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Indirect evidence for strong nonadiabatic coupling in N 2 associative
desorption from and dissociative adsorption on Ru „0001…

L. Diekhöner,a) L. Hornekær, H. Mortensen, E. Jensen, A. Baurichter,
V. V. Petrunin, and A. C. Luntzb)

Fysisk Institut, Syddansk Universitet: Odense, Campusvej 55, DK-5230 Odense M, Denmark

~Received 5 April 2002; accepted 12 June 2002!

This paper reports the simultaneous internal state and translational energy resolved associative
desorption flux of N2 from Ru~0001! using two different experimental approaches. Both
experiments show that the nascent N2 is formed with little vibrational excitation and that the total
excitation in all N2 degrees of freedom accounts for only1

3 of the barrier energy. Roughly23 of the
energy necessary to surmount the barrier is lost to the surface in desorption. This behavior, as well
as the unusual behavior noted previously in direct measurements of dissociative adsorption, both
imply strong vibrational quenching in reactive trajectories passing over the high exit channel
~vibrational! barrier. Adiabatic quasiclassical dynamical calculations based on theab initio potential
energy surface and various models of coupling to the lattice are not qualitatively consistent with N2

vibrational damping to phonons. However, including a strong nonadiabatic coupling of the
vibrational coordinate to electron–hole pairs in the dynamics does yield qualitative agreement
between experiments and calculated dynamics, and we suggest this as indirect evidence for strong
nonadiabatic coupling. We argue that the nonadiabatic coupling is strong in this case because of the
high vibrational excitation necessary to pass over the high exit channel barrier in the reactive
processes and the large charge transfer inherent in making or breakingp bonds. We believe that the
same factors will be important in most activated dissociations ofp bonded molecules on transition
metal surfaces, e.g., for O2 , NO, N2 , and CO, and if this scenario is correct then nonadiabaticity
should be important in the activated dissociation dynamics of these systems as well. ©2002
American Institute of Physics.@DOI: 10.1063/1.1498476#
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I. INTRODUCTION

Understanding the activated dissociative adsorption
simple molecules on transition metal surfaces has been
tively pursued for many years, in part because these are o
rate-limiting steps in important hetereogeneous catalytic p
cesses. For example, the activated adsorption of CH4 is the
rate-limiting step in the steam reforming of natural ga
Similarly, the dissociative adsorption of N2 is the rate-
limiting step in the Haber–Bosch synthesis of NH3. To date,
most of our fundamental concepts regarding direct activa
adsorption dynamics devolves from extensive experime
and theoretical studies on the systems H2 /Cu(111) and
H2 /Cu(100). This work has included detailed molecu
beam studies of dissociative adsorption,1,2 laser spectro-
scopic studies of the time-reversed process of associa
desorption,2–4 and inelastic scattering,5,6 multidimensional
density functional theory calculations~DFT! of the
interaction7,8 and many quantum and classical studies of
dynamics on model potential energy surfaces~PES!9 and on
the DFT PES.10–12 The general picture that has emerg
from this work is that the dissociation/association of H2 /Cu
can be well described by two important simplifying appro
mations:~1! that the dynamic process is approximately ele
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tronically adiabatic, i.e., that the dynamics can be descri
by nuclear motion on the electronic ground state~PES! and
~2! that coupling to the lattice~phonons! is minimal and can
be generally ignored. Six-dimensional quantum dynami
calculations on the DFT PES are in good agreement w
most aspects of the experimental details.11 Even two-
dimensional~2D! dynamical calculations on the 2D DF
PES about the optimum impact site and orientation for d
sociation do give a good picture of the translational and
brational requirements for the dissociation/association,9 i.e.,
of the adiabatic barrierV* (0) and of the vibrational efficacy
hv . The simple dynamic picture from the H2 /Cu studies
also works well for a qualitative discussion of CH4 dissocia-
tion on transition metals, although coupling to the latti
cannot be ignored even qualitatively in this case due to
heavier mass of CH4.13

The kinetics and dynamics of N2 dissociation on
Ru~0001! has also been actively studied for more than a
cade by many groups.14–23 Much of the motivation for this
interest is that supported Ru particles are an order of ma
tude more active for NH3 synthesis than the convention
reduced Fe catalyst, and dissociative adsorption of N2 is still
the rate-limiting step. It has recently been shown, howev
that the barrier to the dissociation of N2 on Ru~0001! is
dramatically lowered at steps/defects, so that these mino
sites dominate thermal dissociation kinetics and hence c
lytic activity.16,17 This is undoubtedly a very general aspe
8 © 2002 American Institute of Physics
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5019J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Evidence for strong nonadiabatic coupling
in catalysis.24 However, our motivation for the study of thi
system is largely based on the fact that N2 dissociation on
Ru~0001! terraces represents another excellent example
direct activated adsorption dynamics, with considerably d
ferent qualitative topological features than the current w
studied H2 /Cu ‘‘paradigm.’’ For the H2 /Cu system, the adia
batic barrierV* (0)'0.5 eV,7,25 and it lies mostly in the
entrance channel.~By that we mean that the largest ener
change in climbing the barrier occurs in the translatio
rather than the vibrational coordinate. For energy consu
tion and disposal, this is a more fundamental property t
where the actual peak of the barrier is located.! On the other
hand, for N2 /Ru(0001),V* (0)'1.9 eV, and it lies almos
exclusively in the exit channel~i.e., along the vibrationa
coordinate!.14,19,20,22 In addition, lattice coupling will cer-
tainly be large for N2 /Ru because of the heavy molecul
mass. Thus, detailed studies of the dissociative adsorp
and associative desorption for N2 /Ru(0001) provide a seri
ous test for the generality of the dynamic lessons lear
from H2 /Cu ~and CH4 /M, where M is a close-packed tran
sition metal surface!.

Previous molecular beam studies of the dissociative
sorption of N2 on Ru~0001! have been recently
summarized.26 At high incident kinetic energiesE, the disso-
ciation probabilityS0 is dominated by dissociation on th
terraces.27 However, there are two aspects to this dissociat
behavior that seem quite unusual relative to H2 /Cu or
CH4 /M dynamics. First,S0'0.01 atE@V* (0), while for
both H2 /Cu and CH4 /M S0'1 atE@V* (0). Second, there
is only a weak dependence on the initial vibrational state~or
equivalently nozzle temperatureTn! for N2 /Ru, while there
is a strikingly large dependence for H2 /Cu and CH4 /M. This
is especially strange since there is an almost pure exit c
nel ~vibrational! barrier for N2 /Ru, while the barriers for
H2 /Cu and CH4 /M are more in the entrance channel. It w
suggested previously26 that a mechanism of energy loss
the lattice~phonons! prior to encountering the exit chann
barrier could rationalize thatS0'0.01 atE@V* (0), but not
the weak dependence ofS0 on the initial vibrational state. In
this paper, we will suggest that the energy loss prior to
countering the barrier is to electronic degrees of freedom
the substrate rather than phonons and that this rationa
both unusual aspects of the sticking behavior.

Associative desorption of N2 from Ru~0001! is the time
reverse of the dissociative adsorption and probes the s
reactive PES. Extensive measurements of the translati
energyE resolved associative desorption fluxD f(E,Ts) have
been presented previously using the technique of la
assisted associative desorption~LAAD !.22 These results
showed that, on average, only roughly1

4 of the barrier energy
ends up in translation. It was originally suggested20 that the
low translational energy partitioning was due to strong vib
tional inversion in the desorbing N2, resulting from release
of the barrier energy along the vibrational coordinate, as
ticipated for an exit channel barrier, although this expla
tion was later recanted.22 In this paper, we report simulta
neous internal state and translationally resolv
measurements of the associative desorption
D f(E,v,J,Ts) using laser resonantly enhanced multiphot
Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to 
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ionization spectroscopy detection~REMPI! and two different
experimental methods of preparing associatively desorb
N2 ; LAAD and dissociation of a NH3 molecular beam. Both
experiments show little vibrational or rotational excitation
the associatively desorbing N2, and individual internal states
(v,J) haveE distributions similar to those measured prev
ously. Thus, there are two qualitative aspects to the asso
tive desorption that we consider extremely unusual;~1! the
low vibrational excitation in the desorbing N2 given the high
barrier along the vibrational coordinate; and~2! the fact that
the N2 desorbs with only ca.13 of the barrier energy, i.e., tha
roughly 2

3 of the desorption energy is lost to the surface.
Finally, extensive ion time of flight REMPI studies o

the internal state and translational energy-resolved inela
scattering of N2 from Ru~0001! have also recently been pe
formed and will be reported in detail elsewhere.28 Most as-
pects of this inelastic scattering seem well behaved. Ho
ever, we observe little if any vibrational excitation in th
scattering, i.e.,̂DEv&'0 at E52.7 eV, and this also seem
unusual to us since vibrational excitation of N2 is anticipated
due to the strong curvature inherent in the 2D PES beca
of the exit channel barrier.19 Such curvature generally give
strong translational to vibrational coupling and accounts
strong vibrational excitation of H2 in inelastic scattering
from Cu surfaces at high incidence energies.5,6,29

Thus, there are aspects to all reactive dynamic exp
ments for N2 on Ru~0001! that seem unusual based on o
experience of H2 /Cu ~and CH4 /M! dynamics. All of the
unusual aspects for the N2 /Ru(0001) reactive dynamic
seem to imply strong quenching of the vibrational excitati
in N2 . 3D and 4D quasiclassical dynamical calculatio
@translation, vibrational, and phonon coordinate~s!# based on
the DFT PES19 and various models of lattice coupling a
reported here. We have tested many forms of reactive c
pling to phonons, both Rayleigh and parallel surface mod
but do not find that any of these result in significant vibr
tional quenching of N2 in reactive~or near reactive! trajec-
tories. We therefore conclude that phonon coupling in el
tronically adiabatic dynamics is unlikely to account for th
vibrational quenching and unusual behavior observed in
experiments.

On the other hand, introducing a nonadiabatic coupl
of the vibrational coordinate to electron–hole pairs via a fr
tion and fluctuating force in the 3D quasiclassical calcu
tions does lead to quenching of the vibrational states
resolution of the unusual aspects of N2 /Ru reactive dynam-
ics. This does, however, require quite strong nonadiab
coupling. We suggest that strong nonadiabatic coupling
reasonable for N2 /Ru dissociation dynamics by simple ana
ogy to the Persson and Persson model of nonadiabatic v
tional damping in chemisorbed molecules.30 We also sugges
that strong nonadiabatic coupling is likely to be genera
important whenever the dissociation involves a moder
~1–2 eV! exit channel barrier and dissociation ofp bonded
molecules on transition metals. This includes a wide vari
of important dissociation processes, e.g., dissociation of2 ,
NO, CO, and N2 on many transition metal surfaces.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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II. EXPERIMENT

All associative desorption experiments reported here
performed in a molecular beamsurface science machine
scribed in detail previously.21,22The Ru~0001! surface was of
very high quality, with a defect density of only 0.25%
Cleaning procedures for this sample and its characteriza
were also described before.21,22

LAAD procedures are similar to those discussed ear
as well.22 A given N coverage (QN'0.6) is established on
the Ru~0001! surface by exposing to a N atom beam. The
LAAD is induced by a T jump from a pulsed~;100 ns!
Alexandrite laser. Since nearly all of the associative deso
tion occurs at the peak of the T jump, the LAAD is we
described as occurring at a fixedTs of the peak in the T
jump. This Ts is controlled by the intensity of the LAAD
laser and is measured as the Boltzmann temperature ch
terizing the translational energy distribution of CO that
laser-induced thermally desorbed from the surface wit
similar laser pulse.22

Typically, the LAAD induced by a few laser pulses wa
averaged at each spatial spot of diameter ca. 1 mm on
surface for a given experimental condition, and then the
face moved so that LAAD probed another spatial spot. T
data from several spatial spots were ultimately average
obtain results. Some bleaching of the LAAD was observ
over the scale of typically 50 laser pulses at a given spa
spot, so the bleaching rate with pulse number was meas
and data corrected for this bleaching, as appropriate.
very first ca. two laser pulses on a given spatial spot of
showed an anomalously high desorption intensity. Since
may originate from associative desorption of N adsorbed
residual defects~where the barrier is lower!, desorption from
these laser pulses was discarded in the data avera
Slightly different schemes for data taking were employed
the various results presented in Sec. III, all chosen to m
mize any systematic errors due to the variation of LAA
intensity with a spatial spot, or due to bleaching in a giv
spot with repeated laser pulses.

Internal states of associatively desorbing N2 were de-
tected via~211! REMPI induced by pulsed laser radiation
ca. 203 nm.31 The laser radiation was produced by frequen
tripling a commercial frequency doubled Nd:Yag pump
dye laser. The resulting REMPI radiation was ca. 1
pulses, 5 ns, duration, ca. 0.1 cm21 resolution and focused to
a ;0.1 mm diam beam parallel to the surface at distancel sb

from the LAAD spot on the surface. The REMPI laser w
aligned to the center of the LAAD spot on the surface
translating it parallel to the surface while monitoring t
REMPI intensity from N2 formed by LAAD. The distance of
the REMPI laser beam from the LAAD spot on the surfa
l sb was then set at typically 2.7 or 4.7 mm by translating
REMPI laser beam away from the point where the REM
laser strikes the surface. Overall alignment uncertaintie
l sb are estimated as 0.3 mm, and this limits the accurac
the E scale. Because of the higher sensitivity atl sb

52.7 mm, this distance was used in most of the meas
ments reported here~e.g., comparingv51 to v50!, despite
the smaller accuracy in theE scale. The REMPI detecto
Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to 
re
e-

n

r

p-

ac-

a

he
r-
e
to
d
al
ed
e
n
is
at

ng.
n
i-

n

y

J

e
I
in
of

e-

used in these experiment will be described in de
elsewhere.28

The ~211! REMPI spectrum of N2 consists of a set of
reasonably well rotationally~J! resolved Q-branch transi
tions for each vibrational statev. Since this REMPI is rela-
tively insensitive to orientation and alignment of the N2,32,33

the REMPI intensityI (v,J) is directly proportional to the
state-resolved population density or desorption densityDn

by I (v,J)}Dn(v,J)I 3v
2 , where I 3v is the REMPI laser

intensity.28,31 This analysis was confirmed by measuring t
REMPI spectrum of a hot thermal beam of N2 of known
(v,J) distributions. With the laser set to a particul
Q-branch transition, translational energy distributions norm
to the surface~E! for individual internal states (v,J) were
obtained by measuring the time of flight from the surface
the focused REMPI laser beam by varying the delaydt be-
tween the pulsed REMPI laser and the LAAD pulsed la
inducing the T jump and associative desorption. The sm
time lag ~ca. 30 ns! between the peak of the associative d
sorption and the T-jump laser was estimated from mo
calculations,22 but introduced minimal changes in the ener
distributions. Since the REMPI detection measures dens
Dn(dt,v,J,Ts), the results were converted to internal sta
and translational energy-resolved desorption fluxes as

D f~E,v,J,Ts!}~dt !2Dn~dt,v,J,Ts!.

Considerable evidence was presented earlier that LA
measures associative desorption from terraces rather
from lower barrier defect sites.22 The inherent low defect
density of our Ru~0001! surface, the highQN used in LAAD,
the highTs in LAAD ~relative to TPD features at a give
QN! and the high-N atom diffusion barrier all minimize the
role of defects in the LAAD experiment. It is also possib
that residual CO adsorption and dissociation at the def
during the course of the experiments decorates them and
ders them inactive. Because the first couple of laser pulse
a given spatial spot could induce desorption from N resid
at low barrier defect sites, the first laser pulses were alw
neglected in the averaging procedure.

Because the LAAD experiments measure associative
sorption at highQN , we have also measuredD f(E,v,J,Ts)
by dissociating NH3 on Ru~0001! at Ts5900 K and used ion
time of flight REMPI~TOF-REMPI! to measure the associa
tively desorbing N2. The basis of the ion TOF-REMPI is to
use the ion flight time following laser ionization to determin
the initial velocity and hence translational energy of the n
tral molecule away from the surface. In our application, t
dominant component of the ion TOF is traversal through
linearly accelerating potential. With a small angular apert
ion detector,dt, the ion TOF relative to that of the peak i
background N2(^E&50) is dt}AE. The proportionality con-
stant relatingdt to AE is calibrated by using seeded supe
sonic beams of N2 incident on the surface, withE measured
by conventional chopped beam–TOF techniques. Detail
the ion TOF-REMPI detection system and its application
inelastic scattering of N2 from Ru~0001! will be described
elsewhere.28 Becausedt}AE, a different Jacobian is neces
sary for the flux–density transformation andD f(E,v,J,Ts)
}Dn(dt,v,J,Ts).
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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5021J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Evidence for strong nonadiabatic coupling
The NH3 was supplied as a seeded supersonic no
beam of NH3 in H2 with incident normal translation energ
Ei51.3 eV. At thisEi , NH3 dissociates on the terraces wi
S0'0.15.34 At Ts5900 K, both H and N formed in the dis
sociation of NH3 associatively desorb. With an estimate
the initial NH3 flux and the known associative desorptio
kinetics for H2 and N2, we estimate that in steady sta
QH,0.01 andQN,0.05.

III. ASSOCIATIVE DESORPTION: RESULTS
AND QUALITATIVE DISCUSSION

Figure 1~a! showsD f(E,Ts5875 K) obtained previously
by LAAD into a mass spectrometer detector for an init
QN50.6.22 In this experiment, the results are summed o
all internal states produced in the associative desorption
the E scale is accurately determined. These results sho
broad distribution peaking at ca. 0.7 eV, but with a tail e
tending up to high energies, essentially toV* (0) at the given

FIG. 1. ~a! Associative desorption fluxD f(E,Ts) of N2 from Ru~0001! at a
N coverageQN50.6 as a function of normal translational energyE at Ts

'875 K. From Ref. 22.~b! Associative desorption fluxD f(E,v,J,Ts) of N2

from Ru~0001! at a N coverageQN'0.6 at Ts'1000 K as a function of
normal translational energyE for the specific internal statesv50, J58 and
v51, J56.
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QN . The noise atE'0 is due to convolution noise in trans
forming from Dn(t,Ts) to D f(E,Ts). It was shown
previously,22,35 and has been discussed theoretically,20,36 that
the barrier height to dissociation is a strong function ofQN ,
although its location in the translation–vibrational (z,d)
plane is largely unaffected byQN . SinceV* (0)'2.9 eV at
QN50.6, the average translational energy normal to the s
face ^E& only accounts for ca.14 of the available barrier en
ergy. We initially suggested20 that most of the remaining en
ergy ended up in the vibrational excitation of N2 , since this
was consistent with anticipated dynamics on the D
PES.14,19 In a subsequent more extended publication of o
results,22 we acknowledged that this original interpretatio
was incorrect, principally because high vibrational excitati
was not observed in the state-resolved studies that will
reported below. This means that significant energy must
lost to the surface. In that extended paper,22 we also dis-
cussed various possibilities for energy loss to the surfac
account for the loŵ E& observed in associative desorptio
It was also shown previously22 that the shape ofD f(E,Ts) is
independent ofTs . This confirms that the loŵE& and the
distribution does not result from N2 associative desorption
from a static distribution of low barrier sites, i.e., defects.

Figure 1~b! showsD f(E,v,J,Ts'1000 K), obtained in
LAAD with REMPI detection as outlined previously for tw
different v, J states:v50, J58 and v51, J56 for QN

'0.6. Each point on the curves results from a measurem
of the state-resolved REMPI intensity for different delaysdt
between the LAAD laser and the REMPI laser.

Two striking qualitative features immediately stand o
D f(E,v,J,Ts'1000 K) is similar in shape toD f(E,Ts

5875 K) and thatD f(E,v51, J56)!D f(E,v50, J58),
i.e., there is no vibrational inversion. Measurements a
show thatD f(E,v52, J58)!D f(E,v51, J56) and that
no higherv states were detectable. Therefore, in the rele
of 2.9 eV energy in associative desorption overV* (0), the
average energy partitioned into N2 vibration is very small,
^Ev&,0.15 eV. This is clearly an unexpected result given
almost pure exit channel~vibrational! barrier in the PES.

Rotational state distributions were measured at a fixeE
for v50 by measuring relative REMPI intensities for var
ous J states at fixeddt at Ts'1000 K. The results were
approximately described as Boltzmann distributions with
given rotational temperatureTJ . We find thatTJ'700 K at
E'0.3 eV, TJ'1000 K atE'0.9 eV andTJ'1500 K atE
'1.8 eV. Because of limited sensitivity, detailed rotation
state distributions were not measured forv51 and v52,
although these appeared qualitatively similar to those fov
50.

Despite the fact thatTJ depends slightly onE, the main
qualitative conclusion is that the average rotational ene
^EJ&5^kBTJ&,0.1 eV. Thus, very little of the 2.9 eV barrie
energy ends up in rotation of N2 . Within experimental error,
all TJ at fixed E were the same for desorption atTs

'1400 K as atTs'1000 K. Hencê EJ& was also indepen-
dent ofTs .

Although detailed angular distributions were not me
sured forD f(E,v,J,Ts'1000 K), it was clear that the angu
lar distribution was strongly peaked~ca. 20°! normal to the
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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5022 J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Diekhöner et al.
surface by moving the REMPI laser parallel to the surfa
relative to the LAAD spot irradiated on the surface. This is
complete agreement with measurements of the total ass
tive desorption angular distribution using a mass spectr
eter detector.37 Thus, very little of the 2.9 eV barrier energ
ends up in translational energy parallel to the surface,^Ei&
,0.1 eV.

Assuming that the rotational state distribution is t
same for allv states, the relative desorption flux for eachv
state, summed over theE and J distributions, D f(v,Ts

'1000 K), is given in Fig. 2. This emphasizes graphica
that very little of the barrier energy ends up in N2 vibration.
Within an admittedly somewhat large statistical uncertain
there was no dependence of the ratioD f(E,v51,Ts

'1000 K)/D f(E,v50,Ts'1000 K) with E. On the other
hand, there was a definite measurable increase in the e
of vibrational excitation withTs . Combining several differ-
ent measurement sequences, we find thatD f(E,v51,J
56,Ts) / D f ( E,v50, J58,Ts) @and henceD f ( v51,Ts)/
D f(v50,Ts)# increases withTs , with the ratioD f(v51,Ts

51400 K)/D f(v50,Ts51000 K)5261.
In summary, the LAAD-REMPI~and previous LAAD!

experiments provide rather complete information on the d
posal of energy into the desorbing N2 as a result of release o
the energy of the barrier in associative desorption. Ther
little rotational excitation^EJ&,0.1 eV and little transla-
tional excitation parallel to the surface^Ei&,0.1 eV. Both
results are as anticipated. However, there is also little vib
tional excitation with^Ev&,0.15, and this seems strange
us given the high exit channel barrier in the PES. Furth
more, although both the translational and rotational partiti
ing in associative desorption, i.e.,D f(E,Ts) and ^EJ&, are
independent ofTs , the extent of vibrational excitation, i.e
^Ev&, increases moderately withTs . This fact also seems
unusual to us. Summing the channels of energy disposal
N2 , the averagêE1Ev1EJ1Ei&'1 eV!V* (0)'2.9 eV.
Thus, on average, roughly23 of the energy released in ass
ciative desorption must be deposited into the surface, ei

FIG. 2. Associative desorption fluxD f(v,Ts) of N2 from Ru~0001! at a N
coverageQN'0.6 atTs'1000 K as a function of vibrational statev. Re-
sults represent summingD f(E,v,J,Ts) over normal translational energy an
rotational states.
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into phonon modes or into electronic excitations of the s
face. This is also clearly unanticipated based on H2 /Cu ~or
CH4 /M! dynamics.

Because the LAAD-REMPI experiments showed so
very unexpected results, we have also studied N2 associative
desorption formed by NH3 dissociation atTs5900 K. In this
case,QN is small so that we can check whether the unus
aspects of the LAAD-REMPI results occur because of
high QN used in that technique. Results forD f(E,v50, J
58,Ts5900 K) and D f(E,v51, J56,Ts5900 K) from
NH3 dissociation are shown in Fig. 3. The results are qu
tatively similar to those from LAAD-REMPI, although bot
^E& and the extent of vibrational excitation are somewh
smaller than in the LAAD experiments of Fig. 1. This
anticipated since there is significantly less energy for d
posal withV* (0)51.9 eV at lowQN rather than 2.9 eV at
QN50.6 used in the LAAD. It was shown previously22 that
D f(E,Ts) distributions shifted up considerably inE with
QN . There is also little rotational excitation withTj

'830 K. Thus, the unusual results from LAAD, i.e., th
^Ev&,0.15 eV and that̂E1Ev1EJ1Ei&!V* (0) are fully
confirmed in these experiments at lowQN as well.

Murphy et al.19 also previously used NH3 dissociation
on Ru~0001! to study N2 associative desorption by ion TOF
REMPI techniques similar to those described here. TheE
dependence observed by them inD f(E,v,J,Ts) is qualita-
tively similar to that of Fig. 3, although it peaks at somewh
lower E than that in Fig. 3. On the other hand, they ass
that there is a vibrational inversion betweenv50 andv51
~dominated by the lowE part of D f!. Our experiments, both
those from LAAD and NH3 dissociation, are in complete
disagreement with this statement. Murphyet al. unfortu-
nately do not provide the original TOF data for bothv states
to see how they obtained this conclusion. It has been s
gested that the dominance of lowE in D f is evidence for
associative desorption at lower barrier defect sites.16 Cer-
tainly the lowerQN , lower Ts ~relative to TPD peaks at the
given QN! and longer time scale for desorption make t
NH3 dissociation experiment more sensitive to defects th

FIG. 3. Associative desorption fluxD f(E,v,J,Ts) of N2 from Ru~0001! at a
N coverageQN'0.05 produced by dissociating a high-energy beam of N3

at Ts5900 K. Specific internal statesv50, J58 andv51, J56, as in Fig.
1~b!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



-
ec

th

ct
H

s

r
d

e
r

d

In
e

n
re
n

al
e

ion
le
o
u

ex
o

an
o
he

ie
lly
ic
T
i
ic

ta
di
te
ly

D

-
ic

n a
of
eri-
n-
or
we

ation
left

or
T

e
a
ies

In
as

n
nel

a

r
sent
ular
not
ri-

S

ical
e

ic
ole

5023J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Evidence for strong nonadiabatic coupling
LAAD. 22 It is possible~but by no means certain! that the
NH3 experiments of Murphyet al. are more affected by de
fects than ours. We have no idea of the inherent def
impurity levels in the surface used by Murphyet al., but our
surface had a quite low level of defects~0.25%!. We believe
another difference in the two experiments is in the way
NH3 dissociation was effected. Murphyet al. used thermal
energy NH3 adsorption that principally dissociates at defe
through a precursor-mediated process, while we used N3

adsorption at E51.3 eV, which principally dissociate
through a direct mechanism on the terraces.34

IV. COMPARISON OF DYNAMICAL MODELS
TO EXPERIMENTS

The observations that in associative desorption^Ev&
,0.15 eV and depends onTs and that ^E1Ev1EJ1Ei&
!V* (0) are clearly unexpected results for dynamics on
PES with a high exit channel barrier like that fo
N2 /Ru(0001). In addition, it is difficult to rationalize base
on this PES topology that in dissociative adsorption ther
only a weak dependence ofS0 on nozzle temperature o
equivalentlyv and thatS0'0.01 atE@V* (0).26 Finally, in
state-resolved inelastic scattering experiments, it is also
ficult to understand the lack of vibrational excitation atE
.V* (0) given the high exit channel barrier in the PES.
order to quantify this intuition, we describe below mod
dynamical calculations based on theab initio PES and qua-
siclassical dynamics, and compare these with experime
We believe that quasiclassical dynamics is an adequate t
ment of the N2 dissociation/association/scattering o
Ru~0001! since it corrects approximately for a vibration
zero point and we do not anticipate that other quantum
fects, e.g., tunneling, are important for the heavy N2.

A. Adiabatic models

It is generally anticipated that dissociative adsorpt
and associative desorption are well described within an e
tronically adiabatic framework. Thus, dynamics consists
nuclear motion on the electronic ground state, i.e., on a m
tidimensional PES. For example, this description works
tremely well for describing the many experimental studies
activated dissociation of H2 on metals, e.g., H2 /Cu(111) and
H2 /Cu(100).11 Even two-dimensional (z,d) dynamical cal-
culations on the 2D PES about the optimum impact site
orientation for dissociation give a good qualitative picture
the translational and vibrational requirements for t
dissociation/association,9 i.e., of the adiabatic barrierV* (0)
and of the vibrational efficacyhv .

For direct dissociation/association of heavier spec
e.g., CH4 and N2, the same dynamic description is genera
thought to be applicable, although the coupling to the latt
cannot be ignored at the outset for these heavier species.
coupling to the lattice can, at present, only be included
dissociation dynamics via some model, e.g., ‘‘dynam
recoil’’ 38 or as a ‘‘modified surface oscillator.’’39,40 For ex-
ample, CH4 dissociation on transition metals can be quali
tively described by 3D adiabatic models, including coor
natesz,d as for H2 dynamics plus a single lattice coordina
q.13 In this case, the inclusion of lattice coupling mere
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modifies the 2D dynamics by shifting the ‘‘S’’-shaped 2
excitation functions to differentE, increasing the width of
the ‘‘S’’ functions and making themTs dependent. Also, be
cause the shift of the excitation functions, e.g., ‘‘dynam
recoil,’’ scales withE or inversely withv, hv increases and
can in fact be greater than unity.

Since the unusual features in the N2 /Ru(0001) experi-
mental results are qualitative in nature, we focus only o
qualitative, i.e., low-dimensional theoretical description
the dynamics. In addition, the associative desorption exp
ments reported in Sec. III show that little of the barrier e
ergy is partitioned in associative desorption into rotation
translational energy parallel to the surface. Therefore,
neglect those coordinates necessary to describe orient
and corrugation in the qualitative description and we are
with only the two external coordinates (z,d). The 2D PES
around the optimum impact site and orientation f
N2 /Ru(0001) dissociation is available from DF
calculations.19 However, because N2 is heavy, we must ac-
count for lattice coupling in any qualitative description of th
N2 /Ru(0001) dynamics. We include this via coupling to
single Einstein oscillator, as in many previous model stud
of lattice coupling in dissociation dynamics.38–40 With only
these three coordinates (z,d,q), the 3D model for the
N2 /Ru(0001) dynamics is given on the left side of Fig. 4.
the results presented here, we take this lattice coupling
given by the ‘‘dynamic recoil’’ model of Hand and Harris,38

i.e., V3D(z,d,q)5V2D(z2q,d)1 1
2kq2, where the second

term is the harmonic lattice energy.k is chosen to give a
harmonic frequency of the surface oscillator\vRu

50.02 eV for a surface mass of one Ru atom.
V2-D was obtained by a ‘‘fit’’ of the DFT PES using a

analytic form developed previously to describe exit chan
barriers.41 The analytic PES for dissociative adsorption had
2.0 eV exit channel barrier (d651.80 Å) and was a good
representation of theab initio PES throughout the barrie
region. No attempt was made in the analytic PES to repre
the small feature corresponding to the metastable molec
state in the entrance channel since this small feature will
affect the high-energy dynamics. Because the LAAD expe
ments were done atQN'0.6, whereV* (0) is significantly
higher,22 two repulsion parameters in the analytic PE
~VN2– Ru and VN–N! were modified slightly to give

FIG. 4. Schematic diagram of the 3D model used in the quasiclass
dynamics calculations of N2 associative desorption from and dissociativ
adsorption on Ru~0001!. The left side of the figure gives the adiabat
model, while the right side shows the coupling of vibration to electron–h
pairs that is added in the nonadiabatic model.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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a barrier of 2.9 eV to represent the LAAD associative d
sorption experiments. This modified PES had essentially
identical topology to the original one, except for the high
barrier.

With this PES and the dynamic model outlined on t
left side of Fig. 4, the quasiclassical dynamics are given
solving the coupled classical equations of motion for
system with total energy Etot5

1
2Mzż

211
2Mdḋ

211
2Msq̇

2

1V3D(z,d,q) and with initial conditions that satisfy quantum
boundary conditions~i.e., zero point!. Mz528 AMU, Md

57 AMU, and Ms5101 AMU.
Dissociation probabilities are calculated for this mod

by integrating Newton’s equations of motion for initial co
ditions representing a 10 Å asymptotic molecule inciden
the surface with translational energyE, vibrational energy
\vN2

(v1 1
2), vibrational phasefN2

, surface oscillator

energy \vRu(n1 1
2) and vibrational phasefRu. \vN2

50.288 eV and\vRu50.02 eV. These initial conditions cor
respond to those of traditional quasiclassical trajectory
proaches and many ‘‘mindless’’ trajectories are averaged
give final dissociation probabilities.S0(E,v) is obtained as
the fraction of all trajectories withd>10 Å after a significant
interaction time. For a givenE and v, fN2

and fRu are

chosen from a random distribution, whilen is chosen accord
ing to a Boltzmann distribution atTs5600 K using Metropo-
lis Monte Carlo sampling.

The associative desorption fluxD f(E,v,Ts) is calculated
by assuming that transition state theory describes the a
ciative desorption, i.e., by starting with a thermal distributi
of all initial conditions along the seam separating N21Ru
and 2N–Ru regions of the PES and integrating the equat
of motion into the N21Ru asymptote.42 The seam in the PES
is defined as the line in the (z,d) plane perpendicular to th
reaction path and passing through the transition state. S
the transition state location depends onq,q is first chosen to
represent a Boltzmann distribution atTs , i.e., with Metropo-
lis Monte Carlo sampling of surface oscillator staten and
random sampling of the vibrational phasefRu. Given q,
both the starting location on the seam (z* ,d* ) and the initial
velocities (ż* ,ḋ* ) on the seam are chosen by Metropo
Monte Carlo simultaneous sampling of all initial conditio
so that the total initial energy into the N21Ru asymptote is a
Boltzmann distribution atTs. v quantum numbers an
discrete values ofE are assigned in the asymptotic deso
tion channel by conventional binning procedures of
N2 vibrational and translational energy. For comparis
with experiments,D f(E,Ts)5(v D f(E,v,Ts) andD f(v,Ts)
5(E D f(E,v,Ts).

S0(E,v) from the above 3D dynamical model is given
Fig. 5 for v50 and 1. The results show a sharp classi
threshold forv50 at E'2.5 eV and a vibrational efficacy
hv'1.7. Without lattice coupling,S0(E,v) has a threshold a
E'2.0 eV for v50 andhv'1.0. The 3D adiabatic mode
predicts thatS0'1 at E'3.5 eV@V* (0) and that there
should be an enormous effect of initial vibration~or Tn! due
to hv'1.7.

Calculations using the ‘‘modified surface oscillat
model’’39 to describe lattice coupling give qualitatively sim
Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to 
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lar results to those using dynamic recoil, but with dow
shifted classical thresholds. Thus, independent of the det
we do not believe that this model can qualitatively ration
ize the unusual behavior observed in dissociative adsorp
experiments. This conclusion disagrees with our earlier s
gestion that phonon coupling with an exit channel barr
would account for the low value ofS0 at highE.26

We have also calculated the extent of N2 vibrational ex-
citation in scattering from the surface by analyzing nonre
tive trajectories. AtE52.7 eV, we predict significant vibra
tional excitation,P(v51)/P(v50)'0.5, as anticipated for
a high exit channel barrier and in qualitative disagreem
with the experimental observation.28 However, this disagree
ment must remain somewhat qualified since the nonreac
scattering samples all of phase space, i.e., all orientation
the molecule at impact and all impact sites, while the re
tive trajectories presumably sample principally the minimu
barrier configuration defined by the PES. Nevertheless, s
H2 /Cu exhibits strong vibrational excitation atE'V* (0)5,6

and its barrier is considerably more toward the entra
channel than that of N2 /Ru(0001), we do consider the lac
of significant vibrational excitation in N2 /Ru(0001) scatter-
ing inconsistent with the 3D adiabatic model.

D f(E,Ts51000 K) andD f(v,Ts51000 K) predicted by
the adiabatic 3D model are given in Figs. 6~a! and 7~a!,
respectively.D f(E,Ts51000 K) peaks atE!V* (0) due to
the preferential partitioning of the released barrier ene
into vibration. The predictedD f(v,Ts51000 K) shows
strong vibrational inversion, peaking atv56. In addition,
this model predicts thatD f(v,Ts) is independent ofTs . The
average energy loss to the lattice in the calculated desorp
is only ^DEq&'0.15 eV. This small value results from th
preferential population of vibration in desorption, whic
couples only weakly toq.

The experimental observation in Fig. 1~a! is in reason-
able qualitative accord with the predictedD f(E,Ts

51000 K) of the 3D adiabatic model in Fig. 6~a! and it was

FIG. 5. Model calculations of dissociation probabilities of N2 on Ru~0001!
S0(E,v) for v50 andv51 as a function of translational energyE. Results
for both the adiabatic and nonadiabatic models are presented as labe
the legend. The inset shows the same calculations presented as log(S0) vs E.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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this expectation that originally encouraged us to erroneou
suggest20 the existence of strong vibrational inversion in N2 .
However, the extensive vibrational inversion predicted
the 3D adiabatic model in Fig. 7~a! is in qualitative disagree
ment with the experimental results in Fig. 2. Hence, the
usal behavior in associative desorption, i.e., that^Ev&
,0.15 eV and that̂ E1Ev1EJ1Ei&!V* (0) @as well as
the fact thatD f(v51,Ts)/D f(v50,Ts) changes withTs# are
all qualitatively inconsistent with adiabatic 3D dynamics.

All of the unusual experimental results in associat
desorption/dissociative adsorption~and scattering! suggest
that vibration is strongly quenched in a reactive interact
with the surface, and this is not present in the 3D mod
Certainly, one possibility for the qualitative disagreemen
that the lattice coupling is not well enough described in
3D model. For example, the 3D model focuses on Rayle
~perpendicular to surface! phonon coupling to the transla
tional coordinate, as this is the term that normally domina
energy transfer to the lattice. However, phonon modes pa
lel to the surfaceqi could, in principle, also couple directl
to the vibrational coordinate along the reaction path a
cause vibrational quenching. We have investigated sev
reasonable coupling mechanisms in 4D adiabatic mo

FIG. 6. Model calculations ofD f(E,Ts51000 K) for N2 associative desorp-
tion from Ru~0001!. ~a! Adiabatic model and~b! nonadiabatic model.
Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to 
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based onV4d(z,d,q,qi) ~and adding the correspondin
1
2Msq̇i

2 term to the kinetic energy!. One such model take
V4d(z,d,q,qi)5V2d„z2q,d6j(z)qi…1

1
2kq21 1

2kqi
2, with 0

,j(z),1 being a function that falls off exponentially withz
and levels off to unity within the surface. Thusj(z) accounts
for the loss of coupling betweend and qi as the molecule
leaves the surface. This form ofV4d was motivated to repre
sent the fact that the electron structure in the transition s
looks final-state-like and if lattice atoms move, they cou
drag N atoms at the transition state with them, i.e., cou
directly tod. This form also represents an attempt to inclu
‘‘vibrational recoil.’’ We have also tried several 4D adiabat
models of the form V4d(z,d,q,qi)5V3d(z,d,q)1lqi

1 1
2kqi

2, wherel is a function that depends both onz andd.
A variety of forms for l were tested, i.e.,l5l0j
3exp(2a0d), l5l0 exp(2a0Ad21z2) and l5l0j, where
l0 and a0 are constants andj is as before. These are a
essentially versions of ‘‘modified surface oscillator’’ linea
coupling to the parallel phonon mode.39 They account for a
qi modulation of the barrier height~and location!. Such a
modulation is possible due to the effects of strain on bar
heights43 and the overall coupling strength (l0) was chosen

FIG. 7. Model calculations ofD f(v,Ts) for N2 associative desorption from
Ru~0001! at Ts51000 K andTs51400 K. ~a! Adiabatic model and~b!
nonadiabatic model. There is noTs dependence inD f(v,Ts) for the adia-
batic model.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to be consistent with~static! strain-induced barrier shifts in
DFT calculations.43 Dynamic predictions of S0(E,v),
D f(E,Ts) and D f(v,Ts) based on all adiabatic 4D mode
showed absolutely no differences to the 3D model. Vib
tional excitation ofqi in both dissociative adsorption an
associative desorption was insignificant,<0.03 eV, so that
the inclusion of this mode does not result in any vibratio
quenching in the reactive trajectories. The finding in the
and 4D adiabatic models is fully consistent with the gene
expectation that high-frequency vibrationsvN2

are only
weakly damped into low-frequency phonon modes due to
high order of coupling required by the frequency mismat
Thus, we do not believe that coupling to phonons is
cause of the N2 vibrational quenching that seems necess
to account for all unusual features of the reactive exp
ments.

B. Nonadiabatic model

If coupling to phonons does not account for the vib
tional quenching in reactive trajectories, then it is reasona
to suspect that coupling to electron–hole~e–h! pairs ac-
counts for it. Nonadiabatic coupling of molecular vibratio
to e–h pairs is a well-known phenomenon in surface phys
It is implicated in the damping of molecular stretchin
vibrations of adsorbates on metal surfaces, e
CO/Cu~100!30,44,45and O2 /Pt(111).46 Nonadiabatic damping
of vibration to e–h pairs has also been suggested as th
tional for the strong multiquantum vibrational loss on sc
tering NO(v515) from a Au~111! surface.47 In addition, the
excitation of vibration from e–h pairs is the general ba
suggested for substrate-mediated photochemistry
photodesorption,48 DIMET,49 fs-induced chemistry,50,51 and
STM-induced desorption and dissociation.52 While many of
these phenomena are often described qualitatively with
diabatic picture, i.e., of transitions between ground and
cited negative ion states,48 most quantitative treatments de
scribe nonadiabatic couplings in terms of frictions~and fluc-
tuating forces! added to the adiabatic dynamics.53,54 In
principle, the two approaches should yield equivalent res
and merely represent a different ‘‘basis’’ to describe t
nonadiabatic effects.

The nonadiabatic coupling between electronic statesc i

andc f induced by the intermolecular stretch coordinated is
}^c f u]/]duc i&. The ab initio calculation of these nonadia
batic terms is a formidable task and has to date only b
possible for limiting models of molecule–surface system
e.g., H2/jellium53,55,56 and CO/Cu clusters.57,58 However,
these fewab initio calculations do support the physics orig
nally suggested in a simple model by Persson and Perss30

as to the basis of strong vibrationally nonadiabatic coupl
in the vibrational damping of chemisorbed molecules. T
mechanism suggested by them involves dynamical cha
transfer between the metal and the adsorbate as the mol
vibrates, with the retarded electron transfer due to the bre
down of the Born–Oppenheimer approximation caus
electron–hole pair excitation. Persson and Persson us
Newns–Anderson model of the adsorbate–metal system
describe the dynamic charge transfer. As the molecule
Downloaded 21 Aug 2002 to 134.105.248.116. Redistribution subject to 
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brates inv51, the center of the adsorbate resonanceea

moves up and down relative to the Fermi leveleF by an
amountdea and induces charge transfer into the molec
dna'2ra(eF)dea , wherera(eF) is the adsorbate density o
states ateF anddna is the charge transfer over the vibration
amplitude ofv51. The net result is a damping into~e–h!
pairs of adsorbate vibrational statev51 with harmonic fre-
quencyv with a rate 1/t'2pv(dna)2. For damping from
higher v states, the result is simply generalized to 1t
'2pvv(dna)2. Strong damping occurs for highEv'vv
and largedna . The latter is particularly large whenever the
is a sharp structure in either the adsorbate or metal densi
states. While the approximations~e.g., single adsorbate reso
nance, flat metal density of states, stable chemisorbed m
ecule! to derive the Persson and Persson formula above
unlikely to be valid for N2/reactive dynamics, we believe th
conditions for strong nonadiabatic coupling, i.e., highEv and
largedna , will be the same.

We introduce nonadiabatic couplings into the quasicl
sical 3D dynamics model described previously by includi
electronic frictions and fluctuating forces in a manner ide
tical to that discussed by Head-Gordon and Tully.54 This is
demonstrated schematically on the right side of Fig. 4.
include in the equations of motion a vibrational frictionGdḋ
to represent damping of the vibration to e–h pairs and
randomly fluctuating forceRd(t) to represent the excitation
of vibration from thermally excited e–h pairs. In order
keep the surface temperatureTs fixed, the amplitude ofRd(t)
is chosen to satisfy the fluctuation-dissipation theorem,
^Rd(0)Rd(t)&5(2kBTsGd /Md)d(t). Because of the ran
domly fluctuating Rd(t), the calculation ofS0(E,v) and
D f(E,v,Ts) now involve averaging stochastic trajectori
over the appropriate initial conditions.54

The friction Gd and hence also the fluctuating forc
Rd(t) are implicit functions ofz andd. Since we do not have
ab initio calculations of the nonadiabatic coupling for th
system and its dependence on (z,d), we simply take a func-
tional form that is consistent with the physics implied by t
Persson and Persson model,30 i.e., that scales roughly with
the charge transfer into the molecule and its variation w
the coordinates (z,d). This can be inferred qualitatively by
the magnitude of the induced dipole momentm(z,d) in DFT
calculations.14 The form assumed in the calculations here
Gd(z,d)5G0j(z)expd2(d2d0)

2/2s2e, where j(z) is the
same function used in the definition ofV4d andG0 , d0 ands
are constants. The overall strength of nonadiabatic coup
is determined byG0 . Thez dependence ensures that the co
pling falls off essentially exponentially from the surface a
yet saturates as the N2 is fully imbedded in the metal. Thed
dependence centers the strength of the nonadiabatic cou
midway between the equilibrium N2 bond length and the
bond length in the transition state. This is consistent with
large change inm(z,d) along the reaction path as the mo
ecule stretches and approaches the transition state.14 The de-
tailed (z,d) dependence of the friction is largely an educat
guess in the absence ofab initio calculations of this quantity.
However, we believe the assumed form does have the r
asymptotic properties and shape to scale with the cha
transfer implied in the DFT calculations ofm(z,d), i.e., to
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a

at
a

s

er

re

n

he
iv
lit
ia
th
n-
ba

dy

ita

tr

u

e
e
n

he
io

.
-
g
n
i

th

his

d
er

e is
el

s-
las-
rgy
n-

they
m-

of
tal

to
as

d

the
gni-

c-
ion
-
ath
so
ta-

rily
re-
if-

si-
t be

,
een

ea-

st
ate
e

5027J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 Evidence for strong nonadiabatic coupling
qualitatively agree with the physics described by Persson
Persson. For a fixed (z,d), the vibrational damping rate from
v51 to v50 is related to the friction term as (1/t)
5@Gd(z,d)/Md#.

Becausem(z,d) in the DFT calculations also shows th
some charge transfer occurs into the molecule as it
proaches the surface, but before the N2 bond is significantly
extended, we also include a smaller friction termGzż and
corresponding fluctuating forceRz(t) in the equations of mo-
tion as well.Gz(z,d) was taken to have the same (z,d) form
asGd , but with three times smaller amplitude. Both becau
of the smaller amplitude and the fact thatMz54Md , the
damping rate from thez coordinate was more than an ord
of magnitude smaller than that from thed coordinate.

S0(E,v) from the nonadiabatic model forv50 and v
51 are given in Fig. 5. It was not feasible to calculateS0 at
lower E because averaging over too many trajectories is
quired to obtain the smallS0 values. Even at highE
'3.5 eV,S0,0.02. In addition, the role of incident vibratio
is modest in determiningS0 , despite the smallS0 values.
Both of these qualitative results are very different from t
predictions of the adiabatic model and are in qualitat
agreement with the experimental observations. The qua
tive interpretation for both results is that significant nonad
batic damping of vibration occurs as the molecule climbs
barrier. Hence, the role of the incident vibration is dimi
ished. Similarly, because of the almost pure exit channel
rier, dissociation principally occurs by transferringE→v by
curvature along the reaction path. Whenv is also simulta-
neously damped as N2 tries to surmount the barrier,S0 ap-
proaches unity very slowly with increasingE, and it is still
small atE53 – 4 eV. Neglect of thez damping term in the
nonadiabatic model does shift the upturn inS0 with E to
slightly lowerE. For example,S0'0.1 atE53.5 eV without
z damping. We also suspect that inclusion in the model
namics of an angular coordinate of the N2 axis relative to the
surface would also decreaseS0 at highE as well, especially
for the high exit channel barrier of N2 /Ru(0001).9,11

Vibrational excitation@P(v.0)# in scattering at highE
is also fully quenched in the nonadiabatic model, in qual
tive agreement with the experimental result. TheE→v exci-
tation caused by reaction path curvature in the scattering
jectory is simultaneously damped via excitation of~e–h!
pairs. Of course, a quantitative treatment of scattering m
go beyond a 3D dynamic model.

D f(E,Ts51000 K) predicted by the nonadiabatic mod
is given in Fig. 6~b!. This is narrowed slightly relative to th
adiabatic model, but is still in good qualitative agreeme
with the experimental results of Fig. 1. Neglect of t
z-dependent damping term shifts the peak of this distribut
;0.25 eV to higherE.

D f(v,Ts) from the nonadiabatic model is given in Fig
7~b! for Ts51000 K andTs51400 K. In contrast to the adia
batic model,^Ev& is now very small because of the stron
nonadiabatic damping of vibration as the molecule desce
the barrier and desorbs. This is in very good agreement w
the experimental results presented in Fig. 2. In addition,
extent of vibrational excitation in the desorbed N2 is pre-
dicted to depend moderately onTs , again in very good
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qualitative agreement with the experiment. The origin of t
Ts dependence in the model is the termRd(t), which de-
scribes vibrational heating due to thermally excited~e–h!
pairs. Because the nonadiabatic coupling toz was more than
an order of magnitude smaller than that tod in the model,
D f(E,Ts) was predicted to be nearly independent ofTs , in
agreement with experiment.22 We also note that calculate
values ofD f(v,Ts) were completely independent of wheth
or not damping was present alongz.

We wish to emphasize that the model developed her
very different in spirit and physics to the diabatic mod
proposed by Kosloff and collaborators.23 Their model treats
the ‘‘nonadiabatic’’ coupling between a molecular phy
isorbed PES and a dissociated atomic PES. It is a fully e
tic theory that does not account for any damping of ene
into either the lattice or into e–h pairs. This model was co
structed to account for the fact thatS0!1 at highE. How-
ever, the diabatic PES and the seam between them that
found necessary to fit the sticking results bears little rese
blance to the DFT PES, i.e., it is dominated by anentrance
channel seam~barrier!.

V. IMPLICATIONS OF THE NONADIABATIC
COUPLING

In summary, we cannot obtain qualitative agreement
any adiabatic dynamic model with the unusual experimen
results forD f(v,Ts) andS0(E,v), while the model incorpo-
rating nonadiabatic coupling of the vibrational coordinate
~e–h! pairs gives good qualitative agreement. We take this
indirect evidencethat N2 associative desorption from an
dissociative adsorption on Ru~0001! is dominated by nona-
diabatic effects. However, to achieve agreement between
nonadiabatic model and experiment requires that the ma
tude of the nonadiabatic couplingG0 be extremely strong, so
that ^1/t&' 1

20 fs21, with ^ & representing averaging the rea
tive trajectory from the entrance channel to the transit
state, orvice versa. This strong coupling is required to ex
tensively damp the vibrational coordinate on its reactive p
to/from the transition state. This coupling is, in fact,
strong that a friction approximation may not be quanti
tively appropriate.54 However, since it is virtually impossible
to go beyond such an approximation and we are prima
concerned with a qualitative explanation for the unusual
active N2 /Ru(0001) behavior, we neglect this potential d
ficulty.

Whether such a strong nonadiabatic coupling is phy
cally reasonable is, of course, the key question and canno
answered until there is anab initio calculation of the nona-
diabatic coupling orGd(z,d) for this system. In general
knowledge of the strength of nonadiabatic couplings betw
vibration and~e–h! pairs is quite limited for all systems. A
few examples exist for the vibrational damping rate fromv
51 of stable molecular adsorbates, e.g., from direct fs m
surement of the vibrational lifetime45 or indirectly inferred
via the vibrational linewidth.44,46 For example 1/t' 1

1000 fs21

for CO(v51)/Cu(100)45 and 1/t' 1
250 fs21 for O2(v

51)/Pt(111).46 The O2 /Pt(111) analogy is probably close
to N2 /Ru(0001) reactive trajectories since this adsorb
also represents ap-bonded molecule parallel to the surfac
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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as in the N2 /Ru transition state. The overall vibration
damping rate necessary to rationalize the N2 /Ru reactive dy-
namics is, however, even an order of magnitude larger t
that of O2(v51)/Pt(111). While it is impossible to really
compare nonadiabatic damping in reactive trajectories w
that of chemisorbed species, we note that the Persson
Persson model of vibrational damping gives 1t
'2pvv(dna)2. For O2 /Pt(111) vibrational damping
\v50.1 eV, v51, anddna'0.15e from the above mode
equation to fit the measured decay rate ofv51. For N2 /Ru,
dissociative adsorption or associative desorption,v50.29 eV
and^v&'6. Thus, ifdna is comparable to that in O2 /Pt, then
the vibrational damping rate of a N2 molecule hypothetically
frozen midway through the dissociation/association sho
be an order of magnitude larger in N2 /Ru reactive trajecto-
ries than for O2(v51) stably adsorbed on Pt~111!. A rough
estimate ofdna is available from the dipole moment chang
upon stretching the molecule along the reaction path,Dm
'dna^Z&, where^Z& is the distance of charge transfer, i.e
the distance between the center of the N2 p orbital and the
image plane. Taking the latter as half a lattice spacing gi
^Z&'0.2 Å. SinceDm'0.10 D ~over a distance comparab
to thev51 vibrational amplitude! from the DFT calculations
as the molecule climbs the activation barrier,14 we obtain
dna'0.10e, roughly as large as for the O2 /Pt(111) case.
While this estimate is very heuristic, it does suggest t
there is significant charge transfer inherent in dissocia
adsorption/associative desorption of N2 /Ru as evidenced by
the largeDm and small̂ Z& in the DFT calculations.

There are many factors that we believe conspire to m
the nonadiabatic coupling strong in N2 /Ru reactive trajecto-
ries. First, the high exit channel barrier means that high
brational excitation must be involved in the dissociatio
desorption, and̂ 1/t& scales with this excitation. Secon
there is significant charge transfer involved in stretching
bond, i.e., climbing the barrier, because the dissociation~de-
sorption! breaks~makes! multiple p bonds when the N2 is
parallel to and very close to the surface. We anticipate
exactly these same factors will be important for a large cl
of other molecular dissociations as well, i.e., whenever
dissociation ofp-bonded molecules has a significant e
channel barrier. Thus, we suggest that nonadiabatic coup
could be important in reactive dynamics for these system
well. This dynamic scenario describes a wide class of imp
tant molecular dissociation process; O2, NO, CO, and N2
activated dissociations on many transition metals, si
when barriers exist, they are invariably almost pure e
channel barriers.59 We therefore suggest that the inclusion
nonadiabatic couplings in a qualitative description of the
active dynamics of these systems may be necessary. Cle
difficult ab initio calculations of the nonadiabatic couplin
terms will be necessary to prove or disprove this suggest

Although the most extensive experimental~and theoret-
ical! results are now available for N2 reactive dynamics on
Ru~0001!, other N2/metal systems to do show evidence
unusual dynamic behavior as well. For example, vibratio
excitation seems rather low in N2 associative desorption
from all transition metals given the high exit chann
barriers.60,61 In associative desorption of N2 from
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Cu~111!,61,62 all modes of N2 excitation (E,v,J,Ei) have
been measured via techniques similar to those descr
here. In this case,̂ E1Ev1EJ1Ei&!V* (0) as well.
Evidence of unusual reactive behavior for other molecu
systems is far less persuasive at this time. However,
do note that it does not seem possible to dissociate dire
~at low Ts! many p-bonded molecules with exit channe
barriers~except at steps and defects!, even withE@V* (0),
e.g., O2 /Pt(111),63 O2 /Ag(111) and Ag~100!,64,65

CO/Ru~0001!,66 etc. We suggest that part of the difficulty i
direct dissociation of these systems results from vibratio
damping caused by nonadiabatic coupling.

If the nonadiabatic coupling and vibrational damping
as generally strong as we suggest, then this mechanism c
also be important in inhibiting dissociation ofp-bonded mol-
ecules on large metal catalyst particles. However, on sm
metal particles~ca. ,2.5 nm!, the nonadiabatic vibrationa
damping is likely to be ineffective due to the low density
e–h pair states.67 The variation in the importance of thi
mechanism with particle size may prove to be another as
of the particle size dependence in catalysis.

The activated dissociations of H2 /Cu and CH4 /M seem
well described within an adiabatic framework. This is e
tirely consistent with the factors suggested above as to w
causes strong nonadiabatic vibrational couplings. The ba
ers for H2 /Cu and CH4 /M are largely in the entrance rathe
than the exit channel. Hence, only modest vibrational ex
tation is required~produced! in adsorption~desorption!. Sec-
ondly, the breaking/making of a singles bond relatively far
from the surface~because of the entrance channel charac
of the barrier! involves only modest charge transfer. Thu
we believe that nonadiabatic effects for the activated dis
ciation of p-bonded molecules may well be more than
order of magnitude larger than that for H2 /Cu and CH4 /M
dissociations, despite the smaller vibrational reduced ma
of the latter.

VI. SUMMARY AND CONCLUSIONS

In this paper we present internal state and translatio
energy-resolved measurements of N2 associative desorption
from Ru~0001! using the technique of LAAD with REMPI
detection. These experiments measure the partitioning of
ergy into N2 as it descends the barrier from the transiti
state. We find that little energy is partitioned into rotatio
EJ , translational energy parallel to the surfaceEi , and sur-
prisingly even vibrationEv . The state-resolved translation
energyE distributions are broad, with a high-energy tail e
tending to the barrierV* (0). There are three aspects to the
results that we consider unusual based on anticipated dyn
ics on the PES, i.e., that^Ev&,0.15 eV, that̂ Ev& depends
on Ts , and that ^E1Ei1Ev1EJ&'

1
3V* (0). The latter

means that nearly23 of the energy released in descending t
barrier is lost to the surface. Because LAAD studied asso
tive desorption at highQN , we have also produced N2 asso-
ciative desorption at lowQN by dissociating a high-energ
beam of NH3 at high Ts . Ion TOF-REMPI detection mea
suresE, Ev , andEJ in the associative desorption and co
firms the unusual results observed in LAAD. In addition
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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these unusual aspects in associative desorption, it
pointed out previously26 that there are also two unusual o
servations in molecular beam measurements of dissocia
adsorptionS0 , i.e., thatS0!1 at E@V* (0) and thatS0 is
only a weak function of the nozzle temperature~or equiva-
lently of vibrational statev!. We also note that no measu
able vibrational excitation is observed in inelastic scatter
at E>V* (0), andthis seems unusual to us given the e
channel nature of the barrier in the PES.

All unusual experimental results seem to imply that th
is strong vibrational quenching in the reactive~or near-
reactive! dynamics. We have examined several 3D and
models of the adiabatic dynamics, based on theab initio
DFT PES and various assumptions about coupling to
lattice ~phonons!. We do not observe any significant vibra
tional damping to phonons in any of these models, and he
any qualitative resolution of the unusual experimental
sults. On the other hand, including a nonadiabatic coup
of the vibration to electron–hole pairs via a friction and flu
tuating force does produce vibrational damping and a g
qualitative resolution of all unusual experimental results
does, however, require quite strong nonadiabatic coupl
We believe this strong coupling is reasonable based on a
ogy to the Persson and Persson model of vibrational dam
of adsorbates.30 We take the inability of any adiabatic mod
to qualitatively describe the experiments, while a nonad
batic model does, asindirect evidencefor strong nonadia-
batic coupling in the reactive dynamics.

We suggest that the factors that we believe make no
diabatic coupling strong in this case will be quite gener
and will most likely make nonadiabatic coupling importa
wheneverp-bonded molecules dissociate on a metal a
have a high exit channel barrier. This includes a wide vari
of important activated dissociation processes, e.g., O2 , NO,
CO, N2 dissociation on many transition metals. There
some evidence that reactive events in some of these sys
also exhibit unusual dynamic behavior.

Hopefully, realisticab initio calculations of the nonadia
batic couplingGd(z,d) will be forthcoming in the near future
to test the hypothesis presented here.
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