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The effects of molecular rotation and vibration in the dynamics ;of H
scattering from Pd(111) and Cu(110) were studied using molecular beam and laser
spectroscopy techniques. These studies test state-of-the-artidasimulations
of molecule-surface interactions, a fundamental understanding of which i
relevant to diverse fields in science and technology.

Experiments on the rotational state dependence ofliskociation on
Pd(111) were motivated by recent theoretical results concerningotieept of
dynamical steering. This concept has been invoked to explain the enhahoéme
sticking at low translational energy for, thcident on certain metals. It suggests
that sticking should also be enhanced for low rotational energy in these systems.

The experiments presented here qualitatively confirm this piadlidtor
incident translational energies from 31-95 meV, the/PH(111) sticking
coefficient goes down as the rotational quantum number J is ramsadfto 3. It

then increases for J=4 and 5, which is consistent with rotationadyeaéso
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helping directly overcome the activation barrier. A fraction of sbattered ki
molecules are also rotationally excited. This occurs directly spatiering but is
activated by the surface temperature, not the incident translagoeeady. This
behavior is not explained by current theoretical treatments and esduither
exploration.

Experiments on the vibrational state dependence ,ofddttering from
Cu(110) and Pd(111) were motivated by continued considerations of activation
barriers to dissociative adsorption, since vibrational energy agsistirmounting
barriers which occur “late” along the reaction path.

The survival probability of K in the rovibrational state (v=1, J=1),
prepared by stimulated Raman scattering, was measured farisgattom each
surface. In both cases the (v=1, J=1) survival probability is smallethlaof the
ground vibrational state, in accord with expectations for a late ba@me€Cu(110)
it decreases from 0.670.09 to 0.28 0.05 over the translational energy range
77-280 meV, in good agreement with recent theoretical calculationsle@n c
Pd(111), it is only a few percent. Vibrational relaxation was alsgerved on
Pd(111), in a process that involves transfer of some vibrational eteetgyg Pd
substrate. The relaxation channel may be electronically nonadiabdtideserves

further theoretical and experimental investigation.
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Chapter 1

Why M olecule-Surface Scattering?

Chemical reactions on solid surfaces play an important role my ma
branches of science and technology. In the chemical industry, for exampl
heterogeneous catalysis on the surfaces of metal and oxide powdetslysused
to promote and gain selectivity in chemical reactions. Cataiystsan essential
part of this industry and there is a constant effort to develop andwapinem.
Heterogeneous catalysis may also play an important role imtti®ement, such
as in the effects of reactions on aerosol or ice particlecasfan atmospheric
chemistry. And, in the electronics industry, knowledge of the detaitiidace
chemical reactions used in the patterning of integrated ciisufscoming more
important as the size of electronic devices continues to shrinkrésuh of their
widespread importance, the nature of surface chemical reactiobedrastudied
intensely for the past three decades.

A principle research goal has been to build up predictive power in
analyzing these reactions. This is intrinsically complicatedalmse surface
reactions are, by nature, many-body problems, involving many electrons and
nuclei. Furthermore, in any one chemical system a variety of @thy®mioccesses
must be considered, such as the adsorption of species onto the raattve, s
their dissociation, diffusion across the surface, reaction with ciperies, and
subsequent desorption, as well as changes in the chemical/elestedaiof the
surface and rearrangement of the surface atoms during the gnotess. The
fundamental nature of each of these processes has typically hesiad st

independently to simplify the problem.



Of the surface chemical processes listed above, one of thempustant
is that of dissociative adsorption, in which a molecule in the ga® [g#takes a
surface and dissociates into two adsorbed atoms. This is oftenttalesteip in a
surface-catalyzed chemical reaction, as it brings the rdacta the surface.
Consequently there has been a great deal of theoretical and egatieffort
aimed at understanding the dynamics of this step. [1,2]

In general, chemical reactions may be classified as oneodiypes: those
that are activated and those that are not. Activated processese reqguit of
energy for the reactants to surmount a repulsive barrier whigallinprevents
reaction, even though the process as a whole releases energy,uneaciieated
processes require no energy input. Therefore activated processeadlytypecur
slowly while unactivated processes occur readily. Many gas-surdgstems
display activation barriers to dissociative adsorption. An importantetieal and
experimental goal has been to investigate the nature of thesardanhy they
arise, and the dynamical mechanisms by which they are overcome.

Both theory and experiment have concentrated on explaining the
fundamental phenomena of dissociative adsorption as observed in certain model
gas-surface systems. Typically these systems are snmddicules, particularly
diatomics such as4IN,, NO, CO, etc., interacting with various low Miller index
faces of single crystal metals and semiconductors. The reactidnwith metals
has been particularly important, becausg i$l the simplest molecule to treat
theoretically.

The theoretical approach to the dissociative adsorption problem, as for
many other problems in chemical dynamics, has been to considehérsital
energy of the system as a function of the positions of all thesat@fierred to as
the potential energy surface (PES), and then, using the PES, tdatmalthe



dynamics for given initial conditions. Both steps in this prograncaneplicated
by the number of atoms involved, and simplifying approximations, such as
neglecting some degrees of freedom, must be made. An impliainpsen in
this program is that the total energy may be regarded as dulycdon of the
atomic coordinates, i.e. that the electronic degrees of freedonibesfeilmuch
faster than the nuclear motion, which is the Born-Oppenheimer approximation.

Due to steady progress in both computational power and analytical
techniques, the sophistication of theoretical simulations of moleatiace
scattering dynamics has increased greatly in recent ydacufrent state-of-the-
art in these calculations permits evaluating the PES for andi@tmolecule in
terms of all six molecular degrees of freedom and calculating tredgs on this
six-dimensional PES quantum mechanically. Density functional thddRf)(
with the generalized gradient approximation (GGA) is used inleding the PES
and a coupled channel or wave packet approach is used to calculate the
dynamics. [1,3,4,5] The six degrees of freedom are the molecule/surface
separation, the atom/atom separation in the diatomic molecule, thenpact
coordinates of the molecule on the surface, and the two angles degdhbi
molecular orientation. Motion of the surface atoms is still eiteglected or
treated in a lower degree of precision, however.

In the theoretical simulations, the initial conditions of a molesuléace
scattering event may be precisely controlled, and the effebesé tconditions on
the outcome of the scattering may be explored. Thus, for exampleffebts of
initial velocity, incidence angle, and rotational and vibrational motionaon
molecule’s behavior when colliding with a given surface may be ieain
Certain dynamical behaviors are found to be characteristic ofylartfeatures in

the calculated potential energy surface.



In order to test the theoretical predictions, and to uncover new behavior,
is desired to perform experiments which provide information on the metec
surface interaction forces and dynamics. One typical approach wriegpihese
forces and dynamics, as in many physical problems, is to perforcatirgg
experiment.

Scattering experiments of relevance to gas-surface chgmistrally
employ supersonic molecular beams directed at single-crystgles of the
target material in ultra-high vacuum (UHV). The mean velocitthef molecular
beam is easily adjusted by varying the ratio of reactantogaett seed gas in the
beam source, as well as the temperature of the nozzle from wigcheam
emerges. The velocity distribution in the beam is very narrow becthes
expansion from the nozzle is supersonic. Therefore these expericaantsobe
the effects of the molecule’s incident velocity and angle on thiesing and the
reaction probability. Laser spectroscopy may also be used to metimure
rotational and vibrational state distributions of the incident and esedit
molecules, and thus probe the effects of the scattering on the intestegular
motion during the collision.

The goal of the present work was to study experimentally teetedf the
molecule’sinitial rotational and vibrational motion on the scattering event, and to
make the most precise comparisons with theory possible by measheng
reaction probabilities of molecules in particular rotational and tdral states.
To this end, a molecular beam surface scattering apparatus e@sviils laser
spectroscopy for quantum state resolved detection, and, in some exp&riiment
guantum state preparation in the molecular beam.

For this work, the reaction of ;Hwvith Pd and Cu single crystals was

studied. The HPd and H/Cu systems have been well studied previously both



experimentally and theoretically. The former is an example avdessociation
occurs readily, while the latter is a classic example afystem with a high
activation barrier to dissociative adsorption. Recent experimemtiatheeoretical
results in these systems have shown strong effects due to rdtatioda
vibrational motion of the incident molecules, as will be discussedeirchapters
that follow. The present work was undertaken to explore these effilstgreater
precision and provide a more stringent check against theory. Becaubke of
unique experimental approaches adopted, new behaviors were also uncovered
during these studies which cannot be explained within the current thabret
state-of-the-art.

The experiments on the rotational motion effects were carriedabeity
for H, dissociation on Pd and are discussed in Part Il of the dissertiapters
2 through 5. The experiments on vibrational motion effects were @¢auefor
H, on both Cu and Pd and are discussed in Part lll, chapters 6 through I¥. Part
contains the concluding chapter, Chapter 10, which summarizes the sesllts
conclusions of both sets of experiments. It also suggests direfdrdusure work

on these projects and in the molecule-surface scattering field in general.
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Chapter 2

I ntroduction

This section of the dissertation, Chapters 2 through 5, discusses the
experiments performed on the effects of rotational motion in thediimon of
H, on Pd. These experiments were motivated by recent theoreticalatans
concerning the role of dynamical steering in this system. Thisehgipes a brief
introduction to the theoretical discussion of these effects, a synohgdome
previous experiments performed to test them, and the motivations fprethent
work. In Chapter 3 the experimental apparatus used in the present work is

described, and in Chapters 4 and 5 the results of the experiments are discussed.

2.2 Dynamical Steering

The concept of dynamical steering emerged recently to expdatairc
trends observed in nonactivated dissociative adsorption. [4,6,7] In theotabes
adsorption on, for example, Pd [8], W [9], and Pt [10], molecular beam
experiments have shown that, at low incident kinetic energy, th&instic
coefficient actually decreases as the kinetic energysedain the past, this trend
has often been interpreted in terms of a precursor-mediated adsorption
mechanism, in which adsorption occurs by first the trapping of the micide
particles into the physisorbed state, followed by a dissociatipe [4tE] Because
trapping into the physisorbed state is favored at low kinetic enirg)sticking
coefficient goes down as the kinetic energy is raised. This mschas almost
certainly correct in the case of the dissociative adsorptiorkahe on transition
metals, for example. [12,13] But forlén metals, such as in the examples listed

above, an alternative explanation seems called for, sincehysisorption is
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generally weak [14,15] and its lightness results in small tragmiolgabilities on
metals. An alternative explanation of the/mHetal sticking behavior has recently
been proposed, in which the incident idolecules are dynamically steered along
the lowest energy paths towards favorable adsorption geometries dhoeing
approach to the surface. The steering forces enhance the dissqmiabability
for molecules approaching the surface slowly enough. As the kinetigyeise
raised beyond this range, the molecules do not have enough time during the
collision to be steered to the dissociation configuration, so thergjickiefficient
goes down.

High-dimensional dynamical simulations @b initio potential energy
surfaces have demonstrated the dynamical steering effect fon IRd [4,5], W
[6], and Rh [7]. These calculations also show a strong coupling between the
surface and the rotational degree of freedom of the incident mqleuitiethe

interaction acting to rotate the molecule into a favorable adsorption geometry.

2.4 J-Dependent Sticking

An additional feature of the theoretical work done by Gross, Wilke, and
Scheffler on the HPd system [4,5] is their prediction that the sticking
coefficient should depend sensitively on the initial rotational quantum numbe
Figure 2.1 shows their calculated values for the sticking coeffi@ért, on
Pd(100) as a function of initial rotational quantum numband incident kinetic
energy E At the lowest incident kinetic energy, where the steering nmésiina
should be dominant, the figure shows that the sticking coefficient drops, i
general, as either the kinetic energy or the rotational stateised. Their
interpretation is that in the low energy range, increasing eieekinetic energy
or the rotational energy inhibits the ability of the steeringafto guide the

molecule to dissociation. The predicted dependence of the sticking aonaltat
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Figure 2.2: Theoretical sticking probability of, dn Pd(100) as a funchoofl
incident kinetic energy and initial rotational state. Resultscatetesy of Axe
Gross and appeared in Ref. 5.

state was consistent with the observation of rotational coolingcomiginative
desorption of H from Pd(100) [16], which, by the principle of detailed balance,
implies lower sticking coefficients for higher J states.

Note in Fig. 2.1 that, in the high energy range, the sticking coeffidizes
go up with increasing kinetic energy, contrary to the trend at teewgg. This is
because at the high energies the suppression of the steeringwefieb guides

the molecules around the activation barriers, is already complete)coeidsing
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the translational energy helps the molecules to directly overtbenactivation
barriers.

Also note in Fig. 2.1, although they will not be considered in detail here
the oscillatory features in the sticking probability as a functibtranslational
energy. These features are typical of quantum mechanical dynamdcsirise
from a number of sources. One source is the opening of new diffraction
(scattering) channels as the translational energy is raised.1d]1Another is
resonances that occur when the incident translational energy mttehasergies

of frustrated vibration and rotation states of the molecule at the surface. [6]

2.6 Experimental Tests

The prediction of rotational state dependentPld sticking coefficients
was directly confirmed in adsorption by Beutl, Riedler, and Rendulic, fadnad
in seeded beam experiments that th#PH(111) sticking coefficient decreased
substantially as the average rotational energy of the incideecolal beam was
increased. [19] In a later experiment oM, they actually determined state-
resolved sticking coefficients for J=0, 1, and 2 by cleverly usingreifit ortho
and para kbl mixtures. [20] Sticking coefficients for higher rotational states
probably cannot be obtained using this method, however, which relies on
detecting differences in the average sticking coefficient famseof different
rotational temperatures. The populations in the higher states dergetnough
to significantly affect the average sticking coefficient. Also, thesdteeare based
on the assumption that the ratio of ortho and para molecules in thei$@am
altered during passage through the beam source. Though the authors $@awe rea
to believe this assumption is correct, they were not able to check it.

Rettner and Auerbach also briefly addressed the rotational state

dependence of the HPd sticking coefficient using laser spectroscopy for state-
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selective detection in a molecular beam experiment. [21] Theysurezh the
relative reflectivity,R(J), for H, in different J states scattered from clean versus
hydrogen saturated Pd(100). They found the rRi{id:iecaf/R(I)atwrated iNCreased
with J over the range J=0 to 3, for incident translational eneoi&® meV and
70 meV. This suggests that the sticking coefficient on the cleéacsudrops as J

is increased, supporting the prediction of Gross, Wilke, and Schedfiarding
the role of rotation in inhibiting adsorption. However, they measure#irgiic
coefficients that are higher than those predicted by Gebsd. for Pd(100) by
approximately a factor of two. In addition, they questioned the detstitedture
calculated by Grosst al. for sticking versus translational energy, which they did
not observe experimentally. [22]

The present work was undertaken to further investigate the role of
rotational motion in H/Pd adsorption. Experiments were performed to measure
the sticking coefficient of KW on Pd(111) as a function of initial rotational
guantum state. These experiments are similar to those perfornfRettoger and
Auerbach, but the measurements have been extended to a larger rdngedof
translational energy, and, in addition, the possibility of rotation& staanging
collisions at the surface has been included in the analysis. Thksres$ the
present experiments show an interesting trend which generally suppert
dynamical steering model. In addition, there are some unique expeaiment

findings which require further experimental and theoretical investigation.
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Chapter 3

Experimental Apparatus

In this chapter the experimental apparatus used in all theergogtt
experiments will be discussed, along with details particularly relevant té,tRd
rotational motion experiments. Details relevant to the experinzentsbrational

motion will be discussed in Chapter 7 of Part IIl.

3.2 Molecular Beam System

A schematic diagram of the experimental apparatus, somesdgtarhich
have been described previously in the literature [23], is shown in Figuré 3.2
supersonic klbeam exits a pulsed nozzle, operating at 10 Hz, the temperature of
which was varied between 150 K and 800 K for these experiments. The eam i
skimmed and then chopped by a high-speed rotating disk in the diffesentiall
pumped buffer chamber. It enters the differentially pumped ultra-highuwa
(UHV) scattering chamber through a specially shaped apertureh whikc be
discussed further below, and scatters off a Pd(111) crystal wifkin degrees of
normal incidence.

The chopper disk has slits of two different sizes and the noririg fime
can be chosen to select either of the slits. When the narrowiersded, the flux
of the beam source onto the targekix10” / cnf per pulse, corresponding to
< 0.00065 monolayers (ML) per pulse given the Pd(111) site density
Na = 1.53x 10" /cn?. These pulses have a temporal full width at half maximum
of about 1Qus when they reach the Pd target (when purésHised in the beam
source, at room temperature). When the larger slit is used, the \pidth and

flux per pulse are increased by a factor of 20. The largas slged only for brief
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Figure 3.4: Schematic diagram of the experimental apparatus.

periods to quickly build up a saturated layer of hydrogen on the Pd satfkove

temperature.

3.4 Laser Spectroscopy

The incident and scattered Hholecules are detected by (2+1) resonance-
enhanced multi-photon ionization (REMPI). [24] The ionizing laser crodees
molecular beam perpendicularly, as shown in Figure 3.4, 2 mm from the Pd target.
The laser operates at 10 Hz, as does the nozzle, and has a putseflefgtns.

The probe radiation is tuned over the range 201.6 nm to 203.3 nm to ienize H
the (v=0, J=0-5) states via the Q branch of the (0,0) vibrational band. (Se
Appendix A for a diagram illustrating the probe transitions.) lonateteby the

14



laser are swept to a microchannel plate in the bottom of thetatetesembly
shown in Figure 3.4, and the amplified charge per pulse is recorded lg a da
acquisition computer. The laser firing time can be adjusted wi#peot to the
nozzle and scanned under computer control to measure a time-of-TQR) (
spectrum. This allows us to measure the velocity of the incident.bEae laser
frequency can also be scanned under computer control to measure ibaalotat
spectrum.

The pump laser beam shown in Fig. 3.1 is not used for the experiments
described here, but only for those described in Part llI.

The velocity resolution in the TOF spectra depends on the ratio of the
chopper slit opening time, |85, to the flight time of the molecules between the
chopper and the probe laser, aboufu8Zor an incident translational energy of
73 meV. Thus the velocity resolution ranges from about 4% to 8% ovemne ra
of incident translational energies studied, 31 meV to 94 meV.

At the output of the scattering chamber, the ultraviolet probe i@aliest
directed onto a white card and the resulting blue fluorescenceasunee with a
photodiode. The intensity is recorded during data acquisition and used ftct corre
the ion signal for variations in probe power as the dye laser fregjieacanned.
Using neutral density filters to adjust the probe power over a wide rangévaha g
frequency, it was found empirically that the measured ion sigmpabortional to
the photodiode signal raised to the power 1.6, and this relation is used in
correcting the spectra.

The neutral density filters are also used during the experirteekéesep the
probe power below levels which saturate the ion detection systdhe ffrobe
power is too high, excessive levels of ionization result in a sbhtlsignificant

nonlinearity in the response of the ion detection system which ntadkéscult to
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simultaneously compare strong and weak features in the spects.fgthwas
discovered after many months of effort trying to explain bizagselts.) A linear
operation regime for the detection system was identified byuriagsghe output
signal as the chamber was backfilled with ahd the pressure measured with an
ion gauge.

The microchannel plate in the ion detection system can also g eas
saturated by scattered uv light from the probe laser. The intenkghtiejects
electrons from the channel plate and initiates an electron castaderevent
saturation, the channel plate gain is switched rapidly with a honlteFogin-
voltage pulse circuit which discriminates against detector respdusng the

laser firing time. [25]

3.6 Distinguishing Incident and Scattered Molecules

We wish to selectively probe with the laser either moledalddent upon
the surface or those scattered back from it. These cannot be Wsied) using
only the laser firing time, because the round-trip flight timéhefmolecules from
the laser focus to the surface and back agdips, is much smaller than the pulse
width of the incident Hbeam=10ps. To probe solely the incident molecules, the
sample manipulator (attached to the rotating lid of the scattetagnber) is
simply moved to remove the Pd target from the molecular beam. To gotde
the scattered molecules when the target is in the scatfsigon, a clever trick
was used. A thin wire, of diameter 0.38 mm, was placed horizontathgsathe
final molecular beam collimating aperture. This aperture ¢guare hole 4.75 mm
on a side, tilted so that its diagonal is parallel to the proles,las shown in
Figure 3.4. By focusing the probe laser into the “shadow” created hvirthethe
incident molecular beam is completely rejected (ideally), and omdecules

which have scattered off the surface into the shadow are detecte8irj2é the
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molecular beam is not perfectly collimated, however, and the probeitasot
perfectly aligned with the shadow, there is a small responséetantident
molecules even with the probe in the shadow. This is approximately 3% of the full
response to the incident beam measured just outside the shadow, anefasethe
negligible for the results discussed here.

As a result of the finite size of the molecular beam and théqrosg of
the probe laser in the shadow, only molecules which scatter oHirthet tvithin a
certain range of angles with respect to the surface normiabeviietected. The
analysis in Appendix B shows that this range is approximately 5 we§tees,
and that the response of the detection system is approximatelyhuifioangles
between 10 and 60 degrees. The square shape of the aperture was chosen to
achieve this uniformity, the importance of which will be discussedwbeh
Section 4.5.

3.8 Sample Preparation

The Pd(111) disk used in these studies is 7 mm in diameter and 2 mm
thick. It is heated and cooled from the back side by electron bombardment
liquid nitrogen, respectively. The crystal temperature is medswih a
chromel/alumel thermocouple inserted into a hole spark-drilled inidieeo$ the
crystal.

To prepare a clean, well-ordered surface in vacuum, the following
procedure is used. First the crystal is sputtered for 30 min witle\349" ions,
at a current of about O}, in the presence of*610° Torr of air leaked into the
chamber. Air is used as a convenient source of oxygen to oxidizeasngnc
which may be adsorbed on the surface. During this time the crygstald at

300 C, which is above the desorption temperatures fp[2K] and CO [28].
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Then the sputter source and air leak are turned off, and the asysi@hted to
600° C for 10 minutes, to anneal it and also desorb any adsorbed oxygen. [29]

Following this procedure, the crystal exhibits a shagi(1EED pattern,
indicating that the surface is crystalline and well ordered. mMpurities are
detected on the surface with Auger spectroscopy, which will betisertsi small
concentrations of most impurities except carbon. Small surface agmgerof
carbon cannot be detected on Pd with Auger spectroscopy, because of ldqe over
near 275 eV of carbon and palladium features in the Auger spectrumfagtis
and proposed schemes for producing or verifying carbon-free Pd surfaces, ha
been discussed considerably in the literature. [30]

The cleaning recipe discussed above is believed to result ih@neaee
surface because of the exposure to molecular oxygen during sputfEnisg.
position is supported by the following experiment. Large amounts of adsorbe
carbon were intentionally placed on the Pd surface by exposure yteaeetnd
subsequent heating of the surface. Following the large carbon expbsueeista
clear change in the Auger spectrum, with the peak at 275 eV becobnoungl®%
larger relative to the strongest Pd peak at 330 eV, just as m@porief. 30. If
the crystal is then heated to 3@ in the presence$10° Torr air for 5 minutes,
the Auger spectrum reverts to its original state, indicatingnthueh of the carbon
has been removed. Since this 5 minute oxidation procedure is effective in
removing significant amounts of carbon, it seems reasonable tbeti\effy all of
the carbon is removed during the 30 minutes of sputtering and oxidationnused i
the cleaning procedure.

In the course of the experiments, measurements are made fos beam
scattered both from a clean surface and from a hydrogen saturgse® sFor the

scattering measurements from the clean surface, the swefaperature Jis held
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at 423 K, which is well above the #d desorption temperature o850 K.

Equating the average beam flux of 0.0065 ML/s with th® & desorption rate

ldes =V desexi(_%) (9)2 Na, (3.2)

wherevges= 1.3x 10" cnf-s [31] and Bes= 0.91 eV [32], a steady-state coverage

of less than 0.001 ML atsT= 423 K is expected, considering loss of hydrogen
from the surface due to desorption alone. If bulk absorption is also causider
would expect the surface H coverage to be even lower, which willsdoessed
further below in Section 4.4. For measurements from a hydrogen sdtswatece

the Pd target is kept at 100 K. Considering both desorption and bulk absorption,
the steady state hydrogen surface coverage at this tempesaéxgected to be
near unity for the given beam flux.

The base pressure in the UHV system is typicakyl0™® Torr, with the
residual gas being mostly composed of about equal partsl® and CO. To
ensure that the surface is as free of C and O as possilseatdlring experiments
on the clean surface are carried out within 90 minutes of the suwfearing
procedure outlined above. During this time the surface is kept=a#t23 K which
is above the desorption temperature faOH33] and high enough to prevent
significant CO adsorption given the CO/Pd desorption kinetics. [28,34] Wath t
hydrogen beam source on, the pressure in the scattering chambesartay2x

10° Torr of H, in some circumstances.
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Chapter 4

Measurement Technique and Results

This chapter presents the measurement technique and basicforshis
H./Pd J-dependent sticking coefficients and state-changing probabilitiedirst
section outlines the program of measurements used to measure anlizedirea
rotational spectra of the incident and scattered molecules, and riexhsection
representative data are presented. Following this, the model usedlyneathe
data is discussed. Results of the analysis are presented isttheckon in tabular

form, and discussed in more detalil in the next chapter.

4.2 Program of Measurements and Normalization Method

The essence of the measurement technique is as follows. For given
incident molecular beam conditions, i.e. nozzle temperature and gasenitke
number of molecules incident upon the clean surface in each Jstaéd as the
number scattered back from it in each J state is measured. ifieaserements
are then repeated for different beam conditions which produce a véssenif
incident rotational state distribution but the same measured tianalaenergy.
Combining these results and using the model discussed in Section 4.3, the
probabilities that molecules incident in each J state dissomratestick to the
surface, scatter back in a higher J state, or scatter backwenJ state, for the
given incident translational energy, are extracted from the ddtis. entire
procedure is then repeated for several different values of the translationgl energ

In order to determine the fraction of the total incident flux Heatters
back from the clean surface in each J state, there must bg af waaling the

measured scattered intensities to the incident ones. To do thisstimamion is
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made that when the surface is cooled to 100 K and saturated with hydrogen atoms,
the reflectivity to incident hydrogen molecules will be unity, beeatl®e net
adsorption is zero. (Calculations with the model discussed in Sectish&wt
that the rate of bulk absorption is negligible, compared to the incitientat

100 K.) Thus, following each measurement of the rotational state wme&r
molecules scattered from the clean surface, the surface isdctwl100 K and
saturated with hydrogen, and then the spectrum is measured againwdhe t
measurements are then normalized together so that the sumriktisties in all

J states from the molecules scattered off the saturatedesusfanity. Thus the
normalized values for the clean surface scattering equal ttt@fraof the total
incident flux which scatters off the surface without dissociating ends up in
each particular J state. Note that no assumptions about the rotattatel
distribution of molecules scattered off the hydrogen saturated suntae been
made, only that the total effective reflectivity of the sawdasurface is unity
because the surface sites are filled.

Experiments have suggested, however, that hydrogen can directly absorb
into subsurface Pd(111) sites, even if the surface sites ack {B5] But from the
large exposures necessary to observe subsurface site populationsén the
experiments, we can conclude that the probability for direct stigkitagthese
sites is < 10, and may therefore be neglected for the purposes of the experiment.

An additional assumption that is made in using this normalizatiomgche
is that the angular distribution of scattered molecules is ainfidr the clean
surface at 423 K and the saturated surface at 100 K. If the angutédyutiisns
differ markedly from each other, then the normalization will not bgredy
correct, because of the limited uniformity in the angular responte afetection

system. This is discussed further in Section 5.5.
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It is assumed that the contribution of dissociation followed by
recombinative desorption to the measurements of the spectra of raslecul
scattered from the clean surface may be neglected. This asid®eas the laser
wavelength is scanned to measure the intensities in each ,Jttstataser firing
time is kept fixed at the peak arrival time of the scatteretbcular beam pulse at
the laser focus. At this time, the overwhelming contribution to thasuored
signal is from molecules which have directly scattered offRftig¢arget without
dissociating, rather than those which have dissociated on the suefm®pined,
and desorbed. This is made clear by comparing the flux of direziyesed
molecules with that of desorbing molecules. The beam flux is rodgkly0*
molecules per cf arriving in each 1Qus pulse, giving a peak flux of
=1 x 10'" /cnf-s. If half of these molecules stick to the surface, the peakoflux
directly scattered molecules will b& x 10" /cnf-s. The half of the beam pulse
which sticks corresponds to 0.00033 ML, so the peak surface covrage
during the beam pulse cannot be much more than the steady state value of
0.001 ML given above. The desorption rate, using Eq.(3.2), is then
2.7x 10" [enf-s. This is four orders of magnitude smaller than the rate dftdire

scattering near the peak arrival time of molecules at the target.

4.4 Representative Rotational Spectra

Below are presented some sample rotational distributions whihrate
how the sticking coefficients and rotational state changing prohebildare
determined.

Figures 4.1a and 4.1b show rotational state distributions measured for an
incident beam translational energy of 55 meV. In Fig. 4.1a, 14%d¢$ mixed

into the beam and the nozzle temperature was 643 K, so the incidenhhgsam
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significant populations for J=2-5. In Figure 4.1b the nozzle temperatwdeia
at 212 K, so there is very little population in J=2, 3, 4, and 5 in the incident
distribution.

The intensity scales for the measurements on the incident edhese
figures have been normalized so that the sum of the incident populatiomisyi
The measurements for the scattered distributions have been nodrializbe
sum of the populations for the beam scattered off the hydrogen satswatace,
as discussed above. Hence the scattered “populations’s fodZ3 K (the clean
surface) give the number of molecules scattered back from tae sieface in
each J state, relative to the total incident flux. One minus uhe &f these
populations gives the average sticking coefficient for the beam.

For the rotationally cold incident distribution (Fig. 4.1b), more molecules
are scattered back in J=2 and J=3 from the clean surfage=aZB K than were
incident upon it. This shows that excitation from J=0 to J=2 and frdnta)3=3
is occurring during scattering. (Nuclear spin statistics reduire 2.)

In Figure 4.1a the initial populations in the J=2-5 states are much larger, so
the rotational excitation is not apparent. Fig. 4.1a shows that theofacattered
populations from the clean surface to incident populations varies wathdJis
smallest for J=0. This results from rotational excitation, whedfhances the
populations of the higher J states in the scattered distribution, amd &rJ-
dependent sticking probability. By combining the data of Figures 4.1a and 4.1b,
both the J-dependent sticking probabilities and the rotational excitation

probabilities can be determined.
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In addition, by comparing the ratios of scattered to incident population f
J=0 and J=1 between Figures 4.2a and 4.2b, the magnitudes of the rotational
relaxation probabilities out of J=2 and J=3 may be determined, datseare of
sufficiently high quality. If, for example, the probability for neddion from J=2 to
J=0 is significant, then the apparent reflectivity in the J=6 stall be higher
when the J=2 population in the incident beam is larger compared to J=0.

This analysis will be made quantitative in the next section.

4.6 Model and Analysis

Consider several sets of state distribution measurements, ssicbvas in
Figures 4.2a and 4.2b, that have been made for a particular incidenttivaakla
energy but different nozzle temperatures, and therefore differasitdent

rotational state distributions. Let,™(J)and N{¥(J)represent the populations in

stateJ for the K" measurement set for molecules incident upon (1) and scattered
back from the clean surface (S), respectively. The incident anifersch
populations will differ because of sticking and rotational state changing collisions

The N®(J) are related to thail¥(J) by the following set of equations:

N&(0) = NP(O M1~ $ - T+ N(Q0T
NS =NPQO1-5- .9+ N(007.,
NS (4) = NP (4 [1- )
Né?(0)= NP0 M1~ $ - F. )+ N2(207
NE? (2= NP1~ $ - 5. +NP O m,_,
N (4) = NP (9 M1~ 3)

(4.2)

N (4) = N (4 [1- S)
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Here s, is the sticking coefficient for stattand Ty _;» is the probability that a

molecule incident upon the surface in stéitavill be scattered back in staié.
Only the even J states, 0, 2, and 4, were included in the equations above. A similar
set of equations is used for the J=1, 3, and 5 states. The even andaidd drst
not coupled, because of nuclear spin; conversion between even and odd J states
may only occur if the molecular bond is broken, and it was shown abouhéehat
experiment is sensitive only to molecules which directly scattehout
dissociating.

In the above equations, rotational state changing collisions to ortfi®m
J=4 and J=5 states were neglected. This is because the ramgtatmhnal
distributions accessed in the experiment is not large enough ta pletsrimining
these state-changing probabilities independently from the stickirfficca@s for
the J=4 and J=5 states. Possible effects of this omission onstliés reill be
discussed below in Section 5.5.

Extracting the sticking coefficient§; and state-changing probabilities
Ty from the measured data could be done, in principle, using linear atgebra
solve Egs. (4.2) in a straightforward way. However, random errors in the
measurements complicate this procedure because of the way in edntain
coefficients can compensate each other and because of the litmategedn the
incident rotational distributions that can be affected by changingntele
temperature. Therefore the equations are solved for the unknowns hyetera
adjusting them to optimize a goodness of fit function, as would be ddhe if
equations were nonlinear. This also allows the easy imposition ofcphysi

constraints on the coefficients (suchaass, <1, etc.).

By analysis of a number of repeated measurements for the tz=amne

conditions, it was determined that the uncertainty in each of theumseiiN(J)'s
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is approximately 10% of its value or an absolute value of 0.001, whichever i
greater. The 10% uncertainty arises from fluctuations in beam fheam
expansion conditions, the laser probe pulse characteristics, and soTfweth.
absolute noise floor of 0.001 arises from electronic noise in the ioctidate
system and from counting statistics.

In order to determine the effect of the measurement uncersaorig¢he
solutions of the above equations, the equations were first fit to theuneel data,
and then simulated noise, consistent with the measurement uncestginte
above, was added and the fit was repeated. The variances of thetpesdousnd
in the repeated fits with simulated noise were taken to be thetainties in the
fitted parameters in the reported results. This accounts only téistisal

fluctuations, and not systematic error, which is discussed in Section 5.5.

4.8 Extracted Mode Parameters

Measurements like those shown in Figure 4.2 were made for a range of
incident beam conditions over the translational energy range from 31ne\@4
For each energy, 3-4 sets of measurements were made. Tablegl. thdist
minimum and maximum nozzle temperatures used for each trans|atioeraly.
The nozzle temperatures were held constant to withthK. The measurements
made at the lowest nozzle temperature were done with a purearh, while for
higher nozzle temperatures the Whs antiseeded with up to 25%, lds necessary
to achieve the desired translational energy. The range of tianalatnergies was
limited to that over which sufficiently different rotational disttions could be
obtained at constant translational energy by varying the nozzle raomgeand

seed mixture.
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Table 4.2: Number of measurement sets and range of nozzle temperatures used f
each translational enerdy,. to determine the J-resolved/Rd(111) sticking and
state-changing probabilities. Each measurement set includes surmed the
rotational spectra of the incident molecules, the molecules rechttéf the clean
surface at 423 K, and the molecules scattered off the saturatadesatf100 K.
Representative spectra are shown in Fig. 4.2.

E Number of Lowest Highest
(meV) Measurements T, (K) Thoz (K)
31+2 3 163 356
55+ 2 4 212 643
73+ 3 5 303 653
94+ 5 4 438 768

Table 4.4: Rotational state resolved sticking coefficients andico#ht state
changing probabilities for Hscattered from Pd(111) at ¥ 423 K. s, is the

sticking coefficient for molecules incident in stdtand Ty _;» is the probability
that a molecule incident upon the surface in stateill be scattered back in state
J”. Coefficients were determined from measured data using a medabksied in
the text.

Model Incident Translational Energy (meV)
Parameter 31+2 55+ 2 73+ 3 94+ 5

S 0.73+ 0.02 0.72+ 0.02 0.76+ 0.05 0.79+ 0.02
S 0.63+ 0.02 0.60+ 0.02 0.62+ 0.03 0.63+ 0.02
S 0.57+ 0.06 0.57+ 0.07 0.67+ 0.04
S 0.47+ 0.14 0.54+ 0.13 0.66+ 0.04
S 0.44 + 0.06 0.56+ 0.05 0.66+ 0.02
S 0.57+ 0.05 0.63+ 0.03 0.69+ 0.02

To_2 0.05+ 0.01 0.05+ 0.005 0.07+ 0.03 0.04+ 0.02

Ti.3 0.01+ 0.001 0.01+ 0.001 0.01+ 0.004 0.03+ 0.006

Ts 0 0.03+ 0.03 0.11+ 0.03

Ts.1 0.07+ 0.13 0.09+ 0.13

All of these measurements were analyzed using the model didcaissve

in Section 3.3. The results of the fitting procedure for the sticloefficients and
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rotational state changing probabilities are listed in Table 4.4, alothgtheir
statistical uncertainties derived from the model discussed abovespFéads in
the translational energies listed in Table 4.4 were determined tfienprobe
velocity resolution discussed in Chapter 3.

Parameters not listed in the table for=E31 meV could not be obtained
due to insufficient population in the higher J states to obtain meanuotegful The
fits to the data for E= 94 meV always converged on unphysical (negative) values
for the rotational relaxation probabilities, even with the simulatége added, so
these parameters were set to zero in the model and have bead ah@th from
Table 4.4.

The results listed in Table 4.4 are discussed further in the next chapter.
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Chapter 5

Discussion of Results

This chapter discusses in more detail the results of the mnalyshe
H./Pd experiments which were briefly presented at the end of thehiaster. The
first section discusses the sticking coefficients fordi Pd determined as a
function of J, the implications of these results in light of thevaait theory, and a
comparison of the results to previous work. The next two sections dial w
rotational relaxation and excitation. Following this, the possible doatjns of
the rotational excitation results by recombinative desorption aceissisd. The

last section summarizes possible sources of systematic error in therexysri

5.2 J-Resolved Sticking Coefficients

Figure 5.1 shows the J-resolved sticking coefficients, listed ineTakt,
versus incident translational energy. Error bars have been onndtedie figure
for clarity, but uncertainties are listed in the table. The &guearly shows that
the sticking coefficient is a sensitive function of J. The trend sh@ava
significant decrease in the sticking coefficient as J sedhfrom 0 to 3, and then,
notably, an increase in the sticking coefficient as J is rasddand then 5. This
trend is made more clear in Figure 5.2, where the sticking cesiticiat an
incident translational energy of 74 meV have been plotted versus Jrefue t
shown in Figure 5.2 for 74 meV is also present at the other energysréorge
which high J sticking coefficients were obtained.

The observed decrease in the sticking coefficients as $éslriom O to 3
agrees with the prediction of Gross, Wilke, and Scheffler fgP#{100) that

rotational motion should inhibit sticking, presumably by inhibiting dynamical
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Figure 5.2: H/Pd(111) sticking coefficient as a function of incident translat
energy and rotational state J.

steering. [4,5] However, their calculations show the sticking coefici
decreasing with J over the range 0 to 6, whereas here an increase in stittkihg
as J is raised above 4 is observed.

It is possible that the present observation of sticking coeffgitmtthe

J=4 and J=5 states that are larger than for the J=3 sts#s &om the neglect of
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Figure 5.4: H/Pd(111) sticking coefficient versus rotational quantum num
for incident translational enerdy = 74 meV.

rotational relaxation out of the J=4 and J=5 states in the andlgsisssed above
in Section 3.3. This point will be addressed in Section 5.5.

However, the observation of a minimum in the sticking coefficierguger
J is not so surprising when compared with thgCid system. Desorption
experiments for Bon Cu(111) performed by Michelsen, Rettner, and Auerbach
have also suggested that the sticking coefficient initiallyedesas with J and then
increases. [36] The authors suggested that at low J rotationaly engrgresses
dissociation by reducing the amount of time the molecule spends inefieered

dissociation orientation, while at high J rotational energy enhangssceation by
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coupling into the reaction coordinafeheoretical discussion of these points has
been summarized by Darling and Holloway. [37]

Furthermore, reaction probabilities which show a minimum as a &mcti
of J are also found in gas phase reactions. [38]

Since the translational energy dependence of the sticking coeHipiays
an important role in the dynamical steering theory, the measwuatsresolved
sticking coefficients versus translational energy should be compartdd
theoretical predictions and also with previous, non-state-resolved measurements.

In their calculations on #Pd(100), Gross and coworkers found a marked
increase in the sticking coefficient as the translational gneas reduced below
about 25 meV for J=1-4, or about 60 meV for J=0. [5] The lowest translational
energy accessed in the current experiment is 31 meV, so we cashdhe
predictions of Grosst al. for the J=1-4 states. But not much change is seen in the
measured J=0 sticking probability over the range 31 to 94 meV. However, in
comparing the present results to the calculations of @taals it should be noted
that their model completely neglects surface atom motion, whéneasticking
coefficients determined here are for a surface temperatdizZ3dk which is large
compared to the bulk Pd Debye temperature of 275 K. [39] In addition, the
present results and those of Gressl. correspond to different Pd crystal faces. It
is not clear what the effects of these differences should be oaghiés. Pd(111)
was chosen for the present experimental studies, rather than Pd{iio0)was

studied by Grosst al, because it was readily available.
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Figure 5.6 shows a comparison between the rotationally averagedgsticki
coefficients measured by Beutl, Riedler, and Rendulic forod Pd(111) using a
pure H beam [19] and the values predicted for their experiment using thiésres
for the J-resolved MPd(111) sticking coefficients determined here. In this
comparison, it has been assumed that the rotational temperaturenuidieat H
beam is equal to 0.75 times the nozzle temperature, since éaltlstate that

75% of the initial rotational energy in their beam remains dftersupersonic

Translational Energy (meV)
0 50 100 150 200 250
0.70 \ \ \ \ \

Predicted from state-resolved
0.60 [ results in present work.

Reported by Beutl
and coworkers.

Rotationally Averaged Sticking Coefficient

0.40
0 250 500 750 1000 1250
Nozzle Temperature (K)

Figure 5.6: Comparison of state-averaged/Pd(111) sticking coefficien
measured by Beutl and coworkers [19] with predictions from stst@ivel
results reported here.
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expansion. The relation between nozzle temperature and translatiengy éas
also been taken as given by their data.

The state-averaged sticking coefficients predicted hereigméicantly
higher than those found by Bewt al. However, the predicted values show a
dependence on nozzle temperature similar to that observed in theimexye
although the minimum in the sticking coefficient occurs at a diffemozzle
temperature. It should be noted that their measurements were dansudace
temperature of 220 K, while those reported here were done at 423 K, thaugh it

not clear what effect this difference would have on the results.

5.4 Rotational Relaxation

The parameter§,_o and T3_; listed in Table 4.4 show some weak
evidence for rotational relaxation from J=2 to J=0 and J=3 to J3ieatesely,
during the scattering. Only the value for.o, at 73 meV is significantly different
from zero given the uncertainties, however.

Rotational relaxation is difficult to observe conclusively in the expaErmm
The populations of the low J states are higher than those of the Aigherthe
thermal incident beams, so relaxation from higher J's will haweasmall effect
on the observed “reflectivity” of the low ones. The most favorable cador
relaxation from J=2 to J=0, since the populations of these two statdse made
nearly equal at the highest nozzle temperatures achievable expleeiment.
Nonetheless, J=2 to J=0 relaxation probabilities which are lessath@ut 10%
cannot be clearly distinguished from random variations in the obseratdred
intensity of J=0. Relaxation from J=3 to J=1 is even more diffitulbbserve
because the incident J=1 population is never less than 3 times tpepl#ation

for the range of nozzle temperatures used.
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Note that the uncertainties in the relaxation coeffici&nts andTs_1 are
directly coupled to the uncertainties in the sticking coeffici8natandS;, because
both relaxation and sticking are used in the model to account for thevedhsess
in these states upon scattering. Hence, if relaxation wereedmitom the
analysis, the sticking coefficients determined for J=2 and J=3 wmaildigher,

and the reported uncertainties would be smaller.

5.6 Rotational Excitation

In contrast to rotational relaxation, rotational excitationesuty observed
in the data. At the lowest nozzle temperatures, the incident populations foeJ>1 a
very small, so that small excitations from J=0 and J=1 to higjsttes during the
scattering may be clearly observed. Excitation from J=1 to dr&xample, may
be detected for a nozzle temperature of 212 K if the excitation prapabiarger
than about 0.2%. Figure 4.2b shows an example of a data set which dem®nstrat
rotational excitation: the populations in J=2 and J=3 are largdreirs¢attered
than the incident flux.

Figure 5.4 shows the rotational excitation coefficients, listechliel 4.4,
versus incident translational energy. The fact that is smaller tharTy_, is
expected, since the energy gap between J=1 and J=3, 74 meV, igHargérat
between J=0 and J=2, 44 meV.

Although rotationally inelastic transitions in direct gas-sw@facattering
are usually thought of as resulting from a transfer of incidanstational energy
into final rotation [40], this is not the dominant mechanism involved in the
present results. The excitation probabilities are roughly independeéntidént
translational energy. Furthermore, the excitations are observed fervean

incident translational energy of 31 meV, which is smaller than bothothgonal
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Figure 5.8: Rotational excitation coefficients for ¢h Pd(111) al. = 423 K.

transition energies. Consequently, the surface must contribute a ngiabsta
portion of the rotational excitation energy to the molecules.

The probability of rotational excitation increases strongly wighsurface
temperature. This is demonstrated in Figure 5.5 for the J=1 to Jit&tiexc The
figure shows a series of TOF spectra, over a range of sudagmeratures, of
scattered molecules in J=3. The intensity of the signal in@eagh surface
temperature. The zero of the time axis has been set at thefabaklT OF spectra.
The incident translational energy is 55 meV and the nozzle temmestRi2 K.

At this nozzle temperature, the J=3 population in the incident beamud$
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Figure 5.10: Representative TOF data from which surface temperéiyr
dependent rotational excitation coefficients were determined.

smaller than that in the scattered distribution, as shown in Figuresb2at
essentially all of the J=3 signal in Figure 5.5 results fronitati@an from J=1. The
small contribution from the scattering of molecules originallydest in J=3 is
shown by the spectrum taken at 100 K, for which the surface is sdtwrititeH
atoms. (Measurements with a hot nozzle show that the refleativihe saturated
surface for molecules incident in J=3 is greater than 0.5.)

Figure 5.6 shows the degree of rotational excitation, taken as #ggaint
under TOF curves such as shown in Figure 5.10, plotted on a log scalethersus

reciprocal of the surface temperature. The straight lineae#dtip indicates that
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Figure 5.12 Arrhenius plot of rotational excitation coefficients versus im
surface temperature showing apparent activation energy.

the excitation probability is well represented by an Arrhenius maoudigh an
apparent activation energy of 54 meV.

The physical meaning of this apparent activation energy is ncteaat It
is somewhat surprising that it is less than the transition gf@rgxcitation from
J=1 to J=3. Additional experiments might further elucidate the meésrhaof the
rotational excitation by, e.g., comparing the apparent activation esergithe
surface temperature dependence of different rotational transitidrysnoeasuring
the final velocities of the rotationally excited molecules. leliprinary studies, it

was found that the final kinetic energy of molecules incident in \d4th
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40+ 6 meV kinetic energy and excited into J=3 was still+Z3 meV at
Ts=450 K. This indicates that, at most, 40% of the 74 meV needed for this
rotational transition came from the incident translational enénggddition, the

final kinetic energy in this case was roughly independent of sutémperature

over the range 450 K to 850 K, which suggests that the J=3 molecules dbserve
were not recombinatively desorbed, as will be discussed further bielow
Section 5.4.

The observed importance of molecular rotation in the scatteringbeay
considered strong evidence of dynamical steering during the moleent®snter
with the surface. The picture is that as molecules in low onialtistates approach
the surface, the forces exerted by the surface torque the motegwdeds a
geometry favorable for dissociation. Many molecules reach thisddwggometry
and dissociate. Some do not, but still show evidence of the action ithéyat
depart the surface rotationally excited.

An alternative way to describe these results is to saythieamolecule-
surface interaction potential is a strong function of the orientatitimeaiolecule.
For this case dynamical calculations, such as, e.g., those done by et
Holloway for the H/Cu(111) system [37], have shown that rotational excitation
should be expected. Gross and Scheffler have recently calculatédnadta
inelastic diffraction probabilities for Hon Pd(100), finding values for the
rotational excitation coefficients of roughly the same magnitgdb@se reported
here. [17] In these models the rotational excitation energy conoes fhe
molecule’s incident translational energy. A recently reportedhpieof this type
of excitation is the translation to rotation coupling in the saéagenf D, from
Rh(110). [41]
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A unique feature of the present results, however, is that sHed{d11)
rotational excitation is strongly dependent on the surface temperana that a
large fraction or a majority of the rotational excitation epergmes from the
surface, whereas surface excitations are completely neatjléctéhe models
mentioned above. Note, however, that Cruz and Jackson predicted a temperature
dependence to rotational excitation in their theoretical work on cliffra of H,

scattering from Cu(100]42]

5.8 Contribution from Recombinative Desor ption

In the discussion above it was assumed that the observed excibal/e® t
at high surface temperature occurs directly upon scattering, andthba
contribution of adsorption followed by recombinative desorption is negligible.
This is clearly the case for ¥ 423 K, as shown in Chapter 3. However, at higher
Ts this point must be considered more carefully, since both the recomeéinat
desorption rate and the rotational temperature of the desorbing msigoete up
with surface temperature.

At Ts = 423 K, the instantaneous desorption flux would be more than 10
times smaller than the total directly scattered flux atpibak arrival time of the
molecular beam pulse at the laser, as calculated in Chapter@pias would
then make a negligible contribution to the 3423 K TOF spectrum shown in
Figure 5.10, where the J=3 signal corresponds to roughly 1% of the tatsninc
flux (as listed in Figure 5.8 or Table 4.4).

At the highest surface temperature shown in Figure 5.6, 845 K, it
might be expected that the desorption flux into the J=3 state woclohiygarable
to the directly scattered flux, if we were to continue to assasen Chapter 3,
that adsorbed hydrogen is primarily resident on the surface. Howevke, laigh

surface temperatures, the peak surface coverage will be cagniyi smaller than
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assumed in Chapter 3, because of rapid diffusion of H from the sumtacthe
bulk.

To estimate the contribution of desorption to the TOF spectra in
Figure 5.10 at the higher surface temperatures, a simple modenwdgyed in
which the instantaneous desorption rate as a function of time abesBOF
spectrum was calculated. The model took into account the rates optamtsor
solvation into the bulk, and diffusion within the bulk to determine the surface
coverage versus time. Using the model, the flux of desorbing molenutes J=3
state is compared with the flux of incident J=1 molecules dyrscthttered into
J=3. For simplicity, it is assumed that the desorbing moleculesaavitional
distribution in equilibrium at the surface temperature, which ginegpgper limit
on the contribution of desorption to the J=3 signal since the measurgdnalta
temperature in desorption is cooler than the surface temperature. [16]

The energetics for diffusion and desorption are illustrated in €.
From the activation energy for recombinative desorption, 0.91 eV [32], we may
take the depth of the surface well to be 0.46 eV per H atom. The bullptdsor
energy of hydrogen in palladium is 0.39 eV per mole of h the low
concentration limit [43]; hence the bulk H atom well is 0.20 eV belovetiezgy
of an H molecule in the gas phase. Bulk diffusion of absorbed H occurs with
activation energy 0.230 eV and preexponential X.90° cnf/s. [96] In this
model it has been assumed that the activation energy for solvatiadiffusion
from the surface into the bulk, is given roughly by assuming the tdpedarrier
is at the same energy as the tops of the barriers to diffusibimwhe bulk. Then
the solvation activation energysE= 0.46 eV. It was assumed that the

preexponential for solvation is the same as for bulk diffusion.
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Figure 5.14: Onelimensional H/Pd potential energy diagram illustre
energetics for desorption and diffusion.

Using this model, it is found that, at high temperature, surfacezets
hydrogen moves rapidly into the reservoir of sites provided by the bulk, so that the
surface coverage is low and the time scale for recombinativepdies is made
much longer than the pulse width of the molecular beam, despite tkasadn
the exponential term of the desorption rate. For the estimated nhdidg of
1x 10" / cn? per pulse, the model shows that the integrated contribution of
desorption to the = 845 K TOF peak in Figure 5.10 is less thdfo. If we let

the incident flux be a factor of five larger and assume the smivattivation
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energy is 0.56 eV rather than 0.46 eV, both of which would increase the peak
surface H coverage, we find the contribution of desorption in the TGlrgpeis
still less thar=2%. Furthermore, if the model parameters are adjusted to make the
desorption flux comparable to the directly scattered flux, then @e geaks shift
and the shapes of the spectra change as a function of temperatuezeHave
shifts or changes in shape are observed in the experiment.

Therefore, it is concluded that the dominant contribution to the measured
signal in Figure 5.10, even at the higher temperatures, is from datational

excitation, as stated above.

5.10 Systematic Errors

In this section two possible sources of systematic error scessied. The
first is differences between the angular distributions of molecsdattered from
the clean versus hydrogen saturated surface. The second is thet méglec
rotational excitation into or relaxation out of J=4 and J=5 in the nuidelissed
in Section 4.6. Note that the uncertainties listed in Table 4.4 for thel mode
parameters are statistical uncertainties only, and do not incloolesaderation of
the systematic errors discussed below.
Differences in the angular distributions in scattering fronctéan surface
at Ts= 423 K and the hydrogen saturated surface atT00 K would result in an
error in the normalization scheme discussed in Section 4.2. This, in toufd w
introduce error into the absolute magnitudes of the reported stickingtated
transfer probabilities. To minimize the error, the detection gagmets arranged
so that the detection response versus scattering angle, discusppandix B, is
as nearly uniform as possible over the intermediate range of angles.
Nonetheless, the detection response does vary with angle. Perhaps most

importantly, the detection response goes to zero for molecules wkichrectly
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backscattered, since they cannot enter the shadow region where théapeohe
positioned. Rough measurements made with the Pd target tilted to a 22.5° angle of
incidence, so that the specularly scattered molecules areedirastay from the
incident beam and the angular distribution can be measured by moviragéhe |
beam, show that the angular distribution of the molecules scattened the
saturated surface is narrower than that from the clean suifaegefore, in
normalizing the rotational state distributions as described inoBet®, it is most
likely that the intensity of the signal for scattering from shéurated surface was
undermeasured, relative to the clean surface, given the poor detespomse at
small scattering angles. However, this effect cannot be vgnyfisant, because

the signal measured for scattering at normal incidence frorsatiieated surface

(for which a reflectivity of unity is assumed) is nearly &®rgy as that in the
incident beam. Based on these results, it is estimated thatatip@tudes of the
reported sticking coefficients may be too low and that of the atianit
coefficients too high, but not by more than about 10%, as a result of the
systematic error in the normalization.

This conclusion is supported by Rettner and Auerbach’s results in their
laser-based measurement of sticking coefficients fprorl Pd(100). [21] The
detection geometry used in our experiment is very similar toith#teirs. To
check their laser-based results, they also measured stickirfigieoé$ using the
King and Wells technique with a quadrupole mass spectrometer, foh wiec
scattering angular distributions are irrelevant. They found very ggmebment
between the two methods. Although our scattering chamber is notoqugbped
to make this check, Rettner and Auerbach’s result supports the conclusions above.

The neglect of rotational excitation from J=2 to J=4 and/or J=B-%o

could result in errors in the sticking coefficients determinedf@ and J=3 if the
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excitation probabilities are significant. In this case, somdefidss in reflected
J=2 and J=3 signal accounted for in the model by sticking would actrasly
from excitation into the higher states. However, it is assumediibaexcitation
probability will decrease as the energy gap between the coupled siecomes
larger, which agrees with the observation of smaller excitatrobabilities for
J=1 to J=3 than for J=0 to J=2 (see Figure 5.8). Therefore, it istedpbafl, 4
andTs_s are less thail; _3, which is=1%, and will be of no significance in the
determination of the J=2 and J=3 sticking coefficients.

The neglect of excitation from the J=2 and J=3 states couldostibf
significance in determining the sticking coefficients from thé dnd J=5 states,
if the population excited into the higher states were comparattat@riginally
incident in them. However, for the high nozzle temperature measuentieat
populations of J=4 and J=5 wer&5% of the J=2 and J=3 populations. Under the
assumption thafl,_4 and T;_5 are less than 1%, excitation into J=4 and J=5
would not significantly affect the sticking coefficients for these states.

Rotational relaxation out of J=4 and J=5, however, could significantly
affect the sticking coefficients for these states, if ipiesent. Since rotational
relaxation from these states was not included in the model oioSdc6, the
reported sticking coefficients for them must be regarded asithetthe sticking
and relaxation probabilities. The relaxation probability was not indludethe
model because, even at the highest nozzle temperatures, the raomilaitions
in J=4 to J=2 and J=5 to J=3 were never large enough to determiedattadion
probabilities given the experimental error. If we assume thaptbleability of
rotational relaxation between two states decreases as thgy eyagy is made
larger, as is the case for excitation, then we are led touwis@,_, andTs_3,

sinceT, o, was observed to be at most 0+10.03.

46



47



Part |11

Vibrational Effects- H, on Cu and Pd
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Chapter 6

I ntroduction

The experiments on the effects of vibrational motion in dissociative
chemisorption are discussed in this section of the dissertation, &hd&pse
Details of the experimental setup are given in Chapter 7, andsres$uite H/Cu
and H/Pd experiments are then presented in Chapters 8 and 9, respettiiely.
chapter reviews the theoretical understanding of the vibrationalectgff
summarizes some of the previous experimental work, and motivatgsegent
work. It begins with a brief comment on “late” barriers in adgdadissociative
adsorption, which is then followed by a review of selected work on eutand

H./Pd systems.

6.2 Late Barriersin Activated Dissociative Adsor ption

The dissociation of a molecule at a surface may be thought of, in a
simplified sense, as requiring two steps: the approach of the neleruhe
surface so that reaction can occur, and the breaking of the moleoatelsby
forces which bind its fragments more tightly to the surface they were bound
to each other. When an energetic activation barrier exists irptbcess, it is
convenient to think of it as being either “early” or “late” in the teacpathway, a
concept that has been borrowed from gas-phase chemical dynamics. dastj
an early barrier is one which inhibits the approach of the moleculestsurface,
while a late barrier is one which inhibits the breaking of the cutde bond even
near the surface.

To overcome an activation barrier, the molecule must have enetigg in

appropriate degree of freedom. An early barrier is overcome byglateonal
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energy of the molecule towards the surface, while a late b&r@vercome by
molecular vibrational energy which, in effect, stretches the bond poior
dissociation. These simplified concepts have framed much of the dsctuss

activated dissociative adsorption.

6.4 Hz/CU

The dissociation of Hon Cu has been the prototypical example of a
system where the activation barrier may be characteriziatieaaslong the reaction
path. This system has been extensively studied [45,46] and has become a
benchmark for both theory and experiment. Experiment has established the
general trends in the molecular translational, vibrational, and ao&tistate
dependence of the adsorption process [36,47,48,49,50,51,52,53], and calculations
on first-principles potential energy surfaces have verified qtigéty the
experimental trends. [54,55,56,57,58] The adsorption is thought to be dominated
by vibrationally excited molecules at low translational energy.

There have been numerous theoretical calculations of #t@&uts$ticking
probability as a function of the vibrational state of the incident oudde
Figure 6.1 shows a recent example from the work of Kroes and cowdB&irs.
Using density functional theory with the generalized gradient appeiion (the
current state-of-the-art), they computed the potential energy ofi@u(100)
system as a function of four coordinates: the distance between uheokatd
surface, the molecular bond length, and the x and y coordinates of thrule'sle
impact site on the surface unit cell. They left the molecuientation fixed with
the molecular bond parallel to the surface and in the most favoraifiguration
for dissociation at each impact point on the surface. They then pedoam
guantum wave packet calculation of the dissociation and vibrationalhstie|

scattering probabilities. The figure shows that the translatemailgy onset for
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Figure 6.2 Theoretical dissociation (sticking), vibrational excitation,
vibrational relaxation probabilities for,Hv=0) and (v=1) scattered from Cu(1(
Data were provided courtesy of G. J. Kroes and originally appeared in Ref. 58.

dissociation of molecules in the excited vibrational state (v=tjush lower than
for ground vibrational state molecules (v=0), i.e. that molecular valorat
promotes dissociation for a given incident translational energy.tfémd is well
known from both theory and experiment.

Figure 6.2 also shows the finding of significant probabilities for
vibrationally inelastic scattering, i.e. excitation from (v=0)\tel) or relaxation
from (v=1) to (v=0). This results from a coupling of translational abdational
degrees of freedom in the potential energy surface near thatexcti barrier to

dissociation.
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The oscillatory features in the theoretical sticking probabdityves are
typical of quantum-mechanical dynamics. They arise from severates, as
discussed in Section 2.4, and in principle contain detailed information on the
potential energy surface, though they have not yet been observed experimentally.

Although rotational motion was neglected in the calculation discussed
above, other calculations have addressed the role of this degreedoinfirenvhich
can be significant (as discussed in Part Il). Fully six-dimensional catmdeéhave
treated all the degrees of freedom simultaneously. [59,60]

The role of vibrational energy in promoting/Bu dissociation has been
gualitatively verified by heated nozzle molecular beam experimantg/hich
partially independent control over the translational and internal degvée
freedom of the incident molecules is obtained. Hayden and Lamont pedforme
some of the early experiments of this type. [48] These weredatended to a
larger range of nozzle temperature and translational energynratyred more
extensively by Rettner, Michelsen, and Auerbach. [49,61] In these exp&ijme
the sticking probability of the molecular beam is found to increasmatically
with nozzle temperature for a given translational energy of thenpehich is
fixed by adjusting the pseed gas ratio. These studies demonstrated that H
rovibrational excitation can be effective in overcoming the batwielissociative
adsorption on Cu. It was assumed that this was primarily due to iefaht
motion, and Rettneet al. fit their data to determine the relative contributions
from different vibrational states.

Truly state-specific information was obtained in permeation-desarpt
experiments using laser spectroscopy. Since, at equilibrium, adsogoibn
desorption rates are equal according to the principle of detailedcbalthese

experiments probe what is assumed to be the reverse processoofatiss
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adsorption: the recombination of atoms on the surface to form moleghiels

are desorbed into the gas phase. Kubiak, Sitz, and Zare performed stme of
early experiments of this type, which showed a ratio of desorpttes nao the
(v=1) and (v=0) states significantly in excess of that expefcted a Boltzman
distribution at the surface temperature. [53] This implies, forealierse process,

a higher adsorption probability for (v=1) than for (v=0). Retteegl, performed
these experiments in much more detail and mapped out the trends irhéoth t
translational energy and rotational and vibrational state dependentlee of
desorption process. [36,51,52]

However, caution must be used in deducing the adsorption behavior from
the desorption results. The adsorption and desorption experiments are not
performed at equilibrium and the conditions for the two experimentdiféeeent.

In general there may be a variety of distinct mechanisms dsorption and
desorption, each of which may have different dynamics. In an experithent,
contribution of each mechanism varies according to the experimemtikions,
and the measured dynamics are an average over the contribution céndiffe
mechanisms. The beam adsorption experiments are performed for liaeesur
temperatures and very clean substrates, while the permeation-aesorpt
experiments are performed at high surface temperature andtanticadydrogen
delivered to the surface by diffusion through the bulk. It is not cléat effects
these differences have on the relative observed dynamics.

In addition, it is difficult to establish the absolute adsorption proitiabil
from the permeation-desorption experiments, which are best suitedasurng
relative rates.

Thus, to further explore the vibrational state dependence of #@&uH

adsorption process, in the present work a series of molecular beeamnmeents
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was begun in which vibrational excitation is controlled with lasttes
preparation. This permits control of both the vibrational and rotational wmant
number of the incident molecule independently of the translational erigngy
survival probability of H in the (v=1, J=1) state scattered from Cu(110) was
measured versus incident translational energy. These resulgesented and

discussed in the chapters which follow.

6.6 Ho/Pd

The discussion of vibrational effects above has been with refeterece
system in which dissociation is activated. For éh Pd, dissociation occurs
readily even at low incident translational energy, with stickingfficients of
approximately 0.5 (see Part 1), implying the absence of an #otivaarrier.
Nonetheless, vibrational heating of, Hlesorbing from Pd(100) has been
observed. [62] From the principle of detailed balance discussed above, this
implies that the sticking coefficient of vibrationally excited &h Pd should be
larger than that of the ground state molecule. Several authors tedeta
reconcile this observation with the apparent lack of an activation barrier.

The resolution of this problem is simply that, while there areynrapact
parameters of the Hmolecule on the Pd surface which lead to unactivated
reaction paths, activation barriers do exist for unfavorable impaaingters and
orientations. Darling and Holloway pointed out that one must thereforeleoias
distribution of barrier heights to dissociation. [63] If barriers fane sites in the
unit cell are characterized as late barriers, then vibratran&bn will play a role
in both the adsorption and desorption.

To analyze this problem in more detail, Gross and Schefflenttgce
studied H dissociation on Pd(100) using quantum dynamical simulations on high-

dimensionalab initio potential energy surfaces, including all six molecular
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degrees of freedom. [64] They found that while some reaction pathways a
nonactivated, the majority of pathways are activated and an av®ragémpact
parameter and orientation gives a nonzero energy barrier to digsucia
Furthermore, they found that the; Hinolecular vibration is softened as the
molecule approaches the surface, so that energy initially in thabirltion is
available to carry the molecule along the reaction pathway toaig®n, and
therefore enhance the sticking coefficient. Their calculations sbieking
coefficients for H on Pd that are about twice as large for (i#=1) as for H
(v=0). Their results showed a variation of the translational erdggndence of
the sticking with vibrational state similar to that shown in Fig. 6.2 t6CHi

To directly test these predictions in adsorption, and thus complehgent t
associative desorption experiments, the molecular beam and laster st
preparation and detection techniques applied A& iHwere used to measure the
survival probability of H in the (v=1, J=1) state scattered from Pd(111). These
measurements also serve as a useful comparison to/tbe easurements made

with the same technique.
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Chapter 7

Experimental Apparatus

This chapter discusses details of the molecular beam stgtegrparatus
that are relevant to the experiments on vibrational motion to be sdestus
Chapters 8 and 9. The vacuum chamber, molecular beam system, and REMPI
probe system used in these studies are the same as those erfultlyedtudies
on rotational effects which were already described in Chapter 3 of Part Il.

For the experiments on vibrational effects to be discussed here, an
additional laser, to be referred to as the “pump” laser, is usprepare Hin a
vibrationally excited state. This permits preparation of sigmificamounts of
vibrationally excited H regardless of the nozzle temperature, thus allowing
independent control of the vibrational and translational degrees of freafdii®
incident molecules. In addition, use of the pump laser to prepare cestate
molecules results in much greater time resolution in the soattstudies and
therefore facilitates unique kinds of measurements, which will Berided in
subsequent chapters.

The state preparation and detection methods are discussed in the next
section, which is then followed by the Cu sample preparation method. d’he P

sample used in these experiments is the same as that used in Part Il.

7.2 State Preparation and Detection

The pump laser crosses the molecular beam axis parallel tslightly
upstream of the probe laser, as shown in Figure 3.4, typically about 2vayn a
from the target. The pump laser system consists of two coprapgdmger beams

which efficiently excite molecules from the (v=0, J=1) statthe (v=1, J=1) state
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by stimulated Raman scattering. [65,66] (See Appendix A for a diagfaime
spectroscopic transitions.) The pump and Stokes light which drivedhstion
are produced by focusing the linearly polarized second harmonic ofat¢pexd
Nd:YAG laser, which operates at 1064 nm, into a cell gfaH5 atmospheres
pressure and recollimating the residual 532 nm light and Raman-sbifieds
which emerge. These are focused onto the molecular beam with a fa@am
length lens and timed to hit the temporal peak of the incident groutel sta
molecular beam pulse. The pump laser has a temporal width of appeyima
10 ns. Observation of the depletion of the ground state REMPI probe siysal w
the pump laser is on shows that, within the volume illuminated by thesddc
pump laser, between 10 and 30 percent of the ground state molecules are
promoted to (v=1, J=1). Thus the population in the excited state is sSedréy
orders of magnitude over the thermal background, which might be oniy03
even at a nozzle temperature of 1400 K. Note also that only the elista
promoted to v=1.

The excited state (v=1, J=1) molecules are detected with tihe paser
using (2+1) REMPI on the Q branch of either the (1,1) or (0,1) vibratizarad,
at 205.5 nm and 210.6 nm, respectively. (See Appendix A for a diagram of the
spectroscopic transitions.) A significantly more intense (v=1, d¥il}yignal can
be produced using the (0,1) band. This is because this band has a stronger
transition and also because the BBO mixing crystal used to prdueiec00 nm
light from the dye laser fundamental and second harmonic is manertffat the
longer wavelength. However, an excessively strong ionization signgbroduce
a nonlinear response in the ion detection system, as discussed inr Gh#&jute
this reason, and because it requires the same laser dye asithé gtate (0,0)

band, the (1,1) band was used in most of the experiments described below.
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The relative delay between the pump and probe lasers is computer-
controlled using a home-built delay circuit providing a precision of abost By
scanning the delay between the pump and probe lasers, a time-of-flQR)
spectrum showing the excited state molecules incident upon and threstca
back from the target surface as they pass the probe laseopasitecorded. This
permits a comparison of the incident and scattered intensities Vifttoh the
survival probability of the excited state molecules may be detednas will be
discussed below. By tuning the probe laser to other rovibrational siates
looking specifically at flight times corresponding to the scattepumped
molecules, rovibrational energy transfer into other states rsaybal detected, as

discussed below.

7.4 Sample Preparation

Both copper and palladium single crystals were used for thesisogtt
studies discussed here. The method of preparation for the palladiune dzaspl
already been discussed in Chapter 3. The Cu(110) crystal used in ttidies s
was cut from a nominally (110) oriented copper boule grown in the Physics
Department at the University of Texas at Austin in Prof. JiskiBe’s group. It
was oriented with Laue x-ray backscattering and then mechaniealty
chemically polished. [67] Using an electrostatic discharge machiheleawas
drilled in the side of the sample for insertion of a thermocouple dsdagering
experiments. Once in the vacuum chamber, the Cu crystal surfacelegned
before each experimental run by approximately 30 minutes of sputterihg
300 eV Af ions followed by 15 minutes of annealing at 800 Auger
spectroscopy was used to verify that the surface was freepafitres and LEED
was used to verify that the sample surface was crystallideweell ordered

following the sample cleaning procedures. The Cu(110) sample wast metiira
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temperature for the scattering experiments, all of which wertormed within
approximately two hours of sputter cleaning and annealing the suda@suce

the effects of surface contamination on the experimental results.
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Chapter 8

H, on Copper

In this chapter results of the experiments carried out on $heuf10)
system will be discussed. The general objective of the expeemeas to
investigate the dynamics of vibrationally exciteglriolecules scattering from the
copper surface. The chapter begins with a presentation of represeat-
curves which demonstrates key features of these spectra, folloveedisgussion
of the method used to extract the relative flux of incident andesedtmolecules
from them. Next the translational energy dependence of the survolelplity of
the excited state molecules deduced from the TOF measurermgntssented,
along with the method for putting the results on an absolute scale.isThis
followed by a discussion of the results, their implications for tlssodiation
probability of the vibrationally excited Hon the Cu(110) surface, and a

comparison to previous experiments and theory.

8.2 Representative TOF Curves

Figure 8.1 shows several sample TOF spectra fon kthe (v=1, J=1) state
incident upon and scattered back from the Cu(110) sample. Each scarais for
different incident translational energy, which was measured asilokx$ below,
and the three scans have been offset vertically for presentatibe figure. The
translational energy was varied by adjusting the nozzle temperdthe scans
shown in the figure were acquired with the pump laser 3.5 mm and the asebe |

0.64 mm from the surface.
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Figure 8.2: Representative time-of-flight curves for (M=1,J=1) scattered frc
Cu(110) at three different translational energies. The first peaachscan i
from the incident molecules and the second peak is from scatteredutes
Note the characteristic asymmetric shape of the scattera@d ipeeach sca
resulting from the scattered velocity and angular distribution® Adte that tr
intensity of the scattered peak goes down as the incident tranalaginergy i
raised, due to a lowering of the excited state survival probalilig.solid line
are fits to a model discussed in the text.
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The first peak in each scan of Fig. 8.2 corresponds to the incident pumped
molecules, while the second smaller peak corresponds to pumped molecules
scattered back still in the (v=1, J=1) state. The origin of the #xis is set to the
peak arrival time of the incident packet at the surface, detednsisedescribed
below. The temporal width of the incident peak is determined by thialspaith
of the focused pump laser beam. The three scans shown in Fig. 8.2 Haaenall
normalized by the incident peak intensity to compensate for changesenular
beam flux, laser power, etc.

Note that the peaks in Fig. 8.2 are solely from molecules exaitedhe
(v=1, J=1) state by the pump laser. While there is a small #hgrapulation in
this state at the higher incident translational energies duleetdigher nozzle
temperature, it can be neglected for the subsequent analysis bedauss an
essentially constant background in the TOF spectra, since theamge scanned,
e.g. in Fig. 8.2, is small compared to theBlength of the chopped molecular
beam pulse.

The solid lines shown in the figure are fits to a model whichhkas used
to determine the scattered velocity and angular distributions andnte@rt the
TOF spectra from density to flux weighted, as discussed below @and i
Appendix C. The scattered velocity and angular distributions are reBjgofi
the asymmetric shape of the scattered peaks in the TOF spéutth have long
tails at late times. Molecules which scatter back at lovetocities or larger
angles arrive back at the probe laser later than those whitbrdeatk with no
change in velocity and directly along the surface normal, giving tas the
asymmetric scattered peak shape.

Note in Fig. 8.2 that the ratio of the scattered to incident peais are

decreases by about a factor of 2 as the incident translationglyesencreased
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from 70 meV to 260 meV. This decrease can be attributed to a reductioa in
survival probability of the excited state molecules as the atioshl energy is

raised, which will be discussed further in Section 8.3.

8.4 Determining Incident and Scattered Velocitiesand Transforming TOF
Spectra from Density to Flux Weighted

The mean translational energy of the incident and scattered pauket
pumped molecules are determined, for each nozzle temperature, batitngrike
probe laser along the molecular beam axis and measuring the a®pgsitions
of the incident and scattered molecules as a function of the pra@balisiance to
the surface. The peak times versus probe position for one such measuasme
shown in Figure 8.2. The intersection of the straight line fits in&R)gives the
precise position of the surface along the probe laser translatgmastavell as the
peak arrival time of the incident packet at the surface, the twanich have been
taken as the origin of coordinates in the figure. Results from seasurements
were also used to set the time origins for each scan in Fig. 8.2aviédree slopes
of the lines in Fig. 8.2 give the incident and scattered velocitiesshwaie
determined with a typical statistical uncertainty of 5-10 percent.

In order to determine the survival probability of the excited madscul
from the measured TOF spectra, it is important to consider theéhia REMPI
probe is sensitive to thgensityof molecules in the probe volume at the time the
laser is fired, not th8ux of molecules crossing the laser axis. Differences in the
incident and scattered velocity and angular distributions will aaffex observed
relative weighting of incident and scattered molecules in thergp&or example,
molecules traveling more slowly remain in the probe region lorfger those
traveling more quickly, and therefore have a greater likelihood of lusterted.

Similarly, molecules which traverse the probe laser axibatosv angles will be
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Figure 8.4 Incident and scattered peak times in pump/probe experiment
probe laser distance from the surface. This type of plot is useltésmin
incident and scattered velocities and to find the position and time nateslic
the pumped packet arrival at the surface.

detected with greater probability than those which travel alonguttiace normal.
Both of these effects result in an enhancement of the scatterledgbative to the
incident peak in the TOF spectra, since the well collimated, morgetiter
incident beam is scattered off the surface into a range ofsaaghke with some
loss of translational energy.

To correct for this difference in weighting of the incident anatteced

molecules in the TOF spectra, the measured density-weightedraspet
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transformed mathematically into flux-weighted spectra before esulest
analysis. This is done using a model, discussed in Appendix C, whichin&kes
account the mean velocities of the incident and scattered moleswesl| as the
spread in scattering angle and velocity determined from the shalpe stattered
peaks in the TOF spectra. The initial step in this method involwasgfithe

measured spectra to a smooth function; these are the fits shown in Fig. 8.2.

8.6 Survival Probability versusIncident Translational Energy

To determine the survival probability of the excited state madsougrsus
their incident translational energy, the ratio of the areas uhdesdattered and
incident peaks in a series of TOF spectra, such as those showg &2riwas
first used as a measure of tiedative survival probability over a range of incident
translational energies. [68] (The incident translational energwaised by
adjusting the nozzle temperature.) Thlesolute survival probability was then
determined at a single translational energy by integrating tdwer spatial
distributions of the incident and scattered flux [69], as discussed bielow
Section 8.4, and the relative measurements were scaled by thts Fegule 8.3
shows the resulting plot of survival probability versus translationaetgy. The
pump and probe geometry for the measurements in the figure waty esc
described above for Fig. 8.2, and the incident translational energies were
measured at each point as described above. The measured densitgdve@ht
spectra were transformed to flux weighted spectra, as discus®ee in
Section 8.4 and further in Appendix C, before the ratio of scattered temtci
peak areas was taken. The plot was then scaled so that the asfethgeour
measurements at the lowest translational energy equals theitabsatvival

probability value determined at this energy as discussed in Section 8.4.
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Figure 8.6: Survival probability versus incident translational eneayy H>
(v=1,J=1) on Cu(110). See text for detalils.

An alternative explanation for the decrease in the scatterautittent
ratio in the TOF spectra with increasing energy, besides aagem the survival
probability, would be that, as the translational energy is raise®, han increase
in the angular spread of the molecules in the plane perpendicular to the probe laser
propagation direction. This would reduce the intensity of scatteredcuhede
detected at any particular vertical position of the laser. Fgpe3.4.) However,
the spatial distribution of scattered molecules in this plane leasrbeasured and
was found to decrease by approximately 25% as the incident tranalagnergy
was raised from 80 meV to 250 meV. This distribution was measured by

scanning the probe laser vertically and taking TOF spectraaatge of heights,
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for several translational energies in the range shown in Fig. 8.2helse t
measurements the probe laser effectively integrates over tioé-plaine direction
because of its proximity to the surface. The decrease in arsguéad is in fact to
be expected, since the component of velocity normal to the surface is ey ra
Since the spatial distribution is weighted more towards the spemdge at the
higher translational energies, the decrease in the intenshg stattered peaks in
the TOF spectra as the translational energy is raised ssudt from a decrease in
the survival probability of the incident,Hiv=1, J=1) molecules.

Note, however, that, since the angular distribution of the scattered
molecules narrows slightly as the translational energy i®ased, but Fig. 8.6
was scaled to the absolute survival probability at only the lowestge, the
survival probability in the figure is overstated by about 25% at thie &igergy
range of the figure.

Given the scatter in the data points in Fig. 8.6, no significance should be
attached to the details observed in the structure of the curve, butootthe
general trend. The figure shows a steady decrease in the sureivabiity as the
incident translational energy is raised. The solid curve in thedfig a fit of the

survival probability to a function of the form

P=P,. +(P. - Pmir)%{l— tanh( E, \;VEO)} (8.2)
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Table 8.2: Parameters for fit of survival probability versus incidemtslational
energy shown in Fig. 8.6 to Eq. (8.2).

Parameter Value
Prmin 0.28 + 0.05
Pmax 0.67 + 0.13
Eo (MmeV) 164 + 12
W (meV) 37 + 22

This form has been used by other authors [49,70] and is chosen simply as a
convenient way to reduce the data. In Eq. (8.8 the survival probability at the
incident translational enerd¥ , Pmax and Pmin are the maximum and minimum
survival probability,W is the width of the energy range over which a transition
occurs, andg, is the center of the energy range. The results of the figt¢82)

are listed in Table 8.2, including the statistical uncertaintiesrid@ted from the

fit and from uncertainties in the absolute scaling discussed bal@&edtion 8.4.
The P, fit parameter has not been corrected for the 25% overestimake of
survival probability at the highest translational energy, whichearfsom the
narrowing of the scattered angular distribution as discussed aboven/Ae seen
from the fit parameters, the excited state survival probabiagreases by
between a factor of 2 and 3 as the translational energy isl facsa 70 meV to

260 meV. These results will be discussed more below in Section 8.5.

8.8 Absolute Survival Probability M easurement

In order to determine the absolute survival probability of thévH1, J=1)

at a given incident translational energy, as discussed above, thelggebeavas

68



scanned vertically (with reference to Fig. 3.4) and a series &f §g@ctra were
taken at a range of heights with the incident translational enfxgy at

77 meV. [69] Each spectrum was transformed from density to flux vesight
using the method discussed in Appendix C, and the integrals under the incident
and scattered peaks in the flux weighted spectra were computed.

Figure 8.4 shows the integrated flux from these spectra plottegisvirs
vertical position of the probe laser, along with gaussian fits tonitident and
scattered profiles used to reduce the data. The spatial profilee afcattered
molecules is broader than that of the incident ones, because the e®kszatter
off the target into a range of final angles.

Note that each point Fig. 8.4 effectively includes an integration theer
coordinate parallel to the laser propagation direction because afethetion
geometry. The acceptance angle of the integration along thisi@iréecestimated
to be = 82 degrees from the surface normal, based on the width of thmulaole
beam (4.8 mm), an estimate of the probe laser interaction lendththeitbeam
(8 mm), and the probe to surface distance for the TOF spectra useakiing
Fig. 8.4 (0.2 mm).

Thus, integrating over the probe laser vertical direction in Figgi8es a
complete spatial integration of the flux in a plane parallel to tHacirTherefore
the ratio of the areas under the fitted scattered and incidentsanr¥gg. 8.4 is
the survival probability of the excited molecules. Using the paemeind
uncertainties from the gaussian fits, the survival probability for(utl, J=1)
scattering from Cu(110) at an incident translational energy of 77 iseV
0.67 £0.09. This value was used in scaling the survival probability versus

translational energy curve presented in Fig. 8.6, as discussed above.
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Figure 8.8 Spatial profile of flux incident on and scattered back from Cu(1
the H (v=1,J=1) state, for an incident translational energy ah&¥. The ratio ¢
the integrals under ¢h scattered and incident profiles gives the sur
probability at this energy.

It is important to consider whether differences in angular momentum
alignment, e.g. resulting from scattering at the surface, coaldtria different
REMPI rates for the incident and scattered molecules. This woeadrteed to be
accounted for in determining the survival probability.

However, this is probably not the case, since two-phatorz Q-branch
REMPI probing is relatively insensitive to alignment. [71] Also, @Amh Raman
excitation is thought to produce no alignment [72], so any alignments#ethe
surface would have to be extreme to induce a measurable alignméhné i

scattered molecules. As a check on these assumptions, the incidect#eaced
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pumped H (v=1, J=1) signhal was measured as a function of the linear polarization
direction of the uv probe light, varied with a 1/2 wave plate, and no ioarist

signal was found.

8.10 Discussion

The results discussed above show that a significant fraction ofdident
H, molecules in the (v=1, J=1) state do not survive their collision wiéh
Cu(110) target still in this quantum state, and that the survivirmidragoes
down as the incident translational energy is raised. What happdmesrtotecules
which are lost? There are three possible loss channels: rotatianiation within
the v=1 manifold, e.g. (v=1, J=13); vibrational relaxation to any odd J state in
the ground state v=0 manifold; or dissociation (sticking) on the sursEh of
these will be discussed in turn. Note that transfer of population to &seis
forbidden by nuclear symmetry.

It might initially be assumed that rotational excitation withhe v=1
manifold would be weak, since experimental studies on ground stateaktiered
from metals have shown rotational excitation probabilities to be ahbut
1%. [40] This low level of rotational excitation is in general dught® nearly
spherical structure of the,Hnolecule and the high energy spacing between its
rotational levels.

In preliminary measurements, however, it was found that rotational
excitation of the incident (v=1, J=1) molecules to (v=1, J=3) accoant®dighly
5% of the (v=1, J=1) loss at 260 meV incident translational energyotdteonal
excitation energy most likely comes from the molecular tréiosial energy, and
the magnitude of the excitation is consistent with theoretidaliledions of T-R

coupling by Darling and Holloway. [37]
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It was planned to measure this rotational excitation probabiitya a
function of incident translational energy and to look for excitation tneri J
states as well, but these experiments were not performed. Equifahera kept
the pump laser offline for the last few months of th&ad studies reported here.

However, it is assumed that the (v=1, J=3) excitation probability
increases as translational energy is raised. Then the contrilofitibis loss over
the 77 meV to 260 meV range is not more than the 5% observed at 260 n3eV. It i
also assumed that excitation to higher J values within v=1 isgit#gli since the
excitation probability should go down as the energy gap is increased.

Nonetheless, the role of rotational excitation in the(¥¥1) scattering
from Cu should be addressed by further experiments. The results ddscnss
Part Il showed that the rotational degree of freedom could be sayntify
involved in the scattering dynamics for,/Ad, which is near the barrier to
dissociative chemisorption. Since; Hv=1) on Cu is also probably near the
activation barrier, rotational excitation may be significant.

Also, the assumption that the rotational excitation probability asa®
monotonically with incident translational energy may be called dgpiestion by
recent work by Hodgson and coworkers. [73] They performed an experiment
similar to that discussed here in which they observed the eanif@t1, J=0- 2)
in Hy incident on Cu(111). They also looked for the transition (v=1-J3)1for
translational energies up to 200 meV, but could not observe it within their
detection limit. Although the interpretation of their results is plicated by the
way they chose to scale their measurements, their data mggssugat the
rotational excitation is strongest near the translational entgrgshold for

removal of the incident vibrationally excited molecules. If thisthe case
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rotational excitation could be significant in the present resuéta @ the middle
of the range of translational energies probed.

What about loss in the excited state due to vibrational relaxatidine
incident H (v=1) upon collision with the Cu target? This could occur by a
number of different mechanisms, each having implications for the dynamics of the
molecule-surface interaction.

One possibility is the conversion of molecular vibrational to tréinsial
energy during the scattering. This would be consistent with the obiserd
vibrational excitation in KHCu(111) scattering at high incident translational
energy [50], since that is essentially the time-reversed pro@dse, recent
calculations predict a (v=10) vibration to translation relaxation probability of
about 15% for BFCu(100), as shown in Fig. 6.2

Although no attempt was made during thgCGti scattering experiments
reported here to observe vibrational relaxation, vibrational relaxatias
observed in the H(v=1) experiment on Pd. These results are presented in the next
chapter, along with a more complete discussion of vibrational redaxat
mechanisms which is also relevant tpd# Cu.

The sticking probability of the Hv=1, J=1) state should be given by the
difference between the loss observed in this state upon scattedrieaportion
of the loss accounted for by rotational excitation and vibrationatatia. Since
these branching ratios were not completely determined, however,itkimgst
coefficient is not known from the experimental data, only the tatsé linto

sticking and other channels.
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Figure 8.10 shows a comparison of the experimental results reporéed her
with the best available theoretical calculations and previous exgetal results
for H, (v=1) on Cu. The filled squares show the measured loss in ilfe=Hi,
J=1) state upon scattering from Cu(110), defined as 1 minus the survival
probability given above in Fig. 8.6, versus incident translational energysdlide
line is the sum of the dissociation and relaxation probabilities calculatetbbg,K

et al. for Hy/Cu(100). [58] The dot-dashed line is a tanh-based function (such as in
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Figure 8.10: Comparison of loss observed in(¥1, J=1) state upon scatter
from Cu(110) with theoretical calculations and previous experin
Calculations on KHCu(100) were provided by G. J. Kroes from work in Ref. 58
Previous experimental results were obtained by Retates), on H/Cu(111)
[61] See text for details.
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Eq. (8.2)) with parameters set as determined by Re#hed. in fitting their
H,/Cu(111) adsorption data. [61]

The agreement between our experimental results and the thedoretic
calculations by Kroest al. shown in the figure is striking. It may be somewhat
fortuitous, however, since these results are for different fadde @u crystal and
since the effects of rotational motion were neglected in the dhealr
calculations. Kroest al. suggest that averaging over initial molecular orientations
in their calculations would reduce the magnitude of both the dissociation
relaxation probabilities. Inclusion of molecular rotation might &smaden the
transition width of the calculated curve, according to the conclusioGsost et
al., who compared dynamical calculations of different dimensionality. [74]

The threshold and saturation values of the (v=1) adsorption probability
curve determined by Rettnet al. are substantially different than those of the
(v=1, J=1) total loss curve determined from our results. It is pesHibt part of
the discrepancy results from the excitation and relaxation leasnels available
in our experiment in addition to dissociation. However, it seems unliketythis
accounts for the majority of the discrepancy, which is quite laddgo, the
calculations of Kroest al. shown in Fig. 6.2 show the vibrational relaxation
coefficient being more or less independent of translational eneoyytha
relaxation probably does not explain the shift in the thresholds bettheen
Rettneret al. curve and the present results.

Of course, the Rettnet al. curve is determined for a different Cu crystal
face than that of our results, but it is not clear whether this explains the diégrenc
either. Michelsen and Auerbach did a critical examination of dtaidsorption
and desorption data from other groups for the Cu(100), Cu(111), and Cu(110)

crystal faces, fitting all the data to tanh-based adsorption prabdihctions
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(before Rettner, Michelsen, and Auerbach did their own experiments on
Cu(111)). [70] Though they did find differences between the crystal,fdoes
trends are in the opposite direction to explain the discrepancy lmetivedwo
experimental curves shown above. They found the translational energjyatre

for adsorption of K (v=1) to be smallest on the (111) face and largest on the (110)
face. Also, they found the saturation value of the sticking coeffitiebe largest

for (111) and smallest for (110).

The fit from the Rettneet al. work shown above is from their analysis of
adsorption data, which does not include effects due to rotation. Fromisrudlys
their H/Cu(111) permeation-desorption data they did obtain both rotationally and
vibrationally resolved values of the adsorption probability curve parasnéter
(v=1, J=1), these parameters are not substantially different e used to
make the plot shown above, however.

The adsorption data of Hayden and Lamont [75] fpoR Cu(110) show a
translational energy onset for sticking from a (presumably vdaliy) hot
molecular beam of only about 140 meV, which is in close agreement heith t
present experimental results presented above. It seems somewbdtsa
however, with the K (v=1)/Cu(110) sticking onset of 258 meV determined by
Michelsen and Auerbach from analyzing this same (and other) data. [70]

The discrepancies discussed above motivate the approach adopted in the
present studies. The combination of heated nozzle adsorption experiniants w
state-resolved permeation-desorption experiments has cleathisstd that the
translational energy onset for vibrationally excited molecules is |tveer that for
ground state molecules, which was not addressed in the current studies
discussed above. However, because of the averaging over initial thiatds

present in the heated nozzle experiments and possible complicatiamglymg
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the desorption results to adsorption, the combined adsorption/desorption analysis
probably does not give the best possible values for direct, stateeesol
adsorption probabilities. The approach adopted here of preparing single
rovibrational states in a molecular beam experiment with opticaiagiec will be

able to provide the most exact values.
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Chapter 9
H, on Pd

This chapter discusses the results of the experiments,ov=,J=1)
scattering from Pd(111). Since dissociation in théPH system occurs readily,
this system provides an interesting contrast to the experimentsodoRgCu,
discussed in Chapter 6. In addition, since the Pd surface can easipdeenert
to H, dissociation by saturation with H atoms, there is a convenientisgreal
means for checking the absolute survival probability measured in pleeient,
as will be discussed below. Also, the fact that the translatemaigy range of
interest in the WIPd system is low means that low nozzle temperatures can be
used in the experiments, facilitating the observation of relaxdtiom the
vibrationally excited state to high rotational levels of the ground vibrational stat

This chapter is divided into three sections. The first sectiorep®d OF
spectra for the pumped;Hholecules scattering from the Pd surface and discusses
the difference between the clean and saturated surface. In theeotion the
absolute survival probabilities for these two surface statescanputed. Finally,
the observation of vibrational relaxation is presented and its iriphsa

discussed.

9.1 TOF Curvesfor Clean and H-Covered Pd

Figure 9.1a shows a TOF spectrum forikithe (v=1, J=1) state incident
upon and scattered back from clean Pd(111) held at4b0 K. The first peak in
the figure shows the packet of incident pumped molecules crossing the @@be la
on its way towards the target, while the second, much smaller gheaks the

molecules scattered back from the target still in the (v=1, J=1) state.
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Figure 9.2: Sample TOF curves fop V=1, J=1) scattered from a) clean an
H-saturated Pd(111) at an incident translational energy aie’4 Note that tr
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high.

The scattered peak is very weak compared to the incident one Ifgote t
x10 scale change), and also very weak compared to that shown éor €u in

Fig. 8.2.
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By contrast, the scattered peak in Figure 9.2b, in which the Pd swdace
first cooled to 100 K and saturated with H atoms, is much larger.qfystal was
H-saturated using the method outlined in Chapter 3 of Part Il.) Thisatia
difference between the two figures suggests very stronglyttbdoss in H (v=1,

J=1) upon scattering from the clean surface results from aftroglecand/or
chemical interaction with the surface which is passivated byattserbed H
atoms.

The mean incident translational energy in both panels of Fig. 9.2,
determined as outlined in Section 8.4, wast24meV. The translational energy
of the molecules scattered from the H-saturated surface showaig.in9.2b
was 69+ 1 meV, but the translational energy of molecules scattered from the
clean surface could not be determined since the signal is so loveldwof the
time axes in Fig. 9.2 were set to the peak arrival time ofl@mtimolecules at the
target. The spectra were acquired with the probe laser 0.46 mntHeotarget
surface and with the laser’s vertical position (see Fig. 3.4pd6&e center of the
excited state packet.

The fits shown by the solid lines in Fig. 9.2 were used to prepare the
spectra for the density to flux transformation, as discussed itioS&4 and
further in Appendix C.

The low reflectivity of the clean surface to the pumped mole@ppsars
to be roughly independent of incident translational energy over the bahgeen
22 meV and 151 meV. TOF spectra taken at both ends of this range for the
scattering from the clean surface appear very similar tostt@t/n in Fig. 9.2a at
74 meV.
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9.2 Absolute Survival Probability on Clean and H-Covered Pd

To determine the absolute survival probability of the (M=1, J=1)
scattered from the clean and H-saturated Pd surfaces, thel spigigation
technique outlined in Section 8.8 was used. A series of TOF measurehkents
those shown above in Figure 9.2, was made over a range of vertical positions
the probe laser. The incident and scattered velocities were detdrand a flux
transform of each of the measured spectra was computed. Thelmtegtar the
incident and scattered peaks in the flux-transformed spectratinsrdabulated
versus the laser height. These data were acquired for an inadidesiational
energy of 74 1 meV and with the probe laser 0.46 mm from the target.

Figure 9.2 shows a plot of the results. Each point in the figure is the
integrated flux, at a particular laser height, of either th&lemt or scattered H
(v=1, J=1) molecules. Data are shown for scattering both from thatufated
surface (open squares) and from the clean surface (open diamondsplidhe s
curves in this figure are drawn to guide the eye only.

Taking the ratio of the area under each scattered profile ureFg32 to
that of the incident profile gives the survival probability of theitedcmolecules
for the respective state of the surface, clean or saturated.drteiedn Pd(111) at
450 K the incident K (v=1, J=1) survival probability is only 0.850.01. The
uncertainty in this value is estimated from the reproducibilafethe individual
points in Figure 9.2. For the saturated surface at 100 K the ratio afeaainder
the scattered profile to that under the incident profile is £.0D4, hence the

survival probability, which can be at most 1, is between 0.97 and 1.
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The difference in the results for the clean and saturated sudagery
striking. Essentially the H-saturated surface is inert toHhenolecules incident
in the (v=1, J=1) state, which are simply reflected. However, upttesng from
the clean surface, almost none of the incidenivd1, J=1) survives. The fact that
the survival probability upon scattering from the inert, saturatedufdce is
close to unity also lends confidence that, in th&CH results presented in the last
chapter, the maximum survival probability of only 0.67 represents dasgeof
molecules at the surface and not simply a systematic eriateigration of the
scattered flux.

As in scattering from Cu, there are three possible loss chafunetilse
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Figure 9.4: Spatial profiles of incident and scattered flux fer(W1, J=1
scattered from Pd(111), both clean and H-covered.
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incident B (v=1, J=1) upon collision with the clean Pd surface: dissociative
adsorption (sticking); relaxation to any odd J in the ground vibratioagd 8t0
manifold; and rotational excitation within v=1, e.g. (v=1, J=3).

Of these, sticking is almost certainly the dominant channel, difice
adsorption on Pd is non-activated and the sticking coefficient fon khe (v=0,
J=1) state on clean Pd(111) is already @&203. (See Table 4.4 or Ref. 76) The
(v=1, J=1) sticking coefficient should be even higher, given the exceks
population observed in permeation-desorption experiments withd[100) and
applying the principle of detailed balance. [62] Gross and Scheffler adied,
on the basis of their theoretical calculations on Pd(100), a stickef§jcient for
H, (v=1) more than twice as large as for v=0. [64]

However, sticking is not the only loss channel. As will be shown in the
next section, vibrational relaxation also accounts for a signifitaotion of the
observed loss, at least 5% and possibly much more.

Rotational excitation within the v=1 manifold, such as observed f#&@uH
scattering at high incident translational energy, is probably sajraficant loss
channel in the low translational energy Pd experiments. No scgtteto the
(v=1, J=3) state was observed in thgRd experiments within the experimental
detection limit, which is a few percent of the total scattéied Excitation into
higher J states is unlikely, since the excitation probability should decreasthevit
energy gap between the coupled states, and transfer into sttites/en J need

not be considered, since this is forbidden by nuclear spin.
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9.4 Vibrational Relaxation

9.4.2 TOF Spectra

To investigate the significance of vibrational relaxation in HyPd
scattering, a series of TOF spectra on different rovibratiadatdswas recorded
during the H (v=1, J=1) scattering experiment from the clean surface. [77fThes
are shown plotted together in Figure 9.3. The figure shows spectraeedor
the (v=1, J=1) state prepared by the pump laser, as well ascfooethe odd J
states in the (v=0) manifold that are lower in energy than ite Nloat these
spectra are all plotted with the same vertical axis zero,aamdot offset. The
incident translational energy of the pumped molecules is BneV.

The large peak at negative time in the (v=1, J=1) spectrum stih@vs
incident pumped molecules, while the small peak at positive time shewseak
scattering from the surface back into this state. The tingezaxbd has been set to
the peak arrival time of the incident pumped packet at the surabefare. The
depletion observed in the (v=0, J=1) spectrum arises because tmésgsotind
state from which molecules are pumped to (v=1, J=1) by the Ranes, lasd
the ground state “hole” corresponds to the (v=1, J=1) incident peak.

Vibrational relaxation is evident in the appearance of the gueaks at
positive times in the (v=0, J=5) and (v=0, J=7) spectra, which muss& fxom
relaxation of the pumped (v=1, J=1) molecules. The thermal population in the
(v=0, J=5) and (v=0, J=7) states in the molecular beam manifestt as the
baseline offset of these two spectra. Note the shift in theateda peaks to
earlier time relative to the (v=1, J=1) scattered peak. Thisodstrates that a
significant portion of the vibrational energy disposed of exciteslation of the

scattered molecules, as will be discussed further below.
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Figure 9.6: Time-of-flight curves for Hincident on Pd(111) in (v=1, J=
showing vibrational relaxation to v=0 manifold. Depletion in (v=0, J=1) s
magnitude of popation transfer by pump laser. Peaks at positive times in
J=5) and (v=0, J=7) are evidence of relaxation from (v=1, J=1) into these states.
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Since vibrational relaxation from (v=1, J=1) to (v=0, J=5) and (v=0, J=7)
is observed, it seems plausible that relaxation to (v=0, J=1) andJ&3Dshould
also be present. However, this is much more difficult to observe, leeohtise
high thermal population of these states in the incident molecular. bEaen
thermal population in (v=0, J=3), for example, is about 150 times &= darthe
relaxation peaks observed in (v=0, J=5) and (v=0, J=7), as shown in Fig. 9.6.
With the signal to noise obtained in the experiment, it was not pessilliscern
a relaxation peak in the (v=0, J=3) spectrum with a signal levaller than about
1% of the thermal background. For the (v=0, J=1) state, the thermaktacds
even larger, and it is even more difficult to observe a peak due to relaxation.

No relaxation to even J states is expected, since the ihig&dte is odd
and nuclear symmetry prevents coupling even and odd J states in thecatise
highly unlikely nuclear spin flip. To verify this, vibrational relaxat into the
(v=0, J=4) and (v=0, J=6) states, which have low thermal backgrounds, was

checked for. None was found.

9.4.4 Relaxation Probabilities

The vibrational relaxation probabilities into each of the observed clsanne
were determined and are listed in Table 9.1, along with other data wiide
discussed below. Several steps were taken in compiling this table.

First, corrections were made to the measured TOF spectrdéantorput
them on the same absolute intensity scale for plotting in Fig. 9.6spwatra for
the (v=0) manifold were each corrected for the effects of la®&er variation by
assuming the intensity is proportional to the square of the uv prolseptaser,
which was measured with a Scientech calorimeter. No furthéara@bn of the
(v=0) intensities is needed, since thg (B+1) REMPI rate is nearly independent

of rotational state for the Q branch of the (0,0) band used for probing. [78]
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However, the REMPI rate can be expected to vary with vibratiomal. pa8] For

the (v=1, J=1) spectrum, probed on the Q branch of the (1,1) band, the intensity
axis was scaled so that the magnitude of the incident peak would thgual
magnitude of the “hole” in the ground state, since these should correspond t
exactly the same number of molecules. The size of this camedetctor obtained

for different experimental runs indicates that, after accountingsdiriations in
probe laser power, the (1,1) band is#.8.2 times stronger than the (0,0) band,
which is comparable to the difference in strength between othes péir
vibrational bands in F(2+1) REMPI. [78]

For the (v=1, J=1) to (v=0, J=5) channel, the relaxation probability was
determined in a manner similar to that described above for findingutiveval
probability of the (v=1, J=1) state. The incident and scattered vekaitere
determined and used to make a density to flux correction. The sfatidution
of incident and scattered flux (i.e. in the plane perpendicular toatiees) was
then integrated over and the resulting integrals were compared.

There was insufficient signal in the experiment to make dasispatial
integration measurement for the (v=0, J=7) state. In this cagasiassumed that
the angular spread was equal to that measured for (v=0, J=5), arslatinee r
scattered peak heights and velocities were used to deduce thatioelax
probability for (v=0, J=7) from the (v=0, J=5) result. (Measurementhef
velocities will be discussed below in Section 9.3.3.)

For (v=0, J=3) only a limit on the relaxation probability could be Heis
was determined from the limit on the height of a relaxation petkysthe signal
to noise in Fig. 9.6 and a consideration of the maximum possible veloditg of

scattered (v=0, J=3) molecules consistent with energy conservation.
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The sticking probability of the Hv=1, J=1) state should be given by the
difference between the loss observed in this state upon scattennghie clean
surface and the portion of the loss accounted for by vibrational relaxtthe
relaxation probability to each of the odd-J (v=0) states had beemdwetdr then,
the H (v=1, J=1) sticking coefficient would be known and the prediction of a
higher sticking coefficient for the (v=1) state relative to (veOuld be tested.
Unfortunately, the lack of information on the relaxation to (v=0, J=1,3)epts

this, since we can at best guess how the relaxation probability will depend on J.

9.4.6 Energy Disposal

Relaxation of the Kvibration from (v=1) to (v=0) requires disposal of a
significant amount of energy — 516 meV. The disposal of this energyhato
various possible degrees of freedom has important implications falytizenics
of the scattering and relaxation event.

Some of the vibrational energy is transferred to both the rotatal
translational degrees of freedom of the scattered moleculerdrisdar of energy
into rotation is seen already in that relaxation channels fromalbath J=5 and
J=7 were observed. The final translational energies of the rechfte=0, J=5) and
(v=0, J=7) molecules, determined by measuring the scattered pesk dasna
function of probe laser distance from the surface, were+IBHmeV and
119+ 35 meV, respectively. These are significantly greater tharrahslational
energy of the incident (v=1, J=1) molecules,¥5bmeV. The observed energy
gain in rotation and translation is summarized in Table 9.1.

The rotational and translational energy gain of the scatteredcoies
does not account for all of the vibrational energy lost, however. Theretitfe,

listed in Table 9.1, must be disposed of in the substrate. We may cotwgider
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different channels for dissipation of the molecular vibrational enangyhe
substrate: excitation of phonons and excitation of electronic degrees of freedom.

Since the characteristic energy of the Pd phonons is on the order of
24 meV (the Pd Debye temperature is 275 K [39]), the observed dissipation of
70-180 meV of molecular vibrational energy would require excitation ofnitgug
3-8 phonons. Excitation of multiple phonons in a molecule-surface collision is
expected to be weak [79,80] and relaxation via this channel may thebefore
neglected. Also, kinetic energy transfer during a collision betwadt molecule
and a Pd atom should be weak due to their large mass mismatch.

It seems far more likely that the vibrational energy is iplided to
electrons in the solid. For example, experimental and theoretcél vas shown
that, for molecules adsorbed on a metal, the molecular vibration efidbently
coupled to electrons in the metal. If a molecular antibonding ori@taklose in
energy to the metal’s Fermi level, electrons can move back ahdbietwveen the
antibonding level and the metal, thus damping the molecular vibration and
carrying energy into the solid. [81,82,83] The vibrational relaxation ob@Qu
is a well known example of this mechanism. [84,85,86,87]

But can vibrational relaxation via heating of surface electroreffluéent

in a single molecule-surface collision? A consideration of tlevaelt time scales

Table 9.2: Energy disposal inyHv=1, J=1) vibrational relaxation on Pd(111).
The incident translational energy was#% meV. The H vibrational energy lost
is 516 meV.

Transition Probability ~ Translational Rotational Energy Loss to
(%) Energy Gain  Energy Gain Substrate
(meV) (meV) (meV)
(v=1, J=1)- (v=0, J=1) -- 1 -
(v=1, J=1)- (v=0,J=3) < 5.0 - 74 -
(v=1, J=1)- (v=0, J=5) 43t 1 131+ 26 202 183+ 26
(v=1, J=1)- (v=0, J=7) 3.2t 1 64+ 35 380 72+ 35
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and relaxation rates suggests that this is plausible: theigitabhtlecay times may

be comparable to or smaller than the molecule-surface interaictionn a single
collision. In the H scattering experiments the interaction time is on the order of
few tenths of a picosecond. For CO on Cu, the vibrational relaxatioy teeais

only about 2 ps. [84,85,86,87] For, Fdsorbed on metal surfaces, theoretical
calculations show vibrational lifetime broadening to be almost 20 meV,
corresponding to a relaxation time of only 33 fs, if the moleculedjgse enough

to the surface for the energy of its lowest antibonding orbitatdsscthe metal's
Fermi energy. [88,83] This is much smaller than the collision irtiera¢ime.
Thus relaxation during a single collision seems plausible.

The question of whether metal electrons can be efficiently coupled
molecular vibrations in a single collision has also been addressiedegard to
the observed vibrational excitation of NO scattered from silverttn&eand
coworkers, who did the original experimental work, proposed that theatswit
did occur via an electronically nonadiabatic mechanism. [89] This wgsoged
by theoretical calculations by Newns. [90] Other workers, however, proposed
excitation mechanisms that did not involve excited substrate @ied®1,92],
and a consensus still has not been reached on this matter.

But now return to the present case of \Hbrational deexcitation upon
scattering from Pd. If there were no transfer of molecular tibral energy to the
substrate, then the relaxation event could be viewed as resultiply $iom the
dynamics of the incident molecule on a single molecule-surface @btenérgy
surface during the collision. Relaxation would occur in this case if the diseaciati
barrier is “late” along the reaction pathway, i.e. occurs aktanded value of the
molecular bond length, since in this case the potential energy esugsglts in

vibrational and translational degrees of freedom being mixed atrahsition
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state. Vibrational energy could be converted to translational emkengyg the
collision. This would be analogous to the time-reversed process ofoifatimnal
excitation of a molecule incident in the ground vibrational stath wery high
translational energy. This type of excitation has been observed foonH
Cu(111) [50], which is, as already discussed in Chapter 6, the classiplexat a
system with a late barrier to dissociation. The additional coupdingtational
motion can be considered within the same framework, involving a potential
energy surface which has high spatial anisotropy, as discussed in Part II.
However, the observation that the relaxation mechanism involves
significant energy transfer to the surface, and most likelyutéase electronic
degrees of freedom, indicates that the conceptual framework outboed & not
sufficient to understand the relaxation process observed. Stateanf-the-
dynamical calculations for the scattering of Ffom metals have advanced
considerably, to the point where all six molecular degrees ofldreecan be
considered quantum mechanically. However, in these calculations tleeesurf
degrees of freedom are not treated and no excited electroeis atatconsidered.
The results presented here suggest that electronically ebxstdtes may play an

important role in the scattering dynamics and must be considered.
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Part IV

Conclusion
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Chapter 10

Summary, Conclusions, and Future Work

The principle goal of this work was to explore dynamical effeats
dissociative adsorption via quantum state-resolved observations of melecule
surface scattering. Effects due to molecular rotation and to otaftegibration
were considered in two separate sets of experiments. The fedpltest state-of-
the-art theoretical simulations of molecule-surface scattefihg work is thus
part of a larger effort to understand issues in gas-surfaceisthemvhich has
widespread scientific and technological relevance.

Here the results and conclusions of each of the two main sectiahs of
dissertation, Parts Il and lll, are reviewed. Following this, sstjges for further
work on these projects are discussed. Lastly, future directionsirface science

research in general are considered.

10.2 Summary of Part 1l - Rotational Effects

The experiments on the effects of molecular rotation in the dédsoc
probability of b on Pd were motivated by recent theoretical calculations
concerning the role of dynamical steering in this system.

The concept of dynamical steering emerged recently to explamist
observed in the nonactivated adsorption efod metals, namely the decrease of
the sticking coefficient with increasing kinetic energy in the kenergy regime.
This trend also occurs in adsorption mediated by trapping, but the trapping
channel is probably not relevant tg bh metals except at extremely low incident
energies. According to the dynamical steering concept, the stipkidgbility of

slowly moving molecules is enhanced by the ability of the moleauface
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interaction forces to steer these molecules to favorable dissacsites and
geometries during the collision.

Theoretical calculations for Hadsorption on Pd(100), a system that has
nonactivated adsorption pathways, therefore predict a strong dependehee of t
sticking coefficient not only on translational energy but also oralnititational
energy, because rotational motion can inhibit steering in the saayeaw
translational motion. [4] The inhibition of sticking with rotational erevgas
gualitatively verified by permeation-desorption experiments and alsbebyn
adsorption experiments carefully constructed to give some state-resolvésl resul

In the present work the molecular rotation effects in thiEd{111) system
were investigated to explore a larger range of rotational amdlational energy
than achieved in previous experiments and also to consider the effesttte-
changing collisions at the surface.

The rotational state-resolved measurements of the stickingoteetfof
H, on Pd(111) at J=423 K show a strong variation of the sticking coefficient
with initial rotational quantum number. As J is raised from 0 to 3stlo&ing
coefficient decreases, qualitatively in accord with the theatetialculations
mentioned above. Notably, the sticking coefficient increases agdirsaaised to
4 and 5, most likely because rotational energy can be used to doeetjome
the activation barriers.

In addition to the strong dependence of the sticking coefficient on
rotational quantum number, rotational excitation of the incidenimdlecules
during scattering from the surface was observed. This excitagiostrongly
activated by the surface temperature, occurs directly upon suogttand is not
activated by incident translational energy. For example, the prdigataii H,
excitation from (v=0, J=1) to (v=0, J=3) on Pd(111) at 3 423K is
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approximately 1% even at an incident translational energy of 31 mei¢hws
less than the rotational excitation energy of 74 meV. The exuitgtiobability
goes up a factor of 2 as the surface temperature is raised to 845 K.

Both the J-dependent sticking and the rotational excitation sudgsst t
molecular reorientation during collision with the surface plays an importantrole i
the dissociation dynamics, in accord with theory.

However, the activation of the rotational excitation with surface
temperature, in a regime where translation to rotation coupling catcort,
cannot be explained using the current theoretical approach applied to this
problem, which neglects surface degrees of freedom.

The simplest explanation of the observed results would be that the incident
molecules are rotationally excited by surface atom motion, i.esurface
phonons. This could be analyzed theoretically if the problem weredreath
classical dynamics, rather than quantum dynamics, since then suortamn
could be included more easily. A more interesting situation would ot¢he
rotational excitation resulted from an electronic (i.e. nonadiabatteyaction
with the surface. Suggestions for distinguishing between these fitssikiill be

discussed below in Section 10.3.

10.4 Summary of Part I11 - Vibrational Effects

The role of vibrational motion in activated dissociative chemisortam
been the subject of considerable study, and a consensus has emerged that
vibrational energy can promote dissociation in systems where theatmamn
barrier is “late” along the reaction path.
The H/Cu system is the most widely studied example of a systémawi
late barrier. The combination of data from heated nozzle adsorptionregpts

and state-selective permeation-desorption experiments has densohttedtthe
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sticking coefficient of vibrationally excitedzson Cu is higher than that of ground
state H, and has gone a long way towards establishing the relative adsorption
probabilities from different rovibrational states and supporting generads
found from theory.

To more accurately determine the scattering behavior,dfdth Cu in a
single rovibrational state, a series of experiments using both laser s{zdegtion
and laser detection was carried out in the present work.

The results presented here for(M=1, J=1) scattering from Cu(110) show
that the excited state molecules have a survival probability ofG®6RK4+ 0.09 at
an incident translational energy of 77 meV, and that the survival prapajuks
down by more than a factor of two as the translational energgisedr to
280 meV. The low survival probability at 77 meV suggests that, even st thi
energy, dissociation and/or vibrational relaxation are efficient.r&belts are in
surprisingly good agreement with the most recent theoretioallatibns for the
total loss in H(v=1) scattering from Cu(100) due to dissociation and relaxation.
Further work is needed, however, to experimentally establish the brgneliios
into each of the possible loss channels.

The laser state-preparation and detection scheme has also bdeio use
investigate the scattering of vibrationally excitegfkbm Pd, which has recently
become of interest because of the fact that vibrational effeetspparent even
though dissociation occurs readily at low energies.

The survival probability of K (v=1, J=1) was measured for scattering
from clean Pd(111) at 450 K and H-covered Pd(111) at 100 K. The H-covered
surface is nearly inert to the incident vibrationally excited &gelin, which
reflects back into the (v=1, J=1) state with probability between (87180 for

an incident translational energy of 74 meV. By contrast, the neiflgcof the
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clean surface to H(v=1, J=1) is very low over the incident translational energy
range 22 meV to 151 meV, having an absolute value at 74 meV o 0.03.
The contrast between these two results strongly suggestbhe¢Hass on the clean
surface is due to an electronic/chemical interaction.

A significant fraction of the loss in the excited state uporntestiag, at
least 5% and perhaps much more, is accounted for by vibrational i@haxat
Interestingly, this vibrational relaxation is most likely etentcally nonadiabatic,
since some of the energy released from vibration is dissipathd surface, most
likely to bulk electrons. Therefore, it may not be possible to accaunthfs
relaxation theoretically on the basis of the ground state potemgéagy surfaces
calculated from density-functional theory.

Although relaxation is a significant loss channel, it is probatillytke
case that most of the loss in the vibrationally excited state sqattering from
the clean surface is due to dissociation. Even the ground state raslbewne a
high sticking coefficient (see Table 4.4 of Part Il) and theisticcoefficient for
(v=1) is expected to be even higher according to both theory[64] and
experimental results in desorption. [62]

However, since the branching ratios between the different loss ¢thanne
for Hy, (v=1, J=1) on Pd, primarily dissociation and relaxation, were not
completely determined, it is not possible to say from these seasthiéther the
sticking coefficient is indeed higher for the (v=1) state than(¥ef). Further
work is needed, and is in progress, to allow more accurate meastianaé the

branching ratios.

10.6 Future Work on the State-Resolved Scattering Experiments

The state-resolved HPd and H/Cu scattering experiments begun in this

work still have many interesting features left to explore. Sofriese will be
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described below. Ultimately, use of the techniques developed in this faork
studying the scattering of state-prepared molecules will pevariy stringent

checks against theoretical calculations.

10.6.2 Continuing to Test the Ground State PES and Dynamics Calculations

The main set of goals in continuing these projects is to more etatypl
measure the state-to-state scattering probabilities, to deeertine branching
ratios into different final states and to get more detail in $leattering
probabilities as a function of translational energy. This will provedenore
complete check against the PES and dynamics calculations

Perhaps the first place to start in this program should be to ¢twakntl
measure the magnitude of vibrational relaxation gf(\$1) on Cu, just as was
done for Pd, and to measure the branching ratios into all possiblé&asets of
the excited state. Doing so will then permit the state-resaltreking probability
to be determined for the excited state, rather than just the survival probability.

Measuring the branching ratios into each of the possible vibrational
relaxation channels will require significant improvements to tkgeemental
setup. The results presented in Section 9.4.2 show that observation dfioelaxa
into the lowest rotational levels of the ground state, which aré pogulated
thermally, is not possible with the signal to noise ratio curreatgilable in the
experiment. It is possible that the signal to noise ratio, which idyatgeermined
by shot-to-shot fluctuations in probe laser pulse characteristics, coulgimved
by some type of normalization technique. Preliminary attempts h@\a this
were encouraging, though still inadequate.

Alternatively, the sticking coefficient (rather than survival piolig) for
the excited state could be determined if a technique capable stinmgasmall

guantities of adsorbed H atoms could be implemented. The most traditional
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approach to measuring adsorbate concentrations, that of thermal desorption
spectroscopy, probably cannot be applied because the average flux of vibrationally
excited molecules in the molecular beam is very small. Howth&se molecules

are concentrated in a small region of the surface, so a techregsiiv@ to
localized adsorbate concentrations might be successful. An optieéadron
scattering technique seems most appropriate.

A further goal, in tandem with that of detecting scattering nmboe of the
possible final states, should be to develop the ability to opticalpapeea larger
range of initial states. For example, all the J=0-4 levels 0{vH1) could be
prepared using Raman pumping if the Stokes light, currently genebgted
stimulated scattering in a cell of pressurized Were generated by a tunable light
source. The ability to prepare these states would permit a ragasur of the J
dependence of sticking for,Hv=1) on Cu, which could be compared with the
results for H (v=0) on Pd. These might be expected to be similar, sindg+1)
is near the energetic threshold for dissociation on Cu.

Using the ability to prepare these additional states would alsuitpe
looking for rotational relaxation, which could not be observed sensitiuellga
experiments described in Part Il because of the high thermal popslat the
states into which relaxation would occur. However, preparation, ¢/#1, J=3)
would permit a sensitive measurement of the (v=1,JEBrelaxation, since the
thermal population in (v=1, J=1) is exceedingly small.

Yet another benefit of extending the state preparation techniqued beul
that it would permit the study of angular momentum alignment sffaataction.
Theoretical calculations predict that the sticking coefficientHefon metals
should be highest when the molecule approaches with its bond paralked to t

surface, so that both H atoms may form bonds to the metal simultneanc
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lowest when the molecule approaches with its bond perpendicular to thessur
Thus, with angular momentum aligned perpendicular to the surface, sthéhat
molecules perform a “helicopter” motion, the sticking coefficidraud be larger
than with angular momentum aligned parallel to the surface, givingrawheel”
motion. Permeation experiments have demonstrated this effect, witdsdrbing
from Pd(100) found to be preferentially aligned with angular momentum
perpendicular to the surface. [93] The direct effect in adsorption cousbtasl in
our experimental setup. Using Raman transitions With2, the ratio of the two
angular momentum alignment states prepared in the molecular begnbenm
varied, permitting the alignment effects to be observed in the reactiveiagatter
Another, and probably more distant goal, is to look for resonance
structures in the sticking probabilities as a function of incidesmstational
energy, such as those sharp features shown in the theoretica nedtilys. 2.2
and 6.2 and discussed in Section 2.4. This structure depends very sensitively on
the calculated potential energy surface and dynamics, and itedeibservation
would permit a very stringent experimental test of theory. A nurobessues
which complicate the experimental observation of this structure baes

discussed in the literature. [22]

10.6.4 Looking for nonadiabatic effects

The proposed experiments discussed above are ones which are designed to
further test predictions made by the current state-of-the-atheéory. This
involves quantum dynamical simulations on potential energy surfaces @mmput
within density functional theory, with an emphasis on molecular degrkes
freedom only. Experiments should also be done which address effects not

explained within this theoretical framework.
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Two such effects were uncovered in the present work which should be
explored further: the surface temperature dependent rotationatexciand the
loss of vibrational energy to the substrate observed,RdHscattering. In these
processes energy is not conserved within the molecule. Thus explasfagitrer
of them requires a consideration of surface degrees of freedom. The nstiomque
to be answered is whether it is nuclear motion or electronic eegfefreedom
(i.e. nonadiabatic effects) that are most important.

This question can be addressed experimentally in the case afrthees
temperature dependent rotational excitation by looking for the behawothrt,

(v=0) and H (v=1) scattering from Cu. If the rotational excitation occurs by
energy transfer from surface phonons, i.e. from the surface atwastially
knocking around the Hmolecule during the scattering event, then the rotational
excitation for H should be similar in magnitude on Cu and Pd, and should not
depend much on the vibrational state ferad Cu at low translational energy. The
excitation might even be larger on Cu than Pd, since Cu is lightethus should
transfer kinetic energy to Hvia collisions more efficiently. However, if the
excitation arises from an electronic interaction, it might>qeeeted that it would
occur only when the molecule is close to the energetic barriettigsociation,
which is the case for Hv=1) on Cu as well as Hv=0) on Pd , but not for H
(v=0) on Cu.

In the case of the Hv=1) vibrational energy transfer to the Pd substrate,
some indication of whether the energy transfer is to phonons omelectould be
obtained by doing the experiment again for(i#=1) on H-covered Pd. If energy
transfer occurs to phonons, then the relaxation might be expected to be
approximately the same for this case as fer(¥+1) on clean Pd, or possibly

larger, due to the lower mass of the particle with which the gas-phaseuld be
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colliding (an H atom instead of a Pd atom). However, if the vibrdtienargy
transfer to the surface is dissipated to electronic degrefrseafom, i.e. as the
vibrating molecule interacts with the electronic orbitals of ¢lean surface, it
might be eliminated on the H-passivated Pd.

Interpretation of the results of both sets of experiments justigied to
distinguish between phonon and electron interactions might be good starting

points for new theoretical studies.

10.8 Future Directionsin Surface Science

At the outset it was stated that one of the principle goalsrtd#ce science
research is to obtain an understanding of the mechanisms of heterogeneous
catalysis, and, ultimately, to be able to use that knowledge tondesfgoved
catalytic systems.

Much of the fundamental research in gas-surface chemistry lowdadt
thirty years has concentrated on the mechanisms of dissociatmptas, since
this is often the rate-limiting step in a surface-catalyz®eimical reaction. This
research has largely focused on an understanding of activation awier
dissociative adsorption, with both experiment and theory concentrating on the
interactions of molecules on clean, single-crystal metal surfaces.

Much has been learned about the basic physics of interactions in these
model systems. For example, the relative reactivities of varmials can be at
least qualitatively explained theoretically, as can dynamiffatts observed in
experiments. Theoretical methods continue to improve, and significanegsog
has recently been made in calculating potential energy suréackslynamics.
State-resolved experiments such as those discussed in this atizsewill

provide very stringent checks on these calculations.
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There is also still much to be learned even in these basiaatiters. In
particular, as discussed above, there is a need for a better ittaoret
understanding of surface degrees of freedom, both electronic and nacléar,
their role in molecule-surface scattering.

However, still larger steps remain to be taken before realytia systems
can be well understood. These systems differ from the traditiarfake science
models in several ways.

One such difference, often referred to as the “pressure gap,” ibe¢Haix
of reactant molecules onto the surface is many orders of magrhigler in
catalytic reactors than that used in typical molecular bea’ Bltiface science
studies. In molecular beam experiments the flux is on the ordefefa@dML/s,
while at atmospheric pressure it is°ML/s. Reaction mechanisms may be
available in the high flux regime that are not apparent in thdliowstudies. For
example, collisions of molecules with species already adsorbedpmet! on the
surface may induce dissociation which would otherwise not occur, suctttes
collisional activation of CHll dissociation on Ni. [94] In addition, high flux
conditions may permit the population of high-concentration adsorbate phi#ses w
greatly enhanced reactivity. An example is the oxidation of CO-onov@red Ru,
which proceeds most readily when the O coverage is near 1 ML. [95DTRwe
bond energy decreases with increasing coverage, facilitatingoxigation
reaction. [96]

Furthermore, many real catalysts actually consist of solidsewéral
different components, whose behavior is different than that of the individual
constituents. [97,98] In addition, the presence of poisoning or promoting
adsorbate species can also greatly alter reactivities, byexmnple, changing

surface electronic structure. [99] These are very important ssibjecaddress,
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because the most likely method of improving catalysis is by iagothe
composition of the catalyst material itself.

And, while the traditional model surface science systems inchele
defined single crystal surfaces, most catalysts are potgtige and contain
numerous defect sites and grain boundaries which may have greathcetha
reactivity. This fact has long been recognized, of course, and exmtainand
theoretical studies have attempted to address it by studyingpr=saat step edges
and defect sites.

Thus, in the author’s opinion, the following are especially importaatsar
for continued study in the program of improving heterogeneous catallysis:
stability and reactivity of high-coverage phases, collision-inducexttion
mechanisms, electronic structure and reactivity of alloy and ainsetrfaces,
effects of poisoners and promoters, and effects of surface morpholaly.oE
these areas is still amenable to study by UHV surface sciéexhniques,
including molecular beam scattering. The basic model systemstossdy
them, however, will be of slightly greater complexity than tream| flat, single

crystal metals on which much of surface science has so far been based.
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Appendix A

H, REMPI and Raman Transitions
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Figure A.2: H REMPI and Raman transitions used. Probing proceeds by
REMPI through the E,F state. The REMPI vibrational bands are deno
(v',v"), wherev” andv’ are the vibrational quantum numbers in the grount
E,F states, respectively. Each band consists of a manifold of bhiewgee
different rotational levels. Only Q-branch lines, wi&b=0, were used.

10t



Appendix B

Response ver sus Scattering Anglein Shadow Experiments

In the experiments using the wire-shadowed aperture to distinguish
between incident and scattered molecules, the probe system haschoudet
sensitivity that depends on the scattering angle. Relations fdutiason will be
derived here.

Figure B.1 shows the relevant geometry. The molecular bearsused
to be incident upon the target at normal incidence and to be pedelttlgated.

The figure shows a hypothetical trajectory for a molecule whigsgsathrough
the aperture, strikes the target at positiggo() on the surface, and scatters with
total scattering angl€and azimuthal angleas shown.

Let P(y0,20,6,¢) be the probability that this molecule is subsequently

ionized by the probe laser and detected. It is given by

00

P(Yo. 2,6,0)= A df $(3°, (B.2)

0

whereA is a normalization constant that includes the laser power, i@nzetbss
section, ion collection efficiency, ets.js the distance from the point of scattering
along the scattered trajectory, aps) is the probe laser intensity atWe take
the REMPI cross section to depend Igh since it is a two-photon process. For
Ip(S) we use the relevant expressions for a gaussian beam [100] withwaesim
o = 100 um, which is the measured waist of our beam. We have written the
above equation as though the probe laser were continuous and the integeand wer
independent of time, when in fact the laser is pulsed. However, thidbea
neglected because the duration of the molecular beam pulse is mueh thoany
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Figure B.2: Georetry for determining angular response function of dete
system when using wire-shadowed aperture.

the flight time of the molecules from the target to the proberltocus, so that the
molecular beam pulse may be regarded almost as continuous witht resgiee
laser. At the instant the laser fires there will alwaysioéecules that have left the
chopper at an appropriate time to reach the probe focus, regardisstefing
angle.

The relative response of the detection system to moleculeésrswatvith
angles @ and @, integrated over all impact sites on the surface which are

illuminated by the molecular beam, is given by

hi2  w(y)/2

R(,¢) = jdy jdz Ry 5.0), (B.4)
-h/2 -w(y)/2



whereh is the height of the aperture angy) is the width of the aperture at height
y. We takew(y)=0 over the portion obstructed by the wire.

We now make the simplifying assumption that the scatteringmsngtric
about@. Then we can define the average response of the detection sysserm ver

scattering angle, measured from the normal, as

21
R™9(0) :2—11140 RO,) dp. (8.6)

We have calculated this function for the aperture dimensions given above
in Chapter 3. It is shown in Figure B.4. The poor response at very |oierst
angles is due to the placement of the probe laser in the shadovwbyntdmewire
across the beam aperture: molecules which scatter along tlaEesumdrmal

cannot enter the shadow region and be detected. The shape and orientagon of

10

Ravg(8) (Arbitrary Units)

0O 10 20 30 40 50 60 70 80 90
O (degrees)

Figure B.4: Angular response of detection system in shadow geometry.
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aperture, as well as the probe laser to surface distancechasen to achieve the
approximately uniform response B4 6 at intermediate angles which is shown

in Figure B.4.
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Appendix C

Density to Flux Transformation of TOF Spectra

Here a mathematical procedure for transforming the measuredtydens
weighted time-of-flight (TOF) spectra to flux-weighted spects given. In
comparing just the integrals under the incident and scattered peaksIOF
spectrum, the density to flux correction can be estimated, toy fgobd
approximation, by considering only the difference between the incident and
scattered velocities. This is easily determined. However, to roongpletely
understand the effects of the scattered velocity and angle dismbuin the
actual shapes of the TOF spectra, and to integrate the fluxcasately as
possible, the procedure discussed below was developed.

Both velocity and angle effects can be considered in terms oktawant

scat

parameter,v.™ = vcos@ ), the projection of a scattered molecule’s velooity,

Target Probe Laser
Beam
W H 2
M Trajectory
G

\/ "
@ w/cos(0)

Figure C.2: Distance traversed through probe volume by a scattered molecule.
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onto the plane perpendicular to the laser axis. Herge the angle the molecule’s
trajectory makes with the surface normal. The probability foivangscattered

molecule to be detected is proportional tov¥?#. This is because the time a

scattered molecule spends in the laser probe volume is proportional to theedistanc
it traverses through the probe volume divided by its velocity. The détanc
traversed isw/codB, as shown in Figure C.2, whereis the effective width of
the probe laser beam.

Since the angle and velocity spread of the incident moleculesigh m
smaller than that of the scattered molecules, it will berasdun the following
that the incident velocity and angle spreads have negligible iecthe TOF
spectra. Only the effects of the scattered velocity and argfiébdtions, and the
incident spread in arrival times, will be considered.

To begin, consider the TOF spectrum that would be obtained if the
incident molecules had zero spread in arrival time at the tangeddition to zero
spread in angle and velocity. The incident peak in the TOF spectrund i

be a delta function. The density weighted TOF spectrum would be given by

19(t) = A, IB(t ~t]°) + A, CF (vE"(1) vaw c2)
[}

The first term above represents the incident peak in the TOR@peand the
second term describes the shape of the scattered peak, which hasra madith

due to the distribution of scattered velocities. The incident paclsethiaittarget at

t =0, andt{™ =-d/t is the time the incident packet crosses the probe laser, where
dis the distance between the laser and the surfaéel™)is the probability

distribution for molecules to scatter back from the surface wiphogection of
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their velocity onto the plane perpendicular to the laser axisvf, and

vty = d/t is the projected velocity required for a scattered moleculppeaa at

time t in the TOF spectrumA, and A, are normalization constants. The factor of
v,./VE(t) in the second term of eq. (C.2) accounts for the dependence of the

scattered molecules’ detection probability on their velocity, ivglato the
detection probability of the incident molecules.
The flux-weighted TOF spectrum is equivalent to eq. (C.2), but without

the extra velocity factor in the second term, i.e.

12(t) = A, B(E— %) + A, CF (V1) ()

To simplify egs. (C.2) and (C.4) we substitute in

C(t) = A, TF (V' ( ) B — (€6)
ve(t)
to obtain
Io(t) = A [B(t —tg°) + C(t) (C.8)
and

Vinc

0= A Bt +

[C(t) . (C.10)

Since, in practice, there is a nonzero spread of incident aimed &t the
target, the observed density and flux weighted spectra would be the wamal
of the ideal spectra given by the equations above and the inciderdftameval

distribution S(t) . The observed density-weighted spectrum is then

1) = [ sl (- t)dt (C.12)

and its flux transform is
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I_t) = [s(yoet-t)dt. (C.14)

The analysis goal is to determihgt), given the measurel@(t). This is
done by assuming a form f@&@(t) deconvolving the measurdg(t) with St),
multiplying the scattered peak in the result @yt)/v,., and reconvolving with
St) to getlg(t).

The deconvolution step is not approached directly, because, in practice, a
direct deconvolution of the measured data is greatly complicated &g mothe
spectra and by the fact that the measured spectra are sometihtéf before the
scattered signal has fallen completely to zero. Inst€éyl,is allowed to be an
arbitrary function described by a suitable set of parametersharmhtameters are
optimized to make the convolution evaluated in eq. (C.12) fit the measured

spectrum as smoothly as possilt) is set to a gaussian whose height and width

match those of the incident pulse in the measured spectrum. Once
S(t) andC(t) have been determined, egs. (C.10) and (C.14) can be used to

calculate the corresponding flux transformed spectrum.

Note that the functioi©(t) obtained in this process contains information
on the velocity and angle distributions of the scattered moleculesh wiay be
of interest in its own right. [101]

Figure C.2 shows an example of the density to flux transformation. The
figure shows a TOF spectrum fop =1, J=1) scattered from Cu(110). The solid
symbols are the measured data points. The solid line is the fung{ipnfit
smoothly to the data by fixin§t) appropriately and then determini@yt) by
nonlinear least squares fitting. The dashed line shows the deconvolvédirspec
13(t), and the dotted line shows the final flux-transformed specti(t), Note

that the effect of the transformation was to increase théessdtsignal at early
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1.5 A Deconvolution —
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Figure C.4 Example of density to flux transformation of TOF spectrum.t8s
for details.

times, since here the faster molecules are undercounted in teareteapectrum,
and to decrease the signal at late times, where the slowescuted are

overcounted.

114



References

[1] G.R. Darling and S. Holloway, Report Prog. PI5g3;.1595 (1995).

[2] Dynamics of Gas-Surface Interactioreslited by C. T. Rettner and M. N.
R. Ashfold (Royal Society of Chemistry, London, 1991).

[3] M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.
Joannopoulos, Rev. Mod. Phyd, 1045 (1992).

[4] A. Gross, S. Wilke, and M. Scheffler, Phys. Rev. L&t.2718 (1995).
[5] A. Gross, S. Wilke, and M. Scheffler, Surf. 358, 614 (1996).

[6] M. Kay, G. R. Darling, S. Holloway, J. A. White, and D. M. Bird, €he
Phys. Lett245, 311 (1995).

[7] A. Eichler, G. Kresse, and J. Hafner, Phys. Rev. Z&{t1119 (1996).

[8] K. D. Rendulic, G. Anger, and A. Winkler, Surf. S208, 404 (1989); Ch.
Resch, H. F. Berger, K. D. Rendulic, and E. Bertel, Surf.86i. L1105
(1994).

[9] H. F. Berger, Ch. Resch, E. Grosslinger, G. Eilmsteiner, Akl&fi, and
K. D. Rendulic, Surf. Sci275, L627 (1992); D A. Butler, B. E. Hayden,
and J. D. Jones, Chem. Phys. L21{7, 423 (1994); P. Alnot, A. Cassuto,
and D. A. King, Surf. Sc215, 29 (1989).

[10] G. Anger, H. F. Berger, M. Luger, S. Feistritzer, A. Winkbard K. D.
Rendulic, Surf. Sci219, L583 (1989).

[11] K. D. Rendulic and A. Winkler, Surf. S@99/300, 261 (1994).

[12] C. B. Mullins and W. H. Weinberg, iBurface Reaction®dited by R. J.
Madix (Spring-Verlag: Berlin, 1994).

[13] D. Kelly and W. H. Weinberg, J. Vac. Sci. Technoll4\ 1588 (1996).

[14] Physisorption KinetigsH. J. Kreuzer and Z. W. Gortel (Spring-Verlag:
New York, 1986), pp. 5-9.

11t



[15] S. Andersson, and L. Wilzén, Phys. Re\3832967 (1988).

[16] L. Schroter, R. David, and H. Zacharias, Surf. 368, 259 (1991); J.
Vac. Sci. Technol. A, 1712 (1991).

[17] A. Gross and M. Scheffler, Chem. Phys. L268, 567 (1996).
[18] A. Gross, J. Chem. PhyK)2, 5045 (1995).

[19] M. Beutl, M. Riedler, and K. D. Rendulic, Chem. Phys. 24, 249
(1995).

[20] M. Beutl, M. Riedler, and K. D. Rendulic, Chem. Phys. L2586, 33
(1996).

[21] C.T. Rettner and D. J. Auerbach, Chem. Phys. 2&%{.236 (1996).

[22] C. T. Rettner, D. J. Auerbach, A. Gross, and M. Scheffler, Phys LR#&.
77, 404 (1996).

[23] J. L. W. Siders and G. O. Sitz, J. Chem. Ph@%, 6264 (1994).

[24] E. E. Marinero, C. T. Rettner, and R. N. Zare, Phys. Rev. 4&tt1323
(1982); E. E. Marinero, R. Vasudev, and R. N. Zare, J. Chem. P3ys.
692 (1983).

[25] M. Gostein and G. O. Sitz, Rev. Sci. Instri66, 3389 (1995)65, 3036
(1994).

[26] This clever trick was suggested by C. Rettner.

[27] K. Kunimori, T. Kawai, T. Kondow, T. Onishi, and K. Tamaru, Surf. Sci.
59, 302 (1976).

[28] R. J. Behm, K. Christmann, and G. Ertl, J. Chem. Pt8/2984 (1980).
[29] H. Conrad, G. Ertl, J. Kippers, and E. E. Latta, Surf.@5¢R45 (1977).

[30] See, e.g., R. D. Ramsier, K.-W. Lee, and J. T. Yates, Jr., J.S¢ac
Technol. A13, 188 (1995), and references therein.

116



[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

K. Christmann,Introduction to Surface Physical ChemistiiBpringer-
Verlag, New York, 1991), p. 70.

H. Conrad, G. Ertl, and E. E. Latta, Surface &Li435 (1974).

M. Wolf, S. Nettesheim, J. M. White, E. Hasselbrink, and G. Hrtl,
Chem. Phys92, 1509 (1990).

T. Engel, J. Chem. Phg8, 373 (1978); H. Conrad, G. Ertl, J. Koch, and
E. E. Latta, Surf. Sc#3, 462 (1974).

G. E. Gdowski, R. H. Stulen, and T. E. Felter, J. Vac. Sci. Technal. A
1103 (1987); G. E. Gdowski, T. E. Felter, and R. H. Stulen, Surf1&ki.
L147 (1987).

H. A. Michelsen, C. T. Rettner, and D. J. Auerbach, J. Chem. B8ys.
8294 (1993).

G. R. Darling and S. Holloway, J. Chem. Phi81, 3268 (1994) and
references therein.

See, e.g., J.-B. Song and E. A. Gislason, Chem. RB3s1 (1996) or J.-
B. Song and E. A. Gislason, J. Chem. Phi@3, 8884 (1995) and
references therein.

Solid State PhysicsN. W. Ashcroft and N. D. Mermin (Saunders
Company, Philadelphia, 1976), p. 461.

L. Mattera, “Rotational Inelastic Scattering,” Atomic and Molecular
Beam MethodsVol. 2, ed. by G. Scoles, (Oxford University Press, New
York, 1992).

D. Cvetko, A. Morgante, A. Santaniello, and F. Tommasini, J. Chem.
Phys.104, 7778 (1996).

A. J. Cruz and B. Jackson, J. Chem. P8¥s4985 (1989).

D. M. Nace and J. G. Aston, J. Am. Chem. Sf®;,. 3619 (1957).



[44] J. VOlkl and G. Alefeld, “Diffusion of Hydrogen in Metals,” Fopics in
Applied Physics Vol. 28: Hydrogen in MetaJset. by G. Alefeld and J.
Volkl, (Springer-Verlag: New York, 1978).

[45] B. E. Hayden, iDynamics of Gas-Surface Interactioreslited by M. N.
R. Ashfold and C. T. Rettner (Royal Society of Chemistry, London, 1991).

[46] H. A. Michelsen, C. T. Rettner, and D. J. Auerbacl§urface Reactions
edited by R. J. Madix (Springer-Verlag, Berlin, 1994).

[47] G. Anger, A. Winkler, and K. D. Rendulic, Surf. S220, 1 (1989).

[48] B. E. Hayden and C .L. A. Lamont, Chem. Phys. 0, 331 (1989);
Phys. Rev. Lett63, 1823 (1989); Surf. Sc243, 31 (1991).

[49] C. T. Rettner, D. J. Auerbach, and H. A. Michelsen, Phys. Rev. &&tt.
1164 (1992).

[50] C. T. Rettner, D. J. Auerbach, and H. A. Michelsen, Phys. Rev.68ett.
2547 (1992).

[51] H. A. Michelsen, C. T. Rettner, and D. J. Auerbach, Phys. Rev. G®tt.
2678 (1992).

[52] C.T. Rettner, H. A. Michelsen, and D. J. Auerbach, J. Vac. Sdinoé
A 11, 1901 (1993).

[53] G.D. Kubiak, G. O. Sitz, and R. N. Zare, J. Chem. RB8/2538 (1985).
[54] J. E. Muller, Surf. Sc72, 45 (1992).

[55] B. Hammer, M. Scheffler, K. W. Jacobsen and J. K. Ngrskov, Phys. Re
Lett. 73, 1400 (1994).

[56] J. A. White, D. M. Bird, M. C. Payne and I. Stich, Phys. Rev. [/it.
1404 (1994).

[57] G. Wiesenekker, G. J. Kroes, E. J. Baerends, and R. C. Mowrey,nd. Che
Phys. 103, 5168 (1995);102, 3873 (1995).

11¢



[58]

[59]
[60]
[61]

[62]

[63]

[64]
[65]
[66]
[67]

[68]

[69]

[70]
[71]

[72]

G. J. Kroes, G. Wiesenekker, and E. J. Baerends, Phys. B8y.1B397
(1996).

G. J. Kroes, E. J. Baerends, and R. C. Mowrey, Phys. Rev.ihitess
G. J. Kroes, E. J. Baerends, and R. C. Mowregreparation

C. T. Rettner, H. A. Michelsen, and D. J. Auerbach, J. Chem. E08s.
4625 (1995).

L. Schréter , H. Zacharias, and R. David, Phys. Rev. 6&t5671 (1989);

L. Schroter, S. Kuchenhoff, R. David, W. Brenig, and H. Zacharias, Surf.
Sci. 261, 243 (1992); L. Schroter, Chr. Trame, J. Gauer, H. Zacharias, R.
David, and W. Brenig, Faraday Discuss. Chem. S8c55 (1993).

G. R. Darling and S. Holloway, Faraday Discuss. Chem. S$g§c87
(1993).

A. Gross and M. Scheffler, Chem. Phys. L2%6, 417 (1996).
R. L. Farrow and D. W. Chandler, J. Chem. PBgs1994 (1988).
R. Frey, J. Lukasik and J. Ducuing, Chem. Phys.14t514 (1972)

The chemical polishing recipe used was adapted from sectminJAS.
Ahearn, J. P. Monaghan, and J. W. Mitchell, Rev. Sci. Instd1m1853
(1970). No electropolishing was done. Use of gaseous HCI was omitted.

This work was originally published in M. Gostein and G. O. Sit¥at.
Sci. and Technol. A4, 1562 (1996).

This work was originally published in M. Gostein, H. Parhikhteh, and G
O. Sitz, Phys. Rev. Letf5, 342 (1995).

H. A. Michelsen and D. J. Auerbach, J. Chem. P94;s7502 (1991).
T. F. Hanisco and A. C. Kummel, J. Phys. Ch8én2982 (1992).

R. Dopheide and H. Zacharias, J. Chem. P38;s4864 (1993).

11¢



[73] A. Hodgson, P. Samon, A. Wight, and C. Cottrell, Phys. Rev.1&t063
(21997).

[74] A. Gross, B. Hammer, M. Scheffler, and W. Brenig, Phys. Rev. 8
3121 (1994).

[75] B. E. Hayden and C .L. A. Lamont, Phys. Rev. 1&81.1823 (1989).
[76] M. Gostein and G. O. Sitz, J. Chem. Plygress
[77] M. Gostein and G. O. Sitz, J. Chem. Phygqreparation

[78] K.-D. Rinnen, M. A. Buntine, D. A. V. Kliner, and R. N. Zare, J. Chem.
Phys.95, 214 (1991).

[79] V. P. Zhdanov and K. I. Zamaraev, Catal. Rev. Sci. and E4gr373
(1982).

[80] R. B. Gerber, L. H. Beard, and D. J. Kouri, J. Chem. Phis.4709
(1981).

[81] B. N. J. Persson and M. Persson, Solid State CommunicaB@ny5
(1980).

[82] B. N. J. Persson and R. Ryberg, Phys. Rev. 4&t549 (1982).
[83] M. Persson and B. Hellsing, Phys. Rev. 149{.662 (1982).

[84] T. A. Germer, J. C. Stephenson, E. J. Heilweil, and R. R. Cavariagh, P
Rev. Lett.71, 3327 (1993).

[85] J. C. Tully, M. Gomez, M. Head-Gordon, J. Vac. Sci. Techndl1,A914
(1993).

[86] M. Morin, N. J. Levinos, and A. L. Harris, J. Chem. P88, 3950
(1992).

[87] M. Head-Gordon and J. Tully, J. Chem. PI®3.3939 (1992).

[88] B. Hellsing and M. Persson, Physica Scrf8a360 (1984).

12C



[89] C. T. Rettner, J. Kimman, F. Fabre, D. J. Auerbach, and H. Morawitz
Surf. Sci.192, 107 (1987); C. T. Rettner, F. Fabre, J. Kimman, and D. J.
Auerbach, Phys. Rev. Le@5, 1904 (1985).

[90] D. M. Newns, Surf. Sci 71, 600 (1986).

[91] A. Gross, and W. Brenig, Chem. Ph$g87, 497 (1993); Surf. Sci289,
335 (1993).

[92] G. A. Gates, G. R. Darling, and S. Holloway, J. Chem. Pl9f.6281.
(1994); G. A. Gates and S. Holloway, Surf. 307, 132 (1994).

[93] D. Wetzig, R. Dopheide, M. Rutkowski, R. David, H. Zacharias, Phys.
Rev. Lett. 76, 463 (1996).

[94] S. T. Ceyer, Scien@49, 133 (1990).

[95] See, e.g., C. H. F. Peden, D. W. Goodman, M. D. Weisel, and F. M.
Hoffmann, Surf. Sci253, 44 (1991).

[96] C. Stampfl, S. Schwegmann, H. Over, M. Scheffler, and G. Ertls.Phy
Rev. Lett.77, 3371 (1996).

[97] See, e.g., A. T. Hanbicki, A. P. Baddor, E. W. Plummer, B. Hammer, and
M. Scheffler, Surf. Sci331, 811 (1995).

[98] See, e.g., B. Hammer, and M. Scheffler, Phys. Rev.1418487 (1995).

[99] See, e.g., E. Bertel, P. Sandl, K. D. Rendulic, and M. Beutl, Ber.
Bunsenges, Phys. Chefi0, 114 (1996).

[100] Quantum ElectronicsA. Yariv (John Wiley and Sons: New York, 1989).

[101] M. Gostein and G. O. Sitz, imaser Techniques for State-Selected and
State-to-State Chemistry liédited by J. W. Hepburn (SPIE, Bellingham,
WA, 1995).

121



Vita
Michael Gojer was born on July 13, 1968 to Charles and Berta Gojer of
Dallas, Texas. He attended Hillcrest High School in

Dallas, Texas, from which he graduated as salutator

He then went on to attend the Massachusetts Insti

of Technology in Cambridge, Massachuset

graduating in 1991 with a bachelors degree in Phys

While at MIT he developed an interest in chemic

physics, doing undergraduate research projects in |

"‘.

spectroscopy. In the fall of 1991 he began his grad &

studies at the University of Texas at Austin, working in

the laboratory of Prof. Greg Sitz studying the dynamics of digseEia
chemisorption using laser spectroscopy and molecular beams. Hednaloby
Bernstein in 1993, and the two adopted the combined surname Gostein. In 1994
he received a masters degree in Physics from the Universitgxafs at Austin

and continued on as a Ph.D. candidate.

Permanent address: 10802 Branch Oaks Circle, Dallas, Texas 75230

This dissertation was typed by the author.



