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Double differential electron emission distributions produced by grazing impact of fast dressed ions on a Cu(111)
surface are investigated focusing on the effects of the electronic band structure. The process is described within
the Band-Structure-Based approximation, which is a perturbative method that includes an accurate representa-
tion of the electron–surface interaction, incorporating information of the electronic band structure of the solid.
Differences in the behavior of the emission spectra for He+q, Li+q, Be+q and C+q projectiles with different charge
states q are explained by the combined effect of the projectile trajectory and the projectile charge distribution.
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1. Introduction

The impact ofmulticharged ions on solid surfaces has become of great
interest in the last two decades [1, 2]. In grazing collisionswithmetal sur-
faces, the degree of ionization of the projectile depends on its velocity [3,
4] and the characteristics of the surface [5–10], affecting the stopping and
the electron emission probability [11, 12]. For intermediate energies, ionic
projectiles grazingly impinging on solid surfacesmove parallel to the sur-
face, in the selvage region,withdifferent charge states dependingon com-
plex electron capture and loss mechanisms [13–15]. Therefore, these
different electronic configurations of the incident particles are expected
to have an effect upon the angular and energy distributions of emitted
electrons.

On the other hand, recent experimental and theoretical works
showed that the band structure of different metal surfaces plays an im-
portant role in projectile induced processes [8,16–21,23–25]. In particu-
lar, in previous articles [26, 27] we found that the electron emission
distributions produced by grazing incidence of protons on Be(0001),
Cu(111), Ag(111), Au(111) and Mg(0001) surfaces present prominent
signatures of the surface band structure, with pronounced shoulders
due to the contribution of partially occupied surface electronic states
(SESs). Thus, the aim of this work is to investigate to what extent such
structures are affected by the charge state of the projectile.

To describe the electron emission process from the valence band
we employ the Band-Structure-Based (BSB) approximation, which
is derived within the framework of the binary collisional formalism
by including a precise representation of the surface interaction. For
every individual electronic excitation, the BSB transition matrix is
evaluated making use of the electronic states corresponding to the
potential model of Ref. [28]. This potential incorporates effects of
the band structure of the metal, properly reproducing the projected
energy gap and the energies of the surface and first image states
[23–31]. The interaction with projectile electrons is included within
the BSB method by means of an effective projectile charge that de-
pends on the transferred momentum, while the dynamic response
of the medium to the incident projectile is obtained from the unper-
turbed electronic wave functions by using the linear response
theory.

In this article we study double differential — energy and angle-
resolved - electron spectra produced by different ions — He+q, Li+q,
Be+q and C+q with different charge states q — grazingly impinging on
a Cu (111) surface. We focus on the contribution of partially occupied
SESs to the electron emission process, analyzing separately the influ-
ence of the projectile trajectory and the projectile charge distribution.

The paper is organized as follows. In Section 2 we summarize the
theoretical model, results are presented and discussed in Section 3,
and Section 4 contains our conclusions. Atomic units, i.e., e2 = ℏ =
me = 1, are used unless otherwise stated.

2. Theoretical method

We consider an ionic projectile P, carryingN electronswith it, which
impinges grazingly on a metal surface with velocity v. At intermediate
and high impact energies, the contribution of the electron loss from
the projectile to the electron spectrum becomes relevant in the electron
energy region around the convoy peak [32]. But far apart from such
energy region, the electron emission is mainly produced by target
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excitations and we can assume that projectile electrons remain frozen
in their initial states during the whole collision process.

Within the binary collisional formalism, the transition probability
per unit path for the target excitation i → f reads [34]:

Pif Zð Þ ¼ 2π
vs

δ Δð Þ Tif

�� ��2; ð1Þ

where the initial state i belongs to the electron valence band of the
metal, with initial energy Ei below the Fermi level, while the final
state f lays in the continuum above the vacuum level, with final energy
Ef≥ 0. In Eq. (1) Z denotes the projectile distance to the surface, vs is the
component of the projectile velocity parallel to the surface plane, and
the Dirac delta function δ(Δ) expresses the energy conservation, with

Δ ¼ vs � kfs−kis
� �

− E f−Ei
� �

; ð2Þ

and kis (kfs) the initial (final) electron momentum parallel to the
surface.

The T-matrix element, Tif, is evaluated here within a first-order per-
turbation theory, reading:

Tif ¼ Ψ f Vj jΨi
� �

; ð3Þ

where V denotes the perturbative potential and Ψi(Ψf) is the initial
(final) unperturbed electronic state. By considering projectile electrons
as passive ones—which do not participate in the electronic transition—

the unperturbed wave function can be expressed as Ψi(f) = ΦpassΦi(f),
where Φpass represents the electronic wave function corresponding to
the projectile passive electrons, while Φi(Φf) is the wave function of
the initial (final) unperturbed state corresponding to the active target
electron. In this work Φpass is represented in terms of ionic Hartree–
Fock orbitals, as given by Ref. [33], while the wave functions Φi and Φf

are obtained from the BSB model as Φi ¼ Φkis ;ni
and Φ f ¼ Φkfs;n f

:

Φks ;n rð Þ ¼ 1
2π

exp iks:rsð Þϕn zð Þ; ð4Þ

where r ≡ (rs, z) is the position vector of the active electron, with rs and
z being the components of r parallel and perpendicular, respectively, to
the surface plane. The functionϕn(z) represents the eigenfunction of the
one-dimensional Schrödinger equation associated with the surface
potential of Ref. [28] with eigenenergy εn. Within a slab geometry, the
following representation of ϕn(z) is used:

ϕn zð Þ ¼ 1ffiffiffi
L

p
XN
j¼−N

an jð Þ exp i
2π j
L

z0
� 	

; ð5Þ

where L is a normalization length, 2N + 1 is the number of basis func-
tions, and the coefficients an(j) are numerically evaluated. The coordi-
nate z′ = z + ds is measured with respect to the center of the slab,
which is placed at a distance ds from the crystal border.

The potential V involved in Eq. (3) can be expressed as V =
VPe + Vind, where VPe represents the interaction of the projectile with
the active electron, while Vind denotes the induced surface potential
originated by the rearrangement of the surface electronic density as a
consequence of the projectile interaction. The potential VPe takes into
account the screening of the nuclear charge of the projectile ZP by pas-
sive electrons. Its Fourier transform can be expressed as

~VPe Qð Þ ¼ −~ZP Qð Þ
ffiffiffi
2
π

r
1

Q2 ; ð6Þ

where

~ZP Qð Þ ¼ ZP−
XN
j¼1

Sj Qð Þ ð7Þ
is an effective projectile charge, named here as structure charge, which
depends on the transferred momentum Q, and the structure factor,

Sj Qð Þ ¼
Z

dr e−iQ :r φpass
j rð Þ

��� ���2; ð8Þ

with j = 1,N, is evaluated by using the electronic states φj
pass(r) corre-

sponding to the N passive electrons carried by the projectile.
By employing the structure charge of Eq. (7) and thewave functions

given by Eq. (4) as initial and final electronic states, the BSB transition
matrix can be derived from Eq. (3) as:

Tif ¼
−1

2πð Þ3L
XN
j¼−N

a�n f
jð Þ

XN
j0¼−N

ani j0
� �

~ZP Qð Þ

�
2 2πð Þ2 exp −i Q j; j0 Z þ dsð Þ

h i
Q2 þWind Q ; Z;ωð Þ

8<
:

9=
;;

ð9Þ

where Q ¼ Q s þ Q j; j0 ẑ is the partial projectile transferred momentum,
with Qs = kfs− kis the electronmomentum transfer parallel to the sur-
face, Q j; j0 ¼ 2π j− j0

� �
=L, and the versor normal to the surface plane,

aiming to the vacuum region. In Eq. (9) the function Wind(Q, Z, ω) rep-
resents the Fourier transform of the induced potential, per unit of pro-
jectile charge, which is derived in a consistent way by using the linear
response theory [24, 29], with ω = Q s ⋅ vs.

The differential transition probability from the valence band to a
given final state f with momentum kf, dPvb/dkf, is obtained by integrat-
ing Eq. (1) along the classical projectile path Z(X), after adding the con-
tributions coming from the different initial states. That is,

dPvb

dk f
¼ 2

Zþ∞

0

dX
X
i

ρeΘ −EW−Eið ÞPif Z Xð Þð Þ
" #

; ð10Þ

where X denotes the coordinate along the incidence direction on the
surface plane, ρe = 2 is associated with the spin states, and the factor
2 takes into account that the ions are specularly reflected at the surface.
In Eq. (10) the unitary Heaviside function Θ confines the initial states to
those contained within the Fermi sphere, with EW as the work function.
Notice that theDirac delta function of Eq. (1) restricts the allowed initial
momenta with the result that only two different values of kis contribute
to every transition i → f.

To determine the classical projectile trajectory we employed the
Ziegler–Biersack–Littmark potential [35] plus the BSB induced potential,
both evaluated by considering the incident ion as a punctual charge q,
with q = ZP − N the total projectile charge. The BSB induced potential
evaluated at the projectile position, Vind(Z), was obtained from
Wind(q, Z, ω′) as

Vind Zð Þ ¼ q2

2 2πð Þ3
Z

dp eipzZWind p; Z;ω0ð Þ; ð11Þ

where p= ps + pzẑ andω′= ps ⋅ vs. More details of the calculation can
be found in Refs. [29, 30].

3. Results

We applied the BSB approximation to investigate electron emission
spectra produced by grazing scattering of different ionic projectiles from
a Cu(111) surface considering an incidence velocity v = 2 a.u. and a
glancing incidence angle αi = 0.1 °. This very small angle was chosen
to stress band structure contributions to electron emission spectra
[27], but it may be nearly reachable with present experimental capabil-
ities [36]. The differential probability of electron emission from the va-
lence band, dPvb/dkf, was obtained from Eq. (10) following the same
procedure as in Ref. [27]. To represent the electronic states of Li+, Be+,



Fig. 2. Total ground state electron density (|ϕ(z)|2) in the region close to the topmost layer
and the relative contribution from the SESs for a Cu(111) surface.
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Be+2, and C+q we used Hartree–Fock wave functions corresponding to
the respective ions [33], while for He+, Li+2, and Be+3 we used
hydrogenic wave functions.

The Cu(111) surface presents an SES band with a parabolic-like dis-
persion that is partially occupied, with an energy εSES=−0.44 eV at the
bottom measured with respect to the Fermi level [27]. In a previous ar-
ticle [27] these states were found to leave visible footprints in electron
spectra by proton impact, even when electron contributions from the
inner-shells of the surface atoms were considered. Therefore, Cu(111)
has been used here as a prototype to study the effect of the projectile
charge state on the SES structures of electron emission distributions.

With the aim of analyzing the influence of the electronic structure of
the projectile on the electron emission distribution, in Fig. 1 we show
electron emission probabilities from the valence band, as a function of
the electron energy, for different single charged ions: H+, He+, Li+,
Be+, and C+. In the figure, results for the ejection angle θe = 30 °, mea-
sured with respect to the surface in the scattering plane, are displayed
by using the same scale for the different projectiles. All the BSB curves
exhibit noticeable superimposed bulges in the high electron energy re-
gion. These superimposed structures are originated by emission from
partially occupied SESs, whose partial contributions are also displayed
in the figure for H+ and He+ projectiles. For all the projectiles the SES
emission is confined to the same final energy range, which is deter-
mined by the parallel momentum conservation given by the delta func-
tion of Eq. (1). As discussed in Ref. [27], the remarkable SES contribution
to the electron emission spectrum is due to the fact that the SESs of
Cu(111) present highly peaked electron densities near the surface,
which favors the electron ejection from such states when the projectile
moves far from the surface plane, where the contribution from other
initial states becomes small [26]. As shown in Fig. 2, the SESs give rise
to the highest contribution to the total ground state electron density
in the selvedge region. But the relative importance of the SES contribu-
tion decreases for the heavier projectiles. This is easily understood if we
take into account that the SES contribution is more relevant when the
projectile runs at a certain distance from the last atomic layer, where
differences between the electronic density associated with the SES
and those corresponding to other occupied electronic states are larger
[26, 27]. Larger masses allow ions to reach closer distances to the sur-
face, inducing a strong electron emission also from different occupied
electronic states. Hence, the electron emission probability increases
while the SES effect diminishes as the projectile mass augments. In
other words, when projectiles move far away from the surface plane,
only SES electrons are strongly affected by the external perturbation,
Fig. 1.Differential probability of electron emission from the valence band, as a function of
the electron energy, for the emission angle θe=30 °. Comparison between results for dif-
ferent simply charged ions impinging with velocity v = 2 a.u. on a Cu(111) surface with
the glancing angle α = 0.1 °. Also SESs contributions for H+ and He+ ions are displayed.
giving rise to a remarkable SES contribution. But when the distance of
the closest approach diminishes keeping the velocity as a constant, the
SES structure becomes smaller, producing only a smooth shoulder in
the electron emission spectrum.

We have also studied the effect of the total charge for different ionic
projectiles. Fig. 3 shows dPvb/dkf normalized by the square of the total
projectile charge q, as a function of the electron energy, for C+q, Be+q

and Li+q with q = 1, 2, 3. The curves present similar features for all
Fig. 3. Differential probability of electron emission from the valence band, normalized by
the square of the charge state q, for the emission angle θe=30 °, as a function of the elec-
tron energy. The following ions impinging with velocity v = 2 a.u. on a Cu(111) surface,
with the glancing angle α = 0.1∘, are considered: a) C+q, b) Be+q, c) Li+q with q =
1, 2, 3. Also SESs contributions (multiplied by 0.1) for C+q projectiles are displayed in
the panel a).
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the ions: the normalized emission probability decreases when q in-
creases, being the SES structures slightly more pronounced for the
lower charge states. This effect is again related to the projectile trajecto-
ry that makes that the relative importance of the SES contribution
slightly augments for single charge projectiles, as shown in the case of
carbon ions. The same behavior was observed for different emission an-
gles in the scattering plane aswell as outside it. To analyze this trajecto-
ry effect in more detail, in Fig. 4 we show the outgoing projectile paths
for the different ions of Fig. 3. In all the cases we observe that as a result
of the attractive action of the induced potential, the closest distance to
the surface decreases when q augments. But at the same time, the
path length that the ion remains moving in the selvage region of the
metal diminishes as the charge state increases. Consequently, for in-
creasing ionic charges the q2-normalized emission probability decreases
and simultaneously, the SES contribution becomes less relevant. How-
ever, the question that still remains is whether the variation of the rela-
tive weight of the SES contribution with the projectile charge state is
entirely caused by the different distances of approach of the trajectories.

In order to find out if the influence of the charge state of the projec-
tile on the emission probability can be explained by differences among
trajectories only, we eliminated this effect choosing arbitrarily the H+

trajectory for the different ions. In Fig. 5 we plot electron emission spec-
tra for different carbon ions, considering two ejection angles in the scat-
tering plane: θe=30 ° and θe=60 °.We observe that for both emission
angleswhen identical trajectories are considered, the charge state of the
projectile affects the low electron energy region of the spectrum, while
the higher energy region, where the SES structure appears, remains un-
changed for the different ionic charges. This behavior can be explained
taking into account the important role of the structure charge ~ZP Qð Þ,
whose value varies from q for low transferred momenta to almost ZP
Fig. 4. Distance to the surface Z(X), as a function of the coordinate X along the incidence
direction on the surface plane, for the outgoing projectile paths corresponding to the
cases of Fig. 3.

Fig. 5. Influence of the projectile charge state on electron emission spectra. Comparison
between differential electron emission probabilities for C+, C+2 and C+3, for the emission
angles: a) θe = 30 ° and b) θe = 60 °. All the projectiles following the same arbitrary tra-
jectory, as explained in the text.
for high Q values. Then, for different ionic projectiles with the same nu-
clear charge ZP =6, differences in the electron distributions arise in the
low electron energy region, which is associated with low Q values,
where the structure charge ~ZP Qð Þ tends to the charge state q.

Similarly, the influence of the atomic number of the projectile on the
emission probability cannot be only explained by differences among
Fig. 6. Influence of the projectile atomic number ZP on electron emission spectra.
Comparison between differential electron emission probabilities for C+, Li+ and H+ for
the emission angle θe = 30 °. All the projectiles following the same arbitrary trajectory,
like in Fig. 5.
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closest approach distances. From Fig. 6, electron emission probabilities
for H+, Li+ and C+ projectiles, all of them evaluated using the proper
H+ trajectory, are rather similar at low electron energies, but differences
increase as the electron energy augments. Thus, for simply charged ions
with different atomic numbers, higher atomic numbers induce higher
emission probabilities at high electron energies, reducing consequently
the importance of the SES contribution.

Finally, we point out that even though for the considered incidence
conditions and projectiles, the electron excitation from the valence
band is expected to be the main mechanism of electron emission from
Cu(111), other processes associated with projectile neutralization or
inner shell emission from target atoms might partially obscure the SES
structure in the electron spectrum.

4. Conclusions

Electron emission spectra produced by grazing incidence of different
dressed projectiles on a Cu(111) surface have been studied in the inter-
mediate energy range. Like in the case of bare projectiles [26, 27], no-
ticeable structures due to the presence of partially occupied SESs arise
in the double differential electron distributions. Such structures are re-
lated to the high localization of the electronic density of the SESs around
the selvage region, which promotes the electron emission process
for projectiles moving outside the solid. Two important aspects are re-
sponsible for the behavior observed in the emission probability for dif-
ferent ionic projectiles — the trajectory and the projectile electron
configuration—which play different and complementary roles. The ef-
fect of the trajectory for charged ions is similar to that observed for bare
protons, i.e., when the distance of approach to the surface diminishes,
the relative importance of the SES contribution becomes smaller, pro-
ducing only a smooth shoulder in the electron emission spectrum.How-
ever, the SES effect also depends on the atomic number ZP and the
charge state q of the projectile, both parameters involved in the calculus
of the structure charge ZP(Q). Therefore, we conclude that not only the
trajectory but also the electronic configuration of the projectile plays
an important role in effects related to the SES excitation.
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