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Energy and electron spectra after grazing-ior-surface collisions
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For ions that impinge grazing on solid surfaces, binary collisions with the free-electron gas are investigated
by means of a modified specular-reflectiddSR) model. The proposed MSR theory is applied to the calcu-
lation of the energy lost by fast protons after colliding with an aluminum surface. We also employ the MSR
binary theory to study the energy spectra of the emitted electrons. The contribution coming from atomic inner
shells, calculated with the continuum-distorted-wake—eikonal-initial-state approximation, is added to the emis-
sion probability from the valence band. The total results obtained with the MSR model are in reasonable
agreement with available experimental data for 100 keV protons and large ejection angles of the electron. In
contrast instead, the usual specular-reflection binary model shows a prominent structure at low electron ener-
gies, which greatly overstimates the experimental spectrum.
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I. INTRODUCTION model. This modification is based on the inclusion of the
momentum transfer perpendicular to the surface in the wake
When a fast ion collides grazingly with a metal surface, itPotential. Energy-loss results obtained with the proposed
loses energy as a consequence of the ionization of electrom@odel are compared with those derived from the usual di-
bound to surface atoms and of the excitation of conductiorg/€ctric formulation[9,10]. The MSR binary model is also

electrons of the solid. Two different mechanisms participateétPPlied to calculate the electron emission induced by the
rojectile. In order to compare the emission probabilities

in. the second proces s:.the excitation of the p'.aSF"O”. field ana/ith available experimental spectfdl] we evaluate the
binary electron excitation. The plasmon excitation involves;,ar-shell emission yield. It is calculated by employing the

the collective response of the medium to the moving ioncontinyum-distorted-wave—eikonal-initial-statecCDW-EIS)
while the binary excitations take into account single colli- approximation to describe the atomic ionization probabili-
sions of the projectile with valence electrons, which composeies, taking into consideration the full dependency on the
the free-electron gas. We are interested in this latter mechampact parameterl2].
nism, usually called the binary mechanism, which provides The collision system composed of fast protons impinging
an important contribution to the energy loss when the ionon an aluminum surface is here used as a benchmark for the
moves in the proximity of the surface. Our final goal is totheory. The energies considered correspond to the high-
describe the angular and energy distributions of electrongelocity range, i.ey;>vg, wherev; is the projectile impact
ejected as a result of the ion-surface collision, whose study i¥elocity andvr is the Fermi velocity of the free-electron gas.
the objective of recent experimental works2). In this velocity range protons can be considered as bare ions
In previous articleg3,4] we evaluated the collisions of along the whole trajector}13,14. As usual, to describe the
the incident ion with individual valence electrons with a bi- Pinary collisions with the conduction electrons we employ a
nary collisional theory, employing different models to de- semiclassical formalism, in which the trajectory of the inci-

scribe the surface induced potential. Mentioned in increasing€nt ion is classically determind@]. The free-electron gas
order of complexity, these approximations were a simpl s represented with the simple surface jellium approximation,

. . . and theT-matrix element that describes the electronic tran-
Eg“é? W:r_gﬂﬁ ep(\)/\t/ZIrEE::,oJ\?ne sp;:gﬂar-?g‘?: crts| éﬁgg)) mggg: sition is evaluated by using the first Born approximation. The

[7,8]. While the first potential represents only a sphericallyWork IS organlzeq as follows. In Sec. Il we introduce the

symmetric projectile-electron interaction, the other two mod_proposed theoret'|cal model. Epergy-lpss re.sul.ts are pres'e:nted
els are derived from the dielectric theory for semi-infinite " Sec. ”.I A, ar_ld in Sec. IIIB o!lfferennal emission probabili- .
media, taking into consideration, albeit approximately, thet'es are investigated, comparing them with available experi-

presence of the surface. However, it has been found that tH@ental data. Section IV contains our conclusions. Atomic
binary theory fails to describe the energy loss near the surL-Jnlts are used unless otherwise stated.
fa_ce, even if the more elaborate SR model is UsddThe Il THEORETICAL MODEL
failure of the binary results can be attributed to the fact that
the component of the transferred momentum perpendicular We consider a heavy projectil®) of chargeZ, imping-
to the surface is absent completely or on an average way iimg on a solid surface with a glancing incidence angle. As a
the PD and SR wake potentials, respectively. result of the collision an electrof@) with initial momentum

In the present work we introduce a modification in the SRK;, belonging to the valence band of the solid, is excited to a
model within the binary collisional formalism, which leads state with momenturk; . The frame of reference is fixed to
to what we call the modified specular-reflectiéMSR)  the position of the electronic surface, which is placed at a
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2 T T T ; T y energy. The signt indicates the incoming-{) and outgoing

z ] (+) asymptotic conditions, and the eigenfunctiqmé are
defined in the Appendix of Ref3]. The T-matrix element

7 T8(k; ,k;) can be expressed as an integral in the momentum
space:

electronic surface X TB( ki k)=

1 T
(zwfjlmdquJUH(ux @

whereVp (u) is the Fourier transform o¥/p, evaluated on
(ps,u), p=ki—k;=(ps,p,) is the transferred electron mo-
mentum, and f(u)=(g_|expQur)le,) is the one-

Z (a.u.)

2 e . . . .~
dimensional electronic form factor. The functid, can be

expressed as Vpe(U)=Vc(U)Wpe(u), where Vc(u)
=2(2m)?ZpI(p2+u?) is the Fourier transform of the Cou-
lomb P-e potential andWp(U) is a screening factor, which
e k, ] depends on the approximation used to describe the induced
potential.

To derive the proposed model we start from the usual SR
approximation[7,8], in which the screening factor reap$|

topmost atomic layer

-1000 -500 0 500 1000

X (a.u.)

W(SR)(U)
FIG. 1. Schematic picture of the coordinate system. Pe

€.(u,0) 85— ps—iuey(0)

distanced/2 in front of the first atomic layerd being the exp( —psZ)

: : : ) o Ps[1+€5(0)]
interplanar separation. In this frame the classical projectile
path is contained in the-z plane and the surface in they _ 8] €l(u,2)+ €l (u,—2)
plane(see Fig. 1 Due to the symmetry of our problem, it is +exp(—iuz) |0(2)+ B, 5
convenient to decompose the vectors into a two-dimensional s
vector parallel to the surface and a component perpendicular e(2) 1 ,
to the surface. In this way, the projectile velocity at the time [1+e0)] ( T Es(U,O)) 0(-2),
t is written asv=(Vs,v;,).

Within the binary collisional formalism the transition | i, 52— p2+u?
probability per unit time reads3] soTs

0
P 2 s(A) Tk ko) i es(u,z)—f_wdz exp(—iuz')ey(z' —z), (4)

dk, dk;

where7(k; k() is the T-matrix element corresponding to the and

inelastic transitiork;—k;. The & function imposes the en-

ergy conservation A= —E;;+vg-(kf—k;), and Ej= Ex, psfﬂo exp(iq,z) 1

—E, is the energy gained by the electréand lost by the ) (P24 0,2 e(pst iz, 0)
projectile in the collision. In the first Born approximation,

the T-matrix element reads72(k; ,kf)=<¢[f|vpe|¢[i>, wheree(q,w) is the bulk dielectric function evaluated using

whereVp, is the CoulombP-e interaction shielded by the the momentung=ps+q,z and the frequency=p-vs. In

presence of the other valence electrons, @fidand ¢;_ are Eq. (3), ® denotes the unitary Heaviside function. Since Eq.
' f (5) involves an integral oven,, the distribution of the trans-

the initial and final electronic states, respectively. ferred momentum perpendicular to the surface, which is de-

We use the surface jellium model to represent the condug-_ _~. . . .
tion band of the solid. In this model the electrons are Con":termmed bye(q, ), is present in an average way in the SR

) ) . . . otential. Nevertheless, the knowledge of the speqifidis-
sidered independent and confined in #e0 region by a potential. : ; ; o S
square barrier of deptNo=Eg+Ey, with Ex the Fermi tribution is essential to describe single-particle collisions.

; oo - Lack of this information is then the origin of the failure of
energy anck,y the work function. Within the jellium r+nodel the usual SR binary theory, as observed in . Note also
the electronic wave functions are written ag, (r) i

i i X . thatin the SR model thg, average is linked to the fact that
=(2m) "explks o) @i (r,), wherer=(rs.r;) is the posi-  ap infinite barrier is involved in the calculation of the in-
tion vector of the electronk=(kg,k,) is the electron mo- duced potential, whereas the jellium wave functions em-
mentum inside the solid, arﬂk=k§/2+ €k, is the electron ployed in the binary formalism correspond tdimite barrier.

®)
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Deep inside the solid, where plane waves can be used toere described as the Malepotentia[ 16] plus the dynami-
represent both the electronic states and the bulk responsal image potential given in Refl17]. The z component of
function (with the random-phase approximatjphinary mo-  the projectile velocityp,, is derived from energy conserva-
mentum conservation states that the momentum lost by thiéon in the direction perpendicular to the surface along the
projectile is equal to that gained by the electron, ig=p classical path.
[15]. Accordingly, we introduce the MSR model by singling
out in the dielectric function the particular valge= p, that
satisfies the momentum conservation. In other words, the

MSR model is obtained from E¢5) by replacingy, by p, in Our study is confined to fast protons grazingly impinging
the argument of the bulk response function. Then, the screegm an A(111) surface. In the calculations, the bulk dielectric
ing factor WS4°R(u) is derived from Eq.(3) by replacing  function ¢(q,w) is evaluated by employing the random-
€(2) by phase approximatiofLindhard’s dielectric function[18] to-
gether with Mermin’s prescription, which allows us to deal
(MSR,_ Ps[*~ expiqz) 1 with finite values of the lifetime 3/ [19]. The parameters
€s (2)= . Z(p2+q 2y e(p,w) used to describe the aluminum surface are the Fermi energy
s Er=0.414 a.u. ¢=0.91 a.u.), the interplanar distande
=[e(p,w)] texp—p42z|), (6) =4.4 a.u., the work functio,y,=0.15 a.u., and the damp-
ing coefficienty=0.037 a.u[17].
and it reads For the evaluation o8, the five-dimensional integration
(1-e) over the momenta involved in E¢B) was resolved with the
€ _ . Monte Carlo numerical technique with a relative error less
(1+¢) eXp(—p<|Z|) +ex ~iuz) |8(2) than 1%. While our previous calculations of the binary en-
ergy loss with the SR model involved a huge computational
(1-e) exp(— p4lZ)) effort [4], as a consequence of the additional numerical inte-
(1+e) s gration given by Eq.(5), the computation with the MSR
model is much faster, as the screening factor given by(Hq.
0(-2), (7)  has a closed form. For the differential emission probability,
the numerical integration ovds; in Eq. (9) was done with a
) ) ) ) . relative error of 1%, and the further integration on the pro-
with €= €(p,w) the bulk dielectric function evaluated using ecile trajectory was solved by interpolating approximately
the total momentump. The PD model can be derived from 30 pivots. Previous binary results from RES], which were
Eq. (7) by neglecting the dispersion perpendicular to the sur¢gjcylated employing a Yukawa potential to represent the
face, that is, the dependency ppin the bulk response func- gffective P-e interaction, are also shown in Figs. 25 below

tion, which leads toe=€(ps, w). as a reference. In general, central potentials have been exten-

Two macroscopic magnitudes associated with ion-surfacgjyely used to evaluate total stopping power in sof2@.
collisions are examined in this work: the energy lost by the

projectile per unit timeS, defined as

Ill. RESULTS

WS (u)=

1
€

—exp(—iuZ)

A. Energy loss

dp’ T
s:f dkff dkipe®(UF_ki)®(kf_UF)Eif_dk‘dkf, For 700 keV protons, the energy loss per unit tirBeis
1

plotted as a function of the projectile distance to the jellium
(8)  edge in Fig. 2. For this particular system, theoretical and
) i - .. experimental results have been reported in H&fsand[21],
an the differential probability of electron emission, respectively. Binary values obtained with the MSR model are
d°P/dk;, for the transition to a given final state with mo- gisplayed together with data derived from the full dielectric

mentumk; , which reads formalism by using the SR wake potential, i.e., EG—(8)
4°p . 1 qp’ of Ref. [9]. Since the dielectric formulation includes both
i 47 _ k. binary collisionsand collective modes, without separating
2 dz dkipc®(ve—k;) .9 ¢ 2 ) .
dks 2 VP dkidkg their contributions, the dielectric data representtthtal va-

lence contribution to the energy loss. Inside the solid our
In both expressions the functidd(vg—k;) restricts the ini-  dielectric values coincide with those of Juaristial. [9] ob-
tial states to those contained inside the Fermi sphere angined using the same approximatitwith slightly different
pe=2 takes into account the spin states. In B).the func-  parameters but some differences are found in the vacuum
tion O (kf—vg) includes the Pauli exclusion principle, while region Z>0). As expected, the MSR binary energy loss
in Eq. (9) the Z integral represents the integration over thedoes not exceed the total valence contribution; that is, MSR
projectile trajectory, withZ, being the distance of closest binary results are lower than the dielectric data in the whole
approach to the electronic surface. In the derivation ofZ range. In the bulk, below the atomic surface, the MSR
d3P/dk; the incoming and outgoing projectile paths havebinary values approach one-half of the total valence contri-
been considered equivalent. The trajectory of the incident iofbution, in agreement with the equipartition ryl&8]. This
is determined by the projectile-surface interaction, which isrule states that the energy lost by the projectile in a solid is
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FIG. 2. Energy loss per unit time§, by collisions with the 01 1 10
valence band, as a function of the projectile distance to the elec- E, (a.u.)

tronic surface,Z, for 700 keV protons impinging on an @11)

surface. Thin solid line, binary collisional contribution calculated ~ FIG. 3. Differential probability of energy lossiP/dE;;, by
with the MSR induced potentidlEq. (7)]; thick solid line, total ~ collisions with the valence band, as a function of the lost energy
valence contribution obtained from the dielectric formalism, as ex-Eir, for 700 keV protons impinging on an @11) surface. Two
plained in the text. The dotted line corresponds to hinary collisionafifferent projectile distances to the electronic surface are consid-
results of Ref[3] calculated with the Yukawa potential. The arrow €red:Z=—2 and 0.5 a.u. Theories as in Fig. 2.

indicates the position of the topmost atomic layer.

) ) ) ) _depends on the projectile-surface distance and is related to
approximately ceded in equal parts to single-particle colli-he range of the wake potentif8]. Outside this energy re-
sions and plasmon excitations. Instead, outside the electronéﬁon the binary curve approaches the dielectric one. The pro-
surface the MSR binary contribution rapidly tends to zerongunced peak displayed by the total valence contribution at
and for large values of the difference between the total ine syrface plasmon frequenay, (shifted due to the plas-
valence and binary energy losses is provided by the mechgnon dispersion is caused by plasmon excitations. This
nism of excitation of surface plasmons. _ _mechanism of collective absorption of energy is not con-

Note that the energy-loss values obtained with the binarysineq in the binary formalism, which essentially describes
collisional formalism strongly depend on the model used toe interaction between two particles, the projectile and one
describe the screenétte potential, as also observed in Ref. active electron. Again, the energy-loss distribution corre-
[4]. Whereas the MSR binary contribution runs below thesponding to the mechanism of plasmon excitation can be
total valence curve, the binary values obtained with the usuglckoned as the difference between binary and dielectric con-
SR approximation, not shown here, overestimate the dielegjhytions. No structure is present in the differential probabil-
trlc.results in the prOX|m!ty of the surface and in the vacuumiry, 4 p/dE;; obtained with the Yukawa potential, which over-
region[4]. Thus, the validity of the usual SR model within ¢gimates the total valence distribution at I&y values by

the binary collisional formalism is questionable, at least neap,ore than two orders of magnitude. At high lost energies

the surface. _ , _instead, all the theories agree, indicating that they are de-
To inspect in detail the behavior of the proposed model, iNscribing head-oriCoulomb collisions.

Fig. 3 we plot the differential probability of energy loss,
dP/dE;;, as a function of the lost enerdy; . The values of
dP/dE;; are derived from Eq(8) taking into consideration
thatScan also be expressed &s [dE;;E;;(dP/dEj). Two In this section we apply the MSR binary model to the
different distances to the electronic surface are considere@@lculation of electron emission from the free-electron gas.
Z=-2 and 0.5 a.u. For both values, binary values calcu- Since in Eq.(9) the electron momenturk; is considered
lated with the MSR model are lower than the total valencenside the solid, to compare our results with the experiments
contribution, showing a smooth maximum at intermediateve change variablesi P%/dk; = (x,/k¢,)dP%/dk, where
lost energies. The position of the binary maximum weaklyk; = (kss, x,) = k{ (c0S6,,0,sin6,) is the final electron mo-

B. Electron emission probability
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FIG. 4. Differential probability of electron emission from the
valence bandd®P/dk;, for 100 keV protons impinging on an
Al(111) surface with the incidence anglg=1°. Three ejection
angles of the electron are considergd=1°, 30°, and 90°. Solid
and dash-dotted lines, binary emission probabilities calculated b
using the MSR[Eg. (7)] and SR[Eq. (3)] models, respectively;
dotted line, binary emission probability calculated with the Yukawa
potential.

FIG. 5. Differential probability of electron emission for 100 keV
protons impinging on an AL11) surface with the incidence angle
#,=1°. Three electron emission angles are considerfge:1°,
20°, and 30°. Thin solid line, total probability of emission calcu-
fated by adding the binary valen¢eith the MSR modeland inner-
shell contributions. Dashed, dash-dotted, and dotted lines, binary
valence contributions evaluated by using the MSR, SR, and Yukawa
potentials, respectively; dash—dot-dotted line, inner-shell contribu-
tion calculated with the CDW-EIS approximation. The thick solid
mentum outside the solid,xs,=(kf,—k?)Y?, and k. line represents experimental data extracted from Rdf, normal-
=(2V,) 12 [3]. Notice that the differential emission probabil- ized with our theoretical total values, as explained in the text.
ity dP3/dk{ cannot be directly derived from the dielectric

formalism. In Fig. 4 we plodP*/dk; as a function of the  j5, “Certainly, this enhancement of the SR binary probability
electron energy; =k;“/2 for 100 keV protons impinging on  gsesnot correspond to the plasmon decay mechanism. At
an Al(111) surface with the angle of incidengg=1°. Three  low electron energies, a structure in the derivative spectrum
different ejection angles of the electrof,=1°, 30°, and is found experimentally23,24,1,2, and it may be associated
90°, are considered. In the figure, binary results obtaineavith plasmon decay25]. But this process is not considered
with the MSR mode[Eq. (7)] are compared with those cal- in the binary formalism, and in order to calculate it we need
culated with the usual SR potentigq. (3)]. For the three to develop a formulation that includes plasmon excitations as
ejection angles, all the binary theories coincide at high elecintermediate statef®6].

tron energy but differences arise as the electron energy de- With the aim of comparing the spectra of electron emis-
creases. At¥,=1° and 30°, below 30 eV the MSR binary sion with experimental datfll] we add the contribution
probability is higher than the one obtained with the Yukawacoming from the inner shells of the surface atoms to the
potential. This difference disappears as the ejection anglbinary valence emission. The inner-shell emission probabil-
becomes close to the direction perpendicular to the surfacigy is calculated by employing a semiclassical formalism
plane, and atd,=90° the maximum of the MSR binary [12], in which the multiple collisions of the incident ion with
curve is slightly lower than that corresponding to the Yukawathe surface atoms are treated as single encounters with the
potential. On the other hand, the binary results obtained witloutermost atoms along the projectile path. In the model the
the usual SR model display a pronounced peak at electroemission probability per unit path is expressed in terms of
energies around 10 eV for the three ejection angles. Thiatomic probabilities, which are evaluated with the CDW-EIS
peak is situated around the energy— Eg, shifted due to approximation, taking into consideration the dependency not
the plasmon dispersion, and its height strongly depends oonly on the modulus of the impact parameter but also on its
the ejection angle. An equivalent peak was found by Garcidirection.

de Abajo and Echeniqu2] with a similar binary formal-
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The total emission probability obtained as the sum of va-background quite different from that derived with the simple
lence and core contributions is plotted in Fig. 5, for 100 keVYukawa potential. The knowledge of the binary valence
protons impinging on an AlL1l) surface with the angle of emission is essential there to determine the contribution of
incidenced;=1°. Under this condition of grazing incidence, the plasmon decay mechani$@ to the emission spectrum.
transport effects are expected to play a minor [@¢€], at
least for large ejection angles of the electron. In the calcula- IV. CONCLUSIONS
tion of the total probability, the binary emission from the
valence band is evaluated with the MSR model. Again three Within the binary collisional formalism we have devel-
ejection anglesg.=1°, 20°, and 30°, are considered. Total oped a model to describe the effectiRee potential, which
results are compared with the experimental data of R&f, is based on the usual SR approximation. The proposed
normalized by using our theoretical values for the electrormodel, called the MSR model, incorporates the component
energy of 200 eV. To distinguish angular and energy regiongf the transferred electron momentum perpendicular to the
where each process is dominant, in Fig. 5 we also plot theurface in the dispersion of the medium, thus correcting the
partial contributions coming from valence and core elecynphysical peaks found in the SR binary thedd}. The
trons. Since the single-particle collisions with conductionpinary energy loss calculated with the MSR model runs be-
electrons satisfy the energy conservation imposed bysthe |y the total valence contribution, as expected. Inside the
function in Eq. (1), the values ofk; corresponding to the ggjid, the binary values satisfy the equipartition rule, which
binary mechanism are confined to the regiB,<[ki  states that binary and collective energy losses are similar for
—Vis| <Rmax, Where Ry, =[(vis+ve)®*—KI¥2 and Ryin  high projectile velocities. In the vacuum region, instead, the
=[(vis—vp)2—k§]l’2®(vis—(kc+vp)). We observe that at the contribution of single-particle collisions rapidly decreases,
angle f.=1° the inner-shell emission is one order of mag-and only the mechanism of surface plasmon excitation sur-
nitude higher than the valence emission. For the lowest eleasives.
tron energies the footprint of the valence enhancement is The electron emission induced by the projectile is also
completely erased from the total spectrum by the core constudied with the MSR binary theory. Differential emission
tribution. In this electron energy region the large differenceprobabilities are compared with those obtained with the
between theoretical and experimental values could be praisual SR potential, and differences are found at low electron
vided by other mechanisms, including multiple scatteringenergies. With the aim of comparing the emission spectra
processe$6]. At this particular emission angl&.=1°, the  with available experiments we also evaluate ionization from
probability of inner-shell ionization shows a peak that corre-atomic inner shells with the CDW-EIS approximation. The
sponds to the well-known capture to the continu(@TC)  total results calculated with the MSR model show reasonable
peak, convoluted by the surface symmetry. There is no biagreement with experimental data for large ejection angles of
nary contribution from the valence band in the electron enthe electron. On the contrary, the usual SR model gives a
ergy region around the CTC peak. However, as the ejectiopronounced binary peak at low electron energies, whose ex-
angle increases the binary emission from the valence bandtence is not experimentally supported. Although the mea-
gives the more important contribution. Just #y=20° and  sured electronic distributions present an enhancement around
30°, we also show the partial contribution from the valencethe surface plasmon frequency, it is much lower than the one
band evaluated with the usual SR binary theory. For bottprovided by the SR model, and this experimental structure is
ejection angles, results obtained with the MSR model are imot a product of binary collisions as calculated here, but a
reasonable agreement with the experiments, while the prasonsequence of the decay of the surface plasmon after inter-
nounced peak displayed by the SR binary curve greatly oveacting with a single electron. The present results are thus
estimates the experimental data at low electron energies. Priagnportant to calculate more precisely the binary background
cisely at these energies the MSR model predicts a binarin the plasmon decay region of the energy spectrum.
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