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Energy loss of MeV protons specularly reflected from metal surfaces
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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 agreen{&@163-18206)07020-§

I. INTRODUCTION to analyze metal surfaces because it results in a long inter-

action time between the particle and the target. Moreover, we

When an ion approaches a metal surface, the energy ashall assume, as a plausible approximation valid for high
sociated to its motion perpendicular to the surface detervelocities, that the protons stay bare along their entire trajec-
mines whether it will penetrate the solid or will be reflectedtory. Possible electronic excitations of the surface will be

at the topmost atomic layer. If one wants to obtain informa-modeled.

tion about the structure of the surface, one is interested in 1he organization of this paper is as follows: in Sec. Il the
those trajectories for which the particle interacts with thetheoretical model is introduced; the results for an aluminum
metal surface for a long time before it is reflected. This sity-Surface together with results and a comparison with available

ation is achieved by using projectiles with small energy in€XPerimental data for PbSe and SnTe are presented in Sec.
the normal motion, as is the case in grazing ion-surface collll; the main conclusions are summarized in Sec. IV. Atomic

lisions. units (a.u) will be used unless stated otherwise.
When the charged particle interacts with the surface, dif-
ferent processes may take place depending on its velocity Il. THEORETICAL MODEL

relative to the velocity of the electrons in the metal. For ion
velocities smaller* than or of the same order’ as the ve-
locity of the electrons of the metal conduction bapey ,

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.

the Bohr velocity, for typical metalsa complicated picture g th . X h " fth o]
emerges in which the energy loss of the ion and charge tranéf—nov‘”n?l the exact trajectory, 1.e., the position of the particle
it any timet, and the energy loss per unit tindé/dt at any

fer between metal and particle are interrelated. Charge tran&" .
fer occurs mainly via resonant and Auger process8zand point of _the trajectory, one can calculate the total energy loss
the energy lost by the charge goes to creation of excitationgerformlng the following integral:

in the valence band of the solid. .

For high projectile velocitiesv>uv,) the charge state is AE:J d_E dt. (1)
fixed, and the particle may induce inner-shell excitations in —e dt
the target atoms, as well as valence-band excitafibis.

In this paper, we present a parameter-free theoretical In this work, we shall focus on the energy loss of MeV
study of the energy loss of protons grazingly incident overprotons moving with small glancing angles of incidence of
metal surfaces in the fast velocity regirae>4v ). We will the order of mrad. This geometry is particularly simple from
consider trajectories such that the projectiles are reflected ithe theoretical point of view for several reasons. No relevant
front of the first atomic layer. For the velocities under con-charge transfer should be expected to occur between metal
sideration, this implies that we have to deal with angles ofand proton at such high velocities;>4 a.u. Besides, the
incidenceg of the order of mrad. This geometry is adequatesmall angles of incidence make the proton-position coordi-
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nate perpendicular to the surfazg,a slowly varying func- loss is much smaller than the projectile energy. In the incom-
tion of time, as compared with the motion along the directioning part of the trajectory, when the proton gets closer to the
parallel to the surface. This permits us to calculate the energyurface, the attractive image potential accelerates it towards
loss per unit time in an idealized parallel trajectory and tothe surface and the value of increases. Finally, close to the
obtain the energy loss by integrating owerthe impact pa-  turning point the repulsive atomic potential decelerates the
rameter of such atrajeCtOI’y, i.e., we Change Variamz in proton andvz goes to zero ag approacheio_ These con-

the integral of Eq.(1) and calculatedE/dt for a parallel  gjgerations must be taken into account and their effect will
trajectory. We will consider that the trajectory is parallel to apg giscussed below.

random direction of the surface, so that there are no channel-

ing effects'* Moreover, the ions are assumed to be specu-

larly reflected on the surface, thus, the incoming and outgo- A. Calculation of dE/dt
ing trajectories are identical and it is enough to carry out the

calculation only in the outgoing part. Consequently, the total  when the proton interacts with the metal surface, it in-

energy loss takes the form duces electronic excitations in the medium, and therefore, it
- dE 1 loses energy. We distinguish here between two different con-
AE=2| —(z) —dz 2 tributions to the energy loss or, in other words, we separate
5 , 2 /Ic _ !
2 v(2) the electrons of the solid into two different groups according

where z, is the distance of closest approach at the turningtO :/T/ew b||nd:n? energy.t v th | it time d
point, andv, is the component of the velocity perpendicular € calculate separately the energy 1oss per unit ime due
to (1) the excitation of valence-band electrodg, ,/dt, and

to the surface. o
This integral involves the product of two quantities that (2) the excitation of electron bound states of the target atoms,
i.e., inner-shell excitationsl E¢/dt.

one needs to calculate. The first onediB/dt(z), i.e., the o .
energy loss per unit time for a proton traveling parallel to the ~The total energy loss per unit time is the sum of both
surface at a distancefrom the first atomic plane. This mag- contributions:
nitude is related to the different excitations that the projectile
may induce in the metal target.

The second magnitude is the normal veloaityz). The dE dE, dEs
important point concerning this magnitude is that its value dt dt dt - )
actually does change along the trajectory. At distances far
from the surfacey, goes tov,=v sin (¢), wherev is the
velocity of the proton, which we assume to be constant durThis quantity depends on the distance of the ion from the
ing all of the interaction time, due to the fact that the energysurface(first atomic layey z.

700keV-H* - Al(111)

P(O) 92')

1 a.u.

FIG. 1. Probability of creating an excitation
of energyw when a 700-keV proton is traveling

/// A ) parallel to an aluminum surface at a distarzte
///////,:“\—;Z%////////,//, With_respect to the jellium _e_dge calcul_ate_d ac-
7 /I/‘t‘\"%,,z//////// / cording to Eq.(7). The position of the jellium
'g'o:“‘\‘::z,/,////',, edge and the topmost atomic layer are shown by
'Q:o:.::‘:,’:,:'xl/l,", thick-curves. In this figurew,=15.8 eV is the
-10 :,“‘,},‘{o'o:g“" classical plasmon frequency that corresponds to
0%, rs<=2.07 a.u. The value of the dampingys-1.35

ev.
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1. Excitation of valence-band electrons The surface wake potential is calculated here using the
In this contribution, we include the excitation of both col- SPecular-reflection modef;"® which allows one to express
lective modes and single particles of the valence band of ththe response of the surface in t.erms of the dielectric function
solid, for which we assume a jellium model of independent©f the bulk materiak(k, w). In this way, nonlocal effects are
electron states bounded by a surface barrier potential. For!gtroduced through dispersion in the latter. This model relies
proton moving along a directior parallel to a surface, the ON the assumption that the surface potential barrier is infinite

energy loss is calculated in terms of the force due to thdor the valence electrons. Moreover, the quantum interfer-

induced surface wake potentig),;:*51¢ ence betw_een outgqing and reflected components of the
wave functions of solid electrons is neglected. The specular-
dEva IPing _, reflection model has been widely applied to ion-surface in-
gt (@)=v— — (@), (4)  teraction related problent&°and it is expected to work well

for the large velocities under consideration.
wherez’ is the separation between the proton and the jellium |n this way expressiof4) can be written as follow&!??
edge(or electronic surfage Concerning the location of the
electronic surface, we will use the standard prescription,
which consists in placing it at a distand& in front of the dEva ® ,
first atomic layer, where is the interplanar separation, i.e., dt (z')= JO do wP(0,z'). (6)
z'=z—d/2. The derivative of Eq(4) is evaluated at the
position of the proton, that is,

whereP(w,z") is the probability per unit time that a proton

IPind ., IPind ) _ , traveling parallel to the electronic surface at a distante
ax (2= ox (r.t); r=@0.27). ®) creates an excitation of energy More precisely?2*

2 (=dq €(Q,w)—1 (

- - - _ ! ! 78)
p— fo o) Im( 6S(Q,w)+1]exp( 2Qz7"), z'>0,

P(w,Z')Z 2

2 = dq , 2(e5(Q,2',w)) , (7b)

e Jo Q Im[ €(Q,w)+€4(Q,2z ,w)—m , 2'<0,

whereQ= g%+ w?/v?, €,(Q,z',w) is calculated according face plasmon frequenayg. This is due to the effect of dis-
to the expression: persion on the surface modes, which is positive in the
specular-reflection model.

* dk, explik,z’ - _
es(Q,Z’,w)=% f,x k_zz .:((k aZ)) ) (8) 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
€(Q,0)=€,(Q,0,0), K=k2+Q?, and e(k, ) is the bulk cpnsideration, f[he contributiqn of these electrons to the stop-
ehing 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-

response function, for which the random-phas
approximatio”® (RPA) will be used, together with the Mer-
min prescriptiorf® which permits us to incorporate a finite
damping(+y) 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(w,z"), for different values ofw. Notice that the surface trons that contribute to the proton. energy I,OSS' i i
modes are dominant near the electronic surface, while bulk In this work, the energy loss originating in the interaction
plasmons appear well below the surface. This is a manifeLf & proton with_ the first layer of target atoms is expressed in
tation of the so-called begrenzung efféttonsisting in the (€'Ms ©f the impact-parameter-dependent energy loss in
inhibition of bulk modes in favor of surface modes in the SiNgle encounters .Of the proton with target at.deAn av-
subsurface region of the material. This effect has been obrage over the trajectory is performed. One finds
served clearly using scanning transmission electron micros-
copy technique&’?®?2The main contribution to the losses
for a grazing trajectory comes from the excitation of surface
plasmons of frequency slightly larger than the classical sur-

dE,  2v (=
=@ | 4y ryE ), ©
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3.5 T T T T T

Pi(b)ZJ (e+ €)wi(€,b)de, (11
3 500 keV H* — SnTe (100) Moliere — 0

- where w;(€,b) is the probability for ionizing an electron
from an initial bound staté with ionization potentiale; to
the final free state corresponding to an eneggin a colli-
sion with impact parametdr. This magnitude can be calcu-
lated in terms of;(b,e), that is, the amplitude for the tran-
. sition from the bound stateto the state of the continuurn

of energye and well-defined angular momentum, as a func-
tion of the impact parameter vectbr

potential (a.u.)

05 ! l I ! I wi(e,b)=2 wi;(€,b), (12

(a) z (a.u.)

1 2m
35 | | I I wif(f’b)zz fo delait(b,e)|?, (13

where the summation in E@12) runs over all state$ with
the same energy, and the integral in expressioid) is
carried out overp the azimuthal angle db. The amplitude
7 a;;(b,e) depends on the direction d&f through the relative
orientation of the states. ExpressitB) corresponds to the
average of;;(b,e) over all different orientations. If our sys-
. tem had azimuthal symmet(in general this is not the case
w;t(€,b) would reduce to

potential (a.u.)

wit(e,b)=]ai(b,e)[? (14

05 ! | ! l ! In the first Born approximatiorg;;(b,e) read$®*

2 1 .
® o ai(b.e)= ;- f dy explin-b)Tig(me), (15

FIG. 2. (a) Interaction potential between a 500-keV proton and a
SnT€100 surface as a function of the distance to the first atomic
layer. The dashed line corresponds to the attraetivinage poten- 47
tial. The electron gas parameters age2.14 a.u. and=>5 eV. The Tir(me)= —7 (flexpiq-nli), (16)
dashed-dotted line is the crystal potentiflz) calculated in the a
Moliere approximation. The solid line represents the total potential, js the velocity of the protonr is the electron position
U(2). (b) The same ag), using the ZBL approximation rather than cqordinate relative to the target atom, apds the momen-
the Moliere potential. tum transferred in the interaction, which can be separated

into longitudinal and transverse components:
wherey is the coordinate directed parallel to the surface and
perpendicular to the velocity, and is the area per target
atom in the first atomic layer.

The energy IOSSD. IS taken as due to !onlzatlon of the and AE is the total energy transferred to the electron:
target atoms. Thus, it is calculated summing the energy loss
originating in the ionization from all different occupied AE=¢€+¢. (18
inner-shell electron statd®; . It reads

where

AE _ .
Q=qu+1/=7v+n, n-v=0, (17

The energy of the atomic levels and their wave functions
are approximated by the values calculated for neutral atoms.
P(b)= P.(b) (10 No corre_ction is included to take into account that the atoms
— Ti\E) 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-
where the index runs over all occupied inner-shell electron Slater (HFS) potential calculated from the program of
states and is the impact parameter of the collision. In prac- Desclaux* The electronic states and their wave functions
tice, it is not necessary to perform the calculationPpffor ~ are determined numerically with the Numerov algorithm as
all electrons, since those with average velocity much fasteeigenstates of the one-electron Hamiltonian using the HFS
than the velocity of the projectile will produce a negligible potential. This approach is not only valid for the calculation
contribution. of the occupied fundamental state wave functions but also
P;(b) can be calculated using the following expression: for the final states of the continuum that have to be consid-
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ered in the ionization process, since our calculations depenkh the above expressioM is the mass of the proton and
on the part of the wave functions of the continuum that overlU(z) is the interaction potential between proton and surface.
laps strongly with the localized bound orbitals, i.e., the re-Two different contributions can be distinguished in the po-

gion close to the ion cor& tential U(z). The repulsive static crystal potentid(z),
originating in the interaction with target atoms, and the at-
B. Calculation of the trajectory: v,(z) tractive image potentia'(z), which is obtained using the

i 2304 .
The component of the velocity normal to the surfage same approximaticit**as in Eqs.7) and (8):

can be expressed, assuming conservation of energy in the

perpendicular direction, in the form U(2)=V(2)+¢'(2). (20
M (v sing)?=3MuvZ+U(2). (19  The image potential is calculated as
|
1 (> (»dq_ [e(Qu)—1 o
¢)l(z)_ W_Ujo da)JO ERG{W exp(—2Qz ), z'>0 (219
| L=, (*dg , o 2elQZ,0)] , 21b
7T_U J'O dwfo 6 Re{ ES(Q,w)+ES(Q,22 ,w)—w—l , 2'<0, ( )

where all quantities are defined as in E¢j®. and (8). The  approximateV(z), the crystal potential, by the sum of the
image potential is calculated as one-half of the induced popotentials created by the three outer atomic layers. This is a
tential. Recent experiments shdWhat the image potential good approximation becaus@(z) is a short-range potential,
acceleration should be included in a correct calculation of thas can be inferred from the exponential decay with the dis-
trajectory. tance that is reflected in ERJ).

The crystal potential is made up of the interaction with all  In Fig. 2 we present the values @f'(z), V(z), and the
atoms in the solid. A pair-potential picture will be applied total interaction potentidl (z) for 500-keV protons incident
here for the sake of simplicity. Two different approximationson a SnT€100 surface. In Fig. &) V(z) is calculated using
will be used throughout this work for the interatomic poten-the Moliere approximation whereas in Fig(i it is calcu-
tial between the proton and a target atom of atomic numbelated using the ZBL approximation. Close to the surface,
Z;: the Moliere potential* and the Ziegler-Biersack- V(z) is much stronger than the image potential, and only far
Littmark (ZBL) potential®® In both cases the potential takes from the surfac€z>3) the image potential is the dominant
the following form: contribution. Therefore, the image potential produces a non-

negligible effect for trajectories with very small angle of in-
Z: n cidence that do not get very close to the surface. This effect
A(r)=— > viexp—Bir), (22)  can be seen in Fig. 3 in which different trajectories calcu-
=1 lated using our model potentials are presented. In this figure,
where for the Moliee potentialn=3, v =(0.35,0.55,0.1 results for 500-keV protons incident on SriT@0) with two

_ _ different angles of incidencép=1 and 6 mrag obtained
=(0.3/atg,1.2/a1g,6/arg), and app=0.88534/(/Z X . ) ; . :
f_ll)(z/g xherea;F foIF) the ZBLTF ootential n(:4T with and without including the image potential are shown. In

(0028170530256 500000 19175 (020105 1 258 o= mad, h sk of o mage poenl
a,,0.402904,,0.942294,,3.19984,,) and a,=0.88534/ 9 jectory sig Y Yy

(Z92%+1). r is the distance between the proton and thefor =1 mrad the image po_tential gives rise to a strong ef-
tar;et atorT.1 fect. There is not a strong difference between using the Mo-

The potential created by one surface layer at the positioHere and the ZBL potentials. In order to look into this inter-

. atomic potential dependence more carefully, Fig. 4 shows
of the proton, as a function of the proton-surface layer SeP3;. o ifference between the ZBL and Mokiepotentials as a
ration z, may be written as follows:

function of the distance to the atomic surface for protons
incidents on a SnT&00 surface. The difference is always

VO(z)= 2_77 pr dpA(VpZ+2?) smaller than 0.1 a.u.: thus, whichever approximation we use
Q Jo for the atomic potential we will expect to obtain similar re-
sults.
21 & Y Expression(19 its us to calculate the turni int
TS Y oxn — 8.7 2 p e§S|on( ) permits us to calculate the turning poin
Q T-Zl Bi exp— Biz), @3 of the trajectoryz,, i.e., the lowest limit of integration of Eq.

(2). z, corresponds to the vanishing®f, thus from Eq(19)
where p=Xx?+y?, andx andy are the coordinates along
the directions parallel to the layer. In our calculation, we U(zo)=2M(v sing)?. (24
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FIG. 3. Trajectories for 500-keV protons reflected on a FIG. 5. Turning point of the trajectory of 500-keV protons in-
SnT€100 surface. The crystal potential has been calculated in thesident on a SnT@00) surface as a function of the angle of inci-
ZBL approximation. The@) trajectories correspond to an angle of dence. Curves are obtained including the image potential and
incidencep=6 mrad, andb) trajectories to an angle of incidence curvesb without including it. The electron gas parameters are
¢=1 mrad. The dashed lines correspond to trajectories calculated;=2.14 a.u. andy=5 eV. The solid lines are obtained using the
without including the image potential, and the solid lines stand forMoliere potential to calculate the crystal potential, and the dashed
trajectories calculated including the image potential. We have takefines with the ZBL potential.
rs<=2.14 a.u. andy=5 eV.

_ and y=1.35 eV, where (= 3/3/47n.

Figure 5 represents, calculated from Eq(24) for 500- The inner-shell contribution to energy loss is obtained
keV protons incident on a SnTEQ) surface as a function of rom the ionization of P and  states, since the contribu-
the angle of incidence. Results obtained with the Meliend  tjon of the ionization of the & state is negligible in this
ZBL potentials including and neglecting the image potentialgnge of energies.
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. A. Analysis of the contributions to the energy loss
per unit time
IIl. RESULTS AND DISCUSSION In Fig. 6 we present our results fd/dt in the case of

o 700-keV protons as a function of the distance from an alu-
Next, we present results for protons incident on anminum (111) surface. We plot the different contributions to

Al(11]) surface. An aluminum single neutral atom has 13¢E/dt and the total sum. It is important to stress the different
electrons organized in @NeJ3s“3p~ electronic structure.

The M-shell electrons give rise to the band structure of alu-

minum in its condensed phase. They are the so-called 10 ¢ ' ' '
700 keV H* — Al (111)

valence-band electrons, and their contribution to energy loss
is calculated here using Eg&h—(8). In this formalism we
need to specify the electronic density of the conduction band,
n, and the damping. For aluminum, we take,=2.07 a.u.

L

T

jellium edge

Lol

AL B B AR

% ) o1 \
=3 3
0.06 | | ]
0.04 H' — SnTe (100) - 0.01 y .
0.02 ’ E valence band ~ \\j
X . F AN =~ ]
3 . L ©:2s ~
& 0 0.001 1 1 1 ™~ 1
£
Poom L | 0 0.5 1 1.5 2 25 3
> z (a.u.)
S 004 | .
006 L | 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
0.08 |- - (112) surface. The solid curva is the totaldE/dt, sum of all other
o1 | | A | | contributions, the solid curvie is the contribution due to excitation
0 1 2 3 4 5 6 of valence-band electrondE, /dt and the solid curve is the

z(au.) contribution of inner-shell excitatiorsE/dt. This last contribution
is the sum of the energy loss per unit time originating in the ion-
FIG. 4. Difference between the planar ZBL potential and theization from the 2 orbital shown by the dashed curdeand from
planar Molige potential /25 — Vwoicre) @cting on a proton near a the 2s orbital shown by the dashed cureeln the description of the
SnT€100 surface as a function of the distance of the proton to thevalence band of aluminums=2.07 andy=1.35 eV have been
first atomic layer. used.
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behavior with the distance of the valence-band contribution 0 -
dE,,/dt as compared to the inner-shell contributidB,/dt. 2
dEJ/dt takes significant values at distances of the order of
the target atoms size, where it dominates alfy,/dt in the
range of energies under consideration. On the other hand, the
valence-band contribution is relevant at distanzesv/wg
(Refs. 36 and 3)7with respect to the jellium edge, whesg

is the classical surface plasmon frequefoy= w,/v2), and

it goes to a constant value inside the solid. Notice that the
electronic surface is located atd/2 (=2.2 a.u.~1.17 A

T I T T

F 1.5 MeV H* — Al (111)

Jellium edge

for Al) outside the atomic surface, and therefdiy/dt is | velenceband @35~ _

considerably smaller thadE,,/dt in that region. Conse- 0.001 ' ' ' ' '

quently,dE,,/dt dominates oved E;/dt except very close to 0 0.5 1 15 2 25 3
the surface. z(an)

It has to be stated Fha.t the pictL_Jre is completely different FIG. 7. Energy loss per unit time of 1.5-MeV protons as a
from that of a tran§m|§5|on expgrlment, where most Qf th(?unction of the distance from the first plane of atoms of an alumi-
energy loss occurs inside the solid so that bulk properties arr?um (112) surface. The solid curva is the totaldE/dt sum of all
analyzed instead of surface properties. More precisely, ion-

N f th hell domi he | ) h other contributions, the solid curve is the contribution due to
ization of theL shell dominates over the losses against t xcitation of valence-band electrodg&, ,/dt, the solid curvec is

conduction band in the bulk within this range of energies.e contribution of inner-shell excitatiahE,/dt. This last contribu-

Actually, the energy loss originating in the excitation of in- (o is the sum of the energy loss per unit time originating in the

ner shells in the bulk is obtained averaging over impact pajonization from the  orbital shown by the dashed curdeand in

rameters, and in the surface case there exists a selection @k ionization from the & orbital shown by the dashed cureein

Impact parameters. the description of the valence band of aluminug=2.07 and
The total energy loss per unit tinteE/dt decreases with  y=1.35 eV have been used.

the distance rather rapidlpne order of magnitude in 3 aju.

Moreover, the normal velocity of the partialg goes to zero  gence(see Fig. 3. Increasing the angle of incidence results
near the turning point,. So that, since the integrand of Eq. jn the reduction of the time that the proton spends close to
(2), which gives us the total energy loss, is the product ofthe surface, wheralE,,/dt varies slowly withz. Conse-
dE/dt and 1b,, the major contribution to that integral quently, the highety the smallerAE, . Actually, for trajec-
comes from the region close m. In other words, the main  tories in which the proton crosses the jellium edge, the en-

contribution to the energy loss comes from the region clos@rgy |oss due to excitations of the valence band can be
to the distance of closest approach, because, firstly, there thgysroximated by

proton loses more energy per unit tifE/dt gets its high-
est valuesand, secondly, it travels for a longer time through
this region(v, is smal). AE..~L dEpuik (25)
Figure 7 is the same as Fig. 6 for 1.5-MeV incident pro- val dx '
tons. The results are similar in both cases. We find out that
dE/dt is almost independent of the velocity. Notice, how- where dE,,/dx is the stopping power in the bulk due to
ever, thatdE,,/dt is larger at the surface in the case of valence-band excitations, amdis the distance that the pro-
700-keV protons. This is related to the well-knowmw 4 He-
pendence of the valence-band stopping pover (1/v)dE/
dt] for large energies® so thatdE,,/dt goes as /. On the @ ol
other hand, we observe that the decayd&,,/dt with in- 3 | T0kVHSALGLD Vit
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/ ws.

3.5 T T T T T

{b) : valence band

AE (keV)

B. Total energy loss 1 b

In Figs. 8 and 9 we show different contributions to the 0.5
total energy lossAE as a function of the grazing angle of
incidenceyp for 700-keV and 1.5-MeV protons, respectively. 0
The Moliere potential has been used in the calculation of the
trajectory. We find a completely different behavior of the
valence-band contributiodE,, and the inner-shell contri- FIG. 8. Energy loss of 700-keV protons specularly reflected
bution AEs. AE,, decreases andE; increases with in-  from an aluminum(111) surface as a function of the angle of inci-
creasing angle of incidence. The reason for this can be eaSi%nce, Curva is the total energy loss, cunieis the contribution
understood from the dependence of bdllk,,/dt and of the valence-band excitations and cuvés the contribution of
dE/dt on the distance to the surfatgee Figs. 6 and)7and  inner-shell excitations. In the description of the valence band of
the different proton trajectories for different angles of inci- aluminumr,=2.07 andy=1.35 eV have been used.

(c) : inner-shells

¢ (mrad)
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T T
1.5 MeV H" — Al(111)

(b) : valence band

AE (keV)
&
T

(c) : inner-shells

@ (mrad)

FIG. 9. Energy loss of 1.5-MeV protons specularly reflected
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4 T T T T

H' = Al (111)

AE (keV)

@ (mrad)

FIG. 11. Comparison of the total energy loss as a function of the

from an aluminum(111) surface as a function of the angle of inci- angle of incidence for protons with two different initial energies

dence. Curva is the total energy loss, cunkeis the contribution
of the valence-band excitations and cuwrés the contribution of

incident over an aluminunil1l) surface. Curvea corresponds to
the case of 700-keV protons and curveo the case of 1.5-MeV

inner-shell excitation. In the description of the valence band of thedrotons. The conduction band defining parameters for aluminum are

aluminumr¢=2.07 andy=1.35 eV have been used.

rs=2.07 a.u. andy=1.35 eV.

ton travels below the electronic surface, which decreasedistance of closest approach lies outside the jellium edge,

with increasing angle of incidence.

In Fig. 10 we compardE,, calculated using the formal-

and consequently, E¢25) gives no energy loss.
The inner-shell contribution becomes relevant only when

ism described in last section to that calculated from expresthe turning point is very close to the surface, wheig/dt
sion (25) for 700-keV protons as a function of the angle of takes appreciable values. The turning point is closer to the
incidence dEy,,/dx is obtained using linear response theorysurface for larger angles of incidence, and thereftfg,

with the RPA(Ref. 25 dielectric function and the Mermin

prescriptioR® andL is calculated using Eq19) for v,, as-
suming that the solid surface is placed at a distadtz
above the first atomic layer, i.e., at the jellium edge:

d2 dz
L=20f —

zg U A2)° 29

increases with increasing.

The sum of both contributions, i.e., the total energy loss
AE, 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 atomgThis angle is around 7 mrad for 700-
keV protons and around 5 mrad for 1.5-MeV protons.

Figure 11 compares the total energy ldds as a function
of ¢ for 700-keV and 1.5-MeV protons, which is similar in

The Moliere potential has been used in the calculation Ofpoth cases. Although for the same angle of incidence the
v,(2). As we expected, the behavior of both calculations isyost energetic ions spend less time near the jellium edge,
similar except for small angles of incidence, for which the g, consequently they lose less energy exciting the valence

3 T T T

700 keV H' — Al (111)
25 |- -

2 - (a) _

(keV)

1.5 -

val

AE

1

05

¢ (mrad)

band(as can be observed by comparing Figs. 8 andHeir
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 dafa
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 e\).**2 This suggests that we can calculate the
contribution to the energy loss of the valence band of these

FIG. 10. Contribution of the valence-band excitation mechanisrinaterials using our model for the valence-band electrons of
to the energy loss as a function of the angle of incidence for 7o0metals. This band includes the 4 electrons of thehell of

keV protons specularly reflected at an alumingiil) surface.
Curvea is the result of our model and curteis obtained from Eq.
(25), wherel is calculated using expressi@@6) (see also insgt

Sn and the 6 electrons of th@ shell of Te in the case of
SnTe, and the 4 electrons of tl® shell of Pb and the 6
electrons of theN shell of Se in the case of PbSe. In both

The conduction band defining parameters for aluminum arecases, there are 5 electrons per atom in the valence band. In

rs=2.07 a.u. andy=1.35 eV.

our model we need to determimg and y. From the experi-
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mental value of the bulk plasmon enetgy15 eV for SnTe

and 15.8 eV for PbSewe obtain effective values for the 6 ' ' ' '
one-electron radius in these materials=2.14 a.u. for SnTe 5 | S500keVH' — SnTe (100) 4
andr¢ =2.07 a.u. for PbSe. The volume per atom obtained
from the lattice constant of these materials compiled with the S 4 . " L PP
one-electron volume calculated frorg leads to the conclu- & it _,——‘:T
sion that there are 5.06 electrons per atom in the case of 4 3r - /' P h
SnTe and 5.24 electrons per atom in the case of PbSe effec- s L _ -7 B
tively contributing to the valence band. These values prove -
that it is reasonable to approximate these electrons by free 1+ .
electrons. The value of the dampingis deduced from the
experimental width of the plasmon peak that is around 5 eV 0 ' ' ' L
in both case$® @ 0 2 4 6 8 10
e I ¢ (mrad)
Energy loss originating in the excitation of theand M
shells of Sn and Te atoms in the case of SnTe, and oOthe 6 , . r ,
andN shells of Pb andM shell of Se in the case of PbSe, are
calculated using our inner-shell excitation model. The con- 5 | 500keVH'— SnTe (100) =
tribution of other inner-shell excitations to the stopping is -
negligible, and thus they are not included in the calculation. 4 . e
This is related to the fact that only electrons with velocities g . et = — ]
smaller than or of the order of the velocity of the projectile 3 r e )
can be efficiently excited. In our case, the electrons that have < 2 L _ -7 B
not been included in the calculation are much faster than the L -
incident proton. 1k 4
In Fig. 12 we present results for the total energy loss as a
function of the angle of incidence for 500-keV protons inci- 0 ' L L
dent on a SnTE@00 surface, including the comparison with ) 0 2 4¢(mad)6 8 10

the experimental data and the calculation of Ref. 40. In Fig.
12(a) the results have been obtained using the Meligo-
tential in the calculation of the trajectory and in Fig.(i2
the ZBL potential. In these figures we also present results f
the total energy loss, obtained calculating the contribution of
the valence-band electrons as if they were bound atomi€
electrons, with the model for inner-shell electrons describe ! ; . : .
) : ashed line shows the values obtained using our model for localized
in Sec. Il A 2. We shall denote this model B, and the mc’dGIeIectrons for all the electron@ncluding the valence band elec-

presented in pre‘{ious §ectiqns, which consists in treating thﬁons). The Moliere potential has been used in the calculation of
valence band using dielectric theory,

- will _be referred to @y0th curves. The square points are the experimental values taken
model A from now on. No large difference is found for large fom Ref. 40 and the dotted line the results obtained from their

incidence angles between the results of both models. FQficulation. (They use the ZBL potential.(b) Energy loss as a
small angles of incidence, higher energy losses are obtain&gnction of the angle of incidence for 500-keV protons incident on
using model A. This is easily understood since for smalla SnT¢100 surface. The solid line represents our model calcula-
angles the long-range excitation processes such as surfagen, i.e., linear response theory to calculate the contribution of the
plasmon creation dominate. Although model A gives bettevalence bandr,=2.14 a.u. andy=5 eV) and localized electron
guantitative agreement with the experimental data, the qualimodel for the rest of the electrons. The dashed line shows the val-
tative trend is better obtained considering the outer-shellies obtained using our model for localized electrons for all the
electrons bound as bound to the target atoms. Further expeglectrongincluding the valence-band electronghe ZBL potential
mental research is required in order to determine what is thbas been used in the calculation of both curves. The square points
most suitable description for these electrons. It would beare the experimental values taken from Ref. 40 and the dotted line
interesting to perform experiments with an aluminum targetthe results obtained from their calculation.

for which model A is expected to be more adequate.

In Fig. 13 we present the results of our model for theface. Thez-dependent electronic density is derived in some
energy loss induced by the inner-shell electrons compared tcases from the continuum surface planar potential using the
results obtained based on the model applied to the calculd2oisson equatioff, and in other cases from the Hartree-Fock
tion of the energy loss induced by single-particle excitatiorwave functions of the isolated atorffsResults are presented
in Refs. 39, 40. In the latter, the local density approximationfor 500-keV protons incident on a SnI®0 surface as a
is used, assuming that the stopping power is only a functiofunction of the angle of incidence. The continuous cuave
of the electron density at the position of the proton. Thestands for the results obtained by applying model B only to
stopping power is calculated using an expression valid fothe inner-shell electrons and treating the valence-band elec-
high projectile velocities in an infinite homogeneoustrons using the linear response theory and ciinglaows the
medium?** in which the electrons are considered as free andesults obtained by applying model B to all electrons of the
the electronic density depends anthe distance to the sur- solid including the valence-band electrons. The dashed

FIG. 12. (a) Energy loss as a function of the angle of incidence
oﬁor 500-keV protons incident on a Sn®0) surface. The solid line
epresents our model calculation, i.e., linear response theory to cal-
ulate the contribution of the valence bafrd=2.14 a.u. andy=>5
V) and localized electron model for the rest of the electrons. The
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6 T T T I 5 T T T T T
5 4 700 keV H" — PbSe (100)
(d)\,"/"—\
-~ S 3
3 g
q 4 2
2
1
1
0 Q- | | | 0 ! | I I !
0 2 4 6 8 10
0 2 4<p(rnrad)6 8 10 @) ¢ (mrad)
FIG. 13. Comparison between the results of the model of Refs. 5 | | | ' |
39 and 40 for the energy loss induced by single-particle excitations
. o 700 keV H" — PbSe (100)
and our model results for the energy loss produced in the excitation 4L ]
of inner shells as a function of the angle of incidence. Results are @ .
presented for 500-keV protons incident on a SI10€) surface.
The ZBL potential has been used in the calculation of the trajectory. % 3
Solid curvea represents our results for the contribution of inner- <
shell electrons to the energy loss. Solid cubvstands for the re- 4 2
sults of our model B(see text applied to all the electrons in the
solid, including valence-band electrons. Dashed cerisobtained 1
using the model of Refs. 39 and 40 to calculate the position-
dependent stopping power, where the position-dependent electronic 0 | | . | |
density is derived from the Hartree-Fock wave functions of inner- 0 9 4 6 8 10
shell electrons. Dashed curekis the same model as in curee (b) ¢ (mrad)

including the electron density of the outer shell electrons calculated

from th_e Hartree-Fock wave functlon_s. In dashed cwetbe same FIG. 15. (a) Energy loss of 700-keV protons specularly reflected
model is USEd. and _the electro_n density ha_ls been calculated from ﬂ?leom a PbSd100) surface as a function of the angle of incidence.
planar potent@l using th? PO,'SSO,n equatlpn. In cunies, gnde, The Moliere potential is used in the calculation of the trajectory.
the _Ipcal density appro><|_mat|0n is used in the _calculat|on of theCurvea is the contribution of the valence band calculated using
position-dependent stopping power. Cureeandb include nonlo- linear response theorfthe free electron gas parameters used are
cal effects. rs=2.07 a.u.,y=>5 eV). Dashed curvé is this contribution calcu-
lated using the model for localized electrons. Cucvshows our
model results for inner-shell electrons. Curés the sum of curve
5 L _ a and curvec, the total energy loss when the valence electrons are
500 keV — SnTe (100) considered free. Dashed curges the sum of curveb 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
PbS€100) surface as a function of the angle of incidence. The ZBL
potential is used in the calculation of the trajectory. Cuavis the
contribution of the valence band calculated using linear response
theory(the free electron gas parameters used g€2.07 a.u.,y=5
eV). Dashed curvé is this contribution calculated using the model
0 for localized electrons. Curve shows our model results for inner-
0 2 4(p(mrad)6 8 10 shell electrons. Curvd is the sum of curvex and curvec, the total
. energy loss when the valence electrons are considered free. Dashed

FIG. 14. Comparison between the model of Ref. 40 for collec-¢, e e is the sum of curveb andc, the total energy loss when all

tive excitations and our model for the excitations of the conductionthe electrons are considered bound to the target atoms. The square
band. Results are presented for 500-keV protons incident on a SnT,

; ; . Fﬁ)ints are experimental data from Ref. 39.
(100 surface. The ZBL potential has been used in the calculation o
the trajectory. Curva shows the results of Ref. 40 for the energy
loss induced in the excitation of collective modes. Cubvis the ~ curvesc, d, ande correspond to values obtained using the
result for the energy loss induced by the valence-band electrongodel of Refs. 39 and 40 for single-particle excitations. The
within our model A(see text (rs=2.14 a.u.,y=5 eV). Curvec is  distance-dependent electron density is calculated from the
the contribution of these electrons calculated using our model foHartree-Fock wave functions of the inner-shell electrons in
localized electrons. Curve is obtained using the model for single- curve c, from the Hartree-Fock wave functions of all elec-
particle excitation of Ref. 40 applied to the valence electrons, thérons(including valence-band electronis curved and from
electron density is calculated from the Hartree-Fock wave functhe continuum surface potential using the Poisson equation
tions. Curvee is the sum of curves anda. in curve e. Comparison between curvesand ¢, and be-

AE (keV)
w
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tween curvesd andd shows that the local density approxi- response theory is uséohodel A), and dashed curde when
mation underestimates the energy loss for small angles, fahey are considered as bound to the target atoms and our
which large impact parameters are involved and the protomodel B is used. Curve is the contribution of the inner-
passes through the low-density region. On the other hand, f@hell electrons. Curve is the sum of curve and curveb,
larger angles, for which the proton goes through higher denk.e., the total energy loss when all electrons are considered to
sity regions, it overestimates the energy loss. be localized. Curvel is the sum of curvea andc, the total

In Fig. 14 a comparison between different approximationsenergy loss when linear response theory is applied to calcu-
for the energy loss due to the excitation of the valence banthte the valence-band contribution. Better quantitative agree-
of the metal is presented. Results for 500-keV protons inciiment is achieved, as above, using model A for outer-shell
dent on a SnTE@O00 surface are presented as a function ofelectrons, but again the qualitative trend is better obtained
the angle of incidence. Cuneecorresponds to the results of when all electrons are considered localized.
Ref. 40 for the energy loss induced by collective excitations.
In this calculation, a f(\),égwula for an inhomogeneous electron IV. SUMMARY
gas derived by Kitagawain the high-frequency approxima- .
tion has been used. The distance-dependent valence—electronWe have developed a parameter-free theoreuca_l ca!cu!a—
density is approximated by the electronic density calcula’ceéiIon of the energy loss of fast protons under grazing inci-

from the atomic wave functions in the Hartree-Fock approxi-Sg?hcﬁn?]\é?_rsﬁewe;?elc‘:’:]or;ici'f -[Qre ‘Ias[)s:g Smiugntg '?hxeCIt/aat:(e)rr}c%f
mation. Results obtained for the valence-band-induced e 9

ergy loss using our model fcurveb) and our atomic model "Band are considered separately. The former is obtained from

8 (crve o are ako presentea. A large diference betueerf, =1 Sor sporoximatin calolaton, whle e ater s
curvesb andc is observed at small angles, for which plas- pL.

mon excitation is an important contribution in model A. In tsr? ow thlat ﬂf]? e%ergy Iqss rr]emalr:js prgcttr;c?l!%/.cor}stan: vaen
curved we plot the values obtained using the model of Refs. € angie ot ncidence 1S changed and that It 1s aimost inde-
39 and 40 for single-particle excitations applied to thepende_nt of th_e initial energy of the prOjeptlles. The compari-
valence-band electrons. Cureeshows the sum of curves " with available experiments on semiconductors shows a
good overall agreement. However, it is not completely clear

andd. It can be understood as the total energy loss induceWhether it is better to replace the valence-band electron
by the valence band within the model of Refs. 39 and 40'rnodel by localized target gtom electron states. It would be
Results of curvee and our model A results show the same y 9 :

gualitative behavior of the energy loss in its dependence witr\éix }gtre\:vfigﬂgthtg \f’;gﬁgg eelz)-:t(gter gnmemnéze??srgitﬂtfeghtjéng e
the angle of incidence, though our model predicts a slightlymore adequate P
lower energy loss. q '
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