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The nonmonotonic energy dependence of the Li0 fraction on high-work-function surfaces has not been
understood so far. To further study this phenomenon, in this work, efficient neutralization of Na+ ions has
been reported on various surfaces, instead of Li+ ions. The nonmonotonic energy dependence of the Na0 fraction
becomes more and more obvious with the increase of the surface work function. For Cu(111) and Cu(110) at the
scattering angle of 7°, the energy dependence of the neutral fraction is still nonmonotonic as compared to the
scattering angles of 135° and 53°. For the scattering angle of 53°, the nonmonotonic angle dependence has been
observed for these surfaces. The essences of the nonmonotonic angle and energy dependences are the same. The
quantum-mechanical calculations reveal that the width and position of the atomic level below the Fermi level at
short ion-surface distances are responsible for high neutral fractions at large exit energies, and that the neutral
fraction at much smaller exit energies is probably related to the neutralization at large distances. For the exit
angle dependence, the competition between neutralization at short and large distances strongly depends on the
surface work function. In particular, the neutralization is enhanced by the relatively large parallel velocity.
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I. INTRODUCTION

Charge transfer processes in ion- or atom-surface colli-
sions have been extensively studied both experimentally and
theoretically [1–8], since they play important roles not only
in the influence on charge states of scattered particles and
as a probe of the electronic structure of surfaces, but also
in a number of technological applications such as thin-film
growth [9], reactive ion etching [10], surface catalysis [11],
stimulated desorption [12], secondary-ion mass spectroscopy
(SIMS) [13], and low-energy ion scattering (LEIS) [14]. The
alkali-metal ions, as a probe, provide a more sensitive and
quantitative analysis of surfaces due to their low neutralization
probabilities. As a result, understanding the neutralization
mechanism of alkali-metal ions on different types of solid
surfaces is necessary.

Recent important developments in this field involve al-
ternative materials. The metal-oxide-semiconductor device
[Au/SiO2/Si(100)] bombarded by alkali ions was reported
to investigate internal hot electrons and the hole excitations
at the surface [15,16]. The neutralization of alkali-metal
ions scattered from clean and adsorbate-covered surfaces
was performed to probe the internal electronic structure
of adatoms [17–20]. Experimental studies of alkali-metal
ion neutralization on supported Ag and Au clusters were
performed [21–23] to illustrate quantum-size effects [24–26].
Recent theory has also addressed the case of electron transfer
on ultrathin films and the effect of quantization because of
the finite thickness of films [2,27,28]. In the limit of the
complete surface coverage by Au(111)-type films, it was

*chenlin@lzu.edu.cn
†guoyanling@lzu.edu.cn

observed that efficient neutralization of Li occurs, in spite of a
very large (5.4 eV) work function [29]. These curious features
are not understandable in the “standard” jellium free-electron
gas model. Therefore, a prerequisite for electron transfer
on these materials is the knowledge of the characteristic of
neutralization of alkali-metal ions on bulk surfaces.

The neutralization of alkali-metal ions on jelliumlike metal
surfaces is usually treated in the jellium free-electron gas
model of resonant charge transfer (RCT). The ionization levels
of alkali-metal ions are generally comparable to typical values
of metal work functions. When the atomic level of Na(3s)
(ionization potential 5.14 eV) is broadened and shifted up by
the image potential, remaining below the Fermi level of the
surface for large ion-surface distances, the neutralization of
Na+ ions occurs, while for short distances the atomic level
shifts above the Fermi level, and then the resonant ioniza-
tion takes place. As a result, the neutralization probability
decreases monotonically as the collision velocity increases,
because of the shorter electron capture time. This behavior
has been confirmed by a number of experimental studies
[21,30,31] and supported by the jellium model calculation,
mainly for relatively low-work-function surfaces.

In recent years, the neutralization of alkali-metal ions from
noble metal surfaces has also been quite actively investigated
[32–35]. A series of previous studies of Li+ neutralization on
Cu(100), Cu(111), Au(111), Au(100), Au(110), and Pd(100)
surfaces [30,32–34] clearly shows some common charac-
teristics for surfaces with large work function: The neutral
fraction is relatively high and tends to first decrease with
increasing energy and then increase again. This is not related
to the differences in details of the electronic structure of
these surfaces, and not understandable in the jellium model
calculation. On the theoretical side, recent work [36] has
indicated that efficient neutralization of Li+ scattering on Cu
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can occur at small ion-surface distances, because the Li level
shifts again below the Fermi level of Cu at distances below
4 a.u. from the first atomic plane. This feature could explain
large neutralization for an atom receding rapidly from the
surface after close approach, as opposed to the standard view
of an ion receding from the surface. Very recently, additional
efforts have been devoted to describing the energy dependence
[33,35–38]. However, the question of the nonmonotonic Li0

fraction dependence remains open.
In order to further understand the nonmonotonic neu-

tralization, we experimentally measured the neutralization
probability or fraction of Na+ ion scattering on Au(111),
Pd(111), Cu(111), and Cu(110) surfaces. For Li+ scattering,
in previous studies many high-work-function surfaces have
been used [30,32–34], while in the present study we attempt
to examine Na+ instead of Li+, because the ionization energy
of Na (3s) (5.14 eV) is smaller than that of Li (2s) (5.39 eV).
We would intuitively expect to get much less neutralization
for Na+ ion scattering on Au(111) and Pd(111) since the
ionization energy of Na(3s) is significantly smaller than the
work function of these two surfaces. As a comparison with that,
we have also measured the neutral fractions from Cu(111)
and Cu(110) surfaces with relatively smaller work function
(WCu(111) = 4.95 eV, WCu(110) = 4.49 eV). In this work, a sim-
ple theoretical model has also been presented, examining the
influence of the atomic level of the projectile on neutral fraction
at short ion-surface distances. Moreover, the parallel velocity
effect has been taken into account. The comparison between
our experimental results and theoretical calculations allows
us to improve the understanding of the dynamical electron
transfer characteristics of these exciting collisional systems.

II. EXPERIMENT

The experiments were performed in an ion-scattering
apparatus, shown schematically in Fig. 1. The main ultrahigh-

FIG. 1. Schematic diagram of the experimental setup.

vacuum (UHV) chamber has a diameter of 60 cm and is
equipped for ion-scattering spectroscopy (ISS) and time-of-
flight scattering and recoiling spectroscopy (TOF-SARS). It
has homemade Na+ and Ar+ ion guns, an electron gun, an
evaporator, and a quartz crystal microbalance (QCM). The
base pressure in the chamber is about 2 × 10−8 Pa attained
with the help of UHV turbomolecular and ion pumps. Na+
ions, with incident energies of 0.16–5 keV, are collimated to
the beam size of 1 × 3 mm2 and directed to the sample. The
sample was placed on a precision manipulator in the chamber.
Adjusting the manipulator, we can change the incident (exit)
angle measured with respect to the surface plane. In this work,
scattering angles were fixed at 135°, 53°, and 7°, respectively.
The sample azimuthal orientation was set arbitrarily.

The reflected particles from the surface passed through the
two post-target separated slits to avoid scattering on the wall
of the flight tube. The charge states of scattered particles were
then analyzed by a parallel-plate electrostatic analyzer. At the
end of the flight tube, charge-state separated particles were
recorded by a one-dimensional position sensitive microchan-
nel plate (PSMCP) detector [8,39]. The neutral fraction is
defined as N(Na0)/N(Na0 + Na+) where N(Na0) and N(Na+)
are the number of scattered particles corresponding to two
separated peaks recorded by the PSMCP detector. This can
be measured in a continuous-beam mode or pulsed-beam
mode using the TOF technique. As previously studied in Li+
neutralization [33], we did not observe significant differences
between the neutral fractions measured by these two beam
modes. The PSMCP detector consists of two 56-mm-diameter
microchannel plates (MCPs) stacked in a chevron configura-
tion and mounted above a 56 × 11 mm2 strip-type resistive
anode. The face of the first MCP is at ground potential and
the resistive anode is kept at 2200 V at which the measured
count rate becomes independent of pulse height. The detector
efficiency for particles with different charge states is assumed
to be identical at fixed energies [40–42]. A multiparameter
acquisition system [43] was used for data collection.

In situ preparation of the Au(111), Pd(111), Cu(111), and
Cu(110) surfaces consisted of many cycles of 3-keV Ar+
sputtering with a beam density of 2.0 μA/cm2 (30 min) and
subsequent annealing at about 770 K (15 min) using electron
bombardment. During sputtering, the sample was periodically
moved along the direction parallel and perpendicular to the
beam to ensure that the entire surface was exposed to the
beam uniformly. Surface cleanliness was then verified by
TOF-SARS using 3-keV Ar+ ions scattering on the sample
with a scattering angle of 20° and incident angles of 5° and
10° [44,45].

One of the main concerns in experiments of this type is
the possibility of Na implantation which would change the
surface work function. As an example, Fig. 2 shows TOF
spectra of Au(111) by TOF-SARS. There are two small peaks
on the right-hand side of the big peak of scattered argon,
corresponding to the recoil Na and impurity S particles (see
the inset). The relative intensity of Na (S) is defined as the ratio
of the recoil Na (S) intensity to the scattered Ar intensity. About
0.8% Na is implanted into the sample after a long measurement
time using Na+ ions (see the black line). The recoil S particles
come from the bulk impurity. The annealing process enhances
the segregation of S to the surface. This segregation can be
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FIG. 2. TOF spectra for 3-keV Ar+ ions scattering on Au(111)
with an incident angle of 10° and a scattering angle of 20°. Na(DR)
and S(DR) represent the recoil Na and S particles from the surface,
respectively. Ar(S) denotes the scattered Ar particles. The recoil
intensities of adsorbates such as Na and S are significantly reduced
after many cycles of sputtering and annealing.

removed continuously by ion bombardment. After many cycles
of preparing the surface with care, the amount of S impurities
approximately decreases from 0.4% down to 0.3%, and Na
is below 0.3% close to the background level. It is regarded
as a clean surface. Furthermore, cross checks of the surface
cleanliness are made at the beginning, in the middle, and at the
end of a series of measurements.

III. RESULTS

During the measurements, we found that no recoil Au and
Pd particles are observed in the TOF spectra for energetic Na
ion scattering on Au(111) and Pd(111) surfaces, respectively,
as shown in Fig. 3. In contrast, for Cu(111) and Cu(110),
we observed some recoil Cu particles, particularly for large
incident energies and around the specular scattering geometry.
Thus we have corrected the neutral fractions via the TOF
spectra for Cu(111) and Cu(110) surfaces in the following
figures.
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FIG. 3. TOF spectra for 4-keV Na+ ions scattering on Pd(111)
and Cu(110) surfaces with an incident angle of 25° and a scattering
angle of 53°. Na(S) and Cu(DR) represent the scattered Na and recoil
Cu particles from the surface, respectively.
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FIG. 4. (a) Neutral fractions obtained on a Au(111) surface as a
function of incident energy of Na+ at a scattering angle of 135°. ( )
corresponds to an incident angle of 67.5° and an exit angle of 67.5°.
(b) Neutral fractions obtained on Pd(111) ( ) and Au(111) ( )
surfaces for a scattering angle of 53° with an incident angle of 25°
and an exit angle of 28°. (c) Neutral fractions obtained on Cu(110)
( ) and Cu(111) ( ) surfaces for a scattering angle of 53° with an
incident angle of 25° and an exit angle of 28°.

We measured neutral fractions for 0.16–5-keV Na+ ions
scattering on Au(111), Pd(111), Cu(111), and Cu(110) sur-
faces as a function of incident energy for a random scattering
azimuth. For the scattering angle of 135°, Fig. 4(a) shows
neutral fractions for Na+ in specular scattering on Au(111)
with an incident angle of 67.5°. We find a fairly large
neutral fraction of about 2.5%–25%. It is surprising that
efficient neutralization is still observed for Na with a lower
ionization energy (5.14 eV) as compared to Li (5.39 eV)
on a surface with the large work function of 5.4 eV. The
neutral fraction first decreases with the increase of incident
energy, and then increases as incident energy increases. At
low energies a significantly higher neutral fraction is observed.
This nonmonotonic incident energy dependence has also been
observed in the previous studies on the neutralization of Li+
ions scattering on Au(111) [32] and Cu(111) [32,37], and
Au(110) and Pd(100) surfaces [33] in the lower incident energy
range of <2 keV.

For a scattering angle of 53° with an exit angle of 28°, in
Figs. 4(b) and 4(c), the neutral fractions for Au(111), Pd(111),
Cu(111), and Cu(110) surfaces are displayed together for
comparison. For Au(111), the neutral fraction has a similar
trend and magnitude to that shown in Fig. 4(a). For Cu(111),
the curve trend is also similar and the neutral fraction is slightly
larger than that of Au(111). It indicates that the different
scattering angles of 135° and 53° have no influence on the
shape of the energy dependence of the neutral fraction.

For Pd(111) and Cu(110) surfaces, the neutral fractions
decrease monotonically when the incident energy is less than
2 keV, and the trends are similar to the results measured for
low-work-function surfaces like Ag(111) [32], Cu(001) [37],
and Ag(001) [46] at incident energies less than 2 keV. While
for the incident energy more than 2 keV, the neutral fraction
for Cu(110) does not continuously decrease and it seems to
increase slightly. For Pd(111) the neutral fraction increases
significantly, at incident energies between 2 and 5 keV, from
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FIG. 5. Neutral fractions obtained in scattering on Cu(111) and
Cu(110) surfaces as a function of incident energy of Na+ for scattering
angles of 53° (an incident angle of 25° and an exit angle of 28°) and
7° (in specular scattering). ( ) and ( ) correspond to scattering angles
of 7° and 53° on Cu(110), respectively; ( ) and ( ) correspond to
scattering angles of 7° and 53° on Cu(111), respectively.

about 10% up to 20%. In addition, the neutral fraction of
Pd(111) is similar to that of Li+ in specular scattering on
Pd(100) at a scattering angle of 83° [33].

It is interesting that the neutral fraction of Na+ scattering
on Cu(111) at a scattering angle of 53° is nearly the same as
that at a scattering angle of 7° (in specular scattering) when the
incident energy is larger than 0.5 keV, as shown in Fig. 5, but
below 0.5 keV, the neutral fraction for the scattering angle of 7°
increases faster than that for the scattering angle of 53°with the
decrease of incident energy. For Cu(110), the neutral fractions
measured at two scattering angles are also similar to each other.
It indicates again that the shape of the energy dependence does
not change for different scattering angles investigated.

We display in Fig. 6 the exit-angle-dependent neutral
fractions for Na+ scattering on Au(111), Cu(111), Pd(111),
and Cu(110) surfaces at the 53° scattering angle. The non-
monotonic behavior of the neutral fractions is qualitatively
similar to the Li+ neutralization results on Au(110) and
Pd(100) at the 83° scattering angle [33]. In particular, the
exit angle corresponding to the minimum of neutral fraction
decreases from ∼40° to ∼22° with the increase of work
function. As an example, in Fig. 6(d) we present the neutral
fractions for 0.4-, 0.6-, 0.8-, and 1.6-keV Na+ ions. As the
incident energy increases, the neutral fraction decreases and its
minimum region becomes broader for Cu(110) [Fig. 6(d)] with
the lowest work function (4.49 eV). The trend of the neutral
fraction of 1.6-keV Na+ ions is similar to other surfaces as
shown in Figs. 6(a)–6(c). It indicates that the nonmonotonic
exit angle dependence could be a common feature for surfaces,
whatever the work function.
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FIG. 6. Neutral fractions as a function of exit angle for 1.6-keV ( ) and 4-keV ( ) Na+ scattering on (a) Au(111), (b) Cu(111), (c) Pd(111)
surfaces with a scattering angle of 53°. (d) Neutral fractions for Cu(110) in collisions with 0.4-, 0.6-, 0.8-, and 1.6-keV Na+ at a scattering
angle of 53°, respectively. The gray area represents the increasing neutral fractions at large exit angles.
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IV. DISCUSSION

In the experiment, we observe dynamical neutralization
of Na+ ions scattering on various surfaces with different
work function values. The nonmonotonic behavior has been
observed in the incident energy and exit angle dependences.
The efficient neutralization of Na+ on Au(111) and Pd(111)
is surprising, because its ionization energy level is above the
Fermi level of these surfaces. For Pd(111) and Cu(110), the
neutral fraction first monotonically decreases (<2 keV), and
then increases at incident energies between 2 and 5 keV. For
Cu(111) and Cu(110), the neutral fraction at a scattering angle
of 7° is nearly the same as that at 53°. The angle dependences
of the neutral fraction are still nonmonotonic for these four
surfaces.

In the following, we will focus on the understanding of
the nonmonotonic energy and angle dependences of neutral
fraction on various surfaces and modify the Brako-Newns
(BN) model in two aspects: (1) the projectile energy level
and width near the surface; (2) the parallel velocity effect.

A. Width and position of atomic level

As we know, the simple jellium model using the rate
equation can reproduce well the experimental results of Li+
neutralization on Cu(100) [30] and Ag(100) [31] where the
neutral fraction monotonically decreases with incident energy,
but it fails to describe the neutralization of Li+ ion scattering
on Au(111) and Cu(111) [32], Au(110) and Pd(100) [33], and
Au(100) [34], and the neutralization of Na+ ion on Cu(001)
[47], in which the nonmonotonic neutral fractions have been
observed.

In the previous work [33], we have calculated the number
of Li valence electrons as a function of the atom distance to the
surface and embedded it in the rate equation with an adjustable
free parameter. This static charge evolution comes from the
first-principle calculation of density functional theory (DFT).
On the other hand, there are state-of-the-art theories developed
by Gauyacq and Borisov and co-workers [48,49] and Onufriev
and Marston [50], as well as by Goldberg and co-workers [37].
From the view of experimentalists, one prefers to roughly
estimate the neutral fraction using a simple model with an
intuitive physical picture, taking a small amount of computing
time. The BN model is easy to handle [47,51], which recently
has been used to understand the efficient neutralization of Li+
and Na+ ions scattered from metal surfaces [52].

The BN model is one of the forms of the spinless one-level
Newns-Anderson Hamiltonian and allows for a determination
of the occupancy of the projectile atomic level after scattering
from the surface. The details of BN model can be found
elsewhere [51]. According to the BN model the occupancy
of the atomic state na(t) as a function of time t is given by

na(t) = na(t0) exp

[
−2

∫ t

t0

�(t ′)dt ′
]

+ 1

π

∫
dεf (ε,T )

×
∣∣∣∣
∫ t

t0

√
�(t ′) exp

(
−iεt ′ −

∫ t

t ′
[iεa(t ′′)

+ �(t ′′)]dt ′′
)

dt ′
∣∣∣∣
2

, (1)

0 5 10 15 20 25 30
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0
(I) (III)

E
ne

rg
y 

le
ve

l (
a.

u.
)

Ion surface distance (a.u.)

 Na(3s)
 Au(111) Fermi level
 Cu(110) Fermi level

(II)

FIG. 7. The Na(3s) energy-level position and width as a function
of ion-surface distance. The zero of the energy scale is set at the
vacuum level. The red line represents the downshift of the energy
level with decreasing the ion-surface distance and the energy width
is given by error bars; the black dotted and dashed lines represent
the Fermi level of Au(111) and Cu(110), respectively. The Na(3s)
energy-level behavior can be divided into three regions with respect
to the Fermi level of Cu(110): (I) below the Fermi level at short
distances, (II) above the Fermi level, and (III) below the Fermi level
again.

where f (ε,T ) = 1
1+exp[(ε−μ)/kBT ] is the Fermi distribution, and

μ = 5.51 eV is the chemical potential of gold, with 7.00 and
7.69 eV for copper and palladium, respectively. kB is the
Boltzmann constant, and temperature T = 300 K. The half
width of the atomic resonance is given by [47]

�(t) = �0[
e4αz(t)+

(
�0
�sat

)4]1/4 . (2)

For z(t) → 0,�(t) → �sat provided that �0 � �sat which
is typically true. For �sat → ∞, the simple exponential form
�(t) = �0e

−αz(t) is obtained. In this work, �sat = 0.18 a.u.

[37], �0 = 0.83 a.u., α = 0.70 [53], and the related energy
width is given by error bars as shown in Fig. 7.

In Eq. (1), the first term is the memory term and represents
the decay of the initial filled level into the unoccupied
metal states. na(t0) is the initial occupation. The second term
describes the creation and annihilation of charge on the atom
along its trajectory. In Eq. (2), we have considered that the
energy-level width is finite at short ion-surface distances.

Normally, the energy level εa(t) of the atomic state of the
positive projectile shifts upward as the ion-surface distance
decreases. In the scattering of Li+ on Cu(100) and Cu(111)
surfaces [36], and on a highly oriented pyrolytic graphite
(HOPG) surface [54], Goldberg and co-workers theoretically
found the downshift of the ground-state energy level of Li(2s)
close to the surface which is the result from the interaction of
a Li projectile with all the surface atoms of the solid along
its trajectory. We assume that the shape of the energy level of
Na is similar to that of Li [37], although we have not found
the exact expression in the literature at present. Following the

052705-5



LEI GAO et al. PHYSICAL REVIEW A 96, 052705 (2017)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0

10

20

30

40

50
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

10

20

30

40

50

60

70

80

90

100

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0

5

10

15

20

25

30

35

40

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0

5

10

15

20

(b)  Cu(111)
 without downward shift
 downward shift

 Cu(110)(a)
 without downward shift
 downward shift

(d)

N
eu

tra
l f

ra
ct

io
n 

(%
)

 Au(111)

Perpendicular exit velocity (a.u.)

 without downward shift
 downward shift

(c)  Pd(111)
 without downward shift
 downward shift
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of Na+ ions, corresponding to a scattering angle of 53°, and an exit angle of 28°. The solid and dashed lines are calculated results with and
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shape of the Li level, the fitting expression is given by

εa(t) =
{

A0 + A1z(t) + A2z(t)2 + · · · + A6z(t)6, z(t) � 7.44 a.u.

−0.232 63 + 1
4[z(t)−3.3669] , z(t) > 7.44 a.u.

, (3)

where A0 = −0.311 24, A1 = 0.240 12, A2 = −0.027 98,
A3 = −9.663 86 × 10−5, A4 = 2.245 11 × 10−4, A5 =
−1.466 74 × 10−5, and A6 = 2.949 08 × 10−7, z(t) is the
ion-surface separation measured from the real surface.

In Fig. 7, Eq. (3) describes the downward shift of the atomic
level of Na, which simply shifts up 0.25 eV (the binding energy
difference between Na and Li) with respect to the atomic level
of Li. For Cu(110), the energy level of Na(3s) has been divided
into three parts. Region I corresponds to the electron capture
region where the atomic level is below the Fermi level of
Cu(110), region II is associated with electron loss, and region
III is associated with electron capture again at large distances,
while for Au(111) with high work function, there are only
regions I and II.

In Fig. 8, we calculate neutral fractions of Na+ scattered
from these surfaces, using the lifetime and energy of the
Na(3s) resonance calculated by Nordlander and Tully [53],
and Borisov et al. [55] (not shown here). The exit velocity
is calculated with the binary collision model from the inter-
action energy of the dimer projectile-metal atom system. For
Cu(111), the calculated neutral fraction using Nordlander’s

width is nearly the same as Borisov’s. For Cu(110), Pd(111),
and Au(111) surfaces, it seems that the calculation using
Nordlander’s width is closer to the experimental data. The
calculations without the downward shift of energy level
have been displayed in the figure for comparison. For low
perpendicular exit velocity, the position of atomic energy level
at short distances (region I) has no significant influence on the
neutral fraction, but at relatively high velocities the effect of
the downward shift of the atomic level on the neutral fraction
is significant. It indicates that at relatively high velocities
neutral atoms coming from neutralization at short distances
(region I) survive along the outgoing trajectory due to the short
interaction time. Note that, in the energy range investigated, we
find that the initial occupation na(t0) = 1 or 0 has no influence
on the final neutral fraction, which indicates the memory of
the initial charge state is lost.

Considering the downward shift of the atomic level of
Na below the Fermi level at short distances, the calculated
neutral fraction for Cu(110) presents a nonmonotonic velocity
dependence. The neutral Na atoms are formed in region I
and become positive ions in region II as they move away
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from the surface, as shown in Fig. 7. The low exit velocities,
corresponding to the long interaction time, could cause the
neutral atoms formed in region I to completely become positive
ions in region II. In contrast, the high exit velocity could cause
the survival of a fraction of the neutralized ions in region II.
These resulting positive ions are efficiently neutralized again
in region III where the low neutralization is expected for the
short interaction time. As a result, for low exit velocities,
the neutralization in region III determines the final neutral
fraction, so that the calculated neutral fraction for Cu(110)
monotonically decreases with increasing exit velocity. In
contrast, for high perpendicular exit velocities, what happens
close to the surface becomes more important. The neutralized
atoms survive in region II and dominate the final neutral
fraction, so that the interaction time for reionization decreases,
resulting in the increment of the survival probability of neutral
atoms for high exit velocities.

As opposed to the case of Cu(110), this model does not
reproduce well the nonmonotonic velocity dependence of
neutral fraction on Cu(111), Au(111), and Pd(111) surfaces
(see Fig. 8), although we consider the position and width
of atomic level at short ion-surface distances. Goldberg and
co-workers [36,37,54] reported that theoretical calculations
can satisfactorily describe the trend of neutral fraction for
Li+ scattering on Cu(100) and Cu(111) at high exit energies,
but fail at low exit energies, which is similar to our case.
At a projectile-surface distance of about 14 (8) a.u. for
Cu(111) [Cu(001)], the projectile energy level crosses below
the Fermi level which makes the electron capture process
possible; however, electron capture would be impossible due to
a negligible energy width at these distances. In a recent paper
[37], the coupling interaction of a Li-Cu system that requires
the inclusion of more surface atoms adds a slight contribution
to the energy-level width and makes electron capture viable at
such large distances (see Fig. 9 in Ref. [37]).

In Fig. 7, the energy level of Na(3s) follows the behavior
of Li(2s) [36,37] (see the red line). For Au(111), efficient
neutralization occurs at short distances (region I), while
electron capture would be impossible at large distances (region
II) due to a negligible energy width. Thus the final neutral
fraction is mainly determined by the interaction time near
the surface. At low perpendicular exit velocities, departing
from the surface, the formed neutral atoms spend more time
above the Fermi level of Au(111) and completely lose the
electron and finally become positive ions. In contrast, at high
perpendicular exit velocities, we can observe a large survival
probability of neutral atoms, as shown in Fig. 8. Neutralization
on Pd(111) and Cu(111) is the same as on Au(111).

It should be pointed out that the reionization of Na atoms
could possibly contribute to the reduction of neutralization
at high incident energies. The reionization of Na atoms will
lead to loss of more kinematic energies. In the time-of-flight
spectra of 2-keV Na+ scattering from Bi2Sr2CaCu2O8+δ at
a scattering angle of 150°, a broad shoulder at longer flight
times corresponding to neutral atoms losing more energies has
been observed [56]. This structure has also been previously
observed for 3-keV Na+ scattering from a CeO2(100) surface
at a scattering angle of 150° [57]. It indicates that, even if
the projectile is reionized, it suffers neutralization again and
contributes to the broad background spectra of neutral atoms.

In the scattering angle of 95°, for 3-keV Na+ scattering on
Au(111), we have not found an obvious shoulder structure (not
shown here), which is similar to that shown in Refs. [20,23]. In
Fig. 5, in this work, for the scattering angle of 7°, reionization
of Na does not take place due to very large impact parameters.
The impact parameter is the perpendicular distance between
the path of a projectile and the center of a potential field created
by the target that the projectile is approaching. Moreover, the
neutral faction monotonically increases with the increase of
incident energy, and has no trend of decrease at high energies.
Therefore, to some extent, in our case reionization plays
a less important role in the energy dependence of neutral
fractions.

B. Parallel velocity effect

In Fig. 6 for Na+ scattering on Au(111), large exit angles
correspond to large perpendicular exit velocities where the
initially formed neutral atom spends a shorter time near the
surface and undergoes less electron loss. Nevertheless, at
small exit angles, the increased neutral fraction cannot be
qualitatively understood. On the other hand, for the energy
dependence a big difference between calculation and experi-
ment has been observed. It may be related to the kinetically
parallel velocity effect.

The parallel velocity effect has been well studied in
ion-surface scattering at grazing incidence angles where
Winters [58] and Borisov and co-workers [59,60] develop
the nonperturbative coupled angular mode model. Combining
the rate equation, they give quantitative correspondence to
experimental data for grazing scattering. Here we simply use
the Doppler-Fermi-Dirac distribution function instead of the
Fermi function f (ε,T ), which is given by [58]

fk+Q =

⎧⎪⎨
⎪⎩

1 , k � kF − Q

k2
F −(k−Q)2

4kQ
, kF − Q < k < kF + Q

0 , k � kF + Q

, (4)

where kF and k are the Fermi momentum and momentum of
metal electrons, and Q is the parallel velocity of the scattered
particles.

Considering the downward shift of the atomic level and
the parallel velocity effect, we have calculated the neutral
fractions as a function of perpendicular exit velocity using the
modified BN model, as shown in Fig. 9. The results without the
parallel velocity effect have also been displayed in the figure
for comparison. For a fixed exit angle, high perpendicular exit
velocity corresponds to high parallel velocity. It is observed
that the parallel velocity effect is significant at relatively
high exit velocities and disappears at low perpendicular exit
velocities [see Fig. 9(a)]. At high perpendicular exit velocities,
the increased neutral fraction is due to the parallel velocity
effect which enhances the effective overlap between the
resonance shell and the Fermi sphere in the vicinity of the
crossing point between regions I and II.

The nonmonotonic angle and exit velocity dependences
are explained in the same physical picture. In Fig. 6, the
gray areas present the neutralization taking place in region
I (short distances). At large exit angles, for a given incident
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FIG. 9. The calculated neutral fractions obtained in scattering on Cu(110), Cu(111), Pd(111), Au(111) as a function of perpendicular exit
velocity for fixed scattering angles of 53° and 135° as labeled. In (a)–(d) for the scattering angle of 53°, the incident angle is 25° and the exit
angle is 28°. In (e) for the scattering angle of 135°, the incident angle is 67.5° and the exit angle is 67.5°. The experimental data are from Fig. 4.
The lines are calculated results with and without parallel velocity effects, respectively.

energy, the formed neutral atoms (in region I) will survive in
region II when departing from the surface due to the short
interaction time, which is similar to the case of high exit
velocity. As a consequence, the survival of neutral atoms
decreases with the decrease of exit angle. The calculation
without the parallel velocity effect supports this as shown
in Figs. 10(a)–10(c) for Au(111), Pd(111), and Cu(111),
although the calculated results are much smaller than the
data. In contrast, for Cu(110) in Fig. 10(d), the calculation
without the parallel velocity effect fails at large exit angles,
and it monotonically decreases with increasing exit angle.
It indicates that in the calculation the contribution of the
neutralization at short distances has been hidden by that at large
distances, but the neutralization at short distances has still been
experimentally observed for Cu(110), which indicates that exit
angle is an appropriate parameter to study the short-distance
interaction for low-work-function surfaces. On the other hand,
at small exit angles, the neutralization mainly takes place in
region III (large distances) where the large neutral fraction is
favored by the long interaction time. In the case of Cu(110),
the calculated results follow the trend of the experimental data
at small exit angles, but it fails for the cases of Au(111),
Pd(111), and Cu(111) due to negligible energy width for
neutralization in region II or III. In addition, in Fig. 6 the exit
angle corresponding to the minimum of neutral fraction shifts
from ∼40° to ∼22°with the increase of surface work function,
which further indicates that the neutralization at short distances
gradually dominates for high-work-function surfaces. This is
similar to the case of the exit velocity dependence.

Considering the parallel velocity effect, the calculated
neutral fraction increases significantly at small exit angles
in Figs. 10(a)–10(c), since small exit angle corresponds
to high parallel velocity for a given incident energy. For
high-work-function surfaces, the parallel velocity enhances
the neutralization, corresponding to decreasing the surface
work function or increasing the binding energy of the
projectile.

At present, the model cannot resolve the neutralization at
large distances for high-work-function surfaces. Therefore the
calculation cannot reproduce the trend at low perpendicular
exit velocity or that at low exit angle. Note that, compared
with (111) faces, the nonmonotonic exit energy and angle
dependences have also been observed in the previous studies
on the neutralization of Li+ ions scattering on Au(110) and
Pd(100) surfaces [33] and in this work for Na+ ions scattering
on Cu(110), which is independent of the differences in details
of the electronic structure of these surfaces. In general, the
calculated results are not in quantitative agreement with
experiment. First, the L-band gap is a characteristic of all
the (111) faces of noble metals. For (111) faces, the calculated
results are lower than the data, since in our calculation the
jelliumlike energy-level width is used and does not consider
the realistic electronic structure of the (111) surfaces. At short
distances, the Na(3s) state lies below the band gap, and it
is in resonance with the valence band of the surface. As the
ion-surface distance increases, the presence of the L-band gap
should lead to a strong decrease in electron loss from the
populated Na(3s) level to the conduction band of the (111)
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4-keV ( ) Na+ scattering on (a) Au(111), (b) Cu(111), (c) Pd(111), and (d) Au(111) surfaces with a scattering angle of 53.

face [32,33]. Second, for the (111) faces, the surface states are
close to the bottom edge of the band gap, which may affect the
neutralization process via quasiresonant electron capture from
the surface states [32]. Compared with Au(111) and Cu(111),
the first image state in Pd(111) is located almost at the center of
the band gap. The image state may enhance the neutralization
rate, which has been reported for the case of Li ion scattering
[35]. Third, in the model the position and the width of the
Na(3s) level are approximately obtained from the literature.
This may introduce the difference between calculation and
experiment.

It is important to remark that some efforts have been devoted
to the unknown physical mechanism of efficient neutralization
at large distances for high-work-function surfaces. First, the
inclusion of a large number of surface atoms is essential to
change the energy-level width at large ion-surface distances
and increase the neutral fraction in the low-energy range [37].
Second, the correct inclusion of electronic structure of surfaces
(i.e., surface states, image states [35], and band gaps [48,61]),
might improve the theoretical description. At last, the multiple
collision events [62], related to the trajectory effect [33],
should also be taken into account for efficient neutralization at
much low velocities.

V. CONCLUSIONS

In this work, we have presented data of Na+ neutralization
on Au(111), Pd(111), Cu(111), and Cu(110). This work
has improved significantly on our previous work in four
aspects. First, the angle-dependent neutralization has been
systematically measured for these four surfaces. Second, we
have used a small scattering angle of 7° to compare with the
results from large scattering angles. Third, we have extended
the incident energy to 5 keV. Fourth, we have provided
a quantum-mechanical method to describe the dynamical
neutralization process, which is kept rather simple and easy
to handle.

For high-work-function surfaces like Au(111) and Pd(111),
efficient neutralization has been surprisingly observed. For
these four surfaces, the neutral fraction decreases with the
increase of the work function. With the increase of surface
work function, the nonmonotonic energy dependence of the
neutral fraction becomes more and more obvious in the
extended energy range investigated. For Cu(111) and Cu(110)
at the scattering angle of 7°, the energy dependence of the
neutral fraction is still nonmonotonic as compared to the
scattering angles of 135° and 53°. Compared to Au(111)
and Pd(111), Cu(110) with lower work function still has the
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nonmonotonic angle dependence of the neutral fraction, which
indicates that the dynamic neutralization at short distances
can be well studied via measuring the exit angle dependence.
Moreover, the competition between neutralization at short
distances and at large distances strongly depends on the surface
work function.

The neutralization cannot be completely understood by
the jellium model. Our calculations based on the well-known
BN model clearly delineate the dynamical electron transfer
features in alkali-metal ion neutralization. The essences of the
nonmonotonic energy and angle dependences are the same, in
spite of the differences in details of the surface work function
and electronic structure of these surfaces. The atomic level
shifts down below the Fermi level at short distances (region
I), which causes high neutralization probability dominating
at relatively large exit energies, while the neutralization at
large distances (region III) dominates at lower exit energies.
The neutralization may be enhanced by the relatively large
parallel velocity. The parallel velocity effect corresponds to
the reduced work function or the increased binding energy
of the projectile which leads to the increase of the crossing
distance between the Fermi level and the atomic level (region
I). Thus the neutralization affected by the parallel velocity

effect is significant at large exit energies or at low exit angle,
as shown in Figs. 9 and 10.

Note that the modified BN model can reproduce the
nonmonotonic neutral fraction trend for Cu(110); however,
it fails in the case of high-work-function surfaces because at
present we have not found a reasonable mechanism responsible
for efficient neutralization at large distances where the atomic
level may be above the Fermi level of the surface. Therefore we
expect that this work will stimulate further theoretical study
on this subject.
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