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We investigate radiation-induced bound-free transitions of surface atoms from a bound state
in a potential well to a continuum in the absence of electron excitations in the system.

The bound state corresponds to the ground electron state of the particle-surface system. For
an electron beam, the transitions result from inelastic scattering of electrons by surface
atoms. A formula for the differential cross section of the transition is obtained. In a field of an
electromagnetic wave, the transitions are due to photon absorption by a bound atomic
particle. This process is a photoeffect for surface atoms. An expression for the transition cross
section for single-photon absorption is obtained. The results are compared with experimental

data.

1. INTRODUCTION

Radiation-induced desorption of atoms from a solid
surface is presently considered as a multistage process in-
duced by elementary electron excitations in the particle
+surface system.'” Electron excitation of a particle re-
sults in its transition to the repulsive branch of potential
energy, corresponding to an excited electronic state of the
system. The subsequent stage of the process is determined
by particle motion along the repulsive branch whereby it
can acquire the energy necessary for its detachment from
the surface. When a particle is moving, modification of its
charge state and energy dissipation are possible near a solid
surface.">* Elementary electron excitation may result both
from transitions of valent electrons™® and from ionization
of core levels with their subsequent Auger decay.’

A difficulty typical of available theories of desorption
consists in the following. Electron or photon radiation may
induce desorption of surface atoms, if the excited state has
a long lifetime,*° since the motion of an atomic particle
should be sufficiently rapid to match electron deexcitation.
However, calculated and experimental values of single-
electron excitation lifetimes are 1-10 fs for both an excited
atom +surface system®® and a metal surface.!® On the
other hand, a typical time of motion of a particle being
desorbed in a potential field near a surface is of the order of
0.1 ps.1*2

In view of this difficulty, much attention has been paid
recently to investigation of multielectron excitations in a
system, at which longer lifetimes of atomic particles in
excited electron states are possible.!>”!! Tonization of core
electron levels is generally considered as the initial excita-
tion, with subsequent deexcitation through the Auger pro-
cess.

In the present work, a theory of interaction between
atoms on a solid surface and incident radiation is devel-
oped. The theory is based on the channel of bound-free
transitions of a surface atom from a bound state in a deep
potential well corresponding to the electronic ground state
of the system to a continuum in the absence of electron
excitations in the system.

For an incident electron beam, bound-free transitions

747 JETP 77 (5), November 1993

1063-7761/93/110747-06$10.00

result from inelastic scattering of electrons by surface at-
oms with the electron configurations conserved. Here, the
interaction potential in a collision between electron and
surface atom is determined by the central field of the nu-
cleus screened by atomic electrons. In the case of an inci-
dent electromagnetic wave, these transitions are induced
by photon absorption by a bound atomic particle on the
surface. This process is essentially a photoeffect for surface
ions.

Note that, for the investigated interaction channel, ini-
tial electron excitations in the system are not necessary.
The bound-free transitions are made possible by the
particle-surface bond and result from interaction of radia-
tion directly with the nucleus of a surface atom screened by
atomic electrons.

The structure of the paper is as follows:

In Sec. 2, we investigate the channel of bound-free
transitions of surface atoms interacting with an electron
beam normally incident on the surface. An expression is
derived for the differential cross section of the transition to
the continuum. The expression corresponds to the electron
ground state of the system. In Sec. 3, bound-free transi-
tions of surface ions in the field of an incident electromag-
netic wave are investigated. An expression is obtained for
the photoeffect cross section for surface ions in the case of
single-photon absorption. The results are compared with
available experimental data on radiation-induced absorp-
tion.

2. ELECTRON-BEAM-INDUCED BOUND-FREE TRANSITIONS
2.1. The amplitude of a bound-free transition

The Hamiltonian for surface atoms interacting with an
incident electron beam can be represented in the form:

H= ;, eictcat g, K}k
ag

+ X ValkkiddDabachcs, . (1)
kky,0
i,
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Here, a;, and ay, are the operators of creation and anni-
hilation of an electron with wave vector k, spin o, and
energy £;; ¢f and c, are the operators of creation and
annihilation of a particle in the state |1) with energy ¢;.
The states |A) include both bound states at a surface and
continuum states.

The matrix element of particle transition from the state
|A;) to the state |A) resulting from the inelastic scattering
of an electron from the incident beam with conserved elec-
tron configuration of a surface atom |,) is

Vei(k,kl;ﬂn/ll)
= (W] (ko | (A | Vot R{FY) | A1) | K1) | 4), (2)

where r is the electron radius-vector: R is the particle
radius-vector measured from the position of the potential-
well minimum: {#/} is the set of atomic-electron coordi-
nates measured from R; V,_,,-(r,R,{r{;}) is the interaction
potential between an incident electron and a central field of
a nucleus screened by atomic electrons.

In the initial state | A,), a particle is in the ground state
in a deep potential well near the surface. The final state
corresponds to a continuum state for a free particle. This
state is specified by a wave vector g and a quantum number
n.

The amplitude of a bound-free transition B(gn;A,) is
associated with the S-matrix determined from (1) in the
interaction representation by the following relation:

—2mid(E;—E;) B(gn;Ao) = f|{gn|S|Ao) |1}, (3)

where E;= —¢,+¢€;; Er=¢€,,+y; €, is the particle bond
energy in the continuum state |gn); ¢; and £ are the elec-
tron beam energies in the initial |/) and the final |f)
states, respectively.

In the experiments on induced desorption, electron
beams with electron energy £,0<10 keV are generally used.
This is much greater than the bond energy of a surface
atom g,~1 eV. Egs. (1)-(3) make it possible to obtain an
expression for the transition amplitude in any order in the
interaction operator. We restrict ourselves below to the
first order in ¥, for the amplitude, since one of the general
laws of induced desorption is that the desorbed particle
flux be proportional to the incident radiation flux, if the
latter does not heat the surface.’

2.2. The cross section of a bound-free transition

From (1) and (3) we get for the differential cross
section of a bound-free transition of an atomic particle:

aUt M3/2m1/2 eg 172
o Q‘t‘Q'e
€ro

X 2 | Veilkkoigm,Ao) |*8(Er0—£x—Ep—Egn).
kn

(4)

Here, M is the particle mass; m is the electron mass; ; and
1, are the normalization volumes for the wave functions of
a particle and an electron in the continuum, respectively; ¢,
is the energy of the scattered electron.
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Consider now the interaction potential for the case of a
collision between an electron from the incident beam and a
surface atom. This potential can be divided into two parts
corresponding to a nucleus with atomic number Z and an
electron cloud of a particle.'!* Using the plane-wave ap-
proximation for single-electron states of the beam, we get
from (2) for a transition matrix element

47e?
Valkkogndo) =557z * (Z—Q(AK))

X (gn|exp({AKR) | A4), (5)

where Ak=ky—k; Q(Ak) is the atomic form-factor:

Y exp(iAkr))
J

o8k = (. o) 6)

which is a Fourier-component of electron density of a sur-
face atom. We assume further that the wave vector k; in
the initial state of electron is directed normally to the sur-
face and along the z-axis.

In the calculations of the atom-surface interaction po-
tential, the Morse potential is generally used, which has a
shape typical of this interaction.'* It is known'? that the
wave function of the ground bound state for this potential
decreases as exp(—ﬁ"(ZMA)l/ 22) from the position of
the potential well minimum at z> a_l, where 4 and aq are
the parameters of the potential. A wave function with the
same spatial damping was used in Ref. 15, where adsorp-
tion of atomic particles from gaseous phase by a surface
was studied. We present the wave function of a particle in
the |4,) state in the form

|do) =m"2>2 exp(—xR), x=%""(2Me,)""".
(7)

If the condition

k m 172 €10 172
i) (&) ®

is satisfied, we can make the substitution exp(iAkR)
—iAkR in (5)

With allowance for (7), the transition matrix element
in the right side of (5) can be calculated in the region of
radius of the order of R ~x~! near the potential well min-
imum. As is easy to estimate from (7), a typical value of
xlis ~1072 A. In this spatial domain, parabolic varia-
tion of the potential well may be neglected in the Schro-
dinger equation for |gn). Taking it into account that &, is
much greater than the energy of zero-order vibrations of a
particle, and allowing for selection rules for dipole transi-
tions with (8) satisfied, we get an expression for the wave
function in the final state |gn):

|gn) =21207"?x (g)sin[g, R, +8,(8) 1/5(84 R )
Xexplin(gr—eg)], 9

where n=0,+1;
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8 =8t 8o, =27 "M (£,+£,);

84:>0; J, is a Bessel function. The function y(g), the
phase shift §,(g), and the polar angle @,, (g) are specified
by the shape of potential energy and depend on particle
wave vector g at large distances from the surface. The
factor (2/0,-)1/ 2 is related to normalization of the wave
function in continuum. In the one-dimensional case in the
quasi-classical approximation, we get a rough estimate for
the function y(g):

x(8) = (&5/ (gg+£5) %,

Formula (9) is conveniently expanded in spherical
functions Y,,(6g,@g) to yield:'®

Ign> = (2/01) I/ZX(g)Gn(g*R) _1/2‘,3/2(g*R) Yln(eR ,¢’R),
(10)
where

G,=—6"2m[(1—n?)i cos 8,(g)cos 5,(8)

+27Y2p 5in §,(g)sin O, (8)exp( —in<pg*(g) ).
(11)
Here,
08 8, (8) =84/8y; 0<6,(8)<T/2; 0< g, (8)<2m.

Taking (8) and (11) into account and substituting (7)
and (10) in (5), the matrix element is readily calculated:

223/4,".1/2
Vei(kko;gn,Ao) =—3177—
e2h5/2£i/4(£b+£g) 172

00V M7* (26,1 ¢,)’

Z—Q(Ak)
_'.,%(2_ [(1—n?) (K cos 6,

x(8)G*

—ko) +2~?nk sin 6,

Xexp(—ingy)]. (12)

Substituting (12) in (14) and performing summation over
k and n, we get an expression for the differential cross
section of the bound-free transition:

ao,t 28 ZZ 4 5/2 1/2(€b+£g) .
30, T €9 M (2e,+¢, e |

+&.)/€10] " x(8) |?

X | Py cos?8y(g)cos?8,.(8)

1
4=

2P1 sin? &, (g)sin? 0,(8) |- (13)

We introduced here, the dimensionless functions

(1—¢x)?
Po(Z,e40,€p+€5) = f_l dx (1+&2-2¢x)?
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'Q(ko(1+£2—2Lx) %) 12
(14)

X[1—Z"

and

£2(1—x?)
Py(Z,ero.8p+8) = f—l d (1+87-26x)°

'Q(ko(1+£2—2Lx)H) 13,
(15)

x[1=2Z~

where x=cos 0,=k,/k, {=[1— (e,,+sg)/£k0]l/2.

The first term in the square brackets in the integral
with respect to x in (14) and (15) determines the cross
section of the bound-free transition (13) for the case of
inelastic electron scattering by the nucleus of a surface
atom with charge Z. The second term, Z“Q, stems from
screening, by atomic electrons of the interaction potential
of an incident electron and a particle nucleus. Both of these
terms determine effective charge of a surface atom in in-
elastic scattering of an electron of energy £;. For the en-
ergies &, < £,0<#*/2ma,, where a, is of the order of atomic,
the interaction potential of an incident electron and a sur-
face atom with a nuclear charge Z is efficiently screened by
the atomic electrons. At g,y>¢€,, a substantial increase in
the transition cross-section may be expected due to de-
crease in the contribution of the atomic form-factor (6) to
(14) and (15). For the electron energies £,9>¢,, Q(Ak)
may be neglected in comparison with the nuclear charge
Z,' and upon reaching its maximum, the transition cross
section will decrease as o,~¢€5,' according to (13).

Expressions (13)—(15) determine the particle distribu-
tions over energies £, and angles O, in the continuum, up
to the first order in the interaction operator for the transi-
tion amplitude. The particle distribution over solid angle
O, is determined by the dependences of the phase shift
6,(g) and the functions 6,(g) and y(g) on the wave vec-
tor g. These functions depend on the shape of potential
energy. Experimental data on the particle angular distri-
bution at large distances from the surface usually give a
lobed structure.!

2.3. Numerical estimates

Let us consider collisions with fast electrons, koap» 1,
where a; is of the order of atomic size. The major contri-
bution to integrals (14) and (15) is given by inelastic
large-angle [0;> (ko) ~'] scattering of electrons. In this
case the atomic form-factor Q(AKk) may be neglected in
comparison with Z.!? Light elements are implied here,
since typical values of the electron energy are £,=0.1-10
keV. After integration over the solid angle O, we get for
the differential cross section:

@—E( )29 22 4 5/2 ﬂE;/Z(Eb_*_sg)
de, Ee M (2:-:,,+‘€g)6 ’

(16)
where

E(e)=(m)~" [ dO,Ix(®) '[Py cos’ 8o(a)cos’ 8, (8)
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+Py sin” 8,(g)sin’ 8,(g) . (17)

In (16), £(¢,) is determined by potential energy near the
surface and may depend on the particle energy in the con-
tinuum. According to (14)-(17), §(&,) is a positive quan-
tity bounded from above by a constant of the order of
unity. For estimates, we shall assume below £ to be a con-
stant parameter.

According to (16), the distribution of desorbed parti-
cles over energy &, is a narrow peak. In the region of small
energies, £4€Ep, the differential cross section grows as e;/ 2,
In the region of large energies, £,>¢y, the cross section
decreases as €, %72 For the particle energy corresponding
to the maximum differential cross section we get
£5=0.27¢,,.

Upon integrating over the energy &,, we have from
(16) for the transition cross section:

137 m Z*Ry? )

0r=537f§1‘7——5k08b ap (18)

where a p is the Bohr radius.

Electron-beam-induced desorption of oxygen atoms
from the (110) surface of a wide-gap semiconductor SnO,
was studied in Ref. 17. It was found that at an energy
£0=160 eV the desorption cross-section was
0=2.8-10"% cm? and remained constant until stoichiom-
etry of the SnO surface was achieved. Oxygen desorption
from the (110) surface of TiO, was examined in Ref. 18.
The cross section 0=0.3- 1072 cm? was obtained at an
electron energy £,0=160 eV. This value agrees with the
results of Ref. 19 on desorption of O atoms previously
chemisorbed on the (100) surface of W. For the [3,-phase
of oxygen, with submonolayer coating of the surface by an
adsorbate, the desorption cross section was
o=(1.4%0.5) 1072 cm? at €40=150 eV. In these works,
the data were qualitatively explained on the basis of a
mechanism proposed in Ref. 7. Desorption was assumed to
result from ionization of the core levels of surface atoms
with subsequent interatomic Auger relaxation.? It was be-
lieved that the interatomic Auger process may be accom-
panied by removal of three electrons from an oxygen ion
O’ thus imparting positive charge to it and resulting in
Coulomb repulsion of the particles. !

To estimate the cross-sections of desorption due to the
channel of bound-free transitions of surface atoms, we can
use formula (18) for the transition cross section. The rea-
son is that the energy relaxation time for an atomic particle
is of the order of 0.1 ps,* which is at least comparable with
the time of particle motion in a potential field near the
surface."*® For an '°0 atom and g,o=1 keV, £,=4 eV
(Ref. 20) and, £=0.25, we obtain from (18) the estimate
0,=1072° cm?. This agrees well with the experimental data
given above.!”™! In this case, kpc~).3.
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3. PHOTOEFFECT FOR SURFACE IONS
3.1. Phototransition amplitude

The Hamiltonian for surface ions interacting with an
incident electromagnetic wave may be represented in the
form

q
H= Y &0 i+ Heaa— de v+ Apy
. M

¢ .
+de5?A—4A¢ Y. (19)
The first term here is the unperturbed energy of the ions.
As before, the states |1) include both bound states at the
surface and continuum states. The second term, H,q, is
the unperturbed energy of electromagnetic field. Two last
terms in (19) are the operators of interaction between a
bound ion and electromagnetic field. ¢ and M are respec-
tively the charge and the mass of a particle; p= —i#iVy is
the particle momentum operator; A is the operator of vec-
tor potential of electromagnetic field, and ¥=3,c;|A).

In the initial state | ), a particle is in the ground state
in a deep potential well near the surface. The final state
corresponds to a continuum state for a free particle |gn).

The amplitude of a bound-free transition B(gn;4y) is
connected with the S-matrix, defined by (19) in the inter-
action representation, by Eq. (3), where

E=—epte; Ep=¢ggtey;

€, in the binding energy of the particle in the |1,) state; &,
is the particle energy in the continuum state |gn); €;and €
are the energies of electromagnetic field in the initial |i)
and the final | f) states, respectively.

Egs. (3) and (19) can be utilized to investigate the
photoeffect for surface ions in the case of multiphoton ab-
sorption by a bound particle. We restrict ourselves below
to the case of a single-photon process. This suggests that
the photon energy #w is greater than ¢,.

3.2. The cross section of a single-photon bound-free
transition

Let us consider a linearly polarized electromagnetic
wave with the polarization vector s lying in the zx-plane
and the angle of incidence 6, measured from the z-axis
which coincides with the external normal to the surface.
The x- and y-axes are parallel to the surface.

From (3) and (19), the differential cross section of the
transition in the dipole approximation has the form

do, q2

7,
__ -1 ! 2
aog—(Zﬂ') Sy Enl fdggzl(gnlsplllo)}

X (Egn+€p—Hiw). (20)

Here a is the fine-structure constant.
The matrix element of the transition in (20) is easily
calculated using (7) and (10):
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29/4 % (6 +e,) 1
Ay =12 —1/2 b g
(gn|sp| o) =Q; AT M7 2e,1¢,) x(g)G¥

X [(1—n?)sin 6p—2""2ncos 6,)].  (21)

Substituting (21) to (20), using £g=ﬁ2g2/2M, and sum-
ming over g and n, we finally get an expression for the
differential cross section:

do, o ¢ e (Fo—e,)"”

a_()g=2 a 92 M (ﬁa)+£b)4 F(g’OO)’ (22)
where
F(g,60)=x| 2(cos? 8, cos? Oy sin? 6,
+73 sin® 8, sin? §,, cos® 6;). (23)

The function F(g,0,) specifies the angular distribution of
photoexcited particles for arbitrary incidence angle of ra-
diation.

3.3. Numerical estimates

Let us introduce the quantity

£(gg,60)=(2m) ! f dO,F (g,6,).

Its value depends essentially on form of potential energy
and may be a function of the particle energy in the contin-
uum. According to (23), £(¢,) is a positive quantity
bounded from above by a constant of the order of unity. To
make further estimates, we consider £ as a constant param-
eter independent of ¢,. Upon integration over the angle O,,
we get from (22) and (23)

¢ 7€) (fiw—e;) '
C2M (hote,)t
According to (24), the phototransition cross-section is

a narrow peak as a function of photon energy. The maxi-
mum cross-section value:

7" na q2 #
a,=£(6y) 2T Z M,

o(fiw) =Em2] (24)

(25)

corresponds to the energy #fiw=(9/7)¢,. In this case, the
kinetic energy of photoexcited particles is £,=(2/7)¢,.
Near the threshold of the process, at the photon energy
fiw=¢,, the cross section grows as (#iw—e,)"/? with #w.
For large energies, fiw>€,, the cross section decreases as
( h(l)) =1/ 2.

The experimental data on laser-induced desorption of
atomic particles from polar dielectric surfaces have re-
cently been reviewed in Ref. 21. The absolute yield of the
particles was not found in many cases.

Photodesorption of Ga atoms from the (111) surface
of GaP was studied in Ref. 22. The photon energy, #iw
=2.14 eV, was less than the band gap for indirect transi-
tions. It was found that the Ga atom detection limit in the
installation used corresponded to desorption of 17~ 107> of
Ga surface atoms by a single laser pulse at a fluence
E;~0.1 J/cm?®. We can estimate the desorption cross sec-
tion from these data as
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o=n#w/E,~0.4-10"22 cm?

Since the photon energy was less than the bandgap, it
was assumed in Refs. 22,23 that photodesorption results
from electron transitions via surface states of the semicon-
ductor. Feasibility of localization of an additional hole at a
surface Ga™ ion was discussed qualitatively. Such localiza-
tion may result in breaking of a particle-surface bond and
further in desorption of an atomic particle.

According to Ref. 23, there are several types of sites
for Ga atoms at GaP surface. At fiw=2.14 eV, desorption
via the channel of single-photon bound-free transitions
may occur from the following sites: Ga adatom (&,~1.70
eV), P vacancy (&,~1.46 eV), Ga-P vacancy (g,~1.32
eV), and P(Ga) site (£,~0.44 eV).?> We estimate the
transition cross-section for “Ga-adatom” sites, where Ga™
ions with a charge + le are localized.?? From (24) we get
for £,=1.7 eV, fiw=2.14 eV, g=+ le, and {=0.2:

0,=0.6- 10722 cm?,

in good agreement with the cited value obtained from the
experimental data on photodesorption from the (111) sur-
face of GaP. )

It should be noted that although the charge of a Ga
adsorbed atom is + le at the surface, the electron ground
state of the system Ga adsorbed atom-GaP (111), which
determines the potential energy of a photoexcited particle,
should correspond to a neutral state Ga®+[GaP(111)]° at
large distances from the surface. The reason is that the
ionization potential of Ga atoms, 6.0 eV, is much greater
than the work function for the (111) surface of GaP, 3.2
eV. Thus, neutral Ga atoms are ultimately desorbed from
the surface.

4. CONCLUSION

We have investigated a channel of interaction between sur-
face atoms and incident radiation accompanied by particle
transition from a bound state in a deep potential well to
continuum. This channel does not require initial electron
excitations in the system under the action of radiation, and
is possible owing to the presence of a bond between an
atomic particle and a surface.

It was found that bound-free transitions of surface at-
oms result in a certain distribution of particle energy ¢, in
continuum corresponding to the ground electron state of
the system. If the atomic ionization potential I exceeds the
work function @, then desorption of only neutral atoms in
the ground or excited electron states is possible for the
particle energies 0<g,<I—®. The particle energies
g,>1—® fall within the continuum regions for both
ground and excited ionic and neutral electron states of the
particle+surface system.? In this case, electron transi-
tions in the system are allowed and are accompanied by
desorption of ions with kinetic energies smaller than those
of neutral atoms. It should be noted, however, that at large
energies, Eg>Ep, the differential cross section of a bound-
free transition decreases (as & 92 for an electron beam, for
instance). This explains why neutral particles are prefer-
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entially desorbed if the work function for the surface is
smaller than the atomic ionization potential.

The investigated interaction channel exists also for
bound ions in crystal lattice of semiconductors in a field of
an electromagnetic wave.?* In this case photon absorption
by a bound intrinsic or impurity ion may induce an above-
barrier transition of a particle from a site or an interstitial
site to its band of Bloch states in the crystal lattice. A
photoexcited particle can efficiently migrate in a crystal, in
particular, towards a semiconductor surface, thus making
a contribution to photodesorption. However, its interaction
with phonons or electrons in the crystal returns the particle
to a bound state. This process leads to photoinduced gen-
eration and diffusion of defect ions in semiconductors.

The work was supported by the Russian Fund for Ba-
sic of Research.

! Desorption Induced by Electronic Transitions, Eds. G. Betz and P.
Varga, Springer-Verlag, Berlin, New York (1990).

2V. N. Ageev, O. P. Burmistrova, and Yu. A. Kuznetsov, Usp. Fiz.
Nauk 158, 389 (1989) [Sov. Phys. Usp. 32, 588 (1989)].

3M. A. Schildbach and A. V. Hamza, Phys. Rev. B 45, 9878 (1992).

4J. C. Tully, in Desorption Induced by Electronic Transitions, Eds. N. H.
Tolk, M. M. Traum, J. C. Tully, and T. E. Madey, Springer-Verlag,
Berlin, New York, p. 31 (1983).

5D. Menzel and R. Gomer, J. Chem. Phys. 41, 3311 (1964).

SP. A. Redhead, Can J. Phys. 47, 886 (1964).

752 JETP 77 (5), November 1993

M. L. Knotek and P. J. Feibelman, Phys. Rev. Lett. 40, 964 (1978).

8B. Hellsing, Surf. Sci. 282, 216 (1993).

9P. Nordlander and J. C. Tully, Phys. Rev. B 42, 5564 (1991).

108, Gao and B. I. Lundqvist, Prog. Theor. Phys. Suppl. no. 106, 405
(1991).

'IN. Itoh, Phys. Lett. A 108, 480 (1985).

121, D. Landau and E. M. Lifshitz, Quantum Mechanics, Nonrelativistic
Theory, Pergamon (1977)

BT, Y. Wu and T. Omura, Quantum Theory of Scattering, Prentice-Hall
Inc., N.Y. (1962).

4B, M. Rice, L. M. Raff, and D. L. Thompson, Surf. Sci. 198, 360
(1988).

5T, B. Grimley, Chem. Phys. Lett. 177, 129 (1991).

1G. N. Watson, A Treatise on the Theory of Bessel Functions, 2-d ed.
repr., Univ. Press, Cambridge, Macmillan, New York (1945).

"R. G. Egdell, S. Eriksen, and W. R. Flavell, Surf. Sci. 192, 265 (1987).

8R. G. Egdell, S. Eriksen, and W. R. Flavell, Surf. Sci. 180, 263 (1986).

19§, W. Ballard and E. M. Williams, Surf. Sci. 80, 450 (1979).

20C, Kohrt and R. J. Gomer, J. Chem. Phys. 52, 3283 (1980).

2IN. Itoh, Nucl. Instr. and Meth. B 27, 155 (1987).

22K. Hattory, Y. Nakai, and N. Itoh, Surf. Sci. 227, L115 (1990).

BC K. Ong, G. S. Khoo, K. Hattory, Y. Nakai, and N. Itoh, Surf. Sci.
259, L787 (1991).

24 A. 1. Agafonov, Physica B, 191, 355 (1993).

Translated by A. M. Mozharovskii

This article was translated in Russia and is reproduced here the way it
was submitted by the translator, except for stylistic changes by the Trans-
lation Editor.

A. I. Agafonov and E. A. Manykin 752



