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Low-energy electron spectra are reported for 60- and 100-keV multicharged ions interacting at an in-
cident angle of 20° with Au and Cu surfaces. Analysis of the spectra indicate that at least two features
contribute. The first feature represents the major contribution to the total electron yield and consists of
5-10-eV electrons emitted over a wide range of angles. The angular distribution of this component is
not symmetric with respect to the surface normal, but shows an increase in the forward direction of the
incident ions. It will be shown that this component arises predominantly from below the surface. Possi-
ble potential-emission mechanisms which may contribute will be discussed. The second feature, which
constitutes a minor part of the overall electron emission, occurs at higher electron energies (~20 eV),
and is peaked at the extreme forward angles. Binary encounters between incident ions and metal elec-
trons at the surface-vacuum interface will be shown to describe the main features of this component. At
even higher electron energies ( >40 eV) the spectra show a tail whose slope does not depend on either
the initial charge state or kinetic energy of the incident ions. The invariance with kinetic energy is in
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sharp contrast with the corresponding experimental results from ion-atom collisions.

PACS number(s): 79.20.Nc, 34.70.+e, 79.90.+b

I. INTRODUCTION

During the interactions of slow multicharged ions
(Vjon =0.1 a.u.) with metal surfaces, electrons from the
conduction band are captured into Rydberg levels of the
ions at large distances above the surface, leading to the
formation of multiexcited, so-called “hollow” atoms
[1-14]. As they approach the surface, the deexcitation of
these multiexcited atoms (with Z <20) presumably takes
place via a cascade of intra-atomic Auger transitions,
each step resulting in the emission of a low-energy elec-
tron [15]. The time the ions spend above the surface at
these interaction energies, however, is much shorter than
the estimated overall cascading time for complete relaxa-
tion [5,10]. Therefore it is likely that the atoms will be in
a multiexcited state when they reach and interact with
the surface. Close to the surface, the screening of the
positive cores of the projectiles by the metal conduction
electrons will increase rapidly, thereby strongly decreas-
ing the binding energy of the excited projectile electrons,
which will be either recaptured by the metal into unoccu-
pied levels, promoted to the continuum, or “peeled off”
[10] at impact. Subsequent electron capture very close to
the surface and after the ions have penetrated the bulk
will take place into much lower n states of the ions, fol-
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lowed by rapid innershell intra-atomic Auger transitions
[6].

For N°* and O’ ions grazingly incident on metal sur-
faces, these intra-atomic Auger transitions filling the L
shells and the K shell have been observed experimentally
[4,5]. Recently, we have shown that the observed KLL
Auger electron yields are consistent with model simula-
tions which assume that capture into low-n states occurs
when the ions penetrate the surface, followed by inner-
shell Auger transitions [6,16]. Above-surface KLL emis-
sion was shown to occur [6] only at very small perpendic-
ular velocities (v;,, <0.01 a.u.), in which the effective
time the ions spend above the surface approaches the
overall cascading time. The intensity of the observed
above-surface KLL emission is in reasonable agreement
with the results from model simulations for the above-
surface Auger cascade and can thus be argued to confirm
the transient existence of these interesting atomic systems
above metal surfaces. Direct experimental evidence for
the production and relaxation of multiexcited ‘“hollow”
atoms above metal surfaces, however, has yet to be
found. Also, the ultimate fate of the Rydberg electrons
carried by such hollow atoms toward the surface (recap-
ture by the surface, promotion into the continuum, or
“peeling off”” due to projectile core screening) remains an
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incompletely resolved question. Recent statistical
analysis of the electron emission for much lower projec-
tile velocities, in concert with modeling studies [17], has
suggested that these electrons may contribute to the
overall yield via the mechanisms enumerated above, as
well as via fast Auger processes [18].

The main focus of experiments to date has been on the
characteristic KLL and LMM Auger transitions and,
more recently, on K x-ray transitions [7-9]. The dom-
inant contribution to the electron emission, however,
consists of low-energy electrons. A study of these elec-
trons should provide more detailed information on the
atomic structure and deexcitation mechanisms of “hol-
low” atoms since, e.g., the initial phase of the above-
mentioned cascade involves predominantly low-energy
electrons arising in Auger transitions involving closely
spaced Rydberg states. Information on these low-energy
electrons can be obtained from total-electron-yield mea-
surements [19], from emission-statistics measurements
[18,20,21], and from low-energy electron spectra. The
analysis of low-energy electrons, however, is complicated
by contributions from, e.g., secondary electron emission
induced by electrons traveling in the surface, and kinetic
emission, which has been shown to contribute
significantly for ion velocities larger than roughly 0.05
a.u. [19,22].

Presented here are the low-energy parts of the electron
spectra measured for various N ions incident at 20° on
Cu(001) and Au(011) single-crystal surfaces. Measure-
ments have been performed for a series of observation an-
gles, for several different ion velocities and charge states,
and as a function of the surface cleanliness. The kinetic
energy of the ions is in the range of 60—100 keV, which is
sufficient for significant penetration of the bulk to occur
under the incidence conditions used. An analysis of the
low-energy electron spectra shows the presence of at least
two components. The first has an energy distribution
which peaks at energies below 10 eV and constitutes the
major fraction of overall electron emission. The depen-
dence of this component on the emission angle suggests
that the bulk of these electrons is produced in the subsur-
face region. The second feature makes up only a small
fraction of the total electron emission and consists of
15-20-eV electrons emitted at extreme forward angles.
The latter feature is consistent with electron ejection in
binary-encounter collisions between the incident ions and
metal electrons at the surface-vacuum interface. In the
region of electron energies =40 eV, the electron spectra
are characterized by exponentially decreasing slopes,
which are virtually invariant with the charge state and ki-
netic energy of the incident ions. The mechanisms that
may be responsible for these various features in the elec-
tron spectra will be explored.

II. EXPERIMENT

As the apparatus has been described elsewhere [2,16],
only a brief description will be given here. The single-
crystal surfaces of Cu(001) and Au(011) were prepared by
cycles of sputter cleaning with 1-keV Ar™ ions incident
at an angle of approximately 30°, and annealing up to
temperatures of 700°C. The surface cleanliness was fre-
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quently checked by Auger electron spectroscopy (AES).
The measurements were performed at a background pres-
sure of typically 10~% Pa. Multicharged ions, extracted
from the Oak Ridge National Laboratory Electron Cy-
clotron Resonance (ORNL-ECR) ion source, were direct-
ed on to the single-crystal surface. The crystal was
mounted on a manipulator which allowed for a full rota-
tion ¥ around an axis in the surface plane perpendicular
to the incident ion beam, and for an azimuthal rotation ¢
of 90° around the surface normal. The angle-resolved
electron energy spectra were measured with a hemispher-
ical analyzer in combination with a channel plate detec-
tor. The analyzer was rotatable over about 120° in a
plane containing the incident beam and the surface nor-
mal.

To ensure reliable detection of low-energy electrons,
Helmholtz coils were used to minimize the magnetic field
in the interaction region and the channel plate detector’s
front end was biased at +300 V to accelerate low-energy
electrons before detection. Using the present setup, elec-
trons with energies as low as 5 eV can be reliably detect-
ed. The spectra have an absolute uncertainty of roughly
30%, and a 10% relative uncertainty for successive spec-
tra.

A. Ion-induced electron emission from Cu(001)

The electron energy spectra measured at different ob-
servation angles are shown in Fig. 1 for 100-keV N°®*
ions. The spectra seem to consist of at least two com-
ponents indicated by the vertical dashed lines, one having
an energy distribution which peaks at energies below 10
eV, the other around 20 eV. The intensity of the sub-10-
eV electrons strongly decreases for grazing observation
angles. This suggests that the electron emission is dom-
inated by emission from below the surface, where the
number of electrons observed is limited by the path
length that the electrons have to travel prior to escape
from the surface. We will refer to these electrons as the
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FIG. 1. Absolute electron energy spectra for 100-keV N°®*
ions incident on Cu(001) at 20° in the (100) plane. The results
for six different observation angles are shown with offsets in-
creasing in steps of 0.1 electrons/(ion sreV). Two separate com-
ponents (see text) are indicated by vertical dashed lines. The ex-
perimental setup is shown in the inset.
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subsurface electrons. The intensity of the 20-eV elec-
trons, on the other hand, strongly increases in the for-
ward directions, indicating an emission mechanism that
is both strongly correlated with the direction of the in-
cident ions and located closer to the surface. We have
made sure that these electrons originate from ion-surface
interactions and not from, e.g., ion scattering in the
analyzer, by applying a series of bias voltages to the crys-
tal and observing the appropriate shifts of the electron
energy distribution. We have also observed a dependence
of the shape and position of this 20-eV component on the
kinetic energy of the incident ions, as is shown in Fig. 2.
Decreasing the kinetic energy of the incident ions from
100 to 60 keV results in a decrease of the width and total
intensity of the peak and, also, a significant shift to lower
energies of this peak from roughly 20 to 14.5 eV. Be-
cause of these ‘““‘dynamic” properties, we will refer to elec-
trons making up this peak as dynamic electrons. A dis-
cussion of possible emission mechanisms giving rise to
these electrons is deferred to the next section.

It is interesting to study the high-energy tails of the
electron energy distributions extending beyond the ‘“dy-
namic” peak. The electron energy distributions for 60-
and 100-keV N°* ions incident at 20° on Cu(001) and for
an observation angle of 80° with the surface normal are
shown on a semilog plot in Fig. 3, together with the dis-
tributions for 68-keV N**, 34-keV N2, and 17-keV N*
ions for similar experimental conditions. It can be seen
that the slope of the energy spectra at energies higher
than 20 eV is virtually independent of both the kinetic en-
ergy and charge state of the incident ions. The slight in-
crease in electron intensity observed in the 60-keV N6+
spectrum at energies around 80 eV and in the 68-keV
N** spectrum at energies around 60 eV can be ascribed
to LMM Auger electron emission from the moving pro-
jectiles [4,5]. The invariance of the slope with increasing
kinetic energy of the incident ions is in sharp contrast to
experimental observations [23] and theoretical under-
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FIG. 2. Absolute electron energy spectra for 60- and 100-keV
N°* jons incident on Cu(001) at 20° in the (100) plane, observed
at a forward angle of 80° with respect to the surface normal.
The experimental setup is shown in the inset.
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FIG. 3. Absolute electron energy distributions for 60- and
100-keV N°*, 68-keV N**, 34-keV N2*, and 17-keV N7 ions
incident on Cu(001) at 20° in the (100) plane, observed at a for-
ward angle of 80° with respect to the surface normal. Note that
the vertical axis has a logarithmic scale. The experimental set-
up is shown in the inset.

standing [24] of continuum electrons in ion-atom col-
lisions, where a decrease in slope is observed with in-
creasing kinetic energy. An explanation for the observed
constant slope in the electron spectra for different ion ki-
netic energies and charge states in ion-surface collisions
has yet to be found.

It is illustrative to show the effect of surface cleanliness
on the emission of the low-energy electrons. The electron
energy distribution for 100-keV N°®* ions incident at 20°
has been measured in the forward direction at an angle of
80° with the surface normal at different time intervals
subsequent to cleaning the Cu single-crystal surface. As
can be seen in Fig. 4, a low-energy contribution increases
strongly with time after preparing the Cu surface. Such a
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FIG. 4. Effect of surface cleanliness on the absolute electron
energy distributions measured for 100-keV N®* ions incident on
Cu(001) at 20° in the (100) plane, observed at a forward angle of
80° with the surface normal. The time after completion of the
sputter cleaning and annealing procedure is indicated in min.
The experimental setup is shown in the inset.
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strong increase suggests that the source of these electrons
is located relatively close to the surface, so that the low-
energy electrons can escape from the solid at such a graz-
ing observation angle. By applying Auger electron spec-
troscopy, we have determined that after a few h the con-
tamination of Cu mainly consists of low-Z atoms like C,
O, and N (N by implantation). Collisions between the
projectiles and these low-Z contaminants in the first few
layers of the surface probably contribute to the observed
strong increase of emission of “subsurface” electrons.

B. Ion-induced electron emission from Au(011)

We have measured the ion-induced electron spectra for
a Au(011) single-crystal surface for direct comparison
with results obtained for Cu(001). The dependence on
the observation angle of the electron energy distribution
for 100-keV N°®* jons incident at 20° on Au(011) is shown
in Fig. 5. The projection of the beam on the crystal sur-
face is along the [100] direction. The two components
observed for Cu(001) are also discernible in the energy
spectra for Au(011), the first at energies below 10 eV with
a broad angular distribution and the second at energies
around 20 eV, which is strongly forward peaked. As for
Cu(001), we will refer to the electrons making up these
two components as the subsurface and dynamic electrons,
respectively. The electron energy distributions for 60-,
85-, and 100-keV N°®* ions incident at 20° and for a for-
ward observation angle of 80° with the surface normal are
shown in Fig. 6. As can be seen in the figure, the energy
distribution of the “dynamic” electrons has a similar
dependence on the kinetic energy of the incident ions as
was observed for Cu(001). The energy distribution of the
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FIG. 5. Absolute electron energy distributions for 100-keV
N¢* ions incident at 20° on Au(011). The projection of the in-
cident beam on the crystal surface is along the [100] direction.
The measurements shown are taken for five different observa-
tion angles. The offsets used are in tenths of
electrons/(ionsreV). The two components (see text) are indicat-
ed by vertical dashed lines. The experimental setup is shown in
the inset. The dashed spectrum corresponds to the absolute
electron energy distribution for Cu(001) taken for identical in-
cidence conditions and an observation angle of 80° with the sur-
face normal.

4001
03 T T T
B N \_‘5232;5;2%@ N
/ ~
/‘_/: N
] 80" ANALYZER
02} / |

100 keV

d%ng/(dQ  dE)[electrons/(ion sr eV)]

0 20 40 60 80 100
ELECTRON ENERGY (eV)

FIG. 6. Absolute electron energy spectra for 60-, 85-, and
100-keV N°®* ions incident on Au(011) at 20° observed at a for-
ward angle of 80° with respect to the surface normal. The pro-
jection of the incident beam on the crystal surface is along the
[100] direction. The experimental setup is shown in the inset.

“subsurface” electrons is roughly independent of the ki-
netic energy of the incident ions.

There is an additional structure in the Au spectra (see
Fig. 5) appearing around 20 eV at close-to-normal obser-
vation angles that is not observed for Cu and which does
not shift to higher energies as the kinetic energy of the
ion is increased. In view of the latter, we feel this feature
arises from a different mechanism than that ascribed the
“dynamic” electrons. This component will not be dis-
cussed further in this paper.

The electron spectrum for Cu(001) taken for the most
forward observation angle is indicated by the dashed line
in Fig. 5. This direct comparison of the results obtained
for Cu(001) and Au(011) shows that the contribution of
“dynamic” electrons to the electron emission at this ob-
servation angle is virtually the same for both single-
crystal surfaces (a similarity which is partly fortuitous
considering the absolute uncertainty of the experiments),
whereas the contribution of “subsurface” electrons is
strikingly much larger in the case of Au(011). In addi-
tion, the sensitivity of the low-energy emission with
respect to the elapsed time after cleaning the surface was
not found for Au(011) as was observed for Cu(001) and
shown in Fig. 4. Indeed, as we have observed with our
Auger electron spectroscopy diagnostics, the Au surface
remains cleaner for a significantly longer time than Cu.

It is interesting to measure the low-energy electron
emission as a function of the orientation of the crystal
with respect to the incident beam direction. The “sub-
surface” electrons for Au(011) exhibit an intensity varia-
tion of roughly 20-30 % with azimuthal orientation an-
gle, confirming that the emission takes place from below
the surface. Typical results for two azimuthal angles are
shown in Fig. 7, one obtained close to a maximum, the
other close to a minimum of the ‘“‘subsurface” intensity.
The measurements were taken for similar incidence con-
ditions as those shown in Fig. 5, and for a forward obser-
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FIG. 7. Absolute electron energy distributions for 100-keV
N®* ions incident on Au(011) at 20° observed at a forward angle
of 80° with respect to the surface normal for two different az-
imuthal orientation angles. The projection of the incident beam
on the crystal surface is along the [100] direction in one case,
23° off this axis in the second case. The experimental setup is
shown in the inset.

vation angle of 80° with the surface normal. Note that
the intensity of ‘“‘dynamic” electrons shows virtually no
dependence on the azimuthal orientation angle, which in-
dicates that these electrons originate closer to the surface.

The dependence of the electron energy distribution on
the charge state of the incident ions is illustrated in Fig. 8
for 6.1-keV/amu N°*, N°*, and O®" ions incident at 20°
on Au(011) for an observation angle of 80° with the sur-
face normal. Both the energy distribution and intensity
of the “subsurface” electrons for heliumlike N°* and
O°®" ions are virtually identical. In contrast, the “subsur-
face” energy distribution for hydrogenlike N®* appears
to have shifted to higher energies. This behavior suggests
that the detailed energy distribution of “subsurface” elec-
trons emitted in a forward direction may depend on the
presence of a K-shell vacancy, which would be consistent
with the known survival of the K-shell vacancies [6]
beyond the surface-vacuum interface.

We next address the dependence of the ‘“‘dynamic”
component on the presence of a K-shell vacancy in the in-
cident ion. Figure 8 also shows the presence of the “dy-
namic” component for heliumlike N°* and O°" ions.
The intensity of the “‘dynamic” component for these heli-
umlike ions is estimated to be at least 50% of the corre-
sponding intensity for the hydrogenlike N®*. This indi-
cates that the emission of ‘““dynamic” electrons for heli-
umlike ions cannot be explained by the small fraction of
hydrogenlike metastables (about 6% for N°* and 2.5%
for O°* [25]) in the incident ion beams. Such a large
“dynamic” component for heliumlike ions indicates that
the presence of a K-shell vacancy is not necessary for the
emission of these “dynamic” electrons. In Fig. 8 we have
plotted as the dashed curve the hydrogenlike spectrum
scaled down by a factor of 0.74. This shows that even the
energy distribution of ‘dynamic” electrons is not
significantly affected by the presence of a K-shell vacan-

ELECTRON ENERGY (eV)

FIG. 8. Absolute electron energy distributions for 6.1-
keV/amu N®t, N°*, and O®* jons incident on Au(011) at 20°
observed at a forward angle of 80° with respect to the surface
normal. The projection of the incident beam on the crystal sur-
face is along the [100] direction. The dashed spectrum shows
the N®* spectrum scaled down by a factor 0.74. The experi-
mental setup is shown in the inset.

cy. Note, however, that the “dynamic” component for
N>*, when compared to the component for N°* or O,
appears to have shifted slightly towards lower energies.
This suggests a weak dependence on the charge state of
the incident ions.

II1I. DISCUSSION

We first present a quantitative deconvolution analysis
of the contributions to the total electron yield of the ob-
served subsurface electrons at very low energies and dy-
namic electrons at slightly higher energies. We will then
discuss possible emission mechanisms for ‘“‘subsurface”
and “dynamic” electrons.

A. Contributions of “subsurface”
and “dynamic” electrons

We performed an analysis on the spectra shown in Fig.
1 obtained for 100-keV N®* jons incident at 20° on
Cu(001). The results are shown as a polar plot in Fig. 9,
in which the measured energy-integrated electron emis-
sion is shown as a solid line (labeled ‘“‘experiment”). In
order to deconvolute the “subsurface” and ‘“‘dynamic”
components, we started by assuming that the electron en-
ergy distribution measured at an observation angle of 20°
relative to the surface normal is dominated by emission of
“subsurface” electrons. To estimate the contribution of
“subsurface” electrons at more forward emission angles,
the latter distribution was appropriately scaled to match
the “subsurface” peak heights of the spectra measured at
more forward emission angles. The ‘“dynamic” com-
ponents were then obtained from the subtracted spectra.
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FIG. 9. Polar plot of the angular dependence of the energy-
integrated electron emission for 100-keV N°®'-Cu(001) col-
lisions. The ion beam is incident at 20° in the (100) plane. The
energy-integrated electron emission in a specific direction
corresopnds to the distance from the origin (center of the crys-
tal). Contours of constant electron emission are indicated by
thin solid lines. The measured energy-integrated electron emis-
sion is indicated by the solid line, which is decomposed in the
“subsurface” contribution (dashed line) and the “dynamic” con-
tribution (dashed-dotted line). The dotted line shows a cosine
distribution which is slightly tilted in the forward direction.

The estimated contributions of ‘“‘subsurface” and “dy-
namic” electron emission thus obtained are indicated in
Fig. 9 by dashed and dashed-dotted lines, respectively.
Figure 9 clearly shows that the “subsurface” electrons
constitute the dominant part of the total electron emis-
sion for most emission angles, whereas the ‘“dynamic”
electrons contribute only at large forward angles. The
angular distribution of the “subsurface” component is not
symmetric about the surface normal but has larger inten-
sities for angles in the forward direction (up to angles of
about 60° with the normal). This implies that at least one
contributing mechanism gives rise to preferential emis-
sion of electrons in the forward direction. This “subsur-
face” contribution somewhat resembles a cosine distribu-
tion (dotted line in Fig. 9) about an axis tilted forward by
30° with respect to the surface normal. Assuming sym-
metry of emission about this axis, an estimate of the
“subsurface” contribution to the total electron yield of
approximately 20 electrons per incident ion is obtained.
For the “dynamic” component we assume cylindrical
symmetry about an axis in the direction of maximum in-
tensity. This leads to the assumption that the emission of
“dynamic” electrons is confined to a spatial angle of only
a few tenths of a sr, corresponding to an integrated con-
tribution to the total electron yield of roughly 0.5 to 1
electrons per incident ion. The sum of the “subsurface”
and “dynamic” contributions yields an estimate for the
total electron yield of roughly 21 electrons per ion. This
number is in reasonable agreement with the measured to-
tal electron yield of 17%3 electrons per ion determined
from independent measurements of biased and unbiased
target currents (for the experimental procedure see [5]).

It is important to note that the contribution of ‘“sub-
surface” electrons to the electron emission for clean
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Cu(001) strongly decreases for grazing observation an-
gles. The observed strong decrease for clean Cu(001) sug-
gests that the electrons originate from well below the sur-
face so that the path lengths prior to escape from the sur-
face are comparable to the inelastic mean free path. For
“dirty” Cu(001) and clean Au(011), on the other hand,
significant emission of “subsurface” electrons is observed
even for these grazing observation angles with the sur-
face, suggesting emission within the first few layers of the
crystal surface as well. Additional measurements per-
formed at these grazing observation angles may provide
important information on the electron ejection mecha-
nisms active in the first few layers of the target surface.

B. Emission of “subsurface” electrons

The experimental observations suggest that for our ex-
perimental conditions of relatively high ion energies and
rather large angles of incidence, the major part of mul-
ticharged ion-induced electron emission consists of elec-
trons which originate in the subsurface region. These
“subsurface” electrons are emitted over a wide angular
range, whose dependence resembles a cosine distribution
around an axis tilted forward with respect to the surface
normal.

Cosine distributions describing the angular dependence
of electron emission from low-charge-state ion-metal sur-
face interactions have been previously observed [26], and
are explicable within the following simple model for sub-
surface emission. We assume that the kinetic energy and
angle of incidence of the ions are sufficient to give rise to
significant penetration in the bulk when compared to the
inelastic mean free path for low-energy electrons (30—40
a.u. for 10-eV electrons [27]). The measured angular dis-
tribution of emitted electrons will then be determined by
both the directly escaping electrons and the secondary
electrons arising from the complex electron collision cas-
cade. The effect of the inelastic mean free path on the es-
cape probability of directly emitted electrons can be tak-
en into account by a simple exponential function:

P,(6,)=exp[—d /(Acosb,)], (1)

with P,(8,) the escape probability of an electron emitted
at an angle 6, with the surface normal, d the depth below
the surface at which the electron originates, and A the in-
elastic mean free path of the electron. Assuming that the
production of electrons takes place uniformly and iso-
tropically in a slab with a thickness large compared to
the inelastic mean free path, and integrating the escape
probability P,(6,) over the depth d at which the elec-
trons originate, yields a cosine distribution around the
surface normal for the average escape probability for
directly escaping electrons. Similar arguments hold for
the average escape probability for the secondary electrons
arising from the complex collision cascade. The angular
distribution of emitted electrons will reflect this cosine
distribution, since it is a direct reflection of the average
escape probability.

The observed angular distribution of electron emission
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from highly charged ion—Cu(001) interactions can be un-
derstood in part using the above model. For the ion ener-
gies considered here, the penetration depth of the ions is
large compared with the inelastic mean free path. We as-
cribe the main features of the observed angular distribu-
tion shown in Fig. 9 to the effect of the inelastic mean
free path on the escape probability of electrons produced
rather deep in the solid. As outlined above for low-
charge-state ions, this leads to a cosine distribution in the
electron emission. The observed forward tilt of the
cosine distribution is caused by an additional component
exhibiting preferential emission in the forward direction.
Possibilities for such emission mechanisms are discussed
below.

When the N°7 ions penetrate the surface, the screening
of the ions by metal electrons results in a strong decrease
of the binding energy of ionic energy levels. This sudden
screening will result in any Rydberg electrons captured
above the surface becoming unbound and “peeled” off.
The electrons that are emitted have an initial velocity
component in the direction of the incident ion, which,
especially for these high incident velocities, could result
in emission in the forward direction. In addition to the
“peeling” off of the Rydberg electrons, metal electrons
will be captured by the ions into low-lying n levels like
the M shell [16] and, in later stages of neutralization, pos-
sibly even the L shell. Deexcitation of these excited
atoms most likely takes place via Auger-type mechanisms
in which projectile and/or metal electrons are involved.
If the emission consists predominantly of projectile elec-
trons or metal electrons which are subsequently post ac-
celerated by the projectile, a preferential emission in for-
ward angles is likely. By whatever mechanism forward
emission is created, it will not be “washed out” by subse-
quent inelastic collisions if it takes place relatively close
to the surface. Kinetic emission taking place in the first
few layers may, of course, also contribute to the
enhanced emission in forward angles.

We ascribe the intensity of ‘“‘subsurface” electrons ob-
served for Au(011) in the forward direction (see Fig. 5) to
the production of electrons within the first few layers of
the crystal where the escape probability even for these
grazing observation angles is relatively high. That these
low-energy electrons are emitted from below the surface
is consistent with the azimuthal variation of the mea-
sured intensity, as is shown in Fig. 7. The energy distri-
bution of these ‘“‘subsurface” electrons does not depend
critically on the kinetic energy of the incident ions, as is
shown in Fig. 6. A slight dependence of the electron en-
ergy distribution on the initial presence of a K-shell va-
cancy has been observed (Fig. 8).

It is interesting to note the difference in intensity of
this observed ‘“‘subsurface” component between Cu(001)
and Au(011) as is shown in Fig. 5. One of the possible
contributions to ‘“‘subsurface” electron emission, as dis-
cussed above, is from Auger decay of excited atoms in the
first few layers of the surface. If electrons from the con-
duction band are involved in these Auger processes,
differences in the surface density of states (SDOS) of Cu
and Au would give rise to differences in the resulting
electron energy distributions. The SDOS of Cu has a
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large density of electrons at an energy of about 2—4 eV
below the Fermi energy, whereas for Au the SDOS con-
sists of a significant density at binding energies ranging
from about 2—7 eV below the Fermi energy [28]. Since
the work functions of the two metals are approximately
equal [29], Auger transitions may give rise to emission of
lower-energy electrons for Au(011) than for Cu(001) due
to larger initial binding energies of the metal electrons in-
volved. Such interatomic Auger electrons may explain
the enhancement of the low-energy ‘‘subsurface” com-
ponent observed for Au(011) for forward grazing observa-
tion angles. For Cu(001) this would imply contributions
of interatomic Auger electrons at higher electron ener-
gies, where they cannot be distinguished from the ‘“dy-
namic” electrons.

There may be additional mechanisms that result in
low-energy electron emission and are therefore included
in the “subsurface” component of Fig. 9 but do not occur
below the surface. One such mechanism is the promotion
to the continuum of excited atomic electrons. The bind-
ing energy of excited atomic electrons captured at large
distances above the surface decreases with decreasing
projectile-surface distance due to an increase of screening
of the projectile ion core as a result of the autoionization
cascade and/or the image charge interaction. The excit-
ed electrons will, when their binding energy becomes less
than the work function, eventually be either recaptured
by the metal surface or promoted to the continuum. Ex-
tensive theoretical calculations for our experimental con-
ditions (i.e., non-normal incidence) have not been per-
formed to date, although recent related work is available
for faster ions [30]. In the case of promotion to the con-
tinuum, an angular distribution of emitted electrons
peaked in the direction of the incident ions may be ex-
pected. A strongly peaked angular distribution, such as
that observed for the ‘“dynamic” electrons, however,
seems unlikely. Preliminary calculations of promotion to
the continuum due to the image charge interaction have
been performed recently [31]. The calculated energy dis-
tribution consists of a peak at low electron energies with
an exponential tail towards higher energies. The position
of the peak was found not to depend on the kinetic ener-
gy of the incident ions, and the slope of the exponential
tail was found to decrease significantly with increasing
ion kinetic energy. These calculations are thus in marked
contrast to the experimental observations shown in Fig.
3, i.e., an exponential tail whose slope is independent of
the kinetic energy. We therefore conclude that promo-
tion of excited atomic electrons may contribute to the to-
tal electron emission, but this contribution is, in general,
“buried” in the low-energy part of the electron energy
spectra. In addition, as previously discussed, any elec-
trons remaining in Rydberg levels of the projectile may
be “peeled off”” as the projectiles penetrate the metal sur-
face due to the sudden increase of screening of the projec-
tile core.

C. Emission of “dynamic” electrons

We have estimated that the “dynamic” electrons con-
tribute roughly 0.5-1 electrons per incident ion to the to-
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tal electron yield. The dependence of the energy distribu-
tion of the “dynamic” electrons on the kinetic energy of
the incident ions is shown in Figs. 2 and 6 for Cu(001)
and Au(011), respectively. In summary, an increase of
the kinetic energy of the incident ions results in a
broadening and a strong shift to higher energies of the
energy distribution, in addition to an increase of the total
intensity. These results suggest that the production
mechanisms for ‘“dynamic” electrons become more
efficient with increasing kinetic energy of the incident
ions, thus excluding mechanisms which require long in-
teraction times such as Auger cascading above the sur-
face. The observed independence of the energy distribu-
tion and intensity of the “dynamic” electrons on the tar-
get material (Fig. 5), on the cleanliness of the surface
(Fig. 4), and on the azimuthal orientation angle of the
single-crystal surface (Fig. 7) suggest production very
close to the surface-vacuum interface. This is confirmed
in the fact that most of the ‘“dynamic” electrons are ob-
served to be emitted into extreme forward angles (see
Figs. 1, 5, and 9), where escape from any significant depth
below the surface would be attenuated. One mechanism
that may result in the emission of low-energy electrons
very close to the surface-vacuum interface is binary-
encounter collisions between incident ions and metal elec-
trons.

Emission of electrons can occur as a result of such
binary-encounter collisions between the incident ion and
electrons from the conduction band at the surface-
vacuum interface [30]. This binary-encounter mechanism
is well known in MeV ion-atom collisions [32], where it
appears as a distinct feature in the electron energy spec-
tra in extreme forward directions, at energies close to
four times the equivalent electron energy of the ions [32],
and with a width determined by the initial momentum
distribution of the target electrons involved. In ion-
surface collisions the momentum distribution of the tar-
get electrons is related to the SDOS. For 100-keV N ions
the equivalent electron energy of about 4 eV is somewhat
smaller than the Fermi energy of roughly 5.5 eV for Au
and 7 eV for Cu [29]. This would result in a relatively
broad electron energy distribution that may extend to
very low electron energies. The maximum possible ener-
gy of binary-encounter electrons occurs for emission in
the direction of the incident ions, i.e., towards the surface
at a velocity which would correspond to the sum of twice
the velocity of the incident ions and the Fermi velocity
minus a correction for the initial potential energy of the
metal electrons. Assuming an initial potential energy of
the metal electrons of —10 eV with respect to the vacu-
um level, we may expect electron energies in a range from
0 to 30-35 eV. The energy distribution of ‘“dynamic”
electrons measured at 30° with the incident ion beam (80°
with the surface normal, see Figs. 1 and 5) is confined
within this estimated energy region for binary-encounter
electrons. The measured energy distributions, then, may
consist of these binary-encounter electrons emitted in the
direction of the ions and subsequently scattered from the
surface (binary-encounter electrons emitted directly at an
angle of 30° with the incident ions may also contribute).
The observed shift to lower energies of the energy distri-
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bution of the “dynamic” electrons upon a decrease of the
ion energy (see Figs. 2 and 6) is also consistent with an
explanation in terms of emission of binary-encounter
electrons. The shape of the resulting electron energy dis-
tribution is determined by the SDOS, by the dependence
of the emission cross section on the initial kinetic energy
of the electrons, and by the elastic- and inelastic-
scattering cross sections for electrons from the solid sur-
face. Note that the energy distributions of “dynamic”
electrons for Cu(001) and Au(011) are virtually identical,
indicating a weak dependence on the SDOS. A thorough
theoretical treatment of this mechanism for multicharged
ions very close to metal surfaces is needed. In fact, the
validity of the binary-encounter approximation in our re-
gime of ion energies and for ions at metal surfaces has yet
to be investigated in detail.

The contribution of these electrons emitted very close
to the surface is only a small fraction of the total electron
yield (see Fig. 9). However, the interaction of ions with
metal electrons below the surface may give rise to
binary-encounter electrons along its entire trajectory.
These electrons may contribute significantly to the total
electron yield and could indeed constitute a significant
component of kinetic emission.

IV. CONCLUDING REMARKS

The low-energy part of the electron spectra obtained in
60- and 100-keV multicharged ion-metal surface interac-
tions at large angles of incidence is comprised of two dis-
tinct features. The first feature consists of very-low-
energy electrons which are predominantly emitted from
below the surface and constitute the dominant part of the
total electron emission. Although the analysis of these
“subsurface” electrons is complicated due to many possi-
ble contributing mechanisms, certain features were ob-
served. For example, it was found that the presence of a
K-shell vacancy resulted in a shift to higher energies in
the energy distribution. Also, a strong sensitivity on the
target material and cleanliness of the surface has been
found. Further experimental studies are in progress to
understand the different contributing mechanisms.

The second feature consists of electrons presumably
emitted at the surface-vacuum interface which constitute
a small contribution to the overall electron emission. We
have shown that the emission of these electrons, which
have been labeled ‘“dynamic” electrons, is consistent with
binary-encounter mechanisms between incident ions and
metal electrons at the surface. Theoretical investigations
of this interesting “’kinetic”’ phenomenon are needed.

Finally, we have found that the slope of the exponen-
tial high-energy tail in the electron spectrum does not de-
pend on the kinetic energy and charge state of the in-
cident ions. No explanation for this independence is
known.
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