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A parameter-free model is presented to study the energy loss of fast protons specularly reflected from metal
surfaces. The contributions to the energy loss from excitation of valence-band electrons and ionization of
localized target-atom electronic states are calculated separately. The former is calculated from the induced
surface wake potential using linear response theory and the specular-reflection model, while the latter is
calculated in the first Born approximation. The results obtained are in good agreement with available experi-
mental data. However, the experimental qualitative trend of the energy loss as a function of the angle of
incidence is obtained when the valence-band electron model is replaced by localized target atom electron
states, though with a worse quantitative agreement.@S0163-1829~96!07020-8#

I. INTRODUCTION

When an ion approaches a metal surface, the energy as-
sociated to its motion perpendicular to the surface deter-
mines whether it will penetrate the solid or will be reflected
at the topmost atomic layer. If one wants to obtain informa-
tion about the structure of the surface, one is interested in
those trajectories for which the particle interacts with the
metal surface for a long time before it is reflected. This situ-
ation is achieved by using projectiles with small energy in
the normal motion, as is the case in grazing ion-surface col-
lisions.

When the charged particle interacts with the surface, dif-
ferent processes may take place depending on its velocity
relative to the velocity of the electrons in the metal. For ion
velocities smaller1–4 than or of the same order5–7 as the ve-
locity of the electrons of the metal conduction band~'v0,
the Bohr velocity, for typical metals!, a complicated picture
emerges in which the energy loss of the ion and charge trans-
fer between metal and particle are interrelated. Charge trans-
fer occurs mainly via resonant and Auger processes8–10 and
the energy lost by the charge goes to creation of excitations
in the valence band of the solid.

For high projectile velocities~v@v0! the charge state is
fixed, and the particle may induce inner-shell excitations in
the target atoms, as well as valence-band excitations.11–13

In this paper, we present a parameter-free theoretical
study of the energy loss of protons grazingly incident over
metal surfaces in the fast velocity regime~v.4v0!. We will
consider trajectories such that the projectiles are reflected in
front of the first atomic layer. For the velocities under con-
sideration, this implies that we have to deal with angles of
incidencew of the order of mrad. This geometry is adequate

to analyze metal surfaces because it results in a long inter-
action time between the particle and the target. Moreover, we
shall assume, as a plausible approximation valid for high
velocities, that the protons stay bare along their entire trajec-
tory. Possible electronic excitations of the surface will be
modeled.

The organization of this paper is as follows: in Sec. II the
theoretical model is introduced; the results for an aluminum
surface together with results and a comparison with available
experimental data for PbSe and SnTe are presented in Sec.
III; the main conclusions are summarized in Sec. IV. Atomic
units ~a.u.! will be used unless stated otherwise.

II. THEORETICAL MODEL

In the study of the energy loss of a charged particle inci-
dent on a metal surface, we face the problem related to the
different regions that the particle feels during its trajectory.
Knowing the exact trajectory, i.e., the position of the particle
at any timet, and the energy loss per unit timedE/dt at any
point of the trajectory, one can calculate the total energy loss
performing the following integral:

DE5E
2`

` dE

dt
dt. ~1!

In this work, we shall focus on the energy loss of MeV
protons moving with small glancing angles of incidence of
the order of mrad. This geometry is particularly simple from
the theoretical point of view for several reasons. No relevant
charge transfer should be expected to occur between metal
and proton at such high velocities,v.4 a.u. Besides, the
small angles of incidence make the proton-position coordi-
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nate perpendicular to the surface,z, a slowly varying func-
tion of time, as compared with the motion along the direction
parallel to the surface. This permits us to calculate the energy
loss per unit time in an idealized parallel trajectory and to
obtain the energy loss by integrating overz, the impact pa-
rameter of such a trajectory, i.e., we change variablet by z in
the integral of Eq.~1! and calculatedE/dt for a parallel
trajectory. We will consider that the trajectory is parallel to a
random direction of the surface, so that there are no channel-
ing effects.14 Moreover, the ions are assumed to be specu-
larly reflected on the surface, thus, the incoming and outgo-
ing trajectories are identical and it is enough to carry out the
calculation only in the outgoing part. Consequently, the total
energy loss takes the form

DE52E
z0

` dE

dt
~z!

1

vz~z!
dz, ~2!

wherez0 is the distance of closest approach at the turning
point, andvz is the component of the velocity perpendicular
to the surface.

This integral involves the product of two quantities that
one needs to calculate. The first one isdE/dt(z), i.e., the
energy loss per unit time for a proton traveling parallel to the
surface at a distancez from the first atomic plane. This mag-
nitude is related to the different excitations that the projectile
may induce in the metal target.

The second magnitude is the normal velocityvz(z). The
important point concerning this magnitude is that its value
actually does change along the trajectory. At distances far
from the surface,vz goes tovz5v sin ~w!, wherev is the
velocity of the proton, which we assume to be constant dur-
ing all of the interaction time, due to the fact that the energy

loss is much smaller than the projectile energy. In the incom-
ing part of the trajectory, when the proton gets closer to the
surface, the attractive image potential accelerates it towards
the surface and the value ofvz increases. Finally, close to the
turning point the repulsive atomic potential decelerates the
proton andvz goes to zero asz approachesz0. These con-
siderations must be taken into account and their effect will
be discussed below.

A. Calculation of dE/dt

When the proton interacts with the metal surface, it in-
duces electronic excitations in the medium, and therefore, it
loses energy. We distinguish here between two different con-
tributions to the energy loss or, in other words, we separate
the electrons of the solid into two different groups according
to their binding energy.

We calculate separately the energy loss per unit time due
to ~1! the excitation of valence-band electrons,dEval/dt, and
~2! the excitation of electron bound states of the target atoms,
i.e., inner-shell excitations,dEs/dt.

The total energy loss per unit time is the sum of both
contributions:

dE

dt
5
dEval
dt

1
dEs
dt

. ~3!

This quantity depends on the distance of the ion from the
surface~first atomic layer! z.

FIG. 1. Probability of creating an excitation
of energyv when a 700-keV proton is traveling
parallel to an aluminum surface at a distancez8
with respect to the jellium edge calculated ac-
cording to Eq.~7!. The position of the jellium
edge and the topmost atomic layer are shown by
thick-curves. In this figure,vp515.8 eV is the
classical plasmon frequency that corresponds to
r s52.07 a.u. The value of the damping isg51.35
eV.
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1. Excitation of valence-band electrons

In this contribution, we include the excitation of both col-
lective modes and single particles of the valence band of the
solid, for which we assume a jellium model of independent
electron states bounded by a surface barrier potential. For a
proton moving along a directionx parallel to a surface, the
energy loss is calculated in terms of the force due to the
induced surface wake potentialfind :

15,16

dEval
dt

~z8!5v
]f ind

]x
~z8!, ~4!

wherez8 is the separation between the proton and the jellium
edge~or electronic surface!. Concerning the location of the
electronic surface, we will use the standard prescription,
which consists in placing it at a distanced/2 in front of the
first atomic layer, whered is the interplanar separation, i.e.,
z85z2d/2. The derivative of Eq.~4! is evaluated at the
position of the proton, that is,

]f ind

]x
~z8!5

]f ind

]x
~r ,t !; r5~vt,0,z8!. ~5!

The surface wake potential is calculated here using the
specular-reflection model,17,18 which allows one to express
the response of the surface in terms of the dielectric function
of the bulk materiale(k,v). In this way, nonlocal effects are
introduced through dispersion in the latter. This model relies
on the assumption that the surface potential barrier is infinite
for the valence electrons. Moreover, the quantum interfer-
ence between outgoing and reflected components of the
wave functions of solid electrons is neglected. The specular-
reflection model has been widely applied to ion-surface in-
teraction related problems19,20and it is expected to work well
for the large velocities under consideration.

In this way expression~4! can be written as follows:21,22

dEval
dt

~z8!5E
0

`

dv vP~v,z8!. ~6!

whereP(v,z8) is the probability per unit time that a proton
traveling parallel to the electronic surface at a distancez8
creates an excitation of energyv. More precisely,23,24

P~v,z8!55 2
2

pv E
0

` dq

Q
ImH es~Q,v!21

es~Q,v!11 J exp~22Qz8!, z8.0,

2
2

pv E
0

` dq

Q
ImH es~Q,v!1es~Q,2z8,v!2

2„es~Q,z8,v!…2

es~Q,v!11 J , z8,0, ~7b!

~7a!

whereQ5Aq21v2/v2, es(Q,z8,v) is calculated according
to the expression:

es~Q,z8,v!5
Q

p E
2`

` dkz
k2

exp~ ikzz8!

e~k,v!
, ~8!

es(Q,v)5es(Q,0,v), k
25k z

21Q2, ande(k,v) is the bulk
response function, for which the random-phase
approximation25 ~RPA! will be used, together with the Mer-
min prescription,26 which permits us to incorporate a finite
damping~g! to the electron motion while keeping the num-
ber of electrons in the system constant.

Figure 1 shows the different contributions to the loss,
P(v,z8), for different values ofv. Notice that the surface
modes are dominant near the electronic surface, while bulk
plasmons appear well below the surface. This is a manifes-
tation of the so-called begrenzung effect,15 consisting in the
inhibition of bulk modes in favor of surface modes in the
subsurface region of the material. This effect has been ob-
served clearly using scanning transmission electron micros-
copy techniques.27,28,22The main contribution to the losses
for a grazing trajectory comes from the excitation of surface
plasmons of frequency slightly larger than the classical sur-

face plasmon frequencyvs . This is due to the effect of dis-
persion on the surface modes, which is positive in the
specular-reflection model.

2. Excitation of inner shells of target atoms

We call inner-shell electrons those electrons of the solid
that are not in the valence band. For the high velocities under
consideration, the contribution of these electrons to the stop-
ping can be quite large. The inner-shell electrons are strongly
localized around target atoms, and therefore, for a trajectory
such that the projectiles do not penetrate beyond the topmost
atomic layer, only electrons of atoms located at the first
atomic plane can be effectively excited by the projectile, and
consequently, these electrons are the only inner-shell elec-
trons that contribute to the proton energy loss.

In this work, the energy loss originating in the interaction
of a proton with the first layer of target atoms is expressed in
terms of the impact-parameter-dependent energy loss in
single encounters of the proton with target atomsP. An av-
erage over the trajectory is performed. One finds

dEs
dt

~z!5
2v
V E

0

`

dy P~Ay21z2!, ~9!
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wherey is the coordinate directed parallel to the surface and
perpendicular to the velocity, andV is the area per target
atom in the first atomic layer.

The energy lossP is taken as due to ionization of the
target atoms. Thus, it is calculated summing the energy loss
originating in the ionization from all different occupied
inner-shell electron statesPi . It reads

P~b!5(
i
Pi~b!, ~10!

where the indexi runs over all occupied inner-shell electron
states andb is the impact parameter of the collision. In prac-
tice, it is not necessary to perform the calculation ofPi for
all electrons, since those with average velocity much faster
than the velocity of the projectile will produce a negligible
contribution.

Pi(b) can be calculated using the following expression:

Pi~b!5E
0

`

~e1e i !v i~e,b!de, ~11!

where v i(e,b) is the probability for ionizing an electron
from an initial bound statei with ionization potentiale i to
the final free state corresponding to an energye, in a colli-
sion with impact parameterb. This magnitude can be calcu-
lated in terms ofai f ~b,e!, that is, the amplitude for the tran-
sition from the bound statei to the state of the continuumf
of energye and well-defined angular momentum, as a func-
tion of the impact parameter vectorb:

v i~e,b!5(
f

v i f ~e,b!, ~12!

v i f ~e,b!5
1

2p E
0

2p

dwuai f ~b,e!u2, ~13!

where the summation in Eq.~12! runs over all statesf with
the same energye, and the integral in expression~13! is
carried out overw the azimuthal angle ofb. The amplitude
ai f ~b,e! depends on the direction ofb through the relative
orientation of the states. Expression~13! corresponds to the
average ofai f ~b,e! over all different orientations. If our sys-
tem had azimuthal symmetry~in general this is not the case!,
v i f (e,b) would reduce to

v i f ~e,b!5uai f ~b,e!u2. ~14!

In the first Born approximation,ai f ~b,e! reads29,30

ai f ~b,e!5
1

4p2v E dh exp~ ih•b!Ti f ~h,e!, ~15!

where

Ti f ~h,e!5
4p

q2
^ f uexp~ iq•r !u i &, ~16!

v is the velocity of the proton,r is the electron position
coordinate relative to the target atom, andq is the momen-
tum transferred in the interaction, which can be separated
into longitudinal and transverse components:

q5qi1h5
DE

v
v̂1h, h• v̂50, ~17!

andDE is the total energy transferred to the electron:

DE5e1e i . ~18!

The energy of the atomic levels and their wave functions
are approximated by the values calculated for neutral atoms.
No correction is included to take into account that the atoms
are not isolated and that they are part of a metal surface.
Therefore, for the description of the target atom states, we
have used a model approach based on the Hartree-Fock-
Slater ~HFS! potential calculated from the program of
Desclaux.31 The electronic states and their wave functions
are determined numerically with the Numerov algorithm as
eigenstates of the one-electron Hamiltonian using the HFS
potential. This approach is not only valid for the calculation
of the occupied fundamental state wave functions but also
for the final states of the continuum that have to be consid-

FIG. 2. ~a! Interaction potential between a 500-keV proton and a
SnTe~100! surface as a function of the distance to the first atomic
layer. The dashed line corresponds to the attractivefI image poten-
tial. The electron gas parameters arer s52.14 a.u. andg55 eV. The
dashed-dotted line is the crystal potentialV(z) calculated in the
Molière approximation. The solid line represents the total potential
U(z). ~b! The same as~a!, using the ZBL approximation rather than
the Molière potential.
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ered in the ionization process, since our calculations depend
on the part of the wave functions of the continuum that over-
laps strongly with the localized bound orbitals, i.e., the re-
gion close to the ion core.32

B. Calculation of the trajectory: vz„z…

The component of the velocity normal to the surfacevz
can be expressed, assuming conservation of energy in the
perpendicular direction, in the form

1
2M ~v sinw!25 1

2Mvz
21U~z!. ~19!

In the above expression,M is the mass of the proton and
U(z) is the interaction potential between proton and surface.
Two different contributions can be distinguished in the po-
tential U(z). The repulsive static crystal potentialV(z),
originating in the interaction with target atoms, and the at-
tractive image potentialf I(z), which is obtained using the
same approximation23,24 as in Eqs.~7! and ~8!:

U~z!5V~z!1f I~z!. ~20!

The image potential is calculated as

f I~z!55
1

pv E
0

`

dvE
0

` dq

Q
ReH es~Q,v!21

es~Q,v!11 J exp~22Qz8!, z8.0

1

pv E
0

`

dvE
0

` dq

Q
ReH es~Q,v!1es~Q,2z8,v!2

2@es~Q,z8,v!#2

es~Q,v!11
21J , z8,0, ~21b!

~21a!

where all quantities are defined as in Eqs.~7! and ~8!. The
image potential is calculated as one-half of the induced po-
tential. Recent experiments show33 that the image potential
acceleration should be included in a correct calculation of the
trajectory.

The crystal potential is made up of the interaction with all
atoms in the solid. A pair-potential picture will be applied
here for the sake of simplicity. Two different approximations
will be used throughout this work for the interatomic poten-
tial between the proton and a target atom of atomic number
ZT : the Molière potential34 and the Ziegler-Biersack-
Littmark ~ZBL! potential.35 In both cases the potential takes
the following form:

A~r !5
ZT
r (

i51

n

g iexp~2b i r !, ~22!

where for the Molie`re potentialn53, gi5~0.35,0.55,0.1!,
b i5(0.3/aTF,1.2/aTF,6/aTF), and aTF50.88534/(AZT
11)2/3, whereas for the ZBL potential n54,
gi5~0.028171,0.28022,0.50986,0.18175!, b i5(0.20162/
au,0.40290/au,0.94229/au,3.1998/au ,) and au50.88534/
(Z T

0.2311). r is the distance between the proton and the
target atom.

The potential created by one surface layer at the position
of the proton, as a function of the proton-surface layer sepa-
ration z, may be written as follows:

V0~z!5
2p

V E
0

`

r drA~Ar21z2!

5
2p

V
ZT(

i51

n
g i

b i
exp~2b iz!, ~23!

wherer5Ax21y2, and x and y are the coordinates along
the directions parallel to the layer. In our calculation, we

approximateV(z), the crystal potential, by the sum of the
potentials created by the three outer atomic layers. This is a
good approximation becauseV0(z) is a short-range potential,
as can be inferred from the exponential decay with the dis-
tance that is reflected in Eq.~23!.

In Fig. 2 we present the values off I(z), V(z), and the
total interaction potentialU(z) for 500-keV protons incident
on a SnTe~100! surface. In Fig. 2~a! V(z) is calculated using
the Molière approximation whereas in Fig. 2~b! it is calcu-
lated using the ZBL approximation. Close to the surface,
V(z) is much stronger than the image potential, and only far
from the surface~z.3! the image potential is the dominant
contribution. Therefore, the image potential produces a non-
negligible effect for trajectories with very small angle of in-
cidence that do not get very close to the surface. This effect
can be seen in Fig. 3 in which different trajectories calcu-
lated using our model potentials are presented. In this figure,
results for 500-keV protons incident on SnTe~100! with two
different angles of incidence~w51 and 6 mrad! obtained
with and without including the image potential are shown. In
the case ofw56 mrad, the inclusion of the image potential
does not change the trajectory significantly. On the contrary,
for w51 mrad the image potential gives rise to a strong ef-
fect. There is not a strong difference between using the Mo-
lière and the ZBL potentials. In order to look into this inter-
atomic potential dependence more carefully, Fig. 4 shows
the difference between the ZBL and Molie`re potentials as a
function of the distance to the atomic surface for protons
incidents on a SnTe~100! surface. The difference is always
smaller than 0.1 a.u.: thus, whichever approximation we use
for the atomic potential we will expect to obtain similar re-
sults.

Expression~19! permits us to calculate the turning point
of the trajectoryz0, i.e., the lowest limit of integration of Eq.
~2!. z0 corresponds to the vanishing ofvz , thus from Eq.~19!

U~z0!5 1
2M ~v sinw!2. ~24!
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Figure 5 representsz0 calculated from Eq.~24! for 500-
keV protons incident on a SnTe~100! surface as a function of
the angle of incidence. Results obtained with the Molie`re and
ZBL potentials including and neglecting the image potential
are presented. The effect of including the image potential is
again stronger for smaller angles of incidence. The change of
the interatomic potential seems to have a weak effect.

III. RESULTS AND DISCUSSION

Next, we present results for protons incident on an
Al ~111! surface. An aluminum single neutral atom has 13
electrons organized in a@Ne#3s23p1 electronic structure.
TheM -shell electrons give rise to the band structure of alu-
minum in its condensed phase. They are the so-called
valence-band electrons, and their contribution to energy loss
is calculated here using Eqs.~4!–~8!. In this formalism we
need to specify the electronic density of the conduction band,
n, and the dampingg. For aluminum, we taker s52.07 a.u.

andg51.35 eV, wherer s5
3A3/4pn.

The inner-shell contribution to energy loss is obtained
from the ionization of 2p and 2s states, since the contribu-
tion of the ionization of the 1s state is negligible in this
range of energies.

A. Analysis of the contributions to the energy loss
per unit time

In Fig. 6 we present our results fordE/dt in the case of
700-keV protons as a function of the distance from an alu-
minum ~111! surface. We plot the different contributions to
dE/dt and the total sum. It is important to stress the different

FIG. 3. Trajectories for 500-keV protons reflected on a
SnTe~100! surface. The crystal potential has been calculated in the
ZBL approximation. The~a! trajectories correspond to an angle of
incidencew56 mrad, and~b! trajectories to an angle of incidence
w51 mrad. The dashed lines correspond to trajectories calculated
without including the image potential, and the solid lines stand for
trajectories calculated including the image potential. We have taken
r s52.14 a.u. andg55 eV.

FIG. 4. Difference between the planar ZBL potential and the
planar Molière potential (VZBL2VMolière) acting on a proton near a
SnTe~100! surface as a function of the distance of the proton to the
first atomic layer.

FIG. 5. Turning point of the trajectory of 500-keV protons in-
cident on a SnTe~100! surface as a function of the angle of inci-
dence. Curvesa are obtained including the image potential and
curves b without including it. The electron gas parameters are
r s52.14 a.u. andg55 eV. The solid lines are obtained using the
Molière potential to calculate the crystal potential, and the dashed
lines with the ZBL potential.

FIG. 6. Energy loss per unit time of 700-keV protons as a func-
tion of the distance from the first plane of atoms of an aluminum
~111! surface. The solid curvea is the totaldE/dt, sum of all other
contributions, the solid curveb is the contribution due to excitation
of valence-band electronsdEval/dt and the solid curvec is the
contribution of inner-shell excitationsdEs/dt. This last contribution
is the sum of the energy loss per unit time originating in the ion-
ization from the 2p orbital shown by the dashed curved, and from
the 2s orbital shown by the dashed curvee. In the description of the
valence band of aluminumr s52.07 andg51.35 eV have been
used.
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behavior with the distance of the valence-band contribution
dEval/dt as compared to the inner-shell contributiondEs/dt.
dEs/dt takes significant values at distances of the order of
the target atoms size, where it dominates overdEval/dt in the
range of energies under consideration. On the other hand, the
valence-band contribution is relevant at distancesz8<v/vs
~Refs. 36 and 37! with respect to the jellium edge, wherevs
is the classical surface plasmon frequency~vs5vp/&!, and
it goes to a constant value inside the solid. Notice that the
electronic surface is located atz5d/2 ~'2.2 a.u.'1.17 Å
for Al ! outside the atomic surface, and thereforedEs/dt is
considerably smaller thandEval/dt in that region. Conse-
quently,dEval/dt dominates overdEs/dt except very close to
the surface.

It has to be stated that the picture is completely different
from that of a transmission experiment, where most of the
energy loss occurs inside the solid so that bulk properties are
analyzed instead of surface properties. More precisely, ion-
ization of theL shell dominates over the losses against the
conduction band in the bulk within this range of energies.
Actually, the energy loss originating in the excitation of in-
ner shells in the bulk is obtained averaging over impact pa-
rameters, and in the surface case there exists a selection of
impact parameters.

The total energy loss per unit timedE/dt decreases with
the distance rather rapidly~one order of magnitude in 3 a.u.!.
Moreover, the normal velocity of the particlevz goes to zero
near the turning pointz0. So that, since the integrand of Eq.
~2!, which gives us the total energy loss, is the product of
dE/dt and 1/vz , the major contribution to that integral
comes from the region close toz0. In other words, the main
contribution to the energy loss comes from the region close
to the distance of closest approach, because, firstly, there the
proton loses more energy per unit time~dE/dt gets its high-
est values! and, secondly, it travels for a longer time through
this region~vz is small!.

Figure 7 is the same as Fig. 6 for 1.5-MeV incident pro-
tons. The results are similar in both cases. We find out that
dE/dt is almost independent of the velocity. Notice, how-
ever, thatdEval/dt is larger at the surface in the case of
700-keV protons. This is related to the well-known 1/v2 de-
pendence of the valence-band stopping power [S5(1/v)dE/
dt] for large energies,38 so thatdEval/dt goes as 1/v. On the
other hand, we observe that the decay ofdEval/dt with in-
creasing distance to the surface is slower in the 1.5-MeV
case, as a reflection of the linear behavior with the velocity
of the characteristic range of the dynamic surface wake po-
tential,v/vs .

B. Total energy loss

In Figs. 8 and 9 we show different contributions to the
total energy lossDE as a function of the grazing angle of
incidencew for 700-keV and 1.5-MeV protons, respectively.
The Molière potential has been used in the calculation of the
trajectory. We find a completely different behavior of the
valence-band contributionDEval and the inner-shell contri-
bution DEs . DEval decreases andDEs increases with in-
creasing angle of incidence. The reason for this can be easily
understood from the dependence of bothdEval/dt and
dEs/dt on the distance to the surface~see Figs. 6 and 7! and
the different proton trajectories for different angles of inci-

dence~see Fig. 3!. Increasing the angle of incidence results
in the reduction of the time that the proton spends close to
the surface, wheredEval/dt varies slowly with z. Conse-
quently, the higherw the smallerDEval . Actually, for trajec-
tories in which the proton crosses the jellium edge, the en-
ergy loss due to excitations of the valence band can be
approximated by

DEval'L
dEbulk
dx

, ~25!

wheredEbulk/dx is the stopping power in the bulk due to
valence-band excitations, andL is the distance that the pro-

FIG. 7. Energy loss per unit time of 1.5-MeV protons as a
function of the distance from the first plane of atoms of an alumi-
num ~111! surface. The solid curvea is the totaldE/dt sum of all
other contributions, the solid curveb is the contribution due to
excitation of valence-band electronsdEval/dt, the solid curvec is
the contribution of inner-shell excitationdEs/dt. This last contribu-
tion is the sum of the energy loss per unit time originating in the
ionization from the 2p orbital shown by the dashed curved, and in
the ionization from the 2s orbital shown by the dashed curvee. In
the description of the valence band of aluminumr s52.07 and
g51.35 eV have been used.

FIG. 8. Energy loss of 700-keV protons specularly reflected
from an aluminum~111! surface as a function of the angle of inci-
dence. Curvea is the total energy loss, curveb is the contribution
of the valence-band excitations and curvec is the contribution of
inner-shell excitations. In the description of the valence band of
aluminumr s52.07 andg51.35 eV have been used.
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ton travels below the electronic surface, which decreases
with increasing angle of incidence.

In Fig. 10 we compareDEval calculated using the formal-
ism described in last section to that calculated from expres-
sion ~25! for 700-keV protons as a function of the angle of
incidence.dEbulk/dx is obtained using linear response theory
with the RPA~Ref. 25! dielectric function and the Mermin
prescription26 andL is calculated using Eq.~19! for vz , as-
suming that the solid surface is placed at a distanced/2
above the first atomic layer, i.e., at the jellium edge:

L52vE
z0

d/2 dz

vz~z!
. ~26!

The Molière potential has been used in the calculation of
vz(z). As we expected, the behavior of both calculations is
similar except for small angles of incidence, for which the

distance of closest approach lies outside the jellium edge,
and consequently, Eq.~25! gives no energy loss.

The inner-shell contribution becomes relevant only when
the turning point is very close to the surface, wheredEs/dt
takes appreciable values. The turning point is closer to the
surface for larger angles of incidence, and thereforeDEs
increases with increasingw.

The sum of both contributions, i.e., the total energy loss
DE, varies smoothly in the range 2–3 keV, when the angle
of incidence varies between 0 and the maximum value for
which the distance of closest approach is still outside the first
layer of target atoms.~This angle is around 7 mrad for 700-
keV protons and around 5 mrad for 1.5-MeV protons.!

Figure 11 compares the total energy lossDE as a function
of w for 700-keV and 1.5-MeV protons, which is similar in
both cases. Although for the same angle of incidence the
most energetic ions spend less time near the jellium edge,
and consequently they lose less energy exciting the valence
band~as can be observed by comparing Figs. 8 and 9!, their
turning point is closer to the surface, so that they lose more
energy exciting inner shells. These two effects seem to al-
most compensate each other, and thus the total energy loss is
nearly independent of the particle energy for such fast par-
ticles.

C. Comparison with experiments

In order to compare with available experimental data39,40

we apply our model to calculate the energy loss of protons
incident over~100! surfaces of SnTe and PbSe single crys-
tals. These materials are semiconductors with a very small
gap ~,0.1 eV!.41,42 This suggests that we can calculate the
contribution to the energy loss of the valence band of these
materials using our model for the valence-band electrons of
metals. This band includes the 4 electrons of theO shell of
Sn and the 6 electrons of theO shell of Te in the case of
SnTe, and the 4 electrons of theP shell of Pb and the 6
electrons of theN shell of Se in the case of PbSe. In both
cases, there are 5 electrons per atom in the valence band. In
our model we need to determiner s andg. From the experi-

FIG. 9. Energy loss of 1.5-MeV protons specularly reflected
from an aluminum~111! surface as a function of the angle of inci-
dence. Curvea is the total energy loss, curveb is the contribution
of the valence-band excitations and curvec is the contribution of
inner-shell excitation. In the description of the valence band of the
aluminumr s52.07 andg51.35 eV have been used.

FIG. 10. Contribution of the valence-band excitation mechanism
to the energy loss as a function of the angle of incidence for 700-
keV protons specularly reflected at an aluminum~111! surface.
Curvea is the result of our model and curveb is obtained from Eq.
~25!, whereL is calculated using expression~26! ~see also inset!.
The conduction band defining parameters for aluminum are
r s52.07 a.u. andg51.35 eV.

FIG. 11. Comparison of the total energy loss as a function of the
angle of incidence for protons with two different initial energies
incident over an aluminum~111! surface. Curvea corresponds to
the case of 700-keV protons and curveb to the case of 1.5-MeV
protons. The conduction band defining parameters for aluminum are
r s52.07 a.u. andg51.35 eV.
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mental value of the bulk plasmon energy43 ~15 eV for SnTe
and 15.8 eV for PbSe! we obtain effective values for the
one-electron radius in these materials:r s52.14 a.u. for SnTe
and r s52.07 a.u. for PbSe. The volume per atom obtained
from the lattice constant of these materials compiled with the
one-electron volume calculated fromr s leads to the conclu-
sion that there are 5.06 electrons per atom in the case of
SnTe and 5.24 electrons per atom in the case of PbSe effec-
tively contributing to the valence band. These values prove
that it is reasonable to approximate these electrons by free
electrons. The value of the dampingg is deduced from the
experimental width of the plasmon peak that is around 5 eV
in both cases.43

Energy loss originating in the excitation of theN andM
shells of Sn and Te atoms in the case of SnTe, and of theO
andN shells of Pb andM shell of Se in the case of PbSe, are
calculated using our inner-shell excitation model. The con-
tribution of other inner-shell excitations to the stopping is
negligible, and thus they are not included in the calculation.
This is related to the fact that only electrons with velocities
smaller than or of the order of the velocity of the projectile
can be efficiently excited. In our case, the electrons that have
not been included in the calculation are much faster than the
incident proton.

In Fig. 12 we present results for the total energy loss as a
function of the angle of incidence for 500-keV protons inci-
dent on a SnTe~100! surface, including the comparison with
the experimental data and the calculation of Ref. 40. In Fig.
12~a! the results have been obtained using the Molie`re po-
tential in the calculation of the trajectory and in Fig. 12~b!
the ZBL potential. In these figures we also present results for
the total energy loss, obtained calculating the contribution of
the valence-band electrons as if they were bound atomic
electrons, with the model for inner-shell electrons described
in Sec. II A 2. We shall denote this model B, and the model
presented in previous sections, which consists in treating the
valence band using dielectric theory, will be referred to as
model A from now on. No large difference is found for large
incidence angles between the results of both models. For
small angles of incidence, higher energy losses are obtained
using model A. This is easily understood since for small
angles the long-range excitation processes such as surface
plasmon creation dominate. Although model A gives better
quantitative agreement with the experimental data, the quali-
tative trend is better obtained considering the outer-shell
electrons bound as bound to the target atoms. Further experi-
mental research is required in order to determine what is the
most suitable description for these electrons. It would be
interesting to perform experiments with an aluminum target,
for which model A is expected to be more adequate.

In Fig. 13 we present the results of our model for the
energy loss induced by the inner-shell electrons compared to
results obtained based on the model applied to the calcula-
tion of the energy loss induced by single-particle excitation
in Refs. 39, 40. In the latter, the local density approximation
is used, assuming that the stopping power is only a function
of the electron density at the position of the proton. The
stopping power is calculated using an expression valid for
high projectile velocities in an infinite homogeneous
medium,44 in which the electrons are considered as free and
the electronic density depends onz, the distance to the sur-

face. Thez-dependent electronic density is derived in some
cases from the continuum surface planar potential using the
Poisson equation,39 and in other cases from the Hartree-Fock
wave functions of the isolated atoms.40 Results are presented
for 500-keV protons incident on a SnTe~100! surface as a
function of the angle of incidence. The continuous curvea
stands for the results obtained by applying model B only to
the inner-shell electrons and treating the valence-band elec-
trons using the linear response theory and curveb shows the
results obtained by applying model B to all electrons of the
solid including the valence-band electrons. The dashed

FIG. 12. ~a! Energy loss as a function of the angle of incidence
for 500-keV protons incident on a SnTe~100! surface. The solid line
represents our model calculation, i.e., linear response theory to cal-
culate the contribution of the valence band~r s52.14 a.u. andg55
eV! and localized electron model for the rest of the electrons. The
dashed line shows the values obtained using our model for localized
electrons for all the electrons~including the valence band elec-
trons!. The Molière potential has been used in the calculation of
both curves. The square points are the experimental values taken
from Ref. 40 and the dotted line the results obtained from their
calculation. ~They use the ZBL potential.! ~b! Energy loss as a
function of the angle of incidence for 500-keV protons incident on
a SnTe~100! surface. The solid line represents our model calcula-
tion, i.e., linear response theory to calculate the contribution of the
valence band~r s52.14 a.u. andg55 eV! and localized electron
model for the rest of the electrons. The dashed line shows the val-
ues obtained using our model for localized electrons for all the
electrons~including the valence-band electrons!. The ZBL potential
has been used in the calculation of both curves. The square points
are the experimental values taken from Ref. 40 and the dotted line
the results obtained from their calculation.
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curvesc, d, ande correspond to values obtained using the
model of Refs. 39 and 40 for single-particle excitations. The
distance-dependent electron density is calculated from the
Hartree-Fock wave functions of the inner-shell electrons in
curve c, from the Hartree-Fock wave functions of all elec-
trons~including valence-band electrons! in curved and from
the continuum surface potential using the Poisson equation
in curve e. Comparison between curvesa and c, and be-

FIG. 13. Comparison between the results of the model of Refs.
39 and 40 for the energy loss induced by single-particle excitations
and our model results for the energy loss produced in the excitation
of inner shells as a function of the angle of incidence. Results are
presented for 500-keV protons incident on a SnTe~100! surface.
The ZBL potential has been used in the calculation of the trajectory.
Solid curvea represents our results for the contribution of inner-
shell electrons to the energy loss. Solid curveb stands for the re-
sults of our model B~see text! applied to all the electrons in the
solid, including valence-band electrons. Dashed curvec is obtained
using the model of Refs. 39 and 40 to calculate the position-
dependent stopping power, where the position-dependent electronic
density is derived from the Hartree-Fock wave functions of inner-
shell electrons. Dashed curved is the same model as in curvec
including the electron density of the outer shell electrons calculated
from the Hartree-Fock wave functions. In dashed curvee the same
model is used and the electron density has been calculated from the
planar potential using the Poisson equation. In curvesc, d, ande,
the local density approximation is used in the calculation of the
position-dependent stopping power. Curvesa andb include nonlo-
cal effects.

FIG. 14. Comparison between the model of Ref. 40 for collec-
tive excitations and our model for the excitations of the conduction
band. Results are presented for 500-keV protons incident on a SnTe
~100! surface. The ZBL potential has been used in the calculation of
the trajectory. Curvea shows the results of Ref. 40 for the energy
loss induced in the excitation of collective modes. Curveb is the
result for the energy loss induced by the valence-band electrons
within our model A~see text! ~r s52.14 a.u.,g55 eV!. Curvec is
the contribution of these electrons calculated using our model for
localized electrons. Curved is obtained using the model for single-
particle excitation of Ref. 40 applied to the valence electrons, the
electron density is calculated from the Hartree-Fock wave func-
tions. Curvee is the sum of curvesd anda.

FIG. 15. ~a! Energy loss of 700-keV protons specularly reflected
from a PbSe~100! surface as a function of the angle of incidence.
The Molière potential is used in the calculation of the trajectory.
Curve a is the contribution of the valence band calculated using
linear response theory~the free electron gas parameters used are
r s52.07 a.u.,g55 eV!. Dashed curveb is this contribution calcu-
lated using the model for localized electrons. Curvec shows our
model results for inner-shell electrons. Curved is the sum of curve
a and curvec, the total energy loss when the valence electrons are
considered free. Dashed curvee is the sum of curvesb andc, the
total energy loss when all the electrons are considered bound to the
target atoms. The square points are experimental data from Ref. 39.
~b! Energy loss of 700-keV protons specularly reflected from a
PbSe~100! surface as a function of the angle of incidence. The ZBL
potential is used in the calculation of the trajectory. Curvea is the
contribution of the valence band calculated using linear response
theory~the free electron gas parameters used arer s52.07 a.u.,g55
eV!. Dashed curveb is this contribution calculated using the model
for localized electrons. Curvec shows our model results for inner-
shell electrons. Curved is the sum of curvea and curvec, the total
energy loss when the valence electrons are considered free. Dashed
curvee is the sum of curvesb andc, the total energy loss when all
the electrons are considered bound to the target atoms. The square
points are experimental data from Ref. 39.
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tween curvesb andd shows that the local density approxi-
mation underestimates the energy loss for small angles, for
which large impact parameters are involved and the proton
passes through the low-density region. On the other hand, for
larger angles, for which the proton goes through higher den-
sity regions, it overestimates the energy loss.

In Fig. 14 a comparison between different approximations
for the energy loss due to the excitation of the valence band
of the metal is presented. Results for 500-keV protons inci-
dent on a SnTe~100! surface are presented as a function of
the angle of incidence. Curvea corresponds to the results of
Ref. 40 for the energy loss induced by collective excitations.
In this calculation, a formula for an inhomogeneous electron
gas derived by Kitagawa45 in the high-frequency approxima-
tion has been used. The distance-dependent valence-electron
density is approximated by the electronic density calculated
from the atomic wave functions in the Hartree-Fock approxi-
mation. Results obtained for the valence-band-induced en-
ergy loss using our model A~curveb! and our atomic model
B ~curve c! are also presented. A large difference between
curvesb andc is observed at small angles, for which plas-
mon excitation is an important contribution in model A. In
curved we plot the values obtained using the model of Refs.
39 and 40 for single-particle excitations applied to the
valence-band electrons. Curvee shows the sum of curvesa
andd. It can be understood as the total energy loss induced
by the valence band within the model of Refs. 39 and 40.
Results of curvee and our model A results show the same
qualitative behavior of the energy loss in its dependence with
the angle of incidence, though our model predicts a slightly
lower energy loss.

Finally, Fig. 15 illustrates the results for the total energy
loss as a function of the angle of incidence for 700 keV on a
PbSe~100! surface, including the comparison with available
experimental data.39 The trajectories have been calculated
using the Molière potential in Fig. 15~a! and the ZBL poten-
tial in Fig. 15~b!. Two different models have been used to
describe the outer-shell electrons. Solid curvea is the con-
tribution of these electrons to the energy loss when the linear

response theory is used~model A!, and dashed curveb when
they are considered as bound to the target atoms and our
model B is used. Curvec is the contribution of the inner-
shell electrons. Curvee is the sum of curvec and curveb,
i.e., the total energy loss when all electrons are considered to
be localized. Curved is the sum of curvesa andc, the total
energy loss when linear response theory is applied to calcu-
late the valence-band contribution. Better quantitative agree-
ment is achieved, as above, using model A for outer-shell
electrons, but again the qualitative trend is better obtained
when all electrons are considered localized.

IV. SUMMARY

We have developed a parameter-free theoretical calcula-
tion of the energy loss of fast protons under grazing inci-
dence over a metal surface. The losses due to excitation of
both inner-shell electrons of target atoms and the valence
band are considered separately. The former is obtained from
a first Born approximation calculation, while the latter is
derived from the induced surface wake concept. The results
show that the energy loss remains practically constant when
the angle of incidence is changed and that it is almost inde-
pendent of the initial energy of the projectiles. The compari-
son with available experiments on semiconductors shows a
good overall agreement. However, it is not completely clear
whether it is better to replace the valence-band electron
model by localized target atom electron states. It would be
very interesting to perform experiments on metallic alumi-
num for which the valence electron model is expected to be
more adequate.
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