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Charge changing events of ions moving inside metals are shown to contribute significantly to electron
emission in the intermediate velocity regime via electrons coming from projectile ionization. Inclusion of
equilibrium charge state fractions, together with two-electron Auger processes and resonant-coherent electron
loss from the projectile, results in reasonable agreement with previous calculations for frozen protons, though
a significant part of the emission is now interpreted in terms of charge exchange. The quantal character of the
surface barrier transmission is shown to play an important role. The theory compares well with experimental
observations forH projectiles.@S0163-1829~96!07347-X#

I. INTRODUCTION

Ion-induced electron emission constitutes a powerful
technique of material analysis. Realistic models of this phe-
nomenon need to incorporate descriptions of electron excita-
tion, transport, and surface barrier crossing.1

There are different sources of ion-induced electron exci-
tation, namely, direct excitation of target electrons~both con-
duction band and inner-shell electrons!,2 plasmon excitation,
with the subsequent plasmon decay in which an electron ab-
sorbs the plasmon energy,3 target Auger electrons, resulting
from the filling of target inner shells previously ionized by
the projectile, and electron loss from the ion~ionization!.4,5

The projectile can be ionized or neutralized by interaction
with the target. Auger and resonant-coherent capture and
loss, together with capture from inner shells, seem to be the
most relevant processes in this respect.4,6,7

Auger electron loss from the ion involves the simulta-
neous excitation of a target electron, so that both this elec-
tron and the one lost from the ion may contribute to the
cascade of electron-hole (e-h) pairs accompanying the ion
and can eventually escape the solid, increasing in this way
the electron emission yield.

Resonant-coherent loss is connected to the periodic per-
turbation that the solid crystal lattice exerts on the projectile
electron.7 It takes place when the electron absorbs~in the rest
frame of the projectile! an energy equal to one of the har-
monics of this potential, being promoted to the continuum.
Notice that this mechanism depends on the relative orienta-
tion of the ion beam with respect to the target.

Capture and loss have been shown to contribute signifi-
cantly to the stopping of ions at intermediate velocities8,9

~e.g., H1 at v;1–2 a.u.!, not only because charge-transfer
processes themselves involve energy transfers to the ion, but
also as a result of the strong dependence of stopping power
on the charge state, since these processes determine the
charge state fractions at equilibrium.

Accordingly, capture and loss are expected to play an
important role in electron emission at intermediate velocities.

A first attempt to incorporate these processes has already
been made by Smidtset al.,5 assuming that all electrons lost
by the ion travel initially with the same velocity as the ion.
The motivation of the present work is to give a full descrip-
tion of the charge-transfer processes and their role in the
emission properties.

The target will be taken to be a metal whose conduction-
band electrons will be described within the free-electron gas
model. The interaction between projectile and target will be
separated into the dynamic response, which produces Auger
processes, and the static crystal potential, responsible for
resonant-coherent processes.

Atomic units ~a.u.! will be used throughout this work,
unless it is stated otherwise.

II. AUGER AND RESONANT-COHERENT ELECTRON
LOSS

Let us consider an ion moving inside a solid with velocity
v, carrying a bound electron in stateu0& of energye0. The
interaction of the electron with the medium produces density
fluctuations in the latter, which result in the emergence of an
induced potential described here in terms of the dielectric
functione(q,v). Due to this perturbation, the bound electron
can suffer transitions to excited states of the ion, or even to
unoccupied states of the solid valence band, leading to the
so-called Auger electron loss processes.4,7

Using many-body techniques, the probability that the
bound electron is excited to stateuk& of momentumk relative
to the ion is found to be, within first-order perturbation
theory,4,6
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whereq andv represent the momentum and energy trans-
ferred to the solid, respectively,E5k2/2 is the electron en-
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ergy, andkF is the Fermi momentum.
Conduction-band electrons will be described by plane

waves orthogonalized to the bound stateu0&, which will be
approximated by a 1s wave functionAa3/pe2ar. The values
of e0 anda, taken from Guinea and Flores,10 depend on the
electron gas density and the projectile velocity. The random-
phase approximation~RPA! dielectric function11 will be used
in the actual calculations, together with the Mermin
prescription12 in order to introduce finite damping effects
~1.35 eV in Al!.

Figure 1~a! represents this process schematically. The en-
ergy v released to the medium is converted in eithere-h
pairs ~left! or plasmon excitations~right!. The latter can de-
cay via interband transitions, exciting furthere-h pairs.1 This
is illustrated in Fig. 2, in which the velocityv1 is chosen to
be large enough to permit the creation of both plasmons and
e-h pairs during Auger electron loss, whereas onlye-h pairs
can be created when the ion moves with the smaller velocity
v2.

Figure 3 shows the momentum distribution of electrons
excited from H projectiles via Auger electron loss~continu-
ous curves!, according to Eq.~1! for different ion velocities
~see insets!. The excitation probability decreases very rapidly
with electron energy, and increases with ion velocity within
the velocity range under consideration. However, if the ion
velocity is large, the ion charge state will be bare protons,
which cannot suffer Auger loss. The contribution ofe-h pair
creation@see Fig. 1~a!, left#, calculated from Eq.~1! by re-

stricting the integral over (q,v) to thee-h pair region~see
Fig. 2!, has been represented by dashed curves. This contri-
bution gives nearly the total excitation probability, except for
large velocities (v52.2 a.u. in Fig. 3!. This can be under-
stood in terms of the construction shown in Fig. 2. In all
cases, plasmon excitation represents a minor contribution, so
that the eventual electron emission coming from the deexci-
tation of these plasmons will be neglected.

Thus,e-h pair creation dominates the Auger loss process
in this range of velocities. Using the Fermi golden rule, the
probability of creating an electron of momentumk8 relative
to the ion~the electron of thee-h pair shown in Fig. 1, left!
from the metal Fermi sea during Auger electron loss reduces
to

dPAL

dk8
5

2
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wherev5q•v1e02k2/2 andq5k82k0. Equation~2! rep-
resents a minor contribution to electron emission, since en-
ergy conservation implies thate02k2/25k82/22k0

2/2, result-
ing in electrons of momentumk moving with velocity close
to that of the ion and electrons of momentumk8 near the
Fermi level, respectively. The former are already described
by Eq. ~1!, whereas the latter can hardly escape the solid.

FIG. 1. Schematic representation of~a!,~b! Auger and ~c!
resonant-coherent electron loss processes.~a! Auger electron loss:
an electron is promoted from the projectile to the conduction band
~dashed region!, while an e-h pair ~left! or a plasmon~right! is
created in the medium.~b! Auger capture: a target electron is
trapped by the projectile, while a plasmon or another target electron
absorbs the energy released in the process.~c! Resonant-coherent
loss: the projectile electron is perturbed by the periodic crystal lat-
tice potential of the target, so that it is promoted to the conduction
band, the transition energy corresponding to one of the harmonics
of the crystal potential. Resonant-coherent capture can occur in a
similar way ~see Ref. 7!.

FIG. 2. Representation of the excitations of momentumq and
energyv.0 that can be created in the solid during Auger electron
loss from an atomic level of energye0 @see Fig. 1~a!# for two
different ion velocities,v1.v2. The slope of the inclined straight
lines coincides with the ion velocity. The affordable excitations lie
on the left-hand side of those lines. Notice thatv1 has been chosen
to be large enough to permit the creation of plasmons.
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Accordingly, Auger capture can give rise to the creation
of e-h pairs@see Fig. 1~b!#. For electrons originating in Au-
ger neutralization, one finds

dPAC

dk8
5
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wherev5q•v2e01k0
2/2 andq5k82k08 .

The interaction of the projectile with the static crystal
potential produces resonant-coherent capture and loss@see
Fig. 1~c!#. These can be regarded as elastic processes in the
laboratory frame, where the target acts like a source of mo-
mentum, in a way similar to what happens in low-energy
electron diffraction. The contribution to electron emission
coming from those electrons ejected from the projectile via
this mechanism will be also accounted for in this work. The
differential probability of exciting the bound electron to free
stateuk& of momentumk with respect to the projectile reads,
within first-order perturbation theory,13

dPCL

dk
5

1

16p3 u~ uk1vu2kF!

3(
g
E dVguVg

Cu2z^kue2 ig•ru0& z2dS k22 2e02g•vD ,
~3!

where the sum is extended over reciprocal lattice vectorsg,
andVg

C is the corresponding Fourier component of the crys-
tal potential. Equation~3! incorporates the average over dif-
ferent orientations of the target~integral over solid angle
Vg), appropriate for random orientation of the ion trajectory

or polycrystalline samples. Oriented crystals lead to different
angular distribution of excited electrons.14

The crystal potential will be constructed as a sum of pair
potentials using the Ziegler, Biersack, and Littmark~ZBL!
approximation.15 Figure 4 shows the momentum distribution
of excited electrons, calculated using Eq.~3! for H and H2

projectiles moving in Al. The different maxima can be un-
derstood in terms of momentum and energy conservation,
expressed in Eq.~3! by the matrix element and thed func-
tion, respectively. Momentum conservation requiresk'2g
— otherwise the form factor becomes negligible. Then, en-
ergy conservation leads to

k•v'e02
k2

2
. ~4!

In particular, the symbols3, 1, n, ands in Fig. 4 refer to
vectorsk obtained from Eq.~4! for reciprocal lattice vectors
^1,1,1&, ^2,0,0&, ^2,2,0&, and ^1,1,3&, respectively~notice
that Al is an fcc crystal for whichVg

C vanishes unless
g5@ i , j ,k# is such thati , j , andk are either all even or all
odd numbers!.

III. TRANSPORT MODEL

A. General considerations

Different methods have been proposed to describe
particle-induced electron emission.16–19,1 Besides the de-
scription based on principles similar to sputtering theory,16,17

some authors have performed calculations of the emission
features within Monte Carlo schemes, using simplified ex-
pressions for the different basic scattering quantities.18,19The
transport equation formalism1,20,18 has been chosen in the
present work, including a detailed microscopic description of
the scattering quantities.1,20

In addition to the processes of electron excitation dis-
cussed in the previous section, there are different competing
mechanisms responsible for the emission. The scattering pro-
cesses within the target are the same in all cases, with inde-
pendence of the source of excited electrons~either the target
or the projectile!. Within the framework of transport theory,

FIG. 3. Energy distribution~in the laboratory
frame! of Auger electrons lost from H moving
inside aluminum, calculated from Eq.~1! after
integrating over the angleVk ~continuous curve!,
for different ion velocities ~see insets!. The
dashed curves represent the contribution ofe-h
pair creation@see Fig. 1~a!, left#.
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the basic relation that allows us to determine the density of
excited electrons per unit electron energyE around the solid
angleV, that is,N(E,V), may be written as1

ve~E!

l ~E!
N~E,V!5S~v;E,V!1E

E

`

dE8

3E dVW~E,V;E8,V8!N~E8,V8!, ~5!

whereve(E) is the velocity andl (E) the total mean free path
~mfp! of the electron. The left-hand side of this equation
represents the number of electrons that are scattered out of
statek(E,V). The second term on the right-hand side is the
number of electrons entering statek by collisions with the
target. This number is expressed in terms of the transition
functionW(E,V;E8,V8). The amount of electrons created
in statek by the impinging particle is described by the exci-
tation functionS(v;E,V).

Both the mfp and the transition function reflect target
properties. These quantities are determined by elastic and
inelastic scattering processes. It should be noted that, due to
the distinct anisotropy of the excitation of single conduction
electrons1 as well as projectile electrons, elastic scattering is
of fundamental importance when calculating the emission
features.

Elastic cross sections can be obtained following standard
partial wave analysis techniques. The phase shifts will be
determined by using Smrcˇka’s muffin tin potential for Al.21

The inelastic scattering of excited electrons will be described
neglecting its interaction with core electrons. The inelastic
mfp is given by the well-known random-phase-
approximation~RPA! result22 ~contribution from single con-
duction electrons and from plasmon excitation!.

Different processes contribute to the inelastic part of the
transition function, which can be written for electrons1,23,20

~arguments will be dropped!

Winel5We1We
s1Wp1Wp

s . ~6!

The first two terms on the right-hand side describe single-
electron scattering, including the rates of transition and ex-
citation,We andWe

s , respectively.23 These quantities are re-
sponsible for the development of the cascade maximum in
the energy spectra of emitted electrons at low energies. The
other two terms in this equation are related to plasmon pro-
cesses.Wp describes the change in the state of excited elec-
trons when they create plasmons. Finally,Wp

s describes the
excitation of target electrons by the decay of those plasmons.

The first three terms in the sum of Eq.~6! can be de-
scribed within the free-electron gas model in the RPA. How-
ever, since the most important contribution to plasmon
damping originates in interband processes in simple metals,24

the evaluation ofWp
s requires one to go beyond that model.3

Explicit expressions for all these contributions are given in
previous works.1,20

The escape process will be described by the simple model
of a planar-surface square barrier potential. The barrier
heightW is given in metals by the sum of the Fermi energy
and the work function:W5EF1F. Apart from a few
exceptions,25 the transmission of excited electrons through
the surface has been mainly described classically in the past.

This means that the transmission probability of excited elec-
trons,T(E,cosa), which depends in general on the energy
and the direction of propagation of the electron (a is the
angle between the wave vectork and the surface normal!, is
taken to be 1 for electrons moving towards the surface within
the so-called escape cone and vanishes otherwise. The es-
cape cone angleac is defined by cosac5AW/E. A simple
quantum-mechanical calculation for a square barrier leads
to26

FIG. 4. Contour plots representing the momentum distribution
~in the laboratory frame! of electrons excited to the continuum via
coherent electron loss from H~upper figure! and H2 ~lower figure!
moving in aluminum with velocityv51.4 a.u. The projectile veloc-
ity has been represented by a vertical arrow for H.kuu andk' refer
to momentum components parallel and perpendicular to the veloc-
ity, respectively. The symbols3, 1, n, ands refer the maxima in
the distribution related to different harmonics, as explained in the
text.
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T~E,cosa!5
4A12W/~Ecos2a!

@11A12W/~Ecos2a!#2
, ~7!

which lies distinctly below 1 at low electron energies. There-
fore, the quantum character of the barrier should be included
in a calculation of the emission properties.

B. Special aspects concerning the excitation functions

Excitation of inner shell electrons of target atoms is of
minor importance within the ion velocity range under con-
sideration~less than 6%!. Therefore, the dominant mecha-
nisms are direct Coulomb excitation of valence electrons and
decay of plasmons generated by the projectile. The corre-
sponding excitation functions will be denotedSe and Sp ,
respectively. Explicit expressions can be found in the
literature.1,20,3

The excitation of projectile electrons discussed in Sec. II
will be shown to be important as well. The excitation prob-
abilities for Auger and resonant-coherent processes@Eqs.~1!
and ~3!, respectively# permit one to obtain the excitation
functions, which read, written in the variables used in Eq.
~5!,

SX
Auger~v;E,cosu!5

2pve
v

dPAuger

dk
,

SX
CL~v;E,cosu!5

2pve
v

dPCL

dk
,

whereX refers to the ion charge state, H or H2, respectively,
andu is the angle betweenk andv.

The solution of Eq.~5! in the angular coordinate can be
obtained by expansion in terms of Legendre polynomials.
This method works very well also in cases of anisotropic
excitation functions. Figure 5 shows the angular dependence
of the excitation of projectile electrons by Auger loss. These
electrons are excited preferentially in the forward direction.
It should be noted that the angular distribution of excited
electrons is not well represented by a small number of terms
in this case. Nevertheless, reliable results can be obtained
with sufficient accuracy with a restricted number of terms,
due to the relevant role played by the strong elastic scatter-
ing, especially at low electron energies. The original anisot-
ropy of the excitation is removed to a large extent by these
scattering processes.

C. Measurable quantities

The measurable quantities in the electron emission phe-
nomena are the energy-angular distributions of emitted elec-
trons and the electron yieldg. They can be determined by
solving Boltzmann transport equation~5! for the different
excitation mechanisms, eventually including the escape con-
ditions at the surface.

The electron yield derived from Eq.~5! may be written as
~see Ref. 1!

g52p(
l50

E
W

`

dEve~E!Al~E!Nl~E!,

whereNl is the l coefficient ofN in a Legendre polynomial
expansion. The factorAl(E) reflects the special choice of the
escape model by inclusion of the transmission probability
T(E,cosa):

Al~E!5E
AW/E

1

xdxPl~x!T~E,x!,

wherePl is the Legendre polynomial of orderl .
Previous theories of ion-induced kinetic electron

emission1,18 are based on the assumption of frozen charge
state of the impinging ion during its passage through the
target region defined by the maximum escape depth of ex-
cited electrons. Now, when the contribution to the emission
related to the different charge states of the projectile is taken
into account, the total electron yield is given by summing the
contribution of each species, weighted with the respective
charge state fraction. For protons, one obtains

g total5~F11F2!g01F0~gH
Auger1gH

CL!

12F2~gH2
Auger

1gH2
CL

!, ~8!

where g0 represents the yield obtained for frozen-charge-
state bare protons, that is, when only the direct excitation of
single conduction electronsSe and the excitation by plasmon
decaySp are considered.gX

Auger andgX
CL stand for the contri-

bution of Auger and resonant-coherent processes to the yield,
respectively, both for neutrals (X5H! and negative ions
(X5H2). A factor of 2 has been included in the last term of
Eq. ~8! to reflect the fact that H2 carries two electrons.

IV. RESULTS AND DISCUSSION

The results obtained for ion-induced kinetic electron
emission from the theory described above, including charge-

FIG. 5. Angular distribution of electrons excited by Auger elec-
tron loss from H for different excitation energies. The momentum
of excited electrons is given in units of the Fermi momentum:
k/kF51.5 and 1.9. The distance to the origin corresponds to the
value ofSH

Auger in a.u.,u denotes the excitation angle, andv is the
ion velocity.
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transfer processes at intermediate ion velocities, will be dis-
cussed in this section.

In Sec. III C, a quantum-mechanical description of the
transmission of excited electrons through the surface@Eq.
~7!# was incorporated. Figure 6 is intended to demonstrate
the important role played by this transmission description. It
shows the velocity dependence of the backward electron
yield for bare protons~i.e., without considering charge ex-
change! using classical~solid curve! and quantal~dashed
curve! transmission factors. Notice that the quantum-
mechanical description leads to a considerable reduction in
the number of emitted electrons, so that it will be employed
in what follows.

The solution of Boltzmann equation~5! leads to the same
qualitative behavior of the energy spectra of emitted elec-
trons at low energies for all the mechanisms of electron ex-
citations described above, with the single exception of the
excitation by the decay of plasmons generated by the im-
pinging ion. The threshold of ion velocity for creating plas-
mons in Al ('1.27 a.u.! has been marked in Fig. 6. In this
case, the strong decrease in the excitation rate at electron
energies aboveEF1vp , wherevp is the plasmon energy, is
not influenced by the transport process. Therefore, this be-
havior of the excitation function is directly reflected in the
energy spectrum of emitted electrons. This so-called plas-
mon shoulder is clearly observed for Al in the experiments.27

The different mechanisms of excitation of projectile elec-
trons lead to energy distributions of excited electrons that are
smoothly decreasing functions of the excitation energy~see
Fig. 3!. Therefore, the solution of the Boltzmann equation
for these excitation processes does not produce unusual fea-
tures in the corresponding energy distribution of emerging
electrons. We will restrict ourselves exclusively to the dis-
cussion of the backward electron yield produced by proton
impact on Al from now on.

The main result of the present calculation is presented in
Fig. 7. For completeness, the upper part of the figure shows
the equilibrium charge state fractions of different species~H,

H2, and H1), calculated by Pen˜albaet al.9 taking into ac-
count capture from target inner-shell electrons, as well as
Auger and resonant-coherent capture and loss. The interme-
diate part shows the electron yield calculated from Eq.~5!
for the excitation mechanisms discussed in Sec. II, assuming
frozen charge states. The actual contribution of different

FIG. 6. Projectile velocity dependence of the backward electron
yield g0 produced by bare protons for different descriptions of the
surface barrier transmission: classical~solid curve! and quantal
@dashed curve; see Eq.~7!#.

FIG. 7. ~a! Upper part. Equilibrium charge state fractions as a
function of the ion velocity for H moving in aluminum: neutral
fraction (F0), H2 fraction (F2), and bare proton fraction (F1).
~b! Intermediate part. Backward electron yield related to different
excitation mechanisms: target electrons excited by H1 projectiles,
g0; projectile electrons lost from H via Auger and coherent loss,
gH
Auger andgH

CL respectively; the same for H2 , gH2
Auger andgH2

CL . ~c!
Lower part. Contribution to the electron yield coming from differ-
ent processes including the equilibrium charge fractions~from the
upper part!. The unlabeled long-dashed curves represent the contri-
bution H2: 2gH2

AugerF2 ~upper curve! and 2gH2
CLF2 ~lower curve!.
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charge state fractions to the total electron yield is then ob-
tained by multiplying the data displayed in these sub-figures
~lower part!.

The contribution of electron loss from neutrals dominates
over that of negative ions, as can be observed in Fig. 7
~lower part!. The electron yield related to the excitation of
target electrons is dominant in the upper end of the ion ve-
locities under consideration. For velocities around 1 a.u.
~near the Fermi velocity in Al! both types of excitation~tar-
get and projectile electrons! give comparable contributions to
the electron yield.

The electron yield calculated by taking into account
charge state effects is compared with the yield obtained with
the approximation of frozen-charge-state protons in Fig. 8
~solid and broken curves, respectively!. Surprisingly, the two
calculations lead to nearly the same result for the velocity
dependence of the total electron yield. However, the physical
origin of the emission~i.e., the underlying microscopic pro-
cesses! is different in both cases.

Figure 9 offers a comparison of the present calculations
with available experimental results for proton impact on
polycrystalline Al, obtained by various groups.28–31Reason-
able agreement between theory and experiment is observed
in the region of maximum yield. However, the calculated
values of the total yield are below the experimental ones at
ion velocities above the maximum and distinctly below at
low ion velocities.

Previous calculations have shown that elastic scattering is
very important for a proper description of the emission phe-
nomenon. In the excitation of single conduction electrons
(Se), elastic scattering leads to a considerable enhancement
of the number of excited electrons that are able to leave the
target.32 Auger electrons are strongly peaked in the forward
direction, as can be seen in Fig. 5, so that also in this case,
elastic scattering produces a dramatic enhancement in the

contribution of this mechanism to the backward yield, as
shown in Fig. 10.

V. CONCLUSIONS

Starting from the microscopic description of electron ex-
citation and scattering, and using the transport equation ap-
proach, previous calculations of ion-induced electron emis-
sion properties based on the assumption of frozen charge
states have been extended, taking into account different
charge-transfer processes as well as charge state fractions in
the projectile beam.

A parameter-free calculation has been performed for pro-
ton impact on polycrystalline aluminum using an improved

FIG. 8. Total backward electron yield produced by proton bom-
bardment of an aluminum surface under normal incidence, as a
function of ion velocity~upper solid line!, decomposed in electrons
coming from target and projectile. The results obtained by consid-
ering frozen-charge-state protons (g0) are also included for com-
parison~dashed line!.

FIG. 9. Comparison of the present theory~solid curve! with
available experimental results for the backward yield of electron
emission induced by proton bombardment of polycrystalline Al un-
der normal incidence. Experimental data: *,s, n, and1 are taken
from Refs. 1, 29, 30 and 31, respectively.

FIG. 10. Contribution of Auger electron loss to the backward
electron yield under the same conditions as in Fig. 9, with and
without including elastic scattering in the transport process.
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quantal description of the escape process. The different con-
tributions to the electron yield coming from the excitation of
target and projectile electrons are considered separately. The
contribution of projectile electrons is shown to be important
for protons moving with velocities in the region of 1 a.u.
Excitation of target electrons dominates at larger velocities.

Comparison of the present model with previous theories
shows that the total backward electron yield is nearly the
same in both cases for protons moving within the range of
ion velocities under consideration~see Fig. 8!.

Reasonable agreement is obtained between theory and ex-
periment ~Fig. 9!. However, the calculated values lie dis-
tinctly below the experimental result, especially at low ve-
locities. Various effects could partially account for this
difference: potential emission provides a small contribution
of the order of 0.06e2/ ion;33 nonlinear effects lead to an
enhancement of the calculated stopping power of protons
moving in metals at low velocities,34 so that a similar trend is

expected to occur in electron emission; the preequilibrium
region, expected to become relevant with decreasing ion ve-
locity, is not treated properly in this work.

It should be stressed that elastic scattering plays a funda-
mental role in the emission, due to the strong anisotropy of
the electron excitation function. In particular, Auger elec-
trons lost from the projectiles are preferentially directed to-
wards the bulk of the material~Fig. 5!. Elastic scattering
deflects them towards the vacuum side, thus increasing the
electron yield associated with this excitation process.
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21L. Smrčka and J. Czech, J. Phys. B20, 291 ~1970!.
22J. J. Quinn, Phys. Rev.126, 1453~1962!.
23C. J. Tung and R. H. Ritchie, Phys. Rev. B16, 4302~1977!.
24K. Sturm, Adv. Phys.31, 1 ~1982!.
25T. Kaneko, Surf. Sci.237, 327 ~1990!.
26E. Merzbacher,Quantum Mechanics~Wiley International, New

York, 1970!.
27D. Hasselkamp, inParticle Induced Electron Emission II

~Springer-Verlag, Berlin, 1992!, Vol. 123, pp. 1–95.
28R. A. Baragiola, E. V. Alonso, and A. Oliva-Florio, Phys. Rev. B

20, 121 ~1979!.
29B. Svensson and G. Holmen, J. Appl. Phys.52, 6928~1981!.
30D. Hasselkamp, K. G. Lang, S. Scharmann, and N. Stiller, Nucl.

Instrum. Methods180, 349 ~1981!.
31S. Hippler, Ph.D. thesis, University of Giessen, 1988.
32M. Rösler, Nucl. Instrum. Methods B78, 263 ~1993!.
33P. Varga and H. Winter, inParticle Induced Electron Emission II

~Springer-Verlag, Berlin, 1992!, Vol. 123, pp. 149–213.
34P. M. Echenique, F. J. Garcı´a de Abajo, V. H. Ponce, and M. E.

Uranga, Nucl. Instrum. Methods B96, 583 ~1995!.

54 17 165CONTRIBUTION OF CHARGE-TRANSFER PROCESSES . . .


