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Abstract

We directly assess the role of image state electronic structures on the ion-survival by comparing the resonant charge
transfer dynamics of hydrogen anions near Pd(1 1 1), Pd(100}, and Ag(1! 1) surfaces. Qur simulfations show that image
states that are degenerate with the metal conduction band favor the recapture of electrons by outgoing ions. [n sharp
contrast, localized image states that occur inside the band gap hinder the recapture process and thus enhance the ion-

neutralization probability.
® 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Charge-transfer in ion-surface collisions is a
fundamental process in several branches of applied
physics and chemistry, such as, plasma--wall inter-
actions in ion-sources, reactive ion-etching, and
secondary ion mass spectroscopy [1,2]. It is also
of buasic research interest, since the electronic
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dynamics that eventually determines the final
charge state of a reflected ion depends sensitively
on the electronic structure of the target surface
[3,4]. Affinity levels of atomic anions are energeti-
cally above and clearly separated from the Fermi
level of most FCC-metal surfaces. For such sys-
tems, the dominant neutralization mechanism is
resonant charge transfer (RCT) [4-11]. Due to its
simplicity, this one-electron process is particularly
attractive for theoretical investigations.

For H™ scattering off Cu(1 1 1), detailed calcula-
tions on the effect of projected L-band gap and
a Shockley surface state on the RCT process were
performed [7]. More recently, the mfluence of
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crystallographic surface symmetry on RCT, i.e. the
effect of altering energetic positions of band gaps,
surface states, and image states, has been investi-
gated for Ag [8) and Cu [9] surfaces. These sin-
gle-electron calculations are in fair agreement
with measurements {§]. However, apart from some
qualitative insight [9], the effects of image states on
RCT has not been assessed quantitatively. We ad-
dress this issue here by comparing the neutraliza-
tion dynamics of H™ in front of Pd and Ag(111)
surfaces. Pd{111) and Pd(100) are ideal candi-
dates for this study, because (i) image states for
both surfaces are localized, (ii) the Fermi energy
{Ex) of either surface being far below the conduc-
tion band (Fig. 1) makes many-body quantum sta-
tistical effects irrelevant, and (iii) the surfaces are
experimentally amenabile [11].

In the following section we briefly outline our
theoretical methodology. Our numerical results
are discussed in Section 3. The final section con-
tains our conclusions. Unless stated otherwise, we

2. Theory

The time-dependent electronic wave function
®(r,t,D) for the ion-surface system is a solution
of the time-dependent Schrédinger equation with
the Hamiltonian

-—+ V:on. + Vsurfacea (1)

where Vion and Viourrace are effective potentials for
the ion and the surface, and D denotes the ion-sur-
face distance. Considering the asymptotic initial
wave function $(r, t = 0; D = o) to be the unper-
turbed H™ wave function, @;q,(r), that is bound by
Vion, the propagation of &{r,z,D(t)) by one time
step At yields

&(r, t + At, D) = exp[~iH(D) Afjd(r, t, D). (2}

The ion-survival amplitude (or autocorrelation), is
then given by the overlap

use atomic units. Aty = (@(r,t,D)|@ion(r)). (3)
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Fig. 1. Schematic of the electronic structure of Ag(l11), Pd(111) and Pd(100} surfaces. For free electron motions on the surface
plane, dispersions corresponding to the band gaps, the surface states, and the image states are shown. The Fermni energy (Eg) for each
surface is indicated. The bottoms of the conduction band for Pd(111) and Pd(100) are at 2.16 eV and 5.0 eV, respectively.
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We employ the split-operator Crank-Nicholson
propagation method (CNP) in conjunction with
the unitary and unconditionally stable Cayley
scheme to evaluate &(r,t, D) after successive time
steps [8,9,12]. In order to keep the computing time
at a manageable level, we employ a 2-d numerical
grid which hmits the electronic dynamics to the
scattering plane. Our x and z axis are oriented in
directions parallel and normal to surface, and the
surface is assumed to be translationaily invariant
along the x direction.

During the (assumed) specular reflection, the
incident ion decelerates along the z direction, close
to the surface, due to the net repulsive interaction
between the ilon-core and surface atoms. For a
given initial kinetic energy E and angle of inci-
dence (=angle of exit) @ of the ion with respect
to the surface normal, we simulate a classical tra-
jectory based on ““Biersack—Ziegler” interatomic
potentials [13,9]. Long after the surface reflection,
the final ionic survival probability is obtained by

Po-g(E, ©) = lim |4(0)], )

where the subscript refers to the reduced-dimen-
sionality of our calculation. Assuming equal tran-
sition rates of the projectile electron along both
surface direction (x and y direction}, we approxi-
mate the lon-survival probability in full (3-d)
dimensionality as [8]

Pig(E, B) = [Proy(E, @), (5)

The H™ ion is described by an effective single-elec-
tron model potential, ¥y, that includes the inter-
action of a polarizable hydrogen core with the
active electron [14]. To be consistent with our 2-d
wave-packet propagation scheme, we modify the
model ion-potential appropriately {8,9], ensuring
the correct electron affinity of 0.76 eV, The surface
potentials, ¥ uruce, are constructed by the z-depen-
dent single-electron potentials that are modeled on
the basis of pseudopotential local density approx-
imation calculations [9,15].

3. Results and discassion

Energy dispersion curves for the Ag(l10),
Pd(111) and Pd(100) surfaces along the surface

normal are schematically presented in Fig. 1. The
energies of various states supported by the 1-d sur-
face potential, ¥ruce, are given at free momenta
parallel to the surface kp,=0. Comparing
Fig. 1(a} with (b), the electronic structures of
Ag(l11) and Pd(111) show one main difference.
Except for the first image state all higher image
states are degenerate with the conduction band
of Ag(111), whereas the whole Rydberg series of
Pd(111) image states lie well inside the band gap
and, therefore, are localized along the surface nor-
mal. Comparing Pd(111) and Pd(100) (Fig. 1(b)
and (c¢)) we note that both surfaces have similar
image state structures, but surface states are of
very different character: the Pd(11 1} surface state
appears in the band gap while that for Pd{100)
is embedded in the valence-band. We therefore ex-
pect the comparjson between measurable ion sur-
vival probabilities after the scattering off these
surfaces to directly reveal effects due of these dis-
tinct differences in surface electronic structures.
This is shown in Fig. 2, where the percentage
survival probabilities {5) for 1 keV H™ ions scat-
tered from Ag(111) and the two Pd surfaces are
presented as a function of @. Except for nearly
normal incidence (& ~ 90°), our results for Ps.
J(E, @) are significantly larger for Ag(111) than
Pd(111) for most angles of incidence. This is due
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Fig. 2. Percentage survival probability of 1keV H™ ions
scattered from Ag(t00), Ag{l11) and Pd(100) surfaces as a

function of the incident angle (=exit angle) with respect to the
surface plane.
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to the different character of Ag{111) and Pd(111)
image states. As already pointed out and shown in
Fig. 1{a) and (b}, in contrast to the localized
Pd{111) image states, Ag(111} image states are
coupled to the bulk conduction band. Therefore,
while populated image states near Pd(} 11} evolve
away from the surface region towards the vacuum,
electrons in the Ag(111) image states return to-
wards the bulk and re-populate the surface region.
As a consequence, the outgoing depleted projectile
has a larger probability for electron recapture near
the Ag(111) surface, due to its wave function over-
lap with occupied substrate states near the surface
region,

The surface states of both (111) surfaces being
similar in character (Fig. 1{a) and (b)) are not ex-
pected to contribute to the larpe differences in the
ion-survival probabilities. Of course, the stronger
ion-neutralization for the Pd(100) compared to
Ag(111) surface in Fig. 2, in particular for steep
incidences, also owes to differences between their
surface states [8,9]1 The Pd(100) surface state is
embedded in the valence-band and readily decays
into the bulk, in contrast to the less efficient decay
of the localized Ag(11 1) surface state, This further
reduces the electron probability density at the
Pd(100) surface and suppresses recapture by the
ion for @ above 60°. A more direct assessment
of this surface state effect is evident by comparing
results of Pd(111) with Pd(100). Below @ = 60°,
however, the close predictions for Pd{111)} and
Pd(100), plus their similar differences from
Ag(111) resuits, indicate a predominant influence
of the image state dynamics in the neutralization
Process.

To further illustrate the main effect, we distin-
guish two regions of the ion-surface interaction.
In region I, the incoming trajectory populates first
the surface state and, at closer distances, the image
states. In region II, the reflected and depieted ion
recaptures electrons from the surface. These two
regions are shown in Fig. 3, where for 50° inci-
dence |4(5)]* is plotted against the distance of the
ion from its position of closest approach. For all
three surfaces, the effective electron loss on the
incoming trajectory are similar. Clearly, the final
ion-survival most sensitively depends on electron
recapture on the outgoing trajectory. There, in
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Fig. 3. |4(){* as a function of the vertical distance from the
turning point for incident 1 keV H™ ions. Negative and posilive
distances are for the incoming and outgoing segment of the
trajectory, respectively. The angle of incidence with respect to
the surface is 50°. Two distinct interaction regions are indicated.

region 11, similar 1on-survivals near the Pd surfaces
and the large difference between Pd and Ag(111)
results emphasize the overwhelming role of image
states in determining the final projectile charge
state.

Fig. 4 visualizes the image state dynamics in
terms of snapshots of the probability density
|@(r, £, D) for Ag(111) and Pd(111) targets at a
time of 50 a.u., after the projectile has reached
the position of closest approach to the surface.
The ion was incident from below the straight line
representing the surface. The population of the
Schockley surface state for both surfaces and their
similar decay along the parallel direction is seen.
However, the main difference in the electron den-
sity emerges at large distances on the vacuum side.
For Ag(111) the populated image states are seen
to more readily decay into the bulk through their
coupling with the conduction band. On the other
hand, for Pd(111) a bulging bigger hemisphere,
representing the populated localized image states,
is pushing the electronic density away from the
surface. The larger electron probability current
density into the Ag(l11) bulk is clearly seen; so
is the larger density distribution near the projectile
nucleus that indicates a higher rate of electron-re-
capture near the Ag(111) surface.
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Fig. 4. Electronic probability (logarithmic scale) for Ag{111)
{(upper panel)y and Pd(111) surfaces at a time of 50 a.u. after the
projectile has reached the position of closest approach to the
sutface, The ion approaches the surface at an angle of 50° with
respect to the surface and with an energy of 1 keV. The region
below the straight line, indicating the surface, is the vacuum
region.

4, Conclusion

We have shown that different H™ neutralization
probabilities near Ag(111) and Pd(111) surfaces
are mainly due to dissimilar characters of their
respective image states. The conduction-band-
embedded image states in Ag(111) strongly favor
electron recapture, while localized image states in
Pd(111) drive the electrons away from the ion
and hinder recapture. By comparing these results
with the results for Pd(100), we found that the

effect of the Schockley surface state in Pd(111)
can only counter this image state effect over a
small range of incidence angles near the normal
incidence.
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