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Charge Exchange and Energy Dissipation of Particles Interacting with Metal Surfaces
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Theoretical and experimental results for the charge state and energy loss of low-energy He scattered
off a Ni(110) surface are compared. A first-principles theory is used to analyze both the charge state
and the energy loss. Charge-exchange processes are of primordial importance to explain the energy-loss
spectra. Energy straggling plays an important role in the system under study.

PACS numbers: 79.20.Rf

The interaction of energetic particles with metal sur-
faces is of great interest in many areas of physics such as
thin-film growth, sputtering, plasma wall interaction in

fusion devices, space shuttle glow, etc. Two important
aspects of the particle-solid-interaction phenomena are
the charge state of the particle during its passage
through a metal and the energy losses that it experiences.
The interaction of swift particles with bulk metals can be
considered reasonably well understood and a classical
field of physics. ' Experimental and theoretical work on
the interaction of particles with surfaces has been fo-
cused mainly on the charge-state problem due to its
importance for analytical techniques like ion scattering
or secondary-ion mass spectrometry. Little work has
been done on energy losses. In the present Letter, we
present energy-loss and charge-state experimental re-
sults, and explain them with a comprehensive and unified
theory based on first principles. For the first time,
charge states and energy losses are calculated quantita-
tively from the same physical model.

We have obtained experimental data for the scattering
of incident He+ at 2, 3, and 5 keV at grazing incidence
(glancing angle 5') off a clean Ni(110) surface. With a
time-of-flight (TOF) system, energy spectra for both
neutral and charged particles have been measured. The
TOF detector is at a fixed laboratory scattering angle of
10' with an aperture of 1.2' (full width).

In this Letter we shall be concerned with charge ex-
change and energy loss for random directions. Along
these directions, the ion charge-state fraction, He+/
(He++He ) is around 0.67x10, 2.3x10, and
3.5x10 for 2, 3, and 5 keV, respectively.

For slow He+ ions, charge-exchange processes are
controlled mainly by Auger capture and by dynamic res-
onance loss with the 1s level. In the Auger-capture
process, an electron is captured to a bound state of the
ion via the excitation of a third body, namely, an
electron-hole pair. Condensed-matter efl'ects are impor-
tant here, since electrons in valence-band states are in-

volved. In the resonant-loss case an electron in the Is
state is lost in a process induced by the time-dependent
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FIG. 1. Calculated trajectories for He on Ni, glancing angle
5, scattering angle 10, and acceptance angle 1.2'. The total
trajectory distribution showing the definition of the average
trajectory length L (for 3 keU: L 25 A).

crystal potential as seen from a reference system fixed to
the moving ion. For the ion energies considered in this
Letter, the Auger-capture cross section is much larger
than the resonant-loss one, and it can be calculated using
the approach of Ref. 6. We obtain an Auger lifetime of
1.7x10 's s for r"; the corresponding mean free paths
(A, vr") forE 2, 3, and5keVare52, 63, and82A,
respectively. The quantity d, is an e 1 decay length
and it is the distance, measured perpendicularly from the
first Ni layer of ion cores, beyond which no Auger-
capture process due to the Ni s electrons would occur.
1, 1.3 A is obtained following Ref. 6. From the same
reference we also know that the effect of the d electrons,
due to the strong localization of the d orbitals, is negligi-
ble.

Further input into the theoretical analysis is obtained
from a MARLowE calculation. As a result, the ion tra-
jectories near the metal surface are obtained and are
shown in Fig. 1. The calculations include thermal vibra-
tions using a surface Debye temperature of 200 K. As
indicated we define by means of d, an average trajectory
length L. The trajectories shown are a randomly chosen
subset of a total of 20000 trajectories calculated by tak-

1990 The American Physical Society 1601



VOLUME 64, NUMBER 13 PHYSICAL REVIEW LETTERS 26 MARCH 1990

ing into account the experimental details of, e.g. , the en-

ergy, the impact angle, scattering angle, and the angle of
acceptance of the detector of 1.2' (full width). It should
be noted that the elastic energy loss for all trajectories is
essentially zero; hence the inelastic loss is randomly dis-
tributed over all trajectories.

The energy loss experienced by the ions before enter-
ing (and after emerging) the length L, i.e., the energy
loss before (and after) penetrating the solid due to
the long-range coupling' to electron-hole excitations, "
scales linearly with the ion velocity and is a small contri-
bution to the total energy loss. ' We estimate such a
contribution to the loss to be 3 eV for an incident energy
of 5 keV.

The fraction of He+ leaving the surface can be ob-
tained in terms of the Auger capture r" and resonant-
loss lifetime r:

dn(He+) 1 + 1n(He+)+ [1 —n(He+)]. (1)
dr A R

This has the following solution:

n(He+ ) = r"/r +e

where r » r, as mentioned above. The term e 'i' of
Eq. (2) represents the fraction of initial He+ still present
in the beam. This contribution can be calculated if we
know the time t, or the trajectory length L, that the ion
is in contact with the surface. We find this contribution
negligible, showing that the ion fraction is mainly due to
the reionization processes, r"/r, appearing at the exit
part of the trajectory. From the point of view of the en-
ergy spectra, to be discussed below, this result shows that
ions and neutrals should yield the same energy spectra, a
point which is confirmed experimentally.

We proceed now to analyze the results for the energy
loss. In Fig. 2 we show the energy spectra of He scat-
tered from Ni(110) in a random direction for primary
energies of 2, 3, and 5 keV. The characteristic of these
curves is that they are appreciably more asymmetrical
than expected in energy-loss experiments.

In this Letter we show that the asymmetry is due to
charge-exchange processes between the ion and the met-
al. The main point to notice is that the friction coef-
ficient Y is different for He+ and He: The ion loses
more energy than the neutral.

Our analysis is based on Eq. (2); now we neglect
resonant-loss processes which have a small contribution
to the stopping power. Thus, we find

n(He+) (3a)
dr

and, equivalently,

dn(He ) 1
(H +) (3b)

dt T

(2)

A neutral atom reaching the detector has lost energy in

two different processes: Before neutralization, it loses
energy, de+ per unit length given by (Ys+ is the surface
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FIG. 2. Energy-loss spectra for emerging He with incident
He+ scattered off Ni(110) for three primary incident energies,
4.90, 3.00, and 2.07 keV. The scattering geometry is shown

schematically in Fig. 1. The dotted line is the experimental re-
sult, the dashed line is the theoretical result including strag-
gling [Eq. (6)], and the solid line is the theoretical result ex-
cluding straggling [Eq. (5)l.

friction coefficient, v is the particle velocity)

dgg+ -Ys+vdl, (4a)
while after neutralization it loses

dgs Ysvdl. (4b)

Combining Eqs. (3) and (4) we get the following
energy-loss spectra:

dn(He ) (Q Qo)
Q

—
Qo ~ (5)

+x
x 1+ e dts 0

where Q is the energy loss, Qo-Yq~vL, and 8 is the step
function. The results (Fig. 2) are indeed asymmetric
[due to the presence of the step function 8(g —Qo)] but
the position of the maximum is shifted with respect to
the experiment.

In Eq. (5) the straggling of the energy loss'2 has been
neglected. The straggling can be included in the calcula-
tion by convoluting Eq. (5) with exp[ —(Q —Q') /20 ].
This yields

dn (He') —(Q —Qo)~exp
dg (Ys —Ys)v
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TABLE I. Experimental and theoretical peak shifts ~ and parameters used in Eqs. (5) and

(6) to fit the energy-loss spectra (a) and the corresponding values calculated from a local-
density approximation (b) [Eq. (7)l.

m (ev)
Energy
(keV)

Expt.
(+' 10/o) Theo r.

g, (ev)
(a) (b) (a)

n (ev)
(b)

Yg (a.u. )
(a)

2.07
3.00
4.90

75
136
287

80
150
280

49
102
217

57.6
96.7

199.4

38
54
84

25.3
39.6
83.6

0.26
0.37
0.44

where

n Q
—

Qp
n'

1

(Y+ YP) 2

Notice that dn(HeP)/dQ depends on the parameters r",
Yq, Yq and the straggling parameter 0; r" has been
calculated above. Yg/Y$ has been calculated in linear
theory' for an electron gas as a function of the electron
density. We find that a good fit to the experimental data
can be obtained by taking Yg /Yg 3.7, corresponding to
r, between 1.5 and 2, a density parameter appropriate
for Ni.

Finally, Ys and n have been chosen for each energy
in such a way that Eq. (6) gives the best fit to our exper-
imental data. Figure 2 shows our theoretical results, Eq.
(5) as well as Eq. (6), and Table I shows the values for
Qp, n, and Ys. The inclusion of the straggling of the en-
ergy loss leads to good agreement between the theoreti-
cal and experimental curves. Only for 2 keV do we find
a slight disagreement for energies close to the primary
energy.

We have also calculated Qp and n using a local-
density approach by means of

Qp „Ysq(I)v dl,
h + oon'- ~(I)dI,

(7a)

(7b)

where Ys and Ware obtained locally' ' assuming that
they take in each point the values associated with the
corresponding electronic local density. The results are
listed in Table I.

We should mention that another source of straggling
is the change in the particle trajectory length, e.g. , due to
the detector aperture. This eff'ect can also be taken into
account as a Gaussian broadening of the energy spectra;
notice that this effect is more important for shorter tra-
jectory lengths, L; this fact explains why in Table I the
fitted 0 values are larger than the theoretical ones for
smaller energies.

It is also worth mentioning that Qp=YgvL changes
with the ion energy due not only to v but to Y~ and L,
too. Our results show that Y, and L are roughly linear
in v; this suggests a v dependence of Qp with the veloci-
ty, a behavior that seems to be followed by the experi-

f, -exp[ —(rv nru) /2nr—vp], (9)

where mop2 defines the intrinsic straggling of the proba-
bility density function for n collisions. We should com-
ment that A, p, rp, and cup can be obtained from the mean
lifetime for collisions rp, the stopping power 5, and the
straggling per unit length W:'

Ap vip,

S =hrv/Q,

~=[(ne)'+(f ~,)']/) ..

(10a)

(10b)

(10c)

Equations (8), (9), and (10) yield the energy spectrum
for the case of a slow particle interacting with a metal.
In our case, with exchange of charge between the ion
and the metal, Eq. (8) has to be generalized taking into

mental data of ~ (Table I).
In the previous discussion, we have followed a sim-

plified mean statistical theory, introducing straggling
effects by means of a Gaussian function. It might be ar-
gued that this approach is inappropriate since it allows
particles to gain energy from the target: In order to
prove the validity of the previous method to describe the
experimental energy spectra we have evaluated such
spectra for E 5 keV using the so-called "convolution
method"' "

In this method, the complete energy-loss spectrum,
P(rv), for a particle interacting with a metal is given by
the probability density function for n collisions combined
with the Poisson distribution of n collisions. Thus,

pn
P(rv) -g e 'f„(rv),

n!

where Pp L/Xp, kp being the mean free path for col-
lisions and f„ the probability density distribution around
the mean energy npT (rp being the mean energy loss for a
single collision). f„should be calculated by a n fold con--

volution of a single probability density spectrum. ' In
our present case, for low-velocity particles, this single
spectrum does not present strong asymmetries since, on
the one hand, plasmons cannot be excited and, on the
other, tails in the spectrum going like I/rp do not ap-
pear. 'p Because of this we can replace f„,with good ac-
curacy, by
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FIG. 3. Energy-loss spectra for 5-keV incident He on

Ni(110) in nonsymmetric direction. Solid curve: experiment;
circles: "convolution method" as explained in the text; crosses:
mean statistical theory.

account the ion neutralization probability: This is done

by splitting the total length L into two parts, x and
I.—x. The ion is assumed to interact with the metal
along the length x, while the neutral does it along the
distance L —x. Then, probabilities of having the two
particles colliding with the metal quasiparticles have to
be combined; finally, the total energy-loss spectrum is

obtained by an integration in x along the length L, after
we have introduced the neutralization probability,
(dx/kg)exp( —x/k~) (details will be published else-
where).

Figure 3 shows the case of 5 keV; different curves cor-
respond to the experiments, to the one evaluated using
mean statistical theory, and to the one calculated via the
"convolution method" using for S and W [Eqs. (10b)
and (10c)) the fitted values of Table I, and for ro the re-
sults of Ref. 18 for r, 1.5. The agreement between
different curves is excellent, showing that the mean sta-
tistical method discussed above is quite appropriate in

the limit of low velocities discussed in this paper. More-
over, it is also important to notice that a calculation, tak-
ing a single charge state, along the lines of the "convolu-
tion method" yields a Gaussian energy-loss distribution.

In conclusion, our results show that energy losses are
intimately related to the charge-exchange processes. In
particular, the large asymmetry of the energy spectra is
due to the neutralization process that He+ suffers in its
interaction with the metal surface, and to the diN'erent

friction coefficients calculated for He+ and He .
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