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Work function dependent neutralization of low-energy noble gas ions

R. Cortenraad,A. W. Denier van der Goh,H. H. Brongersm&* S. N. ErmoloV and V. G. Glebovsky
‘Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
2Institute of Solid State Physics, Chernogolovka Moscow distr., 142432 Russia
(Received 31 October 2001; published 29 April 2D02

The work function dependence of the neutralization of low-energy, He*, and Ar" ions was studied by
determining the neutralization probability of ions scattered from submonolayer coverages of Ralih avid
Re(0001) substrates. At high work functior(s>3.5 eV), it was found that the dominant neutralization mecha-
nism for noble gas ions with initial energy between 2 and 5 keV scattering from Ba is collision-induced
neutralization. The neutralization probability for this mechanism was found to be insensitive to work function
changes. We argue that collision-induced neutralization is also the dominant charge transfer process for scat-
tering from other earth-alkali and alkali elements in this energy range, although at lower energies it is expected
that Auger neutralization will become important. At work functions below roughly 3.5 eV, resonant neutral-
ization to the first excited level of the noble gas ions occurs in addition to the charge transfer processes
operating at high work functions. We show that the additional neutralization at low work functions can be
described using resonant charge exchange theory. Due to resonant neutralization, the neutralization probability
for noble gas ions increases exponentially with decreasing work function.

DOI: 10.1103/PhysRevB.65.195414 PACS nuniber61.18.Bn; 34.50.Dy

[. INTRODUCTION In the following sections of this paper we present the evi-
dence for these conclusions. The experiments and the meth-
Low-energy ion scattering_EIS) using noble gas ions is 0ds used to vary the work function are described in Sec. IIl.
a surface analysis technique that only probes the outermo§tubsequently, in Sec. IV we present and discuss the results
atomic layer of the surface. This extreme surface sensitivit@f our investigations. The main conclusions are summarized
is the result of the high neutralization probability of noble in Sec. V.
gas ions during interaction with the surface atoms. Although
LEIS is widely applied for investigations of the outermost
atomic layer of many different types of solid surfaces, the
neutralization mechanisms of noble gas ions have not yet In LEIS, noble gas ions are directed onto the surface and
been indisputably established and are still the subject ofhe ions that scatter back from the surface are analyzed. Due
many investigations. to the interactions with the surface atoms, ions can be neu-
The subject of this paper is the work function dependenceralized by several neutralization mechanisms: Auger neu-
of the neutralization of noble gas ions. The neutralizationtralization (AN), collision-induced neutralizatiofCIN), and
mechanisms at low work functions are especially interestingesonant neutralizatiotRN). The acronyms AN, CIN, and
because LEIS studies have shown a strong influence of thRN will be used throughout the remainder of the paper to
work function on the neutralization probability’ Several indicate the respective neutralization mechanisms. Along the
authors have suggested that at low work functions noble gasn trajectory each of these mechanisms can occur at a spe-
ions can be neutralized by a mechanism involvingeso-  cific interaction distance, which is different for the various
nan charge transfer to the first excited level of the {6}  mechanisms. Neutralization along the trajectory can be di-
However, a systematic investigation of the work functionvided into three sections:'? (1) the incoming trajectory,
dependence of the neutralization probability at low work(2) the violent collision, and(3) the outgoing trajectory.
functions is absent in the literature. Which mechanisits) takes place depends on the ion-target
We have investigated the neutralization behavior of He combination, on the work function of the system, and on the
Ne®, and Ar" noble gas ions over a work function range energy of the ion. Several mechanisms may be operating
extending from 6 eV down to 2 eV. The work function varia- simultaneously.
tion for these investigations was induced by adsorbing Ba on
W(110) and Re€000]1) single crystals. The neutralization
probability for noble gas ions scattered from these systems
was determined using the characteristic velocity meftio§. In AN, an electron is transferred from the metal conduc-
From the observed work function dependence of the neutrakion band of the surface to the ground state of thelfof.
ization, combined with results from neutralization studies re-The energy surplus of this transition is used to emit a second
ported in the literature, the nature of the neutralizationelectron from the conduction baridee Fig. 1 Auger neu-
mechanisms is deduced. In Sec. Il a short overview of théralization can take place when there is sufficient overlap
possible neutralization mechanism for noble gas ions ibetween the orbitals of the ion and the surface atoms, which
given. For clarity, in this overview we have already incorpo-is the case at a distance of approximately 1-3'AThe
rated to some extent the conclusions from our investigationgieutralization probability depends on the density of electrons

Il. NEUTRALIZATION MECHANISMS

A. Auger neutralization
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resonant charge exchange between the ground state and the

) 220 '\, 222 levels at the bo.ttom of the bardee .Fig. L Consequently,
freezing the nol_)Ie gas ions can l:_)e nel_Jtrallzed,_ and ions that were
- distance neutralized on the incoming trajectory can be
=3 RN ~ re-ionized®!>172223 The probability for CIN (and re-
= %o & %.:* ionization depends strongly on the ion-target combination,
= — - WS s S E’l‘. because the ground-state promotion depends on the energy of
—_—\ e;'crf{é J the gzround state relative to the core levels of the target
= conduction = level atom?>?'The neutralization probability furthermore depends
—_band — on the velocity of the ion, which determines the time avail-
PN AN able for resonant charge transfer to the ground state.
CIN In this paper we argue that CIN is an important neutral-
ization mechanism for noble gas ions scattered from alkali
ground and alkali-earth elements. Moreover, at high work functions
state it is the dominant neutralization mechanism for these
__corelevels - jmmmmmmmmmmmmmmmmmmmEES - elements.

FIG. 1. Schematic representation of the different neutralization C. Resonant neutralization

rne(;hanisms. RN:  resonant neutraliz.atio.n. AN:  Auger neutral-  Neutralization of noble gas ions is also possible by reso-
ization. CIN:  collision-induced neutralization. nant electron transfer to the first excited level of the ion. This
. . o __ mechanism is similar to neutralization for alkali iot<?®
available for the transition and is in first-order approximationhere the energy of the ground state is comparable to the
proportional to the square of the electron density of the targefst excited level of noble gas ions. Although several studies

atoms since two electrons are involved in the pro¢é3he have suggested the possibility for this mecharféhere
transition probability thus depends on the ion-target combiyye show it does indeed take place, but only at low work

nation. Furthermore, the neutralization probability depe”d%nctions. Moreover, at work functions of the order of 2 eV,

on the velocity of the ion: a slow ion spends more imegN may become the dominant mechanism for noble gas
within the spatial region where Auger transitions can takgg,g

place and therefore has a large neutralization probability. The RN can be described as follows. When an ion is near
Since the pioneering work by Hags}rdﬁﬁ“AN is often  the surface, the population of the shifted and broadened level
assumed to be the dominant neutralization mechanism fqg iy equilibrium with the substrate and will become occu-
noble gas ions due_ to the large ionization p_oten_tlals of th%ied up to the Fermi edgesee Fig. 1 Along the outgoing
ground state of the ionsee Table)l However, in this paper aiectory, the charge exchange rate decreases with increas-
we show that the Auger process plays no significant role in,g gistance and becomes small compared to the rate of level
the neutralization of noble gas ions scattered from alkali an‘%hifting and narrowing. At a distance referred to as the freez-
alkali-earth elements, with an initial energy between 2 and 5ng distance the equilibrium is “frozentapproximately of
keV. Note that here we only consider small impact param-__4 &) and the extent to which the level is filled at this
eters that are required for ions to be backscattetieel im-  gisiance determines the charge fracfi®A’ With increasing
pact parameter ranges between 0.02 and 0.09 A in these stugks|ocity of the ions, the freezing distance decreases, and con-
ies, the distance of closest approach between 0.1 and)0.5 '&sequently the neutralization probability decreases. Further-
At large impact parameters occurring for lower energies Oqre from Fig. 1 it is also apparent that the neutralization
smaller scattering angles, AN is expected to play an impor,opability is determined by the position of the Fermi edge
tant role. and thus depends on the work function.
Due to RN, the noble gas ions are in an excited state as
B. Collision-induced neutralization they leave the surface. Deexcitation of the excited noble gas

Several experimental and theoretical investigations havin cannot take place by a direct transition of the electron to
questioned the assumed dominance of the Auger mechanisi€ ground state u_nder the emission of_a_l phcﬁs_(mordmg to
and suggested that noble gas ions can also be neutraliz&nd's rules this is a forbidden transition withl =0 (2s
during the violent collision between the ion and target— 1S)]. Therefore, deexcitation has to occur through Auger
atom}lv12r17_19|v|uch work on this Subject was performed by deeXCitation or autodetachméﬁtsz The tl’ansition rates Of
Boers? and later by Soudat all” For the neutralization these deexcitation processes are approximately one order of
process at close encounter we will use the term ciNmagnitude smaller than the transition rates for resonant
(collision-induced neutralization as introduced by Souda Ccharge exchang@:** Therefore, it is expected that RN to the
et all’ first excited level can in first order be treated without taking
During the violent collision between ion and target atom,deexcitation into account.
the ground state of the ion can be promoted due to its inter-
action with the core levels of the target atéfi??At small
distances, of the order of 0.5 A, the ground state of the ion is Despite the fundamental differences between these neu-
aligned with the bottom of the conduction band, enablingtralization mechanisms, the neutralization probability for

D. Neutralization probability

195414-2
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each mechanism has a similar dependence on the velocity of Oxygen exposure (L)
the ion. The probability that the incident ion leaves the sur- 4 3 2 1 0
face as an ion after interacti@) with the surface atofs) is _ T

represented by the ion fractid®*, which depends on the 5 ..o T o BaW(110) _
LY

. o Ba/OM(110)
° '\. —  Gorodetskii et al. ]

ion velocity v according t6*25:34 F \e
PT=exp[—v(1lv)]. (1)

The characteristic velocity. is a measure for the neutraliza-
tion rate, where the physical parameters that determine the
characteristic velocity depend on the type of mechanism. The
exact definition of the reciprocal ion velocityvldlepends on -
the neutralization mechanism and whether the interaction in- s [
volves only the direct scattering partner or more neighboring e cal
surface atoms. AN takes place at a distance of approximately 0.0 0.1 0.2 0.3 0.4 0.5
1-2 A from the scattering partner and can involve neighbor- Ba Coverage (ML)

ing atoms on the incoming and outgoing trajectories. There-

fore, the reciprocal ion velocity is defined asv #H1/vi FIG. 2. Work function of the Ba/\\.10) system vs the Ba cov-
+ 1/0# ' Wherevﬁ and v# are the velocities of the ion nor- erage(open circles The solid line represents the results of Goro-

. . . . . detskii and Melnik (Ref. 479. The work function of the Ba/O/
mal to the surface on the incoming and outgoing trajectories; i A
respectively(Hagstrum modéllB’“ CIN involves only the S\N(llo) system is shown vs the oxygen expos(g@lid circles. For

: . e . clarity only one error bar is shown per curve to indicate the uncer-
direct scattering partner, and the velocities relative to the . 7. g ; )
. - . - ainty in the data points: the uncertainty for the other points on the
target atom are used, defining the reciprocal ion velocity

ag Y
. th for th t indicated.
v =1/v;+ Lv; (as in the Godfrey-Woodruff mogel®-3536 ~ “UVe are e same as for the point indicate

For RN involving the first excited level, the neutralization . . .
probability is determined at distances of 2—4 A, and thus likeV3S directed perpendicular to the surface, and the ions that

the Auger process the interaction involves more than Ongcattered back over an angle of 136° were analyzed by a

surface atond® Because the neutralization is determined herecylmdr":aI mirror analyzeXCMA). Auger electron spectros-

on the outgoing ajectry,the reciprocal ion velocity is de-; B 2 P T TS G G e cample
fined as W =1ky . These different definitions of the recip- y P

rocal ion velocity imply that the correct choice can onl beat an angle of 10° with the surface plane. The Auger elec-
made once the r):atufeyof the mechanism is known Hov)\//evetronS were detected by the same CMA as used for the ion
. : : o " gcattering. The work functions of the surfaces were derived
independent of this choice, the neutralization behavior can b

. ; ffom the onset of the secondary electron emis&foft
de.SCT'beo' by_ Ec_](l_), and only the magnl_tude of the charac- where the secondary electrons were created by the AES elec-
teristic velocity is influenced by the choice ofv1/It should

thus be st 4 that h it K hi tron beam. Since this method is a relative work function
us be stressed that even wnhen 1t 1S not known w ICr]neasurement technique, a cleaf]0 substrate was used
mechanism is dominant, independent of the choice of thg " referencée="5.4 eV (Ref. 42]. The characterization

definition of the reciprocal velocity, the experimental results ; )
still obey Eq.(1) for the mechanisms discussed above. Thisagﬂeﬂegggrwhg%cedures of the W substrate have been re

is also true if more than one mechanism contributes to thg
neutralization. The value of the characteristic velocity that _ _ _
we obtain by fitting the experimental results will, however, B. Methods of inducing the work function change

depend on the choice of our definition. We adsorbed submonolayers of Ba atoms o{118) and
Here we have not discussed the quasiresonant core-levRly0001) single crystals in order to investigate the neutral-
neutralization that takes place for some ion-target combinayafion over a large work function range. The work function
tions, like, e.g., H&-Pb** since it is a rather exceptional change induced by Ba adsorption is similar to the behavior
process that yields an oscillatory neutralization behavior as gpserved in alkali-metal systerfi&:*®at each adsorption site

Workfunction (eV)

function of the velocity. the charge donation to the substrate leads to the creation of a
dipole antiparallel to the surface dipole, thereby causing a
Il EXPERIMENT decrease of the work function. Figure 2 shows the work

function of the Ba/W110 system as a function of Ba cov-
erage(open circles The Ba coverage was deduced from the
The investigations were performed in the UHV setupBa(512 e\W)/W(169 eV) Auger signal ratio and calibrated by
MiniMobis, which has a base pressure 010 mbar and  assigning the work function minimum af=1.8 eV to a
is described elsewhere?® Instrumentation was available for coverage o¥g,=0.4 ML.*? One monolayer corresponds to a
LEIS, Auger electron spectroscofpES), and low-energy  Ba density of 6.% 10** atoms/cm for a close-packed hex-
electron diffraction(LEED). The ion scattering was per- agonal structure. The accuracy of the coverage and work
formed using Hé, Ne", and Ar" noble gas ions with an function measurements is indicated by the error bars in Fig.
initial energy between 2 and 5 keV. The incident ion beam2; for each curve, we show only one error bar for clarity, but

A. Setup

195414-3
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the other points of the same curve have the same error bars. A A A
The solid curve represents the results from Gorodetskii and
Melnik for the work function of the Ba/Md10) system’

The work function curve for the Ba/R@001) system is not
presented, but shows a similar dependence on the Ba
coverag€’® The electrostatic repulsion between the different
Ba dipoles results in a uniform distribution of the Ba atoms
across the substrate for both the Ba/W and the Ba/Re
systent!’

2keV Ne*

» [4)) D
o o o
T
o1

5]
o

N
o

LEIS Ba Signal (103 Counts/nC)

As an alternative method of inducing work function 10 F Qg@@%%w ]
changes, the Ba/{¥10) system at a fixed Ba coverage of ! ]
0ga=0.4 ML (¢=1.8eV) was exposed to an increasing 0 o1 oz o3 o7

amount of oxyger(0—4 L). The oxygen adsorption leads to
depolarization of the Ba-W dipoles and counteracts the effect
of the alkali-earth adsorptiohi > The oxygen exposure thus  FiG, 3. LEIS signal of 2-keV N& ions scattered from the Ba
increased the work function to a value that is close to that ofdatoms as a function of Ba coverage. The dashed line represent the
clean W110). Figure 2 also shows the work function for the extrapolation of linear behavior observed at low coverages.
Ba/O/W(110) system as a function of oxygen expos(selid
circles. At infinite velocity the ion fraction equals unity, and thus
the surface densitg, of the species under investigation can
C. Characteristic velocity method be derived by extrapolating the LEIS signal to infinite veloc-

The characteristic velocity can be derived from the depen'—ty‘ It should be no_ted that n g_eneral caution is requwe_d n
uch an extrapolation, since it is only valid if the neutraliza-

;jheenicoen;)f_lt_?]z TEeIaSSl;ireg élgkli:zs) Sflglrn%nznwt:ﬁ i:?;it:le?:;?rgy 0ﬁon mechanism follows Ed1) with a constant characteristic
) g ; 9y velocity over the entire energy range: we refer to the litera-

E; scattering from speciek is defined as the area of theatlure for details on using the extrapolation method for this
Syst

Ba Coverage (ML)

corresponding peak in the LEIS spectrum and is proportion
to the surface density, and the ion fractionP, (E;)

(Ref. 38: If the instrumental energy dependences of the setup are

not exactly known, the characteristic velocity cannot be cor-
do rectly deriyed. F(')r'our LEIS setup the energy_dependences of
S«(E)=¢(E)T(E)) E(Ei)P:(Ei)nk- (2)  the detection efficiency and analyzer transmission have been
investigated and reported elsewhéte.
Here ¢(E;) and T(E;) are the ion detection efficiency and
the analyzer transmission, respectively, which both depend IV. RESULTS AND DISCUSSION
on the energy of the ion$:>2 The differential scattering
cross sectioo, /dQ(E;) depends on the initial ion energy
and can be calculated by using, e.qg., the Meliapproxima- A demonstration of the influence of the work function on
tion to the Thomas-Fermi potenti#t® The influence of the the neutralization of the ions is given in Fig. 3. Here the ion
roughness on the LEIS signal is neglected here because weficattering signal for 2-keV Neions scattered from Ba at-
ordered flat single crystals are used. Combining Efjsand oms is shown as a function of Ba coverage. For low Ba
(2), we find coverages fg,<0.12 ML) and corresponding high work
functions (>3.4 eV) the Ba signal is proportional to the Ba
| S«(Ei) _ W1 coverage, as expected for a constant neutralization probabil-
n doy N n(nk)_UCE(Ei)' (3) ity. Above a coverage ofig,=0.12 ML a deviation from this
e(BDT(E) —5 (Ei) proportionality is observed, and the Ba signal decreases with
increasing Ba coverage. The W substrate signal continuously
This equation shows that the characteristic velooityfor decreases with increasing Ba coverage, which indicates that
scattering from speciek can be derived from the energy no cluster formation takes place and that the Ba adatoms
dependence of the LEIS signal after correcting for the energform a uniform layef®*’ Since the initial energy of the Ne
dependences of the detection efficiency, analyzer transmisens was fixed, the detection efficiency, analyzer transmis-
sion, and scattering cross section. Plotting the logarithm o$ion, and scattering cross section are constant. The observed
the corrected signal versus the reciprocal ion velocity yielddehavior can therefore only be explained by a strong con-
the characteristic velocity as the slope of the line. Note thatinuous decrease of the ion fraction with increasing coverage;
Eqg. (3) only holds if the neutralization mechanisms remainthe signal decreases because the ion fraction decreases faster
the same over the energy range being studied. If a neutrathan the Ba density increases. Identical trends in the signal
ization mechanism is only operating in part of the energyintensity versus coverage have been observed for, e",
range or the characteristic velocity for a process changes, thend Ar* ions. Evidently, above a certain Ba coverage—i.e.,
plot will not show a simple straight line and the analysis doeselow a certain work function—an additional neutralization
not work. channel is available, and E¢3) does not describe the ion

A. Evidence for work function dependent neutralization
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Initial Energy (keV) Ba Coverage (ML)
100 20 10 54 3 2 0.3 02 015 041 0.05
020 F T T T T 7T T T ] 4 T T T : T T 'y
=5 0.10 F 0¢=5.06V 0,=0.03 ML | 3 [ ! oBa/W(110) ]
é . 3 0 ¢=4.58eV 6,=006 ML J o 5 & I ! = Ba/O/W({110)
2 005 F 84=4.06V 8;,=0.00ML 1 = e i 4 Ba/Re(0001)
© ] & v i
- 4 2 o2 | u
5 123 2 [ ooz
3 14= >° !
= 0.01 0 D SO — 3 f = ]
m b 1 1 : 1 1 I ] L
T LI T T ] 0 2 [ 4 Helium B )
=5 0.40 o¢=45eV 9,=006 ML 4 4 P © Neon
b= o¢=28eV o,=0.18ML 1 _ 2 D Argon
S 0.20 b 1 s €
> a¢p=20eV 6,=030M. J 3= “s 1
> 0.10 ] g(ﬂ e
o 0.05 122 =
<} 1 a £ W
O 3 1
3] B L 1 1 N
©ootpB T 3 2.0 3.0 4.0 5.0
T T T L T T ] 0 Workfunction (eV)
~ 040 o¢=45eV 6,,=0.06 ML o 4
2 020 f.___ ®¢=28¢V 6,=0.18 ML 1 35 FIG. 5. (a) Characteristic velocities for Neions scattered from
% 010 F TTTe=IIn 1°» the Ba adatoms as a function of the work function. The open circles
5 005 F~—u_  TSesg_ ] 2:3 correspond to Ba adsorption on(¥10), the solid squares to Ba and
é ~~~~~~~~~~ 1 ¢ O coadsorbed on the W10 surface, and the solid triangles to Ba
© e adsorbed on the R@00)) surface. The vertical dashed line repre-
®o0tpc T~ 0 sents the onset of the low-work-function mechanigh). The in-
0 1 2 crease in the characteristic velocity for the different ions relative to
1IN+, (107 s:m™) the characteristic velocity at high work functions.

FIG. 4. Characteristic velocity plots for different work func- creases with increasing Ba coverage. For comparison, the
tions. The initial energy scale is shown on the top axis. The solidchgracteristic velocity plot for a work function of
lines show linear regressions to the data, where the slopes represenyy 5 eV is also shown. The characteristic velocity clearly
the characteristic velocitie$a) High work functions,(b) low work increases with decreasing work function. Thus at low work
functions_, ar_wd(c) co_ntribt_jtion from resonant neutralization. The ¢,nctions a mechanism occurs where the neutralization prob-
dashed line is explained in Sec. IV D. ability depends on the work function. Furthermore, it is ap-

parent that the extrapolation to infinite velocity results in an
scattering yield correctly with the same characteristic velocpyerestimation of the Ba coverage. The explanation for this
ity for different work functions. overestimation is given in Sec. IV D.

The characteristic velocities derived from these plots are
shown in Fig. %a) versus the work function. The figure
shows a constant characteristic velocity plateau at high work

In Fig. 4 several characteristic velocity plots for N®ns  functions (p>3.4 eV) and a linear increase of the character-
scattered from Ba adatoms are presented to demonstrate tRgc velocity at low work functions ¢<3.4 eV). Identical
influence of the work function on the neutralization behaVior.trends in the characteristic Ve|0city versus work function
Here the Ba signal corrected for the instrumental energy decyrve are observed for He Ne*, and Ar ions: only the
pendenceright ordinate scaleis shown versus the recipro- threshold below which the low-work-function neutralization
cal velocity. Extrapolation of the data points to infinite ve- channel is available depends on the ion typee Table )l
locity yields the Ba coverage on the left ordinate scale. Therhe characteristic velocity values of the high-work-function
reciprocal velocity was calculated aw ¥ 1/v;+1/vs based  plateau also depend on the ion type and are summarized in
on the CIN mechanism, as explained in Sec. IID. Table 1. Figure Bb) shows the increase in the characteristic

In Fig. 4(a) (top panel the characteristic velocity plots are yelocity relative to the constant value observed at high work
shown forg>3.4 eV, where the Ba signal is proportional to functions. For example, the Necurve in Fig. §b) is ob-
the Ba coverage. For these high work functions the charaggjined by subtracting a value of=1.12x 10° m/s from the

teristic VeIOCity, represented by the Slope of the ”ne, is Con'entire characteristic Ve|ocity curve in F|g($.
stant. This indicates that at high work functions the noble gas

ions are neutralized by a mechanism insensitive to work
function changes. In addition, it is observed that the extrapo-
lation to infinite velocity gives the correct Ba coverage as In this section we discuss the basic neutralization mecha-
calibrated by Auger analysis. nism for noble gas ions that is available at all work func-
In Fig. 4(b) (middle panel the characteristic velocity tions. Resonant neutralization involving the first excited
plots are shown forp<<3.4 eV, where the Ba signal de- level can only take place at low work functions and is there-

B. Characteristic velocity versus work function

C. Auger versus collision-induced neutralization
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TABLE |. Overview of the neutralizaton results for the different ions scattered from Ba and W atoms.
Eg=energy of the ground stat&;=energy of the first excited levety,s.=work function threshold for

low-work-function mechanism. v.(Ba)=characteristic velocity for Ba atfz,=0ML. V(W)
= characteristic velocity for W afig,=0 ML.

Eg E; Pihreshold v; (Ba) ve (W)

(eV) (eV) (eV) (10°ms ™) (10°ms )
He* 24.6 4.77 3.20.05 4.72£0.15 3.2@:0.15
Ne* 21.6 4.95 3.4£0.05 1.12-0.11 1.7G:0.08
Art 15.8 4.21 2.90.05 0.72-0.08 1.8%0.10

fore not considered her@ee Sec. IV D. Neutralization can elements no or little promotion takes place, while for the
thus take place by either AN or CIN. We focus on the resulteelements in the first columns of the periodic system the
for He™ ions since most of the neutralization studies in theground state of the noble gas ions is strongly promoted. Thus
literature use He ions. Figure 6 presents the characteristicthe minimum in the characteristic velocities in Fig. 6 around
velocities for HE scattered from various targets throughoutthe VIII-11, elements is caused by the absence of sufficient
the periodic system as determined by Mikhailetval® us-  promotion and the resulting absence of CIN.
ing an initial energy range between 1 and 3.5 k@yen Goldberget al® performedab initio calculations of the
symbolg. The characteristic velocities determined in this neutralization of Hé ions scattered from Pd and concluded
work for He" scattered from Ba and W atoms in the high- that in this case CIN is not significant, but that AN is domi-
work-function limit (¢>3.4 eV) are indicated by crosses nant. Assuming that the characteristic velocity for Pd in Fig.
(X). Figure 6 also shows the re-ionization probabilities for6 is completely due to AN, we can estimate the upper limit of
He" ions for various target atoms as determined by Soud#he Auger contributions across the periodic system. The AN
et all’ (solid symbol$. The striking similarity between the rate is in first-order approximation proportional to the square
re-ionization and neutralization trends across the periodiof the density of electrons available for the transiti@ee
system was already noted by Mikaila®t al. and strongly  Sec. ). The estimated Auger contribution is indicated in Fig.
suggests that CIN plays an important role in the neutralizaé by the dashed curve, where the electron density for the
tion of noble gas iongsee Sec. ) various elements was calculated by dividing the number of
The characteristic velocities determined here for Ba andialence electrons by the atomic volume.
W fit very well in the observed trends. These trends in the We conclude that for neutralization of Heéons scattered
re-ionization have been qualitatively explained by Tsukaddrom Ba adatoms and all alkali and alkali-earth elements, the
et al,?>?! who calculated the level promotion of the ground Auger mechanism plays no significant role. The neutraliza-
state during the close encounter of Heéns and various tion thus must be dominated by CIN at high work functions.
target atoms. These calculations show that for the VljI-1l We emphasize that this conclusion is only valid for the initial
energies used here. At lower energi{ed.5 keV), CIN will

Lo, N VRV, VIl T\ VI, 0 often not be possible due to the threshold energy for suffi-
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cient promotion, and consequently the neutralization will be
dominated by AN. Furthermore, the conclusion is also only
valid for the small impact parameters that are required for the
ions to be backscattere@mpact parameters in this study
range between 0.02 and 0.09.At large impact parameters
the ground level promotion is not sufficient for CIN to take
place, and AN will be the dominant mechanism. To deter-
mine at which impact parameter and energy AN becomes
important needs further experimental and theoretical work.
That CIN is the dominant neutralization mechanism is in
agreement with the observed insensitivity of the characteris-
tic velocity to the work function(at high work functions
The ground-state promotion of the ions is determined by the
core levels of the target, and the resulting resonant charge
transfer involves the levels at the bottom of the conduction

various elements in the periodic table as measured by Mikhailof@nd. The neutralization probability due to CIN is therefore
et al. (Ref. 18 (open symbols For comparison, the re-ionization NOt expected to be sensitive to work function changes. Al-
probabilities as measured by Souetzal. (Ref. 17 are also shown though Fig. 5 shows that the characteristic velocity increases
(solid symbol3. The characteristic velocities for Flescattered at low work functions, CIN is expected to be work function
from Ba and W are indicated by the croses. The dashed line independent over the whole work function range. The con-
represents the estimated Auger contribution based on the electrétibution of CIN is indicated in the figure by the horizontal
density and assuming a dominant Auger neutralization for Pd.  dashed line. The characteristic velocity due to RN at low
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' " fraction of the broadened first excited level that is filled at
1.0r the freezing distance increasésee Fig. 1 Therefore, the
08T neutralization probability increases with decreasing work

, 06 function. Resonant charge exchange theory predicts for the
o - H H 7,56
ion fractiorf”
é 0.4 _5keV
© 4keV _
o] & &
5 . P*zexp{—C 2 F). (4)
c yv
S oo |3k
o 2 keV Ne' —> Ba/W(110) H_ereea is the energy of thg first excited state at thg freezing
2keV, ® 5keV Ne" —> Ba/W(110) distance and is the Fermi level of the metdbee Fig. L
01 . . The constantC depends on the details of the charge ex-

change model used;*® but its value is not relevant for the
discussion here. The velocity is definedvasv; because the
neutralization probability is determined on the outgoing tra-
FIG. 7. lon fraction exclusively due to the resonant neutraliza-jectory. The decay constant describes the decrease of the

tion mechanism. Note the logarithmic scale of the ion fraction. Only,yidth A(2) of the first excited level with increasing distance
the 2- and 5-keV data points are shown for clarity. The arrow indi-Z between the ion and surface:

cates the difference in onset of the low-work-function mechanism.

2 3 4
Workfunction (eV)

_ A(z)=Aqe % (5)
work functions(see Sec. IV Dis superimposed on the char-
acteristic velocity due to CIN.

A similar neutralization behavior is observed for He

The exponential decrease of the ion fraction with decreasing
work function as observed in Fig. 7 is thus consistent with

Ne®, and Ar* ions[see Fig. B)], which suggests that CIN the theory. Moreover, Eq4) predicts that the characteristic
is also the dominant mechanism for Nand Ar- ions at  Velocity increases linearly with decreasing work function, as
high work functions. However, definite conclusions can onlyobserved from Fig. 5. The increase of the characteristic ve-
be made when more results for neutralization of these ion¥City with decreasing work function is similar for the differ-

during scattering from various target atoms across the pernt ions[see Fig. )], which suggests that the decay con-
odic system become available. stants y are comparable for the ions. Although to our

knowledge no reports are available in the literature that com-
pare the decay constants for different noble gas 4rkis
similarity is reasonable since calculations of the level widths
In order to show that neutralization of noble gas ions atshow the decay constants to be comparable for different al-
low work functions takes place by RN to the first excited kali ions>®
level, we will demonstrate that the behavior observed in this Resonant neutralization to the first excited level is not
work can be described by resonant charge exchange theopossible when the Fermi level is equal to the energy of the
We start by extracting that part of the neutralization probabil-excited level for the ion at rest at infinite distance from the
ity that is exclusively due to RN at low work functions. The surface(see Fig. L This is consistent with Fig. 5, where the
approach is demonstrated in Fig. 3 for Neéns. The pro-  work function below which RN is possible is approximately
portionality between signal and coverage observedéfgr 1.5 eV lower than expected based on the energy of the level
<0.12 ML is extrapolated to larger coverages as is indicateét infinite distance from the surfa¢see Table)l This lower
by the dashed line. The extrapolation is only shown up tovork function compared to the energy of the first excited
0z,=0.15 ML, but actually extends to a signal intensity of level is caused by the level shift of the ions near the
1.8< 10° counts/nC for a coverage ofg,=0.4 ML. This  surface®**%°The shift of the first excited level a few ang-
line thus represents the hypothetical ion scattering signal istrom from the surface where the charge state is frozen is of
case CIN and AN were the only available mechanisms anthe order of 1 or 2 e¥>**For RN to take place, the Fermi
RN were absent. The decrease of the measured signal cotevel has to be near or above the energy of the first excited
pared to the dashed line is thus ascribed to RN. The iotevel at the freezing distance. Hence the energis defined
fraction due to this mechanism is obtained by dividing theat the freezing distance. For example, if in Fig. 1 the Fermi
measured signal intensifgolid curve in Fig. 3 by the hy-  edge is aligned with the energy of the first excited level for
pothetical signal intensitydashed line in Fig. 8 The result-  the ion at infinite distance from the surfat@ashed line in
ing ion fractions for Né scattered from Ba are shown in Fig. Fig. 1), no neutralization is possible. The difference between
7 on a logarithmic scale versus the work function for differ-the energy of the first excited level and the work function
ent initial energies. It is observed that the ion fraction de-threshold for RN is similar for the different ions because the
creases exponentially with decreasing work function, wherdevel shifts of the ions are comparable at the freezing
the rate of decrease diminishes with increasing initial energydistance:>
Moreover, the work function below which RN is possible  The dependence of the work function threshold on the
depends on the initial energy of the ions. energy of the ions, as seen in Fig. 7, occurs because the
These observations can be explained as follows. When thieeezing distance decreases with increasing vel8éity.
work function decreases, the Fermi level is raised and th&/hen the freezing distance decreases, the energyn-

D. Resonant neutralization at low work functions
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creases, and thus the work function below which RN carever, the local potentials of the Ba atoms at a certain work
take place decreases. Note that in neutralization of alkali ionBinction are not identical. The work function decrease for the
no clear dependence of the work function threshold for RNBa/W system is achieved by increasing the number of Ba-W
on the energy of the ions is observed at energies well belowlipoles, where the dipole strength remains approximately
1 keV, because the level shift changes very little with dis-constant up to a coverage 6§,=0.3 ML. In contrast, for
tance at large freezing distances. Since the work functiothe Ba/O/W system the density of the dipoles equals the Ba
below which RN occurs depends on the ion energy, the reladensity at the work function minimum, but due to the adsorp-
tive importance of CIN and RN depends on the ion energytion of oxygen, the average dipole strength decreases and the
for a fixed work function. This is demonstrated in Figc¥4  work function increases. Therefore, for the same macro-
where a characteristic velocity plot is shown for a work func-scopic work function, both systems have different local po-
tion ¢=2.8 eV (solid circles. For comparison, the charac- tentials of the Ba atoms. Similarly, because the work func-
teristic velocity plot foro=4.5 eV, where only CIN is pos- tion of the clean R@®001) substrate is larger than for the
sible, is also shown(open circles The dashed line clean W110) substrate ¢g.=6.0 €V), an identical macro-
corresponds to the hypothetical neutralization behavias at scopic work function for the Ba/W and Ba/Re systems re-
=2.8 eV in the absence of RN. The decrease of the measurefliires a different dipole arrangement. We can thus conclude
signal compared to the dashed line is caused by RN. Athat also for noble gas ions at initial energies of a few keV,
expected from Fig. 7, at a work function ¢f=2.8 eV, RN  the neutralization probability of the resonant mechanism is
has a very small influence for an initial energy of 5 keV, butgoverned by the macroscopic work function.

does lead to a significant signal decrease for lower initial

energies. Because the relative importance of the mechanisms

depends on the initial energy, the characteristic velocity V. CONCLUSIONS
method cannot be used to derive the coverage from extrapo- ) ) o .
lation to infinite velocity. Figure &) shows that the extrapo- ~ We have investigated the neutralization of noble gas ions

lation leads to an overestimation of the derived Ba coveragd?y studying the neutralization probability of HeNe", and
Note that the extrapolation of the dashed line in Fic)4 Ar' ions scattered from Ba atoms on surfaces with different
indicates the correct coverage since here on|y one mechavork functions. ThI’OUgh combining our results with those of
nism is available: collision-induced neutralization. The im- previous neutralization studies available in the literature, we
plications of these observations for a quantitative composihave shown that for noble gas ions scattered from Ba atoms
tional surface analysis using LEIS at low-work function and other alkalrearth elements, collision-induced neutral-
systems is discussed elsewhete. ization is the dominant process. It should be stressed that this
We conclude that at low work functions noble gas ionsis only valid for the initial energies2-5 keV) and small
can be neutralized by a resonant electron transfer to the fir§inpact parameterstypically up to 0.09 A used here. At
excited level of the ion. All observations can be described byower energies or larger impact parameters CIN might not be

the resonant charge exchange theory for neutralization dfossible because the ground state is insufficiently promoted,
low-energy alkali ions. and then the neutralization will be dominated by AN. The

neutralization probability due to CIN is insensitive to work
function changes since the promotion depends on the core
Investigations of RN of low-energy alkali ions have levels of the target atoms. Moreover, since CIN takes place
shown that the neutralization probability is governed by theduring the close encounter between the ion and target atom,
macroscopic work functiorf°51A freezing distance of the the neutralization probability is expected to be insensitive to
order of a few angstrom is in agreement with the concept ofhe scattering geometry.
a macroscopic work function, since at this distance the local Resonant neutralization to the first excited level of the
potential of the atoms is smeared out and the electron distriroble gas ions was observed at low work functions. The
bution is rather smooth. However, most of these studies hawwork function dependence of the neutralization probability is
used initial ion energies well below 1 keV. To validate consistent with the resonant charge exchange theory. Reso-
whether the concept of a macroscopic work function can b@ant neutralization is only possible below a certain work
extrapolated to higher initial energies and correspondindunction, which depends on the ionization potential of the
smaller freezing distances, the method of inducing the workKirst excited level and on the velocity of the ion. The neutral-
function changes was varied. A comparison of the neutralizaization probability due to the resonant mechanism increases
tion behavior of the Ba/W, Ba/Re, and Ba/O/W systems isexponentially with decreasing work function, while the rate
performed in Fig. &), where the characteristic velocities for of increase is determined by the velocity of the ion and the
Ne' ions scattered from Ba adatoms are shown versus th@ecay constant of the level width. In contrast to AN and CIN,
work function (see also Sec. Il B Note that the oxygen in the neutralization probability for this resonant channel is not
the Ba/O/W system is positioned in the plane between the Bdetermined by the specific ion-target combination, but rather
and W atoms and does not shield the Ba atoms from the&s governed by the macroscopic work function. Conse-
incident ions?%2 quently, the neutralization probability is determined by the
For these different systems, the characteristic velocityelocity of the ion perpendicular to the surface and thus de-
shows the same dependence on work function, independepends not only on the energy of the ion, but also on the
of the method of inducing the work function changes. How-scattering geometry.

E. Macroscopic work function versus local potential
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