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N, dissociative adsorption on Ru  (0001): The role of energy loss
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New molecular beam experiments on the dissociation probalfijtyfor N, on RU0001) are
presented. These are in general agreement with prior measurements and exhibit very unusual
behavior; a very slow increase 8§ with incident kinetic energ¥ and the fact tha§, is still only

~10 2 at incident energies considerably above the barrier. A simple dynamical model is developed
to describe this unusual sticking behavior. The key aspect is that there is considerable energy loss
A from E upon initial impact with the surfacérincipally to the latticg and onlyE— A is then
available to surmount the activation barrier in the exit channel. Using experimentally measured
values ofA from scattering experiments gives good qualitative agreement of this model with the
measureds,. One implication of the strong energy loss is that there is an apparent violation of
detailed balance when comparing only the reactive fluxes of activated adsorption and associative
desorption. ©2001 American Institute of Physic§DOI: 10.1063/1.1413746

I. INTRODUCTION also in nearly quantitative agreement with density functional
calculations(DFT) of the barrier'%'2 The associative de-
The activated adsorption ofn RU000Y) has attracted  sorption experiments also demonstrate that considerable en-
much attention in the surface science community over recent;qy Joss to the lattice must accompany desorption, although

1 . . .
years. In large part this is due to the possible role of sup-ihe nature of this energy loss is at this stage theoretically ill
ported Ru as an end catalyst for commercial\iinthesis,  jafinedlo

where the rate-limiting step in NHsynthesis on Ru is the
dissociative adsorption of NIn well-defined surface science eral process of activated adsorption is based on extensive

studies, R.(OOO.D 'S o_ften taken as a model for the catalyst molecular beam studies of adsorption dynamics, laser state
and the dissociation is strongly activated on the bare Surfac?esolve d associative desorption experiments and theory for
Theoretical estimates are of a barrier height of ca. 2 eV angne system B/Cu(111) or Cu100.23 The general picture

lying principally along the N—N vibrational coordinate> ) ! = .
On the other hand, high pressure thermal rate studies af Nl-fhat has_ emerged is that a simple ‘W.O _dlmensuiz{)
model gives a good approximate description of the transla-

formation from N, and H, on both R@0001® and model . > 49 o .
catalyst$ are only consistent with a much lower barrier tg N t|onql and V|brat|on_a lly re_solved d|s_souatlon/as_somatlon dy-
amics. However, inclusion of barrier corrugation, tdta-

dissociation. This inconsistency has recently been resolved . : . . X
by the finding that the barrier for thermal, issociation is tion or allgnme_nt requires higher clilmenSIO.naI PES_ and
strongly lowered at steps and defettEhis conclusion is dynamlc?s. Most |mportant for the SUbJ,ECt of this paper is the
also consistent with the original 300 K thermal experimentsconclusion that the coupling to the lattice degrees of freedom
which found a N dissociation probability on R0003) of seems-qune Wegk and .th.at a Qesc;rlpt|on of the d|s§OC|§t|on
<107128 Thus, the thermal catalytic process is dominategdynamics assuming a rigid lattice is a goo_d approxmatl_on.
by steps and defects, while the higher barrier dissociation of?f course, very small effects due to coupling to the lattice
the terraces is more relevant to consideration of theoretici™® observed experimentally, e.g., as a broadening of the
surface dynamics. In this paper, we emphasize only dissocidficking functions with surface temperatufg.*>® In addi-
tive adsorption on the terraces. tion, the dissociative adsorption and the associative desorp-
Recent measurements of associative desorption pf Mion for HZ/CU(lll) seem well related via detailed balaﬁée.
from Ru000Y) find lower bounds to the adiabatic barrier to N2 dissociation on R@00) provides another prime example
dissociatiorvV* (0) on the terraces from the highesf tkans-  of activated adsorption, with a barrier far into the exit chan-
lational energies observed in the desorpfidd® These ex- nel(along the vibrational coordingteCertainly from the dy-
periments find that the barrier is strongly dependent upon Niamical perspective, one issue is whether the general lessons
coverage on the surface®f) and varies fromV*(0) learned from H/Cu(111) are applicable to BVRu(0001) as
~1.8eV at®y=<0.25 toV*(0)=3 eV at®=0.7. This in-  well.
crease of the dissociation barrier withy was previously To our knowledge, the dissociative adsorption of dh
inferred indirectly from peak shifts in Nthermal pro- Ru(000) has now been measured in three independent su-
grammed desorptioffPD) with ®y (Refs. 9 and 1jland is  personic molecular beam experiments as well as thermally.
In the first of these, Romret al® found that the N disso-

dpPresent address: Max-Planck-Institit Restkaperforschung, Heisenberg- le’itlo.n PrObab'“ty on the bar_e surfacg increased slowly
str. 1, D-70569 Stuttgart, Germany. with incident normal translational energl) over the range

At present, the “benchmark” for understanding the gen-
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0.15 to 4 eV.S, leveled off at ca. 10° at low E and at ca.  The RU000J) surface was of very high quality, with defect
1072 at high incidentE [where E>V*(0)], although the densities of only 0.25%. Cleaning procedures for this sample
reproducibility of the lowE results was later questioned by and its characterization are described elsewhegicking
the same group of authofIt has been argued thgj atlow ~ Measurements were made in the conventional way of expos-
E is dominated by steps and defet®:??Rommet al®also  ing a clean R(D00Y surface to high energy seeded super-
found thatS, increased nearly an order of magnitude whenSonic molecular beams of Nat normal incidence with en-
changing the nozzle temperatuFe from 700 K to 1800 K  ergy E and nozzle temperatufig, and measuring the buildup
and this indicates some vibrational)(activation of the dis- 0f N on the surface as a function of exposure. To minimize
sociation as well as translational. Because of the sga#it ~ Problems of contamination in measuring small sticking coef-
high E, the authors suggested that a nonadiabatic tunnelinficients, high quality gases were used throughout N
mechanism was responsible for the dissociation. Romn99-9999% purity in H5(99.9997% or He (99.9999%.
et al?° also observed a large isotope effectSp and cited The kinetic energies of the supersonic beamsTat
this as further evidence for the nonadiabatic tunneling model~ 1100 K were varied by varying the composition of the seed
We note, however, that no isotope effect was observed ifixture and were measured accurately by their time-of-flight
associative desorption experiments and this was taken as e\itOF). In all cases the energy distributions were described
dence against the importance of tunnefiigt has also re- by a spreaddE/E<0.15, whereE is the average andE the
cently been pointed out that this nonadiabatic tunneling"WHM of the energy distribution. For beams of Beeded in
model is in reality dominated by only apparent tunnelingH,, an alumina (AJO;) ceramic nozzle was used to avoid
related to the high momentum tail of the initial vibrational any catalytic chemistry occurring in the nozzle. Since it was
state rather than true tunneliAgIn later sticking experi- not possible to attach a thermocouple to the alumina nozzle,
ments, over a small energy regim@.98 eV-1.2 eV, the nozzle temperatureTf) was determined indirectly by
Egeberget al?? have clarified the role of defects in molecu- measuring the TOF curve of a pure He beam under the same
lar beam sticking experiments by specifically poisoning stefheating conditions as used for the sticking experiments and
sites. They also observed a much stronger apparent depegxtractingT,, from the velocity distribution. Agreement be-
dence ofS, with E and generally questioned the correctnessween T, inferred indirectly in this way and the actu@l,
of the experimental results of Romet al. was verified using a stainless steel nozzle whHgreould be

In this paper, we present new molecular beam measureneasured. Nevertheless, because of the indirect means of
ments ofS, for N, /Ru(000]) over an energy range of 1.4—3 measuringT,,, we assume an uncertainty in the absolute
eV and at a constant vibrational temperature of 1100 K. Ougalue ofT,, of ca. 100 K.E was varied only by changing the
experimental results are in good qualitative agreement withnixing ratio of N, and H, with the heating current to the
those of Romnet al,*® especially the slow rise & with E nozzle(and henceT,) kept constant &t ,= 1100 K. A single
and the fact thaBy<1 at E>V*(0). However, we do not experiment aff,,=1150 K was also made with Nseeded in
agree with their assertion that this is caused by a nonadiade in a stainless steel nozzle in whidh, was measured
batic tunneling mechanism. Instead, we present a simplgccurately using a thermocouple. This allows a check of both
model that this is due to energy loasfrom E upon impact  the indirect measurement df, using the velocity distribu-
with the surface, principally to the latticé\g). Energy that tion and whether any artifacts occurred in the sticking mea-
is lost fromE to nonreactive coordinates is not then availablesyrements due to seeding in.H
to overcome the activation barrier. Combining simple 2D Relative N fluxes at the R(D001) surface for the vari-
dynamics with the energy loss observed in state-resolvegus energy beams was determined by a stagnation volume
(TOF-REMP) scattering experimerftsgives good qualita- method, i.e., measuring the,Nbartial pressure build up in
tive agreement with the measurgg, including the leveling  the chamber with a nonline-of-sight quadrupole mass spec-
off of Sy<1 atE>V*(0). However, we also find that this trometer(QMS) when the beam hit an inert quartz flag. To
model does not account for the relatively weak effect of vi-convert these relative fluxes to absolute fluxes, we need the
brational excitation or,, so that energy loss from the vi- area of the beam on the surface, the absolute sensitivity of
brational coordinate as well as the translational coordinate ithe QMS and the pumping speed of the vacuum system. All
important in the dissociation dynamics. This is consistentyere measured, but this introduces an estimated uncertainty
with conclusions necessary to explain associative desorptiogf a factor of 5 in the absolute calibration &, values,
experiments of B from Ru0001).'° We also show that be- although the relative values are much better determined.
cause of the large energy loss, both in activated adsorption Relative N coverage on RO00Y) as a function of beam
and associative desorption, a comparison of purely reactivgxposure was measured by integrating thet&mperature
fluxes gives an apparent violation of detailed balance. Ilbrogrammed desorptiofTPD) into a differentially pumped
sum, the activated adsorption of Nn RU000]) is notatall ~ QMS, with an orifice of 5 mm in diameter placed ca. 2 mm
similar to the H/Cu(111) “paradigm” of activated adsorp- from the surface.
tion. Mass 14 was generally used for detection to avoid any
complications due to CO desorption. Absolute normalization
of the coverage®, was obtained by comparing the
N, TPD signal at mass 28 to a CO TPD at saturation at

All experiments were performed in a molecular beam-300 K(® co=0.56) 8 A plot of ®  versus exposure showed a
surface science machine described in detail previodgR?®  nominal second order buildup of N on the surface. All values

Il. EXPERIMENT
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of S, reported here were measured in the initial linear region(indicated by the downward arrows in Fig. Although they

of the uptake curve, i.e., at covera@g~0.02 ML. All dose  use this evidence to argue that steps are not important under
times were<1.5 h atT¢=575K. No contamination of the molecular beam conditions, we believe that this shows that at
sample after dosing with the beam was observable with eileast half of the dissociation at these energies is still gov-
ther TPD or Auger. Nor was there any apparent problem witferned by steps. Presumably at lovigrsteps/defects totally
background N dissociative adsorption reported by Egebergdominate the sticking behavior and at higerthe dissocia-

et al?? Since this problem is presumably due to adsorption ation at terraces dominates.

steps/defects, we may have avoided this by using (@®01) The second striking feature of the sticking data of Fig. 1
surface with a very low defect densit).25% and by mea- s the relatively weak dependence @y relative to other
suring S, when ®y was an order of magnitude larger than activated adsorption systems which show vibrational activa-

this defect density. tion, i.e., H/Cu(11D)**27 and CH,/Ni(100%8 or R(0001).%
This is particularly surprising since the 2D PES obtained in
Ill. RESULTS AND DISCUSSION DFT calculationd to describe dissociation is an extreme case

Figure 1 compares all three beam measuremeng, of of an exit channel barriefsee Fig. 2 In this case, it is
Our results agree qualitatively with those of Ronemal 1° anticipated that vibrational activation should be very strong.

over the common energy range. Both our results and most nticipated 2Dstiff lattice) dissociation dynamicS,p(E,v)

those of Romiret al. were done with approximately a con- ased on this' PES are shown in Fig. 1.3.as the dashed Iings.
stant nozzle or vibrational temperatdFg. The experiments | '€S€ Were simply constructed as traditional *S” shaped vi-

of Egeberget al?2 show a much higher apparent dependencé)ratiopally_ resolvgd sticking functions fov* (0)=1.8eV
on E, although in fact these points were obtained by varying?"d vibrational efficacyy, =1. . .
E principally by varyingT,,. We believe that most of their The third and most striking aspect in the results of Fig. 1

apparent difference in thE dependence is due to the fact IS the very slow increase &, with E and thatS,~ 107° at

that their experiments do not fully separate the translationap €V i-€.,.Sp<<1 atE>V*(0). This is most definitely atypi-

activation from the vibrational activation. cal as most activated adsorption systems, e.g.,
There are three striking qualitative features to the stickHz2/Cu(11)'**" or CH,/Ni(100,?® approachSy~1 at E

ing data in Fig. 1. First, the approximately const& > V*(0). Itis this fact that led Romnet al.*® to propose a

~10 6 at low incidentE is atypical. It has been argued by nonadiabatic tunneling mechanism. A similar behavior has

Egeberget al. that this limit is set by low barrier dissociation been observed and explained similarly by them fordiéso-

at steps/defects on the surface and that dissociation on tegiation on Re as wefl”*! Note that the dissociation behavior

races should be much lower at Id& As evidence, Egeberg for 2D dynamics(Fig. 3) rapidly increases to unit, once

et al. show that dissociation &=1.1 and 1.2 eV in their E>V*(0). This means that the fact th& <1 cannot be

experiments is decreased nearly a factor of 2 when a smalationalized simply in terms of 2D dynamics, even for such a

amount of Au is adsorbed on the surface and blocks the stegdrong exit channel barrier as in Fig. 2. We anticipate that
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barrier as 2.2 e\latter changed to 1.8 e\based upon a fit

of their nonadiabatic theoretical model to the experiments.
However, since we do not believe that nonadiabatic tunnel-
ing is important in the sticking, we find this estimate and
connection to the observe®, rather tenuous. We do note,
however, that the adiabatic barrig* (0)~ 1.8 eV obtained
from associative desorption experiments at By (Ref. 10

is in very good agreement with the barrier calculated in DFT
calculations>® and hence do take this as the adiabatic barrier
appropriate to describe the sticking experiments.

Since N does not dissociate appreciably at high incident
energy, it must predominately scatter back into the gas phase.
In order to understand which other coordinates are most im-
portant for describing the dissociation dynamics, we have
performed a rather complete series of REMPI-ion TOF in-
elastic scattering experiments. For an incidentiiNinternal
vibrational, rotational quantum stateJ and a given incident

1 125 15 175 2 225 25 energyE, these experiments measure the full state distribu-

d [A] tion; vs,J; and average final normal translational energy
FIG. 2. Equipotential contours for Nlissociation on R{®001) from DFT <Ef> of thewy,Js statg prOduce(_j In scattering from_ the Sur?
calculation(Ref. 3. Z is the distance of Nfrom the surface and is the face. These experiments will be reported in detail
N—N bond length. Arrows schematically show that if aNolecule incident ~ elsewheré? Here, we simply summarize a result at high in-
yvith normal translational enerdy loses energyA (prinpipallyto the lattice cident energy. AEE=2.7 eV, vibrational excitation and de-
T Y e ™ © 9% excitation is minimal and ot measurabla(,~0), rota-
tional excitation is modesier=0.18€eV but the average

normal energy loss for the incidentJ state is enormous,

generalization of the dynamics to all 6 molecular coordinate$2)=E—(Ef)=1.5eVI(A) is principally due to energy loss
will not materially change the inability of conventional adia- to the lattice(A), with <15% due to conversion df to a
batic stiff lattice dynamics to rationalize th&<1 at E ~ component of energy parallel to the surfage. Energy is
>V*(0). transferred from the principal reactive coordinatEsy) into

In general, it is possible to estimate adiabatic barriers tdargely nonreactive coordinated §,E;). The fraction of in-
activated adsorption from the “threshold” of the=0 stick- ~ cident energy lostA)/E shows that this varies from ca. 0.1
ing curve®? However, because of the unconventional behavatE=0.2 eV to over 0.55 a& =2.5eV. The magnitudes and
ior of Sy observed for N/Ru(0001), we do not see any way E dependence are generally consistent with the energy trans-
to extract an estimate of a barrier to dissociation directlyfer of rare gasses to latticB$The key finding in the scatter-
from the experimental sticking results. Ronatal. quoted a  ing experiments is that the dominant energy loss mode from

2.2

Z [A]

1
o8f” " Sx&Y
— r
SzolEV)
0.6 FIG. 3. Anticipated vibrationally«) resolved dissocia-
tion probabilitiesS, as a function of normal transla-
(D° tional energy E for N, dissociation on R{©001).
Dashed lines assume 2D stiff lattice dynamics
0.4+ S,p(E,v) on the PES of Fig. 2 and the solid lines are
for the energy loss mode®,(E, ,v) outlined by the
arrows in Fig. 2 and discussed in the text.
0.2
0 2.
0
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FIG. 4. Predicted dissociation probabiliti8s of N, on
Ru(000)) as a function of nozzlévibrationa) tempera-
ture as noted on the figure and normal translational en-
ergy E derived from the energy loss modgblid lines

of Fig. 3). The square points are predictions of the
model for the experimental conditions of Ref. 22. All
predictions should be compared with the experimental
results of Fig. 1.

log[S(E,T )]

_8 1 :: | 1
2 3
E(ev)

E is to the lattice and that this loss is in fact very large at themeasured in the scattering experiments, then this model pre-
energies required to surmount the barrier. dicts the sticking labele®,(E, ,v) in Fig. 3.

A simple model that couples energy loss fra@to the S,o(E, ,v) is vastly different tharS,(E,v), especially
lattice with dissociation has previously been proposed byor the lowest states which dominate sticking experiments.
Hand and Harri$? so-called “dynamic recoil.” This has The E center for the “S” shapedS,(E, ,v) is at much
been discussed in detail with I’eSpeCt tO&d’i‘ESOCiaﬁon on h|gher translational energies ths&b(E,l)) and the apparent
transition metals” However, this model is really only appro- amplitudes are much smaller. The qualitative rational for the
priate for an entrance channel barrier and hence of very dispserved behavior is that the lawstates lose so much en-
bious validity for N,/Ru(000]). Instead, we propose that the grqy from the reactive coordinafebefore reaching the tran-
role of lattice couplingand coupling td=)) for an exit chan-  gjtion state that they have a hard time dissociating. Since
n(_el barrier _is better descri_bed as outlined s_chematic_ally ihoth (A) and o increase with energy, the net effect is a
Fig. 2. In th|§ case, energy s lost fromElupon |mpact. with shifted and slowly risingSsp(E, ,v) with E, with the largest
the surface in the entrance channel. Since energy in the 'aé'frects for low (high E). The exact shape and magnitude of
tice (and .probably alsé,) is not reacFive_, onI)Erz_E—A s S,o(E,,v) depends more on the detailed properties of the
t/r:eer; ;\ﬁ;;bﬁggeslu;mﬁ;n;it\t\eesbarrler in the exit channel. Aénergy lossP(A) (which is of course only approximately

known) than on the stiff lattice dynamicS,p(E,v) (or gen-

So(E,v)~Sop(E;,v)=fSon(E—A,v)P(A)d(A), eralizations to higher dimensional stiff lattice dynamics
Thus, we do not believe that sticking experiments on these
high exit channel barrier system are very revealing of the
underlying stiff or relaxed lattice PES as obtained in DFT
theory. Rather, the sticking seems to be much more deter-
mined by details of energy loss on impact with the surface.

that ultimately dissociate, we assume that this distribution i¥Ve Pelieve this is the reason that it is virtually impossible to
the same as for those that scatter inelastically from the sufake a realistic barrier estimate directly from the observed
face. This means that the energy loss distribution for impacticking behaw?r. o .
parametergand orientationsthat ultimately lead to dissocia-  Averaging Syp(E, ,v) over the principal nozzlévibra-
tion are roughly the same as those averaged over the entiHona) temperaturesT, used in the experiments gives the
surface in the scattering experiments. We take the form oftodel “predictions” of the experimental sticking in Fig. 1.

P(A) as Gaussian, i.e., as predicted in forced oscillator modJ his is shown in Fig. 4. Many of the striking qualitative
els of gas-surface energy transfér, features of Fig. 1 are reproduced in this simple model. The

2 2 generally slow increase in sticking with incident energy at
P(A)xexp = (A—(A))%o7], constantT,, is predicted by the model, and most importantly
with o= \(A)e, and e,=20meV, a typical phonon fre- that sticking is limited at highk, i.e., thatS,<1 at E
quency. Note that bothA and ¢ are strong implicit functions >V*(0) is reproduced in the model. Thus, we do not believe
of E. This form of P(A) is consistent with the fact that itis necessary to invoke a nonadiabatic tunneling mechanism
energy loss to the lattice dominatasIf we take(A(E)) as  to rationalize this behavior. It is a simple consequence of the

whereS;(E, ,v) is the 2D dissociation functional for trans-
lational energy distributiotie, and vibrational state. P(A)
is the distribution of energy losa for impact at initial en-
ergy E.

Although we do not know in detalP(A) for molecules
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-8~ from SO(E, T =700 K)
— fromLAADT_=875K (6, = 0.6)

FIG. 5. Comparison of the enerdy resolved desorp-
tion flux at temperaturd, D{(E,T), obtained experi-
mentally from laser assisted associative desorption
(LAAD) experimentgRef. 10 and that predicted from
detailed balance and measurements of dissociative
sticking Sy(E, T). D¢(E,T) for E<0.2 eV from LAAD

is dominated by noise related to establishing the experi-
mental background “zero signal.”

D, (E.T)

measured large energy loss fromto nonreactive coordi- ditionally done by assuming that detailed balance is valid in
nates at higlE. In addition, since the energy lodsdepends relating solely the reactive fluxééUnder isothermal condi-
on the mass of the incoming particle, we anticipate a signifitions,T,,=T,=T, the expression of detailed balance in terms
cant isotope effect i8,5(E, ,v) and hence in the model for of the reactive fluxes normal to the surface is given as
sticking. While this energy loss model does predict an isoD¢(E,T)xE exp(—E/ksT)S(E,T,=T,Ts=T), whereD((E,T)
tope effect of the same magnitude $§(E, T,) as that ob- is the associative desorption flux at normal translational en-
served experimentally in stickirf,the energy dependence ergy E at surface temperatufe,=T and S, is the dissocia-
of the predicted and observed isotope effects is not identication probability for the given conditions. This form is equiva-
i.e., the predicted isotope effect does not disappear atkhigh lent to the usual state resolved formulation and merely takes
Nevertheless, the qualitative fact is that a significant “heavythe Boltzmann weighted sum over the internal states for
atom” isotope effect is predicted by the energy loss modekach.
and therefore a tunneling mechanism is not required to ratio- Figure 5 shows a comparison bBf;(E,T) obtained ex-
nalize this behavior. perimentally in associative desorption experim&htsith

This model also predicts that simultaneous variation ofthat predicted from the above equation. Although the experi-
both E andT,, (points in Fig. 4 will produce a much larger mental conditionge.g.,® ) are not equivalent in the adsorp-
apparent dependence & We believe this rationalizes the tion and associative desorption experiments, it is clear that
apparent disagreement of the results of Egeletrgl. com-  the qualitative behavior is not at all the same and this implies
pared to those of Romrat al. and the new results reported that application of detailed balance to relate these two ex-
here. This model does not reproduce two of the qualitativperiments is not valid. Both Egeberg al??> and we have
features of the experimental results in Fig. 1, however. Thargued that the sticking at ol is dominated by steps/
model predicts thaB, continues to decrease at lower and defects and this is what causes the detailed balance predicted
lower E instead of leveling off aSy~10 © at low E. We  peak inD(E,T) at low E. On the other hand, many argu-
take this as further evidence that steps/defects dominate tmeents have been presented elsewldrat these associative
experiments at lovie as these are not present in the model. ltdesorption experiments probe desorption from terraces rather
is also apparent that the model still grossly over estimates than steps. Thus, the two experiments probe a different phase
role of T, in activating dissociation. We believe that this space so that detailed balance is not anticipated to be a good
implies that energy transfer from the vibrational coordinateapproximation in relating the two.
to the lattice, as well as from the translational coordinate, is It was also observed previously that in the associative
important in the dissociation dynamics. Exactly the samealesorption experiments, the dependenceEom D¢(E,T)
conclusion was reached in analyzing the energy resolved asvas completely independent @t° Since the experimental
sociative desorption flux of Nfrom Ru0002).1° The nature S, is also independent df and only weakly dependent on
of this vibrational energy loss is not at all clear so we haveT,, D¢(E,T) predicted by detailed balance should be ap-
not tried to incorporate it in a more general model. proximately «exp(—E/kgT), i.e., exponential with T7. This

It has proven helpful in discussions o, Lu(111) (and  outlines a more fundamental problem in using only the reac-
othep activated dissociation dynamics to relate the state retive fluxes for detailed balance when there is large energy
solved dissociative adsorption flux to that from associativdoss. This is outlined pictorially in Fig. 6. Figuré® gives a
desorption experiments via detailed balahit¥ This is tra-  representation of activated sticking as described by the
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) to be a good approximation. This is the case for the compari-
Adsorption (a) sons of H/Cu(111).1**However, whem (a) andA(d) are
E large, as is the case for,MRuU(0001), then the application of
N, detailed balance must include nonreactivelastig as well
E-E_A (a) NeeeN N N as the reactive fluxes. This issue of the role of energy loss in
l r q \ / _— , | sticking and detailed balance has been discussed previously
in terms of “dynamic recoil™®38 but to our knowledge this
l is the first experimental verification of the problems it
causes.

Aq(a)

IV. SUMMARY AND CONCLUSIONS

There has been considerable controversy over the initial
sticking coefficients for Blon RU0001), in part because the
Detailed balance (b) behavior with incident energ is very strange. This paper
E=E +4 () presents additional molecular beam measuremerfss a6 a
N function of E at constanfT,,. We are in qualitative accord
with the prior measurements and validate the claim at
<1 atE>V*(0). However, instead of invoking a nonadia-
batic tunneling mechanism to rationalize this behavior, we
I believe this is simply the natural consequence of strong en-
ergy lossA from E on impact with the surface, principally to
A @) : the lattice. A simple dynamical model based on energy loss
and then sequential dissociation, where the energy available
for reaction iSE,=E—A, gives reasonable qualitative ac-
cord with the experimental results, especially the fact Sat
increases only slowly with incident energy and tBg&1 at
Desorption energies wher&>V*(0). This model also qualitatively ra-
E=E -4 (d) (C) tionalizes a significant “heavy atom” isotope effect in the
N . sticking. However, there is also only a moderate dependence
on T, or vibrational activation in the experimental sticking.
E, N---N N N Not only is this inconsistent with 2D dynamics on the PES
— \/ l | obtained in DFT calculations, but it is not accounted for by
1 t the simple model with energy loss froEeither. We specu-
s late that there is an additional energy loss mechanism from
A (d) the vibrational coordinate as well. This is in accord with
4 dynamics inferred previously for associative desorptfon.
FIG. 6. Schematic representation of proposed models that include signifi- A direct comparison of the sticking results with prior
cant energy loss for dissociative adsorpti@j the corresponding desorp- associative desorption experiments does not exhibit detailed
tion process necessary to fulfill detailed balafime and the actual proposed balance. In part this is due to the fact that the sticking ex-
model of associative desorpti¢Ref. 10 '(c). For purposes Qf the figure, we periments are dominated by steps/defects atBowhile the
simply assume that all energy logs is to the lattice, i.e., that\(a) o . ) . .
=Aq(a) andA(d)=A4(d). associative desorpthn experiments probed recombmatlon_ on
the terraces. In addition, we argue that when strong lattice
losses occur in adsorption/desorption, a comparison of de-
model developed here. It is dominated by large energy losgiled balance cannot be made using solely the reactive
A(a), principally to the lattice. Detailed balance is based onfluxes. Inelastic fluxes must also be included.
reciprocity. If we assume that the only important component
of a detailed balance comparison is the reactive flux, thepckNOWLEDGMENTS
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