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The charge distributions of slow atomic particles that are singly scattered, multiply scattered, recoiled, and
sputtered from metal surfaces are analyzed in terms of both nonadiabatic particle-substrate electron transfer
and electron transfer from electronically excited substrates. The results are compared to experimental data for
50 eV Na+ ions scattered from Cu�001�, and Al atoms sputtered and recoiled from Al�100�. The comparison
allows for a quantitative determination of the role of substrate excitations in surface charge exchange. In
addition, an analysis of kinetic electron emission �KEE� is carried out using similar low-energy metal
projectile-metal substrate systems. Contributions to KEE from various nonadiabatic processes are quantita-
tively evaluated, including the same process that is responsible for charge formation in single-scattering
experiments. The results are compared to experimental KEE data induced by Na+ impinging on Ru�0001�. The
contributions of nonadiabatic one-electron processes are shown to be small when realistic particle-substrate
parameters are used. Many-electron interactions are assumed to play an important role in explaining KEE and,
as an illustration, a simplified hot-spot model is outlined.
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I. INTRODUCTION

Ionization and neutralization of metal atoms emitted from
solid surfaces by the impact of atomic projectiles is an im-
portant process leading to the formation of ions in scattering,
recoiling, and sputtering experiments. An understanding of
the processes involved is not only of intrinsic interest, but is
essential for the interpretation of analytical techniques such
as ion scattering spectroscopy �ISS�, direct recoil spectros-
copy �DRS�, and secondary ion mass spectrometry �SIMS�.

When an atomic metal particle is emitted from a solid
surface, it may be positively charged if an electron is trans-
ferred from the projectile to the metal, or negatively charged
if an electron from the metal is transferred to the projectile.
This paper deals with very slow particles having hyperther-
mal energies so that the electron transfer involves the va-
lence electron bands close to the Fermi energy. Thus, any
deep level promotions and deep hole excitations are ex-
cluded. The process of transferring valence electrons from an
undisturbed metal to the projectile is nonadiabatic because of
the energy deficit, represented by the energy difference be-
tween the ionization or affinity level of the projectile and the
Fermi level. This deficit must be overcome by a quantum
mechanical transition induced by the motion of the particle.
Typically, the probability of the transfer is proportional to
exp�−b ·�� /v�, where �� is the energy deficit, v is the veloc-
ity of the particle, and b is a constant. The process usually
depends significantly on v. However, when the metal sub-
strate in the near-surface region is electronically excited, i.e.,
it contains electrons above and holes below the Fermi level,
some of these excitations can be transferred to the emitted
particle without the need to overcome the energy deficit. The
ionization process is then far less velocity dependent and is
basically adiabatic. It is the purpose of this paper to discuss
the experimental evidence and the theoretical justification of

these two processes using experimental data collected from
well-defined metallic systems.

Similar processes as those involved in ion formation may,
in principle, be encountered in kinetic electron emission
�KEE� induced by the impact of atomic metal projectiles
with metallic surfaces. The particles are again assumed to be
slow enough to avoid the promotion of deep levels in the
substrate and projectile. In such a case, formally similar ma-
trix elements between the particle and the substrate valence
band can cause both nonadiabatic ion formation and electron
emission. The time scale of KEE is very short, typically a
few fs, and any contribution of adiabatic processes is there-
fore unlikely. The similarities and differences between ion
formation and electron emission are discussed in this paper,
and the specific features of KEE are identified.

Section II A presents the nonadiabatic model of ionization
and neutralization. This process is important for ion forma-
tion during single scattering and direct recoiling. Good
agreement with experiment is obtained when the metallic
substrate is described by the jellium model. Deviations from
this simple nonadiabatic one-electron picture are observed,
however, when the particle is multiply scattered or sputtered
from the metal. The problem is conceptually more compli-
cated, as the experiments show that collisional perturbation
of the substrate, prior to the particle emission, clearly influ-
ences the charge state of the emitted particle. A simplified
model is described in which the charge transfer is changed
by quasistatic charges induced by the substrate surface per-
turbations. In Sec. II B, a second, more realistic, model is
outlined in which the charge transfer is changed by electron-
hole �e-h� excitations induced by the motion of substrate
atoms. In Sec. III A, KEE is described in terms of a one-
electron nonadiabatic process produced by the motion of the
bombarding particle through the jellium electron gas. The
perturbing particle is described by various model potentials,
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including the one responsible for the particle charge forma-
tion outlined in Sec. II A. In Sec. III B, a possible extension
of one-electron models of KEE is discussed using a simpli-
fied hot-spot model.

II. ATOMIC PARTICLES SCATTERED AND SPUTTERED
FROM METALLIC SURFACES

A. Nonadiabatic models of ionization and neutralization

There is extensive experimental and theoretical evidence
that ion formation and neutralization during the single scat-
tering of slow atomic metal particles from metal surfaces is a
purely nonadiabatic process.1–3 As mentioned above, the en-
ergy of the impinging particle is assumed to be sufficiently
small so that only valence electrons are involved in the pro-
cess. Currently, the only existing manageable mathematical
formalism that can handle the complex mechanism of ion
formation by transfer of electrons to and from the valence
band is the Anderson-Newns Hamiltonian.4–6 Although the
model based on this Hamiltonian is parametrical and conse-
quently does not provide a quantitative estimate from first
principles, its simplicity allows for dynamical solutions to be
obtained. A more precise approach is a time-independent
ground-state model, in particular one based on density func-
tional theory. Although this cannot be used for dynamical
studies, it has been used successfully to obtain values for
some of the parameters of the Anderson-Newns
Hamiltonian.7,8 The most appropriate description of the dy-
namical processes would be in terms of time-dependent den-
sity functional theory,9 but the apparent complexity of this
approach still hinders its application in the analysis of ion
formation.

The parameters in the Anderson-Newns Hamiltonian that
are relevant for ion formation processes at the surface4–6 are
the virtual line width ��z� of the ionization �or affinity� level
of the emitted particle and the energy separation ���z� be-
tween the Fermi level of the metal surface and the ionization
�or affinity� level of the atom. Both parameters are functions
of the particle’s distance z from the surface. When the par-
ticle is moving, the distance z is a function of time z�t� and
the Hamiltonian becomes time dependent. The solution can
be sought in terms of a linear combination of many-electron
configurations6 or in terms of an independent-electron
framework.4,5 The latter approach is sufficiently precise for
most applications, and it leads, in the infinite valence-band
width approximation, to the following compact formula for
the neutralization probability Np �note that atomic units are
used in this paper unless stated otherwise�:

Np = �1/�� � d� · f��,Te���
−�

+�

���t��/2�1/2

�exp�− i�t� − �
t�

�

�i���t�� + ��t��/2�dt��dt��2

.

�1�

The metallic substrate is typically �and also in our case�
represented by the jellium model, and Eq. �1�, with ��z� and

���z� calculated with the use of the density functional for-
malism or other well-established methods, is known to give
reasonable agreement with low energy ion scattering experi-
ments. Equation �1� also contains the electronic temperature
Te as an additional parameter which describes a possible
smearing of the Fermi level of the substrate, and f�� ,Te�,
which is the corresponding Fermi distribution with the Fermi
energy set to zero. At large z, the z dependence of the energy
���z� is most often described by the image potential and ��z�
is proportional to exp�−2�z�, where � is the inverse length of
the atom-surface interaction. Appropriate analytical expres-
sions for ���z� and ��z�,6,10 which are also used in this pa-
per, are

���z� = � − I + �16z2 + 109.44�−1/2, �2�

where I is the ionization energy of the atom, � is the surface
work function of the substrate, and the last term is the satu-
rated image charge contribution. The expression for ��z� is

��z� = �0�exp�8�z� + ��0/�sat�4 − 1�−1/4, �3�

where �0 and �sat are constants.
To establish the general validity of Eq. �1�, it is useful to

study Np as a function of the velocity of the escaping par-
ticle. In most cases studied, Np depends only upon the per-
pendicular component v� of the velocity, and thus z=v�t.
�Although the value of v� changes during the emission pro-
cess, the quoted v� refers to the final escape velocity.� The
system studied by ion scattering so far over the largest range
of v� is Na+ scattered from Cu�001�.6,11 The neutralization
probability Np of Na+ in single scattering was measured from
v�=0.0015 to 0.025 a.u., and is well described quantitatively
by Eq. �1� with �=0.49, �0=1.77, and �sat=0.073 in Eqs.
�2� and �3�. The value of Np is rather low, about 0.1 at the
lowest v�, with a broad minimum at about v�=0.01, and
increases again with the velocity to an Np slightly above 0.1.
This behavior is fully in accord with the nonadiabatic model.
It is interesting, however, that Na+ scattered by more com-
plicated trajectories can have much higher Np even if they
have the same perpendicular velocity, which is contrary to
the expectation that the nonadiabatic neutralization depends
only upon v�. This point is very nicely illustrated and dis-
cussed in detail in Ref. 11, where several trajectories of scat-
tered Na+ have been precisely identified.

We have plotted two of these Na trajectories in Figs. 1
and 2, together with the trajectories of the substrate Cu at-
oms. The trajectories were calculated by solving the set of
classical equations of motion of atoms using MATLAB 7 sub-
routines. The interatomic potentials used were the Molière
and Morse potentials12 and the repulsive Ne-Cu potential,12

for Cu-Cu and Na+-Cu interactions, respectively. As Na is in
the charged state most of the time, the interaction with the
image charge above the metal surface must be included, and
was described by the saturated image potential.6 The Cu sub-
strate was represented by a cluster of 308 Cu atoms, roughly
20�20�20 a.u.3 in size, with the Cu�001� surface at the
top.
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As in Ref. 11 the 50 eV Na+ ion impinges upon the
Cu�001� surface along the 	100
 azimuth �the x axis�, with an
impact angle of 30 ° and an exit angle of 35 ° with respect to
the normal �the z axis�. The single-scattering trajectory
shown in Fig. 1 is equivalent to the trajectory in Fig. 2�a� of
Ref. 11. The escape energy of Na is 15.4 eV, which corre-
sponds to v�=0.0045 a.u., and the experimental neutral frac-
tion is below 0.07, in agreement with the prediction based on
Eq. �1�.

The multiple-scattering trajectory shown in Fig. 2 is
equivalent to Fig. 2�f� in Ref. 11. The escape energy of Na in
this case is 3 eV, which corresponds to v�=0.002 a.u. and
the experimental neutral fraction is 0.4, i.e., seven times

more than predicted by Eq. �1� for the unperturbed substrate.
The plausible explanation is that, in the second case, the
substrate is severely disturbed and the surface electronic
structure strongly deviates from that of a smooth jellium sur-
face.

To demonstrate the effect of this perturbation, snapshots
of the positions of Cu and Na atoms at the time of Na neu-
tralization are shown in Figs. 1 and 2. The most probable
distance at which neutralization occurs, zc, is estimated from
Eq. �1� �or approximately from zc= �1/2���ln��0 /2�v�� to be
about zc=7–8 a.u. for both cases. The dots in the figures
correspond to a time interval of 100 a.u., i.e., 2.41 fs. The
time interval between the moments when the Na touches the
surface at z=2 a.u. and reaches zc is 1000 a.u. �24 fs� in the
single-scattering process shown in Fig. 1, and 4200 a.u. �101
fs� in the multiple-scattering process of Fig. 2.

Clearly, the surface is strongly perturbed in both cases. In
Fig. 1, the Cu atom moves about 4 a.u. in the –z direction
whereas in Fig. 2, the Cu atom moves roughly the same
distance in the x ,z direction. Vacancies left when atoms are
missing from the surface could be slightly negatively
charged, whereas adatoms could be positively charged.
These induced local charges are screened and form local di-
poles with typical moments of about 0.5–1 D. Such a charge
imbalance increases the potential at zc in Fig. 2 by 0.1 eV, so
that the value of Np, as calculated from Eq. �1�, would in-
crease to Np=0.386 in agreement with the experiment. In the
single-scattering trajectory shown in Fig. 1, the vacancy
would cause a potential change of a similar size but of an
opposite sign. The value of Np would then be 0.01, which is
a significant change. However, no effects of a charge imbal-
ance have ever been discerned in single-scattering experi-
ments.

Several attempts have been made to calculate the charge
imbalance at the surface from first principles but precise val-
ues are difficult to obtain. Generally, the local quasistatic
charges at the surface are small because of the heavy screen-
ing by the metal electrons, but random induced dipoles may
be formed. As discussed above, these dipoles could explain
the increase of the neutralization of Na multiply scattered
from Cu because the ionization energy level of Na is very
close to the Fermi level of Cu. However, similar effects, i.e.,
a strong enhancement of the charge exchange for more com-
plicated trajectories of escaping atoms, have been commonly
encountered in sputtering and also occur for atoms with
much larger ionization energies �e.g., Al, Cu, Ag�. It should
be stressed that multiply scattered and sputtered atoms can
be emitted at about the same time after the impact of the
primary particle and they are exposed to the same excitations
in the substrate.

We will show, using the example of Al sputtered from Al
metal, that the surface charge imbalance would have to be
very large in order to explain the observed charge exchange
enhancement in atoms with larger ionization energies. Al
ions scattered, recoiled, and sputtered from Al metal were
studied in detail in Ref. 13. Because of the large ionization
energy �6 eV�, most of the emitted atoms are neutral and it is
more appropriate to describe the charge exchange process in
terms of the ionization probability P+=1−Np. The value of
P+ can be calculated from Eq. �1�, but for our purpose it is

FIG. 1. Snapshot of a particular trajectory that occurs when 50
eV Na+ impinges upon Cu�001� along the 	100
 azimuth at an im-
pact angle of 30°. This trajectory leads to single scattering of Na
from the Cu surface into an escape angle of 35°. The Na projectile
is indicated by the open circles, while the trajectories of Cu atoms
are marked by solid circles. The trajectory is followed up to the
time when Na+ becomes neutralized. The difference in time be-
tween each circle is 100 a.u. �2.4 fs�.

FIG. 2. Snapshot of a trajectory that occurs when 50 eV Na+

impinges upon Cu�001� such that the Na is multiply scattered. The
situation is the same as in Fig. 1, but the impact coordinates were
chosen so that Na penetrates deeper in Cu before being emitted. The
time between circles is again 100 a.u., and the trajectory is shown
until the Na+ ion is neutralized.
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suitable to use an approximation of Eq. �1� for very small
perpendicular velocities v of the particle, namely,4,5

P+ = �2/��exp�− ��/2�v��I − � − �ic�� , �4�

where �=4.4 eV is the work function of Al�100�, I=6 eV is
the ionization energy of an Al atom, and �ic=0.68 eV is the
image charge correction corresponding to a distance of 10
a.u. from the surface. In order to compare Eq. �4� quantita-
tively with experiments, it would be essential to average Eq.
�4� over various values of I–� in the exponent of Eq. �4�
because they vary for different surface charges in different
cascades. However, the magnitude and statistical distribution
of I–� is currently unknown so that we can make only rough
estimates.

For 5 eV Al emitted along the surface normal, the perpen-
dicular velocity v is 0.0027 a.u. and P+ in the unperturbed
solid would be 5�10−18. In order to obtain the experimental
value of P+=5�10−4, the energy difference 0.92 eV in the
exponent of Eq. �4� would have to be reduced to 0.18 eV by
an external potential. It is unlikely, however, that any local
charge imbalance at the surface of Al would cause a change
of 0.74 eV at a distance of 10 a.u. from the surface. More-
over, similar enhancements of P+ have been seen, e.g., in Cu
�Ref. 14� or in Ag �Ref. 15�, which have still higher ioniza-
tion energies that would require changes of the potential
above the surface to be around 2–3 eV.

B. Thermalized excitation models of ionization and
neutralization

In view of this observation, we instead assume that the
main reason for the enhancement of the charge transfer in
multiple scattering and sputtering is electron-hole excitation
in the substrate, rather than induced quasistatic electric di-
poles on the surface. The basic assumption of this excitation
model is that the electron-hole diffusion length in a locally
heavily electronically excited metal is much shorter than in
the unperturbed metal. To illustrate this point, we will apply
the excitation model to the situations shown in Figs. 1 and 2.

As the trajectories of all atoms in Figs. 1 and 2 are well
known, it is straightforward to calculate the electronic energy
density E�r , t� transferred from the moving atoms into the
system. As discussed, e.g., in Ref. 15, the time-space devel-
opment of E�r , t� can be described by the diffusion equation

�E�r,t�
�t

− D�2E�r,t� = A�
i

Ek
i �t� · ��ri − r� , �5�

where D is the diffusion constant and A is the constant in the
source term discussed in detail in Ref. 15. The value of A is
9.2�10−5�a.u.� for Cu in Cu metal. Ek

i is the kinetic energy
of the ith particle in the cluster. The summation on the right
side of Eq. �5� is over all particles in the cluster. The value D
is assumed to depend only on time, and the excitation is
allowed to spread over the whole space and not only inside
the cluster. Computer experiments show that both these ap-
proximations only slightly influence the value of E�r , t� at
the surface of the cluster. Once E�r , t� is known, it can be
converted into the electronic temperature Te using the rela-

tion Te�r , t�= ��2/C�E�r , t��1/2, where C is the electronic spe-
cific heat divided by Te, and has a value of C=2.1
�10−12�a.u./K� for Cu.

The dependence of D upon the time interval after the
impact of the particle is not known from theoretical esti-
mates, but fitting to experiments15 indicates that D varies
from values above D=100 a.u. in unperturbed solids to about
D=1 a.u. �corresponds to 1.16 cm2 s−1� in a heavily per-
turbed solid. The value D=1 a.u. corresponds to a mean-free
path that is equal to interatomic distances in typical metals.
In the single-scattering trajectory shown in Fig. 1, the time
when the particle is neutralized is rather short �25 fs� and D
can be still quite large. Even with D as small as 5 a.u., the
effect of the excitation is small and the neutralization is still
a fully nonadiabatic process as confirmed by experiments.
Similar timing and thus similar values of Np occur not only
in single-scattering experiments, but also for particular
multiple-scattering trajectories when the particle slides over
the surface �see Figs. 2�b�–2�d� in Ref. 11� and does not
penetrate into the solid.

If the particle penetrates deeper into the substrate as in
Fig. 2, however, the neutralization process occurs 100 fs af-
ter the impact of Na. Because a longer time elapsed after the
impact, more electronic energy is transferred into the sub-
strate and D may decrease to 1 a.u.. Using Eq. �4� and
D=1 a.u., we have calculated E�r , t� and Te�r , t� at the time
of the neutralization at the surface of the cluster. The result-
ing space distribution of Te at the time of neutralization
is shown in Fig. 3. If the calculated average value of the
surface Te=850 K is substituted into Eq. �1�, we obtain
Np=0.23, which is closer but still smaller than the experi-
mental value of Np. In fact, if the neutralization is mainly due
to thermal excitations, then the use of the simple Fermi dis-
tribution is not justified and the spin-orbital degeneracy of
the neutral and ionized atoms must be taken into account.
Because neutral Na is twice spin-degenerate, the actual neu-
tralization is twice as large, i.e., Np=0.46, which is in good

FIG. 3. The distribution of the electronic temperature Te�r , t� at
the �001� surface �z=0� of the cluster of Cu atoms in the situation
shown in Fig. 2 at the time when the Na+ ion is neutralized
�t=5000 a.u.�. The values of Te�r , t� are calculated using the diffu-
sion equation �5� with D=1 a.u. �equivalent to D=1.16 cm2 s−1�
and using the electronic heat capacity of the free electron gas.
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agreement with the experiment. The very large values of
Np�	0.6� observed for multiply-scattered Na during the 400
eV Na scattering shown in Fig. 2 in Ref. 1 can also be con-
sistently described within the same picture. The value of Te
calculated from Eq. �5� for a 400 eV impact with D=1 a.u. is
1500 K, i.e., considerably higher than the 850 K calculated
for a 50 eV impact.

According to the electronic excitation model discussed
above, particles singly scattered �or directly recoiled13�
from metal surfaces are neutralized �or ionized� by purely
nonadiabatic processes because there is not enough time
�
25 fs� to develop a sufficient concentration of e-h pairs in
the substrate. Multiply scattered or sputtered particles are, on
the other hand, neutralized �or ionized� by adiabatic pro-
cesses in which the e-h pairs in the substrate play an essen-
tial role and the parameter Te represents their actual tempera-
ture. Formula �4� can then be replaced by

P+ = �Z+

Z0exp�− � 1

kTe
�I − � − �ic�� , �6�

where Z+ and Z0 are the partition functions of emitted ions
and neutrals at Te. The other parameters are the same as in
Eq. �4�. It should be stressed that the validity of Eq. �6�
depends upon the condition kTe��v. In turn, a sufficiently
high Te can develop only if the electron mean-free path in the
cascades is of the order of interatomic distances, as assumed
in the above analysis.

The assumption of high electronic temperatures in colli-
sion cascades explains the characteristic strong enhancement
of ionization of low-energy sputtered particles in a natural,
and even quantitative, manner.13,15 The low-energy �typically
below 20 eV� particles are the most abundant in sputtering.
This enhancement is difficult to explain in terms of one-
electron nonadiabatic processes, as pointed out in the previ-
ous section. The nonadiabatic processes become prevailing,
however, in the ionization of less abundant high-energy sput-
tered particles, which are often referred to as direct
recoils.13,16 We should mention that the mechanisms of ion-
ization and neutralization, described in this paper, are appli-
cable generally for metal and semiconducting substrates. For
ionic substrates with large band gaps, the “bond breaking”
model, analogous to an ion-pair dissociation in the gas phase,
has been found to be appropriate.17

III. ELECTRON EMISSION FROM METALS INDUCED BY
THE IMPACT OF METAL IONS

Kinetic electron emission �KEE� produced by the impact
of slow metal particles on metal surfaces can, to some extent,
be related to the ion formation processes described in the
previous section. Provided that only valence electrons near
the metal Fermi level are excited, similar matrix elements are
involved in both processes. However, the timing is different,
as KEE occurs within a few fs after the impact and, as com-
pared to ion neutralization, the emission may originate from
considerably deeper below the surface. It is thus conceivable
that other processes contribute to KEE. It should be stressed
that despite a considerable effort, the microscopic mecha-

nism of KEE has not been identified in most cases, particu-
larly at very low impact energies, in contrast to the well-
understood potential electron emission �PEE�.18 At higher
impact energies, electron promotion,19 plasmon assisted
emission processes,20 and direct particle-electron collisions21

may all contribute to KEE. These processes, however, have
well-defined thresholds in the impact energy of the atomic
projectile, below which their contribution to the emission
decreases rapidly.22 Nevertheless, even below the thresholds,
the magnitude of the observed KEE is usually quite strong.
Electron emission from metals induced by the impact of
metal ions is particularly suitable for studies of this sub-
threshold region because the electronic structure of the
projectile-substrate system excludes PEE.

Relevant experimental studies of KEE investigated the
emission induced by the impact of Na+ ions on a Ru metal
surface. These experiments, together with a tentative inter-
pretation, were published in Ref. 23. Similar studies with
nonmetallic projectiles impinging upon a Au surface had
been published previously in Ref. 24. In these experiments,
any contribution of PEE could be excluded, and promotion,
plasmon, and direct particle-electron collision processes play
only a minor role.

A. Nonadiabatic models of the subthreshold KEE

In the theoretical description, parameters Vkk��t� have
been used,23,24 which represent the transfer matrix elements
of the perturbing particle potential between the metal con-
duction k states. Provided that the amplitude and time depen-
dence of these matrix elements are known, the total number
of electrons � emitted into the vacuum within a solid angle
d is given in the first order perturbation by the nonadiabatic
process,23,24 such that

� = 2�d/4���
�

�

d� · ����Tr����
−�

0

d�� · �����

���
−�

+�

dt�Vkk��t��exp�i�� − ���t��2

, �7�

where ���� is the electron density of the metal at the energy
�, and � is the work function of the metal surface. The Fermi
energy � f was set to zero. Tr��� describes the surface trans-
mission function.18 The factor of 2 is due to the spin degen-
eracy.

In order to make further analysis feasible, we use similar
approximations as those used in the derivation of Eq. �1�.4,5

Namely, it is assumed that ���� is a constant equal to
�=��� f� and all of the Vkk� terms are the same and equal to
V�t�. Since the main purpose of the following analysis is a
comparison of the efficiencies of various excitation pro-
cesses, we will calculate and compare the total number of
electrons excited above the vacuum level in the upper space
hemisphere. Thus in Eq. �7�, we set Tr���=1 and
2�d /4��=1. Equation �7� then simplifies to

� = �2�
�

�

d��
−�

0

d����
−�

+�

dt�V�t��exp�i�� − ���t��2

.

�8�
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Because of the approximate form of the interaction poten-
tial and the density of states, the model is not suitable for
studies of the angular dependences of KEE. We will assume,
as was done in relevant experiments,23,24 that the bombarding
particle approaches the surface in the normal direction with
velocity v, and passes the surface at z=0 without significant
attenuation. We will further assume that the z dependence of
V�z� follows the z dependence of the conduction electron
density at the Fermi level. In vacuum far away from the
surface, the value of V typically decays as V exp�−2�z�,
where �2��−1 is the decay length of the electron density at the
Fermi level. Because z=vt, the value of V is time dependent.
Once V�t� is known, the value of � can be obtained from Eq.
�8�.

We have chosen three model forms of V�z� which re-
semble the expected shape of the particle-electron interac-
tion at the surface. They all decay as V exp�−2�z� for large
positive z. The corresponding �’s have analytical forms if
�v�� �which is practically always the case� and are shown
below for each V,

V�z� = V/cosh�2�z�, � = 4�2V2 exp�− ��/2�v��� , �9�

V�z� = �V/2��1 − tanh��z��, � = 4�2V2 exp�− ��/�v��� ,

�10�

V�z� = �V/2��1 − tanh��z���cos�kfz��2, � = R24�2V2 exp�

− ��/�v��� . �11�

The first relation, Eq. �9�, describes a perturbation of the

amplitude V that is localized at the surface within a distance
of about �2��−1. Relations �10� and �11� describe true surface
perturbations that increase from 0 to V at the surface within
a distance on the order of �2��−1, and kf is the Fermi wave
vector of the substrate. The most realistic of these is relation
�11�, which includes the interaction with electrons in the
bulk, equivalent to the classical electron-particle collision
process.25 We assume that the oscillatory term is nonzero
only within the distance of the mean-free path �10 a.u.� from
the surface. The value of the preexponential factor R de-
pends upon the ratio kf /�, specifically R=1 if kf 
� , R=5 if
kf =� , R=15 if kf =1.4� , R=50 if kf =1.8�, and R=100 if
kf =2�. However, the slopes of � do not change.

We will also consider the excitation induced by electron
transfer from the projectile orbital into the metal orbitals.
This resonant transfer is responsible for the ion formation
and neutralization as discussed in the previous section and
described by Eq. �1�. The same resonance transfer process
can also lead to electron emission and the effective perturb-
ing potential V�z� for KEE can be expressed in terms of the
virtual line width ��z� and the shift ���z� of the projectile
valence orbital.22,26 For the Na-jellium system, these param-
eters are known quantitatively and are given in the previous
section by Eqs. �2� and �3�. The potential V�z� and the cor-
responding � are then given by

V�z� = �1/���� ��z�
�i��z� + �� − ���z�� ,

� = 0.00048 exp�− ��/1.78v��� . �12�

In all four cases �Eqs. �9�–�12��, the value of � depends
exponentially upon v−1 and �. In order to compare the the-
oretical predictions quantitatively, the experimental depen-
dence of � on v−1, induced by the impact of Na on Ru�0001�,
is reproduced in Fig. 4 from Ref. 23 by black dots and tri-
angles for two different Ru work functions. The most con-
spicuous and reproducible aspect of the experiment is the
exponential dependence of � on v−1 and �, in agreement
with the prediction of Eqs. �9�–�12�. The absolute magnitude
of � is less well known due to the uncertainties in the deter-
mination of experimental collection efficiency. We have es-
timated from the geometry of our setup that � is about 1 for
v−1=20 a.u. �this value corresponds to 1400 eV Na�.

In Eqs. �9�–�11� the value of � is expected to be close to
the value of kf of Ru, which is 0.687 a.u. The graph of � as
a function of v−1 calculated from Eq. �9�, with �=0.687 and
�=5.3 eV, is shown in Fig. 4 by a dashed line. The preex-
ponential factor 4�2V2 is set equal to 7375 in order to fit the
expected absolute value of �. It is obvious from the graph,
however, that the �negative� slope of the calculated � is
much steeper than the experimental slope. Moreover, if we
assume that V is localized within the atomic volume, the
value of V would be much too large �above 100 eV�. The
other model potentials, Eqs. �10� and �11�, also do not im-
prove the results. Because exponents of � in Eqs. �10� and
�11� depend on � and not on 2�, as in Eq. �9�, the slopes are
even steeper. The potential �12�, which is deduced from the
resonance charge process and which has no adjustable pa-

FIG. 4. �Color online� The electron yield � as a function of the
inverse velocity of Na+ impinging perpendicularly upon the
Ru�0001� surface is shown by solid black dots for �=5.3 eV and by
solid squares for �=4.6 eV.23 Only electrons emitted along the sur-
face normal were collected and the value of � was approximately
estimated from the angular acceptance of the spectrometer. The
yields predicted by the nonadiabatic model �9� with �=1.8 a.u.
�also discussed in Ref. 23� are shown by the solid lines for the two
�’s and by the dashed lines for a realistic �=0.687 and �=5.3 eV.
The preexponential factors were adjusted to fit the experiment at
v−1=20. The yield predicted by the model �12� with the parameters
taken from the scattering data is shown by the dotted line for �
=5.3 eV. The yields predicted from the hot-spot model �13� are
marked by the dashed-dotted lines for both �’s.
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rameters to correct the absolute value, leads to the � shown
by the dotted line. Although the slope is less steep, it is still
steeper than the experimental slope and the amplitude is far
too small.

The semiphenomenological model �9� describes all char-
acteristic features of the experiment very well when � is
taken equal to 1.8, as illustrated in Ref. 23. The resulting � is
shown in Fig. 4 by full lines for �=5.3 eV and �=4.6 eV
and with the preexponential factor 4�2V2 set equal to 30. The
agreement with experiment is good, the amplitude of the
potential V is reasonable �about 3 eV�, but the space depen-
dence of V, given by �=1.8, is much too small for valence
orbitals of Na and valence metal electrons. The range of the
electronic interaction �2��−1 would be only 0.27 a.u., which
is too small for extended valence orbitals. One possible ex-
planation is that the more compact inner shell orbitals are
admixed into valence bands by orthogonalization processes
and thus the effective value of � is increased. One would
expect that the effective value � would then be a function of
the impact energy of Na+ as the projectile penetrates deeper
into the substrate atom. Experimentally, however, this it is
not the case and the value of � remains the same within the
whole range of Na+ impact energies that were studied, i.e.,
from 120 to 1600 eV. Another possibility, as suggested in
Ref. 23, is the effect of the electron-electron interactions in
the impact zone which, without changing the energy losses,
broaden the electron energy distribution and effectively in-
crease the value of �.

B. Thermalized excitation models of KEE

The difficulties in interpreting KEE in terms of one-
electron excitation points out that the electron emission
could be a more complex many-electron process where
electron-electron interactions play an important role. Be-
cause there is a lack of any comprehensive many-electron
theory of the excitation induced by an atomic particle pass-
ing through the electron gas, we will use a simplified thermal
hot-spot model for illustration purposes. The model can be
again based on the diffusion equation �5�. The emission pro-
cess, however, occurs in such a short time that the concept of
electron-hole pair diffusion is questionable and its time-
space dependence is not known.

In this simple semiclassical model, we assume that the
excitation occurs in an interval �t=50 a.u., which is short
enough to keep the excitation localized and long enough to
allow electrons to interact and to come closer to thermal
equilibrium. The localization is assumed to be within the
interatomic distance r=5 a.u. In this volume, the e-h pair
interaction is not yet fully screened. After each �t, the exci-
tation is completely delocalized and a new excitation takes
place in the next �t. The energy transferred during �t into
the electron gas from the particle moving with kinetic
energy Ek is, as assumed in Eq. �5�, equal to AEk�t. The
corresponding energy density within the excited volume
is AEk�t / �4�r3 /3� and the corresponding electron tempera-
ture Te= �2/C�1/2�AEk�t�1/2�4�r3 /3�−1/2=Bv /k, where v is
the velocity of the projectile, k is the Boltzmann constant,
and B has a constant value for a given particle and substrate.

It is assumed that the electrons can be emitted from within
the substrate up to a depth equal to the escape length � so
that the number of the time intervals �t during the complete
emission process is equal to � / �v�t�. The yield � of elec-
trons emitted above the vacuum level in the upper half of the
space is then

� = �� �

v�t
�

0

�

d� exp�− �� + ��
kTe

� = �� �

v�t
kTe exp�− �

kTe
�

= ���B

�t
exp�− �

Bv
� , �13�

where � is the density of states as used before and � is set to
zero at �. It should be stressed that the velocity v in Eq. �13�
is not necessarily the perpendicular component of the projec-
tile velocity as it is for the surface potentials �10�–�12�.

The values of A and C that correspond to a Na projectile
and a Ru target are not accurately known. As there is no
experimental evidence that electron yields are much different
for different metallic substrates and projectiles24 we take
A and C, for simplicity, from the Na–Cu system, namely
A=6�10−5 a.u. and C=2.1�10−12�a.u./K�. The electronic
temperature is then Te=4500 K for 100 eV Na impact and
increases to Te=14 000 K for 1000 eV Na. In Fig. 4, we
show the electron yields calculated from Eq. �13� as a func-
tion of v−1 by the dashed-dotted lines for both values of the
work function. The agreement with the experiment is reason-
ably good. Although it systematically underestimates the ex-
perimental yield, the slopes of the curves and the relative
positions of the �=4.6 and 5.3 eV are correct. The energy
dependence of the electrons emitted with the energy � is
given by the exponential dependence exp�−� /kTe�, which is
also in a very good agreement with experimental data in Ref.
23 over the whole range of impact velocities. The relation
�13� predicts an increase of � with the angle of incidence
because the electrons are excited closer to the surface so that
the effective escape depth is larger.

Although the hot-spot model presented here is heuristic
and without a firm theoretical background, it currently rep-
resents the only possible semiquantitative description of
many-particle processes in KEE. The agreement of Eq. �13�
with experiments for a reasonable choice of parameters is not
fortuitous, but indicates that the hot-spot model may indeed
closely describe the many-particle nature of KEE from bom-
barded metals.

IV. CONCLUSIONS

We have analyzed ionization and neutralization of metal-
lic atoms emitted from metal substrates in terms of nonadia-
batic and adiabatic electron transfer processes. We confirmed
that charge exchange of singly scattered metal atoms is de-
termined by a nonadiabatic process that can be characterized
by a few well-defined time-dependent parameters of the
particle-surface interaction, while the excited electron-hole
pairs in the substrate can be neglected. If the particle is emit-
ted after multiple scattering or sputtering, however, the sub-
strate becomes strongly dynamically perturbed at the time of
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emission. This perturbation can lead to substrate e-h excita-
tions that are partially localized in the region of the pertur-
bation, which can be characterized by a local electronic tem-
perature Te. The excited electrons and holes transport
adiabatically to and from the emitted particle, and this trans-
port, rather than a nonadiabatic electron transfer, may deter-
mine its charge. The localization of the excitation is an es-
sential assumption in the model and is described in a
phenomenological way with a small electron-hole transport
diffusion constant. We estimated the value of Te numerically
for well-defined trajectories of Na scattered from Cu�001�,
and used these values to calculate the neutralization prob-
ability of multiply scattered atoms and found a reasonable
agreement with experiment. This approach is more appropri-
ate in explaining the large increase of the atom-surface
charge exchange that is experimentally observed for per-
turbed surfaces than is the alternative approach that assumes
quasistatic charge imbalance and the ensuing quasistatic ran-
dom electrostatic fields on such surfaces.

The interaction of slow metallic particles with metal sur-
faces also leads to KEE. At sufficiently low impact energies,
KEE is due only to valence electron transfer so that excita-
tions and other KEE mechanisms, such as electron promo-
tion of deep levels, can be excluded. We have analyzed in

detail a mechanism, based on particle-surface valence elec-
tron transfer, which is a direct analogue of ion formation for
which all matrix elements are known from scattering experi-
ments. For a Na+ projectile, however, this process gives KEE
yields that are much too small to explain the experimental
observations. The nonadiabatic process based on a rapid pas-
sage of the particle through the surface potential would give
results in good agreement with the experiment, but the sur-
face interaction region must be chosen to be unrealistically
narrow �0.25 a.u.� for a valence electron transfer interaction.
We have made an attempt to describe KEE in terms of a
“hot-spot model.” The agreement with the experiment is
good if we assume that the excited e-h pairs are localized,
for at least 10−15 s in a region of approximately 5 a.u. in
diameter, in which electron-electron interactions are not yet
heavily screened.
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