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Evidence for Above-Surface and Subsurface Neutralization during Interactions
of Highly Charged Ions with a Metal Target
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The projectile K Auger electron emission observed during grazing collisions of 60-keV N + ions with
Au(110) is characterized by two components with strikingly diff'erent dependences on perpendicular ve-

locity. A "fast" component dominates and is ascribed to "subsurface" emission. This component was
satisfactorily modeled using a Monte Carlo simulation of the projectile trajectories after surface
penetration. A "slow" component appears at very small angles and has a time dependence characteristic
of the neutralization-deexcitation cascade predicted to occur above the surface prior to bulk penetration.

PACS numbers: 79.20.Nc, 34.70.+e, 79.90.+b

The interaction of multiply charged ions with metal previously ascribed to above-surface processes, is in fact
surfaces has become a topic of intense experimental study due to "subsurface" emission. This conclusion is support-
(e.g. , Refs. [1-41). One of the interesting and unexpect- ed by a significant body of experimental data, for both
ed results that has emerged from these recent studies Au and Cu single-crystal targets, which will be presented
is that remarkably rapid neutralization of the highly in its entirety in a lengthier contribution [7]. We have
charged projectiles occurs. Previous investigations [2-4] been able to successfully model the subsurface contribu-
of electron emission for slow incident ions of intermediate tion to K Auger electron emission using a Monte Carlo
charge states (q (10) have suggested that this neutral- simulation of the detailed projectile trajectories in the
ization occurs prior to penetration of the surface. This target. In the bulk, projectile neutralization by electron
inference was based on two experimental observations. capture from loosely bound core and valence-band target
First, for slow projectiles carrying inner L- or K-shell va- levels proceeds on a time scale significantly faster than
cancies, e.g. , for Ar + or N + incident ions, respectively, that required for K Auger decay. The K Auger emission
projectile L or K Auger electrons are emitted with ener- therefore occurs with only small delay and, because of the
gies in the same range as those observed subsequent to L- statistical nature of the process, has a distribution of
or K-shell photoionization of neutral atoms. Second, the Auger electron energies corresponding to all different
emitted electrons display Doppler shifts as a function of possible charge states, but peaked close to the neutral.
observation angle that are consistent with emission on the At exceedingly small perpendicular velocities (i.e. , very
incident trajectory, i.e. , prior to appreciable projectile an- long above-surface interaction times), an additional,
gular scattering in the bulk material. In the present in- clearly resolvable, spectral feature appears which we as-
vestigation, we have found that the latter observation is a cribe to "above-surface" K Auger emission. The inter-
necessary but not su%cient condition for proving that the action-time dependence of this feature s intensity is in

Auger electron emission occurs above the surface. reasonable agreement with a calculation based on a nu-
The experimentally observed rapid and complete neu- merical simulation of the deexcitation "ladder" implied

tralization of multicharged ions which was interpreted as by the Arifov model.
occurring above the surface is in strong disagreement The experimental apparatus and technique has already
with the frequently invoked model of multicharged ion been described elsewhere [4]. Briefly, a 60-keV N + ion
neutralization near surfaces proposed by Arifov et al. [5] beam extracted from the ORNL ECR ion source was
to explain the linear relationship observed between elec- magnetically analyzed and then collimated by passage
tron yield and total neutralization energy of the projectile through two small apertures to give a 1-mm-diam spot
multicharged ion. In this model, the primary neutraliza- size on target at normal incidence, with a roughly 0.3
tion mechanism is above-surface multiple resonant elec- angular divergence. The target used was a clean
tron capture of metal valence electrons into autoionizing Au(110) single crystal mounted on an x-y-z manipulator
projectile Rydberg levels which decay preferentially by located in a UHV chamber with a base pressure of
the emission of low-energy (15-30 eV) electrons, thus 5X 10 ' Torr. Electron spectra were measured at 90' to
dissipating the total neutralization energy of the ion in a the beam direction for angles of incidence in the range
large number of small steps. This complex autoionization 0.5'-19.5 using a small spherical-sector energy analyzer
cascade requires time scales long compared to normal K with a nominal energy resolution of 2.8% and equipped
Auger lifetimes [6], and thus is at odds with the experi- with a multichannel-plate particle detector operated in

mentally inferred rapid and therefore almost complete the pulse counting mode. A Helmholtz coil arrangement
neutralization of the projectile outer shells prior to K was used to cancel stray magnetic fields in the region of
Auger decay. the target crystal. The electron spectrometer pass energy

%'e show in the present Letter that this discrepancy is and data collection were controlled by a microcomputer-
resolved if the dominant contribution to the overall K based multichannel sealer. The dwell time per channel
Auger electron emission spectral line shape and intensity, was determined by target current integration to a preset

1991 The American Physical Society 723



VOLUME 67, NUMBER 6 PHYSICAL REVIEW LETTERS 5 AUGUST 1991

2.0 e =0.5-1

) 1.5

0
C0

1.0
(3

100 200 300 400 500

ELECTRON ENERGY (eV)

FIG. 1. Absolute projectile K Auger electron spectra mea-

sured for 60-keV N + ions incident on a Au target at five

diAerent angles.

accumulated charge. As previously described [41, the ion
beam current intercepted by the second collimation aper-
ture was used to normalize the measured electron spectra

to the incident beam intensity. To permit an absolute
comparison of the different electron spectra obtained, a
geometric correction factor was applied for angles of in-

cidence less than about 15 when the Au target region il-

luminated by the incident beam was larger than the ex-
perimentally determined viewing region of the electron
spectrometer.

Using this approach, we have obtained the electron
spectra shown in Fig. 1. With the exception of the
channel-plate electron detection eSciency, which was as-
sumed to be 40%, all the parameters required to put the
doubly differential electron yields on an absolute scale
were either determined experimentally or obtained from
the known geometry and dimensions of our apparatus.

We focus first on the evolution of the shape of the pro-
jectile K Auger peak near 370 eV as a function of the an-
gle at which the projectiles are incident on the Au target.
Figure 2(a) shows the background-subtracted K Auger
peaks, all scaled to the same peak height. The back-
grounds were estimated by a sixth-order semilogarithmic
(i.e., logarithmic in abscissa, linear in ordinate) polyno-
mial fit using as "windows" those spectral regions dom-
inated by continuum background. As can be seen from
the figure, as the angle of incidence is decreased from
19.5' to 4.5', the K Auger peak intensities increase (note
scale factors to the left of each peak), while the spectral

~ Bg-subtracted proj. K Auger spectra ( b ) "above surface" component of
proj. K Auger spectra
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FIG. 2. (a) Background-subtracted projectile K Auger spectra scaled to the peak intensity of the 0.5' spectrum; the peak near 225
eV is an Au NNV transition, due to K-vacancy transfer from the projectile. (b) Unscaled above-surface components of the K Auger
electron spectra.
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shapes remain virtually unchanged. Starting with the
1.5' spectrum, a small feature [highlighted in black in

Fig. 2(a)] is seen to appear on the low-energy slope of the
main peak, which becomes more prominent in the 0.5
spectrum. The presence of this lower-energy component
in the overall K Auger peak shape is more apparent in

Fig. 2(b), where the main peak represented by the shape
of one of the large-angle spectra has been subtracted.
This subtraction procedure is based on the assumption
that the main component of each of the spectra arises
from the same mechanism. The total integrated intensity
and the integrated intensity of the lower-energy com-
ponent are shown in Fig. 3 as a function of inverse per-
pendicular velocity.

We ascribe the main component of the projectile K
Auger peak to subsurface emission. This conclusion has
been reached as a result of extensive Monte Carlo simula-
tions of the projectile trajectories inside the solid target
using the MARLOwE code [8]. A model was developed
[7] in which the deexcitation of the projectile is assumed
to progress in three sequential stages, consisting of the in-
itial stage in which the projectile carries a K vacancy and
has an empty L shell, an intermediate stage in which the
K vacancy still survives, but the L shell has become
(nearly) filled, and a final stage in which the K vacancy
has decayed. The coupled differential equations describ-
ing the time evolution of this system are numerically in-

tegrated along the calculated projectile trajectories as-
suming a given L-shell filling rate Rz and K Auger decay
rate Rz to determine total projectile K Auger electron
production. The simulation is started at 3 atomic units
above the surface plane The description of the projectile
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FIG. 3. Diff'erential electron yields dn, /dQ for projectile K
Auger emission normal to the incident beam direction as a
function of inverse perpendicular projectile velocity. Solid
squares, total measured yields; solid circles, experimentally de-
duced above-surface components; the hatched regions labeled
"Monte Carlo" and "cascade" are numerical simulations of the
subsurface and above-surface components of the K Auger emis-
sion, respectively (see text).

L-shell filling in terms of a continuous, macroscopic rate
Rz is a simplifying, yet physically reasonable, approxima-
tion that is based on the assumption that the predominant
L-shell filling mechanism is (multiple) electron capture
from only semilocalized valence-band levels of the metal
target. Initially, capture is most likely into the M shell of
the projectile, and, in later neutralization stages, directly
into the L shell (the rapid LMM Auger decay that fol-
lows the multiple-electron capture into the M shell is as-
sumed to be contained in Rl ). K-vacancy transfer in
close binary collisions is incorporated into the simulation
to permit calculation [7] of target Auger electron produc-
tion [9]. In addition to the total Auger electron produc-
tion, the fraction of electrons that escape the metal in a
specified direction without inelastic scattering is deter-
mined by accumulating the incremental electron yield
along each path segment weighted by the escape proba-
bility exp[ —z/cos(8)k], where z is the depth below the
surface, 0 is the angle of observation relative to the sur-
face normal, and X is the electron inelastic mean free
path. Doppler broadening eA'ects due to angular scatter-
ing and straggling of the projectiles in the bulk prior to K
Auger electron emission are accounted for in the model
[7] by employing the local projectile velocity vector in the
transformation required to obtain the laboratory frame
energies of the electrons emitted by the projectile.

The hatched region labeled "Monte Carlo" in Fig. 3
shows the range of calculated differential yields of K
Auger electrons that escape in the direction of observa-
tion obtained for different azimuthal incidence angles and
various assumptions about the extent of surface damage
[7], since neither of these parameters were precisely
determined in the experiment. The inelastic mean free
path for the —370-eV N K Auger electrons was taken
[10] to be 6 A. The K Auger rate RIr used was 1 x10'
s ', and is close to the tabulated [11] rate for neutral ni-
trogen. The L-shell filling rate Rz used was 2x10' s
and was determined by a fit to the data. As can be seen
from the figure, the simulation reproduces the angular
dependence of the measured electron yields reasonably
well.

The validity of our interpretation of the main K Auger
component as subsurface emission is further supported by
three observations. First, from our simulation of detailed
spectral line shapes [7], we find that the Doppler
broadening due to projectile angular scattering or re-
fIection prior to K Auger decay results in only subtle
modifications of the peak shapes. These modifications are
difficult to discern in the measured spectra (Fig. 1) due to
the presence of continuum background [7] whose energy
dependence is not precisely known. This indicates that
little appreciable projectile angular scattering and strag-
gling occur at depths less than the (1-2)k escape depth of
the K Auger electrons. As a result, the electrons emitted
below the surface that escape without being inelastically
scattered appear to have been emitted on the initial pro-
jectile trajectory, as has been previously inferred [2,3].
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Second, because of the factor-of-2 smaller inelastic mean
free path [10] for the lower-energy LMM Auger elec-
trons, their probability of escape from a given depth of
the solid without inelastic scattering is significantly small-
er than that for the K Auger electrons. Partly as a result
of this effect, the observed yield of L Auger electrons at
intermediate perpendicular velocities is smaller than
would be expected for a (nearly) filled L shell (which the
K Auger electron energy distributions imply), as has in
fact been experimentally observed [3,6]. Third, it is not-
ed that, in contrast to the Auger electron results, mea-
surements of projectile x-ray emission intensity [12] have
shown only a small dependence on the angle of incidence.
This difference is easily reconciled if dominance of sub-
surface electron emission is assumed, due to the large
differences in attenuation lengths for electrons and pho-
tons in solids.

We now turn to the smaller component in the K Auger
peak that appears at the two smallest angles of incidence
[see Fig. 2(b)]. We ascribe this component to above-
surface neutralization via the deexcitation cascade of the
Arifov model mentioned at the beginning of this Letter.
Figure 3 shows the time evolution of the above-surface K
Auger yield calculated using a numerical simulation [6]
of this cascade. Briefly, the model assumes instantaneous
resonant neutralization (i.e., capture of 6 electrons) of
the projectile n=7 shell at a specified critical distance
above the surface. This multiexcited, neutralized projec-
tile is then allowed to deexcite by single autoionization
steps (with atomic rates [13]),while maintaining neutral-
ity by additional resonant capture into n=7. The time
evolution of the resulting cascade is solved numerically.
The simulation results are shown (hatched region labeled
"cascade") for two diA'erent assumed critical distances
(20 and 40 atomic units) above the surface at which clas-
sical overbarrier transitions become possible. The smaller
critical distance (lower boundary of hatched region) is
obtained by proper accounting of the image potential
[14]. In the present model, use of the larger value (upper
boundary) is equivalent to a doubling of all the autoioni-
zation rates in the cascade, which should take into ac-
count [6] a possible underestimation of the rates used in

the calculations. As can be seen, the experimental yields
are in reasonable agreement [15] with the calculated
range of yields. It is noted that recent, more sophisticat-
ed calculations [16] that combine a more realistic over-
the-barrier model of multiple resonant electron capture
and resonant loss with the autoionization cascade show
very good agreement with the experimental yields.

In contrast to the subsurface K Auger emission, which
occurs subsequent to almost complete L-shell filling, the
numerical cascade simulation predicts close to the min-
imum population of the L shell (i.e., close to 2) at the
time of the K Auger decay, implying lower K Auger elec-
tron energies than those characterizing the subsurface
emission. This displacement is in fact evident in the mea-
surements, where a shift of about 25 eV is noted. The
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peak position of the above-surface component of 350 eV
implies [13] an L-shell population of 2 to 3, if it is as-
sumed that the remaining electrons of the neutralized
projectiles are distributed in the M and higher shells.
Similar differences in L-shell populations have been noted
[12,17] for above-surface versus subsurface Ktt x-ray
emission during multicharged-ion-surface interactions.
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