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Abstract

Theories and computational procedures are reviewed for processes
involving bond breaking and formation at a solid surface. These
processes include reactive scattering, recombination, adsorption
and desorption. The article ends with a discussion of theoretical
techniques for describing how some of the above processes are induced

or modified by laser radiation.
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I. INTRODUCTION

Among the chemical reactions of interest to the chemical industry
and community in general, the number occurring at a gas-solid interface
is far greater than that in the pure gas phase. However, the most
thorough analyses of reaction dynamics at the microscopic level have
been performed for gas-phase processes, both experimentally and theo-
retically. In regard to experiments on gas-surface reactions, there
are special difficulties such as preparing a clean, specific crystal face
which are not present in gas-phase situations. The theoretical problems
arise from the many-body aspect of surface processes, where one must
deal with the motions of many .ore nuclei than say, for a three-body
rearrangement gas-phase reaction. Nevertheless, strong progress
during the past five to ten years has been made in the laboratory and
on the development of appropriate theories for understanding the detailed,
microscopic dynamics of reactions at a gas-surface interface. Aside from
representing a major area of basic research in chemical kinetics and
physical chemi.'.y, such studies are leading to an understanding of
practical chemical processes such as associated with heterogeneous
catalysis.

In this review article we shall address some key advances in the
theory of reactions at a gas-solid interface. We shail regard the term
"reaction" in a broad sense to apply to any process involving bond
breaking and/or bond formation. We shall direct our attention to four
general types of processes: reactive scattering, recombination,
adsorption and desorption. The first of these is discussed in Sec. II.

Two different types of reactions are considered: (1) a gaseous molecular
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ion reacts with surface atoms via several steps, and (2) a gaseous atom
undergoes a direct reactive encounter with an adspecies. Both gquantum
mechanical and classical models are utilized, where the latter involves

the intergration of classical trajectories leading to the solution of

the Generalized Langevin Equation. The second process (Sec. III) is
actually a combination of the other three, since it involves adsorption

of a gaseous molecule to result in atomic adspecies and then recombina-

tion and desorption to form to a gaseous molecule again. Similar techniques,
based on potential energy hypersurfaces for the collision dynamics, are used
to describe these first two processes.

The third process is discussed in Sec. IV, and here the role of excited
electronic states and the coupling of nuclear and electronic degrees of
freedom are included in a description of the adsorption event. The fourth
process where an adsorbed species leaves the surface is considered in
terms of single-phonon and also multiphonon transitions within the solid.

Finally, recent theoretical advances in describing how laser
radiation induces or modifies surface rate processes are reviewed.

Models for laser-induced desorption are presented, and some ideas on
how the excitation of surface states in semiconductors and metals affects

charge exchange processes such as jon neutralization are discussed.

——re—py -
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I1. REACTIVE SCATTERING

A. Formation of Binary Compounds MGXB: Bombarding Clean Surfaces of
Pure Metal M with Beams of Diatomic Homonuclear Cations X;

A simple quantum mechanical mode]1 has been developed to study a

special class of gas-surface reactions, namely
aM(s) + £ X7(g) ~ M X_(s) (1)
2 "2 a"g'>"?

where X; is a diatomic homonuclear cation and M a metal. The overall

reaction is modelled by a four-step process

X3(g) + e7(s) ~ X, (g) (2)
X5(9) » 2X(g} (3)
X(g) - X(s) (4)
oM(s) + BX(s) » M X (s), (5)

where g and s denote the gaseous and solid phases, respectively. The
development of the model is based on the physical interpretation of
experimental observations. The first step describes the incoming
cations neutralized via various possible electron transfer processes.
The second step represents impact dissociation of x2 molecules. The
third step describes the penetration of the nascent X atom into the
metal, its de-excitation and thermalization. Finally, the bond of

interest is formed. ﬂ

1. Neutralijzation of X;

The neutralization process is treated by a simplified quantum ﬁ

mechanical procedure involving resonance (RN) and Auger (AN) processes:2

(RN) XZ(u+, \)+, J+) + e-(S, €y kl) -+ xz(Us v, J) (6)




(aN) 07T, v 0T) 4 eT(s, €, k) eT(s, epky) > Ko, v, ) 4
e (c, eqkq) (7)

Here, e (s, Ciki) i = 1, 2 denotes an electron in the metallic valence
band with energy €y and momentum ki and e (c, e3k3) denotes an electron in
the conduction band or vacuum continuum of states characterized by energy
€3 and momentum k3. (u+, v+, J+) and {(u, v, J) are the electronic, vibra-
tional and rotational states of the cations and molecules, respectively.
The transition rates for these processes are estimated by the Fermi golden

3 With the assumptions that only the electronic component of the

rule.
cation-metal long-range interaction is critical for these rates, that the
electronic, vibrational and rotational motions of X; and X2 are separable
even at small distances away from the surface, and that the lattice vibra-
tions do not participate in the neutralization processes, the transition

rate is given by
. + -
Ar['| - f; e(t)] = %E‘W . elkllor(i)luﬂthi‘, v+J+|u, vJ>|2

(8)

SLEGTVTIY) - E(uud), €]

. 2 + A 2
AT = f5 w(t)]= T;‘- [<u™s 1Ky exkn 10, () Uy eqky>]
w0 fund> |26 LE N - Eund), € + ey - 6] (9)

Here, 6r,a(z) denotes the electronic interaction operators responsible
for the resonance neutralization and Auger neutralization, respectively.
g = o(t) is the distance between the cation and the surface, E(u+v+J+)
and E(uvJ) are the energies of the cationic and molecular rovibronic

states, and & is a delta function. According to the assumption of

g o e o e oy
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8
separability, the square modulus of the overlap integral <u+v+J+|qu>
is given by Franck Condon factor S(u+vt pv) and Honl-London factor
F(u+v+J+, qu):4
++ 2 + + + +.4
Jpvduvd> (" = S(uv, w) Fluvd, wd). (10)

Integrating the transition rate with time yields the transition probability,
Pz(i + f), z = r,a. The probabilities Pz(u+v+d+-¢uvd) are the sums of the
transition probabilities Pz(i + f), with the summation being extended over

all meta) states whose energies are comparable with the energy conservation

e = eVt - E(uvd) for RN (11)

Lt Egt E(uNvI0*) - E(nud)  for AN (12)

F Combining Eqs. (8) - (12), the probabilities Pz(u+v+J+ -+ uvwl) can be

written as

+ -
Pu viat, ww) = %f s(utvty w) Fl'VTot, w)

t € - -
J Taef Tae, fdicy 1<, eqky 10, (0) > |?
to & 1°1

G[E(u+v+J5 = E(u, W), 1, (13)
Pa(u+v+J+, ) = %% S(u+v+. uv) F(u+v+J+, wwd)

k,/  dk

€ € £ k
£ 1 £ 2 £g 3 ( 1 2 (e3) 3

d
SUBILYY

te + -
ftodt|<u R clklczkzloa(l(t))]u, eqky>

L T TR




X G[E(U+y \'+! J+) - E(UV‘J)i €y + €

1 2 - ‘3]'

In Eqs. (13) and (14), the highest and lowest energies of the metal
valence band are denoted by eg and ¢, and &ei) dﬁi denotes the integra-
tion over all the possible directions of the momentum ki associated with
the energy Tevel €5 A1l the dynamic information is contained in the
function 2(t). Both processes are assumed to occur within the range
i(to) - l(tf). Under the experimental condition that the incoming
kinetic energy is small, < 30 eV, and that the time of flight throu

the region of long-range interaction is long enough whereby the con sl
neutralization (RN + AN) is nearly 100% efficient, a knowledge of & -

is unnecessary, and the integration over time can be performed by the
mean-value theorem, namely,

t . .
J fat AreleCtrO“‘C(l(t)) - A e1ectron1c(g)

x |ty - t
t r,a 0

el
0

where 2(tf) <7< i(to), and

1 i .
Areaectronlc are electronic components of
’

the transition rate. Finally, (z) are replaced by their

A electronic
r,a
"state averages", denoted by K} a’ Introduction of these approxima-
tions into Eqs. (13) and (14) yields the following expression for
+ 4+ +
Pr’a(u vd =+ uul):

+ +.4 2 +
Pr’a(u vd o+ pwl) = ;} Ity - tfll;,au(u IN(k) x 5r’a(r)

s(utot, w) Flehtat, wa).

Here, N(1*) and N(u) are the multiplicities of the u¥th cationic and

+ 4.4 .
u-th moleuclar states, and T equals E(uvwl) - E(u v J ). The function

A - .
=
P AP L e mm it et s . R I S A e s

(15)

(16)

RO S e 9 Y A - .
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B a(T) is defined as follows:

5.(T) = o (T) (17)
€f ef Zef-T
5,(T) = fc (T)de1 je e )dsz fe dey o (eydogle,)on(e,), (18)
1 YARRAS | f

where cs(c) is the density of electronic states in the metallic valence
band and pc(e) is the density of states in the conduction band and vacuum
continuum. The integration limit is defined as the following: the
minimum energy for an electron either in the conduction band or in

the vacuum continuum is the Fermi energy Egs and the maximum energy is

given by Eq. (12),

egax = e1(=ef) + 52(=sf) -T. (19)

Similarly, the limits for the €5 and € integrals are given by

ez(T, cl) = max(ef + 7 - €1 eb) <€y < gg (20)

and

el(T) = max(T, cb) < €] < ey (21)

respectively, Information about ps(e) and pc(e) can usually be obtained
experimentally from Auger electron spectr'oscopy"z or theoretically such ‘
as from the free-electron mode].5 The neutralization probabilities are

then calculable quantities, provided the "state-averaged" matrix elements

are known.
Kr,a
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2. Phenomenologica) Treatment

The probability of X2 dissociation is assumed to depend on the
kinetic energy Ek and the dissociation energy D = D(wvJ), but insensi-

tive to other specifics of the (uvJ) state. A statistical model of

Kasse]6 can be applied to the dissociation probability,
P(Ek’ D) =0 for Ek <D (22;
P(E., D) =1- ()P for £, > D (23)
K’ Ek k i

in which p is the number of normal vibrational modes of the complex.
This model is justified if the diatom forms some kind of complex with

the metal. Let R(X;, Ek) denote the dose of X; cations in the molecular

+

beam at the kinetic energy Ek and W(u+, Vo, J+) present in the beam at

the distance i(to) from the surface. Then R(X, Ek)’ the dose of atoms X

received by the metal surface is given by

R(X, E) = 2P, j;dD P(E,» D) R(X,, E.4 D), (24)

R(Xys Eps D) = [Q,(E,, D) + Qu(E,, D)) R(X3, E,) (25)

Qr,a(Ek’ D) =} ) N(U+V+J+) Pr’a(u+v*J+ + wud) 6[D(uvd)-D] (26)
U+\’+\J+ wwd

and P, is the probability that an X atom produced by Reaction (3)

will reach the surface and be de-excited and thermalized. The factor

of 2 in Eq. (24) arises from the stoichiometric factor of £q. (3).

E,, D) is assumed to be continuous with respect to D.

Also, R(Xz, T

4



For the case of low initial impact energy, the product MGX6 is

formed only within the first few monolayers, so that analytical measure-

ments can be assumed to be able to sample the full thickness of the

layer. Disregarding attenuation of the measurement by outer layers,
the intensity I(Ek, R) is then proportional to the number of stoichio-

metric units formed,

I(E,, R) = Kn(R). (27)

K’
Here, n(R)} is the number of Maxe units formed within the reaction
volume (defined by the surface layer thickness and area A of the
beam) by a dose R{X, Ek) of X atoms received by the surface area
A from Process (4). The proportionality constant K contains the
relevant instrumental factors and probability function of the
analytical measurement.

The relation of n(R) to R(Ek’ X) can be obtained by solving

the differential equation
dn(R) = [n(M) - an(R)] o(X)/A dR, (28)

where n(M) is the number of target atoms M in the reaction volume of the
clean surface, and o(X) is the reaction cross section of X atoms with

lattice atoms M. Rearranging Eq. (28), we can write

dIn(h) - an(R)] = [n(M) - an(R)] (- 258 )ar, (29) 4

and upon direct integration we obtain

n(R) = "{ﬂl (1 - exp(-ao(X)R/A)). (30)

For low doses of X; ions and low impact energies, we have o(X) R(X)/A <<1.

Under this condition we can expand Eq. (30) and safely retain only the
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the first two terms to obtain

n(R) = n(M)o(X)R(X)/A. (31)

Substituting Eqs. (24) - (26) and (31) into (27), we have

I(E,» R) = [C,6,(E,) + C,6.(E)] R(XZ, E,) (32)
where CZ = Kn(M)c(X)PtKZ z=r,a (33)
and
B
Gz(Ek) = jo P(Ek, D) Qz(Ek’ D)dD. (34)
3. Remarks

A simple quantum mechanical model is constructed to provide quali-
tative understanding of the detaifed steps involved in the reaction of
Tow-energy (s 30 eV) homonuclear diatomic ion beams with metal surfaces.
In this model, all the dynamical information is contained in the two
adjustable parameters Ca and cr [see £Eq. (33)]. The theoretical cal-
culations involve the evaluation of the band structure of the metal,
the Franck-Condon factors and the Honl-London factors of cations and
molecules. In addition, it has been shown that the electronic structure
of the metal, cations and molecules are initial factors in determining
low-energy nitridation of a metal surface by N;.7

The present model negiects the Auger de-excitation process of
the projectiles which are neutralized by the resonant process. Never-

theless, since both of the electronic matrix elements of the Auger and

the resonant processes are left as adjustable parameters, this assumption
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does not affect the model. On the other hand, the neglect of the
electronic interaction between the metal surface and the cations/

molecules, which alters the equilibrium distances of the cations

and the molecules and the electronic and vibrational energy levels,:
might introduce some error in the computation of the Franck Condon

and Honl-London factors.

B. Eley-Rideal-Type Reaction: 0(g) + C-Pt(111)

Bombarding oxygen atoms on a carbon-platinum adspecies-surface
system has been studied by Ttu8 with a stochastic trajectroy technique,
where only direct (Eley-Rideal-type) reactive encounters are simulated.
The interaction potential is taken to be the London-Erying-Polyani-Sato
(LEPS) form9 with empirical parameters. The potential incorporates
experimental information about the gas-phase CO molecule and about

C, 0 and CO absorbed on Pt(111). A brief account of the stochastic

formalism is given below.

1. Generalized Langevin Equation

In the situation that localized reaction events take place in the
midst of very large assemblies of atoms, the stochastic trajectory
technique can be used to eliminate the vast majority of "uninteresting"
atoms and to focus on the local region of action. The objective of the
stochastic trajectory approach is to accurately describe the flow of
energy into and out of the local region of action without explicit
inclusion of huge numbers of uninteresting atoms.
The method discussed here, as used recently by Tu]ly,9 is based %
10 (

on the pioneering work of Adeiman and Doll. There are two basic

assumptions in the method. The first is that the solid is harmonic,




such that the mass-weighted coordinates uj of the atoms in the solid

satisfy the equation

U (t) 'f 2 u.(t)
u.(t) = ¥ eS.u.(t),
i | j=lt1J"J

or in matrix notation,

i(t) = - gu(t),
where

2 _ -1/2

ﬂij = (mimj) Kij’

m. is the mass of the atom in the solid, and Kij is the force constant.
The second assumption is that the forces experienced by the gas
atoms depend on the instantaneous positions of only a small number, n,
of local surface atoms. We designate these as the "primary lattice
atoms". The remaining N-n solid atoms serve as a heat bath for the
incident gas atom and the primary lattice atoms. These are "secondary
lattice atoms". One can introduce the projection operators ﬁ and 6

which, respectively, project onto the primary lattice and the secondary

lattice atoms. The operators have the usual projection properties

P+Q=1; PP=ph; Q%=0; PQ-=o.

Using these properties, we can partition Eq. (35) to yield

p(t) = -2 ppup(t) = Tpqugt)

. 2 2

g(t) = -Sgpty(t) = Zogig):
where

uplt) = Pu(t), gy = Po%Q, etc.

(35)

(38)

(39)

(40)

(41) Y
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In the presence of the gas-phase atoms, the equations of motion

of the gas atoms, primary and secondary atoms are given by

X(t) = £,[x(t), up(t), ¥y (42)
lip(t) = - Shpup(t) = ahua(t) + Folx(t), wp(t), g (43)
ur(t) = - e2us(t) - clnu (1) (44)
“q Sap¥p(t) - Snqly

where x(t) are the mass-weighted coordinates of the gas atoms. Fx and FP
are mass-weighted forces, derived from the gas-surface interaction

potential U by

Fi D200, wp(), Td = - 3 X8, up(t), g (45)
Fp [x(1), up(t), Tl = - 33;". [x(t), up(t)s gl (46) |

1

Note that the forces only depend on the equilibrium positions gb of
the secondary lattice atoms.

We can write a formal solution of Eq. (44) as
t
0 ‘
= - dt' . ' .
QQ(t) gQ(t) IO t §(t t )?ngp(t ) (47)

where gg(t) is the homogenous solution given by

ud(t) = cos(gggt)ud(0) + gq sinlaggt) ug(0). (48)

. , " .J
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Choosing the Dirichlet boundary condition, the Green's function

can be expressed as

[} = -1 : ¢
g(t, t') 200 5’"[§QQ(t t')]. (49)
Substituting Eqs. (48) and (49) into (47), we obtain

uplt) = coslgoqt) ugl0) + goq sinlaget) g(0)

t
A 1 . 1 '2 1
-fodt 200 s1n[§QQ(t-t )]r:?QP gp(t ). (50)
Upon integration by parts, £q. (50) becomes
- -1 cin(a ;
gQ(t) = cos(gQQt) gQ(O) + SQQ sxn(gQQt) EQ(O)

-2 2 -2 2
" 2 qq fop Up(t) * fqq o5 {Eget) fgp (D)

-
-~

t
jodt-gqg cos[ggq(t-t)] gp dplt'). (51)

+

Substituting Eq. (31) into (43) one obtains the Generalized Langevin '
Equation (GLE):

t
ip(t) = - 2hr up(t) - M) upl0) - [ dtA(E-t") fylt')

+ R(t) + Fp(x(t), wplt), Ty), (52)

. — y
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where
szf = SEP - M0) (53)
1] = Gpq £ qq 0S(Egt) Sop (54)
R(t) = ~25q ¥Q(t)- (55)

Since the time dependent of gg(t) is influenced by the motion of the
primary atoms, the term R(t) behaves like an external force in £q. (52).
Furthermore, the initial conditions gQ(O) and @0(0) are not known precisely
and are randomly distributed for a given temperature. Therefore, R(t)
can be taken as a random force, and because of the random impulses
injected by R(t), the trajectories are termed "stochastic".

The above GLE is exact, but the friction kernel g(t) and the
random force R(t) are very complicated. Exact evaluation of Eq. (52)
would involve the same labor as solving the original enormous set of
Eqs. (43) and (44). The objective of the GLE approach is to approxi-
mate Q(t) and R(t) in such a way that they are easy to compute and yet
adequately describe the effects of the heat bath on the primary lattice
atoms. First, R(t) can be represented by a Gaussian random force due h
to the assumption of the harmonic motion of the secondary lattice atoms.
Second, the autocorrelation function of R(t) is related to the friction [

kernel A(t) by means of the "second fluctuation-dissipation theorem."11

<R(t) R'(0)> = kgTA(L), (56)

where T is the temperature of the lattice and kB is the Boltzmann's

4
constant. Qualitatively, it states that the energy dissipated from

| | “..........l.ll.||.|“




the primary zone by the friction must balance the energy introduced

by the fluctuating force in order to maintain a certain temperature

T. Eq. (56) provides us with a prescription for constructing R(t)

as long as Q(t) has been determined; thus simulations can be per-
formed at any desired temperature, no matter how small the primary
zone. In the actual computation, the triction kernel Q(t) is usually
modelled phenomenologically; more precisely, a simple expression is
empioyed for Q(t) with some adjustable parameters such that the surface

and the bulk properties can be best reproduced. For example, A(t) can

be expressed as the solution of the damped harmonic-oscillator differential

equation, given by

A(t) = A exp(-yt + i VRS (57)

where Yij is the damping coefficient and “ij

Thus, the elements of the three matrices A, y and w are chosen to best

is the harmonic frequency.

reproduce known experimental or theoretical information about the surface

vibrations of a lattice.

2. Potential Energy Hypersurface

The interaction potential is the most uncertain and also the most
crucial ingredient to this study. An empirical interaction potential,

as mentioned above, of the LEPS form.12

based on experimental informa-
tion about the isolated CO molecule and about C, 0 and CO adsorbed on
Pt(111), can be employed. However, due to limited experimental infor-

mation, there is a large uncertainty associated with this procedure.

Nevertheless, the interaction potential can be varied by adjustable
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parameters such that cross qualitative features of the reaction dynamics
are elucidated.

The main interest in the present reaction is the energy disposal
of the exothermicity. The binding energy of carbon atom to Pt(111),
which directly affects the exothermicity of the reaction, is probably
the most uncertain feature of the interaction potential. Reasonable
values for the C-Pt(111) binding energy range from 4.0 to 7.5 eV,
corresponds to reaction exothermicities of 7.6 to 4.1 eV. For this

reason, the empirical parameters of the interaction potential are varied

such that the exothemicity changes substantially from 6.1 to 3.8 eV,
where it is seen that gross features of the reaction dynamics have

little dependence on the magnitude of the exothermicity.

3. Results and Remarks

The reaction of the gas-phase oxygen atom with carbon absorbed on
platinum(111) has been simulated in the following way: oxygen is
directed normal to the surface with the two fixed initial kinetic
energies, 2 and 10 kcal/mole, at an initial distance of 12 R away
from the surface. Two different surface temperatures, 0 and 500° K,
are examined. In all cases studied, the reaction probability of forming
a CO molecule is very high. This is no surprise, since there is no
potential barrier in the interaction potential. Furthermore, most CO
molecules escape from the surface within a few picoseconds. A large
percentage of the liberated energy is disposited in the gas-phase CO
molecule, partitioned among translations, vibrational, and rotational
degrees of freedom. The rotational motion is formed to be anisotropic,

i.e., molecules tend to tumble rather than rotate in the plane of the
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surface. The angular distribution is broad and is biased toward the

normal direction. Significant alterations of the interaction potential
can result in a change of the partition of the energy among translation,
vibration and rotation of the CO molecules.

In the present study, the energy has been assumed to flow to and
from vibrational modes of the solid. However, contributions from
electronic excitation and de-excitation within the solid have not
been accounted for. This may introduce substantial error in the
present reaction, since platinum is a metal possessing conduction
electrons that can be easily excited. Also, possible quantum effects

such as vibrational adiabaticity,13

which is important in gas-phase

reactions, have not been considered.




I1I. RECOMBINATION

Atomic recombination dynamics of the H2 + W(001) system have been

14 with a model potentia\15 of the

investigated by McCreery and Wolken
LEPS form. The process involves: (i) initial adsorption of the hydrogen
as atoms on the surface, (ii) possible equilibration, and (iii) recom-
bination and description of the hydrogen molecule. This sequence is
known as the Langmuir-Hinshelwood process. The model assumes that the
surface is rigid, which means that there is no energy transfer between

the atom and lattice. The assumption should be valid when the absorption
time and the recombination and description times are much shorter than
the absorbate-surface vibrational relaxation time.

In this section, we will consider the following issues: (i) the
formation of the rigid surface potential, (1i) the extention to the moving
surface model with the lattice dynamics described by the Einstein model,
and (iii) comparison of the Einstein model with the GLE for different
values of macroscopic parameters.

A. Rigid Surface Model Potential

The LEPS potential is derived from a valence bond treatment for a
system of three one-electron atoms. For the problem of a diatom AB
colliding with a solid surface, there are also three two-body interactions
of interest: atom A-surface, atom B-surface and atom A-atom B. Due to
the infinite extent of the solid, the interbody separations are subjected
to fewer geometrical constraints than the three-atom case, and a new
asymptotic limit is introduced where both atoms are near the surface but

the A-B interatomic distance is large.
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The energy expression for the four-electron four-orbital valence
bond structure is given by16

E = Qab * ch * Qac * de * ch * Qad

1.
- {%{(a - 8)2 + (v - a)z + (8 - Y)Z]}2 (58)

where Qij is the Coulombic energy for the two-electron system i-j, and

a = aptao, ay = (ab), ay = (cd)

B =8+ 8 g, = (ad), g, = (bc) (59)

Yy = Y'l + YZ \] = (aC), 'Yz = (bd)
are exchange integrals for the two centers indicated. More precisely,

(ab) = <abcd|H!|bacd>, etc. (60)
For the case of a diatomic molecule interacting with a solid surface, the
valence bond energy formula is modified such that the solid can provide
the electrons for bonding to the incident atoms at any point (or points)
on the surface. Therefore, a simple model of chemisorption is obtained
by only considering those structures describing a-b, a-d, and b-c¢ inter-
actions. This leads to the energy expression

_ _ (1 RY 2 2,.%
E=Q, *+0Q,4*Q {2[(01 B)" +a] + 871} (61)

We follow the usual LEPS treatment by assuming that the atom-atom and
atom-surface interactions are adequately described by Morse potentials.
Additional flexibility is gained by introducing a Sato parameter a, which
is inserted in ;ych a way as to have no effect when one or more of the
distances becomes large. Thus we obtain a diatom-solid potential of

the form
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where v, —%~[(3+A) exD(’ZQi(ri‘rio)) - (2464) exp(-ui(ri-rio))] (63)

D.

A; = 1(1438) exp(-2a;(r;-r, )) + (6+22) exp(-a;(r;-r; )] (64)

and Di’ a; and rio are the dissociation energy, Morse parameter and
equilibrium distance for the i-th two-body interaction. The power of the
LEPS method lies not so much in its quantitative description of the po-
tential as in a reasonable description of the potential surface with
sufficient flexibility to permit the study of a wide variety of shapes
of potentials.

To describe the static periodicity of the solid surface, the

dissociation energy and the equilibrium distance of the H-W (001) are
written as functions of x and y, which are Cartesion coordinates parallel

to the plane of the W (001) surface, given by

D(x,y) = Dy (1 + & Qlx,y)1, (65)

rolxy) = 2,11 + e P(x,y)i. (66)

Q(x,y) and P(x,y) are chosen to have the correct symmetry for the W (001)
surface and enough adjustable parameters to fit the Extended Huckel
Molecular Orbital (EHMO) computed points17 for the three possible binding
sites, 1CN, 2CN and 5CN, on the surface. The numbers 1, 2 and 5 correspond
to the number of tungsten surface atoms coordinated to the adsorbed hydrogen

atom. Thus, Q(x,y) takes the simple form




Ax,y) = COS(QZ—X) + cos(z—’a’y—) - A[COS(EZ—X) - IJICOS(%'-Y-) -1, (67)

where “a" is the 1CN separation. Given that D0 is the dissociation eneray

at the 2CN site, § is then determined by the binding energy at a 1CN site
and Do’ and A is determined by the binding energy at a 5CN site and 3.
P(x,y) takes a form similar to Eq. (67) but with constants determined
from the equilibrium heights above the 1CN, 2CN and 5CN positions.

B. Moving Surface Model Potential

The rigid surface potential, VLEPS’ described above can be generalized
to a moving surface model by introducino two correction terms:

(1) VR’ the restoring force on each atom of the solid, tending to
return it to its lattice site;

(2) VCORR’ to account for the change in the gas-surface interaction
when the solid atom is displaced from its lattice site.
Thus, we have

=V

Viotal = VLers ¥ VR * Veorr: (68)

There are two basic assumptions in this model. First, there is only a small
18

number of moving surface atoms. Second, the Einstein model™" is used to
describe the restoring force of the moving surface atoms, whereby VR is
represented by a harmonic potential binding an atom of the solid to its
(fixed) lattice site. On the other hand, Morse potentials for VCORR
connecting each gas atom with each surface atom are used to account for #
the change in the gas-solid potential due to displacement of the surface
atom from its lattice site. However, VLEPS already contains the inter-
action of each gas atom with each lattice site. To avoid including it twice,

this lattice site interaction must be substracted from VCORR’ so that
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Ng NS
where Ng is the number of gas atoms, NS is the number of moving surface
atoms, and Rg-s is the distance between the gas atom and the lattice site
of the solid atom. As required, if the moving surface atom occupies its
lattice site, i.e., Rs-g = Rg_y» then Vegpp = 0. The total gas-solid
potential for the moving surface case is then
NS ) Ng NS
YTotal = Vieps * Z Vp * g Z [w(Rg—s) ) N(Rq-1)], (70)

where V; is the harmonic restoring force for the moving surface atoms.
McCreery and No]ken19 have used this moving surface model to examine
the validity of the rigid surface approximation for the recombination
dynamics of H2 + W (001). Out of 100 trajectories, only a small percentage
of the total energy available to the product molecules is transferred
between the gas atoms and the surface atoms. Furthermore, the eneray
distribution of the escaping molecules is very similar for both the rigid
surface and the moving surface. However, the amount of recombination for
the moving surface is about twice as large as for the rigid surface. This
suggests the inadequacy of the rigid surface representation for describing
the recombination dynamics. An unanswered question is the accuracy of the
Einstein model. To fully address the problem, a complete lattice dynamics
calculation, such as with the GLE, is required to justify the Einstein

model and the rigid surface assumption.
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C. Comparison of the Einstein Model with the Generalized Langevin
Equation for Different Macroscopic Parameters
29

Diebold and Wolken™~ studied the energy accomodation and dissociative
adsorption of diatomic-surface scattering on a LEPS-type potential with two
different methods. Onc is the GLE approach described in Sec. II, but with
an additional approximation: the friction kernel A(t) is approximated by a
single-term damped cosine function obtained by a numerical fit to a modified
bulk Debye model of the solid. The other method is the Einstein model
approach, which simply replaces the friction kernel and the random force

by a singlie oscillator. The interaction potential was taken to be the form

21

of Gelbs and Cardillo”" describing the interaction of H2 with Cu (001).

The hydrogen-copper potential parameters were chosen to be those of
Gregory et a].22
Two different collison cdnfigurations - one that leads to dissociative
adsorption and one that does not - were examined for different solid tem-
peratures, Debye temperatures and atomic masses. For the latter collision
configuration, one restricts the bond axis of the molecule to be perpendicular
to the plane of the surface and positions the incoming molecule directly over
the struck solid atom. Here the energy exchange is directly analyzed without
any complication due to multiple collisions with the surface and diatom
rotational dynamics. The internal energy of the diatom was chosen to be
the same as that of the ground vibrational and rotational state of the
hydrogen molecule. For a fictitions hydrogenic molecule composed of atoms
twenty times as massive as a hydrogen atom, the amount of energy transfer

is seen to decrease slowly with increasing solid temperature for both the
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single-oscillator and GLE approaches. However, the results of the GLE
approach are generally found to be twice as large as those of the single-
oscillator approach. Increasing the Debye temperature, at a fixed solid
temperature, the energy exchange is seen to decrease. As before, the
results of the single oscillator are too small compared to those of the
GLE. For a 300°K solid with the copper Debye temperature, energy transfer
of the hydrogen molecule and fictitious molecules with atoms ten times
and twenty times the mass of hydrogen were examined. The results of the
hydrogen molecule are very similar for both the GLE and single-oscillator
approachs, but the agreement starts to deviate as the atomic mass increases.
For the former collision configuration leading to dissociative
adsorption, the sticking probabilities were computed as functions of those
macroscopic parameters. In all cases studied, the single-oscillator model
shows the same trends as the GLE results, but with much smaller sticking
probabilities. There are two exceptions: the single-oscillator model
converges to the GLE results as the atomic mass decreases or the Debye
temperature increases. Thus, one can conclude that the single-oscillator

model is a good approximation when the atomic mass is small or the incident

velocity is large.
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IV. ADSORPTION
Microscopic, dynamical treatments of the adsorptive process are

still at an early stage of development, and such treatments that do

exist are restricted either to classical trajectory studies using
effective potentials, or to highly simplified quantum or semi-classical
models. What all these treatments have in common is some mechanism
for dissipation of the excess kinetic energy of the incoming particle,
and they may be classified accordingly. We list here four important
classes of dissipation:

(1) phonon excitation

(2) polarization effects

(3) dissociation

(4) rotational excitation.
[0f these, the last is not strictly dissipative, in the sense of an
irreversible decay, but is included for completeness.] There is very
little literature on dissociation as a mechanism for dissipation, such
as there is being devoted mainly to static problems. We therefore make
a survey of work falling into classes (1), (2) and (4).

A. Dissipation by Phonon Excitation

The methodology for the most detailed calculations to date has been

9,10 which is reviewed in Sec. Il of

the Generalized Langevin Equation,
this article. In other words, the most quantitative calculations have

been classical treatments using effective (dissipative) potentials. In
principle, nothing further needs to be added, since in this instance the

unifying concept for all the various kinds of surface process is the
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classical trajectory, the only difference between adsorption and

desorption, say, being that one trajectory ends where the other begins.

It is only in quantum mechanics that different kinds of model are used
to treat different processes.

A phenomenological semi-classical treatment has recently been
23

given™ in which the technology of gas-phase collision theory has been
transferred to treat adsorption. The incoming particle is assumed to
move on a repulsive potential with respect to the surface and interacts
via an avoided crossing with a bound electronic state. The system can
therefore form resonances, but the adatom will eventually dissociate.
If however the trajectory includes dissipation, then after oscillating

a few times in the bound state the particle drops below the crossing

point and is effectively adsorbed. The model is a multiple-pass Landau-

Zener problem, with dissipation. In the case of no dissipation, the

probability of returning out is given by

Pout = (1-P1p) + P4, ngo (1-P )" = 1, (1) |
where P12 is the Landau-Zener probability of switching curves at each
pass of the crossing-point. Clearly, what goes in must come out. However,
a crude approximation for the dissipation is given by restricting the
number of passes to a finite number N. This is calculated by assuming
a constant decay rate %% , that is,a constant rate of decaying below the
crossing-point. Then the time taken to decay is just t = %i » and the

number of passes that occur before this happens is just
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N=vt=>=, (72)

where v is the vibrational frequency of the bound motion. It is clear

that this phenomenological treatment is quite limited unless values for

P12 and T are known. This would in general be the most difficult part
of the problem. However, there is a more severe limitation on this

kind of treatment for phonon dissipation, namely an implicit assumption
of weak coupling. When the coupling is strong it is impossible to
separate the motion of the adatom from the motion of the surface. Conse-
quently, a proper representation must in general go beyond such a simple
two-body Landau-Zener treatment, in which the many-body aspects have

been bundied into a phenomenological width term. We note, however, that
the above treatment is so general that it could be applied to problems
with completely different mechanisms of dissipation.

B. Dissipation by Excitation of Electron-Hole Pairs

The phenomenon of dissipation by polarization effects is particularly
appropriate for deposition on metal surfaces, where such effects are large.
This class would include for example dissipation due to plasmon excitation.
However, in the following we restrict ourselves to a discussion of electron-
hole pair formation.

We now consider the process by which an adatom couples with the bulk
electrons of a metal causing excitation of the substrate. The literature

on this effect is very extensivew'33

25

and is based mostly on the semi- !

classical Anderson model, ™ although there have recently been attempts

24,33

We shall describe the

to introduce fully quantum descriptions.
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semi-classical treatments. The overall process is one of considerable
complexity and consequently all treatments to date have made extensive
use of models and approximations. The essential idea is that an atom
approaching a surface causes a time-varying perturbation which can
promote electrons near the Fermi surface to excited states, thereby
creating electron-hole pairs. As a result, the atom may lose an amount
of kinetic energy sufficient to allow it to stick. It is assumed through-
out that the atom maintains its character even in the vicinity of the
surface and does not form a chemical bond. The descriptions therefore
are limited to theories of physisorpotion. Moreover, only the attractive
part of the interaction potential contributes tc electron-hole pair
formation, it is being assumed that in the repulsive region phonon excita-
tion is the dominant dissipative mecham'sm.34 It is implicitly assumed
also that the electrons interact with the adsorbate by means of a local
potential. Among other things, this means physically that individual
excitation events are independent. Therefore, the total probability for
adsorption can be obtained by summing the probabilities of all events
that can lead to adsorption.

The model is not fully consistent since the trajectory of the
adatom is calculated on the assumption that no energy is lost. 1In practice,
however, this approximation is not expected to be severe since the strongest
interaction occurs where the local velocity is very much larger than the
initial velocity. Consequently, the change in velocity due to the substrate
excitations is expected to be relatively small. Finally, the semi-classical

approximation will break down where the classical trajectory is an

WS




inappropriate description of the nuclear motion, that is, for light

adatoms at low collision energies.

The central quantity to be calculated is the probability Pe,(c)
that an incoming particle with energy ¢” loses energy € to the sub-
strate during one round trip. We assume that the substrate is initially
in-a state denoted by |e]a]>, where € is the energy and 04 is a set of
quantum numbers (such as polarization, spin, etc.) which compiete the
description. The entire treatment may be given in terms of standing
wave states since the Born approximation to the electron scattering is
applied. Furthermore, let us assume that the time dependence of these

35
states is given by a coefficient Cern (t). Then we can write
1M

i ot i(cz-e])tﬁh
c (o) = - ﬁ-f dtVlz(t)e . (73)

where V12(t) = <52a2|V(t)|e]a]> s

and V is the interaction due to the adatom. Integrating by parts, using
VIZ(' =) = 0, we obtain
+ o <gaa,|V(t)|ejay>  i(en,-eq ) AT

dt —¢ 2 171 e 2 .

c () = (76)
€2% - €2 7 &1

The sticking probability is given by
s=/f dePE,(e). (75)

€

This means that a particle with energy ¢” must lose an amount of energy
equal to at least €” in order to stick. From here on we suppress the

subscript €, it is being assumed that we are considering only these

—



particles. Then we can write

Ple) = T 12 deydyle, (=) 12#(e)) (1-F(e,))6(e=(epme)),
043, 272

where f is the Fermi-Dirac distribution. In other words, the excitation

can only take place if the initial state is occupied and if the final

state had been vacant. A very useful form for the matrix element in

Eq. (74) appears in the Born approximation. That is, if the states of

the electronic substrate are represented as ordinary (time-independent)

plane wave states, then we can write it in terms of the Born approximation

T-matrix

. 3
<eza2[V(t)|e1a]> =T T(e2a2:e1a1).

Furthermore, let us assume that significant transitions occur only at the
Fermi energy, and that the difference between € and €y is neqligible.
Then

<52a2|V(t)|c]o]> N %{ T(eFaz;eFa]),
where € is the Fermi energy.

It is always possible to choose a representation which is diagonal

in o and Qj. The matrix element in this adiabatic representation is

3 . :
given by a—tT(cFa,eFa). However, we can write
2i8
S=1-2riT=¢e EF2% o 14+2is . (79)
n EF,Q
where 6C o is the elastic scattering phase shift and the approximation i
P’ 5

is for weak coupling. Hence
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<62u2[V(t)Ic]a]> No- %'ée . (80)
F,a
Thus L 5E
- 1 F,a iet
Cezaz( ) N éa]uz € { w at |- m e : (81)
where
€= €y~ €. (82)

The interaction between the adatom and substrate will be greatest
as the energy of the atomic level approaches €g- Then the elastic
scattering of electrons is dominated by the resonant interaction with
the one-particle adatom state. Under these circumstances the phase

shift is given by36

. -1 T (t) - -1 1(t)
GeFa(t) tan [ N ] tan E{fT" (83)

where T'(t) is the width of the adatom level and €a the real part of its
energy. Notice that as the energy of the level crosses the Fermi energy,
the phase shift varies from g- to - g—.

We made two further assumptions. First, I' is roughly constant during
the traversal of the Fermi surface. We therefore set I'(t) = T(to). where
t_is the time of the crossing. Second, A is a linear function of time

0
(this is analogous to one of the Landau-Zener approximations). We then

have

-1 r(to) r(to) A (r/i
Z = -)— . 8¢
A

= 9
SEF (t) =t tan
[o}

A

| | '




§, () = — 85)
eF* (t-t )" + 1 (

where - 1 is the time taken for the system to pass the crossing point

(that is, for the phase shift to change by 7). Notice that this is a
Lorentzian function of the time, which is not surprising since it has
been derived for the case of resonance elastic scattering. This form

for & can now be substituted back into Eq. (81) and the sticking proba-

et FiAr MR L AT PP, P —atr

bility calculated using Eq. (76).
30,31
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A related approach treats the electronic excitations as bosons
and finds solutions to the Heisenbera equations of motion of the occupation
numbers. This leads to a simplified form for P(e) but appears at first
glance to be an unwarranted assumption, except in the case of weak coupling.
However, it has been demonstrated that the form holds even for strong
coupling,27 provided the electron-hole pair is treated as a Tomonaga
boson.37
Realistic calculations of P(c) show that systems which undergo a
rapid crossing of the Fermi level lend to stick better than systems which
make the traversal more slowly.28 At the opposite extreme are systems
which do not undergo any crossing, that is, systems for which the unfilled
adatom levels are far removed from the Fermi surface at all points on the
trajectory. Thus the rare gas atoms, which have filled shells, stick
much less readily by this mechanism, and it is likely that adsorption is

due to phonon dissipation. In general, however, it is necessary to consider

both electronic and phonon dissipative mechanisms.
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C. Rotational Trapping

We consider a diatomic molecule approaching a surface in a potential
which can support bound states. With no mechanism for dissipation, it
will scatter out elastically after colliding with the repuisive part of
the surface-molecule potential. However, during this collision it may
undergo rotational excitation in the same way as a football which is
bounced off a wall. Thus translational energy is converted into rota-
tional energy, and if the loss is sufficient, the molecule drops into a
bound state of motion.

R-matrix calculations have been performed, for HD on Pt(111)38 and
HD on Ag(H]),39 to assess the degree of rotationally inelastic scattering.

The potentials used are for rigid corrugated surfaces aud are of the form

V(Z,8) = V(Z) 11 + 8Py(cosB)],

where Z is the normal distance from the surface to the geometric center
of HD, and & is the polar angle of the molecular axis from the normal to
the surface. VO(Z) is given as a Morse potential. The results are for
rotationally elastic scattering as a function of initial translational
energy. The trapping, however, is dynamic in the sense that the final

state is a scattering state.
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V. DESORPTION

When an adsorbed substance leaves the surface in a manner independent
of that of its arrival, we may call it desorption as opposed to scattering.
As the desorption rate depends on the surface coverage and activation energy ?
as well as the temperature, desorption may be a useful means of identifying
and adjusting the surface population and properties of adspecies of interest
as well as determining activation energy and surface coverages. [.sorption

processes thus have fundamental implications to chemical kinetics and mole-

cular dynamics on surfaces.

For desorption to occur, energy needs to be supplied to surmount a
barrier, either due to a van der Waals interaction for the case of physi- ;
sorption or an actual bond for the case of chemisorption. The required :
energy- can be provided by the impact of ions or electrons, by electro-
magnetic radiation such as a laser (photodesorption), or by thermal
heating (thermal desorption). In flash desorption one prepares a gas-
solid system in equilibrium, and the barrier is surmounted due to rapid
heating of the solid. Isothermal desorption corresponds to suddenly re-
ducing the gas pressure while keeping the solid at a constant temperature.

Although desorption is commonly induced by vibrational excitation, it can
be accomplished by electronic excitation. We concentrate here on the
theory of the former, with a reference to electronic excitation at the
end of this section.

The kinetics of desorption is conventionally interpreted in terms
of the transition-state theory.40'43 Here one assumes desorption to

proceed via an energetically activated state which exists at the top of
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a potential energy barrier., The theory yields the standard Frenkel-

Arrhenius formula for the rate of desorption,
k =k, e D/kgT, (87)

where D is the activation energy, kB is the Boltzmann constant, T is the
temperature (the final temperature of the solid for the case of flash
desorption), and the preexronential factor kO ranges typically from
107/sec to 1015/sec depending -1 the system. Although it is often
assumed as a first approximation that ko and D are constants, they in
fact vary with the surface coverage due to interaction b_tween adatoms.
Furthermore, the Frenkel-Arrhenius formula is found to be valid only
over a limited range of temperature. The ultimate goal left for theorists
to achieve s to find the rule that governs the dependence of the desorp-
tion rate on temperature, surface coverage and other possible factors
such as interaction anharmonicity and lattice dynamics. This has to be
accompanied by an accurate determination of D and k0 for a given system.
Dynamical aspects such as energy and angular distributions of desorbed
particles can also be studied. In the following, we briefly review some
selected theoretical progress made during the last several years.

A. Classical Theory

Perhaps the most straightforward way of computing the desorption
rate within the framework of classical mechanics is to employ the classical
trajectory method widely used in molecular dynamics calculations, i.e.,
to numerically integrate Hamilton's equations for particles in the system

with an appropriate distribution of initial positions and momenta




characterized by a given temperature. The immediate difficulty of this
method lies in the fact that desorption is a many-body problem, and
consequently the number of coupled equations to be integrated is much
too large for the method to be of any use. This difficulty, however,
can be alleviated by the GLE approach as described in Sec. II, in which
only a few surface atoms in the immediate neighborhood of the adatom in
question are given a full consideration.

An early attempt at a kinetic description of desorption in the

44

spirit of the GLE approach was made by Kramers. Grimmelmanr, Tully and

He’lfand45

applied the GLE approach to compute the desorption rate of
xenon atom from the (111) surface of a platinum crystal. The primary zone
was considered to contain the Xe atom and four nearby Pt surface atoms
whose motion was followed in full detail. If the Xe atom moves outside
the initially designated primary zone, original primary atoms were
switched off and new ones switched on. Desorption was considered to
occur when the separation between Xe and the surface is greater than

103. The adatom-surface potential is sufficiently weak beyond 103

that particles entering this region may be assumed to be desorbed. The
desorption rate, however, was reported only at a few high temperature
values (>500°K). The difficulty is that, even with the GLE approach, the
computation of the desorption rate requires prohibitively large amounts
computer time. This is because desorption is fundamentally an infrequent
event. Although trajectories leading to desorption must pass over the
top of the potential energy barrier, this region in most cases is re-

presented by a "bottleneck" in phase space. Trajectories spend most of

40
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the time wandering in the low-energy region of phase space and almost
never reach the bottleneck region. Consequently, desorption is a slow,
infrequent event, especially at low temperatures. It therefore is
apparent that some technique of efficiently simulating infrequent events
needs to be employed in order to successfully describe desorption processes
within the framework of the cliassical Langevin approach.

One such technique, a compensating potential method, was proposed
by Grimmelman, Tully and He]fand.45 In this method, the interaction
potential V, which in general depends on the coordinates of the adatom
and surface atoms, is separated into two terms, V=W + U, in such a way
that U depends only on a single coordinate, the separation between the
adatom and the surface. It then is possible to rearrange the oroblem
in such a way that trajectories subject only to the potential W need to
be computed for the evaluation of the desorption rate. If one chooses U
so that it contains a potential minimum of approximately the same depth
as V, then W contains only a shallow minimum. The compensating potential
method therefore improves the efficiency of sampling the bottleneck region
by effectively replacing the deep minimum in the interaction potential by
a shallow minimum. With this technique, the desorption rate of a xenon
atom from a platinum surface was computed down to the temperature T = 100°K.
The computed rates are seen to be consistent with the Frenkel-Arrhenius
formula over the temperature range 100°K < T < 5C_"'.. However, as the
temperature is increased beyond 500°K, the rates show deviation from this
simple formula.

Another way to describe infrequent events is the pseudo-dynamical
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46,47

Monte Carlo sampling technique. Adams and Doll have incorporated

this technique into the classical transition-state theory to compute
desorption rates. This involves finding the average rate at which parti-
cles, thermally distributed at a given temperature, enter the "desorption
region" defined by s > q, where s is the adatom-surface separation and

q is an appropriately chosen separation beyond which the adatom~surface
potential is sufficiently weak. Since desorption is an infrequent event,
it is not practical to numerically integrate Hamilton's equations in
order to generate the function s = s(t). The Monte Carlo sampling
technique, however, alleviates this difficulty by allowing one to con-
sider "pseudo-dynamics" of adatoms. The technique provides an efficient
means of generating averages over a distribution characterized by a

given temperature and is most suitable for the description of desorption
processes. With this technique it is possible to compute desorption
rates, for example, for a wide range of surface coverages. The Monte
Carlo transition-state method has been apph‘ed46 to desorption of a
helium atom from the (111) surface of xenon with the He-Xe interaction

as well as He-He interaction assumed to be given by the Lennard-Jones
6-12 potential. The computed rates reveal a clear dependence on. the
surface coverage. The rate was found to be an increasing function of
the coverage. For example, in passing from the infinite dilute 1imit

to a monolayer coverage, the rate was almost doubled. This is expected
because adatom-adatom interactions are mainly repulsive. At high coverages,
adatoms tend to force neighboring atoms off the surface, leading to an

increase in the desorption rate.
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Another interesting feature revealed by the Monte Carlo calculation

is that the temperature dependence of the rate shows the existence of a

transition temperature Tc = 30 ~ 40°K for He-Xe(111), i.e., the plot

of ank vs. T consists of a line whose slope changes at T = Tc’ This

indicates a change in the activation energy D and the preexponential
factor ko at the transition temperature.

Only recently have powerful numerical techniques such as the ones
discussed above been introduced to describe desorption processes, thus
making possible relatively accurate determination of desorption rates over
a wide range of temperatures. It seems, however, that many of the dynamical
details of desorption still remain unanswered. It is hoped that the
development of a comprehensive theory at a fundamental level as well as
of numerical techniques along the line discussed above will lead to a
complete understanding of a desorption process.

B. Quantum Mechanical Theory

Quantum mechanically, thermal desorption is pictured as a transition
of an adatom from a bound state to a continuum state, with the required
energy supplied by the phonon bath of the solid. The kinetics of desorp-
tion is essentially determined by a series of transition matrix elements,
Hon = <m|H*|n>, which describes a transition from the m-th state to the
n-th state (H” is the interaction Hamiltonian for the adatom-surface).

The success of a quantum mechanical theory therefore depends largely on

the capability of obtaining accurate 2igenfunctions to evaluate the transi-

tion matrix elements.
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An early quantum mechanical theory of desorption is due to Lennard-
Jones, Strachan and Dv.evonshir-e.as’49 They chose a Morse potential to
represent an adatom-surface atom interaction and evaluated the transition
matrix elements accordingly. The Morse potential seems particularly
useful here because the corresponding eigenfunctions are known and the
matrix elements can be analytically evaluated. In applying their formalism
to desorption, however, they have limited their consideration to the case
where the activation energy is sufficiently low that a direct transition
from the initial bound level to a continuum level can be mediated by a
single phonon. The theory therefore is applicable to only a limited num-
ber of systems, with a very low activation energy. In addition, their
theory is essentially one dimensional in that the motion of the adatom
or surface atoms parallel to the surface plays no role.

Bendow and Ying50 have attempted a generalization of this early
theory by considering multiphonon desorption in three dimensions. From
a practical viewpoint, the generalization implies a greater number of
transition matrix elements to be evaluated. Furthermore, each element
is now more complicated because the eigenfunctions depend not only on
the adatom surface separation but also on the coordinates parallel to
the surface which reflect the periodicity of the lattice structure.
Applying their theory to neon desorbed from xenon-covered graphite,
they found that the preexponential factor ko is unusually small,

k° " 105/sec. 1t was suggested that this may be due to the inherent

difference between one-dimensional and three-dimensional models.
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Goodman and Romero51 reported calculations of desorption rates for
the systems H on C and He on Ar, Kr, Xe assuming that desorption occurs
via a single-phonon transition. They used a three-dimensional quantum

mechanical approach and assumed that the adatom-surface interaction is

given by a Morse potential with appropriately chosen parameters for each
system. In all cases the rate is seen to follow the Frenkel-Arrhenius
formula with ko ranging from 1010/sec to 10]3/sec. Calculations have
also been carried out with one-dimensional models. In contrast to the
suggestion by Bendow and Ying, however, the one-dimensional and three-
dimensional models yielded essentially the same desorption rates.

A simple model of multiphonon desorption was put forth by Garrison,
Diestler and Adelman52 in which a one-dimensional truncated harmonic
potential is used to describe the atom-surface interaction, and eigen-
functions are assumed still to be given by those of the untruncated
harmonic potertial. The transition matrix elements can then be easily
evaluated. The rate constant was simply taken as the reciprocal of the
time required to reach the continuum. This model was applied to desorption
of a xenon atom from a tungsten surface. The calculated desorption rate
exhibits Frenkel-Arrhenius behavior and depends on lattice dynamical
properties; in particular, it shows an inverse cube dependence on the
Debye temperature. Although the desorption rate is expected to depend
upon lattice dynamics, unrealistic assumptions made in this model !
(truncated harmonic potential, harmonic wavefunctions) limit the reliabi-

1ity of calculated data.

Gortel, Kreuzer and Teshima53 have developed a quantum mechanical




theory based on the rate equation

—— = - R+ ji] Rji]ni + ji] Rij ng + Ric Me» (88)

where n; is the time-dependent occupation of the i-th bound state, Rij
is the rate of transition from the i-th to j-th bound state, and Rci

is the transition rate from the i-th bound state into the continuum.

The theory applies mainly to systems with low coverage, because non-
linear terms that account for the adatom-adatom interaction are not
included in Eq. (88). It can be shown that the desorption rate is the
smallest eigenvalue of the matrix Rij' The problem then is reduced to
finding the Rij’ which in turn are determined by the matrix elements

Hij' The matrix elements were evaluated exactly, assuming a Morse
potential between the adatom and surface. Calculations showed that
desorption in weakly coupled systems with many bound states proceeds
predominantly through one-phonon cascades. Isothermal desorption rates
were calculated for He-LiF, He-NaF, He-graphite, H-NaCl, He-Ar and Xe-W.
A1l the calculated rates were found to behave according to the Frenkel-
Arrhenius formula with activation energy approximately equal to the energy
of the lowest bound state. Gortel, Kreuzer, Teshima and Turski54 showed
that a further simplification results if the adatom-surface potential
allows a large number of bound states such as in the Xe-W system. In

this case, the system may be viewed as having a quasi-continuum instead

of many discrete bound states. The system may then be considered to

perform a random walk through this quasi-continuum rather than cascading




47

through bound states. The rate equation, Eq. (88), can then be cast into
a form in the continuum 1imit, and from this the Fokker-Planck equation

derived. This equation was shown to lead to a relatively simple expression

for the desorption rate for the case of a weakly-coupled system.

In computing the desorption rate, one needs to carry out thermal
averaging of the square of the transition matrix elements over phonon
modes. At this stage, virtually all the theories that describe desorption
have used a bulk Debye model for the solid, i.e., it was assumed that
phonons that induce desorption of adatoms from a surface are simply those
of an infinite solid. However, surface phonon modes may significantly
differ from those of solid, and therefore a proper account of such modes
should be given. This problem was undertaken by Goldys, Gorteland
Kreuzer,55 who found that surface phonons contribute to desorption two
to three times as much as bulk phonons. From this, an effective surface
Debye temperature can be deduced, which turns out to be about ¢ 65 to
0.8 of the bulk Debye temperature.

Despite progress made during recent years, many details of desorption
are still uncharacterized. One of the important aspects of desorption not
yet totally answered is the dependence of the rate upon surface coverage.

Adatom-adatom interactions are often neglected, which makes it difficult

to assess the effect of surface coverage on desorption. The relation
between the desorption rate and the adatom-surface interaction potential, e.q., *
the effect of interaction anharmonicity on the desorption rate, still seems

unclear. Although calculations of desorption rates for different interaction

potentials exist, it appears that no systematic treatment of this problem

— 4




has been given. Nevertheless, some accurate calculations of the rates

at low coverages over a wide range of temperatures have begun to appear
in recent years.

Finally, we mention that desorption can also be induced by electronic
transitions, with the use of, say, an electron or photon beam. In order
for desorption to be induced by electronic transitions, an electron must
be excited to a state with a repulsive potential energy surface. The
molecules or ions will then be repelled and rejected from the surface.

The main issue here is not the motion of electrons but the nuclear dynamics
that follows the electronic excitation. For a detailed treatment of de-
sorption induced by electronic transitions, we refer to Gadzuk.56 We

shall also consider this problem in Sec. VI in terms of surface state

excitation within the substrate.




VI. LASER-STIMULATED RATE PROCESSES i

Both the phonon57 and e]ectron58

spectra of a solid with a surface
have energy levels distinct from the bulk levels of an infinite solid.
These levels correspond to vibrations or electronic charge density

localized in the vicinity of the surface. The introduction of an

adspecies on this surface will also produce phonon and electron energy
levels related to the adsorptive bond.

Using a laser, the phonon mode of the adsorptive bond could be
excited in a selective manner in order to induce desorption, migration
and bond-breaking within the adspecies. A thermal non-selective excita-
tion of the surface phonon modes by the laser could also be used to
stimulate these dynamical processes, in addition to serving as a means
of annealing. In Part A of this section, we shall discuss the laser
excitation of these adspecies-surface phonon modes in detail. After this
discussion, we shall examine in Part B the effects of laser radiation on
the excitation of surface electrons on a semiconductor. It will be shown
that such excitation can have a significant influence on the adspecies-
surface interaction potential. Part C will demonstrate the importance
of including both electrons and phonons in the laser excitation of a
metal surface. Finally, in Part D we will discuss the effects on charge
transfer between the surface and an adspecies produced by the altered
surface charge caused by laser excitation.

A. Adspecies-Surface Vibrational Modes

The vibrational spectrum of an adspecies-surface system can be

divided into a number of distinct modes. The active modes of the

—
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adsorptive bond along with intramolecular vibrations of the adspecies
are different from the bath modes of the solid. The bath modes in turn
can be viewed as having components due to surface and bulk vibrations
of the solid. Fig. 1 is a schematic representation of such a spectrum.
An active mode (A) is indicated by the highest energy peak; the high~
energy bath modes (B) would be those due to surface vibrations; and the
low-energy modes (C) are due to the internal vibrations of the solid.

Laser irradiation of the solid surface with a frequency tuned to
the active mode will lead to energy transfer to the adsorptive bond.

This can produce selective bond breaking between the adspecies and sur-
face or within the adspecies. However, to accomplish this bond breaking,
the laser must pump energy into the active mode faster than the vibration
is damped by the coupling between the active and bath modes. This
vibrational relaxation is characterized by both an energy (T1) and phase
(T2) process. In addition to this anharmonic coupling to the bath phonon
modes, the T] and T2 processes are also effected by vibration-induced
migration of the adspecies, substrate-induced thermal fluctuations of

the effective dipole of the adspecies, and charge transfer between the
surface and the adspecies.

Both a classical nnde]sg based on the GLE approach and a quantum
model based60 on the Heisenberg-Markov approximation have been used to
describe the relaxation process of these adspecies-surface dynamics.

The results have shown that for a given anharmonicity of the effective
adsorptive potential, given detuning between the laser frequency and the

active mode frequency, and given dephasing lifetime, then selective
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excitation is confined to a small range of values of the damping factor !
Y which is associated with T] processes. These selective dynamics, on
the other hand, are rather insensitive to T2 processes.

Fig. 2 shows the effects of the energy relaxation rate Yq on the

e ——

amount of selective excitation of the active mode at the expense of the
bath modes.6] As can be seen by the lower curve (E), there is a threshold
for Yy beyond which essentially all selectivity disappears. Also, low
selectivity for short irradiation times followed by enhanced selectivity

for large exposure times points to important feedback mechanisms as well

as an optimum irradiation time for maximum selectivity.

Despite its importance, values of Yy are not easily obtainable from :
either theory or experiment. A mostly first-principles formulation for
Y1» however, has recently been deve]oped.62 The relaxation rate is given
by the Fermi golden rule for a perturbation which is the difference in
the potential due to the lattice atoms at their instantaneous and equili-
brium positions. This rate reduces to a sum of products of matrix elements
involving only adatom properties and time Fourier transforms of correlation
functions for different lattice displacements at different times.

In addition to the selective excitation of phonon modes, laser-
stimulated surface processes of a non-selective, thermal nature can be
important in such areas as annealing. The techniques for describing
selective excitations can be combined with a diffusion equation to treat
overall energy transfer processes.63 Both selective and non-selective

energy transfer via laser excitation of the adspecies-surface phonon

modes is seen to be important. The next step in the theory of laser
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induced surface dynamics would involve the inclusion of electronic
degrees of freedom. i

B. Charging a8 Semiconductor Surface

Laser excitation of the electronic degrees of freedom in the solid §
can stimulate rate processes by altering the charge in the vicinity of
a surface. Such alteration of charge can induce desorption of an
adspecies. Experiments with synchrotron radiation on metal surfaces has
demonstrated this phenomena for a variety of adspecies.64 It is reason-

able to assume that reversing the charge on the surface could also ]

enhance adsorption of the same species.
To analyze this process, a truncated one-dimensional chain has

been emp]oyed.65 Within this model and the nearly-free-electron approxi-

mation, the electronic energies are given by

o .

(ke k-9% /K2 - (k-2 + 453} , (89)

>

where k is the wave vector of the electron, g is the reciprocal lattice
constant, and Eg is the band gap. The plus branch represents the con-
duction energy band and the minus branch corresponds to the valence
band. Surface states are obtained by the use of analytical continua-
tion, i.e., the energy can also have real values for k = q/2 + ix.
Since 1/2x is the effective charge depth of these states, they are most
like surfate states for large values of «. The band structure for
this system is given in Fig. 3. The band extending out of the figure
represents the possible surface states.

I1f a laser is now shown on the linear chain, we can transfer




electrons from the valence band to the surface states. Considering the
Bloch nature of our bulk states and the damped Bloch nature of our surface
states, a simple analysis of the transition matrix will lead to the
conclusion that the transfer is favored for bulk states at the band edge.
Using this, we have calculated the absorption cross section for laser
excitation of a silicon surface, and our results are depicted in Fig. 4.
The glitch near the center corresponds to the maximum value of « and is
due to the branch point in the enerqy. Since « is a maximum near this
region, to achieve the largest surface charge density, surface states
near this center should be excited. We can see from the plot that quite
large cross sections (2-332) can be obtained in this region at lTow radia-
tion densities, (<10 N/cmz). Thus a low-power laser is a very effective
controller of surface charge.

To determine the effect of this charge on an adspecies, we have

Tooked at the interaction of a charged adspecies with the surface.66

67

The exact form of the screening function”’ at the surface can be extremely

complicated; therefore, as a first approximation, we will assume that the

screening is represented by an exponential damping (Thomas-Fermi screeningGs).
Our results for the change in the interaction for a number of different
surface state excitations are plotted in Fig. 5. It should be noted that
states near the center of the band have a great deal more interaction

as would be expected because of the smaller charge depth. As can be seen %
from the figure, both the magnitude and the range of the interaction are
increased by the laser-charged surface. The attraction of the ion for

the surface will thus be greatly enhanced if the ion is positive and




diminished if the jon is negative. A similar analysis could be done

for polar >pecies, with one pole being attracted and the other repelled
Furthermore, a consideration of a threc-dimensional semiconductor would
also introduce occupied surface states. Thus raising the possibility

of exciting holes into the surface, subsequently making it more positive,
and producing the reverse effect of electronic excitation.

C. Electron-Phonon Coupling on Metals

In the preceding Part B, we looked at the role of increasing sur-
face charge in semiconductors and its effect on surface dynamics. Since
metals also have surface states, it would be expected that similar charge
transfer induced with a laser would be possible in metallic systems.

Again using a truncated one dimensional model and the nearly-free-
electron approximation,69 the band structure for the metal will be found
qualitatively similar to that of a semiconductor (see Fig. 3). However,
whereas the lower band is populated to the top in a semiconductor, this
band in a metal would be only partially filled. For example, for the
metal sodium the top of the band is 0.7 eV above the Fermi energy.
Consequently, to excite surface states in a metal, we must first overcome
this energy deficit by application of a higher frequency laser than needed
for semiconductors.

In a calculation of the cross section, we found that our selection
rule reguiring conservation of the real part of the crystal momentum
still holds for metallic system. Since the top of the band is unpopulated,
we would therefore expect zero transitions in the metal. However, the

introduction of phonons can overcome this problem. It should be noted




that neither laser photons or lattice phonons are alone able to populate

the surface states. The former will not supply sufficient crystal
momentum, and the latter will not supply sufficient energy. Consequently,
the absorption cross section will be second order in nature with a

mixing of phonon and photon excitations. The dominant pathway would be

a phonon first scattering the electron from the top of the Fermi energy

to the top of the band and then a laser photon exciting this electron
to the desired surface state.

The mathematics involved in the calculation of the cross section
will be similar to that of the semiconductor. Because of the phonons,
however, an averaging over the populated phonon states must be performed.
This will give a factor depending on the phonon population multiplying

our first order results:

o+ ¢ (90)

(1)

The first-order cross section o will be comparable to that of silicon,
given in Fig. 4. For sodium, the scaling factor S is about 10'4.
Consequently, the statements that applied for semiconductors would also
be applicabie to metals if the power density of our laser were 104
times as large. Since large cross sections were observed in the semi-
conductor, only a low-power laser (1-10 H/cmz) was necessary. Therefore,
only a moderate power laser (10-100 kN/cmz) would be needed to induce
surface charge transfer in a metal. Consequently, processes such as
enhanced or diminished adsorption or desorption of charged or polar
adspecies would also occur with similar results for metal or semiconductor

surfaces.
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D. Gas-Surface Charge Transfer

If a laser is used to charge a surface, we would expect the transfer

of charge between the solid and an adspecies or gas molecule above the

surface to be greatly enhanced.70

Since charge transfer is the essence
of chemistry, surface catalysis would be greatly effected by this
phenomenon.

If we consider a positive ion impinging on a semiconductor surface,
the wave function of the entire system could be approximated as a product
of the wave function of the crystal and the ion. On leaving the surface,
the ion could be neutralized by the transfer of charge from the surface.
The final state would thus be a product of the wave functions of the
neutral gas molecule and the charged substrate. If the surface of the
semiconductor is first charged with a laser, the final state with the
neutral gas molecule would be very favored. Fig. 6 illustrates the range
over which charge transfer with the surface states can occur. The shaded
curve in the figure is due to the thickness of the surface band as shown
in Fig. 3. Thus, if the ion is on its initial potential curve, HII’ the
charge neutralization process will be enhanced where this curve intersects
the neutral gas-charged crystal interaction illustrated by the shaded
curves. A mathematical analysis using first-order time-dependent pertur-
bation theory will show that the neutralization rate of the ion is larger
by a factor of |2«L| for a surface electron in state « than for a bulk

electron (L is the length of the solid).




ACKNOWLEDGMENTS

The work at the University of Rochester was supported in part by
the Air Force Office of Scientific Research (AFSC), United States Air
Force, under Grant AFOSR 82-0046, the Office of Naval Research, the U.S.
Army Research Office and the National Science Foundation under Grant
CHE-8022874. The United States Government is authorized to reproduce
and distribute reprints for governmental purposes notiwthstanding any
copyright notation hereon. The work at Oakland University was supported
in part by the Research Corporation and an Oakland University Research
Fellowship. TFG acknowledges the Camille and Henry Dreyfus Foundation

for a Teacher-Scholar Award (1975-84).




58

REFERENCES
1.

Darko, T., Baldwin, D.A., Shamir, N., Rabalais, J.W., and Hachmann,
P., Reactions of homonuclear diatomic ions with metal surfaces. I.
Model for X; beam-surface reactions in the low kinetic energy-near
threshold region, J. Chem. Phys., 76, 6408, 1982.

Hagstrum, H.D., Theory of Auger ejection of electrons from metals
by ions, Phys. Rev., 96, 336, 1954,

Merzbacher, E., Quantum Mechanics, 2nd Ed., Wiley, New York, 1970.

Herzberg, G., Molecular Spectra and Molecular Structure.l. Spectra

of Diatomic Molecules, Van Nostrand, New York, 1950, 199,208.

Lundqvist, S., Electrons at metal surfaces, in Surface Science,

Vol. I, International Atomic Energy Agency, Vienna, 1975, 331.
Kassel, L.S., Studies in homogeneous gas reactions. I., J. Phys.
Chem., 32, 225, 1982.

Shamir, N., Baldwin, D.A., Darko, T., Rabalais, J.W., and Hochmann,
P., Reaction of homonuclear diatomic ions with metal surfaces. II.
Nitridation of Al, Cu, Mo, and Ni by N; beams in the low kinetic
energy-near threshold region, J. Chem. Phys. 76, 6417, 1982.

(see Fig. 3).

Tully, J.C., Dynamics of gas-surface interactions: Reaction of
atomic oxygen with adsorbed carbon on platinum, J. Chem. Phys.,
73, 6333, 1980.

Tully, J.C., Dynamics of gas-surface interactions: 3D generalized
Langevin model applied to fcc and bcc surfaces, J. Chem. Phys.,

73, 1975, 1980.

e 4




10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

59

Adelman, S.A. and Doll, J.D., Generalized Langevin equation aporoach
for atom/solid-surface scattering: General formulation for classical
scattering off harmonic solids, J. Chem. Phys., 64, 2375, 1976.
Kubo, R., The fluctuation-dissipation theorem, Rep. Progr. Theor.
Phys., 29, 255, 1966.

Parr, C.A. and Truhlar, D.G., Potential energy surfaces for atom
transfer reactions involving hydrogen and halogens, J. Phys. Chem.,
75, 1844, 1971.

Pollak, E., Adiabaticity and tunneling in quantal collinear reactive
scattering computations, J. Chem. Phys., 75, 4435, 1981.

McCreery, J.H. and Wolken, G. Jr., Atomic recombination dynamics on
solid surfaces: H2 + W(001), J. Chem. Phys., 64, 2845, 1976.
McCreery, J.H., and Wolken, G. Jr., A model potential for chemisorption:
Hy + W(oo1), J. Chem. Phys., 63, 2340, 1975.

Erying, H., Walter, J. and Kimball, G.E., Quantum Chemistry, Wiley,

New York, 1944, 232-248.

Anders, L.W., Hansen, R.S. and Bartell, L.S., Molecular orbital
investigation of chemisorption. I. Hydrogen on tungsten(100) surface,
J. Chem. Phys. 59, 5277, 1973.

Ziman, J.M., Principles of the Theory of Solids, Cambridge University

Press, Cambridge, 1964, 27.

McCreery, J.H. and Wolken, G.,Jr., Atomic recombination dynamics on
solid surfaces: Effect of various potentials, J. Chem. Phys., 67,
2551, 1977.

Diebold, A.C. and Wolken, G.,Jr., The energetics of diatom/solid

dissociative adsorption, Surface Sci. 82, 245, 1979,




21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gelb, A. and Cardillo, M.J., Classical trajectory calculations of the
dissociation of hydrogen on Copper. 111. The effect of surface
roughness, Surface Sci., 75, 197, 1978.

Gregory, A.R., Gelb, A., and Silbey, R., A simple quantum chemical
theory of dissociative adsorption, Surface Sci., 74, 497, 1978.
Gadzuk, J.W., A dissipative trajectory theory for reactive scattering
at surfaces, Surface Sci., 118, 180, 1982.

Metiu, H. and Gadzuk, J.W., Theory of rate processes at metal
surfaces. II. The role of substrate electronic excitations,

J. Chem. Phys., 74, 2641, 1981.

Anderson, P.W., Localized magnetic states in metals, Phys. Rev.,

124, 41, 1961.

Newns, D.M., Self-consistent model of hydrogen chemisorption, Phys.
Rev., 178, 1123, 1969.

Schonhammer, K. and Gunnarson, 0., Sticking probability on metal
surfaces: Contribution from electron-hole-pair excitations, Phys.
Rev. B, 22, 1629, 1980.

Schonhammer, K. and Gunnarson, 0., Sticking and inelastic scattering
at metal surfaces: The electron-hole-pair mechanism, Surface Sci.,
117, 53, 1982.

Crjlen, Z. and Gumhatter, B., Quantum model for kinetics of helium
adsorption on free-electron metals, Surface Sci., 117, 116, 1982.
Brako, R. and Newns, D ,M., Charge exchange in atom-surface scattering:
Thermal versus quantum non-adiabticity, Surface Sci., 108, 253, 1981.

Brako, R. and Newns, D.M., Non-adiabatic processes at metal surfaces,

Vacuum 32, 39, 1982.

60




61

32. Norskov, J.K. and Lundqvist, B.I., Correlation between sticking
probability and adsorbate-induced electron structure, Surface Sci.,
89, 251, 1979.

33. Brenig, W., Theory of inelastic atom-surface scattering: Average

energy loss and energy distribution, Z. Phys. B, 36, 81, 1979.

34, Goodman, F.0. and Wachman, H.Y., Dynamics of Gas-Surface Scattering,

Academic, New York, 1976.

35. Mott, N.F. and Massey, H.S.W., Theory of Atomic Collisions, Oxford

University Press, London, 1965, 792.

36. See, for example, Fano, U., Effects of configuration interaction on
intensities and phase-shifts, Phys. Rev., 124, 1866, 1961.

37. Tomonaga, S., Remarks on Bloch's method of sound waves, applied to

many-fermion problems, Progress. Theor. Phys., 5, 544, 1950.

38. Whaley, K.B., Light, J.C. Cowin, J.P., and Sibener, S.J., Calculation
of rotationally mediated selective adsorption in molecule surface

scattering: HD on Pt(111), Chem. Phys. Lett., 89, 89, 1982,

39. VYu, C.-F., Hogg, C.S., Cowin, J.P., Whaley, K.B., Light, J.C., and
Sibener, S.J., to be published.
40. Glasstone, S., Laidler, K.J., and Eyring, H., The Theory of Rate

Processes, McGraw Hill, New York, 1941.
41. MWigner, E., The transition state method, Trans. Faraday Soc., 34,

29, 1939.

42. Miller, W.H., Importance of nonseparability in quantum mechanical

transition-state theory, Acc. Chem. Res.,9, 306, 1976.

—




43.

a4,

45,

46.

47.

48.

49.

62

Pechukas, P., Statistical approximations in collision theory, in

Dynamics of Molecular Collisions, Part B., Miller, W.H., Ed.,

Plenum, New York, 1976, 269.

Kramers, H.A., Browman motion in a field of force and the diffusion
model of chemical reactions, Physica, 7, 284, 1940.

Grimmelmann, E.K., Tully, J.C., and Helfand, E., Molecular dynamics
of infrequent events: Thermal desorption of xenon from a platinum
surface, J. Chem. Phys. 74, 5300, 1981.

Adams, J.E. and Dol1, J.D., Desorption from solid surfaces via
generalized Slater theory, J. Chem. Phys., 74, 1467, 1981.

Adams, J.E. and Doll, J.D., A Monte Carlo evaluation of thermal
desorption rates, J. Chem. Phys., 74, 5332, 1981.

Lennard-Jones, J.E. and Strachan, C., The interaction of atoms and
molecules with solid surfaces.I. The activation of adsorbed atoms

to higher vibrational states, Proc. R. Soc. London, A 150, 442,

1935; Strachan, C., The interaction of atoms and molecules with
solid surfaces. II. The evaporation of adsorbed atoms, Proc. R.
Soc. London, A 150, 456, 1935.

Lennard-Jones, J.E. and Devonshire, A.F., The interaction of atoms
and molecules with solid surfaces. III. The condensation and

evaporation of atoms and molecules, Proc. R. Soc. London, A 156,

6, 1936; Lennard-Jones, J.E. and Devonshire, A.F., The interaction
of atoms and molecules with solid surfaces.IV. The condensation
and evaporation of atoms and molecules, Proc. R. Soc. London, A 156,

29, 1936.

S,

R —




50.

51.

52.

53.

54.

55,

56.

Bendow, B. and Ying, S.-C., Phonon-induced desorption of adatoms

from crystal surfaces. I, Forma) theory, Phys. Rev. B, 7, 622, 1973;
Ying, S.-C. and Bendow, B., Phonon-induced desorption of adatoms from
crystal surfaces. II. Numerical computations for a model system,

Phys. Rev. B, 7, 637, 1973,

Goodman, F.0. and Romerc, I., One-phonon scattering of atoms in

three dimensions by a simplified continuum model of a surface: Thermal
desorption, J. Chem. Phys., 69, 1086, 1978.

Garrison, B.J., Diestler, D.J. and Adelman, S.A., Quantum-dynamical
model for thermal desorption of gases from solid surfaces, J. Chem.
Phys., 67, 4317, 1977.

Gortel, Z.W., Kreuzer, H.J. and Teshima, R., Desorption by phonon
cascades for gas-solid systems with many physisorbed surface bound
states, Phys. Rev. B, 22, 5655, 1980.

Gortel, Z.W., Kreuzer, H.J., Teshima, R., and Turski, L.A., Kinetic
equations for desorption, Phys. Rev. B, 24, 4456, 1981; Kreuzer, H.J.
and Teshima, R., Desorption times from rate equations, the master
equation, and the Fokker-Planck equation, Phys. Rev. B, 24, 4470,
1981.

Goldys, E., Gortel, Z.W. and Kreuzer, H.J., Desorption kinetics
mediated by surface photon modes, Surface Sci., 116, 33, 1982.

Gadzuk, J.W., Fundamental excitations in solids pertinent to desorption 4
induced by electronic transitions, in Proceedings of DIET-I Workshop,

Desorption Induced by Electronic Transitions, Tolk, N. and Traum, M.

Eds., Springer-Verlag Series in Chemical Physics, 1982.




57.

58.

59.

60.

61.

62.

63.

64.

See, e.g., Allen, R.E., Allredge, G.P., and de Wette, F.H., Studies ?
of vibrational surface modes. II. Monatomic fcc crystals, Phys. E
Rev. B, 4, 1661, 1971. %
See, e.g., Arlinghaus, F.J., Gay, J.G., and Smith, J.R., Surface |
states on d-band metals, Phys. Rev. B. 23, 5152, 1981.

Lin, J. and George, T.F., Generalized Langevin theory of multiphoton
absorption dynamics of polyatomic molecules and the nature of laser-
selective effects, Phys. Lett,,80A, 296, 1980.

Lin, J. and George, T.F., Dynamical model of selective versus
nonselective laser-stimulated surface processes, Surface Sci., 100,
381, 1980.

Lin, J., Beri, A.C., Hutchinson, M., Murphy, W.C., and George, T.F.,
Multiphoton-multiphonon theory of laser-stimulated surface processes,
Phys. Lett., 79A, 233, 1980.

Beri, A.C. and George, T.F., Theory of laser-stimulated surface

processes. I. General formulation for the multiphonon relaxation

of a vibrationaily excited adatom, J. Chem. Phys., 78, , 1983,
Lin, J. and George, T.F., Laser-generated electron emission from
surfaces: Effect of the pulse shape on temperature and transient
phenomena, J. Appl. Phys., 54, 382, 1983.

Woodruff, D0.P., Traum, M.M., Farrell, H.H., Smith, N.V., Johnson,
P.D., King, D.A., Benbow, R.L., and Hurych, Z., Photon- and electron- 4
stimulated desorption from a metal surface, Phys. Rev. B.,21, 5642,
1980.




65.

66.

67.

68.

69.

70.

Murphy, W.C. and George, T.F., Laser excitation of surface electronic !
states for a one-dimensional semiconductor, Surface Sci., 114, 189, i
1982. !
Murphy, W.C. and George, T.F., Laser-stimulated adspecies interaction

with a semiconductor surface, J. Phys. Chem., 86, 4481, 1982.

Newns, D.M., Dielectric response of a semi-infinite degenerate

electron gas, Phys. Rev. B.,1, 3304, 1970.

See, e.g., Kittel, C., Quantum Theory of Solids, Wiley, New York,

1963, 105.
George, T.F., Lin, J., Beri, A.C., and Murphy, W.C., Theory of

laser-stimulated surface processes, Prog. Surface Sci., in press.

Lee, H., Murphy, W.C., and George, T.F., Neutralization of ions at

an electronically excited semiconductor surface, Chem. Phys. Lett.,

93, 221, 1982.




Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schematic diagram of the phonon density of states. A is the
active mode, and B and C are bath modes.

Average selective excitation number <NS> as a function of time t
for various values of the energy relaxation rate Y3 for a model

2 370,

adspecies-surface system: (A) 10 s_]; () 1035-]; (c) 2 x 10 ;

]; and (E) ]04s°].

(D) 6 x 103"
Dispersion relationship in complex crystal momentum space (k + ik)
for a finite linear chain, The valence, surface and conduction
bands are labeled V, S and C, respectively.

Absorption cross section for surface states, o, in 32 Versus

the frequency of the exciting laser radiation.

Magnitude of the surface interaction potential (in millihartrees) at
various distances from the surface. The solid line represerts the
system with excited state x o Eg/g; the dashed line, k = - 0.5 Eq/g;
and the dotted line, ¢ = - 0.1 Eg/g, all in the lower energy branch.
Schematic diagram of potential energy surfaces HII and HEF for
initial and final configurations. The transfer of a surface
electron to the incident ion occurs at time t; <t <t,. For

3

*
neutralization of He at Si(111) into the 2°S state of He, & v 0.07 eV

and Eg n~ 1.1 eV. Shown in the inset is the square of the normaliza-
tion constant, NE. It assumes a maximum value when the energy E is
at the center of the gap and approaches zero at both ends of the
gap. This indicates that surface electrons with energy near the

center of the gap are most highly localized near the surface.




pw)

ACTIVE MCDE
PHONON MODES

L/\\ L, w

We Wy Wy

\Z»Sw AN




e A

(S ¢_Ol) + awy ,\J
AP
02 Gl ol G o .
s S
0O
>
1S @
- 1ol
Vv
T | N Gl




T-u& 3
\D&e\(. L S:t ‘1‘ 1
(. |




20T

15

Jo










472:GAN:716-4

94 /GEN

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Office of Naval Research
Attn: Code 413

800 North Quincy Street
Arlington, Virginia 22217

ONR Pasadena Detachment
Attn: Dr. R, J. Marcus
1030 East Green Street
Pasadena, California 91106

Commander, Naval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld

Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375

U.S. Army Research Office

Attn: CRD-AA-IP

P. 0. Box 12211 ]
Research Triangle Park, N.C. 27709

Mr. Vincent Schaper
DTNSRDC Code 2803
Annapolis, Maryland 21402°

Naval Ocean Systems Center
Attn: Dr. S. Yamamoto
Marine Sciences Division
San Diego, California 91232

Dr. David L. Nelson
Chemistry Program

Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217

YNo.
Copies

12

Naval Ocean Systems Center
Attn: Mr. Joe McCartney
San Diego, California 92152

Naval Weapons Center

Attn: Dr. A. B. Amster,
Chemistry Division

China Lake, California 93555

Naval Civil Engineering Laboratory
Attn: Dr. R. W, Drisko
Port Hueneme, California 93401

Dean William Tolles
Naval Postgraduate School
Monterey, California 93940

Scientific Advisor

Commandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

Naval Ship Research and Development
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

Mr. A. M. Anzalone
Administrative Librarian
PLASTEC/ARRADCOM

Bldg 3401

Dover, New Jersey 07801

No.
Copies

Y

e




472:GAN:716-4
94/056

TECHNICAL REPORT DISTRIBUTION LIST, 056

No.
Copies

Dr. G. A. Somorjai

Department of Chemistry

Oniversity of Califormia

Berkeley, California 94720 1

Dr. J. Murday

Naval Research Laboratory

Surface Chemistry Division (6170)

455 Overlook Avenue, S.W.

Washington, D.C. 20375 1

Dr. J. B. Hudson

Materials Division

Rensselaer Polytechnic Institute

Troy, New York 12181 1

Dr. Theodore E. Madey

Surface Chemistry Section

Department of Commerce

National Bureau of Standards

Washington, D.C. 20234 1

Dr. J. M. White

Department of Chemistry

University of Texas

Austin, Texas 78712 1

Dr. Keith H. Johnson
Department of Metallurgy and
Materials Science
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 1

Dr. J. E. Demuth

IBM Corporation

Thomas J. Watson Research Center

P. 0. Box 218

Yorktown Heights, New York 10598 1

Dr. C. P. Flynn

Department of Physics

University of Illinois

Urbana, Illinois 61801 1

Dr, W. Kohn

Department of Physics

University of Califormia
(San Diego)

La Jolla, California 92037

Dr. R. L. Park

Director, Center of Materials
Research

University of Maryland

College Park, Maryland 20742

Dr. W. T. Peria

Electrical Engineering Department

University of Minnesota
Minneapolls, Minnesota 55455

Dr. Chia-wei Wco
Department of Physics
Northwestern University
Evanston, Illinois 60201

Dr. Robert M. Hexter
Department of Chemistry
University of Minnesota
Minneapolis, Minnesota 55455

Dr. R. P. Van Duyne
Chemistry Department
Northwestern University
Evanston, Illinois 60201

Dr, S. Sibener
Department of Chemistry
James Franck Institute
5640 Ellis Avenue
Chicago, Illinois 60637

Dr. M. G. Lagally
Department of Metallurgical
and Mining Engineering

University of Wisconsin
Madison, Wisconsin 53706

No.
Copies




472:GAN:716-4

94/056

TECHENICAL REPORT DISTRIBUTION LIST, 056

Dr. Robert Gomer
Department of Chemistry
James Franck Institute
5640 Ellis Avenue
Chicago, Illinois 60637

Dr. R. G. Wallis

Department of Physics
University of Califormia, Irvine
Irvine, California 92664

Dr. D. Ramaker

Chemistry Department

George Washington OUniversity
Washington, D.C. 20052

Dr. P. Hansrca
Physics Department
University of Califormia,
Santa Barbara
Santa Barbara, California 93106

Dr. J. C. Hemminger

Chemistry Department

University of California, Irvine
Irvine, California 92717

Dr. Martin Fleischmann
Department of Chemistry
Southampton University
Southampton $09 SNH
Hampshire, England

Dr. G.
IBM
Thomas J. Watson Research Center
P. 0. Box 218

Yorktown Heights, New York

Rubloff

10598

Dr. J. A. Gardner
Department of Physics
Oregon State University
Corvallis, Oregon 97331

Dr. G. D. Stein

Mechanical Eugineering Department
Northwestern University
Evanston, Illinois 60201

No.
Copies

Dr. K. G. Spears
Chemistry Department
Northwestern University
Evanston, Illinois 60201

Dr. R. W. Plummer
University of Pennsylvania
Department of Physics
Philadelphia, Pennsylvania 19104
Dr. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 41106

Professor D. Hercules
Oniversity of Pittsburgh
Chemistry Department

Pittsburgh, Pennsylvania 15260

Professor N. Winograd
The Pennsylvania State University
Department of Chemistry

University Park, Pennsylvania

16802

Professor Dudley R. Herschbach
Harvard College
Office for Research Contracts
1350 Massachusetts Avenue
Cambridge, Massachusetts 02138
Professor Horia Metiu
University of Califormnia,

Santa Barbara
Chemistry Department
Santa Barbara, California 93106

Professor A. Steckl

Rensselaer Polytechnic Institute

Department of Electrical and
Systems Engineering

Integrated Circuits Laboratories

Troy, New York 12181

No.
Copies




¥

472:GAN:716~4
94/056
TECHNICAL REPORT DISTRIBUTION LIST, 056
No. No. ;
Copies Copies §

Dr. John T. Yates

Department of Chemistry

University of Pittsburgh

Pittsburgh, Pennsylvania 15260 1 ‘

|
}
|
45

Professor G. H. Morrison
Department of Chemistry
Cornell University

Ithaca, New York 14853 1
Captain Lee Myers

AFOSR/NC '

Bolling AFB

Washington, D.C. 20332 1

Dr. David Squire

Army Research Office

P. 0. Box 12211 .
Research Triangle Park, NC 27709 1

Professor Ronald Hoffman

Department of Chemistry

Cornell University

Ithaca, New York 14853 1




