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Dynamics of He" ion neutralization at clean metal surfaces: Energy- and spin-resolved studies
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Measurements of the energy distributions and energy-resolved polarizations of electrons ejected by incident
polarized Hé ions are used to probe the dynamics of'Hen neutralization at clean AL00O), Au(100), and
Cu(100 surfaces for incident ion energies in the range 10-500 eV. The results are interpreted using recent
theory and suggest that neutralization occurs at typical atom/surface separaties-8fa.u., significantly
smaller than those inferred from earlier experimental studies of ion scattering and ion neutralization at surfaces.
Close to the surface strong short-range repulsive interactions become important and lead to increases in the
maximum energy of the ejected electrons and to a spin-dependent increase in the local density of electronic
states near the Fermi energy.
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lon neutralization at clean metal surfaces has been inveshe local density of electronic states at the surface. However,
tigated both by analyzing the energy distributions of elec-studies have indicated that althou@br high work function
trons ejected from the surface and by examining the numbesurfaces such as studied hetiee heliumn=2 atomic levels
and charge state distribution, of particles produced by refledie above the Fermi energyr for small atom/surface sepa-
tion of incident ions:~3 Recently, an additional tool for prob- rations they also broaden to such an extent that they extend
ing the dynamics of ion/surface interactions was introducedelow thee allowing each to be partially filled by electrons
that makes use of spin-labeling techniques, specifically th&om the metal, thereby increasing the local density of elec-
use of incident electron-spin-polarized Heons coupled tronic states in the vicinity of the ichBecause of this partial
with energy-resolved measurements of the ejected electrdiiling, three basically independent mechanisms have been
polarization*~® This technique complements the earlier ap-pictured as leading to ion neutralization: AMhich plays a
proaches and can provide new insights into the perturbatiordominant rol¢, “direct” Auger deexcitation of singlet states
in surface electronic structure induced by the presence of thia which an electron in the=2 level falls into the helium
ion. Here we combine measurements of the energy distributs core hole with simultaneous ejection of an electron from
tions and the energy-resolved polarizations of electronshe metal, and “indirect” Auger deexcitation of singlet or
ejected by polarized Heions to probe the dynamics of He triplet states in which a metal electron fills the ¢ore hole
ion neutralization at clean A100), Au(100, and Cy100 with the simultaneous emission of the electron in the2
surfaces for incident ion energies in the rang®0-500 eV. level. (Direct Auger deexcitation is forbidden for triplet
Data recorded with the ion energy and angle of incidencestates because the helium atom ground state is a spin singlet.
varied so as to maintain an approximately constant compoRecently it has been suggestatiat an additional mecha-
nent of ion velocity(kinetic energy parallel or perpendicular nism is also important in which the energy released as a
to the surface show that the maximum energy of the ejectethetal electron falls into the He 1s core hole is used to
electrons is determined principally by the component of ionexcite a surface plasmon, electron ejection occurring as this
energy perpendiculdrather than parallglto the surface. In  plasmon subsequently decays.
addition, it is observed that the electrons involved in ion The present apparatus has been described in detail
neutralization tend to have antiparallel spins leading to thelsewheré:>®-1Briefly, polarized He ions extracted from
preferential formation of singlet two-hole final states in thean optically-pumped rf-excited helium discharge are formed
surface. These results are interpreted using current theoretito a beam by a series of electrostatic lenses and directed
cal models and suggest that ion neutralization occurs close tnto the target surface. The energy distribution of the ejected
the surface, typically~2-3 a.u. from the outermost atomic electrons is measured using a retarding potential energy ana-
layer, where strong localized short-range interactions belyzer; their polarization is determined using a compact Mott
tween the Hé ion and neighboring metal atoms are impor- polarimetet®!! that is equipped with a retarding-potential
tant. This distance is significantly smaller than those inferrecnergy analyzer at its input. The target surfaces are prepared
from earlier experimental studies of ion scattefimmd ion by repeated argon ion bombardment/thermal annealing
neutralization at surfaces. cycles. Surface cleanness is monitored by Auger analysis and

Conventional modelssuggest that at clean high work by ion neutralization spectroscopy, i.e., by measuring the en-
function metal surfaces Heions undergo Auger neutraliza- ergy distribution of electrons ejected from the surface as a
tion (AN) in which an electron from the metal tunnels into result of He ion neutralization, which is very sensitive to
the He" 1s core hole. The energy liberated is communicatedsurface contamination.
to a second electron in the metal which, if the energy transfer Ejected electron energy distributions observed following
is sufficient, can be ejected from the surface. This proceskle” ion neutralization at a clean ALOO) surface are pre-
results in a relatively structureless ejected electron energgented in Fig. 1 for ions incident normal to the surface with
distribution that reflects, approximately, a self-convolution ofenergies in the range 10 to 500 eV. The distributions are
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FIG. 1. Energy distribution of electrons ejected from a clean
Au(100) target by Hé ions incident normally with energies of 10
eV. (solid line), 20 eV (long dashed ling 40 eV (medium dashed
line), 60 eV (dashed ling 250 eV (dot-dashed ling and 500 eV
(dotted ling.
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normalized to have equal area to reflect the fact that, over the

present range of ion energies, the secondary electron ejection

coefficient y is essentially constaft.As expected, the en-

ergy distributions, which reflect a self-convolution of the lo-

cal density of states, are broad and relatively featureless. The ] )

high energy cutoffs in the distributions, however, increase 0o 8 16 o0 8 16 o0 8 16

markedly_with increasing ion energy. _Similar beha\{ior is pb— ELECTRON ENERGY (eV)

served with the other surfaces studied here. To investigate

the origin of this effect, data were recorded in which the ion i, 2. Energy distribution of electrons ejected from clean

energy and angle of incidence were varied so as to maintain|(100), Au(100), and C100 surfaces by H& ions with the ion

an approximately constant component of ion energy paralléénergy and angle of incidence varied so as to maintain approxi-

or perpendicular to the surfac@ he angle between the inci- mately constant components of ion enefgy perpendicular E,)

dent ion beam and the axis of the energy analyzer, howevesnd(b) parallel (£,) to the surface. These components of energy are

remained fixed at-45°) Representative data recorded for indicated in each element of the figure and were obtained using the

each of the present surfaces are shown in Fig. 2. These derfollowing combinations of ion energy and angle of inciden®:

onstrate that the broadening of the electron energy distribuAl(100), E, ~5.5eV:-15eV/32.5°, 60 eV/65°, and 250 eV/78°,

tion is governed principally by the component of ion energyE, ~60 eV:-60 eV/10°, 250 eV/60°, 500 eV/69°; £100):- same

perpendicular to the surface, which suggests that it is relate@s for A(100; Cu(100, E, ~3eV:-10eV/55°, 25 eV/70°E,

to the distance of closest approach of the ion to the surface:50 €V:-60eV/20°, 250 eV/65% (b) AI(100, E,~5eV:
Simple arguments suggest that the maximum ejected elecd> €V/32.5°, 60 eV/15°, 250 eV/10%F,~14 eV:-15eV/75°,

tron energy should be given .=z —2¢, wheree; is the 500 eV/10°; A4{100, E,~8eV:-60eV/25°, 250 eV/10°E,

energy liberated by neutralization of the ion agdis the 14 €V:-15eV/75%, 60 eV/30%; G400, Ey~5 eV:-10 evi4s?,

surface work function: 5.5 eV for AQ00), 5.1 eV for 22 €V/25° 60 eV/15°F~45eV:-60 eV/65°, 250 eV/25°.

Cu(100, and 4.25 eV for AlIL00. The available energy;

depends critically on ion/surface separation, initially decreas-

ing from the values;~24.6 eV characteristic of an isolated parallel to the surface, arises as a consequence of the refer-

He" ion as the surface is approached due to image chargence frame transformation between ion and netal.

interactions. One possible mechanism that might account for Recent calculations of the energies of Héons and

the increase in the high-energy cut off in the energy distri-ground-state Heatoms near metal surfaces, however, sug-

bution with increasing ion energy is the excitation of elec-gest an alternate explanation for the broadening. These show

trons in the solid by the moving ion to create electron/holethat, whereas the image potential provides a fair approxima-

pairs. This would produce electrons with energies ahgve  tion to the Hé and Hé level shifts at large separations,

which, if they participate in the Auger process, could lead toclose to the surface strong short-range “chemical” interac-

an increase in the ejected electron energy. Fourier analysi®ns with neighboring metal atoms become important and

suggests that this increase might amount@5-1.5 eV for  lead to large shifts in the energy levéfs®in particular, the

the present range of ion energféswhich is significantly calculations indicate that the energy differenE¢He" ]

smaller than that observed. Further, to a first approximation;- E[He"], which is equal to the energy releasethat occurs

the energy shifts associated with this effect should be gowwhen the ion is neutralized, depends critically on the ion/

erned simply by the speed of the incident ion rather than, asurface separation. This is illustrated in Figi@3which

is observed experimentally, by its component of energy pershows the calculated energy differen®sr an Al(111) sur-

pendicular to the surface. A smaller increase in the high enface as a function of the distan@efrom the first atomic

ergy cut off, associated with the component of ion velocitylayer. These calculations, which assume that the ion is inci-

fiifocmfec
Cu(100)7]
E, ~45eV |
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locity v, (z) are known as a function of ion/surface separa-

% 35 ] tion. The probability that an incoming ion will undergo neu-
ow 25k tralization at a distance from the surface in a time interval
cw L dtis given by
L5t
B I dPo(2) =Po(2)Ry(2)dlt, (D)

» where P,(z) is the probability that the ion has reached
%3,310 without undergoing neutralization. Sinck is related to the
E'g i incremental distancalz travelled in this interval bydt
5910""— =dz/v, (2), then
<8 r
w5l dPy(z) dz
B 10 U =R(2) . )]

We Po(2) v.(2)
107 : : : : S when integration yields
r (c) ]
1200 = Y 1 i foo R(z')dZ’ .
%\ 80:— _: O(Z)_exp_ , UL(Z,) . ( )
w 40: ] Figure 3b) shows the results of several recent calculations of
. 1 R.(z) for He" ions incident on an aluminum surfat®8To
ot aid in evaluating the integral in Eq3), each was fit by a
— 2@ polynomial. v, (z) was derived from the initial value,
E vo, (), using the potential calculated for the interaction of a
N He' ion with an AK100) surface'® This potential rises
g 1L sharply near the surface due to strong short-range repulsive
u interactions. GiverR;(z) andv, (z), P,(z) was determined
o 05 i ] by numerical integration. The atom/surface separatioat
o] I R S S which P,(2z) falls to 0.5 was then taken as a measure of the

0 2 4 6 8 10 typical distance at which neutralization might be expected.
ATOM/SURFACE SEPARATION (a.u.) Values ofz, obtained using the different theoretical predic-

FIG. 3. (a)Calculated energy releasethat occurs upon neutral- 10Ns for Ri(z) are presented in Fig.(§ for several initial
ization of a Hé ion as a function of atom/surface separaton CcOmponents of ion energy perpendicular to the surface. Al-
(taken from Ref. 16 (b) lon neutralization rateR,(z) as calculated ~though the different theoretical calculations predict some-
in Ref. 16(dotted ling, Ref. 17(solid line) and Ref. 18dot-dashed ~ What different neutralization rates they, nonetheless, each in-
line), and as inferred from measurements of grazing-incidence ioglicate that, for the present experimental conditions,
scattering(dashed ling taken from Ref. 2(c) Typical neutraliza-  neutralization should typically occur2—3 a.u. from the first
tion distances predicted using E@®) and the neutralization rates atomic layer, i.e., close to the jellium edge which is located
given in Ref. 16(0J), Ref. 17(¢), Ref. 18(®), and Ref. A'¥) for atz~2 a.u. A fraction of the incident ions, however, undergo
different initial components of ion energy perpendicular to the sur-neutralization at smaller atom/surface separations where, as
faceE, . (d) Calculated heliunm=2 singlet level near an alumi- shown in Fig. 3a), the energy available upon neutralization
num surfacetaken from Ref. 15solid line), Ref. 20(dot-dashed s increased. This would then account for tisizable in-
line)}, referenced to the Fermi energy. crease in the high-energy cutoffs evident in Figahd 2 as

the component of incident ion energy perpendicular to the
dent directly on top of an atom in the surface, predict that thesurface is increased.
energy release will increase dramatically if the ion is neutral- Figure 3b) also includes neutralization ratdé&(z) in-
ized close to the surface. Similar behavior is also predictederred from measurements of grazing-incidence® Hen
for a Pd111) surface suggesting that it might be typical of a scattering These rates, although consistent with earlier ex-
wide variety of high work function metals. Given that the perimental estimatesare much higher than those suggested
distance of closest approach to the surface will depend on thigy the recent theory and would lead to ionization at distances
component of incident ion energy perpendicular to the surof ~5—7 a.u. from the first atomic layer. At these distances
face, such an effect could account in large part for the obthe neutralization energy; is too small to account for the
served increases in the high energy cutoff in the ejected elettigh energy components of the ejected electron energy dis-
tron energy distributions. For this to be true, however, iondributions. Recently, however, the initial interpretation of the
must be able to approach close to the surface before neutrabn scattering data has been questicrféand it has been

ization takes place. argued that they, in fact, point to neutralization at ion/surface
The distance from the surface at which neutralization ocseparations similar to those indicated in the present work.
curs can be determined if the transitiGmeutralization rate lonization at small atom/surface separations is also con-

R(z) and the perpendicular component of incident ion ve-sistent with the measured ejected electron polarizafions.
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08 ——mF———1—— — teristic of the rest of the distribution. This increase is particu-
os FA } % T { f T ] larly pronounced in the case of @00).

L %} . An average polarizatio®,~3 can be accounted for as
04 ¢ ; i §% % § § E follows. Neutralization of a H& ion in which the electron is
oof ¢ k polarized spin ug?) requires a spin-dowf() electron. Thus,

- . for neutralization to proceed, at least one of the two partici-
> 0 o S S S R pating electrons must be spin down, resulting in the possible
O o6t " ] spin configurationd 1|}, {1}, and{]]}. Assuming that the
B L } % ] available electrons are not strongly spin polarized, it is rea-
E 04 L 1 g # i g % $ i i % i i { ] sonable to expect that the overall spin configurati§fhs
S o2l ] +71} {1+11}, and {7+ ]|} will be equally probable,

8 L . whereupon twice as many spin-up as spin-down Auger elec-
Y et . trons will be produced, resulting in an average ejected elec-
06 L™ ] tron polarizationP,~ £ independent of the nature of the sur-
a {#JH}H H . face. This picture is similar to that recently employed to
0.4 1 {H}{}{}M ] explain data obtained in spin-dependent studies of Heu-
0.2 :éé#é 1 tralization at a solid C@surface where the ejection of elec-
C ] trons with an average polarizatiolP,~3 was also
5T T30 5 20 observed® The formation of an autoionizing complex was
RETARDING POTENTIAL (V) postulated in which a significant fraction of the kinetic en-

: o _ ergy of the incident ion is converted to potential energy.
FIG. 4. Ejected electron polarizations as a function of the retard- Careful inspection of the data in Fig. 4 reveals that the
ing potentialV applied to the retarding grids at the input of the 5.0 56 electron polarization decreases somewhat as the in-

Mott polarimeter for A(100), Au(100), and Cy100 and incident . - - . .
. ) e cident ion energy is increased, this effect being most marked
ion energies of 15 e\/®) and 500 eM$). The electron polarization for Cu(100) anc??lb\l(lOO). As evident from the e%ected elec-

is normalized to that of the incident ions, which are incident at antron enerav distributions shown in Fias. 1 and 2. an increase
angle #~50° to the surface normal. 9y gs. '

in ion energy can result in an increase in the relative produc-

Th h in Fig. 4 functi f th tardi tion of low-energy electrons. This effect is most noticeable
ese aré shown In =ig. 4 as a function of the retarding,, Al(100 and for C{100. No similar significant increase

potentialVg applied to the retarding grids at the input of the is observed for A(L00). This suggests that the observed de-

Mott polarimeter. The ions are |nC|dent.81~50 to the creases in the average electron polarization can be attributed
surface normal and data are included for ion energies 15 (i

. o .__to an increase in the production @fhpolarizegl low-energy
and 500 eV. The_ eject_ed electron polarlz_atlon IS nor_mallze econdary electrons. For A00 it has been suggested that
to that of the incident ions. For any particular retarding po-

. Lo electron ejection associated with the excitation and subse-
tentla}IVR, the measured poIar|;at|on represents Fhe averag&uem decay of surface plasmons might provide an important
polarization of all _electrons ejeqted with energies greateontribution to the total secondary electron signal at energies
thaneVr, wheree is the electronic charge. A marked spin po14, g7 eV Since no spin correlation is expected in the

correlation is evident indicating that_ the electrqns invqlved indecay of such a collective excitation these electrons should
the Auger_ process tend to h_ave_ antiparallel SpIns. This can bzﬁso be unpolarized. However, given that the behavior of the
seen, for mstgnce, by conS|_der|n_g the specific case V\_/here ﬂb%larizations measured for @00 and C{100) (a transition

incident He' ions are polarized in thenj(mg) =+1/2, i.€., el for which no well-defined plasmon features have been
spin-up(7), state. Because the helium ground state is a SPBbserved are similar, this suggests that plasmon decay pro-

singlet, such ions must be neutralized by spin-dawnms  jges at most, only a small contribution to the total electron
= —1/2 electrons. However, as demonstrated in Fig. 4, this igjyn4).

accompanied by the preferential ejection of spin-up electrons ~p simple model~® which considers the perturbation in
leading to the formation of singlet two-hole final states in theg ,itace electronic structure induced by the presence of the
S“”‘ff‘ce_- . polarized He' ion has been proposed to explain the polar-
Similar behavior is observed for each of the present targeb aiion increases observed at the higher retarding potentials.
surfaces. At Iow-to—mtermedlqte \_/alues of retardlng potentialrhe induced density of states was evaluated using an Ander-
the measured eIectr.on. pola(lzat|ons are essen_nally constaghy model and exhibited a marked spin dependence that re-
and independent of incident ion energy. Interestingly, the avg e from perturbations in the local densities of states as-
erage polarizatiofP, of the ejected electrons, i.e., that mea- sociated with the helium € orbital. As the surface is
sured with the smallest retarding potenti&!, is similar for  approached, the shift and broadening of tHé& and 2’S
each of the present surfaces and has the vaJues. In each  atomic levels is such that each is partially filled by electrons
data set, however, the polarizations increase markedly at tHeom the metal which increases the local density of states in
highest retarding potentials indicating that those electrons ithe vicinity of e . This increase is markedly spin dependent
the high-energy tail of the electron energy distributions havebecause théspin polarizedi 23S level lies appreciably lower
polarizations that are significantly higher than those charadn energy than the %5 level and therefore provides a greater
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contribution to the induced density of states leading to a neand{7 + | 1} are favored leading to an increase in the ejected
electron polarization in the same sense as that of the inciderlectron polarization which, as noted above, will again be
ions. The increase in electron polarization observed at thenost pronounced at the highest ejected electron energies.
highest ejected electron energies is then explained becausgnis picture is also consistent with the observation that, of
as the energy increases, the electrons involved in the Augehe surfaces studied here, the increase in polarization is most
process must originate from ever higher energy states wheigarked for A(100). This has the smallest work function and
the spin dependence in the total density of occupied states i Fermj energy presumably therefore lies closest to the he-

most pronounced. _ , o lium n=2 atomic levels resulting in the largest induced den-
Although in discussing this mechanism earlier it was aSity of states.

sumed that neutralization occurred relatively far from the "o present work indicates that ion neutralization at

surface’® s effects are likely to be more important if neu- ¢jean, high-work-function metal surfaces occurs at much
tralization occurs close to the surface. Recent calculations Qi ajier ion/surface separations, typica#2—3 a.u., than in-
the heliumn=2 singlet levels near an aluminum surface aréferreq from earlier measurements of ion scattering and ion
shown in Fig. 8d),”™*"referenced to the Fermi energy. These e iralization. Close to the surface, strong short-range
calc_ulat|ons suggest that, Wh_ereas these levels initially MoVenemical interactions between the incident ian well as the

up in energy as the surface is approached, close to the sysiqqyct neutraland neighboring metal atoms are important
face short-range interactions become important leading tgnq |ead to pronounced energy level shifts. These make pos
strong mixing between th8 andP states and to a lowering gjpje increases in the maximum energy of the ejected elec-
of their energies. The calculated energies reach a MINIMUR s and result in a spin-dependent increase in the local
~3 a.u. from the outermost atomic layer where the tripletyensity of electronic states near the Fermi level. However,
level, which is located~0.3 eV below the singlet level, is g ther detailed calculations will be required to fully evaluate

predicted to lie close teg . At smaller atom/surface separa- he role of localized interactions in ion/surface scattering.
tions the levels again rise but their widths should be suffi-

cient to ensure that they extend belew resulting in a sig- This research was supported by the Office of Basic En-
nificant spin-dependent induced density of states in thergy Sciences, U. S. Department of Energy, and by the Rob-
vicinity of ex. As a result, the spin configuratiof$+1|}  ert A. Welch Foundation.
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