscattering plane along the direction of laser propagation
(AE, o) =kgAT,. In Fig. 4, we plotAT,,; and the equiva- can be measured by the Doppler broadening of spectral lines.
lent average rotational energy versHs. The error bars Since undoubtedlyv,)=0 out of the scattering plane, the
given in the figure correspond to twice the standard deviascattering along this direction can be described by the dis-
tions of Boltzmann fits to the rotational populations. Experi-persion in the translational —energyAE,=3m(v%)
ments presented in Fig. 4 are @t=4°, 20°, and 40° and =1m(Av,)?. In Fig. 5, measurements afE, obtained from
show thatA T, scales approximately with; rather thark,, . the Doppler broadening are shown as a function of the total
The dependence afT,, on E; is seen to be approximately incident energyE;. For each E;,6;) the widths of several
linear atT,=610 K with an offset in the extrapolation #  rotational lines around=16 were averaged. The smooth
=0. A very few spectra were recorded with differéitas  line through the points is drawn only as a visual guide. Simi-
indicated in the figureAT,, increases slightly withl, as  lar to rotational excitation) E, scales approximately with;
well. rather thanE,. The increase iM\E, with E; is consistent

In early studies of rotational excitation, it was shown with a well-known increase in corrugation with, . How-
that the average rotational excitation can be approximatelgver, relative conversion along AE,/E;, decreases from
described by a bilinear expressfdfi* ~0.08 to 0.05 a&; increases.

For normal incidence, the conversion of incident trans-

(ABrop =a(Ei+(Ew) +bkeTs, @ lational energy into botkx andy motion parallel to the sur-
wherea, b, and(E,,) are constants. Neglecting tfig depen- face must be identical by symmetry. In this ca&e,)
dent term(i.e., assumind=0) and fitting the results af; ~ =(v,)=0, and reasonably assuming that scattering into the
=610K, we finda=0.06 and(E,,)=0.43eV.(E,) has of- two degrees of freedom are uncoupled, implies that conver-
ten been interpreted as the molecule-surface well d&th, sion of E; into translational energy parallel to the surface is
although there is only empirical justification for this. We do defined by the root-mean-square energy transieg,
note that the experimental binding energy fof/Ru(0001) =2AE,. For 6,#0, there is no rigorous relation between
is 0.44 eV at®y=0.33*in (too) good agreement with this AE, and AE,. However, since the scattering peaks at or
empirical assignment. The limited measurements of fge near the specular conditidf,it is still likely that AE,

C. Excitation of translation parallel to the surface
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FIG. 6. The average fractional normal translational energy loss in scatterin
1-(E;)/E,, as a function of incident normal enerdgy, for rotationally
elastic scattering. The filled points are state resolved measurements for tfﬂ?
v=0, J=8 rovibrational state and with a surface temperaflye 610 K. 0
The stars and crosses are extracted from the results of RdEe46text
Angles of incidences; are given in the legend.

g1:IG. 7. The average fractional energy loss to the surfatEg)/E, for

rmal incidence conditions and rotationally elastic scattering as a function
E,, . Points were obtained by combining the results in Figs. 6 and 5. The
inset shows the predicted translational energy loss(H;)/E, from the
adiabatic(circles and nonadiabati¢squares dynamical models.

~AE, and thatAE ~2AE, . From Fig. 5, at the highest near Using conventional chopped molecular-beam and TOF
normal energy corresponding y=2.8eV, AE;~0.25eV, detection with a mass spectrometer detector, Papageorgopo-
i.e., the excitation of translational energy parallel to the surulos et al*® have previously measured the translational en-
face is modest. ergy and angular distributions for ,Nscattering from

We obtain an estimate of the angular distribution outRu(000J). Since their measurements integrate over all quan-
of the scattering plane(FWHM A#,) as tan(@/2) tum states but are angularly resolved, while our results are
=2 In 2Av, /{v¢). This gives approximatelyA #,~35-45°  quantum state resolved but only measure the average energy
for the various incidence conditions. This is somewhat largeslong the normal and parallel to the surface, the two experi-
than the angular widths ol #,~15-25° observed in the ments are not directly comparable. However, by considering
scattering plane by conventional molecular-beam scatteringnly the normal component in the specularly scattered results
at 6,=40°.%° Note, however, thahE,~AE, implies that of Papageorgopoulost al, and correcting their results for
A6, <A0, at higho;. rotational excitation as observed by us, we can approxi-
mately transform their results to a form equivalent to ours for
rotationally elastic scattering. These are given by asterisks
(*) and crosses$x) in Fig. 6 for 6,=40° and 50°, respec-

As explained previously, the TOF delays of the incidenttjyely. There is very good agreement of our data with those
beam relative to the baCkgrOUnd gas give a calibrationtof measured by PapageorgopouhjﬁL This justifies the cali-
in terms of velocity or translational energy normal to the pration procedures used in the analysis of the ion TOF

surface. Thus by comparirjdt| for scattered Mrelative to  REMPI measurements of energy loss.
this calibration, we can measure the average normal transla-

tional energy(E;) of the scattered N The open points in
Fig. 3 are thd At;| values for scattered N The|At;| mea-
sured for the corresponding incident beams are determined Energy loss from normal translation must occur by vi-
by E, and are given as the solid points above each opebrational excitationAE, , rotational excitatiolAE,,, con-
point. The decrease iat| for each initial condition E; , 6;) version to parallel translational motiakE;, or loss to the

is due to energy loss from the normal component of translasurface (phonon or electronic excitationsAEg. It was
tional energy upon scattering. This is best represented as ttsown in the previous sections tH&E, ), (AE,y), andAE;
fractional normal energy loss upon scattering; (E¢)/E, are all modest, so that the normal energy loss must be domi-
=1—(At;/At;)?. Values of this quantity obtained from the nated by loss to the surface at high incident energies. Com-
data of Fig. 3 are plotted in Fig. 6 versis, as the solid bining all energy measurements for the rotationally elastic
points. The fractional normal energy loss scales approximeasurements J&E8) of Fig. 6 and estimates ofAE,
mately withE, rather tharE; and increases with increasing ~2AE, from Fig. 5, we obtain the average energy lost to the
incident energy, from-10% atE,~0.5eV to approximately surface (AE;)=E,—(E;)—AE,—(AE,). The fractional
50% atE,~2.7eV. All points in this plot refer only to loss to the surface in scatteridd Eg)/E,, is shown in Fig. 7
REMPI detection of thel=8 rotational state and represent as a function ofg,,. The approximate scaling of the energy
essentially rotationally elastic scattering. loss to the surface witk, rather tharg; is consistent with a

D. Normal translational energy loss

E. Surface excitation
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TABLE |I. The partitioning of energy loss at low, intermediate, and high

energies for rotational state=8 upon normal incidence. All energies are 8 28 38 46 52 56 8 28 38 46 5256

given in eV. N N l—FT— T T 711

. . M) I

0.9 . 09 .

E, 0.50 1.0 2.8 0sk 1 0.8k b

(Es) 0.4 0.65 13 0.7 4 0.7 i
AE, 0.08 0.13 0.3
(AEg) 0.02 0.22 1.2

J

Mortensen et al.

J

surface energy loss to both phonbhsnd electron-hole
pairs?® It is certainly anticipated that the heavy, [$hould
readily excite phonons on impéétso that this must repre- i ]
. . . . . . . . P IR I B
sent a major if not dominant surface loss channel in scatter- 0y ofz of4 0'_6 0.8 0002 02 06 0s
ing. The increase in fractional energy loss in Fig. 7 with E_ (V) E_, V)
is well documented for a quite wide range Bf, in other _ _ _
systemé‘.g In Sec. V, we compare the results of Fig. 7 with FIG. 8. (a) The average_ fractional _conservanon of normal trgnslatlonal en-
del dvnamics calculations for both enerav loss to hononergy(Ef)/En as a function of rotational enerdy,, (bottom axi$ or rota-
model dy : e ay p ffonal quantum number @op axig. Initial conditions of the experiments are
and to electronic excitations of the surface.

E;=15eV, 6,=19° (triangles, E;=2.4eV, 6,=0° (circles, and E;
Table | summarizes the partitioning Bf, in N, scatter- =2.7 eV, 6,=19° (squares (b) Average fractional energy loss to the sur-
ing for a few representativEn (assuming normal incidence face (AE)/E, as a function of _rotational enerdy,.; Incidence conditions
and rotationally elastic scatteringht low E,,, loss ofE, is ~ 2nd Symbols are the same as@.
dominated by conversion to parallel momentum via the static
corrugation as well as the thermally induced roughness of th
surface, while the energy loss to the surface is minimal. Thi
is consistent with the broad angular distributions seen at low
E, in molecular-beam scatterif§.On the other hand, at
high E,,, the normal energy loss is dominated by loss to theV. COMPARISON TO OTHER N,/METAL STUDIES
surface since this increases much more rapidly than the cor-
rugation withE,, .

0.1~ -1

8etermining the rotation surface loss anticorrelation
AE/dE,y discussed above.

There have been many previous state resolved studies of
N, scattering from metal surfaces: Ad.1),*°~?W(110) and
P{(111),2*%* Pd111,”° Au(111),® Cu(110,"?® and
Ni(111).%° The initial scattering conditions of the experi-
ments vary considerably as well as the completeness of the
Some of the different channels for energy transfer arestudies. However, in all cases initial translational energy is
coupled. Thus the partitioning of energy into one channepartitioned with a large loss to the latti€0—60% depend-
depends not only on the incident energy, but also on the otheéng uponE,), a small loss to rotatiofi10%) and negligible
channels detected simultaneously. Here we discuss the coloss to molecular vibration. The scattering of MRu(0001)
plings observed between energy transfer to the lattice, rotasbserved here is in complete accord with these general ten-
tional excitation, and parallel translational motion. dencies. Even the parameters extracted to describe the en-
By measuringAt; for various rotational states at fixed ergy transfer are similar for all systems. For example, the
incident conditions E;,#,), we measure the coupling be- value ofa~0.06 obtained here for NRu(0001) in Eq.(1)
tween rotational excitation and translational energy losslescribing average rotational excitation is quite similar to
(principally to the surface Results for such measurements that of several other systems; e.g., 0.07 for/Gu(110)2’
are shown in Fig. &) for three differentE; . The filled sym-  0.09 for N,/W(110)2* while the (uncertain estimate ofo
bols show the dependence of the final normal translationa=0.4—0.7 obtained here is somewhat larger than the values
energyE; on the state resolved rotational enefy; (bottom  of 0.1-0.3 measured for MCu(110)?’ Even the slope of
axis) or rotational state] (top axi9 detected. Figure ®) the anticorrelatiodAE./dE,,~ —0.5 is similar to that ob-
shows the same results, but replotted @SEg)/E,=1 served in many other systems, e.g0.6 for N,/Cu(110)2’
—((Ef)+AE,+(AE, o) +(AE,))/E, versusE,y. This dem-  —0.57 for N,/W(110)** and —0.3 for N,/Ag(111) *° Fi-
onstrates the well-known anticorrelation between rotationahally, the magnitude of the fractional energy loss to the sur-
excitation and surface excitatidh>® The slope of this anti- face given in Fig. 7 is quite comparable to that of other
correlation iIsdAEg/dE,,~~ —0.5. Many different explana- systems at equivaleng,, e.g., 0.3 atE,=0.79eV for
tions have been suggested for this anticorrelatio*”*°  N,/Cu(110)2’ 0.38 atE,=0.75eV for N;/W(110)2* and
although the generality of the phenomenon makes each sp8:4 atE,=0.75eV for N,/Ag(111) !
cific explanation for a given system somewhat suspect. Although the overall energy partitioning is rather simi-
Finally, by comparing the Doppler broadening of severallar for all N,/metal systems, the detailed behavior, e.g., of
rotational stated=16 to 44 forE,=2.7 eV, we observe no rotational distributions, differs markedly. However, all
or at best a very small variation ihE, with increasingg,;. systems seem to belong to one of two general qualitative
Because this correlation was so weak, it was neglected inlasses of behavior. In one, the scattering is characterized by

F. Correlations between energy-transfer channels
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rotational rainbows witfAE,) scaling withE,, and exhib- L8——r— T T T T T
iting strong rotational alignment and orientation. Examples 16 o
of this behavior include WAg(111) 22 N,/Au(111)2° b ]
and N,/Cu(110)?” as well as the prototype system a ]
NO/Ag(111).435253 |n the other class, the scattering gives _ !2[ ]
essentially Boltzmann rotational distributiodd\ E, ;) scales s af -
with E; rather thanE,, and the rotational alignment/ ;}08'_ * ]
orientation is minimal. This class includes, \NW(110) 2324 S
N,/Pt(111)2* N,/Pd(111)?® and N,/Ni(111).2° Clearly 06 R y
our results for N/Ru(0001) are similar to those of this latter 04 .
class. o2k hd ]
The exact nature of the difference in the two classes is 1 o * ;
unclear. The. f|r§t clasg is consistent quallt'atlvely with a OOWS—'—?—'#A‘
purely repulsive interaction of the molecule with the surface, E, (V)

e.g., as an ellipsoid scattering from a smooth surface cube.

The interaction responsible for the second class is not yetlG. 9. Average vibrational excitatiofAE,) as a function o€, from the
well understood. It has been suggested previously that th&fi2baticcircles and nonadiabati¢squares dynamical models.
behavior of the second class is due to corrugattof?>?

reacti\2/$28interaction%‘f or multibounce scattering trajec- gq that there was massive loss to the surface during associa-
““However, only N/W(110) is dissociative so that

tories: la tive desorption. It was argued that this was unlikely to be due
the difference seems unrelated to the reactivity of the suryg the |imited dimensionality of the model or more compli-
face. Nor are i chemisorption well depths markedly differ- cated coupling to the phonons and it was suggested that this
ent for the two glasses o) t.hat 'there IS no reason 1o SUSPEghs indirect evidence for strong nonadiabatic coupling of the
wide variations in corrugation in the molecular potentials,y;iprational coordinate to electron-hole pairs in the metal. In-
e!ther in the attractive well or repul_swe wall. One posmbleduding such couplings in the 3D model as a vibrational fric-
difference between the two classes is the absence or presengs, (and a fluctuating force to enforce thermal equilibrium
of metald bonding in the N chemisorption mte_ractlon, as of the surface produced good agreement with all experi-
well as the absence or presence of only partially occupiedhents, both in sticking and in associative desorption. How-
metal d-band states. How either may affect the rotationalgyer, the vibrational friction needed to be quite large relative
scattering, however, is at this stage merely speculation. It igy conventional wisdom. Arguments were presented to sug-
p033|b.le thad-bolndmg cont.nbuyons make some corrugation gest that vibrational frictions are generally quite large in the
not evident by simply considering the well depths as a meapeighborhood of the transition state for activated dissocia-
sure of chemical interaction. It is also possible that electronigjons of 77 honded molecules, but the proof of these sugges-

excitations to emptyd-band states near the Fermi energytions must await reliableb initio calculations of the nona-
could affect the inelastic scattering behavior in some way. digpatic coupling.

The same adiabatic and nonadiabatic models can be used
to look at inelastic scattering by simply analyzing the nonre-
active trajectories. Because the model is 3D, only translation

We have recently presented a three-dimensigB8&l)  normal to the surface, vibration, and the surface oscillator are
quasiclassical dynamical model of dissociative adsorptiordefined. Therefore we cannot investigate rotational excitation
and associative desorption of, ARu(0001) and compared nor excitation ofg; in scattering. We can, however, calculate
this with detailed experimentsThe three dimensions in- the average vibrational excitatiqiAE, ), the average pho-
cluded were the translational coordinatevibrational coor-  non excitationf AE,), and the fractional translational energy
dinated, and a single surface phonon coordingteThe 3D  loss 1—-(Ef)/E,, in both the adiabatic and nonadiabatic
interaction potential was based on the two-dimensi¢2B) models.
ab initio potential-energy surface obtained in DFT calcula-  (AE,) predicted by the adiabatic and nonadiabatic mod-
tions and coupling to the lattice via “dynamic recoil.” Trans- els are presented in Fig. 9. The adiabatic model predicts a
lational energy and vibrationally resolved dissociation prob-strong increase in vibrational excitation startingEgt=V*.
abilites S(E,v,Ts) and associative desorption fluxes This is similar to the vibrational excitation observed in
D(E,v,Ts) were calculated in the model by averaging manyD,/Cu(111) scattering® On the other hand, the model with
quasiclassical trajectories over appropriate initial conditionsionadiabatic vibrational coupling shows no evidence of vi-
and compared with experiments. It was concluded there thdirational excitation in scattering. Since the experiment also
there were qualitative discrepancies between this adiabatghows no evidence of vibrational excitation, we take this
model and the experiments. It was especially noted that thisxperimental observation as more consistent with nonadia-
3D adiabatic model of the dynamics predicted very strongoatic dynamics. This statement cannot be made too defini-

V. MODEL DYNAMICS

vibrational excitationvibrational inversionin D{(E,v,Ty),

tively, however, because of experimental uncertainties in es-

although only modest vibrational excitation was observedablishing the lower limit of vibrational excitation and

experimentally. It was also pointed out that or§yof the
energy of the barrier ended up in any Negree of freedom
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priate for inelastic scattering than for reactive events sincef vibrational damping caused by nonadiabatic coupling of

scattering undoubtedly arises from, NRu(0001) collisions the vibrational coordinate to electron-hole pairs. The same

with all possible orientations and impact parameters. On th@onadiabatic dynamical mod&nd vibrational friction used

other hand, reactive dynamics arises principally from sterido rationalize the unusual reactive dynamics, successfully ac-

sampling of the lowest potential barriers and we believe thigounts for the lack of vibrational excitation.

is well represented in the 3D model.
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