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Energy loss of ions at metal surfaces: Band-structure effects
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We study band-structure effects on the energy loss of protons scattered off (h&lCsurface. The distance
dependent stopping power for a projectile traveling parallel to the surface is calculated within the linear
response theory. The self-consistent electronic response of the system is evaluated within the random-phase
approximation. In order to characterize the surface band structure, the electronic single-particle wave functions
and energies are obtained by solving the Sdimger equation with a realistic one-dimensional model poten-
tial. This potential reproduces the main features of the(Cli) surface: the energy band gap for electron
motion along the surface normal, as well as the binding energy of the occupied surface state and the first image
state. Comparison of our results with those obtained within the jellium model allows us to characterize the
band-structure effects in the energy loss of protons interacting with th@ T surface.
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[. INTRODUCTION the jellium model was used to describe the conduction band
of the metal: the ionic background made up of nuclei and
The study of the energy loss of ions interacting with metalcore electrons was replaced by a uniform positive charge
surfaces has constituted an active field of research during thgistribution. In Refs[19,20 the Kohn-Sham orbitals were
last yeard1]. Many experiments have provided information used to construct the response function of the system in the
about the energy losses experienced by prd®n4] and  random-phase approximatigRPA) [24,25. In Ref.[21] ex-
heavy ion projectile$5—7] under grazing scattering condi- change and correlation effects were also included in the cal-
tions. culation of the response within the so-called adiabatic local
In the analysis of these experiments a central quantity islensity approximatiorj26]. Nevertheless, it was observed
the so-called distance dependent stopping power, i.e., the ethat the stopping power for a particle traveling parallel to a
ergy lost per unit path length traveled by the ion parallel tometal surface was almost insensitive to this correction. On
the metal surface, as a function of the ion-surface separatiothe contrary, the use of a self-consistenly calculated finite
Echenique and Pendf] used a local response function to surface barrier improved significantly the results obtained
calculate this quantity and applied it to the calculation of thewithin the SRM, for both the stopping power and the total
energy losses of fast electrons traveling parallel to the surenergy loss, up to velocities of the orderwf 2v, to 3vg
face. In latter works, wave-vector-dependent surface dieled, is the Bohr velocity [19,20. At higher velocities, the
tric functions were used9-14]. These calculations were SRM showed a reliable approximation.
based on the specular-reflection mo@&RM) [15,16]. This All these works invoke the jellium model. In a real solid,
model allows one to obtain the surface response function ithe valence electrons move in a periodic potential, and the
terms of the bulk response function. The approximation useélectronic states are described by the Bloch wave functions.
in the SRM assumes that the conduction electrons are coria this work we aim to study how this affects the energy loss
fined by an infinite potential barrier at the surface, and theof ions under grazing incidence. For this purpose, we incor-
guantum interference between the outgoing and ingoingorate information about the band structure of a solid in the
components of the electrons reflected at this barrier is nesalculation of the distance-dependent stopping power for an
glected. In a different approach Gravielle and collaboratorson traveling parallel to the C(l11) surface.
[17,18 have studied the interaction of a charged particle The Cu(111) surface is a good candidate for our study
with the conduction electrons bounded by a finite step potenbecause it permits us to analyze the effect of two important
tial at the surface. This model describes single-particle excicharacteristics that its band structure presefitsithe gap
tations(electron-hole creationbut does not include collec- exhibited by the bulk band structure for the electron motion
tive excitations(plasmong In the up-to-now most advanced along the surface normal between -5.83 eV and 0.69 eV, and
calculations of the distance-dependent stopping pdd@+  (2) the occupied surface state located at -5.33(s&€ Ref.
21], the Kohn-Sham formulatioh22] of the density func- [27], and references thergirAll these energies are measured
tional theory[23] was used to calculate self-consistently afrom the vacuum level.
finite and smooth surface potential barrier. In these works, The outline of the paper is the following: in Sec. Il the
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model used is explained, in Sec. Ill the results obtained arevhere®(x) is the Heaviside step function.
presented and are compared to those obtained within the jel- W"%(Q,z,z’,») has a rigorous expression in terms of the
lium model, and in Sec. IV we summarize the main conclu-exact density-density correlation function of the system

sions of this work. x(Q,z,2',w) [19]:
Atomic units (a.u) will be used unless it is otherwise
stated. ind ’ 2m\? —Q(| z1—2|+|zo—2'|)
W"(Q,z,2' ,w)= 6 dz; | dze 1 2
II. MODEL

. . . . . XX(Q,Zl,Zz,w). (5)
When a swift charged particle interacts with matter, it
induces a polarization potentisi"(r,t). This potential acts In general,x(Q,z,2’,w) is a very complex function, be-
back on the projectile giving rise to a retarding force. Theijng hard to calculate exactly. Here, we use the RPA that
energy that the particle loses per unit time due to this forcgylows us to writex(Q,z,z’,) in terms of the density re-

can be calculated in the following wdg1]: sponse function for noninteracting electrong(Q,z,z’, )
o - rp r! .
dt at X(Q.z.2',0)=xo(Q.2.2',0)
where p®*{(r,t) represents the incident-particle charge den-
sity. + | dz; | dzpxo(Q,2,21,0)Ved Q,21,22)
Henceforth, we take as the coordinate of the position
vector normal to the surface. The topmost atomic layer is at xXx(Q,22,7",w), (6)

z=0 and the solid is in the<0 side. We use capital letters . . o
for the coordinates parallel to the surfdee=(R,z)]. Here, ~Where the electron-glte‘gt[ciq interaction potential is
we study the case of a point chargemoving parallel to the  VedQ,21,22)=(27/Q)e” %77 Though the inclusion of

surface with velocity at distancez,>0: local field corrections toV.(Q,z;,2,) constitutes an im-
provement over the RPA response function, their effect in
p=(r,t)=Z,8(R—vt) 8(z—20). (2  S(zp) is almost negligiblg21], and therefore they are not

W lati I . i the bl el considered here.
e assume translational invariance in the plane parallel to With ‘I’i~e‘Q/'R¢>i(z) and E,—Q'%/2+ ¢, as the one-

the surface, i.e., we neglect surface corrugation effects. Thi . ;
9 9 . (%Iectron wave functions and eigenvalues of the one-electron

ourselves to the study of randomly incident ions. In this caseq;:r:ngteowﬁg’e;r;ﬁ tﬂznleﬁ%vcﬁspf/)vr:[/ez 4%%9“%(Q’Z’Z )
within linear response theory, the potential induced by an 9 =
external charge can be calculated in terms of the two-

dimensional Fourier transform of the induced part of the Xo(QvZ,Z’yw)=2iEj (2T (2) (2 7 (2')

screened interaction/'"%(Q,z,z’, ) [28]:

d’Q [ dw dQ" O(Er—Ej)—-O(Er—E))

(2m)? PG J(ZW)Z E-E+(oting)
@)

where 7 is a positive infinitesimaIEj=(Q’+Q)2/2+s]-,

where p¥(Q.,z,w) =272, 8(w— Q-v) 8(z—2) is the Fou- andEg is the Fermi energy of the system.

rier transform of the external charge density of Ez), with ch;?agtreczir?srtizzc; e:)r;a%zee (t:hL(e11el§fe§|tJr?;céheelzgﬁr\éi}?e;;ﬁg-ed
respect toR andt.

St Ea(y n Ea. (1 and makng v of e UGS W compule wave urctons g vt
parity properties ofV'"9(Q,z,z’,w), one can write the stop- &i, by 9 g q

ping powerS(z,), defined as the energy lost per unit pathWith the realistic one-dimensional model potential of Refs.
length traveledob'y the ion at a distanzgfrom the surface [27,29. This analytical potential reproduces the width and

vi”d(r,t)zj

Xf dzZW"(Q,z,2",w)p®(Q,z',w), (3)

in the following way[19]: position of the energy gap at tHé point (Q=0) and the
energies of both the occupied surface state and the first im-
1 dE age state df'. Furthermore, it approaches the classical image
S(zg)=— -~ . : . .
v dt potential far outside the surface. This potential has been used

for the calculation of the lifetimes of the surface state holes

_22% d?Q - [30,31 and image-state electrofi32,33 in the study of the
- d ' '
T f (Zw)zQ'V IM{W"(Q,29,20,Q-V)} resonant charge transfer in ion-surface collisi8% 35, and
in the analysis of the lifetimes of excited electronic states of
XO(Q-v), (4)  adsorbates at surfacg36—-39.
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FIG. 1. Im{—W"9(Q,z,z,w)} of the Cu(111) surface as a func-
tion of the energyw, for Q=0.065 a.u. and the distanee-2 a.u.
measured from the topmost atomic layer. The solid line shows the
results obtained when we include the surface band-structure of the
target. The dotted line is obtained when the surface state is no
included in the calculation of the surface band structure. The dashet 3

line corresponds to a description of the surface with the jellium S N 5

model. vy 006 F By

004 [ ‘g

This scheme allows us to determine the contribution of i g

the surface state excitations to the energy loss of ions. Witt %02 ¢ g
this aim we present calculations performed with and without ol . . R e 1
including the surface state in the sum of H@) for the -5 0 5 10

polarizability xo(Q,z,z’,w). Finally, for comparison, we zy(au.)

also prgsent results obtained within the j.eIIium model, i.e., g 2. Stopping poweS of a proton traveling parallel to the Cu
neglecting all band-structure effects. In this latter model, thg111) surface as a function of its distanggto the topmost atomic
wave functions and energiesp(,€;) entering Eq.(7) are  |ayer. The proton velocity i&) v =0.25 a.u. andb) v =2 a.u.. The
calculated self-consistently using the Kohn-Sham equationgy (111) surface is described with different models: in solétbt-
[22]. In order to compare it with our band-structure model,ted lines we use the surface band-structure model in which the
r<=2.67 a.u. has been used for the radius per electron in th&urface state ignot) included; in dashed lines the surface is de-
conduction band. scribed with the jellium mode(see text for details

Im{—W'"Y(Q,z,z,0)} becomes a completely different func-
Ml RESULTS AND DISCUSSION tion when the surface state is not included in the band-based
Figure 1 shows If- W"Y(Q,z,z,w)} as a function of the  calculation (dotted ling. In this case, two different peaks

energyw, for Q=0.065 a.u. and the distanze=2 a.u. mea- appear around 9.5 eV and 6 eV. These peaks correspond to
sured from the topmost atomic layer. Interestingly, the resultshe bulk and surface plasmons, respectively, that are excited
obtained within our complete band-based calculation that inat lower energies than in the other calculations. This energy
cludes the surface statsolid line) and the jellium model shift is due to the reduction of electronic density, since the
(dashed ling are quite similar. In both cases, a pronouncedsurface state is not included in the calculation. Furthermore,
peak is observed around 7—-8.5 eV, which corresponds to thiée large strength of the bulk plasmon excitation predicted by
surface plasmon excitation. Nevertheless, some small diffethis model for a position outside the surface is remarkable.
ences are observed. In the band-based calculation, this broatis is an unphysical effect related to the incorrect descrip-
peak presents a double peak structure. The reason for thistion of the surface since we are neglecting the surface state.
not clear at present, but we ascribe it to the more detailed In Figs. 2a) and 2b) we present the results obtained for
description of the surface electronic structure that this modeihe stopping power of a protorZ(=1) traveling parallel to
represents. Moreover, a small peak is observed around 10tBe Cu(111) surface as a function of the distanrgfor two
eV in the band-based calculation, but not in the jellium casedifferent velocitiesy =0.25 a.u. and =2 a.u., respectively.
This peak corresponds to the bulk plasmon that can still b&hough, the linear response theory is not expected to be
excited (with a low probability at this distance from the applicable forv=0.25 a.u., due to the strong perturbation
surface. Apart from this small differences the results are rethat a slow ion represents, we show these results in order to
markably similar, considering the different description of theobtain a physical insight on the different approximations.
surface that these two models provide. More concretely, neiNegative values ofz, correspond to positions inside the
ther a projected band gap at the surface nor a surface stagelid. In the two models based on the band-structure calcu-
are present in the jellium calculation. As shown in the figure lations, with (solid line) and without (dotted ling surface
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state, the stopping power shows oscillations in the inner par 0.08
of the solid, reflecting the layer structure of the target. On the
contrary, the jellium modeldashed lingtends to a constant <&
value inside the solid, which is the average value of the &
oscillations. Outside the topmost layer, in the interesting re—g
gion for specularly reflected protons, the complete band-2 g4
structure calculation and the jellium model give very similar EB
results. The differences are quantitatively small and limited &

to the region close to the surface. This can be explained b)m 0.02 -
the observations of Fig. 1 and by the fact that the electronic
density profile at the surface in the jellium model is similar

to that obtained when the surface state is included in the 0 2 4 e 3 10 1
calculation. In this region, it is also observed that when the angle of incidence (deg)

surface state is neglected, the stopping power is underest
mated. In some respect, the presence of the surface sta 15
compensates the effect of the band gap. Remarkably, thi:
happens not only in the high-velocity case but also at low
velocities for which the details of the band structure and the
subsequent low energy excitation spectra would have beel
expected to influence in a more significant way the values of
the stopping power. In this respect, we want to emphasize
that in the case of the jellium model, it is important to per-
form the self-consistent density functional calculation for a
smooth and finite potential barrier, otherwise this model
would predict unrealible values for the stopping power. For
instance, Ref[39] shows that the SRM underestimates the 0 . [ . ! . |
stopping power at large distances from the surface becaus 0 0.5 o1 15
the induced polarization charge is confined to the surface by angle of incidence (deg)

theFl_nflnlte poten'gal kt))arrrller. h | | f FIG. 3. Energy loss of protons specularly reflected at the Cu
igures 3a) and 3b) show the total energy loss of specu- 111) surface as a function of the angle of incidence. The proton

!arly reflected protons as a func;ion of th.e grazing angle O elocity is (@) v=0.25 a.u. andb) v =2 a.u. The Cu111) surface
incidence. The results are obtained by integrating the diSi gescribed with different models: in solidotted lines we use the
tance dependent stopping power along the trajectory of thgyrface band-structure model in which the surface statd$

projectile. Here, we cqnsider Fhat the projectiles are reflecteghcluded; in dashed lines the surface is described with the jellium
due to their repulsive interaction with the average planar pomodel (see text for details

tential constructed in terms of the parametrized atomic

Ziegler-Biersack-Littmark universal potentigd0]. The im-  |imited ourselves to the study of the conduction-band excita-
age potential has not been considered in the calculation afons of Cy111), using different approximations. In order to
the trajectory. To be consistent one should use different imecompare our theoretical results with experiments, the excita-
age potentials for each of the different models. This wouldion of 3d electrons should also be accounted for. The 3
imply slightly different proton trajectories with the same electrons constitute an additional excitation channel for this

angle of incidence. Since in this work we are mostly inter-system, which should be added to the conduction-band con-
ested in the discussion of the results of the different modelgibution that we have analyzed.

for the stopping power, we compare results obtained for the
same trajectory. Nevertheless, one may expect that the inclu-
sion of the image potential would only affect considerably
the results obtained for the lowest angles of incidence for In summary, we have calculated the stopping power and
which the distances of closest approach are far from the suenergy loss of protons scattered by the (@d1) surface,
face[12]. As could be expected from the analysis of Fig. 2,using information about the band structure of the solid. In
the total energy loss is almost the same in the complete bangbarticular, the relevance of the surface state has clearly been
structure calculation and in the jellium model. Therefore, weshown: when it is neglected the energy loss is largely under-
conclude that the jellium model is a reliable approximationestimated. However, when it is included in the calculation,
for the study of the energy loss of grazing incident protons irthe results obtained are similar to those obtained within the
the Cu(111) surface in all the range of velocities. This is a jellium model. This leads us to conclude that concerning the
remarkable fact considering the presence of the surface barmhergy loss of protons scattered off the @&l surface(1)
gap. On the contrary, when the surface state is not includethe surface state compensates the presence of the projected
in the calculation, the total energy loss is clearly underestisurface band gap ar@) the jellium model represents a good
mated. approximation. These conclusions are expected to be valid
Finally, we would like to point out that here we have for other metallic surfaces with surface states.

0.06 -

0.5 o

Energy loss (keV)

IV. CONCLUSION
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