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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.[S0163-182608)03247-0

[. INTRODUCTION tial is calculated to all orders id; the atomic number of the
projectile, taking into account the shift of the Fermi sphere
The study of electron emission induced by incident ionsdue to the nonzero velocity of the ion. This model is based
in metals is a valuable tool to analyze the properties anén a model first proposed and developed by Calera-Rubio
structure of both projectile and target material. Two differentet al.®” in which they did not take into account the shift of
types of electron emission are distinguished depending othe Fermi sphere. Then, the transport and escape of the elec-
the origin of the excitation energy of the emitted electrons. trons through the surface potential barrier is calculated using
In potential emission this energy comes from the potentiah model based on the solution of the Boltzmann transport
energy of the projectile. This emission mechanism is due t@quation.
Auger transitions, in which a target electron is excited by the In Sec. lll, our model results are compared to experimen-
energy liberated in the capture of an electron in a state bouni@l data. The effect of the elastic scattering suffered by the
to the projectile excited electrons with the target atoms is discussed. Finally,
In the kinetic electron emission the electron excitationSec. IV is devoted to the conclusions of this work. Atomic
energy comes from the kinetic energy of the projectile. Thisunits (a.u) will be used unless it is otherwise stated.
means that kinetic electron emission is accompanied by
slowing down of the projectile, i.e., electron excitation

mechanisms that give rise to kinetic electron emission con- Il. THEORY
stitute the electronic stopping power of the target with re-
spect to the incident ion. Using this, frequently applied the- A. Model for excitation

oretical methods® consider the total number of emitted
kinetic electrons(the total yield to be proportional to the
electronic stopping power. When a slowly moving ion travels through a free electron

It is the aim of this work to go beyond this approximation gas it excites electron-hole pairs, i.e., some electrons are
and to obtain from a free parameter model absolute values afcattered by the potential created by the projectile from oc-
the kinetic emission yield. In Sec. |l of this paper, a model iscupied electronic states below the Fermi energy, to unoccu-
presented to calculate the excitation of conduction band elegied states above the Fermi energy. From now on, the free
trons of a metal induced by slowly moving ions<vg, electron states are characterized in the laboratory system
wherev is the Fermi velocity of the conduction band elec- (lab) by their wave vectok, with polar angleé (the angle
trons andv is the velocity of the projectile Since the per- between the direction df andv the velocity of the ionand
turbation that a slow ion represents to the valence band elethe azimuthal angle. In the center of mas&.m, system, in
trons is very strong, linear theory is not expected to be ¢alidwhich the ion can be considered to be at rest, as the ionic
to calculate electron excitation spectr@herefore, the in- mass is much larger than the electronic mass, the electronic
duced potential created by the ion is calculated selfstates are described by the wave vedidr wherek’ =k
consistently and the scattering of the electrons by this poten-v.

1. Kinematic constrains
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=|k;—v| are the same. Therefore, the same valuk’'ofthe
modulus of the wave vector in the c.m. system, may corre-
spond to initially occupied or unoccupied states depending
on @', the angle between the wave vector in the c.m. system
and the direction of the velocity of the ian More precisely,

if the state is an initially occupied; state inside the Fermi

sphere
k|2: _ k./Z_ U2
cog 0 ) <———— 3
10 < g0 (3a
and if it is an initially unoccupied; state outside the Fermi
sphere
FIG. 1. Schematic representation in momentum space of the ) )
electronic excitations induced by a slow iom<{vg) traveling , ke — k¢ —v?
through a free electron gas. The sphere centered at point A is the cog af)>—2U ki . (3b)

Fermi sphere of initially occupied states. Point B, which is shifted
from A by the velocity of the iorv, is the origin of momentum in

the c.m. system. The electronic transitions that take place are those
from initial states inside the Fermi sphere €<kg) to final states The probability for exciting an electron from the stm’e

outside the Fermi spherek{>kg), such that the energy of the g the statek; is calculated using the following expression:
initial and final states is the same in the c.m. syst&f=(k;). This

implies that the sphere of radidg+uv centered at B limits the okl k) =27|Ty|?8(e! — &), (4)
maximum energy of the available final states. ' !

2. Transition probabilities and electronic excitation spectra

whereT;; is the transition matrix element between the states

The transition probabilities from occupigd (ki<<kg) ki andk;, and theé function ensures conservation of en-
states to unoccupie#t; (ki>kg) states, whereg is the ergy.T;; can be calculated as a function of the differential
Fermi wave vector, must be evaluated in order to obtain thecattering cross sectide(g)
electronic excitation spectrunlin atomic unitskg=uvg).

Since the recaoil of the ion is negligible, energy conservation | Tis|>=4ma(B), )

law only allows transitions between equienergetic states in : p p
the c.m. systemk/ =k;, and sincek;<kg, the inequality where/3 is the angle betweek; andk
ke—v=<k{=k;=<kg+v is obtained. cog B)=coqg 6 )cog ;) +sin( 6/ )sin( 6} )cog @/ — ¢f)

Now, we are able to calculate the modulus of tfeb) (6)
wave vector of the most energetic excited electrons:

The quantityw (& ,e¢,Q{ ,Q¢) is defined as the prob-
ability for exciting an electron from the state with energy
with wave vector in the direction of the solid ang(®/
Therefore, the maximum energy, measured from the Ferm(6/ ,¢;) to the state with energy; with wave vector in the
level that an electron can have after a single collision withdirection of the solid angl€); (6; ,¢;). Using Eq.(4),
the projectile is

I(f,max: kf,,max+U:ki’,max"_v:ki,max+U+U:kF+20-

p(e))p(ep)w(e] &1, Q] ,Qf)de/dedQ]dQ;

1
Smaxzz(k%max_kl%)zzv(kF'*’U)- 3] 1_ b 3L 3L
=5 o(ki ki)d>k{ d°k; . 7

The electronic excitations that take place are described in . .
Fig. 1. In this figure two different sphgres are representedThe% factor at the right-hand side of E(f) appears because
The one centered at point A is the Fermi sphere of rakiiys the ,elgctron spin .does not chaqge durlngl; the excitation, and
and it encloses the electronic states that are occupied befop&€i) IS the density of states with energy:
the interaction with the projectile takes place, i.e., the initial -
states of the transitions. The second sphere is centered at p(s')= 2‘; ®)
point B, which is shifted by the velocity of the ion (v
<kg) from point A. Point B is the origin of momenta in the
c.m. system. The radius of this spherekis+v, and the | .
volume that it encloses, outside the Fermi sphere, correS oPtained:

sponds to the available final electronic states after the inter-

In this way, the following expression fas(e; ,e¢,Q; , Q1)

action with the projectile. An electron in an initial stéle w(el e}, Q! Q)= E ! 5 w(k! ki)

<kg inside the Fermi sphere may be scattered into a final 2 16m

statek;>kg outside the Fermi sphere, if the modulus of the

wave vector of both states measured in the c.m. system is _m o(B)8(e! — &) ©)
equal, i.e., if the distances from pointlg = |k;—v| andk{ 4 voEe
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The integration of expressio(®) over the initial states ) , L
gives P(&},Q), the probability of creating an excitation By (6r)=(21+1)(2l +1)L,_ do;
with energye; in the direction given by the solid angf®; : min

27
o w Xsin g/ de/ Py(cosB)P,/(cosp)
P(e] ,Qf’)=f /madei'p(g()L/ de Ho T !
min min (15b)
27
xsin; o dei (e e, 07, 0y), (10 The number of electrons excited per unit time with energy
e{ and angled; , Q(e¢,0¢), is calculated in the followin
wheres /. =3(ke—v)?, &/.,=3(Ke+v)% and 6, is obtained vvfay: glef, Qlerfr) J
from Eq.(3a). The integration in energies is performed mak-
ing use of thed function: \/7
! ! ! ! ! Sf !’ !
’ Q(et,0t)=p(ef)P(es,0f)=—7 P(eg,0). (16)
., mp(eg) T
P(Sf an):

T 2
f , dBiISine{f d(Pll(T(B)
ﬁmin 0

(11 We want to obtain this quantity in the lab system. Using

the relations between the quantities measured in the c.m. and
In order to calculater(B) the effective potential created |ap systems

by the moving ion inside the electron gas is needed. This
potential is not spherically symmetric. Nevertheless, for the
low velocities under consideration, we assume that it is a e'=e+ 3 v’~v\2¢ cosd (173
good approximation to use, instead of the dynamic potential,

the spherically symmetric static potentfalThe effective and

static potential is calculated self-consistently using the den-

sity functional formalisn®*! (DFT) for the case of a static J2& sin®
impurity embedded in an electron g&sFor a spherically 0’=arctarg< )
symmetric scattering potential the differential scattering

JZ cosf—v
cross section can be calculated as a function of the scatterlnﬁ
phase shifts in the following way? e number of excited electrons per unit time with enesgy

and angled reads

(17b

2
(k)
Pz, Z @1+ 1)e? S"W'("f”P'(COSﬁ)’ Qe.0)=pl"(,0)]PLe’(2,60),6'(2,0)]
(12) J2s
where theP,—s are the Legendre Polynomials adg(k;) X : (18)
are the scattering phase shifts at the considered energy. The 28—2\/2 cosd
squared expression in E¢L2) can be expanded in the fol-
lowing way: Integration of this equation over the final energies gives
) the angular distribution of the electrons excited per unit time,
TXCAR , meanwhile integration over final angles gives the energy dis-
)& sing 6i(ki)1Py(cosp) tribution. More precisely
S d?N Er+20(v+kg)
=2 2 ALK (k)] —:f P
=029 R d(coso)dt Jg, Q. 0)de (19
X (21+1)(21"+1)P/(cosB) P,/ (cosB), (13 and
where
A(8,,8,)=sin(8)sin(8)cog 8—8). (14 d p f Q(e. 6)sin 6do. (20
&

Making use of Egs(12) and(13) and integrating Eq(11)
over its azimuthal dependence, the probability of exciting an
electron to the state with energy and with an anglet;
between its velocity and the velocity of the ion is obtained  The formalism developed in the preceding section can

also be used to calculate the stopping power of the ion. This
1 S is done making the product of the energy loss produced in
P(et,0f)= > on! > 2 ALS(KD), 8 (kp) 1By (67), the excitation of an electron from an initial state inside the
ef 1=01"=0 Fermi sphere to a final state outside the Fermi sphere, with
(153 pher ; . | sphere,
the probability per unit path of the ion of creating such ex-
where citation, and integrating it over all possible excitations:

3. Stopping power
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dE 1 Sr,na ' ’ 0r,na I «irng! 2m ’
&:; , Xdep(sf) Xdﬁf Slnﬁf d‘Pf
Emin 0 0 025
2m ™ ) e’
X f d(pi, f , d0i' S|n0i, f ,max 0.20
0 Ormin Emin

Xde{p(e])w(e] &1, ,Q¢)(es—g;), (21

015 |-

dE/dx (a.u.)

!

whereg [, ande, ., are the same as in E(LO) and 6;,,,, and
Oimax are obtained from Eqg3a) and (3b). Using Eq.(179
we get the following relation:

0.10 -

0.05

ei—ei=ef—g| +v(\2e;c0sb; — \2¢&{cos ). (22
0.00

Finally, making use of Eqg9), (12), (13), and(22) the stop- Do T e en e 08 Toe 07080900
ping power can be calculated in the following way:

FIG. 2. Stopping power of a hydrogen atom traveling through a
dE 1 N o free electron gas withg=1.5 a.u., as a function of the velocity of
—_—= f " de¢ \/S_I:J ™d 6; sin 6 the projectile. The solid line is obtained taking into account the shift
dx  vam? Je 0 of the Fermi sphere using ER3). The dashed line represents the
results obtained without taking the shift of the Fermi sphere into

2 (A[S,(s1),8,(s1)]Cy (01}, (233 account making use of E¢26).

Emin

wheren, is the electronic density of the conduction band of
the metal ando,(vg) is the transport cross section at the
- Fermi energy. This equation is known to give good agree-
Cy/(6;)=(2l +1)(2I’+1)f . dé/sing/(cosf; —cos b)) ment with experimental results up to the Fermi
Ormin velocity 161718 This fact has been theoretically justified in
o Ref. 19.
X de{ P,(cos B)P,:(cos B). (23b In Fig. 2 we present the results obtained for the stopping
0 power of a hydrogen atom moving inside a free electron gas,
which electronic density is given by =15a.u. (s
4. Low-velocity limit =3/3/47n,) as a function of the velocity of the projectile.
A similar model was presented by Calera-Ruleibal® The result_s obtained using Eq23) and_(26) are _c_ompared.
but without taking into account the shift of the Fermi sphere!he negative curvature observed at high velocities when Eq.
due to the non zero velocity of the ion. So they take the limit(23) is used, is the result of performing an exact calculation
v—0, and analyze the case in which the lab and c.m. sys‘?f the scattering but using the static potential instead of the

tems coincide. In this limit, taking into account the energyStronger dynamic pqtentié?.This is the reason why we ex-
conservation law €/ =¢/) Eq. (22) becomes pect that for velocities close to the Fermi velocity of the
i .

metal, this model will underestimate the stopping power and
the total number of excited electrons. Nevertheless, the re-

e¢—&;=vkg(C0SH;—C0S6;), 24 . , Lo
P a f ) 24 sults obtained with both models are always similar and al-

where \2e{ =k (only electrons at the Fermi level are scat- most identical at low projectile velocities.

tered and 8’ = ¢ (lab and c.m. systems coincidéNow Eq. On the other hand, important differences exist between
(9) becomes the results obtained with both models for the energy distri-

butions of excited electrons. In Fig&8a) and(3b) the com-
parison between the results obtained with both models for

where

a
o(gj,er,Q,04)= 7 a(B)dlesi—&; the energy distributions of the electrons excited per unit time
d’N/dedt when a helium atom travels with velocities
+vkg(cosf,—cosb;)]. (25 =0.4 a.u. andv=0.7 a.u. through an electron gas is pre-

sented. In Fig. @) rs=1.5a.u. is taken and in Fig(l3 rg
Performing the same integrations as before, and taking inte-2 2 a.u. The electron energy is measured from the Fermi
account that all magnitudes are already measured in the IgBvel. It is observed that the model presented here gives a
system, the angle and energy distribution of excited electrongrger number of excited electrons at high energies and a
is obtained in the limiv — 0. smaller number of excited electrons at low energies than the
Using this model, it is also possible to obtain the stoppingmodel of Ref. 6. This is related to the fact that in our model
power of the ion:* The result is the expression for the stop- the maximum energy an electron can gain in a collision with

ping power in the limit of low velocities? the projectile is 2(v+uvg) while in the model of Ref. 6,
strictly valid in the limitv—0, the value of this maximum
d_E _ 26 energy is 2vg. Since the electrons excited below the work
dx_nOUUFU"(vF)’ (26) function of the metal cannot escape from the solid and
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veloped in Ref. 20. Starting from the basic assumption of a
homogeneous excitation inside the target, the transport equa-
tion can be written as

% N(e,Q)=S(v;e,Q)+ des’

X f dQ'W(e,Q,e", Q" )N(e’,Q"),
(27)

wherev(e) andl(g) are the velocity and total mean free
path (MFP) of the electron. The second term on the right-
, , e — | hand side denotes the number of electrons scattered into the
00 100 200 309 400 00 600 statek(g,Q)) by collisions within the target. This number is
expressed in terms of the transition function
W(e,Q,e’,Q"). The contribution of electrons created in the
] statek by the moving ion is described by the excitation
(b) function S(v;e,Q). With the energy and angle distribution
of electrons excited per unit tim@(e, ) discussed in pre-
vious section, the excitation function can be written in the
variables used in Eq27):

d’N/dedt

1
S(U;S,Q)Zm Q(e,0). (28

The total MFP as well as the transition functions are de-

v=04au termined by inelastic and elastic processes. The inelastic

) scattering properties given in Ref. 20 are calculated in ran-

L e dom phase approximation for an electron &has.

g(ev»‘;)-ﬂ 400 50.0 The escape process is described by the model of a planar

surface barrier and free electrons inside the metal using the

FIG. 3. Energy distributions of the electrons excited per unitconservation laws for energy and parallel momentum of the

time when a helium atom travels through a free electron gas. Re€l€ctrons. Measurable quantities as the energy spectra of

sults for projectile velocities =0.4 a.u. andv=0.7 a.u. are pre- €merging electrons and the yield can be obtained in a simple

sented. The solid line is obtained using the model presented in thigay from the solution of the transport equation.

work, i.e., taking into account the shift of the Fermi sphere. The

dashed line is obtained using the model of Ref. 6(ena value of IIl. RESULTS

r=1.5 a.u. has been taken, and(b) r¢=2.2 a.u.

A. Effect of elastic scattering

thev— 0 approximation overestimates the number of excited N Fig. 4 the inelastic, elastic, and total mean free paths of
low energy electrons, it is expected to give a smaller numbegl€ctrons in Au are presented as a function of the electron
of emitted electrons than our model. This effect is more im-€nergy measured from the Fermi level. The elastic scattering

portant for high velocities, as the difference between thd®roPerties are calculated by the partial wave method, using

maximum excitation energies given by the two models in—the phgsg shifts pr?""d‘?d by'He?ﬁzth.at are obt'amed using
a muffin tin approximation with a suitable choice of the en-

;rne dagi? ;Nk:g:/v\;etlr?;tlt?o??é.si?nrgaaerllsgi? boeftxzenrgfﬁz the ET9Y Zero in the region between the muffin tin spheres, taking
y bro) the correct lattice structure of Au into account. In order to

:.;‘fect '? Tw_oreTlhmportanbt the I(_)lwer :jhe etlec(;[ron_lc dGins'tyI()fcalculate both the electron excitation spectra and the inelastic
€ metal 1s. This can be easily understood, since low € ecs'cattering properties of the electrons, a value 6f1.5 a.u.
tronic densities correspond to low Fermi velocities of the

) : , is chosen to characterize the electronic density of the con-
metal electrons, and the kinematic effects resulting from they,,tion band of Au. which is obtained from the experimental

shift of the Fermi _sph_ere are more important for high relative, 51ue of the bulk plasmon enerdy?*In Fig. 4 it is shown
values of the projectile velocity to the velocity of the elec- ihat the elastic scattering dominates the total mean free path,
trons of the metal. mostly at low energies.

In Fig. 5 we represent for different electron excitation
energies, the angular distribution of excited electrons
S(v;e,Q) for projectiles traveling through a free electron

The emission characteristics are determined by the dergas ¢s=1.5 a.u.) with velocityy =0.6 a.u. Figure &) cor-
sity of inner excited electrons at the surfddée,)). This  responds t&,;=1 projectile and Fig. &) to Z,=10. These
guantity is calculated in this work using the formalism de-distributions are strongly anisotropic and peaked in the di-

B. Transport model
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FIG. 4. Calculated mean free paffFP) of electrons in Au as 0.04 -

a function of the electron enerdymeasured from the Fermi leyel

(1), (2), and (3) denote the inelastic, elastic, and the total MFP,
respectively. The vacuum level is indicated by an arrow in the
figure. S(vie,Q) [a.u] 018
rection of the velocity of the projectile. For ions in normal

incidence it means that the majority of the excited electrons
are excited in the direction opposite to the entrance surface.

When the elastic scattering is considered the density of
inner excited electronbl(s,Q) becomes nearly isotropfC.
Therefore, in the backward directidi(e,()) is enlarged by
elastic scattering, producing an enhancement of the back-
ward emission yield.

In Fig. 6 the backward emission yield induced by hy-
drogen projectiles in normal incidence on Au calculated ne-
glecting and including the elastic scattering is presented as a
function of the velocity of the ion. As anticipated above, the
total electron yield is much larger when the elastic scattering
is considered. This effect is seen to be more pronounced with v oost 7 =10
decreasing ion velocity. This can be easily understood since v;0.6 [a.u]
the energy range of excited electrons is shifted to lower en-
ergies when decreasing ion velocity n.,=2v(v+vg)] and
the elastic scattering effect is more important at low energies FIG. 5. Angular distributions of electror&uv;e,Q) at different
(see Fig. 4 excitation energieg in an electron gas withg=1.5a.u., forv

=0.6 a.u. projectiles as a function 6f the angle between the ve-
B. H and He projectiles locity of the excited electron and the projectile velocity.(& the
. . ., _..__atomic number of the projectile ;=1 and in(b) Z;=10. The
For H and He projectiles at low veIocmgs, the excitation excitation energies related to(1), (2), (3), and(4) are 10, 15, 25,
mephgmsm calculat_ed here, i.e., the creat'|on of elelctron—holgnd 45 eV forz,= 1 and 10, 25, 45, and 57 eV f@; = 10, respec-
pairs in the conduction band of the metal, is the main meChat‘lvely. All energies are measured from the Fermi level. The distance

nism that contributes to the kinetic electron emission. Iy the center corresponds to the value of the excitation function in
Figs. 7 and 8, the backward emission yielglscalculated 4 .

with both the model presented here and the model of Ref. 6
are compared to experimental data obtained by differenivork function of the metal or as the primary electrons are
group$®26:27-2835 a function of the velocity of the projectile, excited at higher energies, in the decay process regulated by
for H and He ions in normal incidence on Au. the second term on the right-hand side of E®7) more

Both theoretical models give similar results, though assecondary electrons are excited. The agreement between ex-
anticipated before, the yields are always higher when th@erimental and theoretical results is quite satisfactory.
shift of the Fermi sphere is taken into account, as in this In Fig. 7 it is also shown for comparison the backward
model either more primary electrons are excited above themission yield for a proton projectile, when the electronic

L ' . 5 s ] s {

0.12 : 0 | 04 008 0.12
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FIG. 8. Comparison between the theoretical results and experi-

FIG. 6. Effect of elastic scattering. Projectile velocity depen- mental data of the backward kinetic electron yield induced by a

dence of the backward yield for proton impact on Al) and (2)

helium atom in normal incidence on a clean Au surface as a func-

denote the yield with and without including elastic scattering in thetion of the velocity of the projectile. The solid line is the result

transport process.

obtained using the model presented in this work. The dashed line is
obtained with the excitation function given in Ref. 6. The experi-

excitation is obtained calculating the potential induced by thénental data are as follows: open circles correspond fbgjec-
projectile within linear response theory and the electron scatiles from Ref. 26, full circles to He projectiles from Ref. 26, full
tering in first born approximatio?. The dielectric function triangles to He projectiles from Ref. 25, full squares to Hero-
used has been obtained in the random phaséecnles from Ref. 27, _and full dlamonds to Heprojectiles from
approximatior?® The results show that this approach is not Ref- 28. In the theoretical calculations=1.5 a.u. has been used.
valid at these low ion velocities since it gives too small val-

ues for the yield of emitted electrons. This is consistent with  The experimental yields are higher for'Hind He™ than
the results obtained in the calculations of the stopping powefor neutral H and Hé€. This difference was explained by
of slow protons in an electron ga&. Lakits et al*° with a model which used the larger value of

o
T

7 (electronsfion)

0.5

O WA H ()
¢} u (exp)

— — — —  (theor)

the stopping power of the singly charged ions compared to
the stopping power of the neutral particles and the neutral-
ization rates of the singly charged ions. Our theoretical re-
sults are obtained for the equilibrium configurations of the
DFT formalism, hence we expect that our calculation is more
suitable for the neutral particles. Anyway, study of the de-
pendence of kinetic electron yield on the charge state of the
projectile is beyond the scope of this work.

It is noticeable that the largest difference between the ex-
perimental data and the theoretical results appears at high
projectile velocities where the theoretical models underesti-
mate the total yield. This was an expected result, and the
reason was discussed in the previous section. On the one
hand, in the model of Ref. 6, the underestimation of the
number of electrons excited over the work function of the

00 L metal increa_ses with the \_/elocity. And, on _the other hand,
when the shift of the Fermi sphere is taken into account, the
reduction of the excitation due to the use of the static poten-

FIG. 7. Comparison between the theoretical results and experiy| instead of the dynamic potential is also more important
mental data of the backward kinetic electron yield induced by avhen increasing the velocity of the projectile
hydrogen atom in normal incidence on a clean Au surface as a '

function of the velocity of the projectile. Solid line is the result
obtained using the model presented in this work. Dashed line is
obtained with the excitation function given in Ref. 6. The experi-
mental data are as follows: open circles correspond’tprbiectiles . AL . et
from Ref. 26, full circles to H projectiles from Ref. 26, full tri-  Yield for 20 keV projectiles Z;=1-19) in normal inci-
angles to H projectiles from Ref. 25, and full squares td igro- ~ dence on Au is compared to available experimental
jectiles from Ref. 27. The dashed-dotted line represents the resul#ata>™>>%® In this case, some important differences are
obtained when the excitation induced by a proton is calculated makiound between the experimental data and the theoretical re-
ing use of the dielectric formalism. In the theoretical calculationssults. Probably, besides the mechanism consisting on
rs=1.5 a.u. has been used. electron-hole pair formation in the conduction band of the

C. Z, dependence of the electron yield

In Fig. 9 the calculated total backward kinetic electron
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FIG. 9. Backward kinetic electron yield induced by 20 keV ions  FIG. 10. Backward kinetic electron yield induced by ion projec-
in normal incidence on Au as a function of the projectile atomictiles with velocity v =0.6 a.u. in normal incidence on amorphous
numberZ,. The open circles are the results obtained using thecarbon as a function d, the atomic number of the projectile. The
model presented in this work and open squares with the excitatioapen circles are obtained using the excitation function calculated
function given in Ref. 6. The solid and dashed lines are used taiSing the model presented in this work, and open squares with the
guide the eye. The full circles are experimental data from Ref. 31excitation function calculated as in Ref. 6. The solid and dashed
the triangles are experimental data from Ref. 25, and the fullines are used to guide the eye. The full circles correspond to the
squares are experimental data from Refs. 32 and 33. In the theorg@xperimental data from Ref. 39. In the theoretical calculatians
ical calculationsrs=1.5 a.u. has been used. =1.66 a.u. has been used.

metal that has been considered here, additional electronfer this higher velocity ions, the relative contribution of the
excitation is taking place due to other mechanisms as eleeilectron promotion mechanism is less important than for the
tron excitation by recoiled target atofré and emission of |ower velocity ions of Fig. 9, where it can change the posi-
electrons bound to the projectile and target atoms via eleaion of the maxima and minima that our model gives. In any
tron promotion when molecular orbitals are created in closease, the experimental yields are somewhat higher than the
collisions between projectiles and target atoms! The ex-  theoretical results, and the difference between them increases
istence of these other mechanisms can explain the highgyith the atomic number of the projectile, suggesting addi-
experimental yield compared to the theoretical results fotional electron excitation induced by recoiling target atdfs.
Z,=7-19. In particular, the dependence of the electron pro- The discrepancies between the theory and experiment for
motion mechanism on both projectile and target atomic numslow Z, ions, have also been observed in the stopping power
bers could explaitf the different position of the theoretical by Echeniqueet al** using the DFT theory for a homoge-
and experimental yield maximum. Anyway, it is observedneous electron gas. Extending the calculation to non-
that the contribution of electron-hole pair creation mechahomogeneous electron distributions, and including in an ef-
nism is not negligible at this projectile energy and in thisfective way the valence and core electrons Calera-Rubio

range of atomic numbers. et al*? obtained good agreement with the experimental stop-
In the case ofZ;=3-6, the order of magnitude of the ping power data.

experimental yields and the experimentally found increasing
behavior of the yield withZ, is obtained in the calculated
results, but the fact that the theoretical yields are larger than
the experimental ones can only be explained by the limita- In this work a model has been presented to calculate the
tions of the model related to the difficulties in the calculationkinetic electron emission induced by slow ions in metals.
of the elastic scattering properties and the free electron-gaghe shift of the Fermi sphere has been taken into account
approximation. and a nonlinear calculation of the perturbation created by the
Finally, in Fig. 10 the theoretical results obtained for theprojectile and of the scattering suffered by the electrons has
backward electron yield and the experimental tfatat  been performed in order to calculate the angle and energy
constant projectile velocityu(=0.6 a.u.) are compared, as distribution of the primary excited electrons. Using this ex-
a function of Z, the atomic number of the projectile. citation function and solving the transport equation total
The target material is amorphous carbon, and a value dflectron yields are calculated. The strong influence of the
r<=1.66 a.u. has been used to represent its conductioelastic scattering of the excited electrons on the backward
band?* The elastic scattering properties are determinecklectron yield has been analyzed.
within a model of randomly distributed atoms using the par- Good agreement has been obtained for the backward yield
tial wave expansion method. The phase shifts for carbon ar@duced by light projectiles such as H and He, between the
calculated with an atomic potential given by Bonham andtheoretical results and the experimental data. It is noticeable,
Strand® In this case, a good approximation is obtained forthat a simplified and less realistic method in which the shift
the position of the maxima and the minima. It suggests thaof the Fermi sphere was not taken into account, gives also

IV. CONCLUSION
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similar results for the total yields. This indicates that theefficient electron ejection mechanism in the range of veloci-
model of Ref. 6 is a good approximation to calculate totalties and atomic number of projectiles studied.

yields. Anyway, it is not valid to calculate energy distribu-

tions of emitted electrons as the maximum excitation energy ACKNOWLEDGMENTS
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