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The neutralization behavior of low-energy Ne+ ions scattered from a compositionally ordered
Cu3Au(100) surface has been studied over a range of incident energy Eo from 2.4 to 10 keV. Ion frac-
tions of Ne scattered from Cu atoms in the first, or first two, atom layers exhibited a sharp increase set-

ting in at an Eo of 4—5 keV, reaching 70% at 10 keV for first-layer scattering. Inelastic energy losses, up
to 130 eV, and Auger electron emission from Ne scattered from Cu, were also observed at incident ener-

gies above 4 keV. Ne scattered from the Au atoms on the same Cu3Au(100) surface showed only the
usual velocity-dependent Auger and resonance neutralization. An explanation of the Cu results is given
in terms of Ne 2s vacancy creation during the close collision of Ne, which is neutralized on the inward

path, followed by autoionization on the outward path after scattering into the vacuum. Conversely, Ne
cannot approach Au closely enough to form an appropriate inner-shell vacancy. This is due to the
higher Coulombic repulsion created by the greater charge of the Au nucleus.

I. INTRODUCTION

Since 1967, when D. Smith introduced ion scattering
spectroscopy, ' also known as low-energy ion scattering
(LEIS), the problem of the neutralization of low-energy
ions scattering from solid surfaces has been investigated
experimentally and theoretically by many workers. This
interest arose originally from a need to understand and
correct for varying neutralization probabilities when per-
forming quantitative composition and structure analysis
of multicomponent surfaces using noble-gas ions with
electrostatic energy analysis of the scattered particles.

These investigations have led to a complex picture of
several mechanisms which may contribute to neutraliza-
tion behavior in various situations, and has been the
subject of recent reviews. In this paper we describe ex-
periments on an alloy surface, over an energy range in
which Ne+ ions scattered from one element, Au, are neu-
tralized only by Auger and by resonance transitions in-
volving electrons from an energy band in the solid as the
ion approaches or leaves the surface. On the other hand,
ions scattered from the other element, Cu, may pick up
electrons in these same ways, but if neutralized on the in-

going path, may be reionized by the close collision with
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the Cu atom when the incident energy exceeds about 4
keV. Evidence of this process is seen in a pronounced in-
crease in the ion fraction of the Ne scattered from Cu,
shifts to lower energy in the LEIS Cu scattering peaks,
and emission of Auger electrons from Ne scattered from
Cu.

II. EXPERIMENTAL TECHNIQUES

A. Ion fractions and energy shifts
in LEIS Cu scattering peaks

The measurements of ion fractions of Ne scattered
from the Cu3Au(100) surface, and shifts of the LEIS Cu
scattering peak, were performed on a LEIS time-of-Aight
(LEIS-TOF) system, i.e., a low-energy ion scattering sys-
tem, which analyzes scattered particles in the time-of-
Aight mode. The essential features of the system have
been described previously. The scattering chamber was
maintained at a base pressure of 3X10 ' torr and at
room temperature. The Cu3Au sample, with the (100)
surface exposed, was held in a manipulator which permit-
ted both azimuthal and polar angular rotations as well as
heating of the target. The laboratory scattering angle
eL, was 90.5' and the angular acceptance of the detector
was 1.5'. The sample had been polished by fine abrasives
and a gentle electrolytic etch before mounting in the
chamber. It was further cleaned by Ar bombardment,
followed by annealing at temperatures above and then
below the order-disorder critical temperature of 390'C.
This procedure had been found to produce a well-ordered

equilibrium surface having a first layer of 50-50 Cu-Au,
and a second layer of pure Cu. ' In the limit of perfect
order, the first layer of the (100) surface is comprised of
pure Cu[100] rows alternating with pure Au[100] rows.
LEIS spectra for the first layer, Fig. 1, were taken with
the scattering plane parallel to these [100] rows, and the
beam incident at l(=45' (see Fig. 1 inset). This orienta-
tion provides both channeling and blocking to suppress
scattering from deeper layers. In order to scatter from
the second layer, as well as the first, while shadowing
deeper layers, the scattering plane was aligned with a
[110] azimuth, and the beam was incident at /=35'.
Spectra were taken at a series of incident energies Eo be-
tween 2.4 and 10 keV. At each Eo, several sets of spectra
were obtained, each set containing a spectrum of ions
plus neutrals, and one of neutrals only, collected con-
currently by deAecting ions out of the scattered beam for
one second of a two-second cycle, repeated 60 to 90
times. The detector at the end of the 95-cm fIight path
was a 20-stage mesh electron multiplier with Cu-Be dy-
nodes. At each Eo, spectra were typically taken from the
first layer, and then from the first and second layers.
Measurements were carried out over a period of several
weeks, during which the sample surface was recleaned
and reannealed periodically. In addition to the neutral-
ization information, the Ne scattering spectra also exhib-
ited rather surprising energy shifts in the Cu scattering
peaks, which will be discussed below.

B. Auger electrons from scattered Ne
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In separate measurements in another UHV chamber,
the cylindrical mirror analyzer (CMA) of a Physical Elec-
tronics model 600 scanning Auger microprobe was used
to detect the Auger electrons from scattered Ne ions. In
normal operation an electron gun, concentric with the
CMA, provided a focused beam of electrons used to ex-
cite Auger transitions in the target material. This com-
mon method of Auger analysis was used to check the sur-
face cleanliness of all targets used in this study. The sys-
tem also contained a sputter ion gun (model 04-303) used
in depth-profiling studies. With the concentric electron
gun turned off, and the CMA turned on, the target sur-
face could be bombarded with a focused beam of Ne ions
in the energy range 0.25 to 5 keV. The ions were incident
approximately 40' from the surface normal. The CMA,
with an acceptance angle of 42. 5, could collect Auger
electrons from excited Ne which had scattered through
laboratory scattering angles OL, ranging from 63.5 to
106.5 (see Fig. 6 inset).

III. EXPERIMENTAL RESULTS

Time-of-Flight (Nsec)

FICr. 1. Typical first-layer LEIS-TOF scattering spectra,
showing a spectrum of ions plus neutrals, and the corresponding
spectrum of neutrals only. The figure inset defines the azimu-
thal p, polar l(, and laboratory-scattering eL angles. The az-
imuthal angle P for this spectrum has been set to place the
scattering plane along the [100] surface row.

A. Ion fractions

The ion fraction of scattered Ne, defined by
Y+/Y= Y+ /( Y + Y+ ), the yield of ions divided by the
yield of ions plus neutrals, was obtained by summing the
single scattering peaks above a background line deter-
mined by points on either side of the base of the single
scattering peak. ' We will be referring to "single scatter-



776 T. M. BUCK et al. 48

1

uf Siil( 81 f)
This is based on the classic work of Hagstrum' and takes
into account neutralization by electrons from the solid by
both Auger and resonance transitions. The slope of natu-
ral logarithm of the ion fraction log( Y+ / Y) versus

ing" although departures from the single scattering were
present in second-layer scattering. In earlier work, '

computer simulation of such first-layer spectra had
shown no significant contributions to the Cu or Au peaks
from any scattering trajectory other than first-layer single
scattering.

The curves of Y+/Y versus Eo in Figs. 2 (first layer
only) and 3 (first and second layers) show several interest-
ing features. The curves for Ne scattered from Cu reveal
a very pronounced step starting at about 4 keV, which is
not present for Ne scattered from Au. The lower end of
the Cu curve, below 4 keV, lies above the Au curve for
first-layer scattering, but below the Au curve when
second-layer scattering is included. The Au curve is
lowered only slightly when second-layer scattering is in-
cluded. The step in the Cu curve is present for both first
layer and first- and second-layer scattering.

At low Eo, the higher ion fraction for Ne scattered
from Cu, as compared to Ne scattered from Au, is associ-
ated with a lower "critical velocity", U, for the Ne-Cu
collisions. The Au curve and the lower end of the Cu
curve exhibit a trend of ion fraction with incident and
scattered velocity (u;, uf ) predicted by the expression"'
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I 1/(u;sin(1(t)]+1/I uf sin(81 —g)], shown in Fig. 4 for Ne
scattered from Au indicates u, (Au)=1. 36X10 cm/sec.

When performing a composition analysis of a Cu-Au
surface with 2 to 3 keV Ne+, using an electrostatic
analyzer, one would evidently need to multiply the Cu
scattering yield by a correction factor of -0.67 due to

FIG. 3. Ion fractions of Ne scattering from first and second
layers as a function of incident-ion energy.
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FIG. 2. Ion fractions of Ne scattered from first-layer Cu and
Au atoms as a function of incident-ion energy. The plotting
symbols are centered on mean values; maximum and minimum
values are indicated by bars.
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ion neutralization. See Eq. (1).



48 DIFFERENCES IN THE NEUTRALIZATION OF 2.4—10 keV. . . 777

differences in neutralization in this low-energy range and
varying smaller factors at higher energies as dictated by
the ion-fraction curve. When scattering from the nearly
pure Cu second layer is included (Fig. 3), the low-energy
end of the Cu curve is now lower than the Au curve.
This is because now two-thirds of the Cu observed is in
the second layer where neutralization is more efficient,
owing to higher electron densities and to a greater time
spent by the ion near the surface. Computer simulations
of this second-layer scattering by Buck, Wheatley, and
Jackson' have shown a significant contribution to the Cu
"single-scattering" peak from zig-zag scattering in the
[110] surface semichannel, and these trajectories are
presumably associated with high neutralization efficiency.

It is important to note that the large steps in the ion-
fraction curves for Cu at -4 keV did not influence the
total scattering yield through changes in the detector
efficiency. A plot of Y/o versus Eo, with an appropriate
differential scattering cross section o. calculated for each
Eo did not exhibit a corresponding step in the Cu curve. '

The Cu and Au lines both had the same constant upward
slope with Eo and lay close together. The slope in Y/o
versus Eo for both Cu and Au was attributed to a depen-
dence of detector efficiency on particle energy. The ab-
sence of a step in the line for Cu corresponding to the
step in the ion-fraction curve for Cu is evidence that the
detector was equally sensitive to Ne+ and Ne, i.e., po-
tential emission of electrons from the first Cu-Be dynode
of the 20-stage mesh multiplier detector was much less
efficient than kinetic emission. '

B. Energy shifts in LEIS Cu scattering peaks

In extracting the ion-fraction information from the
spectra we found that Cu peaks for the higher incident
energies appeared at scattered energies E&, significantly
lower than predicted for elastic scattering by the kine-
rnatic equation

m 1=E
(m, +m, )'

2m2
cosBL+ 2

sin eL
m )

1/2 2

(2)

where m& is the mass of the ion, m2 is the mass of the
target atom, and BL is the laboratory scattering angle.
Smaller shifts of this type have been reported for Ne
scattering from Mg, ' and evidence of such shifts may
also be seen in comparisons of experimental spectra with
computer simulations of 5- and 9.5-keV Ne scattered
from Cu (Ref. 10) and Ni. '

In Fig. 5 we show the energy displacements of the Cu
peak relative to its position predicted for elastic scatter-
ing, assuming that the Au peak was at its predicted ener-
gy for elastic scattering. This assumption was necessary
since in the LEIS-TOF system used the time scale had no
independently established zero such as might be provided
by light pulses produced by ions backscattering from tar-
get atoms. ' We believe the assumption is justified for
two reasons: There is no step in the Ne-Au ion-fraction
curve, and no Auger electron emission from Ne scattered
from Au atoms was observed. Souda et al. ' have re-
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ported at 1:10ratio of the yield of Ne+ obtained with Ne
incidence to that obtained with Ne+ incidence on Au for
2-keV incident energy and OL = 120'. The ratio in-
creased linearly from 0% at 600 eV, to 10% (1:10)at 2
keV. They attributed this to reionization in the Barat-
Lichten model, ' while also reporting much greater ra-
tios, 50% and 70%, for Ne scattering from Sn and Ba, re-
spectively. In the latter cases there were steps in the ion-
fraction curves. This 10% ratio for Au would corre-
spond to a 1% ion fraction at 2 keV, i.e., only a small
contribution to the Au behavior shown in Figs. 2 and 4
which seems to fit the model represented by Eq. (1). Any
difference in stopping-power losses for Ne in Au and Cu
should be inconsequential in this case of first-layer
scattering.

Figure 5 shows the energy-loss values plotted versus Eo
over the same range as the ion-fraction values, ' a down-
ward step occurs between 4 and 5 keV, similar to the up-
ward step in Y+/Y versus Eo of Figs. 2 and 3. Energy
losses as high as 130 eV were observed. Scatter in the
data is greater at higher energies because constant chan-
nel widths on the time axis of an LEIS-TOF spectrum
correspond to larger energy increments at higher Eo, as
indicated by the error bars of Fig. 5. The Cu peaks were
relatively broad, owing to a high natural isotope content
for Cu, so that there was some uncertainty in the selec-
tion of the channel corresponding to the scattering peak
maxirnurn. Nevertheless, the measurements were repeat-
ed on different occasions, in each case showing the same
energy losses. It is interesting to note that unusually
large energy losses of about 150 eV have been observed in

FIG. 5. Measured energy displacement of the LEIS Cu
scattering peak from the energy predicted for ideal elastic
scattering. If inelastic electron effects were not present in Ne-
Cu scattering, the energy displacement would be zero for all in-
cident energies.
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gas-phase, head-on He+ —+Ne collisions leading to
+ 19

C. Autoionization of scattered Ne

Electron-stimulated Auger electron spectroscopy
(AES), performed on a pure Cu target before ion bom-
bardment, showed only Auger peaks attributable to Cu,
as would be expected. At this point, the CMA was cali-
brated to the Cu Auger doublet at 59 eV. Ion-
stimulated AES did not show these Cu Auger peaks;
however, it did reveal three new peaks. These are shown
in Fig. 6, after an exponential subtraction of the
secondary-electron "background. " The energies of these
new peaks are 23.4, 26.7, and 28.8 eV. These energies are
unexpected for Cu, but have been observed in various ex-
periments on Ne gas, ' and have been theoretically
predicted for Ne. Furthermore, this effect has previous-
ly been seen with Ne ions impacting Al (Refs. 26—28) and
Mg (Ref. 15) targets. The energy resolution of the CMA
used was 0.3% of the detected energy, and all spectra in a
series were taken at a constant ion dose, typically 1 mC.
Increasing the ion dose did not change the general peak
shape or peak position.

It could be possible that the Ne Auger peaks observed
were not from scattered Ne, but due to ion-stimulated
AES from Ne embedded in the Cu target. However,
electron-stimulated AES in the region of ion bombard-
ment failed to show any sign of Ne Auger electrons, even
under very close examination. From this it was conclud-
ed that the Ne Auger electrons measured were a product
of the autoionization of scattered Ne ions, neutralized but
left in an excited state as a consequence of impact with
the Cu target. Furthermore, the Ne Auger peaks were
not changed by sputter damage to the target.

A substantial increase in the number of Ne Auger elec-

trons detected was found in the vicinity of 4- to 5-keV in-
cident ion energy, as shown in Fig. 7. This energy is
coincident with the energy range where the ion fraction
of scattered Ne increases, and E, /Eo of Ne scattered
from Cu decreases. This affirms that these three phenom-
ena are parts of the same atomic-relaxation process.

When the same experiment was performed on pure Au
targets, no Ne Auger electrons were detected, only a
broad secondary-electron background. When the target
material was a Cu3Au(100) surface, Ne Auger electrons
were once again detected. This indicates that the Ne au-
toionization process is a function of ¹ Cu collisions, and
not of ¹ Au collisions. The Ne Auger peaks measured
from the Cu3Au(110) target were shifted in energy by
+0.15 eV compared to those taken on the pure Cu tar-
get.

As mentioned previously, Ne Auger electrons, pro-
duced by Ne+ impact, have already been measured on
other target materials. A prior study' found two Ne
Auger peaks from a Mg target in the range 19 to 23 eV
stimulated by Ne ions with an incident energy of 2 keV.
Using Ne ions in the range 0.25 to 5 keV the present ex-
periments were also able to detect two Auger peaks in the
same energy range. Prior experiments on Al had also
shown two Ne Auger electron peaks in the energy range
20 to 25 eV stimulated with incident Ne ions both in the
0.3- to 3-keV energy range and in the 1- to 5-keV
range. ' These experiments were also repeated in the
present work and were found to be in agreement with
that earlier work. Further experiments on Si, Ti, and Ni
showed that this phenomenon could be seen on other tar-
get materials. However, while Ne Auger electrons could
be seen on low atomic number targets like Mg, Al, and Si
at low incident-ion kinetic energies, heavier target ma-
terials like Ti, Ni, and Cu required higher incident-ion ki-
netic energies. The higher the target atomic number Z
the higher the Ne ion incident energy necessary to excite

Q)
65
O
M
Q)0
05
Q)

V)

O
C3

O

O
Q)

LU
L
Q)
CD

O
Q)

surface

I I I

20 22 24 26 28 30
Electron Kinetic Energy (ev)

Incident
lon Energy

5.0 keV

4.5 keV

4.0 keV

3.5 keV

FIG. 6. Undifferentiated energy spectra of Auger electrons
emitted by Ne scattered from pure Cu sample. The secondary-
electron background has been removed by subtracting a fitted
exponential function.

V)

O
(3
O
U

CD
CD

LU
O

CD cO
CD CD)
O

D
CD

CD
CD

Ne+~CU
26.7eV

?3.4eV

3.0
I I I I I

3.5 4.0 4.5 5.0 5.5

Incident Ion Energy (keV)

FIG. 7. Integrals of Auger peaks shown in Fig. 6.

6.0



DIFFERENCES IN THE NEUTRALIZATION OF 2.4—10 keV. . . 779

Ne Auger transitions. This is because the distance of
closest approach for a given Eo and laboratory scattering
angle increases as the atomic number of the target atom
increases. This would prohibit atomic-level crossings in
high-Z targets and thus prevent the production of Ne
Auger electrons. This suggests that Ne Auger transitions
might be seen on Au if the incident-ion energy were high
enough. These higher ion energies were beyond the capa-
bility of the ion gun used.

IV. DISCUSSION

The marked increase in the ion fraction of Ne scattered
from Cu, the inelastic energy loss, and the Auger emis-
sion from scattered Ne are all seen to set in as the in-
cident energy of the Ne+ reaches 4 to 5 keV. No such
behavior is observed for Ne scattered from Au. In earlier
work by Luitjens et al. a steep increase in the ion fraction
of Ne scattered from Cu setting in at 7 keV for eL =30'
was reported"' and between 2.4 and 5 keV for Ne scat-
tered from Ni for BL =90' (Ref. 29) was also reported.
However, Auger emission and inelastic energy loss were
not investigated in those cases. More recently, in scatter-
ing Ne from Mg, Grizzi et a/. ' have correlated the
emission of autoionization electrons, inelastic energy loss,
and increase in charge state for incident energies of 1 to 4
keV. Ion fractions as large as 70%%uo were observed, and
inelastic energy losses of -45 eV, which were in agree-
ment with the electronic energy required to form doubly
excited Ne'*(2p 3s ).

The process which has been invoked to explain such
behavior has been based on inner-shell hole creation in
the projectile particle during the collision. "' ' ' ' '

That is, incident ions that are neutralized on the way into
the surface by resonance and Auger transitions become
excited in the collision. Atomic levels of the target and
projectile atoms merge into molecular orbitals (MO's).
Electrons formerly in lower-energy atomic states are pro-
moted into higher-energy MO's and, as the atoms
separate, electrons in the projectile atom are left in excit-
ed atomic levels. These excited projectile atoms then de-
cay by an Auger autoionizing process emitting energetic
electrons. Due to the long lifetime of the excited state,
the autoionization of the excited atoms occurs relatively
far from the surface where additional neutralization is

unlikely. This causes the significant increase in the ion
fraction of scattered particles.

Such a process should involve an inelastic loss in kinet-
ic energy of the scattered particle. In the present work,
Figs. 5 and 7 show that large inelastic losses did correlate
with the large increases in the ion fraction of the scat-
tered Ne and Auger electron emission from Ne. The crit-
ical energy of -4 keV for the onset of the reionization,
Auger emission, and inelastic energy loss in these experi-
ments corresponds to a distance of closest approach of
0.265, 0.297, or 0.292 A as derived from the Moliere ap-
proximation to the Thomas-Fermi potential with screen-
ing radius reduced by 20%%uo, or the same potential using
the full screening radius, or the Ziegler-Biersack-
Littmark potential, ' respectively. These values agree
with the value of 0.29 A for a 7-keV threshold observed
in 30' scattering of Ne from Cu by Luitjens and co-
workers.

To understand the reason for the larger energy losses
observed here for Ne on Cu versus previous results for
Ne on Mg, we resort to the diabatic MO correlation dia-
grams of Fig. 8, constructed following the Barat-Lichten
rules. ' It can be seen that in both cases, the ¹-2porbit-
al is promoted and crosses empty (or partially empty)
MO's of the same symmetry. The striking difference is in
the Ne-2s orbitals. In Ne-Cu it is very strongly promoted
to the weakly bound Yt-4d orbital. In Ne-Mg it is only
slightly promoted to the Ti-3p orbital. We propose that
the higher-energy losses for Ne-Cu collisions signal the
ionization of a 2s and a 2p electron leading to a
Ne +( ls 2s2p ) state, with an excitation energy close to
100 eV. This state should decay rapidly by Auger deexci-
tation (AD) into Ne +(ls 2s 2p ), while the Ne is still
close to the surface. The energy liberated in the AD pro-
cess is given to a Cu outer-shell electron. This type of
AD process cannot occur in free Ne because the final
state Ne +(ls 2s 2p ) is more energetic. This Auger
deexcitation does not produce sharp electron peaks as
those from the autoionization of Ne * in vacuum. Rath-
er, the electrons should fall into a structure approximate-
ly 7-eV wide due to the width of the conduction band of
the Cu or of the Cu3Au (Ref. 32) target. The peak would
further be broadened by the fact that the short lifetime of
this excited state would cause emission to occur during
the collision (molecular-orbital Auger emission) where
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the energy levels are changing as a function of internu-
clear distance. The resulting broad structure cannot be
separated from the background mentioned in Sec. III C.

The picture of the inelastic ¹ Cu collision would then
be as follows. When a critical r, is reached, one or two
Ne-2p electrons can be excited at the crossing of the 4f cr

and the 4so. MO's. If two electrons are excited, the ener-

gy losses can go up to -S4 eV +c, corresponding to
Ne(2p ) and two electrons with energy E above the Fer-
mi level. For slightly shorter internuclear distances, 2s
electrons can be excited at the crossing of the 4do. and
4so. MO's. The energy loss would be up to —106 eV + c.,
corresponding to Ne(2s ) and two electrons with ener-

gy c above the Fermi level. One can have different ener-

gy losses corresponding to different combinations of 2p
and 2s vacancies and outer-shell (n =3,4, . . . ) popula-
tions, and also from excitation of Cu 3d and 4s electrons.
The observation that the energies of the autoionization
electrons do not depend on the projectile energy suggests
that ¹ 2s vacancies are rapidly transferred to the ¹ 2p
shell by AD involving Cu valence electrons. When the
resulting Ne (2p ) recedes from the surface and
screening is reduced, it can capture two outer-shell elec-
trons to the autoionizing configuration Ne* (2p 3s ), in
the manner described by Zampieri, Meier, and Baragio-
la.

Finally, we consider the case of Ne-Au collisions. For
such a high-Z target atom, the strong electron-electron
interactions do not justify the use of one-electron orbitals
as those used for Cu and Mg. If we would stretch the
rules to this case they would also predict the promotion
of Ne-2p electrons in this case. The reason why no large
inelastic losses or Ne Auger lines are observed in this case
is most likely related to the much stronger repulsive po-
tential in ¹ Au collisions which do not allow for inter-
nuclear distances close enough for promotion to occur.
If such is the case, one may expect to see autoionization
electrons at energies higher than used in this work.

V. CONCLUSION

The onset of an increased ion fraction for Ne scattered
from Cu at 4 to 5 keV has been correlated with a decrease
in the kinetic energy of the scattered Ne and the appear-
ance of Ne Auger electrons. These three phenomena can
all be attributed to inner-shell vacancy creation in the Ne
during close collision with Cu. This leads to the creation
of excited Ne atoms that reionize at a great distance from
the solid surface by Auger autoionization. The same phe-
nomena are not observed in Ne-Au collisions. This ob-
servation is attributed to the inability to reach suSciently
close contact for inner-shell ionization in Ne-Au col-
lisions due to the greater repulsive potential of the Au
nucleus.
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