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lon-induced kinetic electron emission is commonly attributed to collisions of an energetic projectile with
quasifree electrons, and to the promotion of atomic levels in binary collisions of the projectile with atomic
particles in the solid. The contribution of the promotion processes to the electron emission has been estimated
theoretically for all studied systems from molecular-orbital correlation diagrams. As quasifree electron colli-
sional excitations have a sharp threshold at relatively high velocities of the projectiles, their contribution to the
electron emission at lower impact velocities should be negligible. We will show, however, that the partial
localization of the quasifree electrons due to the presence of the solid surface “washes out” this sharp
threshold. This can lead to one-electron excitations at low impact velocities that may be more significant than
excitations due to promotion. At the lowest impact velocities the electron emission yields conspicuously level
off in some studied cases. Such behavior cannot be reconciled with any existing one-electrofinmolodirhg
the one proposed hereas they all predict a rapid decrease of the electron emission with decreasing impact
velocity. In this paper we interpret the leveling-off of the yield in terms of a many-electron excitation mecha-
nism, based on the assumption of spatial and temporal localizations of electronic excitation in the impact zone.
The models discussed in this paper will be compared with experimental data on kinetic electron emission from
polycrystalline gold bombarded by'CN*, O*, Ne*, N&®, Xe", and Au", with kinetic energies below-15
keV, and perpendicular incidence on the surface.

[. INTRODUCTION gas, and are thereby ejected into the vacduFhis process,

which we will call “electronic KE (eKE)” in this paper, is

When an atomic particle impinges upon a solid surfacesubject to a threshold impact velocity,  below which no

electrons of the solid or of the particle may be excited ancelectron emission should be possible;

emitted into the vacuum. This phenomenon is called particle-
induced electron emissiofPIE)!~3 or ion-induced electron

emission, because most of the relevant experiments were

done with ions as primary particles. If the projectile carries

sufficient potential energy, i.e., if it is a singly charged ion

with higher ionization potential or a multiply charged ion,

ﬁu%ert n?#trallzatllc;n dOf tsucth IprIOJetctlles n_eariatheTigrface;A\u surface would correspond to 60-keV kinetic energy. It is
eads to the so-called potential electron emissieB). This therefore surprising to find considerable KE for 3-keV*Au

process does not require any kinetic projectile energy, and ig,yinging on Au® KE below the impact threshold velocity
often dominant for PIE at very low impact velocity. Another v e Was observed previously for many other collision sys-

contribution to PIE is the so-called kinetic electron emissionems |t has been called “subthreshold KE.” and becomes
(KE), where the most important physical influence is due Ogradually more important for heavier  projec-

the kinetic energy of the impinging particle. KE is subject to tjleg3.7:8

an impact velocity threshold below which no contribution to  Until recently, the only available explanation for the sub-
PIE can occur. Often both PE and KE processes arise due tareshold KE was given in terms of the promotion model for
the impact of a projectile, and it depends on the particulakKE which involves close binary collisions between projec-
projectile-target combination and the impact velocity whichtiles and target atom&r mutual target atom collisiopsat
of the two mechanisms is the more important. or below the surface. These collisions temporarily create
In KE ejected electrons are generated at or below théguasiymolecules in which some electronic levels may be
surface in collisions of the projectile with target atoms, orsufficiently strongly promoted to higher orbital energies, and
directly with the valence electrons of the solichthe most  thus give rise to electron emission in subsequent de-
critical parameter is the projectile velocity. There are twoexcitation step8:° This KE mechanism will be called “pro-
established mechanisms of KE. In the first one the valencenotional KE (pKE)” in our paper. The pKE process is
electrons of the solid become excited in binary collisionscharacterized by a threshold impact veloaiy , or kinetic
with the projectile moving in an idealized Fermi electron energyEy, , which strongly depends on the particular com-
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whereW, Eg, andvg are the work function, the Fermi en-
ergy, and the Fermi velocity of the target, respectively. For
example, the threshold velocity for impact of Aen a clean
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bination of the collision partners. The threshold eneffgy, ~ Systems of Ne-Au, O-Au, N-Au, C-Au, Xe-Au, and Au-Au
can be experimentally determined, and can be theoreticallgre shown in Figs. (8—1(f). Atomic units for distance
estimated from the analysis of molecular-orbit®1O) cor- (1 a.u~0.053nm), energy (1 at.27.2eV) and velocity
relation diagrams. However, nonvanishing KE vyields have(1 a.u~2.18<10° m/s) are used throughout this paper. The
been often observed not only belawy, . but also well below diagrams in Fig. 1 were calculated using the Hartree-Fock
vi,p @nd, thus, in such cases, the subthreshold KE cannot beethod and the computer coOdg8USSIAN 98! As a basis set,
due to the pKE mechanisfri!!? LANL2DZ (Ref. 19 was used for all systems.

It is obvious that the sharp threshold of eKE, defined by The results of the analysis of the MO correlation diagrams
Umhe, IS due to the idealized concept of plane-wave-like freein Figs. (a)-1(f) are summarized in Table I. The identified
electrons and of a particle moving with a constant velocity,promoted diabatic level@pplying Barat-Lichten correlation
which needs to be re-examined. When the electrons are paitdles and the corresponding atomic levels in the separated-
tially localized or the particle does not move along a straightatom (SA) limit are listed in columns 2 and 3. Due to the
trajectory with a constant speed, a smearing out of themall energy splitting at the avoided crossings of ther 14
threshold takes place, and electrons can be emitted at enexnd 1% levels at internuclear distances of1.6 a.u., the
gies below an energy correspondingu@ .. The localiza- atomic levels in the SA limit in Figs. (b)—1(d) were identi-

tion of valence-band electrons can be due to: fied as 3 rather than . The promoted levels merge into
(a) the d-like character of the valence baft, the continuum above the vacuum level at internuclear dis-
(b) the spatial confinement of valence electrons by thdancesr, (column 4. Using the Moliere interatomic poten-

presence of the solid surfate, tial, we estimated the minimal kinetic energy (column 5

(c) the admixture of inner-shell wave functions to the va-required for reaching these internuclear distances. But if we
lence electron wave function by the orthogonalization procetake this energy as an estimate &y, ,, then we must bear
dure. in mind that such values fdgy, , may be strongly underes-

The localized character of valendelectrons was already timated for two main reason§) r is the turning point cor-
used in Ref. 13 to identify the mechanism for KE from graz-responding to the initial enerdy,, and therefore the veloc-
ing collisions of keV protons with a single-crystal Cu sur- ity at this point is zero; andii) E, was estimated only for
face. The electrons are assumed to be excited directly frorhead-on collisions.
the Cud band by several distant collisions of the neutralized In Ref. 12 an attempt was made to evaluate how much
hydrogen projectile. Recently an attempt was made to interthese E, values are underestimated. A semiquantitative
pret the subthreshold KE from Au bombarded by"™Nand  analysis of the relevant avoided crossings was performed,
Ne” (Ref. 12 using a mechanism in which valence electronsand the value foEy, , was calculated for the Ne-Au system.
are partially localizedsemilocalizedl due to their confine-  ThatEy, , value was larger by-60% than theE, value, and
ment by the surface of the solid. This kind of collision in- it depends on the preset criterion for the diabatic character of
volves a nonclassical process with no cutoff velocity butthe relevant avoided crossing. For the purpose of this work
rather a smooth exponential decay toward a low impact vethe E, , values derived fronE, are sufficient, and there is
locity. In this paper we label this KE mechanism asno need for an additional analysis. In some cases the present
“surface-assisted KEsKE).” As will be shown in Sec. IVa  E, ; estimate can be confronted with experiments. In Ref. 16
good fit of the sKE model predictions to the measured KEelectron energy spectra for Xémpact on gold were mea-
yields for the bombardment of clean Au by light projectiles sured for several projectile energies between 0.5 and 8 keV.
Ne®® N*, O, and C could be obtained in the impact Up to 2 keV these spectra remain structureless, but from 3
energy range from a few hundred eV up to 15 keV. How-keV up to 8 keV a bump appeared at an electron energy of
ever, for the collision systems XeAu, and Au-Au,® the  ~7 eV, for which no explanation was provided. It seems
yield shows a gradually slower decay for lower velocities.from our estimate that soméso far unknowh process
This behavior cannot be explained by any of the threemay start up atEy,~2.5keV. The promotion of the
mechanisms for KE mentioned so far, i.e., eKE, pKE, and7go(Au 5d) level can create a vacancy in the Ad fevel,
sKE. In this paper we present a many-electron mechanisihich may be transferred by vacancy sharing into the e 5
for KE in the very low impact velocity regime for explaining |evel. De-excitation of the latter could give rise to the above-
these recent measurements. In the next paragraph we wihentioned spectral feature in the ejected-electron energy dis-
utilize MO correlation diagrams for C-Au, N-Au, O-Au, Ne- tributions. For Au-Au we obtained only an order of magni-
Au, Xe-Au, and Au-Au collisions in order to perform a semi- tude estimate for the value & p -
quantitative analysis for the probability of pKE for these  When speaking about threshold values, it is important to
collision systems. realize that the pKE model in principle does not predict any

sharp threshold as in the case of efgee Eq(1)]. The pKE
involves a nonadiabatic process with an extremely steep de-
[l. ANALYSIS OF MO CORRELATION DIAGRAMS FOR pendence on the impact velocity; it may have a general func-
C-Au, N-Au, O-Au, Ne-Au, Xe-Au, and Au-Au tional dependence of, e.g., expgonst)) with a large value
for the constant in the exponent.

The main reason for the analysis of the respective MO All MO correlation diagrams were calculated for free di-
correlation diagrams in this work is to show that the pKEatomic systems. The influence of the solid on the discussed
model cannot yield sufficient explanation of the KE yield at promotion processes depends on the degree of delocalization
low impact energies, and that there is a need for new KBf molecular levels which form the valence band of the solid.
mechanisms. The MO correlation diagrams for the neutraQualitatively a totally delocalized level means no promotion,
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FIG. 1. Adiabatic molecular-orbitaMO) correlation diagrams for the selected orbital§@fNe-Au (Ref. 12 (b) O-Au, (c) N-Au, (d)
C-Au, (e) Xe-Au, and(f) Au-Au as calculated by the Hartree-Fock method. Solid linesoalevels, dashed lines levels and dotted lines
¢ levels; the levels for the separated-atom limit are indicated on the right-hand side of the diagram. The dotted heavy curve with an arrow
shows the promotion of diabatic levels into continuum. The adiabatic levels are labeled in the MO notation: The lowest orbital of a given
symmetry is numbered 1, and numbering continues in ascending order up to higher energies. For Au-Au an additional notation is used to
indicate the symmetry of the wave functidmgsfor symmetric(“gerade”) andu for asymmetriq“ungerade”) wave functiong Bars on top
of the diagram indicate projectile energies corresponding to the distances of closest approach which can be readxi the



PRB 62 KINETIC ELECTRON EMISSION FROM CLEAN . .. 16 119

Orbital Energy (a.u.)

Orbital Energy (a.u.)

.0
00 05 10 15 20 25 3.0 35 40 45 50

) Internuclear Distance (a.u.)

FIG. 1. (Continued.

TABLE I. Summary of the analysis of MO correlation dia-
grams.

Promoted SA-imit 1,  Ee® Epp® Epe
System diabatic level level in a.u. in keV in keV in keV

Ne-Au 6ho Nezp 0.80 3.0 =>3.0 6.0
O-Au 5fo 0O2s 0.75 28 >28 4.8
N-Au 5fo N2s 0.90 16 >16 4.2
C-Au 5fo C2s 0.95 12 >1.2 3.6
Xe-Au 790 Aubd 150 25 >25 400
Au-Au 8ho Au5d  3.00 0.1 ~1¢¢ 60.0

aAccording to Barat-Lichten correlation rules.

bThe distance of merging of the promoted diabatic level to the
continuum.

“The estimate of the kinetic energy required to just reaghi.e.,

the velocity atrq would be zero for this energy.

9The values forEy,p are underestimateccf. the texy, which is
indicated by “>."”

°An order of magnitude estimate not related to the valu& qaf

is an intermediate case, and can be considered as semilocal-
ized (because of the relatively narrodrband part of the
valence band

As a main result of our semiquantitative analysis of the
MO correlation diagrams, we obtained estimates for the
threshold energies of the pKE procédsslumn 6 in Table ).
For comparison, the values fd, , obtained from Eq(1)
are listed in the last column of Table I. Although our esti-
matedEy, , values are lower than the respectlzg  values,
there are reliable experiments on the above studied sys-
tem$"*® where a substantial subthreshold KE has been ob-
served at still lower energies thaiy, ,. Apparently, neither
the pKE model nor the eKE model can provide a satisfactory
interpretation of these experimental data. We will show in
Sec. IV that our recently suggested sKE mechanism can pro-
vide a reasonable explanation for this subthreshold KE for
the studied collision systems. However, before we start to
discuss the application of the sKE mechanism, we will
briefly describe this model.

Ill. SURFACE-ASSISTED KE

For systems where the difference between the ionization
energy of the projectile and the Fermi energy is small, the
SKE process can be modeled by the dynamic Anderson-
Newns Hamiltonian. Using this formalism, characteristic
features of PIE from Al bombarded by Liwere recently
described’” The advantage of such an approach is that the
empirical parameters used for a description of the electron
emission can be deduced from other ion-surface experi-
mentst’ In the Anderson-Newns Hamiltonian the direct in-
teractionVy, produced by the particle between the occupied
|k’) and the unoccupietk) levels of the continuum is ne-

and a localized level means efficient promotion if there isglected, because it is not directly related to the charge states
enough collisional energy available. This is a consequence aff scattered particles where this description is mostly ap-
the Pauli exclusion principle. Following this reasoning theplied. This interaction may, however, also be responsible for

170 levels in Figs. 1a)—1(d), and the 25, and 14r,, and

the eKE processes, and in many cases should be included. In

140, levels in Figs. 1e) and Xf) were disregarded in the our case the ionization potentials of the projectiles are high,
semiquantitative analysis, because their SA limit is a fullywe neglect any transfer of electrons from the projectiles to

delocalized Au 8 level. The Au &l level of the valence band

the substratéa characteristic of the Anderson-Newns Hamil-
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tonian, and we assume that onl§,, are relevant. The time- where

varying surface interaction is modeled in our approach by the

matrix elements/, . = (k|V(r)|k’), wherek andk’ are the 1 (7 dy
free-electron-like wave functions of the solid avi¢tr) is the H(x)=2m fx o1
perturbing potential caused by the particle. Inside the solid

these matrix elements are responsible for the electronic stojy=¢,,— ¢, and the parameterdescribes the decay dfas
ping at low energies, and depend on time @§V(r  the particle moves away from the soligi should be close to
—v)[k’), wherev is the velocity of the projectile. If the unity in atomic units, and is adjustable in our calculation.
potential is ans scatterer, the matrix element§, are as-  The absolute value of the produstV?, which appears in
sumed to be independent blandk’, i.e., Vi« =V, and the  Egs. (3) and (5), is estimated quantitatively from Eq2)

relation for the stopping power is given By using the Lindhard-ScharflLS) formula'® corrected by the
experimental data or from a more accurate theory for the
d_E:szvzkzv 2) electronic stopping power. Without these corrections the
dx 3 P value of p?V?2 cannot be evaluated with better accuracy than

by a factor of 2. We should also mention that in Ref. 12 a
simplified transmission functiofi(e,)=1/2 was used and
the formula forPgkg contained only the first summand on
the right hand side of Ed5).

We have analyzed how formulé) changes in depen-

wherep is the electronic density of states at the Fermi en
ergy. At the surface of the solid the potentl should
change smoothly from its full value inside the solid to zero
outside the solid. The spatial dependenc®/dfansforms to
the time dependence as the particle moves toward or awa . ) .
from the sur?ace. When the poﬁential is expressed in terms ence on_the shape of f_unctmjm). We toqk a linear combi-
the time, one can calculate the corresponding electronic ej-.lat'on.Of mdented.functlpné@, and optamed a pgllse func-
citation by an approach similar to that used in the calculatio ion with hyperbolic cosine like Ieadlng_ and tr_alllng edges
of the stopping power, and thus a quantification of the resultglnd a flat top. We evaluated E€) for this function on the

is to a certain extent possible. The probability of the electro ﬁéﬂs?éz’azni? dfi(r)ggtcljyt?;t:&?:tégst?yis?rrlz %m\?vrr:?;:b\/,vzlsm%t
excitationPyg above the vacuum level is then given b . : . ’ .
KE g Y derived for a peaklike function. Moreover, these results did

eF not depend on the width of the pulselike function. This leads
J dey. us to the conclusion that if a steplike function is used instead
o of pulselike or peaklike functions, the expression on the
2 right-hand side of Eq(5) should be divided by 2. The step-
©) like functionF is more adequate when the impinging particle
penetrates into the solid, and there remains implanted. There-

wheree, ande,, are energies of the electronic levels in the fore, the final formula for the sKE yield is given by
solid, the indexk denotes a level above the vacuum lexg| 12
and the index’ is a level below the Fermi level- , respec- W
tively. The density of statep is assumed as constant. The 2yv>
factor 2 is due to the spin degeneracy ard,) is the prob-
ability of transmission of an electron into the vacuum over
the barrier of the height equal to,—eg. Then we can as-
sumeT(e,) in the form

Pye= ZPZVZJ de T(gy)

ev

X f F(z(t))e' ek ex)tdt

—aW
Poke=2£p"V? ( In(eZw +1)— 771/2<

W 1/2
Az

2vyv

’ : (6)

where ¢ is a correction factor for the values pfV? which
1 sv—s,:) 1’2} are estimated using the LS theory. In Ref. 12 the fagtoas

T(sk)=§[1—

inside thep?V? value, and the theory was presented for only
one adjustable parameter. For the Ne-Au system this
The potentiaM(t) is expressed as a produ¢E(t), whereV  seemed to be sufficient for fitting the SKE model to the ex-
is the perturbing potential inside the solid, aR¢z(t)) is a  periment. However, for other systems the corrections to the
suitable smooth function which is equal to unity inside theLS values ofp?V? may not be known accurately enough, and
solid and decreases exponentially to zero outside the éolid therefore it is convenient to introdugeas a separate adjust-
is the distance from the surfaceél limiting choice for such  able parameter, which has the meaning of a correction factor
a function is to the LS values 0p2V?. Then the presented sKE model has
two slightly varying (partially predictablg fitting parame-
ters—y and &.

Another important issue is the dependence of the yield

. ) ) . ke on the angle of electron emission and on the angle of
which describes the basic character of the on/off switching 0Ersojectile incidence. Because the angular dependencies of the
the interaction. It provides, after substitution of E4) into

h lution in the f V¢ matrix are not known, and to our knowledge no relevant

Eq. (3), the solution in the form experimental data are available, this problem remains unre-

oW 1/2 1/2 solved at present. _ N

Poe=4p?V? In(e’z:—w 1)— Wl/Z(ﬂ) [( WW) H We should stress that in the sKE model it is assumed for

2yv convenience that only the surface of the solid causes the
(5) semilocalization of the valence electrons. However, as we

Ex—EE

F(t)= @

coshi2yut)’

2yv
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mentioned above, the departure from the free-electron-likelashed lines in Fig. 2 indicate this threshold velocity. The
character of the valence electroitd. points(a) and(c) in  good quantitative agreement for the four light projectile spe-
Sec. || leads to a similar localization and subsequently to acies between theory and experiment for projectile velocities
KE essentially indistinguishable from the one described byoelow vy, indicates that the surface-assisted KE mechanism
Eq. (6) except for a possibly different angular dependence. Irfuggested in Ref. 12 can also explain subthreshold KE for
summary, we list the main assumptions and features of th&€ collision systems other than Ne-Au. The values for the
sKE model. adjustable parameters in the theory, which range frpm
(i) It is a one-electron nonadiabatic model, where the ex=1.35 t0 1.6 a.u. and frol§=1.9 to 2.3, are in reasonable

citation in the solid described by the matrix elemafg, agreement with theoretical expectations. However, the good
plays the dominant role. agreement of the fits according to the sKE model with the

(ii) Due to the presence of the surface, the wave function§XPerimental data still far above bak, e andvy, , does not
for the occupiedk’) level and unoccupietk) level have a mean that the pKE mechanism does not contribute to KE in

semilocalized character which determines the shape of ththis region. One has to realize that all three KE mechanisms
) . . P &re nonadiabatic one-electron processes that cannot be ex-
interaction matrix elemen¥,, .

. i perimentally separated, but could only be distinguished by
(i) The perturbing potential has the ck,\aracter of AN {peir different thresholds, whereas far above the threshold all
scatterer, i.e., it does not depend brand k', and hence ihree of them will be present. The good fit with the sKE
Viw=V. theory in the range fronEy,, up to ~15 keV can mean
(iv) The time-dependent part &f can be modeled by @ eijther an underestimated valuewf,, or that the fitting pa-
hyperbolic cosine function with one adjustable parameter rameters in Eq(6) may be incorrect and thus compensate for
(v) The squared product &f andp (density of statgsis  the missing pKE contribution. To be more specific, when
proportional tod E/dx (electronic stopping power in the tar- characterizing the pKE model as a one-electron process we
get bulk. It is estimated from the Lindhard-Scharff theory regarded only one excitation path for this mechanism,

and corrected by the second adjustable parangeter namely, direct promotion of the diabatic level into the con-
(vi) This model does not predict any threshold impacttinuum with one-step autoionization. Another excitation path
velocity for KE. involves creation of a core-level vacancy followed by Auger
(vii) The angular dependence of the model remains to bée-excitation, which is a two-step mechanism with a two-
clarified. electron process as the second step.
(viii) The transfer of excited electrons into the vacuum is For the heavier collision systems Xéu and Au’-Au a
represented by (&,) defined above. clear discrepancy between predictions of the one-electron
(ix) The secondary electron excitation is neglected. theories and the experimental data is observed. Taking into

consideration the constraints for the parameteasid y, no
good fit of the sKE model predictions to the low impact

IV. APPLICATION OF THE sKE MODEL energy range shown in Figs(e? and 2f) can be made. For
TO EXPERIMENTAL DATA ON Ne *-Au, Ne%Au, these fits(solid heavy ling, Eq. (6) was used. The fitting
O*-Au, N*-Au, C*-Au, Xe™-Au, and Au™-Au parameters arg=2.0 and 1.5 and=0.55 and 0.28 for the

Xe-Au and Au-Au systems, respectively. We conclude that

Results of our calculations of the total KE yield from neijther the sKE model nor any other one-electron model
Au bombarded by N&", O*, N*, C*, Xe", and Au" are  mentioned so far can explain the occurrence of subthreshold
shown in Figs. 2a)—2(f) together with the respective experi- KE in the very low impact velocity region where the KE
mental datd:** In all experiments the incidence of the pro- yield y,e depends only very weakly on the impact velocity
jectiles was perpendicular to the surface. The solid circlesind actually almost levels off. In Sec. V our model for inter-
represent KE vyields for the singly charged projectiles. Forpreting these very low impact velocity KE daftshown in
Ne®™ impact, these data were derived from the measureigs. 2e) and 2f)] will be introduced.
total PIE yields in Ref. 7 by subtracting a PE contribution, as
explained in Ref. 20, whereas for impact of neutral pro- V. MANY-ELECTRON SURFACE-ASSISTED KE
jectiles N& the KE yield is as directly measurétiThe car-

s A . w me that electronic excitation i inar
bon atom has a sufficiently low first ionization potential to e assume that electronic excitation is caused by binary

collisions of the moving projectile with free-electron-gas

neg'le'ct any PE for C |mpa_ct. For G-Au and N'"-Au electrons in the target. We further assume that these colli-
collision systems, the PE yields are expected to be V€l¥ions occur only close to or right at the surface, i.e., a

ignnﬂ:agpeddthus no large error is made if total KE yields are(semblocalization of the electron wave functions of the solid
The solid heavy lines give the respective theoretical re—due to the presence of the surfacg, as for.the .SKE iddel.
sults from our sKE model. The input parameters for &) The energy deposited by a moving partlcle in the free-
areW=5 eV for all six collision systems, anp?V?=29.8, electron gas near the surface s then given by
22.8, 5.4, 4.4, 3.8, and 3.@he LS valuesfor the Au-Au, oo [* eF
Xe-Au, Ne-Au, O-Au, N-Au, and C-Au, respectively. E=p°V f dskf_wdsk'(sk_sk')
For lighter systems best fits to the experimental data were °F
obtained fory=1.45, 1.6, 1.55, and 1.35 arg=1.9, 2.2,
2.1, and 2.3 for the systems Ne-Au, O-Au, N-Au, and C-Au, X
respectively. These fits are satisfactory up-tbd5 keV for all
four collision systems, which shows that our model may also After substitution of Eq.(4) into Eq. (7) we obtain the
be relevant above the threshold velocity, .. The vertical — analytical solutionE=%7p?V2yv. If for F we take a step-

2

f " F(t)ee st (@)
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FIG. 2. KE yieldsyg for the collision systemé) Ne®"-Au (Ref. 12, (b) O"-Au, (c) N*-Au, (d) C*-Au, (e) Xe™-Au, and(f) Au*-Au
in dependence on the inverse impact velocity. Solid circles represent the experimental data for singly charged piRgfstil@s8, and
open circles in(a) for the N& projectiles(Ref. 11. The solid lines are the result of calculations based on(Eq.with the parameters
described in the text. The vertical dashed line defines the beginning of the subthreshold velocityurggi@¥x 10° m/s or 0.11 a.).
Impact energies corresponding to selected impact velocities oxdies are indicated by arrows on top of the figures. The dotted lines in
Figs. 2e) and 2f) represent our fits using E¢L3), with parameters as explained in the text.

like function instead of a peaklike one, with a similar shapeThis energy is redistributed among the excited electrons by
for switching on as in Eq(4), the solution forE should be the distribution function

divided by 2. The total energy deposited at the surface in the

form of electron-hole excitation of the Fermi gas is then wp2V? 1

given by P(ew)= Yo em2m)eer) 41 ©

E= < mp?V2y. ) This function reminds us of the Fermi-Dirac distribution,

3 where instead of the temperature a parameter/zr is used
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> > 3 % ais a function ofv ande is a new parameter. For very small
Q . e . .

r x 3 8 impact velocities the latter part dominates, and must yield
I

-1 —8keV
1 —3keV
-1 —2keV

the total deposited enerd¥q. (8)] at the lowest impact ve-
locities. Then the functioa can be found from the equation

” —(e—ep)le —_ 77 2\/2
a(v)e Pk *F O(SK—SF)dsk—gp Veyv, (10
eF

where only one-half ot from Eq. (8) is on the right-hand
side of Eq.(10), because the integral in E¢L0) includes
only the excitation for electrons, whereas E&). covers both
electrons and holes. The functians then given by

mp?V2yu
10 YT T 7T T T T T T T T T 382
0 20 40 60 80 100 120 140 160 180 0
©) 1N (a.u.) Finally, the redistributed energy distribution for electron-
hole excitation is

a(v)= (11

T 1 7YV

-1—10 keV
— 5keV
4 —2keV
-1 keV

P(ey) = p?V?

_ + e (ek—er)eo |
T T T T 7 T "3 Y glm2yo)(ek—er) 4 1 38%

IWWATT

(12

wheree can be interpreted as a parameter characterizing the
width of the energy distribution of the redistributed part of
the excited electrons. The parametgr probably increases
slightly with increasingy as in the model described in Ref.
21. However, because the mechanism of the energy redistri-
bution is not precisely known, for simplicity we assumg
=const. For small velocities the parameigris larger than
] the energy uncertainty /7, and the second term on the
——————— right-hand side of Eq(12) will dominate. For larger veloci-
60 80 100 120 140 160 180 ties, on the other hand, the first term on the right-hand side of
) 1/ (a.u.) Eqg. (12) will be dominant. As Eq(12) is not properly nor-
malized, it gives slightly higher values at intermediate ener-
FIG. 2. (Continued. gies. Multiplying Eq.(12) by T(e) and integrating oveg
from g, to « gives an equation for the electron emission
which characterizes the broadening of the electron energyield:
distribution due to the Heisenberg uncertainty principle. If W AW\ 12 [ ) 172
Eq. (9) is multiplied by T(ey) and integrated oves, from  p_ = 2§p2V2[ In(ezw + 1)_771/2(_> |[(_) }
ey to », one obtains Eq(6) with é&=1. We have already 2yv 2yv

=
<,
ul

shown in Sec. IV that the experimental data in Figg) 2nd o W W\ /2 W\ 112
2(f) at very low impact energy cannot be well fitted by Eq.  + ——| e 5,— 771’2(—) erfc( —) ) ] : (13
(6), which corresponds to energy distributié® multiplied 6eo o €o

by T(ex), because this energy distribution is too narrow towhereerfc(x)is the complementary error function. The inte-
explain the KE induced by slow heavy particles. In order togration itself yields a formula withou (i.e., with é=1). The
interpret these experimental data, we must suppose that tlfe parameter has to be introduced for fitting as
distribution of the excited electrorer at least a part of jtis  in case of Eq(6) because the?V? value cannot be predic-
broadened. A possible source of the,) broadening is ted with better accuracy than by a factor 2. Equation
electron-electror(e-e interaction. The key assumption for (13) can be directly compared with the measured electron
suche-einteraction to be relevant is the localization of the yields.
electronic excitation in the impact zone. If the particle is The many-electron model proposed here can also be
slow enough, its passage through the surface takes a compaewed as an extension of the one-electron sKE model, since
rably long time, and the perturbation of the Fermi gas neafor £,=0 Eq. (13) reduces to Eq(6). This mechanism in-
the surface of the solid will last accordingly londeome f$,  cludes a many-electron process for redistribution of the ex-
which may be sufficient for electrons to be energetically re-citation energy. We label this model mKE.
distributed througte-einteraction. Thise-einteraction, how- As for the sKE mechanism, the angular dependence of the
ever, does not change the amount of engkyy. (8)] depos- mKE model remains open. Let us summarize the main as-
ited by the projectile at the surface. Further we assume thaiumptions and features of this model.
the redistributed energy distribution consists of two parts. (i) It is a parametric many-electron model.

The first part is equivalent to E9), and the second part (i) First the electrons are excited by a one-electron exci-
is assumed to have the forma(v)exd —(ex—eg)/eo), where  tation process described by the sKE mechanism, i.e., the
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model involves the same shaf@hyperbolic cosine function VIl. CONCLUSIONS

with parametery) and charactefs scatterer of the matrix ) )
elementV,, , and the same semilocalization of the electron W& have shown that a mechanism of surface-assisted KE

wave functions|ky and |k') due to their spatial constraint (SKE) can explain experimental observations in the sub-
imposed by the surface. threshold velocity region for KE from clean polycrystalline
(il ) Due to the slow passage of the projectile through theAu bombarded by N&", OF, N*, and C". Because the
surface, this excitation can remain localized for a sufficientlyexcited electrons originate from the valence band of the
long time (~ 10 *°>~10 '*s) in the impact zone at the target solid, this mechanism is related to the electronic stopping
surface, during which time fast electron-electron interactiongpower. However, the main difference is that the sKE mecha-
(with a time constant of~10 '®s) can cause an energetic nism has no cutoff projectile velocity as a consequence of
broadening of the excited electron distribution. the semilocalization of valence-band wave functions by the
(iv) This energetic broadening can be characterized by aurface. The sKkE mechanism belongs to one-electron models
function according to Eq(12), with the adjustable param- which go beyond the idealized free-electron-gas theories.
etereg. For the explanation of very low impact velocity data,
where a conspicuous leveling off of the KE yield occurs, a
phenomenologically introduced many-electron surface-

VI. APPLICATION OF THE mKE MODEL TO MEASURED assisted KE mechanistmKE) was used. The mKE can ex-
ELECTRON YIELDS FOR IMPACT OF Xe T AND plain the measured KE yieldsleep in the subthreshold re-
Aut ON Au gion) from clean polycrystalline Au bombarded by very slow

o _ Xe™ and Au" ions. The fits of this model to the experimental
These two projectile ions have such a low potential envyat, resylt in physically reasonable values for the micro-
ergy that no PE from Au is possibfé,'®and therefore genu- scopic parameters. We assume for convenience that the key
ine KE yields are measured. T_he dotted lines represent bestie in both the SKE and mKE models is played by the sur-
fits of Eq. (13) to these experimental data. The input andgyce pecause the latter provides a spatial localization of the
fitting parameters for Eq(13) are: W=5 ev f(2:>r both sys-  glectron wave functions and a temporal localization of the
tems, y= 2.0 and 1.5¢=0.55 and 0.28p°V*=22.8 and  gjectronic excitation, which are the main features of the
29.8, andes=0.026 and 0.04 for Xe-Au and Au"-Au, re-  model. This localization leads to a broadening of the energy
spectively. The solid lines are fep=0. As demonstrated in  gjsripution by electron-electron interaction, and thus facili-

Figs. 2e) and 2f), these fits are very satisfactory at both {4tes the emission of electrons at very low impact energies.
boundaries of the considered impact energy region. In the

intermediate range the fit is not that good, because the dis-
tribution function(12) was normalized to the total deposited
energy only in the high- and low-velocity regions but not for
intermediate velocities. The theoretical description in the in-  This work was supported by a KONTAKT grant for bi-
termediate region can be improved by inclusion of a propetateral cooperation between the Czech Republic and Austria,
explicit dependence af, onv, e.9.,eq\v as in Ref. 21.  and also partly by Grant Nos. 7801 of AVRCand 202/99/

Our theory provides a physical interpretation underlying0881 of GAR. Work on the Austrian side was carried out
Eq. (13) which imposes constraints on the values of the fit-within Association EURATOM-OEAW, and was supported
ting parameters. The parametgrbetween 1 and 2 and, by Fonds zur Falerung der wissenschaftlichen Forschung
~0.71 and 1.1 eV are physically reasonable values. (FWF).
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