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Contribution of the excitation of conduction band electrons to the kinetic electron emission
induced by slow ions in metals
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A model is presented to calculate the energy and angle distribution of excited conduction band electrons in
binary collisions with slowly moving ions. The scattering of the conduction band electrons, which are de-
scribed within the free electron model, off the effective potential created by the projectile is studied, taking into
account the shift of the Fermi sphere due to the nonzero velocity of the ion. The effective potential is calculated
self-consistently within the density functional theory for a static impurity embedded in an electron gas. Using
the excitation rate of conduction band electrons obtained from this approach, the total electron yield of emitted
electrons is calculated within a transport equation formalism. The obtained results are compared to experimen-
tal data.@S0163-1829~98!03247-0#
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I. INTRODUCTION

The study of electron emission induced by incident io
in metals is a valuable tool to analyze the properties
structure of both projectile and target material. Two differe
types of electron emission are distinguished depending
the origin of the excitation energy of the emitted electron

In potential emission this energy comes from the poten
energy of the projectile. This emission mechanism is due
Auger transitions, in which a target electron is excited by
energy liberated in the capture of an electron in a state bo
to the projectile.1

In the kinetic electron emission the electron excitati
energy comes from the kinetic energy of the projectile. T
means that kinetic electron emission is accompanied
slowing down of the projectile, i.e., electron excitatio
mechanisms that give rise to kinetic electron emission c
stitute the electronic stopping power of the target with
spect to the incident ion. Using this, frequently applied th
oretical methods2,3 consider the total number of emitte
kinetic electrons~the total yield! to be proportional to the
electronic stopping power.

It is the aim of this work to go beyond this approximatio
and to obtain from a free parameter model absolute value
the kinetic emission yield. In Sec. II of this paper, a mode
presented to calculate the excitation of conduction band e
trons of a metal induced by slowly moving ions (v,vF ,
wherevF is the Fermi velocity of the conduction band ele
trons andv is the velocity of the projectile!. Since the per-
turbation that a slow ion represents to the valence band e
trons is very strong, linear theory is not expected to be va4

to calculate electron excitation spectra.5 Therefore, the in-
duced potential created by the ion is calculated s
consistently and the scattering of the electrons by this po
PRB 580163-1829/98/58~23!/15838~9!/$15.00
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tial is calculated to all orders inZ1 the atomic number of the
projectile, taking into account the shift of the Fermi sphe
due to the nonzero velocity of the ion. This model is bas
on a model first proposed and developed by Calera-Ru
et al.,6,7 in which they did not take into account the shift o
the Fermi sphere. Then, the transport and escape of the
trons through the surface potential barrier is calculated us
a model based on the solution of the Boltzmann transp
equation.

In Sec. III, our model results are compared to experim
tal data. The effect of the elastic scattering suffered by
excited electrons with the target atoms is discussed. Fina
Sec. IV is devoted to the conclusions of this work. Atom
units ~a.u.! will be used unless it is otherwise stated.

II. THEORY

A. Model for excitation

1. Kinematic constrains

When a slowly moving ion travels through a free electr
gas it excites electron-hole pairs, i.e., some electrons
scattered by the potential created by the projectile from
cupied electronic states below the Fermi energy, to unoc
pied states above the Fermi energy. From now on, the
electron states are characterized in the laboratory sys
~lab! by their wave vectork, with polar angleu ~the angle
between the direction ofk andv the velocity of the ion! and
the azimuthal anglew. In the center of mass~c.m.! system, in
which the ion can be considered to be at rest, as the io
mass is much larger than the electronic mass, the electr
states are described by the wave vectork8, where k85k
2v.
15 838 ©1998 The American Physical Society
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The transition probabilities from occupiedk i (ki,kF)
states to unoccupiedk f (kf.kF) states, wherekF is the
Fermi wave vector, must be evaluated in order to obtain
electronic excitation spectrum~in atomic units kF5vF).
Since the recoil of the ion is negligible, energy conservat
law only allows transitions between equienergetic states
the c.m. system:ki85kf8 , and sinceki,kF , the inequality
kF2v<ki85kf8<kF1v is obtained.

Now, we are able to calculate the modulus of the~lab!
wave vector of the most energetic excited electrons:

kf ,max5kf ,max8 1v5ki ,max8 1v5ki ,max1v1v5kF12v.
~1!

Therefore, the maximum energy, measured from the Fe
level that an electron can have after a single collision w
the projectile is

«max5
1

2
~kf ,max

2 2kF
2 !52v~kF1v !. ~2!

The electronic excitations that take place are describe
Fig. 1. In this figure two different spheres are represen
The one centered at point A is the Fermi sphere of radiuskF ,
and it encloses the electronic states that are occupied be
the interaction with the projectile takes place, i.e., the ini
states of the transitions. The second sphere is centere
point B, which is shifted by the velocity of the ionv (v
,kF) from point A. Point B is the origin of momenta in th
c.m. system. The radius of this sphere iskF1v, and the
volume that it encloses, outside the Fermi sphere, co
sponds to the available final electronic states after the in
action with the projectile. An electron in an initial stateki
,kF inside the Fermi sphere may be scattered into a fi
statekf.kF outside the Fermi sphere, if the modulus of t
wave vector of both states measured in the c.m. system
equal, i.e., if the distances from point Bki85uk i2vu andkf8

FIG. 1. Schematic representation in momentum space of
electronic excitations induced by a slow ion (v,vF) traveling
through a free electron gas. The sphere centered at point A is
Fermi sphere of initially occupied states. Point B, which is shif
from A by the velocity of the ionv, is the origin of momentum in
the c.m. system. The electronic transitions that take place are t
from initial states inside the Fermi sphere (ki,kF) to final states
outside the Fermi sphere (kf.kF), such that the energy of th
initial and final states is the same in the c.m. system (ki85kf8). This
implies that the sphere of radiuskF1v centered at B limits the
maximum energy of the available final states.
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5uk f2vu are the same. Therefore, the same value ofk8, the
modulus of the wave vector in the c.m. system, may cor
spond to initially occupied or unoccupied states depend
on u8, the angle between the wave vector in the c.m. sys
and the direction of the velocity of the ionv. More precisely,
if the state is an initially occupiedk i state inside the Ferm
sphere

cos~u i8!,
kF

22ki8
22v2

2vki8
~3a!

and if it is an initially unoccupiedk f state outside the Ferm
sphere

cos~u f8!.
kF

22kf8
22v2

2vkf8
. ~3b!

2. Transition probabilities and electronic excitation spectra

The probability for exciting an electron from the statek i8
to the statek f8 is calculated using the following expression

ṽ~k i8 ,k f8!52puTi f u2d~« i82« f8!, ~4!

whereTi f is the transition matrix element between the sta
k i8 and k f8 , and thed function ensures conservation of e
ergy. Ti f can be calculated as a function of the different
scattering cross section8 s~b!

uTi f u254p2s~b!, ~5!

whereb is the angle betweenk i8 andk f8

cos~b!5cos~u i8!cos~u f8!1sin~u i8!sin~u f8!cos~w i82w f8!
~6!

The quantityv (« i8 ,« f8 ,V i8 ,V f8) is defined as the prob
ability for exciting an electron from the state with energy« i8
with wave vector in the direction of the solid angleV i8
(u i8 ,w i8) to the state with energy« f8 with wave vector in the
direction of the solid angleV f8 (u f8 ,w f8). Using Eq.~4!,

r~« i8!r~« f8!v~« i8 ,« f8 ,V i8 ,V f8!d« i8d« f8dV i8dV f8

5
1

2
ṽ~k i8 ,k f8!d3k i8d

3k f8 . ~7!

The 1
2 factor at the right-hand side of Eq.~7! appears becaus

the electron spin does not change during the excitation,
r(« i8) is the density of states with energy«8:

r~«8!5
A2«8

p2 . ~8!

In this way, the following expression forv(« i8 ,« f8 ,V i8 ,V f8)
is obtained:

v~« i8 ,« f8 ,V i8 ,V f8!5
1

2

1

16p2 ṽ~k i8 ,k f8!

5
p

4
s~b!d~« i82« f8!. ~9!
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The integration of expression~9! over the initial states
gives P(« f8 ,V f8), the probability of creating an excitatio
with energy« f8 in the direction given by the solid angleV f8 :

P~« f8 ,V f8!5E
«min8

«max8
d« i8r~« i8!E

umin8

p

du i8

3sinu i8E
0

2p

dw i8v~« i8 ,« f8 ,V i8 ,V f8!, ~10!

where«min8 51
2(kF2v)2, «max8 51

2(kF1v)2, andumin8 is obtained
from Eq.~3a!. The integration in energies is performed ma
ing use of thed function:

P~« f8 ,V f8!5
pr~« f8!

4 E
umin8

p

du i8sinu i8E
0

2p

dw i8s~b!.

~11!

In order to calculates~b! the effective potential create
by the moving ion inside the electron gas is needed. T
potential is not spherically symmetric. Nevertheless, for
low velocities under consideration, we assume that it i
good approximation to use, instead of the dynamic poten
the spherically symmetric static potential.9 The effective
static potential is calculated self-consistently using the d
sity functional formalism10,11 ~DFT! for the case of a static
impurity embedded in an electron gas.12 For a spherically
symmetric scattering potential the differential scatter
cross section can be calculated as a function of the scatte
phase shifts in the following way:13

s~b!5
1

kf8
2 U(

l 50

`

~2l 11!eid l ~kf8!sin@d l~kf8!#Pl~cosb!U2

,

~12!

where theP12s are the Legendre Polynomials andd1(kf8)
are the scattering phase shifts at the considered energy.
squared expression in Eq.~12! can be expanded in the fo
lowing way:

U(
l 50

`

~2l 11!eid l ~kf8!sin@d l~kf8!#Pl~cosb!U2

5(
l 50

`

(
l 850

`

A@d l~kf8!,d l 8~kf8!#

3~2l 11!~2l 811!Pl~cosb!Pl 8~cosb!, ~13!

where

A~d l ,d l 8!5sin~d l !sin~d l 8!cos~d l2d l 8!. ~14!

Making use of Eqs.~12! and~13! and integrating Eq.~11!
over its azimuthal dependence, the probability of exciting
electron to the state with energy« f8 and with an angleu f8
between its velocity and the velocity of the ion is obtaine

P~« f8 ,u f8!5
1

2A2« f8
(
l 50

`

(
l 850

`

A@d l~kf8!,d l 8~kf8!#Bll 8~u f8!,

~15a!
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Bll 8~u f8!5~2l 11!~2l 811!E
umin8

p

du i8

3sinu i8E
0

2p

dw i8Pl~cosb!Pl 8~cosb!

~15b!

The number of electrons excited per unit time with ener
« f8 and angleu f8 , Q(« f8 ,u f8), is calculated in the following
way:

Q~« f8 ,u f8!5r~« f8!P~« f8 ,u f8!5
A2« f8

p2 P~« f8 ,u f8!. ~16!

We want to obtain this quantity in the lab system. Usi
the relations between the quantities measured in the c.m.
lab systems

«85«1 1
2 v22vA2« cosu ~17a!

and

u85arctangS A2« sinu

A2« cosu2v
D ~17b!

the number of excited electrons per unit time with energ«
and angleu reads

Q~«,u!5r@«8~«,u!#P@«8~«,u!,u8~«,u!#

3
A2«

A2«22A2« cosu
. ~18!

Integration of this equation over the final energies giv
the angular distribution of the electrons excited per unit tim
meanwhile integration over final angles gives the energy
tribution. More precisely

d2N

d~cosu!dt
5E

EF

EF12v~v1kF!

Q~«,u!d« ~19!

and

d2N

d«dt
5E

0

p

Q~«,u!sin udu. ~20!

3. Stopping power

The formalism developed in the preceding section c
also be used to calculate the stopping power of the ion. T
is done making the product of the energy loss produced
the excitation of an electron from an initial state inside t
Fermi sphere to a final state outside the Fermi sphere, w
the probability per unit path of the ion of creating such e
citation, and integrating it over all possible excitations:
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dE

dx
5

1

v E
«min8

«max8
d« f8r~« f8!E

0

umax8
du f8 sinu f8E

0

2p

dw f8

3E
0

2p

dw i8E
umin8

p

du i8 sinu i8E
«min8

«max8

3d« i8r~« i8!v~« i8 ,« f8 ,V i8 ,V f8!~« f2« i !, ~21!

where«min8 and«max8 are the same as in Eq.~10! andumin8 and
umax8 are obtained from Eqs.~3a! and ~3b!. Using Eq.~17a!
we get the following relation:

« f2« i5« f82« i81v~A2« f8cosu f82A2« i8cosu i8!. ~22!

Finally, making use of Eqs.~9!, ~12!, ~13!, and~22! the stop-
ping power can be calculated in the following way:

dE

dx
5

1

&p2 E«min8

«max8
d« f8A« f8E

0

umax8
du f8sinu f8

3(
l 50

`

(
l 850

`

$A@d l~« f8!,d l 8~« f8!#Cll 8~u f8!%, ~23a!

where

Cll 8~u f8!5~2l 11!~2l 811!E
umin8

p

du i8sinu i8~cosu f82cosu i8!

3E
0

2p

dw i8Pl~cosb!Pl 8~cosb!. ~23b!

4. Low-velocity limit

A similar model was presented by Calera-Rubioet al.6

but without taking into account the shift of the Fermi sphe
due to the non zero velocity of the ion. So they take the lim
v→0, and analyze the case in which the lab and c.m. s
tems coincide. In this limit, taking into account the ener
conservation law (« i85« f8) Eq. ~22! becomes

« f2« i5vkF~cosu f2cosu i !, ~24!

whereA2« f85kF ~only electrons at the Fermi level are sca
tered! andu85u ~lab and c.m. systems coincide!. Now Eq.
~9! becomes

v~« i ,« f ,V i ,V f !5
p

4
s~b!d@« f2« i

1vkF~cosu i2cosu f !#. ~25!

Performing the same integrations as before, and taking
account that all magnitudes are already measured in the
system, the angle and energy distribution of excited electr
is obtained in the limitv→0.

Using this model, it is also possible to obtain the stopp
power of the ion.14 The result is the expression for the sto
ping power in the limit of low velocities:15

dE

dx
5n0vvFs tr~vF!, ~26!
it
s-

to
ab
ns

g

wheren0 is the electronic density of the conduction band
the metal ands tr(vF) is the transport cross section at th
Fermi energy. This equation is known to give good agr
ment with experimental results up to the Ferm
velocity.16,17,18 This fact has been theoretically justified
Ref. 19.

In Fig. 2 we present the results obtained for the stopp
power of a hydrogen atom moving inside a free electron g
which electronic density is given byr s51.5 a.u. (r s

5A3 3/4pn0) as a function of the velocity of the projectile
The results obtained using Eqs.~23! and~26! are compared.
The negative curvature observed at high velocities when
~23! is used, is the result of performing an exact calculat
of the scattering but using the static potential instead of
stronger dynamic potential.19 This is the reason why we ex
pect that for velocities close to the Fermi velocity of th
metal, this model will underestimate the stopping power a
the total number of excited electrons. Nevertheless, the
sults obtained with both models are always similar and
most identical at low projectile velocities.

On the other hand, important differences exist betwe
the results obtained with both models for the energy dis
butions of excited electrons. In Figs.~3a! and ~3b! the com-
parison between the results obtained with both models
the energy distributions of the electrons excited per unit ti
d2N/d«dt when a helium atom travels with velocitiesv
50.4 a.u. andv50.7 a.u. through an electron gas is pr
sented. In Fig. 3~a! r s51.5 a.u. is taken and in Fig. 3~b! r s
52.2 a.u. The electron energy is measured from the Fe
level. It is observed that the model presented here give
larger number of excited electrons at high energies an
smaller number of excited electrons at low energies than
model of Ref. 6. This is related to the fact that in our mod
the maximum energy an electron can gain in a collision w
the projectile is 2v(v1vF) while in the model of Ref. 6,
strictly valid in the limit v→0, the value of this maximum
energy is 2vvF . Since the electrons excited below the wo
function of the metal cannot escape from the solid a

FIG. 2. Stopping power of a hydrogen atom traveling throug
free electron gas withr s51.5 a.u., as a function of the velocity o
the projectile. The solid line is obtained taking into account the s
of the Fermi sphere using Eq.~23!. The dashed line represents th
results obtained without taking the shift of the Fermi sphere i
account making use of Eq.~26!.
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thev→0 approximation overestimates the number of exci
low energy electrons, it is expected to give a smaller num
of emitted electrons than our model. This effect is more i
portant for high velocities, as the difference between
maximum excitation energies given by the two models
creases with velocity as 2v2. Comparison between Figs.~3a!
and~3b! shows that for the same velocity of the projectile t
effect is more important the lower the electronic density
the metal is. This can be easily understood, since low e
tronic densities correspond to low Fermi velocities of t
metal electrons, and the kinematic effects resulting from
shift of the Fermi sphere are more important for high relat
values of the projectile velocity to the velocity of the ele
trons of the metal.

B. Transport model

The emission characteristics are determined by the d
sity of inner excited electrons at the surfaceN(«,V). This
quantity is calculated in this work using the formalism d

FIG. 3. Energy distributions of the electrons excited per u
time when a helium atom travels through a free electron gas.
sults for projectile velocitiesv50.4 a.u. andv50.7 a.u. are pre-
sented. The solid line is obtained using the model presented in
work, i.e., taking into account the shift of the Fermi sphere. T
dashed line is obtained using the model of Ref. 6. In~a! a value of
r s51.5 a.u. has been taken, and in~b! r s52.2 a.u.
d
er
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e
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f
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e
e
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-

veloped in Ref. 20. Starting from the basic assumption o
homogeneous excitation inside the target, the transport e
tion can be written as

ve~«!

l ~«!
N~«,V!5S~v;«,V!1E

«

`

d«8

3E dV8W~«,V,«8,V8!N~«8,V8!,

~27!

whereve(«) and l («) are the velocity and total mean fre
path ~MFP! of the electron. The second term on the righ
hand side denotes the number of electrons scattered into
statek~«,V! by collisions within the target. This number i
expressed in terms of the transition functio
W(«,V,«8,V8). The contribution of electrons created in th
state k by the moving ion is described by the excitatio
function S(v;«,V). With the energy and angle distributio
of electrons excited per unit timeQ(«,u) discussed in pre-
vious section, the excitation function can be written in t
variables used in Eq.~27!:

S~v;«,V!5
1

2pv
Q~«,u!. ~28!

The total MFP as well as the transition functions are d
termined by inelastic and elastic processes. The inela
scattering properties given in Ref. 20 are calculated in r
dom phase approximation for an electron gas.21

The escape process is described by the model of a pl
surface barrier and free electrons inside the metal using
conservation laws for energy and parallel momentum of
electrons. Measurable quantities as the energy spectr
emerging electrons and the yield can be obtained in a sim
way from the solution of the transport equation.

III. RESULTS

A. Effect of elastic scattering

In Fig. 4 the inelastic, elastic, and total mean free paths
electrons in Au are presented as a function of the elec
energy measured from the Fermi level. The elastic scatte
properties are calculated by the partial wave method, us
the phase shifts provided by Heinz22 that are obtained using
a muffin tin approximation with a suitable choice of the e
ergy zero in the region between the muffin tin spheres, tak
the correct lattice structure of Au into account. In order
calculate both the electron excitation spectra and the inela
scattering properties of the electrons, a value ofr s51.5 a.u.
is chosen to characterize the electronic density of the c
duction band of Au, which is obtained from the experimen
value of the bulk plasmon energy.23,24 In Fig. 4 it is shown
that the elastic scattering dominates the total mean free p
mostly at low energies.

In Fig. 5 we represent for different electron excitatio
energies, the angular distribution of excited electro
S(v;«,V) for projectiles traveling through a free electro
gas (r s51.5 a.u.) with velocityv50.6 a.u. Figure 5~a! cor-
responds toZ151 projectile and Fig. 5~b! to Z1510. These
distributions are strongly anisotropic and peaked in the

t
e-
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e
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rection of the velocity of the projectile. For ions in norm
incidence it means that the majority of the excited electr
are excited in the direction opposite to the entrance surf

When the elastic scattering is considered the density
inner excited electronsN(«,V) becomes nearly isotropic.20

Therefore, in the backward directionN(«,V) is enlarged by
elastic scattering, producing an enhancement of the b
ward emission yield.

In Fig. 6 the backward emission yieldg induced by hy-
drogen projectiles in normal incidence on Au calculated
glecting and including the elastic scattering is presented
function of the velocity of the ion. As anticipated above, t
total electron yield is much larger when the elastic scatter
is considered. This effect is seen to be more pronounced
decreasing ion velocity. This can be easily understood s
the energy range of excited electrons is shifted to lower
ergies when decreasing ion velocity@«max52v(v1vF)# and
the elastic scattering effect is more important at low energ
~see Fig. 4!.

B. H and He projectiles

For H and He projectiles at low velocities, the excitati
mechanism calculated here, i.e., the creation of electron-
pairs in the conduction band of the metal, is the main mec
nism that contributes to the kinetic electron emission.
Figs. 7 and 8, the backward emission yieldsg calculated
with both the model presented here and the model of Re
are compared to experimental data obtained by differ
groups25,26,27,28as a function of the velocity of the projectile
for H and He ions in normal incidence on Au.

Both theoretical models give similar results, though
anticipated before, the yields are always higher when
shift of the Fermi sphere is taken into account, as in t
model either more primary electrons are excited above

FIG. 4. Calculated mean free path~MFP! of electrons in Au as
a function of the electron energy~measured from the Fermi level!.
~1!, ~2!, and ~3! denote the inelastic, elastic, and the total MF
respectively. The vacuum level is indicated by an arrow in
figure.
s
e.
of

k-
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g
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e

work function of the metal or as the primary electrons a
excited at higher energies, in the decay process regulate
the second term on the right-hand side of Eq.~27! more
secondary electrons are excited. The agreement betwee
perimental and theoretical results is quite satisfactory.

In Fig. 7 it is also shown for comparison the backwa
emission yield for a proton projectile, when the electron

,
e

FIG. 5. Angular distributions of electronsS(v;«,V) at different
excitation energies« in an electron gas withr s51.5 a.u., forv
50.6 a.u. projectiles as a function ofu, the angle between the ve
locity of the excited electron and the projectile velocity. In~a! the
atomic number of the projectile isZ151 and in ~b! Z1510. The
excitation energies« related to~1!, ~2!, ~3!, and~4! are 10, 15, 25,
and 45 eV forZ151 and 10, 25, 45, and 57 eV forZ1510, respec-
tively. All energies are measured from the Fermi level. The dista
to the center corresponds to the value of the excitation functio
a.u.
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excitation is obtained calculating the potential induced by
projectile within linear response theory and the electron s
tering in first born approximation.29 The dielectric function
used has been obtained in the random ph
approximation.21 The results show that this approach is n
valid at these low ion velocities since it gives too small v
ues for the yield of emitted electrons. This is consistent w
the results obtained in the calculations of the stopping po
of slow protons in an electron gas.16

FIG. 6. Effect of elastic scattering. Projectile velocity depe
dence of the backward yield for proton impact on Au.~1! and ~2!
denote the yield with and without including elastic scattering in
transport process.

FIG. 7. Comparison between the theoretical results and exp
mental data of the backward kinetic electron yield induced b
hydrogen atom in normal incidence on a clean Au surface a
function of the velocity of the projectile. Solid line is the resu
obtained using the model presented in this work. Dashed lin
obtained with the excitation function given in Ref. 6. The expe
mental data are as follows: open circles correspond to H0 projectiles
from Ref. 26, full circles to H1 projectiles from Ref. 26, full tri-
angles to H1 projectiles from Ref. 25, and full squares to H1 pro-
jectiles from Ref. 27. The dashed-dotted line represents the re
obtained when the excitation induced by a proton is calculated m
ing use of the dielectric formalism. In the theoretical calculatio
r s51.5 a.u. has been used.
e
t-

e
t
-
h
er

The experimental yields are higher for H1 and He1 than
for neutral H0 and He0. This difference was explained b
Lakits et al.30 with a model which used the larger value
the stopping power of the singly charged ions compared
the stopping power of the neutral particles and the neut
ization rates of the singly charged ions. Our theoretical
sults are obtained for the equilibrium configurations of t
DFT formalism, hence we expect that our calculation is m
suitable for the neutral particles. Anyway, study of the d
pendence of kinetic electron yield on the charge state of
projectile is beyond the scope of this work.

It is noticeable that the largest difference between the
perimental data and the theoretical results appears at
projectile velocities where the theoretical models undere
mate the total yield. This was an expected result, and
reason was discussed in the previous section. On the
hand, in the model of Ref. 6, the underestimation of t
number of electrons excited over the work function of t
metal increases with the velocity. And, on the other ha
when the shift of the Fermi sphere is taken into account,
reduction of the excitation due to the use of the static pot
tial instead of the dynamic potential is also more importa
when increasing the velocity of the projectile.

C. Z1 dependence of the electron yield

In Fig. 9 the calculated total backward kinetic electr
yield for 20 keV projectiles (Z151219) in normal inci-
dence on Au is compared to available experimen
data.31–33,25 In this case, some important differences a
found between the experimental data and the theoretica
sults. Probably, besides the mechanism consisting
electron-hole pair formation in the conduction band of t

-

e

ri-
a
a
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-

lts
k-
s

FIG. 8. Comparison between the theoretical results and exp
mental data of the backward kinetic electron yield induced b
helium atom in normal incidence on a clean Au surface as a fu
tion of the velocity of the projectile. The solid line is the resu
obtained using the model presented in this work. The dashed lin
obtained with the excitation function given in Ref. 6. The expe
mental data are as follows: open circles correspond to He0 projec-
tiles from Ref. 26, full circles to He1 projectiles from Ref. 26, full
triangles to He1 projectiles from Ref. 25, full squares to He1 pro-
jectiles from Ref. 27, and full diamonds to He1 projectiles from
Ref. 28. In the theoretical calculationsr s51.5 a.u. has been used
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metal that has been considered here, additional electr
excitation is taking place due to other mechanisms as e
tron excitation by recoiled target atoms2,34 and emission of
electrons bound to the projectile and target atoms via e
tron promotion when molecular orbitals are created in cl
collisions between projectiles and target atoms.35–37 The ex-
istence of these other mechanisms can explain the hi
experimental yield compared to the theoretical results
Z157 – 19. In particular, the dependence of the electron p
motion mechanism on both projectile and target atomic nu
bers could explain38 the different position of the theoretica
and experimental yield maximum. Anyway, it is observ
that the contribution of electron-hole pair creation mec
nism is not negligible at this projectile energy and in th
range of atomic numbers.

In the case ofZ153 – 6, the order of magnitude of th
experimental yields and the experimentally found increas
behavior of the yield withZ1 is obtained in the calculate
results, but the fact that the theoretical yields are larger t
the experimental ones can only be explained by the lim
tions of the model related to the difficulties in the calculati
of the elastic scattering properties and the free electron
approximation.

Finally, in Fig. 10 the theoretical results obtained for t
backward electron yield and the experimental data39 at
constant projectile velocity (v50.6 a.u.) are compared, a
a function of Z1 the atomic number of the projectile
The target material is amorphous carbon, and a value
r s51.66 a.u. has been used to represent its conduc
band.24 The elastic scattering properties are determin
within a model of randomly distributed atoms using the p
tial wave expansion method. The phase shifts for carbon
calculated with an atomic potential given by Bonham a
Strand.40 In this case, a good approximation is obtained
the position of the maxima and the minima. It suggests t

FIG. 9. Backward kinetic electron yield induced by 20 keV io
in normal incidence on Au as a function of the projectile atom
number Z1 . The open circles are the results obtained using
model presented in this work and open squares with the excita
function given in Ref. 6. The solid and dashed lines are used
guide the eye. The full circles are experimental data from Ref.
the triangles are experimental data from Ref. 25, and the
squares are experimental data from Refs. 32 and 33. In the the
ical calculationsr s51.5 a.u. has been used.
ic
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for this higher velocity ions, the relative contribution of th
electron promotion mechanism is less important than for
lower velocity ions of Fig. 9, where it can change the po
tion of the maxima and minima that our model gives. In a
case, the experimental yields are somewhat higher than
theoretical results, and the difference between them incre
with the atomic number of the projectile, suggesting ad
tional electron excitation induced by recoiling target atoms34

The discrepancies between the theory and experimen
slow Z1 ions, have also been observed in the stopping po
by Echeniqueet al.41 using the DFT theory for a homoge
neous electron gas. Extending the calculation to n
homogeneous electron distributions, and including in an
fective way the valence and core electrons Calera-Ru
et al.42 obtained good agreement with the experimental st
ping power data.

IV. CONCLUSION

In this work a model has been presented to calculate
kinetic electron emission induced by slow ions in meta
The shift of the Fermi sphere has been taken into acco
and a nonlinear calculation of the perturbation created by
projectile and of the scattering suffered by the electrons
been performed in order to calculate the angle and ene
distribution of the primary excited electrons. Using this e
citation function and solving the transport equation to
electron yields are calculated. The strong influence of
elastic scattering of the excited electrons on the backw
electron yield has been analyzed.

Good agreement has been obtained for the backward y
induced by light projectiles such as H and He, between
theoretical results and the experimental data. It is noticea
that a simplified and less realistic method in which the sh
of the Fermi sphere was not taken into account, gives a

e
n

to
,

ll
et-

FIG. 10. Backward kinetic electron yield induced by ion proje
tiles with velocity v50.6 a.u. in normal incidence on amorphou
carbon as a function ofZ1 the atomic number of the projectile. Th
open circles are obtained using the excitation function calcula
using the model presented in this work, and open squares with
excitation function calculated as in Ref. 6. The solid and das
lines are used to guide the eye. The full circles correspond to
experimental data from Ref. 39. In the theoretical calculationsr s

51.66 a.u. has been used.
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similar results for the total yields. This indicates that t
model of Ref. 6 is a good approximation to calculate to
yields. Anyway, it is not valid to calculate energy distrib
tions of emitted electrons as the maximum excitation ene
is not properly calculated within this model.

For highZ1 ions, larger differences are observed betwe
our theoretical results and the experiments. These differe
come mostly because in the case of highZ1 ions, another
electron excitation mechanisms as electron promotion
formation of molecular orbitals and electron excitation
recoiling target atoms may be playing a role. Nevertheles
is observed that conduction band electron excitation is
.

hy
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ate

.

m

n

l

y

n
es

ia

it
n

efficient electron ejection mechanism in the range of velo
ties and atomic number of projectiles studied.
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