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We present a theoretical analysis of the above-surface neutralization of highly charged ions in front of LiF.
The study is based on the assumption that the dominant electron transfer occurs in the classically allowed
region. Estimates of critical distances and corresponding quantum numbers for capture from an ionic crystal
within the classical-overbarrigfCOB) model are presented, which differ considerably from corresponding
results for metals. The role of the dielectric response of LiF is investigated. In addition, classical-trajectory
simulations are performed for a slow highly charged ion approaching an insulator. It is shown that capture
effectively begins~ 3 a.u. closer to the surface than estimated from the COB model. This correction can be
incorporated into a modified COB model. The energy gain for grazing incidence ions is obtained using a
staircase model which includes the deceleration due to charge-up of the si&b080-294{7)08503-X

PACS numbegps): 34.50.Dy, 34.70te, 79.20.Rf

[. INTRODUCTION ergy gain. It also indicated that the atom remains hollow
above the surface, i.e., the relaxation to the neutral ground
The interaction of slow highly charged iotisliCls) with ~ state takes place only in close collisions with surface and
metal surfaces has been extensively studied, experimentalljelow-surface layers of the solid.
as well as theoretically, over the past few yedrs4], stimu- Current experimental studies of HCls impinging on insu-
lated by the development of modern high current ionlator surfaces[5-11] seek to understand differences and
sources. More recently, there has been an increased intergémilarities with the neutralization of HCIs near metals. In-
in HCls impinging on insulator surfacg§—11], in particu-  sulators have a narrow valence band, a large work function
lar, LiF. Possible technological applications include etchingW, and a wide band gap. In the case of LiF, which we
of surfaces of insulators and semiconductors with slow HCIsfocus on in the followingA even exceeds the work function
which could be useful in the fabrication of microelectronic (A>W) extending into the positive-energy continuum. Fur-
devices and nanostructures. thermore, the dielectric response of a LiF surface strongly
The microscopic processes involved during the interactiordliffers from that of a metal. First experimental results for
of HCIs with surfaces are of many-body nature and includeHCls incident on LiF have shown both similarities and dif-
multielectron transitions. From numerous studies of electrorierences to metals which are not yet well understood: the
yields, soft x-ray emission, and scattered ions, the followingmage energy gain in grazing incidence scattering was found
scenario for the neutralization of HCIs near metals hago be similar to that of metalls,6]. However, theKLL Au-
emerged: As the HCI approaches the surface, it induces ger peak with the minimal population, signifying the hol-
rearrangement of the electron density in the sdlid., an  low atom formation by above-surface neutralization for met-
“image”) which, in turn, accelerates the ion towards theals, was found to be missiny/], suggesting that hollow-
surface. This is known as image acceleration and the resulatom formation is suppressed. Recent experiments on a
ing energy change as image energy gain. As soon as thdifferent type of insulator, Sig@, suggest, on the other hand,
potential barrier separating the electronic motion in the surhollow-ion formation[11].
face and in the ion becomes lower than the Fermi edge, The present work attempts a theoretical description of the
electrons are transferred in classical-overba(@®B) tran-  interaction between HCIs and insulator surfaces, more spe-
sitions between the metal and the ion. Under barrier transieifically, ionic crystals with applications to LiF. Our analysis
tions (tunneling have been found to be negligiblg,4] for =~ makes use of realistic electronic potentials near an insulator
slow HCls, with typical interaction times around10 4s.  whose response is treated using the experimental frequency-
The interaction time is determined by the inverse perpendependent dielectric function. Results for the first capture of
dicular velocity of the HCI, which has a lower bound given an electron from the surface into an HCI are presented. We
by the image energy gain. The neutralization occurs by elecdescribe the charge transfer in terms of the classical-
tron transfer into highly excited levels of the ion, leading to overbarriefCOB) model modified for insulator surfaces and
the formation of so-called “hollow atoms.” A COB model, give critical distance®k, for the onset of electron capture
which was originally developed for ion-atom collisiofi2—  and criticaln quantum numbers)., for the projectile state
14], was extended and used for HCI-metal surface interacthe first electron is captured into. In addition, we have devel-
tions[2—4]. In spite of its inherent simplifications the COB oped a classical-trajectory Monte Cal@TMC) approach
model could explain the transient above-surface neutralizg-16,17] for this problem. In our classical-trajectory simula-
tion of an HCI near a metal, in particular the above-surfacdion the evolution of an electron, originating in a localized
component of th& Auger emissiorf15] and the image en- state in F, is followed during its removal from the LiF
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i z representing the polarization potenthm(F), which de-
scribes the interaction between the electron and the halide

HCI (R_,R_,R) atom; the Madelung potentiMM(F), which is the interaction
® X’y Tz between the electron and the ionic lattice of the crystal,

VSC(F), which accounts for the screening of the localized
positive charge left in the surface; ang'(z), the interaction
between the electron and its own image.

The attractive potential determining the affinity of lean

(x,y.2) £

Lit F be described by the induced polarization potential,
[ ]
- — Upol
V(N = —=—, @)
X o - y poil) 2(|r]?+c?)?

where ap,=5.1 a.u. is the dipole polarizability of the F

atom[18] andc serves as a “cutoff” for smallr|. Equation
(3) leads to the correct asymptotic behavior

FIG. 1. Sketch of the coordinate system with the origin at an
F~ ion in the LiF surface. The filled circles in the surface are F
ions and the open circles Liions. The projectile is positioned at
(R«,Ry,R,) outside the ionic crystal while the active electron has
coordinates X,y,z). The nearest-neighbor distanffer LiF(100) lim V (F)= ~ %pol ()
the distance between Li and F the crystal is denoted witt. pol 2|r]*

Ir|—c

crystal due to the presence of the HCI. From the CTMCat large distances. The valwe=0.5664 a.u. is obtained by
simulation we obtain estimates of capture and loss betweegplving the one-electron Schitimger equation withV/,o;
the HCIand LiF. While this simulation is garr_ied out only such that the eigenenergy of an electron with angu|ar mo-
for the first electron transfer of the neutralization sequencementum| =1 (the outermost electron in Fis in a 2 or-
the present results are used to extrapolate to the compleftal) is equal to the electron affinity of the Fion in
neutralization sequence for grazing incidence. This permitgacyum,E= —0.125 a.u[18].
an estimate of the image energy gain for HCIs approaching a The electrostatic interaction in an ionic crystal is a sum of
LiF surface at graZ|ng incidence. In the calculation of theCOu|0mb potentia's between negative|y Charged and posi_
total energy change of the HCI we also account for the detively charged ions. This so-called Madelung potential, at an
celeration caused by the charge-up of the surface from Sggic site in the crystal, can be written asMq2/d, where
quential removal of electrons. Differences to metallic targets, qo is the charge of the iong] is the nearest-neighbor
in terms of velocity and charge dependencies are analyzedpacing in the crystal, andl is called a Madelung constant
In the following, atomic units are utilized unless otherW|se[19_2]]_ While d is specific for each crystati=3.8 a.u. for
stated. LiF), M is specific for each crystatructure For crystals
with NaCl structure(such as LiF M=1.75 in the bulk and
Il. THE ELECTRONIC SURFACE POTENTIAL 1.68 at the surfacfor a (100) surfacd [20]. In calculations

o . . of equilibrium properties for alkali halides Wargg al. [22]
A realistic surface potential for an electron crossing the;ccounted for effects of fractional ionicity.e., go<1). By

barrier between an ion and an ionic crystal can be written agomparing the theoretical results with experimental values,
they concluded that for Lifgy= = 0.86.
V(r,R)= V() + Vi (r,R)+ V(T R), (1) Here, the Madelung sum is the sum of the Coulomb in-
teractions between an electron with an effective charge
WhereF=(x,y,z) is the position of the electron, witk and g(z) at a positiorr (which lies, in general, oufside the crys-
y parallel to the surface arzl perpendicular to the surface, tal) and the ions in the crystal at positior&, and with
and ﬁZ(Rx,Ry,Rz) is the position of the projectildan chargesZ,= ﬂ_:q(_z). The origin of the electron is assumed to
HCI). The origin of the coordinate system is chosen at € at an F ion in the surface ®,=0) and the Madelung
halide ion in the surfacéF ~ in LiF). A sketch of the geom- Potential is
etry is given in Fig. 1. Although the following is valid for
any ionic crystal, the discussion will focus on LiF. Vi (F) = q(2)Z 5
In Eqg. (1) the interaction between the eLec}ron and the M R0 [F—Ry|
image of the projectile is given bWLe(r,R), while
V,e(r,R) is the Coulomb interaction between the electron The varying chargej(z) accounts for the fractional ion-
and the projectile itself, an¥,(r) is the electronic surface ICity in the surface ¢=0) as discussed by Warg al.[22].
potential in absence of the perturbation by the HCI. TheVe choose
latter contains four terms,

q(2)=0do+(9.—do)f(2) (6)
V(1) =Vpoi(N) + V(N + Vsl +V5(2), (2 with the limits
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lim[q(z)]=0,=0.86, lim[q(z2)]=0.=1 (7) of critical distances for capture, because of the dominance of
z—0 z—o the Madelung potential over the image contributions.
] Equation (10) can be solved exactly for constant
using e(w)=¢€, which gives
f(z)={1—exp(—22/3)}®* (z=0), f(2)=0 (z<O0).
(8) - = (e=1) Qq(2)
Vel R) =77 =——=— 11

. o (e+D)|r-R|’
It is important that the inclusion of a-dependent charge

g(z) does not introduce any force at the surfage., R ) - )
dq/9z=0 atz=0), and our choice of(z) is consistent with WhereR;=(Ry,Ry,—R,) is the position of the image of the
this criterion. The explicit form of the switching function ion. For a frequency-dependent dielectric function such a

f(z) is not crucial for the conclusions about first capture tofunctional form is only obtained at very large distances and
be drawn later in this work. is known as the “static” or zero-frequency limit

The exact value of the Madelung SLMM(F) should be
calculated for an infinite crystall9-21. However, if suffi-
cient care is taken to ensure convergence, a finite number of
rows and layers can for our purposes be used without signifi-
cant loss of accuracy. As few as about 20 rowsahdy

direction in the surface plaheand around 10 layers—z behavior of the dielectric functioe(w) in the limit «—0,

direction opposite to surface normalre found to be suffi- . t] dist F a{0)] — = while f
cient. It is worth noting that if, for LiF, the electron affinity I.€., at large distances. ror a me a(0)]— while oran
(~ 3.4 eV) is added to the Madelung potentiat8.9 eV) insulator €(0) is finite. The static value of the dielectric
. . y . . . —5 .
one obtains a total removal energy of an electron from LiF O{ugctl?r; ;’f IF:II: trhea‘(‘:he'? alt fr:aqlienclef;:zlg 10,a1'u" IS
12.3 eV which is very close to the experimental work func—_e( ) -1 while the “optical value” o a._u)
tion which is about 12 e\23,24 is €()~1.96[26]. In between these two limitg(w) varies

In an analysis of first capture the long-range behavior O1strongly withw. It should be noted that in the optical limit of

the potentials is of particular interest. For this purpose wdle dielectric response(w) =e(k—0.w), only delocalized
define a function and long-range polarization effects are included. Local per-

turbation of the surface due to the interaction with the HCI
ay(z)=—z, Vy(x=0y=02)/9%z) (9) does not entee(w). It has earlier been argued that for rel-
evant neutralization distances and timeslQ *s =103
for z=0. The asymptotic limit£>1) isay(z)=1, implying  a.u), the w-dependent dielectric functioa(w), rather than
that the long-range behavior of the Madelung potential ighe static limite(0), should be used when calculating the

(e0)-1) Q
2R+ (€(0)F1) [F—R|

Vo, R) (12

A major difference between a metal and an insulator is the

Coulombic, and we also note that by definitiag (0)=0. image potential$27].

In order to calculate the potentialé(r), VS'(z), and The experimental values af(w), as given by Palik and
V'pe(F , ﬁ), it is necessary to treat the dynamic response of thé—lunter[zs], are well represented by
crystal through the inclusion of a frequency-dependent di- 2
electric function. The standard expressiph25], derived — e(0)+ — €0 @ 13
within linear response and the specular reflection model, for e(w)=€(0) +{e() ~ el )}w(w+iy)—w§’ (13

the image potential induced by the ion with cha@eand
experienced by an electron with chargéz) above the sur- where ¢(0) is the static value and(=) the optical value.

face >0) is The dielectric function(13) has a resonancelike behavior
R where the resonance is positionedegtand has a widthy.
Vpo(r.R) The real part and imaginary part e{w) are displayed in
2 (o5 ot) Figs. 4a) and 2b), respectively. The theoretical values are
~ Qu(2) dﬁf 4o 228 P ew) -1 obtained from Eq.(13) using wy=1.39x10 2 a.u. and
" 277 K a2 L)+ 1) y=9.0x10"° a.u.

We analyze the dependence of the image potentials on
(10 e(w) for different interaction times and neutralization dis-

L L I . tances. To this end, we write the potential in the form
with r=(p,2), k=(K,k,), andv = (v, —v,), wherek is the

wave vector and) is theﬁ velo<:jty of the projectiléwhich lee(Z!RZ)EVLe(X:RX!y: Ry.ZR,)

follows a trajectory R(t)=vt). Furthermore, w=w

.—IZ-JH, wherew is the frequency entering the dispersion IX(Z,RZ)M (14)
independent dielectric functioe(w). The usage of a dielec- |z+ R,

tric function without dispersiorg(w) = e(k=0,w) results in

the image plane coinciding with the topmost layer of thewhere the dielectric response functigiiz,R,) represents a
crystal. The latter approximation could be eliminated if data“weighted” value of the ratio(e(w)—1)/(e(w)+1) in the
on the dispersion were available. We note that the exact pantegrand of Eq(10) and has, for an insulator, at infinitely
sition of the image plane is not crucial for the determinationlarge distances the static limit



2100 HAGG, REINHOLD, AND BURGDQRFER 55
80 T T 0.9 T T T T
I I static
0.8 =
_ 07 ; / 7
= grazing /
3 —_ | Sl / normal
w 2 06 - incidence, / incidence |
Y o /
~ =
05 .
04 oA
A optical |
[ 03 | | | |
100
s 0! 10° 10 10> 10 10*
80
—_— - (z+Rp) /v (au.)
3 60
» 40 I FIG. 3. Response functiony(z,R,) as a function of
£ L (z+Ry)/v, wherez is the distance between the electron and the
20 surface while the projectile is at distanBg and has a velocity.
0 The solid line is for grazing incidence € |17|||) and the dashed line
: . . is for normal incidencey=|v,|). The upper solid line is the static
-2100_4 — 103 — 102 ol limit {x(z,R,)=[€(0)—1]/[(0)+1]} and the lower solid line is

o (a.u.)

FIG. 2. Dielectric functione(w) for LiF as a function of the

the optical limit{x(z,R,) =[ e() —1]/[ e(*°) +1]}.

of the reduced variablez¢-R,)/v for normal @ =|v,|) as

frequencyw. The squares are experimental values from Palik andvell as grazing ¢ = |UH|) incidence together with the optical

Hunter [26] and the solid line is obtained from Eq13) with
0o=1.39x10"% a.u. and y=9.0x10"° a.u. (a) Real part of
e(w), (b) imaginary part ofe(w).

€(0)—-1

x(2,R;) ——
Z,RZ—>+°C

and static limits ofy. We note that for the first capture
(z+R,) is usually of the order of 10 a.u.. In grazing inci-
dence measurements of the image energy gain the parallel
velocity is typically in the 0.1 a.u. range which yields
(z+R,)/v~10. In normal incidence measurements typical
perpendicular velocities are of the order of 0.01 a.u. and
(z+R,)/v~10°. From Fig. 3 it is clear that in this region

We note that the limits of the response are given byl(Z+R,)/v~10°—10°] the fluctuations ok(w) strongly af-

0=<y=1 where the upper limix=1 is reached for a metal.

For finitez andR,, yx is given by
lee(za R)|z+R,|
Qa(2)

In this work we treat two cases: grazing inciden@aite

JH, v,—0) and normal incidencez;(|—>0, finitev,). In the
former case Eq(10) becomegd?25]

x(Z.R,)= (16)

Vi R Qq 2) (5510 K2+ IR
E(K)-JH)—].
X[ E(K)'l;|)+l], @

while in the latter case Eq410) becomes
Ve, R)=Q0(2) fo dKJg(Kp)e K *IR:D

[e(iK|vz|)—1]

e(iKlv,)+1 (18)

The response functiog, governing the image potentials,

fects the shape o§(z,R,) and neither the static nor the
optical limit are good approximations.

The self-image potential for the electron, entering the
electronic surface potenti@Eq. (2)], is given in terms ofy

by

(19

qz(z))
4z )’

V§'<z)=x<z,Rz=z>( -

The localized positive charge in the surface, produced by
the transfer of the electron to the HCI, is screened by the
dynamic response. This contribution to the electronic surface
potential in Eq.(2) is

sc(r) | |aM(Z)X(Z O)C] (2), (20
with the correct asymptotic behavior
z,0
Iim[VSC(x=0,y=0,z)]=X(Z ). 21)

Z—

The lattice and the surrounding electron cloud are polarized

behaves differently for the cases of normal incidence and@nd this is accounted for by the screening potentialr).

grazing incidence. In Fig. 3 we displgyz,R,) as a function

Near the surfacé’sc(r) approximates the Mott-Littleton in-
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FIG. 4. Functiona(z) in Eq. (22) for LiF (solid ling), the cor- z(a.u)

responding functiomy,(z) for the Madelung potentigdotted ling,
and the asymptotic form..=1— x(z,0)+ x(z,2)/4 (dashed lingas FIG. 5. Electronic potentiaV/(z,R,) calculated from Eq(24)
a function ofz, the distance between the electron and the sun‘acefOr grazing incidence with veIocit},JH|:O.1 a.u., charg®=6, and

positionR,=12 a.u. The total potential as well as its six contribu-

teraction[28]. The inclusion ofay(z) in Eg. (20) does not tions are <hown.

only preventV¢(0,0,2) from diverging close to the surface
(z—0) but also ensures that for a metal1) the contri-  projectile is located on top of the lattice site of the halide, i.e.
bution from the interaction with a crystal surface, along thez axis in our coordinate system. Along the line
Vu+Vse, vanishes. We note that in Eq. (19) as well as r=(0,02), with R=(0,0,R,) the potentialV(r,R) can be
Eq. (21) should be related to the time dependence of theimpiified to
charge transfer, as determined by the local velocity of the
electron. Since this is presently not feasible, we choose the
velocity of the projectile which provides an estimate for the
relevant time scale.

The asymptotic behavior of(r) is of particular interest 1 2 Qa(z) Qa2

; . " . X(2,2)9%(2) + x(z,R,) —

for analytic estimates of critical distances for charge transfer. 4z IR +2  |R,—Z]
To this end we define a functica(z) such that

0 a 2
VR)=— 5 - MO 1 (2.0

__@Jr R Qa(z)  Qq(2)
a(z)=—zVe(x=0y=02). (22 Tz X(z, Z)|Rz+z| IR,—2|

(24)

The functiona(z) for a LiF crystal is displayed in Fig. 4 The potential in Eq(24) is shown in Fig. 5 for grazing
together with the corresponding function for the Madelungincidence with velociMJH|=0.1 a.u. and charg®=6 po-
potential, ay(z) [Eq. (9)], and the asymptotic form sjtioned atR,= 12 a.u. outside the surface. The breakdown of
lim,_.{a(z)}=a,=1-x(z,R,=0)+x(z,R,=2)/4. The the potential into its six contributions is also displayed. It is
x-dependent behavior of the functi@{z) for insulators is  clear from Fig. 5 that the shape of the total potential is domi-
quite different from the case of a metal for whigh-1 and  ,5¢eq by the polarization potentivlp0|(F) close to the sur-

a(z)=1/4. For metals the long-range behavior is dominateqace and by the Coulomb potentimpe(F R) close to the

by the electronic self-image while for an insulator the as- "~ . . : o
ymptotic interaction between the electron and the target caRroJeCt"e' The height of the potential at the saddle point is

vary between Coulombic[small dielectric response, @lso affected by the Madelung potenti&);(r) and the im-
a(z)=1] and self-image-like[large dielectric response, age potentialV,(r,R). The small dielectric response re-
a(z)=1/4]. duces the influence of all the image contributions as com-

Finally, in Eq. (1), the Coulomb interaction between the pared to a metal. In particular, the contributiovig(r) and
projectile and the electron is denoted by VSl(z) are small in magnitude. The exact forms \6§(r)
andV3'(z) close to the surface are not known but they must

Vpe(ﬁﬁ)z_?—q(f) (23) approach a finite value foe—0, which we incorporate
Ir—R] through the exponential prefactd¢z). This inclusion does

not significantly affect the shape and the position of the

Fpr sequential capture and distances comparable to the "8addle nor does it alter the long range behavior of the poten-
dius of the charge cloud of previously captured electronsﬂmS

Slater screening should be taken into accq@m,27. Here, The total potentiaV(F, Ifé) is displayed in Fig. 6 in planes

we focus our attention on the first stage of capture. el h ; f f ing incid HCl
The six contributions to the total electronic surface potenParal€ to the su_r acez(fixed) for a grazmg Incidence

tial V(r,R) [Egs.(1) and (2)] have now been explicitly de- atRf(0,0,lz), with charg€®=6 and VeIOC'MU\H:O-l a.u.

scribed. The COB estimate fdR, for first capture will be  In Fig. 6@ we showV(r,R) for z=1.0 a.u., i.e., very close

made for the so-called “top position,” where the to the surface. The dominant contributions &g, (r) and
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At the distance of the first capture, the top of the barrier is

,z=la.. v -
(a), z=la.u ol equal to the shifted target levels,

7 1-05

8 Viz, R)=Er=~W+ = [x(0R)~1]a(0) (29

T6 LT ) where W is the work function. The last term in E¢25),

" 00 00 8 which is absent for a metaj(— 1), describes the shift of the
38 76 76 -3.8 target levels in the field of the projectile. The position of the
(b), z=2.9a.u. saddle ¢,) is obtained from

o NZR)| &) 1daz) dx(z,Ro) Qd(z)

2
0z 2, % B 9z 0z IR+ 24

Qx(zs,R¢) 99(zy)

-1.6 |Rc+2zd 9z
s Qq(2,) Qq(z,)
76 76 o2 X(Z R~ =
R.t+z R.—z
(c). z=8a.u. (Re+2z) (Re—2z5)
0.5 aq(z
__Q Az _ 26
P 0 |Re—z4 oz
- 11 It is important to note that Eq$25) and(26) represent an
" -1.4 implicit relation for R, andzg which must be solved by it-
76 38 05 e 76 eration. In order to compare the solutions with previous re-
0.0 38 00 8 sults for metals, it is useful to make an expansion of these
x (a.u) T 16 a6 OF y (a.u.) expressions in powers o&{/R.) (i.e., in the limit of large
o chargexQ). To zeroth order in%,/R.), Eq. (26) gives
FIG. 6. Electronic potentiaV(r,R), from Eq. (1), in planes 72
parallel to the surface of the crystal. The projectile is at position 7.~R a(zy) (27)
R= = i i ® 9Qb(zs,R:, Q)]
R=(0,0,12) a.u., has charg@=6, and is grazing incident with s e
velocity |JH|:O.1 a.u.(a) Plane atz=1.0 a.u.(b) Plane atz=2.9 h
a.u.(c) Plane az=8.0 a.u. where
; ioni | i oq(z5)
Vu(r) anq the effgct of the ionic genteis in the crys_tal is b(ze,Re,Q) =q(z){1+ x(ze,R)}+ R, s
clearly visible. In Fig. €b) the plane is az=2.9 a.u., which Jz
is the position of the top of the barriéffig. 5). The potential ax(ze R
in Fig. 6(b) has a pronounced minimum at£0, y=0) and X {1 x(z,Re)}— Roq(ze) 2022
the effect of the ionic centers is still visible. In Figich the 0z
potential is shown for=8.0 a.u., i.e., close to the projectile, R2 sa(z)
and, as expected, the shape of the potential is completely 4 (28)
dominated by (7', R). Qz Jz

Neglecting terms of orderz{/R.)? and higher, the critical

Ill. CRITICAL DISTANCES AND ANTUM NUMBER . L
CRITIC STANCES QU UM NU S distance for the onset of capture is given from EZp) by

In the COB model, the neutralization sequence begins at a
critical distanceR,=R. where the barrier between the ion R.~ —| Q{q(z){1— x(zs,R)}+q(0){x(OR.) —1}}
and the surface falls below the highest-lying occupied target W

levels (Fermi edge and the electron transfer becomes clas- q(zo){1+ x(z5,Ry)}

sically allowed. This model implicitly assumes that at + Ja\/a(zs)b(zs,Rc,Q) > Skt 1”
R,=R. the electronic states have become sufficiently polar- b(zs,Re. Q)

ized such that they explore the region of the saddle. In this (29

section we present estimates &g and for quantum num-

bersn. of the levels the electron will be captured into for  Itis important to note that only for a velocity independent
insulators in the “top geometry,” which represents the mostresponsey (such as the optical or static limitand a
favorable configuration for charge transfer. Corrections dug-independent chargg Eq. (29) gives an explicit expression
to the polarization of the @ orbital of F~ and the depen- for R.. For a metaly—1, a(z)=1/4, q(z)=1, and hence
dence on the lateral position with respect to the HCI will beb(zs,R.,Q) =2, which when used in Eq29) give the pre-
discussed in the next section. viously known critical distance for a metpd]:
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FIG. 7. Critical distancéR; for first capture as a function of the
chargeQ of the projectile. The solid line is for LIFW=12.3 V),  tijon of the charge of the projectile. The dashed line is for normal
calculategi from Eq(25), for a grazing incidence projectile with jncigence withjv,|=0.01 a.u. The dotted line is the quantum num-
velocity [v)|=0.1 a.u. The dashed line is for normal incidence with ber n, for gold.
|v,|=0.01 a.u. The dash-dotted line is for LiF from r@ay and

FIG. 8. Critical quantum numben, for first capture as a func-

Setterlind[see Eq.(31)] while the dotted line is for goldW=5.3 Q2 (Q-1/2)
ev). En(Ry)=— W_FTX(RZ!RZ)JFVpM(RZ)
Z
V2Q ay(R,)
Re=~y - (30) - Mé Z{1- Xstat (32
zZ

In Fig. 7 we show the critical distandR. for grazing \yhere the last term, absent for a metal, describes the shift of
incidence withjv||= 0.1 a.u. and for normal incidence with the projectile levels in the crystal field. The expression for
lv|=0.01 a.u. Also given is the critical distance from the energy shift due to the crystal field is valid in the case of
Barany and Setterlind29-31 as well as the critical distance normal incidence while for grazing incidence the lateral dis-
of the COB model for gold4]. Barany and Setterlind29—  placement of the positive charge must be taken into account.
31] have derived a general formula for the critical distanceThe dielectric screening of the hole is given by the static
for capture from metals, semiconductors, and insulators agmit y.,; of the surface response function.

[31] From the condition thaE,, equals the energy of the target
levelsE+ [Eq. (25)] at the point of first capture, the critical
_[2Qe(8i+e—1)]" quantum number follows as

¢ (e+ )W '

(31
Q[1—x(0.R;)1a(0)
Re

+(Q—1/2)X(RC,RC)
2R,

2| W+

where € is a constant dielectric functiofstatic or optical Ne(Re)=Q
limit) andi is the positive charge left behind on the surface.
For our comparison we have chosenl ande=9.1. The
difference between thR.'s for LiF as seen in Fig. 7 can be
explained by two effects. First, the velocity dependent re-
sponse functiory is in this velocity regime |p|=0.1 or _au(Ro)
|v,|=0.01) far from any of the limit{static or optical as Re
discussed earlier. Second, the interaction with the ionic crys-
tal is here treated through a position dependent potentiae note that with a large dielectric responsge—<1) the
—ay(2)/z while Baany and Setterlind use a pure Coulomb correct expressions for a mefdl] can be obtained as special
interaction—1/z. The fact that our calculations for normal cases of Eqs32) and(33).
incidence withv,=0.01 a.u. yield almost identical results to  In Fig. 8 the critical quantum numbey, from Eq. (33) is
those for grazing incidence with;=0.1 a.u. is a coinci- given for LiF and normal incidence withy,/|=0.01 a.u. to-
dence. It is clear from Fig. 7 that the onset of capture occurgether with the corresponding values for Au. Clearly, the
at considerably smaller distances from an insulator like LiFfirst electron captured from LiF ends up in a lower level than
than from a metal like Au. The effect of the much larger the first one captured from Au. Once again the effect of the
work function of LiF dominates over the effect of a smaller larger work function dominates. For grazing incidence at
response functiory. v=0.1 a.u. assuming no lateral displacement, we find that
As the first electron is transferred from the target to thethe resultingn, levels into which the electron is captured are
projectile, it ends up in a level with a critical quantum num- almost identical to the ones in Fig. 8 for normal incidence. It
bern.. Since the effect of a fractional ionicity in the crystal should be noted that the extension of E(9) and (33) to
is negligible far from the surfacgq(R.)=1], the energy multielectron capture is not straightforward: with each addi-
shift of projectile levels can be expressed as tional electron transfer, the corresponding Madelung contri-

+VpoI(Rc)

—-1/2
{1_Xstat}” . (33
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bution changes and depends on the history of previous cap-
ture events, i.e., on the location of lattice sites from which
capture occurred.

IV. CTMC SIMULATIONS

N(Rz)

Unlike metals described by a jellium, the potential surface
in front of a LiF surfacg(Fig. 6) does not possess rotational
symmetry about the surface normal passing through the pro-
jectile position. The lack of symmetry is particularly obvious
when the ion does not approach the surface in a “top” con-
figuration relative to a halide discussed above or when elec-
trons from neighboring sites have already been captured re-
sulting in an anisotropic charge distribution in the surface.
Under these conditions, the normal as well as lateral position
of the saddle point becomes a complicated function of the
ionic position and the “reaction coordinate” for the overbar-
rier transition is no longer a straight line. It is therefore con-
venient to perform classical-trajectory Monte Ca@TMC)
simulations[16,17] for the overbarrier transition. These per-
mit the determination of effective critical distancé®.
(which may turn out to be somewhat different from the esti-
mates given aboyeand projectile binding energie6.e.,

n.). Moreover, they yield capture and loss rates which enter R, (a.u.)

the rate equations for the populations of differarghells in 2

COB simulationd4]. We have therefore performed an elec-  FIG. 9. Number of captured electrohg(R,) for (a) Q=6 and
tron trajectory simulation of capture from a LiF surface to a(b) Q=15 is displayed as solid lines. The number of electrons after
slow approaching HCI. Somewhat similar simulations haveaccounting also for losésee text, Nioi(R,), is shown as dashed
previously been undertaken for metals by Bardsley and Perines. The critical distances given by Hg5) usingW=12.3 eV are
etrante[32]. They calculated, using field-emission theory, indicated by arrows.

the current of electrons produced by the electric field that the

HCI creates at the surface of the metal. To our knowledgesolid lines in Figs. €a) and 9b), respectively. Note, that at
the present simulations are the first treating the time evolusmall distancesl. becomes greater than unity due to capture
tion of valence electrons, initially localized around ionic cen-of electrons from different F sites. In fact, by the time
ters, in the presence of an approaching slow HCI. N.~1, electrons from sites corresponding to a surface sec-

Our calculation is based on a CTMC method in which ation with a diameter of aboutd—8d contribute to electron
restricted microcanonical ensemble of initial conditions rep-capture. We also record the total number of electrons which
resenting the @ electrons of F ions is generated. The elec-is in the vicinity of the projectileN;,:(R,) at a given dis-
trons are in the potentidd, with binding energy&=12.3 eV  tance. The latter number takes into account the competition
and with a classical atomic angular momenturmestricted  between capture and loss. It accounts for the fact that elec-
to [I,I+1] with quantum numbelt=1. In agreement with trons may pass over the saddle back to the surface, if no
the concept of fractional ionicity, the electronic trajectoriesrestrictions on energy matching or blocking of occupied sites
are not completely localized around the F ions but undertaken the insulator surface are imposed. The latter provides,
excursions to the neighboring Li ions. therefore, an estimate for maximum loss effects. Results for

In the simulation presented here, we consider normal inN,.(R,) are also shown in Figs.(8 and 9b), which are
cidence with a constant,=0.004 a.u. This velocity corre- considerably smaller thaN.(R,), indicating that a signifi-
sponds to a typical lower limit set by the image charge accant fraction of electrons is lost. Capture and loss rates can
celeration. We choose the initial positiéy of the projectile  be obtained from the slopes of these curves.
such thatR,>R., i.e., the polarization of the target electron  An important observation refers to the comparison to the
by the incident ion is taken into account. The lateral positionestimate ofR; within the COB model for insulator§Eq.
of the ion is randomized over the crystal and all neighboring(29)], indicated by arrows in Fig. 9. While capture is ener-
F~ ions from which capture is possible are included. As thegetically permitted at the critical distand®;, significant
ion approaches the surface, the position of the electron isapture does not set in until the ion has moved closer to the
monitored. When the electron crosses the top-geometrgurface. In particular, we find that the total number of cap-
saddle ¢>z,) (“first passage’) and thereafter reaches the tured electrons reaches 1 when the ion is about 3 a.u. closer
ion (z>R,), it is counted as captured. At a given value of to the surface than what the COB estimate predicts. This
R,, the number of captured electroNs(R,) is calculated as correction can be related to two effects: the statistically sig-
the ratio of the number of trajectories for which the electronnificant contributions from projectile positions different from
is captured at some point during the simulatibefore the the top position and the finite response time for the polariza-
R,) to the total number of trajectories. tion of the 2o orbital. The latter can be easily interpreted in

The results foN (R,) for Q=6 andQ=15 are shown as terms of classical trajectorig&ig. 10: the initial 2p elec-

N(R,)
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18 ; : : : : : where x is the dielectric response function. The image en-
(a) T (b . ergy gain at the point of first capture is given in terms of the
16} —+ . ionic potential by
14r 1 | Sl Sl Q2
I AEl:\/p (OO)_Vp(Rc):‘]__RCX(RCaRc)- (35
12+ —+
10F 1 For metalsAE} was shown to be the dominant contribu-
-~ tion to the total energy gaidE, which was calculated in a
g st —+ full COB simulation as well as from the so called staircase
Nt model [3,4]. Within the staircase model, the charge is as-
6F T sumed to change instantaneously frogh to Q—1 at
- R.(Q), fromQ—1toQ—2 atR,(Q—1), etc. until complete
4r T neutralization is reached. An implicit assumption of the stair-
i case model is that electron capture proceeds sequentially,
2r T i.e., simultaneous multiple capture plays only a minor role.
I Accordingly, within the staircase model the total energy gain
for a metal is related to the gain at the point of first capture
I by
_2 i | | [ [ 1
4 2 0 2 2 0 2 4

y ) AE=4AE}/3, (36)

FIG. 10. Example of a classical trajectory of an electron as arwhich was shown to be a reasonable approximation to the
HCI with Q=15,v,=0.004 a.u.R,=0.11 a.u.,, an®R,=1.41 a.u.  result of a full simulation, somewhat underestimatixig for
approaches the surfac@) The initial polarization of the classical Q=10 and somewhat overestimatilg for very large
“2p” orbit at a distanceR,~27 a.u. from the surface, antl) the  charge state®=20 [35].
more pronounced polarization followed by the passage over the For an insulator surface we have a different scenario due
saddle into the projectile &,~14.5 a.u. The dashed line shows the {5 the more localized character of the electrons initially
position of the surface, the dotted line tRg coordinate of the ion, bound to the crystal. The charge transfer from the crystal to
and the filled circle inb) indicates the position of the ion. the projectile causes a local charge-up of the surface. The

o o - presence of these positive charges decelerates the HCI
tron is in a low-eccentricity orbifFig. 10@)]. In order to  \yhich, to some extent, counteracts the effect of the subse-
explore the saddle region, the orbit must be significantly pogyent image acceleration. During the interaction time of one
larized. Although transfer is energetically allowed, the elecyc| with the surface the positive charges do not migrate in
tron needs, in addition, enough momentum along the “reacne crystal.
tion” coordinate for barrier crossing. As the strength of the  The total energy change of the HCI approaching the insu-
perturbation increases, the orbit of the electron is eventuallyytor surface is hence
sufficiently polarized to have enough linear momentum in
the required direction to escape along the saff€ilg. 10b)].

As discussed below, this correction to the critical distance for
insulators can be easily incorporated in applications of the . :
COB model to the ener)glgy gainFj to which ngwi” refer to aswhereAED is the energy loss of the ion caused by the local

the modified COB model. These corrections will also affec’[ChEi‘Jrgg'u'?{'h tion that the stai del | lid
conclusions regarding the efficiency of hollow-atom forma- naer the assumption that the staircase model 1S valid we

tion. It should be noted that this correction is specific tol@ve: for an insulator, a total image energy gain of
localized target electrons and does not apply to metals.

AE=AE'+AEP, (37)

Q-1 N2 . .
o (Q—1)7| x(R(Q—1),Re(Q—1))
AE'=AEL+ >, { R(O=1)

V. ENERGY GAIN -1 4
As the HCI approaches the surface it experiences image X(RA(Q—[i+1]),R(Q—[i+1]))
acceleration due to the polarization of the surface. The re- B R(Q—(i+1))

sulting energy gain, which for HCls with low velocities is

considerable, has been measured for insulators as well as The major contribution to the image energy gain is from

metals [5,6,33,34. This experimental image energy gain the trajectory up to the first capturA,E'l. The energy loss

gives information on the distances at which the neutraliza-AED is obtained by a similar staircase approximation where
tion process of the HCI sets in. The projectile image poten- y pp
tial is we cal_culate the sequence of momentum transfgrs_due to the

repulsive force between the instantaneous ionic charge

) Q—i and the charged-up surface with chargeConse-

(39

Q2
4R,

(34) quently, the energy loss due to deceleration is, within the

Vgl(Rz):X(Z:RZ!Rz)<_ .
staircase model,
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AEDzQE_1 — vZ(i)T(i)+—T2(i) T T
=4 |JH| 2M|5H|2 ' ol vi=045au. 1
(39 % Au (staircase)
whereM is the mass of the iomy,(i) is the perpendicular £ 0 Au (first capture) g
velocity which changes with each capture, and §
& 60f > ]
. . . Q 7 g 4
T(i)= Q1 ){1_X(RC(Q__ .0} (i) . (40) s = :/’/f LiF (staircase)
Re(Q—1) 301 o 1
| == T LiF (first capture)
In Eq. (40) the factorsS(i) are given by 0 s S T
. 0 5 10 15 20 25
I .
. D(j.i) Q
SO=2 mio-n+ 07107
! ¢ ' FIG. 11. Image energy gain at the point of first capml@l and
i—-1 D(j,i—1) total gainAE (staircase modglas a function of charg® for gold
— E ~ — T % (41 and LiF. We assume grazing incidence with a parallel velocity of
= R(Q-D+D(Ji—1)] |v)|=0.45 a.u.AE}, dashed linesAE, solid lines.
with provide a measure for the differences in the neutralization
i dynamics of metals and insulators. Figure 12 illustrates the
C _ |5H| dependence for a grazing incidence interaction of a
D] ")—kE:j AR(Q=k). (42) Q=6 ion at LiF and gold surfaces. Results for batk) and

AE are shown together with experimental data. While for a
To find the distanceA Ry (Q— k) the ion travels along the metal the energy gain is expected to be energy independent
surface between two consecutive capture events, i.e., the tw@s long as)|<v), the energy gain is reduced for LiF with
steps of the staircask,andk+ 1, we assume a grazing tra- increasing velocity because of the Varying ionic polarizabil-
jectory. As the ion travels the distancAR(Q—K) ity of the LiF surface. The decelerati_on to some (_axtent weak-
=R (Q—K)—R(Q—(k+1)) along the surface, the dis- €ns the dependence. A more detailed comparison with the
tance to the surface is reduced py data of Authet al. [5] and Yan and Meyef6] is shown in
AR(Q-K)=R,(Q—k)—R.(Q—(k+1)), i.e., the differ- Fig. 13. We also show results for which the correction due to
ence between the critical distances of two adjacent chargéelayed onset of captursee Sec. 1Y is omitted. We find
states. Accordingly, ARH(Q_k):ARC(Q_k”JHVUZ(k)a very good agreement with the data of REG] within _the
o . N : experimental uncertainty when the delay is taken into ac-
‘évgelrgf EhaeL:nzgaérralazt;ggzi(r?(:)iggHL:cglri)é?grlg gegi;erdoirthecount, while the energy gain is lower when this correction is
- i ) _— not included, in better agreement with the data of R8f.
large mass of the ionM ~ 10" a.u) the first term in the sum o ever. the significance of this agreement should be
in Eq. (39 will dominate the deceleration. viewed with caution at present. For example, a small uncer-
In order to evaluate E(37), we use theR; values from  inw in our calculations arises from the fact that the image
Eq. (32),.corre9ted for the shift by 3 a.u. as obtained from theyane has been assumed to be at the topmost layer. Further-
CTMC simulations. In other words, we account for a delaye ore, recent experimental data for the velocity dependence

formation of hollow atoms. These corrected values enter alsgs yhq exit charge state of several neutral atoms and negative
the evaluation ofy. Since bothy andR, are smaller than for

metals at a given charge staf® the effect of the much 20 T
larger work function of LiF is partially compensated. In fact,
for grazing incidence withv| of about 0.1 a.u., the two
counteracting effects of acceleration and deceleration largely
cancel out and the total energy chand& is close to
AE! . We note that the similarities between an insulator and
a metal at this velocity, as discussed in H&f.are, to some
extent, fortuitous. At higher velocities and high charggs
more pronounced differences develop: In Fig. 11 the image

S~ Au (staircase)

Au (first capture) i
(O~ SN. N

.

—_
=)}
T

8 /]

Energy gain (eV)
NS
T
1

LiF (staircase)

energy gain for first captureAE} from Eq. (35), and the L Q=6 LiF (first capture) {
staircase sequence including deceleratiof,from Eq. (37), e

are shown as functions d® for |5|||=0.45 a.u. for LiF, 40,0 0.1 02 0.3 0.4 0.5
together with the corresponding values for Au. The major vy (aw)

difference comes from the difference in work functidifier

LiF W=12.3 eV, for AuW=5.3 eV), which is not compen- FIG. 12. Image energy gain at the point of first captare} ,
sated for to the same extent for higher velocities. and total gaimAE (staircase modgfor grazing incidence as a func-

Our calculations suggest that the study of the velocitytion of the parallel velocity for initial chargeQ=6. The dashed
dependence of the energy gain for a fixed charge state miglibes areAE} and the solid lines arAE.



55 ABOVE-SURFACE NEUTRALIZATION OF SLOW HIGHLY . .. 2107

20 T electron-trajectory simulations have been performed for an
insulator surface showing that the electron transfer is de-
layed, leading to corrections to the formula for critical dis-
. tances for the onset of neutralization.

For grazing incidence we have calculated the image en-
ergy gain using a modified staircase model demonstrating the
- existence of a weak velocity dependence for LiF, due to the
frequency-dependent polarizability of the surface, which is
absent for a metal. The local charge-up of the insulator sur-
face is taken into account as a deceleration of the HCI, which
to some extent weakens the velocity dependence. Under the
assumption that the staircase model is valid we obtain esti-

—_
(=)}
T

Energy Gain (eV)
]

oo
T
|

gl mates of the total energy gain displaying a velocity depen-
0.0 0.1 02 0.3 0.4 0.5 dence. Our calculated values are close to the experimental
vy (au.) results for LiF.

In order to estimate the efficiency of the formation of
= hollow atoms for HCIs impinging on LiF and draw conclu-
v|=v)| for a grazing incidence HCI with initial charg@=6. The  sjons abou LL Auger transitions the complete capture se-
dashed line is the image energy gain at the point of first capturequence needs to be studied in more detail. A major difficulty
AE;, and the solid line the total gaifE (staircase modgl Ex- g the complicated dependence of the potential on the history
perimental values from Yan and Meyg8] are displayed as solid 4t e neytralization sequence, i.e., from which sites previous
squares and the value from Authal. [5] as an open triangle. _The capture events have taken place. The local distribution of the
correction due to the delayed capture onset is inclidgdiuded in microscopic charge-up may be crucial in determining the
the upperllower) curves. efficiency of hollow-atom formation.

FIG. 13. Energy gain for LiF as a function of the velocity
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