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lon-induced electron emission from surfaces: Dynamical screening effects
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A theoretical model is developed for the description of the single-electron emission from surfaces following
the impact of fast ions. The theory describes quantum mechanically the ion reflection at the surface and the
excitation of the valence band electrons via an ion-electron interaction renormalized by the dielectric response
of the target. Numerical calculations are presented and analyzed for the electron emission from the conduction
band of an aluminum surface upon proton impact. Particular attention is devoted to the influence of the
dielectric screening on the energy distributions and the angular distributions of the ejected electrons. In
addition, the role of the surface electronic structure is studied.
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I. INTRODUCTION alternatively be excluded or studied in detail by resolving the
charge state of the scattered ion. If the ion is fast, compared
The electron emission is a fundamental phenomenon thdb the Fermi velocity, the kinetic emission chanh@|13]|
can be induced by the scattering of ions from a solid targeprevails over the charge transf@rapture or neutralization
[1-3]. The electron ejection from a condensed sample can bene. This observation and the use of charge-state resolved
viewed as a three-step procgd$: (1) the generation of ex- coincidence measurements provide the basis for the investi-
cited electrons(2) the electron transport through the solid gation of the electronic properties of the target. For interpre-
including cascade multiplications, af®) the escape of some tation of the outcome of such coincidence experiments a the-
of the electrons into the vacuum. Measurements of the ereretical model is needed that unravels the interplay between
ergy and the angular distributions of the electrons in coincithe effects related to the target electronic structateuctural
dence with the scattered projectile allow a disentanglemerfacton and those connected with the dynamical ion-electron
of the direct single-electron emission processes from thoseollision (dynamical factoy.
accompanied by the generation of cascade secondary elec- An adequate theory for the description of ion-induced
trons. This is achieved by means of the energy and waveelectron emission from surfaces has to account(&rthe
vector conservation laws. In recent years, remarkable adscreening of the ion-electron interaction due to the surround-
vances have been made in the development and utilization dfig medium, (b) the reflection of the ion beam from the
coincidence techniques for the study of the ion-induced elecsurface, andc) the diffraction and refraction of the electron
tron emission from surfacef5—7], even though, to our wave at the surface as well as its damping inside the surface.
knowledge, a fully resolved coincidence measurement hak is the aim of this paper to develop and apply a quantum
not yet been performed. Presently, coincidence studies at sumechanical model which includes all these facets in a con-
faces have been realized using spin polarized and unpolasistent way without resorting to phenomenological tools.
ized electron beamésee, for example, Ref8] and refer- In short, the model is constructed as follows: all the
ences therejn On the other hand, it has been demonstratecbove mentioned processes are incorporated in one quantum
[9] that kinematically fully determined ion-atom coincident mechanical amplitude(jii) the screening by the medium is
studies are feasible and yield a wealth of information on howtaken into account through renormalization of the bare ion-
electrons are excited and emitted. Thus, it seems timely telectron interaction using a surface dielectric function, and
consider theoretically the ion-induced electron emissiortiii) the scattering of charged particléens and electrons
from surfaces involving kinematically determined coinci- from the surface is described using nonoverlapping muffin-
dence measurements and to explore some of the informatiain surface ionic-core potentials. The latter are derived from
that can be extracted from these experiments. ab initio calculations based on density functional theory
Using ions for the study of electronic excitations of solid within the local density approximation. Specific approxima-
targets is a complementary tool to existing spectroscopitions concerning the numerical realization are presented be-
techniques, such as single photoemission spectrosddly low along with numerical results for the archetypical case,
and electron-beam based spectroscop8ds In contrast to  namely, proton impact on a clean flat aluminum surface. Nu-
photons, the incoming ion may involve large momentummerical results for the electron energy and angle distributions
transfer to the surface, and in contrast to projectile electronsgre presented and analyzed for different proton scattering
the exchange process between the ion and the surface elaggometries. In addition, cross sections integrated over the
trons is absent. At the same time, for ions an additional charfinal-state energy of the proton have been obtained. The role
nel opens, namely, electr¢radiative and nonradiativeap-  of screening effects and of the target electronic structure are
ture [11] or even ion neutralizatiofl2]. This channel may investigated and conclusions about the perspectives of ion-
beam based spectroscopy are made.
The paper is organized as follows. In Sec. Il a general
*Electronic address: kouzakov@mpi-halle.de theoretical formalism is given and the approximations to the
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from surfaceq15,16. Specifically, the electron-ion scatter-
ing (mediated by the potentialV,,) is treated in the Born
approximation, which is justified by both the high velocity of
the ion and the screening of the ion-electron potential by the
surrounding medium. Thus E(R) takes the form

T=[1+VG¢ (Ee)I[1+VaGa(Ef) IWea 1+ G (Eg)Val,

()
FIG. 1. Schematic drawing of the scattering geometry. The scat-
tering plane is perpendicular to the surface. The angles of the pawhere G;(Ee) is the electron-surface Green’s operator
ticles are defined with respect to the surface as indicated by thgeyaluated at the enerdy, and accounting for multiple scat-
arrows. tering from the potentiaV/,. The ion-surface Green’s opera-

. . . _ ) ) tor G, (E) describes the scattering processes from the poten-
collision dynamics depending on the kinematical regime arg;) V, at the energjE.

specified. The numerical results for the case of proton impact q effective ion-electron scattering potentii} , is de-

on an aluminum surface are presented in Sec. Ill and tha : (0)
. ; X . uced from the baréundressedpotential Wy, as
conclusions are drawn in Sec. IV. Atomic units.u) are @ Xp eA

used throughout. WO (ro—r,)
Wen(re,fa)= ) .

— : 4
€(rg|=Ta:lel AL @)
Il. THEORETICAL MODEL
wherer| (r,) stands for the coordinate parallg@erpendicu-
lar) to the surfaceg is the dielectric function, and=E,

The process under consideration is as follows. Andon —E;.
that has a momentuiy, and an energiy,= k%/ZM (M is the
ionic mas$ impinges from the vacuum onto a clean, ordered C. lon- and electron-solid scattering
surface of a semi-infinite solid target. Among the various A ioned ab ider cl dered solid
excitation processes induced by ion scattering we consider s.menr:!OL\e a oxe we coInS| er clean, or erebSOI tar-
the electron emission process. Specifically, we study the red€tS: in which case the crystal potentié (V) can be ap-
action where the ion scattering state with momentyrand proximated by a superposition of nonoverlapping muffin-tin

energyE= kf/ZM is measured in coincidence with the emit- '°M'¢ potentiald14]
ted electron state. The latter is characterized by an electron

A. General formulation

momentumk, and by the corresponding electron eneky Vea(len,| ’re/A,L):Z 2 V(eI/'/JA)EX ; VIeSR(re/A,H

(see Fig. 1 In spherical coordinates the momentum vectors

k; andk, are specified by the solid angl&s and(},. In the - R\I\,i Tear —RL). 5)
frozen-core approximation, the fully resolved coincidence

cross section has the forfi4] The coordinateR, | specifies the transverse position of the

Ith atomic layer parallel to the surface, whereas the two-
do M 2k¢ke 12 dimensional vectoR"H characterizes the lateral position of
dE{dE.dQdQ, - (277)5kq %C Ik kel Tlko, 1)l lattice sitej in the atqmic layet. The one-particle scattering
states under the action of the potential,

|4ic)=[1+Gg (Eo)Vellke),

X(s(Ef+Ee_EO_8i), (1)

where the sum is taken over all occupied bound one-electron

states with energy;=E;+E.— E,. T stands for an effective | ) =[1+ G (Ef)Vallke)
. . . . k¢ A f/VA f/s

scatteringt operator. It is defined as follows:

+ +
T= Vit Wot (Vi Vot Won) Gin(Evod) (Vat We), Vi) =11+ Ga(EalVallka).

@ can be calculated using dynamical diffraction theldy]. In
whereV,, V., andW,, are the effectivéoptical ion-solid, ~ particular, the high-energy approximati¢hg] can be em-
electron-solid, and ion-electron potentials, respectively, angloyed for evaluation of the ionic scattering states. Due to
Ga(Erop) is the ion-electron Green's operator involving the the translational symmetry parallel to the surface of the po-
potentialV,+ Vo + W, , at the total energg,,,= E;+ E,. tential (5), the surface-parallel components of the wave vec-
tors of scattered particle®lectrons or ionsare conserved,
up to a multiple of the surface reciprocal lattice veagpr
Therefore from Eqs(4) and (5) one deduces the following

In this work, we consider cases where the ion is fast comimportant conservation rule for the sum surface-parallel mo-
pared to the Fermi velocity. The evaluation of E8) can  mentum of the ion and the electron:
then be performed by making similar approximations as in
the case of high-energy electron-impact electron emission Kot Ki j=Ks +Ke T 9, (6)

B. lon-electron collision
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wherek; | is the surface-parallel wave vector of the bound 3. Fully resolved cross section
electron before the collision with the ion. Using Eq.(8), we can rewrite Eq(1) as follows:

D. Specific approximations do M zkfke

— - 2
For the numerical calculations presented in the next secd EqdEdQ(dQe  (24)5k, g‘c Kic Tl 9010 =20,
tion we choose situations of nongrazing incidence and where (10)
the ion in the final state is detected at relatively large scat-
tering anglegwith respect to the surfageThis allows usto |\ harae —E. + E.—E. and
use specific approximations in the numerical treatment of fhme 70
ion-electron and ion-solid collisions. kak0=<kf|TA(Ef)gX(Ef)WeAJrWeAgX(Eo)TA(Eo)|ko>

1. lon-electron interaction (11

In the nongrazing incidence mode the incoming ion pen- frocti lectron t i tor. It b
etrates the surface deeply and therefore the surface dielect/ft &N EMective one-electron transition operator. 1t can beé seen
hat, except for the transition operator, the form(la) is

function may be approximated in the numerical calculations_. ™™ ; ;
by the bulk one(that of the infinite solid i.e similar to the expression given by the golden rule for the

angle- and energy-resolved photocurrent as well as to that for
high-energy electron-impact electron emissidrb]. Thus,

W NW(e?A)(re_rA) 7 one can implement the well-developed algorithms of the
ealle.Ma)~ €(rg—rp,) " (@) one-step model of photoemissid21] for evaluation of
Eqg. (10).

2. lon-solid scattering

In this case, the subsequent scattering of the fast ion off IIl. NUMERICAL REALIZATION

the muffin-tin ionic potentials centered at different sitsse In this section we present numerical results for the energy
Eq.(5)], and in particular the subsequent glancing angle colang angular distributions of the electrons emitted from a

lisions with the surface ionic cores that under grazing inCi-glean aluminum surface upon the impact of protons. Two

dence may lead to surface channel[ig], are of less im-  possible geometries of the proton scattering at the surface are
portance for the evaluation of the transition terms in 8. consideredsee Fig. 1 namely, the specularfy=6;) and

due to the potentialV». Therefore, in the present numerical the nonspeculard,+ ;) reflection modes. The ingredients
calculations, only the terms corresponding to single-site mulyf the numerical scheme are as follows.

tiple scattering off the muffin-tin ionic potentials before or
after the collision with the electron are included. Thus Eq
(3) reduces to

(1) The ionic muffin-tin potentiald/{*) are derived from
‘ab initio Korringa-Kohn-Rostoker band-structure calcula-
tions based on the local density approximation within the
density functional theory22]. The on-sitet matrices are

T=[14+VGg (E) [ Ta(Ef)ga (Ef)Wen evaluated in the first Born approximation with respect to the
. involved potential, i.e., we sét)=V{") (this amounts to
+Wenga (Eo) Ta(Eo)], ®  the so-called kinematical approximatjon

(2) For s-p bonded metals like aluminum, the electronic
wheregj (E) is the free ion—surface Green’s operator at thestates| ;) and|y, ) are (for our purposg satisfactorily ap-
energyE and, in accordance with E¢p), thet operatorT, is  proximated by those of a jellium model, i.e., by the eigen-
given by the relations states of a steplike potenti®l, that vanishes in the vacuum

and inside the semi-infinite solid takes on the valWe=
_ _ ‘ , _ —eg—®, whereer and ® are the Fermi energy and the
Ta=2, 2 TN, T =vED+vENgLTED . (9)  work function, respectively. The electron motion parallel to
b the surface is thus freesee Ref[15] for details.

(3) The proton-electron interaction is employed in the ap-

This amounts to the single-site impulse approximafi®d). proximate form(7). To investigate the effects of the static

The direct transition term and dynamical screening on the electron emission, the
(statio Thomas-Ferm{TF) [23] and the modifieddynami-
cal) Lindhard-Mermin(LM) dielectric functiond 24,25 are
[14 VG (o) Wea ca - (M) 124,29

The TF dielectric function is energy independent; in mo-
is excluded from Eq(8) because its contribution is negli- mentum space it is given by the simple form{2s]
gible and, in particular, it cannot account for the ion reflec-
tion at the surface. However, this term may have a significant \2
contribution in the transmission mode setup, which case we e(q,0)=1+ —, (12)
do not consider in detail here. 2
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whereN\ is the screening length. In contrast to the static TF LU R D R R
model of screening, the LM function takes account of the ;2L -
dynamical screening and has a more complex stru¢2sg F _ 11:11:/[ 3
explicitly given as follows: 101;_ _
(q,0+iT)=1+N/D, £ @ ]
10F E
N=(w+iD)[e (q,0+iT)=1+47xc0rel, 15 ]
10°F E
D=w{1-G(q)[e(q,0+il')=1]}+il'{1-G(dq)[€.(q,0) : ]
-2
; 10°F 3
e (qo+il")y—1+4my E E
— 1l Q0 —1t4n core. 13 X: 3
L(qa, Xcore 3 107 3 =2
The Lindhard dielectric functiof26] occurring in the above \:5/ _43 ]
relations has the form sogpyg o4y oy oy L 3
-8 E T | T | T | T | T | T E
PRI O vt S U 4 —TF|
eL(q,w)— +M +[ _( - ) ] nm 8 IE ....... LM E
S 10F E
Uu+z-1 F . ]
11— 21—~ F b ]
[1-(U+2)2 IG5 (14) 102 (b) .
where 10‘3;— —;
Z=qi2ke, U=wldZer. S~ :
Q/2Kg wlaLep 10 - g
The Fermi momentum is denoted ky. The functiona F ]
that appears in Eq14) is given bya=eg/w,,, whereo, is 10° e E
the plasma frequency. For aluminum, the parameters in Eq - ]
(13) are given by[24] UM T T T T
5 5 0 5 10 15 20 25 30
I'=(0.53+30.Z2° eV)0(0.067-2Z°) E_ (eV)
5

+(2.6+0. 2-0.
(2.6+0.2 eV)0(27~0.069, FIG. 2. The energy distribution of the electrons emitted normal

_ 2_ 2 ;52 o/ 72 to the (001 fcc face of aluminum in the case of tli@) specular
G=25°-1[2.1270(0.067-2°) +0.14D(2°~0.067], (6p=0;=15°) and(b) nonspecular §,=75°, §;=15°) reflection
mode. The initial and final proton energies &g=100 keV and

47X core=0.05, (15 Ef=Eo—E.—®, respectively.

where® is the step function.
the width of the peak are directly related to, respectively, the
A. Fully resolved cross sections for proton scattering plasmon pole and the plasmon lifetime. These features are
from aluminum beyond the scope of the TF theory of screening and hence
they do not show up in the TF cross section results.
We recall that the plasmon wave vector is rather small
Figure 2a) shows the energy distribution of the electrons (<1 a.u.). Thus, the appearance of the “plasmon feature” in
emitted normal to the surface following the specular reflecthe electron energy distribution when employing the LM di-
tion of protons from an aluminun001) single-crystal sur- electric function(14) indicates that the momentum trans-
face. The cross section diminishes with vanishing electrorierred by the proton to the electron is small. Nevertheless,
energyE.. This is due to the kinematical factokd) that the momentum transferred by the projectile to the target as a
appears in Eq1). The shape of the energy distribution curve whole is large. This momentum is mainly absorbed by the
is directly related to the Fourier transform of the electron-ionsurface-parallel atomic planes before and/or after the proton-
interaction potentialthe form factoy. Since this potential is electron collision. In the case of the nonspecular reflection
renormalized differently when using either the TF or the LM mode, the momentum transfer to the surface-parallel atomic
model of screening, we observe marked differences. Firstayers is accompanied by a momentum transfer to the
the calculated electron intensity using the LM dielectric surface-perpendicular planes. The momentum transferred to
function[Eq. (13)] is two orders of magnitude larger than in the ejected electron can also be small in this case. Therefore,
the case of the TF dielectric functigiq. (12)]. Second, in  for the (proton nonspecular reflection mode we may expect
the LM results the electron energy distribution exhibits aplasmon-associated features in the electron spectra. In fact,
peak at an emission ener@~w, —®. The position and as shown in Figs. @) and 2b), the energy distributions of

1. Electron energy distributions
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FIG. 3. The angular distribution of electrofwith respect to the FIG. 4. The same as ifa) Fig. 2@ and (b) Fig. 2(b), but

[100] direction) emitted with energfe.= w, —® in the case ofa) integrated over the final proton energy.
specular andb) nonspecular reflection modes.

the electrons emitted normally to the surface have almost thi1€_case of the nonspecular reflection moldte, | — Ko, |

same shape for both the specular and the nonspecular refleg10° a.u. Considering thake <1 a.u., we remark that

tion modes of the projectile. In the latter case, however, th Ombi”ed proton- elt_actron diffraction with a large reciprocal
cross sections are two orders of magnitude smaller than iRtlic€ vectorg is important to compensate for surface-

the case of the projectile specular scattering, which can bBarSIIeI momentum transfr(]ar in the fnonspecular r((ajflect|or|1
traced back to the smaller probability of proton scattering™de. Since we assume here a perfect energy and angular
through larger angles. resolution and as we do not include in our calculations the

effects of a finite lifetime for the bound electron states, the
observed cross section drop due to the crossing of the Fermi

) o ) surface is very sharp.
Figure 3 shows the angular distribution of electrons in the

case ofE;=Ey—wp,, i.e., for the electron energies where .

the (LM) theoretical electron emission intensity is largest. An B. Integral cross sections

abrupt drop in the cross section is observed at abfut The results for the electron spectra shown in Figs. 2 and 3

=130° for both modes of the proton scattering geometryhave been calculated assuming a perfect resolution of the

This feature emerges as a consequence of the condition proton energy. Experimentally, exact determination of the
proton energy is difficult to realize. Therefore, it is of interest

ke=[Kk—koj+Ke +gl, (16)  to inspect the electron spectra where the projectile final-state

energy is not resolvel®7]. This means we integrate EG.0)

which can be derived from E@6). The condition(16) marks  over the energy of the scattered projecle. The energy

the crossing of the Fermi surface when scanning the wavand angular distributions integrated over the final proton en-

vectorkg . In this context it should be noted that in the caseergy are shown in Figs. 4 and 5. The scattering geometry in

of the specular reflection modle; | —koy|~0.1 a.u., while in  Figs. 4 and 5 is identical to that chosen in Figs. 2 and 3,

2. Electron angular distributions
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FIG. 5. The same as ife) Fig. 3@ and (b) Fig. 3(b), but FIG. 6. The electron energy distributions at incident proton en-

integrated over the final proton energy . ergy E,=400 keV in the case of the LM dielectric function. The

conditions for the resolved and integral cases are the same(as in
respectively. As is clear from a comparison of Figs. 2 and 4rigs. 2a) and 4a), respectively, an¢b) Figs. ab) and 4b), respec-
the “plasmon feature” is smeared out if the final-state energtively.
of the proton is not resolved. Moreover, the inelastic energy
losses of the electrons on their way to the detector, which argroton-electron collision: If a proton in a collision with an
not included in the present calculations, can in fact comelectron(assumed at restransfers the momentum, then
pletely smear out the “plasmon feature” and make the shapéhe transferred energy is given BE=v-q, wherev is the
of the energy distribution curve for the LM function similar proton velocity. Thus, the larger the proton velocity, the
to that for the TF function. On the other hand, the angulasmaller the momentum transfer required at a given energy
distributions are close to those in Fig. 3. In particular, thetransfer. Since the effect of the plasmon decay in the LM
feature pertinent to the Fermi surface crossing is preservedlielectric function decreases with decreasipghe peak in
However, the cut of the angular distributions is smootheithe electron energy distribution &~ wp—® (AE~wy))
Nnow. becomes sharper at larger proton velocities.

C. Effect of proton velocity on electron energy distributions IV. SUMMARY AND CONCLUSIONS

Figure 6 shows the results for the electron energy distri- In the case when the final-state energy of the proton is
butions using the LM dielectric function on[28]. The inci-  resolved, all the results for the energy distributions using the
dent proton energy i&,=400 keV. It can be seen that the LM dielectric function exhibit a peak at the electron energy
electron emission cross sections are considerably smalléf,=w,—®. The width of this peak is related to the decay
than in the case wherg,=100 keV. This is because of the of the plasmon as follows: the larger the lifetime of the plas-
increased transferred momentum. The cross section for th@on, the stronger and the narrower the peak becomes. The
case of well-resolved proton energy in the final state shows alectron emission can thus be viewed as the decay of the
much stronger pronounced “plasmon feature.” This can beplasmon excited by the proton impact. However, such a sce-
explained using a simplified kinematical model of the nario for this process is true only if the electron is ejected
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from the Fermi level. In the case of unresolved final-stateémportant. This dynamics is included through the matrix el-
proton energy, the “plasmon feature” is smeared out, be-ements given by Eq.10).
cause at given electron ener§y, all the bound states con- In summary, we have constructed a theoretical model for
tribute effectively to the ejection process, including the statesingle-electron emission upon the impact of fast ions on or-
at the Fermi level. dered crystalline surfaces. The model accounts for the elec-
It is useful to compare the results for the angular distribu-tronic dielectric response of the surface as well as for the
tions with qualitative predictions of the simple classical propagation of the ionic beam inside the surface and for the
model based on kinematical considerations. According taliffraction of the ejected electron wave. All these processes
this model, the proton moves along straight lines before andre incorporated in a single quantum mechanical amplitude.
after the collision with the surface ionic cores. The ejectionApproximations for specific situations have been derived.
of an electron takes place during this motion and if the elecThe model can be extended to the case of substitutionally
tron energy is low it does not affect the classical protondisordered surfaces in a similar way to that proposed for the
trajectory. Restricting consideration to a single collision ofcase of high-energy electron-impact electron emission from
the proton with the surface ionic cores, one would expect theurfaces of random alloy4.5].
electrons to be ejected preferably in the directions perpen- Numerical calculations have been performed for the case
dicular to the directions of the incident and final proton ve-of proton impact on an aluminum surface for different scat-
locities. As can be seen in Figs. 3 and 5, this conclusion doetering geometries. A plasmon feature has been identified in
not hold true. Rather, it is deduced that there is no prefererthe electron energy distributions when the proton energy in
tial direction for the electron ejection, when the surface mothe final state is well resolved. If the proton energy is not
mentum components of the initially bound electron are lessvell resolved the plasmon peak is smeared out substantially.
than the Fermi momentum. We recall that the present calcuFhe signature of Fermi surface crossing has been identified
lations do not account for cascade multiplication processesn the electron angular distributions. The present particular
which generally lead to uniform angular distributions of thetheoretical findings indicate the potential for utilizing ion-
emitted electrong19]. Thus, we can conclude that in our induced single-electron emission for studies of the electronic
particular case the dynamics rather than the kinematics iproperties of surfaces.
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