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We study the binary-electron production due to single-electron excitation by the direct screened Coulomb
interaction between the projectile and the surface. We analyze the energy spectra of electrons emitted during
the interaction of ions with surfaces under grazing incidence conditions. For high ion energies (.100
keV/amu!, the binary-electron peak is shifted to energies lower than those expected in ion-gas collisions. The
calculations of the electron energy distributions for different projectile charges, surfaces with different Fermi
energies and work functions, and several electron observation angles are in qualitative agreement with the
experimental data. For lower ion energies~30–100 keV!, the present model gives a better description at large
observation angles. This indicates that the ‘‘shifted convoy’’ structure, which dominates the electron emission
spectrum around the direction of the specular reflection, cannot be ascribed to a binary-collision mechanism.

PACS number~s!: 34.50.Dy, 79.20.2m

I. INTRODUCTION

The angle and energy distributions of electrons emitted
during the scattering of fast grazing ions from surfaces have
been the subject of intense research during the past years.
The electron spectra have specific characteristics that depend
on the projectile energy and incidence angle, on the electron
observation angle, and on the chemical and topographic
compositions of the surface.

The electron energy distribution presents a maximum be-
tween 3 and 9 eV that increases and shifts to lower electron
energies for increasing observation angles@1–4#. At electron
energies aroundECE5mevp

2/2 ~with vp the projectile veloc-
ity andme the electron mass! and observation angles close to
the direction of the ion specular reflection, other structures
have been reported whose shape and energy position depend
on the surface topography@5#. For rough surfaces a strong
structure is observed atECE, usually referred to as the con-
voy electron peak~CEP! ECE. For relatively flat surfaces,
besides the convoy peak, a broader structure atEM.ECE can
be observed. For sufficiently smooth surfaces and low elec-
tron observation angles, the last structure becomes the domi-
nant feature of the electron spectrum while the CEP disap-
pears in the background. For this case, the low electron
energy structure~between 3 and 9 eV! becomes much
smaller than that observed for rough surfaces.

The structure atEM , associated with flat surfaces, has
been observed for projectile velocities ranging fromvp<vF
(vF is the Fermi velocity! @5–7# up to vP of several atomic
units @8–10#. Its dependence with experimental parameters
has been investigated in several works; on the other hand, its
theoretical description@11,12# is still in its beginnings and a
detailed comparison with the whole range of experimental
results has not, as far as we know, been done. In particular,
for the low projectile energy range the structure atEM has
been attributed to a binary encounter process@6,7#.

At electron energies higher thanEM , a broad structure
can be observed, which has been identified as a binary peak
~BP!. This structure is well known in ion-gas collisions@13–
16#. The BP comes from hard collisions between the imping-
ing ion and target electrons. From energy and momentum
conservation in the projectile-electron subsystem, it is pos-
sible to estimate the position of the binary peak as
kf52vp cos(u) (kf is the final electron momentum andu the
electron emission angle!. In the spectra published by Kimura
et al. @10,17#, Koyama @9#, and Ishikawaet al. @18# the
maxima of the binary structures observed close to the direc-
tion of the ion specular reflection appear centered at electron
energies lower than 2vp

2 , i.e., the expected value of the
maximum in a binary-encounter collision. A similar energy
shift of the binary peak has also been observed in ion-gas
collisions @16#; however, the energy shift in this case is
smaller than that observed in ion-surface interactions.

For particular experimental conditions, i.e., energy and
incidence angle of the projectile, electron observation angle,
and surface topography, it is possible to observe the low-
energy peak, the convoy electron peak, the peak atEM , and
the binary peak all coexisting in the same spectrum@9#. In
the present work we study the contributions to the electron
spectrum coming from single-electron excitation produced
by the screened Coulomb interaction between the incident
ion and the surface electrons~the binary contribution!. We
analyze these contributions for high projectile energies
(. 100 keV! as a function of~a! the mass and charge of the
projectile,~b! the surface properties~Fermi energy and work
function!, and~c! the electron observation angle. The present
theoretical model gives a reasonable description of the ex-
perimental data.

In the case of low projectile energy~30–100 keV! we
compare the behavior of the binary structure and the struc-
ture atEM . The comparison between calculation and experi-
mental data taken in our laboratory suggests that it is not
possible to describe the structure atEM as a binary peak.

II. THEORETICAL MODEL

We calculate the electron energy distribution resulting
from the bulk electron ionization@3,4,19# produced by the
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direct ion-electron screened Coulomb interaction, approxi-
mated by a Yukawa-type potential. We consider grazing in-
cidence and describe the solid within the jellium approxima-
tion. The electrons are considered essentially free within the
metal volumeV, but bound to the metal half space by a
potential stepV05EF1W, whereEF is the Fermi energy
andW the work function. Solutions of the Schro¨dinger equa-
tion for this potential can be written as

CkW
j
~rW !5

e2 ikW uu•R
W

A2pA
wkz
j ~z!, ~1!

whererW5(RW ,zW), kW5(kW uu ,kW z), andA is the surface area, with
states

wkiz
0 ~z!55

kiz2 ig

kiz1 ig
e2 ikizz1eikizz, z,0
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~2!

confined along the direction normal to the surface. The free
states are separated in two orthogonal sets: outgoing waves

wkf z
1 ~z!55

p2kfz
kfz1p
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kfz1p
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and incoming waves
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2kfz
kfz1p

e2 ipz, z,0

kfz2p

kfz1p
eik f zz1e2 ik f zz, z.0,

~4!

with p5A2V01kfz andg5A2V02kiz.
The transport of the emitted electrons~up to the surface!

is included through an exponential factoreqz that multiplies
the electron final states inside the solidq}1/l, with l the
electron mean free path. This takes into account the electron
loss due to multiple collisions only in the outgoing trajectory.

We assume that the ion moves along a classical trajectory

RW ~ t !5BeW z1tvW p6 ,

with vW p65v ieW x6v'eW z , where2 and1 correspond to the
incoming (t,0) and outgoing (t.0) parts of the trajectory,
respectively.B is the distance of closest approach with re-
spect to the jellium edge~located atz50!. The Fourier trans-
form of the screened Coulomb field of the impinging ion is

F~QW uu ,z,t !52pZp
2 eivW uu•Q

W
uut

~QW uuu21a2!1/2
e2ubuuQW uuu, ~5!

with QW uu5kW i uu2kW f uu the transferred parallel momentum,
b5z6v't1B, anda the Yukawa screening parameter. Us-
ing the method of variation of parameters for the case of

target ionization, the perturbed wave function describing the
possible states of the system at timet may be written as@20#

DC~rW,t !5
1

2p3AA
E dvE dkW f uue
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We must consider the asymptotic wave functions describ-
ing the final states of the excited electrons. Following the
method developed by Bethe and applying it to the ion-
surface interaction, the perturbed wave function may be ap-
proximated by@21#

DC~rW,t !5
1

A2pA
E E dkW fe

2 ikW f•r
W
e2 i e f tu„kfz~ t2t0!2z…

3M kW f←kW i
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whereu is the unit step function and

M kW f←kW i
5
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represents the transition amplitude. The electron emission
probability is obtained by integration of the transition ampli-
tude over the initial momentum distribution inside the Fermi
sphere of radiuskF5A2EF

P~kfz ,kW f uu!5E
kW<kWF

dkWr~e0!uM kW f←kW i
u2. ~8!

We evaluateM kW f←kW i
analytically and the emission probability

numerically considering parallel ion trajectories.

III. EXPERIMENTAL SETUP

The experiments at low projectile energies were per-
formed in an UHV chamber that has been described previ-
ously @22#. The mass-analyzed ion beam is generated in a
radio-frequency source, accelerated to 30–100 keV and col-
limated to a spot size off'1.5 mm diameter with an angu-
lar divergence of;0.2°. The Al~111! target was mechani-
cally polished with 0.05mm alumina and cleanedin situ by
repeated cycles of grazing 20 keV Ar bombardment and 5
min of annealing at 500 °C. No contaminants were detected
after the cleaning cycles. The electrons were angular and
energy analyzed by a custom made rotatable cylindrical mir-
ror analyzer working at 1% energy resolution and 2° angular
resolution. The electron spectra were corrected by the trans-
mission function of the analyzer and normalized to the inci-
dent ion current~measured in a Faraday cup after removing
the sample from the ion beam path!.
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IV. RESULTS AND DISCUSSION

Although the interaction potential described here is a
simple approximation to the potential generated by the ion
close to the surface, the calculation allows us to study the
main features of the binary-electron distribution and its de-
pendence with the projectile energy and charge, the Fermi
energy and work function of the target, and the electron ob-
servation angle.

The spatial attenuation of the final electron states in the
solid, considered through the factoreqz, seems not to affect
the emission probability very much. This has been discussed
extensively in Ref.@4#. For simplicity we useq50.01 a.u. in
all the calculations.

In order to give an idea of the principal characteristics of
the binary peak in the high projectile energy regime, we
present in Fig. 1 both the experimental results extracted from
Kimura et al. @10# and our calculation for 2.1 MeV Li1 im-
pinging on a SnTe surface. In the calculation the surface was
characterized by a Fermi energy of 12.54 eV and a work
function of 4.7 eV. The incidence angleu i was set to 0.34°
and the observation angleu0 to 6.3°, both defined with re-
spect to the surface plane.

We observe in the experimental spectrum that the struc-
ture atEM is clearly separated from the calculated binary
peak. Furthermore, the binary-peak maximum is shifted to an
energy aroundEBT5520 eV, considerably lower than
2vp

25660 eV.
The maximum electron energy of kinetically emitted elec-

trons is determined by the relative electron-ion velocity, the
work function, and the Fermi energy. The maximum momen-
tum transferred to the electrons inside the solid through a
binary-encounter interaction is equal tovp1kF ~in the pro-
jectile frame!. Those electrons that can overcome the surface
barrier will be refracted, losing an amount of energy equal to
the work function of the surface. Therefore, the maximum
momentum of the electron outside the solid, evaluated in the
laboratory frame foru0'u i , is @19#

kf
M5uvW p1kWFu2A2W1vpuu . ~9!

The detailed shape and position of the maximum (EBT) of
the BP depend also on the density of states of the solid. In
the present work we have considered a free-electron density
of states within the Fermi spherer(ki)5ki . A thorough
evaluation of the BP should take into account a more realistic
description of the density of states and the surface potential
barrier; however, this approximation gives reasonable agree-
ment with the observed binary structure, withEBT,2vp

2 .

A. The binary structure for high projectile energies

For high projectile energies we study the dependence of
the BP with different experimental parameters.

1. Mass and charge of the projectile

We show in Fig. 2 the electron emission probability
ds/dvW calculated for 0.3 MeV/amu H1, He1, Li 1, and
C21 ions scattering from a SnTe surface withu i50.34° and
u055.73°.

FIG. 2. Electron emission probabilityds/dvW calculated for 0.3
MeV/amu H1, He1, Li 1, and C21 ions scattering from a SnTe

surface withu i50.34° andu055.73°. The inset showsds/dvW di-
vided byZp

2 . The arrow indicates the energy 2vp
2 .

FIG. 1. Electron emission spectrumds/dvW for 2.1 MeV Li1

impinging on a SnTe surface withu i5 0.34° andu05 6.3°. The
dark region corresponds to the calculation and the points to the
experimental data extracted from Kimuraet al. @10#. The arrows
indicate the convoy electron energyECE, the maximum of the elec-
tron distribution atEM , the theoretical binary peak maximum
EBT , and 2vp

2 . The height of the calculated spectrum was chosen
arbitrarily.
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The intensity of the BP is mainly determined byZp
2 , as

can be observed in the inset of Fig. 2, where we present
ds/dvW divided byZp

2 . This dependence comes from the use
of the first Born approximation~to study the emission prob-
ability!.

The small variations observed in the shape and position of
the BP are related to the changes in the distance of closest
approach to the surface, which is determined for each type of
surface and incidence condition, by the charge and mass of
the projectile. Using a Molie`re potential @23# for H1,
He1, Li 1, and C21 on SnTe we obtain distances of closest
approach of21.7, 22.2, 22.4, 22.37 a.u., respectively.

In Fig. 3 we compare the calculation presented in Fig. 2
with the data published in Ref.@17#; we observe that the
position of the maximun of the binary peaks are well de-
scribed by the present model. On the other hand, to compare
the shape and intensities it should be necessary to take into
account the absolute experimental intensity after background
substraction and correction for the transmission function of
the analyzer.

2. Fermi energy and work function of the target

We show in Fig. 4 the binary electron energy distribution
calculated for 0.98 MeV/amu Ar121 colliding with several
surfaces characterized by the Fermi energiesEF and work
functionsW listed in Table I. The incidence and observation
angles are 1°. We can observe in Fig. 4 how these param-
eters affect the intensity, the width, and the position of the
BP.

To our knowledge, the only available data to compare
with our results are those measured by Ishikawaet al. @18#,
taken with the aim of analyzing the structure atEM . There, the region of the binary peak was not considered in detail.

The results are presented in the inset of Fig. 4. Even when
the comparison is not straightforward it is possible to ob-
serve that the intensity of the BP depends on the target type.

3. Observation angles

We show in Fig. 5 the double differential cross section
ds/dvW calculated for 0.98 MeV/amu Ar121 scattering from
an Al surface withu i5 1° andu0 equal to 3°, 6°, 8°, and
15°. As in the case of ion-atom collisions the maximum of
the BP shifts to lower energies when the observation angles
increases.

In the inset of Fig. 5 we present the available experimen-
tal data measured by Koyama@9#. The lines indicate the
position of the maximum predicted by the present model.
The position of the BP maximum at 15° is reasonably de-
scribed by the model; for a detailed comparison with the
experimental data it should be necessary to extend the spec-
tra to higher electron energies.

FIG. 3. Comparison between the calculations of Fig. 2 and the
experimental data reported by Kimuraet al. @17#. The arrows indi-
cate the convoy electron energyECE and 2vp

2 .

FIG. 4. Electron emission probabilityds/dvW calculated for 0.98
MeV Ar 121 scattering from Al, Si, Cu, Au, and Ag surfaces with
u i51° and u051°. The arrow is at 2vp

2 . The inset shows the
experimental data measured by Ishikawaet al. @18#.

TABLE I. Fermi energy, work function, and distance of closest
approach used in the calculation shown in Fig. 4 for different target
materials.

Al Si Cu Au Ag

EF ~eV! 11.70 9.00 7.00 5.53 5.49
W ~eV! 4.25 4.85 4.40 4.30 4.30
B ~a.u.! -4.14 -4.17 -3.41 -3.29 -3.04
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B. The binary structure for low projectile energies

In Fig. 6 we present the electron emission probability
ds/dvW calculated for 29 keV H1 scattering from an Al sur-
face withu i5 1.3° andu05 10°. Three different cases are
considered:~a! without screening, i.e.,a 5 0.0; ~b! with a
Thomas Fermi screening lengtha5A3(vp /vF), with vp 5
bulk plasma frequency; and~c! similar to~b! but withvs ~the
surface plasma frequency! instead ofvp since the character-
istic range of the screened potential when the ion is outside
the medium is related to the surface plasma frequency@4#.

We observe in Fig. 6 that the binary peak cannot be iden-
tified as an independent structure of the spectrum as is the
case for high projectile energies. In this case, the calculation
of target ionization shows a low-energy structure that is
strongly dependent on the screened potential. This behavior
is related to the allowed final electron momentum, restricted
by energy conservation@19#. If uvp2kFu<A2W there will be
no allowed final momentum states aroundk f.vp and then
the electron emission probability has a maximum at low en-
ergy and a tail that extends up to an energy equal to
(kf

M)2/2. The dependence of this effect on the electron ob-
servation angle is shown in Fig. 7, where we present the
calculated double differential cross sectionds/dvW for 29

keV H1 scattering from an Al surface withu i5 1.3°.
We show in Fig. 8 the electron emission probability

ds/dvW for 30, 50, 70, and 100 keV H1 scattering from an Al
surface withu i5 1° andu05 1°. The lines correspond to
the calculations and the points to our experimental results.
The experimental spectra are normalized with the incident
current; the spectrum for 100 keV H1 scattering from Al
surface withu i5 1° andu05 30° was matched to the cal-
culated curves at an electron energy of 230 eV. The same
factor was used for all the spectra of Figs. 8 and 9.

As we have mentioned above, in the theoretical curves of
Fig. 8 we observe that the BP appears as an independent
structure only for sufficiently high projectile energy. This is
because, for the case of H1 scattering from Al, the condition
vp>vF1A2V0 is verified when the projectile energy is.
100 keV.

The experimental spectra show the structures atECE and
atEM , as well as the low-energy structure mentioned above.
An independent binary peak similar to that measured for the
case of high projectile energy is not observed.

We can see from the comparison with the calculations that
the present ionization mechanism cannot describe the struc-
ture atEM . In particular, for 100 keV H1 on Al this struc-
ture appears in the region where the final momentum states
produced by a binary-encounter collision are forbidden by

FIG. 5. Electron emission probabilityds/dvW
calculated for 0.98 MeVAr121 scattering from an
Al surface with u i51° and the observation
anglesu0 indicated in the figure. The arrow is at
2vp

2 . The inset shows the experimental data mea-
sured by Koyama@9# and the lines indicate the
position of the maximum predicted by the present
model.

FIG. 6. Electron emission probabilityds/dvW for 29 keV H1

scattering from an Al surface withu i5 1.3° andu05 10°. The
curves correspond to the calculations done with the screening val-
uesa detailed in the figure. The arrows indicate the electron energy
EM and 2vp

2 .

FIG. 7. Electron emission probabilityds/dvW for 29 keV H1

scattering from an Al surface withu i51.3° and theobservation
angles indicated in the figure.
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energy conservation laws. Within this model, the BP will
contribute to the background of the structure atEM and it
will only determine the shape and the behavior of the high-
energy tails.

In Fig. 9 we present the calculation and our experimental
data obtained for 100 keV H1 impinging on Al at 1° inci-
dence for different observation angles. It can be seen that for
high observation angles, where the convoy emission and the
structure atEM are almost suppressed, the present model
describes qualitatively the whole electron spectra. A differ-
ence is observed in the low-energy part of the spectra, where
the intensity of the experimental data is higher than that of
the calculated ones. This discrepancy could be due to the
following: ~a! the screening potential—in this model we con-
sider a direct ion-electron screened Coulomb interaction, ap-
proximated by a Yukawa-type potential;~b! simple electron-
hole pair decay of surface and bulk plasmons; and~c!
secondary-electron emission: primary electrons moving in-
side the solid can suffer multiples collisions, generating a
collision cascade of secondary electrons that can be emitted
from the surface. These last two effects were not taken into
account in the present model and will produce an increment
of the intensity in the low-energy region of the electron spec-
tra.

V. CONCLUSIONS

In the case of high-energy collisions the electron energy
spectrum presents a broad and relatively small structure in

the high-energy region that coexists with the peak atEM
~Figs. 1–4!. This structure, shifted to energies lower than
2vp

2, can be ascribed to ionization of the bulk due to direct
collision with the impinging projectile~binary peak!. The
main characteristics of the BP at high projectile energies are
the following.

~i! The shape and position of the maximum are hardly
dependent on the charge and mass of the projectile~Figs. 2
and 3!.

~ii ! The position and intensity of the binary peak depend
not only on the projectile velocity and the observation angle
~Figs. 2 and 5! but also on the Fermi energy, work function,
and density of states of the solid valence band. In particular,
the shift to lower energies and the intensity are greater for
higher surface barriers~Fig. 4 and Table I! and higher obser-
vation angles~Fig. 5!.

For a thorough analysis of these behaviors it is necessary
to acquire more experimental data in the BP region to show
in detail its dependence on the parameters studied above.
Furthermore, the effect of the electron transport and the in-
clusion of core electrons in the calculation of the ionization
should be incorporated to the present model, especially for
projectile incidence conditions in which the ion penetrates
the topmost atomic layer of the solid.

In the case of intermediate projectile energies the calcula-
tions and the experimental data show that the binary peak
does not appear as an independent structure on the electron
spectra~Fig. 8!. On the other hand, a high electron emission

FIG. 8. Electron emission probabilityds/dvW for 30, 50, 70, and
100 keV H1 scattering from an Al surface withu i5 1° andu05 1
°. The lines correspond to the calculations done for the same
screening values of Fig. 6 and the points to our experimental re-
sults. The arrows indicate the convoy electron energyECE, the
structure atEM , and 2vp

2 .

FIG. 9. Electron emission probabilityds/dvW for 100 keV H1

scattering from an Al surface withu i51° and the observation
anglesu0 indicated in the figure. The lines correspond to the calcu-
lations done with a screening valuea50 and the points to our
experimental results.
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is shown at low energies. The main characteristics of the
electron emission at low projectile energies are summarized
as follows.

~i! The position of the maximum and the intensity of the
calculated spectra are strongly dependent on the screening
factor ~Fig. 6!. For a better description of the low-energy
region it would be necessary to take into account a more
accurate theory@4#.

~ii ! Far off the direction of specular reflection of the pro-
jectile (u0.10°), where the emission atEM is strongly de-

creased, the present model is in good agreement with the
experimental data~Fig. 9!.

~iii ! The electron emission produced by the direct
screened Coulomb interaction between the projectile and the
target electrons cannot account for the structure atEM .
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