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ABSTRACT

THEORY OF ANGLE RESOLVED ELECTRON
STIMULATED DESORPTION AND PHOTODESORPTION
Ion Angular Distributions for Desorption of O

from the (111) and (100) Surfaces of Tungsten

by
RICHARD H. JANOW

Mentor: Professor Narkis Tzoar

A linear response theory in three dimensions for Electron
~Stimulated Desorption and Photodesorption of chemisorbed species
is developed. Cross section expressions which describe angle
resolved ESD or Photodesorption phenomena are obtained. A three
step picture of the desorption process is employed, with the
propagation of desorbing atoms or molecules treated as a classical
transport problem, while mechanisms for the excitation and non-
radiative decay phases are described quantum mechanically.

+ ESD Ion Angular Distributions are simulated numerically for
O desorption from the Tungsten (111) and (100) surfaces. Simple
models incorporating surface plane anisotropy are introduced for
the ion-solid interaction potentials. Spatial variation of the
excitation and non-radiative decay mechanisms is neglected.

The orientation and number of sharply focussed O+ emission
directions, which have been observed experimentally for ng_lll) and
W(100), may be well understood as a final state effect of O
propagation in the anisotropic ion-solid interaction potential.
Surface mesh symmetry is utilized to limit the range of oxygen ad-
sorption sites which can produce the observed ESDIAD patterns.
Plausible models for B, phase oxygen chemisorption on both
tungsten surfaces are inferred. These produce calculated ion
angular distributions consistent with the experimental results.

Photodesorption cross sections are also calculated for
particles chemisorbed on a translationally invariant substrate. One
dimensional transport equations are solved analytically for optically
excited adparticle emission, and for ground state desorption. A
mechanism involving surface plasmon and particle~hole pair excitation
is introduced to account for non-radiative decay processes.

Cross sections for the photodesorption process which was
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ABSTRACT;. continued

examined display strong, peaked dependence on incident photon
energy. The desorption kinetic energy distributions are almost
monochromatic. Isotope effects analogous to those known in ESD
also characterize Photodesorption. The photodesorption cross.
section fq_l"lghlqreident particle emission is estimated to be of the
order ~10 cm. for low mass species chemisorbed ~ 2 A,
from the surface.
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Chapter I: Introduction

This paper summarizes the results of a continuing project in which
desorption phenomena are utilized for the study of surfaces and chemisorption.
Increased interest in desorption research has followed improvements over re-
cent,years in high vacuum technique and in surface preparation methods. A
number of recent review articles have appeared describing progress in chemi-
sorption and desorption studies.l—5

Motivations for the study of desorption are both academic and practical.
Such studies provide a method for surface characterization and analysis. The
physical and chemical processes associated with the adsorption of atoms or
molecules may be probed. In principle, one may identify the nature, and
measure the density and distribution, of adsorbate films under varying conditions.
Angular dependent studies are a new development which should prove especially

6-9

useful for these purposes . The data so obtained provide information

complementary to that obtainable by techniques such as LEED or Photoemission
studies, 0712 |

As a technological tool, desorption provides a means for surface cleaning
and preparation. It may appear as an unwelcome phenomenon whenever sizable
particle fluxes bombard surfaces or surface films. Photodesorption from stain-
less steel has recently been observed 13 . Degradation of the surface and
structure of walls may be a matter of practical concern in fission and fusion
reactor design. Significant photodesorption may occur from the surfaces of

pellets used in laser fusion experiments. Finally, it has been suggested that

photodesorption of H and Hy molecules from the surfaces of interstellar dust



grains may provide an important mechanism coupling the interstellar radia-
tion field to the gas. 14

In discussions to follow we regard desorption as a collision process
in which an incident projectile collides with an atom or molecule and ejects
it from the surface to which it is bound. Atoms of the underlying substrate
are usually regarded as permanently fixed to the surface. The species, when
desorbed, may be an atom or a molecule, either in the ground state, an ex-
cited electronic state, or ionized. The desorption of one of these is considered
complete when it is far enough from the substrate to neglect all interactions
with the surface,

Desorption processes are characterized by the type of incident particle
causing the ejection, If the incoming particle is an ion, the process is called
'Sputtering®. When it is an electron, the term ‘'Electron Stimulated Desorption'
(ESD) or 'Electron Induced Desorption' (EID) is applied. The electrons may
originate in an external beam, or internally, having been photoemitted, for
example, in which case ESD is a secondary process. When the bombardment
is with photons, the ejection process is called *Photodesorption' (PD). 'Thermal
Desorption' occurs without the aid of an external particle probe. Ejection
follows collisions with phonons, for example, incident from the substrate.
Other possible sources of desorbing collisions include any of the elementary
excltations of surface or bulk solid.

We limit attention to only two types of desorption phenomena: Electron

Stimulated Desorption and Photodesorption. Our efforts result in a three dimen-



sional linear response theory for ESD and PD capable of predicting angular
dependent desorption patterns, Attention is given only to desorption from the
surfaces of crystalline solids in our three dimensional calculations. These
possess the lateral periodicity whic;h can produce structured angular depend-
ence in the desorbing particle beam. Desorption may also occur from the
surfaces of amorphous materials; however, the absence of long range order
in the surface plane is expected to mask any angular emission effects of interest.

The development of a three dimensional theory for ESD in particular
is timely. Experimental investigations of ESD ion currents have been pursued
for a number of years. -5 . However, recent angular dependent studies
reveal that O+ ions emitted from tungsten form desorption patterns which con-
tain sharp cones, whose orientations correlate to the substrate geometry. -
Some of the patterns observed are believed to originate with adsorption phases
affecting only a small proportion of the surface atom populationl.'s-'lLlZe emission
directions depend on anisotropies on the scale of the unit surface cell size;
hence, the adsorption geometry and ejection dynamics are probed quite directly.
Informa tion of this type is not obtainable by surface. analytical techniques such
as LEED which are sensitive mainly to long range order in the adsorbed layer
and subst:fate.10 /18,19

The formalism developed here for angular dependent desorption calcula-
tions provides a means for testing model surface interactions for consistency

with experiment. Information concerning the adsorption geometry and surface

parameters will be extracted from the observed patterns. The utility of theoret-



ical simulations of desorption patterns as an adjunct to experiment is dem-
onstrated at a later point when observed ESD patterns are shown via simula-
tion to be explained by anisotropy of the atom-substrate interaction energy.

In Chapter II, the picture of desorption processes and the basic for-
malism employed throughout this paper are presented. Transport equations
are obtained which describe an atom-solid system interacting weakly with an
external beam of photons or electrons. Expressions for the total and differ-
ential cross sections and desorption rates are defined and expressed in terms
of the microscopic distribution functions.

In Chapter III, possible mechanisms for quenching an optically excited
particle near the surface are discussed. A model transition rat;a expression
for quenching via surface plasmon emission is obtained, using the semi-infinite
free electron gas model for the substrate. Surface plasmon dispersion relations
fbr use in model photodesorption calculations are examined.

Chapter IV applies the linearized transport theory to neutral atom
photodesorption. The transport problem is solved analytically in one dimension.
The cross section expression for excited state photodesorption at low tempera-
tures is obtained. The solution for the ground state photodesorption cross
section is carried out in Appendix I.

In Chapter V we:evaluate the photodesorption cross section numerically.
We find in order of magnitude calculations that photodesorption of low mass

0'18 2

adsorbed particles should occur with cross sections ~~1 cm”. which are

well within the limits of obsexrvability.



We turn to the study of angular dependence in Chapter VI.
Expressions for use in angle-resolved ESD and photodesorﬁtion studies
are presented, and the method of implementing numerical computations
is discussed. Model interactions are presented for use in simulating ESDIAD
for OF emission from tungsten.

In Chapters VII, VIII we describe detailed ESDIAD simulations of OF
desorpti‘on from the W(111) and W(100) surfaces. These systems were se-
lected for study in response td the recent discovery of interesﬁ;rg angular

dependent effects.



Chapter II: Formulation of the Desorption Problem

The formulation of the desorption problem we employ rests on an
approximate picture of the process which has proven useful in previous

1-4,20, 21

investigations of desorption pheonomena. Malecular vibration

and dissociation problems have been treated extensively via similar

methods. 22,23

We regard desqrption as a three step process, basing
the formulation of the theory on the Born- Oppenheimer Approximation and
on a Franck-Condon picture of adsorbed particle excitation;

The steps consist of promoting an adsorbed particle to an anti-
bonding state from which it may desorb, followed by propagation of the
particle in that excited state, and possibly, recapture via quenching back
to the ground state through a non-radiative decay mechanism. If a particle
is quenched, it may still possess sufficient enexrgy to escape the surface in
the ground state. In this case, a fourth step, ground state propagation
completes the desorption process. The propagation of desorbing atoms or
molecules will be described by classical transport theory. The excitation
and decay mechanisms involve electronic interactions which require a
quantum mechanical description.

The picture described is useful for treating the response of adparticle-
substrate systems which are weakly interacting with an external electron or
photon beam. This is the case when either the flux of external particles is

small, or the excitation matrix elements have small coupling constants.

Throughout this paper, our attention is confined only to response linear in



the strength of the external beam. The strongly coupled response is
interesting in its own right; however, we defer theée'smdies to the future.

The formalism for all of the desorption calculations to follow is
developed in a three dimensional form suitable for the description of angu-
lar dependent desorption effects. At a later point, the one dimensional
limit is taken to obtain analytical solutions to the photodesorption problem.
The Surface

Translational invariance in the surface plane which permitted mathe-

’

matical simplification of previous desorption theories is now abdn-
doned. An infinitely extended grid of periodic surface cell structures each
of which is anisotropic in the x-y direction now tessellates the_ surface plane.
The observable quantities becomé the differential ejection rates and cross
sections for all desorption channels. Despite the added complexity, a for-
malism of conceptual simplicity comparable to one dimensional theories is
obtained.

The surface mesh structure is regarded as known throughout this
analysis. Each bulk lattice type, cleaved along different directions, produces
structures with differing periodicity and symmetry properties. We illustrate
in later computations the (111) and 100 surfaces of Tungsten. Facetting of
the surface or rearrangements of the layer spacing, which are known to occur

24-217

under certain conditions, . can be incorporated into the theory later.

The surface is taken to be flat, with the surface cell characterized by a pair



of lattice vectors lying in the x-y plane. The case of adsorption on molecu:
lar solids presents no problem.

The theory is formulated entirely within a single surface unit cell
extended infinitely in the z direction. All of the symmetry proﬁerties of the
surface mesh are imposed on the functions which describe the stages of de-
sorption. The anisotropies of these qﬁantities within a single cell produce
the angular dependernt effects of interest. In model calculation performed
later, we verify that transverse anisotropies and z dependence in the atom-
surface interactions become negligible while the adatom to surface distance
is infinitesimal compared to the macroscopic sample size. Asymptotic
emission directions and energies are thus reached quiékly. At macroscopic
separations, each unit cell behaves as a point source of angular dependent
intensity.

The Propagation Phase

We will examine the system consisting of a single adsorbed atom or
molecule interacting with the surface. In practice, low surface coverages
of the order of a monolayer or less are the most interesting cases to consider.
The number of adsorbed particles per unit cell is specified by N in discussions
to follow. All interactions between neighboring adsorbed particles are neglected
for the present. These are re-introduced as part of the atom-solid inter-
action energy when acisorbed surface molecules are examined.

The Hamiltonian for a single particle residing just outside the surface



may be written:

Z

v
2M

7= = + (% (VP ") 2.1
Here, and frequently in calculations below, we work in the system of atomic
units, for which $ = e = mg = 1, with mg the electronic mass. Energies
are in Hartrees, where 1 Hartree = e2/ao = 27.211 ev. The Bohr radius
a4 is the length unit. The kinetic energy operator for the surface atom of
mass M operates on its mass center coordinates. The electronic Hamiltonian
H, contains all the potentials present in the system, as well as kinetic energy
operat;rs for all electrons participating in atom-surface interactions, whose

>
coordinates are the 1T7; .

!
Decoupling of the propagation phase of desorption from the electronic
interactions in the system is accomplished by means of the Born-Oppenheimer
approximation. Definitions of the effective potentials for adparticle propaga-
tion are obtained in the separation process. This approximate separation of
electronic from atomic coordinates in Eq. (2. 1) is facilitated, to order
(mg/M), by the smallness of the electronic to atomic or molecular mass ratio.

One holds the atomic motion fixed while solving the associated electronic

eigenvalue problem defined by:

/7e & (F, 7,;) = EntP) G (7,777) (2.2)
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Electronic responses to shifts in the atomic coordinate ¥ are rapid enough
to regard as instantaneous in the analyses to follow. Theimany particle
wave function % is required to be recognizable, far from the surface,
as the product of an unberturbed atomic or molecular wave function for the
n'th state and a wave function for the isolated solid. At intermediate separa-
tions, one expects tunnelling to broaden the adparticle states, with He almost
diagonalized by linear combinations of atomic and substrate wave functions.
Close to the surface, a self-consistent description of the adparticle ++ solid
system may be mandated. 28 This case is not treated, We assume
that the intermediate coupling case holds at worst. We view internal states
of the adsorbed particle, indexed by n, as long lived excitations of the system.
The functions E, (r) serve as effective potentials approximately

governing the state n atomic or molecular mass center motion via the following:

[“% *En(’;)] 55'/';)‘ = & B 2.3)

We take E, (F) to be real; however, an imaginary component may appropriately
be added to E}, (¥) when interactions between adparticle and surface dissipate
energy for particles propagating in the n'th state. Due to the rapidity of

electronic relaxations, the potentials E ) describing the state n dynamics



11
are time averages, created jointly by the atomic or molecular electron
distribution and the charge density on the solid. The difference

@‘n () -E 1 ('iﬂis regarded as the internal excitation energy of the adsorbed
particle, and is identical to the free atomic value at large atom to surface
separations.

To order (mg/M), the same effective potentials E (%) obtained by
solution of the Schrodinger problem in Eq. (2.3) result from a classical
computation of the electrostatic interaction energy between an adsorbed paxrticle
atT and the charge density given by /¥4 / z We shall resort to the use of
this Hellman-Feynman Theorem at a later point for simplified model calculation

of Eg (). 22,29
The problem of calculating the potentials En is a difficult one in general,

and it has attracted much attention from theorists, To date, we know

of only one surface charge density calculation including three dimensional

variations. This was done for the (111) face of Silicon. 29 Most work has

been focussed on the ground state potential surface near an equilibrium point.

This is the region of interest in the chemisorption problem. The Anderson-

30 has met with qualitative success in describing chemi-

Newns formalism
. 31 . .
sorption as have more recent efforts. However, the details of adsorption
on salid surfaces are mostly not known either theoretically or experimentally,
t
Litte effort Hasubeéen expended in describing the excited states,

which govern the desorption dynamics in the processes we consider. The diffi-
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culty of this problem implies that statements made in discussions to
follow about the nature of the potential surfaces E, are likely to be crude.

We have shown in Fig. (2. 1) the qualitative behavior to be expected
of the z dependence in the atom-salid potentials E;;. Similar behavior is
expected of effective potentials used in molecular problems. A schematic
representation of the three step picture of desorption is also shown in Fig.
(2.1). For simplicity, we restrict consideration throughout further dis-
cussions to a two level system consisting of a ground state (n = 1), in which -
chemisorption takes place, and an anti-bonding state (n = 2) which has the
generally repulsive behavior shown. The theory can be extended to include
multiple excited states with some complexity added. Inasmuch as Fig. (2.1)
is one dimensional, variations of Ej in the plane of the surface should be
kept in mind.

The depth of the ground state potential well represents the adatom
binding or chemisorption energy. | The length 'b' fixes the adsorption site
location relative to the surface. Adsorbed ground state particles will be taken
to be neutral, although states of partial negative or positive ionization have
been found useful for describing chemisorption in some situations.

One expects a repulsive barrier at small z preventing entry into the solid.
Asymptotically, the long range attraction approaches E (o0) = 0.
The excitation mechanism which operates fixes the character of E,.

We restrict consideration to only those simple cases where state 2 may be
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described as neutral or ionic. In the neutral case, state 2 is taken to be
one with perturbed internal optical excitation. When the state 2 desorption
product is ionic, as is frequently the case in ESD, the propagating core is
a compact object, which we approximate in later computations b,y a point
charge. vExcited states involving negative ions or neutrals are considerably
less compact. In addition to added internal complexity due to correlation
and exchange, one expects sizable widths and level shifts to be imposed on
the free atomic states via these mechanisms.

We illustrate the form of E9 appropriate to photodesorption of neutral
atoms or molecules by a solid line in Fig. (2.1). Desopption in the excited
state can occur only when Ej is basically repulsive as shown. In the limit
z —? ©© ,the difference [E, (F) - E; @) ] approaches HWopr , the
free atomic fluorescence freqqency. The monotonically repulsive shape
assumed for E, prohibits trapping of excited particles, which would be indi-
cated by the presence of local minima of E,. Trapped particles rejoin the
ground state through non-radiative decay, and may possibly desorb.

The dashed curve in Fig. (2.1) sketches the behavior expected of E 2
when the desorption product is ionic. When ions desorb from metal surfaces,
one expects trapping at long range by attraction to an image charge density
residing near the surface. A photodesorption process analogous to molecular

photoionization may occur, whose propagation and decay phases mimic those

of ionic ESD.
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The propagation of the massive atoms or molecules interacting with
the surface will be described classically. Hence we replace Eq. (2.3) by

the classical equations of motion for state n:

We assume below that the sdutions V(t), T(t) are known parametrically as
functions of time and a set of initial conditions for each trajectory.

Classical dynamics apply best to the unbound desorbing states, which
form a continuum of travelling wave solutions to Eq. (2.3). Particles propa-
gating in state 2 are quickly accelerated to substantig.l _ kinetic energies after
excitation by the large gradient of E,. Except near the point of excitation, the
wavelength implied by ﬁz/‘f L/ZM is small compared to other lengths
near the surface, justifying the neglect of diffraction effects. The same argu-
ment applies to atoms or malecules desorbing in the ground state after quenching.
These generally acquire large kinetic energies due to their history in the excii—-
ed! state.

A classical description is also acceptable for bound states when
PW, ¢4 KT | Here /o is the harmonic oscillator level spacing for a para-
bolic potential which approximates E ] near its minima. At high temperatures
the Bose distribution of vibrational levels approximates a Maxwellian distribu-

tion. Anharmonicity of E; compresses the level spacing between higher vibra-
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tional states, forming a quasi-continuum. Classical dynamics may be con-
fidently applied to large ‘mass particles desorbing at high temperatures from
ground state minima whose profile is shallow.

The formulation of desorption theory presented here provides a quali-
tatively correct describtion even in unfavorable cases for which ﬁwo"‘/‘;’_'
The classical picture of bound state propagation is then invalid. We find that
linearizing the theory in the photon or electron flux results in desorption cross
sections which necessitate following the propagation of only the desorbing
particles. The chemisorbed state propagation dynamics then become irrelevant.
A quantum mechanical description of the excitation process is then required,
the principal effect of which is to replace the Maxwellian shape of the classical
ground state distribution over the Firanck-Condon transition region.

Excitation and Quenching

The mechanisms involved in excitation or quenching are primarily
electronic transitions. A simplified treatment of these transitions is accorded
by the Born- Oppenheimer picture. On the time scale for adparticle propagation,
excitation and decay are viewed as sudden inelastic events, during which the
motion of an atom or molecule is frozen. Its internal state, its momentum,
and the dynamical equations governing its propagation undergo discontinuous
change. Transition rates for excitation and decay will be taken to be ensemble
averages over all initial and final states of substrate and probe paxrticle which

are consistent with a given change of internal and translational state. In effect,



we assume that the density matrix and partition function for the entire
atom substrate system factor to order (me/M), permitting averages to
be performed separately over the electronic states and over the classical
phase coordinate which describe atomic or molecular propagation.

The salid at low temperatures will be taken to be in its ground state
as the initial condition during excitation or decay. Electrons or photons
impinging on the system are assumed to belong to a monochromatic flux.

In the case of ESD, the electronic energies employed experimentally
generally lie in the range 100-200 evl.' 2So long as incident electrons are of
high, but non-rddﬁVISﬁc energy, the excitation phase of ESD may be described
in the Born Approximation. We assume that the first order transition rate
per atom may be written after ensemble averaging as < Re t, '\'12 -3 l)> .
Here the momentum transfer toan atom or malecule is explicitly written.

<Re ) is proportional to the incoming flux. When excitation involves ioni-
zation, the coordinates of two final state electrons are present in the averaging
process, while, when state 2 is neutral, one final state electron is present.
\

The fate of final state electrons is not of interest. We assume that
they exit quickly from the excitation region and are either absorbed by the
salid or emitted as Auger electrons. Solong as final state electrons are
present, a large portion of the ground state distribution is probed. In ESD,
where incident electron energies are large compared to (Eq - El)’ excitation

can occur at virtually any point on the energy hypersurfaces of Fig. (2.1).
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The photodesorption excitation phase is simpler than that for ESD.
We assume that dipole transitions link atomic and molecular states 1 and 2,
When the excited state is neutral an exact resonance is required for excita-
tion. The photon momentum is negligible. Photodesorption of neutrals is
thus a selective process which probes a thin shell of the energy hypersurfaces
where(E2 - El ) = 'ﬁW . When the excited state is ionic, on the other hand,
photodesorption may not display this selectivity. A final state electron is
then emitted either as a free particle, or into a bound state of the solid. We
take the average transition rate ber atom describing the excitation phase of
photodesorption to be (R.( &, ¥y - 31)>, as before.

Transitions back to the ground state are assumed to occur primarily
via non-radiative decay channels. Lifetimes for optical radiation are long32 33
compared to times spent by desorbing particles near the surface. For ionic
excited states, quenching occurs by reneutzalization processes involving
electron capture from the salid. When the excited state is neutral, as in the
photodesorption calculations to be performed below, quenching invalves the
creation of a final state surface excitation. We expect non-radiative decay
procésses to be efficient when atom to surface separations are small, and to
weaken rapidly with increasing z. The average quenching rate, per adsorbed
atom or ion, is given by <Q (€, v, - )Y K

The recoil of an atom or molecule during excitation or decay is negli-

gible and will be neglected. Substantial simplification of the transport theory

results. The dominant impulse to adsorbed or desorbing particles is provided
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by large gradients of E .

Spatial dependence of the transition rates for excitation or quenching
is likely to be strong, and to mirror spatial variations in E;. We denote
by R (f) and Q (%) the excitation and quenching rates per adsorbed particle,
ensemble averaged as described, and summed over all momentum transfers.

Transport Equations

Now a transport theory description of classical adparticles in three
dimensions is formulated. Decoupling of the quantum mechanical inter-
actions from classical propagation permits us to regard the transition
rates and propagation dynamics as know'n.

The coupling of state 2 to state 1 by quenching will be presumed to
be strong. We take Q to be a Z&Y0 order quantify, including it to all orders
in final expressions for the desorption cross sections. This dependence is
found to be exponential in later computation. As noted above, the theory
will be linearized in the excitation rate R, which is under experimental
control.” Hence, R is treated as a first order quantity.

We take P (%, %,%) dd"dav to be the probability of finding a surface
atom or molecule, in the n'th state at time t, within the phase space volume
element d32 d3¥ centered on ¥, ¥. These distribution functions must possess
the surface unit cell symmetries. The following normalization is imposed

on the Pn:

fafg’/c/g? (A1) =7

(2.5)
n~/,



The spatial integration is restricted to a single surface cell, extended
infinitely in the direction normal to‘ the surface. The normalization is
relaxed at a later point when transients are neglected in the course of
linearizing the transport equations in R.

Approximate thermal equilibrium may hold for the atom-solid
system when it is free of external bombardment. This may not be the
case, however, particularly at elevated temperatures, inasmuch as
spontanéous desorption may occur. This process occurs via collisions
between adsorbed particles and excitations of the solid which provide the
large momentum transfers required to desorb particles from the ground

34
state. Desorption through spontaneous excitation to the anti-bonding state
is expected to be negligible even at elevated temperatures. The popula-
tion of high energy excitations of the solid required for initial states

contributing to such processes is negligible. A Boltzmann Equation des-

cribing spontaneous ground state desorption is the following:

. dh
%_.7‘_5- ./—VoV,_.//o + A OV’? d7" SURF

The term on the right incorporates interactions between ground state

particles and substrate excitations.

We neglect all spontaneous desorption processes throughout develop-
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ments which follow. For the systems under consideration, at the ex-
perimentally interesting temperatures, the chemisorption energies may
be assumed to be large compared to the therinal energy (3/2)kT. Numerous
descriptions of spontaneous (flash) desorption appear in the iiterature.
In some situations, ground state thermal desorption may be observed as a
by-product of ESD or PD experiments. Local heating of the surface
may occur either by direct interz?.ction of the external probe with the
surface, or via quenching. We assume below that photon or electron fluxes
are weak enough to disregard these effects.

In the absence of external perturbation by electrons or photons, the

atom solid system is regarded as a gas of non-interacting particles in thermal

equilibrium with the salid. The Boltzmann equation which applies is:35

\7 P(l";\/)" "—'VE ("') P F) / :‘/57/2/_9),?):

A (2.6)
P,

The zero superscripts henceforth mark quantities pertaining to the equilibrium

state, Boltzmann distributions satisfying the above are:

P?ﬁ V) = / /df —E (2.7)




Here e = 1/KT. M is the adsorbed particle mass. The arbitrary
coefficients 77,, required to satisfy the normalization implied by Eq.
(2.5) are assumed tobe 7= O 77, = 7 . The equilibrium state 2

population is negligible, hence:
o 5 =Y
B AV =0

Now we examine the case in which the system is driven off gqui-
librium by an external photon or electron beam, causing upward transitions
in Fig. (2.1) into state 2. Both non-radiative decays, and collisions with
surface excitations provide relaxation mechanisms which tend to restore
equilibrium; Competition between the transition mechanisms which act
on the density distributions is summarized by the falowing set of transport

equations:

(2,&a)
0L L VR -ZWE VB =

o7
:/cc-{;‘[i/svm-' +/;’(’§/E -/5_7@¢
(2-85)
oF 4 ’cﬁ‘./? -ﬂLT,Z.E,o Z B =

= jfp’/sunf—/f/lfg /E f/ccffg}@

\
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Each term on the right in Eqs. (2.8a',‘-'b) is now examined. The surface
interaction term will be neglected, and simple forms found for the exci-
tation (E) and quenching (Q) terms.

The source of excited particles entering state 2 at the phase point
%, ¥ is described by (C{F‘/d"f)g . This quantity is proportional
to both the upward transition rate and to the ground state population. In
principle, one should sum over momentum transfers which lead to a final
state found excited with 'f, '3 Inasmuch as the recoil is neglected, we

approximate:

/d ("M")/ o= PrEGH RF)

(2.9a)

Ground state depletion occurs as a result of the excitation process.

The loss term for each region of phase space about r, v is given by:

/;d_ﬁ_ = RrrG7) %)
d7 /E
~ (d/ffr'wf)/
&

(2.9b)

In the perturbed system, the state 2 population may no longer be

neglected. P2 must be proportional, in dominant order, to the excitation
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rate, and it is thus a first order quantity when coupling to R is weak.

The depletion of the excited state through non-radiative decay is given

by:
/dﬁ(ﬁfﬂ“// = PrEEH Qr#)
6/7" (% (2.9c)

Quenched particles repopulating the ground state are the only ones
which can desorb in state 1. The distinctly non-thermal component of Py
containing this probability must be, to dominant order, proportional to both
P_ and to Q; hence it is of order RlQl. The momentum transfer on quenching

2

is neglected, and the following approximation is made:

(2.9d)

/g_%_ri = BEC7) QP
%
~ (%,

The surface interaction terms ( a’ /g / a’ YyS‘af?F describe
scattering mechanisms which produce no inter-state transitions. We neglect
all such interactions in state 2; hence, (dﬁ’- /0(7737”??‘ O . Ground state
collisions provide primarily a relaxation mechanism for state 1 toward
equilibrium, which competes with the depletion of P 1 implied by (d/?éﬁ' c’

One may neglect (ofﬁ/a/'/')wm: in Eq. (2. 8b) in the limit of

either strong or weak coupling to the electron or photon flux. In the weak
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coupling case, which corresponds to the linear response theory of interest,
one must also negllect depletion of the ground state by excitation. We do
not examine the intermediate coupliﬁg regime, where one must-specify a
vélue for the ground state collision time TC, . For convenience, we
also designate by '7::._- the mean survival time for adsorbed atoms: or
molecules in the ground state against excitation.

The transport equations are linearized and arguments for neglecting
(dﬁ/cff)svm, are clarified by defining P‘i‘ to be the solution of the

following:

or”

> > - > /7
Q" 10 8- i VERE" =

_ (2.10)
=) L

Here P‘;‘ contains terms of lowest order ROQO and RlQO, either of which

may dominate. We write the ground state distribution as

B P/ﬁ’f‘e/

I\

where Pf is the solution of:

(2.11)
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To lowest order, Pf is dependent on RlQl, hence it contains the contribution
to ground state desorption.

We restrict attention to the weakly coupled case, which implies
validity of the condition \ 7:: 7 z 72 . In this regime, depletion of
the ground state is negligible; thus, surface interactions dominate in Eq.

(2. 8b) and (2.10), in which the following condition holds:

a7 1y
d7) Sv /&4
o7 /suRF o7

Making use of Eq. (2.6), we take the unquenched part of the ground state

distribution, P’;‘ to be:

777

o

to lowest order.
The linearization is completed with the use of Eqs. (2.9a) - (2.9d).
The linearized version of Eq. (2.8a) is:

-

Vel B¢

Io

J\
\.—

= = / -
A RER B R E2) =
/. (2.123)

= P50) FP) - Rv) @ %)
0

7
Here all terms are of order Rl. We took P2 =P, -+ P'2 , recalling that

1
P(z):‘f 0. We also noted that P1= P(l) -+ Pf , where PI is of order R, hence



its contribution to Eq. (2.8a) is of higher order in R.

Ground state desorption is described by P‘l', for which Eq. (2.11)

is applicable. Making use of Eq. (2.9d) the result is:

/ > — > — > > — /,_. - )
oV ,fil/)-/zf‘lz Rl i PIE0) = R1G0)Qr#) &1

All terms here are of )order Rl, as required.

Equations (2. 12a, b) form a set of linearized transport equations
which provide the solution to the ESD and photodesorption problem. The
one-dimensional analogs of these equations are solved explicitly in Chapter
IV and in Appendix I for the photodesorption of neutrals in a one-dimensional
system.

A set of transport equations describing the response in both strong

and weak coupling regimes may also be written, based on Eqs. (2.8a, b).

These are:

ot (2.13a)

(2.13b)
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These equations are not linearized. Their non-linear solutions involve
propagation in bound states, for which classical dynamics hold approximately
only at high temperatures and for large mass adsorbed particles. In apply-
ing them to the weak coupling regime, one must neglect the depletion of state
1, in addition to performing the linearization. This is the procedure followed
in Appendix II, where the solution of the angular dependent desorption problem
is obtained by expanding the formal solutions of Eqs. (2.13a, b) as a pertur-
bation series in R.

Expressions for the Cross Sections

The objective of the desorption calculations is a description of the
current of neutral or ionized particles leaving the surface in each state. We
next define the total and differential cross sections and desorption rates which
provide this information. The connection between these macroscopic quantities
and the distribution functions P, is specified.

We define I:In (z, t) to be thie net number of atoms in state n crossing
the plane parallel to the surface at z, per unit time, per unit cell. All
directions and speeds are contained in this current. Whenz —> L 7 ag,
there is no incoming component; thus we identify 1'\]n(t) as the desorption rate
in state n, at time t, per unit cell. One multiplies I:In(t) by the number of
unit cells in the sample to obtain the total number of state n particles ejected
per second. I:In(t) is proportional to both the flux F of bombarding particles

and to N(t), the number of adsorbed particles per unit cell on the surface at t.



The total desorption cross section for state n is defined to be

the desorption rate per unit flux, per adsorbed particle:

A, (7
F N(T)

= 2.14
G = @
When the response is linear, G;, is independent of F. It is time inde-

pendent also, inasmuch as depletion of the surface coverage, and the decay

in the ejection rate display the same timé dependence via the factor:
exp [- FTa?]

The total desorption cross segtion G' is summed over all competing
desorption channels. -

The ejection rate should not be observed to decay when desorption
is from a clean surface, or from one covered by several monolayers of
adsorbed particles, assuming F is constant. The mmost interesting experi-
mental cases involve coverages of a monolayer or less, for which coverage
depletion during a desorption experiment may be significant. In experiments
where impacts are counted over AT to establish I:In(t), one should ensure
that coverage depletion is small by requiring F G a 7 <L7

For angular dependent studies the quantities of interest are the

differential desorption rates I:In -/ ¢/7") and differential cross sections
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(l-,; (©,9) related by:

/(2, e,%,7)

W/GJQ) = .F/Vhp}—. (2.15)

The angles ©, @ specify the direction of the ejection velocity. These
quantities are integrated over the asymptotic speeds. One integrates over

a hemisphere with 0 <O < 77/ A. to obtain the total cross sections

and ejection rates:

f L Gy (6,8 16

/\2)/7‘) :/‘dﬂ/l%/ez¢)7‘/

(2.17)

Next we follow the microscopic particle current in the unit cell to
connect P ( T,%, t) with the macroscopic quantities. The average density

of atoms or molecules in state n in each unit cell is:
P (AGT) = N(F) 1506 D) 4

while the current density associated with that point in phase space is:

J (B = _BE5H W
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Now?(f , ¥, t) is evaluated in the asymptotic plane atz = £ > «, -
Note thatV = (v, @, p), .. T = (f,,2), whereT, lies parallel

to the surface. One sums .J?n (z=L, i"_‘_ , ¥V, t) over the asymptotic
speeds, and integrates over the surface cell area A ¢ to obtain the ejected
current into g2 per unit cell. The magnitude of that current divided

by dlr yields the differential desorption rate which is given by:
©
o 3 2 S
N, (@ 1) = MH) dvv [di [ (G, 251, ve,8) @19
0
%
The differential cross sections are:

o0
Y 3 Z > —
on - Hfo b o)
° A

The one-dimensional limit of these expressions is evaluated directly
in photodesorption calculations to follow, where analytic solutions to the
transport problem are found. In angular dependence studies, we find it most
convenient to numerically simulate the total cross section by following
particle propagation, then to numerically differentiate, thus recovering the
angular dependence. It is found convenient to transfer ensemble averaging
and simultaneity to the excitation point in those calculations; hence a refor-

mulated set of expressions for G; is obtained in Appendix II.
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Chapter II: Figure Caption

Fig. 2.1: Effective pofential diagrams for ESD and Photodesorption.
The qualitative behavior of the ground and excited states for
both processes are represented as functions of the z coordinate.
Arrows schematically represent the excitation (R), propagation
{P), and quenching (Q) phases of ESD or PD. Vo is the
chemisorption energy. The z coordinate of the adsorption site
is 'b'. El(r), representing the metal + adsorbate system in
the ground state, is designated (M + A). Here we chose
El( o< ) =0, An optically excited state of the system
M + A)’* leads to photodesorption via propagation along the
solid Ez curve, Asymptotically, the excitation energy approa-
ches the free atomic fluorescence frequency ﬁu{,pr. Trapping
in the excited (M + A)”‘e state is excluded in the sketch.

E; (r) for an excited state leading to ionic ESD is represented
by the dashed line (M-+A+). If both incident and ejected elec-
trons are Auger emitted to the vacuum, the asymptotic energy
difference between the (M + A+) and the (M + A ) states is

the atomic ionization potential VI‘ If one or both electrons
finish in the Fermi sea of the solid, the threshold V; -

or VI - 2¢ applies, where ¢ is the work function of

the :substrate. . Tonic desorption energies are measured with

.7, yespect to the horizontal dashed line.,
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Chapter III: Quenching via Surface Plasmon Excitation

s

This section is devoted to developing a model for the non-radiative

decay of an optically excited neutral particle in the vicinity of the surface.
Knowledge of the decay function, Q(z) is required for later use in numeri-
cal computation.of the cross sections for photodesorption of neutral atoms
or molecules. We adopt a quenching model based on surface plasmon
excitation accompanied by the decay of an excited atom to the ground state.
The decay rate expression found does not possess lateral anisotropy, inas-
much as the model is based on a semi-infinite free electron gas.

Mechanisms for Non-Radiative Decay

Several possibilities for the dominant decay mode are ruled out.
We are treating only neutral excited states; hence, we do not consider
reneutralization processes which dominate the quenching in Electron Stimu-
. . 1,2 I . .
lated Desorption of ions. We neglect here excitation modes invalving
photo-ionization, although desorption through this channel is possible, as
in molecular photo-dissociation. Radiative decay processes
are inefficient due to their long lifetimes, compared to the flight time to
32,33
the detector. Among non-radiative processes, decay of the neutral excited
particle through an ionic intermediate set of states may occur. These

are higher order processes which are not expected to contribute unless rapid

tunnelling prevails.

- 33 -
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The most plausible decay modes involve excitation of electron
density fluctuations on the solid. In Fig. (3. la, b) we illustrate the
lowest order diagrams portraying electron-hole pair excitation as a
decay mode.. Here [/ 9 7 / i /Je> ) represent occupation of the
atomic ground (excited) states, while / ;\//7 (/ /?f >) denote the
wavevectors of occupied initiai (final) states in the bulk solid. Fig. (3.1a)
is the 'direct’ and Fig. (3. 1b) is the 'exchange' contribution. Throughout
our calculations the salid is taken to be a free electron-like metal occupy- ..
ing the semi-infinite region # < O . This model has the merit
of simplicity, and has proven to yield reasonable descriptions of several
metals. Using the Fermi Golden Rule, we write down a prototype decay
rate for the processes depicted:

2
Z
7 > 2 Bl e 2%
Q= L) [l 515 e Ty e 127y

v Fo (1~ Fi) Qs g~ Bev)

/

0. 15 cpme Tl e § - -
Here f~ is the Fermi distribution in the metal. The energy b(//(/ ’ ﬁfc
of the electron-hole pair, and the atomic energy loss w/ appear in the

delta function.
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The computation of such a decay function is quite complex, due
to the presence of Coulomb matrix elements. Moreover, it is well known
that in bulk materials,the elementary excitations, plasma oscillations,

compete at long wavelengths with pair excitation.3q_38

The plasma
frequency w,, = [ 947_7-'.%1“]’7% sets the threshold for bulk plasmon
excitation, with this mode dominating over pair excitation above threshold.
For short wavelengths, i.e. k > kFT , the plasmon spectrum merges into
electron hole pair excitations, with damping of the collective plasma waves.
Such modes are absent in the expression above for Q(z).

We assume that the pre-eminent loss mechanism for optically excited
atoms outside a semi-infinite dielectric is coupling to the elementary surface
excitations. Numerous theoretical and experimental investigations over
several years have revealed the existence of travelling wave solutions called
surface plasmons, whose excitation threshoald is Uo = a}”/ﬁ 39-41
Thus a non-radiative decay channel is accessible whenever the atomic energy
loss upon decay exceeds ﬁ Go . As in the bulk plasmon case, the
surface plasmon is expected to dominate the decay above threshold. In this

analysis, we neglect other contributions to decay.

The Surface Quasi-Mode Formalism

An analytic expression for Q(z) is most convenient for use in compu-

tation. We turn to an approximate formalism for the surface plasmon which
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42,43
has been developed recently for use in Photoemission studies.

One introduces an anzatz known as the Surface Quasi-Mode (SQM). This
is a hybrid excitation resembling the surface plasmon at long wavelengths,
and incorporating particle-hole excitations at short wavelengths by replacing
them with a single simple pole.
The evaluation of the decay rate starts with Fermi's Golden Rule:
7 i)

Qez) = _i_’_ JiFri T o) dEmE)) >
Here H' is the atom-solid interaction Hamiltonidn. The matrix element is
taken between occupation number states of the system. The brackets indi-
cate that ensemble ave;:aging over initial and final states of the solid is to
be performed. It is sufficient to take the solid initially in the ground state
at zero temperature. We assume 177 = /Ie’\//)C7 . Here the
atomic excited state is occupied, with the solid free of excitation. For /f D
we have /13 ) 1@_ 7. The atom decays to state 1 creating a final
state surface quasi-mode with wavevector /;/ i lying in the plane
parallel to the surface. These final states are summed over.

Surface excitations do not propagate in the z direction; hence, there is
no coupling to the atomic motion normal to the surface. Note that our neglect
of momentum transfer in assuming recoilless transitions in the transport

equations is justified with this model interaction. The transverse recoil
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has negligible effect on the angular dependence of the desorption pattern.

We apply the formalism of Reference (42) to the problem at
i
' 7

hand, introducing Q. ) Q & as creation and annihilation opera-

~ K
tors for the SQM excitation. These obey commutation relations appropriate
to bosons. We denote by G/}Q_ the SQM dispersion relation; that is,
-

the frequency of an excitation with wavevector /{, i the surface plame.

The quantized electrostatic potential is given by:

. O N Y. Y
BI7) =Z§?”ﬁ)6 [e x. +E at
=~ ~H =5
K. S (3.1)
Here the position = v L) Z). The coupling constant is:
2 /
- T7H G z
q(i) = / 7/
/420 G 3.2)

where 0:50‘45/1/ 2. ¢ The quantization area has been taken to be
unity. The potential decays exponentially with z both inside and outside
the surface.
We assume that the strongest coupling occurs for excitations whose
wavelengths are large compared to the atomic size. The long wavelength
. ’)
variation in @{ . over atomic dimensions is small enough for us

to treat the atom-surface interaction Hamiltonian in the dipole approximation.



For short wavelength excitations, this approximation becomes cruder,
but still permits us to estimate the magnitude of the decay rate. The

Hamiltonian for the system is:

Here H o is the atom-solid Hamiltonian neglecting the decay inducing terms.

The second term is the SQM self-energy, which plays no further role. The
-

electric dipole moment operator for the perturbed atom is _AA . The

decay rate which it is our task to evaluate is given by:
- N N R Z
Q@) = 2157 1ty 1415 - 0G0 ke, v
R,
X J(Ez'E/ —ﬁ@ )

Here E;, E g are the atomic energies before and after quenching, All

(3.3)

higher prder processes, with the exception of those contributing to the
surface plasmon, are neglected.
The spacial operators are separated into components along the

z and transverse directions;
>

AL = e 2 1 Lo

T = 22 +¥Z
5z &

38
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Now we calculate the operator /::} o &@fl:')- ~ Here I':‘ = (f’uz)
are the atomic mass center coordinates. The desorbing particle is treated
as a point dipole. Normally, our interest lies in decays at Z 7 O, but
the SQM matrix elements inside the solid are kept track of. Wherever

double signs occur, the upper denotes the region Z 7 O . Wefind:

- //ok‘

= W2/ 2 e By T e
e+ Mz [C G

e VQW) = Z g e T e ]

K # /ﬁor‘

LKoo F K Me] @ al

The matrix element appearing in Eq. (3.3) is now taken. We neglect inter-
ferences between states of the atom and solid in both initial and final states,

thus:

/le,vacy = [le 7 JvAcy

\

/19, 117 1197 1 13,7

The second factor in each state describes the surface plasmon occupation
on the surface. The states [Ze f | f3> describe the desorbing par-
ticle, thus they depend on the mass center coordinate F: and on .',i )

-

the electronic wave function coordinate relative to ¥~ . The matrix
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element is:

<13,1g1_//‘2‘°)‘7¢(k)/ e, vAC) =
— MIE, L
~ Z gl € /(zﬂ/a&/\/ﬁc)<Zg/—/,ﬁy{‘l_;&/ijze)x
K

< = /1l

+ (T, /al 224 ¢7%% s F Hophz! le 7%
< e + ol

Only the second term in the bracket can contiibiite, since
1y [ @y [ vecy = O
&L 7

while

/s /af/(/ﬂc7’:é:’
/3 Y./ ALy Be
The summation is thus contracted and the matrix element becomes:

(lg, 13,0 s VRCF) ] 1€ vmey =

-

L = /’éoa/ o
=g(we e { {7/F24/‘$+’ﬁ7‘9—//€7 (3.4)

The remaining matrix element on the right hand side is a spacial integration
-
over coordinates within the atomic mass center system. One expects ¥

dependence to remain after integration due to perturbation of the free atomic



wave functions by the solid, The-transition moments in Eq. (3.4) above

are written as the sum:
e o> o> e
{lo /¥ Qopts + Qs t//e> =
>.» -
= F .19t le? +CGo (fo [l0us fe>
We square Eq. (3.4) above, then substitute it into the expression for the

decay rate Q(z) given in Eq. (3.3). The natation given just above is incor-

porated into the resulting equation for Q(z), which is:

7 -29,/2/
QZ) = %ﬁl/g(g’;)/ze s J(E(2)-£,(8) - 70, )
A

2 YA
x ar /< lg (el le )]
z
+/9e Llg L /e ]

F [ (9.3 0 Ly iy 11 ><lg (hz /76D
+ 7 C-

(3.5)

The only term which depends on the sign of z is the cross term, whicl‘1 will

4]

shortly be seen to vanish in the course of angular integration. We normalized
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-
to unit volume, thus the prescription for converting the g L summa-

tion to an integration is:

Zﬁ&

Z ’"’7(027[?/"[ [ﬁd/@dé

>

Here 5!5 is the azimuthal angle in the surface plane. We choose

@ = O  to be along the direction of {/g //&J- /727, The
angular integratioh can be done with the aid of a simplifying assumption
about the plasmon dispersion relation G_é,_ » which appears in both
the delta function and in 3 ( f ?,) . Our model is translationally
invariant in the surface plane, so there should be no preferred azimuthal
direction either. We take SQM prop{agation to be isotropic, with %
independent of the angle ¢ . With this simplification, (5 (. 5‘5/ ’ﬁ@)
and g ( ?J_) factor from the ¢ integration leaving only the

terms in brackets in Eq. (3.5). The first of these has no ¢ dependence.

The second we write as:

Z ., .
[F,° 19 ML, led! = ZLcosz}ﬁ /<12 A [Ze >/2

We make the replacement:

> Z
[<tg ! G ler| = 2 (<lg (il Ze2]



Here one should note that both the x and y transition moments are the
same apart from a phase factor. The sum of the cross terms in Eq.

(3.5) is rewritten as:

-2 ?_chos¢ o@mZ—(/f//(/.z./ /e >(.7§‘ //(/z—//€7j/

| . .
Here one makes use of the identity A =/72 = & ¢ B fﬁ}

The decay rate expression is now the following:

_ e z —2q /2%
Q2 —’27,5/0/?,, g, (92 &«

. L(2,) I(B@-Er)-HTy )

where I(ZL) is defined to be:
27 ,
Lq.) = / AP ) gl [Klgimalle>]
o
12603 of (gl 1e]”
7l cho s@ fem /29@@/@7 x

43

+< ’34«%//957



All of the azimuthal integrations are now trivial. We note that

27 ,
AP cos® = 7

/4
[dﬁ) cos P = O

Thus the cross terms drop out.

Expression for the Non-Radiative Decay Rate

The results are now callected, making use of Eq. (3.2) for the form

of g ( €+ ). The decay rate expression we now quote as:

44

z Z
O2) = G OEEHG) [1€g ks texl My ptt 121X

-29./2/
/;’?Lﬁ SEt-E2)-FTq) &9

We have inserted the step function as a reminder that no SQM emission is
possible below the threshold ﬁ Jo . We denote by q,(z) the unique

root of the resonance condit}ion

I\

E,(2) - E(2) =7y = O

° 3.7)
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Here monotonicity of the energy difference is assumed. In systems
where this condition is not fulfilled, one would generalize the result to
a summation. Below the threshold the delta function does not contribute:
there is no sdlution for the wavevector q. When[Ez(z) - El(z_)7 77 77 G: )
q, is large. In this case we do not expect more than qualitative accuracy |
for this model. Short wavelength surface plasmons decay to electron-hole
pairs. We have treated them as a single mode in the SQM formalism. More-
over, the dipole approximation requires qo_1 to be large relative to atomic
dimensions.

These reservations are ameliorated by the presence of the rapidly
decaying exponential in the integrand of Q(z). The largest amplitudes occur
when ¢ &/ (C.Z, which is the case if |22 O , or

?_,_Q,, £7. ~ Here a_ is the Bohr radius. The quenching effect of

0
short wavelength components is thus important only in the immediate vicinity
of the surface. The use of the one mode ansatz in the SQM formalism and
the dipole approximation will not introduce serious error except when Z = 0.
For systems in whichLﬁz'(z =0) - El(z = Q))J',t: #d; ) this model for
Q(z) is a good description of the quenching as well.

In calculations to follow, the validity criteria for the decay rate

expression are fulfilled. We take the adsorption site to lie at z | 7 a,.

Particles in the excited state cannot penetrate to small z, inasmuch as the
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surface barrier is large compared to their thermal kinetic energy on
excitation.

We note that the z dependence in Eq. (3.6) is not simply expo-
nential. Additional z dependence enters through the transition matrix
elements, and via energy dependence which remains after the final inte-
gration. Only forz 7 7 a, do the transition moments approach their
free atomic values. The x and z matrix elements are not simplyl related
in the surface region, but are related by Clebsch-Gordan coefficients in
the asymptotic limit. The difference @ 2(z) - E 1(zi)approaches in this
limit the free atomic fluorescence energy. Thus Q(z) asymptotically tends
to exponential decay. We remark that the states will be broadened due to
tunnelling effects; hence the delta function might be replaced with a Lorentzian,
whose width is the imaginary part of the self-energy. We neglect such
effects here.

The final integration on g,j, is: performed using the delta function.

First we replace

Q-9
SEr2) -502) -1 Tg) —> _3; )

% )
/ﬁ%




47
One should also note that

% /LB, < 1L,

G(?_L 7o

The non-radiative decay rate expression is:
—2/E(Q(E)
Qrz) = 27 7 Go OG- Ece)- %) «
%

* (s ( Z)]z L /K1g Letet 107 2 [<lg L fAx { fe >/ ‘Zfo

/c/ G?zlz_'/
od Qe 2,(8)

(3.8)

Surface Plasmon Dispersion Relations

Now appropriate models for the SQM dispersion relation are examined
for use in the decay rate. We shall express U%_/_ as a power series
2
Itiis apparent in Eq. (3. 8) that the decay rate at threshold o  will be
finite so long as the leading ? ' dependence in G%L is of no higher

than the third power. This presents no problem.
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A prescription leading to the dispersion relation has been

Lo . 42,43
given in the literature .

One makes use of the frequency
and wavevector dependent dielectric function E( /'6 w)  of the bulk

metal. First, the surface dielectric function is defined:
A

-é_(/?z_/w) = _?7/_5 o K=z /
& crew) () MHAEE)  B.9)

The dispersion relation has been found to be given by

L
z

/7 6 (/ﬁ) o)
/( ( (3. 10)
+ E (/L) 0)

Thus, V; is connected to the bulk dielectric properties. For the
L

static dielectric function, it will be convenient to employ the Linhard (RPA)

37,44
result:

E(CKO) =

\

—/izp/rzz L+ /—x [n//ﬂf/] (3.11)

Herxe x -'-‘k/2kf, where kf is the Fermi wavevector. The Fermi-Thomas
screening wavevector is defined to be q¢ = V3 “p/ VF . The ratio

(?FT/Z/\/F)L may be writtenas ol Fs 17 . Here rqg
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is the plasma parameter expressing the average inter-electronic spacing
-1
in atomic units, while o = (4/9 7) .
In general, the procedure we have outlined does not readily yield
analytic forms for @.L , which are highly desirable in the present
A
inquiry. The model for @J_ which has found most use in the litera-

ture includes linear dispersion. We find this to be the simplest dispersion

relation which yields qualitatively correct rendition of the properties of

45-47
Q(z).
First the effect of completely neglecting the plasmon dispersion
is considered, letting G;L-‘? ﬂ . The formalism described

aboveireduces to this form by taking J‘f/_"’é’o.";n Eq. (3.9). The
surface dielectric function g ( f)./!_,a) vanishes after the long wave-
length limit of the static Linhard Dielectric Function is substituted into
Eq. (3.9).

The corresponding expression for the decay rate is found from
Eq. (3.6). The delta function has no ?J_ dependence; hence it factors
from the integration. Non-radiative decay can occur in this model only at
the surface plasmon threshold, which occurs at z;. Here z 1is the unique
root of the condition 25_/2/) - E, (Z;) '—‘-é‘q; N . We note

that
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Thus the quenching rate neglecting dispersion is:

QO(Z) = G__I;{_Z— /7</g //(/c/ le)f —/‘/(/JVQ//e}/./E/X

5 (Z-%) (3.12)

(2,03 A5 A2
Here we used the identity é (f(x)) = J(JC‘ZO) //a/f/d)(/xo

with fX) = O.

The delta function which remains in (g(z) above permits analytic
solutions for G,— and G;_ in one-dimensional calculations to be per-
formed below. The quenching integral in the survival probabilities is re-
placed with a single pole. This may be a reasonable approximation when the
dispersion is flat, Despite the simplicity of the dispersionless result, a more
sophisticated model incorporating dispersion is required. For adsorption
sites close to:the surface, one expects quenching of the desorbing particles
to be strong. In Eq. (3.12) the amplitude of Qo(z) depends only on the location
z, of the plasma resonance. In fact for z; fixed, the attenuation falls off
asz —¥ 0, as examination of expressions which appear below for the survival
probability will verify.

The formalism described above may be made to yield a linear dispexr-
sion relation, along with a rough estimate of the linear dispersion coefficient.
This has been taken 46 to have an imaginary part, describing surface

plasmon damping, which we neglect.



One takes the long wavelength limit in Eq. (3. 11) for the static

dielectric function, which yields the familiar result:

ko) = [+ 9/,
Ers ™ e

/ -
The surface dielectric function & ( L) o) may be evaluated
analytically using contour integration. After substitution of the above in
/
Eq. (3.9) one analytically continues Az tothe entire complex plane.
-4

We denote ¥ = l‘)./a.f' (4 "f . The integration contour consists of the
real axis plus the infinite semicircle in the upper half plane. There is

> L
one simple pole in the upper half plane, which residesat ¥ = ¢ VAL +?Ff ‘

Thus:

_ . L 7
€ (H0) = T Y et Wi o - AT )

Taking the residue;

/12

ST g

<

Note that —é‘(?_L)O) is always < / ) and it is small when

/,14( @7 » which is the case of interest here.

The plasmon dispersion relation is generated by expanding Eq. (3. 10)
J

51
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-
to dominant order in the small parameter € , Viz:

Gy =G0 /17 €1-2)]

2
= G [7+2E&]°

7

Expanding the square root,

O = o [ /7% Ecmo/

K

Inasmuch as e is small, we further approximate

E (10) = 1
Zrr

The final form of the linear dispersion relation we adopt is:

7’5% = FHds + HSHL 3. 13)

the parameter s is the surface plasmon group velocity, which is constant
in this model for excitations of all wavevectors. An explicit expression
for s is found in terms of the velocity associated with the Fermi wavevector.

Noting that Vg = % KF/m we find:

s = &
JE

(3. 14a)



We used here the definitions of G; andof the screening lenght g T
It is useful to write the result in texms of the plasma parameter r,

and the Hartree (double Rydberg) E, = 27.211 ev,as follows:

/
HS = &, 2o JE< I (3. 14b)

We show in Fig. (3.2) a variety of values of /50: , and 715 S  for
values of rg in the range of metallic densities.

The quasi-mode dispersion coefficient 'ﬁ S which was calcu-
lated above provides an order of magnitude estimate of the group velocity.
We do not take the values in Fig. (3.2) as quantitatively correct ones in
computations to follow, but we scan values of 'ﬁ S in the ne ighborhood
predicted by our model. An experimental study of surface plasmon dis-
persion on the Aluminum (111) face has been done recently via inelastic

45
LEED. The value s = 2%1x10"8 ev-cm. was found. The
corresponding value of s predicted by our theory, using 14.2ev. for
the Aluminum bulk plasma frequencsr, is 5 x 10-8 ev-cm. The agreement
is thus only approximate. Moreover, Feibelman 46 has evaluated the
RPA surface plasmon linear dispersion coefficients exactly for T values

in the range 2 to 6. He found “hs to be quite sensitive to the shape of

the surface, which we approximate crudely in the semi-infinite free-electrm

53
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gas model used in developing the SQM formalism.
The quenching rate is now written in a form suitable for use in
one-dimensional model calculations incorporating linear dispersion.

First we have:

Ey(2) -£r2) —50s
S . (3.15)

Q,(2) =

Here use of Eq. (3.7) and Eq. (3.13) was made. After substitution the

decay rate derived from Eq. (3. 8) becomes:

Q@ = G' T OCE -512)-5G) >

2
X ﬁ Iglz/ /e “r (<ls [ h/ /e?/_]z)‘

Z  _ R/I2EEEE)HE)
s (Ea(2)-E(2) -Hd0) AhS

s3 (Bry-5E)

(3. 16)
We have written the energy dependence explicitly. In a later section,
this expression is evaluated using model energy functions and trial para-

meters,
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Vg 1
Fig. 3.la — o —r —
1
11> [ke>
Fig. 3.lb -
'ki> ‘1e7

Figure 3.1 Lowest order diagrams for coulomb deexcitation of

an excited adatom near a surface. Fig. (3.la) is the 'direct' and

Fig. (3.1b) is the 'exchange’ contribution. Solid lines are electron
propagators, while dashed lines represent coulomb matrix elements.
The states |1g7 » |17 are the 'ground’ and 'excited' states of the
atom-substrate system. The initial and final occupations of the solid

are represented by |k, 7 and k) .
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Ts 'rzf(ev.) 'hwp(ev.) %5 (ev-cm.)
1.0 33.3 47.1 1.13x 10”7
1.5 18.1 25.7 C 7.52x 1078
2.0 11.8 16.7 5.64 %1078
2.5 8.43 11.9 4.51x 1078
3.0 6.41 9.07 3.76 x 1078
3.5 5.09 7.20 3.22 x 1078
4.0 4,17 5.89 2.82x10°
4.5 3,49 4.94 2.51x 1070
5.0 2.98 4,22 2.26 x 1078
5.5 2.58 3,65 2.05 x 1078
6.0 2.27 3,21 1.88 x 1075

Figure 3.2 Representitive values of the SQM linear dispersion
coefficient 7;5' for ry values in the range of metallic densities.

8 t0 10”7 ev-cm.

The predicted group velocities lie in the range 10~
Corresponding values of the surface plasma frequency ﬁds , and the

bulk plasma frequency ¢3"‘/(: are also shown.



Chapter IV: Theory of Photodesorption in One Dimension

This section initiates a study of photodesorption of neutral atoms
or molecules from a substrate which is translationally invariant in the plane
parallel to the surface. A thorough understanding of desorption in this sim-
ple system is useful before examining the more complicated dynamics encoun-
tered in angular dependent: desorption studies., The excitation and quenching
phases of neutral particle photodesorption are more susceptible to analytic
solution than they are for ESD.

In this chapter we derive analytic expressions approximating the
photodesorption cross sections for both states 1 and 2, after solving the trans-
port equations in one dimension. In Chapter V the analysis continues with the
presentation of detailed model calculations illustrating the qualitative features
of photodesorption. Order of magnitude estimates of the excited state cross
section are then performed, utilizing the quenching model developed in Chap-
ter III.

The ability of photons to desorb chemisorbed or physiadsorbed species
from solids has been known for some time. 48-53 More recently, 13,54-56
photodesorption has been distinguished under experimental conditions from a
related process which involves local heating of the surface by incident photons.
Photon stimulated thermal desorption then results.5 7’["1?(? use of stainless steel
in high vacuum apparatus has slowed progress in photodesorption research, 13
inasmuch as strong photodesorption from this material has been shown to occur.

Experimental interest in photodesorption has recently increased

sharply. The cross section for photodesorption of neutral CO2 from ZnO was

57 -
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- 56
recently measured to be 4 x 10 19 cmz. This cross section includes

all channels inasmuch as it was inferred from exponentially decaying de-
sorbing particle currents. Utility for photodesorption as a surface cleaning
and preparation technique is suggested strongly by this result, as carbbn
was believed to be present on the surface as a trace impurity.

Prior to our publication of some of the results to be presented b‘elow,59
theoretical investigations of photodesorption appeared to be llacking. One
dimensional desorption theories previously published have been phenomenological
and applicable only to ESD. Our published results are significantly extended
iﬁ the treatment to follow. Attention is given to the temperature and frequency
dependence of neutral atom photodesorption, which selectively probes the
Franck-Condon transition region of Fig. (2. 1). By contrast ESD probes the

entire ground state at once.

The Excitation Phase

>
The excitation phase is described by R < (r). A model for this function
is incorporated into the solution of the transport equations below. The substrate
is assumed to remain in its ground state before and after excitation. The up-

ward transition rate is approximated, using the Golden Rule, by:

RfP) = (3L K21H PI°S (B - )= Bw) )

Here H' is the perturbing field Hamiltonian. The states /n) , n=1, 2, de-

pend on T . Theydescribe perturbed atomic states of the adsorbed atom or
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molecule. Only a single excitation channel is considered. Our attention
is directed to the case where excitation occurs via simple atomic dipole

transitions, hence the perturbing Hamiltonian is given semi-classically by:

H' =R E = 4% E, cos(wT)

-
Here ML s the atomic dipole moment operator. We assume that a mono-
chromatic photon beam falls on the surface at normal incidence. The photon

‘flux F is given by:

2.
c Eo

F:g;;}-ﬁw

A quantity analogous to the free atomic excitation cross section (ﬁ‘

is given by the transition rate per atom per unit photon flux:

X/F) = dé‘@@%//)/?@{?)-ﬂ(;}_ﬁw) |

(4.1)

As defined above XK - G,; in the limit z =2 &0 , where the
wavefunctions and the resonance condition approach limiting values. We have

2 Yk
averaged over the time, eliminating (cos“est) dependence from /K2 / /

Note that =

Ry (¥ = FAy(?) (4.2)
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More complex excitation processes involving intermediate states

of the substrate have been proposed to explain recent experiments in which

55,56

CO, was photodesorbed from ZnO. Such processes are describable

within this theory by substitution of appropriate matrix elements for

Q15 101"

Transport Equations

. R .
Cylindrical coordinates definedby ¥ = ( ¥1,Z) » VZ (V) 2)
are adopted, where T L v 4 lie parallel to the surface. The functions

R, Q, En’ Pn are independent of T

c, in this translationally invariant system.

The state 1 equilibrium distribution defined by Eq. (2.7) becomes:

B°te,v) = PY2,%) AVE)

Where the z dependent distribution is:

f exp[ ﬁEE]
F(Zi\é)"/zr) /;’E expEBES (1] (4.3)

Here E, = -'_—Z—Mvg + E l(z) is the energy associated with propagation normal
to the surface.

For the translationally invariant substrate surface, the desorption
problem is one dimensional on the microscopic scale. The function A(vlz_) is

a gaussian normalized to the surface cell area, which is now arbitrary. The

solutions Pi R Pé are also found to be modulated by A(\f) The differential
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cross sections defined by Eq. (2.18) will not display significant colatitude

dependence; hence, we shall examine the total cross sections only., Emission
will be directed primarily in the z direction, inasmuch as kT, the thermal
kinetic energy associated with transverse propagation, is small compared to
realistic values of E*Zz(zo) - Ez(ooﬂ . Here z is the excitation coordinate.

The linearized transport equations to be solved are the following:
dPrzv) ¢ dEAZ) _-'D—/—Za—‘ﬁ’
— T M 4z
oz
gt - Ee0@

v

o/ / dE, (2 aP/z,VJ, P
Vaaéfzfv) - M dij X% 2 (%, V)Q(E)
(4.4b)

A separation of variables was easily carried out in the transport equations
(2.12a, b) for linear response, obtaining the above for the steady state descrip-
tion.

The total desorption cross sections follow integration of Eq. (2. 16a)

and (2. 18) over T, and over the gaussian'\';' dependence. The result, for
L

L
L>> a, is:

o = o[ dvv G4

(4.5)
o
The total ejection rate per unit sample area is:
oo
. Z=L)
N (?) =/V/7‘)/;{V V o (
7 0 : (4.6)



Here N(t) is the number of adsorbed particles per unit area on the surface
at time t. The number of state n atoms ejected from the surface per unit
time is obtained by multiplying I:In(t) by the sample area.

Experimentally, the ejection rate I:I including all channels, and
1:12 are of interest, The latter is monitored by detecting the free atomic
fluorescent radiation at the frequency 'ﬁ%pr"'-‘ Ez(“’) "EJ("‘) , wWhich
has energy of the order of one to several electron volts.

The salid line representing E, in Fig. (2.1) indicates the qualita-
tively reasonable behavior for Eo(z), which is monotonically decreasing.
Trapping in state 2 is neglected. The adsorption site coordinate indicated
by b, in Fig. (2.1) lies in the range 1 - 4 A% in realistic systems.

It is also assumed that [Ez(z) - El(z)] decreases monotonically

with z. There is thus a unique solution to the resonance condition:

s = E,(2.) ~E/MZ)

(4.7)
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which appears in the delta function of Eq. (4.2) specifying R(z). This assump-

tion may be relaxed at a later point if necessary. The excitation term in

transport equation (4.4a) may now be simplified. We note that:

J(?"Zo)

dE-E))
7z |z

§ (Excs)-Ecay —-hw) =




. . 0
For convenience we make use of the expressions for R(z), Pl (z v) to

define:

Mﬁ .../BE/(E‘O)
E /[2{//:4//7/-&(1 m &€

(%) = - (2%
9 ) E/)/ [C{Z e -BE z “.8)

The delta function was used to evaluate all quantities at the resonance point
zg.
The state 2 transport equation is now written with a point excitation

source as follows:

_pave

+BQ=g@)e “drz-zo

(4.4c)

/ /.
1 d& IE’
V%?_ M dZZ aT/Z'

: ’
Solution for P2

Expressions for the photodesorption cross sections are now derived.
First, the transport equation (4.4c) is integrated to find P:’Z (z,v), after which

the state 2 desorption cross section (Z is obtained. The result for B;Z(z,v)

63

is then substituted into Eq. (4.4a) to obtain P'l(z,v), and subsequently the ground

state photodesorption cross section. The monotonically repulsive shape we

assume for Ez(z) ensures that the condition O (E.(T) "EZ(M)J—;—Z

is always satisfied. Here 9 ()C) is the step function.
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v_.. We define the thermal

The coordinates at excitation are Zy Y,

speed carried over from the ground state S=E [Ve/ , and the speed at an
arbitrary point L= / V/ . Nofrictional forces affect propagation in this

model, hence the total energy is a constant of the motion:given by:

E = #MST r5(%)

A lower bound on the z excursion of the atomic motion is set by the classical
turning point z,,;, where the speed u vanishes. This point is the root of
E = Ez ( ’Z'hmv ) . Barring deexcitation, a desorbing particle moves
directly from zytoz Fo@ when v is positive. A reflection at Zmin

occurs when v, is toward the surface.

o)
We separate P'2 (z, V) into outgoing and incoming components, dis-
tinguished by <+ or - superscripts. The substitution:

212y = e(v)P (BuU) +OCV) I ()

(4.9)

allows us to separate the transport equation (4.4c) into separate equations
+ -
for P 2 and P2 plus a boundary condition for u= 0. Making use of the identity

J()O = —6—7—(@) the transport equation becomes:

5 OB+ 9L
erv)[“a‘p"“ﬁ”{ 25 r9% 7 —ﬁl"’“

Srv) [U ai/z +4E-287_0R7] = = (2,)0(2-2) €

- 5(«)/,—,{—3%[@*/? 7

(4. 10)



Away from the turning point at u ¥ 0, the new set of transport equations

is now:

Z
+ 2 z _Bg_u
8- LAEIE TQB = 2 9(2) (&%) €

“sz i az O«

(4.11a)
At the turning point we obtain the bouridary condition:
- 7 =/ y
L -?O Lo : “ S (4.11b)

Fere equation (4. 10) was integrated over v on the range VvV € E’ 77, "'7]

R
where 7 =O . After performing the trivial integrations, the limit

7 -
7?29 wastaken. We assumed that gradients of P, and!P, both either

remain finite or approach the same infinite limit as u —2 0.

The next objective is to transform equation (4. 11a) to a new set of

variables in which the differentiation on the speed is eliminated. The variables

ﬂ and

kinetic energy at excitation. The required transformation is:

¢ =7

H =QL/V]M27"EZ/?:) - E2(2s)
Prrzu) — BT(%5)

- 3
f = :{‘/‘15’ accomplish this. Here —f is the thermal

(4.12)
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The physically intuitive solutions satisfy

E(FML”) =/

where the speed is now given by the function:

L{(Q‘, ;) =l\//\!7?1—£-§ *Ez(z'o)“Ez/@)J

(4.13)

Under the transformation indicated, the derivatives in Eq. (4.11la) transform

as follows:

Z
SR OB, JE® QR

o2 o dP 2%
- -+ (4. 14)
DRCEW —> MA@ ORIB3)
O 2%
We find that Eq. (4. 11a) assumes the form:
Zz
ML
— B

£ z
U $) a_%_@ 02 Q)3 crs) = Tgeid@z)e
3

Further simplification results from dividing by (24 (¢J 5 / and using the

delta function to substitute S = A/ ¢)§ ) on the right, with the result:

66
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The solution of the transport equation continues with the adoption

of a trial solution having the form:

_p5
pmsﬂ—'elg y2 *c4,3)

(:;_;.) (4. 16)

After cancelling some factors in Eq. (4.15) we obtain the final form of the

transport equation suitable for solution when L #0

z £
2% £ QA = 2 grz)Id(P-z)
oP cl (4.17)

The solution at ¢ = zmm will satisfy the boundary condition derived

from Eq. (4.11b), namely:

A;’mﬁ 7¢);) = Z/mf:(¢)f)

D® 2 P> Zmin (4. 18)

The integration of Eq. (4.17) is accomplished trivially, We integrate

67

separately over the ranges of ¢ defined by the inequalities ﬁ,f‘éé ¢£f2)

g'”m <@ £ 25€ |, for which the delta function causes the right hand



side of Eq. (4.17) to vanish, and finally over the range -Zo"é < < Zo7€

- 2l
Here € = © |, For the first case we have:

z Z

do: = 7/ g Q@)

_AE LLCD)S)
21E 2.7€

This yields the following solution, valid at z 2 z_+€ :

@ LD

_ A
2N (Z £) = A (Z’é 5}8)30[*/ D, (4.19)

Integrating over the second interval, one similarly finds a solution in the

range z ;< 2 < zo"€'.:

0 QD)
/OZ (25) = (Z;é ﬂe"f'[/ A EP)5) (4.19b)

Finally, we integrate in the neighborhood of z,, defined by the interval

2-€ < @ < BTE . The delta function contributes here and we find:
ZJdE € =+
dg D4 “r085 = F ABPUN@,F) + g (Zo)
o }25 e B)¥)
2 € &€

The integral on the right vanishes, as it may be reduced to a form in which

it is proportional to€, namely:

Z ¢
— € QUZ) (1€ 5) =R (26 )
e L ps (&7 5) =R Y,
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There is thus a discontinuity in the solution at z, given by:
= 5 |
P (2tEE) = B E€)S) = z g (Zo) (4.190)

The discontinuity at z o should be expected, inasmuch as a source of incoming
particles resides there.

The solution for P:’Z follows after matching the boundary conditions.

+
-
For economy we abbreviate the exponents appearing in the solutions for ﬁ
by the following common form:
Z2
Kiz,z) = [ 429 4
Z, e’ ®,5) (4.20)
The dependence of K(zl,zz) on ,f is suppressed for the moment.
The boundary condition at z,;,, Eq. (4.18), is used along with the
+
solution for ﬁ ~ in Eq. (4.19b) to obtain:
_f _ -2 /((me/ %0)
(2€,5) = /% (& €,5) €
¢ (4.21)

Next, we assume that there is no incoming particle flux in the region
where z> z,. Eo(2) is monotonically decreasing; hence no trapping of desorbing

particles results. We impose the condition:

P, (&arg5) O

The remaining éoefficients at zoﬁ € were found with the use of Eqs. (4.21),
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(4.19a,b, c) and the above. These are:

/0; (26 F) = ¢ (2Zo)

+ ) —_2/'(( ron) )
/z (Zo"é/;) = g(zo) e

_2K (2, )
Pl cares) = grzu)[ ) + € "7

The form of the salution for the probability density in terms of fz./ i

given by the following, where we have used Eqs. (4.9), (4.12), (4.16):

/féz, F) = L[@(V)/)z (2,5) +OV) B, (2 ;’)]

(*%)*
Now all the results are collected to write the §olution to the trans-

port equation for the excited state. At arbitrary z, § the solution is:

-2/C(2m, %) -AlEn%
5;215) e g 20) ) Ozew)fire ‘le. )

A+ O22 ) O (252)OIV) ek(f"""%) ~H12?)

- K2 20)
4 G2, )0 2) O-V) @ ?

(4.22)
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We inserted the step function 5(%‘207.:0) to cut off the solution automatically

at the turning point z__. , which depends on ? and zZ Only the large z

min
limit of this result is required to evaluate the excited state desorption cross
section. The full solution for arbitrary z is required in finding the transport
solution for the ground state, Pj.

All terms in the Eq. (4.22) have clear physical interpretations.
First, one should note that the quenching integrals of the form K(z{, z5) yield

the decay probability along the particle trajectory from z; to z,. Entities of

20
this form in Eq. (4.22) appear with the lower integration limit closest to the
surface, hence they are positive. The exponentials in which the quenching

integrals appear are thus attenuating the emission probability. Quantities of

the form:

S, (2,2:,5) E €KP[— fryz,2,5)]

represent the probability for a desorbing particle to survive from z, to z 2
along its path without undergoing decay. Survival probabilities related to these
~ appear in discussions of desorption which have appeared previously, '

We recast the result into a more convenient form for discussion, displaying

the survival probabilities:

F (2,5) = CQlZ) f O O(z-2) [17 5012, 2] S, (2,2)

(

FOV) O(2Zomn) OZ:2) S, (2, 75) S (2D

FOV) B (2Zmr) O 2D S (212) }
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The first term in our result for Py Eq.-(4.23) represents the outward de-

sorbing particle flux at z ) z,. This is the term which survives when the

: , Z :
cross section G;_ is evaluated below. The factor SZ(Zmin’ zo) is the
probability of surviving the round trip from z, to the turning point Z hin

and back in the excited state., The quantity in brackets, namely
[i *S%(zmin, zo)] , is thus the sum of contributions from particles ex-

cited with outgoing velocities at z_, which produce the *1*, plus those directed

o’
toward the suifface upon excitation. The overall factor of Sz(zo , 2) further
attenuates the outward flux in transit toz. Similarly, the second term in P:’Z
contains the outbound contribution at z< z,. These particles have been reflected
by the potential barrier at z,;,. The interpretation of the third term repre-

senting inbound flux is analogous.

Photodesorption Cross Section, State 2

Next the photodesorption cross section for state 2 is obtained. The
non-radiative decay rate Q(z) depends on coupling to the solid, and therefore
vanishes at large z. The result for P:.rz(z, 3 ) approaches an asymptotic value
independent of z in the detection plane, located at L 77 z, The survival
probability Sz(z0 , z,7 ) approaches a constant as z —» > . The limiting

form of the probability density is:

_pBf
R (2200,5) = € 9(2)  OM) O(F+Ex(20) - Exten)

/%_4_?‘/“:’: (4.24)
xJl # S5 (EmmZa5)] S (Eoroo)



The step functions inserted here emphasize the point that only those tra-
jectories satisfying their conditions lead to particle desorption from the
surface. Trapped excited states eventually decay to the ground state,
possibly possessing enough energy to desorb.
The cross section is defined by Eq. (4.5). We take Py(z,v)= Pé(z,v)
as we did previously in linearizing the transport equations, inasmuch as
Pg (z,v) £ 0. The expression which résults after the substitution of Eq.
(4.24) is:
&0 _ ﬁ;
= qE avve Le{;’ t£2(20) = £2(0°) *
PR Y S]] G(end)

The integration on the ejection speed V may be converted to one on the thermal
energy )5 . Recall that the thermal energy is uniquely connected to the

asymptotic speed through energy conservation by

; = ;21—/1\/2 + EZ(OO)—EZ(ZO)
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Und-~- “E-z_'"“’“ble change Vc{ V- d S//v‘ the lower limit on the resulting

[
inteP? H¢/  :ro; ? is necessarily positive definite. The photon flux F is

r
cko . | . . :
PF B Eq. (4.8) defines g(z ). The resulting cross section for

free atomic fluorescence upon photodesorbing is:

Do _ﬁ)‘
UZ(ZO}@) = ﬁ{zo)ﬁ)/d—g—% 9(';1‘.52('30)—5(00)))(

(4.25%)

X /’*5;.2(-%%»)2"/{!]5;. /Z"’) “/f)
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The coefficient ﬁ( Z'o, {3) is independent of the perturbing photon flux

as expected. It is given by: '

é_‘ __/35(&.,) Z
7 2/l (2

ﬁ E’é B&) o (] )/ (4.25b)
dTE [z,

AlzB) =

The final iﬁtegration on ? in Eq. (4.25a) for Q’; is
difficult to perform analytically. The survival probabilities depend on ?
as does the step function. However, the boltzmann facter exp E— ﬁf]
heavily weights the integrand so that small f satisfying f < K//‘
contribute most of the intensity.

Only a small error is introduced into the result by neglecting the
weak § dependence in the survival probabilities and step function which
appear in Eq. (4.25a). The overall factor of 3:. fﬂf(" [3§) is retained.
The temperatures of interest for desorption studies lie in the range where
kT <« .025 ev., while the desorption energies@z(zo) - Ez(co_))are from

one to several electron volts when z , is up to several angstroms. The scale

0
of variation in E4 is such that we may neglect energies of order kT in computing
the speed, except in the immediate vicinity of z . The step function in Eq,
(4.25a) may be removed from the integration, inasmuch as

fﬁ}lj (([E),(Zb)"é}./w).? . The only effect of neglecting % here is a

slight shift of the threshold. We replace the thermal energy 5 by its

average value in the survival probabilities. That is, we replace So(z,i,,2 0’3 )



and Sz(zo, oo, f ) by their values for f =}ﬁ . The turning point at
Z in is now approximated by the solution of %@ =Ez,fZ',,,m) - E,z(ZO).

In the low temperature limit, z__ . —% z . The width of the integration

min o
in KZmin, Zg» 1/’3 ) is small. We have verified by expansion that for low

temperatures, one may approximate:

gz. (2nunj Z") 7/3/) =~ ]

Finally, the factor So(z, ©o , ‘lﬁ ) is removed from the integration. The

remaining trivial integral is:
/
oo L
P ) - (Z)*
Z
3 D ﬁ z /3

As a final step, the usage prevalent in the desorption literature is

Q
SV
€N
t

adopted. We identify the coefficient of V;_ as the optical excitation cross

section from state 1 at temperature P and frequency C/ . It is given by:

__(3&',(2-0) 2
= 5777'7&/ e (24!
- C / "ﬁE/(&') cf(é'L'E)
AL e ———_—a’é z.

@((p,Z'o)

(4. 26a)

Here, there is a unique correspondence between z, and w by previous
assumption. The single atom excitation cross sections have been ensemble
averaged over all initial state 2 velocities resulting from Franck-Condon

excitation. The resonances implied by the optical transition rate contracted
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the spacial ensemble, whose width is set by Ejand B , toa single
point at z . The frequency dependence of U;x ( ﬁ/ Z°) thus directly
probes the energy differences for vertical transitions on Fig. (2.1).
The photodesorption cross section for optically excited particles

is given in this approximation by:

O;-(ﬁ Z'u) = 0;(//3/20} 6/52(31") ‘53.{0°)) S:?_ {Z°)bo/ﬁ) (4.26b)

Here, the survival probability S?_f Z0)02) attenuates the outgoing beam
via a non-radiative decay process. Written explicitly:

| !94: o2 Pr2) |
— 'L
62_( Z2.,%0,B8) = @ /.z é‘:% Ear2)- Ex)] * (4.26¢)

Ground State Desorption Cross Section

Methods similar to those employed in obtaining @ yield the cross

section for particles photodesorbing in the ground state. The full solution for
CI_: for large ﬁ is given in Appendix I. The result is:

£
= 2 (2) S, (20,2
U 20p) = (§)° G, (2of3) [AERLR) 22 (B0 ,f3) x
2. L5 1Guls) -5 B> @)
x OLE: (Z) -E£,(2) +E)(2) - & (22)]

The denominator in Eq. (4.26c) and (4.27) is the approximate speed u(z) at

the decay point z in either state,



G S (Z2) 77
One should expect this result intuitively. @( 52 ( 2<‘)E)
is the cross section associated with a particle excited to state 2 at z,
attenuated by propagation to the point z. The probability of a decay over
dz is Q%% . The step function ensures that the kinetic energy
at z is sufficient to permit desorption. One integrates over all intermediate
points along the desorption trajectory where decay can occur. The total
photodesorption cross section in this model is simply the sum qd‘(]:
Particles desorbing in the excited state may be experimentally distinguished
from those emitted in the ground state if one monitors their fluorescent
radiation at the frequency Aw = Ea(o0) — £/(02)
We shall explore the features of the final results of this section in

the next chapter, where models for the unknown decay function Q(z) and for

E;(z), Ez(z) are adopted.



Chapter V: Evaluation of the Photodesorption Cross Section

The cross section for photodesorption ofineutral particles in the
excited state is now evaluated numerically. The systematics of variation
in the expressions for O;_ ) V'éx obtained in the last chapter is examined.
Our one dimensional analysis is facilitated by the adoption of effective poten-
tials for E9(z), Ej(z). The dominant decay mode for excited atoms or mole-
cules is taken to be surface plasmon excitation, for which a decay rate was
obtained in Chapter III. In order of magnitude calculations, we find that
excited state photodesorption cross sections for low mass adsorbed species
are large enough to encourage experimental studies.

Model Effective Potentials

The qualitative behavior required of Ej, E, for neutral atom desorption
was outlined in the discussion of Fig. (2.1). In addition, we require
[E 2(z) -E 1(z) J to be monotonically decreasing with z. A variety of functions
possessing the required properties are well known in molecular physics, among
them the Lennard-Jones 60 and the Morse 23 potentials, The choice of
form for E is not critical in this investigation, as we explore qualitative fea-

tures and trends. The following form for E ;(z) serves our purpose:
6
Vt Q - Ve a-3_

E,cz) = (Z1+)€ Z+a)>

Here a long range dipole interaction and a short range London interaction are
assumed. We model the excited state energy E5 as a purely repulsive London

interaction, omitting the long range attraction to prohibit trapping:
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f2z 7‘-E-z (00)

(%
E,c2) (/70 2)® (5.1)

In the above, Ez(w) is the free atomic fluorescent frequency. A Born-Mayer
potential for E, was used with similar results in preliminary computation. 61’ 21
It is convenient to write E 1(z) in terms of the chemisorption energy

Vo, the adsorption site coordinate b, and a spring constant k, which defines

the width of the harmonic part of Ej. We define:
L
- 3 aw
for which

/ _ 2
Ez) = ¥ (1+¥2-K)¢ (7502-61)3

(5.2)

The harmonic expansion which approximates E near the minimum at z = b is:

— Z
E£,(2) -V *rFK(Z5) (5.3)

Typical numerical values for the parameters which determine the
cross section are displayed in Fig. (5.1). We shall not scan their full range
of possible values. In Fig. (5.2), the functions Ez(z) and E {(z) are plotted,
with the parameter choice guaranteeing the monotonicity of ﬁW(z)’-‘-E 2(2)-E{(2).
The dashed line is the plot of ﬁwm) Optical excitationatz =b ;‘equires a

6 ev. photon. This energy lies in the ultra-violet where photodesorption fre-
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3,62
quencies have been found, !

Excitation Cross Section

We now infer some of the qualitative features of photodesorption from
the structure of Q;x) T2 GI. as given in Chapter IV. Several approxi-
mations facilitating numeriical computation will be made.,

The excitation cross section V;-x (UJ;F\‘) was given in Eq. (4.26a).

It is an upper bound on the total cross section, viz:

G R) + Gl x) ,é(:,_gx(w,p)

The dominant frequency dependence of the C'; , 07 spectra mirrors the
frequency dependence of q‘ £x - The excitation cross section depends on

the (0 the region néar fhe adsoxv'ption site at z = b, The spectra of Q;X, G;-.- ’ (,—,-
in the region near the adsorption site at z = b. The spectra of Q;X, G;-.- ’ (,—,-
thus replicate the ground state distribution P?, modulated by more slowly varying
functions of the photon frequency. Scanning ﬁ(A/ above the excitation threshold
at P Wopr -'-"Elz( ©oo) - El(wﬂprobes values of z  progressively closer to
the surface.

The most interesting temperatures lie in the range kT ~~,025 ev., for
which thermal desorption will be negligible. The ground state population is
sharply localized near the chemisorption site; hence, the behavior of El(z) only
in the region z ~~b significantly affects G:‘-')( . Anharmonic terms in E 1 are
important only where Gé—k has negligible amplitude. We therefore expect the
excitation threshold at ﬁ %Pr to occur where the cross section is unob-

servably small.
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For numerical evaluation, we make the harmonic approximation,
Eqg. (5.3), for E; in the excitation cross section. The partition function in

Eq.(4.26a) is readily evaluated, with the result:

Az epl-pLez] = 5/3(/[/3/1«

The excitation cross section now has gaussian dependence on the atomic coordi-

nate z , at ‘excitation:
-+ .
O 2o @) = (rcal)e ) I<alKL/%1g,
vzir /™ /c/cu(a) (5.4)

Here, a_ is the Bohr radius, with all other quantities in atomic units. The co-

(o}

2 ., wWhich establishes that

efficient has the value 817’20(213 =1.6 x 10" cm
appreciable coupling exists to the excitation phase. The gaussian width

= (P h'j“?:: We choose /3 =40 ev.”! initially,for which /4“-‘— Sagr
hence, the ground state is localized. The region between z;, = b z /4 , Where
the amplitude of VZ,‘ is large, is cross-hatched in Fig. (5.2). The peak
amplitude of V.EX decays as (kT)-l/z, while the width /-I increases at
elevated desorption temperature. One might modify the spectrum of q.a( by
quantizing the ground state, for low mass particles or low temperatures, re-
placing the normalized gaussian of Eq. (5.4) with a bose distribution of harmonic

oscillator states., Temperature dependent effects on the quenching are discussed

below.
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The Condon Approximation 63 is used to evaluate the frequency
dependent transition moment in Q'::y ; that is, we neglect the spacial varia-
tion in <R/ L% /1¥/ Z ) which is slowly varying compared to the sharp
peaked structure in sz . The variation of /< /b§‘>/ from its free
atomic value is taken to be a small perturbation. The numerical value
WX [ ~ 10_18 esu-em. is chosen for use in computation. This value cor-
responds to the is ~¥ 2p excitation of hydrogen. The factor (U(Zs)/ /w’(z—o)/
in (T;—X is also slowly varying for the energy functions chosen,as:exami-
nation of Fig. (5.2) will verify.

In computation, we substitute Eq. (5. 4) into the expression for the excited

state photodesorption cross section given by:
Q reup) = G‘E',((w,/.?)g,2 (2,92 3) © (£,(Z)- £, ¢02)) (5.5)

The survival probability So(z o 02 P) defined by Eq. (4.26c) is now written in

the form:

S2l29990) =€7<P[‘ /ﬁijﬁﬂ ¢ Z°/"’//337

(5.6)

where

oz Q2
D (2o, 3) = —
"R A [# +Ecz)-Eca))t

Here we note that an isotope effect is expected in photodesorption. Similar

1,2
mass dependence has been noted experimentally and in the theory of ESD.

(5.7)
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The function D(zo,oo, p ) depends on the electronic states, hence, it is
independent of isotopic mass., We are neglecting mass dependence in @x)
as the ground state is represented as classical,
Quenching

We assume that the dominant decay channel involves creation of a
final state surface plasmon with energy ﬁ(?':'- wW/(#). Here, W(CE)
is the loss ﬁ?,z(z) -E l(z)j in the internal energy of an adsorbate particle
decaying at z. We examined this decay mode in Chapter IIl, where a quenching
rate expression assuming linear plasmon dispersion was given in Eq. (3. 16).
Now we write Q as a function of energy loss ¢a/, using the system of atomic

units:

2 ~znesS)

Qw) = &, Olw-Ga) 9_0__) el &
79

Icﬂ

3

N

(5.8)

We did not make the harmonic approximation for E; in computing Q. This
function appears in the exponent in S,, hence, its sensitivity to the detailed
behavior of [ E,-E lJ away from z = b is taken intoaccount. The coupling

constant Qg is defined by:

/7 -/
_ 27 R = £3x/0  sec.
Qo - 3

with R,, = 13.6 ev. We made the Condm approximation for the dipole transi-
tion moment inQ(w) as in  Ng, , taking KQfz/17/= 0, Ka/u//y=.4
atomic units, The initial and final states involved in excitation are merely

interchanged for quenching.
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The plasmon wavevector required for a decay at z is:

?_L/E) (&) - (o

S

The behavior of this function mirrors &/ &), plotted in Fig. (5. 2). When
the group velocity s is small and QJ(£=0) > o , large wavevectors

9% > 27  are required to create surface excitations in decays. The dipole
approximation requires ? ', (7 £4.7. However, one may estimate to order
of magnitude in Eq. (5. 8) that heavy damping of excited atoms or molecules
should be expected near the surface.

The substrate properties in quenching are characterized by its mobile

electron density n, or equivalently, by the plasma parameter rg ¥ [3/477n] 1/ 3.

The plasmon threshold energy is:

-3

e = ERZ
2 (5.9a)

and the group velocity was estimated in Chapter III by:

-/
S = VF 4 = W€z ]

(5.9b)

where o = .521. We write the decay rate displaying its dominant rg depen-

dence as follows:

) Z
Q) = 17_7_@ Qo B (w-0s) (/-Gg) [tui x
w

~ R2VELIZ/(w-TC) k;

X
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For a low density substrate (rg >7 1), q; is small; hence, quenching

can contribute, in principle, up to large spearations from the surface. How-
ever, the exponential r dependence implies that Q is non-negligible only quite
near the surface. Ina high density substrate, the effective quenching range
extends to W(E) =G:.

Photodesorption in the excited state only is possible when the photon
frequency lies below V;. One should observe in Eq. (5. 8) and (5.7) that
So is then 1. One may verify in Eq. (4.27) that the ground state desorption is
then zero, Naively, we expect to observe a drop in G;_ , accompanied by
the onset of ground state desorption, when the photon frequency is scanned
upward past (o . The sharpness of this threshold is a measure of Fs,
inasmuch as Q o¢ ?J_z' , to dominant order, just above threshold. The
threshold effect will be observable, in practice, only if V;"ﬁ- o 6) )
due to the sharp drop in the magnitude of C:.:x away from the adsorption
site. This condition is fulfilled, with the parameters we chose, when

U, = 6ev., which corresponds to rg=3.12. If Co Jeucb) ,asin
a high electron density substrate, one expects to observe a large unquenched
photodesorption cross section G——;_ equal to f;‘ . ‘We neglect here the
effect of substrate electron density on the effective potentials E(z).

The most interesting systems for study are those for which v;a{ X))
We select r s = 3.45 for initial computation.  This lies in the range of metallic
densities, and corresponds to A (G = 5.2 ev. The quenching mechanism
cuts off for z 2 4.8 A®, at which point hew(z) = 1)'6:; . G‘;.xis negli-

gible here, so the threshold will not be observed. The plasmon group velocity
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for this rg value is estimated, by Eq.(5.9b), tobe  Fis = 3.27 x 10" 8ev-cm.

Inasmuch as this is a rough approximation to the dispersion, we also vary hs
independently of A oS , bracketting values in the range 10-9 to 10-7 ev-cm,
We also approximated the case where the amplitude of @x' at its peak
suffers the heaviest attenué.tion. We maximized Q, by setting dQ/ds =0 at
z=b, This provided the value 7s =1.13 x 108 ev-cm. for study.

In Fig. (5.3) the nonradiative decay rate Q is plotted as a function of
energy loss ﬁaJ In Fig. (5.4), we incorporate the models for E2, and E1
to plot Q as a function of the z coordinate at decay. The plasmon pole expected
with a dispersionless surface plasmon model is evident for the small group
velocities. Close to the surface, large wavevector excitations contribute to Q.
The physically reasonable group velocities lie in the range 1078 to 10'7, for
which Q declines monotonically with z. One expects the survival probability
S, to rapidly decrease as the photon frequency is scanned to higher energy.

In Fig. (5.5), the effect of various substrates on the decay rate ampli-
tude at z =D is examined. Q(z=Db) is a measure of the attenuation that @y
should suffer at its peak amplitude. An almost exact resonance between the
substrate plasma frequency and the energy gap is required to quench with
appreciable strength, when the dispersion is small. In realistic systems,'ﬁﬁ?
and ﬁs are coupled, hence, we plot the dashed curve, on which 17_0: and

AS are varied together}ln accord with Eq. (5.9a), (5.9b), The strongest
quenching at z =b is found for rg=3. 67, for which 7Ga = 4.75ev. It
is likely that we considerably overestimate quenching effects below, when we

study a system with ps = 10~8 ev-cm. and ﬁa‘; = 5.2ev.
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Results and Discussion

Now the excited state photodesorption cross section G;( «“, /37
is evaluated numerically for a number of hypothetical adsorbate-substrate
combinations.

First, photodesorption of hydrogen chemisorbed at 300°K. on a sub-
strate with rg= 3.45 is portrayed in Fig. (5.6). Here the gaussian shape
predicted for @x , the dashed line, is seen, with peak amplitude

~ 6x 10 17cm. 2 at z,= b. Similar amplitudes for the excitation cross
section have been deduced for ESD in experimental studies, although the exci-
tation mechanism is quite different6.4 'Pf‘)osr H -f: the ESD excitation cross section

is ~10"1cm.2 , while for O*, Uex ™~ 10-16cm.g . The

photodesorption cross section we calculate y ~2x 10718 cm. 2 atits peak,
should be readily measurable. ! . Smaller or larger dispersion coeffi=-
cients produce spectra of U lying between those plotted, as we have delib-
erately maximized the quenching.

Fig. (5.7) shows the comparison of T,_ for adsorbates of mass 1, 2,
and 16 amu. on the same substrate as in the previous illustration. The isotope
effect implied by Eq.(5.6) reduces the deuterium cross sectidn to roughly 1/3
of its value for hydrogen. For oxygen, the flux is quenched by about six orders
of magnitude in Fig. (5.7), to ~ 1,6x 10"22 cm.2 in the neighborhood of the

,(’-Ex peak. The frequency spectrum for 16 amu,. is shifted downward in
energy by about 1 ev., One expects reduced survival probability at high frequencies.

Thus, skewing of the V;: spectrum to lower energy occurs when quenching

couples effectively. Clearly, wherever there is strong quenching, desorption



cross sections for massive adsorbed atoms or molecules will be small, 88

For an isotopic mixture present on a surface, one should quite gener-
ally expect preferential ejection of the lighter species in the excited state, in-
asmuch as the ex [ 11/2 ion i

ponent of So has LM dependence. Isotope separation is
negligible if quenching is weak, and absent when 'ﬁﬂ > Hhew. . Enrich-
ment of the heavier species remaining on the surface and of the ground state
desorbing flux is expected. Experimentally, the isotope effect may be used

to deduce @x and to estimate the quenching integral D(z , co , P ), if photo-

desorption cross sections for isotopic species are separately known. One finds:

r7)

Do p) = Ln [z cwip) / Gz ey gy
M, 7% :
(ZT% [(e)%-/]

(2
Here, MZ(MI) and V; ( @__ (/)/ correspond to the mass and known experimental

photodesorption cross section for the more (less) massive species residing on
the surface. The isotopic bonding and anti-bonding E curves and their excita-
tion cross sections are taken to be indistinguishable.

Isotope effects analogous to those described are well known in the ESD
literature . 17204 %l ratio Gl /7"/) ~ 100-/50 has been found

-+ G:(0%) -6

for ESD of H ~ from tungsten. The survival probability So-~35x 10 " is implied.
For O’fdesorption from tungsten, G:(O/‘)/W(O")= 1.6 was found,
implying that S 4 x 10-4.

In Fig. (5.8) we examine the dependence of the survival probability on

the substrate electron density, and on the dispersion coefficient hS. The

treatment is crude, inasmuch as E 2(z), E l(z) are taken to be the same for all
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cases. Differences in the chemisorption parameters are thus neglected,
We plot S2 for a 1 amu. particle excited by a photon with 72 &/ = 6,05 ev,
corresponding to the peak of the excitation cross section. Substrates with

H 0o Z4.5 ev. (rg£3.8) are included. When AGg > hes So= 1.
In the dashed curve EGB and PS are varied together as suggested by
Eq.(5.9a,b).

In general, S, is quite sensitive to the surface plasmon dispersion.
However, the dashed curve in Fig. (5.8) indicates that one should expect sur-
vival probabilities in the range [, 25 ~—1] for a 1 amu. adsorbed particle on a
wide variety of substrates. One may obtain Sy for massive adsorbates by
scaling by the square root of the mass. Thus, for CO (M=28), we would esti-
mate S to lie in the range 7.4 x 1074~ 1] , while for CO, desorption, sur-
vival probabilities from [1.2 x 10'4- 1] are suggested via surface plasmon
decay over the same class of substrates., Setting aside differences in the chemi-
sorption parameters, Fig. (5.8) suggests that photodesorption cross sections
for light atoms are of similar order of magnitude for many combinations of
solid and adsorbed atom or molecule. The cross section will be strongly sub-
strate dependent for massive adsorbed species. Real combinations of surface
and adsorbate fréquently possess several adsorption geometries, for which
quenching effectiveness will be drastically different.

We examine the frequency and temperature dependence of the survival
rate for a 16 amu. particle in Fig. (5.9). A decrease in quenching effectiveness
with temperature is expected from Eq. (5.7). We see that variation in Sq over

100-600°K., the range of interest in desorption experiments, has little impact
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on the quenching. The frequency dependence of S, is strong. The heavier
quenching for excitation sites close to the surface originates in the rapid in-
crease of Q(z). This behavior is apparent in Fig. (5.3), (5.4). We are led
to hypothesize, in this simple model, that when several adsorption phases
coexist on a surface, the ones closest to the surface are the most heavily
quenched.

Finally, we look at the temperature dependence of the excited particle
photodesorption cross section, in Fig. (5.10). The oxygenic combination of
atom and substrate of the previous plot is examined. The excita;tion Cross
section broadens and declines in amplitude with increased temperature, as
discussed earlier., Qualitatively similar behavior is expected if the ground
state is quantized. There is little temperature dependeﬁce in the desorption
cross sections, which stabilize at G;_ ~ 10718 cm.2. This lack of apparent
temperature dependence in the peak value of 0~ originates in competition
between reduced excitation cross section, and increased survival probability.
The near cancellation of these effects in this model calculation should not be
expected in general,

Our picture of desorption predicts an almost monochromatic enexrgy dis-
tribution for atoms emitted as fluorescent particles. This is in sharp contrast
to the desorption energy spectra in ESD, where the sha.pe of P; and E2 are in
effect integrated over,producing a‘broader distribution. The desorption kinetic

)
energy EDv is simply:

E.b = E-Z (%) = E:’-('”)
= Eirz) rhw—E (o)~
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for the process we study. The selectivity of excitation should permit infer-

ence of the shape of Eg and E in the vicinity of a chemisorption site.

Systematic consideration of the ground state photodesorption cross
section/ given by. Eq. (4.27) )is deferred to the future. Thg step function
appearing in the integrand of (l',‘ prohibits the escape of particles excited at
Zo 2 .75 A°, with our choice of potential curves. The ground state desorption
threshold thus lies at ﬁwz 6.7 ev., where the excitation cross section is
several orders of magnitude smaller than its peak value. When the adsorption
site is quite close to the surface, large ground state photodesorption cross
sections are expected.

Photodesorption can occur via a variety of indirect processes which
should be experimentally distinguishable from the direct optical excitation
mechanism assumed in this paper. Photon-induced thermal desorption occurs
via heating of the surface by the photon beam. Thermal desorption then takes
place . The photon energy dependence of such a process will be weak.

Another possibility is photoemission followed by electron stimulated desorption.

An upper limit on these cross sections may be obtained via:

q L Ya

PHolo - ESp E5D

where Y is the photoemission yield of electrons above the ESD threshold. Vé;,.p
- 1

generally lies in the range {10 19:m.2 for neutrals, while Y is typ-

ically <€ 1, Such processes should be small, and are characterized by broader

desorption energy spectra than photodesorption. Recent experiments have re-
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vealed photodesorption of CO, from ZnO powder and crystals. 55,56

A substrate interaction mechanism is hypothesized to explain the formation

of CO& on a carbon econtaminated surface, Ilumination above the ZnO band
gap is assumed to generate hales, permitting formation Qf neutral physiad-

sorbed CO,y, which then thermally desorbs.

The popular adsorption systems consisting of oxygen or hydrogen ad-
sorbed on tungsten may be interesting subjects for photodesorption studies.
The tungsten surface plasmon threshold lies at -~~17 ev., based on the bulk
plasma frequency h Lp~23.5 ev. 68 - The sums of the chemisorption
energy and the atomic ionization energy lie in the same range. Taking this as
an upper limit on the excitation energies to be expected in the neighborhood of
adsorption sites, it is quite possible that unquenched emission may occur from
some of the adsorption phases.

Summary

The direct dipole excitétion mechanism we propose yields readily meas-

urable estimated cross sections for fluorescent particle emission. Cross sec-

tions of the order 10'18 -10"17 cm.2

are indicated for low mass species adsorbed
~- 2 AC from the surface. This photodesorption mechanism is characterized by
sharply peaked frequency dependence of (’_Z , and an almost monochromatic
emission energy distribution. In ESD, for comparison, cross sections are
weakly dependent on the incident electron energy, which is usually ~ 102 ev,

The Q2 spectrum sharpens somewhat for low desorption temperatures. When

the substrate plasma frequency is high, quenching may be inoperative, and
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large cross sections may be found even for massive adsorbate particles.
On lower electron density substrates, quenching produces isotope selection
in the outgoing beam, analogaus to that observed in ESD. Linearity of the
desorption rate With the photon flux should be observed.

More exact calculations, including predictions for specific adsorbate-
substrate combinations are not feasible at present. This is principally due
to the absence of detailed knowledge of the effective potentials. Photodesorption
experiments should make it possible to probe these curves in the region of an

adsorption site.
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Chapter V: Figure Captions

Fig. 5.1: Typical numerical values for parameters determining the
photodesorption cross secti\on. Departures from these choices
are indicated in the text.

Fig. 5.2: Model Effective Potential curves for photodesorption
calculations. The parameter choices for Ez(z), El(z) are
as specified in Fig. (5.1). The dashed line is the energy
difference AW = E,(2) - E, ().

Fig. 5.3: The Non-radiative Decay Rate Q(W) via Surface Plasmon
emission, plotted as a function of the atomic energy loss
Fiwo . The threshold lies at %0, = 5.2 ev. Values of
159 corresponding to each Q(W ) curve are indicated, in
ev-cm. The dashed line corresponds to %S estimated via
Eq. (5.9b). The substrate is assumed to have r = 3.45,

Fig. 5.4: The Non-radiative Decay Rate Q(z), plotted as a function of
the z coordinate at decay. The model effective potentials
portrayed in Fig. (5.2) were used in evaluating Q(z). The
cutoff for plasmon emission occurs at z,= 4,82 A.°, correspon-
ding to the surface plasma frequency ﬁo—:; . Other parameters
are as in Fig. (5.3).

Fig. 5.5: The Non-radiative decay rate as a function of surface .plas-
mon threshold energy h a5 , evaluated at the chemisorption
siteatz = b = 2 Angstroms. Several valuss of the éroup

velocity ks are considered. For the dashed line, 7‘55 was
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Chapter V: Figure Captions, continued

varied with ’ﬁG; in accordance with the prescription given
in Eqns. (5.9a,b), namely; s = .6844<7, 2/3. When

’f)(f; 7 6.05 ev., with the chosen parameters, m@ plasmon
emission is possible. Circles plotted at 7}5—6 = 5.2 ev,
correspond to points on Fig. (5.3).

Fig. 5.6: Excited State Photodesorption Cross Section and Excitation
cross section for a 1 amu, particle chemisorbed at 300°K. on
a substrate with A 0, = 5.2 ev, The dashed line represents
Vas{w) . The solid line is 5 (e) . The location of the
E1 minimum at z = 2 A.o is marked. Quenching effectiveness
was maximized at this point by choosing AS = 1.13 x 1078
ev-cm, Slight skewing of the Q_Z peak to smaller photon
energies is evident,

Fig. 5.7: Mass Dependence of the Excited State Photodesorption
Cross Section Q;_ . Adsorbed particles at 300°K. repre-
senting 1Hl, 1D?‘, and 8O16 are portrayed’ chemisorbed
on the same substrate as in Fig. (5.6). The dashed line
depicting QZ‘x is independent of adsorbate mass. The
same effective potentials were used for all atomic species.

Fig, 5.8: The Survival Probability SZ as a function of substrate
plasma frequency #G_E . S2 evaluated at the chemisorption
site, corresponding to Jhou: 6,08 ev., is plotted for a
1 amu. particle at 300°K. Several group velocities FS

in the range 10™° t0 10~ ev-cm. are examined., For the
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Chapter V: TFigure Captions, continued

dashed curve, hS  was varied with H0% as in Fig.(5.5).
The vertical scale is logarithmic, Differences which one
should realistically expect in the chemisorption parameters
and antibonding effective potentials on different substrates
are negiected.

Fig. 5.9: The survival probability Sz(ou ,B) as a function of
photon energy and temperature for a 16 amu. adsorbate.
Here, 0o = 5.2 ev.,and 15 =3.27x 108 ev-cm.

Fig 5.10: Temperature dependence of the Excited State Photodesorption
Cross Section (solid line). Dashed lines denote @c for
T = 300,100, and 600 degrees K. The adsorbate mass is 16 amu.

As before, $H0 =52 ev., and 1’)5 =3,27X 10-8 ev-cm,



Fig. 5.1

the photodesorption cross section.

are indicated in the text.

ER

2 ev,

2 a.,°

6.14 x 1&3 gm/sec2
3.75 ev.
5.0 ev,
3x%10° cm.”}
.025 ev.

10718 esu-cm.
5.2 ev,

4,82 A,°

3.27 x 10”° ev-cm
10”9 ev-cm.

5 x 10”2 ev-cm.
108 ev-cm.

1.13 x 10'8 ev-cm.

Typical numerical values for parameters determining

Departures from these choices

.074 atomic units
3.78 "
.004 "
.138 "
.184 "
.159 "
9.2x107% »
.39 "
.191 "
9.1 "
227 "
.0069 "
.035 "
.069 "
.078 "
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Chapter VI: Angular Dependent Theory of ESD and Photodesorption

The first theoretical study of angular dependence in ESD and Photo-
desorption is initiated in this section. Expressions for the desorption
cross sections are presented, and the method for implementing numerical
calculations is diseussed, We also introduce model interactions for O
desorption from tungsten which are utilized in detailed numerical ESD
calculations which comprise the fallowing chapters.

As remarked earlier, recent experimental studies of angular de-

6,7,8
pendence in ionic ESD have prompted iqterest in theoretical descrip-
tions of angular dependent desorption . L2 - Our approach is
necessarily directed toward numerical computation. The simplest models
for the functions E_( T ), Q( f‘ ), R( T ) which lack translational invariance
in the surface plane still involve sufficiently complicated dynamics to pxro-
hibit analytical solution of the problem.

A set of formulas for the ESD and PD cross sections is presented
below via an heuristic derivation based on the linear response picture of
desorption introduced in Chapter II. It is also straightforward to generalize
the one dimensional photodesorption cross sections derived in Chapter IV,

)
by replacing the translationally invariant surface with a spatially anisotropic
mesh of unit cells., The reader interested in a more complete derivation of
Q—;_, G,‘ is referred to Appendix II. There the formal solutions of
the un-linearized transport equations are expanded in the upward transition

rate R. The perturbation series are then linearized and used to construct

.. & .

-107.-
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Desorption Cross Sections

The computational strategy follows the time ordered three step
picture of desorption, which is applicable to the linear response approxi-
mation. The entire flux of ejected ground or excited state particles is
simulated; hence, the total desorption cross sections are the ones of
interest. An external photon or electron beam promotes an ensemble of
adsorbed atoms or malecules to state 2. Excitations all occur simulta-
neously at t,, with each particle occupying phase coordinates T , ?O
upon entering the excited state. The forward evolution of the system is
then followed, without further interaction with the external beam, to a time
t large enough for all desorbing atoms or molecules to cross the deteétion
plane., Emission intensities_for all asymptotic directions © , ¢ are
thus generated. The angular dependence may be recovered simply, by
numerical differentiation; the intensities associated with individual particle
impacts on the detector are assigned to 'bins', each enclosing a small solid
angle,

The particles excited into state 2 must be individually followed as they
evolve to their asymptotic emission directions, and their contributions. to
the cross sections evaluated, including attenuation due to quenching. The
classical equations of motion describe the desorbing particle dynamics in
either state. The functions ¥ (i"o, Vo O, W, 50, t) are assumed to be
known parametrically as functions of the initial coordinates and the time.

In practice, Newton's Second Law is numerically integrated along each path

from the excitation time t, to the time t when detection occurs. The simulated
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desorbing particles do not cross the detection plane simuitaneously;
however, their arrivals are treated as simultaneous inasmuch as the
cross sections are time independent for steady state response. The
differential cross sections, given explicitly in Egs. (2.19) are cumber-
some to implement efficiently on the computer. In order to evaluate them
at asymptotic directions where G; is negligible ,one must still perform
inward trajectory integration toward the surface.

First we represent the total cross sections as ensemble averages

ET
over the phase space coordinates at t,. Let the quantity G; (1,1
denote the cross section for the entire process resulting in ejection of a single
ET
atom or molecule in the n th state. G; s 75,1) is proportional to the upward
transition rate R(fo), as the atom is promoted to state 2 at t,. Quenching
must occur during the interval [t,, _t] if a particle is ejected in the ground
ET

state; hence, q; is proportional to the decay rate Q as well. We
form the total cross sections by weighting f,, with the probability that

319, d3.‘

3> 3. . , . 0,> 2>
d T, d v, is occupied, given by P} (ro, v _)d 4V,

o Hence the expression

is:

2 . Ed
vr‘) (ﬁ/f) =fc/r:’ Jgo /}D? o;\‘/o)(n' (75,7)

(6.1)

The spatial integration here extends over the unit surface cell and -0l &L *oo
The equilibrium distribution P(l) approximates the ground state ensemble

att_. We have neglected spontaneous desorption, hence the departure of the

00



ground state from equilibrium is to dominant order ~R1, This non-

thermal term in P; can contribute only to the non-linear response inasmuch
ET 1

as \’;;, is already of order R™. Throughout this study, in which the

detailed profiles of emission lobes are not predicted, it is adequate to rep-

0
1

resent P. as a Boltzmann distribution, normalized as in Eq. (2.7). There
is no obstacle to extending this approach to quantitatively accurate intensity
calculations. One may then resort to a Franck-Condon excitation model,
quantizing the vibrational : states of the adsorbed particle.

We define ?C( w, ﬁ',\Z) to be the cross section for excitation of
an atom or molecule at t,. This function must approach the free atomic or
molecular excitation cross section in the limit where ?o lies far from the
surface. Here, ¢A/ is the energy lost by the exciting photon or electron.

X is proportional to the transition rate R, (for ESD) or R ¥ (for PD)

defined in Chapter II. For ESD there is no resonant delta function in Rg,

hence

where F is the electron flux. For photo-excitation in which no final state

electrons are present, R Y contains a delta function and an amplitude
M(x, , M ), as in Eq. (4.1). Inasmuch as we numerically integrate using
a finite number of points, it is necessary to allow the photon flux Fb’ to

possess a small arbitrary width r‘ . Then )(b, , after averaging over

110
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the frequency interval [ v = Y72 ywt 727 s given by:

Kytts) = M) Ork-0e)Olatky-wrl) 6.3
K r
Here, Af?) =,)_f?(y;-)—,1:_’,(@ . This cross section permits excitation '
only on a thin shell of the Ej - E, hypersurface where E,(T ) - E; (?O)«ﬁa/
We also define the probability Sz(to, t) for a desorbing particle to

survive without being quenched from t,tot. Quenching is an efficient pro-
cess in many real systems. ESD cross sections are found experimentally to
generally be several orders of magnitude small than those for related atomic

’

or molecular dissociations . Hence, we include quenching to

all orders in the survival probability S,, which has the form:
1—
S, = exp[—[aff’aff’)j (6.4)
7

The exponent is the integrated non-radiative decay probability, eyaluated
along the excited particle path from T(t,) toT(t). Q(t) is the downward
transition rate, displaying its parametric time dependence. One may also
adopt notation in which the exponent in Eq. (6.4) displays the path integration

explicitly, viz:

Fre)

| Qr) YeE) oI
/Vevos®

ts

Here v(#} is the velocity of an atom or molecule at%.”
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The form for 32 displayed in Eq. (6.4) is most simply deduced by
solving either of the transport equations (2.12a) or (2. 13a) for P2, with
the excitation terms ngglected. Making use of Liouvilles Theorem69
and displaying parametric time dependence explicitly, either transport

equation may be reduced to:

iz <= - Q)7
I

Integrating formally from t, to t produces the result E 1= f (t)‘/ fz (/‘;/ 7‘7
with S, as in Eq. (6.4). It is useful to interpret S, as an evolution operator
for excited atoms or molecules, analogous to the quantum mechanical evolu-
tion operators of the interaction picture.

The excited state ejection cross section Gz— EJ;ﬁ/ 7)  is evaluated
by mapping ;(' 14 W, Ma ,f/o) to the asymptotic region via the survival proba-
bility. Hence:

=d N
G f tw) = K(e,T)S,(%,1) OrZMW HE(¥) -E%érog)

The step function is inserted to eliminate following trajectories for which
desorption is energetically prohibited. In numerical computation, G}:
is to be treated as a single-fold integration. The decay probability is inte-
grated from point to point as the trajectory is followed.
(=
The ground state ejection cross section G," (157) is proportional

to the decay rate Q(t'). Decay is a random process which can in principle
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occur at any intermediate time t' between excitation and detection. Inte-
gration on t' is thus implied. One follows the evolution and attenuation

of a particle by evaluating A7 (f;/w)S; (1o /f’) up to t', governed by

the excited state dynamics. After quenching at t* the survival probability

S l(t', t) against re-excitation from the quenched state prescribes the evo-
lution. We take S l(t' »t) =1, inasmuch as ground state depletion is neglected.
If one refers to the unlinearized transport equation (2. 13b) for Pl’ neglecting

the repopulation, one finds:

S (71 = exp[—&gf”ﬁ/f”/]

after formal integration, which we take to be = 1 in the linear response
approximation.
Our observations above imply that the ground state ejection cross

section is represented by the following:

~
GTEJ(;S, D = Klew#) A t'Qet) S, (117 6.6
fa .

x © (MG +E) ~ £ 0P TEF) ~ E, f5)

Here we inserted the step function at the decay point T' = T(t') to prevent fol~
lowing trapped trajectories numerically, The ground state energy E l(f) de-
termines the propagation dynamics subsequent to t' for recovering the angular
dependence. Numerical evaluation of this quantity is time consuming due to

the presence of two-fold integration,
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Now we summarize the expressions which will be employed in

numerical simulations of the angular dependent desorption cross sections:

Qzrw) = faﬁ% 4% Bt Vo) S, (7, 1) =

. (6.7a)
x © (g"/‘hg" + E(R) = E£r))
— 2 3, Doa -
Gw) = [dBd T e, ) X)) *
./—
x / / /) x
/’a’r Q7)) Sy (75,77 (6.75)
b 73

x O(GFMG+ E, 05)- 5079 TE,079 - £ fo0)

The structure of these is a generalization of the one dimensional forms for

02 G_; in Eq. (4.26b) and (4.27), which were deduced for photodesorp-
tion. Equations (6.7a, b) are model independent, except for the general
restrictions imposed earlier on R, Q, E,, and P(1) . One may use them to
predict accurate angular intensities and desorption energy distributions pro-
vided realistic models for the surface interactions are available.

The six-fold integration in Equations (6.7a,b) over the phase coordinates

at t, is cumbersome to implement on the computer. We adopt an equivalent
but more economical alternative to straightforward integration provided by the

>
Monte Carlo method. A procedure is devised to select r, <% randomly,

o
according to the distribution P? (* o ‘\'ro). The phase integration is in effect
performed to any desired degree of accuracy by sampling an appropriate number,

n, of points. This feature is useful in calculations to follow, where a small
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number of trajectories is found sufficient to simulate the qualitative fea-
tures of angular emission patterns. Operationally, one accumulates the
asymptotic intensities and directions associated with (}';, for each
Monte Carlo coordinate choice. The sums of intensities in each asymptotic
salid ar;gle sector are normalized to n.

It is appropriate to mention that the trajectory integrations were
accomplished step-wise with the use of a predictor-corrector method. 70
Each step in time consisted of estimating T, 7 at the end of the interval by
Taylor series. The result is substituted into an integral form of the equa-
tions of motion, and iterated until consistency to full machine accuracy is
achieved. The advantage of this method lies in its flexibility in varying the
density of integration points. Closely spaced steps are required near the
surface,where Ep, Q, and the accelerations are rapidly varying functions of
position. For economy, the density of integration points was made small

/
wherever accelerations were roughly constant, The computer program ad-
justed the step size continuously to keep the total energy of a desorbing particle
constant to within a small tolerance.

-+ .
Model for ESD of O from Tungsten

From this point,we examine only ESD of positive oxygen ions from a
tungsten surface. Equation (6.7a) is adapted to the specific cases for which
angular dependent desorption data are presently available: O+ emission from
W(111) and W (IOO)f)-Rpproprlate models for the propagation dynamics,' excita-

tion and quenching to be used in later numerical computation are now introduced.
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Detailed studies of O - W(111) and O’r- W(100) comprise chapters

VII and VIIIL.

Consideration of ESD emission of ground state or excited neutral
particles is deferred to the future, when experimental angular dependence
data are expected to become available, n It is known that neutrals are
the dominant ESD product in many systems, 2.3
Detailed models for the reneutralization rate and ground state dynamics are
required in applying our computational method to ground state desorption.

Such models may require approximate solution of the chemisorption problem;
hence, they are beyond the scope of this inquiry. We speculate that or{xly
diffuse emission cones for desorbing ground state particles should be observed
if quenching is efficient over a large portion of the surface cell.

Simplified model interactions may be adopted for the ionic desorption
problem at hand. The state of angular dependent desorption studies up to
this point is preliminary. Hence, we decline to predict those intensity varia-
tions in the desorption cross sections which arise from spatial variation of
the excitation and decay rates. We focus attention on the excited state propa-
gation phase of ESD,which we assume, subject to a posteriori verification,
to give rise to the qualitative structure of ion distribution patterns. We investi-
gate the ion optics of particles propagating in the anisotropic potential E 2('1"),
finding in Chaps. VII, VIII that sharply focussed emission spots are produced

by surface cell variations of the ion-solid interaction energy.

The Excitation Phase

T
First we examine an expression for the cross section Xe ( g:) h;)
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describing excitation of a particle to the ionic state. The incident electron

flux, F_, is taken to be an almost monochromatic beam of particles with

e
energy k2/2, in atomic units. A simple ionization process is examined in
which the incident electron suffers momentum transfer q, and ejects an elec-
tron which was bound to the adsorbed atom or molecule. The emitted free

electron has energy q2/2, inasmuch as the ionic recoil is neglected. An

expression for the cross:section may be written as:

)(E.(”g,r’-) = F”L;_[/-f;] (42—t ) 170 =

e Fri-r
» - 2> >, >
« SCEP) -Err)=5 o (5-3))
Here the factor E - fc’lj , with fa the fermi distribution,ensures that the
/
final state is unoccupied. The initial state [/ of the system represents
> is the

qQ’ l(k-q)

final state. In the coulomb interaction, T' is the incident electron coordinate,

the occupation /lo, vac, lk} while )27 =[1,,1

while ’? describes the bound state electron relative to the ionic mass center
atT.

We take the excitation cross section x-g to be a constant in calcu-
lations which follow. The effect of this approximation is to neglect spatial
variations which remain principally in the coulomb matrix elements after
the final state degrees of freedom are averaged over. The delta function in
the expression for xe i s consumed by the % integration; hence, this
ESD process is not a resonant one confined to a restricted portion of the sur-
face cell, as was found to be the case for neutral particle photodesorption.

7,8 .
The electron probe energies are generally -~~~ 100-200 ev., which is large
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compared to [E, - E;} over the unit cell. Ionization is therefore
possible from the entire ground state particle distribution. One expects
%e and G—z_ to display only weak dependence on the probe energy

k2/2. Experimental study has confirmed this observation for probe enexgies

7,72 )
Approximating )C by a constant

introduces only small error into later calculations when we localize P(l) to

far above the ESD threshoald .

a small region of the zone,

The Quenching Phase

The quenching process is now examined. This proceeds for a positive
ionic excited state via reneutralizations in which electrons are induced to
tunnel from the substrate into quasi-atomic or molecular bound levels,

A reneutralized ion then either desorbs as a de-excited particle or rejoins
the P? distribution, .We briefly examine a simple reneutralization mechanism
represented by the transition rate:

Q) = gréf’« Klo\Opl 5te 11, 15/

F-re

* JKWR T EF - £E.cm)

We sum above over the initial electronic states in the solid, whose occupation
is ensured by the Fermi distribution. The substrate is left with a vacancy
below the Fermi surface, whose energy is 4’« . Q(f) should display rapid
decay in its z dependence, due to the presence of overlap integrals in the

coulomb matrix element between quasi-atomic and substrate wave functions.
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The delta function, however, will be consumed by the initial state summat
tion. Hence, the variations in Q over the zone are due principally to aniso-
tropy of the matrix element. Quenching should be expected to occur over
much of the surface cell with significant intensity.

In numerical computation, the survival probability Sz against quenching
was replaced by a constant. Numerical values for the cross sections were
not calculated; hence, we took S, = 1. The consequences of this approximation
are more severe for quenching than for the excitation cross section. In prac-
tice, however, only localized sources of adsorbed particles were studied. The
in cresting cases are those in which sharp 0* emission cones arise, For
these, quenching does not drastically modulate relative intensities within an
emission spot. For diffuse patterns, spatial variation in S2 is more significant,
This model for S, makes comparison of emission intensities between widely
spparated adsorption sites difficult. We discuss the constant quenching approxi-
mation furthexr in connection with our results in Chapter VII.

The Ground State Energy

Now the ground state energy E ( i") is examined. The chemisorption or
physiadsorption sites correspond to minima of E;. As noted above, E; and
hence the chemisorption site locations may be deduced from knowledge of the
surface charge density using the Hellmann-Feynman Theorem. At present
this problem has been solved only for the Si(111) and Si(100) surfaces. 29.73
At the low temperatures of interest, however, only the lowest ground state

vibrational levels are occupied. Hence, the shape of E; only in the region

near its minima has a significant effect on the desorption.



In computation we approximated El( 7 ) by a three dimensional
harmonic potential near each chemisorption site. Our objective in these
computations was to infer plausible locations for the unknown oxygen ad-
sorption sites on tungsten by comparison of the experimental ESD patterns
to those calculated.

Near a site at’D_ we replace:
E(;) = "\/o *—i'(l’;'—b)"??o(l:—b)

Here V o8 the chemisorption energy for the site examined. Knowledge of

. >
V, was not required in this study, as Xc was taken to be constant, K

is a spring constant tensor describing anisotropic vibrational states at an

<
adsorption site. We assume that principal axes diagonalizing K at each

120

site may be found. Numerical values for the spring constants were estimated

phenomenologically.

The equilibrium distribution P(l) to be simulated by the Monte Carlo
method was assumed to factor into the product of six gaussians having the
form: ~ s ({.___f")'z'

L. U

.P(§) =V§"'Tq;

-4 -
In the above Q;: = (@ I5h) “  is the spatial width, and V‘Z‘-‘-Wp)f

is the thermal velocity spread for each component. Standard subroutines
were used to implement the numerical simulation of P). Itwasa simple

matter, using this approximation, to examine a large variety of possible
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chemisorption sites by shiftlng—l\) , Without the need for detailed re-modelling
of the ground state energy. A more precise model for E; must be incorporaged
into the non-radiative decay rate, when detailed quantitative cross sections

are calculated.

Model 6,' -W Interaction Energy

The key to angular dependent ion distributions is knowledge of the inter-
action energy EZ( I“) between oxygen ions and the tungsten surface. A realistic
model is required for this function, including anisotropy in the direction paral-
lel to the surface. Most gttention in the literature has been directed away from
excited state energies toward the chemisorption problem. It is fortunately not
as difficult to model E, for positive ions as for neutral particles or r.legative
ions. Correlation, exchange, and Pauli repulsive effects are greatly reduced
for the positive ion. The positive ion is a compact object which responds to
the local electrostatic potential produced by the surface.

We treated O-r ions propagating near the surface as point charges, in
computing interactions with the surface. The effects considered a priori likely
to be dominant were included in Eo; namely, the unperturbed Hartree potential
of the solid Vi plus averaged electron density fluctuations which produce the

image potential Vp,, viz

E l®) = QVy+QVy

Here Q is the ionic charge and QVIM‘:.'-.<HIM> is the thermal average of an

interaction Hamiltonian Hp s ,chosen to represent the electron density fluctuations.
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The Hartree potential is in principle obtained by solving Poissons

equation:

Vi = - wrg JCF-;)

TS g 1o
‘i /?;rf? /%é:—)/

Here one sums over the locations ﬁi of all the tungsten ions in the semi-
infinite solid. The electronic contribution is summed over all occupied
electronic states % o( F) of the solid. One must sdlve the band structure
i)roblem for a semi-infinite solid to obtain the electronic states }b , and
hence the charge density. This problem is distinctly non-trivial.

The tungsten surface charge density has not been calculated although
progress in such calculations has been made for Silicon. Self-consistent
atomic structure calculations have, however, provided tungsten wave functions

75,76 In

from which the free atomic charge density may be inferred-.
tungsten, six unfilled shell electrons participate significantly in the binding.
The band structure of transition metals, and tungsten in particular, has been
. . . . 77 - :
extensively discussed in the literature . Superpositions of atomic
tungsten wave functions have proven to be a reasonable starting point for self-

78,79 We assume

consistent band structure calculations in bulk tungsten.
that they will fulfill the same role when detailed surface charge density compu-
tations are performed.

We elect to approximate the surface charge density contributing to Yy
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by a sum of unperturbed atomic charge distributions. The Hartree poten-
tial becomes the sum of free atomic Hartree potentials, displaced so that
their origins reside on the lattice sites. One might argue that neglecting the
bonding effects is not as serious for the atomic layers near the surface as in
the interior of the solid. The formal solution to Poissons equation provides
a prescription for evaluating V, (r ), the atomic Hartree potential:

%/F) = —%_— : —Z f(i"f%(ﬁl)/

-

J=,E [r-FY

For tungsten, the ionic charge Z= 6. The Herman-Skillman wave functims S

were used to evaluate V A( r ) numerically. The result was fitted to an expo-
nential decay at oxygen-tungsten atom separations larger than the sum of the
atomic radii. The result, used below in numerical computations is:

V,(r) = T.7F19 exp/[—/27 r]

(6.8)

All quantities are in atomic units.

Interaction with tle positive ions produces surface charge density
fluctuations which we associate with the image potential Vime For the present,
we neglect delocalization effects, and lateral anisotropy in Vy); due to surface
cell structure, picturing the image charge to reside in a plane called the
‘dielectric surface! We argue that Hartree repulsion is likely .to dominate

over attractive image forces at close range. Thus, we assume that neglecting
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lateral anisotropy in Vs introduces errors which are perturbations
on this model. In effect, by modelling Vv for a translationally invariant
surface we average over the transverse direction.

Classical electrostatics using the method of images yields the intexr-

action energy QVOIM given by:

@\,/—:,\: = "Ql/‘f;:'

We recognize that in quantum mechanical computation the relation
<H1M>A;Q2 must be found. We expect V%M to be the asymptotic limit
in the model calcula;:ion below.

The surface density fluctuations resulting in Vp, are regarded as fhe
consequence of coupling between the ionic charge and virtual surface plasmons.
These are the normal modes whose superposition creates the fluctuation in
the Hartree field. We find QVIM by diagonalizing a model interaction

Hamiltonian given by:
_ . 7
M., = QFcF) "'4;_ Gz Az, @,
L

Here, @(F) is the ion-plasmon interaction operator describing fluctuations
induced in the Hartree field via surface plasmon creation and annihilation.

v -
The creation operator is ai'_ , Where ?l_ is a wavevector describing

propagation on the surface. G%,_ is the energy of a plasmon with wave-

length [?-I_j. / . We included the plasmon self-energy in HIM .
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We shall make use of the Surface Quasi-Mode formalism to provide
an approximate description of surface plasmon properties, This construct
was developed recently for use in Photoemission studies . 42.43 We
discussed the SQM method in some detail in Chapter III. The ion-plasmon

interaction Hamiltonian may be written as an expansion in the operators

C(.r, Q. by referring to Eq. (3. 1):
. -l Z/
QP = QZQ‘?L)E’ .
- 7400‘ (6.10)

[_’e a‘-"v‘e ,

The coupling constant g ¢ ? 2. )  was given by:

.
2
9(?‘) - [77—0; ~ (3.2)
7, Gz,

where Go- = %42‘. @ is manifestly not diagonal with respect to

the plasmon occupation states [ J ,1“, Y . We observe that
4

$lyy by 1QDP 114 vaey =

— . /2 it 0 F
Qe e’ ™"

We are motivated to diagonalize Hpy, by means of a reduced oscillator
transformation to a new set of bosons. The transformed self energy term

becomes decoupled from the ionic interaction, and will be neglected, The
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substitution which accomplishes this is defined by:

P | =l —[§oF
aéb = AZ - %?(@)e e

_fa
where ﬁ%_ creates the new excitation. After some algebraic manipulation

we find that:

= > 2 _2AQulZ/
[em = 4‘@’?2'7‘?5@27(’:’;8 o
& I A '
This transformed Hamiltonian is diagonal with respect to the new plasmon .
occupation states. Now we ensemble average over the surface plasmon states

using the prescription:

< @) = Tr'cuce. {/)(9)

Here, f is a Bose distribution normalized to Z}i =/ . The
L
first term of Eq. (6.11) becomes the energy contained in surface excitations,

which we discard. The second term is the image potential. After converting

the sum to an integration and integrating over the azimuthal angle we equate:

z -7 2z 22, /Z/
Q\é_m = —g‘-/,o(q_,_g_c_‘,_ e L (6.12)
[ 0;-‘2-.

This quantity may be evaluated numerically for quantitative image potential
calculations, provided the plasmon dispersion relation is known, Note that

the image interaction is o< Qzlas expected.
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plasmon dispersion is neglected by taking U;;_? 0:— . Now we take

Q =1, for singly ionizéd oxygen atoms. Surface plésmon dispersion
eliminates the classical divergence at Z= 0 caused by high % compo-
nénts of Viym + It is convenient to employ the static RPA (Linhard) dielectric
function, Eq. (3.11), in evaluating VIM numerically. One uses the prescrip-
tion for Q;J_ given by Eqs. (3.9), (3.10). The resulting expression
depends parametrically on the plasma parameter rg. Vi Was evaluated

for a number of values of g and z, and was found to be a good fit to the

following formula:

/
YE+(1E 1 3F bz —. 0% 15 (6.13)

Vow (5,2) = -

The divergence has been shifted to the region interior to the dielectric
surface. This cusp will be rounded in a treatment where the dielectric
surface is delocalized over the charge distribution radius of the tungsten
atoms. The choice of origin for the dielectric surface is a compromise
in this model, which we make later for each system studied.

The r, value of bulk tungsten is determined by means of the known
plasma frequency of 23,5 ev. (.864 Hartrees). 68 The bulk tungsten
structure is body centered cubic; hence, the electron density n in the metal
is given by n =rS_3. There are two atoms per unit cell; hence the number
of electrons per atom participating in the dielectric properties of tungsten

is Z = nV_/2. Here the unit cell volume Ve= a’ , with the lattice
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constant a =35.97 a,. Taking the effective mass to be approximately 1,

the plasma parameter is:

<
5 =/2E]" = as¢

Also, one finds Z= 6.3 &6 electrons/atom. Thus, all six unfilled shell

electrons will be assumed to participate in the plasma response and screening.



Chapter VII: ESD of O+ from the (111) Surface of Tungsten

In this section we present a detailed study of the Electron Stimu-
lated Desorption of oxygen ions from the (111) face of "tungsten. The ion
angular distributions to be expected for emission of chemisorbed oxygen
atoms have been simulated for a variety of adsorption sites in the (111)
tungsten surface unit cell. We find that adsorption of oxygen in atomic
form provides a plausible description of the observed features of angulax
distribution patterns for this system.

In calculations below, compact O+ emission spot patterns are
found associated with atomic oxygen adsorption sites located in the recesses
of the surface unit cell. Their strongly focussed forms and emission direc-
tions are attributable to the ion-solid interaction potential E 2&‘). Cones
of O+ emission non-normal to the surface are found for oxygen adsorbed
at the low symmetry points within the surface cell. Surface complexes

| involving several oxygen atoms are briefly discussed, but detailed calcula-
tions were not performed for the wide variety of such systems which can be
hypothesized.

Our findings are compared with the experimental results obtained
recently for ot on W(111) by Madey,et al. 8 The experimental

* findings include the discovery of collimated emission cones for O+ ions
both normaliand non-normal to the surface. The centers of the observed
lobes corresponding to non-normal emission are aligned with the atomic rows

in the substrate. We will introduce experimental details into the discussions

- 129 -
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to follow as needed. The main findings are briefly summarized below.

Two important classes of desorption patterns were observed.
One sequence was obtained with oxygen adsorption temperatures T < 100°K.
A series of patterns was formed by heat treating the oxygen covered sample
for a specified period of time to each of several temperatures before cooling
the sample back to 100°K., at which temperature the ESD 'experiments were
performed. For heat treatments to 665°K. and above, no desdrption normal
to the surface was observed. Instead, trios of lobes, or collimated cones of
O+ emission,were found centered on the apexes of equilateral triangles.
The *primary’ set of lobes are oriented with respect to the substrate as shown
in Fig. (7.1). A second, apparently less intense trio becomes observable
at the higher heat treatment temperatures in conjunction with the 'primary*
set, ' rotated from the *primary’ orientation by 180%. These are termed

+ emission

the 'secondary' lobes. For low heat treatment temperatures, O
normal to the surface is observed in combination with the 'primary' lobes.
These lobes become more sharply resolved with increased heat treatment
temperatures, and the normal emission spot declines in relative intensity.
In the first part of our investigation, we infer limitations on the

range of plausible oxygen adsorption sites from the number and oriéntation
of the lobe distributions in the observed patterns., Our results here confirm
the conclusion drawn earlier from our work on the desorption of O+ from

W(100), 80 which is amplified elsewhere in this paper; namely, the num-

ber and emission directions of the desorption cones may be well understood
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in terms of anisotropies in the ion-salid interaction energy. In the

second phase of investigation, we identify a number of sites which are
consistent with the observed ion distributions and energies,within the
limitations imposed by our modelling of the interactions present on the
surface.

The W(111) Surface

First we introduce the geometry of the Tungsten (111) surface. 81

The bulk lattice is Body Centered Cubic, with the lattice content a = 5.97
atomic units?zWe show a single unit cube of this structure in Fig. (7.2).

The surface is created by slicing the bulk lattice with a plane normal to the
main diagonal of Fig. (7.2), passing through a tungsten atom. . A planar net

of equilateral triangles with side ag given by aNZ , and with a tungsten
atom at each corner, thus forms the surface layer. Each additional slice
with a plane parallel to the first produces an identical net with the tungsten
sites shifted cyclically, from layer to layer, to the geometrical centers of

the previous net. We show in Fig. (7.3) a view of the surface looking along
the (-1,-1,-1) direction. Here the tungsten sites in the surface layer are
labelled 'A', those in the second and third layer intoithe solid are labelled

'B' and 'C’ respectively. The interplanar spacing, d, is ay3/6. Small
shifts in d for the topmost layer, which have been observed on Tungsten, 24
are inconsequential in our analysis. From the perspective of Fig. (7.3), the

layer at z = -3d and the surface layer are superimposed. There are thus

three distinct shifted orientations of tungsten planes in a full cycle, which
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then repeats to form the solid. We have displayed the numerical values
of many of the pertinent lengths in the Tungsten- Oxygen system in tabular
form in Fig. (7.4).

The surface has sixfold symmetry in the following sense. Axes
normal to the surface through any of the in;aquivalent symmetry points 'A’,
'B', or-'C' are threefold rotation axes, thus the lines containing all of A,

'B,' and C are present in three orientations, rotated by 1200. Each such line
is also a mirror axis. The lines defined by A-A, B-B, C-C, however, do
not possess this last property.

For use in further analysis, we have chosen the smallest surface
unit cell structure as shown in Fig. (7.1). We adhere henceforth to the
choice of x and y axes shown in that figure when referring to the surface geo-
metry. The z axis is normal to the surface. The structure shown can
cover the surface plane by means of lattice translation vectors alone. An

Iy L V=

» . . A =
appropriate choice of these is a; = ag *<» , where &, “(%,%

4 —d3
and £, = (z,"2).

n
Several points of interest, in addition to
A, B, and C, to be discussed later, are designated D-O on Fig. (7.1). The
low symmetry points ‘<’ areall equivalent, as are all those labelled
‘('.:' 'J ‘P’ ) ‘E’, Thus, in general, there is sixfold degeneracy.
However, any location in the zone lying along the mirror axes ABCA is only

threefold degenerate, The symmetry points occur only once.

Excitation and Quenching

We have dealt with the modelling problem for the excitation and

decay phases of ESD in the same manner used in our earlier work. 80
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An adsorbed atom is suddenly converted to a positive ion at some point

in the zone of Fig. (7.1). We neglect all spacial variation in the excita-
tion and decay rates. Each desorbing ion is thus viewed as carrying the
same intensity contribution to the cross-section. The distortion intro-
duced into the calculated emission patterns by this approximation is not
expected to be serious when excitation occurs within a well localized re-
gion in the vicinity of an adsorption site. In view of the sharp emission
cones seen experimentally, this is the most interesting case to consider.

It is reasonable to expect shapp cones to result from adsorbed oxygen
atoms which are bound in localized sites. Quenching will be most effective
for ions which spend comparatively long times in the vicinity of the surface.
As a result, one should expect ions desorbing at low kinetic energies to be
over-represented in our simulated spectra of ion energies. Low energy
desorption cones generally originate where the ion-solid force is small.

We leave open, in this approach, the question of relative intensities between
patterns produced by well separated adsorption sites. The experimental
data do not as yet contain estimates of such relative intensities; hence this
feature of our procedure produces adequate results.

Ion-Solid Interaction Enexrgy

We focus attention in this investigation on the propagation phase
of desorption. The angle at which an atom desorbs is strongly correlated

to the point where ionization occurs. The key to understanding angular dis-
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tributions is knowledge of the ion-solid interaction energy.
We construct E z(f) in accordance with the prescription set forth
in an earlier section:

E o) =) Vi (#-R) + g™+ Ea(>)

J

Here we sum individual Hartree potentials for each tungsten atom, which
have been fitted to:

VH(F"ﬁ’) = 7T ex;:[—/.Z?/-/F—f:’Jj

J

. - s . .
The “tungsten locations are at R,. In principle, we must sum over all sites

it
within the solid at z £ 0; in practice, a small number of the nearest tungsten
potentials yields sufficiently accurate values of Ez(f) within the unit cell to
which our trajectory calculations are confined. Atlarge z, more distant
tungstens contribute to the Hartree component of E5, but the total Hartree
contribution is negligible compared to the image potential, given by VIme).

As discussed previously in an earlier section VIm(i:'), before taking

delocalization into account, is a good fit to:

/
Vi (P &) = g4z 4476 +).3%0EF - 0%1F

2

-3

Here rg is the plasma parameter, which goes as 7? , with n the den-

sity of mobile electrons in the solid. Transverse anisotropies, which are
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undoubtedly present in the image potential, have been averaged over in
this treatment. The image surface charge density is imagined to lie on

a plane termed the 'dielectric sutface', which is parallel to the outermost
tungsten atom net.

We have chosen the origin for the image potential so that the
dielectric surface resides at z = -d. The image attraction is over-
estimated if one chooses the dielectric surface to lie at z = 0, inasmuch
as the average electron density in this region is low. We have found our
conclusions in this section to be insensitive to the precise choice of origin
for the dielectric surface.

We show in Fig. (7.5) the z dependence of E2 constructed as we
have discussed. Here the energies are plotted for points above the symmetry
sites A, B, C. The image contribution is also displayed separately.

At small separation from the surface the repulsive Hartree potential
dominates. As an ion approaches a tungsten site the repulsion becomes
quite strong; both{E, and the magnitude and direction of the force approach

4+

the values for an isolated W-O" pair. The attractive image force dominates
when z is large. We expect that atoms which move slowly throughout their
trajectories will experience significant deflection due to the image force,
despite its relative weakness at intermediate values of z. Anisotropies in
the transverse direction are negligible for z zZ ?a.o . Desorption of an

ion is energetically forbidden unless its total energy exceeds E.z(m)

whose value is about=c007. The implied cutoffs on the ionization sites z
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coordinates which can lead to desorption are thus ~ 4.1, 2.6, 1.4 @,
above the sites A, B, C respectively. The thermal velocity spread, which
is of the order of K Tx .01-.02 slightly extends these cutoffs.
Contour plots of E, are presented in Figs. (7. 6a, b, c), for the
planes at z =,5, 2. 0 , 3.5. Here we observe that the potential directly
over the symmetry sites has near cylindrical symmetry. Within any given
plane, A is always a local maximum and also the largest value of E, in the
zone. B is alocal maximum as well. Above C, one finds a local minimum
for all positive values of z less than the desorption cutoff. The following
observation is important in the discussions to follow: for any location on
the mirror axis of the cell, only the y component of the transverse force
is non-zero. This is not the case at general points in the zone; in particular,
for sites on the x axis the y directed force component is positive, decreasing
in magnitude from the zone center to either edge.
It is our intention to explore ion emission patterns produced by
various adsorbed oxygen locations throughout the zone. Freedom in the
locations of ground state energy minima is retained by modelling the ground

state energy near its minima as a parabolic potential of the form:

ey =\, 5 -5RE)

The point'g is some point in the zone representing an adsorption site.
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V isithe chemisorption energy, which plays no explicit role in our
calculations, since we approximate thecexcitation cross section by an
unspecified constant. The principal axes for which we expect the spring
constant tensor K to be diagonal are related to the direction between b

and the nearest tungsten atom, when chemisorption occurs via a single

bond similar to those in molecules. If the atom is adsorbed, over a symmetry
site, the principal axes of the surface mesh should also diagonalize K.

The vibrational frequencies related to the components of K are
unfortunately not known for oxygen adsorbed on tungsten. Definite knowledge
about the assymmetries to be expected in the ground state distribution is

H - . [

absent. Thus, we choose K diagonal along the principal axes of the cell.
Three spring constants K, with n =1, 2, 3 set the width Dy of the
ground state, with Q0 = (ﬁ Hn) For the time being, we
assume an isotropic ground state. We estimate the order of magnitude of
the K, by scaling the known vibrational frequency of hydrogen on tungsten by
the square root of the oxygen-hydrogen mass ratio; thus K, = .01 Atomic

83,84
units forn=1, 2, 3.

At room temperature, A M =» 3&, ,which is small compared
to the dimensions of the surface cell. The ground state we are using is thus
well kocalized about any adsorption site. We expect the mean asymptotic
direction of emission velocities within the pattern produced by each site to be

fairly insensitive to the precise values of K, chosen. However, the energy

distributions within a lobe, and the angular width of the emission cone will be



138

sensitive to both K, and to the temperature @ . The curvature of the
Eg hypersurface is steep, at most places in the zone, compared, for example,
to the thermal energy. Both A n  and the width of the thermal velocity
'

distribution go as @ B . Thus the effect of widening the ground state
spacial potential well, either thermally, or through changing the spring constants,
is generally an increase in the mean ejection energy and in thé width of the
ejected energy distribution. Widening of the ground state results also in
admitting a wider cone of directions for the acceleration in the excitation
region; hence the solid angle subtended by the desorption spots increases. We
assume here that the asymptotic velocity for an ion is strongly correlated to
its acceleration integrated over the short segment of the ionic path in the
immediate region of the excitation point. Anticipating our findings, we remark
that this is true for most of the sites studied. Thus, ions generally reach
their asymptotic directions quickly. Their subsequent motion is dominated
by the image attraction, whose integrated effect should be expected to be signi-
ficant only on slowly moving ions. These have their impact colatitudes shifted
to larger values. We remark, in passing, that measurements fixing the vibra-
tion energies of oxygen on tungsten are expected to be available soon .

Surface cell symmetry is the key to understanding the numbers of
lobes observed. If adsorption is possible at any site in the 2zone, it is equally
probable at all equivalent zone sites. Thus, each of the observed angular

distribution patterns must be understood to be the supexposition of six single

site patterns related to each other by the covering operations of the surface.
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Desorption patterns displaying lobes, such asithose observed, will result _
only when a strong focussing mechanism operates, In the absence of such

a mechanism, the thermal velocity spread will produce patterns which are
diffuse, and which exhibit no tendency to form discrete emission spots. The
attractive image force causes defocussing at intermediate distances, thus
when focussing occurs it is close to the region where ionization takes place.
We use the magnitude of the force at an adsorption site as a predictor of the
degree of focussing to be expected. We use the colatitude &g = fan ‘(F‘"/ F;)
and azimuth ¢ = far;- (Fﬂ/F*) as an indication of the anticipated
emission direction. We shall see later, when we discuss the results of cal-
culation, that this rule of thumb holds. We neglect to discuss the role of the
thermal velocity spread for the moment, as the gradients of E, are generally
large.

When ionization occurs at or near one of the symmetry sites A, B, C,
the ion trajectories will be normal, or nearly so to the surface, inasmﬁch as
the transverse gradients of E vanish, Excitation from a narrow spatial range
centered around such a point will produce patterns having the same symmetry
as E2 about this point, and in which the predominant emission occurs normal
to the surface if there is significant focussing. These patterns map into them-
selves under the symmetry pperations of the surface; hence, the points A, B,
C, should produce cones of emission normal to the surface.

Away from the high symmetry sites, the transverse force on an ion

is not negligible. When excitation occurs from a point located along the mirror
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axis of Fig. (7.1), however, Fx will vanish. The ion emission directions
will then conform to the 'primary' lobe orientation when Fy is negative,

and the 'secondary’ orientation when F, is positive. Ionizing the surface

y
atoms within a narrow region centered on such a point will produce a pattern
with bilateral symmetry about the y axis. Thus three rotated replicas of
such a pattern, will be observed, exhibiting the observed lobe structure
whenever focussing is strong enough and the emission colatitude ev is
large enough for them to be resolved. Patterns associated with a single

low symmetry site, such as 'P', 'E' in Fig. (7.1) will be replicated six times.
Inasmuch as the transverse component of F is not parallel to the mirror axes,
at such sites, one expects six lobed patterns rotated from both the 'primary*

and "secondary’ orientations.

Preliminary Calculations

In simulating the ion distributions, we have the option of using all
equivalent sites in the zone, or considering the zone to be present on the sur-
face in the three rotated orientations, plus their reflections. We adopt the
second,! more economical procedure, replicating each single site pattern in
accordance with the six covering operations before displaying it. We chose
scatter plots as the most convenient mode of display for the angular informa-
tion. Each ion carries the same intensity in our approximation; hence we
simply plot a symbol to simulate each desorbing ion impacting upon a screen.
The position assigned to each impact corresponds to the colatitude and azimuth
of the asymptotic velocity.

The qualitative conclusions which we will present regarding O+
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desorption from the W(111) surface are based both on a preliminary

study and on more recent computations using quantitatively more realistic
parameters. In preliminary computations we simulated angular distribu-
tions for the series of adsorption sites labelled A to O in Fig. (7. 1), scanning
these positions within a series of planes at fixed z coordinate wherever the
energetics permitted desorption. Planes located from O to 3 atomic units
from the surface were covered. Generally, one should restrict the tungsten-
oxygen separation to exceed the sum of atomic radii, or the sum of covalent
radii. In some cases, unrealistically small separations were chosen in

these scans; however, all results cohere well with our later study in which
quantitatively more correct separations were used. We chose 100°K. as the
desorption temperature, echoing the choice in most of the experimental runs.
Scans at %00°K. were also done to observe the temperature dependence. Three
hundred trajectories originating on each adsorption site proved sufficient to
establish the spot contours. Inan independent set of computations, to be
described below, we scanned adsorption site candidates at fixed values of

the tungsten-oxygen separation.

Discussion of Results

The qualitative features of our results show marked independence
of the choice for the dielectric surface. Computations done with this plane
placed at z =0 were compared with results obtained with the dieleédtric sur-
face placed at z = -d. Increasing the image attraction diffused the emission
cones and increased the colatitudes of the projected lobe centers. Excessive

trapping of the ion trajectories at reasonable tungsten-oxygen separations
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was observed with the z= 0 choice.

The image potential thus provides a mechanism which defocusses
the desorption pattern of each localized adsorbtion site. Its effect should
be expected to be most pronounced for small kinetic energies. The refrac-
tive effect of the image force on the spot pattern colatitides is ampl ified
when emission angles relative to thé surface normal are large. Some of the
quantitative identifications of adsorption site candidates with spot center
angles, which we make later, are thus sensitive tc our image potential model.

We found that the model surface potential which we have constructed
for O+ on W(111) produces sufficiently strong focussing of a distributed
ion source, localized around an adsorption site, to form compact desorption
spot patterns at most positions in the surface cell, The most diffuse spots
were found near the trapping cutoff contours of E,. Here the potential ener-
gies are the lowest. The image force and thermal velocity defocussing
mechanisms compete successfully with the repulsive focussing mechanism.
In general, wherever the surface potential is large, the magnitude of its
gradient is large as well. In our model, focussing is caused by the impulse
imparted to an ion in the neighborhood where it is excited. The detailed ion
optics of E5 are complicated, and we thus do not discuss them at length here,
Each individual adsorption site is responsible for contributing a single lobe
to the desorption pattern, wherever the emission direction is away from the
surface normal.

It is impractical to present a sufficient number of angular distribu-

tion patterns to illustrate all of our observations. We have selected those
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using plausible values of the adsorbed oxygen-tungsten distance only. We

take 2.08A° and 1.95A° as indicators of the proper range for this parameter,
for reasons discussed below.

As expected, we found that the number of distinct emission spots
seen in the desorption pattern for an adsorption site candidate equals the num-
ber of points in the surface cell structure equivalent to the chosen site. This
rule is essentially a truism imposed by the surface symmetry; we have veri-
fied that the potential we constructed does in fact possess the required property.
This rule should be applicable to other surface geometries.

Directly over the symmetry points A, B, or C, central spot patterns
are invariably found. The width of the spot above a particular point on the
surface tends to increase with the bond length. In general, patterns obtained
at the same bond length over the symmetry sites are significantly more diffuse
for 'A' than for 'B' or 'C'. We have marked the points corresponding to the
bond length 2.08A° on the E2 curves in Fig. (7.5). The potential decrease.s
in the order C-B-A. These differences in compactness we attribute to the joint
effect of image defocussing and the relative importance of transverse thermal
momenta for the weakly accelerated ions at point 'A°.

The central spots generally exhibit some noticeable degree of axial
assymmetry. One should anticipate this since E5 is approximately axially
symmetric only in the immediate vicinity of 'A’, 'B', or 'C'. The departure
from axial symmetry increases with widening of the excitation region. The
spot. patterns above 'B' or 'C' tend to assume roughly triangular shapes.

Those associated with 'C' consistently assume the downward position for one
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apex, relative to Fig. (7.1), reminiscent of the substrate registry of

the primary lobes. Patterns for site 'B' consistently appear with apex up.

We display in Figs. (7.7a, b, c) the spot patterns for adsorption sites

2.08 A° above tungsten atoms at 'A’, 'B', 'C' respectively. These positions
correspond toz &= 3,93, 2.21, and .48 atomic units. The desorption temper-
ature is 300°K. Similar, slightly compacted patterns were obtayined with
the bond length 1.95 A°. Similar behavior was observed with less realistic
values of the tungsten-oxygen separation with the anisotropies amplified in
some cases.

Sites off the symmetry axis produce ion disttiibutions quite unlike
those observed experimentally, We illustrate in Fig. (7.8) a six lobed pattern
produced by site 'P' on the x axis of Fig. (7.1). Here we chose z = 3. Oa),
with x = -3.0apg. The ,image of this point lies on the right half of the asympto-
tic x-axis in Fig. (7.8), with spperpositions producing the six lobed arrange-
ment as expected. As one scans the desorption site from 'P' through 'E’
toward 'D', the single lobe rotates counterclockwise about the origin toward
the 'sécondary’ orientation. At site 'E', the off axis lobe has elongated
sufficiently in its axial extent to produce a doughnut after superposition. Al-
though patterns containing six lobes were observed experimentally, those pro-
duced in our simulation by off-axis sites cannot reproduce the observed orienta-
tions.

. Sites anywhere along the cell symmetry axis except near A, B, or
C, produce only trios of lobes having either the primary or secondary orientation.

We display sets of such patterns in Appendix III. The adsorption sites
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involved are identified in Fig. (7.12a, b).

We neither find, nor should we expect to find, a single adsorptitl)n
site anywhere in the vicinity of the surface which produces all six lobes with
the orientation observed by Madey, et al.

As one scans adsorption sites above the y-axis of Fig. (7.1), at
fixed values of z, one finds that sites located between 'A* (at the top of the
figure), and 'C' produce lobed distributions having the primary orientation
only, while sites between C and B, or between B and A (at the bottom of the
figure), produce only the secondary spots. A large increase or decrease in
the strength of the O -r-—tungsten atom potential would be required to cause
E, to possess maxima at both 'C’' and 'B’, | or minima at-both points. As one
scans from one symmetry point to the next, the lobe center colatitude grows
in magnitude, reaches a maximum, and declines to zero asthe next symmetry
site is reached,

We have already stated that one may infer the calculated lobe orienta-
tion relative to the substrate, in a qualitative sense, by constructing the normal
to the potential surface. Here one might refer to the contour maps in Fig.
(7.6a, b, c)for verification. From A to C, the potential surface slopes down-
ward into the paper in all the maps. From C to B, the slope is monotonically
uphill. In Fig. (7. 6a), fo¥ z = .5A.U., the local maximum near B is pro-

!
nounced, and it appears that a reversion to the primary orientation should

occur, followed by an additional reversal to the secondary orientation toward

the bottom of the map. This feature will not be observahle, inasmuch as the



tungsten-oxygen separation in the z = .52, plane is unreasonably small.
The closest plane respecting the proper minimum bond length lies approxi-
mately at z ®*2.0a, Here the potential surface is a plateau in themeigh-
borhood below B, with a cliff between B and the x axis.

The effect 6f increasing the desorption temperature in our simu-
lations was simply an increase in the width of emission cones or central spot
patterns. We attribute this loss of definition to two mechanisms. The first
is associated with the kinetic energy of the transverse thermal motion. The
second is due to broadening of the ground state spacial distribution with tem-
perature. Imagine the gradient vectors td E 9 to be constructed at each point
in a valume of space corresponding to an ionization region. If the volume is
widened, the cone of solid angles occupied by these vectors widens, since the
curvatt/n:e of a planar slice of the E, hypersurface is non-zero. This temper-
ature effect in our simulation conforms to the experimental observations.

Qualitative Conclusions

The following conclusions concerning the adsorption of atomic
oxygen on the tungsten (111) surface appear to be warranted, after comparing

the results of our simulation to experimental findings.
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1. Adsorption of oxygen on W(111) is confined to sites directly above

the bilateral symmetry axis of the zone, and its degenerate rotations.
2. Emission patterns peaked in intensity normal to the surface are
evidence of adsorption above one of the high symmetry sites 'A*, 'B', or 'C'.

3. Adsorption sites located between 'B' and 'C’ are the origin of
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the trios of resolved emission spots observed with the primary orientation.
The trios of secondary lobes are caused by oxygen atoms adsorbed between
'B* and 'C', or between 'A' and 'B'.

4. The ion distribution obtained experimentally via adsorption at
100°K., with intermediate heat treatment to high temperatures (those displaying
the six spot pattern), are superpositions formed by two oxygen adsorption
phases coexisting on the surface, one producing each trio of spots.

It also appears reasonable to hypothesize that the remainder of the
low adsorption temperature sequence, i.e. those patterns obtained with heat
treatment to temperatures < 2350K, may be superpositions of two oxygen
adsorption phases, one at a high symmetry site A, B, or C, plus a site pro-
ducing the downward facing apexes of the triangle, which evolve into well
resolved primary lobes with heat treatment to progressively higher temperatures.
This model involves the assumption that migration of oxygen atoms adsorbed
on the surface away from a symmetry site into a bonding configuration which
produces the primary lobe set is permitted. Presumably, a threshoald is reached
at higher temperature permitting significant migration to a third adsorption site,
producing the secondary lobe set, and completing the depletion of the source
of the normal emission spot. The observed changes in emission geometry do
not arise simply from excitation of higher vibrational states in state 1. Such
changes would be expected to show thermal reversibility.

We do not adopt this speculative evolutionary picture too readily,

as other models involving the formation of surface complexes containing
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several oxygen atoms may be able to account for the observed lobe pattern

8,85
sequence.

Identification of Adsorption Sites

Now we present quantitative findings obtained for O on W(111)
by consistently respecting realistic values of the oxygenstungsten bond length.
The objective has now become the following: we locate a series of plausible
adsorption sites whose simulated ESD patterns matbh those observed experi-
mentally as closely as possible. The range of sites to scan has already been
narrowed to the y-z plane of Fig. (7.1) by symmetry, hence only this region
will be considered.

Our strategy is the following: We survey the desorption patterns
produced by scanning two series of adsorption sites in the y-z plane. Each
series consists of points which are a fixed bond length from the nearest tungsten
atom. In addition to examining ion distribution plots, we make quantitative de-
terminations of the lobe center locations for each site.

At the outset, one should observe that the quantitative results of this
section depend on the specific model surface potential we are using. Our con-
clusions up to this point remain stable over a wide range of potential models.
We have taken the liberty of neglecting spatial variations in the quenching and
excitation rate; however, these approximations are expected to lead to serious
error only in intensity calculations. A computation such as this one, provides
a rough guide to limit the tenable ' . adsorption geometries, as well as exem-

plifying the use of angular desorption simulations for discriminating them.
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The primary lobe center colatitude < 9v> has been estimated

for one of the six spot ESD patterns obsexved by Madey, et al. The reader

is referred to Fig. (2c) of reference (8) which displays that pattern ob-
tained by oxygen adsorption at 100°K., heat treatment to 665°K., and cooling
to 100°K. for the desorption experiment. The estimate (Q,) = 3% o-f ‘/‘0 ‘
was made. No determination of < ev) for the secondary tﬁo of 101‘7‘/" 4:3;’0
given. The geometry of the figure prompts us to estimate /< &)/ éﬂ?-
Henceforth, we consistently assign < ©y) 2 O to the primary

lobe geometry, £ ev) < O. to t1/1e secondary, for the remainder of
this paper. Our < ev> estimate for the secondary trio may be specula-
tive for reasons cited by the authors of reference (8).

We assume that oxygen adsorption on tungsten results in the formation
of entities on the surface resembling molecules, in that at most several nearest
tungsten atoms participate in the oxygen binding. We do not rule out the possi-
bility of Oy molecules adsorbed on the surface, or surface complexes invalving
several oxygen atoms, For the present we restrict consideration to adsorbed
oxygen in atomic form.

More than one tungsten-oxygen bond length may be required in this
system. We have already inferred from the ion distribution data the presence
here of at least two adsorption phases, whose bond lengths may differ. Hence,
we bracket the bondilength in these calculations between two plausibly chosen
values, performing one complete scan of adsorption sites with each value,

One trial value for the bond length was based on the work of Van Hove

and Tong ) 25 who recently found the W-O bond length on the W(110) surface
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via LEED. They find atomic oxygen bound principally to three nearest
tungsten atoms in the surface layer, equidistant from each. The bond length
found is 2.08 A°, which is close to the sum of covalent radii. We accepted
this value despite the fact that the W(111) geometry does not permit this ad-
sopption geometry along the mirror symmeti‘y axis. Points on the mirror
axis equidistant from three or more tungsten atoms can be found only with
long bond lengths, placing the oxygen center in the region where image attrac-
tion prohibits desorption. We also adopt for use in this calculation the sum

of Slaters empirical atomic radii. This has the value 1.95 A°.

In Fig. (7.9) we show a scale cross sectional view of the W(111)
surface cell sliced by the y-z plane. Tungsten atoms are shown as
circles. Their radii are proportional to the empirical atomic radius of
tungsten, the sum:of which agrees well with the known interatomiic spacing in
the solid. Other dimensions shown may be deduced from the data given in
Fig (7.4). Not shown are the two surface layer tungsten atoms, which would
appear above and below the point x =0, y =0 in this projection. The angles
19.5° and 35.3° are those formed by the surface normal with the (112) and
(110) surface facets respectively.

We show by the curves labelled 's' and 't' in Fig. (7.9) the range
of adsorption sites candidates covered in our scans. Each is the locus of
points either 2.08 or 1.95 A° from the nearest tungsten center. The cusps
denote points equidistant from two nearest tungsten atoms. Computations

were performed at the points marked by triangles. Their zone coordinates
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may be inferred from Fig. (7.9). The angles ©%; @ ) ¥ defined
as shown specify the relation of an oxygen atom to the nearest 'A’, 'B', or
'C’ type tungsten. They are positive counterclockwise from the surface nor-
mals. The angles °<m,¥ ) ﬁma,‘ ,Tmax are slightly different for
the two bond lengths. Their values are shown on Fig. (7.9).

We performed two series of computer calculations as described.

For computational economy only 100 trajectories originating on each site were
selected by our Monte Carlo simulator and integrated to z =50 A®. We chose

the spring constants K, = .04 atomic units, departing from the value used
previously. This combination of K, and 100 points was sufficient to establish
lobe centers which agreed to within 1-2 degrees with those generated by 500
points and K;; = .01 in initial testing. This compromise facilitated accumulating
simulated data for enough sites to allow interpolation as described below. Some-
what higher vibrational energies may be physically justified near the sites at

ol max | @ ray and ),MQX where double bonding may exist.

We recorded simulated ion distribution data consisting of the asympto-
tic velocity components, the desorption energy, and the time of flight for each
ion trajectory. The desorption energy we took to be Ez(':é) ¥ ;{‘M v “E,_(O")
where ?0, ‘s'/'o are the initial coordinates. Errors in following the trajectory
were estimated by comparing this value with the exit kinetic energy computed.
from the velocity components. This discrepancy was kept below 2%. We also

retained the acceleration components at the excitation point for each ion. These

play an important role in our analysis.
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The lobe center positions were established by vector averaging
the asymptotic velocities emerging from each adsorption site. The colati-
tudes of these quantities we denote < 6@7 , the azimuths < ¢v 7 .
Some distortion was introduced by projecting our ion distribution plots on
either a flat or hemispherical screen, simulating the experimental viewing
arrangement. Significant differences in the apparent lobe shapes result.
However discrepancies between the projected central colatitudes and 74 6\47
were insignificant. We also vector averaged the initial accelerations for
ions excited at each site, denoting their colatitudes and azimuths < ea)
and (¢a7 respectively. Both (¢V> and <¢Q7 were either 90° or
270° as required, hence we consider them no furthe;'. The positive sense
for (94) is in the primary lobe orientation. Each site thus produced
a trio of lobes with one of the two observed experimental orientations, con-
firming earlier results. Ion distribution plots were prepared for each site.

Discussion of Results

In Fig. (7.10a,b) and (7. 11a, b) we plot the variation of lobe center
with bond angle. Here we add for comparison the acceleration colatitude.
Mean ion desorption energies were also calculated, as were the times of
flight to the z = 50A0 plane, where desorption is considered complete. This
information is displayed as functions of &, f3 and ¥ in Figs. (7.10c) and
(7.11c). Inasmuch as the information contained in these graphs yields impor-

tant clues to the ion dynamics we examine them in some detail.
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The results for both bond lengths show consistency in their
trends, with some quantitative differenceé. First we note in Figs. (7. 10a)
and (7.11a) that the primary lobe directions are produced only for A7 0
and @ { _O . This range corresponds to adsorption in the region from
A to C along the mirror axes, with all other sites producing secondaries or
central spots. Our earlier conclusion is thus supported. Moreover, this
conclusion is resistant to errors in modelling E, unless they are serious
enough to convert both (3 2Q and D"" QO into strong maxima or minima.

For all of the atomic positions studied, there is good qualitative
agreement between (eaﬁ and <@v> , confirming expectations that the
initial impulse direction is a useful indicator of lobe orientation. For bofh
bond lengths there is excellent quantitative agreement between <Qg> and

< 9v7 as well,in the néighborhood flanking the 'B' and 'C' tungsten atoms;
that is, throughout the P and ¥ angular range. Also,there is near
coincidence of Fig. (7. 10b) and Fig. (7. 11b) for the I?, K4 range of sites.,
We take this as an indicator that our predictions throughout these regions for
<9\,7 are independent of small errors in the bond length. The in-flight ion
dynamics appear to be simple in these regions. Ionized oxygen atoms propa-
gate in essentially a straight line away from the surface, with no significant
image refraction.

Next we examine chemisorptidn sites in the region directly over a
surface tungsten atom. For these the quantitative agreement of <ev> with

(e,,) is poor. Emission spots form significantly further from the surface .
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normal than <ea) would indicate. We attribute this effect to refrac-

tion of the ion trajectories by the image force, with the most effective re-
fraction occurring in the range K 550, X = ~40° for both bond
lengths studied. In general, image refraction and defocussing effects are
amplified for the longer bond length. Our predictions for < 6,7 for ad-
sorption sites over the surface tungsten atoms thus display considerable bond
length dependence. In actuality, most .of the interesting sites considered below
lie where bond length dependence is not strong enough to shift the result appre-
ciably.

The region on both Fig. (7.11a) and Fig. (7. 10a) between of == 70°
and (3 2= ~10° displays behavior quite different from that described above.
Here <eq> lies above <@v> , implying that deflection of the ions toward |
the surface normal occurs in flight. Repulsion dominated behavior such as
this can arise only from the atomic tungsten potentials, with the deflection
occurring before the ions have left the surface cell. The shapp switch in Fig.
(7.10a) and Fig. (7. 11a) to repulsion dominated behavior, accompanied by a
sharp drop in <6v>, is no doubt attributable to repulsion by the tungsten
atom at 'C’, and by those not shown in Fig. (7.9) in the surface layer.

In the region -30 £ < £ 4 40°, a single tungsten atom in
the z = 0 layer provides the dominant initial impulse to an ion, as one should
expect. The acceleration colatitudes are an excellent fit to the 45° line

< ©Oa> = oK | The lobe centers <@v> also fit a straight line, which
is rotated however due to image refraction. Here the directions one would

impute to the chemisorption bonds agree well with <6a> .
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In the range -50 é ¥ —é 0 there is also fair agree-
ment with < 617 = X , except for a constant shift of about 7°. Here
ionized oxygen atoms exit approximately radially away from the 'B' tungsten
atom.

Elsewhere in the zlone, several surface tungsten atoms combine
to produce the initial impulse. The direction radially away from the nearest
tungsten atom, which one would tend to associate with the bond direction, is
not a reliable indicator of oxygen emission directions. In our model, ior;ization
is a recoilless event, with the emission direction set by the properties of Ez(r).
Hence, speculations about the strengths and direction of the ground state chemi-
sorption bonds are superfluous.

Ion distribution plots for each adsorption site and bond length were
examined. The most diffuse lobes were found where image refraction effects
dominate most strongly; that is, in the range < = 50°, X = -40%in
our model calculation. The compact structure observed in the experimental
ion patterns is preserved throughout the P and k] range of sites, with the
densest structures found with the largest desorption energies ( & > . These
points are found at Ozmﬂx, pmnx and .ZT'MHX on Fig. (7.10c) and Fig. (7.11c)
equidistant from a pair of tungsten atoms. Desorption energies in the /3 Y
range of sites are significantly larger than those in the image dominated region

40 & o« é* 60, throughout which <E7 is flat. One expects this

flat region if an ion interacts here principally with a single surface atoms:
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Our picture of the ion dynamics prompts us to associate well
focussed emission spots with high average desorption energies, while dif-
fuse lobes with poor definition result when energies are low. Here, there
is an implied comparison of repulsion and image contributions specific to
the system we consider. This picture may need modification if Ez(‘f) is
highly anisotropic over the width of the ground state, in which case there
may be defocussing of high energy cones. Longer bonds lengths tend to
lower the desorption energies, magnifying image effects. Minima of < E>
occur directly over the symmetry sites A, B, C, with the value of { = > at
the minimum increasing in that order. The compactness of central spot pattern
increases in the same order.

The flight times are interesting as an indicator of the effectiveness
of reneutralization processes, which we discuss further at a later point. The
times remain roughly constant on Figs. (7.10c) and (7. 11c) throughout the (3 )

‘( range of adsorption sites. However, <'f'> increases sharply for ad-
sorption over the surface tungsten laygr, becoming quite sensitive to variations
in ¢ and in<E > . The assymmetry in < 'I‘> about ol = 0is evident
also in Fig. (7.10a), (7.1la) portraying (@5 . It is no doubt caused by prox-
imity to a 'B' layer tungsten atom for o< <0 as opposed to a deeper 'C'
layer tungsten atom for L 70 . In the region about o = O where <E>
is constant, <+> would increase as 1/cos( o{ ) even if the image potential
w;are neglected. OQur graphs do not fit such behavior, indicating that the ion

paths are curved.
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| Two series of adsorption site cancﬁdates were obtained by iﬁter-

polation from Fig. 7. 1.0a,b) and Fig. | (7.11a, b).v Vélues of < , p , and

| D/ consistent witﬁ the 'primary lobes having <6v> == 34°, or secondary
llobes at <Q> = 38° were selected. One such series was interpolated
for each of the bbnd lengths we'are using. The locations of the chosen points
are displayed in Flg (7.12a,b). Fo.r each site an ESD pattern at 100°K. was
" calculated in the manner previously described. The original estimate I% ~ .01
atomic units wa.s' retained, setting the width of the grouhd state distribution at
.18 atomic units for 100°K._ In each case 500 ion paths were selected by the
Monte Carlo method. Simulated centrél spot patterns were also obtained for
sites above A, B, C; uﬁder the same conditions .. Se\;eral of the sites we inter-
polated are almost equidistant from a pair of ltung.sten atoms. We thus calcu-
lated .ion d'istr'lbutions ai‘so for the sites at o(,,,,m, ﬁmnx , and D,mmg .

The calculated values of < @v> ) <6a> s < E > and (J';-

are diéplayed in tabular form in Figs. (7.12a,b). The widths of the desorption '
-energy distributions, Gz |, and the range of ﬂight'times, wére

estimated by calculating the standard deviations of data for single ion paths.

Ion distribution plots for each site were prepared.'

Potential Oxygen ads'oriation sites we have icier;tified fall naturally '
into three grouping aécording ‘to desorption energy and flight time. These
clusteriné mirror their spacial distribution in the surface cell. The 'surface'
group, consis.ting of the sites in the neighborhood of the symmetry point at 'A’,

_ includes thoseat o€ = 0, o{& L 20. The 'interior' group, consisting
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of those locations most deeply embedded in the surface, includes locations
above 'C', and those flanking it near O(Mox ) ﬁmnx . The desorption
energies in each group show considerable dependence on bond length, as evi-
denced by comparison of Fig. (7.10c) to Fig. (7.11c). However, the energy
clusterings are preserved for each of the bond lengths in this study. Those
sites within the 'surface' group emit ions with significantly lower energies
than those in the 'interior' group.
Conclusions

The simulation of ESD for O-r from W(111) described above suggests
the following conclusions: The ionic desorption spots in the experimental ESD
pattern sequence under considération 8 are consistent with the adsorption
of atomic oxygén. All of the sites listed in Fig. (7. 12a,b) match the lobe orienta-
tion and number, as well as the colatitudes of the 6bserved normal and non-normal
emission spots. Either the 'surface' group or the 'interior' group of sites alone
can plausibly account for the gross features observed experimentally. One
assumes that adsorption phases within each group coexist on the surface, pro-
ducing ESD intensities which are superpositions of the patterns from individual
sites. In the discussions té follow, we discuss the clusters of sites collectively,
assuming that either adsorption over the surface tungsten layer, or adsorption
within the recesses of the surface cell is favored.

The apparent differences between simulated angular distribution
patterns of a given emission spot type are ones of compactness and shape. Com-

parisons with experiment based primarily on visual similarity are thus subjective.
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The ion distributions which we display as illustrations do not by themselves
provide an adequate basis for selecting that superposition of patterns most
consistent with experiment. The experimental ion optics é,nd display appara-
tus introduce unknown contrast compressions which may be quite different
from those of our simulation. Moreover, reneutralization may significantly
modulate the lobe shape pred{cted by our constant quenching model. Relative
intensities and widths of lobes depend on quenching effectiveness and on the un-
known populations of the sites involved.

We have recently been informed that the desorption energies for O
ions in this system lie in the range - 8 ev8.6 The calculated desorption energies
displayed in Fig. (7.12a,b) lead us to favor those sites with the largest values
of ( 5'7 as possible sources of the expefimental ESD patterns. Here we are
suggesting that adsorption at or near the points o(mﬂ,, ’ ﬁ"’“x , and
above site 'C' on Fig. (7.9) produces the primary, secondary, and:normal
emission spots respectively. Adsorption over the surface tungsten layer is
most strongly ruled out by our simulation. Adsorption in the vicinity of the
tungsten layer at 'B' is less plausible, inasmuch as lower desorption energies
are produced here than at the sites selected.

We review below the arguments supporting these conclusions. In
addition to appraising the desorption energy data and visual agreement of the
simulated patterns, some of the qualitative effects expected due to reneutrali-
zation are anticipated in the following discussion. The dependence of the results

on the model ion-solid potential is considered.
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Reneutralization mechanisms are known to be effective in this
sysfem. The average ion survival pr'obab{lity has been estimated to be
< §z> ~ 10-40 This estimate is made by comparison of the total
O+ desorption cross section on W(111) with that for 0, molecular disso-
ciation by electrons.

We gain qualitative insight into the role of quenching for the sites
under study by approximating the reneutralization rate Q(z) by an average
value ¢ Q) neglecting all spatial variatiqn: In general, Q decays rapidly
with distance frbm the surface inasmuch as it involves overlap matrix ele-
ments. Transverse.anisotropies may be important as well. In the W(111)
cell, spaces between tungsten atoms exposed to the vacuum are large. It
may be reasonable to speculate that contours of constant Q parallel the loci
of adsorption sites in this study at constant distance from the atomic centers.
The average ionic survival probability for desorption from a particular site

might be taken to be:

(s, > = exp [ (Qy<12/

with <’7L > the mean flight time. Here the inferred value of < Q) grossly
underestimates the reneutralization rate near the surface, whose decay is
neglected. This picture is useful for com.parative disevssion only. Estimation
of the quantitative importance of quenching requires independent determination

of Q, including spatial variation. Based on the flight times in Figs. (7.10c),
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(7.11c), an estimate of (Q) is obtained. For the surface sites
“+12 -1 P . . . 0, . [
<Q7 ~ 5x10 sec is indicated, while if the ‘interior’ sites are the

125ec™ . masmuch as times of flight to

emission source, Q 8x10
z 2100 a, are given, the average amplitude near the surface should be
"-102 larger.

Within this model, lobes with small desorption energies are heavily
quenched. Heavy attenuation for the surface site group should be expected,

'. Modulation of the intensities within a single

compared to those near 'C
lobe is related to the compactness of the spot. Wherever emission patterns
are highly collimated, the ions follow similar paths; So then attenuates each
ion comparably, with only slight modification of lobe contour resulting. Large
values of < E >are associated with such emission; thus the overall intensity
reduction of compact emission cones is minor compared to the attenuation of
diffuse patterns. These are found in our simulation to occur with evident
image refraction and dispersion. A model calculation incorporating quenching
would preferentially extinguish low energy ions, which are assumed to extfat
high colatitudes when image effects are dominant, compacting the emission
cones and shifting <ev> inward.

Attenuation of the low enexgy part of the desorption spectrum via re-
neutralization will shift upward the mean ejection energy. It would be useful
to know the experimental ion energy spectrum for each lobe and normal emis-

sion cone. This form of spectroscopy can be used to discriminate between

alternative adsorption phases and to probe interactions with the surface. Ex-
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perimental information on ion desorption spectra is not, however, availahle
at present.

We illustrate in Fig. (7.13) a pair of typical emission energy spectra
resulting from our simulation. Here we compare the primary lobe sources
whose bond lengths are 1.95 A% one at ol 2= 23°, the other ato{*® 85°,
The spectra for these adsorption phases should be distinguishable. The
spectra become harder to resolve if the "surface' site is quenched most heavily,
as constant < Q> would suggest. Its spectrum will shift further upward in
energy than the spectrum for oL = 85° We find that desorption spectra
for sites within the same cluster of Fig. (7.12a,b) may be difficult to resolve
spectroscopically as they overlap.

This model calculation predicts desorption energies which are low
for all sites considered compared to the experimental estimate of ~8 ev. Final
judgement of the quantitative correctness of our model for Ez is reserved
pending additional spectroscopic data. The bestagreement occurs for sites
with the 1.95 A® tungsten- oxygen separationat of = 85°, ¥ = -53°
'fheir energy spectra peakat ~ 2ev. ,b with widths of ~ ,5ev, The
corresponding central spot source has { E7 2 1.3 ev. and is slightly nar-
rower. A crude estimate of the up&érd mean desorption energy shift due to
quenching was made. With the energy distributions taken to be gaussian, the
peak is shifted upward by 1-2 times the width Gg .

Examination of Figs. (7.10a), (7.11a) reveals that <ar> is insensi-

tive to small shifts of adsorption site location near °(Mﬂx ) ﬁmpx ) while
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{E Yvaries sensitively with shifts in the same range. Adsorption on the
sites at may (3\,“)‘ , with larger desorption energies, is therefore
plausible as a prediction of this model. Adsorption near 'Z{Mn)‘ is sen-
sitive to small locations shifts; however, agreement of < ev> at the point

"?fnny with the observed secondary lobe colatitude is poor.

We observe that the site at 0(,09)4 lies along the direction normal

to that taken by (110) facets which might form on the surface, while @mx ,

—UMW lie normal to the (112) facet direction. An explanation of O"P
emission based on desorption normal to such facets has been consideréd

but rejected. Desorption normal to a (112) facet predicts secondary lobes at

<9v7 A 209, as does desorption from the site at ¥

MNEX in our study.

Evidence has not established the formation of actual facets in the experimental
temperature range. Sites near Emm‘ produce secondary emission
lobes in our study at < Q7 Z 309, rather than £ a7~ 20°, due

to the effect of Vppy on <8y .

Mean energies for the surface site group are an order of magnitude
smaller than the experimental energy estimate of 8 ev. Small changes in the
dielectric sufface location alter the detailed results, but leave the choice of
preferred adsorption locations invariant. An outward shift lowers the désorp-
tion energies for all sites, while bringing < 9.,) for Q(” PV F”’fbt
closer to the observed value. An inward relocation raises the desorption
energies for the surface sites only slightly. Our conclusion is most sensitive

to the model Hartree potential. We approximated VH as the sum of individual
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tungsten potentials for neutral, unperturbed atoms interacting with a
point charge O+ ion. Our rejection of adsorption sites over the surface
tungsten layer would require revision if, for example, tungsten atoms in
the surface layer were found to carry partial ionization sufficient to pro-

duce an order of magnitude change in the interaction energy.

Ion Distribution Plots

Now we present ion distribution plots obtained by superposing
emission patterns from some of the adsorption site candidates in Fig. (7.12a,b).
The visual trends in these confirm conclusions reached in the discussion of
ion desorption energies. For completeness, the ion distribution patterns cal-
culated for each of the sites listed in Figs. (7.12a,b) are presented for inspec-
tion as Appendix III.

In Fig. (7.14a) and (7. 14b) we show the pair of superpositions least
favorable to adsorption at the ‘interior' sites. Ion distributions for sites at

ol = 23%and of = -27° 1.95 A° from the surface tungsten atom
were merged to form Fig. (7. 14a), showing primary and secondary lobes.
The trios of spots originating at <L = 80° ¥ = -49°, W-0 distance
2.08 A° are displayed in Fig. (7.14b).

The ‘surface' sites produce the expected diffuse lobes, with well
developed cometary tails. Those formed by the 'interior' group are densely
packed. The primary lobes possess a distinct cigar shape. Compactness
and definition deteriorate in order ofl decreasing { E) . The projection
scheme in use magnifies the cometary aspect of Fig. (7.14a). However, the

authors of reference (8) imply that the actual ion paths through their
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apparatus justify this projection. We cannot estimate reliably the degree
to which the lobes of Fig. (7. 14a) will be compacted by quenching. One
should expect some reduction in the cometary aspect, accompanied by an
inward shift of ( @v> . The lobes for sites near Vr’mx are inter-
mediate in density between those displayed for 'surface' and 'interior®
oxygen locations, OQur previous dynamical picture involving image effects
explainé the structural differences. We note that in-flight repulsion of the
ions is implied, for the primary lobes only, by Fig. (7.10a) and (7. 11a).
This produces the cigar shape. The secondary lobes are roughly circular
as the flight dynamics are simple.

Now superpositions of primary and secondary lobes most favorable
to our conclusion are shown. Fig. (7.14c) shows emissiion of oxygen ad-
sorbed 1.95 A® from the nearest tungsten atom, at o[ = 850, ¥ F -530,
Here the spots are almost indistinguishable from those in Fig. (7.14b), al-
though slightly sharpened. Fig. (7.14d) shows the low energy lobes for ad-
sorption 2,08 A° over a surface tungsten atom. Here the lobes are poorly
resolved in the azimuthal direction. Except for variations in <6./> , ion
distribution lobes for oxygen adsorbed at Ommx ﬁmnx ) ?)’,,,,,x
are barely distinguishable from those shown in the preceding figures. In
Figs. (7.15a) to (7.15d) we show superpositions of primary lobes with normal
emission spots. These simulate the léw heat treatment patterns of flef. (8) ,
Fig. (2a), (2b). Whéan comparing central spot vs. primary lobe intensities in
these patterns, to the experimental sequence, one should recall that variations

in site population and quenching effects have not been incorporated into the
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simulation.

Summary

Models of oxygen chemisorption on W(111) involving surface
complexes containing several oxygen atoms in close association have been
proposed by several authors 8.85 These we expect to produce low desorp-
tion energies or véry high emission angles when repulsion between O ions
and neighboring neutral oxygen atoms is included.

Many observed features of the ESD of O—f from W(111) have been
left unexplained in this initial calculation. The original three primary lobes
are observed to diverge with heating of the crystal. Such behavior may be
related to as yet unobserved thermal changes in the interplanar spacing. The
origin of the high adsorption temperature emission sequenée observed by Madey,
et al is unknown. Despite superficial similarities to the previous sequence,
these patterns disappear on heating to T KQ» 600°K. without the formation of
a secondary lobe set. Hence, other adsorption phases may be present.

In summary, this investigation has identified several adsorption sites
for atomic oxygen on W(111) which provide a reasonable explanation of some
of the limited ion distribution and energy data presently available, The symmet-
rical features of the experimental patterns have been shown to result from
anisotropies of the ion-solid potential imposed by surface cell geometry. These
features were used to limit the range of plausible atomic oxygen adsorption
sites. A method by means of which model ion-solid potentials may be used
to produce quantitative simulations of observed ESD ion angular distributions

has been illustrated. The utility of desorption energy spectroscopy has been

suggested.
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Chapter VII: Figure Captions

Fig. 7.1: TUnit cell of thé W(1l1) surface. large circles represent
billiard ball tungsten atoms. The orientation of 'primary' ESD
emission lobes relative to the substrate is indicated by the trio
of heavy circles. The 'secondary' lobe orientation is rotated
by 180°. The choice of cartesian axes on the surface is indiéa—-
ted. Dashed lines through points 'B','C' are bilateral symmetry
axes., The A - A distance ag = a\ﬁ- = 8,44 a,e Various points of
interest where computations were periformed are marked by roman
letters. The 'A' tungsten atoms lie in the surface layer at the
points ('-"4.22,0,0) and (O,i'7.31,0). The 'B' and 'C® tungsten
atoms reside in the second and third planes down, at the points
(0,-2.44,-1,72) and (0,2.44, -3,44) respectively.

Fig. 7.2: The Unit cube of the Body Centered Cubic bulk lattice of

" Tungsten. The triangles shown define planes normal to the
(111) direction.

Fig. 7.3: View of the‘W(lll) surface, Tungsten atoms are represented
as spheres whose radius is 2.55 a,e Sites in the surface layer
are marked 'A'., Those in the second and third layers into the
solid are denoted 'B' and 'C' respectively. The surface unit cell
is outlined, in the orientation of Fig.(7.1).

Fig. 7.4: Table of some characteristic lengths pertaining to the
Tungsten-Oxygen system.

Fig. 7.5: The Ion-Solid Interaction Energy Ez( r ), as a function of
z coordinate, above the W(lll) zone symmetry sites 'A','B','C'.
The Image Potential contribution is plotted separately as the
dashed line. Points which are either 1,95 or 2,08 Angstroms

above one of the high symmetry points are marked.
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Chapter VII: _Figure Captions, continued

Fig.

Fig.

Fig,

Fig.

7.6 a,b,c: Contour Maps of the Ton-Solid Interaction Potential
Ez( r ) through planes at z = .5 a, 2.0 ag 3.5 a.

7.7a, b, ¢: Simulated ESD Ion Angular Distribution patterns
for adsorption sites above high symmetry points 'A', 'B', and 'C'
respectively. The W - O separation was taken to be 2.08 A,°
Desorption at 300°K. was simulated. Note that scale marks
appear each 5 degrees of colatitude on these and all subsequent
computer generated ESDIAD plots.

7.8: Simulated ESDIAD pattern for site 'P' of Fig. (7.1). The
coordinates of the chosen site are (-3ao, 0, 3a o). Note that
the lobes are rotated from either thé 'primary’' or 'secondary'
orientation.

7.9: Cross Section view of the W(lll) surface unit cell, drawn
to scale. A slice of Fig.(7.1) through the y-z plane is shown.
The positive sense for angles a, B, y is counterclockwise
from. the 'A', 'C', 'B' axes shown, All dimensions are in

Bohr radii. Curves 'S' ('T') mark the locii of adsorption sites
2,08 (1.95) Angstroms from the nearest tungsten atom, which were
were cdvered by the scans described in the text. The upper

and lower limits of a, B, y were as follows:

%hax Pmin  Pmax  Ymin  Vmax %min
'™.89.4 -18.8 25.1 -64.0 25.1 -64.0

'S': 84,7 ~14,2 21.7 -60.6 21,7 -60.6

"
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Chapter VII: Figure Captions, continued

Fig. 7.10a,b: Colatitudes of ESD emission lobe centers for o*
desorption from W(Ill). The adsorption sites covered lie
along curve 'T' of Fig.(7.9). Solid lines portray the lobe
center colatitude ¢ 6v> as a function of angle 'a', 'g', and
'y'. Dashed lines depict {©y , the mean acceleration co-
latitude. Lobe trios with the 'primary' orientation are found

only for 04a & o i 2nd B £ 0, corresponding to

-pminé
adsorption along the unit cell symmetry axis of Fig.(7.1)
between point 'A' (at the top of the figure) and point 'C'.

Fig. 7.l10c: Mean desorption energies <E?” and flight times <7
tothe z =50A4,° plane, for sites on curve 'T' of Fig.(7.9).
These are 1.95 A.° from the nearest tungsten atom location.
Data are plotted as functions of the angles 'a', 'g', and 'y',
with the solid line representing <{E> , the dashed line
portraying <T> . Energies are in multiples of .0l Hartrees.
Times are in multiples of 104 atomic units, where 1 time
atomic unit = 2,42 x 10”17 sec.

Fig. 7.lla,b: Colatitudes of ESD emission lobe trios, <8,), and
mean acceleration colatitudes {€;> for 2.08 A.° W -0
separation. Adsorption sites lie on curve 'S' ot Fig.(7.9).

(See caption for Fig. 7.10a,b.)
Fig., 7.llc: Mean Desorption energies <E D and flight times
(“f> to the z = 50 A.° plane, for adsorption sites covered

in Fig. (7.1lla,b). (See caption for Fig. 7.10c)



Chapter VII: Figure Captions, continued

Fig.

Fig.

Fig.

Fig.

Fig.

7.12a: Tabulation of simulated ESDIAD data for adsorption

site candidates interpolated from Fig.(7.10a,b). The W-O
separation is 1.95 A.° Each \site is identified by the angle
'a','p',or 'y, or by 'A','B',or 'C' it it lies atove a high sym-
metry point. For all sites, x = 0. The y,z coordinates are
given. The ESD pattern type corresponding to desorption from
each site is abbreviated 'PL' (primary lobes), 'SL', or 'CS"
(central spot). The first three sites belong to the 'surface'

group discussed in the text. The next four are in the 'interior'
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group. The results of ESD simulations for oxygen adsorbed at

a

max’ B max’ Ymax are displayed for. comparison.

7.12b: Tabulation of simulated ESDIAD data for sites interpo-

lated from Fig.(7.1lla,b). The W-O separation is 2,08 A.°
The first three sites are the 'surface' group, the next three

are the 'interior' cluster.

7.13:  Comparison of simulated desorption energy spectra for a

pair of oxygen adsorption sites producing 'primary' lobe pat-
terns., From Fig.(7.12a) we selected those at a = 23° and

a = 85°., P(E) is normalized to 1.

7.l14a, b, ¢, d: Superposition of simulated ESD Ion Angular

Distribution patterns displaying 'primary' and 'secondary’

lobes, as discussed in the text.

7.15a, b, ¢, d: Superpositions of ESDIAD patterns displaying

a central spot in conjunction with 'primary' lobes. 'Surtace'
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Chapter VII: Figure Captions, continued

sites are portrayed in Figs, (7.15a,b). 'Interior' sites
are superposed in Figs. (7.15¢c, d). For more complete
identification, refer to Fig. (7.12a,b), where adsorption

site data are tabulated.
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FIGURE 7.4: Some Characteristic Lengths of the Tungsten-Oxygen
' sttem

Unless noted otherwise lengths are taken trom: :
J. C. Slater, "Quantum Theory’ of Molecules and Solids"
- Vol. 2, McGraw-Hill (1965) . .
or from: "

L. Pauling, "The Nature of the Chemical Bond ",
3rd Ed., Cornell Univ. Press (1960)

Empirical Atomic Radn

Oxygen (Slater) 0.60 A, 1.13 a
(Pauling, p. 224) 0.66 " 1,25 ©
Tungsten (Slater). 1.35 4.° 2.55a_
‘ (Pauling, p. 256) | 1.30 " 2.46 "
- 0-0 Single Bond Radius . 0.74 " 1.40
(Pauling, p. 228)
| Bulk Tungsten Lengths: . .
Lattice Constant (B C.C. ) (=a) 3.16 A.° 5.97 a,
W -w mteratomic spacing 2.74 " . 5.17 "
) , Tungsten Surface Iengths: |
a_S = Surtace Lattice Constant
d. = -Interplanar spacing along Surface Normal
. W(l00) Face: : : | .
: : . ’ . O .
a, . 3.6 A.°  5.97a_
a - - o 1.58 " 2,98
W(lll) Face: , | .
a . 4,47 8,44
| a 0.91" " - L72"
Bond Lengths: _
O2 molecule . - - 1.21 " 2,29 " .
W - O bond lengths in solids  1.91-2.14A.° .3.61-4.04a_
Sum of Empirical Atomic Radii . 'O.' | |
L * (Slater) - 195 A.7 - 3,68 a
| (Pauling) 1.96-" 3.70 "
W - .0 Bond Length on W(llO) - 2.08% ‘07'A © 3,93%,13 aé"

(Van Hove S Tong, PRL '36 1092 (1975))
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7.12a _ | o - | -
"' SIMUTATED ESDIAD DATA for TUNGSTEN-OKYGEN BOND LENGTH 1.95 A.°
e ey ey S 6 PR
PL  5.87  3.39 33,5 22.8  0.69 | .4l . ATIL1,7.14a,7.15a
SL . -5.64 - 3.28 . 38.2 '25.9  0.69 .. .44 AlL2Z,7.14a -
cs 7.3l 3.68 Q° - (1° 0,67 .41 AIL3, 7.15a
PL  3.64  0.32 34,2 49.7 2,01 . .49 ATIL.4, 7.14c,7.15c |
SL 0.51 - 0.49 ¢ 36,7 39.3  2.13 .51 AMILS, 7.14c
SL 0.2l . 0.84 37.2 36.1  1.90 .50  AIL6"
. Ccs . 2:44 . 0.24 (1°° <1° 130 .42 - AIL7, 7.15c
SL 4.4l 2.27 37.6 33.8 113 - .50 CAILS .
. cs 2.4 1_-56-' o 1° 1° 0 100 .45 AmLY
=89.4° PL  3.63 - 0.4 - 30.4 a2 2,48 .50 AIIL.10
=25.1° " SL - 0.88 -0.l1 28.0 29.6 2.82 .52 ATIL 11
=25.1° SL  -4.00 1.6l  20.0 17.9  2.23 .59 AL 12
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FIGURE _ 7.12b | | | o
. SIMUIATED ESDIAD DATA for TUNGSTEN-OXYGEN BOND LENGTH 2.08 A.°

. ‘. . . ) ‘ ) 4\ ' / ) ) . ..
SITE - . PATTERN X =~ Y N /N SE/S 0 Ne See Fig:
' TYPE. : (ao) - (a'o ) -<6v7 <€a/ - (ev.) (ev.) . :
Ca=17.52  PL 6.13 3.75 © . 30.8 17.5  0.25 .26 AIII.13, 7.14d, 7.15b
a=-20°  SL - -5,97 . 3.6 35,7 19.8  0.25 .36 AIIL14, 7.14d .
At - - CS 731 3.93 (°  G° 023 .27 AILIS, 7.15b
@=80°. _  PL  3.44  0.68 ', 33.7 46.0 1.14 .37 AIIL.16, 7.14b, 7.15d
y=-49° 8L 0.53  0.86  37.5 35,9  1.44 .40 ATIL.17, 7.14b
'c . CSs 2,44  0.48  (1° <1° 0.84 .28 AILI8, 7.15d
d = -52° SL 4,21 -2,42 37.5 29.8  0.62 .37  AILIY -
B - cs " _2.44 2.21 ¢1°  (1° 0.47 .32 AIN.20
o =847 PL  3.40  0.36 28.4 37.7  1.55 .39 ATII. 21
B =21.7° SL 0.9 0.2l 28.9 30.0 2,01 .42 AIIL. 22
=21.7° SL -3.89  1.93 21.1 17.5 1,29 .45 ATIL 23
Ymax v -
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Chapter VIII: ESD of O+ from the (100) Surface of Tungsten

A detailed study of positive oxygen ion desorption from the (100)
tungsten surface is now undertaken.” The appreach in this section closely
parallels the method of Chapter VII, in which O* angular desorption from
W(111) was examined. We simulated the Electron Stimulated Desorption
Ion Angular Distributions (ESDIAD) patterns for oxygen chemisorbed at
various sites on the W(100) surface mesh. Both isolated oxygen atoms and
correlated groupings of adsorbed oxygen atoms in surface complexes were
studied,

!

In a recent series of ESD experiments, symmetrical patterns
of O+ emission spots from W(100) were found in orientational alignment

with the host material tungsten atom rows. Sharp emission cones non-normal
to the surface were observed, invariably accompanied by O-f emission normal
to the surface.

In this paper, we find that the number and orientation of the observed
lobes may be predicted by studying ion propagation in the anisotropic interaction
potential E 2("1" ). This function possesses the same symmetry as the surface
unit cell. We will place limitations on the adsorption site locations which can
produce emission patterns with each observed symmetry. These qualitative
conclusions are independent, within broad limits, of the model adopted for
Eo( T). A partial account;of our findings has appeared recently in the llterature.80

A plausible model of the Bl oxygen adsorption phase at low temperatures

is also presentéd. A number of atomic and molecular adsorption site geo-

- 202 -
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metries are identified. These are consistent with the observed ESDIAD
patterns for (:’)1 oxygen desorption from W(100). This work was conducted
in tandem with our study of ESDIAD patterns for the (111) face. One should
refer to Chapter VII for some of the detailed explanations which are omitted
here.

A rich variety of experimental ion angular distributions has been

revealed for O  desorbing from W(100). Here we summarize some of the

pertinent experimental results found by Madey, Czyzewski, and Yates. 6.7

The presence of two distinct adsorption phases for oxygen has been

. 3,15-17,87,88
well established for some time: An adsorbed state termed Pz

oxygen is associated with fractional monolayer coverages on W(100). The O*

yield is in ESD experiments is low (é Sx 10'9 ions /electron), corresponding

Secfion 093 3
to an ionic @ o desorption cross® ¢3 x 107“° cm“., For higher coverages,

the O+ yield is much higher ()10“6 ions/electron), corresponding

toa ?1 ionic ESD cross section »3.4 x 10729 cm2. This ﬁl state is

believed to constitute only a small fraction of the adsorbed oxygen on the

15-17

surface at high coverages, The surface concentration for ?1

8 molecules/cmz, when the

15

3
has been estimated 17 tobe ~ 1.3 x 10°
. 14 2 3
total coverage is A 4.9 x 107" molecules/cm”~. Madey reports 1
coverage of at most a few tenths of a monolayer, which desorbs partly as tung-
sten oxides upon heating. Hence, adsorbed 0, molecules and surface tungsten
oxides have been proposed for the ?1 state.

Distinctly different classes of ESDIAD patterns are produced by the

?1 and PZ phases. The @2 phase produces a low yield pattern with diffuse
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features, which has been described as a *hazy cross'. Its arms are paral-

lel to the tungsten atom rows in the substrate (see Fig. (2b) of Reference (7) ).
The ?1 state generates a diversity of sharply defined patterns, whose geo-
‘'metry depends on adsorption and annealing temperatures. For adsorption at

~ 100°K. the following sequence was seen. With annealing of the sample to

T 2 300°K. or below, the emission pattern displays a central spot accompa-
nied by sharply defined lobes oriented at 45° to the substrate atom rows (see
Fig. (3a, 3b) of Reference (7) ). Amnnealing to temperatures ~ 600°K. pro-
duces only an emission spot normal to the surface (see Fig. (3c) of Reference(7) ).
With heat treatment to T & 700-900°K. , lobes reappear centered on the 45°

cell diagonal. However, each is now clearly resolved into two spots (see Figs.
3d, 3e) of Reference (7) ). Above T 950°K. only emission normal to the
surface is seen. In each case, the desorption experiment was done at 100°K.
The changes are therefore irreversible ones produced by heat treating the
sample.

At elevated adsorption temperatures, lobes aligned parallel to the sub-

strate atom rows are observed. The mean ion kinetic energies for all of the
ESD emission spots are estimated to be in excess of several electron volts,

/

Previous studies have reported peak ion emission energies of =~ 6.5 ev.

and also ~ 8 ev.3'4' 2

for Pl oxygen.
We are principally concerned in this paper with explaining ion angular
distributions for oxygen adsorbed in the pl phase. In particular, we focus

interest on the low annealing and adsorption temperature ESD pattern sequence

displaying single 45° lobes. The colatitude of these lobe centers is placed
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by Madey, et al at <©>236°. In our calculations, <©,” corresponds

)
to the colatitude of the average ion emission velocity from a localized adsorp-
tion site. It has been shown that facetting and/or reconstruction of an oxygen
covered W(100) surface is thermally activated at T «= 700°K , 26,27 Hence,
we do not seek to explain features of ESDIAD patterns produced by annealing
or adsorption in the high temperature range. At low temperatures, facetting

of the surface is unlikely.

The W(100) Surface Cell

The W(100) surface unit cell is shown in Fig. (8.1) with several points
labelled for reference. This structure covers the surface created by slicing
the bulk B. C. C. tungsten lattice with a plane whose normal lies along the (100)
direction of Fig. (7.2). Cartesian axes are picked as shown in Fig. {8.1), with
2 normal to the. surface. The lengths used for cell dimensions are given in

the table, Fig. (7.4). The lattice length,a =5.97 a, is the zone width, while

/
the interplanar spacing’d = a/Z) of the bulk solid was assumed. Tungsten atoms
in the surface plane at z = 0 reside at the points labelled 'D'. Layers inside
the solidatz = -2nd, (n=1,2,3.....) are also centered at 'D'. Axes normal
to the surface through 'A' mark the B, C,C, tungsten locations, in planes at
z=-nd (n=1,3,5.....). Each tungsten atom is represented by a shaded circle
whose radius, 2.55 a, | is Slaters empirical tungsten atomic radius, This
visualization is useful for determining reasonable tungsten-oxygen atom

separations,

24
Recently, Van Hove and Tong have identified a possible 6% con-
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traction in the spacing between the two outermost tungsten layers on W(lOO),
via LEED. This contraction affects our result only slightly, however, and
was neglected in numerical calculations. A small increase in desorpti?n
energies of oxygen bound to the surface tungsten layer is implied, as well as
a slight decrease in mean ejection energies for adsorption over site 'A’,
Minor shifts in the ESDIAD patterns calculated are also implied.

For our purposes, the W(100) cell symmetry is classified as 8 fold
degenerate in the following sense: a low symmetry point, such as 'K’ in
Fig. (8.1), is present in 8 orientations in the zone. Points "A' and 'D' are
four-fold rotation axes. Point 'E* is a two-fold axis. Any of the lines EAE,
DAD, DED are reflection axes, Adsorption sites on any of them are replicated
4 times in the zone, rotated by 90°. Point 'E' is counted twice, while the
symmetry sites 'A*, 'D' replicate themselves only once under the symmetry
operations of the cell.

Idn-Solid Interaction Energy

The focus in this investigation lies primarily on the propagation phase
of ESD. As in our previous study, all spatial variation in the excitation cross
section and in the reneutralization rate is neglected. As a result, relative inten-
sities between spot patterns for different adsorption sites are not estimated in
this model. We computed the ion-solid interaction energy E2 via the prescrip-
tion detailed in Chapters VI, VII, with the tungsten atom Hartree potentials now
residing at points appropriate to the W(100) geometry. The dielectric surface

was estimated to reside at z £ -a /4.
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We show, in Fig. (8.2), the ion-solid potential Ez"('f ) as a function
of z, over points ‘A’ through 'E' of Fig. (8.1). Contour maps of E, through

the planes atz £ .5a,, 2.0 a_, 3.5 a, are displayed in Fig. (8.3a, b, c).

0
Atlarge z, image attraction dominates and anisotropy in the transverse di-
rection becomes negligible. Trapping occurs in the central portion of the zone
atz=3.5a,. Close toa tungsten atom, E, becomes strongly repulsive.
At points ';)‘X', "D’ the contours disclose near cylindrical symmetry for E,.
Point 'E’ is a daddle point. For these sites, the normal force component
will dominate over the transverse force components. Hence, we expect ion
emission normal to the surface for atoms adsorbed over points ‘'A', 'D', or 'E'.
Away from the symmetry points, the transverse force component is
non-zero. O the diagonal cell axes, it points toward the zone center, leading
us to expect four emission lobes at 45° to the substrate atj)m rows for adsorp-
tion along the unit cell diagonal. Similarly, four ion emission lobes oriented
parallel to the tungsten atom rows are predicted for adsorption sites on the
lines EAE, DED of Fig. (8.1). At points such as 'e«¢"', patterns with eight

lobes are expected.

Adsorption Site Determinations

Both qualitative and quantitative ESDIAD simulations were performed,
/
analogous to those described for W(111), except for modifications due to sux-
face cell symmetry. The orientation and number of lobes were found to be

as expected on the basis of the dynamical picture introduced in Chapter VI y

and the contour maps of E,. Lobed patterns were found for adsorption sites
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away from the symmetry points. Quartets of lobes oriented as described
above were found for atomic oxygen.
In order to ascertain the model independence of these conclusions,

we studied a simple model potential of the following form:

[« R
~) = Cx (/- 7 Co (/-
Er ) (7;%3.6 [ 7 _'_25(/ CosV&x/_{][—/ ;_Zz(/ 6056{;7)_)]

This function has the desired properties, with the choice kx-f ky\= 277/a.
The assymetry parameters are Cy Cy' There is a minimum of E° in each
plane at the x-y origin, The patterns generated, and their systematics of
variation- with this potential, correlated well with results using the ion-solid
interactior; potential as discussed above.

The 45° diagonal lobe centers cbserved by Madey, et al (Fig. (3a, b)
of Reference(7) ) were estimated to lie ~36° off the normal emission direc;
tion. A set of adsorption site candidates consistent with emission lobes at
this angle was ollatained. We scanned sites along the unit cell diagonal which
are a fixed distance from the nearest surface tungste}:n atom. The bond lengths
1.95 A°. and 2.08 A°. were used, as in Chapter VII, to bracket reasonable
tungsten-oxygen separations, and as a check on the bond-length dependence
of the results. In Fig. (8.4) we show a cross section of the W(100) cell in the
plane formed by the cell diagonal and the z axis. The points at which compu-
tations were done are indicated. Adsorption sites with o¢ 7 0<'MX lie
almost above the 'A' tungsten atom, and were not investigated, as they produce

only low angle emission lobes. The desorption temperature 100°K. was assumed.

The presence of adsorbed Oy molecules, or surface complexes involving
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several oxygen atoms has been suspected on W(100) » Hence, we

invest’igated both a 'bridge’ and a *surface’ molecule, as well as isolated
oxygenic locations. In Fig. (8.5a, b) we sketch the oxygen atom configurations
connoted by these terms. For an oxygen atom adsorbed at ¥ =(x,y,z), the
'bridge' partner is located symmetrically with respect to the zone center at

(-x, -y, z). The 'surface' molecular partner is located symmetrically with
respect to the nearest zone corner tungsten atom. We make no assumption
about possible O-O bonding in the ground state, especially where the inter-
oxygenic separations are large. The 'bridge' and 'surface' molecule structures
were investigated only for adsorbed O-O separations larger than the O, bond
length of 1,21 Angstroms.

We pictured the disruption of a surface complex by incoming electrons
to occur as follows: one member of a pair of oxygen atoms is suddenly con-
verted to an ion, while the other oxygen atom remains neutral. Both the
asymmetry of the surface Hartree potential, and repulsion by the ions molecular
partner govern the initial propagation phase. A repulsive Hartree potential was

calculated and fitted to the form

= . Iy k'] 8.1
V., = §053 exp[-2-292 8.1
in the manner described previously. We neglected the recoil of neutral oxygen
atoms in computing ion trajectories. This may be a good approximation where
directed bonding to the tungsten layer prevails.

The results of these scans are shown in Fig. (8.6a), for the 1,95 A°.
i
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length, where we plot <ev> the lobe center colatitude, and <6a>’

the mean acceleration colatitude at the point of ionization. The latter quantity,
as discussed, is an indicator of the importance of image effects or repulsion
on the in-flight ion dynamics, The analogous plot for W-O separation 2.08 A°
is given in Fig. (8.7a). We also plot average desorption energies and flight
times to the z=50 A°. plane in Figs. (8. 6b) and (8.7b).

We note in Fig. (8.6a) and (8.7a) that for o( ,>., 35° the isolated atom
and the *surface' molecule branches are indistinguishable to this simulation.
At the inter-oxygenic separations involved, the repulsion given by Eq. (8.1)
is negligible. Similarly, when & & 20°, the components of the bridge
molecule exert negligible requlsive impulse. Image effects dominate on the
'atom"* and surface molecule branches for o £ 50°, inasmuch as
©,> >><OaY . Over the remainder of the o& range, in-flight repul-
sion by neighboring tungsten atoms causes deflection of the lobe centers to
smaller colatitudes. The single tungsten atom in the 2=0 plane may be res
garded as the sole source of the initial impulse for the ‘atomic and *bridge’
molecule branches of the <a, 7 curves only for small of . The W(100)
cell is much more closely spaced than the W(111) structure, and we find in
this model that nearest neighbor tungsten interactions complicate the ion
dynamics for adsorption sites close to the surface. The mean energy and
flight time data portrayed in Fig. (8.6b) and (8.7b) show the expected trends.

We interpolated several sites which are possible sources of 36° colati-
tude ESDIAD lobes, forming quartets of spots rotated 450 to the tungsten rows.

From Fig. (8.6a) either an isolated atom at o< = 33° or a surface malecule
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at o = 30° is plausible, At o = 519 either the isolated atom or
*surface® molecule are possibilities as well. Compact lobes are to be ex-
pected here, as there is near cancellation of image and repulsion effects.
It is interesting to note that the direction to the nearest vacant tungsten site
is close to oL = 51°, The'bridge’ is ruled out, for this bond length, as the
36° spot source. However, a’bridge’molecule at o< = 51° produces a nor-
mal emission spot, via cancellation of the O'r -0 repulsion with the transverse
component of ?E 2. . This site was studied further despite its clear model
dependence. The implied inter-oxygenic separation is 1,44 A°. which is
close to the sum (1.49 A°.) of Paulings covalent oxygen single bond radii. 89
From Fig. (8.7a) we found 36° lobes at o< = 499, for which atomic
and *surface' molecular occupation is indistinguishable. The *atom®at o€ = 26°
and the 'bridge' at «= 27.5° were also selected. Inter-oxygenic repulsion
at small molecular bond lengths produces large angle lobes.
The results of extensive numerical computations are tabulated in Fig.
(8.8). All calculations were done at 100°K. using 500 points selected by the
Monte Carlo method. The spring constants were taken to be .0l atomic un’its.
As noted in previous calculations for 0+ on W(111), the widths of simulated
ESDIAD patterns display some sensitivity to the spring constants, however, the
lobe center locations have displayed insensitivity to the precise values chosen.
Inasmuch as a large number of ion distribution plots were generated, we have
relegated them to Appendix IV for examination. The locations of sites for

oxygen adsorption included in our study, are fully identified in Fig. (8.8).
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Discussion of Results

First we discuss O emission cones normal to the surface. These
are found for atomic oxygen desorption only over points 'A’, 'D', 'E'. We
observed mean desorption energies to quite generally decline for increased
tungsten oxygen separations, which is to be expected, inasmuch as the atomic
Hartree potentials vary rapidly with separation.

Sites Al to A3 lie over the B.C.C, symmetry site 'A'. Multi-centered
bonding equidistant from five tungsten atoms is assumed for site A1, Sites
A2, A3 are directionally bunded., This geometry has been suggested for the
?2 adsorption mode responsible for the ‘hazy cross' ESDIAD pattern.

We find that spot patterns for sites A1-A3 display no tendency to form the
‘hazy cross®. Spot widths tend to increase with z coordinate as expected but
half widths remain in the range 12-15°.

Sites A1-A3 are the best candidates for the @2 adsorption phase. One
may attribute the low @ 9 Vield to efficient reneutralization of ions excited
close to the surface. Rapid exponential weakening of the quenching rate has
been proposed in one dimensional ESD modelss 21,32, 7.S,'everal possible reasons
for our failure to predict the *hazy cross' may be found. One should expect
lateral anisotropy of the quenching mechanism to be important where reneutral-
ization is rapid. Madey, et al, suggest that quenching 'channels' may produce
hazy patterns with ill defined boundaries, especially for adsorption at a multi-
centered site such as Al, where adatom positions may not be highly localized
in the transverse direction. Another possibility is anharmonicity of the ground

state, which we neglect in this model calculation. Finally, lateral anisotropy
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in the real W-0O potential may be more pronounced than our model predicts,

compressing t:he. ion trajectories into a cross, If this is the case, however,
one would expect sharply focussed patterns for the F?- phase, which are not
observed,

Normal emission spots are also found for adsorption over the surface
tungsten atoms. Sites such as D1, D2 have been suggested for the Fl oxygen
site responsible for the normal ionic emission in ESDIAD patterns. This cal-
culation predicts mean desorption energies for oxygen at sites D1, D2 which
are an drder of magnitude smaller than those observed, .- We do not
rule out the possibility that adsorption over site 'D' occurs as part of the @l
phase. Our simulation suggests, however, that this geometry is at most a
numerically small component of ?1 oxygen present on the surface.

The two-fald symmetric sites over 'E' provide the best candidates for
the central spot producing ﬁ adsorption phase. Site El is preferred, as
its mean desorption energy in our calculation, 2.35 ev., is most consistent
with experiment. The half width' of the central spot we find to be ~15°,
which is consistent with the estimate made by Madey, et al, for Fig. 3c of
Reference (7).

Normal emission spots were found for undissociated O2 molecules at
sites BI, Cl. The inter-oxygenic separations in each case are close to Paulings
single oxygen bond length (1.49 A°.). 89 Sites C1, Bl correspond to O,
molecules bridge bonded across the unit cell with the molecular axes parallel
to, and at 45° to the substra;e atom rows respectively., Molecular adsorption

3,7.88

for ﬁl oxygen on tungsten has been suggested., ) Single emission spots

rather than four lobed patterns are found due to in-flight deflection of the de-
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sorbing ions by O'f - O repulsion.

These findings are highly model dependent; hence, sites Cl, Bl are
not regarded as plausible producers of the ?1 central spot. It is likely that
the actual ion-solid potential is sufficiently different from our model for E 9
to produce cross shaped patterns for adsorption at C1 or Bl. In the case of
site C1, the oxygen centers lie at z = 1.41 a,, hence, one may expect rapid
reneutralization if adsorption does in fact occur here. The distance to the

surface is comparable to that for site Al, lyingatz = 1.49 a_,, which we

o’
associate with the heavily quenched Pz phase. We do not assume, however,
that molecular adsorption at Cl occurs, inasmuch as thermal desorption ex-
periments produce atomic oxygen from the 9 phase. 7

Now we examine the evidence for sites B2-B7, obtéined above by inter- .
polation using Figs. (8.6a), (8.7a). Each site produces a quartet of lobes ro-
tated to cover the unit cell diagonal and whose mean emission colatitude (ev7*z36°
is close to that observed. Site B2, corresponding to of = 51°/has the mean de-
sorption energy most consistent with experiment, namely < EY =1.22ev. Hence,
it is suggested as the possible ﬁ adsorption site. For sites B3-B7 mean desorp-
tion energies are all {1 ev. Simulated ESDIAD patterns for sites B2-B7 (Figs.
AIV.10 to AIV, 15) reveal that compact emission spots closely resembling those
observed are generated for site B2, We point out, however, that similarities
between the observed lobes and simulated patterns, generated with quenching
effects neglected, must not be considered conclusive evidence of adsorption

site identity. The expected effects of reneutralization on the patterns we pre-

sent here, were discussed in Chapter VII. In Fig. (8.9) we display a super-
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position of ESDIAD patterns for sites E1 and B2.

Our simulation has adequately reproduced the angular dependent
features of the low temperature ESDIAD sequence observed by Madey, et al.
However, the mean desorption energies reported by those authors and by

2
are not reproduced. ‘We note that the isotope effect in 016,

!

others

018

desorption may be used to assign the value 5, = 1074 to the ?1 survival
probability. 63 . Some upward skewing of the desérption energy distribution
is expected, as the result 6f preferential reneutralization of slower moving ions.
We estimated in the last chapter, however, that the expected upward shift in
CE> is insufficient to bring our energy estimates into agreement with experi-
ment. The crudeness with which E9 was modelled is suggested as the likely
source of this deficiency.
As a check on the model dependence of our proposed site identificationy

the tungsten-oxygen ion Hartree potential was recalculated, using relativistic
76

tungsten wave functions . After fitting to an exponential, the following

was found:

V. = 2392 zfx,a[—ﬂsééa’rj

Here, all quantities are in atomic units. E, was then constructed as described
previously. ESDIAD patterns for sites E1, Bl were recalculated, with anisotropy
introduced into the ground state via the choice .2 atomic uvnits for the

z component of the spring constant tensor. The superimposed ion distributions
are shown in Fig. (8.10). Lobe centers for site B2 remained invariant at

(6 v7 = 35.4°, while a central emission spot is still found for site E1. Sig-
nificant increases in the mean desorption energies were found, with £ E 7

st
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for the normal emission spot now given by 4,56 ev. , while the mean
ion energies in the lobes is 2,52 ev. This result is taken as an indication
that the adsorption site identification we propose will not suffer drastic
modification when more quantitatively realistic models for E2 are available,

The mean desorption energies calculated for site E1 are roughly twice
fhose for the lobes of site B2. This finding is consistent with experiment.
Madey, et al, report extinguishing the lobes at a lower stopping potential than
that required to extinguish the central spot, taking care, however, to point out
that comparable energies for the spot and the lobes are not ruled out. We note
that mean desorption energies for an 'on top' position over point 'D' are smaller
than those for sites such as B2, at comparable W-O bond length, almost inde-
pendently of the model for E 9 Significantly smaller emission energies in the
central spot appear to be inconsistent with experiment. Our rejection of adsorp-
tion sites over the surface tungsten atoms is therefore supported.

It is interesting to speculate why atoms would assume the B2 site bonded
along the cell diagbnal at A~ 51°. A partial O-O bond may possibly exist
in a surface WO, complex. One may also imagine one of the tungsten wave
functions to have large amplitude in the direction ol == 513 forming a directed
bond. We note that of = 54.7° defines the direction to the site, over point
'A', which the next tungsten layer would occupy, lending some support to this
interpretation.

Ordered structure on both Pz and @l oxygen covered W(100) surfaces
has been reported by a number of LEED investigators .. 90,91 Madey, etal

find evidence of (1x4) and (1x3) structures for Fl oxygen at T &= 300°K. A



number of such structures involving occupation of E1 sites and surface WO,
molecules may be visualized, coexisting with (32 oxygen on the surface. We
do not propose specific ordered structures, inasmuch as the technique we
employ is fairly insensitive to long range surface order.

A number of ddsorption sites which produce quartets of lobes aligned

parallel to the substrate atom rows were studied. Several such patterns are

displayed in Appendix IV, and listed in Fig. (8.8) for completeness. They are
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not, however, directly applicable to the problem at hand. Lobed patterns aligned

parallel to the substrate are observed only at temperatures for which a planar
W(100) surface may not be presumed to exist.

Conclusions, Summary

Our conclusions regarding O'P adsorption at low temperatures on an

unfacetted, unreconstructed W(100) surface are now summarized.
The picture of ESD proposed originally by Redhead and by Menzel and

Gomer 20,21

was generalized in this paper to three dimensions. We found that

a qualitatively correct description of ESDIAD patterns is obtained in this picture.

We are able to explain the orientation and number of ESD emission spots with
the use of an anisotropic model ion-solid potential,with simplified treatment
accorded to excitation and reneutralization mechanisms.

The number of distinct ESD emission spots for each atomic oxygen
adsorption site equals the number of points in the surface unit cell equivalent
to the chosen site. On the flat W(100) surface, only normal emission spots,
four lobed, or eight lobed ESD patterns, and their superpositions, should be

observed.
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Four lobed patterns aligned at 45° to the substrate atom rows are
evidence of adsorption along the unit cell diagonals., Quartets of lobes
aligned parallel to the atom rows originate with adsorption between 'A'
and 'E', or along the unit cell edge between 'D' and 'E' (Fig. 8.1). For
atomic oxygen, normal 0+ emission cones imply adsorption above point
'A', 'D' or 'E'. For madlecular complexes the same rules apply, however,
'bridge’ bonded O, molecules may possibly produce a central spot pattern
as noted above.

ESDIAD patterns containing both a central emission spot and lobes
are evidence of at least two coexisting adsorption geometries. Relative spot
intensities in such superpositions depend on the partial coverage for each
geometry and on the spacial variation of the excitation cross section and re-
neutralization rate. Detailed intensity predictions are in principle possible
with the simulation method we employ above, provided suitable model inter-
actions are available,

It is assumed that the low ESD yield @2 oxygen phase ifnvolves atomic
oxygen adsorbed at a site over the zone center such as Al, A2 or A3. Me-
chanisms which can produce the observed 'hazy cross' ESD pattern were men-
tioned in the text, and by other authors.7 It was speculatively suggested that
adsorption geometries similar to sites C1, C2 or C3 may contribute to the

6 phase.
The following picture of ﬁ’ adsorption at low temperature emerged.

Atomic oxygen adsorbed over site 'E' is the most plausible origin of O
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emission normal to the surface. Surface WO2 complexes oriented along the

unit cell diagonal provide the most cogent explanation of 45° rotated lobe
quartets. The observed lobe center colatitude is best matched by taking

the O-W-0O angle to be & 102°. Quantitative agreement between calculated
and experimental desorption energies is inexact. However, the adsorption
site identification is expected to remain substantially unchanged with improve-
ments in modelling E2. Adsorption directly over the surface tungsten atoms
at 'D' is unlikely, except as a small fra‘ction of the ﬁl phase.

We decline to make adsorption site identifications for any of the high
adsorption or annealing temperature sequences presented by Madey, et al, as
the surféce is assumed to facet. QOur computational method may be readily
extended to deal with non-planar surfaces at a later date.

The canclusions of this study are in substantial agreement with most
features of the @ oxygen adsorption model proposed by Madey, Czyzewski,
and Yates in their experimental paper.

It is expected that joint experimental and theoretical studies of ESD
angular distributions will provide a valuable spectroscopic tool for surface
study. ESD samples principally short range order on the scale of the unit
surface cell. Hence, information g:omplementary to that revealed by established

techniques may be obtained.
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Chapter VIII: Figure Captions

Fig. 8.1:

Fig. 8.2:

Unit Cell of the W(100) Surface. The cell outlines and
features are superimposed on a billiard ball representation
of tungsten atoms, drawn as circles with radius 2,55 a,-
Surface layer tungsten atoms reside at 'D', with cartesian
coordinates ('-"2.98a°,3-"2.98ao,'0). The 'B.C.C' tungsten
atom at 'A' is centered on the x-y origin, at z =—a/2=-2.98a0.
All of the low symmetry sites 'a' are equivalent. All of the
lines DAD, DED, EAE are bilateral symmetry axes of the surface
mesh. Points such as 'B','C’,'I' are fourfold degenerate.
Any of the triangular sectors ADEA is sufficient to generate
the whole unit cell under eight covering operations. The
high symmetry points are 'A','D','E'. Roman letters desig-
nate points of interest mentioned in the text, or for which
computations were performed.

The Ion-Solid Interaction Energy EZ( r ) as a function of z
above points A - E of Fig.(8.1). Distances from the z = 0
plane are in Bohr radii, The contribution of VIM alone is

shown by the dashed line. E., was plotted neglecting an

2
additive constant, essentially the oxygenic ionization
energy. Hence, desorption kinetic energies may be inferred

from Fig.(8.2).

Fig. 8.3a, b, ¢: Contour maps of Ez( r ) in the planes at z = .5 ao,

2.0 ao, and 3.5 ao.

Fig. 8.4: Cross Section of the W(100) unit cell in the plane defined
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Chapter VIII: Figure Captions, continued

by a cell diagonal and the z axis (see inset, also Fig.8.1).
Arcs from a = 0 to @ nax indicate adsorption sites which were
scanned to match 36° colatitude lobe quartets. The left (right)
half of the cell shows the locus of points' scanned for tungsten-
oxygen separations of 2.08 A.° (1.95 A.o). The limit @ ax
of the scans for atomic oxygen is 76 ,4° (79.8°), and
defines the point equidistant from the B,C.C. and Surface
layer tungsten atoms. Note that the angle 35,3° suggests
the production of 36° emission lobes for adsorption at @ ax®
This is not found to occur, as in-flight repulsion by neighboring
tungsten atoms is strong in this region of the cell. '
Fig. 8.5a: Geometry for a 'surface’ WO2 complex oriented at 45°
to the substrate atom rows. Black circles represent oxygen
atoms, white circles are tungstens. A top view and cross
section along the unit cell diagonal are shown. The inter-
oxygenic distance is ao_ o Slaters empirical oxygen atomic
radius {s 1.13 a‘o.
Fig. 8.5b: Views of the 'bridge' molecule similar to Fig. (8.5a).
Fig. 8.6a: Colatitudes of ESD emission lobe centers, as functions
of the angle 'a'. Solid lines depict <6,,> for quartets of
ESD spots, while the dashed curves portray (600 , the mean
acceleration colatitude at excitation. The main branch of
each curve corresponds to lobes for an isolated oxygen atom,

'Surface!’ WO2 and 'bridge' molecules produce lobes as

indicated in the labelled branches of of the < 9v> / <@q>
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Chapter VIII: Figure Captions, continued

curves. The tungsten-oxygen separation was 1.95 A.o

The minimum plausible O-0O separation,l.Zl A.CJ is obtained

/
for the 'bridge’ at a = 56.7°, and for the 'surface' wo,
complex at a = 18.10. Points interpolated for further study
are marked by small circles. '

Fig, 8.6b: Mean desorption energies {E) and flight times (t >
to the z = 50 A.o plane, as functions of the angle a. The
sites covered in Fig. (8.6a), with tungsten-oxygen separation
1.95 A.° are covered. Solid (dashed) lines and their branches
refer to{EY ( (t)). Energ!'es are in multiples of .0l Hartrees.
Times are in units of 104 atomic units, where 1 atomic unit
of time = 2,42 x 10”7 sec.

Fig. 8.7a: Colatitudes of ESD emission lobe centers < ©Ov 7,
and mean acceleratio:n'colatitudes(94> for 2.08 A.°
tungsten-oxygen separation. (See caption for Fig; 8.6a)
The limit of plausible O-O separations is reached for the
'surface' molecule at a = 16.9°, and for the 'bridge' at
a = 51.6°,

Fig. 8.7b: Average Desorption energies and flight times for the

adsorption sites covered in Fig. (8.7a). The tungsten-

oxygen separation is 2.08 A°. (See caption for Fig. 8.6b),
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Chapter VIII: Figure Captions, continued

Fig. 8.8:

Fig. 8.9:

Fig. 8.10:

Tabulation of simulated ESDIAD data for the sites
studied. The tungsten-oxygen atom separation is 3, o
(©,), ©Yare the mean colatitudes for lobe centers and
accelerations at excitation, before surface cell symmetry
operations are carried out to produce ESDIAD patterns.

( E ) Is the mean desorption kinetic energy of O+ ions.

GE— is the standard deviation of the calculated desorption
energies, which gives a rough indication of the width of
the desorption energy spectrum. Each site studied is
described, and its coordinates (x,y,z) in Bohr radii given/
relative to the scale drawings in Fig.(8.1) and Fig.(8.5).

Superposition of simulated ESDIAD patterns for Sites

El, and B2 (see Fig. 8.8)

Superposition of simulated ESDIAD patterns for Sites
El, and B2, with the atomic Hartree potentials recalculated
as described in the text, using relativistic wave functions.
A stiffer spring constant for the z direction was used.

Little change in the ion angular distributions is evident.
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"o B7  2.08 33.9° 23.8° 0.31 .28 AIV.15 -

 FIGURE 8.8
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~PiGURE 8.8, continued

ESDIAD ~ ~ SITE  ‘weo 6> - G (E> G . For ESDIAD Pattern L
- Pattern - No. (ALY _ o ev.)y  lev.) see Fig.:
an® 1o o : L o0 o . - S
90° 1lobes cz  2.08 14.9° 22,9 2.85 .44 AIV.16
. 'c3 195 23,6° 33,9° 3.53 .49 AIV.IT
W ce 195 :25.3° 24.2° 0,89 .43 AN.I8

ADsORPfION SITE DESCRIPTTON:
~ Site Al: (O 0,0.0,1. 49) Adsorptlon site over point 'A', equidistant from the four nearest tungsten ,
SRR ' _‘ ‘atoms in the zZ = 0 plane, and the 'B.C.C.’ tungsten atom atz = -a/z
'Site A2: (0.0,0.0,0.95) Adsorption over pomt 'A', with W—O separatlon 2,08 A
'Slte A3t (O 0,0.0, 0 70) Same as site Az W—O separation is 1.95 A

_' Site Dl: (2.99,..,9 3. 68) Single oxygen atom adsorbed over pomt D' 1.95 A.o' from the hearest
C . surface 1aver tungsten atom. : _ o A

Site D2: (2.99,2.99,3.93) Same as site DI, W-O separation is 2.08 A.°

- Site El: (2 99,0.,2.16) Oxygen atom adsorbed over the saddle point 'E', equidistant at 1. 95 A
~ from the two adjacent tungsten atoms in the surface Iayer.

Site E2: (2. 99,0.,2.56) Same as site El, W- O separation is 2.08 A.°

Lee



" FIGURE

. Site Bl:

- Site Ci: (1.41_,0. .1.48) Bridge vbonded O, molecule, with molecular axis parallel to subsra’_ce atom

Site B2:.

.Site B3:
Site B4-:'_
Site B5:

Site B6:

Site B7:

8.8, ADSOR_PTION.SITEDESCRIPTION, continued

(.%6,.96,2.32) O molecule 'bridge bonded diagonally across tne unit cell as in Fig. (8 Sb)

Interpolated from Fig, {8.6a). The O O bond length 1.44 a.° -is close to the.sum of
Paulings oxygen smgle bond radil.. Bonding to corner W atoms, with 1.95 A,~ separation
is assumed . :

rows. The O-O separation is 1.49 A, , which is twice Paulings oxygen single bond-
radius. Each O atom is equidistant fzéom the nearest pa1r of zone corner tungsten
-atoms, WJ.th W— O separatlon 1.95 A,

( 96,.96,2. 32) Isolated oxygen atom or WO surface molecular complﬁx bonded to a -
" surface layer tungsten atom as in Fig. (8 5a). The angle a = 51° was interpolated
from Fig.(8.6a). The W-O separation is 1.95 a.° ,. while the O - O separation for.
the WO, complex is 3.03 A, © ‘With this geometry, W-O.or WO, are indistinguishable
in the calculations. S : )

(.89,.89,2.58) Sbmllar to site B2. a = 49° as mterpolated from Fig°(8 7a). W-O separation
is 2.08 A _The O-O distance for a WO, complex is 3.14 A,” o :
(l.S",’l.o/,- 09) Isolated oxygen atom bonded at a = 330., 1.95 A.° from a surface llayer"
. -ungsten atom’ : T e

(1.68.1.68,3.19) ‘Surface WO complex with half angle a = 30°, Tne'W-O and O-O separations
are both 1.95A.° ' ’ :

(1.77,1.77,3.53) Single oxygen atom similar to site B4, a = 26°. W-O distace is 2. 08 A, °

(1.70,1.70,3.49) O2 molecule 'brldge bonded diagonally across the ce11d with a = 27. 5°
and O-0 separation 2,55 A,~. The W-0O bond distance is 2.08 A.~ The O-O

- repulsion is quite small at this separation.
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Site -C4: (1 0,2.99,3.10) O,

' FIGURE' 8.8, ADSORPTION SITE DESCRIPTION, continued.

Site ' C2: (0.,.59,.90) Site along the % axis equidistant from two surface layer: tuncrsten atoms,

and one at point 'A', The z coordinate is comparable to those for sites Al to Ag,
hence this site is a nosszble contributor to the. BZ adsorotlon phase.

‘ »Site - C3: (1.0,0. ,.84) O, - mole_cule centered over point 'E', Wl'th its axis along the zone x axis, }
' s and O-D ~ distance . 2 A,  .Each oxygen atom-is'1.95 A.~ from the zone comer -

tungsten atoms, This 51te is a possible contrlbutor to the B, phase,

molecular adsorption site similar to C3 however, centered over
point 'D?', 2'ch molecular axis parallel to x axis of the zone.
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Appendix I: The Ground State Photodesorption Cross Section - One

Dimensional Solution

We now calculate the contribution té the Photodesorbed flux in the
ground state. First, we solve transport equation (4.4b) for the non-thermal
ground state distribution P{(z,v). Then, we make use of Eq. (4.5), defining
the cross section.

The solution method is similar to that employed in finding Pj, (z, V).
The speed of a particle in state 1, u £ ( v/ , isa function of z,where the
trajectory is known. The total energy € in the ground state is a constant
of the motion, hence, the classical turning point z;, In the ground state tra-

jectory satisfies

6 = EI(ZL)

= E;(i) +';?I_/V‘ a2— (AL 1)

Taking ol to be the kinetic energy of the ejected particle, we also repre-
sent € as

e = ol +;_€-_'//00)
(AL 2)

Our interest lies only in the part of P'1 which describes atoms actually

able to desorb. Thesehave ol = O . They satisfy, therefore, the

. 2 :
step function e[:{-ﬂu + E/(Z) - E‘, (20) 7. The remainder
of the flux rejoins the trapped ground state population after de-exciting, and is

of no further interest. Also, we are neglecting the recoil upon non-radiative

- 242 -
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decay. Hence, an atom which de-excites at z has the following relation

between o< and the thermal kinetic. énergy 3 :
ok T S HER(2) -, (2) tE(R) - E, (o) . (AL3)

With these preliminary remarks in hand, we now proceed to solve the
transport equation (4.4b). First we separate P} (z, v) into incoming and out-
going components, viz:

, # y
R czv) = QwmE(Zu) + @V Plzw (AL 4)

We make this substitution in Eq. (4.4b), separating P'2 similarly, as in Eq.

(4.9). The set of equations satisfied for u #O is:

z z z
UQF - 1 dEIE R ) K r2e«) =0
22 M 4% du

(AL 5a)
while at 2y, where u=0, the following boundary condition holds:
- + -
Lim Przw«) = Lim 7 (2K)
U-»0 @20 (AL 5b)

There is a unique value of the turning point z; for each atom which has
enough energy to be ejected.
Next, we change variables to a set in which only a single integration

remains. A suitable such choice is o£ , the desorption energy, and p )



which are defined by:

¢ =z

L = FMUE+ E ) F (o0) (AL 6)
Under this transformation:
+ ,
P rzu) — 27
Rirzw) —> B )

The thermal energy ? is necessarily positive, hence, we insert

+
into P2" (¢,o( ) the step function:

244

O (X +EM) -E(D)* Eyron) ~E£ic2)  army

as well as the desorption requirement ¢X{ >.0 , which is now written as:

O ( F+E(B) ~£:08) +E (2o) ~ Eyoo))

(AL 8)

With the use of Eq. (Al 6), the derivatives transform as follows:

o — 9 £Er 2
5Z a;b*g'/‘“'&
2 _

— Moc.a_
oL

Only the ¢ integration survives in the resulting equation set, which is:

zZ
d P (de«) = TQ®) fi’t(cé,oo
2 | L B,)

(AL 9)

Q
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The formal solution of the above may be immediately found by

integrating on ¢ in the arbitrary interval [z', zj. The result is:

z z
Prza) = Prz/«) =

Z/

z z
ad Qe) £ 1e,)
L (B)xX)

(AL 10)

The integral on the right just increments the probability of finding a particle
desorbing in the ground state by its change over [ z*, z] . The expression
for u is the speed at the point of de-excitation, which is the same for both

states 1 and 2, Hence, u may be written in either of the alternative forms:

—_ 2 L
U = /7‘%‘)2[“ * £ (o0) - E/mgz (AL 1la)
£ A
Uh) = (Z) )5 +£20%) - 5@)] “ L)

The second form is convenient for use below.

We now simplify the solution for the case of low temperature: 1/ P
is small compared to typical potential energy differences. Following
arguments presented previously (in Chapter IV) in the discussion of G; )
only the dominant f dependence will be retained. We take §zo

judiciously in expression (AI, 10). First we approximate:

(Al 11c)

i

L
Ut) = (&) [ & 5 -Aw)]
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Next, referring to Eq. (4.23) for the excited state solution, we observe that
as ; —>0 , the lower bound zrﬁ? z,. The source of incorﬁing particles

into the ground stateat @ &L Zo  iscut off. The survival probability
Sazy @ » 3) wWas defined by :

ap’ Q)
/Ay Zo ;s'ﬂ.—‘z(a) -]

S (%, 0p) =

(AL 12)
Note in Eq. (4.23) that SZ(Zmin , zo)-—"'al. Hence, we have:
o) = %
B(50) = 2 ocp-zlom gz
- B; ' (AL 13)
x @ S (2,8,8)
There is no incoming particle flux in the excited state, therefore:
B (px) =0 (AL 14a)

—+
Next, we write Py in terms of the variable set @ ,o< . Equation (AIL.3)
is inverted to write f as a function of o<l , [é , namely:

F40) = L +E,MB) -5 ) +E () — 5 (20)

(AL 15)

The step function (AL 7) is inserted, which simply ensures that )Y 2O
We also insert the step function (AI.8), requiring the desorption kinetic energy
ol to be positive, after taking § == @ . This shifts the threshald only

slightly. Hence, for the excited state:

Z 'Fp,x ) = 2 ©(P-2) e(v) O(E (B)- EL(D) 1EU 2s) - & r20)) X
x 9( ZJ/M ) ,35( P ] S‘ (2o, 3, ) (AL 14b)
L5 o))t
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N
We first apply P, , P2 to determine the incoming ground state dis-

-

tribution P 1

. The integral on the right in our formal solution Eq. (AI. 10)
vanishes, since P; == O . Hence, PI is a constant for all z. There is no
external source of ground state atoms bombarding the surface, thus the solu-

tion for negative velocities is:
E{Z/“) =0 all z, all .20

-r-
Next, we determine Pl (#,¢ ). The boundary condition at the
classical turning point z , specified in Eq. (AL 5b) and (AL 2), yields the

following information:

Pz, «) = Prz,x) =0

The solution has the form: z

.f'
Prz<l = [ ap Qwp)E g
ZL | A C0yx)

The lower limit on this integration may be changed to Z g inasmuch as Pz
. L 7 L .
vanishes for @ ., Note that z — 2z, The result above vanishes
if z< Z.
We now collect the results to write the distribution function describing

ground state photodesorption:
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Z
E(Z’/D(} = 29(_2-20) 6(\//9(&) aP V@) S, (Zw%ﬁ)"‘
z (/((¢/¢§)
éﬁ[?@ﬂ)J
. ) . e (AL 16)
(2;( xy.f OLE, @) -5 r£(2)-5,5) OFF )

where

Lo 5 = //;—{L)f[ % 260 ] £

Now we find cross section for photodesorption in the ground state.
As in the excited state case, we find that P'1 (z, v) is approximately independent
of z far from the surface, due to the rapid decay of Q(z). The detection plane
lies at z = L, with the cross section given, as in Eq. (4.5) by the following

prescription:
oo
_ /
v, = F-‘[JVV Prz=t,v)

. . . e - L z
Clearly, it is appropriate to make the identification o = 3 /V\ \'4 )

which suggests the convenient variable change VJV > d o(//v‘ . Hence:
oo /
G, = —L/doc R (2=r,:)
MF Jo

It is legitimate to interchange the O£ integration with the one on }5
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contained in P} (z =L, ol ). Using Eq. (AL 16) for P} , the following

results:

o
o Zg%_é:)/a(fé QW) S, (298%) JB)
f z ey %) (AL 17)
A OLEW) -5 1 E.(7) = 5 (20) ]

Here the integral J( ¢) contains all of the o dependence and is given by:
— B0 Sppe))

Tip) = (51/2- c{o< 6(5@,«)] e
b L3¢ ¢,°0_7

The integration above is performed easily after making the transformation

defined by Eq. (Al 3) to convert the o< integration to one on > , which is:

Jco) /A'l/ /4?6(5} e
[LECH) ~E(p) #E(02) - ELC20)]

Theilower limit is guaranteed to be negative by the step function in Eq. (AI. 17).

The step cutoff on f therefore predominates. The well known integral which

results is proportional to /-1 (- 2_1/:
_ 7
Jeo) = [F @]

The final expression for (; / is now written,after. collecting results
above. The definitions of g(z.) in Eq. (4.8) and the photon flux are substituted

along with J( p ) into Eq. (AI.17). It is convenient to express the result in
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terms of the excitation cross section Qg( (ﬁ/ Z‘) defined by:

. A ¢ 2
Uax (3 20) = é’zrivep Al i
[ ~(BE(Z) = () (4.26a)

42€ gz 12o

-0

The ground state photodesorption cross section is:
©0°

U, (243) = (zo,p) A2Q2) S5( 2,2, 8) x,
(Z) /4 Eec 2 —é(a)]
x OCE (P)- & CO)1+ELC2o) — £,000) )

(4.27), (AL 18)

The survival probability in the above is evaluated from the function:

~2y /’ a2’ Q2
iR = o lalfraca) B2t g

These results are discussed in the main text.



Appendix II: Cross Sections for Angle Resolved Desorption Studies

In this Appendix we present a derivation of Equations (6.7a, b)
for the total desorption cross sections in fhree dimensions. The treatment
below complements the heuristic derivation given in the text of Chapter VI.

We choose the transport equations (2.13a,b) as the starting point.
These are not linéarized, but possess the virtue of being symmetrical in the
interchange of roles for quenching énd excitation rates. Qur strategy is as
follows: we find the formal solutions of the non-linear transport problem,
using Liouvilles Theorem. The classical trajectories in both the excited and
the ground state are assumed to be known. The formal solutions generated
for P, (t) are mappings which follow the occupants of an initial phase space
region forward in time. A perturbation expansion is generated, and linearized
in the excitation rate R. Depletion of the equilibrium ground state distribution
is neglected. The resulting linearized single particle evolution functions are
used to construct the cross sections.,

First we make the following replacement in Equations (2. 13a, b) using

Liouvilles Theorem:
-

@ Ve +taV — o
ot 7

a

All quantities in the transport equations depend parametrically on time via the

particle trajectories. Hence, the new form of the transport equations is:

dEm

R P - QM [F(+)

d7 (AIL la)
dR(t = QwEM) - R R?)
J7 R ’ (AIL 1b)
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Next, we introduce the survival probabilities Sz(t o’ t), whose signi-

ficance was discussed in the main text (see Chapter VI):
1—
_ [t QF) |
S;(t,ﬂ e (AIL 2a)

- 7 / 7«—/
5;(‘113,7‘) = e ga(f At (AIL. 2b)

The path integrations 3mpﬁc7‘f in S, are governed by E;.  We note that
-/
Cn (15,1 =5, (1)%)
S5p(177) Sh (B, #) = Sy (#57)

The quantities Sn(to, t) are interpreted as mappings which follow the evolution

of a single atom or molecule from t, to time t, in state n.

The following trial solutions of Eqs. (AIl. la, b) are adopted:

E(f) = Q/ﬁg;.ﬁ:'f) (AIL 3a)

h(f)s;/fa,’/‘) (AIL 3b)

W

(1)

These trial solutions are now formally differentiated and the result compared

with Eqs. (All.1la, b). The following differential equations for the unknown

functions h, g are the result:
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(AIL. 4a)

dget) = Rer) [(#) St )

-/
dht) = Q) LIS (11
a7’ |

(AIL 4b)

One integrates formally over the range t§ t'{t, and combines the result with

Egs. (AIL 3a, b), defining the trial solutions. Hence:

+
B (1) = git)s, (at) +[d7 RIS 7]

16

.
l? (1) = hit)S (1) + [ df ’f/ﬂ&(ﬁS/ﬁ 7) (AIL 5b)
% |

(AIL. 5a)

We assume that all of the functions in the above are mathematically well
behaved. The integration constants g(t,) and h(t,) may be identified by letting

t=7t,. In this limit,
Lim S, (%d) = 1
1%

while the integrations on the right in Eq. (AIL. 5a, b) must Vanish. Thus:

3 /78 ) - fi (i’) (AIL. 6a)

h (1)

i

6/7‘;’) (AIL 6b)
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Here P (t,) represents the supposedly known initial distribution functions of

the system.
Now we uncouple Equations (AIL 5a, b) simply, by substituting one
member of this pair into the other. The following integral equations for P

then follow:

Bty = P&)Ss1 + P& df’frvs,ﬁkff'/f (+/#)

+ / a7 df”ﬁff/ @5 ) RIS, (7' #)

]

Pit)S (1 it +P/ﬂﬁ7‘ 06,7 RIS (7,7)

(AIL. 7a)

Pro

.
+/;/f Jf”P(f’?ﬁ(f”/S (5IRAI* )
xS (1)7)

Fortunately, the exact solutions of the above are not of interest, They provide
'a realistic description of the desorption problem only when the ground state
Vibrational levels are well approximated by the classical approximation. More-
over, in the intermediate coupling regime discussed in Chapter Iya relaxation
mechanism involving interaction with the surface should be included in the trans-
port equations., We make use of Equations (AII.7a,b) to generate a set of per-
turbation series in R, which we then linearize. After iterating in the above

equations once,we display only a few leading terms:



Ert) = ) S, (1) -r/’/f)[({ff/f:,// RIFIS, (114)

(A1l 8a)

Fet) = PG #2) +E ) /;(fif (15, )@t (4/7)

> 7/ 7
+ (%) J%ff”grf 77 RIS, (7 #) % AL 85
x @7") § /f,’-fj '

% T

In writing the above, we neglected terms propoxrtional to R2 and higher powers.

Also, the combination P2R1 is intrinsically higher order, so terms in which it
appeared were dropped. Each remaining contribution may be interpreted by
reading the time ordered propagators and interactions from left to right. We
now also neglect depletion of the ground state. The survival probability S;
against excitation is approximated by:
S(t’fz) =/ Allt, | t
L) "2

The distributions are now written;

7 / / /
B = Bt)s: st + (14 SR (77

(AIL 92)
P = P(t) TR (%) f aF’S (16, 7IQH)
% 1
+P/f)f c/-ff(—f”/?/f’} ﬁ',”ﬂ@(f/) (AIL 9b)

B 7
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The quantities P, (t) are the evolved images in either state of the arbitrary initial

density distributions Pn(to). The implied freedom is utilized to construct two
sets of mappings, each of which describes the evolution of a single particle

started in them th state at t, to the n th state at time t.
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First a unit source in the ground state at t,is constructed. We choose

P2(t o) =0 in Eq. (AIL.%9a,b). The conditional probability of finding the atom
in the n th state at t is:

f2(7)
F (1) (AIL 10)

U, (1,7 =

. . < o . I .
Here t, implies a specific choice of T, , v, : hence, there is a set of such Uy,

for each initial phase space point. The explicit linearized forms for the U,

are:; 'f'
_ ‘RS 17
U, (10, T) = 7' R(1I% / (AIL 1la)
7o
"
U tot) = ) +|dTQE) Uy Hy 1Y
% (AIL. 11b)

The '1' in Eq. (AIL. 11b) indicates that a trajectory in the ground state is merely
followed from':’co ’-:’o to'f( t), ¥(t), without interaction. The second term
in Eq. (AIL 11b) is a higher order correction, which will be dropped at a later
point,

Making the complementary choice, Pl(to)=0, in Eq. (AIL.9a,b), we map

the response to a unit source at t, in the excited state. We define:

Fct)
ﬁ. /7‘6) (AIL. 12)

V, %,7)

for which the explicit forms are:
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Vo (15,1) = Si(+,7) (ALL 133)
va

vV, (751) = d7“’5; (76,7 Q1) (AIL 13b)
75
Finally, let us map the system forward from a time t=0 when it was
in equilibrium, to the time t, when its state is examined, and mapping of the
evolution begins. We let t5—-70; t—Pt, in Eq. (AIl.%a,b). The choice
Pi(t=0)= Plo ; P2(t= 0)= 0 conforms to the normalization assumed earlier

for equilibrium. Making these changes:

7o
Ette) = P°[ ot/ Rty S, 1) . 1

_/_/

7o
Plt) = P° + f ﬁf’ﬁ’f”x‘?ﬁ’?ﬁ(ﬁ?’ﬂ?ﬁ"/ 1
| J

The first term in Eq. (AIL. 14b) cannot contribute to desorption, by assumption.
The second term is small in the weak coupling limit; however, it can include
ground state desorption.

Desorption Cross Sections

We now construct the formal expressions for the total desorption cross
sections given in the text in Eq. (6.7a, b). We imagine the state of the system
to be known and given by Pj(t_) at an arbitrary initial time t,. The response

of the system to external excitation during a small finite time interval ['to, t J
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is traced, Then the evolution subsequent to ty is mapped for particles on
desorbing trajectories. At the end of the calculation, we let tl—)to, obtaining
finite limits,

First we trace the response of a single atom or ion whose coordinates

’5-'- '?r(to). No particle can desorb unless it is excited at least

are 'I'o= ‘i'(to),
once to state 2. We require R to act exactly once on an adsorbed particle
during [ tos tﬂ for us to count its history as part of the linear response
duting that interval. Terms containing additional excitations before t, or sub-
sequent to t 1 are non-linear, and we neglect them. Hence, it is sufficient to
map only particles found in the ground state at t,, as those in state 2 at t, con-

tribute to response during a previous interval.

The change in the occupation of state n over E:o, tlj is given by:
AU (HT) = Unlto ) - Uy (15,7) (AIL 15)

We note that U;(t,, t;)=" 1, and Up(t,, t;)=0. Hence:

AL (t,1) = & (157) (AIL 16a)

(ALL 16b)

ALh (1o, ) = b (7s1) — /

The average transition rate per particle to the n th state over ﬁ: o’ tlj is

identified as

o

N, (tat) = Ath(1s,7) (AIL 17)
(7 -75)
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while the average cross section for excitation the state n is analagously

defined:
Xn (76,) = A U, (15,7) (AIL 18)

F1-7)

Here, F is the external electron or photon flux. In the case of n =1, these
quantities involve both excitation and quenching during [, t;] . When the

am——

limit ty}-? to'f'E. is taken, ;(Zbecomes identical to the excitation cross

—

section at a given phase space point. The explicit forms for X,, are

displayed, after referring to Eq. (AIl. 1la,b):
/2
/

Xz (76,7;) = %)Xa’f’/\’/-f’/ S, (1)75) (AL 19)

17
X, (7%,7) '-'#5[0’7‘{’7“4713)(9(’/'7 X, (75,17) (AIL 19b)
%

Subsequent to tj, the evolution of a particle proceeds as follows. A U, {7'0-7;)
/]

occupies the ground state at t;, hence, it maps to the detection plane via:

AY, o) —> AU (H7) L, (1,1 + U (4,1 ]

while A(’{Z (15 /7}‘) , the state 2 occupation probability at t;, evalves

as follows:

AUy (Toh) =7 AL, (4,8)L V7 t4,1) +V (4]

Collecting the contributions to each state at time t, we define a new set of
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mappings /;n /’f:’/'ﬁ; 7) which assign to a single particle in the ground

state at t, the probability of finding it in the n th state at t anywhere in

phase space:

T 677, 7“) = /U (4,5)- (U (t7)

+ U/t ) B (T51) —
T, (%, 751) =[L40%,%)-17 Le, (1) (AL 200)

+ U (15, TV, (15)7)

Here we used Eq. (AIL 16a,b). It is evident after referring to Eqs. (AIlL 1la,b)

that the first term in /77,. is of order R2, hence we neglect it. The first
— '

term in //y must be linearized by approximating Ul(tl, ty== 1. The re-

maining terms are linear in R, as required.

We use Eq. (All.1lla,b) and (AIL. 12a,b) to write the explicit forms for //n :

T (7)) = ]}f’ﬁ#’/g (1]+)

df a/f”/? S (7))

(AIL 21a)

7/‘1‘//5) 7(;/_17
[a’f//?/f/f ( f 7 _/" f qt's (‘/,';/"/q)H](Au 21b)

We denote the response of the distribution functions at t, due to excitation
during [to, t;] , by APylto ty, t). For (t - t;)large, a portion of AP,

lies far from the surface, representing desorbed particles. We define:

AR (s 1,7) £ Pre) 7, 14,7, 4) (G112
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Referring to Eq. (AIL 14b), we note that for linear response one must

. Q> >
approximate Py(t;) 22 P; (ro,vo).
Now we identify the macroscopic quantities which become the desorption

rates in the limit t; >t We define;

M, (7,7,7)

1l

(AIL 23)

A1) f LB 4 AR
(1 -%) |

The integral yields the total induced change in the state n probability at time t.
N(to) is the surface coverage. Prototypes for the state n total desorption cross

sections are defined by:

6—;(’/6,77/7"/ = A7n ( 75)7,7) (AIL 24)
M(Ts) F

With the aid of Eq. (AIL. 24), (AIL 23), (AIL. 22), (AIIL 2l1a,b), and (AIL. 19a,b),

o

we write explicit expressions for Un

Gz (7577, ﬂ{ia‘t’/ /0;%\’/0 1 (1a (16,77)S2 (15, 1)

(AIL 25a)
_ 2 3 po. .
G, (75,151 = f A d 0 (0%, x
.1’
Y7 W (15)7) A / fS/ﬁﬁ’/CWf/ (AIL 25b)

7%
We now observe that Z// ( fc)/?’]) produces no desorption when the limit
ty7tgt€ is taken. Referring to Eq. (AIL 19b), it becomes clear that the

coordinates of a particle quenched at t' 4 t= to"'€ differ only infinitesimally
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from its coordinates at t., which we assumed to define a baund state. Sec-

o’
ondly, the integration in Eq. (AIL 19b) is squeezed to zero, when Q(t$ is well
behaved. When Q(t') contains a resonance, which might be the case for some
quenching models, the integrand of 7/ then contains the combination
(f'_’tO) S(./—i‘g) = . We therefore drop f, inlEq. (AIL. 25b).

vPassage to the limit tl"7 t, T € is non-trivial in the expressions
for the cross sections only for the excitation cross section 72_ ¢ ’I‘B, 7).
which we now denote x (" 75,7'7) , dropping the superfluous subscript. We
facilitate integration of the final expressions for (l—; s Q;, using a finite
number of phase space points by introducing a small arbitrary width /4 into
the spread of incoming particle energies. Hence, we average Eq. (AIl.25a,b)
over the narrow energy range r‘ , or equivalently, we replace R(IA/ ,t'),

the upward transition rate, by its average. Here (/o is the central energy

of the incoming beam. We make the following replacement for Eq. (AIL 19a):

+# e+ 75.
_ L (g5 7 7) | dew Rl )
X/?Sﬁ}‘) Il (7-%) =77 ’ (AIL. 26)

% 73

This step is important for the case of photodesorption, where the transition

rate for a monochromatic photon beam may have the form:

Ry (o) = Mﬂp/w) S(w-Acr) (AIL 27)

Here, Mpp is the matrix element. A('H is an energy difference evaluated
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for a particle at time t in its trajectory. In the absence of a finite energy
width in the photon flux, an infinite number of points are required to pexrform
the numerical integration.

Evaluating Eq. (AIL. 26) for the photodesorption case using R-r as

above, we find the excitation cross section becomes:

X’f(w,-f;) = Mforz.ojf/(;udf—A@we/Am)-M*f)

2

(AIL. 28)

In effect, we approximate the transition rate by a constant over a narrow band
of frequencies. It was assumed that the non-radiative decay rate is sufficiently

well behaved to Justlfy

_ Tt nocrn
Lirm | L [ d-f’ S ST
—/j—-.af; 7""7‘

=1

This is certainly the case if Q is always finite.
As remarked in the text, the transition rate for ESD contains N0 delta

function. Eq. (AIL. 26) may be trivially evaluated for small /_, with the result:

Xlgts) = e leg 79
B
The final expressions for the total desorption cross sections will now be pre-

- A
sented. We insert the step functions € (&lVe) T3 M - L£2¢22))  and

(AIL 29)

G(g‘lLMM,z'fﬁ;ff:')'Ez(F’j HE () ~£;(e0) . These ensure the energetic

feasibility of desorption. The result is:
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Uz rw) —)d’?—; dY Priais) X i ) S, (4s,4) x

- (AIL. 30a)
< O(EME + £y(75) - Exteo)
3> 43 pPs -
G o) = ﬁ'?’ v (5,6 A0y 15)

7 _ (AIL. 30b)
At Qi) (1, 1) O LM Lt~ 5 () +

+ E(FY -£,02)]

e\~\x

The result above is identical with Equations (6.7a,b). The path integrals 82
are defined in Eq. (AIL. 2a), and in the text, where the method of evaluation is
discussed. One should compare the result expressed in Eq.(AIl. 30a, b) in the
one dimensional limit, with the results of Chapter IV, to verify that the correct
limit is obtained for a translationally invariant system.

Only trajectories which are unbound, and hence, quasi-classical for
large mass particles, are present in the integration. It is clear that one may
generalize the result to the case where Franck-Condon transition from a
qﬁantized ground state are considered, by making the appropriate replacement

for the Boltzmann distribution and phase space integration.



Appendix II: _Simulated ESDIAD Patterns for O - W (il

In this appendix we present simulated ESD Ion Angular
Distribution plots for O desorption from the {i11) face of tungsten.
The adsorption site candidate corresponding to each of the following
polar projec;tions is fully identified in Fig.(7.12a) or (7.12b) of Chapter
VII. Axes in the tollowing plots are parallel to those of Fig. (7.1).

The same scale and projection scheme is used for each. Scale

marks each 5 degrees of colatitude are provided.
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Appendix IV: Simulated ESDIAD Patterns for O W(100)

For completeness, we present here simulated ESD Ion Angular
Distribution patterns for desorption of O+ from the (100) face of
tungsten. The adsorption site candidate to which each of the following
ion distribution plots belongs is fully identified in Fig. (8.6) , and in
the text of Chapter VIII, All are polar plots, using the same scale and
projection scheme. Axes are parallel to the substrate atom rows
defined by the cartesian axes of Fig. (8.1). Scale marks are provided

each 5 degrees  of colatitude,
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