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ABSTRACT
The dynamics of gas-solid interactions for strongly interacting
systems has been investigated using molecular beam-surface scattering
techniques.

The angular, translational energy and internal energy

distributions, and residence time of scattered molecules were measured.
The residence time of CO on Pt(lll) and Pt(557) indicates that while
CO can be adsorbed at both step and terrace sites, the desorption
kinetics are controlled by the steps.
to be more complex than those of CO/Pt.

The kinetics of NO/Pt were found
The data indicate that one

high adsorption energy state is sampled above 525K and a lower
adsorption energy state appears suddenly below 480K.

The data cannot

be explained without using nonlinear processes.
The distribution of energy among all the modes has been measured
for NO scattered from Pt(lll).

The translational and vibrational

energy accommodation coefficients are nearly equal to one for
Ts < 900K and deviate from unity above this temperature due to

non-equilibrated desorption.

The rotational energy accommodation is

very poor compared with that of the other two modes.

This may be due

to the fact that NO is not a free rotor on the surface.
The H2-o 2 exchange reaction on Pt(557) was found to proceed via
a Langmuir-Hinshelwood mechanism. Although the angular distribution
of the HD product is slightly peaked at the normal, the velocity
distribution is slightly colder than the substrate and the deviation
increases as the detection angle increases.

This result is explained

by a model which assumes that as soon asH and 0 recombine, they will
immediately feel a repulsive force which is most likely perpendicular
to the surface.
Using atomic hydrogen and deuterium incident beams, we found that
the velocity of desorbing HD molecules increases as the crystal
temperature decreases from 300 to 200K.

At 200K, the velocity

distribution is considerably wider than the Maxwellian distribution and
there is a significant amount of.HD leaving the surface with 1915K
translational energy.

The waveform measurement indicates that the

residence time decreases for some of the incident atoms as the crystal
temperature decreases from 300 to 200K.

This result is explained by

assuming that at high coverages some of the incident atoms can
recombine before they are in thermal equilibrium with the surface •
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CHAPTER I.

INTRODUCTION

In the past decade, significant progress has been made in understanding the structural and electronic properties of molecular
adsorbates on various single crystal surfaces •. The techniques used to
study these properties include ultraviolet and x-ray photoelectron
spectroscopy (UPS, XPS) (1-6), low energy electron diffraction (LEED)
(7), electron energy loss spectroscopy (EELS) (8), Auger electron
spectroscopy (AES) (9,10), and thermal desorption spectroscopy (TDS)
(11).

However, the progress in understanding the dynamics of gas-

surface interactions has not proceeded as rapidly due to the complexity
of dynamic processes.

When a gas molecule collides with a solid

surface, a number of processes may occur.

The molecule may be

elastically or inelastically scattered back into the 1 gas phase.

It may

lose part of its translational kinetic energy to the solid and become
trapped on the surface.

The trapped molecule is initially vibra-

tionally excited but can migrate on the surface and become de-excited.
The molecule may adsorb dissociatively and various recombination
processes, which could be either exothermic or endothermic depending
on the interaction potential and the initial atomic state, must occur
before desorption can take place.

At any time a trapped molecule on

the surface may undergo desorption by gaining some thermal energy from
the solid.
The molecular beam-surface scattering technique provides one of the
best ways of investigating the detailed dynamics'of gas-surface

2

interactions.

The basic characteristics of the beam-surface scattering

experiment which allow the interaction details to be probed are as
follows.

First, the incident beam can be prepared with a well defined

kinetic energy (12), internal energy state {13,14), and direction.
Secondly, there are no collisions between the incident molecules or
the outgoing products or between those molecules and any surfaces
other than the one studied.

Therefore, the states of the molecules

before and after the collision with the surface can be well
characterized.

Finally, the orientation of the macroscopic or

microscopic structure of the surface is fixed, relative to the
incident particles.

The types of information one can obtain with the

beam-surf ace scattering apparatus are th·e fa l1 owing:
1. Surface crystallography--the surface structure can be derived
from the diffraction of light atoms or molecules from the
surface.

This method is sensitive only to the first surface

layer and is non-destructive {15-17).
2. Physisorption potential--the attractive part of the physisorption potential can be studied by looking at bound state
resonances of the light particle diffraction intensity (18-20).
3. Low-energy excitations--surface phonon dispersion can be
determined by measuring the angular distribution and time-offlight of the scattered light particles (21-23).

For multi-

phonon processes, the fundamental aspects of gas-surface
accommodation can be extracted {24,25).

3

4. Average energy transfer--Energy transfer mechanisms for
strongly interacting gas-surface systems can be investigated.
When coupled with theory, these types of measurements can have
considerable impact·on our understanding of molecule-surface
interaction potentials and their associated dynamics (26).
5. Reactive scattering--the measurement of velocity and internal
energy distributions that deviate from a Boltzmann distribution
at the crystal temperature and of non-cosine angular flux
distributions can provide valuable insights into the molecular
dynamics of the desorption process (27-39).

The adsorption

process can be investigated by the measurement of the sticking
probabilities as a function of velocity, internal energy, angle,
crystal structure and temperature (40-43).

The modulated

molecular beam scattering technique is used for the study of
the kinetics and mechanisms of elementary reactions on and with
surfaces (44-48).
We have used molecular beam-surface scattering techniques to
investigate the last two types of dynamical processes because of their
practical importance.

The angular, translational, and internal energy

distributions of scattered products have been measured.

Translational

energies were measured using cross-correlation time-of-flight (TOF)
techniques.

The internal energy distributions of scattered NO were

measured using two-photon ionization (TPI) techniques.

Surface

residence time and reaction mechanisms were investigated using

4
modulated molecular beams.

In one case, atomic hydrogen and deuterium

were used as the incident beams and very interesting results were
found at low crystal temperature.
The area of our scattering studies is obviously most

and

comple~

is interesting from both fundamental and applied points of view.
Depending on the experimental variables measured, various types of
qualitative dynamic information can be extracted.

For the modulated

molecular beam scattering, the incident beam is square wave modulated
and the waveform or amplitude and phase of the first Fourier component
of the product is measured as a function of reactant pressure, temperature and modulation frequency.

The data are used to test models

describing the elemental chemical reaction steps at the surface.

For

a given set of data it is not possible to extract a unique model for
the chemical reaction mechanism, but it is easy to test any proposed
alternative model.

There are many experimental results in this area,

and the reader is referred to several review articles (49,50).

The

theoretical modeling has also been reviewed (47,48).
The measurements of angular, translational energy, and internal
energy distributions of reaction product or strongly scattered
•

molecules are used for extracting information about energy exchange
dynamics, reaction mechanisms, desorption dynamics, scattering
mechanisms, and the interaction potential.

The deviation of energy

distributions from a Boltzmann distribution, the polar angle dependence
of energy distributions and the non-cosine angular flux distributions
allow one to obtain dynamic information.

However, the lack of

5 .

systematically extended data sets and theoretical work make it
difficult to arrive at some uniquely defined'dynamical model.
Experimentally, Comsa et al. measured H2 and o2 TOF
distributions for associative desorption, after permeation through Ni,
Pd, and Cu, from both clean and sulfur-contaminated surfaces (30-32).
They found that the velocity distribution is "hotter" than the
corresponding substrate temperature for normal angle detection but
for grazing angle detection.

"cold~r"

desorbing

co2

The experimental findings f6r

resulting from CO oxidation on platinum foil (51) are

similar to those of o2 desorbing from Ni. For the same reaction,
Mantell et al. have found that the co 2 product has much more internal
excitation than would be the case for equilibrium at the surface
Thorman et al. have found that desorbing N2 , a~ter
recombination of adsorbed atomic N on sulfur contaminated iron surface,

temperature (52).

is vibrationally "hot" and rotationally "cold" as compared with the
crystal

temper~ture

(34).

The desorbing

o2o after

the

o2-o 2

reaction on Pt(lll) was found to be "colder•• than the corresponding
substrate temperature (35).
I IC'

The rotational temperature of OH formed

during the oxidation of H2 by 02 and N2o is that expected at the
surface temperature (53-54). NO desorbed from Ru (100) was found to
be rotationally cold (55).
Although theoretical modeling is quite successful for the weak
interaction system {56-58), it is in its infancy for strong interaction
system or reactive scattering.

The main difficulties are as follows.
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First, the system is essentially an infinite particles system but
without the full lattice symmetry.

Secondly, there is .no simple way

of constructing realistic or reliable gas-surface interaction
potentials.

Thirdly, the relative importance of energy exchange with·

the vibrational modes and electronic energy of the solid is still
controversial and accurate ways of dealing with excitations or
de-excitations of both modes are still under investigation.

Finally,

the long interaction time (millisecond) makes calculations
prohibitively expensive.

For more detailed information and examples,

the reader is referred to a review article (59).
The lack of a well developed theory makes the quantitative
interpretation of experiments difficult, but also implies that having
careful and detailed experimental results is important.

The detailed

experimental results can be used to check the reliability of
theoretical calculations and construct an empirical gas-surface
interaction potential.

Understanding the detailed dynamics of gas-

surface interactions is only possible when both experiment and theory
are well developed for·a large number of systems.
The rest of the thesis will be organized as follows.

Chapter II

describes in detail the extensive modification of an existing time-offlight apparatus.

A~so

discussed is surface characterization with

helium beam scattering.

The modulated molecular beam scattering of CO

and NO from Pt(lll) and the stepped Pt(557) crystal surface is
presented in Chapter III.

We have found that while the incident NO and

CO can be adsorbed on both terrace and step sites, their desorption

7

kinetics are completely controlled by steps.

Chapter IV describes the

angular, translational, rotational, and vibrational energy distributions of NO scattered from the Pt(lll) surface.

The rotational energy

accommodation is found to be very poor as compared with that of the
other two modes.
The H2-o 2 exchange study on Pt(557) is presented in Chapter V
and a model is proposed to explain the results that although the
angular distribution of the product HD is slightly peaked at the
normal, the velocity distribution is slightly colder than the substrate
temperature and the deviation increases as the detection angle
increases.

Chapter VI describes the dynamics of atomic hydrogen and

deuterium recombination on the Pt(557) surface.

The incident beams are

atomic and we have found that at high coverage some of the incident
atoms can react with chemisorbed atoms before they are in thermal
equilibrium with the surface.
of the work presented here.

Chapter VII serves as a short summary
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CHAPTER II.
2.1

EXPERIMENTAL

Introduction
The size of the molecular beam-surface scattering apparatus is

generally appreciably larger than that of other systems for surface
science studies.

The basic requirements for a surface scattering

apparatus are as follows.

It must contain the conventional surface

analytic facilities such as an Auger Electron Spectrometer, Low Energy
Electron Diffraction equipment, and arr ion sputtering gun.

Because of

low reactivity and low detection sensitivity for neutral molecules
(atoms), one needs a high flux, incident molecular beam source
requiring at least two stages of differential pumping.

High

pumpin~

speed is necessary to keep the scattering chamber under the ultra-high
vacu~m

conditions required for sample preparation and maintenance.

The

detector is usually a mass spectrometer, often rotatable and two-stage
differentially pumped, again necessarily because of the low reactivity
and low detection sensitivity of neutral molecules.

A chopper and

motor are required to modulate the incident or scattered beam for the
kinetic and time-of-flight measurements.

With such a complex system,

careful design and construction are very important to achieve a high
degree of reliability.
The apparatuses and the experimental conditions used for this
thesis are very different from one chapter to another; thus, they will
be described in each chapter.

In this chapter, the modification of an

existing time-of-flight apparatus will be described in detail.

The

modified apparatus is used for the studies presented in Chapter 5
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'and 6 and is found to be much more reliable than the original
equipment.

To illustrate the flexibility of the molecular

beam~surface

scattering apparatus, helium scattering as a surface analytical method
is presented in Section 4.
2.2

Description of the Time-of-Flight Apparatus without Modification
The apparatus without extensive modification has been described in

detail previously (1,2).

A brief description of the apparatus and the

reasons that made the extensive modifications necessary for the present
study will be described in this section.
apparatus is shown in Fig. 1.

A schematic diagram of the

The two independent
and twice
.
.

differentially pumped beams are incident on the crystal surface located
at the center of the· scattering chamber.

The beams form a 30° angle

with each other and can be either high intensity supersonic or effusive
atomic beams.
sources.

The atomic beams are produced in the microwave discharge

The primary beam is modulated by a tuning fork chopper at

150 Hz for the angular distribution and residence time measurements.
The main scattering chamber, which is pumped by a LN 2 trappeddiffusion pump, noble gas ion pump and a titanium sublimator, is
equipped with instruments for Auger Electron Spectroscopy (AES), Low
Energy Electron Diffraction (LEED) and

~rgon

ion sputtering.

The

manipulator can translate the sample and rotate the surface around a
perpendicular and parallel axis as well as tilt the sample surface.
The crystal is heated by electron bombardment and its temperature is
monitored with a thermocouple spot welded to the edge of the crystal.
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The two-stage differentially pumped detector chamber, which is .
enclosed in the scattering chamber, can be rotated about the sample
located at the center of the scattering chamber.

The signal is

detected with a mass spectrometer which consists of a cross-beam·Pierce
gun ionizer, UTI quadrupole rods and electronics, and a Channeltron ·
electron multiplier.

The chopper motor is bolted onto the side of the

detector chamber so that one can measure the time-of-flight (TOF) of
the scattered beam at any angle with respect to the crystal normal.
Since the scattered beam is chopped instead of the incident beam, the
TOF distributions are not affected by the unknown surface residence
times which can be very long (milliseconds) for many reactions.

The

flight path between the chopper wheel and the center of the ionizer is
about 12 em.

A pseudo-random chopper is used because of its large duty

cycle {50 percent) as
(2 percent) (3-5).

com~ared

with that of the single slit chopper

A light emitting diode and a photodiode mounted

around the chopper wheel produce a trigger signal for the multi-channel
scalar.
The signal from the Channeltron is passed through a pre-amplifier,
discriminator, and a pulse shaper.

For angular distribution measure-

ments, the output pulses are fed into two counters gated by a timergater module which is triggered by a signal from the pick-up coil of
the tuning fork chopper.

The timer-gater can be adjusted such that one

counter corresponds to the signal plus background and the other to the
background signal only.

For time-of-flight measurements, the output

pulses are fed into a 255 multi-channel scalar which is interfaced to
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a Nova 2 minicomputer.
tion of the data.

A program controls acquisition and deconvolu-

For surface residence time measurements, the output

pulses are fed into the multi-channel scalar which is triggered by a
signal from the pick-up coil of the tuning fork chopper.

The signal

waveforms are obtained in this manner and the residence time as well
as the reaction mechanism can be extracted.
The apparatus was used to measure the angular and TOF distributions
of NO scattered from Pt(111), which will be described in Chapter 4 and

o2

oxidation reaction on Pt(111) (6).

While performing these

experiments, we noticed several drawbacks with the apparatus leading
us to modify extensively the apparatus, especially the detector and
the rotating mechanism.
UTI

100C~mass

The main drawbacks were as follows:

(1) The

spectrometer had low sensitivity and could not resolve

masses. 2, 3 and 4 sufficiently well.

An Extranuclear mass spectrometer

was needed to study H2-o 2 exchange reactibns. (2) The capacitance
of the RF power line inside the vacuum varied as one rotated the
detector~

thus, the sensitivity of the mass spectrometer was not

constant with respect to the angle of detection.
high voltage power lines arced frequently.

(3) The flexible

(4) The distance between

the electron multiplier and the discriminator was too long (2 feet),
and so the noise pickup was high.

This noise was found to be due to

the transients on the A.C. power line caused by switching high current
equipment in the building.
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2.3

Modifications
2.3.1

General Description.

TOF apparatus is shown in Fig. 2.

A schematic diagram of the modified
The major modifications are in the

detector and the rotating mechanism.

The old detector, the movable

part of the bell jar, and the ion pump were removed.

The new detector

is two-stage differentially pumped and mounted on a 24" 0.0. rotatable
flange.

The rotatable seal is a modification of a differentially

pumped seal described in the literature (7).

With this design, the

. TOF detector can be easily replaced with the two photon ionization
(TPI) detector, constructed on another 24" rotatable flange, used for
internal energy distribution measurements (see Chapter 4).

The new

TOF detector is capable of accommodating a high resolution, high
sensitivity Extranuclear mass spectrometer.

The flight path is

designed to be as long as possible and is 14.4 em.

The single

sequence cross-correlation chopper disc is replaced with a double
sequence chopper, thus, the velocity resolution is doubled with same
chopper turning speed.
The modified detector has been found to eliminate most of the
Some of the results of the H2-o 2
exchange reaction and H-0 reaction studies will be prese~ted in
drawbacks of the old detector.

Chapters 5 and 6.

We have found the reliability to be high, with no

noise pickup, and no high voltage arcing in the vacuum.

The mass

spectrometer separates masses 2, 3, and 4 perfectly, and the time
resolution has been improved from

22~s

per channel to

13~s

per
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channel.

These improvements are very crucial to measure the TOF of

the high velocity HD molecules.
UHV Compatible Rotatable Flange Seal.

2.3.2

The fixed section of

the rotatable seal has the seal surfaces and differential

pu~ping

channels on one side and a male Perkin-Elmer 18'' (ID) wire seal flange
on the other side to seal against the existing female flange on the
main scattering chamber.
Fig. 3.

A drawing of this fixed section is shown in

Three spring loaded Teflon seals of 18", 20" and 22" ID

(Fluorocarbon Mechanical Seal Divison AR314E18000, AR314E20000,
AR314E22000) are used to seal the chamber.

The channel between the

inner and the center seals is pumped by an 8 l/s ion pump and the
outer channel is pumped by a mechanical pump.

A 24" 00 heat hardened

stainless steel washer is used as a thrust bearing.

Six cam bearings

are placed around the circumference of the rotatable flange to allow
adjustment of the center of rotation of the ratable flange •. Four
additional cam bearings hold the back face of the ratable flange to
prevent it from falling off in case of vacuum loss.
The 1.9" by 24" 00 rotatable flange is shown in Fig. 4.

The

13.25" flange welded onto the 24" flange is used for mounting the
detector.

The seal surface was machined to approximately 8

finish after the 13.25" flange was welded into place.

~m

R.M.S.

Thus, any

irregularity on the seal surface caused by the welding process is
eliminated.

Within the 13.25" flange are two 4" ports for the mass

spectrometer and the pump, and two 1.5" ports for the ionization gauge
and the LN 2 cooled titanium sublimator.

Between the seal surface
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and the 13.25 11 flange, are several ports for the detector buffer
pumping, electrical feed through, the cooling water supply for the
chopper motor, and the detector gating mechanism.

One 4.25.._ flange

connects the.buffer chamber with its pump through a stainless steel
bellows.

The rest of the flanges, consisting of three 611 , six 2.75 11 ,

and two mini flanges, are welded on the back of the rotatable flange.
An U sh~pe bracket is welded on the back surface through which the
rotatable flange is mounted to a movable carriage for removing the
detector from the scattering chamber.
2.3.3

Detector.

The detector can, shown in Fig. 5, is

constructed on a 13.25 11 flange through which it is mounted to the
rotatable flange.

One section of the wall of the detector can is

extended by .5 11 to increase the flight path.

The detector is two-stage

differentially pumped and the buffer chamber is connected to the
rotatable flange through a stainless steel bellows on a 4.25'' flange.
A mini-conflat flange is welded onto the wall along the beam line for
the window used in the initial alignment of the detector.

The

alignment of the first aperture (between the scattering chamber and
the buffer chamber) and the second aperture (between the buffer
chamber and the mass spectrometer chamber) is done as follows:
(a)

The helium-neon beams along the inciqent beam paths are

aligned first and the rotatable flange is adjusted such that it
rotates with respect to the point where the two laser beams cross.
(b)

The detector is constructed as accurately as possible and two

0.25'' holes are machined at the aperture positions.

Two transparent,

,..-,
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marked papers are attached to the first aperture and the mini-conflat
With the detector can mounted on the rotatable flange, the

flange.

system is pumped down, and the detector is rotated to the direct beam
position.

The primary laser beam spots are identified on the papers.

The spot on the first aperture paper is the exact positiori of the
first aperture.
(c)

The detector can is then removed and mounted on a lathe and

the laser spots on the paper

ar~

noted before removing the papers.

A

metal disk is press-fitted to the 0.25 11 hole at the first aperture and
a 0.050 11 hole is drilled at the position of the laser spot.
first aperture is well aligned.

Thus, the

The same procedure is used for a

mini-conflat blank flange with .125 11 hole.
(d)

The second aperture is aligned by having a straight rod pass

through the first aperture and the hole on the mini-conflat flange.

A

stainless steel circular sheet with a .105 11 beam hole is positioned by
the rod

~nd

bolted to the second aperture wall by 4 screws.

Thus, the

first aperture, second aperture, and the hole on the mini-conflat
flange are colinear and the detector has been aligned.
The buffer chamber is pumped with a 60 1/s ion pump mounted on the
back of the rotatable flange.

The mass spectrometer chamber can be

pumped with a cryopump or a 60 1/s ion pump also mounted on the back
of the rotatable flange.

To mount the cryopump, the cryopump panels

have to be detached and mounted from the seal surface side of the
rotatable flange after the pump body has been ·attached to the rotatable
flange.

Thus, the detector can has to be removed in order to mount or
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remove the cryopump.

This is also true for the mounting or removing

of the LN 2 cooled titanium sublimator which is mounted through a
2.75" flange. At present, the ion pump is used to pump the mass
spectrometer chamber to a background pressure of 4x1o- 10 Torr.
To help venting and rough pumping of the system, a .25" tube
connects the buffer ion pump and the main scattering chamber and can
be opened or closed by a Nupro bellows valve.

A linear sliding gate

on the first aperture has been constructed to separate the detector
and the main scattering chamber.
during data

accumul~tion

This gate is always closed except

to keep the detector in the best possible

vacuum.
2.3.4 Mass Spectrometer.

The mass .spectrometer, Fig. 6, is

mounted on an 6" conflat flange with 18 electrical feedthroughs.

The

ionizer i·s modified from the pre-existing one described in references
(1,2).

The top and back plate Faraday cages and the anode are

insulated from each other; thus, different voltages can be applied to
increase the ionizer sensitivity.

The focus plates were replaced with

two electrostatic quadrupole lens pairs (8) for focusing of the ion
beam.

The distance from the top·of the housing of the quadrupole mass

filter to the filament of the ionizer is about 1.65".

The quadrupole

mass filter and its power supply are Extranuclear models (4-324-9 and
0-11-12).

The ion flight path is about 11.65".

The electron multi-

plier is also supplied by Extranuclear (Model 051-72) and is particularly good for ion counting.

Note that the electron multiplier is

0.5•• off-axis from the mass filter to reduce noise caused by photons
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and metastable neutrals, produced in the ionizer, striking the
multiplier.
The whole mass spectrometer is then mounted on a supporting
bracket which is mounted on the 6" conflat flange.

Within the

supporting bracket, a stainless steel tube, mounted on the 6" flange,
is used to shield further the signal line from the electron multiplier
to the flange.

To increase the

time~of-flight

path, the bracket is

.5" off the center of the 6" flange, thus, the center of the ionizer
is off-set 1" from the center of the 6" flange.

Because of this

design, to mount the mass spectrometer onto the rotatable flange, it
is necessary to rotate the mass spectrometer by 90°, move it into the
detector chamber until the two 6" conflat flanges touch, and then
rotate the mass spectrometer 90° back

sue~

that the mass filter can

will fit into the notch of the detector can.
The alignment of the mass spectrometer is done as follows:

With

the detector can mounted on the rotatable flange which is mounted on
the movable carriage, a helium-neon laser is adjusted such that it
passes through the first and the second apertures.

Having everything

else fixed, the detector can is removed and the mass spectrometer is
mounted.

The ionizer was found to be about 0.125" out of alignment

and has been corrected by cutting one side of the supporting bracket
to an angle.

Thus, the orientation of the bracket should be noted

when the mass spectrometer has to be disconnected from the 6'' flange.
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2.3.5

Motor Mount and Chopper

A new water cooled copper block has been built to house-and cool
the motor more efficiently than the existing copper cylinder.

The

copper block is mounted on a rectangular bracket which is mounted on a
second rectangular bracket and all the mountings are through teflon
washers.

Thus, the motor floats on eight teflon washers which are

supported by the second bracket mounted to the detector chamber wall.
The copper block cooling water tubes are connected to feedthroughs
mounted on the rotatable flange by two bellows to prevent the copper
tubes from breaking due to vibration.
Because of the low mass of the HD molecule, its velocity is high,
thus, the flight time is short.

Therefore, it is important to have a

long flight path and better time resolution.

The chopper is positioned

as close (1 11 ) to the crystal as possible to increase the flight path.
The diameter of the chopper had to be reduced from 8" to 7.4" to
prevent the chopper from touching the chamber wall while the detector
was positioned for the direct beam TOF measurement.

To improve the

time resolution, a chopper blade was made (Fig. 7) with two identical
sequences, each consisting of 255 elements.

The blade was made from

.005 11 stainless steel using photoetching techniques instead of
machining.

In spite of the accurate cutting obtained by photoetching,

some errors are still present and the chopper has to be dynamically
balanced.

Although the chopper can spin at 300 Hz after the balancing,

we spin it at about 150 Hz, which corresponds to

13~s

per channel time

resolution, to increase the life time of the UHV compatible bearing.
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2.4

Surface Characterization with Helium Beam Scattering
In addition to using Auger Electron Spectroscopy (AES) and Low

Energy Electron

Diffrac~ion

(LEED) for surface characterization, one

can use helium beam scattering to check the cleanliness of a flat
single crystal (9) and the orientation of stepped single crystal
surfaces (10).

Although the apparatus is not specially designed for

the helium scattering experiment, and its incident beam is not
extremely monoenergetic, the technique can be applied for further
surface characterization.
Figure 8 shows the angular distribution of the scattered helium
atom from a Pt(lll) surface at a substrate temperature of 880K.

The

full width at half maximum {FWHM) of the distribution which is peaked
at the specular angle is below 2°, approximately the resolution of the
detector.

To see how the angular distribution changes

wh~n

the

surface is contaminated by some adsorbate such as NO molecules, a He-NO
mixture is used as the incident beam and the angular distribution of
the helium atom is measured as the function of the crystal temperature.
While all FWHM of the angular distributions are below 2° for the
crystal temperature varying from 475 to lllOK, the intensity of the
peak increases from 475 to 850K and decreases above 850K as shown in
Fig. 9.

As will be shown in Chapters

j

and 4, the NO has high

sticking coefficient (-.8) on the Pt(lll) surface.

The increase in

the intensity of the peak from 475 to 850K surface temperature is due
to decreasing of the NO coverage.

Above 850K, the decrease of the He
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intensity with increasing temperature is probably due to the
Oebye-Waller factor.
The above results clearly demonstrate that helium scattering can
be used to monitor the cleanliness of the surface.

This technique is

exclusively surface sensitive, non-destructive and especially useful
for detecting hydrogen (deuterium) contamination which cannot be
detected with Auger Electron Spectroscopy.

Recently, Poelsema et al.

have used the technique to study the interaction of hydrogen with the.
stepped platinum surface (11).

They have found that the method

enables discrimination between step edge and terrace properties in a
direct geometrical way.
The angular distribution of helium scattered from a stepped
Pt(557) surface is shown in Figs. 10 and 11.

The substrate

temperature is 915K and the helium beam is incident along the step
edges for Fig. 10.

As one can see that the FWHM is about 20° while

the angular resolution of the detector is still about 2°.

This sharp

increase of FWHM as compared with that scattered from the flat Pt(111)
surface is partially due to the existence of the step and mainly due
to out-of-plane detection.

Since the detector is mounted in the plane

defined by the macroscopic normal and the incident beam, it does not
sample molecules scattered out-of-plane.

Since the incident beam

comes in along the step edges, the specular angle of the terrace is
out-of-plane, thus, the detector ••sees" only slices of the scattering
distribution.
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In Fig. 11 the incident beam comes in perpendicuar to the step
edges from the shadow side.
observable.

The diffraction feature is clearly

In addition to peaks at the terrace specular (Ts) and

macroscopic specular (Ms), the shoulder near 57° is a reproducible
feature.

The relationship between the Ts, Ms and the angle of cut

from the (111) surface is shown in Fig. 12.

The majority of the

helium is scattered to the terrace specular rather than the
macroscopic specular, indicating that the helium atoms do indeed probe
the atomic surface structure.

The appearance of the peak at Ms

indicates that the interaction potential surface at the upper part of
the step has a finite radius of curvature unlike that shown in
Fig. 12.

Jhis·is reasonable since the interaction potential is

determiried by the electron density which cannot have sharp edges due
to the quantum effects.
The above results clearly show that helium scattering from the
stepped surface can be used to

determin~

step orientation.

With this

method, it is very easy to identify the open side of the step.

With a

very monoenergetic incident beam and good angular resolution, one can
observe many diffraction peaks which can be used to extract
quantitative information about the helium-metal interaction potential
near the step edge (10,12).
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Figure Captions
Fig. 2.1 Schematic diagram of the unmodified molecular beam scattering
apparatus and time-of-flight spectrometer.
Fig. 2.2 Schematic diagram of the modified molecular beam scattering
apparatus and

time~of-flight

spectrometer.

Fig. 2.3 Drawing of the fixed flange of the rotatable seal.
(A)

Spring loaded teflon seals; {B) pumping channels;

(C) ion pump port; (D) mechanical pump'ports; (E) thrust
bearing; (F) locating cam bearings; (G) chain drive; (H)
Ultek wire seal flange face.
Fig. 2.4 Drawing of the rotatable flange:

(A) Seal surface; (B)

13.25" detector mounting f)ange; (C) port for buffer chamber
pump; (D) port for mass spectrometer; (E) port for mass
spectrometer chamber pump; (F) port for titanium.sublimator;
(G) port for ion gauge; (H) port for chopper motor power, PO,
LED feedthroughs; (I) port connecting the detector and the
scattering chamber; (J) blank; (K) port for chopper cooling
and detector gating mechanism; (L), (M) blank.
Fig. 2.5 Drawing of the detector:

(A) 13.25" flange; (B) first

aperture; (C) second aperture; (D) alignment window, (E,F)
4.25" flanges; (G).stainless steel bellow.
Fig. 2.6 Mass spectrometer:

(A) 6" mounting flange; (B) supporting

bracket; (C) electron multiplier housing can; (D) mass filter
housing can; (E) ionizer.
Fig. 2.7 Cross-correlation chopper dies.
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Fig. 2.8 Angular distribution of helium scattered from Pt(111)
surface at 880K.

The arrow on the lower axis indicates the

specular angle.
Fig. 2.9 The Pt(111) scattered helium specular peak intensity as a
function of the crystal temperature.

The incident beam is a

mixture of He/NO with ratio of 4/1.
Fig. 2.10 Angular distribution of helium scattered from the stepped
Pt(557) surface at 915K.

The incident beam comes in along

the step edges.
Fig. 2.11 Angular distribution of helium scattered from the stepped
Pt(557) surface at 905K.

The beam is incident perpendicular

to the step edges from the shadow side.

The ·arrows on the

lower axis indicate the terrace specular (Ts) and the
macroscopic specular (Ms).
Fig. 2.12 Diagram indicating microscopic specularity for step edges
perpendicular to the incident beam.
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CHAPTER III.

MODULATED MOLECULAR BEAM SCATTERING OF CO

AND NO FROM Pt(111) AND THE STEPPED Pt(557) CRYSTAL SURFACES
3.1

Introduction
Although the interaction of NU with metal surfaces is as important

as that of CO, it has not received as much attention until recently.
Practically, NO is a nonequlibrium product of combustion and a serious
pollutant.

Scientifically, it is interesting to compare the

interaction of NO and CO on metal surfaces since they have similar
molecular orbital structures, but different binding energies (151
Kcal/mole for NO as compared to 256 Kcal/mole for CO).

Previous

investigations of CO (1-7), and NO (8-13) on platinum surfaces mainly
studied the static properties of adsorption and desorption.

Briefly,

CO adsorbs molecularly with carbon bonded to the surface in either the
\

linear or the bridged configuration.

The activation energy for

desorption from Pt(111) is in the range of 24-33 Kcal/mole and
decreases with increasing coverage (1,2).

The sticking coefficient is

between 0.6 and 0.8 and also decreases with increasing coverage
(3,4).

The NO/Pt system has been found to be more complex.

For

example, the appearance of various vibrational modes has been
interpreted as either the occupation of different .adsorption sites
(11) or by the formation of adsorbed dimers (9).

Partial dissociation

of the molecule upon heating has been reported (8,10,11) although it
is not observed here with the molecular beam technique at higher
temperatures and lower coverages.

It is generally believed that NO is

molecularly adsorbed on platinum surfaces with nitrogen atom bonded to
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metal at room temperature.

The activation energy for desorption is

between 20 and 28 Kcal/mole· (8,10).
Nevertheless, there is little work on dynamic properties of
adsorption and desorption for these two systems.

The molecular beam

technique offers a unique tool for this purpose and is therefore
applied in this study.

Here, the results of modulated molecular beam

scattering of NO and CO from the flat Pt(111) and the stepped Pt(557)
crystal surfaces are presented.

The modeling and computational

methods used to determine surface reaction mechanisms by modulated
molecular beam scattering have been derived, and reviewed by other
authors (14-16).

We have found that while the incident NO and CO can

be adsorbed at the step as well as the terrace, their desorption
kinetics are completely controlled by the steps.

The kinetic

properties of NO/Pt are found to be very different and more complex
than those of CO/Pt.

Experiments of a similar nature by other

investigators were performed independently, (17-20) at the same time
or after this work was published (21).

Essentially, similar

conclusions were reached.
3.2

Experimental
The apparatus used for the experiment has been described in detail

elsewhere (22).

Briefly, it consists of three differentially pumped

chambers as shown in Fig. 1.

The first diffusion pumped chamber

contains the molecular beam source.

The second diffusion pumped

chamber contains the slotted disk chopper used to modulate the
incident beam in the frequency range of 5-200 Hz.

The scattering
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chamber which is pumped by an ion pump and titanium sublimator
contains the crystal, the rotatable EAI mass spectrometer, and the
instrumentation for Auger electron spectroscopy (AES), low energy
electron diffraction (LEED), and argon ion sputtering.

The mass

spectrometer AC signal is processed by a phase sensitive lock-in
amplifier.
Two crystal surfaces, Pt(111) and Pt(557) were used.

The high

Miller index surface has six atom wide terraces of (111) orientation
seperated by one atom height steps with (100) orientation.
temperature of the crystal was measured by the

The

~hromel-alumel

thermocouple spot welded to the edge of the crystal.

Before any

experiment, the crystal was ion sputtered, treated with oxygen, and
annealed in situ.

The cleanliness was checked by AES.

The molecular beam source backing pressure was 10 Torr for NO
unless otherwise noted.

Backing pressure was 3 Torr for CO.

angle of the incident beam was 45° and
the case of Pt(557).
(23).

In this mode

pe~pendicular

The

to the step in

The signal was detected in the integral mode
~f

detection, the mass spectrometer is placed

behind the crystal surface and measures the modulated chamber
pressure.

Each datum was normalized to a hot crystal (1250K) datum,

which has a negligible phase lag due to the very short residence
time.

The normalization takes care of all other causes of phase lag

(14) except that due to the surface reaction.

The~efore,

normalized data depend on the surface processes only.

the

Between each

experimental run, the crystal was heated to 1250K for 3-5 minutes to
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make sure that it was not poisoned during the experiment as a result
of adsorption of ambient gases.

At the same time, the reference

signal was detected for normalization of the data

points~

In this way

any change in the electron multiplier gain, which could be 10 percent
during each day's experiment, was detected and eliminated from the
normalized data.

At the end of the experiment, the crystal was

rechecked with AES.
3.3

Results and Discussion
3.3.1

CO Scattered from Pt(111) and Pt(557) Crystal Surfaces.

Figures 2a and 2b show the normalized amplitudes and phase lags as
functions of the crystal temperature for CO scattered from Pt(111) at
chopping frequencies of 10 and 100 Hz, respectively.
dash lines are the theoretical fits to the

The solid and

adsorption~desorption

with coverage dependent sticking coefficient (see below).

model

The

normalized amplitude stays at the value of 1.0 at high temperature and
drops sharply at lower temperature, then starts to climb at even lower
temperature (<500K).

The phase lag is essentially zero at high

temperature and has a sharp peak when the amplitude drops sharply.
The phase lag stays at zero at the lowest temperature range where the
amplitude is climbing.

Note that the phase lag peak appears at a

lower temperature for a chopping frequency of 10 Hz than that for
100 Hz.
To understand how the amplitude and the phase lag vary with
crystal temperature, let us consider the adsorption-desorption model
with a fixed sticking coefficient S:
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A(gas)

·_

A(ads)

~A(gas)

k

A(gas)

where 10 is the unmodulated beam intensity, g(t) is the gating
function, and k =
rate.

v

exp(-E/RT) is the first order Arrhenius desorption

Since the incident beam is chopped into a square wave, it can

be decomposed into Fourier series:

(1)

The concentratinn of the adsorbed molecules, n(t), can also be
decomposed into Fourier series:
n(t) = n0 + n1e iwt +

(2)

Substitute (1) and (2) into the mass balance equation,

( 3)

One obtains
_
Slogl/2
nl = iw+k

( 4)
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With the lock-in amplifier tuned to first harmonic detection, the
measured signal is

MS

=

(5)

The normalized signal, NS, is the signal divided by the high

h;

temperature signal, which is I 0 g1

NS =

£

thus,

e-ia~ -- 1w+l<
· kS + (1-S)

( 6)

where the first term is due to the fraction of molecules that stick
and then desorb from the surface and the second term is contributed by
the fraction that does not stick at all.

The first term gives rise to

the phase lag and its amplitude approaches zero if

k--~0

due to the

long (compared with the chopper frequency) residence time of the
molecules that stick, i.e. chemisorb on the surface.

In other words,

the long residence time caused the phase lag as well as the demodulation of the signal.

The second term gives rise to no phase lag since

the molecules do not stay on the surface long enough.

This fraction

of the molecules are those inelastically scattered.
At high temperature, kS/(k+iw)
has zero phase lag.

= S since

k >> w, NS equals 1 and

At very low temperature, kS/(k+iw) has negligible

amplitude and 90° phase lag since k

--~

0.

However, the sum of

kS/(k+iw) and 1-S will be approximately equal to 1-S which has no
phase lag either.

At certain intermediate temperature where k is
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comparable tow, kS/(k+iw) will have finite phase lag and amplitude,
so does the sum of kS/(k+iw) and 1-S.

Therefore, there will be a

temperature where the phase lag is largest and the amplitude will vary
from 1 to 1-S as temperature decreases.

For a set of fixed

v,

E, and

S, the phase lag peak position will appear at lower temperature for
the smaller chopping frequency, w.
The adsorption-desorption model with fixed sticking coefficient
can explain the general scattering behavior in Fig. 2, except the
rising amplitude below SOOK.

A computer least square fit without

using the rising amplitude data gives

v

= 2.9

X

10 13 , E = 29.9

Kcal/mole, and S = 0.737.
Figures 3a and 3b show the results of CO scattered from Pt(557).
The curves are the theoretical fits to the adsorption-desorption model
with coverage dependent sticking coefficient (see below).

The general

features of the data are the same as that scattered from Pt(111).

For

the same chopping frequency, the phase lag peak appears at higher
crystal temperature for Pt(557) than that for Pt(111), indicating that
the desorption energy will be higher in the case of Pt(557).

The

computer fit, without using the rising amplitude data, to the
adsorption-desorption model with fixed sticking coefficient gives
13
v = 7.9 x 10 , E = 33.6 Kcal/mole, and~= 0.74.
Note that the data show only one binding state of CO for Pt(557),
which is a stepped surface and should have at least two states--at the
terrace and step sites.

Since the sticking coefficients are about the

same for both Pt(111) and Pt(557), we believe the.molecule can be
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adsorbed at the step as well as the terrace site with about the same
probability.

If the desorption rates are different for these two

sites and the molecule does not diffuse from the terrace to the step
or vice versa, one should obtain curves more or less like that of
Fig. 4.

The excellent fit with the simple adsorption-desorption model

and the higher activation energy suggest that while CO can adsorb on
both the step and terrace sites, its desorption kinetic is completely
controlled by the step sites on the stepped surface.

Thus, for those

molecules adsorbed on the terrace sites, they have to visit the step
at least once before they desorb, and the kinetic parameters determined
are for desorption from the step sites.

However, it is unknown whether

the desorption occurs directly from a step site or the adsorbed
molecules have to diffuse to the terrace and then desorb.
Some more explanations are needed for the fact that the stronger
bonding step sites control the whole kinetic of desorption.

As one

can observe only the higher energy binding state by thermal desorption

.

spectroscopy at low coverage, we can also see the tightly binding
state only at low coverage by molecular beam-surrface scattering as
long as the adsorbed molecules are highly mobile.

This is also

concluded independently by other authors with a similar technique
(17-20).

While the temperature is low enough that the step sites are

completely occupied, the adsorbed molecules on the terrace could be
almost completely demodulated.

We believe this is the reason that we

cannot observe clearly the desorption from the terrace at high coverage
range.

Recently, Gdowski and Madix intentionally poisoned the step
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sites with sulfur and.found very different kinetic parameters, lxlo 15
exp (-36.2/RT) for the clean surface and 1x1o 13 exp(-27.5/RT) for
the step sites blocked by sulfur (18).

As will be discussed later,

the NO desorption rate is found to be strongly dependent on oxygen
contamination (<1 percent) on Pt(111) (20).
To explain the rising amplitude at low temperature, we used a
coverage dependent sticking coefficient instead of a fixed sticking
coefficient.

In this model,

S = 50 (1-e), e = n/N,

(7)

where 50 is the initial sticking coefficient, n is the concentration
of CO on the surface and N is the density of the available site for CO
chemisorption.

The way of treating this non-linear process has been

described by Olander et al. (16).

Briefly, by substituting (1) and

(2) into the mass balance equation

( 8)

We obtain
( 9)

( 10)
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The normalized signal, NS, becomes

Ns = e:

e

-ill~

= (1-S 0 )

+

n
n1
n
So (~
+ - -) + k (__!_) L
N
Ng
g I0
1
1

which has four fitting parameters:

( 11)

S0 , v, E, and I 0 /N.

The best

fit is shown by curves on Figs. 2 and 3. The values of the best
fitting parameters are, v = 2.1 x 10 13 , E = 29.5 Kcal/mole,
.
13
S0 = 0.73, I 0 /N = 0.0031 for Pt(111), and v = 4.3 x 10 , E =
32.8 Kcal/mole, S0

=

0.73, I 0 /N = 0.0002 for Pt(557).

It is

evident that the values for v, E and S0 are almost identical for
both models for each surface.
The values of v, E and S for both Pt(111) and Pt(557) are in the
range of values reported by other authors (1-4).

The coverage

dependent sticking coefficient has also been reported

(3~4).

However,

the temperature range we use is generally not accessible by those who
use TDS.

Therefore, our results provide complimentary information •.

The fit between the data and the model is very good for both Pt(111)
and Pt(557) except in the low temperature range.

Even for Pt(lll) we

do not expect the simple function of the coverage dependent sticking
coefficient to f1t the data well at low temperature.

To have a good

fit in that region we believe that a more compliated function of the
coverage dependent sticking coefficient has to be chosen.
Note that the adsorbed CO must be highly mobile on Pt(111) since
surface diffusion is not the limiting step in our temperature range.
Ibach et al. (24) pointed out that the preexponential factor can be

51
near 1013 for mobile surface species, which is what we find.

For

Pt{557), the mobility of the adsorbed molecule is reduced due to the
presence of the steps.

We believe this is the reason that we obtain a

somewhat higher preexponential factor for Pt(557) than that for
Pt(lll).

We also find similar structure sensitive behavior for NO

scattered from Pt(lll) and Pt{557) as will be shown below.
3.3.2

NO Scattered from Pt(111) and Pt(557) Crystal Surfaces.

Figures 4a, 4b and 4c show the normalized amplitude and phase lag as a
function of the crystal temperature for NO scattered from Pt(lll) at
5, 10, and 100 Hz chopping frequencies.

The curves are the

theoretical fit obtained from our model which will be described
later.

Many features of the phase shift and amplitude data are quite

different from those for CO scattering, especially at 10 and 5 Hz
chopping frequenies.
Above 525K, the data behave like that predicted from the
adsorption desorptipn model with fixed sticking coefficient. Fitting
those data to the model gives v = 6.2 x 10 13 , E = 28.6 Kcal/mole,
and S = 0.645.

The activation energy is close to what have been

published (8,10).

However, previous investigators assumed

v

= 101 3

instead of determining it from experimental data.
Figures Sa and 5b show the results for NO scattering from Pt(557),
showing the similar features as from Pt(111).

Fitting the data above

525K to the adsorption-desorption model with fixed sticking coefficient
gives v = 1.2 x 1014 , E = 32.3 Kcal/mole, and S = 0.71. Comparison
of these results with those of Pt(111) suggests that the adsorption-
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desorption kinetics for NO scattered from Pt(557) at temperature above
525K should be the same as that for CO scattering from the same crystal
surface.

'•

In other words, although NO can chemisorb on terrace and

step sites, those molecules chemisorbed on the terrace have to visit
the steps once before desorbing and the desorption kinetic is
controlled by the step sites.
·The data below 525K are quite different from that predicted from
the adsorption-desorption model for NO scattered from Pt(lll).

With

decreasing temperature, the amplitude goes up and then drops sharply.
The phase lag changes correspondingly.
starts to rise again.

Below 400K, the amplitude

The features of the data can be used to rule

out many models immediately.

The usual linear, parallel process can

explain the characteristics of the phase lag, but not the amplitude,
and thus, has to be ruled out.

Nevertheless, the data seem to

indicate that one high adsorption energy state is sampled above 525K
and a lower adsorption energy state appears suddenly below 480K.

One

of the models tried is a modified parallel process--Model A.

~A( g)·
pSI g(t)
A(g)

0

·

---------__..

A( a 1 )

k
1

------+ A(g)

~A(a2 ) --~~--+A( g)
where p is coverage dependent instead of a constant.

Basically, we

manage the sticking molecule to fill site 1 first before it can
migrate to site 2.

The curves in Fig. 4 are the best fit to this

model, without using the data below 400K.

Although the fit to the
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model is reasonably good, we obtained unusual parameter values for the
best fit; k2 = 9.8 x 10 7 exp(-13.3/RT). The model was used to fit
the data for NO scattering from Pt(557) and the fitting was found to
be worse.

This is not surprising since the surface structure of

Pt(557) is more complicated than that of Pt(111).
As mentioned before, the desorption kinetics are controlled by the
step sites which occupy only 17 percent of the total surfgce area of
Pt(557).

If desorption kinetics are also controlled by the defect site

on Pt(111) surface, then a small amount of contamination will change
the kinetics if the defect density is not high.

We intentionally

increased the defect density by sputtering at higher argon energy and
found that the kinetics changed.

Recently, Serri et al. have suggested

that less than 1 percent of oxygen contamination, which is difficult
to detect with AES, can influence the kinetics of NO desorption from
Pt(111) surface drastically (20).
To see how the data were affected by beam intensity, we tried NO
scattered from Pt(111) at 100 Hz with backing pressure of 1.5 Torr
rather than 10 Torr and from Pt(557) at 10 Hz with backing pressure of
2 Torr.

The results are shown in Figs. 6 and 7.

The main difference

is that the sticking coefficient is larger for the lower beam
intensity, indicating that the sticking coefficient decreases as the
coverage increases.
We tried to obtain evidence for NO dissociation by measuring the

o2

and N2 signals as function of the crystal temperature
at different frequencies. Compared with the modulated NO signal, 0
2

modulated

54
and N2 signals were very small and independent of the crystal
temperature. We believe NO does not dissociate to any appreciable
extent under our experimental conditions.

The same conclusion is

found later by Serri et al. (20).
3.4

Conclusion
The modulated molecular beam scattering of CO and NO from Pt(lll)

and Pt(557) have been studied in the temperature range of 350-llOOK •

.

For CO scattered from Pt(111), an adsorption-desorption model with
constant sticking coefficient fits the data well above 500K. The best
rate parameters are v = 2.9 x 10 13 , E = 29.9 Kcal/mole, and S =
0.74.

For CO scatterted from Pt(557) the same model fits the data
well above 550K and the best rate parameters are v = 7.9:x 1013 , E =

33.6 Kcal/mole, and S = 0.74.

The higher activation energy for

desorption.from the stepped Pt(557), as compared to the flat Pt(111),
suggests that while the incident molecules can be adsorbed at the step
as well as at the terrace, their desorption kinetic is controlled by
the steps.

It appears that any adsorbed molecule has to visit the

step sites once before it desorbs.
For NO scattered from Pt(111), the adsorption-desorption model
with constant sticking coefficient fits the data well above 525K using
the rate parameters of v = 6.2 x 10 13 , E = 28.6 Kcal/mole, and S =
0.65.

For NO scattered from Pt(557), the same model fits the data
well above 525K with v = 1.2 x 10 14 , E = 32.3 Kcal/mole, and S =

0.71.

The higher activation energy suggests again that NO desorption

kinetic is controlled by the steps.

Below 525K, the NO scattering
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results are very different from those of CO and indicate that one high
adsorption energy state is sampled above 525K and a lower adsorption
energy state appears suddenly below 480K.

The features of the data

rule out the usual linear, parallel or series processes immediately.
The nonlinear process might be due to the fact that the desorption
kinetic is controlled by a small concentration of defects which would
be blocked by some impurity at lower temperature.
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Figure Captions
Fig. 3.1 Schematic diagram of modulated molecular beam scattering
apparatus.
Fig. 3.2 Normalized amplitudes and phase lags as function of the
crystal temperature for CO scattered from Pt(111).

Curves

are theoretical fits to the adsorpt1on-desorption model with
coverage dependent sticking coefficient.

(a) f

= 10

Hz, (b)

f = 100 Hz.
Fig. 3.3 Normalized amplitudes and phase lags as a function of the
crystal temperature for CO scattered from Pt(557).

Curves

are theoretical fits to the adsorption-desorption model with
coverage dependent sticking coefficient.

(a) f = 10 Hz, (b)

f = 100 Hz.
Fig. 3.4 ,Normalized amplitudes and phase lags as a function of the
crystal temperature for NO scattered from Pt(111).

Curves

are theoretical fits to model A (a) f

=

=

5 Hz, (b) f

10 Hz,

and (c) f = 100 Hz.
Fig. 3.5 Normalized amplitudes and phase lags as a function of the
crystal temperature for NO scattered from Pt(557).
are theoretical fits (a) f

Curves

= 10 Hz, (b) f = 100 Hz.

Fig. 3.6 NO scattered from Pt(111) at 100 Hz with backing pressure of
1.5 Torr instead of 10 Torr.
Fig. 3.7 NO scattered from Pt(557) at 10 Hz with backing pressure of 2
Torr instead of 10 Torr.
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CHAPTER IV
ANGULAR, TRANSLATIONAL, ROTATIONAL, AND VIBRATIONAL
ENERGY DISTRIBUTIONS OF NO
4.1

SCATTER~D

FROM THE Pt(111) SURFACE

Introduction
The study of energy transfer between gas molecules and solid

surfaces is crucial to the understanding of the fundamental processes
tn heterogeneous catalysis, for example, adsorption, decomposition,
surface diffusion, bond formation and desorption.

Molecular beam-

surface scattering technique provides one of the best ways of.
investigating gas-solid energy transfer processes.

With this

technique, the amount of energy exchanged between molecules and the
surfaces can be measured for a single collision from the translational,
rotational and vibrational energy distributions of the scattered and
the incident molecules.
In the past, most of the energy exchange information was obtained
by monitoring the angular distribution of the scattered molecules
(1-2).

Recently, the translational and internal energy distributions

of molecules scattered from well characterized surfaces have been
measured in various laboratories (3-12).

For the most part, however,

the systems that have been studied are only weakly attractive; for
example, Ar on tungsten, Xe on platinum, and NO on silver.

To gain

insight into the energy transfer processes on a chemically interesting
system we have measured the angular, translational, rotational and
vibrational energy distributions of nitric oxide scattered from a
Pt(111) single crystal surface.

The translational energy distribution
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was obtained using a time-of-flight (TOF) technique and the internal
energy distributions by two photon ionization (TPI).

(This will be

described in more detail in a subsequent section.)
For NO, TPI is at

l~ast

one order of magnitude more sensitive than

the optimum laser-induced fluorescence measurements (8-12).

For the

first time, angular, translational, rotational, and vibrational energy
distributions of the scattered molectiles are obtained for the one
system.

These results should considerably help the theoretical study

of elementary surface processes.
We find that the rotational energy accommodation is relatively
poor and that the vibrational energy transfer is somewhat more
efficient but declines with increasing crystal temperature.

The

translational energy is found to be equilibrated with the surface
except at very high crystal temperatures.
4.2

Experimental
4.2.1

Translational Energy and Angular Distributions.

The

apparatus is described in Section 2 of Chapter 2, and so, only
experimental conditions will be described here.
incident beam was -51° in all of our experiments.

The angle of the
TOF was measured by

moving the detector either to 7° from the surface normal or to the
specular angle of 51°.
475 to 1195K.

The surface temperature (Ts) was varied from

The pseudo-random chopper was operated at 180 Hz, and

15 to 25 min. were required to obtain each TOF distribution depending
on the incident beam energy.
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The mass spectrometer is density sensitive rather than flux
(

sensitive, and so, to calculate the flux mean kinetic energy and the
spread of the velocity distribution, the velocity moments M1 , M2
and M3 are obtained from the TOF data. The moments M1(I=1, 2, 3)
are defined as follows:
M1 =
v1p(v)dv

joo
0

.

where p(v) is the density velocity distribution of the scattered
molecules.

M1 is proportional to the flux into the detector.
flux mean kinetic energy <KE> and the spread of the velocity
distribut{on <a 2>, are given by
<KE> = ( 1/2 )

2

m< v

The

> = ( 1/2 ) mM 31M 1

where m is the mass of the molecule.

For a beam with a Maxwellian

density distribution at temperature ofT, the flux mean kinetic energy
is 2kT rathe~ than (3/2) kT and <a 2> is 0.132.

Hereafter, the term

"a beam energy of TK" will imply that the beam mean kinetic energy is
equal to 2kT.
NO supersonic beams with three different flux mean kinetic
energies <KE>/2k = 265, 615, and 1390K were used. The corresponding
values of <a 2> are 0.026, 0.038, and 0.024, respectively. Beams of
265 and 1390K were obtained by antiseeding NO with xenon·and seeding
with helium while keeping the nozzle at room temperature.
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A TOF distribution of NO from an effusive source at 300K is shown
in Fig. 1.
at 300K.

The solid curve corresponds to a Maxwellian distribution
The agreement between the theoretical curve and the data

points from the effusive source is excellent.

Several TOF distribu-

tions of effusive thermal beams were obtained in order to calibrate
the flight path and also to determine the zero flight-time channel.
4.2.2

Internal Energy Distributions.

apparatus is shown in Fig. 2.

A schematic diagram of the

The main difference between this and

the modified TOF apparatus described in Chapter 2 is the detector.
The detector, equipped

wi~h

an electron multiplier for ion detection

and a quartz lens for focusing the UV laser beam, is mounted
in. diameter rotatable flange.

o~

a 24

The laser beam was aligned externally

with the center of the rotatable flange, then deflected 2.5 em off
axis, so that rotation of the flange caused laser beam and the
detector to move synchronously.
The UV laser system is a Quanta-Ray Nd:YAG pumped dye laser
together with a wavelength extension unit.

This system is capable of

generating tunable UV radiation near 225 and 236 nm which is required
to excite the A 2 t(v'=0)~--x 2 n 112 (v 11 =0) and A 2 L+(v'=0)~--x 2 n 112 (v .. ~l)
NO vibronic transitions.
separate photodiodes.

The laser energy was monitored by two

One of the signals from the photodiodes was

used for manual monitoring of the laser intensity and the other was
used to normalize the signal from the ion multiplier.
processing was performed by a minicomputer.

The signal

.•·
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4.3

Results
4.3.1 Angular Distributions.

Figure 3 shows a typical angular

distribution of the scattered NO molecules.

The closed circles

represents the experimental data, the solid line shows a cosine
function, and the open circles represents the difference between the
data and the cosine function.

The angular distribution can be

separated into a cosine angular distribution and a broad angular
distribution peaked near the specular (indicated by the arrows on the
lowe·r axis of the figures).

We have observed that all the angular

distributions are dominated by a cosine angular distribution with a
slight increase in the flux near the specular angle.
The general features of the angular distributions as functions of
incident beam energy and of the crystal ·temperature are shown in
Figs. 4 and 5.

Figure 4 represents the angular distributions at a

fixed crystal temperature of 1195K.

The triangles, closed circles and

pen circles represent the distributions for the incident beam energies
of 265K, 615K, and 1390K, respectively.

Evidently the degree of

specularity increases as the incident beam energy increases.

Figure 5

shows the angular distributions for a fixed incident beam energy of
615K.

The closed circles, open circles, and the triangles represent

the distributions for crystal temperatures of 475K, 725K, and 1195K
respectively.

The specularity of the distribution also increases as

the crystal temperature increases.
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4.3.2

Translational Energy Distributions.

Typical time-of-flight

distributions under different experimental conditions are displayed in
Figs. 6 and 7.

The experimental variables are the crystal temperature,

Ts, the incident beam energy, TB, and the detection angle, either
specular or near the surface normal.

The solid curves correspond to a

Maxwell-Boltzmann distribution at the respective

cryst~l

temperatures.

The Maxwell-Boltzmann distributions have been convoluted with the TOF
chopper and electronic gating width to reproduce the experimental
broadening.
Rather than present the complete body of data, we present the two
important parameters that characterize the TOF distribution, the flux
mean kinetic energy in units of K, and the velocity spread
<cr 2> = (<v 2>-<v> 2 )/<V>2, as functions of the experimental
variables.

In Figs. 8, 9, and 10, these parameters are plotted as a

function of crystal temperature for the three different incident beam
velocities.

The arrows on the ordinates of Figs. 8{b) and 9{b)
indicate the expected width (<cr 2>) for a Maxwell-Boltzmann

distribution.

Experimental broadening makes the expected value

slightly larger than the theoretical value of 0.132.
The incident beam energy for the data shown in Fig. 8 is 1390K.
From Fig. 8{a), it is clear that forTs< 900K, the scattered beam
energy at the specular scattering angle is larger than that at the
surface normal, and both are different from the surface temperature.
ForTs > 900K, the scattered beam energies at both specular and
normal angles are similar to the surface temperature.

This, however,
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does not imply equilibration with the surface as can be seen from
Fig. 8{b}. The <o 2> for scattering in the specular directiori is
smaller than that of a Maxwell-Boltzmann distribution, the discrepancy
being largest at higher Ts.

Figure 7(b) shows that the TOF

distribution at the specular angle is visibly narrower than the
corresponding Maxwell-Boltzmann distribution, whereas <o 2> for
molecules scattered at 7° is that for the corresponding Maxwellian
distribution.
The incident beam kinetic energy for the data shown in Fig. 9 is
615K.

At the surface normal, the kinetic energy of the scattered NO

beam is equal toTs forTs< 900K, and becomes smaller than Ts
above 900K.

In the specular direction, the scattered beam kinetic

energy shows the same trend.

In general, the specularly scattered

beam has less kinetic energy than that at the surface normal,
especially at high surface temperatures. <o 2> in the specular
direction is smaller than that near the surface normal for low Ts
[Fig. 9(b)], but the <o 2> at these angles become almost equal at
high Ts.

The difference in the widths of the distributions at low

surface temperature is visually evident in Fig. 6.
The incident beam energy for the data shown in Fig. 10 is 265K.
The scattered beam energy shows the same trend as a function of Ts
as that shown in Fig. 9(a).

The kinetic energies of the scattered

beam in both the specular and the normal directions are in general
less than those for the 615K incident beam energy.

For Ts < BOOK,

the mean kinetic energy of the beams scattered in the normal direction
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is independent of incident beam energy and equal to the corresponding
surface temperatures. <cr 2> of the scattered beams for this incident
beam energy 265K are inconclusive because

~he

statistical error is

large due to the lower incident beam intensity.
4.3.3

Rotational Energy Distributions.

Typical vibronic two

photon ionization (TPI) spectra are shown in Fig. 11a, b and c for the
direct incident beam, room temperature NO, and NO scattered from the
Pt(111) surface at 580K, respectively.

The laser wavelength is near

226nm and the electronic transition of one photon absorption is

A 2 r+(V•=o)~--x 2 w 112 (V"=0).

The rotational temperature is

obtained by plotting the logarithims of the rotational line intensities
Nj" normalized by the rotational degeneracy (2j••+l) and rotational
line strength factor Sj" versus the rotational energy.
saturation of the first electronic transition
condition, S." is equal to 1.
J

un~er

Due to the

our experimental

For a crystal temperature of less

than 850K, we have found that the scattered NO molecules can be
characterized by a single rotational temperature which is colder than
the corresponding crystal temperature except for a substrate
temperature of 295K.

These results are shown in Fig. 12, where the

incident beam energy is 615K, and the detector is at the surface
normal.

We also observe that there is considerable deviation from a

single rotational temperature for Ts = 870K.

At Ts ~ 580K;
different rotational temperatures, Tro t' were obtained at the two
scattering angles: Trot = 400 : 40K for normal scattering, and
Trot = 480 : 40K for specular scattering.

The angular distribution
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of the scattered NO for a fixed rotational state is dominated by a
cosine angular distribution with a slight increase in the flux near
the specular angle.
4.3.4
.-

Vibrational Energy Distributions.

The vibrational excited

state was monitored by tuning the laser to 236nm and exciting the

A 2 L+(v•=o)~--X 2 n 112 (v 11 =1) transition.

Figure 13 shows the

angular distribution of the vibrationally excited NO molecules
scattered from the Pt(111) surface at 820K.

The angular distribution

is an almost perfect cosine function without any sign of the
enhancement near the specular angle.

The relative populations of the

ground state and the vibrationally excited state is determined as
fallows.

/

The laser is tuned to around 236.28nm, the

o11 +P 21

band head

of the scattered NO molecules could be scanned and averaged over 100
laser pulses for each wavelength.

The crystal was removed and the

scattering chamber filled with room temperature gas phase NO to the
pressure that gave the same signal intensity as that of the scattered
molecules.

This reference signal originates from an effective

pressure of NO(V 11 =1) molecules that is the measured pressure times the
vibrational Boltzmann factor at room temperature. This is 1.05 x
4
.
-1
10- for Tv = 295K and Ev = 1876.1 em •. This procedure is
repeated for the scattered ground state molecules.

The ratio between

the two effective pressures is the population ratio of NO(v 11 =1) and
NO(V 11 =0) molecules and is calculated at four crystal temperatures,
Ts = 620, 820, 990 and 1155K.

For other crystal temperatures, the
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ratio is measured by monitoring a relative signal for both the ground
state and the vibrationally excited molecules and the ratios between
these signals were then normalized to the directly measured ratios.
The vibrational temperatures of the scattered NO can be calculated
with these ratios, and the results are shown in Fig. 14.

One can see

that the vibrational temperature of the desorbed molecules is lower
than Ts but does not differ by more than lOOK forTs< lOOOK.
4.4

Discussion
4.4.1

Scattering Mechanisms.

The energy exchange between the

incident molecules or atoms and the surface is generally discussed in
terms of three scattering mechanisms:
trapping-desorption (1,13).

namely, elastic, inelastic, and

For elastic scattering there is little or

no energy exchange between the gas molecules and the surface.

Thus,

the angular distribution is very narrow and peaked in the specular
direction for scattering from a smooth surface.

This scattering

mechanism occurs when the the interaction between the incident atom
and the surface is very weak, as in the case of, for example, helium
scattered from the Pt(lll) surface.
For the inelastic scattering, there is some energy exchange
between the gas molecules and the surface.

The scattered beam energy

depends on the incident beam energy and is weakly surface temperature
dependent.

The angular distribution of the scattered beam is

characterized by a broad peak distribution while the peak is not
necessarily in the specular direction.

The reflected intensity

becomes less peaked as the surface temperature increases.
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For trapping-desorption scattering, the incident molecules are
trapped in the region of the surface for many vibrational periods
allowing accommodation.

The scattered beam energy is strongly surface

temperature dependent and does not depend on the incident beam
energy.

The angular distribution is diffuse and is often a cosine

function.
For any particular system, such as He/Pt(111) or NO/Pt{111), the
scattering does not occur by a single mechanism but by a combination
of two or even three processes. ·For NO scattered from Pt(111), the
elastic scattering mechanism is unimportant due to the strong
interaction potential {14-16).

The results of Chapter III, show that

the majority of the incident NO is trapped before desorbing below 700K
while there is always some fraction which is not trapped.

It is

assumed that the trapping-desorption and inelastic scattering
processes both operate during all of our experiments and can explain
all the results.

This assumption does explain all the experimental

results consistantly and therefore, appears to be valid.
4.4.2 Angular Distributions
Figure 3 shows that the angular distribution can be separated into
two fractions: the cosine function and the broad angular distribution
peaked near the specular angle.

Associating the former fraction with

trapping-desorption scattering and the latter with inelastic
scattering, it is observed that both scattering mechanisms coexist and
that the trapping-desorption mechanism is dominant.

This is true over

the whole temperature range investigated, i.e. T = 475- 1195K.
s
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Although the broad angular width of the inelatic portion makes the
separation of the two fractions difficult, trapping-desorption is
estimated to contribute about 80-90 percent of the total scattering.
This is consistent with previously published results (14-16).

The

degree of specularity increases as the incident beam energy or the
crystal temperature_increases which indicates that more of the
incident molecules are inelastically scattered as the incident beam
. energy or the crystal temperature increases.

As the incident beam

energy increases, more energy transfer is needed to trap the
molecules; thus, the trapping-desorption fraction decreases.
Increasing crystal temperature will decrease the residence time of the
molecules on the surface; therefore, mote molecules are inelastically
scattered.
4.4.3

Translational Energy Distributions.

With two scattering

mechanisms present, the TOF distributions will be a sum of two
distributions.

The trapping-desorption fraction accommodates almost

completely with the surface and, thus, has approximately the
corresponding Maxwellian distribution.

The inelastic fraction cannot

completely accommodate with the surface, thus, its TOF distribution
should be close to that of the incident beam.

In the normal

direction, the trapping-desorption fraction has the major contribution
to the flux.

At the specular angle, both the inelastic fraction and

the trapping-desorption fraction will contribute significantly.
For a 1390K incident beam and Ts=475-1195K, the average energy
of the inelastic fraction will be higher than that of the trapping-
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desorption fraction, especially, at low surface temperatures.

This

explains why the average energy at the specular angle is higher than
·.that at the normal forTs <900K in Fig. 8{a).

At Ts=ll95K and for

specular angle detection the inelastic and trapping-desorption velocity
distributions overlay each other.

Thus, the TOF distribution will be

narrow since the inelastic fraction has a very narrow distribution due
to the narrow distribution of the incident beam.

At lower surface

temperatures and for specular angle detection, the two mechanism have
velocity distributions separated in energy so that the total distribution is broader.

This trend is shown clearly in Fig. 8{b) for

specular detection.

The same argument can be applied to the results

of Fig. 9.
To determine the existence of accommodation from the velocity
distributions, it is necessary to examine the average energy of the
distribution and the width, <cr 2>. The average energy can have the
equilibrium value, if the inelastic scattering has the right energy,
but the width will be too small, as is visually evident in Figs. 6{b)
and 7{b).

Likewise, the width may be artificially large due to the

separation of the average energies of the two scattering mechanisms.
Examination of Figs. 8, 9 and 10 shows complete equilibration only for
Ts=475-900K at scattering near normal and T8 = 265 and 615K.
For T8 = 1390K, Ts = 475K, and for scattering near the surface
normal, the lack of accommodation is unusual given the weakness of the
specular feature in the angular distribution.

From this, we

~onclude

that the angular distribution of inelastic scattering is extremely
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For T8 = 265 and 615K, and scattering at the surface normal,
the degree of accommodation falls forTs >900K. The incomplete
broad.

accommodation is partly due to nonequilibrated desorption and this
would be expected from detailed balance considerations {17).

Since

the probability of trapping decreases with increasing incident beam
energy, as evidenced by the degree of specularity and velocity
distributions, there will be a deficiency of high energy molecules
during desorption.

However, the degree of accommodation for near

normal scattering at Ts

= lOOOK and Ts = 1195K is lower for

T8 = 265K than for T8 = 615K, so there is a significant
contribution from inelastic scattering. This again indicates
extremely large angle inelastic scattering.
4.4.4

Vibrational Energy Distributions.

The angular distribution

of the vibrationally excited NO molecules shown in Fig. 13 is very
different from that measured with the mass spectrometer or that of the
ground state molecules.

The lack of enhancement of the flux near the

specular angle indicates that all the vibrationally excited NO
originates from desorbed molecules and that the inelastically scattered
molecules cannot be vibrationally excited.

As with translational

energy accommodation, vibrational energy accommodation is generally
well accommodated, although a small but increasing deviation of the
vibrational temperature from that of the surface is evident from
Fig. 14.

Above lOOOK, the deviation is partly due to nonequilibrated

desorption as happened in the case of translational energy accommoda-.
tion.

No explanation is offered for the small deviation below lOOOK.
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4.4.5 Rotational Energy Distributions.

The rotational energy

accommodation is very poor as compared with that of translational and
vibrational energies.

This can be seen from Fig. 15 where the

accommodation coefficients

y

for each mode of energy distribution are

plotted as a function of the crystal temperature.
coefficient

y

is defined as

i

yi

=

The accommodation

i

Tscatt - Tincident

.i

Ts - Tincident
for i equal to translation (T), rotation (R) or vibration (V).

The

overall accommodation coefficient is high due to the strong
interaction between NO and the surface.
the rotational

exci~ation

rotor on platinum (18,19).
vibration energy

coul~

The poor accommodation for

may relate to the fact that NO is not a free
During desorption, some of the wagging

be transferred to NO-surface bond breaking (20)

so that the desorbed molecule would be rotationally cold.
The fact that the rotational temperatures are different for the
normal and specular angles is not surprising since different
scattering mechanisms apply in the two cases.

The fact that

rotational temperature at the specular is higher seems to indicate
that the inelastically scattered fraction is easier to rotationally
excite than trapped

molecules~

When the crystal temperature is high

(870K), the nonequilibrated desorption mechanism can cause the
rotational distribution to.be non-Boltzmann.·

86

Finally, the importance of having complete energy exchange
information for a particular system should be emphasized.

Although

theoretical studies of the dynamics of gas-solid interactions have
proved quite successful recently for inelastic scattering (21-24), it
has several shortcomings in the case of trapping-desorption scattering.
Difficulties occur in the construction of accurate potential-energy
hypersurfaces and because of the long interaction times for the
chemically interesting systems.

It is also not clear whether energy

transfer to electronic levels of the substrate is important, although
most of the calculations do not include this dissipation mechanism.
It is, therefore, important to have a complete set of experimental
results on a system so that the results can be compared with
theoretical calculations.
4.5

Conclusion
The angular, translational, rotational, and vibrational energy

distributions of the scattered NO molecules from the Pt(lll) surface
are measured as functions of incident beam energy and crystal
temperature.

It has been found that both trapping-desorption and

inelastic scattering mechanisms apply under all of our experimental
conditions, and that the trapping probability decreases as T or
8
Ts increases. The inelastically scattered molecules have broad
angular distribution due to strong energy transfer to the surface.
The energy accommodation coefficients are nearly equal to one in the
case of the translational and vibrational energy distributions for
Ts < 900K while they increasingly deviate from unity above this
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temperature due to non-equilibrated desorption.

Vibrationally excited

molecules are produced by the molecules scattered by the
trapping-desorption mechanism whereas inelastically scattered
molecules cannot be vibrationally excited.

The rotational energy

accommodation is very poor as compared with the other two modes.

This

may be oue to the fact that NO is not a free rotor on the surface and
so may be cooled down further during the desorption process.

88

References
1. W. H. Weinberg, Adv. Colloid Interface Sci.

i' 301 (1975).

2. S. T. Ceyer and G. A. Somorjai, Annu. Rev. Phys. Chern. 28, 477
(1977).
3. J. Lapujoulade andY. Lejay, J. Chern. Phys. 63, 1389 (1975).

4. K. C. Janda, J. E. Hurst, C. A. Becker, J. P. Cowin, L. Wharton,
and D. J. Auerbach, Surf. Sci. 93, 270 (1980).
5. J. E. Hurst, C. A. Becker, J. P. Cowin, K. C. Janda, L. Wharton,
and D. J. Auerbach, Phys. Rev. Lett. 43, 1175 (1979).
6. K. C. Janda, J. E. Hurst, C. A. Becker, J. P. Cowin, D. J.
Auerbach, and L. Wharton, J. Chern. Phys.

71...,

2403 (1980)·.

7. J. R. Arthur and T. R. Brown, J. Vac. Sci. Technol.

g, 200 (1975).

8. F. Frenkel, J. Hager, W. Krieger, H. Walther, C. T. Campbell, G.
Ertl, H. Kuipers, and Segner, Phys. Rev. Lett. 46, 152 (1981).
9. G. M. McClelland, G. D. Kubiak, H. G. Rennagel, and R. N. Zare,
Phys. Rev. Lett. 46, 831 (1981).
10. A. W. Kleyn, A. C. Luntz, and D. J. Auerbach, Phys. Rev. Lett. 47,
1169 (1981); A. C. Luntz, A. W. Kleyn, and D. J. Auerbach, J.

Chern. Phys.

~'

737 (1982).

11. R. R. Cavanagh and D. S. King, Phys. Rev. Lett. 47, 1829 (1981).
12. J. W. Hepburn, E. J. Northrup, G. L. Ogram, J. C. Polanyi, and J.

M. Williqrnson, Chern. Phys. Lett. 85, 127 (1982); D. Ettinger, K.
Honrna, M. Keil and J. C. Polanyi, ibid. 87, 413 (1982).
13. R. Sau and R. P. Merrill; Surface Sci. 34, 268 (1973).
14. T. H. Lin and G. A. Sornorjai, Surface Sci. 107, 573 (1981).

89
15. C. T. Campbell, G. Ertl, and J. Segner, Surface Sci. 115, 309
(1982).
16. J. A. Serri, M. J. Cardillo, and G. E. Becker, J. Chern. Phys.

7.2,

2175 (1982).
17. M. J. Cardillo, M. Balooch, and R. E. Stickney, Surface Sci. 2Q,
263 (1975).
18. C. M. Comrie, W. H. Weinberg and R. M. Lambert, Surface Sci. g,
619 (1976).
19. H. Ibach and S. Lehwald, Surface Sci.

J.i,

1 (1978).

20. W. Frost, "Theory of Unimolecular Reactions" in Phys. Chern. series
V. 30, Academic Press, New York (1973).

21. R. M. Logan, R. E. Stickney, J. Chern. Phys. 44, 195 (1966).
22. y.

w.

Lin and S. A. Adelman, J. Chern. Phys. 68, 9 (1978).

23 •· J. D. Doll, J. Chern. Phys. g, 1038 (1973).
24. E. K Grimmelmann, J. C. Tully, and M. J. Cardillo, J. Chern. Phys.

2£,

1039 (1980).

90
Figure Captions
Fig. 4.1 Time-of-flight distribution for an effusive 300K direct NO
beam.

The solid curve is the Maxwellian distribution at 300K.

Fig. 4.2 Molecular beam-surface scattering laser-induced ionizaton
apparatus.
Fig. 4.3 Angular distributions of NO scattered from Pt(111),
T8 = 615K, Ts=1195K. The closed circles represent the
experimental data, the solid line represents a cosine
function, and the open circles represents the difference of
the data and the cosine function.
Fig. 4.4 Angular distributions for Ts=1195K, T8 = 265, 615 and
1390K.
Fig. 4.5 Angular distributions for T8 = 615K, Ts = 475, 725 and
1195K.
Fig. 4.6 Time-of-flight distributions for T8 = 615K, Ts = 475K(a)
detector sits at 7° from normal (b) specular detection. The
solid curves are the Maxwellian distributions at the
corresponding surface temperature.
Fig. 4.7 Time-of-flight distributions for T8 = 1390K, (a)
T5 = 475K, 7o from normal detection, (b) Ts = 1110K,
specular detection.

The solid curves are the Maxwellian

distributions at the corresponding surface temperature.
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Fig. 4.8

(a) Correlation of <KE>/2k of the scattered beam with
to surface temperature for T8 = 1390K. (b)
Correlation of <a 2> of the scattered beam with respect to

~

~espect

surface temperature for T8 = 1390K. The arrow on the left
indicates the value of a Maxwellian distribution.
Fig. 4.9

(a) Correlation of <KE>/2k of the scattered beam with
respect to surface temperature for T8 = 615K.
(b) Correlation of <a 2> of the scattered beam with respect
to surface temperature for T8 = 615K. The arrow on the
left indicates the value of a Maxwellian distribution.

Fig. 4.10 Correlation of <KE>/2k of the scattered beam with respect to
surface temperature for T8 = 265K.
Fig. 4.11 Two photon ionization spectra. The assignment represents a
one photon rovibronic adsorption of the

A 2 t(v'=0)~--x 2 1r 112 (v"=0) transition.
supersonic

(a) Incident

b~am

of NO molecules; (b) room temperature
ambient NO gas at 5x1o-8 Torr; (c) scattered NO molecules

from a Pt(111) surface at 580K.
Fig. 4.12 Rotational temperature of the

sc~ttered

NO molecules as a

function of the crystal temperature.
Fig. 4.13 Angular distribution

o* vibrationally excited

(v"=1) NO

molecules scattered from the Pt(111) surface, Ts
The solid line is a cosine function.

~

820K.

92

Fig. 4.14 Vibrational temperature of the scattered NO as a function of
the crystal temperature.
Fig. 4.15 The accommodation coefficient (y) of the three degrees of
freedom of the scattered NO molecules as a function of the
crystal temperature.
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CHAPTER V
HD PRODUCT ANGULAR AND VELOCITY DISTRIBUTIONS FROM THE H2-D 2
EXCHANGE REACTION ON THE STEPPED Pt(557) SURFACE
5.1

Introduction
The study of the interaction of a molecular beam with a surface is

a useful tool for understanding the dynamics of the gas-surface
interactions.

One way of investigating the interaction is measuring

the angular distribution and velocity distribution of a reaction
product as a function of the desorption angle and substrate
temperature.

There are many experiments that show that the angular

distribution of
distribution.

des~rbing

species need not necessarily follow a cosine

Also, the velocity distribution need not be Maxwellian

at the substrate temperature and is often strongly desorption angle
dependent (1-14).

Because of these deviations from the simple laws,

the results of aDgular and velocity distribution measurements are very
useful for extracting detailed adsorption and desorption mechanisms.
Over the last few years, Comsa•s group has been studying the
interaction of hydrogen (deuterium) on Ni(111), Pd(100), Cu(100), and
Cu(111) surfaces by measuring the angular and velocity distributions
and the angular dependence of the velocity distribution of-the
desorbing molecules (9-13).

The general

featu~es

of their results are

that (1) the angular distribution is peaked at the normal (2) the
velocity distribution at the normal is ••hotter" than the corresponding
Maxwellian distribution at the substrate temperature (3) except.for
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the case of Cu, the mean kinetic energy decreases as one moves the
detector away from the surface normal and becomes

11

Colder 11 than the

substrate temperature at the grazing angle of detettion.

Although

their explanation of these results is not completely satisfactory as
I

will be discussed in more detail in the discussion section, these
results do provide a great deal of information about the associative
desorption mechanisms.

Since the deuterium atoms are supplied to the

surface by the bulk permeation from the backside of the crystal, there
is some uncertainty of the initial state, chemisorption or subsurface
state, of the atoms that participate in the associative desorption.
In this chapter, the results of experiments in which HD is
desorbed from the stepped platinum single crystal surface are
The HD molecules are produced via the H2-o 2 exchange
reaction and the reactants are supplied to the surface by two separate

presented.

incident molecular beams.

The angular distribution of the desorbing

HD and the velocity distribution as a function of desorption angle and
substrate temperature are measured.

We have found that although the

angular distribution is slightly peaked at the normal, the velocity
distribution of the desorbing HD is slightly colder than the substrate
temperature and the deviation increases as the detection angle
increases.

Various models explaining the results will be discussed.

Salmeron et al. have found that the H -o exchange probability
2 2
on a stepped platinum surface, Pt(s)[6{lll)x(lll)], is a strong
function of the incident azimuthal angle (15).

The reaction

probability is highest when the reactants strike the open side of the
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step structure, decreasing by approximately a factor of two when the
inner corner of the step is shadowed.

The result was explained by the

geometrical variation of the number of reactant molecules that strike
the open side of the step structure and cannot be attributed to an
activation energy barrier for adsorption.

The incident azimuthal

angle dependence of the reaction probability is also observed on
Pt(s)[6(111)x(100)] which has (100) step structure rather than (111).
The time-of-flight results support the explanation suggested by
Salmeron et al. (15).
5.2

Experimental
The apparatus is the modified system described in Chapter 2.

The

two supersonic sources were operated at a stagnation pressure of 100
Torr which gave the highest beam flux.

Occasionally, the effusive

sources were used to vary the incident beam energy.

The single

crystal Pt(557) surface, Pt(s)[6(111)x(100)], is cleaned by argon ion
sputtering and annealing.

The cleanliness is determined by AES.

The

orientation of the crystal is determined by helium diffraction
described in Section 2.4.

For most of the experiments, the primary

beam is incident at an angle of 70° from normal, oriented along the
stepped edge and the secondary beam is incident at an azimuthal angle
of 30 degrees from the open side of the .step.
The initial channel of the time-of-flight distribution is
determined by obtaining a TOF distribution using a helium-neon laser
as the incident beam and a photo-multiplier as the detector.

Since

the speed of the light can be considered to be infinite, the channel

•
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of the peak signal is the initial channel of the TOF distribution.
The initial channel has to be redetermined whenever the photodiode and
light emitting diode support is remounted since their position would
possibly shift slightly.
The angular distributions and TOF distributions of the product HD
were measured at several substrate temperatures and detector

angles~

The data accumulation time for the TOF distributions varied from 1
hour to 6 hours depending on angle of detection and the substrate
temperature.

The crystal was sputtered with argon ion after one hour

data accumulation and the only contamination was carbon which is less
than .05 monolayer after completing the experiments.
5.3

Results
In Fig. 1 I present the angular distribution of HD produced by the

H2-o2 exchange reaction on Pt ( 557) at a substrate temperature of
690K. The angle of incidence of the primary beam is 60 degrees from
the surface normal.

The dashed line is the cosine function and the

solid line is the square of the cosine function.

One can see that the

number density distribution of the HD is proportional to the square of
the cosine of the desorption angle.

As will be shown below, the

average energy of the desorbing HD decreases as the desorption angle
increases.

Therefore, if the relative molecular flux is plotted as a

function of the desorption angle, the angular distribution will be
even sharper than a cos 2e distribution.
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A typical time-of-flight distribution is shown in Fig. 2.

The

open circles represent the experimental data and the solid line a
corresponding Maxwellian distribution at the substrate temperature
(690K) •. It is evident from the figure that the desorbing HD is
slightly colder than the substrate.

The average kinetic energy of the

HD flux divided by·2k (Boltzmann constant) has been calculated in the
same way as in Chapter 4 and is about 480K for this distribution.
results for other substrate temperatures are shown in Fig. 3.
open circles represent the average kinetic
various crystal temperature.

~nergy

The

The

divided by 2k at

The angle of incidence of the primary

beam is 70 degrees with respect to the surface normal.

If the

desorbing HD is equilibrated with the surface, the experimental result
should lie along the dashed line.

However, the .average kinetic

energies divided by 2k are always lower than the substrate temperature
when the temperature is varied between 500 and 1170K, and the average
kinetic energy is proportional toTs over the temperature range.

All

the TOF distributions are slightly wider than the cbfresponding
Maxwellian distributions at their average temperatures.
The dependence of the mean HD kinetic energy on polar angle is
presented in Figs. 4 and 5.
distributions.

Figure 4 shows examples of two TOF

In both cases, the substrate temperature is 690K and

the angle of incidence is 60 degrees.

The closed circles represents

the TOF distribution for normal detection, and the open circles the
TOF distribution for detector at 60 degrees from the surface normal.

117
The peak of the e0 = 0° (closed circles) distribution occurs at a
shorter:flight time than that of the e 0 = 60° (open circles)
.,

distribution.

This implies that HO molecules

surface have a

hi~her

60° to the normal.

desorbin~

normal to the

average kinetic energy than those desorbing at

The average kinetic energy divided by 2k as a

function of the HO desorbing angle is shown in Fig. 5, and, as can be
seen, as the desorption angle increases, the average kinetic energy
decreases.
As mentioned above, the reactivity of the H2-o 2 exchange
reaction has been found to be a strong function of the incident beam
azimuthal angle for the stepped surface, Pt{s) [6(111)x(111)] (15).
The maximum reactivity is observed when the incoming molecules are
incident onto the open side of the step.

A similar result is found

with Pt(s)[6(111)x(100)] as can be seen in Fig. 6, where HO intensity
is plotted as a function of azimuthal angle (the zero of azimuthal
angle is also shown in Fig. 6).
In order to see if the average kinetic energy of the desorbing HD
depends on the azimuthal desorption angle, the following experiment
was carried out.

With 45° polar angle and zero degree azimuthal angle

detection, a TOF distribution was taken for 70° incident angle at a
surface temperature of 690K.

'

Without changing any experimental

conditions except rotating the azimuthal angle of the crystal such
that the detector is at 45

d~grees

polar angle and 90 degrees azimuthal

angle, another TOF distribution is obtained.
error, no difference is observed

bet~een

Within the experimental

these two distributions.
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The rate of the HD production is found to be independent of
substrate temperature above 650K and to decrease rapidly below 650K.
We also observed that the average kinetic energy of the desorbing HD
does not depend on incident beam energy.

This was determined by

varying the incident beam energy by replacing the supersonic sources
with effusive sources operating at a stagnation pressure of 2 Torr
behind 1 mm diameter nozzles.
5.4

Discussion
The following experimental findings indicate that the.H

exchange reaction occurs via a
an Eley-Rideal (ER) mechanism.

Langmuir~Hinshelwood

In other

words~

formed via reaction between adsorbed species.
to

operate~

-o

2 2
(LH) rather than

the HD molecules are
If the ER mechanism was

one would expect that the angular distribution of the

product should peak towards the specular

angle~

and that the kinetic

energy of the products should depend on the incident beam energy but
only very weakly on the substrate temperature. Since the angular
distribution is cos 2e, the kinetic energy of the products does not
depend on the incident beam energy but is proport1onal to the
substrate temperature, it is concluded that the reaction proceeds via
a LH mechanism.

This mechanism is also believed to hold for the

H2-o 2 exchange reaction on other platinum and transition metal
surfaces {16-18).
It has been found by bound level resonances of HD scattered from
Pt{111) surface that the heat of adsorption of a HD molecule is about
1 kcal/mole {19).

Assuming that heats of adsorption of H2 , HD, and
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o2 on the platinum surface are reasonably similar, it can be
concluded that the heats of adsorption of H2 , HO and o2 will be no
more than 5 kcal/mole greater even at the step site. The heat of
dissociative adsorption is much greater than that of molecular
adsorption.

Although the reported heat of dissociative adsorption

varies somewhat depending on measurement techniques, it is about 20
kcal/mole.

In the following discussion a value obtained by Comsa•s

group (20) will be used, so that values for heats of dissociative
adsorption of 22 kcal/mole at the step site and 19 kcal/mole on the
terrace are assumed.
Since the surface temperature at which the H2-o 2 exchange
reaction was carried out is high, only the dissociative adsorption
states of H2 and o2 are significantly populated. Thus, it is
believed that the HO molecules are formed by the recombination of the
adsorbed H and 0 atoms.
(18,20-25).

This was also concluded by other authors

The recombination is most likely to take place at the

step edges since the residence time of H and 0 atoms is likely to be
greater at these sites.
The next step is to explain the cos 2e angular distribution, the
angular and substrate temperature dependence of the mean kinetic
energy within this reaction model framework.

One of the frequently

.used models, proposed by Van Willigen (1), assumes an activation
barrier for adsorption parallel to the surface as show in Fig. 7(a).
Therefore, only those molecules with a sufficiently large component of
momentum normal ·to the surface can escape.

This model predicts that
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the average kinetic energy of the desorbing molecules will be higher
than the corresponding Maxwellian distribution at the substrate
temperature and the angular distribution of the product will be peaked
in the normal direction.

It also predicts that the average kinetic

energy of the desorbing molecules increases as the desorption angle
changes from normal to parallel to the surface.

Thus, this model

cannot explain the experimental observations that the average kinetic
energy decreases as the detector moved from normal to grazing
direction and that the mean kinetic energy is slightly colder than the
corresponding Maxwellian distribution at the substrate temperature.
Another model, proposed by Comsa, assumes that the Van Willigen's
activation barrier is not constant but contains "holes" through which
a finite fraction of the incident. molecules may dissociatively adsorb
without an activation energy {10).

Therefore, the desorbing flux is a

mixture of molecules having overcome the activation barrier and of
molecules desorbed through the holes.

The former fraction has an

angular distribution peaked at the normal and will only contribute
significantly to the desorbing flux at the surface normal.
fraction has a

cos~

The latter

angular distribution and will dorminate the

desorbing flux at grazing angles.

Since the latter fraction surmounts

no activation barrier, it could well desorb at a ''colder" temperature
than that of the surface according to detailed balance arguments (26)
and theoretical calculations by Tully (27).

Consider a gas and

surface at equilibrium and no activation barrier for adsorption.
Molecules incident onto the surface with high velocities might be
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expected to have a lower probability of sticking than low energy
incident molecules.

By detailed balancing the molecules which have

equilibrated on the surface and subsequently desorb will be ••colder"
than the surface.
This model seems able to explain our results if we assume that the
fraction which overcomes no activation barrier is the dominant
fraction even in the normal direction and desorbs at "colder•• than
surface temperature. The cos 2e angular distribution is a combination
of a distribution peaked at normal from the fraction which involves .
activated desorption and a cosine angular distribution which involves
no activation barrier.

At grazing angle, the average kinetic energy

is colder than that at the normal since the main contribution to the
flux at the grazing angle is from the fraction which overcomes no
barrier.

At the normal, the average kinetic energy is still colder

than the corresponding substrate temperature

~hich

may be

becau~e

the

fraction which surmounts the barrier is still the smaller fraction.
The substrate temperature dependence of the
is more difficult to explain.

ave~age

kinetic energy

If the "cold'' desorbing molecules is

indeed due to non-equilibrium desorption, then the average kinetic
energy divided by 2k should deviate from the substrate temperature
more and more as the substrate temperature increases (27), while we
t

observe that the average kinetic energy is proportional to the
substrate temperature in the range of 600K to 1050K.
The most difficult problem with Comsa•s model is as follows.

The

activation barrier can be deduced by measuring-three quantities; the
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average kinetic energy, the angular distribution and the sticking
coefficient as a function of the incident beam energy.

The activation

barrier deduced from these three quantities are in poor agreement
(12,13).

Because of this, it was necessary to assume that the D atom~

recombine in a subsurface state and desorb immediately·without
equilibrating in a chemisorbed state (12,13).

The main drawback with

this assumption is that there is probably no molecular subsurface
state, so that, direct subsurface recombination seems unlikely.
Another problem with Comsa•s ••activation barrier with hole" model
is pointed out by Horton and Masel (28,29).

They have found that

flash desorption spectra are .not angular dependent.

According to the

"activation barrier with holes" model, one would expect the peaks of
the flash desorption_spectra to shift to lower temperature on moving
the detector from the normal to grazing

angle~

Horton and Masel did

provide a model which concludes that the molecules could desorb
preferentially in the surface normal direction if the surface is
sufficiently corrugated in the region of the desorption site.
However, as. the authors have pointed out, the model should predict
that the angular distribution of the desorption flux will vary with
crystallographic and azimuthal orientation, however, no variations
have been observed.

Indeed, Salmeron et al. (18) have found that the

angular distributions of HD produced from the stepped Pt(332) crystal
surface have cos 2a form for two azimuthal angle orientations, ¢ = Oo
and 90°.

Balooch and Stickney have also found that the angular
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distributions of H2 desorbed from the copper surfaces are not
azimuthal angle dependent (7).
The model which can explain our results satisfactorily is proposed
in the following.

Figure 7(b) is the one dimensional potential energy

diagram for H2tPt and H/Pt. E1-E 2 is .positive in this figure
but could be negative for other systems when there is an activation
energy barrier for dissociative adsorption as shown in Fig. 7(a).
There ·are systems which are believed to have positive E1-E 2 even
though the angular distributions of the associative desorption are
cos 2e (18,30). The fact that the desorbing HD is slightly colder
than the substrate leads us to believe that this is plausible.

The

shaded area in Fig. 7(b) is where both atomic and molecular states can
coexist, so that this is where recombination is expected to occur.
Because there is no activation barrier for the dissociative
adsorption, the Van Willigen model implies unit sticking coefficient
since all the molecules can dissociate before they encounter the
repulsive molecular potential.

However, this is not the case because

there is only a certain probability for those molecules in the shaded
area

to dissociate and be trapped in the atomic potential well.

Experimental evidence can be seen from o2;Pt(111) (30) and
H2/Pt(332) (18), where these two systems have no activation barrier
for dissociative adsorption while the sticking coefficients are less
than one.
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Now, let us consider the associative desorption process.

Since

the recombination can occur only in the shaded area, and if H and 0
recombine in the region of low potential energy, the HO produced will
immediately feel a repulsive force from the molecular potential.

This

repulsive force is most likely to be normal to the surface and if it
is strongly

r~pulsive,

the HO will have unsufficient time to

equilibrate and will desorb with an angular distribution peaked at the
normal, and its mean kinetic energy will be higher at the norma) than
at the gtazing angle.

At the normal direction, the average kinetic

energy divided by 2k could be higher or lower than the substrate
temperature depending on the potential energy at which recombination
Of course, if E1-E 2 is negative, as shown in Fig. ?(a),
then there is an activation barrier for the dissociative adsorption

occurs.

and the

recombi~ation

can occur only in the high potential energy

region, so 'that the product will desorb at "higher•• temperature than
that of the substrate.

The substrate temperature dependence of the

mean kinetic energy is easier to explain with this model.

As the

substrate temperature increases, the atomic H and 0 are excited up in
the atomic potential well and recombine at higher potential

en~rgy

level, so that it is reasonable that the mean kinetic energy of the
desorbing HO be proportional to the substrate temperature.
This model seems to explain satisfactorily the peaked angular
distribution and the angular dependence of the mean kinetic energy of
the desorbing product.

The model is based on the fact that H(O)-Pt

bond length is shorter than the distance between the trapped molecular
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hydrogen and the surface, thus, H and 0 will

recombi~e

near the

repulsive molecular potential and feel the normal repulsive force
immediately· after forming HD.

Theoretically, Tully (31) has found

that CO produced from atomic oxygen reacting with adsorbed carbon has
an angular distribution that is peaked at the surface normal and its
normal component of translational energy is considerably higher than
the tangential component.

The result was interpreted by the fact that

CO feels the repulsive interaction with the surface at short C-Pt
distances corresponding to the adsorption site of the carbon atom.
The experimental facts of hydrogen recombination on nickel (9) and CO
oxidation on platinum (32) are consistent with this model.
The rotational and vibrational energy distributions of the HD
desorbing from the surface might be important in the interpretation of
our experimental results.

Unfortunately, no such information is

available, so that, it is not appropriate to discuss in detail how
rotational and vibrational energy distributions affect the product
translational energy distribution.

However, one can expect that if

the axis of the HD molecules is at 45° to the surface normal
immediately after formation, it is possible that the repulsive force
will excite rotation and produce a cold translational distribution.
H2-o 2 exchange reaction
increases as the azimuthal angle of the incident beams increases is
The fact that the reactivity of

th~

similar to the result on the Pt(s)[6(111)x(111)] surface (15).

Since

our crystal surface is Pt(s)[6(111)x(l00)], this property appears to
be the same for both (100) and (111) orientation steps.

Although the
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step structures might influence the exchange probability somewhat, the
steps, no matter what structures they are, are probably the main cause
of the high exchange probability.

Tsang and Falicov have calculated

H-H bond breaking activity for the different sites on a stepped
Pt(557) surface and found the most active site is that associated with
the inner corner atom of the step {33).

Based on this calculation,

Salmeron et al. explained the azimuthal angular dependence by the
geometrical variation of the number of reactant molecules that strike
the open side of the step structure, which is more active for H-H bond
breaking (15).

We believe this is the case and applicable to our

angular dependence observation with further support from the fact that
the mean kinetic energy of the desorbing HD is not azimuthal angle
dependent.

If the variation of the exchange probability with respect

to the incident azimuthal angle is due to the variation of the
activation energy barrier for bond breaking, the desorbed HD velocity
should not be independent of the azimuthal angle of desorption.
5.5

Conclusion
The angular and velocity distributions of the HD produced from the

H2-o 2 exchange reaction on Pt(557) surface have been measured.
The fact that the angular distribution is peaked at the normal and
that the average kinetic energy of the product does not depend on the
incident beam energy but is proportional to the substrate temperature
indicates that the reaction proceeds via a Langmuir-Hinshelwood
mechanism that is reaction between two adsorbed hydrogen atoms.
Although HD desorbs with cos 2a angular distribution, its average
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kinetic energy corresponds to a temperature slightly colder than that
of the substrate.

As the desorption angle increaes, the mean kinetic

energy of the desorbing molecules qecreases.

Comsa•s .. activation

barrier with holes 11 model can explain most of the results but some
difficulties exist with the model.
model is proposed.

An alternative more satisfactory

This assumes that as soon as H and 0 recombine,

they will immediately feel a repulsive force which is most likely
perpendicular to the surface.
The H2-o 2 exchange probability is found to be incident
azimuthal angle dependent on Pt(s)[6(lll)x(lOO)] surface. This is
simliar to that on Pt(s)[6(lll)x(lll)] surface, thus, the steps, not
the detailed steps structure, are the main cause of the high exchange
probability.

The dependence can be understood in terms of the

scattering geometry and the enhanced bond breaking properties of the
step sites.
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Figure Captions
Fig. 5.1 Angular distribution of HD produced from H2-o 2 exchange
reaction.
Fig. 5.2 Time-of-flight distribution of the produced HD at 690K and
normal angle

detection~

The solid line is the corresponding

Maxwellian distribution at 690K.
Fig. 5.3 The HD mean kinetic energy divided by 2k as a function of the
crystal temperature.

Dashed line indicates the temperature

that would result for equilibrium between the surface and the
produced HD.
Fig. 5.4 Two time-of-flight distributions for HD produced from
H2-o 2 exchange reaction. The closed circles represent
the TOF distribution for the normal angle detection and the
open circles 60 degrees from the normal angle detection.
Fig. 5.5 The HD average kinetic energy divided by 2k is plotted as a
function of the desorption angle.
Fig. 5.6 Production of HD on the Pt(557) surface as a function of the
azimuthal angle of incidence,

~.

¢ equals to 90 degrees when

the primary incident beam impinges perpendicularly onto the
open side of the step.
Fig. 5.7 Potential energy diagrams showing the interaction of the
hydrogen with a metal surface.

The atomic potential curve

and the molecular curve cross at 7(a) a level higher than
that of H2 or 7(b) a level lower than that of H2 •
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CHAPTER VI.

THE DYNAMICS OF ATOMIC HYDROGEN AND DEUTERIUM
RECOMBINATION ON Pt(557) SURFACE

6.1

Introduction
Although the understanding of the interaction between atomic

hydrogen and solid surfaces is very important from both a theoretical
and a practical point of view, very little experimental work has been
done in this area {1-5).

Theoretically, H is the simplest atom and so

there is great interest in theoretical calculations of its chemical
interaction with surfaces.

Practically the walls of fusion devices

are known to degrade under hydrogen plasma impact although the exact
mechanism is a point of controversy (1).

The plasma etching process

used in electronic device fabrication cannot be understood if one has
no knowledge of how the atoms, F, Cl, and H interact with the silicon
surface (6).

Finally, the knowledge of the equilibrium and kinetic

properties of H on surfaces is essential to the understanding of the
evolution of interstallar gas clouds (7).
The study of the interaction between atomic hydrogen (deuterium)
and the plattnum surface is presented in this chapter.

With separate

atomic hydrogen and deuterium incident beams, the velocity
distribution of the product HD molecule is measured at substrate

•

temperature of 150K - 700K.

Above 500K, the kinetic energy divided by

2k is slightly colder than the corresponding substrate temperature and
increases as the crystal temperature increases.

However, below room

temperature, it increases as the crystal temperature decreases and
becomes higher than the corresponding substrate temperature.

The hot
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product is interpreted by assuming that some of the incident atoms can
react with chemisorbed atoms at high coverage before they are in
thermal equilibrium with the surface.

The results of this

nonstatistical distribution of energy among products of chemical
reactions on surfaces are very useful for uncovering information about
the dynamics of the reactive event.
6.2· Experimental
The apparatus is the modified system described in Section 2.3 with
additional modification to cool the sample down to 150K.

A cryopump

with both cold and warm panels removed is mounted to an 8" conflat
flange and used to cool the crystal.

Because the sample needs to

translate -7.5" from the surface analysis position to the scattering
position, a 6" long copper braid is used to connect the cryopump cold
stage to a copper rod which is attached to the manipulator with proper
insulation.

Another 2" copper braid connects the copper rod to a

platinum foil on which the crystal is mounted.

With this modification,

the azimuthal rotation is no longer available and the variation of
polar angle is also significantly reduced.

Nevertheless, Auger

electron spectroscopy and argon ion sputtering can be used.

Because

of the long distance between the cryopump and the crystal, the sample
can only be cooled to 150K while cryopump cold-stage is at 14K.

It

takes 15 min. to cool the crystal down from 1200K to its ultimate
minimum temperature.
The two atomic hydrogen and deuterium beams are produced in the
discharges located at the lmm nozzle tips (8).

The plasma is produced

;,,
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in a microwave cavity at a pressure of 2 Torr.

By comparing the

direct beam intensities with or without the plasma, we estimate that
there is about 35 percent dissociation.

Some argon (20 percent) is

added to the source whenever the plasma is not stable.

The primary

beam is incident at an angle of 70 degrees along the step edges of the
crystal.

The Pt(557) crystal was cleaned by argon ion sputtering and

annealing. The background pressure with the cryopump operating is
?xlo- 10 Torr and increases to 8x1o- 9 Torr when both beams are
incident on the crystal.
For the surface residence time measurement, the incident atomic
hydrogen beam was chopped with the tuning fork chopper at 150 Hz and
the waveform of the HD product is collected with the 255 multi-channel
scalar.

The same program which controls the TOF distribution collec-

tion is used to control the waveform data collection.

A trigger from

a pick-up coil of the tuning fork chopper is used to trigger the
multi-channel scalar.
6.3

Results
Figure 1 shows two TOF distributions of the HD product for

detection normal to the surface.

The open circles represent the

distribution at a substrate temperature of 200K and the closed circles
500K.

The peak intensities of the distributions were adjusted to be

the same.

The striking feature is that the velocity of the HD product

at a substrate temperature of 200K is higher than that at SOOK.
Quantitatively, the average kinetic energy divided by 2k for
Ts = 200k is 615K which is much higher than the substrate temperature
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whereas forTs= 500K it is 300K, lower than the substrate
temperature.

The distribution forTs= 200K is also considerably

wider than that forTs= 500K.

It should be noted that there is

high signal intensity (70 percent of the peak intensity) at the third
channel indicated with the arrow in the figure.

This channel•s signal

comes from the HD with the kinetic energy of .16 ev or 1915 K and
exists only if the crystal .temperature is below 300K.

The average

energy divided by 2k is only 615K because of the wide distribution,
meaning that there is a significant amount of slow product to bring
the average energy down.

Nevertheless, a considerable amount of HD

has a temperature of 1915K.
The average kinetic energy divided by 2k of the produced HD as
function of the crystal temperature is shown in Fig. 2.

If there were

complete accommodation between the HD molecules and the surface, the
data points would lie on the dashed line.

As the substrate temperature

increases from 500K to 690K, the average kinetic energy divided by 2k
increases and is slightly lower than the corresponding substrate
temperature.

Similar results were found (Chapter V) when the incident

beams were H2 and o2 rather than H and D. The striking feature is
that as the crystal temperature decrea~es from 500K to 200K, the
average energy divided by 2k increases from 300K to '615K and for
Ts < 300K is higher than the corresponding crystal temperature.

As

we mentioned before, forTs< 300K a significant amount of HD leaves
the surface with energy as high as 1915K.
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The experimental TOF distribution forTs= 200K is compared with
the Maxwellian distribution at 200K (solid curve) in Fig. 3.

.•

The

theoretical peak intensity is adjusted to be the same as that of the
experimental data.

Although the "hot" molecules are definitely not

from those equilibrated with the surface, the tails of the
distributions seem to indicate that the "cold" product is colder than
the substrate.
To measure the surface residence time, the inci~ent atomic
hydrogen was chopped at 150 Hz and the HD product waveform was
collected (9).

The waveforms as the function of the crystal

temperature are shown in Fig. 4.

At substrate temperature of 690K,

the waveform does not demodulate because of the short residence time.
As the temperature decreases, the residence time increases and the
waveform
. demodulates correspondingly as can be seen for. Ts = 500 and
300K. However, the interesting feature is that the waveform appears
again, although with low intensity, at 200K indicating that the
residence time for some incident atoms becomes shorter.
If the HD signal is proportional to the sticking coefficient and
assuming that molecular hydrogen has a sticking coefficient of 0.3 on
the stepped Pt(557) surface at 690K (10), we estimate that atomic
hydrogen and deuterium have unit sticking coefficient.

The HD signal

decreases as the crystal temperature decreases below room temperature
and-almost completely disappears at 150K.

This is concluded from the

observation that the time needed to obtain a TOF distribution
increases as the crystal temperature decreases.
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6.4

Discussion
It is useful to review the major features of the measurements

before discussing the proposed model.
follows.

The important results are as

The average kinetic energy of the HD product increases as

the crystal temperature decreases from 500K to 200K and a significant
amount of HD leaves the surface with kinetic energy as high as 1915K
at a substrate temperature of 200K.

Although the product residence

time increases as the substrate temperature decreases from 690K to
300K, it decreases with further lowering of the substrate temperatures.
All the anomalous features seem to occur below 500K.

Above this

temperature, the average kinetic energy divided by 2k increases as
substrate temperature increases and is slightly lower than the crystal
temperature.

This is consistent with the results obtained with H2
and o2 incident beams as described in Chapter V and explain~d with
the assumption that dissociative adsorption is non-activated. The
agreement between these two experimental results confirms that the
H2-o 2 exchange reaction occurs through adsorbed H and D atoms. It
also indicates that adsorbed H and D atoms dissfpate all of their
chemical energy, at least 53 Kcal/mole, and are in thermal equilibrium
with the surface before finding another atom with which to recombine
and desorbs.

The interaction time decreases as the crystal

temperature increases in this temperature range, as expected.

Since

the heat of adsorption for atomic hydrogen on the platinum surface is
about 63 Kcal/mole (11), the unity sticking coefficient at a substrate
temperature of 690K is not surprising.

.\
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Since the striking features occur below room temperature, the
reason for the abnormal results is probably related to the coverage of
the adsorbates.

One possiblity is that the interaction potential is· a

strong function of the coverage as suggested in the case of CO oxidation on the platinum surface (12).

If the interaction potential is

non-activated for molecular hydrogen adsorption at low coverage and
activated at high coverage, then the average kinetic energy of the
product would increase as the crystal temperature decreases causing
the coverage to. increase.

As discussed in Chapter V, the high

activation energy will force the recombination to occur at higher
potential energy, thus, the translational energy of the product will
be higher.

The existence of a coverage dependent interaction

potential is supported by the fact that flash desorption of hydrogen
on Pt(111) shows two states a1 and a2 (13). The difference
between the flash desorption peak temperatures for the a2 state at
low coverage and the a1 state at high coverage is about 150K. The
appearance of lateral interactions between neighboring hydrogen atoms
has been suggested to be the origin of a1 state (13) and supported
by the experimental results of electron energy loss spectroscopy (14).
Although this model explains some of the experimental findings, it
is not consistent with the following results.

The TOF distribution at

substrate temperature of 200K is too wide to be explained by the
increase of the activation barrier with coverage.

Indeed, all the

experimental results sh6w that the TOF distribution is narrower than
the corresponding Maxwellian distribution when there is an activation
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barrier for associative desorption (15-18).

The appearance of the

waveform at 200K in Fig. 4 indicates short residence time which is
hard to correlate with an increase in coverage.

Thus, this model

should be excluded.
The following model appears to be able to explain all the
experimental findings satisfactorily.

Consider a hydrogen atom that

strikes the platinum surface and is trapped in the potential well
which is about 63 Kcal/mole

dee~.

The trapped atom will not be in

thermal equilibrium with the surface
transfer is not perfectly efficient.

instant~neously

since the energy

The period of time between the

initial collision and reaching thermal equilibrium will depend on the
rate of dissipation of the chemisorption energy.

If the trapped

hydrogen atom does not have the chance to recombine with other
chemisorbed atoms before it is in thermal equilibrium with the
surface, there will not be any recombination energy available for the
product and the product energy will be the same for incident beams
that are either atomic or molecular.

However, if the trapped hydrogen

atom recombines with a chemisorbed deuterium atom before it is in
thermal equilibrium with the surface, there is some chemical energy
available that could be carried away by the product.

Thus, the amount

of chemical energy available for the product is strongly dependent on
the elapsed time between the initial collision of the atom with the
surface and the recombination reaction.
time depends on the coverage.

Conceivably, this elapsed
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Above room temperature, the coverage is low and the trapped atom
dissipates all its chemical energy before recombination takes place,

.

thus, the product kinetic energy is controlled by the interaction
potential as discussed before •. As the crystal .is cooled down below
room temperature, the coverage of the hydrogen (deuterium) will be
high.

Under these conditions, one can roughly classify the incident

atoms into three groups as they impinge on the surface.

The first

group includes those atoms which collide'with the open platinum
surface and are far away, for example 2A, from any chemisorbed
hydrogen (deuterium) atom.

The second group consists of those atoms

which collide with the open platinum surface and are within 2A of any
chemisorbed atom.

Finally, the third group consists of those which

are incident at sites where atoms are already adsorbed.

The third

group atoms are probably scattered back into the gas phase instantly.
This is concluded from the facts that HD signal decreases as the
crystaJ temperature decreases from room temperature and disappears at
150K when one monolayer coverage is reached.
The first group atoms will have long residence time, keeping the
coverage high, and reach thermal equilibrium with the surface before
recombination can take place.

Thus, the kinetic energy of HD produced

from this group's atoms will be determined by the interaction
potential and crystal temperature.

Extending the results above 500K

down to below room temperature, the HD kinetic energy divided by 2k
should be slightly lower than the corresponding substrate temperature.
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The second group atoms can react with the chemisorbed atoms
immediately because of the following reasons.

There are chemisorbed

atoms within 2A of the incident atoms, and the reaction is probably
non-activated.

Furthermore the reaction is exothermic by 43 Kcal/mole

assuming the binding energy of atomic hydrogen with platinum surface
to be 63 Kcal/mole and that there is no energy exchange between the
incident atom and the surface before the reaction occurs.

If there is

some energy exchange but the reaction takes place before the incident
atom reaches thermal equilibrium with the surface, which is probably
true in this case, the reaction is still exothermic and the liberated
energy can be carried away by the product.

Thus, the HD kinetic

energy divided by 2k can be higher than the substrate temperature.
The experimental results below room temperature can be explained
with the above model.

As the crystal temperature decreases, the

coverage increases and the percentage of the HD produced from the
second group incident atoms increases.

Since these HD molecules can

be ••hotter" than the substrate, the average kinetic energy divided by
2k will increase and can be higher than the crystal temperature as
shown in Fig. 2.

At a substrate temperature of 200K, HD can be

produced from the second group incident atoms as well as the first
group incident atoms.

As mentioned before, the HD produced from the

first group incident atoms is slightly "colder 11 than the substrate
temperature.

Thus, the TOF distribution is wide and the hot product

is "hotter" and the cold product is "colder" than the substrate
temperature as shown in Fig. 3.

The appearance of the waveform at
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200K in Fig. 4 is due to the HD produced from second group incident
atoms.

These atoms react immediately with the chemisorbed atoms,

thus, the product waveform is not demodulated.
There .is a significant amount of HD leaving the surface with
translational energy of 1915K which corresponds to 10 percent of the
liberated chemical energy.

It is very likely that a considerable

amount of reaction energy will end up in the product vibrational and
rotational modes although no experimental results are available.
Theoretically, Tully has studied the reaction of incident oxygen atoms
that strike within 2A of an adsorbed carbon atom on the Pt(11l)
surface and found that 90 percent of the 6 eV of liberated energy is
carried away by the product CO molecule (19).

He determined that 30

percent of reaction energy was carried away as the translational
energy of the product.

A qualitative argument explaining this

phenomenon was suggested by Harris and Kasemo (20).
the trapped atoms which are not in

ther~al

They referred to

equilibrium with the

surface as ••hot precursors" and the resulting interaction mechanism as
a "precursor mechanism".
There are many experimental results showing product temperatures
that are higher than the corresponding substrate temperatures.
Examples are N2 desorbing .from sulphur covered Fe (21) and o2
desorbing from Ni (15), sulphur covered Pd (16), and Cu (17)
surfaces.

However, the reactants are probably in thermal equilibrium

with the surface and the existence of an activation barrier for
dissociative adsorption is the origin of the excess energy.

The hot

150
molecules produced from the second group incident atoms in this study
desorb through a non-activated interaction potential and the lack

~f

equilibration in the potential well is the origin of the excess
energy.

Thus, this is the first experimental result which shows that

energy equilibration on solid surfaces is not extremely fast, and
thus, that the dynamics of the reactive events can be studied.
6.5

Conclusion
The velocity distribution of HD produced from atomic hydrogen and

deuterium recombination on Pt(557) surface is measured for substrate
temperature of 200-700K.

The average kinetic energy divided by 2k is

slightly lower than the corresponding substrate temperature between
500-700K and increases as the crystal temperature increases.

However,

it increases as the crystal temperature decreases from 500-200K and
becomes higher than the substrate temperature below 300K.

At 200K,

the distribution, is considerably wider than the Maxwellian
distribution and there is a significant amount of HD leaving the
surface with 1915K translational energy.

The waveform measurement

indicates that the residence time increases as the crystal temperature
decreases from 700K to 300K and decreases for some of the incident
atoms

~s

the crystal temperature decreases from 300K to 200K.

The striking experimental findings are interpreted by assuming
that some of the incident atoms can react with chemisorbed atoms at
high coverage before they are in thermal equilibrium with the
surface.

This mechanism is very different from the previous

explanation of hot products (15-18;21-22) in which the activation
barrier is believed to be the origin of the excess energy.
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Figure Captions
Fig. 6.1 Two time-of-flight distributions for HD produced from atomic
hydrogen and deuterium recombination.

The closed circles

represent the TOF distribution for Ts = SOOK and the open
circles Ts = 200K.
significant

amo~nt

The arrow indicates that there is a
of HD leaving the surface with

translational energy of 1915K.
Fig. 6.2 The HD mean kinetic energy divided by 2k as a function of the
crystal temperature.

Dashed line indicates the temperature

that would result for equilibrium between the surface and the
produced HD.
Fig. 6.3 Time-of-flight distribution of the produced HD at 200K.

The

solid line is the corresponding Maxwellian distribution at
200K.
Fig. 6.4 Waveforms for HD produced from atomic hydrogen and deuterium
recombination on Pt(557) and for temperatures ranging from
200 to 690K.
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CHAPTER VII.

SUMMARY

The molecular beam-surface scattering technique has been used to
investigate the dynamics of gas-solid interactions for strongly
interacting systems.

Modulated molecular beam techniques were used to

study reaction mechanisms and to measure surface residence times.

The

measurements of. angular, translational energy, and internal energy
distributions of reaction products or strongly scattered.molecules are
used for extracting information about energy exchange

dynamics~

reaction mechanisms, desorption dynamics, scattering mechanisms, and
the interaction potential.

The deviation of energy distributions from

a Boltzmann distribution, the polar angle dependence of energy
distribution and the noncosine angular flux distributions allow one to
obtain dynamic information.
The modulated molecular beam scattering of CO and NO from Pt(lll)
and Pt(557) have been studied in the temperature range of 300-llOOK.
For the case of CO, an adsorption-desorption model with constant
sticking coefficient fits the data well for both crystal surfaces.
The higher activation energy for desorption from the stepped Pt(557),
as compared to the flat Pt(lll), and the identical sticking coefficient
, for both surfaces suggest that while the incident CO can be adsorbed
at the step as well as at the terrace, their desorption kinetic is
controlled by the steps.

It appears that any adsorbed molecule has to

visit the step sites once before it desorbs.

The kinetic properties

of NO/Pt are found to be very different and more complex than those of
CO/Pt.

The data indicate that one high adsorption energy state is
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sampled above 525K and a lower adsorption energy state appears
suddenly below 480K.

The features of the data rule out the usual

linear, parallel or series processes immediately.

The nonlinear

process might due to the fact that the desorption kinetics are
controlled by a small concentration of defects which could be blocked
by some impurity at lower temperatures.
To gain insight into the energy transfer processes on a chemically
interesting system, the angular, translational, and internal energy
distributions of NO scattered from Pt(lll) were measured and are
presented in Chapter IV.

We iound that both trapping-desorption and

inelastic scattering mechanisms apply under all of our experimental
conditions, and that the trapping probability decreases as the incident
beam energy or crystal temperature increases.

The translational and

vibrational energy accommodation cofficients are nearly equal to one
forTs< 900K and deviate from unity above this temperature due to
non-equilibrated desorption.

Vibrationally excited molecules are

produced by the molecules scattered by the trapping-desorption
mechanism whereas inelastically scattered molecules cannot be vibra-

•

tionally excited.

The rotational energy accommodation is very poor as

compared with that of the other two mddes.

This may be due to the

fact that NO is not a free rotor on the surface and so may be cooled
down further during the desorption process.

The complete energy

exchange information on a system is important for comparison with
theoretical calculations which need drastic approximations for
strongly interacting systems.

'

....., ·~·
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Chapter V describes the results for the H2-o 2 exchange reaction
on the Pt(557) surface. The fact that the angular distribution is
peaked at the normal and that the average kinetic energy of HD does not
depend on the incident beam energy but is proportional to the substrate
temperature indicates that the reaction proceeds via a LangmuirHinshelwood mechanism.

Although the angular distribution is slightly

peaked at the normal, the velocity distribution of the desorbing HD is
slightly colder than the substrate temperature, and the deviation
increases as the detection angle increases.

This result is explained

by a model which assumes that as soon asH and D recombine, they will
immediately feel a repulsive force which is, most likely perpendicular
to the surface.

The exchange probability is found to be dependent

upon the incident azimuthal angle.

This can be explained by the

geometrical variation of the number of reactant molecules that strike
the open side of the step which has higher bond breaking rate than the
rest of the surface.
Finally, the dynamics of the interaction of atomic hydrogen
(deuterium) with the platinum surface are reported in Chapter VI.

The

incident beams are atomic hydrogen and deuterium and the velocity and
interaction time of the HD product are measured as a function of the
crystal temperature.

For crystal temperatures between 500 and 700K,

the velocity distribution is slightly colder than the corresponding
substrate and increases as the crystal temperature increases.

The

striking feature is that the average kinetic energy increases as the
crystal temperature decreases from 300K to 200K.

At 200K, the

,.,
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distribution is considerably wider than the Maxwellian distribution,
•

and there is a significant amount of HD leaving the surface with 1915K
translational energy.

The waveform measurement indicates that the

residence time increases as the crystal temperature decreases from
700K to 300K and decreases for some of the incident atoms as the
crystal temperature decreases from 300K to 200K.

The results are

interpreted by assuming that some of the incident atoms can react with
chemisorbed atoms at high coverage before they are in thermal
equilibrium with the surface.
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