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PHYSICAL REVIEW B 69, 045420 ~2004!
Internal electronic structure of adatoms on Fe„110… and Fe„100… surfaces:
A low-energy Li¿ scattering study

Y. Yang,1 Z. Sroubek,2 and J. A. Yarmoff1,*
1Department of Physics, University of California, Riverside, California 92521, USA

2Czech Academy of Sciences, URE, Chaberska´ 57, Prague 8, Czech Republic
~Received 12 August 2003; revised manuscript received 27 October 2003; published 29 January 2004!

The neutralization of 400–3000 eV7Li1 ions scattered from clean and adsorbate-covered Fe~110! and
Fe~100! surfaces was measured with time-of-flight spectroscopy. Li singly scattered from bromine, iodine, and
cesium adatoms has a consistently larger neutral fraction than that for scattered from substrate sites. This
suggests that the local electrostatic potential directly above these adatoms is reduced from that of the clean
substrate. The neutral fraction of Li scattered from halogen adatoms is surprising in that it decreases as the
emission angle moves off-normal, yet increases in the usual manner for cesium and silver adatoms. This
indicates that the charge distribution associated with a halogen adsorbate is nonuniform, most likely due to
internal polarization. A semiquantitative theoretical analysis shows that a nonuniform internal electron density
would give rise to the observed behavior. The polarization of halogen adatoms is likely responsible for
anomalous work function changes observed previously. Alkali-ion scattering is shown to be an effective tool
for detecting the internal electronic structure of an adatom.

DOI: 10.1103/PhysRevB.69.045420 PACS number~s!: 68.43.2h, 68.49.Sf, 79.20.Rf, 73.90.1f
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I. INTRODUCTION

Halogens have a remarkable variety of applications
electrochemistry, lamps, etching, dry processing, and sur
preparation and are used as catalytic poisons and promo
Because of their technological significance, halogen ads
tion and reactions have attracted much attention in the
face science community.1–3 Despite the amount of work de
voted to this subject, however, the local electronic struct
and the nature of halogen–transition-metal bonding are
unclear. In addition, based on simple electronegativity c
siderations, halogen adsorption would be expected to
crease the surface work function. It has been found, howe
that the work function actually decreases upon halogen
sorption on a number of transition-metal surfaces.4–8 Several
empirical and theoretical models4,5,9,10have been proposed t
explain this phenomenon, but their reliability has not be
tested because of lack of information on the microsco
electronic structure. In addition, all attempts of using a sin
dipole layer to explain the anomalous work function beh
ior have been unsuccessful.10

As a surface analytical method, low-energy ion scatter
has the advantage of extreme surface specificity.11 In addi-
tion to surface composition and structure analysis, neut
ization during low-energy ion scattering can be employed
probe the local charge states of adsorbates on surfaces,
cially when alkali ions are used as the projectiles.12–14This is
because the alkalins valence levels overlap the metal Ferm
level so that resonant charge transfer~RCT! dominates over
the other charge transfer processes.15 RCT only involves
outer shell electrons so that the charge exchange probabi
are strongly influenced by the local surface electronic en
ronment.

Charge exchange in low-energy alkali-ion scattering fr
alkali-covered metal surfaces has been studied by sev
0163-1829/2004/69~4!/045420~9!/$22.50 69 0454
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groups.12–14,16–19All these results indicate that the local in
homogeneity in the electrostatic potential of the adsorb
layer plays an important role in the charge transfer proce
In particular, the neutralization probabilities of the particl
scattered from different surface sites, which were determi
for Li1 scattering from alkali-covered Al and Ni, carry qua
titative information on the local electrostatic potential12–14

~LEP!. A satisfactory agreement between the experimen
results andab initio theory was achieved by introducin
variations in the energy and width of the projectile lev
corresponding to the LEP around the alkali adatom.20,21

In contrast, there have been few studies of alkali-ion sc
tering from halogen-covered metal surfaces. In a rec
Letter,22 we showed results of low-energy Li1 scattering
from iodine adsorbed on iron, which suggest that the inter
polarization of the adatom plays an important role in t
neutralization process. More comprehensive experiments
carried out in the present paper, and the effects of differ
incident ion energies and various halogen~I, Br! and other
adsorbates~Cs, Ag! on the neutralization of scattered Li ar
investigated. We show that the charge exchange proce
dominated by the LEP change induced by the adsorb
when relatively high incident beam energies and large s
tering angles are used. Independent of the coverage, the
tralization probability of the particles scattered from a ha
gen adatom is always larger than that from the substr
which suggests a lower potential directly above the halo
adatom. The neutral fraction of Li scattered from the halog
adsorbate deceases as the exit angle increases with resp
the surface normal, which is in contrast to the more us
behavior for cesium and silver adsorbates. These data ca
explained by considering a large polarization effect within
adsorbed halogen, and show that alkali-ion scattering is s
sitive to the internal charge distribution of a surface adato
©2004 The American Physical Society20-1
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II. EXPERIMENTAL PROCEDURE

The experiments were performed in an ultrahigh vacu
~UHV! chamber with a base pressure of about
310211 Torr. Prior to introducing the iron single crysta
samples into the UHV chamber, they were treated in a
nace at 800 °C under a constant flow of pure hydrogen
for about 6 weeks to remove the sulfur and oxygen impu
ties embedded in the bulk.23 The samples were cleanedin
situ in the UHV chamber with cycles of 1-keV Ar1 sputter-
ing and annealing at 700– 750 °C. The cleanliness of
surfaces was checked with Auger electron spectrosc
~AES! employing a cylindrical mirror analyzer~Perkin-
Elmer!, which indicated no evidence of carbon or oxyge
The overlayer symmetries of the surfaces were determ
with low-energy electron diffraction~LEED!. Sharp (131)
patterns were repeatedly obtained for clean Fe~110! and
Fe~100!.

Iodine and bromine were deposited from solid-state e
trochemical cells based on Ag halide pellets.24,25 The cells
were operated between 140 and 160 °C. After each dep
tion, the surface composition was checked with AES, wh
showed no silver or oxygen impurities from the cells. T
halogen exposures are reported inmA min, i.e., the product
of the operating current and exposure time. It is estima
that a 10mA min exposure approximately corresponds to o
I2 or Br2 molecule impinging on each surface atom. Cs de
sition was performed using a well-outgassed getter~SAES!
with the sample held at room temperature. Ag~a, 99.9985%!
was evaporated from a W filament~Mathis!.

Changes in the work function induced by halogen, C
and Ag adsorption were determined by the energy shift of
secondary-electron cutoff measured with a hemispher
electrostatic analyzer~Comstock!. The secondary electron
were generated by impinging a 200-eV electron beam o
the sample.

Time-of-flight ~TOF! spectra were collected with equip
ment similar to that described elsewhere.12 The 7Li1 ions
were produced from a thermionic emitter ion gun~Kimball
Physics!. The energy spread of the incident7Li1 beam was
less than 0.2%. The beam was deflected across a 1.0-2

aperture to produce 40-ns pulses at a rate of 80 kHz.
scattered ions and neutrals were detected by a microcha
plate ~MCP! array after traveling a total path length of 0.5
m. Parallel to the flight path, a set of;535-mm2 deflection
plates were positioned on opposite sides of the scatt
beam. ‘‘Total yield’’ spectra were collected with both plat
held at ground, while ‘‘neutrals only’’ spectra were collect
by placing1200 V on one plate to deflect the scattered io
The entrance to the MCP detector was held at ground
ensure that ions and neutrals were collected with equal
ciency.

III. RESULTS

Representative total yield and neutrals only TOF spe
are shown in Fig. 1 for 2.5-keV7Li1 backscattered from
Fe~110! following iodine and bromine adsorption. The sing
scattering peaks~SSP’s! are sharp features that result fro
04542
r-
as
i-

e
y

.
d

-

si-
h

d
e
-

,
e
al

to

m
e
el-

ed

.
to
fi-

a

binary elastic scattering from a single surface atom or a
tom, while the background signal arises from Li projectil
that have undergone multiple collisions. The Fe SSP’s
well resolved from the background in all spectra, and th
and Br SSP’s are well separated from their respective
SSP’s so that the neutral fractions could be independe
monitored for single scattering from the different sites. T
neutral fractions were determined by dividing the integra
area of the neutrals only SSP by that of the total yield S
The areas were calculated following the subtraction of a
ear background~typical backgrounds are shown by dash
lines in Fig. 1!.

Note that the calculated neutral fraction is rather insen
tive to the background subtraction procedure because
neutral fractions of the substrate SSP and the multiple s
tering background underneath it have nearly identical valu
In fact, the neutral fractions calculated for the Fe SSP
taking the ratio of the neutral to total yields in a620-eV
window centered about the Fe SSP maximum without a
background subtraction fall within the uncertainty range
the values determined with background subtraction. For
adsorbate SSP’s, the background subtraction is clear cu
cause of their simple shape and the absence of any signifi
multiple scattering signal underneath the peaks.

A. Energy dependence of the neutral fraction

Previous studies have shown that the neutralization pr
ability of alkali ions scattered from a clean metal su

FIG. 1. ~Color online! TOF spectra of the total and neutra
yields collected at a 168° scattering angle for normally incident
keV 7Li1 scattered from iodine-adsorbed and bromine-adsor
Fe~110!. The corresponding I2 and Br2 exposures are 100 and 20
mA min, respectively.
0-2
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INTERNAL ELECTRONIC STRUCTURE OF ADATOMS . . . PHYSICAL REVIEW B 69, 045420 ~2004!
face depends on the component of the outgoing velocity
is perpendicular to the surface.26,27Thus, for a given scatter
ing angle, the neutralization probability changes with the
cident ion energy. As the energy decreases, the neutraliza
process becomes more adiabatic, which in the present
produces more neutrals since the work function of Fe~4.6–
5.1 eV! is smaller than the ionization potential of Li~5.39
eV!. We carried out series of measurements for halog
adsorbed Fe surfaces using incident beam energies ran
from 0.4 to 3.0 keV to investigate the energy dependenc
neutralization in the presence of surface adsorbates.

The neutral fractions of the I, Br, and Fe SSP’s for a fix
exit angle of 12° from the surface normal are plotted in Fi
2~a! and 2~b! against the final energy of the scattered Li. T
scattered energy, rather than the incident energy, is used
since the neutralization is determined along the exit tra
tory, and different amounts of energy are lost in scatter
from the iron and halogen sites. Similar experiments w

FIG. 2. ~Color online! Neutral fractions versus final energy fo
normally incident Li particles scattered at 168° from~a! I-adsorbed
Fe~110!, ~b! Br-adsorbed Fe~110!, and ~c! Cs-adsorbed Fe~100!.
Both iodine and bromine exposures are 200mA min. The Cs-
induced work function change is21.1 eV. The neutral fraction
error analysis assumes that the uncertainty in the calculated
area equals the square root of the area. Note that in some cas
markers representing the data points are larger than the error
Also shown in~a! and ~b! are the neutral fraction of the Fe SSP
for clean Fe~110! as a function of scattered Li energy.
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performed for clean Fe~110!, and these data are included fo
comparison. The results show that the neutral factions of
I and Br SSP’s vary with the scattered Li energy in a simi
way. At low scattered energy, the I~or Br! and Fe neutral
fractions are relatively large and comparable to each ot
As the energy increases, the neutral fractions of the halo
and Fe SSP’s both decrease, but more importantly, they
verge. The neutral fraction of the halogen~I or Br! SSP is
significantly larger than that of Fe SSP for all scattered
ergies above;300 eV.

To determine whether the energy dependence is the s
for both negatively and positively charged adsorbates, n
tral fraction measurements versus incident energy were
formed for Cs-covered Fe~100!, and the results are shown i
Fig. 2~c!. The energy dependences of the neutral fractio
have the same overall trend as with halogens. For large s
tered energies, the neutral fractions of Cs and Fe SSP’s
very different from each other. As the energy decreases,
two neutral fraction curves both increase and gradually
proach each other.

These results indicate that the neutral fraction meas
ment is sensitive to the local adatom-induced LEP cha
only for relatively high scattered~and correspondingly high
incident! ion energies. At low energies, the charge trans
process approaches the adiabatic limit, and the neutral f
tion measurement does not reveal inhomogeneities in the
tential close to the surface. Accordingly, for the remainder
the experiments reported here, the incident Li1 energy was
kept at the relatively high energy of 2.5 keV. For single sc
tering at 168° from Fe, Br, and I atoms, the correspond
scattered Li energies are 1.5, 1.8, and 2.0 keV, respectiv
Note in Figs. 2~a! and 2~b! that for final energies above 1.
keV, the variations in the neutral fraction curves are re
tively small. Thus, differences in energy due to scatter
from different atomic sites do not affect the results.

B. Exposure dependence of the neutral fraction
and work function

Figure 3~a! shows the work functionf and the ratio of the
AES I(MNN)/Fe(LMM) peaks as functions of iodine expo
sure on Fe~110!. The AES data show that the iodine covera
increases monotonically for exposures below 200mA min.
The linear increase of the I coverage in the low-expos
range suggests a constant initial sticking coefficient. The
of increase slows somewhat for higher exposure, altho
the exposures used here are not sufficient to reach satura
The work function decreases with increasing iodine expos
up to ;100mA min, after which it increases back to it
clean surface value. The evolution of the LEED pattern s
gests that the behavior of the work function is surfac
structure related. When the iodine exposure is below
mA min, no significant change in the substrate (131) LEED
pattern is observed. At an iodine exposure of about
mA min, a sharpc(133) pattern is obtained. As the iodin
exposure is increased to 200mA min, the LEED pattern
transforms into ac(135) pattern. This is qualitatively con
sistent with the previous reports.28,29The iodine adatoms oc
cupy different surface sites as the adsorbate coverag

SP
the
rs.
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increased, which leads to the changes in the LEED patt
and the detailed shape of the work function curve.

The neutral fractions of the I and Fe SSP’s are shown
Fig. 3~b! as a function of I2 exposure. They are nearly con
stant over the range of exposures employed, but do dis
broad maxima in the exposure range of 50–100mA min. The
shape of the work function curves are roughly ‘‘mirrored’’
the neutral fraction curves, which is consistent with the p
diction of the RCT model that the neutral fraction goes in
opposite direction as the work function change.15 A surpris-
ing feature of the data, however, is that the I SSP neu
fractions are considerably larger than those of the Fe
over the entire iodine exposure range.22

Similar results are found for bromine adsorption
Fe~110!, as shown in Fig. 4. The Br(LMM )/Fe(LMM ) AES
ratio rapidly increases for exposures below 200mA min, also
indicating a constant initial sticking coefficient. Thereaft
the ratio levels out, indicating that the sticking coefficie
drops dramatically. Note that halide island growth could o
cur at the largest bromine exposures.3 Upon Br adsorption,
the LEED pattern changes continuously. Accompanying
surface structure change,f goes through a minimum at a B
exposure of about 100mA min. The variations in the neutra
fractions of the Br and Fe SSP’s follow the same trends
the I/Fe~110! system. Similar to I/Fe~110!, the most signifi-
cant feature of Fig. 4 is that the neutral fraction of the Br S

FIG. 3. ~Color online! ~a! Work function ~f! and ratio of the
AES I(MNN)/Fe(LMM ) peaks as functions of iodine exposure
Fe~110!. Also indicated are the surface structures obtained
LEED. The work function value for clean Fe~110! was taken as
5.05 eV~Ref. 44!. ~b! Neutral fractions of the I and Fe SSP’s vers
iodine exposure. The7Li1 beam was incident along the surfac
normal, and the scattering angle was 168°.
04542
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is larger than that of Fe SSP at all exposure levels. Follow
the largest Br exposures, the neutral fractions of the Br
Fe SSP’s stabilize, but at relatively smaller values than th
for I-covered Fe~110!.

We have also measured neutralization probabilities
Li1 scattered from iodine and bromine adsorbed on Fe~100!.
Figure 5 shows the neutral fractions of the I, Br, and
SSP’s along with the work function curves, plotted agai
the halogen exposure. Also indicated are the surfa
structure symmetries obtained by LEED, which are cons
tent with previous results.30,31 The work function increases
upon both I and Br adsorption on Fe~100!, with the increase
for Br/Fe~100! being somewhat larger. All of the neutral frac
tions are nearly constant over the exposure range, but
neutral fractions of the halogen SSP’s decrease slightly
more halogen is adsorbed. The halogen neutral fractions
much larger than those of iron over the entire covera
range, similar to halogen-adsorbed Fe~110!.

IV. DISCUSSION

To gain insight into the charge transfer process
halogen-adsorbed surfaces, both the macroscopic work f
tion change induced by the halogens and the modification
the LEP around each individual halogen adatom need to
considered. For large-angle scattering, however, the pro

y

FIG. 4. ~Color online! ~a! Work function ~f! and ratio of the
AES Br(LMM )/Fe(LMM ) peaks as functions of bromine expo
sure on Fe~110!. Also indicated are the surface structures obtain
by LEED. The work function value for clean Fe~110! was taken as
5.05 eV ~Ref. 44!. ~b! Neutral fractions of the Br and Fe SSP
versus bromine exposure. The7Li1 beam was incident along th
surface normal, and the scattering angle was 168°.
0-4
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tile only probes a very small region of the surface so that
outcome is usually dominated by the local properties.18,32 In
addition, the relatively high energies used here further
hance the sensitivity of ion scattering to the local electro
structure.

At first, it may appear straightforward to explain the hig
neutral fraction for scattering from the halogen by consid
ing the increased electron density at the halogen site.
photoemission shows that the occupied halogen-adsor
states lie well below the Fermi level.33 Because of the smal
Li ionization potential, resonant electron transfer betwe
the halogen-induced states and the Li level is rather unlik
In fact, in all cases the neutralizing electron comes from
metal valence band. Thus, it is the local potential at the h
gen site that makes the dramatic difference in the neutra
tion rate and not the density of electronic states.

Based on a simple consideration of the surface cha
distribution, the negatively charged halogen atom, along w
its image charge in the substrate, should create an inw
pointing dipole. As a result, the potential should be larger
the vicinity of the halogen adatom as compared to a b
metal site. But the large neutral fractions of the halog
SSP’s suggest that the LEP is actually lower at the halo
sites. In addition, a negative halogen-induced dipole can
explain the work function decrease observed on Fe~110! and
many other transition-metal surfaces.4–8

Several explanations for the work function decrease

FIG. 5. ~Color online! ~a! Neutral fractions of the I and Fe SSP
and work function~f! versus I2 exposure on Fe~100!. ~b! Neutral
fractions of the Br and Fe SSP’s and work function~f! versus Br2
exposure on Fe~100!. The7Li1 beam was incident along the surfac
normal, and the scattering angle was 168°. The surface struc
obtained by LEED are also indicated. The work function value
clean Fe~100! was taken as 4.67 eV~Ref. 45!.
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been previously proposed, with subsurface penetration of
halogen leading to an outward-pointing dipole being t
most common.4,7 For single-crystal surfaces, however, it h
been found that halogens do not penetrate the lattice
instead are most often positioned above the outermost
strate atoms at well-defined sites.33–36 Furthermore, it might
be expected that halogen penetration would be enhance
the more open~100! surfaces, but instead these surfaces g
erally show the expected increase in work function.6,37 Pen-
etration also fails to explain why larger work function d
creases are caused by iodine adsorption, as opposed to
halogens,8 since penetration should be reduced due to
larger size of the iodine atom. The notion that the halog
adatom is internally polarized, thus leading to a combinat
of inward and outward dipoles, is consistent with the kno
adsorption sites and can explain both the ion scattering
work function data.10,22

A. Internal polarization of halogen adsorbates

Internal polarization of halogens in the vicinity of a su
face is not a new idea. Realizing the difficulty of relating t
electronegativity of halogen adsorbates to the work funct
change, Pettersson and Bagus38 pointed out that halogen ada
toms on metal surfaces could polarize to a large extent. T
cluster-model study showed that the polarization of both
halogen anion and the metal dramatically reduced the dip
moment from that given by the unpolarized surface dipo
Thus, a change in work function is not simply a measure
the adsorbate ionicity. Based on density-functional calcu
tions, Wu and Klepeis10 proposed a multidipole model tha
considers the internal charge distribution of a polariza
halogen adatom. Their results indicated that the charge re
tribution could be treated as the sum of three dipole laye
The outermost dipole results from the polarization of t
halogen adatom by the field of the metallic surface a
points outwards; the second, which is the expected inwa
pointing dipole, is due to the electronic charge transfer fr
the metal to the adsorbate; the third arises from the effec
Smoluchowski smoothing in the near-surface region of
metal. The overall work function change is thus determin
by competition between the negative contributions of
first and third dipoles and the positive contribution of t
second dipole.

The multidipole model suggests that although the halo
adatom carries an overall negative charge, this charge is
uniformly distributed around the halogen ion core~see Fig. 6
for a sketch!. Such a region of electron depletion above t
halogen adatom is clearly visible in the electron density c
tour plots of Ref. 39 shown for Cl adatoms on metal s
faces, although this detail was not mentioned by the auth
themselves. As shown in these plots, a positive image ch
resides directly beneath the negatively charged halogen
tom. As a result, the negative charge surrounding the halo
ion core is attracted toward its image charge in the surfa
leaving a region of positive charge above the adatom.

This comprehensive picture of halogen adsorbates
adopted here to explain the neutral fractions observed in1

scattering.22 When backscattered alkali ions exit near
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Y. YANG, Z. SROUBEK, AND J. A. YARMOFF PHYSICAL REVIEW B69, 045420 ~2004!
perpendicular to the surface, the particles ‘‘feel’’ the poten
directly above the scattering site. Since there is an attrac
potential directly above the polarized halogen due to the o
ermost dipole, the LEP at the top of a halogen adatom
lower than that near an Fe surface atom. The attractive
tential lowers the energy level of the projectile, thereby
creasing the neutralization probability. As a result, the neu
fractions of the halogen SSP’s are larger than those of th
SSP’s.

B. Comparison with alkali adsorbates

The important role that an inhomogeneous LEP plays
charge exchange was previously shown by Li-ion scatte
from alkali-covered metal surfaces.12,13At low alkali cover-
age, the neutralization probability of the alkali SSP is a
much larger than that of the metal SSP. An alkali adat
donates its valence electron to the surface and is adsorb
a positive ion ~as illustrated in Fig. 6!, thus creating an
outward-pointing dipole and lowering the potential in t
vicinity of the adatom. Consequently, the neutralizati
probability is larger for ions scattered from the alkali site

In the sense of the ‘‘outermost’’ dipole field, halogen a
sorbates have similar effects on charge exchange as a
but their differences become apparent as the adsorbate
erage increases. As the coverage of alkali increases, the
sorbates interact, which leads to a depolarization of the in
vidual dipoles and a reduction of the inhomogeneities in
LEP.20,40As a result, the difference between the neutral fr
tions of the alkali and metal SSP’s become smaller. At
highest coverages, the LEP approaches that of a uniform
pole sheet and becomes nearly homogeneous. Accordi
the neutral fractions of the alkali and metal SSP’s beco
nearly identical.12–14

For halogen adsorption, however, the polarization of
halogen atom~the attractive potential of the first dipole! is
very localized at the top of adatom. Since the differen
between the halogen and substrate neutral fractions is ne
constant as the coverage changes, the internal polariza
that leads to the outermost dipole must be a local phen

FIG. 6. ~Color online! Schematic diagram illustrating the ele
tron density associated with neutral~Ag!, positively charged
alkali ~Cs!, and negatively charged halogen~I, Br! adsorbates on an
Fe metal surface. The arrows show the outgoing trajectories of s
tered Li, and dotted lines are drawn to indicate the surface a
which charge formation occurs, as used in the calculations. T
diagram shows how these various charge distributions influence
potential experienced by the projectiles. Note that in estimating
local electrostatic field induced by the adatom, we neglect the c
tribution of the image charges shown in the figure.
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enon that is not affected by neighboring adatoms. As
halogen exposure increases, the interaction between the
toms may cause the second and third dipoles to become
polarized, but this apparently does not affect the neutral fr
tions measured at normal exit angles.

C. Angular dependence of the neutral fraction

For backscattering along a near-normal exit trajectory,
potential induced by the first halogen dipole plays a key r
in neutralization. If the charge transfer were to occur mo
toward the side of the halogen atom, however, the repuls
potential induced by the second dipole should become m
prevalent. This can be accomplished by utilizing a mo
grazing exit angle, as illustrated by the tilted arrow of Fig.
Hence, if the notion of internal polarization were correct
reduced neutral fraction for scattering from the halogen
would be expected for a glancing exit trajectory.

This effect was indeed observed for I-covered Fe surfa
when the sample was tilted with respect to the TO
detector.22 In Fig. 7~a!, the neutral fractions of the I SSP as
function of the exit angle following three different iodin
exposures are shown by the solid symbols. It is quite surp
ing that neutralization would decrease as the exit angle
comes more grazing, as it is in conflict with any model f
charge transfer that considers the surface potential to be
tropic. For a polarized halogen adatom, however, the L
changes sign as the angle is swept across the spherica

at-
g
is
he
e

n-

FIG. 7. ~Color online! ~a! Neutral fractions of the I SSP versu
the exit angle~with respect to surface normal! for Li scattered at
155° from iodine-covered Fe~100!. ~b! Neutral fractions of the Fe
SSP versus the exit angle for Li scattered from clean and iod
covered Fe~100!. The measurements were carried out for three
dine exposures, which were 50, 100, and 450mA min, respectively.
The semiquantitative theoretical estimations~see text! are shown as
the dotted and dashed lines.
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face that is probed by the exiting ion, as illustrated in Fig.
Thus, an increase in the exit angle can give rise to a red
tion in the neutralization probability. Since the reduction
neutralization is nearly the same for various iodine cov
ages, it appears as though any effects of adatom-adatom
teractions on the internal electronic distributions are m
mal.

The angular dependence of the Fe SSP is also affecte
iodine exposure. Following a small exposure~50 mA min!,
the Fe SSP neutral fraction increases with exit angle,
though not as strongly as with the clean surface. Follow
larger iodine exposures, however, the Fe SSP neutral frac
decreases somewhat as the exit angle increases. This i
cause the exiting Li has a high probability of interaction w
nearby iodine adatoms following the large exposures. Thu
Li particle originally scattered from an Fe surface atom m
encounter the delocalized repulsive potential of the nega
iodine ~the second dipole! on its way out, thereby reducin
its neutralization probability.

We also investigated the angular dependence of the1

neutralization rate for Cs- and Ag-adsorbed Fe~100!, as
shown in Fig. 8. The coverage of adsorbates was calibr
by both AES and work function measurements, and was k
low in order to make the LEP as inhomogeneous as poss
In all cases, the neutral fractions increase monotonically
more grazing exit angles, as expected. Alkali adatoms fo
single outward-pointing dipoles at the surface, so that
scattered Li does not experience a change in the sign o
potential as the exit angle changes. The attractive potenti
the Cs site causes the neutral fraction of the Cs SSP t

FIG. 8. ~Color online! Neutral fractions of7Li1 singly scattered
from adsorbate and substrate sites shown as functions of the
angle for ~a! Cs-covered and~b! Ag-covered Fe~100!. The corre-
sponding Cs- and Ag-induced work function changes were21.0 eV
and 10.18 eV, respectively. The scattering angle was 160°. T
semiquantitative theoretical estimations~see text! are shown as the
dashed lines.
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larger than that of the Fe SSP for near-normal angles,
they gradually approach each other for more glancing e
trajectories. For Ag adatoms, the neutral fractions of the
sorbate and substrate SSP’s have nearly the same valu
all angles. Ag atoms on metal surfaces form largely coval
bonds that are accompanied by very small cha
displacements.41 Thus, the surface dipole induced by a A
adatom is insignificant and there is minimal difference in t
LEP between the Ag and Fe sites, which gives rise to sim
neutralization rates.

D. Semiquantitative theoretical estimate

In order to clarify our interpretation of the experiment
results, we outline a semiquantitative theoretical estimate
the influence of the adatom-induced electrostatic potentia
the neutralization probability of Li1 ions scattered from sur
face adsorbates. This analysis shows that the internal e
tronic structure of the halogen adatoms does lead to the
served neutralization behavior.

The dynamics of resonant charge exchange is usu
modeled with the Newns-Anderson Hamiltonian.42,43 Typi-
cally, the charge formation process is described by the
ergy and virtual width of the valence level of the scatter
projectile, and the time dependence of the level energy
width produces nonadiabatic excitations in the atom-surf
system. While the energy of the valence level is mostly g
erned by the surface electrostatic potential, the width of
valence level is determined by electron exchange betw
the atom and the metal surface. The width depends, fo
given scattered particle, upon the substrate local densit
states~LDOS! at the Fermi level projected onto the scatte
ing site. In general, it is the width of the valence level, a
not its energy, that determines the distance above the sur
at which charge formation takes place. Under conditions
which the substrate can be represented by a free electron
this distance is laterally independent and the relevant ve
ity component of the scattered particle is normal to the s
face. This would also be the case for an isolated adsorbat
a surface if it could be represented by a slowly varying L
immersed in the free electron gas and the adsorbate did
protrude above the surface. If the adsorbate were situ
above the surface, we can assume that the LDOS follows
contour of the impurity, although the LDOS may not be la
erally independent in this case.

Under the approximation of a slowly varying LEP, th
nonadiabatic neutralizationN can be well described by a
simple analytical solution of the Newns-Anderson Ham
tonian,

N5F12expS 2C~DE1dE!

v r
D G3100%, ~1!

whereDE is the potential difference between the substr
Fermi level and the projectile ionization level, anddE is the
potential modification induced by the adsorbate. BothDE
anddE are taken at the location where the charge excha
occurs. The parameterC depends on the electronic structu
of the substrate-projectile system, andv r represents the rel
evant velocity component of the scattered particle. The ch

xit

e
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acteristic dependence ofN on dE and v r , as given by Eq.
~1!, is analytically obtained from the Anderson Hamiltonia
whether the ionization level is far below the Fermi level
all times or the ionization level is above the Fermi level
the surface and dips below the Fermi level during the em
sion, although the physical content of the productCDE is
different in these two cases. Thus, Eq.~1! is also expected to
hold for intermediate cases. We have checked the applica
ity of Eq. ~1! for the analysis of our data by comparing,
certain instances, theN obtained from Eq.~1! to the N ob-
tained by a complete solution of the Newns-Anders
Hamiltonian in the independent particle picture15,42,43 and
found them to be comparable.

For scattering from a clean metal surface, the neutral
tion probability depends mainly on the normal velocity co
ponent of the outgoing particle12,43 as mentioned above. W
neglect the parallel velocity effect as it was found to be sm
in Li scattering.26 Using this assumption, the velocityv r in
Eq. ~1! can be expressed asv cosu, where v is the total
velocity andu is the exit angle with respect to the surfa
normal. By using the measuredN value of the clean Fe sur
face foru50, CDE/v in Eq. ~1! is found to be 0.34. Assum
ing that CDE/v is constant, the neutral fraction calculate
from Eq. ~1! is plotted versus the exit angle by the dash
line in Fig. 7~b!, which closely follows the experimental re
sult for clean Fe.

The angular dependence of the Fe substrate SSP ne
fraction in the presence of Cs, as shown in Fig. 8~a!, can be
interpreted in a similar manner by again assuming that
potential is laterally smooth. Due to Cs deposition, the w
function decreases by 1.1 eV andN of the Fe SSP atu50
increases from 30% to 65%. This corresponds to an incre
from CDE/v50.34 for clean Fe toCDE8/v51.05 for Cs-
covered Fe. The resultingu dependence of the Fe SSP ne
tral fraction, as predicted by Eq.~1!, is shown in Fig. 8~a! by
a dotted line. The calculated line matches the experime
data reasonably well.

In scattering from the Cs adsorbates, the neutralizatio
influenced by both the change of the work function, i.e.,
change ofDE to DE8, and the change of the local potentia
Both of these changes are caused by the positive charg
the Cs atom. The value of the work function is latera
independent, whereas the local quantitydE can be consid-
ered in its simplest form as the local potential induced b
positive charge lying above the surface, i.e.,dE(Cs)
5 e* (Cs)/r , wheree* (Cs) is the effective positive charg
of Cs andr is the distance from the adatom to the po
where charge exchange takes place. If we use the assum
that the charge exchange occurs at a fixed distancel from the
surface, i.e.,r 5 l /cosu, then the termCdE(Cs)/(v cosu) is
nearly angularly independent and we take it as a constant
fitting the value ofN for the Cs SSP atu50, we obtain a
value of 0.80 for the constant. The dashed line in Fig. 8~a!
indicates the corresponding calculated angular dependen

For iodine adsorbates, the experimental evidence in
cates that the adatom needs to be considered as an ou
dipole positioned above the surface, rather than merely
negative point charge. The quantitydE therefore has a dipole
character, i.e.,dE(I )5@p* (I)/ r 2#cosu. p* (I) is the electri-
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cal dipole moment of the iodine adatom and is equal
e* (I)d, wheree* (I) is the effective negative charge of io
dine andd is the dipole length.r is again the distance from
the adatom to the point where the charge exchange ta
place, which should be on the order of the Li 2s electron
radius. We consider the iodine adatom to be protrud
above the surface, as indicated in Fig. 6. Unlike the Cs a
tom, however, the LEP around a halogen adatom is stron
corrugated. This is due to the fact that the outward-point
dipole composed of the positive region at the top of t
adatom and the negative charge associated with the bul
the adatom lies well above the surface. Thus, it is expec
that the LEP would change quickly with the exit angle. T
most reasonable assumption in this case is that ioniza
occurs at a fixed distance from the adatom, i.e.,r is constant
as suggested by the dotted line surrounding the halogen
tom in Fig. 6. The value ofCp* (I)/vr 2 can then be deduce
from the neutral fraction data atu50 in Fig. 7~a!. Using this
value and assuming thatCDE/v is equal to the value found
for clean Fe, the angular dependence ofN can be estimated
as is shown in Fig. 7~a! by the dotted line. Although the tren
is correct, the decrease ofN with u is not as great as in the
experimental data.

In the real system, a negative imbalance of the iod
dipole charge is very likely to occur, as suggested schem
cally by the shape of the halogen adatom in Fig. 6. This
be taken into account by modifying dE(I) to
@p* (I)/ r 2#cosu2 de* (I)/ r , where de* (I) represents the
magnitude of the charge imbalance. Under this assumpt
we get a better agreement with the experiment, as show
the dashed line in Fig. 7~a!. A fitting procedure yields
Cp* (I)/vr 2 50.69 andCde* (I)/vr 50.29. Assuming that
the effective charge of iodine is equal to that of Cs, i.
e* (I) 5e* (Cs), the length ratiod/r is 86% and the charge
imbalance is 36%. These are physically reasonable resul
which the dipole approximation is satisfied, becaused is in-
deed smaller thanr .

Although this theoretical description is approximate, t
good agreement with the experimental data indicates tha
iodine dipole on the surface with a charge imbalance p
duces a neutral fraction that decreases as the exit angle
comes more grazing. Thus, the theoretical analysis has v
fied our hypothesis concerning the origin of the angu
dependence of the I SSP neutral fraction.

V. CONCLUSIONS

The neutralization of Li1 scattered from Fe~110! and
Fe~100! surfaces was measured as a function of the incid
ion energy, adatom charge and coverage, and the exit an
We found that the sensitivity of ion scattering to the LE
change above different scattering sites can be greatly
hanced by employing a relatively high incident energy a
large scattering angle. Iodine and bromine adsorption
tially deceases the work function of Fe~110! and increases
the work function of Fe~100!. While the detailed shape of th
halogen-coverage dependence of the scattered Li ne
fraction can be correlated to the halogen-induced work fu
tion change, the considerably larger neutral fractions of
0-8
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singly scattered from the halogen sites are caused by
presence of a lower potential directly above a halogen a
tom. As the exit beam moves off-normal, the neutral fract
of Li scattered from iodine adsorbates decreases. This
contrast to cesium and silver adsorbates where the ne
fractions increase for more glancing exit trajectories. Th
angular dependences are attributed to the nonuniform ch
distribution around the halogen adatoms induced by inte
polarization, which is further verified by a semiquantitati
theoretical analysis. Our results confirm the internal polari
tion of halogen adatoms on metal surfaces and demons
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