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Laser assisted associative desorption of N, and CO from Ru (0001)
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An experimental technique, laser assisted associative desorfiti®AD), is described for
determining adiabatic barriers to activated dissociation at the gas-surface interface, as well as some
aspects of the dynamics of associative desorption. The basis of this technique is to use a laser
induced temperature jum@-jump) at the surface to induce associative desorption and to measure
the translational energy distribution of the desorbing molecules. The highest translational energies
observed in desorption are a lower bound to the adiabatic barrier and the shapes of the translational
energy distributions provide information on the dynamics. Implementation of the experimental
technique is described in detail and unique advantages and possible limitations of the technique are
discussed. The application of this technique to very high barrier surface processes is described,;
associative desorption of Nrom Ru(0001) and CO formed by € O and G+0O on RY0002). N,

barriers to dissociation increases strongly with N coverage and co-adsorbed O, in good agreement
with DFT calculations. No isotope effects are seen in the associative desorption, indicating that
tunneling is not important. The full energy distributions suggest that very large energy loss to the
lattice occurs after recombination at the high barrier and prioraésorption into the gas phase.

The mechanism for this remarkably large energy loss is not well understood, but is likely to be
general for other high barrier associative desorption reactions. CO associatively desorbs nearly
thermally from both G-O and G+0O associative reactions. It is argued that this is due to large
energy loss for this system as well, followed by indirect scattering in the deep CO molecular well
before final exit into the gas phase. ®01 American Institute of Physics.

[DOI: 10.1063/1.1386810

I. INTRODUCTION reaction coordinate, i.e., whether the barrier is principally
along a translational or vibrational coordinate. Several ex-
The activated dissociation of simple molecules at theperimental techniques have evolved in recent years to probe
gas-surface interface has long been of interest for both furthese (and othey aspects of dissociation dynamics at sur-
damental reasons and because of the importance of such ptfiaces.
cesses in commercial heterogeneous catahyB@. example, Perhaps the most widely utilized method to date of
the dissociation of Ml at free sites on reduced Fe particles is studying the dynamics of activated dissociation is the appli-
the rate-limiting step in the Haber—Bosch synthesis ofcation of molecular beam technique$Current generation
ammonia Similarly, the dissociation of CiHon Ni catalysts  experiments use seeded supersonic nozzle beam technology
is the rate-limiting step in the steam reforming of naturalto directly measure the bare surface dissociation probability
gas® Although catalysts are in no sense well defined surs, as a function of incident translational enef@ and often
faces, there has been a long history of trying to build undervibrational temperaturér,) as well” These results are inter-
standing of catalysis based on chemistry at single crystgbreted in terms of vibrationallyv) dependent “S” shaped
metal surfaces. Hence most attempts to understand activat@@nslational excitation functionS,(E,v). The “threshold”
dissociation have concentrated on the dissociation of simplef the “S” shaped function for the lowest vibrational state is
molecules at well-defined single crystal metal surfaces.  approximately the barrier height, while the shifts of the “S”
Although dissociation of even simple diatomic mol- shaped excitation functions with vibrational state are de-
ecules at the gas-surface interface is a complicated multidiscribed in terms of a vibrational efficady,) for dissocia-
mensional process, much insight is gained from simple lowefion. The latter is related in simple low dimensional dynami-
dimensional model$A schematic one-dimensional pictorial cal models to the location of the barrier in the potential
of an activated dissociation is given in Fig. 1. This also de-energy surfacéPES.*
fines the major energy terms in dissociative adsorption and \When the time reversed process of associative desorp-
associative desorption; the barriét, the desorption energy tion from the surface can be probed, this often produces an
Egess @nd atomic adsorption energiés, ,Eg. Some of the  even more detailed picture of the dissociation dynamics than
most fundamental questions of dissociation dynamics relatgirect molecular beam measurements. For example, sensitive
to the height of the barriew* and its location along the |aser spectroscopic techniques, e.g., resonantly enhanced
multiphoton ionization(REMPI), can measure the detailed
apresent address: Max-Planck-Institit estkaperforschung, Heisenberg-  Nascent quantum state distributions, and even their transla-
str. 1, D-70569 Stuttgart, Germany. tional energy distributions, for molecules produced in asso-
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R Adsorption desorption occurs only over the very short time of the
2 T-jump, time-of-flight techniqueéTOF) can be used to mea-
Desorption . B .
sure the translational energy distributions of the desorbing
molecules. We anticipate that the highest translational energy
J ) of the desorbing molecule gives a lower limit to the barrier
, \ height V*. The distribution at lower translational energies
, g reflects both internal excitation of the product and energy
’ \ des loss to the lattice upon desorption.
! One of the major advantages of LAAD is that since de-
\ JEAJF E, sorption is induced only during the short time of thgump,
the instantaneous density of desorbing molecules is generally
A+B (ads) larger than in other techniques, and hence the detection sen-
> sitivity is greater than in the other techniques. Also, because
Reaction coordinate the T-jumps are of short duration, it is possible to keep most
FIG. 1. Schematic one-dimensional representation of potential energy foPf the adsorbate on the surface during fhgump and to
activated adsorption and associative desorption of diatomic molé®isn ~ measure associative desorption at hifh i.e., above the
a surface. Energy termé*, Eqes, andE(Ep) are defined. nominal desorption temperature. This makes it possible to
observe associative desorption even when it is not the lowest
energy pathway. For example, it has been possible to observe

ciative desorptiofi® By assuming that detailed balance is a CHa+H associative desorption on RID03),*" although the
good approximation, the associative desorption distributiongnermal dissociation of CHlis the thermodynamically pre-
then provide indirect information on the full state resolvedferred pati? Similarly, it was possible to observe-\N as-
dissociative chemisorption probabilities as wéff! com-  sociative desorption from terrace sites, even though the bar-
parisons of state resolved associative desorption experimerfi€" to associative desorption is much lower at the step sites
for H,/Cu with direct dissociative chemisorption in molecu- On the surface. In addition, LAAD allows associative desorp-
lar beam experiments justify the detailed balance approximalion to be measured over a wide range of surface coverages
tion for this particular systert, and the H/Cu system has SO that any changes in the PES or dynamics due to coverage
become the “benchmark” for discussions of activated ad-dependent phenomena can be observed.
sorption dynamics. As described here, the LAAD suffers two drawbacks.
A variety of experimental techniques have previously The first is that it does not provide internal state distribu-
been utilized to initiate associative desorption for such indidions. A later paper will describe the combination of the
rect studies of the dynamics of activated adsorption. Thé-AAD technique with laser state resolved detection of indi-
most common technique to date is that of permedﬁ’dﬁjt vidual molecular quantum statésAnother potential draw-
is limited to conditions when atomic diffusion is rapid, i.e., back of the LAAD technique is that laser induced surface
principally to H, (D,) associative desorption at high surface damage is always a possibility in all laséjump experi-
temperatureJ . A technique with somewhat more general- ments. Special care must be taken to make sure that damage
ity has recently been developed by Hodgson andloes notoccur during experiments or in any way effect mea-
co-workerst* This involves measuring the associative de-sured results.
sorption flux immediately following the sudden stopping of In this paper, we give a general description of all experi-
dosing by an atonfor other precursorbeam at al¢ greater mental aspects of the LAAD technique as developed by us; a
than the nominal associative desorption temperature. Thigrief description of laser heating of the ®001) surface,
technique has been applied to both &$sociative desorption how theT-jump affects the kinetics of associative desorption
from metald®® and to N associative desorption from in competition with other kinetic processes, how we mini-
metalst’~2° mize and avoid laser induced surface damage and how the
In this paper, we describe an alternative technique fosurface T-jump is characterized by measuring the transla-
studying the energetics and dynamics of associative desorfional energy distribution of CO which is laser induced ther-
tion, so-called laser assisted associative desorgtié@D ). mally desorbedLITD) from the surface. We then describe
With this technique, some surface coverage of atoms or mahe application of LAAD to study the energetics and dynam-
lecular fragments is first created by whateygiow) dosing ics of associative desorption of,Nrom Ru0002). We find
technique is appropriate. Following the creation of thisthat the barrier height increases substantially with both N and
(stable or meta-stablesurface coverage on a low tempera- O coverage on the surface. The results also indicate a large
ture surface, the surface is exposed to a pulsed laser whigdnergy loss to the lattice upon desorption, presumably from
induces a temperature junip-jump) of nominally the same the vibrational coordinate. This indicates that the association/
duration as the laser pulse length and whose magnitude @issociation dynamics cannot be even qualitatively discussed
governed by the laser intensity. If tAejump creates a sur- via the traditional two-dimension&2D) elbow potential en-
face temperature high enough, associative desorption is irergy surface(PES used conventionally to rationalize acti-
duced. The essence of the LAAD technigue is to measure theated adsorption dynamics. We then apply the LAAD tech-
translational energy distribution of molecules associativelyniqgue to the isoelectronic associative desorption of CO
desorbing as a result of this laser indudefimp. Since the produced by GO and G+O on RY000). In this case,
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not a common range for pulsed lasers, we utilized a
Q-switched Alexandrite lasefLight Age Inc. Model PAL
101™) to produce ca. 400 mJ in pulse lengfligll width at

half maximum(FWHM)] of 70-130 ns. Since the nominal
wavelength of 750 nm is quite far into the red, laser induced
photochemistry of molecules/atoms adsorbed on surfaces is
unlikely to be induced with this laser excitatiéh.

The birefringent tuning element was removed from the
Alexandrite laser so that it lased on a large number of longi-
tudinal modegbandwidth of ca. 4 nm at 750 nrand also on
several spatial modgga. 5. The latter caused some spatial
inhomogeneity in the beam intensity profile. Because of
mode beating there was also shot-to-shot fluctuation in the
spatial pattern of the beam. Since inhomogeneities in the
spatial profile lead to uneven heating on the surface and also
emphasize laser damage problems, the laser beam was ho-
mogenized prior to striking the surface by propagating the
light through a 10 m long coiled multimode silica clad fiber
FIG. 2. Schematic diagram of the experimental setup for LAAD. of 400 um core diameter. Because many modes of the fiber
are excited, the net result is that spatial structure in the beam
is minimized, as well as shot-to-shot spatial fluctuations of

S . the laser. In addition, an unpolarized be&averaged over
energy loss to the lattice is so severe that the CO is desorberd ! . )
9y ny reasonably spatial scalis also obtained. The light out-

with thermal energies. It is suggested that this is in part dué L f th d of the fiber | wically i d ont
to the larger influence in associative desorption/dissociativ\t{?hu rorp € 9{;} 30 € |_f_ert|_s geometrically Ilm?gr((e onto
adsorption dynamics of the deeper molecular well for CO € surface wi magniiication using a singie lensee

relative to N.

Fig. 2). Assuming perfect geometrical optics imaging from
the fiber tip onto the surface, the net result is that the surface
is illuminated with a 1.2 mm diameter highly reproducible
Il. EXPERIMENT and smooth spatial laser pulse with a nearly Gaussian spatial

In this section, we give a brief overview of the experi- distribution as measured by a scanning small aperture. The
mental arrangement used in these LAAD studies. Some agemporal profile of the laser pulse is also nearly Gaussian, as
plication specific details will be given later. A block diagram detected with a fast photodiode.
of the experimental setup is given in Fig. 2. The setup in-  In the LAAD experiments, molecules are desorbed from
cludes an ultrahigh vacuum system with various surface scithe surface by a short laser induced temperature jump. De-
ence tools, atomic and molecular beams, a laser and imagirg@rption occurs only over a time that is much smaller than
system for irradiating the surface with a pulsed laser and &e flight time to the QMS ionizer in the rotatable detector
differentially pumped rotatable quadrupole mass spectromand TOF techniques can thus be used to measure transla-
eter(QMS) for measuring the time of flight of laser desorbed tional energy distributions. In order to convert the TOF to
particles. absolute energies, the surface-ionizer distance must be

The ultrahigh vacuunfUHV) system with various sur- known accurately, as well as the QMS insertion delay be-
face preparation and surface science capabilities has beé&ween ionization and final detection.
described previousk#?°> Atom dosing of the sample was The flight distance from the surface to the center of the
accomplished via an active “beam” produced with a micro-ionizer (L) has been measured both geometrically and by
wave discharge atom source described in detail in Ref. 25. Aalibration with a supersonic He beam, with known velocity,
separate rotatable differentially pumped mass spectromet&rhich can enter through both the front side and back side of
was used to detect desorbing molecules from the surface ithe differentially pumped rotatable ionizer. Both measure-
LAAD experiments and to measure their time-of-flight dis- ments agreed within 2 mm and the average daw®7 mm.
tributions. This QMS was also used to characterize the TOH he uncertainty in the surface-ionizer distance is &%,
and hence energy distributions of all incident molecularintroducing an uncertainty 0£4% in the translational en-
beams. ergy measured in LAAD. The laser spot on the surface, from

Theoretical modeling suggested that the optimum dewhere desorption takes place is orlll mm in diameter and
sorption time scale for LAAD studié&should be ca. 100 ns. the solid angle viewed by the differentially pumped QMS
This time is sufficiently short that TOF techniques can be(ionizer is only 810 sr, defined by an aperture of 2.25
used to measure the energy distribution of desorbing pamm placed 71 mm from the surface. The main instrumental
ticles with reasonable energy resolution and sensitivity. Orbroadening is thus due to the finite ionizer length. In all
the other hand, the time is long enough that problems due toases, the analysis of the TOF distributions involved a con-
stress induced laser damage of the surface should be minimablution over the finite length of the ionizéca. 5 mm). This,
since theT-jump necessary to desorb a measurable fractiomowever, introduced only minimal broadening of the TOF.
of molecules is lower using a longer pufSeAlthough this is The insertion delay within the QMSrqys, was cali-
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brated by using seeded supersonic beams of Ar and poly-
atomic molecules like CQ N,, C,Hg, etc. Since all daugh-

ter peaks in the QMS were created at the same flight time
(i.e., Ar and Ar"* or C*, CO", and CQ , etc), the dif-
ference in overall TOF for the various daughter peaks was
used to calibrate the mass dependent insertion delay througl
the QMS. A wide range of experiments were fit to an expres-
sion of the formrous=(a+bi)ym/q, wherea andb are
adjustable constants,is the emission current of the ionizer
andm and g are the mass and charge of the fragment. The
dependence upoh was necessary to account for a slight
change in the extraction of ions from the ionizer due to
changes in the space charge field. lonizer conditions were / —
chosen to minimize this extraction time rather than to opti- 0 200 400 600 800 1000
mize detection sensitivity. To guarantee reproducibility in
Toms. all ionizer and QMS voltages remained fixed after the
calibration.

Ill. LASER HEATING AND LAAD

A. Laser heating of metal surfaces

R (Mussy

2.0

When a metal surface is irradiated with a laser pulse, the *
light is absorbed in the uppermost layer, the skin depth %,°
(~100 A), where the photon energy is transferred to metal o o)
electrons. After initial excitation, the electrons rapidly trans- ) )
fer energy to the lattice through electron—phonon collisionsF'C: 3 (8 Surface temperature jumiy(t) and pseudo-first-order desorp-

) e T . tion rateR(t) caused by spatially homogeneous laser intergity, with a
The time scale for the decay of initial excitation int0 Gaussian temporal profile, whets time. All terms are relative to their
phonons is on the order of a few picoseconds at room tenpeaks and detailed parameters are given in the texEurface temperature
perature for most meta?ﬁ.The system thus reaches local iump T(r,t) as a function of radigs and timet for a Gauss_ian spatiql and
thermal equilirum and can be described by a temperaturfETRCTeY a5 pulsto Desorpion e e s nchon of s
for times longer than the relaxation time, i.e., for times of ca.
100 ps. Since the temporal pulse length of the Alexandrite
laser used for LAAD is ca. 100 ns, the effects of laser excialled laser induced thermal desorptiddTD) experiments.
tation of the surface are well described as a temperature jumpor exampleT-jumps have been used to desorb a small frac-
or T-jump. After excitation and thermalization in the skin tion of thermally unstable surface species. This allows the
depth, the heat diffuses into the bulk. concentration of these unstable species to be followed as a

In this time region, temporal surface temperature profilegunction of time in kinetic studie$’ In other studies, a spa-
Ts(t) have been shown to be well described by a onetial hole (or grating of ad-particles is created by laser de-
dimensional heat diffusion equatiéh?®~*'T(t) following  sorption on the surface and the refilling of the hole is fol-
irradiation with a temporally Gaussian laser pulse of spajowed in time by LITD. This yields one of the most
tially homogeneous intensity(t) of width t,=100 ns productive methods to measure surface chemical diffusion
FWHM and a peak intensity dfy=6.5 MW/cnt is shown constant<’
in Fig. 3(@. The optical reflectivityR, thermal conductivity The application we are principally interested in is to in-

« and specific heat capacityc, characteristic duce associative desorption of species adsorbed on the sur-
of Ru have been used to model the absorption of light angace via theT-jump and to use this to meastemergetics and
diffusion of heat away from the surfacéR=0.62,x  dynamicsof associative desorption. Hence this is given the
=1.17 W/em K andc,=0.238 J/g K. The laser profile is separate name laser assisted associative desoth#dkD )

also plotted on the same figure. It is seen that the temperatugg distinguish it from chemical rate studies.

profile has about the same width in time as the laser pulse.

We refer throughout this paper to thig(t) as a temperature
jump or T-jump. Since our laser beam is almost Gaussia
spatially, theT(t) calculation has been generalized to ac-  The rate,R(t), of associative desorption is assumed to
count for this in Fig. 8) and this is taken as the most real- follow a second order Arrhenius expression:

istic representation of the experimeniajump. de

Since the heating rate for 10-100 ns laser pulses with R(t)=— ——=02vexd —EgedkgTs(t)], @
energy of a few tens of mJ is about°:0L0* K/s, much dt
higher than obtainable with conventional heating methods ofvhere ® is the atomic adsorbate coverage, relative to the
the entire crystal, entirely new experiments are possible andumber of surface atoms,is the “pre- exponential,'E 4¢siS
have been actively exploited. These have been genericalthe desorption energy and; is Boltzmann’'s constant. For

nB. Kinetics of associative desorption
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purposes of illustration, we assume titat=1 and that only 100 4
a small fraction of atoms are desorbed durind-pimp so 3
that the coverage can be considered constant. Reasonabl
kinetic parameters df4.=1 eV andv=10"s"? predict an
associative desorption peak for slow surface heafireD) ]
of 400 K. Assuming that the surface is initially at 200 K, R, 14
well below the conventional associative desorption feature, R
the predicted associative desorpti®{t) due to the laser
pulse and heating described in FigaBis also included in

this figure. The important thing to note is that since the rate
depends exponentially on temperature, desorption only oc- 0.014
curs in a rather small range of times and temperatures close ]
to the peak temperature obtained in fRigump (T,ea0. IN- . . . . . . .
clusion of a Gaussian spatial variation as well gives the rate 400 600 800 1000

of associative desorption in Fig(6. We see that because of T (K)

the extremely nonlinear dependence of desorption upgn '

the desorbed fraction is narrowed both spatially and tempoFIG. 4. Ratio of associative desorpti® to dissociatiorR; as a function
raIIy with respect to thél'-jump. The fraction of molecules ©f surface temperaturgs. Parameters for this plot are described in the text.
desorbed from the laser-heated spot on the surface is nearly

10 3 ML for this set of parameters. This desorbed fraction

was assumed to be optimal for LAAD studies. This meansdesorb or dissociate unfils is high, associative desorption is
that the assumption @& ~ constant is fulfilled, but that there In fact the kinetically favored path. One example is the as-

is sufficient desorption for high sensitivity. It also insures sociative desorption of CH from Ru000 and the param-

that the instantaneous gas phase density due to desorption%ers n;enti;)_ned abo%ze Itfhat aref the b?j‘f fgr Fig. 3 are iplpro-
low enough that collisions in the gas phase will not distorPriate for this system It a surface with adsorbed methy

the nascent distribution produced by the associative desor[ggHg’) _and hy_drpgen is heated slowly, all the methyl dissoci-
tion on the surfacé ates since this is the lowest energy pathway. However, when

Since the temperature varies in time during Thimp a T-jump is generated by rapid laser heating, significant as-
desorption takes place over a small range of tempera’ture ociative desorption of methane is observed and this allows
For the realisticT-jump and associative desorption described"® |nvest|g§tloq of this high energy associative desorption
in Figs. 3b) and 3c), 90% desorb within 100 K 0F jc,cand pathvyay. This will be reported elsewhélr.and cqmpareq o
ca. 70% within 50 K ofT pes,. We thus approximate LAAD the time-reversed measurements of direct dissociative ad-

as occurring isothermally al,c,. We believe that this sorpﬁ:onﬂ(‘)f moleculflr b?a;\:\lns of GH i h is th
causes only minimal error in the analysis of the dynamics nother example, of two competing pathways 1S Ihe as-

and tests of detailed balance. sociatiye desorption from terra_ces versus that from de_fegt/
step sites. Here the two reaction pathways are associative
desorption from the different surface sité,(t) represent-
ing desorption from the lower barrier defect sites &tdt)
Rapid laser heating can make the observation of nonthefepresenting desorption from majority terrace sites. In this
modynamic pathways favored kinetically. This is because thgase we assume thag=Spgerect 2, Wherepgerectis the de-
surface temperature can be raised to higher values than gefect density ands being some steric factor that accounts for
erally allowed by the energetically favored processes in slowhe restricted geometry to obtain low barriers at a step. As
heating. This is often the basis of the LITD studies of Cheml-F|g 4 SuggestS, preferentia| desorption from the low barrier
cal kinetics mentioned above. This feature also plays a sigdefect sites is preferred in normal TRDw T) sinceR(t)
nificant role in LAAD. is dominant. On the other hand, the highproduced in laser
Consider two (pseudo-first-order reaction pathways, T-jumps can produce desorption from the higher barrier but
Ri(t)=viexp(-E1/kgT9 and Ry(t)=v,exp(~E;/ksT),  more abundant terrace sites. This is an important issue in the
with E;>E; andv,>v;. Thus,Ry(t) is the thermodynami-  |LAAD of N, from Ru0001) and will be discussed later in

cally favored pathway, buR,(t) has a larger phase space. connection with these experiments.
This often describes the kinetics of dissociation of an ad-

sorbed unstable species in competition with associative d
sorption, with Ry(t) representing dissociation of the ad-
sorbed species andR,(t) representing associative Because incident laser power densities at the surface are
desorptiort® For concreteness, we use the following param-moderately high for LITD and LAAD, laser induced surface
eters: E;=0.5 eV, E»,=0.94 eV and assume,/v;=2 damage is a concern in such experiments and must be
X 10°. With adiabatic slow heating conditions, the adsorbedavoided.

species follows the minimum energy path and dissociation Laser induced surface damage of metals has been well
predominates. However, Fig. 4 shows that at highgrde-  studied macroscopically since the advent of the laser, both
sorption is in fact favored. Therefore, if we can heat fastfrom the perspective of developing high power laser mirrors
enough so that much of the adsorbed species do not eithand for materials processifi§.Lasers causing melting or

10+

0.1+

C. Competing kinetic pathways

eE-). Laser induced surface damage (and avoiding it )
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evaporation of surface material obviously cause surface danfect motion, an alternative mechanism is required for atom
age. However, damage also occurs at significantly lowemotion on the surface to account for the surface rippling.
T-jumps than required to melt the surface. The origin of this  Ernstet al*° have suggested that a photophysical pro-
damage is generally thought to be the creation of stress at tfeesses can cause adatom-vacancy pair formation via local-
surface. When the laser light is absorbed, strong heating inized d-band excitations which are strongly coupled to
tially occurs only in the optical skin depth of the metal. This phonons. As evidence, they observed these adatom and va-
causes large thermal expansion of the surface region relativeancies formed on Cu single crystals at [dwand low laser
to the bulk and hence induces stress. When THemp intensities with He atom scattering. At high&t where the
causes surface stress larger than the elastic limit, surfaggiatoms and vacancies were mobile, STM experiments
damage can occur. A key aspect of this conventional picturghowed nucleation into adatom and vacancy islands, ulti-
of laser induced damage is that there is a thresfigldmp  mately forming nanoscale pyramids or extensive light in-
(laser intensit)/ below which there should be no surface duced damage_ We suggest that similar processes are pos-
damage. sible on P¢111). Since adatoms and vacancies diffuse rapidly
Microscopic experiments have confirmed some parts oft even modesTy, this photophysical mechanism then pro-
this stress picture. Recent STM experiments on Nd:Yag lasefiges the necessary mobility of surface atoms to macroscopi-
irradiated P{L11) * observed a threshold for damage at acqjly restructure the surface, without any apparent threshold
T-jump of ~500 K. The damage was assigned to creation obnq with a dependence upon the cumulative fluence of all
screw dislocations and dislocation lines caused by slip alongyger pulses. Fortunately, no apparent photophysical damage
the{111} planes of the bulk. LEED measurements of excimelyas observed on the R00D crystal used in the LAAD
laser surface disordering of a 1) surfacé® found an  gygies reported here, although many of the steps outlined

onset for this disordering at &jump of 650 K. They also  pgjow were employed to minimize this possibility.
observed a lower onset for damage on a vicinal Rh surface.  gjce g damage mechanism without a threshold is a

It is also often observed that macroscopic laser inducegroblem for all LITD and LAAD experiments, considerable
damage appears as a gross surface rippling of the metal, i'%1‘fort was expended in trying to minimize this damage in
grating formation with periods on the order of an optical LAAD experiments. It is especially important to minimize
wavelength. The origin of t.his surface rippling is-not particu'macroscopic damage occurring on the surface since this does
larly W?” _under._c,tood _but is thought to mvolye interference not disappear upon annealing. Since surface rippling requires
of the incident light with a surface plasmon induced by theinterference, we minimized the spatial and temporal coher-

I|ght |tsellf. Once this interference b_egms to form a gra'“ng’ence of the laser beam striking the surface and randomized
this grating enhances further coupling into the surface plas: o . ) o

. . ; . its polarization. Reducing spatial coherence and polarization
mon, causing more interference until macroscopic damage

builds up by a positive feedback mechan@rSince the Scrambling were accomplished by propagation through the
. T : . long multimode optical fiber and the temporal coherence
requirement for surface rippling is that atom motion be in- inimized by removing the birefringent tuner in the Alexan-
duced by the incident laser, either by melting, stress—induceg]. y 9 ng . .
defect formation, etc., it is generally assumed thatjamp rite laser. Because of the possibility of photophysically in-
threshold exists for its formation as well. The formation Ofdu<|:|ed surf?ce ?ﬁmag(:, only a ITmaII flyencte was utsec(ij :efore
optical length scale damage is particularly troublesome sincd® Lﬂ‘ga mg LI'?SW ace in at exper:ﬁr)rcl)eon S repor ed ere.
the time constant for annealing out irregularities at a surface - and expenments on Rl . 1 were under-
scale roughly as LF, whereL is the length scale of the taken minimizing both the laser intensity and total fluence
irregularity® Thus it is virtually impossible to remove ir- incident upon the surface for a given experiment. The laser

regularities on the order of 1000 A, even by extended anWwas focused to a spot of ca. 1.5 mm diameter on the surface
neals. and the surface exposed to only a few laser shots, typically

In part, our decision to use a 100 ns laser Teiumps 5-40. The surface was then translated to expose another spa-

was based on an attempt to remain belowE§amp thresh- tial spot on the surfacg and the procedqre repeated. In all,
old for stress-induced damage. Conventional 10 ns lasers réoMe 60 separate spatial spots were available on the surface.
quired considerably higheF-jumps to desorb a given frac- After this, the surface was annealed to 1600 K. The anneal
tion of the adsorbates within the shortdHjump and after only a few laser shots per spot minimized the possibil-
exacerbate the problem of laser damage. The advantages oft% ©f any macroscopic defect formation accumulating on the
longer pulse laser for LITD has been emphasized béfore. surface. In addition the surface quality before and after laser
Initial T-jumps were investigated by us with a(Pt]) irradiation was investigated with specular He scattéfing

crystal at laser powers well below the reported threshold foRnd CO TPD, both techniques being very sensitive to micro-
stress-induced damag®Nevertheless, after ca. 10 000 laser Scopic defects. Even after many repeated experiments of the
pulses, a macroscopic surface rippling was observed. Th&ind outlined above, absolutely no evidence was seen of any
extent of this rippling seemed related to the total opticalcumulative microscopic surface damage. Visual inspection of
fluence integrated over all pulses rather than the intensity ohe surface also indicated no macroscopic optical defects
individual pulses and a threshold. Extended sputtering antbrming even after repeated experiments. Finally, LAAD ex-
annealing over many days did not remove the macroscopiperiments for both 5 or 10 laser shots per spot showed no
rippling. Since theT-jumps used in these experiments weredifferences to those of 40 laser shots per spot, except for
well below the reported level required for stress-induced designal to nois€S/N. This indicates that microscopic defects
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also did not affect the dynamics of LAAD before a surface

anneal as well. 1200 -
Thus, under the conditions used for LAAD and LITD
experiments on R0001), neither microscopic nor macro- 1000

scopic surface damage seemed to occur to an extent that i
affected any results. Whether this is due to a low efficiency 800+
for photophysical laser damage for Ru relative to Cu or Pt or &

0 100 200 300 400 500

whether this is due to the experimental procedures developeg_- 600 . .
here is not determined. < 1 o R

400 1 .. A

1 . ® 1= 100 ns

200 A (=130ns

E. T, measurements: LITD of CO £
It has been discussed previously that the simple one- 04~ T v T T r

dimensional heat diffusion model presented in Sec. Il A well 0 20 40 60 80
describesTg(t) over the region where desorption occurs. E e (D)

Therefore in principle, measurements of the temporal and
spatial dependence of laser intenSi(ty t) and knowledge of FIG. 5. Temperature of the Maxwell-Boltzmann distributibg,, given as
th tical and th | i f ’th £ theirT AT=Tco—To, as a function of laser fluendg, s in the pulse. Two laser

€ optical an erma properties ot the Sur eaed (.EII’. S pulse lengthg,, are included; 100 ns and 130 ns. The solid and dashed lines
dependendgecould give an accurate theoretical prediction of represent predictions of the standard model for peak temperatures achieved
T<(t). However, uncertainties in the actual spatial intensityin laserT-jumps for eact, , assuming a best fit spot size on the surface for
distribution on the surfacenake such predictions only esti- €ach. The inset shows a CO LITD desorption denBify) produced by a
80 ns laser pulse of a given fluen@ mJ as a function of time of flight

mates. Therefore we try to measure the surface temperatuilo detectort. The solid line is a Maxwell-Boltzmann distributiohco

indirectly by measuring the t_em_perz_ittlfgo WhiCh_qescribeS =812 K and assumes all desorption at a single peak temperature in the
the Maxwell- Boltzmann distribution of velocities of CO T-jump.

from LITD of a (partiallyy CO covered R(0001) surface
with the identical laser pulse as used for LAAD experimentsresulting from two different Alexandrite laser rods are
The motivation for this measurement is that we antici-shown. Neglecting all complications due to the fact that
pate thatT o~ Tpeqif the molecule desorbs in equilibrium LITD occurs over a small range dfs, AT should scale
with the surface. This implies that there are no dynamic eflinearly with laser pulse energy and go through the origin.
fects in the LITD that produce a nonequilibrium translationalWhile agreement with such a picture is not perfect, it is a
energy distribution. Both molecular be&m*® and thermal reasonable approximation, especially for the results with the
background dosing experimefftshow that the initial stick- more stable laser at,=100 ns. Since we do not know
ing coefficientSy~1 at low incident energies and that it a priori I(r,t) at the surface, we have assumed that the
decreases only slightly with increased translational energyGaussian spatial and temporal distribution emanating from
Thus, as anticipated, there is no barrier between gas phatiee end of the multimode fiber is simply imaged onto the
CO and adsorbed CO and no significant translational coolingurface with X magnification. The lines in Fig. 5 represent
is anticipated upon desorption. TOF measurements of CGhe prediction assuming a theoretical Gaussigmt) at an
thermally desorbing during TPD experiments fron{121) angle of incidence of 57° and with a best fit spot size at the
and Ni100 follows a Maxwell-Boltzmann distribution with surface for each case; 1.45 mm diaméWVHM) for 130 ns
Tco~0.95T,*° so it is reasonable to assume that LITD of laser pulses and 1.35 mm diameter for 100 ns laser pulses.
CO from RY000) will also yield a good estimate O y¢a- These are quite close to the 1.2 mm diameter predicted as-
For reproducibility, we always measure the TOF distri- suming perfect imaging of the fiber without any aberrations.
bution of CO LITD at normal incidence to the surface for a Since the focus of the imaging system was optimized by
well ordered adlayer with a coverage of 0.25 KiLITD are  maximizing the LITD signal, the good agreement between
initiated fromTs=300 K and the LITD from several spatial TcoandTpeqcCalculated assuming the one-dimensiofd)
spots on the surface and 10-20 laser pulses per spot aheat diffusion model is satisfying. This also demonstrates
averaged. The inset of Fig. 5 shows an example of such that the assignment of a singlB;=T .. to characterize
TOF and a fit to a flux-weighted Maxwell-Boltzmann distri- LITD is reasonable.
bution with Tco=812 K. Although both LITD and LAAD As described above, the LITD results are completely
actually occur over a range dfs, as discussed earlier, the consistent with the assumption thBto~Ts=Tpear, as for
agreement in the inset of Fig. 5 shows that treating the deslow CO thermal desorptict?.However, the few prior LITD
sorption as occurring at a singles= T e, iS @ reasonable experiments of CO from metal surface in the literature could
approximation. not be interpreted in terms of a simple equilibrium picture of
Figure 5 shows thel-jump given asAT=Tco— Ty, the LITD proces$®*’ We do not know why these earlier
with T;=300 K as the initial bias temperature, as a functionexperiments did not observe the simple equilibrium LITD
of laser pulse energy. The total desorption yield also debehavior. One experimental difference is that in our experi-
creases at lowek T so the lowest intensities used representments only a small fraction of adsorbed Gea. 10 3 ML)
roughly the detection limit for LITD under these conditions. was desorbed per laser pulse and in the other experiments a
Measurements for two different temporal pulse lengths much larger fraction(>10%) was desorbed per laser pulse.
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In addition, laser induced desorption of CO from(B201) vated adsorption experiments is given elsewhérgor the
from intense fs laser excitation conclusively demonstratedesults discussed here, however, energy loss to the lattice is
that the laser desorption is phonon or thermally driven, aldarge and dominates the desorption dynamics. This naturally
though they did not obtain good agreement of the CO transmakes it impossible to interpr&q(E,Ts) in terms of stiff
lational energy distribution with their estimate ofs lattice dynamics. This will be discussed later in terms of the
=T peak- " systems studied.
Although To was quite reproducible for clean surfaces
at the same laser intensity, and was what we believe to be
good estimate of ¢4, there was a variation ifico of =50 . LaaD of N, from Ru (0001)

K with chemical impurities and defects. Cleaning of the A. Previous studies of the N ,/Ru(0001) barrier

sample always restored the same clean surface values for a The interaction of i and N with R0001) has attracted
given laser intensity. The origin of this small chemical e'ﬁemmuch attention in the surface science community over recent

is unclear. years. In part this is due to the possible role of supported Ru
as an end catalyst for commercial Bidynthesis. The rate-
limiting step in NH; synthesis on Ru is thought to be the
The LAAD experiment measures the translational en-dissociative chemisorption of N On RU0002), this disso-
ergy distribution of moleculéB formed by the associative ciation is strongly activated, with theoretical estimates of ca.
desorption ofA+ B following a laser induced-jump. Since 2 eV barriet®52~%*lying principally along the N—N vibra-
associative desorption is a slow process, we anticipate théibnal coordinate.
the nascenfA— B molecule at the transition state is thermally Because this barrier is high and is thought to be in a
equilibrated with the lattice and that transition state theory isvibrational degree of freedom, it has proven difficult to ob-
a reasonable description of the thermal associative desorpain direct experimental measurement of the barrier height.
tion process. Energy conservation from the transition stat®ackground dosing experiments suggested a thermal sticking

F. LAAD analysis

into the AB molecule gives of Sy=10"12°° consistent with only a much lower barrier
1 than 2 eV. High pressure thermal rate studies of;Nibtma-
<Etot>:V*(0)+E (%) + =kgTs tion from N, and H, on both R0001)°® and model
w* s 2 catalyst8’are also only consistent with a much lower barrier
~E+e,+er+(0eg). 7 to N, dissociation. In an attempt to measure the barrier di-

rectly Dahl et al>® measured the activation energy of high

V*(0) is the adiabatic zero point corrected barrier,pressure M dissociation on R{®001) and obtained a value
S#(eux )1, is the energy in transition state vibrational of only 0.4 eV, consistent with the low barriers of the \NH
modes perpendicular to the reaction coordinéig T, is the  formation reaction® but much lower than the theoretical es-
energy in the reaction coordinate from the final thermal fluctimates. DFT calculations suggest that the dissociation bar-
tuation,E, ¢,, andeg are the translational, vibrational, and rier is strongly lowered at step sites and this was verified
rotational energy of the nasceAB molecule and(dey) is  directly in the thermal experiments. When the low density
any energy loss to the lattice upon desorption. Assuming thata. 1% on the crystal of Dalgt al) of natural step sites on
the vibrational modes at the transition state involving hin-the surface were poisoned by coadsorption of gold, a much
dered translations parallel to the surface and hindered rotavgher activation energy of 1.3 eV was obtainédhe au-
tions are adiabatic and takirtg to represent only the com- thors even speculate that this may not be the true barrier to
ponent of translational energy normal to the surfg&g,,) dissociation on terrace sites, but rather the barrier for Au
=V*(0)+KkgTs is partitioned betweek, ¢, , and(dey) for  migration away from step sites.
a diatomicA—B. Using molecular beam techniques, Ronetnal®>® mea-

The observed LAAD TOF desorptiatensityfor a given  sured the dissociation probabili§ over a fairly wide range
coverage®, Dg(t), is a function of time rather than trans- of conditions and suggested a barrier-e2 eV. The results
lational energyE normal to the surface. This is related to the showed evidence for vibrational as well as translational ac-
energy dependent desorptioftux Dg(E,Ts) through a tivation. These experimental results, however, had a qualita-
simple Jacobian transformatiddg(E, T *t?De(t) and is  tive behavior very different from all other molecular beam
used to interpret the measured TOF density in terms of enstudies of activated adsorption so that the authors suggested
ergy dependent fluxg€:° a nontraditional nonadiabatic model to explain their results

Regardless of how the dynamics partitions the energy irand to extract a barriefwhich is not at all evident in the
the associative desorption betweens,,, and(deq), in the  experimental behavipr Because the model is so different
limit Ts=0 k the highesE observed must be a lower limit to than the accepted adiabatic view of activated adsorption, it is
the adiabatic barriew* (0). Thus, simple measurement of not entirely clear how to evaluate this barrier estimate. We
the high energy threshold i e(t) (after accounting foffg)  will report elsewher® our measurements &, and a com-
gives a lower limit to the adiabatic barrier, which usually is pletely different interpretation and model &, than pro-
quite difficult to infer directly in molecular beam posed by Romnet al.
experiments? Recently, state resolved measurements gffidimed in

A discussion of the partitioning qfE.;) betweerE, ¢, , the dissociation of Nklon a hot R¢000)) surface have been
and(de,), assuming dsq) =0, and its relationship to acti- analyzed, assuming that this measures the associative de-
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sorption of N, from Ru0002).18 This experiment presents a
puzzling picture for the barrier since the energy dependence
of the desorption flux peaks at low translational energies
(consistent with a low barrigbut tails to high translational
energiegconsistent with a high barrigrDahl et al>® suggest
that these results may be significantly influenced by steps
and defects.

B. Experiment

General experimental procedures for LAAD were dis-
cussed earlier. Here we simply stress a few system dependent
procedures.

A given coverage of N on R0001) was produced by
exposure of a clean surface &4 N atom beam in the manner
described previousk? Because there was a lower back-
ground of mass 30 relative to mass 28 in the QMS used to
measure the TOF°N was used for most experiments. No
isotope effect was observed in the LAAD.

To insure that laser induced surface damage did not af-
fect results, the procedures discussed in Sec. IlI D were em-
ployed. The LAAD based on just a few laser pulses per
spatial spot(5/spo} was identical to those when more laser i, 6. 15N, LAAD desorption densityD o (t) as a function of time of flight
pulses were use¥0/spoj. There was also no observable t for several®, as marked on the curves. The top axis labels the transla-
difference of the LAAD from spot to spot. Nor were there tional energyE. The arrows mark the barrieks*.
any differences from day to day as the experiments were
repeated under identical conditions. All indicate that Iaserco, as described in Sec. IIlE, under identical laser excita-

damage is not a problem under our experimental condition5[ion conditions as used for LAAD experimentT, is mea-

In addition, further investigations of the surface quality after . . X
. . sured immediately following the measurement of LAAD so
LAAD showed no increase in surface defects as observed b . - o .
at any possible changes in the laser or of its imaging onto

CO TPD and specular He atom scattering. This also indicate

. ; JICAER o surface with time were taken into account.
that no laser damage was accumulating with the limite . .
. LAAD was usually obtained by averaging the TOF from
number of laser pulses after annealing of the crystal. Th

reproducibility of the LAAD at a given N coverage, both Gf‘yp|cally 1000 laser pulses spread over 40—60 different spa-

spatially and over time, also suggests that the LAAD is prob-.tlal spots on the sgrfacg. The, NPD spectra} Qf. the remain
) o . .~ ing ad-layer was identical to that of the initially prepared
ing the majority terraces rather than some special minorit . . .
. : ) ayer, with the exception that the loweEg peak in the TPD
defect sites that are spatially and temporally inhomogeneous. S .
o : : was somewhat diminished. From the total integrated loss of
In addition, increasing the defect density by a factor of 10 to

ca. 2% by a light sputter did not increase the yield of LAAD N, TPD signal before and after ca 1000 laser shots, we esti-

. mate that the yield of Ndesorbing per laser pulse is very
nor change the shape 8fg(t). This also suggests that de- 3
fects are not the dominant source of NAAD. Finally, the small (10" ML ). Therefore, the TOF produced by many

: ; . laser shots could be averaged without chanding signifi-
laser power generating thejump was increased somewhat .
. . - cantly. This result also suggests that LAAD occurs only from
so that bleaching of a spatial spot due to associative desor

tion was observed. The total number of desorbed molecule%s1e state” or structure that gives the lowest TPD pé%k.

estimated via the overall Npressure rise in the UHV cham-
ber was compatible with the estimate of the total number o
molecules adsorbed in the irradiated spot. Since diffusion of A preliminary version of some of these results has been
N on RY000Y) is very limited during the shoff-jump, this  published elsewher¥.These results were interpreted assum-
also suggests that majorityerrace sites are responsible for ing that there was no energy loss to the lattice upon desorp-
the observed LAAD. tion. In this section, we present other experimental results
To obtain LAAD after a given N coverage was pro- and a significantly modified discussion based upon the find-
duced, the R(000)) crystal was biased at a temperatilig  ing that there is massive energy loss to the lattice upon de-
as high as possible without causing normal thermal desorpsorption. This interpretation is strongly supported by
tion during the time where the LAAD experiment was done.REMPI-state resolved LAAD data obtained receftly.
This insures that the N covera@g, remains constant during It was suggested previously by us that the barrier be-
the experiments. Because TPD features are quite broad, eésveen gas phase ;Nand the adsorbed state is coverage
pecially at lower®,, T, was often quite far below the TPD dependent® To study this in detail, LAAD was observed at
peak. The surface temperature at which desorption occurs &everal initial®,. TOF curves are shown in Fig. 6 for the
thenTg=Ty+ AT, with AT determined from the LITD of different®,. The corresponding are 800, 875, 1000, and

D (?) (arb. units)

0 20 40 60 80 100
t(ps)

]C. Experimental results
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TABLE |. Measured {{asp) and calculated \(3¢;) values for the coverage dependence of the minimum
energy barrier.

Oy (ML) 0.23 0.32 0.48 0.60 0.73 0.21
0o (ML) 0 0 0 ~0 ~0 0.30
Viano (€V) 1.8 2.0 2.1 25 2.8 2.1
Oy (ML) 0.25 0.50 0.75 1.00 0.25
0o (ML) 0 0 0 0 0.25
Vier (eV) 2.1 2.2 35 4.8 2.2

1600 K for ®=0.73, 0.60, 0.48, and 0.23 ML, respec- aspects of the interactidfi:>>~>**%f special interest for this
tively. The higherT for the lower® results both from the Work are DFT calculations to study th@y dependence of
fact that a highefT is used but also that a larg&jump is  the dissociation barrier. A preview of these calculations has
required because the desorption yield decreases quifeeen reported previoustyand is presented in detail else-
strongly with decreasin@y, . Despite the limitedS/Nof the ~ where by Hammet: Therefore, we restrict discussion of
experiments, it is clear in Fig. 6 that both the onset and théhese calculations to the minimum necessary to interpret the
center of the LAAD shifts to longer TOF at lowé,. The experiments reported here.

arrows mark the high energy onset, appropriately broadened The calculations are summarized in Fig. 9, with an en-
by kgTs, i.e., the lower limit to the adiabatic barrier at the €rgy origin at the N (g)+clean R¢000]) asymptote. Four
given . Values are listed in Table | a¥f,,p. These consecutive Mdesorption eventéwith transition states, B,
shifts are completely consistent with the barrier increase witt®, and D) are described in @&(4x4) surface super cell
0\, suggested earlier by indirect evidefitand DFT calcu-  Which initially accommodates eight N atoms in its eight hcp
lations. sites. The supercell is repeated periodically so that this cal-

It was also shown previously that the TPD peak for culation models M associative desorption starting from an
low coverage N adsorbed on RWOY) is shifted to much initial coverage Of@Nzl.OO, 0.75, 0.50, and 0.25 as indi-
lower T, with coadsorption of oxygen. Sinc&gee=V* cated on the figure. Note that because of the finite size of the
—2Ey (see Fig. 1, this could result from either changes to unit cell, the calculations reflect a significant changedig
V*, Ey or both. In an attempt to separate these effects, wauring the associative desorption. For example, transition
have measured the LAAD of a surface with,=0.21 and stateB describes desorption frof@y=0.75 to®\=0.50.
0,=0.30 formed by first exposing a clean surface to the N In Fig. 9 the potential energy of various distinct stages of
atom beam aT =500 K followed by a background satura- the N, desorption event are indicated. The open squares give
tion exposure to @at T,=300 K. These results showed a the energy for the most stable geometry of the adlayer at the
small shift to a higher energy threshold relative to that for thegiven ®y and is the initial state for desorption. The asterisks
case®,=0.23 and® =0, and hence an increase\fiap - mark the transition state for the associative desorption of two
These values are also given in Table .

In order to test for an isotopic dependence in LAAD, we
compareDg(E,T,)xt?Dg(t) obtained from experimental
LAAD for both **N, and N, obtained with identical con-
ditions, i.e.,®y and Ts. A comparison between isotopes is
shown in Fig. 7 for both®y=0.5 and ®\=0.73. While
there is a substantial energy shifting (E,T) with @ due
to the change in barrier witl® (see Fig. 6, there is no
measurable difference between the two isotopic species for
both ® . In addition, the overall yield per pulse of LAAD
was identical for the two isotopes at bdgh,. This implies
that the total rate of associative desorption is the same for;a
both isotopes as well. E@

De(E,Ts) for N, for a coveraged y=0.6 is given in
Fig. 8 for two differentT-jumps corresponding to desorption
temperatures of ;=To=875 K andTs=T;o=1300 K. It

units)

) (arb

is evident that there is no significant changeDg(E,Ts) 0
with Ts. 0
E (eV)
D. DFT calculations FIG. 7. Comparison of the Ndesorption fluxDg(E,T,) for both “N,

S 15 L ; X
Because the interaction szde N with RUIOOO]) has (solid line) and Nz (dashed ling isotopes as aiuncnon_of translational

. <7 i energyE at two different N coverage®,. For ®=0.5, T,=1300 K and

attracted so much attention within the surface science COMpr @,,=0.73,T.= 1200 K. The curves fof = 0.5 and for®,=0.73 have

munity, there have been many DFT calculations of variouseen shifted vertically for clarity.
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@) © (d)
—— T =875K
N T = 1300K
s “« « “«—

FIG. 10. Representation of,Nlesorption eventa),(b) and diffusion healing

of di-vacancy(c) to form lowest energy structur@) at a new®, . Large

open circles are Ru atoms, dark circles are N atoms that are desorbed, and
gray circles are the remaining adsorbed N atoms.

(@

D (ET) (arb. units)

0 05 10 15 20 25 average adsorption energies at the given coverages since not
E (eV) all of the adsorbate is totally removed in the desorption step.
Assigning O for each calculated barrievj-; corre-
FIG. 8. Comparison of the Ndesorption fluxDe(E,Ty) for **N, at®y  sponding to the N coverage in the super cell before desorp-
=0.6 andT,=875 K (solid lin) and T, =1300 K (dashed ling tion, values obtained are given in Table | and compared to
adiabatic barriers obtained from LAAM} . Corrections

. . : . for the change in vibrational zero point energy have not been
N atoms from neighboring hcp sites. The solid squares refleci ge in vibrat Z€ro pol 9y \i

o ﬁcluded in Vi-;. This is anticipated to lowel b
the energy of the state produced by the associative desorP(Sughly 0.1 e\%’)gTrelative to those ipn the table to ob[;;Tin aydia-
tion in which two neighboring hcp sites are vacdul-

Th ‘ i tion including this N _di batic barriers. Overall, there is excellent agreement between
vacancy. 'he S;Jr?C; CO; |gIgEura '(ant mcg ng i IS th " the LAAD and DFT barriers, especially if the LAAD barriers
vacancy is metastable bEq,. er desorption, € - .o viewed as lower limits to the adiabatic barriers. We have

metastable state must relax to the adiabatic ground state f%r ; . . .
P o S Iso included in Talgl | a recent calculation of the barrier for
that®, by diffusion of adsorbed N. This is illustrated in Fig.

e . 5 a mixed N+O adlayer done in an identical manfiéAgain,
1.0' The diffusion of N on R(ADO_O]) IS very slow?” Since the there is very good agreement with the LAAD experiment for
time scale of the LAAD experiment is very short compared,[he mixed adlayer
to the diffusion annihilation of the di-vacancy, the barhér '
measured in LAAD is to the structure containing a di- ) .
vacancy. The change in the relaxed energy between the infe- Discussion of results
tial and final states of the associative desorption is the differ; @ dependence
ential desorption energy A&, . Note that this differential

: . ; : . As outlined, there is a substantial dependence of the bar-
desorption energy is not simply related to the difference in. ) ' .
P %y el rier obtained from LAAD and the DFT calculations @.

This was previously inferred indirectly by combining desorp-
3.0 tion energiesE . estimated from TPD peak positions with
theoretical N adsorption energi&s,?® (see also Figs. 1 and
9). However, since the TPD experiment only desorbs a small
fraction of the adsorbed N in a given TPD peak, it is more
appropriate to use the differential adsorption energigg in
the barrier estimate. Figure 11 shows a comparison of the
experimental barriers from LAAD, the TPD based estimates
(usingAEy) and the DFT calculations as a function®f .
There is good agreement between all methods given the un-
certainties and limitations of each.

The origin of the increase of the barrier and decrease in
binding energy for N with®, is discussed in detall
elsewheré! Here we simply give a brief synopsis. It has
previously been demonstrated that there is a strong correla-
tion of both surface adsorption energies and barriers to dis-
sociation on transition metals with the center of the metal
d-bands®® For N adsorbed on RQ00Y), such a correlation
FIG. 9. Calculated energy diagram for sequential desorption ofrdm also exists for the coverage dependence of differential
RU(000)-c(4X 4) initially at ®y=1.00. Points A, B, C, and D are transi- chemisorption energies and energy barriér¥he Ru 4
tion states for desorption from the init_iﬂ)Nf 1.00, 0.75, 0.50, and 0.25, band centers:y decrease with®, because the Ru atoms
respectively. Open squares are the adiabatic ground state adsorbate energies . . .
at the given®y and solid squares are the adsorbate energy including ave their electronicdistates shifted down compareq to the
di-vacancy of energhEq, . AE, is the differential adsorption energy and Cl€an surface value as a consequence of the bonding to the
V* is the barrier measured in LAALboth labeled here fo®y=0.75). preadsorbed N. Both the atomic chemisorption energies and

6.0 r

40

Potential energy (eV)

=0.25

eN

00 r

0 2 4 6 8
Number of N(ads) per 8 Ru atoms
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5 N _— Ts =875K
— | T =1300K; P(V")
A Laa . R Ts =1300K; € or Saq
4+ e "TPD" £
5
on 5
e
_ &
% 3- ~
-»v 4 ;
> * a N
Q
24 " a o
A e b
2.5
1 T T J I
025 0.50 0.75 1.00
o_ (ML) FIG. 12. The expected Ndesorption fluxDg(E,Ts=1300 K) predicted

from Dg(E, Ts=875 K), assuming a distribution of static barrieP{V*),

FIG. 11. N, dissociation barriers on RB00D as a function of N coverage IS responsible for the shape Bfy(E,T,) (dotted or assuming that either
©y. Triangles are from LAAD measurements, squares from DFT calcula-vibrational excitationg,, , or energy lossée , are responsible for the shape
tions, and circles are from combining desorption energy measurements fro®f De(E,Ts) (dashedl

TPD with DFT calculations of N adsorption energies.

3. Dynamics of associative desorption

the energy barriers increase with the decrease;ibecause Although the high energy threshold B (E, T.) gives a
the lower in energy the Ruddelectrons are the less they aré e hound to the barrier irrespective of the associative de-
capable of interacting chemically with the_e_tlectronlc Ievelssorption dynamics, the full shape Bf,(E, T.) can also pro-
on the adsorbed N as well as on the transition state. vide information on the dynamics of associative desorption.
One feature predicted by the DFT calculations is an apgig res 7 and 8 show that the peak, or average translational
parent violation of detailed balance at higty . In associa-  gnargy(E), of the distribution is at significantly lower ener-
tive desorptpn expe.rlmentfs, the barrier IS measured since gies than the high energy thresholds which have been iden-
the ;urface Is left W'th_ a di-vacancy Wh'Ch, hea}ls _OUt SIOWl),/tified as lower bounds to the adiabatic barrier. There are sev-
relative to the desqrptlon st_ep._ However,_m St'Ck"_]g EXPellera possible scenarios which could produce such a behavior.
ments, the appropriate barrier\§ + AEq, since athighby  one possibility is that instead of desorbing over the adia-
the surface must create a di-vacancy to provide empty adjgsasic parrier at ca. 2 eV, associative desorption could occur
cent hcp sites ffr the minimal energy dissociation path. Alon 5 static distribution of lower barrier sites, e.g., defects,
thoughAE,,<V*, the creation of a di-vacancy does requiré 54 the overalD (E, T.) reflects this distribution of lower
excitation of the surfgce thermally. These d|ffergnces are nQf. rier sites. In this cas®(E,To)xexp(—E/ksTy) since it
relevant at low®y since empty adjacent hcp sites already yenends on the convolution of the static barrier distribution

exist. with the initial thermal distribution. This is shown schemati-
) cally in Fig. 12, whereDg(E,T,) for T,=875 K is gener-
2. Mixed N and O adlayer ated by a polynomial fit of the experimental data. The nomi-

LAAD of the mixed adlayer,®\=0.21 ML and®,5 nal T4 independence in Fig. 8 is in direct conflict with such a
=0.30 ML, produced a modest barrier increase of 0.3 e\prediction and thus demonstrates t{a}<V* (0) is not due
over that for®y=0.23 ML and®,=0 ML(see Table).  to a distribution of lower barriers. This conclusion is in good
Since Ey=V* —Eg We can also estimate the adsorption agreement with all the experimental checks discussed earlier
energyEy in the mixed adlayer sincéy.=1.3 eV(Ref. 25  that demonstrate that defects play little role in the observed
for this case(we neglect the small correction due A&y,  LAAD.
and takeEy=AEy since all of the N is desorbed in this DFT calculations of the 2D elbow PES for, dissocia-
TPD peal. This gives Ey=+0.4 eV compared toEy tion on RY(0001)*® show that within a 2D dynamical picture,
=—0.1 eV for the pure low® case?® Thus, coadsorption the barrier is an extreme example of an exit channel barrier,
of O both reduces the binding energy of N to the surface andle., almost exclusively along the vibrational coordinate. For
raises the barrier. This is, of course, exactly the same qualassociative desorption, this means that one anticipates strong
tative effect as occurs for additional N coverage. Recent DFVibrational excitation, possibly even vibrational inversion,
calculations for mixed adlayers indicate that co-adsorption ofvithin this same 2D dynamical framework. Thus, it is pos-
0,=0.25to a® = 0.25 adlayer causes an increas&/fnof  sible that(E)<V*(0) since most of the barrier energy is
0.1 eV(see Table) and destabilize&y by 0.45 e\?! These released into vibrational excitation of,Nather than transla-
changes are in good agreement with our observations. Then. In this case, the only effect f, onDg(E,Ts) is to add
DFT calculations also show that the origin of these changea small termkgT to the adiabatic barrier for the total energy
in V* andEy are related to downward shifts of the Ru 4d- available for partitioning into the products. This is shown
band centers 4 with @, as well asd . schematically in Fig. 12 and is consistent with the experi-
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ments reported there. This interpretation was used previouslyoth v=0 andv=1 peaked at low translational energies
by us in a preliminary account of these resthf§ and is  (nearly thermal but contained a tail to much higher transla-
consistent with the claim of vibrational inversionir=1and  tional energies. Although we also observe a tailing to high
v=0 by Murphyet al® translational energies, we do not observe this peaking at very
It is also possible that in the associative desorption, thalow translational energies. In addition, the REMPI experi-
N, loses significant energy to the lattice after passage ovenents to be reported elsewh&reo not find the vibrational
the adiabatic barrier of ca. 2 eV before it reaches thenversion reported by them. It has been suggested that the
asymptotic N(g) +Ru(000]1) state which is detected. This experiments of Murphyet al. may be looking at desorption
mechanism also is consistent with Figs. 8 and 12 since ifrom defect siteS? or a combination of defect and terrace
predicts thatDg(E,T) will be largely independent of . sites. We are in no position to judge this, but do point out that
LAAD experiments with REMPI state resolved detectionthe addition of a large lovie peak anticipated from desorp-
will be reported elsewhere that demonstrate Bhg(E, T.) is  tion at defects to our results gives roughly @elistribution
dominated byv=0 over the broad range of energies ob-observed by Murphy.et al, although full reconciliation
served heré® Thus, large energy loss to the lattice mustwould require vibrational inversion only for this low energy
occur, although the nature of this energy loss is at this stagdefect peak. We do note, however, that there are also signifi-
completely ill defined. It does imply, however, that a 2D cant other differences between the two experiments as well,
model of direct dynamics involving only a translational andWith unknown dynamic consequences. For example, the ex-
the vibrational coordinate must be a very incomplete descripperiments of Murphyet al. are performed for low total
tion of the dynamics since this does not account for the enatomic N coverage on the surface, while the LAAD experi-
ergy loss to the lattice. To the extent that the 2D DFT BES ment is performed at highé . Finally, it is only assumed
captures some essence of the correct dynamics, we anticipdttat the N produced in the REMPI experiment is produced
considerable initial vibrational excitation as the aves the Dy associative desorption rather than some other surface re-
transition state and hence energy loss from this coordinat@ction. In order to answer these latter concerns, we have
prior to formation of the asymptotic final state. A direct cou- repeated the experiments of Murpley,al. using REMPI de-
pling of high frequency vibrational coordinates to the latticetection and find qualitatively the same results as the LAAD
is not generally observed in gas-surface scattering. It is pod¥ith REMPI detection, e.g., no low energy peak in the state
sible that strong orientational and lateral corrugation of the€solved desorption flux and no vibrational inversion.
PES at the transition state could cause significant energy
mixing amongst N modes and loss from the vibrational co-
ordinate to the lattice prior to desorption. It is also possible?- /Sotope effect
that the strong curvature in the 2D reaction coordinate causes A “remarkable” heavy atom isotope effect has been ob-
strong coupling ofv and E coordinates prior to desorption, served in molecular beam experiments of dissociative ad-
and that there is then strong coupling betwéerand the  sorption of N/Ru (0001), with S(**N,)/S(**N,) =5 at lower
lattice upon desorption. Finally, some mixing/energy lossincident energies decreasing 8§*“N,)/S(**N,)=1 for E
could occur through indirect scattering from the Molecu-  >2 eV % |t was suggested that this provided evidence for a
lar well of ca. 0.4 eV and through which the, Must pass nonadiabatic mechanism for dissociation, or at least tunnel-
enroute to desorption from the surface. Although it is genering through a single adiabatic barriélthough the experi-
ally anticipated that energy loss to the lattice will involve amentally observed isotope effect was substantially larger
coupling to the phonon coordinates, we do note that stronghan the one theoretically estimated by them due to this
coupling to electronic coordinates has been proposed to agonadiabatic mechanigm
count for large multiqguantum vibrational energy relaxationin  As shown in Fig. 7, no isotope effect is observable in
scattering of highly excited NO from A11).°* A similar ~ Dg(E,T,) at anyE for both® =0.73 and® = 0.5. This cer-
charge transfer mechanism, however, is less likely for N tainly indicates that tunneling is not important in associative
than NO. Since the origin of the large energy loss is atdesorption since we anticipate tHag,(E, Ts) for N, will
present unclear, we strongly encourag initio molecular  occur at lowelE than for'®N, if the tunneling was important.
dynamics studies of this associative desorption. Any los$urthermore, the total yield for desorption was identical for
mechanism coupling to phonons should be apparent, whil&N, and °N,, further confirming that tunneling was not
loss to the electronic degrees of freedom may not be predominant. While the initial conditions are not identical in
dicted at this level of theory. We will show elsewh®&réhat  desorption and adsorption, the absence of tunneling in de-
the most reasonable interpretation of measurements aforption does make a tunneling argument for the origin of an
S(E,T,) is also in terms of strong energy loss to the lattice,isotope effect in adsorption less likely.
although in this case it is predominately energy loss from the  The contribution of tunneling to the overall rate of asso-
translational coordinate. ciative desorption can be estimated as the quantum correc-
As mentioned earlier, state resolved TOF experimentsion to the transition state r&feof associative desorption.
using laser REMPI detection have measured th@iduced Using a standard one-dimensional tunneling approximation,
in the dissociation of Nklon a hot R(0001) surface!® This  a symmetric Eckart barrier to represent the barrier of the 2D
experiment only probed various rotational states within PES!® a tunneling mass equal to the vibrational reduced
=0 andv=1. They observed vibrational inversion betweenmass andl;=800 K, we find that the estimated tunneling
v=0 andv=1 and the translational energy distribution for correction to the desorption is completely negligible.
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It is possible that the observed isotope effecBis more  so that diffusion lengths obtained during thgump are very
related to the experimental difficulties of controlling and short compared to the estimated 1500 A separation between
maintaining constant initial conditions for the two isotopes insteps for our high quality crystal. Thus, it is likely that under
the experimentsS depends strongly o, andAE/E of the  conditions of our LAAD experiments, desorption from steps
beams as well a& and this was not carefully controllgdr  is strongly diffusion limited and therefore the yield is low
at least reportedand corrected for in the experimental during theT-jump.
study® For example, it is not obvious that the saffigis
used in comparing the sanfeand it was shown previously \, | AAD OF CO FROM Ru (0001)
by them thatS is also a function ofT, as well asE.>® In _ _ _ _
addition, the sticking experiments were only performed with I this section we describe LAAD experiments of the
modest energy resolutiod,E/E=0.25—0.35 and the stick- associative desorption of 0 and G+O on RuU000) to
ing reported by them foE<V* can be qualitatively ac- form CO.
counted for by simply convolving the limited energy resolu- o, Background on CO /Ru(0001) system
tion with a sharp threshold a¥*~2 eV. Thus small

variations inAE/E between the two beams could also cause 1 n€ original motivation for this study was that CO is
an apparent isotope effect. isoelectronic with M and the dynamics of dissociative

adsorption/ associative desorption were anticipated to be
similar to that for N/Ru(0002).
) DFT calculations indicate that high barriers exist for CO
Despite the fact that defects are known to lower both thgjissociation on several transition metal surfaces and that this
barrier to dissociative adsorption substanti@lignd the bar-  payrier is also located almost exclusively along a vibrational
rier to associative desorption in TPDthe LAAD experi- coordinaté® For example, the DFT barriers ard/*
ment measures desorption from majority terrace sites. =1.0 eV, 1.4 eV, and 2.9 eV for dissociation of CO on
There are probably two major reasons for this reIativeRu(oooj),GB Ni(111) and P¢111), respectively® (The DFT
insensitivity to defects in the LAAD of Nfrom RU000D.  parriers may actually be higher using the better RPBE func-
First, theT-jump utilized in LAAD results in desorption at tjgnal used for the M calculations.
higher T than in conventional slow TPD experiments. AS  \olecular beam experiments have not observed direct
discussed in Sec. llIC, desorption at highky favors the  issociative sticking on the terraces for any of these metals,
kinetic path with the higher phase space, even if it is not theyen at incidentE much higher than the calculated
minimum energy path. Predicting the ratio of the rate ofy/x 41-43,70,71, example, CO incident &=2 eV shows
desorption from terrace;, to that of stepsRs, as a func- g evidence for activated dissociation on(B201.42-%3 It
tion of Ts and @y shows that under the conditions of the hag often been argued that this inability to translationally
LAAD experiments, desorption from terraces should domi-activate dissociation of CO on transition metal surfaces is
nate for any reasonable values of the steric fastand ki-  pecause the barrier is along the vibrational rather than trans-
netic parameters taken from an analysis of TPD spectra ghtional coordinate. While this may be part of the answer, it
low @y,>" which are interpreted in terms of a very large js not the complete answer since vibrational excitation
decrease irEqe from terraces to steps. We here take theinrough a hot nozzle also does not induce significant
experimentabdefef 0.0025 for our surface in estimating the yissociatior’®’*In addition, N, with perhaps an even higher
step pre-exponential factor relative to that of terr@Ceiots  parrier to dissociation than CO, gives measurable dissocia-
similar to Fig. 4 can be made and we find that the crossingjye adsorption under similar molecular beam conditions as
point whereR;>R;, is at T;~830, 1060, 1470 K fors  ysed for the CO beam experiments. This suggests that there
=0.01, 0.1, 1, respectively. It is likely that the steric factor st pe an additional reason that CO dissociative adsorption
s<1 for this case since DFT calculations suggest that thgs nhot observed on transition metal surfaces.
lowest barrier pathway at steps only occurs when two atoms ¢ dissociation on Ni and Ru single crystals is known to
are perpendicular to the step, i.e., for a constrainecoyr at high pressufé’® or for extended doses in
geometry?® UHV.74~76 However, it is likely that this is due to dissocia-

The second reason that desorption from steps does n@bp gt steps or defect€"5and is in accord with the lower-
dominate in LAAD is that diffusion is limited during a ing of the barrier to dissociation at steps in DFT
T-jump of only 100 ns so that desorption from steps mayqg|culationS3 77
well become diffusion limited. At low®,, STM experi-
ments shov_v that N atoms preferentially occupy ter_race_ ratheé. Preparation of C adlayers on Ru  (0001)
than step sites, so that the free energy of terrace sites is lower
than that of step sité¥€. This may, however, be an entropic Carbon can exist in several different phases on a
effect only dominant at lov® since DFT calculations sug- Ru(000)) surface, from isolated C atontsarbidic Q to is-
gest that N atom binding is greater at one ledge of the stefands of graphité®"®"°The phase formed depends upon the
than on terrace siteS.However, even if one ledge of the step degree of exposure of a precursor molecule that dissociates
sites are preferentially occupied, N atoms must still diffuse tdo form C(e.g., CH,, C,H, or CO) and the thermal history
the other ledge and align perpendicular to the step in order tof the sample. For example, low exposures gHE and
satisfy the lowest barrier condition for desorption from theanneals to 700 K result in the formation of reactive carbidic
step. The diffusion barrier for N/RQ00Y) is almost 1 e\¥>  C, while an anneal to 1300 K results in graphiticCThe

5. Relative insensitivity to desorption from defects
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FIG. 13. The CO partial pressure in the chamiBey, as a function of 1(us)

surface temperaturg; formed by temperature programmed oxidati@RO)

of the three forms of carbon adsorbed on(®a01); C, C,, and graphite. FIG. 14. CO desorption densify(t) as a function of time of flight for CO

formed by LAAD of (a) C+0O and(b) C,+0O. CO translational energi
corresponding td is given on the axis at the top. The smooth curves are
Maxwell-Boltzmann distributions at 842 K f@a) and 915 K for(b).

likely explanation is that isolated C atoms that are initially

formed in dissociation of ¢H, hgve a high diffusion barrier . LAAD experiments

and therefore must undergo a high temperature anneal so that

they can form the more stable graphite on the surface. The Initial LAAD experiments were performed after prepar-
different forms of carbon are distinguished by differences inng a RU000]) surface with only carbidic C-atoms with
temperature programmed oxidati¢fiPO), i.e., by ramping ®-~0.05 ML and then saturating the surface with O atoms
the temperature with coadsorbed oxygen atoms and monitof®0~0.5 ML) by background @ adsorption at Ts

ing the CO formation due to oxidation of the C. The carbidic =300 K. The sample was then biasedlgt=430 K, above

C shows a TPO peak at ca. 5407kwh||e the graphitic C the nominal TPD peak of molecularly adsorbed CO when O
shows a peak at 1000—-1100’KIn some experiments, an IS present? but below the associative desorption temperature
intermediate anneal to 660 K for low exposure of precursordor Cagst Oags—COyas. The resulting TOF from the LAAD
results in conversion of the TPO peak for carbidic C to a news given in Fig. 14a). Following the LAAD procedure, the
TPO peak at 740 K° This new “state” of C is presumably normal TPO intensity was largely unchanged and indicates
the formation of G or other small C fragments on the sur- that only a very small fraction of the C was removed by the
face caused by the limited mobility of the C atoms duringLAAD. In addition since only the TPO feature at 570 K was
this intermediate anneal. Thus, there are at least three moRsesent after the LAAD, th@-jump did not cause any ag-

or less well-defined phases of C that can be produced on tH#egation of C atoms during the experiment.
Ru(000)) surface; C, G, and graphite. Another LAAD experiment was performed by preparing

Procedures were developed to produce in a relativelyhe carbon adlayer attributed to adsorbeg fGllowed by
isolated way the three forms of C on the surface, as evisaturated adsorption of;OPrior to LAAD, the surface tem-
denced by the TPO spectra in Fig. 13. As a precursor, w@erature was set at the biaig=500 K. This insures that any
exposed the surface to a seeded supersonic beam paCH C on the surface is removed by background TPO and that
an incident normal energy of 0.85 eV andTat=600 K. At only C,+O associative desorption can contribute to the
this energy, a small fraction of the GHdissociates and at this LAAD. Results are given in Fig. 18). ATPO following the
T, all CH, fragments fully dissociate to C and H, with the H LAAD showed only the feature at 700 K.
associatively desorbing from the surface. For beam expo- Because of the analogy to,fRu(0001), we anticipated
sures of<30 s only carbidic C was observésee Fig. 13 that LAAD of C+0O and G+O should produce high trans-
Both exposure af>600 K or for longer times than 30 s at lational excitation in the desorbing CO. Instead we observe
Ts=600 K produced TPO consistent with a mixture of C only slow thermal energies of the desorbing CO. The result-
and G on the surface. It was possible to then remove the @ng LAAD are well described by Maxwell-Boltzmann dis-
by a TPO to 615 K. After this procedure, only, ®r other  tributions as shown by the solid lines in Fig. 14. The tem-
small aggregates remained on the surface. This is shown Peratures characteristic of the LAAD afe, =842 K for
Fig. 13 labeled as £ Finally, exposure for 30 s followed by Fig. 14@) andTc ,o=915 K for Fig. 14b). These are close
anneals above 1000 K also produced graphitic C. The smatb, but not quite identical to, th&,=T,+ AT, estimated
peak at~420 K in Fig. 13 is due to molecularly CO ad- from LITD of CO as described earlier; i.eTg=980 K for
sorbed from the background, shifted down in temperaturéhe conditions of Fig. 14) and T,=1050 K for the condi-
due to the adsorbed oxygé€hEssentially the same results tions of Fig. 14b). Whether this small difference between
were obtained by exposure tol€, at low energy as the C the LAAD and LITD temperatures is meaningful is not clear
source instead of the seeded supersonic beam gf CH since there are chemical effects, which slightly affect the

Downloaded 07 Aug 2001 to 134.105.248.20. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 Laser assisted associative desorption 3371

best-fit CO LITD Maxwell-Boltzmann temperatures ob- second scenario, it is possible that because of indirect scat-
tained in CO LITD. The main conclusion is that despite thetering in the well on the way out, there is a rapid loss of the
similarity of the barrier topology to NRu(0001), associative translational degree of freedom due to energy scrambling
desorption of G-O produces only thermalized CO in asso- into other modegparallel translational, rotational or the pho-
ciative desorption. non energy. The ultimate limit of this scattering is complete
Because the LAAD looks so similar to normal LITD of thermalization, i.e., transient trapping. Since we only observe
CO, several tests were undertaken to insure that the observétte translational energy distribution normal to the surface,
CO did result from LAAD and not from LITD of an impurity we cannot distinguish whether internal molecular modes are
CO existing on the surface. The major motivation for choos-also thermalized.
ing a biasT,=430 K for Fig. 14a) was that this is slightly
above the nominal TPD peak of molecular CO from terraceVl. SUMMARY AND CONCLUSIONS
sites under these conditions when O is coadsofbédter
preparation of the €O adlayer identically as for the LAAD
experiments and setting the bidig=430 K, no molecular
CO was observed in TPD above 430 K. In addition, two

In this paper we have described a general technique for
studying associative desorption, so-called laser assisted asso-
ciative desorptiolLAAD ) and from this in favorable cases
inferring energetics and some aspects of the dynamics of

LAAD experiments were performed by only preparing C/ associative desorpti - : : ;
ption. This technique is based on desorbing
Ru(0001 and thereafter only O/R000). In both cases, no molecules via a laser inducettjump and measuring the

CO at all was ot_)s_erved in the TOF and again indicates thaﬁ’anslational energy distribution of associatively desorbing
molecular .|mpur|t|es are not the source of the LAAD. Fi- molecules via time-of-flight techniques. The technique has
nally, for Fig. 14b), the bias temperature is 500 K, far above several advantages relative to other methods of observing
any molecular CO peak so that no molecular CO can b%ssociative desorption; higher sensitivity, wider rang& gf

present on the surface. wider range of atomic coverages, ability to observe associa-

dEvl:?tn ;Tngh barrtlerts to assgc(;atflvetdeio.rptltl)n of CO Alive desorption when this is not the lowest energy path and a
undoubtedly fower at steps and defects, 1t 1S alSo Very Ungg a4, e insensitivity to defects. On the other hand, a disad-

likely that the LAAD originates from these defect sites. Be'yantage of the technique is the need to minimize laser dam-

sides the general arguments against this presented in the d%e at the surface due to repeated lasgumps. This is

cussion of N LAAD, C is very unikely to reside particularly relevant since a photophysical mechanism for

preferentially at defects.sm.ce t.he dissociation Of@H”_“ laser-induced damage has been identified for several metals
the molecular beam dosing is direct and randomly d|str|bute{

th ; C at p d by th d di i nd for which there is no threshold for formation. It was
on the surface. & atoms formed by the rapid dissociation o ossible, however, to devise procedures which insured that
CH, are completely immobile under the conditions of the

. no laser damage occurred for the(B@0J) surface. Another
LAAD experiments. disadvantage is that internal state distributions are not ob-
tained as the technique has been described here. It will be
described elsewheféthat combining laser based REMPI de-

The thermal or quasithermal desorption of CO formed intection with LAAD is feasible and removes this restriction.
associative desorption on RD0J) is evidence that strong As a way to characterize thEjump on the surface, we
energy loss to the lattice occurs for this system, even morbave measured the CO translational energy distribution for
than in the case of NN associative desorption on R001). CO LITD from the R{000]) surface. In contrast to a few
The similarity in barrier topology of €0 to that for N+N prior studies, we find that this CO LITD is well behaved and
on RU0001) suggests a common origin to the energy lossfits thermodynamic expectations. The translational distribu-
mechanism. One possible reason for the stronger thermalizéons are Maxwell-Boltzmann witfico~Tg whereT is the
tion of CO relative to N may be in the role of the molecular peak temperature calculated for tligump using the stan-
well to cause even additional energy loss. Fgf Ru(0002), dard theoretical model fof-jumps. T¢g is linear with the
the molecular well is only 0.4 e%:82 However, for CO/ incident laser intensity and shows no leveling off at high
Ru(0001) the molecular well is 1.7 e¥?#4In addition, be- laser intensities as in some other studies.
cause the CO well is deeper, it is likely to extend over a  We have used the technique of LAAD to study the dy-
much greater phase space than thewell, i.e. for a wider namics of associative desorption of ffom Ru0001). We
range of angles and impact sites on the surface. We therefofid that adiabatic barriers can be obtained as the high energy
suggest that the CO is either transiently trapped into or indithreshold in LAAD. The barrier between gas phasgadd
rectly scatters from the molecular well after association atdsorbed N increases substantially with both N and coad-
the barrier and before exiting into the gas phase, and thatorbed O coverage on the surface. This is also in very good
these effects are much more pronounced for CO relative tagreement with DFT calculations and is rationalized in terms
N,. of shifts of the center of the metdlbands with N coverage.

It is difficult to distinguish between transient trapping We also find no significant isotope effect in either the yield
and incomplete thermalization for the CO in LAAD. In the for desorption or in the energy distribution of desorbed N
former case, the CO traps in the well after passage over thiadicating that tunneling plays no role in associative desorp-
barrier and desorption occurs because Theis above the tion. The results also suggest large energy loss to the lattice
desorption temperature of the molecule. The TOF resultsipon desorption, presumably mostly from the vibrational co-
from the more rapid desorption during tiejump. In the  ordinate. The nature of this energy loss mechanism is not yet

D. Discussion
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