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Theoretical description of fast kinetic electron emission in ion-surface collisions
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We present a microscopic description of the emission of fast electrons in glancing-angle ion-surface colli-
sions. We employ a classical trajectory Monte Carlo approach that treats the primary production of kinetic
electrons in close collisions and their subsequent transport through the surface region on the same footing.
Dynamic image interactions and multiple scattering are explicitly included. As an application, we analyze the
ejected electron spectra over a broad range of electron energies and emission angles for 0.2-015-idey//
interacting with SnT@01) surfaces. Good agreement is found with experiment for the shape of the spectrum
of forward-ejected electrons containing prominent structures such as the convoy electron peak and the binary
ridge.[S1050-294{@7)02201-4

PACS numbd(s): 79.20.Rf, 34.50.Fa

[. INTRODUCTION Concurrently, a shift of the CEP to electron velocities larger
thanv, was proposed9] and independently measuré¢d|
The study of kinetic electron emission in ion-solid colli- for projectile charges greater than one. Subsequently, large
sions provides an important link between atomic physics anghifts of up to 100 eV have been observed in several labora-
condensed matter physics. Comparative analysis of specttaries and a number of explanations have been proposed
from ion-atom, ion-solid (transmissioy and ion-surface [9-16].
(glancing incidencecollisions affords the opportunity to ex- ~ The theoretical description of fast electron emission in
tract detailed information about long-ranged image interacglancing-angle ion-surface scattering is still in its infancy.
tions and multiple scattering in the solid and near the surfacditaka et al. [15] and Kimuraet al.[12] have shown a clas-
The so-called convoy electron pe4REP represents an Sical trajectory Monte C_a_rlc(CTMC) simulation using an
iiluminating example for such differences. This peak was€nsémble of initial conditions from a simple modelec-
experimentally discovered two decades ago as a cusp-shaplgns distributed in a shell around the projedtitather than a
structure in the spectra of electrons arising from ion-afan ~ Microscopic theory. Taking into account the propagation of
and ion-solid (transmissioh collisions [2] for electrons the electrons in the combined field of the projectile and its
. . . L . image, they found a shift of the CEP. First-order Born ap-
ejected with velocitiesv, close to the projectile velocity poyimation calculations have been performed for electron
v, . Because cusp electrons recede from the target in closémission by resonant coherent excitatit®CE) [17] and for
spatial correlation with the projectile, the behavior of thethe emission from a jelliumlike conduction bajiB]. Within
cross sections in the Iimi59—5p|—>0 was found to be gov- a perturbative approach, however, dynamic image potential
erned by threshold laws characteristic of the two-body final-effects on the final state and multiple scattering are difficult
state interaction between the electron and the projectile. Th® incorporate. Moreover, for multiply charged ions and in-
existence of similar peaks in ion-atom and ion-solid colli-termediate velocities perturbation theory breaks down.
sions is simply a consequence of the fact that the final-state In the following, we present a comprehensive CTMC de-
two-body interaction is identical. Analysis of the detailed scription of kinetic electron emission. Its major approxima-
shape of the CEP for ion-atom and ion-solid collisions hagion consists of a classical description of the motion of the
revealed, however, that the dynamics responsible for thejected electron. To date, the CTMC method has proven to
population of low-lying continuum states is vastly different. be one of the most successful approximations in describing
In particular, the dynamics for ion-solid collisions is charac-absolute ejected electron spectra at intermediate energy
terized by a complex array of multiple scattering events thaatomic collisions(i.e., ion velocities similar to initial orbital
can lead to the population of large angular momentum stategelocities of electrons in the targ€tl9]. The approximate
(see, e.g.[3-5] and references thergin validity of the classical description can be theoretically jus-
Recent experiments concerning glancing-angle ioniified based on the observation that for collision processes at
surface interactions have revealed a prominent structure @termediate velocities large momentum transfers dominate
forward ejection angles near the region where the CEP ignd quantum corrections are, on the average, di2@]l
expected to appear in foil transmission experimgfts13). The present theory is a combination of the CTMC method
Compared to the peak for transmission conditions, howevegs applied to atomic collision§19,21 and the classical
the convoy peak for ion-surface collisions is dramaticallytransport theory originally developed for transmission of ions
broadened and shifted in energy. The first evidence fopr atoms through solidg22]. Accordingly, the initial close
broadening of the CEP was found by DeFerraris and Baraeollisions between the projectile ion and electrons of the tar-
giola[6] for scattering of protons at an Al surface. A similar get and the subsequent transport through the surface region
broadening was observed for semiconductor surf@¢egdl.  and out to asymptotic distances is treated on the same foot-
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Laboratory frame Moving frame The origin is at the jellium edge, Which is displaced from the
Vo topmost atomic Iay(_er by;, corresponding to one-half of the
2r LS nearest-neighbor distance;& 2.99 a.u. for SnT¢26]). We
1k z note, however, that our description of the surface incorpo-
~ol@® | . jellium edge rates features beyond the jellium model. Specifically, the ef-
g fect of the ionic core and the core electron density will be
o r fon explicitly taken into account. Alternatively, we will adopt
2 trajectory the moving coordinate system of Fig. 1. The position of an
-3 topmost Tayer elgctron in the moving frame is denoted 3¢ (X,y,2)
H00 100 300 500 700 900 =roopt

Rx (au.)
A. Hamiltonian

FIG. 1. Coordinate systems and ion trajectory for a 0.3-MeV/ Within the framework outlined above, the -effective

Li**-SnTe collision. Hamiltonian describing the ion-surface interaction is given
by

ing. This approach permits the nonpertubative treatment of
the core potentials and long-range dynamic image potentials - ] - =
as well as the incorporation of multiple-scattering-induced H:HP(R)+;1 He(r;.R), @
energy loss and straggling effects. A preliminary account
with an application to the CEP peak was giveri28]. Inthe  whereH, denotes the Hamiltonian for the projectile motion
present work we give a more detailed outline of the theoretiwhile H, represents the Hamiltonian of théh active elec-
cal framework and apply it to the emission spectrum of eleciron treated in the independent electron approximation. The
trons in Li% —SnTe collisions for a broad range of emis- total number of active electrons is given by. The Hamil-
sion angles and energies. tonian functions in Eq(1) are of the form

In order to improve the clarity of presentation, we defer
some of the technical aspects to the Appendices. Atomic
units are used throughout unless otherwise stated.

N

. P? -
Hp(R): mp—f_vp(R) (2

and
Il. THEORY

N R
We shall be concerned with the scattering of a heavy ion He(r, RO =Ho(r,p,0+V(r.t)=r-Fu(t) ©)
Wlth nuclear cbargezp, _lonlc chargeQy, massMp., ahd _ In Eq. (2), Vp(ﬁ) is the effective potential experienced by
initial velocity v, at an ideally flat surface at grazing inci- the projectile along the trajectory. The electronic Hamil-

refer to a SnTe(100) surface. However, the method is, withyi which defines the unperturbed initial state of the elec-
minor modifications, applicable to other semiconductor o

metal surfaces. The projectile is assumed to be fast compar
to the Fermi velocityvg of the crystal ¢,>2vg), which

réﬁ)n, a perturbation potential(F,t) as well as energy loss
and straggling through a stochastic fofeg describing in-

coresponcs to mpact energes n the ringe of hunreas GES1C 406 slastc collsons i e el of e sufece,
keV/u. We shall assume that the incidence angle of the ion P 9

with respect to the surface. is small enouah so that the ion at the screened heavy nuclei in the solid. Inelastic collisions
. P o, 9n SO consist of single-particle—single-hole and plasmon excita-
is specularly reflecteda value 6,=6 mrad will be used

throuahout. which corresponds to the experimental value 0g’ons of valence electrons. Electron-electron interactions are
9 ' P b nly accounted for through dynamic image interactions,

e e e a1 e statc stomic sreening,and colson kel
VY - VP The fundamental assumption underlying E2).is the de-

0 )
et o, couig fhe cyramcs o e mpingng o o e lec-
' X . tronic dynamics. An approximate ionic trajectory is deter-

electrons. Thus, the velocity of the ion parallel to the surface, .
i . o . ~___“mined byV, . Subsequently, electrons are assumed to evolve
Up, = UpCOSpX is a constant of motion in a grazing collision according to a time-dependent Hamiltonian containing the
under surface channeling conditions. ~ trajectoryR(t) of the projectile. The different microscopic

The position vector and momentum of the impinging ioNjnteractions that govern the ionic and electronic dynamics
in the laboratory frame shall be denoted bR  will be discussed in more detail below. The assumption of
:(vp”t-OrRz(t)) and |5:(|\/| pva,O,PZ(t)), respectively. The the decoupling of ionic and electronic degrees of freedom

surface is in thex,y) plane and the projectile is moving in appears justified fo_r fast collisions b(_acause_ of.the di_sparity
the direction of the positive axis (see Fig. 1 Similarly ; b(_etween_ the energies of the eIect_rc_:nlc. and ionic motion. As
- N : ’ will be discussed below, this condition is not quite sufficient
andp are used to denote the position vector and the momeryg the energy of the perpendicular motion of the ion is small
tum of an electron in the laboratory franfie atomic units  in grazing collisions. In addition, the rapid fluctuations of the
p=ve=(vx,vy,v;), ve being the velocity of the electrgn  charge state of the ion during the extended interaction time
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are a prerequisite for establishing a mean-field potential fowheren, is the volume number density of valence electrons,
the ion and, hence, for the validity of the decoupling. n2'is the areal number density of surface atoms, bftis
the total number of active electrons in a single target core.
The Monte Carlo solution of the Liouville equation con-
The electronic time-dependent evolution can be represists of three stepéi) a large ensemble of phase space points
sented by a phase-space number density of eIectronm,ta is chosen at=t (to— — ) to simulateX(r,p,to), (ii)
X(r,p,t). Initially, the independent evolution of each phase-space point is cal-
culated up to a final timé& (t;— ) by numerically integrat-
ing the Langevin equations of moti¢&q. (7)], and(iii) the
final-state distribution of the electron is determined by bin-
ning the phase points &t&t;. In order to achieve sufficient
where the sum extends over all occupied and “active” or-statistical accuracy, a large number of trajectories
bitals xi with multiplicities g, (21,9, =N,). In Eq. (4) Nya~5x 10" is computed. DenotindN(€2,AQ,E,AE) the
denotes the classical phase-space representation of thgmber of electrons found in the bin delimited by the solid
orb|tal xi defined in terms of the effective single-particle angle interval (1—A€Q/2,Q+AQ/2) and energy interval

B. Monte Carlo solution of the classical Liouville equation

N(r,p.t=— 2 furpt===), (@

channel HamiltoniaH’ such that (E—AE/2,E+AE/2), the yield of outgoing electrons per
0 ion, solid angle, and energy is given by
f dr fd3pfx r.pt) (5)
' d®y N(Q,AQ,EAE) 11
Formally, the time evolution oR(r,p,t) is generated by the dEdQ ¢ Ny AEAQ

classical time-dependent Liouville equation with the Hamil-

tonianH,(r,p,t). The absolute differential yield of ejected  The statistical uncertainty of this yield is approximately
electrons per incoming ion can be obtained from thex given by 1AN(Q,AQ.E,AE) and we require it to be
limit of N as smaller than~10%.
In this work we only include the primary electrons that
ape I|mf d3rR(r,p,t) (6) are produced by a hard encounter with the impinging ion.
t—e We neglect the shower of secondary electrons arising from
collisions of primary electrons with other electrons in the
solid, which is the dominant mechanism for the production
of soft electrons. Thus, we follow the time evolution only of
electrons with large enough kinetic energ§!>€v2/4) The
integration is stopped when the kinetic energy of the electron
in all degrees of freedom is conserved as a function of time.
IJl:'é)r free electrons inside the solid the integration is stopped if
eir depth is larger than ten inelastic mean free paths or after
they have been slowed down to energEsvrz,M.

where the integration domaiff corresponds to escaping
electrons(i.e., electrons withe>0, p,>0 and with positive
binding energy with respect to both the target and the pro-
jectile).

The CTMC method corresponds to a Monte Carlo solu-.
tion of the Liouville equation in terms of an ensemble of
representative test particles that have propagated accordi
to the stochastic equation of motigne., a Langevin equa-
tion) generated by, :

%=5, %: —VH,—VV+Fg. (7) lll. INTERACTION POTENTIALS

The simulation outlined above requires the specification
of several interaction potentials. In this section we discuss
our choices for the present collision system. Some of the
; ; technical details will be given in the Appendices. We empha-
as a canonical variable of the subsystem. size that application of the theoretical framework to other

In order to fix the number of active electroNg entering  gyrfaces and projectiles only requires changes in the input
the CTMC simulation, we choose a rectangular volume W'thpotentials discussed in this section.

side lengthsAx, Ay, andAz, which is centered at the point
of closest approach. Typically, these lengths Ase~1200

a.u., Ay~7 a.u., andAz~6 a.u. Consequently, the total A. Projectile potential
number of “active” electrons in our simulatiol., is given
by the sum of all active projectile electroris,, target va-

In the derivation of this Langevin equation from the Hamil-
tonian[Eq. (3)], the implicit velocity dependence of the in-
teraction with the environmert'heat bath”) is not treated

The effective projectile potentia¥, [Eq. (2)] governing
the trajectory of the impinging ion is given under surface

lence electronsl);, and target core electroni; : channeling conditions by
Ne=N,+NY+N¢, 8 =
e P t t ( ) Vp(R) manaKR )+V (Up“sz)a (12)
with
N{=n,AxAyAz, (99 which is only dependent on the surface normal coordinate

atat R,. In Eq. (12), the planar averaged Moliere potential is
=NFhZAxAy, (100 given by
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B. Electronic channel potentials and initial microcanonical

L3 St distribution functions
The electronic interaction potentials entering the channel
~ 10F . Hamiltonian H, [Eq. (3)] depends on the initial statg; .
2 Electrons in the valence band of SnTe are treated as a free-
= electron gas with volume number densityand energy den-
-l:,é 05k 4 sity of states D(E)x{yE—V, where O<KE-—V<er
=(37?%n,)?%2 andV, is the bottom of the valence band.
The valence band of the SnTe crystal is derived from the
0.0 ey TEE outermost isolated-atom electronic configurations
00 02 04 06 08 1.0 Sn(5s?,5p?) and Te(52,5p%). This yields n,=5/(82))

Projectile energy (MeV/u) =0.0233 a.u. andr=0.391 a.u., which are very similar to
the values,=0.0245 a.u.er=0.404 a.u. obtained from the
FIG. 2. Distance of closest approach to the topmost target layernain plasmon frequencya(§=47-rnv) in photoabsorption
dnin, @s a function of the collision energy for & ions incident measurement6].
on a SnTe surface with an anglg=6 mrad, calculated for a fixed Accordingly, the corresponding channel potentél is
ionic charge. given by the static surface barrier potentig. In this work
we make use of the static potential barrier parametrized by

3 . i . . K
C _ Jenningset al. [29] as a function of the Wigner-Seitz radius,
Vplanaf Re) = angtzpztatgl di° MBrara, (13 rs=[3/(4mn,)]*3,

where we have used the Moliere paramet€®§| (cy —3(1—e—b1~2) if Z=0
=0.35,0.55,0.1; d,=0.3,1.2,6) with the Thomas-Fermi 4z

screening parametea, = 0.885@Z%2+ 7% ~23 Because of VY(2)=Vy(2)= (16)
the very similar values of the nuclear charges of Sn and Te —Vo f 5<0

atoms ¢s,=50 andZ;,=52), the planar potential can be aeb2z+1 '

approximated for all practical purposes by the one associated
with a single atomic charge numbgg=(Zg,+ Z1)/2=51 _ ) - .
and surface density?'=1/(4z3). wherez=z-1z,,z, is the position of the image plane and
In addition to the planar Moliere potential, the chargedthe height of the potential barriev,= er+W, with W being
ion interacts with its own image through the self-imag®  the work function. For SnTe we use the following parameter
potential V(v ,R,). The latter can be expressed in termsValues: W=0.165 a.u.,V=0.569 a.u.rs=2.135 a.u,
of the d ngmicuscreenin otential as Zm=0.697 a.u.a=0.88p;=1.21 a.u., and,=1.29 a.u.
y gp With the help of the channel potentiaf we represent

Q2 the initial phase-space density of valence electrons by
VoW R) =57V (vp .Rs . ZR,) (14)
.. p?
(t) - —We— — —\WV
whose calculation is described in Appendix A. The potential f,°(r.p) Cv@[ w 2 Vi@, (17

Vg" plays an important role for the image acceleration of the
ion toward the surfacg28]. hereC. i lizati tant ard i tep f
A typical ion trajectory is depicted in Fig. 1. Collisions wheret, 1S a normalization constant and IS a step tunc-

leading to ionization and charge exchange are quite sensitii"- N the bulk limit — —), Eq. (17) reproduces the

to the distance of closest approach to the topmost |aye|c’orrect density of states of a free-electron gas. Moreover, the

dmin=(RI""+2;), which is determined by the conservation of local density as a function af [i.e., integratingf {(r, p)

energy for the perpendicular motion over f),x, and y] is directly proportional to[—W
_ . —V¥(2)]®? and is found to approximate the density calcu-
Vianak RI™ +v§'(va R =M (v ,sind,)2=E, . lated by Lang and Kohf30] in the local density approxima-

(15) tion (LDA) for rg=2 a.u. remarkably wellFig. 3). The main
differences between the classical and the quantum results are

This distance determines which target and projectilghat (i) the quantum density exhibits Friedel oscillations
shells are active participants in the collision. For example(fairly weak forrs=2 a.u) and(ii) the classical density has
Fig. 2 indicates that for the angles of incidence and collisiorg sharp cutoff az=1.823 a.u. given by the classical turning
energies of interest in this work, Li ions are found to easilypoint of electrons at the Fermi edgee., er=V,,) rather than
penetrate the cored(,,<1.5 a.u). Consequently, the core @ decreasing tail.
level contribution to excitation, ionization, and charge trans- We treat core electrons below the valence band of SnTe
fer must be included. The image acceleration of the impingas well as localized atomiclike orbitals with quantum num-
ing ion (absent for neutral projectile®ecomes increasingly bersn,/. The core potentia¥; supporting these orbitals has
important for small perpendicular collision energids, € the form of a muffin-tin potential derived from atomic core
100 eV). potentialsV®,
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I A B gous to Eq.(19) using the appropriate orbital energies and

10 .+ LDA 4 core potentialsvg of isolated ions. These electrons will not
N classical ™ ] be considered in the following. As discussed below, they are
S 03] expected to give a negligible contribution to the vyield of
@; 0.6[ ] electrons for the collision system under consideration.
S o4r 1

02F i C. Perturbation potential

0.0 '3 " ) S The perturbation potentiaf(r,t) enteringH, [Eq. (3)] is

) ) ) 3 3 given by

z (a.u.)
V(r, 1) =VE[|r—R()|1+ Vi r,RA1) ]+ AVy(ve,2), (20
FIG. 3. Density of valence electrons near the surface barrier as a
function of the position of the electrom, with respect to the jellium wherevg is the core potential of the impinging projectile and

edge. LDA calculations fors=2 a.u. from Ref[30]. V'pe is the image potential induced by the projectile and
o o AV, is a velocity-dependent condition to the barrier poten-
VE(r) =min{[ V3(|r —R )+ Ve |r —R|)],Vp(2)}, tial. v, for dressed ions is calculated using the Hartree-Fock

(18 ionic core potentials tabulated by Garveyal. [31], which
tends to—Q,/|[r —R(t)| at large separations/}, can be
expressed in terms of the dynamic screening potefiel
(A8)] as

where R; is the position of a target nucleus and
VSCreelr)y=[1—exp(—r/rg))/r is incorporated to remove the
long-range~ — 1/r tail of the atomic potential at large dis-
tances.V® is calculated using the two-parameter Hartree-
Fock ionic core potentials tabulated by Ganedyal. [31].
Using Eq.(18), the initial phase-space distribution func- N ) ) )
tion for core electrons can be calculated from a restricted AS an additional perturbation, we include the effective

Vie=—QpV'(v,, Re S) (21)

microcanonical distributiof19]: velocity dependence of the surface barrier potential that de-
termines the channel potentials near the surf&ags. (16)
02 = 2 e = and (18)]. The static potentiaV, [Eq. (16)] contains ex-

o' (r,p)=Chnid 2 +Vi([r=R|)—Ey change and correlation effects of the interacting electron gas.

Clearly, the electron exchange and correlation contribution

XO(.~DHOd+1-1,), (19 to the barrier should decrease with increasing electron ve-

locities above the Fermi velocity. The velocity dependence
whereC,, is a normalization constant. In E¢L9) we have in the region outside the surface can be estimated from the
imposed the restrictio® (I.—1)®(I+1—1.) on the scaled velocity dependence of the electronic self-image potential
classical angular momentury=|(r —Ry) X p|(n/l nad, SUch  V3', which can also be expressed in terms of the dynamic
that the subset of the microcanonical ensemble lies in thecreening potential as
proper | bin associated with the quantum number of the
orbital. The binding energies,, entering Eq(19) are calcu- V=1V!(v, H,z,z‘z), (22)
lated by numerically solving the radial Scklinger equation
associated withVy. The resulting energies are shown in e correct for the effective velocity dependence the barrier

Table | for the relevantd, 4p, and 4 orbitals in our simu-  potential by including the velocity dependent perturbation
lation. A valuer =3 a.u. in Eq(18) has been chosen, which

yields good agreement between the calculated and measured 0, ve<v2
[32] 4d energy levels of SnTe. As expected, energy levels of AVi(ve,2)=
core electrons in the solid are very similar to orbital energy .
levels of isolated atoms.

States of electrons initially bound to the impinging ion

V06, 2)-VI(02,2), ve>v?, 23

could be easily modeled by phase-space distributions analo- g 00 I

TABLE I. Orbital energiesk,,, average lineagy),,, and qua- 8 I
dratic, \(v?),, velocities, and average radius,),, in atomic units. _g 0.2

B 04

Orbital —Ey (V)n (v (o %
Sn(4d9) 0.977 3.65 4.88 1.080 £ 06 . L I
Te(4d™?) 1.648 4.12 5.47 0.961 -5 3 -1 1 3 5
Sn(4p®) 3.196 3.71 5.82 0.902 z (a.u.)
Te(4p®) 4.163 4.06 6.32 0.835
Sn(4s?) 4.390 3.39 6.17 0.850 FIG. 4. Velocity dependence of the surface barrier potential for
Te(4s?) 5.485 3.69 6.66 0.794 fast electrons due to the velocity dependence of the dynamical im-

age part of the exchange and correlation potential.
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energy transfers,o=AE=0v2/2—v/%2 and momentum
transfers,g=Ap=uv_.—v,, to an electron during a single

0.3 MeV/u Li2* - SnTe

0.50 . : o~ ~
—| collision with velocitiesv, andv, before and after the col-
] Py lision, respectively. Determination of DIMFP’s near the sur-
-0.05 | .:.:“‘\\\\‘\w\\gt‘;‘;“{‘}‘ face is complicated by the fact that translation symmetry
‘Q:ss\\‘x\\\\\\\\\\x\\\‘k\w along the surface normal is broken. We discuss in the fol-
. ;,:‘333‘%%\“\\\\\\\\\\\\\‘\\\‘\",?/ lowing briefly their construction in the case of grazing inci-
-0.60 | ;::::‘:::::‘:&\}%\\%\\\“\\\\\\\‘“‘ £ dence. Further details are given in Appendix B.
] =SSN : Three mechanisms will be considered: elastic scattering
115 Nl (a=¢€) and the bulk ¢=i,) and surface ¢=is) contribu-
M O . . . . .
tions to inelastic scattering. The path between two adjacent

collisions of the same typea is assumed to be a Poissonian
L distributed variable related to the mean free path,

z (@) P (M) =\ e Mhe, (25)

This assumption is strictly justified only for a homoge-
neous medium. Near the surfadeg, is treated as a function
surface as a function of the position vector of the electronOf time through the temporal variations of andz, which

(x,y=1,2). The position of the projectile is (0,8,1) and the target corrects, to some _eXtent' fo_r the inhomqgeneity.
core is at(20,0-z,). For target-elastic scattering at atomic cores, surface ef-

fects are not considered to be important since for small im-

where a valuw®=1.5 a.u. has been chosen such that ouact parameters the spherical atomic potential dominatgs.
model for the self-image interaction agrees with more accu¥Ve evaluate the elastic DIMFP by an exact phase-shift
rate calculations using more sophisticated dielectric func@@lysis of elastic scattering of electrons at Sn and Te iso-
tions[33]. Since the self-image interaction is proportional to!t€d atoms. However, in order to accomplish an efficient
v2t, the dynamic barrier is smaller than the static barrierS2MPling for the probability distributio¢(q) of momen-
(see Fig. 4 However, we have found that this dynamic cor- (UM transfers we fiP¢(q) (or the DIMFP to an analytic

rection has only a minor effect on our simulation results and{0rm derived from the Born approximation for a two-term

typically, only causes a change of the yield of convoy elec-Yukawa potential of the formVy(r)=—[Z;exp(-kir)

trons of ~20%. +Z,exp(—kyr)])/r. Thus, our elastic DIMFP takes the form
In Fig. 5 we display the total potential experienced by an

electron initially in a target core state near & Liion mov- -1

ing parallel to a SnT@01) surface. In addition to the core A P(g) = de

fields of the targetT) and the projectile P), the wake pat- q

tern and the surface barrier potentig] [Eq. (16)] are also 8mng( Z Z, \2

clearly visible. =C(ve) +
g T oo Pk gtk

FIG. 5. Potential for an electron initially in a target cor€) (
near a 0.3-MeMWl Li?" ion (P) moving parallel to a SnT801)

D. Stochastic perturbation XO0(qQn—9), (26)

The electronic HamiltoniafEq. (3)] contains a stochastic

term that allows the incorporation of dissipative processesyheren,=(2z,) 2 is the volume number density of target
.e., energy loss, energy, and angular straggling. Within &yclei andC(v,), Z;,, and k,, are fitted to the exact
Monte Carlo approach to the classical transport th¢28},  p|MFP. We choose the parameteZs=39.7, Z,=11.3,
dissipation can be included in terms of a stochastic fite |, = 4.0, anck,= 1.09. The existence of the interface is taken
@)l into account by using an upper cutoff for the maximum mo-
mentum transfeg,(b) related to the distanck=2z+2z; to
F)=> > Aﬁj"ﬁ(t—tf‘). (24)  the topmost layer. We invoke the classical relationship be-
a tween the impact parameter and the momentum transfer for
o . effective Coulomb interactions, i.eb, represents the mini-
The determination of ¢(t) is th§reby reduced to thatof a ,um impact parametégiving rise to the maximum momen-
stochastic sequence of paird\j*,t"), i.e., momentum tum transfey for binary electron-target atom collisions.
transfersAp{ delivered to the electron at timeg. Any Our description of the inelastic momentum and energy
dependence of this sequence on the phase-space coordinaiessfer distributiorPi(ﬁ,w) near a surface is a natural ex-
of the electron is treated as a parametric dependence, whigbnsion of the well-known results for the bulk. For
does not affect the Langevin equations of motion. The exiranslation-invariant systems, the DIMF@r probability
plicit determination of the stochastic sequenae(',t) de-  density in the Born approximation is related to the dielectric
pends on the choice of the differential inverse mean fregesponse functione(q,w) via the dissipation-fluctuation
paths (DIMFP), or equivalently, the probability density of theorem[34—3§
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,lP -> dA)\i_l 3
)\I ,(q,w)—m AIO
=5 5
eI Catie B
= Im S + S
e | e(quw)) O\ T VT2 = ol
UZ § 3
S 10° F
X@ ?e_GF_(J)), (27) %
= 100t
or, equivalently,
10'
2\t 2 . ( -1 )®[ (@) o] 29 5 ; 5 ;
= Im on(q)—w], 10 10 10 10
dgdw vgﬂ'q €(q,w) m Electron velocity (a.u.)

Wh?rewm(q) - mln[v§/2— e,:;veq—q2/2]. An intuitive de”'_ FIG. 6. Total, Ay, and partial mean free paths for elasiig,,
vation of Eq.(27) makes use of the fact that the scatteringgytace inelastic, , and bulk inelastick;,, collisions as a function
probability per unit tlme(the fluctuation is proportuonal 10 of the electron veslocity for different positions of the electran,
the energy loss per unit timeé\W/dt, by the retarding force ;i respect to the jellium edge.

of the dynamic screening potentidhe dissipatiohyielding

Eq. (27) up to the recoil term {g?/2) in the energy con- Figure 6 depicts the mean free patyg,\;, , andi used

serving & function, dW/dt:l;eH'VVLmk(D,Z,ZAZ) [see Ed. in our simulation as a function of the electron velocity for

(A3)]. Note that unlike for the elastic DIMFP, E(R8) is a  different fixed distances from the surface. In each case we

two-dimensional distribution function. have assumed a trajectory parallel to the surface. In the ve-
For grazing incidence collisions, E(7) can be extended locity range of interest in this work (28v.<6 a.u), the

to near the surface by making use of the fact that translatiototal mean free path=(\; *+X; *+X_.1) ! can be as

symmetry is preserved in the plane along the beam directiofmall as 5-10 a.u. Whenever the electron is above the top-

for the jelliumlike valence-band electron density outside the gt layer £>—3 a.u), the dominant collision processes

ionic cores of surface atoms. We separatel the inelasti(:i_e_1 the one with the smallest mean free paite surface
DIMFP into two terms: a “surface” term ¢=is) and a jneastic collisions reaching a peak near at the jellium edge
“_bulk” term (a=iy). Using a Iocall surface dlelectrlc_func- (z=0). On the other hand, near or below the topmost layer
tion [37], €(Q,w), the “surface” triply DIMFP associated (,_'3 3 ) elastic and bulk inelastic collisions rapidly ac-
with the surface term of the expression for the dynamicyire the dominant role. Figure 7 displays the smooth tran-
screening potentidlEq. (A5)] is given by sition across the surface of the total inelastic mean free path
Ni=(\i '+ )"t as afunction of for different velocities.

In the limit z— —o the bulk limit is recovered while for
z—o the mean free path tends to infinity because of the
5 rapidly decreasing probability for excitation of particle-hole
Ug pairs or surface plasmons at large distances from the surface.
|, (29 At large but finite distances, the inelastic mean free path is

2
o w—l;eH‘Q_l—?

ds)\fsl _e—ZQIZ\I (1—6(Q,w)
szdw_veHﬂ'Q'm €(Q,w)+1

where we use the notatiap=(Q,q,).
The “bulk” DIMFP is constructed such that) it asymp-
totically tends to Eq.(27) when the electron is inside the

solid, (ii) it tends to zero near the jellium edge, atiid) it 3
approximately incorporates the bulk term in the expression =
for the dynamic screening potent{&g. (A3)]. A reasonable g ,
choice is Q !
s |
I
AN (1—e2idy [ g L 5 g
d*qdw v eT2q> m e(q,w) O\ @~ ved 2 2 Py E o
1L (a— Jellium |
02 10 b ) edge ]
e ) I . L L I . 1 L L .
X0 7_6F_w)v (30 6 4 2 0 2 4 6

z (a.u.)
where the factor (3 e~297) yields both the exact DIMFP
[Eq. (27)] in the bulk and a vanishing DIMFP at the surface ~ FIG. 7. Total inelastic mean free path=(\;_*+\; ") "* and
(z=0). Details for the evaluation of Eqé29) and(30) are its bulk (\; *) and surfaceX; *) contributions as a function of
given in Appendix B. for an electron velcityw =4 a.u. parallel to the surface.
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0.3MeV/u Li - SnTe
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] Distance to topmost layer (a.u.)
-1 0 1 . .
10 10 10 FIG. 9. Probability per unit path length along the surface for the

w (au.) charge changing reactior®,—Q;, during the interaction of 0.3-

MeV/u Li ions with SnTe surfaces as a function of the distance
FIG. 8. Single DIMFP’s as a function of the energy transfer for from the topmost atomic layer.
an electron velocitw.=4 a.u. and for different distances of the
electron,z, from the jellium edge. SnTe,(ii) experimental data for ionization of Li ions by free
electrons(see[38] and references thergijnand (i) present
determined by opticaldipole) excitations of surface plas- CTMC results for electron capture processes from the
mons in the jellium surface. Analysis of the DIMFP as ashell of SnTe into the ground states of Li ions. If we denote
function of the energy transféFig. 8 shows that the most the impact-parameter-dependent transition probability by
probable energy transfers associated with and A;_ are PStP‘QP and assume a random location of target atoms in the
bulk and surface plasmon excitations with=w, and

w=ws=w,//2, respectively. 03MeV/u Li® - SnTe

IV. CHARGE-STATE EVOLUTION 0 jellium edge

The time dependence of the charge st&g(t), of the
projectile ion during the glancing angle scattering is a key
input quantity for the electronic evolution since it determines : 1
both the strength of the asymptotic Coulomb interaction be- S3 [y ]
tween target electrons and the projectile\ﬂb as well as the 4 —
indirect interaction through the image potential telu'be 1
[Eq. (21)]. Specifically, the value ofQ, influences the r W
amount of shift of the convoy electron peak and the absolute e L ]

yield of electrons. We have therefore performed a simulation ~ © 2 I

of the charge-state evolution using the same theoretical input 1 -
as for the dynamics of the electron emission, as discussed :
above, focusing, however, on the transient occupation of 10 fr——+—+—+—+—F+—+t
low-lying bound states rather than continuum states of the 08 i 0 i
projectile. T S RN & L ]
As the impinging ion approaches the surface, its ionic -% 06 p e T N
charge state fluctuates in time due(tpcapture of electrons £ 04 L TN~ — 7T q
from the solid into bound states of the ion afiid ionization - I S 1
of electrons in bound states of the projectile caused by col- 021 ,'A/. ..... :
lisions with particles in the solid. In general, the local value 0.0 &= ’2'00 _— ;'(')'(')' """ — g(')'(')' """ — é'(‘)'b' """ """'1"(;00
of Qp(t) is a function of its initial charge stafe,(t=to) |
and the capture and loss probabilities near the surface. The Ton path along the surface (a.u.)

corresponding transition probabilities per unit path length, L . . .
P 9 P P P 9 FIG. 10. The ionic trajectoryR,(R,), the typical stochastic

dP%-/dR, for charge changingQ,—Q, are obtained charge-state evolutio@,(R,), and the charge-state fractions for an
from the description for binary atomic collisionsi) the incident 0.3-MeVii Li* projectile on SnTe surfaces. The solid
present CTMC results for ionization of ti(1s?) and  squares are experimental data of Kimawal. [24] for outgoing
Li%2*(1s) ions in collisions with the screened target nuclei of charge-state fractions.
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surface, the transition probability per unit path length for a The rapid charge-state fluctuations and the large number
trajectory(nearly parallel to the surface at a distamtédrom  of charge-changing cycles along the trajectory considerably

the topmost layer is given by simplify the simulation of the electron evolution: Initially
loosely bound projectile electrons &ttty can be neglected
dPQp,QF’, since a larger number of transient projectile electrons are
at

foc dyp;?tp'%( Jy?+d?). (31 produced as a result of electron capture. Furthermore, rather
—oo than following simultaneously the evolution of the charge
state and of ionized electrons we can calculate the spectra of
For projectile ionization by target valence electronsfast electrons as a weighted average of the spectra obtained
treated as quasifree electrons, E2fl) should be replaced by for the different fixed ionic charge states, where the weights
are given by the equilibrium charge-state fractions, which
dPQp'Qé should closely resemble the local values during emission.

—ar (@ =n(d)(0% %), (32

_nat
ar, (D=0

V. ELECTRON EMISSION

where<an~an> is an average of the electron impact ioniza- The doubly differential emission spectrum as a function
tion cross section over electrons in the valence band an@f the Cartesian components of the velocity vector is dis-
n,(d) is the classical density of target valence electrons neaplayed in Figs. 11 and 12 for 0.3-MeWLi ions scattering of
the surface. The total transition probabilitidPQp*Qélde a SnTe surface. Figure 11 displays a cut in the velocity plane

per path length for the interaction of 0.3-MeV Li ions with a (vx.vy) paf?‘”e' to the S“fface while Fig. 12. cprresponds toa
SnTe surface implies a very rapid fluctuation of the charg vx,Uz) cutin the scattering plane. The void in the center of

state(Fig. 9. The present transition rates are in reasonabl igs. 11 a”?' 12 is due to the fact that we C_O”S"?'ef iny fast
agreement with the calculations of Kimue al. [24] and electrons Wlth;e>vp/\/§. In order to clearly identify differ-

Fuiji et al.[39] based on the Bohr-Linhard model. Using Eqs_ent structures, the total ejected eIectrqn spectrum has been
(31) and(32) as inverse mean free path lengths, a Poissoniafl€c0MPosed into the components originating from valence
stochastic proced&q. (25)] for charge-state fluctuations can Pand and from core levels. Both cuts clearly exhibit the *bi-
be calculated, an example of which is shown in Fig. 10. In &1y ridge”[40], well known from ion-atom collisions. This
typical charge changing cycl@, changes about 12 times. structure arises from ql.JaS|.—tvv_o—bc_>dy collisions between a
Therefore, memory of the initial charge state is completel)}""rget eIectrqn and the Impinging 1on. Because of the 'afge
lost, not only when the final charge state is reached but al1ass Of the ion, conservation of energy and momentum im-

ready during the interaction process in the vicinity of thePlies that the final velocity of an electron initially at rest will
surface. beve=|v,+v}|, wherev has arbitrary direction and mag-

Neglecting multiple electron processes, the evolution ofitude v;=vp. This corresponds to a sphere centered at
the charge-state fractiorfst(RX) is given by a system of ve=v, with a radius equal tw,. The location of such a

coupled rate equations “binary sphere” agrees with the region of highest density
Q1 Qp
d dPeP(Ry) 0.3MeV/u, v, ~0
d_RXFQp(Rx): Z d—RXFQ;’)(RX) 15— T S
Qp=Qp*1 1.0 |- valence inary ridge |
, | electrons -
er R, |
——ar Fo R/ (33 00f ]
0.5 .
The resulting charge-state fractions for a 0.3-Me\i * ion o -LOF .
impinging on SnTgFig. 10 displays an abrupt decrease of Z sk ,
the charge-state fraction of Liions from a value of one to 2 b core
almost zero before the projectile reaches a distance of 1.5 10T electrons ]
a.u. from the topmost layer. Subsequently, a quasi-charge- 05F 5
state equilibration is achieved yielding charge-state fractions 0.0k ]
of Li?* and Li** of about 50%, which persists until exit. osh ]
The final charge-state fractions are in agreement with experi- e
mental data[24]. Moreover, indirect evidence exists that 1O ]
charge-state equilibration is rapidly reached while the projec- -5
tile is still in close proximity to the surface. By measuring -2 3
the spectra of ejected electrons in coincidence with the final Vx/ Vp

charge state of the emerging projectiles, Kimetal. [24]

recently found evidence consistent with a very rapid charge- FiG. 11. Density plot in velocity space of ejected valence or
state fluctuation and equilibration near the surface. Specificore electrons arising from 0.3-MeWLi-SnTe collisions cut in the
cally, no correlation was found between the position of thev, ,v,) plane parallel to surface. The thick line indicates the loca-
convoy peak and the outgoing charge state of the ion. tion of the binary ridge.
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FIG. 12. As in Fig. 11, however, cut in the(,v,) scattering FIG. 13. Effect of the wake potential,, on the spectrum of
plane. ejected electrons. As in Fig. 11, however, sum of the core and

. alence electrons. Upper frame wi and lower frame without
for valence electrons but not for core electrons. The width of PP Nﬂ)e

the sphere is due to the initial momentum distribution of P*

electrons in the valence band. The absence of a comparaljgo suggested that this could be a local charge effect due to
structure for core electrons is a direct consequence of theif,e large number of electrons emitted per impinging ion. The
broad momentum distribution, which is comparable to theynderlying picture is that, typically, of the order of a hundred
projectile velocity. ] ) slow electrons are emitted per ion giving rise to a large nega-
The spectrum of core electrons is seen to peak in th@yely charged cloud trailing the ion and whose repulsive

forward direction ¢,>>vy,v,) and for velocitiese=vy, . gotential would accelerate convoy electrons to larger ener-
This region of high density corresponds to the so-called CERjies. We have estimated the size of this effect and found it to
for ion-surface scattering, which is caused by the attractiofhe pegligible compared to the wake potential. This is due to
of the projectile field. The shift of the convoy peak to the ihe fact that for every slow electron emitted, there will be,
ve>vp region is generally believed to be a direct conse-gependent on the conductivity of the surface, a hole or an
guence of the image potential induced by the impinging ionnduced image charge with a charge bfL. Therefore, the
lee' The microscopic mechanism leading to the peak can bgyng-range behavior of the resulting perturbation is dipole-
viewed as rainbow scattering of electrons at the screenegke rather than Coulomb-like. Because the center of the
field of the ionvlpe [23]. In order to illustrate the dramatic charge cloud lags behind a large distance from the ion, the
effects introduced by this potential we give in Fig. 13 a com-effect of such a dipolelike potential is small.
parison of our full simulation with a simulation witl&!'pe The doubly differential absolute yield of ejected electrons
turned off. Inclusion of the image of the ion not only broad-as a function of the emission energy at various emission
ens and shifts the highest density region frop=v,, v, anglesd=cos Y(v,/vy) (Fig. 14 is broken down into three
=0 tove>v, but causes a pronounced void in the forwarddistinct components: emission of valence electrons, direct
electron spectrum near the regioge=v,. This depletionis a emission of core electrons, and emission of electrons tran-
direct consequence of the expulsion of ejected electrons bsiently bound to the projectile but originating from target
the repulsive first half-wave of the induced wake potential incores. The most striking observation is that valence electrons
the immediate vicinity of the ion. It should be emphasizedrepresent only a very small fraction of the total yield of fast
that this void is not due to losses by multiple scattering neaelectrons for the present collision system. Consequently, the
the surface, which is included in both calculations of Fig. 13.sharp binary ridge structure for emission of valence electrons
We expect that similar effects should also take place evefFigs. 11 and 1Pshows up only as a shoulder in the total
if the ion undergoes subsurface channeling one or two layergield of electrons. The most discernible structure of the total
inside the solid. If the escape path of the electron is of thespectrum is the convoy electron peak at small emission
order of or smaller than a mean free path, structures associngles, which is primarily due to direct excitation of target
ated with the scattering of electrons at the wake should alsoore states. The dominance of core electron emission in the
be visible, though broadened. This is possibly the reasomspectrum of fast electrons is in part due to the larger multi-
why the shift of the convoy electron peak could even beplicity by a factor ~3.6 of active core electrons in the
observed for surfaces that were not very well characterizedll-shell of Sn or Te compared to valence electrons. More
and flat. importantly, the ion velocities considered in this work,
We note that an alternative explanation of the shift of thev ,~3—-4 a.u., are close to the matching velocities of target
convoy peak has recently been proposed by Baradgila  core electrons in th&l shell of SnTe(see Table )l Since
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FIG. 14. Doubly differential yield of electrons per impinging
fon in O.3-M_eV,u Li-Sn'_re_coIIisions as a function of th(_a felectron FIG. 15. Doubly differential yield of valence electrons per im-
energy for dlff.ere.nt emission angles W'th. reSp?Ct.tO){m('s' total pinging ion in 0.3-MeW Li-SnTe collisions as a function of the
yield (thick solld_llne), valence electronghin SO|Id. line, core elec- electron energy for different emission angles.
trons (dashed ling electrons that were transiently captured to
bound states of the ionslashed dotted line broad convoy peak originating from valence electréFigs.

14 and 15 results from this multiple-scattering sequence.
direct electron capture from target states into low-lying con- Multiple scattering is also important in other regions of
tinuum states of the projectile relies on the overlap of thethe ejected electron spectrum, for example, for emission of
momentum distributions of projectile and target std#H,  energetic valence electrons at large andfeig. 15. They
core electrons in thdl shell are strongly favored in complete originate from binary encounter electrons, which are first
analogy to electron capture in atom collisiofsee, e.g., emitted towards the inside of the solid and are subsequently
[42]). By contrast, direct ionization of valence electrons intoscattered at target cores. At an emission angle of 60°, this
states with velocities .~ v, is very unlikely since the initial ~ pathway to electron emission gives rise to a shoulder in the
velocities of electrons in the valence band, which are smallegnergy distribution of ejected valence electrons at an energy
than the Fermi velocityy(z~ 0.9 a.u), are small compared to that is larger than that of the direct binary peak at the same
vp. In other collision systems, emission of valence or con-angle [i.e., 211r2,0052(60°)]. A similar effect has been ob-
duction electrons may dominate, e.g., collisions at lower veserved in transmission experimef#!]. Furthermore, mul-
locities [13] or experiments involving lighter target atoms tiple scattering is responsible for ionizing core electrons,
such as pyrolytic graphite surface3]. The latter target has which are transiently captured to bound states of the projec-
only two core electrons per atom, which are very tightlytile contributing 10—20% of the convoy yield.
bound and possess orbital velocities-e6 a.u. Therefore, In Fig. 16 we compare the results of our simulation,
experiments involving ions with a few hundred keMéner-  summed over all contributions from the core and valence
gies will predominantly ionize valence electrons resulting inelectrons, with measurements for the triply differential yield
a pronounced binary peak. of ejected electrons. Our simulation predicts a pronounced

While direct excitation of a valence electron into convoy convoy electron peak that is considerably shifted to energies
states is quite unlikely, valence electrons may eventually entiirger than the nominal convoy peak eneifghg;=1. The
up in the region of the convoy peak as a consequence gieak position and width are in reasonable agreement with
electron transport, i.e., multiple scattering. Loosely speakingexperiment but the calculated shifts are slightly larger than
this process is analogous to Thomas scattering in ion-atorihe experimental ones. At present, the origin of this discrep-
collisions, in which electron capture of a quasi-free-electrorancy is not well understood.
takes place by a double-scattering sequence, first at the pro- The calculations in Fig. 16 consist of a weighted average
jectile and subsequently at the target. In the present case, tioé the spectra obtained for Li, Li2*, and Li** ions (Fig.
two scattering events are separated in time and space add). These fractions foQ,=1,2,3 are 10%, 65%, and 25%
take place on the energy shell. The second scattering centat 0.2 MeVLl, 4%, 48%, and 48% at 0.3 MeW/ and 0%,
is provided by the array of target nuclei in the surface. The25%, and 75% at 0.5 Me\/ respectively. Because the yield
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05 10 15 20 25 30 35 40 45 experiment is that the calculated yields are about an order of
E/E: magnitude larger than the measurements. We estimate our
1

yields to be accurate to within a factor ef3. At this mo-

FIG. 16. Triply differential yield of electrons emitted a&=98  ment, no convincing explanation can be put forward to rec-
mrad in the &,z) plane in a solid angle of 100100 mrad result-  oncile this discrepancy. Experiments currently underway at
ing from the interaction of 0.2-, 0.3-, 0.5-MeW/Li ions with ~ORNL using Si target§16] may shed some light on the
SnT€001): calculated total yieldsolid lines, calculated yield of —absolute convoy yields in the near future.
valence electron&lashed lines and experimenfopen circles The
experimental datf24] have been normalized to theory. The calcu-
lated and experimentally estimated yields per ion within the full
width at half maximum are given by, and Y,y respectively. VI]. CONCLUDING REMARKS

In this work we have introduced a classical trajectory
of convoy electrons is proportional @)(y=2), the relative  Monte Carlo approach to describe the emission of fast ki-
contribution of the highest charge state is favored. The connetic electrons«.>2v¢) in fast glancing-angle ion-surface
voy peak forQ,=2 (Fig. 17 is less shifted than that for collisions. The present theory differs from previous ap-
Qp=3, which is a consequence of the fact the image potenproaches in thati) we include both core and valence elec-
tial is proportional toQ, . The present simulation features a trons in our microscopic treatment on equal footing &ind
relatively weakQ, dependence. The first proposed model ofwe explicitly treat the transport and multiple scattering of
convoy electron acceleration predicted a shift proportional talectrons near the surface. This allows us to calculate abso-
(Qp—1) [9]. The present simulation does not follow this lute yields of electrons and to evaluate the relative contribu-
dependence and it even predicts a shift@y=1 that dis- tion of the different sources of electrons as well as to analyze
agrees with experimental findings for protons. Thus, thethe relative importance of the different microscopic pro-
simulation appears to somewhat overestimate the shift of theesses electrons undergo prior to emission. Our results for
CEP (see also Fig. 16 the shape of the convoy electron peak at forward emission

Absolute yields of ejected electrons would provide a veryangles are found to be in reasonable agreement with recent
sensitive and critical test of theoretical models. Unfortu-experiments. However, there is a sizable discrepancy in the
nately, no published data for absolute convoy electron yieldabsolute yields of convoy electrons from ion-surface colli-
are available in the literature because several aspects affecions that remains to be understood.
ing the normalization of the experimental yields are not well We have shown that the spectrum of ejected electrons
understoode.g., efficiency of the electron spectrometer, ef-exhibits clear signatures of image interactions near the sur-
fective target region that interacts with the incident beamface. Employing the hydrodynamical modd6] for the in-
etc). We have therefore normalized the data in Fig. 16 to theluced potential to treat nonlinear effects in the regime of
calculations. Nevertheless, we can compare our absolutgrong perturbatio®,/v,=1 appears an attractive pathway
yields Y, with preliminary estimates of experimental yields for improvement of the simulation. A realistic quantum me-
kindly provided to ug45] and displayed a¥.,, in Fig. 16.  chanical treatment for convoy electron emission for the
The striking result of the comparison between theory andgresent collision systems remains a major challenge.
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Enog\]ffndd%zlltjgffﬂ d\;sﬁ]liflosnsEvlvs'ignK'g ”&ﬂﬁltaﬂ ‘HM?_Z%?IE"the induced potential is given by the solution of the Poisson
3 'Kim 3 Garéia 'de Abaj’o ;amd R Iéafagiola T ' equation for a moving particle near a “surfacéhe jellium

' T ' ' ' edge, which separates vacuum and a material described by a
dielectric response functioa(k,w). Assuming that the par-
allel and perpendicular velocity components of the particle
A quantity of key importance of the present simulation isSatisfy the relatioy;>v, , the corresponding induced po-

the dyanmic screening potentidl(s,R,,s) from which the tential per unit charge at a positianis given by[33]
self-image potential of the projectile idiq. (14)], the self-
image potential of the electrdrEq. (22)], and the indirect

APPENDIX A: DYNAMIC SCREENING POTENTIALS

V!'(v,29,8) = VL, {0,20,5) + O(—2)O(— o) Vi (v, 20,9),

interaction between the projectile and the electmn, via (A1)
charge density fluctuations in the surfdésg. (21)] can be  with
|
.. 1 (d]K - e(K,w)—1 2e(K,z,0)
! =— | —¢K's SV T A K(ztzg) | gSs\hs @)y,
Veoudv,20,5) 27-rJ’ K e [@(zo) @(z)(es(K,lee 0| +6( z)(Es(K,lee 0)
ZES(K,Zo,(J)) Kz ZES(K,Zo,w)
+@(—ZO) @(Z)(me +®(—Z) GS(K,Z‘FZO,LU)—WGS(K,Z,U)) )
(A2)
V! (J z §):i d_gke'lz'[éJr(Z—Zo)hll L -1 :ij dz_KeiKé[ﬁ (K,z—z w)_e—K\Z—Zo\] (A3)
bulk\“»<0> 2772 k2 e(k,w) 2 K s\ 01 )
and
K dk, ek
e(K,z,w)= (A4)

7] K2+ e(k,w)’

wherew=v-K=uvK,, O(z) is a step function, and we use the notation(K,k,), s=(S,z). We have adopted a coordinate
system moving with velocity (Fig. 1) with the z coordinate of the particle given iz, TheVLu,k component of the induced
potential is the well-known induced potential in the bulk of a s¢84].

If plasmon dispersion along theaxis is neglectedi.e., e(k, )= e(K, ), which impliesey(K,z,0) = e 1K, w)e /4],
the induced potential reduces to

. .1 (dK s [e(Kw)—1 1
[ e | T aKs [ 2T K2 ) | — @ — — —1|e-Kdz+Iz)
Voulv,29,5) 277J K e [(E(K,lee ) O(—29)0(—-2) (K.0) lle , (A5)
VL (520.9) = — LA SR PR (AB)
bullh > 0> 21 ] K e(K, o) '
|
The complete anisotropy of the induced potential near the wﬁv
surface greatly complicates its implementation in a Monte G(w)Zl—m, (A7)

Carlo simulation. A four-dimensional tabulation of the po-

tential would be required to treat a collision for a given im- where w,, = J4mn, is the classical plasma frequency of a
pact energy. For this reason, equatidAd)—(A6) with kK free-electron gas with volume number densifyandy is an
dependent response functions are used only to treat dissipgffective damping constant. For SnTe surfaces the free-
tive processeésee Sec. Il D and Appendix)BOur induced  electron gas corresponds to the valence band with
potentials are instead calculated using a frequency-dependesf,, =0.555 a.u. and/=0.314 a.u. obtained from photoemis-
dielectric function without dispersiofe.g.,[33,36)), sion spectrd26]. Using Eq.(A7),



Wy,
v

VI(0,20,9)= =2V (8 X ,p) + O~ 2O~ 20

X[V+(5p ,Xp ,P‘;)_V+(5p 1Xp ,Pp)]: (AS)

With wg,= wp, /42,

Sap= (n9)
Kop= o X, (A10)
pap= ([ + 2% (ALD
pip= YT (220, (A12)
V' (8,%,p)= O (0ol 5X],p) +O(~X)| Fod = 8/X..p)

4
J4— 82

e 5|X|’Zsin(X\/m/2)H0( o,p)

— 286 M2cog x4~ §212)Gy(8,p)

(A13)

Foid5.X,0) = foxdq%, (A14)
Guloo= [ dar W s
Hul5.0) = Kn(p) - | da, fi:;])nz(ﬂz)z(;z;(iiz;z) ,
(A16)

whereJ,, and K,, denote Bessel and modified Bessel func-

tions, respectively. The gradient of the potential can be easily

expressed in terms of the functios ,F;1,Go,Gy,Ho,
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induced potentials at large distances from the surface. In-
stead, we set the derivatives ldf, and G, to a constant for
P<Pmin With prnin=ve/(3v,). We have verified that our simu-
lation is not sensitive to variations @f,;, to within a factor
of 3 around this value. We also note that an additional loga-
rithmic divergence exists in the gradient of the potential
through the functionFg; in the limits x;—0 and ps—0.
However, in this region, the dynamics is governed by the
stronger singularity of the Coulomb field of the projectile
and this term is negligible.

At large separationd/§' and V. converge to classical
Coulomb-like image interactions

Qp
\% - , (AL17)
pexsypsﬂ+oo \/(Z+|RZ|)2+y2+(X+ ’yvp/wgv)z
VSI _®(Z)_®(_Z)wpv
© |Z|*>+oc 4z Zve”\/4—5p
x| m—2tan? o (A18)
Nr=r

Figure 18 depicts the position of the corresponding image
centers. The dynamic image of the projectile is characterized
by the fact that the image charge lags behind the ion by a
distance that is proportional to the ion velocity. Note, how-
ever, that the picture of Coulomb-like image interactions is
only valid at large separations from the surface. Because of
the choice(A7) for the dielectric function, the image plane
coincides with the jellium edge. We have verified that our
ejected electron spectra are insensitive to changes (b
a.u. in the position of the jellium edge.

Equation(A8) should account for the polarization and di-
electric response of core electrons since small distatiads
the projectile from the top row of surface atoms significantly
contribute. We employ a simple estimate of the polarization
of core electrons in the dynamic screening potential in terms
of an inhomogeneous electron gas with a local plasma fre-
guency[47]

wg(d)=wfw+; 4mppy,(d), (A19)

andH,. Note that the arguments of these functions dependherep,(d) denotes the planar-averaged number density of
only on reduced quantities, which greatly facilitates theirélectrons in the state with quantum numbeys The polar-

tabulation.

Apart from its simplicity, our choice of the local dielectric
function (A7) can be justified by the observation by Garcia
de Abajo and Echeniqud33] that for fast particles
(v>1.%) resulting self-image interactions are in extremely

good agreement with the ones obtained using more elaborate

models. Deviations are expected to occur, howevei\/'ﬁ'g
for x4<0,ps<1. In this region the wake resulting from Eq.
(A7) contains a logarithmic singularity in the limjs—0
due to the modified Bessel function in E@#\16), which is
not present in calculations including dispersi{@3,36. This

singular behavior is frequently circumvented by using a cut-

off at q=v,/ve in the integrals of Eqs(Al4), (Al15), and

(A16), however, at the price of an unphysical behavior of the

ization of core electrons is accounted for usingd) instead
of wy, in VLe. Pitarkeet al. [47] have successfully imple-
mented this approach to explain the anomalously large shift

projectile g electron

IRZ| | Zl

R4 lel

self image of
the electron

jellium edge

2
VPY/ws

projectile image

FIG. 18. Position of image charges at large distances.
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of the radiative electron capture peak observed by \&@d.  and (30), the resulting doubly DIMFP as a function of the
[48] for titanium ions channeled in a gold single crystal. Weenergy and momentum transfers are given by

have determined the electronic densitigs- entering Eq.

(A19) from core states of isolated atoms with Hartree-Fock 2y -1 _
. . d )\i Ze ZQ‘Zl
approximation49]. s _
dQdw ) Q?\?
APPENDIX B: COLLISION KERNELS ™ \/sze_ ( w+ 7)
For the evaluation of the inelastic DIMFH'Egs.(29) and 1-€(Q,w)
(30)], it is straightforward to incorporate dispersion effects Im «O.w) 1 Olon(Q)~w], (B2
into the dielectric response function. This is different from '
the calculation o' (see Appendix A We therefore choose
here the plasmon-pole approximation with dispersion and dz)\i‘l _
single-particle single-hole excitations for valence electrons: ——— = (1—e2qz|)lm( )
dgde vimq €(g,0)
2
w
e(q,w)=1+ Py (B1) XO[on(q)~w]O(-2). (B3)

B2+ 94— w(w+iy)’

where B=vg+/3/5. We use the same dielectric function for  The random vector§| and(§ can be obtained from ran-
)\i’bl and M;l upon replacingy by Q. We point out that at dom values ofq,Q,» and the energy transfer equations

small distances from the surface and speedsomparable w=ﬁ-59—(q2/2) or w=(§~59—(Q2/2). In order to accom-

to the threshold for electron impact excitation of core eleclish an efficient numerical sampling of energy and momen-

trons, contributions from inner shells to the DIMFP, ne-tum transfers we make one additional approximation by ne-

glected in the following, could possibly contribute as well. glecting the recoil ternQ?/2 term inside the square root in
Irrespective of the choice of(q,w), a two-dimensional Eq. (B2). This permits the analytical integration of E@2)

probability distribution must be constructed. From E@8) over .
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